BECTHMK YHUBEPCUTET UTMO

HAYYHO-TEXHUMYECKWUM

NAOPMALHOHHGIX TEXHOROTHH, MEXAHMK H ORTIHKY

ISSN 2226-1494 (PRINT), 2500-0373 (ONLINE)

2023, TOM 23, HOMEP 4 (MOJ1b—ABI'YCT)

OITUYECKHUE CUCTEMbI U TEXHOJIOI'MA

OmnpezeneHne THIIA AHCTBUS HHTHOUTOPOB IHAPATO00PA30BAHUS 110 MX HH(PPAKPACHBIM Bopoorcyosa FO.C., Hocenko T.H., Ycnenckas M.B. 669
CIIEKTpaM
CHeKTpoCKoIHs KOMOHHAIIHOHHOTO PACCESIHHS CBETa B HCCIIEIOBAHHAX IIPOLIECCOB Mameeesa K.1., Kynoanesuu A.A., Kanumynoea A.1., 676
WHAKTUBALMN OaKTEePUALHBIX MUKPOOPTAaHU3MOB 3osyna A.C., Cyxux C.A., Quoyrvnurosa A.B.,

3i106un A.1O., Camyces U.I'
YuciaeHHOe UCCiIeI0BaHUE BIMAHUS KOHLEHTPAILMU METTeMOITIO0OMHA B KPOBH benukoe A.B., Yyuun B.FO. 685
Ha IOIVIOLIEHHE CBETA B KOXKE YET0BEKa
HuskoremneparypHas siueiika s nHPPaKpacHbIX Qypbe-CIIEKTPOMETPUUESCKHIX Kenbaii A.A., I'onuxos O.10., Anouapos A.V., Epeosicen [I.E. 696
HcCleI0BaHUH YIIIEBOOPOIHBIX BEIIECTB (HA aHIII. 513.)
HOBBIE MATEPUAJIBI U HAHOTEXHOJIOI'MHU
OcoOeHHOCTH BBIpAIMBaHUs TBEPABIX pacTBopoB Ga;_In As Ha momoxkax GaAs Hesuyxuii O.B., JIynun JI.C., Mumpoganos /I.B., 703
B I10JI€ TEMIIEPATYPHOTO TPaJIMEHTa Y€PE3 TOHKYIO Fa30BYI0 30HY Cuvicoes U.A., Huxynun /[.A., Yanypa O.M.
KOMIIBIOTEPHBIE CUCTEMbI U UTH®OPMALIMOHHBIE
TEXHOJIOTI'MH
YcoBepiIeHCTBOBAaHHBIH MTPOoTOKOI Oe3onacHOCTH Ha ocHOBe AES-GCM Ju1s1 3ammTh Depos Xan A.b., Kainana /lesu C., Pama [esu K. 711
CBSI3M B MHTEPHETE BElIEH (Ha aHIII. 53.)
ATtaky Ha OCHOBE BPEJOHOCHBIX BO3MYILCHHIT HAa CHCTEMbI 00pabOTKN H300paKeHHUIT Ecunos /].A., Byuaes A.Al., Kepumbaii A., I1ysuxosa A.B., 720
M METOJIbI 3aILUTHI OT HUX Catioymapos C.K., Cynumenxo H.C., ITonos U.IO.,

Kapmanoscxuii H.C.
CBepXBBICOKOE paspelIeHne H300paXkeHNsI MArHUTHO-PE30HAHCHON ToMorpadun Cumex I1., 'anompa J]. 734
TOJIOBHOT'O MO3I'a C HCIIOJIb30BaHHEM AUCKPETHOIO KOCHHYCHOTO IPeoOpa3oBaHus
1 CBEPTOYHON HEHPOHHOM CeTH (Ha aHII. 513.)
Mertoz ayrMEHTallui TEKCTOBBIX JJaHHBIX C COXPAHEHUEM CTHJISL PEUr U JIEKCUKHU NEpCOHbl  Mameeesa A.A., Maxuvimxuna O.B. 743
Bepuduxanust coObITHITHO-yIIPaBIsIeMbIX IPOrPAMMHBIX CHCTEM C HCIIONB30BAHHEM
SI3bIKA CIEeNU(UKALIN B3aHMOICHCTBYIOMINX aBTOMATHEIX OOBEKTOB (Ha aHIL. 53.) Adghanacvesa U.B., Hosukos ®@.A., Dedopuenxo JI.H. 750
HHTtennekryanbHas cUCTEMa alallTUBHOTO TECTUPOBAHMS Tazuposa JI.®., 3yoxosa T.M. 757
HUCKYCCTBEHHBIN MHTEJIJIEKT U KOTHUTUBHBIE
NUHO®OPMAIMOHHBIE TEXHOJIOT'UHN
HeiipocereBoil MeTos1 BU3yallbHOIO PACIIO3HABAHUS TOJIOCOBBIX KOMAH/1 BOAUTEsS Axcénoe A.A., Pomuna E.B., Promun /[.A., Heanvro [1.B., 767
C UCIIONB30BaHIEM MEXaHH3Ma BHUMaHUS Kapnos A.A.
CermeHTanust OIyXOIH TOJIOBHOTO MO3ra Ha MATHUTHO-PE30HAHCHOH ToMorpaduu Tunne A.X., Kaxaoe A.b. 776
C HCIOJIB30BAaHUEM HEYETKOTO Jeopmupyemoro ciausHus u anroputma Dolphin-SCA
(Ha aHII. 53.)
OnTuMH3aIys CUCTEM OTCIICKUBAHHS YEJIOBEKA B BUPTYAJILHOM PEANIbHOCTH HAa OCHOBE 06yxo6 A.J]., Tecenxun JI.B. 786
HEeHpOCeTeBoro Noaxoaa
MATEMATHYECKOE U KOMIIBIOTEPHOE MOJEJIMPOBAHUE
ITorpenrHocTy aaropuT™a AEMOIYIISILMY C TeHEpHpyeMoii (a3oil Hecylel, BHOCUMBIC Mupownuuenxo I'I1., Apycanenxosa A.H., 795
(UIIBTPOM HH3KOM 4acTOThI IInomnuxos M.IO.
MozenpoBaHue Ipoecca KOPPEKTUPOBKH (POPMBI POTOPOB IIAPOBLIX THPOCKOIIOB Tum M.A., bensies C.H., Il]epoax A.I", FOnvmemosa O.C. 803
MeTox IPOCTPAHCTBEHHOTO MYIBTUILIEKCHPOBAHHS B MHOTOQHTEHHEIX CHCTEMaX CBS3U Tpuwenyes A.10. 812
Maremariuueckoe MOJCIMPOBAHUE TEINI00OMEHHOTO arapara ¢ y4eTOM CHIbHOU Kypmanosa [I.E., Joicatiuubexos H.IK. 820
3aBHCHMOCTH BSI3KOCTH HE(TH OT TEMIICPATyPhI
Toaxoxn k popmMupoOBaHUIO 0OOOIIEHHBIX TAPAMETPOB TEXHUYECKOTO COCTOSIHUS CIIOKHBIX  Mansyes I'H., Axumos B.J1. 828
TEeXHUYECKUX CHCTEM C UCIOIb30BaHUEM HEHPOCETEBBIX CTPYKTYp
YucaeHHOe MOJICIMPOBAHUE I'a30JUHAMUKH ITPU paboTe IIMPOKOIMANIa30HHOTO pakeTHoro  Muxaiinoe M.B., IIpodan H.B., Penes M.E. 836
COIJIA C TIOPUCTOH BCTaBKOM
TouHoe peleHne 3a1a4u OTPAKEHUs! yAAPHOIM BOJIHBI OT CTEHKH, 3KpaHupoBaHHOU cinoeM  Caoun /I.B., [llupokosa E.H. 843
ra3oB3BecU
KPATKHE COOBUHIEHUSA
AanTHUBHBII HaOMIOHATENIb IEPEMEHHBIX COCTOSHHUS HeMHEITHOI HecTallHOHAPHOI bobyos A.A., Huxonaes H.A., Kozauéx O.A., Ocvkuna O.B. 850
CHCTEMBI C HeU3BECTHBIMU IOCTOSIHHBIMY ITapaMeTPAaMH H 3aa3/IbIBAHIEM B KaHAIIS
H3MEpeHUH
RuLegalNER: HOBBII ataceT Ui pacno3HaBaHHUsI MIMEHOBAHHBIX IOPUANYECKUX Ulaxun 3., Mypomyes JI.H1., ITocmuoiii U. 854

CYIIHOCTEW Ha PYCCKOM sI3bIKE (Ha aHIIIL. 5I3.)




maeHbI pepakTop — B.0O. Hukndopos, a.7.H., npodeccop

PEOAKUMOHHASA KOJINErng

BeszsateeB C.B. — 0.¢.-M.H., goueHT (Poccus)
Benukos A.B. — 0.¢.-M.H., npodeccop (Poccus)
BeccmepTHbiii U.A. — 0.T.H., npodeccop (Poccus)
Bo6uoe A.A. — A.T.H., npodeccop (Poccus)
ByxaHoBckuii A.B. — A.T.H. (Poccug)

BonkoB K. H. — a.®d.-m.H. (BenukobputaHus)
Aykenbckunin K.B. — a.T.H., poueHT (Poccus)
Edumoe A,.B. — PhD (PpaHuus)

3akonpaeB A.A. — K.T.H., goueHT (Poccusi)
Uopw U.B. — a.¢.-M.H. (Poccus)
KapmaHoBckuii H.C. (3amecTuTenb rMaBHOrO peakropa) — K.T.H.
noueHt (Poccuns)

Komapoe U.U. — k.d.-M.H., poueHT (Poccus)
MatBeeB KO.H. — a.T.H. npodeccop (Poccus)
HukoHopoe H.B. — A.T.H., npodeccop (Poccusa)
Monuuwyk I.C. — k.T.H. (Poccus)

PomanoB A.E. — 0.®.-M.H., npodeccop (Poccusa)
CupopkunHa U.T. — o.T.H., npodeccop (Poccus)
CrenaHoB O.A. — A.T.H., npodeccop (Poccusi)
TaTtapHukoBa T.M. — A.T.H., goueHT (Poccus)
Tumodees A. B. — a.T.H. (KazaxcTaH)
YcneHckasa M.B. — A.T.H., npodeccop (Poccus)
UbinkuH A. H. — a.¢.-M.H. (Poccus)

OTBeTCTBEHHbIN cekpeTapb — U.B. ManbkoBa

Yupegutens: YHuepcutet UITMO

M3pnaHne 3apernctpuposaHo B PenepansHoit cnyxbe no Haasopy
B chepe CBA3N, MHGOPMALMNOHHbBIX TEXHOIOMUI 1 MaCCOBbIX KOMMY-
Hukauuin (cengetenbcTtso M NeDC77-67990 ot 6 nekabps 2016 ).

F3bIKM XypHana: pycCkui, aHrnNnCcKnin.

ISSN 2226-1494 (print version), ISSN 2500-0373 (online version)

AHrnosisbliHOe HasBaHue: «Scientific and Technical Journal of
Information Technologies, Mechanics and Optics». TpaHcnutepupo-
BaHHOe HasBaHue: «Nauchno-Tekhnicheskii Vestnik Informatsionnykh
Tekhnologii, Mekhaniki i Optiki». CokpalieHHoe Ha3BaHue: «Sci.Tech.
J. Inf. Technol. Mech. Opt.»

KypHan Bkto4eH B katanor nepuoguydeckmx umsganuii Ulrich's
Periodical Directory.

JKypHan BxoomMT B KpyrnHenwmne mexayHapoaHble pedpepaTnBHbie
1 HaykomeTpuyeckme 6asbl Scopus, EBSCO, ProQuest, EastView,
MBWC v gpyrue.

KypHan BXOOuT B YTBEPXAEHHbIN BbiCllen aTTecTaumoHHOM KO-
mMucecuen «fepedyeHb BeoyLMX PeLLEH3NPYEMbIX Hay4HbIX XXYPHAIO0B 1
n3aaHuii, Bbinyckaemblx B Poccuiickoin depepaumm, B KOTOPbIX SO
Hbl ObITb ONMY6MKOBaHbI OCHOBHbIE Hay4HblE pe3ynbTaThbl Auccepra-
LI Ha COMCKaHME y4eHOWM CTeNeHM JOKTOpa U KaHauaaTa Hayk».

MepunoanyHoOCTb N3paHns — 6 BbIMYCKOB B FOA,

Mnarta 3a ny6nmMkauum 1 peaakTMpoBaHMe He B3UMaeTcs.

PepakTopsl: H0.B. Muxannosa, J1.H. Tounnuna, T.B. TounnnHa
Mepesog — H.A. KopHeB
KomnbtoTepHas Bepctka — E.C. EropoBa
CanTt — K.B. ManbkoBa

O¢. 2136, Yuusepcutetr UTMO, yn. JlomoHOCOBa, 4. 9,
CankT-lMeTepbypr, Poccuiickas ®enepauus, 191002

TenedoH (812) 480 02 75
http://ntv.ifmo.ru
E-mail: ntvitmo@itmo.ru

Cratbn XXypHana gocTtynHbl no nmueH3nn Creative Commons
«Attribution-NonCommercial» 4.0 BcemupHas.

Mognucano k nevatn 01.08.2023

Editor-in-Chief — Vladimir O. Nikiforov, D.Sc., Professor

EDITORIAL BOARD

Sergey V. Bezzateev — D.Sc., Associate Professor (Russia)
Andrey V. Belikov — D.Sc., Professor (Russia)

Igor A. Bessmertny — D.Sc., Professor (Russia)

Alexey A. Bobtsov — D.Sc., Professor (Russia)

Alexandr V. Boukhanovsky — D.Sc. (Russia)

Konstantin N. Volkov — D.Sc. (Great Britain)

Konstantin V. Dukelskii — D.Sc., Associate Professor (Russia)
Denis V. Efimov — PhD (France)

Danil A. Zakoldaev — PhD, Associate Professor (Russia)

Ivan V. lorsh — D.Sc. (Russia)

Nikolai S. Karmanovskiy (Deputy Chief Editor) — PhD, Associate
Professor (Russia)

Igor I. Komarov — PhD, Associate Professor (Russia)

luri N. Matveev — D.Sc., Professor (Russia)

Nikolay V. Nikonorov — D.Sc., Professor (Russia)

Grigorii S. Polishchuk — PhD (Russia)

Alexey E. Romanov — D.Sc., Professor (Russia)

Irina G. Sidorkina — D.Sc., Professor (Russia)

Oleg A. Stepanov — D.Sc., Professor (Russia)

Tatiana M. Tatarnikova — D.Sc., Associate Professor (Russia)
Andrey V. Timofeev — Dr. habil. Sc. (Kazakhstan)

Mayya V. Uspenskaya — D.Sc., Professor (Russia)

Anton N. Tcypkin — D.Sc., Professor (Russia)

Executive secretary — Irina V. Malkova

Founder: ITMO University

Publication is registered by the Federal Inspectorate Service for
Communication, Information Technologies and Communication
Media, certificate PI FS77-67 990 dated December, 6th, 2016.

Languages of the journal: Russian, English

ISSN 2226-1494 (print version), ISSN 2500-0373 (online version)
The English title is "Scientific and Technical Journal of Information
Technologies, Mechanics and Optics".

Transliterated title is "Nauchno-Tekhnicheskii
Informatsionnykh Tekhnologii, Mekhaniki i Optiki".

Abbreviated parallel title: "Sci.Tech. J. Inf. Technol. Mech. Opt."

The journal is catalogued in Ulrich's Periodical Directory.

The journal is included in the largest international abstract and
scientometric databases Scopus, EBSCO, ProQuest, East View, EVIS
and others.

The journal is included in the "List of leading scientific journals and
periodicals under review in the Russian Federation, where the main
scientific results of theses for the PhD and doctor of sciences degree
must be published" approved by the Higher Attestation Commission.

Publication frequency is 6 times a year.

Publication and editing are free of charge.

Vestnik

Editors: Yulia V. Mikhailova, Lyubov N. Tochilina, Tatiana V. Tochilina
English Language Technical Editor — Nikolay A. Kornev
Computer layout — Ekaterina S. Egorova
Website — Kseniia V. Malkova

of. 2136, ITMO University, Lomonosova Street, 9,
St.Petersburg, 191002, Russia

Phone (812) 480 02 75
http://ntv.ifmo.ru/en
E-mail: ntvitmo®@itmo.ru

(N0

Tupax 350 ak3. 3akas N2 94 (146)

M3paHue YHneepcuteta NTMO

OtnevataHo B OO0 «YHMBepcUTETCKME TENIEKOMMYHUKaLLMN»
Apnpec: 199034, Cankr-lNeTepbypr, bupxesas nuHusa, a. 16
© YHuepcuter U TMO




HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° vonb-asryct 2023 Tom 23 N2 4 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
July-August 2023 Vol. 23 No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

OMTNYECKMNE CUCTEMbI M TEXHOJ10T NI
OPTICAL ENGINEERING

doi: 10.17586/2226-1494-2023-23-4-669-675
VK 543.421/.424

Onpenesnenne THNA JeHCTBUSI HHTHOUTOPOB rMAPaTo00pa3oBaHusA
10 UX HH(paKpaCHBIM CIIEKTPaM

IOausn Cepreesna Bopoxuosal™, Tarbana Hukonaesna Hocenko?2,
Maiist BanepneBna Yenenckas3

1.23 Vausepcurer UTMO, Cankt-TletepOypr, 197101, Poccniickas ®enepanns

1 Jeta-x@mail.ru®?, https://orcid.org/0009-0006-1359-1235
2 tata-nostra@yandex.ru, https://orcid.org/0000-0003-4159-133X
3 mv_uspenskaya@itmo.ru, https://orcid.org/0000-0003-2510-2639

AHHOTALUA

Beenenue. VccnenoBansl oTmanst HHPPAKPACHBIX CIIEKTPOB HHTHOMTOPOB THAPATO00PA30BaHUS TEPMOANHAMUYECKOTO
1 KMHETHYIECKOTO THIIOB JeHCTBUsL. [Ipe/uiokeH MeTo1 onpeeeHyst THIa ASHCTBISI HHTHOUTOpa THIPAaTo00pa3oBaHUs
110 ero HH(PpPaKPaCHOMY CHEKTPY. AKTYaJIbHOCTh NPEII0KEHHOI0 MeToa 00yCIOBICHA €ro IKCIPECCHOCTHIO B
CPaBHEHUM C TECTHPOBAHHEM MHIMOMTOPOB B paMKax jJabopaTopHbIX HchbTaHuil. MeToa. B pabore npemnoxeHo
UCIIOJIB30BaTh METO MH(PPAKPACHON CHIEKTPOMETpHH ¢ rpeodpaszoBanneM Oypbe. MeTos mo3BoJIsieT MOMyYUTh JaHHbIS
0 MOJIEKYIISIPHBIX U MEXMOJIEKYIISIPHBIX B3aUMOJIEHCTBHUSX HCCIIEAyeMOro BemiecTBa. CreKTphl, MOTyYeHHbIE B PEKIME
HapYIIEHHOTO TTOJHOTO BHYTPEHHETO OTPaKEHHs, TPOAHAIN3HPOBAHBI METOJIOM ITIABHBIX KOMIIOHEHT M PETPECCHOHHBIM
METOJIOM IPOEKINU Ha JATEHTHBIC CTPYKTYPHI. DTH METOABI OTHOCATCS K XEMOMETPHUECKUM METOAaM aHaIu3a 1
MO3BOJISIIOT BBIJCIUTH KIIOUEBBIC OCOOCHHOCTH COCTABOB MHTHOMTOPOB, BIUSIOINX HA MEXaHHU3M HX JIeHCTBUS.
OcHoBHBIE pe3yIbTaThl. BEIOOpKH HH(PpaKpacHBIX CIIEKTPOB HCCIIETyEMbIX HHTHOUTOPOB Pa3/IeJICHbI HA JBE TPYIIIIHL,
KOTOpBIE MPEJCTABISIOT PA3JIMYHBIE THIIBI ACHCTBHSI HHTUOUTOPOB. [l KHHETHYECKUX MHIHOUTOPOB BEISBICHO
XapaKTepHOE COOTHOIICHHE BO BHYTPEHHEM CTaH/IAPTE CIIEKTPa aMILIUTYJ KojiebaHui pyHKunoHaIbHbIX Tpynn —OH
u N-H. IToka3aHo, 4to pemraronm GakropoM pas/eineHns HHrHOMTOPOB Ha IPYIIIIBI SBISIETCS PA3JINUHe PE30HAHCHBIX
4acTOT KOJeOaH!i, COOTBETCTBYIOLINX BaJICHTHBIM KosteOanusM cBsizeld C—O, C—N, 1 pe30HaHCHBIX 4acTOT KoJaeOaHni
(dTOopopranmyecknx coequHeHnH. OTMeUeHa CXOXKECTh aMIUTUTYAHBIX 3HAUSHUH CUTHAIA B YKa3aHHBIX CIIEKTPAIbHBIX
obmacTsx. s TpyImmsl TEPMOJMHAMUYECKUX HHTHONTOPOB HanOonee 3HaYMMBIMHE TT0JI0CaMHU HH(PPAKPACHOTO CIEKTpPa
0Ka3aJIMCh MOJIOCHl CUMMETPHYHBIX U aCHMMETPHYHBIX BaJIeHTHBIX Konebanuii cesaseit C—H B rpynmnax CH, u CHj;.
OTMeUYeHO 3HAYUTENIPHOE MOBBIMICHAE aMIUIUTYIBI B CIIEKTpaNbHOM auanazone 2950-2750 cm~! mo cpaBHeHHIO ©
aMILTUTYI0U curHana B oonactsax 3300-3400 cv—! u 1200-1100 cM 1, Takske 0OHAPYKEHHBIX B CHEKTPAX JaHHOM
IpyNIbl HHFUOUTOPOB. METO0M NMPOEKIMH Ha JAaTEeHTHBIE CTPYKTYPhI IOCTPOSHA PErpecCHOHHAst MOJENb IS
OIpeAeIeHHs TUIIA JEHCTBUS UCCIeyeMbIX HHIHOnTopoB. OdcyxaeHue. IlpeioxkeH bl MeTo O3BOIUT IIPOBOIUTH
9KCIPECC-aHaIN3 TUMA JeHCTBHS MHTHOMTOPOB rHApaTooOpazoBanHus. Pe3yasTarsl pabOThl MOTYT HAWTH IPUMEHEHHE B
HE(TETTPOMBICIIOBOI XUMUH TS OTIPEASNICHUS] TUTIA IEUCTBUSI HHTHOUTOPOB THAPATO00Pa30BaHMs, HCHIONB3YEMbIX IS
TIPeOTBpAIIEeHNs 00Pa30BaHHs FA30TUAPATOB IPH JOOBIYE, TOATOTOBKE MM TPAHCTIOPTUPOBKE YTIIEBOIOPOAHOTO CHIPHS.
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WHTAOUTOPHI THIPATOOOpA30BaHMS, Ta30THIPATHI, HHPPAKPACHAs CIEKTPOCKOIHS, METO/] ITIABHBIX KOMITOHEHT, METO
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Abstract

In this paper, differences of infrared spectra of hydrate formation inhibitors of thermodynamic and kinetic action types
were investigated. The method was proposed for determining the action type of a hydrate formation inhibitor by its
infrared spectrum. The relevance of the proposed method is due to its expressiveness in comparison with the testing of
inhibitors in laboratory tests. It is proposed to use the method of Fourier transform infrared spectrometry. The method
allows us to obtain data on the molecular and intermolecular interactions of the substance under study. The spectra
obtained in the mode of attenuated total reflection were analyzed by the principal component analysis and the regression
method of projection on latent structures, which are related to chemometric methods of analysis and make it possible to
identify the key features of the inhibitor compositions that affect the mechanism of their action. The separation of the
sample of infrared spectra of the studied inhibitors into two subgroups, which represent two different types of inhibitor
action, was obtained. The principal component analysis makes it possible to identify the key features of the compositions
of reagents that affect the mechanism of their action. For kinetic inhibitors, a characteristic ratio of the amplitudes of
vibrations of the -OH and N—H functional groups in the internal standard of the spectrum was revealed. It is shown that
the decisive factor in the division of inhibitors into groups is the difference between the resonant vibration frequencies
corresponding to the valence vibrations of C—O, C—N bonds and the resonant vibration frequencies of organofluorine
compounds. At the same time, the similarity in the amplitude of the indicated spectral regions was noted. For the group
of thermodynamic inhibitors, the most influential bands in the IR spectrum were the bands of symmetric and asymmetric
stretching vibrations of the C—H bonds in the CH, and CH; groups. There was a significant increase in the amplitude
in the spectral range of 29502750 cm~! compared with the signal amplitude in the regions of 3300-3400 cm~! and
1200-1100 cm!, also found in the spectra of this group of inhibitors. The method of projection on latent structures was
used to develop a regression model to determine the mechanism of action of the studied inhibitors. The proposed method
allows for express determination of the action type of hydrate formation inhibitors. Results could be used in oilfield
chemistry to determine the action type of hydrate formation inhibitors used to prevent the formation of gas hydrates
during the production, preparation or transportation of hydrocarbons.
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BBenenue

T"azoBeIe ruapaThl, KpOME HETPAAULMOHHOIO CTpaTe-
THYECKH BYKHOTO MCTOYHHKA YIVIEBOJOPOJHOIO YHEpre-
TH4Yeckoro ceipbd [1-3], a Taxke crocoba XpaHEHUS U
TPaHCTIOPTHPOBKH MPHUPOJHOTO/TIOMYTHOTO HEPTIHOTO
rasa [4, 5], npeacTaBisiroT OO0 OUH M3 THIIOB OTIIOXKE-
HUH, GOPMHUPYIOMINXCS IPU J00bIUE U TPAHCIIOPTHPOBKE
HedTerazoBEIX MPOJYKTOB U HETaTUBHO BIHUSIONINX Ha
oOecriedeHre CTAaOMIBHOCTU TIOTOKA YIJIIEBOAOPOIHOTO
CoIpbs. JIbOMOI00HBIE THAPATHBIE OTIOXKEHHS B BUJC,
TTOX0KEM Ha CIIPECCOBAHHBINA CHET, 00Pa3yioT MPOOKH B
TpyOOIIpOBOAaX W IPYrOM TEXHOJIOTHIECKOM 000pymIo-
BAaHUU, YTO CHI)KAET TEXHUKO-I)KOHOMHUYECKHE MOKa3a-
TEJU MPOU3BOACTBA B LiesioM. K BelecTBam, criocoOHbIM
O6paSOBLIBaTI) Ta3oBbIC T'UApPAThl, KaK IMMPaBUIO, OTHOCAT
TAaKWC HU3KOMOJICKYJISAPHBIC YIIICBOJAOPOJbI, KAK ME€TaH
CHy, stunen C,Hy, stan C,Hg, nponan C3;Hg, n300yTan
u30-C4Hyq [1, 6], HekoTopeie rasel Ar, N,, O,, Cl,, CS, u
ruapoduneHble coenuaenus, Harpumep, CO,, SO, u 1p.,

KOTOpbIE CJ1a00 B3aMMOACHCTBYIOT C BOJOU U HE MOTYT
IPEnATCTBOBATH KJIATPaT000pa30BaHUIO.

Cpenu METOJI0B yIaJeHUs! ¥ TIPEIOTBPAILCHUS THpa-
T000pa30BaHMs BBIACIIOT (pU3NUECKHe METOIbI, BKITIOYa-
IOIINE MOJ/IepKaHNe 3HAYCHUH TeMIlepaTyp | JaBJICHUH
BHE 30HBI CTA0MIIBHOCTH Ia30BOT0 THpaTa, 000rpeB 1/
M30IAIUs 000pyAOBaHUs, OCyIIKa ra3oBoi (aszsr [7].
[Iupoxoe pacrpocTpaHeHHE MOTYYHIH XUMUYECKHE Me-
TOJBI ITPENOTBpAIeHNsT 00pa30BaHUs U OTIOKEHUS Ta30-
THJPATOB, KOTOPBIE PEaN3yI0TCs 3a CYET NPUMEHCHHS
TEPMOJMHAMHUYECKUX UHTHOUTOPOB U MHI'MOUTOPOB TH-
Jparoo0pa3oBaHusi HU3KUX JJO3UPOBOK. B 3aBucumMocTH oT
MeXaHn3Ma AeHCTBHS MHIMOUTOPBI IHIIPaTo00pa3oBaHUs
HU3KHX JIO3MPOBOK JIENATCS Ha KHHETHYECKUE U aHTHa-
rioMepaHThl. OTAMYUTENIbHBIE 0COOEHHOCTH MEXaHU3MOB
MHTHOMPOBaHUsT 00pa30BaHMsI U OTIOKEHUS ra3oruapa-
TOB 3THX KJIACCOB BEIIECTB 3aKJIIOYCHBI B X Ha3BaHHSIX.
TepMoanHaMHYECKHE HHTHOUTOPBI BIUSOT HA H3MEHEHHUE
TEPMOJMHAMUYCCKHUX CBOMCTB CPEIbl, TEM CaMbIM CMeIlast
YCIIOBHS CTaOMIIBHOCTH THpaTa B 00JaCTh NX HEYCTOHYH-

670

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


mailto:leta-x@mail.ru
https://orcid.org/0009-0006-1359-1235
mailto:tata-nostra@yandex.ru
https://orcid.org/0000-0003-4159
mailto:mv_uspenskaya@itmo.ru
https://orcid.org/0000-0003-2510-2639

1O.C. Bopoxuosa, T.H. HoceHko, M.B. YcneHckas

BocTH. KuHeTHueckre HHruOUTOPHI BIHSIOT HA CKOPOCTh
00pa3oBaHMs 3apOJIbILIECH Ia30BbIX THAPATOB, CHUKas €e,
WM 3aMEJUISTIOT POCT y’Ke 00pa30BaBIIMXCs KPUCTAIIIOB B
TEUEHHE OITPE/IeTICHHOTO MEPHO/Ia BPEMEHH, 3aBHCSIIETO OT
NIePeOXTXK/ICHNS. AHTHATIIOMEPAHTHI HE TI03BOJISIOT CIIH-
MaTbest 00pa30BaBIIUMCS KPUCTAIaM THIIPATOB U coOu-
patbCst UM B Oosiee KPYITHBIE MACChl, KOTOPBIE CTAaHOBSITCS
MIPUYINHON 3aKyTOPKH 000pynoBaHMs. AKTyaJIbHBI TAKKE
KOMILJIEKCHBIE COCTaBBI, CIIOCOOHBIE KpoMe OOpHOBI C TH-
JipataMM penarh U Jpyrue 3a1auu, CBI3aHHbIe C OCIOKHe-
HUSIMH TIPU 100bIYE YIIICBOAOPOIOB, HAIPUMEP, KOPPO3HSI
HedrenpombiciioBoro odopynosanus. B padorax [8—10]
Kazanckoro (ITpuBomxckoro) denepanbHOT0 yHUBEPCH-
TeTa ONMCAH IEePCIEKTHBHBIN Kjacc KHHETHYECKUX WH-
THOMTOPOB KOMIUIEKCHOTO JICHCTBUS, B COCTABE KOTOPBIX
coziepKarcs 100aBKH Ha OCHOBE BOZOPACTBOPUMBIX TTOJTH-
YPETaHOB, IPHUPOAHBIX MTOJIMMEPOB U KACTOPOBOTO Macla.
Onu npeaHa3HavYeHb! U1 TIO/IAaBJICHNMS MIPOLIECCOB THpa-
TOOOpa30BaHUs M KOPPO3UH OIHOBpeMeHHO. B [11, 12]
paccMOTpeH HOBBIN THUIT HHTHONTOPOB TBOWHOTO ICHCTBUS,
KOTOPBIN OTIIMYAETCs CIIOCOOHOCTBIO K OBICTPOMY pasiio-
JKEHUIO TI07] IeHCTBHEM (haKTOPOB OKPY KaIOIIEH Cpebl, a
TAK)Ke MaJlol TOKCUYHOCTBIO, YTO 00YCIIOBIMBAETCS €ro
COCTaBOM Ha OCHOBE IPHPOHOTO MOJIMCaXapHa XMUTO3aHa.

Kax noka3zano B padorax [13, 14], ”HTHOMTOPBI pa3HBIX
THUIIOB JCHCTBUS NPOSIBISIIOT PA3INYHYI0 3()(PEKTUBHOCTH
B OIHUX U TeX K€ ycJOBHUsAX. Bo3HMKaeT Bompoc: Kakue
KITIOYEBbIE OCOOCHHOCTH COCTaBa MHIMOMTOPA BIUSIIOT Ha
€ro OTHECEHHE K TOMY WJIM MHOMY MEXaHU3MY JeHcTBUs?
[ompITKa OTBETA HA TAaHHBIA BOTIPOC MPEINPHHATA B Ha-
cTosmeit padore mpu momontu nHppakpacuoit (MK) crexk-
TPOCKOINH U XeMOMETPUUECKIX METO/IOB aHATIN3A JaHHBIX.

Bo MHOrux Hay4yHbIX paboTax M3y4eHbl XEMOMETPH-
YECKUC METOAbI, KOTOPBIC MMO3BOJIAIOT ITPOBOJAUTH Kadec-
CTBEHHBIN U KOJIMYECTBEHHBIN aHAIU3 OKCIICPUMEHTAJIBHBIX
JaHHBIX, oydeHHbIX UK criekrpockomnueil.

[Ipn nccnenoBaHUM peareHTOB B HE(TEITPOMBICIOBOM
XHMHH €CTb OITBIT MPUMEHEHHS] XEMOMETPHYECKOTO METO/1a
m1aBHBIX KoMHoHeHT (MI'K) miist mcciieioBanus koppetsi-
UK MeXty 3()(HEeKTHBHOCTBIO HECKOJIBKUX HHTHONTOPOB
napapuHOOOpa30BaHMUs U COCTABOM CHIPBIX He(TeH, orpe-
neneHHeIM ¢ omotnbio UK ¢ypre-ciekrpockomnuu [15].
B pabote [16] pa3paboTaHbI BOCEMb XeMOMETPHUIECKIX
MojesIeH I IPOTHO3UPOBAHUS HATTHIHS apOMATHIECKUX
COCIMHEHUH, CMOJ U ac(alIbTEHOB B COCTaBax IATHIE-
CATH KOMyMOuiickux HedTel ¢ ncrnonszoBanuem MK ¢y-
pbe-CIEKTPOB, MOIYUYEHHBIX B PEXKUME HAPYILIEHHOIO T10JI-
Horo BHyTpeHHero orpaxkenus (HIIBO).

Hacrosimas pabora BKiro4aeT B ce0sl nccieoBaHne
Pa3IMYHBIX 10 COCTaBy MHIMOMTOPOB TEPMOAMHAMUYE-
CKOTO M KMHETHYECKOTrO THIa AeHCTBHs ¢ nomorbsio MK
CTIIEKTPOCKOIINY JJIsl PEIICHHS CIIeTYIONINX 3aad: OIpe-
JIeJICHHUsI OCHOBHBIX (DYHKIIMOHAJIBHBIX TPYIII B COCTaBE
MHTUONTOPOB THAPATOOOPA30BAHMS, UMEIOIINX HAHOOIIb-
ee BIMSTHUE Ha MEXaHW3M JICHCTBHSI PEareHTOB; MOIY-
YEHUS] XEMOMETPHUYECKOI MOJIENN TI0 OTIPECICHUIO THIIA
WHTHOUTOpA THIPATOOOPA30BaHUS B 3aBUCUMOCTH OT €T0
MEXaHMU3Ma JEHCTBUSL.

MeToanbl 1 MaTrepuaJbl

B pamkax pa®oTsl mpoBeeH aHaInu3 cocTaBa 17 WH-
THOUTOPOB PA3HBIX POCCHUICKUX MPOM3BOAUTENECH, aKTHB-
HO MPHUMEHSEMBIX B OTEUECTBECHHON MPOMBIIUIEHHOCTH
pH A00BIYE YTIIEBOIOPOIOB, IS BBIABICHUS CTPYKTYp-
HBIX 0COOCHHOCTEH B 3aBUCUMOCTH OT MEXaHH3Ma WH-
ruOUpoBaHusl 00pa30BaHUS U OTJIOKCHHS Ta30BbIX I'H-
npatoB. Cpeau HCCIEIYCMBIX PEarcHTOB BBIOpaHBI
11 00pa3ioB KMHETUYECKOTO U 6 TEPMOAMHAMUYECKOTO
TUIIOB JICUCTBUS.

JlelicTBrE TepMOAMHAMUYIECKUX HHTMOUTOPOB THIPATO-
00pa30BaHMs MPOSBISICTCS] B U3MEHEHUH OCHOBHBIX TEPMO-
JUHAMHYECKUX CBOIMCTB CHCTEMBI C XKHUIKHUMHU CPElaMH B
LENSX C/IBUTA PAaBHOBECHS yCIOBHH 00pa30BaHMs ra30TH-
JIPaToB B CTOPOHY OoJiee HU3KUX TEMIEPATYP HIIH BBICOKHX
napneHui. Cpey HUX BCTPEYAIOTCS KaK HEOPraHUUECKHE,
TaK 1 OPraHn4€CKUC BEIICCTBA. OCHOBHBIE MpeaACTaBUTEIIN
HEOPraHUYEeCKUX MHTMOUTOPOB — COJIM, HAIIPUMED: XJIO-
PHIL HATpUsl, XJIOPU] KaIbLius, (POPMUAT KaJIUsSl U aleTar
Harpust. [Ipu nocTyieHnu B BOIHBII pacTBOp rasa collb B
Ipolecce HOHN3AINHU 00pa3yeT HOHBI C TIOJIOKUTEIbHBIMH
W OTPULATEILHBIMH 3apsiAaMH, MPUTIATHBAIOIINE K cede
JIMTIONH BOABL. BenencTBre aneKTpocTaTnyeckoro Xapak-
Tepa B3aUMOJCHCTBHS MEX/Y JUIIOISIMU BOABI M HOHAMH
MHTHOMTOPA, KOTOPOE SIBJISICTCS IIPU 9TOM OOJIee CHIIbHBIM,
YeM B3aWMOJICHCTBUE MEXIy MOJIEKYJIaMH Ta3a M BOJbI,
CYIIECTBYIOIIas] KBa3UKPUCTAIIIMYECKAs CTPYKTypa BOJBI
HapyIIAeTCsl, YTO MPUBOAUT K CHIKCHHUIO PACTBOPUMOCTH
raza. [logoOHOe siBJICHHE M3BECTHO KaK BbICAIUBAHHE U
BO3HUKACT B CJIy4dac OTINYUA MOJAPHOCTH KOMIIOHECHTOB
pactBopa. OpraHuyeckue BellecTBa, UCIOJIb3yeMble B
KaueCTBE TEPMOJMHAMUYECKUX MHTHOUTOPOB T'HpaTo-
o0pa3oBaHuUsl, IPE/ICTABICHBl B OCHOBHOM METaHOJIOM M
IIMKOIISIMU. MexaHHu3M JIeHCTBUS OPraHMYeCKHX BEIIECTB
nogobeH HeopranndeckuM. OpraHnyeckre HHrHOUTOPEI
M BOJIa B3aIMHO PacTBOPSIIOTCSI, CHIKAs! COIEPIKAHUE CBO-
00/1HOM BOZIBI B MOTOKE Ta3a, B PE3yJIbTaTe HAPYIIAIOTCS
OmarompusTHBIC YCIOBHUS THApaTOOOpa3oBanus. Takme
MHTUOUTOPBI B BOJHOM PAcTBOPE CHHKAIOT TEPMOJANHA-
MHYECKYIO0 aKTUBHOCTb BOABI, YTO 00ECIIEUNBACT CIABUT
PaBHOBECHBIX YCIIOBHUIT 00pa30BaHus THAPATOB B 00JaCTh
ux HeyCTOfI‘IHBOFO cocrosiaus. KiroueBbie pEeaACTAaBUTEIN
OpPraHn4€CKUX TCPMOJINHAMHUYCCKUX I/IHFI/I6I/ITOpOB — BO-
JIOPacTBOPUMBIE TOJIIPHBIE OPTaHUYECKHE COCAMHEHUS:
METaHOJI, MOHOATHJICHIJIUKOJIb, TN THIICHIIIMKONb. J{pyrue
XUMHYECKHE BEIIECTBA, HCCIIeyeMble B Ka4eCTBE Tep-
MOJMHAMHUYECKUX MHTHOUTOPOB THIPATOOOPA30BaHMS,
BKJIIOUAIOT AuMeTmiIhopMaMu] u N-METHIHPPOIUIOH,
3TaHOJIAMHUHBI M CIUPTHI, 00PA3YIOIIHE A3€0TPOIIBI C BOIOH,
HaIpruMep, N30IPOTIAHOII.

Kunerndyeckne MHTHOUTOPBI 3aJ€PKUBAIOT 3aPOJIbI-
meo0pa3zoBaHKe ra30ruAPaTOB M POCT KpucTa/uios. Takue
WHTUOUTOPBI UMEIOT JBE KIIOUEBBIE CTPYKTYPHBIE 0CO-
O6enHocTH. Bo-niepBbIX, HHTHOUTOPY TPeOyIOTCs QyHKIHU-
OHAJIbHBIC I'PYIIIbI, KOTOPbIC MOT'YT YCTAHOBUTH BOJOPOI-
HYIO CBSI3b C MOJICKYJIaMH BOJIbI WJTH TIOBEPXHOCTBIO YaCTHII
ra3oruJparoB, TAaKHE I'PYIIIbI, KaK MPABUIIO, SBISIFOTCS
aMHAHBIMH. BTOpas KiroueBast 0COOCHHOCTD TPEICTaBISIET
co00ii THAPOPOOHYIO TPYIIITY, MPHUICTAIONIYIO MK HETO-
CPEICTBEHHO NMPHCOEAMHEHHYIO K KaXKJIOW U3 aMHIHBIX
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rpyni. COOTBETCTBEHHO 3TUM CTPYKTYPHBIM 0COOEHHO-
CTSIM IIPE/JIaraloTcsl Ba OCHOBHBIX MeXaHn3Ma, paboTaro-
IIMX B Pa3JIMYHBIX YCJIOBHsX. [IepBblil pearoiaraet, 4ro
MTOJIMMEPBI KHHETHYECKUX MHIMONTOPOB ruapaToodpa-
30BaHUs depe3 THAPO(HOOHBIC B3aUMOICHCTBHS CIIOCO0-
HBI BO3MYIIATh CTPYKTYPY BOJBI A0 TaKOH CTEMEHH, YTO
YaCTHUIIBI Ta30THIpaTa HE MOTYT PACTH IO KPUTHUECKOTO
pasMepa sapa, Ipu KOTOPOM POCT CTAHOBUTCS CIIOHTAH-
HBIM. BTOpOii MexaHu3M Ipearosaraet, 4To MnojJuMepbl
KHHETHYECKUX MHTHOUTOPOB Ta30THIPATOB aicopOupy-
I0TCS Ha TIOBEPXHOCTH PACTYIIEH YacTUIBI THApPATa, YTO
OIpaHUYMBACT UX POCT U MOXKET J1e(hOPMHUPOBATH ITOJIOCTH
rujpara. [lomuMepHble KHHETHYECKHE HHTHOUTOPBI MOTYT
a/1copOMPOBATHCS Pa3IMUHBIMU CIIOCOOAMH Ha ITOBEPXHO-
CTH THJIPATOB, HalIpUMEp, aMHUJIHBIC TPYIIIBI 3aKPEIUISIOT
MOJIUMEP Ha MOBEPXHOCTU TUAPATOB MOCPEACTBOM BOJO-
pOIHBIX cBszelt [17].

OCo0eHHOCTH cOoCcTaBa HHTHOUTOPOB MOTYT OBITH OTIpe-
JIEJICHBI C TIOMOIIIBIO ONITHYECKUX METOAOB, HAIIPUMED,
UK crekrpockonuu ¢ mpeodpazoBanneM Dypre, KoTopas
PETUCTPUPYET KoJIeOaTeTbHBIE CTIEKTPHI BEIIECTB.

WK creKTpsl HCCIIETyeMbIX 00pa3IioB ObLIH 3aITHCAHBI
Ha dypre-criekrpomerpe BRUKER Tenzor 37, B pesxxume
HIIBO; na xpucranie KBr ¢ anMa3HbIM HanbUIEHHEM; CO
ckanupoBanueM (32 ckaHa); npu pasperueHun 2 cm 1.

Crienuduika coctaBa HHTHOUTOPOB THIPATOOOPA30Ba-
HUSI — BBICOKas cTeneHs Jieryyectu. [Ipu nmomyuennn MK
CTIEKTPOB TaKHX 00pa3IOB HEOOXOIMMO YUUTHIBATh JAHHOE
cpoiicto. [IpoBenenue peructpauuu UK cnexrpa csizano
¢ 3aTpaToii HeOOIBIIIOTO, HO JOCTATOYHOTO IS U3MEHe-
Hus oOpasiia, BpeMeHHd. [ mpeaoTBpameHns JaHHOTO
W3MEHEHHSI U TTOyYeHHsI KOPPEKTHOTO CIIEKTPa MOTHOTO
cocTtaBa 00pasiia HHTHOMTOpa B MPOIIECCe PEerucTpalun
CTMIEKTpa UHTHOUTOP MOCTOSTHHO JOOABIISJICS HA MOBEPX-
HocTh Kpuctamia HITBO. ITocne monydenus UK cnextpa
MIOJTHOTO COCTaBa 00pa3sel] OobIIe He JOOABIISUIN U KAILI
o0pa3siia BbIIeP)KUBAJIM Ha KPUCTAJLIE /IO TTOJTHOTO HCTape-
HUs JIeTy4el yacTu, CHuMas B porecce ero ucnapenus MK
CHEKTpbI. B aHanu3 BKIIIOUEHB! IEPBbIE U MOCIEIHUE CIIEK-
Tpol. [Tomydennsie UK criekTpbl ObUH peBapUTEIBHO
00paboTaHBI: MPOBEICHA KOPPEKTHPOBKA 0a30BOW JIMHUH
1 BEKTOPHOE HOPMHPOBAHUE.

s aHanm3a CUEKTPaNbHBIX JaHHBIX HCIIOIH30BaH
MTK, peanu3oBaHHBIH B mporpaMMHOM makeTe The
Unscrambler 9.7. MI'K-ananu3 — MeTo1, KOTOPBIH IMO3BO-
JIIeT YMEHBIIUTH Pa3MEePHOCTh OONIBIINX HAOOPOB TaHHBIX
0e3 notepu HHGOPMALMHU, UASHTUDUIHUPYS TOMUHHUPYIO-
IIMe MAa0JIOHBI ¥ COOTHOLICHHST MEXKTY [IEPEMEHHBIMH C HC-
MOJIb30BaHHEM COOCTBEHHBIX 3HaYCHUI MaTpuils [ 18, 19].
MI'K 1no3BosisieT BBIACIUTD KIIIOYeBble 0COOCHHOCTH CO-
CTaBOB PEArcHTOB, BIMSAIONINX HA MEXaHU3M X JICHCTBHUSI.
JlaHHBIM MeTO/I0OM 00pas3Ibl OBUIH MPOAHATU3UPOBAHBI B
cpennem MK nuanasone 4000-600 cm!.

JJ1s BO3SMOYKHOCTH OTIpEACTICHHS THITAa MHTHOUTOPA T10
€T0 CIIEKTPY BBIITOJHECH PETPECCHOHHBIN aHAIN3 METOIOM
npoeknuii Ha maTenTHbIe cTPyKTYpHI (I1JIC), KoTOpEIif 0T-
HOCHTCS K KOHTPOJIHPYEMbBIM METOJaM XeMOMETPUIECKOTO
aganm3a. DToT MeTo 00beauHseT B cede moaxoasl MI'K u
MHOKECTBEHHOH perpeccuu. TakuM oOpa3oM, Ha EPBOM
stane [1JIC Bbiensier HaOOp CKPBITHIX (aKTOPOB, KOTO-
pbIe OOBSCHSIOT MaKCHMaJIbHO BO3MOXKHOE KOJIUYECTBO

KOBapI/IaHI/Iﬁ MCKIY HC3aBUCUMBIMU U 3aBUCUMBIMU TICPC-
MCHHBIMH, JaJICC Ha I3TAIC PEIrpeCCrUU NPEACKA3bIBAOTCA
3HA4YCHU 3aBUCUMBIX IMEPEMEHHBIX C UCIIOJIB30BAaHUEM
JACKOMITO3MIIUN HE3aBUCUMBIX ICPCMCHHBIX.

Pe3yabTaThl u 00cy:KAeHTE

B mporiecce onTuyeckoro uccie0BaHus HHTHOUTOPOB
WK criekTpbl NOJIHOTO COCTaBa MOKa3ajiH MpeodiaiaHue
(DYHKIMOHAIBHBIX IPYII, COOTBETCTBYIOIUX METAHOIY.
Curnain oT JaHHBIX (YHKIMOHAJIBHBIX TPYIII MEPEKPbI-
BaeT KoJICOAHMSI, OTHOCSIIMECS K IPyTUM COCTABIISIOIINM
uHruouTopa. /s BBISBICHUS TaKUX KojeOaHMN ObLT 3a-
peructpupoBan MK cnektp naruduropa 6e3 meraHona
MOCPEACTBOM €r0 HUCTIApEHHUS.

st ananusa ucrnonb3oBanbl K ciekTpbl, KOTOpbIE HE
COZEPIKaT JIETYUMX OpraHu4eCcKUX coequHeHuil. 1o pesyib-
taram ananu3a B The Unscrambler HOpMHUpOBaHHBIX CIIEK-
TpaibHbIX AaHHbIX MI'K 11t Marpuisl c4eToB NonyueHo
pacupe/eneHne UccieyeMblX 00pa3loB HHIHOUTOPOB
THPaTo0Opa30BaHus MO CHEKTPaM B 3aBHCUMOCTH OT MX
MeXaHH3Ma JICUCTBUS B OCSIX IVIABHBIX KOMIIOHEHT: IIEPBOM
(K1) u Bropoii (I'K2) (puc. 1).

Ha puc. 1 BuHO, 4TO B 3aBUCHMOCTH OT HH(OPMAIHH,
coziepIKalIelcst B CHEKTPAIbHBIX JAHHBIX U UX COCTAaBOB,
peareHThl pacrpe/eseHbI 110 TPYIIaM, COOTBETCTBYIOIINM
ux Tunam aevicteus. Ha T'K1 npuxoxntcest 66 % o0bscHEeH-
HOH Jucriepcun BeIOOpKH, a Ha K2 — 12 %.

Jnst uHTEprIpeTanuy HabMIOAEMOT0 pa3aeIeH s C TOU-
KH 3pEHHsI CIIEKTPATbHBIX CUTHAJIOB PACCMOTPUM Tpaduk
MaTpHIIBl Harpy30K, COOTBETCTBYIONIUI ITTABHBIM KOMIIO-
HentaMm I'K1 u I'K2 (puc. 2, a). Marpuna Harpy30k — Ma-
TPHIIA, SJIEMEHTHI KOTOPOH SIBISIIOTCS k03D PUIIMeHTaMU
i (akTOPHBIMU HArpy3KaMHu Ui COOTBETCTBYIOLICH
I'K Ha HEKOTOpYIO IIEpEMEHHYIO M, PaKTHYECKH, MEPOi
JUHEITHON CBSI3M MEX/1y MHTCHCHBHOCTBIO CHTHAIa Ha
KOHKPETHOM BOJTHOBOM YHCJI€ W 3HAYEHHEM KOODPIMHATHI
o0pasma mo ocu, coorBeTcTByformeit ['K.

@ KMHETUYCCKUC

T'K2 (12 %) @ TepMOMHAMHUYECKHE

X

o
o
Y 0,24
(-]
T ‘ T T , T
-0,8 -0.4 0,0 ® 04 @ 038
LY o I'K1 (66 %)
- Y @
-0,24 @
0,4

Puc. 1. Marpuna c4eToB 1y1st BEIOOPKH HH(PaKPACHBIX
CIIEKTPOB 00Pa3110B MHTHOUTOPOB I'MIPATOOOPA30BAHUS
TEPMOIMHAMHYECKOTO 1 KHHETHYECKOTO TUIIOB IeHCTBHS

Fig. 1. Score matrix for IR spectra sampling of hydrate
formation inhibitors of thermodynamic and kinetic action types

672

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4



1O.C. Bopoxuosa, T.H. HoceHko, M.B. YcneHckas

2870 cm!

1120 cm™!

1512 cm!

®daxropublie Harpy3ku Ha ['K1

0,041

3300 cm !

3000 2000 1000

BosnHoBoe unciio, cm”!

4000

b
1110 em!

0.10
o
&~
=
a1 .
jas]
=
=
>
£ 0,00+
=
]
W
jas]
o .
o
2
&

0,101 2020 eur'!
4000 3000 2000 1000

BonHoBOE umcio, cM!

Puc. 2. CriextpasnbHble rpaduKy MaTpHIl Harpy30K BEIOOPOK HH(PAKPACHBIX CIEKTPOB 00pa3noB nHrnoutopos juist I'K1 (66 %)
u pearentoB juist ' K2 (12 %) runparooOpa3oBaHus TEPMOANHAMUYECKOTO M KHHETHYECKOTO TUIIOB JIEHCTBUS 110 MepBoii (a) U 1o
BTOPOI () ITaBHBIM KOMIIOHEHTaM
Fig. 2. Spectral plots of load matrices for samples of infrared spectra of inhibitor samples for GK1 (66 %) and reagents for

GK2 (12 %) samples of hydrate formation of thermodynamic and kinetic action types for the first () and second (b) main
components

ITo marpurie Harpy3ok mus ['K1, orpakaromeit pacmpe-
JIeTIeHHe BOTHOBBIX umncen BeiOopku MK criekTpoB oOpas-
OB, MOXHO C€JIaTh BbBIBOJ O HAJIUYHHU JIBYX KIIHOUCBBIX
obmacreii criektpa. OTtpunarensHble Harpy3ku o I'K1 nme-
eT CIIEeKTpasbHasi 00J1acTh, COOTBETCTBYIOIIAs] HHTEPBAITY
3400-3300 cM 1, B 5TOM AMaANIa30HE HAXOAATCS KOIEOaHUs
rpynn —OH u N-H. [Tpu Hanuuuy 1aHHBIX TPYTI B aHATIH-
3MPYEMOM BEIECTBE CUTHAJIBI OT HUX MOT'YT IIEPEKPHIBATH
npyr npyra. lllupokass MHTCHCUBHAS MMOJ0CAa B YKa3aH-
HOM JHMaIra30He COOTBETCTBYET BAJCHTHOMY KOJCOAHHUIO
csi3u —OH, mpu 3TOM GoIee y3Kas 1mojroca COOTBETCTBY-
€T CHMMETPUYHBIM BaJICHTHBIM KoneOanusM Tpyrn N—H
[20]. OcHOBHBIC TTONOXKUTENBHBIC 3HAYCHNST HATPY30K IO
'Kl npuxonsarcs Ha NMKK B auana3one 2950-2750 cm1,
YTO COOTBETCTBYECT CUMMETPHUYHBIM U ACUMMCTPHUYHBIM
BaJICHTHBIM KoseOanusaM cBsizeil C—H B rpynnax CH, u
CH;. Takum o0pa3om, Kak BHIHO U3 PUC. 2, @, I KU-
HETMYECKUX MHTUOMTOPOB XapaKTEePEH MUK B WHTEpBaJe
3400-3300 cm L, uTo ToBOPUT O GoJIEe 3HAYNUTEIHLHOM CO-
JiepykaHny GyHKIHMOHAIBHBIX Tpynn —OH B KMHETHYECKUX
00pasIax no cpaBHEHUIO ¢ TePMOIMHAMHYIEeCKUMH. Kpome
TOTO, B KHHETHYECKHUX 00pa3lax Takxke, Kak U B TEPMO-
TUHAMAYECKUX, PUCYTCTBYIOT Tpymnnsl C—H, omHako ux
cootHomeHue ¢ rpynmnamu —OH B cpenHeM MeHbIe, 4eM
B TEPMOAMHAMHYECKUX.

st Gostee moapoOHON MHTEPIPETAIIUN PACCMOTPUM
TaKke Marpuily Harpy3ok o ['K2 (puc. 2, b).

Haubonee 3HaunTENbHBIN BKJIaA B 3HAUCHUS OTPH-
naTenbHbIX Harpy3ok nmo I'K2 BHocut auamazon 2900—
3000 cm!, cOOTBETCTBYIONIMI BaJEHTHBIM KOJIEOaHUSIM
ceaseit C—H, a B nonoxurensusie — 1100-1200 em ! —
noJyioca BaJieHTHBIX Kostebanuit C—O, C—N wau koseOaHust
(hTOpOpraHUYECKUX COCAMHCHUM.

Habnromaemas kKapTHHA TIO3BOJISIET YTOUHUTH BBIBOJIBI
0 COOTHOIIICHUH HanOoIIee BIUSIOMNX (PYHKIIHOHATBHBIX
TPYNIl B HHTHOUTOPAaX THAPATOOOPa30BAHUS PA3IUIHOTO
JIEUCTBHSI.

['pynma TepMOAMHAMUYECKUX MHTHOUTOPOB XapaKTe-
pusyeTcs Hanu4dneM 0ojee aMIUTUTYAHBIX KoleOaHuN B
auanaszone 29502750 ¢! o cpaBHeHHIO ¢ KoneOaHusIMK
B uaTepBaiax 3300-3400 cm ! u 12001100 cm 1.

Kunernueckue MHrHOUTOPHI, B CBOIO O4Yepellb, Xa-
PaKTEepU3YIOTCS TPEMs CXOXKUMU IO 3HAUYEHUIO aMILIU-
TyJbl 00JIaCTIMH, COOTBETCTBYIOIIMMHU KOJIEOAHUSIM B
nuarnaszoHax 2950-2750 em—!, 3300-3400 cm~! u 1200-
1100 cm L.,

[Mockomeky MI'K moka3siBaeT Hanm4me B BEIOOPKE OT-
JIETBHBIX TPYTII, COOTBETCTBYIOIINX HHTHONTOPAM Pa3Iid-
HOTO THIA JIEHCTBUSA, TO BO3SMOKHO TIOCTPOHUTH PETpeccu-
onnyto moznens. Metonom ITJIC moctpoena perpeccroHHas
MOJIeTb, B KOTOPOM MHTHOMTOpPaM KHHETHYECKOTO THIA
JIeHCTBUSI OBLIO MPUCBOCHO 3HAUYCHHE KATErOpUabHON
NepeMeHHON paBHOE |, a TEPMOJMHAMHUECKUM — 2.

B mporiecce co3nanust Mmozenu Banuzaius Beioopku MK
CIIEKTPOB MHTMOUTOPOB OCYIIECTBISIIACH C TOMOIIBIO Me-
toma Cross validation mpu UCKITIFOUEHUH ABYX 00pa3IOB U3
oOyyJaromieit BEIOOpKH. [IJist CO31aHHON MOJICIH TTOJTyYeHBI
3nauenust TouHoctu R2 = 0,98, RMSE = 0,066.

[TomyueHHast perpecCHOHHAs MOJIENb ObLIa COXpaHe-
Ha ¥ MCIOJb30BaHa JJIs MPOTHO3HPOBAHUS MEXaHHU3Ma
JIEHCTBUS TECTOBBIX 00pa3I0B — MHTHOUTOPOB THAPATO-
00pa3oBaHwUs.

JLtst mpoBEpKHM MOJIEN I BBIOPAHBI JiBa 00pasia ¢ yCiIoB-
HO HEOTIPEIETICHHBIM MEXaHN3MOM JCHCTBHS, HE BKIIFOYCH-
HbIe B 00y4arolyro BeIOOpKyY. [lepBhIit 0Opaselr, peareHT
1 (P1), umen TepMOaUHAMHUYECKHI MEXaHU3M UHTHOU-
poBaHus, BTopoit — peareHT 2 (P2) — xuHeTHUeCcKuil.
Pesynbrarel paboTHl MOJIEIHM TIOKa3aHbI Ha PHC. 3.

Kak BuIHO 1O pe3yabraram padoThl MOJIENH, OUH U3
TECTHPYEMBIX HHTHOUTOPOB, P1, oTHOCHTCS K THITY 2, T. €.
K TePMOIWHAMUYECKUM WHTHOUTOpAM, €T0 3HAUYCHHUE I10
pesybpTaraM IporHo3upoBanus 1,953 ¢ moBepUTETEHBIM
uaTepBaiom 0,116. MexaHn3M AEHCTBHS BTOPOTO TECTHPY-
eMoro pearenra, P2, onpenenen Kak KHHETHISCKHH (TuT 1
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Onpepenexuve Tuna AeicTBms MHIMOUTOPOB r’MAPaTo06pPa30BaHNS MO X MHMPAKPACHLIM CriekTpam
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Puc. 3. Pe3ynbrarsl paboThl MOAETH A7l 00pas3LoB
WHTHONTOPOB THAPATOOOPa30BAHMS C HEM3BECTHBIMH THIIAMHU
JEHCTBHUS.

OO6pa3upl uuruduropos: P1 — pearenr 1, P2 — pearent 2

Fig. 3. Model performance results for hydrate inhibitors
samples with unknown action types.

Inhibitor samples: P1 — Reagent 1, P2 — Reagent 2

B PErPECCHOHHON MOJIENH), co 3HaueHueM 1,056 ¢ moBepu-
TeJabHbIM uHTEpBasIoM 0,067.

Taxkum 00pa3om, BEIIEICHBI KIIOUEBBIE 0COOCHHOCTH
COCTaBOB MHTHOMUTOPOB 00pa30BaHMUs Ta30THIPATOB, BIHS-
IOIINX HA MEXaHU3M HX JIEHCTBHS, CO3/IaHa PETPECCHOHHAS
MOJIENTb, ONPEACTSIONIas TEPMOINHAMUUECKIN U KUHETHU-
YECKUI MEXaHMU3MBI JIeHCTBUS MHTHOUTOPOB THIPaTo0Opa-
30BaHusA. PazpaboTaHHBIN METO MOXKET IPHUMEHATHCA B
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HE(TETIPOMBICIIOBOM XUMUH JIJIsI OTIPENICIICHUS THUTIA JCH-
CTBUSI HHTHOUTOPOB TUIPaTO00Pa30BaAHHUSL.

3akaouenne

ITo pesymsraTam pabOTHI MOXKHO CIENATh CISTYIOIINE
BBIBOJIBL.

WudpakpacHble CIEKTPbl KHHETHYECKUX HHIMOUTOPOB
IHJIpaTo00pa30BaHusl UMEIOT KOJIeOaHUsl, COOTHOCHMBIE
¢ ¢yukuonanbubiMu rpynmnamu —OH u N—H. JlanHbie
CIIEKTPbI XapaKTePHU3yIOTCsl HAIMYUEM B aHAJTM3HPYEMBIX
oOpasnax kojebaHuil B Anana3oHax, COOTBETCTBYIOIINX
nonocaM BalleHTHBIX kosebanuii C—O w/unmu C—-N, nmubdo
KosreOaHusIM (TopopraHndecknx coenuHeHui. [Ipn stom
OTMEUYCHA CXOXKECTh B aMIUTUTYaX CUTHAJIA B MHTEPBaJax,
COOTBETCTBYIOMINX KOJICOAHHSIM, COOTHOCUMBIM C (PyHKIIU-
oHampHBIME Tpynmamu —OH n N-H, u cooTBeTcTBYyIOMmmMx
nojocaM BaneHTHBIX Kojiebannii C—O u/mimm C-N, 1160
KoJeOaHusIM (PTOpPOPraHUIECKUX COSTMHEHUH.

Jlyist TpyNIIbl TEPMOAMHAMUYECKUX HHTMOUTOPOB Xa-
paKkTepHO Haluie B MH(OPAKPACHBIX CIIEKTPAX BhIPAyKECH-
HBIX CUMMETPUYHBIX U aCHUMMETPHUYHBIX BAJICHTHBIX KO-
nebannii ceaseit C-H B rpynmax CH, u CH;. OTmeueno
3HAYUTEIHHOE MTOBBIILICHUE aMIUIUTY/Ibl B CIIEKTPAJIILHOM
quaraszone 2950-2750 cm! o cpaBHEHHIO ¢ aMIUTUTYIOM
curnana B uarepsanax 3300-3400 cm—! u 1200-1100 em 1.
YKkazaHHBIC WHTEPBAIbI OOHAPYKECHBI B CIICKTPaX JaHHOU
TPYTIITBE HHTHOUTOPOB, OTHAKO 3HAYUTEIHFHO MEHEE BBIpa-
JKCHHBIC.

OmnpeneneHa BO3SMOKHOCTD CO3JaHHSI PETPECCHOHHON
MOJIEITH, KOTOPAst MOXKET OBITh MCIIOIB30BaHA /TSI OTIpe/ie-
JICHUSI MEXaHN3Ma JICHCTBUSI MHTHOUTOPOB THpaToodpa-
30BaHUsL.
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AHHOTAIUA

Beengenne. CriekTpockonys KOMOMHALIMOHHOTO PACCESIHUS CBETA SABJIACTCS OJHHM U3 NEPCHEKTUBHBIX MOIXON0B
JUI CTPYKTYPHO-(GYHKLIHOHAIBHBIX UCCIEA0BAHUI OMOIOrHYECKUX 0OBEKTOB, B TOM 4HCJe OaKTepHaIbHBIX
MHKpPOOPTaHU3MOB. [l GakTepHaTbHOTO aHANIHM3a MPUMEHSIOTCS TPAJAULIHOHHBIE OMOXMMHUYECKHE TECTHI U
TeHEeTHYECKHE METOAbl. [ eHeTnIecKkue MeToIbl TPeOYIOT JOPOTOCTOSIINX PEareHTOB, PACXOAHBIX MaTepHAIIOB 1
SIBIISTIOTCS BpeMsI3aTpaTHBIMH. CHEKTPOCKOIIMYECKHE METO/IBI NCCIEAO0BAHMS ITO3UIIHOHUPYIOTCS KaK HeHHBA3HUBHEIC,
BBICOKOUYBCTBHTEIbHBIE U TPeOyIONe MHHUMAJIBEHONW IIPoOOIOAroToBKH 00pa3ioB. B npencrasiennoit padore
HCCIIe0BaHa BO3MOXKHOCTh IIPUMEHEHHUS] METO/[a KOMOMHAIIMOHHOTO PACCEsHUS CBETA, HCIOIB3YIONIET0 OINTHISCKHE
CEHCOpBI Ha OCHOBE 30JI0THIX aHM3OTPOITHBIX HAHOYACTHI. [IpUMEHMMOCTh MeTOJa MPOJEMOHCTPUPOBAaHA Ha
N3YYCHUH BIMSHUSA aHTHOMOTHKA 11e(aloCIOPUHOBOTO psijia MIUPOKOTO CHEKTPa JCHCTBHUS M KCTPAKTa KaJIMHBI
(Viburnum opulus L) Ha KOIOHUU KUIIEUHOU manouku (Escherichia coli). Meton. [IpumeHeH MeTO CLIEKTPOCKOIIHH
KOMOWHAIIMOHHOTO PacCesHHs CBETa C MCHOJb30BaHUEM cnekTpomeTpa Virsa (Renishaw). Ycunenue curnama
KOMOMHAIMOHHOTO PACCEsSHUS CBETa MPOBOAMIOCE C HCIIOIb30BAHIEM MPENIOKCHHBIX aBTOPAMHU ABYX OPUTHHAIBHBIX
ONTHYECKHUX CEHCOPOB. J{Is1 CO3aHUs CEHCOPOB BHIOpPAHBI XUMHUECKUH METOJ OCa)JeHUs HaHO3BE3[ 30JI0Ta
Ha APTES-monn¢unupoBanHble KBapIeBble cTekiIa U (pU3MISCKAN METOI CO3JaHHs CEHCOPOB, OCHOBAHHBIN Ha
AQHOJMPOBAHUY THTAHOBEIX IOBepXHOCTeH. OCHOBHBIE Pe3yJabTaThl. [loydeHHBIE pPe3ylbTaThl T0Ka3all BEICOKYIO
YyBCTBUTEIILHOCTD M HH(OPMATHBHOCTB MPEIOKEHHOro MeTo/a. [loaTBepikieHa BO3MOKHOCTh MCIIOJIb30BaHUSI METO/IA
KOMOHMHAIIMOHHOTO PACCESTHUS CBETA JUISL UCCIIE0BAHNS MHAKTUBALMY OaKTepHAIIbHBIX MUKPOOPraHU3MOB. Omnpe/iesieHbl
U UICHTU(GUIUPOBAHBI CIIEKTPaIbHbBIE MOJ0CH KOMOMHAIIMOHHOTO paccesHus csera Escherichia coli no n mociue
BO3/JEHCTBHS SKCTPAKTA KAIUHBI M AaHTHOMOTHKA B KQUeCTBE KOHTPOJIS. YCTAHOBJIEHO yMEHBIIEHHE NHTEHCUBHOCTH
CHEKTPATBHEIX MOJ], COOTBETCTBYIOIINX AMHHOKHCIOTaM M ITyPHHOBBIM METa0OINTaM, B YCPETHEHHOM CIIEKTpe
KOMOMHAIIMOHHOTO paccessHust cBeta Escherichia coli mocne Bo3necTBHS SKeTpakTa KaauHbl. Odcy:kaenue. Briepsrre
IIPOBEJICHO HCCIIEA0BaHNEe aHTUMHKPOOHOTO 3 peKTa BOIHOTO IKCTPAKTA IUIOJI0B KAJIHMHBI METOOM KOMOWHAITIOHHOTO
paccesiHus cBeta. [loka3aHo, 4TO IPUMEHEHNE PACTHTEIIBHBIX SKCTPAKTOB, B TOM YHCJIE SKCTPAKTOB IIOJIOB KAJIMHBL,
JUISl THAKTHBALMHU KHU3HEeITeIbHOCTU KOJIOHUH OakTepuil sBISIeTCs] HePCIIEKTUBHBIM ITOJXO0M 10 MOMCKY HOBBIX
AJIBTEPHATUBHBIX aHTHOAKTEPUAIBHBIX cpelcTB. [TosrydeHHbIe pe3yabTaThl XOPOLIO CONIACYIOTCS C yXKe H3BECTHBIMU
HayYHBIMH HCCIIEIOBAaHUSMHU U TOATBEPKIAIOT 3P (HEKTUBHOCTD MPEATOKEHHOTO METOA.
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Abstract

Raman spectroscopy (RS) is one of the promising approaches for structural and functional studies of various biological
objects, including bacterial microorganisms. Both traditional biochemical tests and genetic methods which require
expensive reagents, consumables and are time-consuming are used for bacterial analysis. Spectroscopic methods are
positioned as noninvasive, highly sensitive, and requiring minimal sample preparation. In this work we investigated
the possibility of using the RS method using optical sensors based on gold anisotropic nanoparticles. The applicability
of the method was demonstrated by studying the effect of a broad-spectrum cephalosporin antibiotic and an extract of
Viburnum opulus L (VO) on Escherichia coli (E. Coli) colonies. The studies were performed by Raman spectroscopy
using a Virsa spectrometer (Renishaw). Raman signal amplification was carried out using two original optical sensors
proposed by the authors. To create sensors, we used a chemical method of depositing gold nanostars on APTES-modified
quartz glasses and a physical method for creating sensors based on anodizing titanium surfaces. The results of the study
showed the high sensitivity and information content of the proposed method. The possibility of using the RS method
for studying the inactivation of bacterial microorganisms is shown. Spectral Raman bands of £. Coli were determined
and identified before and after exposure to V'O extract and antibiotic as a control. A decrease in the intensity of spectral
modes corresponding to amino acids and purine metabolites was found in the average Raman spectrum of E. Coli
after exposure to VO extract. For the first time, a study of the antimicrobial effect of an aqueous extract of VO fruits
was carried out by the method of Raman scattering. It has been shown that the use of plant extracts, including VO fruit
extracts, to inactivate the vital activity of bacterial colonies is a promising approach to the search for new alternative
antibacterial agents. The results obtained are in good agreement with the already known scientific studies and confirm
the effectiveness of the proposed method.
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plasmon resonance, nanostars, SERS, Viburnum opulus L, Escherichia coli, antibiotics
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Beenenne TPOJIb PA3BUTHE BUPYCHBIX M OAKTEPHATIbHBIX HHPEKIHUH.

C 1930 . mo 1962 1. 6su10 pazpadorano 6osee 20 KIaccoB

[TosiBIeHnE B COBPEMEHHOI MEAMIMHE IPOTUBOMH-  aHTUOMOTHKOB [1], KOTOpBIE HampaBlieHbl HA OCTAHOBKY
KpPOOHBIX MpenapaToB (AHTHOMOTHKHY, TIPOTHBOBUPYCHBIC U CHHTE3a OCJIKOB U METa0OJIMTOB, HAPYIICHHUE [IEJIOCTHOCTH
IIPOTUBOTPUOKOBBIE TIPETIAPAThI) O3BOJIUIIO B3ATh 110 KOH-  KJIETOYHOI CTEHKH W Ipoliecca OMHAPHOTO JieNieHns OaK-
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CI'IeKTpOCKOI'IVIﬂ KOMOWHALMOHHOIO paccedaHnsa ceeTa B NCCyieqoBaHNAX NpouecCcoB MHaAKTUBaUUN...

TepUarIbHBIX MUKpOOpraHu3MoB [2]. B HacrosIee Bpems
TEMITbI Pa3padOTOK HOBBIX KJIACCOB aHTHOMOTHKOB 3aMe]l-
JIMJTMCh, OTHAKO WX MOTpeOJICHHE YBEINYHUIOCH, YTO TPH-
BEJIO K ITOSIBIICHUIO U OBICTPOMY PacripoCTpaHEHHIO YCTOMN-
YHUBBIX K aHTHOMOTHKAM ITaTOT€HOB, 0COOEHHO OakTepuit
C MHO)XECTBCHHOM JICKAPCTBEHHOH YCTOWYMUBOCTHIO [3].
OniH 13 OCHOBHBIX MTOAXO/0B K MTOTYYEHHUIO HOBBIX aHTH-
MHUKPOOHBIX aréHTOB — IOHMCK H a/IallTallysl HaTypPaIbHBIX
IIPOTYKTOB, HAIIPUMEP PACTUTEIIBHBIX SKCTPAKTOB, OOTraThIX
¢denonamu u puaonougamu [4, 5]. [To nureparypHbIM
JlaHHBIM, BceMUpHOU opranusanuei 31paBoOXpaHEHHUs
3aperucTpupoBansl HazBauus oosiee 20 000 BUIOB JieKap-
CTBEHHBIX PACTEHUIl C pa3IMUHBIMU MOTEHIINATbHBIMHU
MIPUMEHEHHSIMH, B TOM YHCJIE B KaueCTBE aHTHOAKTepu-
aJbHBIX areHToB [2]. OTMETUM, UTO U3BECTHO MPUMEHEHHE
9KCTPAKTOB PACTEHHH NPOTHB OaKTEpHii, IiIeceHeil, Hace-
KOMBIX, BUPYCOB U OITyXOJIEBBIX KJIETOK B KauecTBe (hOTO-
CEHCHOMIIN3aTOPOB aKTUBHOW (hOopMBI KucTopoxaa [6, 7].

Cpenn nmepcneKTHBHBIX PACTUTENbHBIX aHTHOAKTE-
pHANBHBIX ar€HTOB BBIJIENIAIOTCS] aT€HTHI PACTUTEILHOTO
npoucxoxaeHus. OJHUM U3 NEPCIEKTUBHBIX NPUPOIAHBIX
areHTOB BBHAY NMOTEHIIHAJIBHBIX aHTHOAKTEPHATbHBIX
cBocTB siBisieTcs Viburnum opulus L. TlepcrieKTHBHOCTD
MIPUMEHEHHS KCTPAKTOB Ha ocHoBe Viburnum opulus L
00yCIIOBJIEHA HAJIMYNEM TaKUX OMOJIOTMYECKH aKTHBHBIX
KOMITOHEHTOB Kak BUTaMUH C, KapOTUHOUABI, UPHJIOUIBL,
s¢upHbBIe Macia U (EHONbHbIC COeJUHEHNUs. biaronaps
TaKOMY COCTaBYy IKCTpakT Viburnum opulus L obnamaer
AQHTHOKCH/IAHTHOH aKTUBHOCTBIO, aHTUMHKPOOHBIM MOTEH-
uagoM (0COOCHHO B OTHOLICHNH I'PAMIOIOKNUTEIBHBIX
OakTepwii), IMEET JOKa3aHHbIE TPOTHBOBOCHAIUTEIBHBIC,
MIPOTUBOACHCTBYIOIINE OKUPEHHIO, AaHTHINA0ETHIECKNE,
OCTEOTEHHBIE, KapJUO- U IUTONPOTEKTOPHBIE CBOICTBA
[8—-10].

Cy1iecTByeT MHOKECTBO METOI0B CKPUHUHTA U OLCH-
KM aHTUMHUKPOOHON aKTMBHOCTHU, HAIIPUMEP: MPOTOUHAs
urodiryopumeTpusi, OMOIIOMHHECIIEHTHBIC ¥ Pa3InuHbIe
i dy3ronnbie Metosl [ 11]. B HacTosiiee BpeMst akTHBHO
Pa3BUBAIOTCS ONTUYECKUE METO/Ibl HEMHBA3UBHOIO aHAIIM3a
YYBCTBUTEIBHOCTH OaKTEPHAIBHBIX KJIETOK K MPOTHBO-
MHUKPOOHBIM TIpenaparam in vitro. OGUH U3 TaKUX METO-
JIOB — MeToJ KoMOnHannoHHoTo paccesHus csera (KPC)
1 €TO YacTHBIC CITydaH, Kak THTaHTCKOE KOMOMHAIIMOHHOE
paccesaue ceeta (I'KPC) [12]. [lanHBIN MeTOq — HEWH-
Ba3MBCH M MO3BOJSIET MOJYYUTh HHPOPMALNIO O XUMHU-
YECKOH CTPYKTYpe MHKPOOHBIX KJIETOK M OMOIUICHOK 0e3
poOOMOArOTOBKH HcciIeayeMbix 00pasios. Merox 'KPC
OCHOBAH Ha SIBIICHUH IIa3MOHHOTO PE30HAHCA, KOTOPBIil
MOYKHO HaOJIO/IaTh KaK Ha IIEPOXOBAThIX METATMYECKUX
noBepxHOCTsX [13], Tak U Ha METaNIMYECKUX HAHOUACTH-
nax [14]. M3mensis mapamerpsl HaHOYACTHUI] (MaTepHall,
pa3mep, TeOMETpHs) MO>KHO KOHTPOJIMPOBATh T'eHEepaInio
TUTa3MOHHOTO pe3oHaHca u ycwienue curaana KPC, 4ro
MIO3BOJISICT YBEJIINYHUTE TIpees 0OHapyKEHUs HCCieye-
MBIX BEIIECTB. TeopeTHdecKkne M IKCIEePUMEHTAIbHbBIC
HCCIIEOBAHMS MOKA3aIH, YTO MAaKCUMYM HalpsKeHHO-
CTH JIEKTPUUECKOTO 1ot (GOPMUPYETCs Ha yIiax WIN
BEpIIMHAX aHU30TPOMHBIX HAHOYACTHUI] C MAaKCUMaJIbHON
KpuBU3HOH [15].

Lenp HacTosieit paboThl — YCTaBUTh BIUSHHE JKC-
TpaKTa II0JI0B KaJIMHBI KPACHOH W aHTHOMOTHKOB Ha Oak-

TepHaJbHbIC KOJOHUU METO/IOM CIEKTPOCKOIIMH KOMOHU-
HAIl[HOHHOTO PacCesHUsl B NIPUCYTCTBUU KOJUIOUJHBIX U
TUTAHAPHBIX CTPYKTYP, YCHIMBAIONIMX CUTHAI KOMOMHAIIHN-
OHHOTO PACCEsSHUS CBETA.

Hcnosb3yeMble MeTOABI U MOAXOIBI

Mukpo6uoJioruyeckasi npo6onoaroroBka. B padore
ucnoib3oBan mramm (DhSa) Escherichia coli (E. Coli),
npeaocTaBiIeHHbIll bantuiickum denepanbHbIM yHUBED-
cutetoMm umenu Ummanynna Kanta HOL «Ilpuxnagnas
OuorexHONOTH». B KauecTBe cpeibl JUTs pocTa NCTIONb30-
BaJICs JTM30TCHHBIN OynboH (Lysogeny broth, LB). llltamm
6akrepuii E. Coli KylTbTUBHPOBAH U3 INIUIIEPUHOBOTO CTOKA
npu temrnepatype muayc 80 °C B O6ynsone LB n mHKY-
O6mposan B Teuenue 12 9 mpu 250 06/MUH U TeMmIepaTy-
pe 37 £ 0,5 °C. IlomyueHHBIC KYTbTYypBl OaKTEpUil OBLTH
pasbasiensl OynboHOM LB mist mocTryKeHUsT ONTHYECKOM
mnotHocTH 0,2 mpu 600 HM 1 moMerneHs! B yamku Iletpu
Ha 12 4 ans ganmpHelIero pocra. BripalieHHbIe KOTOHUT
OakTepuii ObUIM TIepeiaHbl JUTs TAIBHEHIIIEro HCClleIoBa-
Hust HOLL «®DyHnnamenTanbHasi 1 IpUKIIaaAHask (OTOHHKA.
Hanodotonnkay.

J171st IpUTOTOBIICHUSI SKCTPAKTOB U3 TUIO/I0B KAJIMHBI HC-
TMIOJIB30BAHBI 3apaHee pa3MOPOKEHHBIE STobl. Pasmoposka
sroz ObUTa pon3BezieHa B TeueHnH 30 MUH IPH KOMHATHOM
temneparype (oxono 22 °C) ¢ qanbHEHITIM H3BICUCHIEM
KOCTOUYEK M BEDKMMKOH coka. JIJIst y/ianeHnst MAKOTH TTOJTy-
YEHHBII COK OBUT IIEHTPU(YTHpOBaH B TedeHnn 10 MuH mpu
10 000 06/MuH U ouHIcH GUIBTPOBAHHEM HAI0CATOYHBII
CJIOHi, B pe3yibTaTe MOydeH dKCTPAKT KaJUHBI. bakTpun
E. Coli (40 mxi) moaBepraiu crpeccy B TeueHue 10 muH,
CMEIINBAsl UX C MPUTOTOBJICHHBIM IKCTPAKTOM KaJMHBI
(20 mku1). [lanee monmydeHHasi CMeCh Obllla HAHECCHA Ha
AHOAMPOBAHHBIN TUTaH [16] 00beMOM 2,5 MK JJIsl peru-
ctpanun cnekrpos KPC.

B skcniepnMeHTax MCIONb30BAICS AaHTHONOTHK IIHPO-
KOTO CHEKTpa — e TpHakcoH, pabodell KOHIEHTPAIH
7,5 Mr/MIL.

IToaroToBka onTHYeCKOro ceHcopa. s crieKTpasb-
HOW ChEMKH OaKTEepHi B MPUCYTCTBUH SKCTPAKTA ILIOTOB
KaJIMHBI UCIIOJIB30BaHa METOIOJIOTHS, pealn30BaHHas Ha
AQHOJMPOBAHHBIX TUTAHOBBIX IMOBEPXHOCTSIX, alpoOUpO-
BaHHAas paHee, HO 0e3 HAaHECEHHBIX 30JI0THIX HAHOYACTHII
[17]. BeiOop naHHOW MOBEPXHOCTH /ISl YCHUIICHHS CHUT-
Haia KPC o0yciioBieH Halu4yueM IJIa3MOHHOTO pe3o-
HaHca, FTeHEPUPYEMOro B pe3yibrare (OTOBO30YXKICHUH
IIEPOXOBATON MTOBEPXHOCTH aHOIMPOBAHHOTO THTaHa. J{71st
CHEMKH aHTHOMOTHKOB OblIa MPUMEHEHA AJIbTePHATHBHAS,
HOBasi, MEHEE PECYpPCOEMKasi TEXHOJIOTHsI, OCHOBaHHAS
Ha (YHKIMOHAIU3AINN MOBEPXHOCTH KBAPIIEBBIX CTE-
KOJI HaHO3BE3/1aMHU. {151 3TOTO0 MPUMEHEHBI ONTHYECKH
po3pavyHbie KBapieBbie cTekyia Mapku KY-1. Ouncrtka
CTEKOJ OCYIIECTBICHAa MHOTOCTaIUITHBIM criocobom. Ha
MIEPBOM JTarie TIacTUHBI U3 cTekaa KY-1 6b11M mpoMBITHI
B yJIBTPa3ByKOBOH BaHHE B TeueHHe 30 MHUH, B KOTOPOI
yepe3 kaxkable 10 MUH MpouCcXoniIa 3aMeHa JKUAKOCTHU 110
cienyroniet cxeme: Milli-Q — n3onponusoBsiil ciupt —
Milli-Q. OunieHHbIe UIACTHHBI OBUTH MPOCYIICHBI TIPU
temiieparype 90 °C 10 MoJIHOTO UCTapeHus KUAKOCTH Ha
MOBEPXHOCTH. BhIcoXIIIMe cTekiIa pacionaraii BepTHKAb-
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Puc. 1. Bakrepun, HAaHECEHHbBIE Ma3KOM Ha IIOBEPXHOCTh ONTHYECKOT0 ceHcopa (a), u u3obpaxenune 6akrepuit E. Coli
Ha TMOBEPXHOCTH KBAPIIEBOTO cTeKIIa pH yBenmdeHuu 100* (b)

Fig. 1. Bacteria smeared on the surface of the optical sensor (@) and the image of E. Coli cells on the surface of the quartz glass at
magnification 100% ()

HO B TEPMOCTOMKOH mocyne ¢ pactBopoM mupanbu (30 %
H,0, n 96 % H,SO,, 1:3) u nogorpersr 1o 70 °C. Uepes
30 MMH TTaCTUHBI OBUTH MPOMBITHI TPH pasza 1o 10 MuH B
ynbTpa3BykoBoii Banue ¢ Milli-Q u npocymenst npu 90 °C
JIO TIOJTHOTO BBICBIXaHMsl. OUHIIEHHBIE CTEKIIA PacIoarain
BepTHKaIBLHO B 5 % pactBope APTES ((3-AmuHOonporin)
TPUATOKCUCHIIAH) M 0€3BOAHOTO Tosyosa Ha 24 4. Jlns
ounctku oT mnumiek APTES-o0pa3ier mocienoBareis-
HO TMOTPY’KaJI B yIBTPa3BYKOBYIO BaHHBI ¢ OE€3BOIHBIM
STaHoIOM (Z1Ba pa3a mo 10 MHH) U ¢ CBEPXUIHCTONH BOHOMH
(Tpm paza mo 10 mun). Ha mocnexnem stane Ha APTES-
MOJU(UIIMPOBAHHBIE TOBEPXHOCTH aJICOPOUPOBAIH 30-
JI0Tble HaHO3Be3/bl. JlJIs 3TOro MIAacTHHBI pacloyarain
TOPU30HTAJIBHO B KOJUIOUIHBIX PACTBOPAX U OCTABIISUIN HA
12 4. [lo uctedyeHuro JaHHOTO BPEMEHHOTO MTPOMEKYTKA
CTEKJIa ITPOMBIBAJIM BOJIOW M MCIIOJIb30BAJIM 110 Ha3HaUe-
Huto. ONTHYECKUE CBOMCTBA TaKMX CEHCOPOB OBLIH MOJI-
po6HO nu3y4eHsI B padore [18]. bakTepru ObLIH TOMETIICHBI
Ha MOBEPXHOCTH MOIYYSHHON CTPYKTYPBI Ma3KOM U OKa3a-
JIMCh PA3INYMMBI IPA CTOKPATHOM yBeIW4deHUH (puc. 1).

SKCHepI{lMeHTaJILHLle YciaoBus peructpauuu
CIIEKTPOB

W3ygaemsbiii 0oOpaser; OblT IOMEIIEH Ha JEpKaTelb
crniekrpometpa Virsa (Renishaw). C momoripio nudpoBoit
BHICOKaMEPHI MOITyYeHO U300paskeHne odpasna Ha ONTH-
YECKOM CTOJIC. BEIOTHEHa I0CTHPOBKA CIIEKTPOMETpa 1
TIPOM3BEICHO MMO3UIINOHNPOBaHNe 00pa3noB. Habmonerme
n300paKEHNs OCYIIECTBIISIOCH HA 9KPaH KOMITBIOTEpaA C
MoMoIIbI0 TporpaMmMHoro obecnedenus: Wire 5.4. C no-
Motibio Wire 5.4 BBINOTHSITUCH: HACTPOIiKa TTapaMeTpoB
pubopa U UCTOYHHMKA JIA3EPHOTO M3IyUCHUST; YIPABICHUE
1 MOJTyYeHHE JITAHHBIX C AETEKTOPOB; 00pabOTKa JaHHBIX U
cheMKa 00pasIoB.

CrexTpasibHasi chbeMKa Ha aHOAMPOBAHHOM THTAHE
OGakTepuil 10 BO3/MEHCTBUS aHTHOMOTHKA U HKCTPAKTa
(KOHTpOJIBHBIE CIIEKTPBI) M MOCIE BO3JEHCTBHS IKCTPAKTa
OblTa MpoBe/IeHA TIPH yCIOBHUSX: THHAMUUYECKast ChEMKa B
JMana3oHe BOTHOBBIX ynceln 350-3200 cv!; HakomeHne
curHana 30 c¢; IMHa BOJHEI JTazepa A = 785 HM; MOIITHOCTb
na3epa BapbupoBanack ot 30 mo 60 MBT u BpeMeHH HaKo-

IIeHusI curHasa Ha aerekrope ot 30 1o 60 c. BeiOpanHbie,
ONTHUMAJIbHBIE YCIIOBHSI CbEMKH ObLIIM 00yCIIOBICHBI (hakK-
TOpPaMH HETIOBPEXJICHNsI 00pa3iia 1 OTCYTCTBHUS 3aCBETKH
JIETEeKTOpa.

[Tocne perucrpanuu crieKTpoB OakTepHidi (KOHTPOIIb-
HBIC CIIEKTPBHI) C TIOMOIIBIO aBTOMATHYECKOW MUIETKH
Eppendorf Research Ha 6akrepun Obliia HaHECEHa Karlst
BBEIOpPAHHOTO aHTHOMOTHKA oObemMoMm | M. B TeueHme
5 MUH TIPOMCXOANIIO BBICBIXaHUE JIEKAPCTBEHHOTO Mpe-
mapara, IocJje 4ero MpoBeieHa CIIEKTPaIbHAs ChbEMKA C
AQHTHOMOTHKOM IIPH YCIIOBUSX, OTIIMYAIOIINXCS OT ChEMKH
Ha aHOAMPOBAHHOM THUTAHE IUANa30HOM MOIIHOCTH Jia3e-
pa: ot 45 1o 15 MBT. 3MepeHus kosiebareabHbIX CIEK-
TPOB BBINIOJHSUINCH KaXK/Ible 5 MUH C LIeJIbI0 HAOMIOCHUS
3a TUHAMHUKON M3MEHEHHUsI OaKTepUAIbHONH CTEHKH IMOJ
Bo3/eiicTBrEeM aHTHOMOTHKA. CheMKa ObLIa MPEKpaIlIcHa,
KOT/Ia Ha MPOTSHKCHUHM TPEX M3MEHEHUH CIEeKTpasibHas
KapTHHA HE N3MCHSAJIACH.

[Tonyuennsie rpadukn ObLIM cOXpaHEHB! B (opMma-
Te .txt s majgpHeHIeil 00paboTKH B MaKeTe MPOrpaMM
OriginPro.

Pe3yJIbTaTbI HCCJICIOBAHUSA

B pesynbrare npoBeeHUs SKCIEPUMEHTAIBHON YacTH
noiy4ens! criekTpsl KPC u I'KPC 6akrepuii E. Coli 1o
U TI0CJIe BO3JCHCTBUSI aHTHOMOTHKOB M BEDKUMKH IUIO-
J10B KannHbl. COBOKYITHOCTB CIIEKTPOB, MOTYUYEHHBIX IPU
€CTeCTBEHHOM BBICHIXaHUH OaKTepHii, TOKa3aHa Ha prcC. 2.

Ha puc. 2, ¢ HabmonaeTcsi MOCTETIEHHOE yYBETHICHUE
WHTEHCUBHOCTH CHEKTpanrbHbIX mojgoc KPC Gaxrepuit
E. Coli (ctiextpst Ne 1-Ne 3). CrieKTpbI OITy4YeHBI IPH ClIe-
JIYFOIINX YCIOBHUSIX CbEMKH: MOIITHOCTS Jiazepa — 60 MBT;
Bpemsi HakoruieHuss — 60 c. [Ipu peructpanuu CeKTpoB
Ne 4-Ne 13 sxkcnieprMeHTaIIbHBIC YCIIOBHS OBUTH U3MEHEHBI
(momHOCTS azepa — 30 MBT, Bpems Hakoruiennst — 30 c)
0 IpU4uHe pe3koro ycuienus curnana KPC Benencreue
npuOIKeHNs (BBICBIXaHMS) HCCIeyeMoro odpasna K
MOBEPXHOCTH aHOAUPOBAHHOIO TUTAHA. J{JIs JTydInen uaeH-
TU(UKAMN CHEKTPATIBHBIX MOJI OCYIIECTBICHO ycepHee
nmaHHBIX 10 13 cnektpam (puc. 1, b). [l mampHeimero
HCCIEAOBAHMUS aHTHOAKTEPHATHHOTO d(PPeKTa BEIKUM-
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Puc. 2. CriekTpbl KOMOHHAIIMOHHOTO paccesiaus cBeta 6akrepuii E. Coli, 3aperucTpUpOBaHHBIC IPU €CTECTBEHHOM BBICBIXAaHUU
Oakrepuii (a), U yCpeIHEHHBIN CIIEKTD (), SBISIOIMIUIICS UX KOMOMHAIHCH

Fig. 2. Raman spectra of E. Coli recorded during natural drying of bacteria (), and the averaged spectrum (b) which is their
combination

KM TUIO/IOB KaJIMHBI BBIACICHBI CIIEKTPAIBHBIE TIOJIOCHI,
B KOTOPBIX HAOIIOAINCh AMUHOKHUCIOTHI U ITyPUHOBBIE
MIPOU3BOMHBIC (a/ICHUH, TYaHUH, THTIOKCAHTHH, KCAaHTHH)
[19, 20], koTOpbIE NPE/ICTABICHBI B TAOIHUIIE.

Tabauya. CreKkTpallbHbIE TTOJIOCH, HAOIIOMAaeMbIe B YCPEIHEH-
HOM crekTpe 6akrepuit £. Coli 1 X HHTEpIpETaINST

Table. Spectral bands observed in the averaged spectrum
of E. Coli and their interpretation

WuaxktuBanus 6akTepuanabHbIX MUKPOOPTAaHU3MOB SIB-
JISIeTCSl HETPUBUAIBHOM 3aa4eil. B 3aBucuMOCTH OT crioco-
0a (yapTpaduoneToBoe 00ayUYCHUE, CIIUPTHI, TEMIIEPATypa,
aHTuOuoTuku [19, 21-23], u T. 1.) U BpeMEeHH BO3/eii-
CTBHSI HaOIIOJIAIOTCSL pa3Hble CHEKTpalIbHbIC N3MEHEHHUSI.
V3meHeHus KacaloTcss MHTEHCUBHOCTH M TIOJIOXKEHHS MOJL,
COOTBETCTBYIOIIMX HYKJICHHOBBIM KHCJIOTaM, OEJIKaM U JIn-
muam, HaOmonaembIM B criektpax KPC Gakrepuii E. Coli.
B ciyuae uccrenoBanus BO3/ICHCTBUS BEDKHUMKH T1JI0/I0B
KaJMHBI Ha OakTepuallbHble MUKPOOPTaHU3MbI METO/IOM
KPC, Hay4HBIX maHHBIX HE mpeacTaBiaeHo. OIHAKO cpaB-
Henue crektpoB KPC, 3aperncTprupoBaHHBIX OT KHUBBIX U
MEpTBBIX OaKTepHii, XapaKTepu3yeTcs KaK OOITIM yMEHb-
IIEHUEM UHTEHCHUBHOCTH CHEKTPA, TaK U CIIEKTPAIbHBIX
oJIocC.

Ha puc. 3 npencrasnen cniektp KPC BbDKUMKH TUTOI0B
KayuHbl, yepeauennsle cnektpbl KPC 6axrepwuii £. Coli o
U [I0CJIE BO3/ICHCTBHS SKCTpaKTa. M3-3a MepeKphITHS CIIeK-
TPAJBHBIX MOJIOC XapaKTEPHBIX KaK JUISl TUIOA0B KaJINHBbI,
Tak u 11 Oaxrepuit E. Coli, TpyHO pOAHAIN3UPOBATH H3-
MEHEHHS BO BceX Mojiax, oTHocsnmxces £. Coli. OnHako Ha
yepennenHoM cniekrpe E. Coli mocine Bo3ieHCTBUS BBDKUM-
KU IUIOIOB KaJHMHBI ObLIM ONpeaeensl Mojbl (853 cM 1,
965 cm!1, 1003 em 1, 1031 em 1, 1410 em1, 1450 em !,
1658 cm 1), kotopbie He nposiBistioTcs Ha criektpe KPC
BBDKMMKH IU1010B KaJnHbL. [Ipu cpaBHeHnH MOJ| 853 em 1,
1003 cm!L, 1410 cm1, 1450 cm1, 1658 cm! Ha criexrpax
E. Coli no u nocie Bo3JeiicTBUS IKCTpaKTa HaOIIO1aeT-
Csl YMEHbBIIICHHE MHTEHCUBHOCTHU CIIEKTPAJIbHBIX I0JIOC,
OTHOCSIIINXCS K IYPUHOBBIM METaboJINTaM, aMUHOKHC-
JIOTaM, YTO MPEJBAPUTEIILHO YKa3bIBACT HA WHAKTUBALIUIO
JKM3HEACATEIBHOCTH OAKTEPHi, BCIICACTBHE BO3/ICHCTBUS
(hrraBOHOM/1Aa KBEPIIETHHA.

Ha puc. 4 npencraBieHbl SKCIIEPUMEHTAIBHBIE CIIEK-
TPBI 9YBCTBUTENbHOTO mTaMMma O6akrepuii E. Coli (depHbIit
CIIEKTp), aHTUOMOTHKA (KPACHBIA CIIEKTP) W CIIEKTP Oak-
TepUil TMOCIIe B3aNMOJICHCTBUSA C TIEPTPHAKCOHOM (CHHUH
crieKTp). BUIHO HECKOIBKO XapaKTePHBIX 0COOCHHOCTEH
BO3/JICHCTBHSA e()TPUAKCOHA HA YYBCTBUTEIBHBIN IITAMM

?{iif&?iﬁﬂe Wutepnperanus [ 19, 20]
522-540 TryaHUH
556-573 KCaHTHH, I'yaHWH, aACHUH
620627 TUIIOKCAHTHUH, a/ICHUH, T'yaHUH
720-732 aJICHUH, TUTIOKCAHTUH
773-792 THITOKCAaHTHH
836-860 TUPO3UH
925-930 THITOKCAaHTHH
956972 KCaHTHH, TYaHUH, TUIIOKCAaHTHH, a/ICHUH
1002-1003 (ennnanannt, 6eI0K
1026-1042 T'yaHWH, aJICHUH, THIIOKCAaHTUH
1090-1101 TUITIOKCAHTHH
1116-1140 KCaHTHH, T'yaHHH, aJIcHUH
1154-1163 TUIIOKCAHTUH
1172-1181 TyaHWH, aJIcHUH
1244-1252 TUIIOKCAHTUH
1321-1329 THITOKCAaHTHH
1335-1342 aJIcHUH
1405-1413 JIEHITUH
1446-1449 THITIOKCAHTHH, TYaHHH, aJlcHUH
1564-1590 TyaHWH, a/ICHUH, KCAHTUH, TUTIOKCAHTHH
1635-1668 TYaHUH, a/ICHUH, KCAaHTHH, THTIOKCAHTHH
680
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Puc. 3. CriekTpbl KOMOHHAIIMOHHOTO PACCESIHKSI CBETA BBKUMKH IUIO/I0B KaJIMHBI U yepeaHeHHbie criektpsl E. Coli
JI0 ¥ ITOCIIE BO3AEHCTBUS BEDKUMKH TUIO0B KAJTUHEI

Fig. 3. Raman spectrum of Viburnum opulus L pomace, averaged Raman spectra of E. Coli before and after exposure
to Viburnum opulus L pomace
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Puc. 4. CiekTpbl THTAaHTCKOTO KOMOMHAIMOHHOTO paccesiaus bakrepuii E. Coli n aHTHOHOTHKA 116 TPHAKCOH.
Ha BcraBke Fpa(bI/IKa I/I306pa)K€H0 CpaBHEHUE CIICKTPOB YYBCTBUTEJIBHOI'O ITaMMa 6aKTCpHﬁ M mrTamMma 6aKTCpHﬁ
nocie 60 MUH BO3AEHCTBHUS aHTUOUOTUKA
Fig. 4. SERS spectra of bacteria E. Coli and antibiotic ceftriaxone.

The inset of the graph shows a comparison of the spectra of the susceptible bacterial strain and the bacterial strain
after 60 min of antibiotic exposure
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E. Coli s opraHn4ecKkux COeAMHEHUH, (POPMUPYIOIIUX
OaKkTepuasbHYI0 CTEHKY. JlJIs1 HyKJIIEMHOBBIX KHCIIOT Ha-
OiroaeTest CABUT MakCUMYMOB ¢ 735 cm~1 na 727 em 1,
¢ 771 cm~! ma 785 cml, a Takke yMeHbIIEHUE UHTEHCHUB-
HOCTH MaKCHMyMOB HYKJIEHHOBBIX KHUCIIOT Ha 672 cM1,
812 cm~! m 1575 cm~!, ogHako Ha 3HaueHuu 1483 cm!
HaOIOMaeTCs YBeINIeHNEe MHTEHCUBHOCTH. J[11 OeIKOBBIX
TI0JI0C 3aMETHO CHIDKCHNE HHTEHCHBHOCTH MaKCHMYMOB Ha
sHaueHusx: 855 em!, 1003 cm !, 1031 e~ u 1246 cm L.
JUis TUOUAHON TOTOCH OTIPEIEIEHO YMEHBIIEHNE HHTCH-
cusHocTH Ha 1064 cM 1, a Takke yMeHbIIEHHE MHTCHCHB-
Hoctu U casur ¢ 1295 em! ma 1300 cm—L. OTgensHoro
00CyX/IeHHsI 3aCITy)KUBAET moJjioca (eHUIaIaHNHA Ha Ya-
crore obparnoro casura 1003 cm~!, o6o3naueHnas Kak
onomapkep kieTouHoi rudenmu. CTOUT OTMETHTB, 94TO Oak-
tepuu E. Coli IMPOKO MCHONB3YIOTCS ISl IPOU3BO/ICTBA
L-pennnananmaa u APYTHX apoOMaTHYCCKUX COCITUHCHUN
[24, 25], saBissicb NPOCTBIM U U3YYEHHBIM OPIaHU3MOM C
MIPEUMYIIECTBAMH YETKOTO TeHETHIECKOTo (hOHA U BO3-
MOYXHOCTBIO TIPOCTBIX TEHETHICCKAX MAHUTYIISINHN, a Tak-
e OBICTPOTO POCTa B JICHICBBIX CpeAax. B cBsa3m ¢ 3TuM
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MOXKHO CZIeJ1aTh BBIBOJI O €ro Hainu4uu B kierke E. Coli u
CBSI3M C *KU3HEHHBIM LIUKJIOM KJIETKHU. B cBs3U ¢ 3TUM npes-
JIO’)KEHO UCTIOIb30BaHMUE KOJIeOaHUs Ha 4acToTe 00paTHOTO
casura 1003 cm! B kauecTBe Mapkepa KIETOUHON rUbeIy.

3akJ/oueHne

[TpoBenena uaeHTUPUKALUS CHEKTPAIBHBIX MOJI, Ha-
OJIIOIaEMBIX B YCPETHCHHOM CIICKTPE KOMOHWHAIIMOHHOTO
paccesiHus KOJIOHUM Oaktepuil Escherichia coli. YeneuHo
BBIMOJIHCHA HACHTH(UKAINS CHCKTPaIbHBIX MOJ KO-
nonuit 6axrepuit Escherichia coli mocie BO3aeHCTBUS
Viburnum opulus L. TlokazaHO yMCHbBIIICHUE MHTCHCHB-
HOCTH CIIEKTPATBHBIX TTOJIOC, OTHOCAIIHECS K ITyPHHOBBIM
MeTaboIuTaM, aMHHOKHCIIOTaM, YTO YKa3bIBaeT HA WHaK-
THBAINIO )KU3HEICATEILHOCTH OaKTEPHil U CBHUICTEIb-
cTByeT 00 3(pPexTHBHON aHTHOAKTEPHUATBFHON aKTHBHO-
ctu Viburnum opulus L. T1o pe3ynbrataM UCCIeIOBaHUS
YCTaHOBIICHO, YTO MAPKEPOM KJIETOYHON I'MOeNnn MOKET
SBISIThCS TOJIoca (peHMIIaTaHnHA Ha 4acToTe 00paTHOTro
cusura 1003 cm 1.
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AHHOTAIUA

Beenenne. Jlazepbsl MIMPOKO NPUMEHSIOTCS B JISPMATOJOTHH JUIS yAaJeHUs TeleaHrudKkrasuil. [loBeimenune
3] (HEKTHBHOCTH CKIEPO3UPOBAHMUS TTyOOKOIEKAIINX M KPYITHBIX TEJICaHIHIKTA3UH JTa3ePHBIM U3JIyY€HHEM, BO3SMOXKHO
3a CUeT U3MEHEHMS ONITHYECKOTO MPOITYCKAaHUs KOXKH TIPU €€ HarpeBe U MpeoOpa3oBaHUU reMOIIO0HHa, COEPIKAIIIEroCst
B KPOBH KOXKH, B METT€MOINIOONH. BiHsHIe KOHIIEHTPAIMN METTeMOITIOONHA B KPOBH Ha IOIVIONIEHHUE CBETA B KOXE
YeJI0BEKa MaJI0 U3Y4eHO, YTO ONpEessieT aKTyalbHOCTh JaHHOW paboThl B KOHTEKCTE MOMCKA ITyTeH MOBBIMICHUS
3¢ GeKTUBHOCTH JTa3epHOTO yNaJICHNUS TeleaHrnIKTaszuid. Meroa. Pa3pabGoTaHb! YHCIEHHBIE CEMUCTIONHBIC ONTHYSCKHE
MOJIETIH KOJKH deJloBeKa 0e3 M ¢ TeleaHrmdkraszuei. B nuamazone mumH BosH 400—1600 HM paccuMTaHbI CIIEKTPHI
K03 pHUIHEeHTa SKCTUHKINN U CTEIEHH N3MEHEHHSI ONTHYECKOTO IMPOIYCKAHUS IEIbHOW KPOBH U CIIOEB KOXHU
B MOJCISAX KOXKH 0e3 ¥ C apTepHUOJIIPHON M BEHYJSIPHOM TEJNEaHTMAIKTAa3UsIMHU MPH Pa3IHYHBIX KOHIEHTPAIHIX
MeTremMorno6uHa B kpoBu. Ha ocHOBaHNY aHa/IN3a CIIEKTPOB BHIOPAHbI JTMHBI BOJTH, HA KOTOPBIX IIPH NPeoOpa3oBaHUN
TeMOITI00MHA B METTEMOTTIOONH MPOUCXOAUT HaHOOIbIIee N3MEHEHHE ONTUYECKOTO MPOITyCKaHHs EeTbHONH KPOBU
U clioeB Koxku. [l BEIOpaHHBIX IIUH BOJXH MeTonoM MonTte-Kapmo cMoaeanpoBaH Xoa Jydedl W MOTydYeHbI
pacrpeneneHus TOMIOMIEHHON ONTHYECKOH MOIITHOCTH B K)KIOM CJIO€ KOXKH 0€3 U C TeNIeaHTHIKTA3Hel IPH pa3InaHbIX
KOHIIEHTpanusx MerreMornoonna. OcHoBHbIe pe3yabTaTbl. OOHApYKEHO, YTO IPH MPeoOpa3oBaHUN reMOrIOONHA
B METreMonIoOnH HanboJbIlee YMEHBIIEHNE CTEIIEHN M3MEHEHHUS ONTHYECKOTO MPOITyCKaHUs LEeIbHON KPOBU
MPOUCXOJNT Ha JUTHHAX BOJH 629 HM 1 1105 HM, a HauOokIIee yBennyeHne — Ha 447 uM u 578 um. [lokazaHo, 4yto
¢ pocToM KoHIeHTpanuu MetreMorioornHa ¢ 0 10 100 % B Koxke J0JIsl HOIOIIEHHON ONTHYECKOH MOIIHOCTH B CJIO€
MOBEPXHOCTHOI'O CIUIETEHHUs COCYI0B 0e3 U ¢ TelieaHrnIKTa3ueil Ha JuinHax BoiH 629 M u 1105 HM noBsiaercs,
a Ha 441 um u 574 um — cHmwxkaetcs. [Ipu 3ToM B ciioe rTyOOKOro CIIETeHHs COCYJOB Ha JUIMHAX BOJH 441 HM,
574 um u 1105 HM [10JIs TTOTJIOMIEHHON ONTUYECKON MOI[HOCTHU MOBBIIIACTCS, a Ha JUIMHE BOJHBI 629 HM CHayaja ¢
POCTOM KOHIIEHTPAIINH METTeMorIo0nHa 10 25 % MOBBIMIAETCS, @ 3aTeM CHIDKAeTCs, HO JI0 3HAYSHUH, MTPEBBIIIAOIINX
3HAYEHHE JOJIH IOIIOIECHHOM ONTHYecKoil MomHOoCTH Oe3 MeTreMoroonHa. O6cy:xaenne. V3MeHeHNEe ONITHIECKOTO
MIPOIYCKaHWs, CBA3aHHOE C 3aMEHOI IeMOITTOONHa KPOBU Ha METTeMOITIOONH, B OOJIBIIEH CTEIICH! IPOSIBIISIETCS IS CITOST
TIOBEPXHOCTHOTO CIUIETEHUSI COCY/IOB, YTO CBSI3aHO C BBICOKMM COJIEpP’KAHUEM KPOBH B HEM M OTPaHNYCHHBIM BKJIAJI0M
BBIIICNIEKAINX CJIOEB KOKU B JieopMaIio CIEeKTpa MaJaroliero Ha 9TOT cJIoi cBeTa. B koxke ¢ TeneaHruskrasuei
U3MEHEHHE KOHLIEHTPAILMU METIeMOIIOONHA N3MEHSET JOJII0 MOIIOMEHHOH ONTHYECKONH MOIIHOCTH Ha OOJBIIYIO
BEJIMYUHY, UeM B KOXKe 0€3 TeJIeaHTUIKTa3UM, YTO MOXHO CBS3aTh C yBEIMUYEHHEM 0OBEMHON KOHIEHTPALUH KPOBU
CIIOEB KOXKH C TEJICAHTUIKTA3MeH U yBENNUCHHUEM UX TONIHUHBL [lomydeHHble pe3yabTaThl MOTYT OBITh IPUMEHEHBI IIPU
Ppa3paboTKe Ta3epHBIX CHCTEM M TeXHOJIOTHIT JIedeHNsI 32a00JIeBaHIH KOXKH, B TOM YHCTIE IS JIa3€PHOTO CKIEPO3UPOBAHHS
TeNIeaHTUIKTa3HH.

KiioueBrble cioBa
k03 pUIHeHT OTITOIEHHSI, KOXPPHUIIUEHT pacCesHUsI, KOXKa, COCY/, TCIICAaHTUIKTa3UH, ONTHYCCKAsT MOJICIIb KOXKH,
Jla3epHOE CKJIEPO3UPOBAHUE
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Abstract

Lasers are widely used in dermatology to remove telangiectasias. Increasing the efficiency of sclerosis of deep-lying and
large telangiectasias with laser radiation is possible by changing the optical transmission of the skin when it is heated
and converting the hemoglobin of the blood contained in it into methemoglobin. The influence of the concentration
of methemoglobin in the blood on the absorption of light in human skin is poorly understood, which determines the
relevance of this study in the context of finding ways to improve the efficiency of laser removal of telangiectasias.
Seven-layer optical models of human skin without telangiectasia and with it for numerical simulation were developed.
The extinction coefficients and the degree of change in the optical transmission of whole blood and skin layers were
calculated in the range of wavelength from 400 to 1600 nm for skin model without and with arteriolar and venular
telangiectasias at various concentrations of methemoglobin in the blood. Based on the analysis of these data, the
wavelengths with the biggest change in the optical transmission of whole blood and skin layers occurred during the
transformation of hemoglobin to methemoglobin were selected. At the selected wavelengths, the Monte Carlo method
was used in optical modelling to get the distribution of the absorbed optical power in each layer of the skin model
without and with telangiectasia at various concentrations of methemoglobin. It has been shown that the spectra of
extinction coefficients for arteriolar and venular telangiectasias do not differ significantly. During the transformation
of hemoglobin to methemoglobin, the largest decrease in the degree of change in the optical transmission of whole
blood occurs at wavelengths of 629 nm and 1105 nm, and the largest increase occurs at wavelengths of 447 nm and
578 nm. The part of absorbed optical power in the layer of superficial vascular plexus without and with telangiectasia
at wavelengths of 629 nm and 1105 nm increases, and at wavelengths of 441 nm and 574 nm it decreases with a
growth of the methemoglobin concentration from 0 to 100 % in the skin model. At the same time, in the layer of deep
vascular plexus the value of part of absorbed optical power increases at wavelengths of 441 nm, 574 nm and 1105 nm,
but at a wavelength of 629 nm first increases with a growth of the methemoglobin concentration up to 25 %, and then
decreases, but to values exceeding the value of part of absorbed optical power without methemoglobin. The change in
optical transmission associated with the replacement of blood hemoglobin with methemoglobin is more pronounced
for the superficial vascular plexus layer, which is associated with high blood content in it and a limited contribution of
the overlying skin layers to the deformation of the spectrum of light incident on this layer. In skin with telangiectasia,
a change in the concentration of methemoglobin changes the proportion of absorbed optical power by a greater amount
than in skin without telangiectasia, which can be associated with an increase in the volume concentration of blood in
skin layers with telangiectasia and an increase in their thickness. The obtained results can be applied in the development
of laser systems and technologies for the treatment of skin diseases, including laser sclerosis of telangiectasias.

Keywords
absorption coefficient, scattering coefficient, skin, vessel, telangiectasias, skin optical model, laser sclerosing
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BBenenue

JlazepHbIe UCTOYHHUKH ITUPOKO TPUMEHSIOTCS B METH-
LIUHCKOW TpakTuke [1, 2], B TOM 9uCiIe B AePMaTOIOTHH
JUTSI JICUEHUS TeIICaHTHIKTA3UH, MPEICTABISIONTNX CO00M
CTOWKOE pacIupeHre KPOBEHOCHBIX COCYIOB MUKPOITUP-
KyJISITOPHOTO pycCJIa AepMbI (BEHYIBI, KAMMIUIAPbI, apTepu-
OJTbI), KOTOPOE MOJKET TOSIBIISITHCS HA KOXKE M3-3a pas3iiny-
HBIX MPUYHH, BKJIFOYas HACJICICTBCHHOCTh, BO3ICHCTBUC
YABTPA(QHOIETOBOTO U3ITYUYCHHUS, BO3PACTHBIC H3MCHCHUS
Y TpaBMBbL. XOTsI TEJICAHTHIKTA3MH HE TIPEIICTABIISIFOT YTIPO-
3BI JUIS 3JI0POBBSI, OHM MOTYT BBI3BIBATH ICTETUUYCCKUHN
muckoMdopT y mamuerTos [2, 3]. B HacTosmee BpeMs s
JICYCHUS TEJICAHTMIKTA3UH MIPOBOIAT CKIICPOTEPAITHIO (BBE-

JICHHE B IIPOCBET COCYyZa MPENnapaTroB, MOBPEKIAIOIINX
BHYTPEHHIOIO 000JI0UKY COCY/a, B PE3yNIbTaTe Yero HacTy-
MaeT CIUIMaHUue ero CTeHOK) [2], ANeKTpoKoarysiuio [3]
WJIM Jla3epHOe CKIepo3upoBanue [4—6].

JlazepHoe CKIIepO3UpPOBaHUE MTO3BOJISIET OBICTPO U (-
(DEeKTHBHO yIAJSTh TEICAHTHIKTa3uN 0e3 XUPYPruIecKoro
BMEIIATEIbCTBA C MUHUMAJIBHBIM BPEMEHEM BOCCTAHOB-
JeHus. B ¢BsS3M ¢ 3TUM METOJ IMOIYYHJI IHPOKOE pac-
NpOCTpPaHEHUE B IepMATOJIOTHUECKON npakTuke [4, 5].
OnTUMaIbHBIM JIa3ePHBIM HCTOYHHKOM JUIS JICUCHHMS Telle-
AQHTHIKTa3MH MOXKHO CUUTATH TOT, Ubsl JVTHHA BOJHBI U3ITY-
4yeHus OyJIeT CKJIEPO3HUPOBaTh MATOIOINYECKH N3MEHEHHBIE
cocyapl, 3(G(HEKTHBHO MOMIOIIAACh KPOBBIO COCYIOB U Ha-
rpeBas ux 710 TeMmepatypsl nopsaka 80 °C, HO pu STOM
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He OyJeT BBI3BIBATh HEKPOTUYECKHX W3MEHEHUIl B OKpY-
JKAIOLIUX 9TH COCYbl TKaHsX [2, 6]. U3BecTHO, YTO KPOBb
cocya0B 3G PEKTUBHO MOMIIONIAECT U3ITYUCHHUE, JIeKallee
B BHJIUMOM /IMAITa30HE JIEKTPOMAarHUTHOTO criekTpa [7].
B 37011 CBsI3M TSI Ta3epHOTO CKICPO3UPOBAHUS Hanboee
4acTO HMCIOIB3YETCS M3IIyUYeHIE BHIUMOTO CIIeKTpa (Heo-
JUMOBBIH JIazep ¢ FeHepalueil BTOpoil TapMOHHMKH, KPUIITO-
HOBBIH, HAa Mapax MeAW, Ha KPACUTEIAX C TMHON BOJHBI
A =500-600 HM), a TaKKe aNeKCAaHAPUTOBBIN (A = 755 HM),
quoanselii (A = 800—1000 uM) u HeoquMOBBIH (A = 1064 HM)
nasepsl [2]. Oana u3 npobiaeM MPUMEHEHUS JIa3epHOTO 13-
JIy4EHUs BUIUMOTO CIIEKTpa /Il CKJICPO3UPOBAHUS TeIeaH-
THIKTa3ul — Majas TITyOrHa MPOHNKHOBEHHS M3ITyYCHUS
B KOXY, I03TOMY TNIyOOKOJIEKAIME TeJICaHMIKTa3uH He
TIOTAIOTCS TaHHOMY JiedeHuto. [list ahdexTnBHOTO JIeve-
HUSI KPYTTHBIX TE€JICaHTUIKTa3Mii TpeOyeTcs BRICOKas IIOT-
HOCTB SHEPTUH, YTO BBI3BIBACT HATPEB, HEKETATSITHHOE 10~
BPEKICHHAE OKPYKAIOIIUX COCYIBI TKAaHEH U YBEITHUNBACT
cpoxu 3akuBienus [8]. st moseImeHus 3(h(HEeKTHBHOCTH
CKJICPO3UPOBAHUSA TITyOOKONIEKANNX W KPYIMHBIX TeJleaH-
TMAIKTa3Mi HEOOXOINMO M3MEHNUTEH ONTHYECKHUE CBOWCTBA
KOXKH TSI TTOTY4YeHUsI MAaKCHMAaJbHOTO €€ ONMTHYECKOTO
MPOCBETIICHHUS B BUIUMOM JHAIIa30HE CIIEKTPa U B PE3YIib-
Tare 100uThest APPEKTUBHOTO CKIEPO3UPOBAHUS I1ATOJIO-
THUYECKUX COCY/IOB.

M3menenne onTHUECKUX CBOMCTB TKaHEW B mpoliecce
JICYCHUS] UMEeT OOJIbIIOE 3HAUCHHE JUIsl JIa3epHON Meu-
IUHBL. BO MHOTHX TEXHHMKaX BBITOJIHEHHS MPOLEAYP B
Ja3epHON XUPYPTUU, TEPAIHNH U JTUATHOCTHKE HCIIOIb-
3yeTcs C)KaTUe M PaCTsHKEHUE OMOJOTHYECKUX TKaHEH,
KOTOpBIC TIOMOTAIOT JOCTABUTH Ja3epHOE M3IyUCHUE B
mIyOokue ciou TKaHel [9]. Tak kak onTudeckas mpo3pad-
HOCTh OMOTKaHU 3aBUCHT OT KOA(PPHUIIMEHTOB MOTIIOIIECHHS
U paccesiHus, pakTopa aHU30TPOINH, @ TAKXKE ITOKa3aTest
HPeJOMJICHHS] €€ KOMIIOHEHTOB, TAKUX Kak MeMOpaHBbI,
IUTOIUIA3MA, PO U JIPyTHe OpraHeulbl U OKpYXKaromeit
ux xunkoctu [10, 11], To ee MOxHO 3D HEKTUBHO KOHTPO-
JIUPOBATh, U3MEHSS PA3HOCTh MOKa3aTeNnel MperoMIeHUs
KOMIIOHEHTOB OMOTKAaHU U OKPY’KaIOIIEro uxX marepuasa
[12]. [l 9TOTO MOXXHO MPUMEHATH pa3sindHble pusnde-
CKHE WJIH XUMUYECKUE METOJIbI, HAIPUMEpP OOIydcHHE
CBETOM YIBTPa(HOIETOBOTO THAMTA30HA, KOATYIISIINIO, BO3-
NIeHCTBUE HU3KUX TEMIIEpPaTyp, MPOIUTKY XHMHUICCKUMHA
BEIIECTBAMHU, TEISIMU U MaclIaMH, B TOM YHCJe 00JaIato-
ITUMH TUTIEPOCMOTHIECKIMHU CBOMCTBaMu U mip. [9, 12—16].

B pa6orax [17, 18] omucan crioco® yBeTUYEHHS OI-
TUYECKOTO MPOMYCKAHUSA KPOBU YEIOBEKAa Ha HEKOTOPBIX
nnvuHax BoJiH 0 50 % myTeM ee Harpema J0 TemIiepa-
Typsl nopsiika 65 °C [17], 4To MOXKET OBITH CBSI3aHO C
npeoOpa3oBaHreM remornodnHa B MerreMorioouH [18].
B pabore [6] Tpanchopmanus reMorIoOMHa B METTEMOIIIO-
OWH TIpUHIMAETCSI Kak MTHOBeHHas. B [19-21] onmcaHsr
TaKHe Crioco0bl HarpeBa KOJKU YeIOBeKa, KaKk HAaHECCHUE
TOPSIYMX JKUIKOCTEH Ha MOBEPXHOCTH TENa, BO3JCHCTBIE
AIIEKTPUYECKOTO TOKA BBICOKOH YaCTOTHI, KOHTAKT KOXKH C
AIIEKTPUYECKUM HATPEBATEIEHBIM 2JIEMEHTOM, YIIEMEHTOM
[lenpThE, a TakKe BO3ACHCTBHE HA KOKY HHTCHCHBHBIM
CBETOM WJIM JIa3epHBIM M3iydeHueM. O4eBHIHO, YTO ON-
TUMM3ALHS JTA3€PHOTO CKIEPO3UPOBAHIS TEICAHTUIKTA3NI
MyTeM U3MEHEHHS! ONTUYECKOTO ITPOITYCKaHHsI KOXKU B pe-
3yJIbTare ee HarpeBa ¢ MOCIEAYIOIUM Tpeodpa3oBaHueM

reMorIo0nHa coziepIKalelicsl B Hell KpOBH B METTEMOTIIO-
OMH HEBO3MO)KHA 0€3 3HAHUH O BIUSHUH KOHICHTPALUU
METTEeMOITIOOMHA B KPOBH Ha MOIVIOIICHHUE CBETA COCYIaMH
KOXH. JJ1s1 TEOPETUUECKOM OLIEHKH ATOTO BIMSHUSI IPEKIC
BCEro HEOOXOIMMO CO3/IaHUE aJIEKBATHOM ONTHIECKOH MO-
JISITH KOXKH C TeJICaHTUIKTA3HEH.

Ha ceropssiiinuii 1eHb aKTyalbHOH SBIISETCS CEMUC-
JIOWHAS ONITHYECKasi MOJIETh KOXKH, TJI€ BBIICICHBI CIIOH C
HaMOONBIINM CKOIUICHHEM KPOBEHOCHBIX COCYHOB [22-26].
K coxxanenuto, B paMKax 3TOH MOJENN HE OMUCAH BKJIAJ
npoiiecca rnpeodpa3oBaHus reMoro0nHa B METIeMOIIIO-
6I/IH, HpI/IBO}IHH_lI/Iﬁ K UBMCHCHUIO KOHICHTpaluu METIC-
MOTrJI00MHa B KPOBH, HAlpUMEP B pe3yjbTaTe Harpena
KOXKH, TTPU TIOIVIOIEHUH CBETA CJIOSMU KOXKU C TEJICaHT -
9KTa3UCH.

Takum 00pa3om, 3a/1a4a HACTOSIIEH PabOTH — MTOCTPO-
€HHUE YUCIICHHON ONITUYECKON MOJICIT KOXKH C TEIeaHTHIK-
Ta3ueH, PacIIUpPSIONIeH 3HaHUSA O B3aUMOJICHCTBUH CBETa
C TKaHSIMH KOXKH. A TaxkKe OIeHKA B PaMKax ITOTydYeHHOMH
MOJIETH BIUSHHS KOHIIEHTPAIINH METTEMOTIIOONHA B KPOBH
Ha TIOTJIONICHHUE CBETA B KOXKE, YTO MOXKET OBITh HCIIOIB30-
BaHO TPHU pa3pabOTKe HOBBIX MEPCIEKTUBHBIX JIA3EPHBIX
CHCTEM M TEXHOJOTHI JIEYCHHS KOKHBIX 3a00/IeBaHuil, B
TOM YHCJIE€ TE€JICAHTUIKTA3UI.

MarepuaJjbl M1 MeTOAbI

B pesynbrare anammza pabot [27-29], MOCBSIIEHHBIX
CTPOEHHIO KOXKU U €€ ONTHIECKOMY MOJIEJIUPOBAHHIO, TI0-
CTPOEHBI YHUCIICHHBIC ONITHYECKUE MOJICIIN KOXKHU C U 6e3 Te-
neanruskrasui. s 06oux cirydaeB MoJiellb KOKH COCTOSI-
JIa U3 CEMU CJIOEB: POTOBOM CJIOM DIUIEPMUCA, CIION JKUBBIX
KJIETOK 3MHIEPMHUCA, COCOYKOBBIN CIION JepMBl, CIIOH Mo-
BEPXHOCTHOT'O CILIETEHHsI COCY/IOB, CETUATBII CIION 1epMBI,
CJIOH TITyOOKOTO CIUIETEHUS COCY/IOB, CJIOH MOAKOKHO-KHU-
poBoO# kneTdaTku [22-26]. 3HaueHHs oKa3aTenel mpe-
JIOMJICHUS CJIOEB KOXKH OBLIN B3SITHI M3 CJIEYIOMNX paldoT:
porosoro ciost — [30], ci1os KUBBIX KIETOK 3MHIEPMHCA
U CIIOEB JE€PMBI (COCOYKOBOTO CJIOSI, CIIOSI TIOBEPXHOCT-
HOTO CIUIETEHHsI COCY/IOB, CETYATOTO CJIOSI U CJIOS TIy0o-
KOTO CIUIETCHHSI cOCynoB) — [31], ciost MOIKOKHO-KHU-
poBoii kieTdatku — [32]. ToNIIUHBI CIOEB B MOJAEIAX
0e3 (HopMa) U C TeJICAaHTUIKTa3UeH MPUBEICHBI B TaOM. 1.

TeneaHrnsKTa3uK JIOKAJIM30BAHbI IPEUMYIIIECTBCHHO B
CJIO€ TTOBEPXHOCTHOTO CIJIETEHUSI COCY/OB, a pa3Mep 0oJib-
IIMHCTBA TEJIGAHTMAKTAa3ui cocrapisger 26225 mxm [33].
Kax BuyiHO 13 Tabi. 1, mpu MOJEIMPOBAHUH TONIINHA CIOST
TIOBEPXHOCTHOTO CIUIETEHHS COCYIOB B MOJieH Oe3 TeseaH-
THIKTa3uX ObUIa MIPHHATA paBHOH 80 MKM, a B MOJIEIIH C Te-
neanTrmIKTazueir — 160 mxMm. TommuHa c10s TITyO0KOTO
CIUIETEHHMS COCYIOB B MOJICTIH O€3 TEJICaHTMIKTA3UH PaBHA
200 mxM, a ¢ TenmeaHrudKTazner — 400 MKM, TIpH ITOM
TOJIIIIMHA CETYATOTO €0 yMEHbmanach ¢ 1620 MkM 10
1540 MKM TIpH MOJICTTUPOBAHUH KOXKH C TEICAHTUIKTA3HEH
B TIOBEPXHOCTHOM CIIJIETEHUU COCYHOB U 10 1420 MkM — B
[TyOOKOM.

OObeMHbIe KOHIIEHTPAIUU XPOMO(GOPOB B CIIOSIX KOXKH
yeJjoBeKa 0e3 TeJIeaHrnIKTa3uy PUBEICHBI B Ta0M. 2.

HW3BecTHO, 4TO 00BbEMHAs KOHLIEHTPALUsI KPOBH B CIIOSIX
C BapUKO3HO PACIIMPEHHBIMH cocyaaMu Oombiie Ha 10 %
0 cpaBHEHUIO ¢ HOpMoit [49]. B a0l cBsi3M 00BeMHAS
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Tabnuya 1. TOMIUHBI CIIOEB KOXKH C

u 0e3 TeneaHrudKTasuen

Table 1. Thicknesses of skin layers with and without telangiectasia

TOIIH_II/IHa CJIOA B MOJICJIIH KOXKH
Tosmmma ciiost B Mozeu KOXH C TeleaHTuIKTa3uel, MKM
HawnmMeHoBaHUE CITOST KOKHI 0e3 (HopMa) TelleaHTHIKTA3HH,
MKM [22] B ITOBEPXHOCTHOM B rHy60KOM
CIUIETCHUU COCYI0B CIUIETCHUU COCYIO0B

Porosoii cioit anunepmuca 20 20 20
CI10# )UBBIX KJIETOK dIUACPMHCA 80 80 80
COCOYKOBBII CITOW IEPMBI 100 100 100
CJ1011 MOBEPXHOCTHOI'O CILIETEHUSI COCY/IOB 80 160 80
CeTyaTblif CII0H AepPMBI 1620 1540 1420
Ci10#i TITyOOKOTO CILIETEHUS COCYI0B 200 200 400
Cr10#i MOJKOKHO-)KUPOBOH KIIETYATKH 6000 6000 6000

KOHIICHTPAIUs KPOBU B MOJCIH KOXHU C TEICAHTUIKTa-
3WeH B CJIOC MMOBEPXHOCTHOTO CILICTCHIS COCYIOB Obla
yBenmdena 110 33 % (mpu 3ToM 00beMHasT KOHIICHTPALUs
BOJIBI B 9TOM CIIO€ OBIIa MPOMOPIHOHAIFHO YMEHBIICHA
10 57 %), a B cimoe TyOoKoro crueTeHus cocynoB 110 11 %
(ipu 5TOM 00BEMHAS KOHIICHTPAIUS BOABI B 3TOM CIIO€
ObLTa TIPOTIOPIIMOHATIBHO YMEHBIIICHA 10 69 %).
Paccuntaem k03¢ GUITMEHTHI TOTIOIICHUS:
— POTOBOTO CIIOSI AIIUEPMHUCA KOXKH B MOjiesH [24]:

Wage = Wuawater + Lualipid +
F(O1 031040 + 01250y ) Bl )

rne W, L m Bl — oObeMHble KOHLEHTPALUU BOJIBI,
JUNUAA0B U (POPMEHHBIX KOMIOHEHTOB; Ud,, 40 [50],
—(A— 154))

66,2
[39] — Ko pHUIIMEHTHI TIOTIOMIEHUS BOIBI, JUITHAIOB,

Wiipia [7]u Wapseline = 0,0244 + 8,53exp(

OCTaJIbHBIX CJI0EB KOXKU B Mojenu [51]:

Wajgyer = Buavessel + Wuawater + Lualipid +

+ Mpa + Cua + Bruag;, + 2)

melanin collagen

+ 2’3BC€BC + Bluabaseline’

rne B, W, L, M, C, Br, Bc u Bl — 00beMHbIe KOHIICH-
TpaLyK KPOBH, BOJIbI, JINIIUJIOB, MEJIAHWHA, KOJUIATreHa,
OounupyOnHa, OeTa-KapoTHHA U (POPMEHHBIX KOMIIO-
HEHTOB, Ud\e550s Hlyygter [50], Hayipiq (71, W yelanin =
= 5109 333[52], Wapiagen [53, 541, Wy, [7] 1
W pysetine [39] — K02bPUINEHTHI TOIIOMIEHHS LETb-
HOH KpPOBM B COCYJaX, BOJBI, JIUIH/IOB, MEJIaHNHA,
KoJITareHa, OmnmupyOouHa u (POPMEHHBIX KOMITOHCHTOB;
€p. [55] — xo3ddunmeHT MOISIPHOIT SKCTHHKIUY Oe-
Ta-KapoTHHa;

LEBHON KPOBH, JIOKAJTM30BaHHOU B cocynax [S1]:

1 GOPMEHHBIX KOMIIOHEHTOB; Hayesser = CoorrM@pioods 3)
Tabauya 2. O6beMHbBIE KOHLIEHTPAMH (%) XpOMO(DOPOB B CITOAX KOJKH YeIOBEKa O€3 TeleaHrHIKTa3uH
Table 2. Volume concentrations (%) of chromophores in layers of human skin without telangiectasia
Xpomodopsr
HawnmvenoBanue cios -
KOWH Kposb Bona JInnnaet Menauna Komnaren Bunupyoun bera PopmenHbie
(B) (W) (L) (M) (C) (Br) KapoTHuH KOMITOHCHTBI
(Bc) (BI)
Porosoii cioii anmaep- | 0 [24] 5,0 [24] 26,20690 0[25] 0[37] 0[38] 0[24] 68,7931
MHuca [34-36] [39]
Croif xuBbix kietok | 0[24] | 20,0 [24] 2,37069 10,0 [25] 0[37] 0 [38] 0 [24] 67,62931
SMUAepMHUCca [35, 36, 40] [39]
CocoukoBbiii cuoii | 4,0[24] | 50,0 [24] 0,83908 0 [25] 24,76923 4-10°3 2,8-104 20,39137
JIePMBbI [35,36,41] [36,42,43] | [36, 38, 44] | [36, 45, 46] [39]
Croii mosepxuoctHoro | 30,0 [24] | 60,0 [24] 0,83908 0[25] 5,38461 2,7-104 2,8-104 3,77576
CIUIETEHUS COCY/IOB [35,36,41] [36,42,43] | [36, 38, 44] | [36, 45, 46] [39]
Ceruarslii cioii nepmbl | 4,0 [24] | 70,0 [24] 2,74712 0 [25] 14,00000 4-105 2,810 9,25256
[35,36,41] [36,42,43] | [36, 38, 44] | [36, 45, 46] [39]
Croii rimy6oxoro crue- | 10,0 [24] | 70,0 [24] 2,74712 0[25] 10,76923 9-10-5 2,810 6,48328
TEHHUSI COCYJIOB [35, 36, 41] [36,42,43] | [36, 38, 44] | [36, 45, 46] [39]
Crnoit noakoxkHo-xku- | 5,0 [24] | 15,0 [47] 70,0 [47] 0 [25] 5,46 [48] 5-10-5 0 [45] 4,53995
POBOI1 KJIeTYaTKU [36, 38,44] [39]
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1 — e 2Habiood

e Copp = [51] — xoadppummenT KOppeK-

2Uapipod _

WY JJIs YIIAKOBAHHON B COCYIBI KPOBH; Udpjppg =

= hte(Suago + (1~ S)hagy) + (1 — htO)d, g, [56] —

MOMIOIEHNE LIENbHON KPOBU; a0 [7] 1 Hagy, [7] —

koa(durmenTs! noromeHus okcuremornoornna (HbO)

n remornioouna (Hb); S — carypaums kposwu; htc = 0,45

[56] — remarokpur; r [51] — cpenHuii paguyc cocyaoB

B CIIOE.

B pacuerax npeanonokeHo, 4To KpOBb B CIIOSIX TOBEPX-
HOCTHOTO U TITyOOKOTO CIIETEHNUSI COCYJI0B KOXKH C apTepH-
OJISIPHOM TeJeaHTUAIKTa3nuel uMeer carypammio S =76 %,
¢ BeHyJsIpHOH — S = 69 % [57], a B APYTHX CIOSX KPOBB
Ha 50 % mo o6wremy OblIa aprepuabHO U Ha 50 % — Be-
Ho3HoM 1 S = 80 % [23].

Paccunraem koo (pUIMEHTHI paccesiHUsI KaKI0TO CII0s
[23]:

577
“Slayer = BCcorr“sblood + (1 - B)MSOTy (4)

TOE USpip0q — KOIDOUIMEHT paccesHUs LENbHOW KPOBU
[56]; psg — ko3 dunuent paccessHus 00€CKPOBIECHHOMH
OMOTKaHU Ha JUIMHE BOJIHBEI 577 HM [23]; A — IyIMHA BOJ-
HBI.

DaxTop aHU30TPONUHU KaKIOTo cios [23] umeeT BU:

577
BCcorrMSblaadgb/oad + (1 - B)MSOgO T

Slayer = s, > (5)
ayer

TA€ Z)jp0d — PAKTOp aHM30TpONUM LENBHOH KpOBU [56];

A—500
g9 = 10,7645 +0,2355| 1 exp( 7201
30TponHK 00eCKpOBICHHOW OnoTkanu [23].

J11s1 IesTbHOM KPOBU M CJIOEB KOXKH, COZIEPIKAIIHUX KPO-
BCHOCHBIC COCY/BI (COCOYKOBBIN CIIOW JEPMBI, CIOU TI0-
BEPXHOCTHOTO CIUICTEHHS COCY/IOB, CETUATBIi CIION JIEpMBI
U CJIOW TITyOOKOTO CILUIETCHHS COCYIOB), IO GopMyiIaM
(1)—(5) paccuutanbl K03(pPUINCHTHI TOTIIOMICHAS, pacce-
STHUS ¥ ()aKTOp aHW3O0TPOITHH TIPH 3aMEHE TeMOTIIOONHA Ha
MeTreMorToouH [58, 59] B KOHIIEHTpauy METTeMOITIO0NHA
Ctestsy, PABHOM 25 %, 50 %, 75 % 1 100 % ot Bcero oobema
remoryioOuHa. Jlangee Iyt 3TUX CITydaeB MOJyUYCHBI KO-
(bunueHTs! SKCTUHKIUH [60]:

— ¢axrop aHu-

e=pa+ (1 -gus. (6)

CreneHp n3MeHeHus ontudeckoro mpomnyckanws (OT)
LIEITbHON KPOBH U CJIOEB KOXKH, COJIEP)KAIINX KPOBEHOCHBIE
COCY/IbI, TPOUCXOAIIETO B PE3YIBTATE IIPEe0Opa30BaHusI Te-
MOIIOOMHA B METT€MOTIOOHH, OLICHHBAIOCH 0 (hopMyJIe:

€0%
oT= , 7

SCMetHh

L€ €0, — KO(QOUUUEHT SKCTUHKIUH TIPH Cppprrgp = 0 %0
(mpu koHmeHTpanuu remornoduHa pasHoH 100 %);
Ecrtory — KOOPOHUIMEHT SKCTUHKIIUM CIIOS IPH TEKYIIEH
KOHLIEHTPALIMU METIeMOITIOONHA B KPOBH.

B pesyasrare pacueroB mo gpopmynam (1)—(7) moiy-
YEeHbI CHEKTPhI KOAPPHUIIMEHTOB SKCTUHKIIMHM M CTCIIEHU

WN3MEHEHHMS ONITHUECKOTO MPOITYyCKaHHs LEIbHONH KPOBH M
CJIOEB KOXKM 0€3 M C TeleaHTndKTazneil (apTepruossipHoi,
BEHYJISIPHOI) TIPH Pa3iIMYHBIX KOHIEHTPALUSIX METTEMOIIIO-
OunHa B kpoBU. Ha ocHOBaHMM aHalM3a CIICKTPOB BEIOPAHEI
JUTHHBI BOJTH, Ha KOTOPBIX ITPH IPEBPAIICHIN TeMOTIIO0NHA
B METTEMOTJIOONH MPOUCXOTUT HanOOJbIIee U3MECHECHUE
OT 1enpHOM KPOBH U CTI0EB KOXKH. J[711 BRIOpAaHHBIX TaKUM
00pa3oM JUTHH BOJTH B ONITHYECKOW MOJCTH KOXKU 0e3 1 C
TeneaHruskrasueit metogom MonTe-Kapio B nmporpamme
«TracePro 7.0.1» (Lambda Research Corporation, CIIIA)
nocTpoeH xof jydeil. CBeToBoe (J1azepHOE) BO3ACHCTBHE
OCYILECTBJICHO MapajlIeNIbHBIM IIyYKOM JHaMeTpoM 4 MM
MEepIEeHUKY/ISIPHO MTOBEPXHOCTH KOoXkH. [Ipu pacuere nc-
nonb3oBaHo 10 000 nyueit. B pesynsrare MmopennpoBaHus
OBUIN MOJIYyYEHBI pacrpe/iesIeHHsI OITIOIEHHOH OnTHYe-
CKOM MOIITHOCTH B KaK/IOM CJIO€ KOXKH O€3 1 C TeIeaHI K-
Ta3uel P pa3IMIHBIX KOHIICHTPAIUAX METTeMOTTIO0HA
U TIOCTPOCHA 3aBUCUMOCTD JOJH TIOTTIONICHHON ONTHYe-
CKOH MOIITHOCTH (P) B KaXKIIOM CJI0€ KOXKH OT KOHIICHTpa-
IIUF METTEMOTTIO0MHA B KPOBH.

Pe3yabTaThbl U 00CyXKIEHUSA

Paccunrannbie crieKTpsl K03 (UIEeHTa SKCTHHKINH
LEJIbHOU KPOBH (€,,) IPU PA3IUUHON KOHLEHTPALUH
METIreMOra00uHa (¢, yy;) B €€ COCTaBE U CTEIEHU M3-
MEHEHHMs ONTHYECKOTO MPOMYCKaHUSA LEIbHONH KPOBH
OT}}0q» TIOyUCHHBIE B PE3YyJIbTATE 3aMEHbBI T€MOITIO0H-
Ha Ha MeTreMornoOuH, mpuBeAeHbl Ha puc. 1. Ha npuse-
JICHHBIX CIIEKTPax B BUIUMON OOJIACTH CIIEKTpa MEeTbHON
KPOBHU HaOJIONAIOTCS MUKH MOTIONICHHS] TeMOTIIO0NHA
U OKCUTeMOrIo0uHa, a B HHPPaKpacHON 00JIaCTH CIICK-
Tpa — MUKU HOMIOIIEHHUs BOJbl. OTMETHUM, YTO NMPECTAB-
JeHHBIH Ha puc. | cnexTp ko3 PHUnreHTa IKCTUHHKIIUN
LENTbHOM KpoBH 0€3 MeTreMorIoonHa (IIpH KOHIEHTPALUH
remoriobuHa B Helt paBHOH 100 %) cooTBeTCTBYET Ipes-
CTaBIICHHBIM CIIEKTPaM LEIbHOU KpOoBH B pabore [56].
[Tornomenne MeTreMOrIOONHA UMEET CYIIECTBEHHBIE OT-
JMYHS OT MOTVIOIIEHNS TeMOIIOONHA B BUIMMON 00/1acTi
B amnamazoHe 415-630 aM u B uH(ppaxpacHoil obracTu B
nuamnazone 800—-1200 HM, 9TO CyIIECTBEHHO BIHSET Ha
CIIEKTP HDKCTUHKLUU LEJIBHON KPOBU, B KOTOPOM IeMOIIIO-
OuH 3amMeraeTcst MeTreMorniooOnHoM. [1pu 3ToM 3amereHnu
HauOoublee yMEHbIICHHE KOI(QUIIMEHTa IKCTHHKIUH
LEeJIBHON KPOBU HAOIIOMACTCS HAa IIUHAX BOJH 441 HM
n 574 HM, a HanOoJblIee yBenuueHue — Ha 629 HM u
1105 Bm. OTy,,,q OTINYAETCS OT MAKCUMAJIBHOTO 3HAYECHUS
He Oosee yeM Ha 5 % B uama3oHax JUTHMH BOJH 441 £ 5 HM,
574 £ 5 um, 629 = 5 am u 1105 £ 15 um. Haubonee 61u3ko
K JaHHBIM JUIMHAM BOJIH M3JIy4CHHE MOIYTPOBOIHUKO-
BBIX InGaN/GaN (A =450 uam), InGaAlP/GaAs (A = 560—
635 HM) ma3epoB M BOJOKOHHOTO UTTEPOMEBOTO Ja3epa
(A=1030-1120 am). Kpome 3THX J1a3epOB, MOKHO TAKKE
00paTUTh BHUMaHHUE HA IIUPOKO UCIIOJIB3yEeMbIC B AepPMa-
TOJIOTUU HEOAMMOBBIE JIa3ephl C TeHepalueil BTopol rap-
MOHHKH (A = 532 HM), UIMITyJIbCHBIC JIA3€Pbl HA KPACUTEIISIX
(A =585-600 um) u Nd:YAG nazeps! (A = 1064 um), HO
JUIs TaHHBIX 7a3epoB 3HaueHue 07Ty, ,, MCHBIIIE.

CreneHb U3MEHEHHsI ONITUYECKOTO MPOIYCKaHUs LeJTb-
HOH KPOBHU HPH Cpropryp, = 100 % Ha pimmne Bonnsl 441 am
cocraBuna OTy,,,, = 1,96, 5a 574 aMm — OTy,,q = 2,50, HA
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= €p100d (Crerriy = 0 Y0)

=Epbiood (Chertir = 25 %) = Epiood (Caterrir = 50 %) ==€p100a (Crterrir = 75 Y0)
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Puc. 1. Ciexkrpsl K03(pduHEeHTa SKCTUHKIMH (Ep,,7) U CTENEHH U3MEHEHUS OnTHYECKOro npomyckanus (OTy,,,) UEIbHOH KpoBU
NP PA3IUYIHBIX KOHIICHTPAIUSIX METTeMONIOOHHA

Fig. 1. Extinction coefficients of whole blood (g,,,,) and the optical clearing degree (OTj,,,) at various concentrations of
methemoglobin in it

629 HM — OTblood = 0,37, ana 1105 am — OTblaod = 0,55
[Tpu aToM B 00JIACTH THKA TOIVIOIIEHHS BOJBI HA JUIMHE
BOJIHBI 1440 HM 3aMETHBIX M3MCEHCHUN KO3 dHIeHTa
SKCTUHKIIMHU HE TIPOU301LIo. [Ipr u3MEeHeHn! KOHIeHTpa-
LM METreMOrJI0O0MHA JUTMHBI BOJIH, COOTBETCTBYIOIIHE
HauOOJIBIIUM H3MCHCHHUSIM KOd()(QHUIIMEHTA SKCTUHKIINH,
HE U3MEHUIUCE, a 0Ty, TAHEHHO YBEIUYHUIICS C POCTOM
KOHIICHTPAIHA METTeMOTIIO0NHA.

Pacuer ko3 unmenta sxctuakmm u O7, i B COCOY-
KOBOM CJIO€ JACPMBI TIOKa3all, 9YTO ISl 3TOTO CIIOS Hau-
oompiue 3Hauenus O7 ol HaAOIIONAOTCS HA JUIMHAX BOJH
440 um, 578 uM, a HanMmensinue — Ha 1071 HM, 4TO CBsI3a-
HO C CYIIECTBEHHBIM BIUSIHHEM KOA(D(HUIIUESHTA paccesHHsI.
B cocoukoBOM cii0€ cTeneHb U3MEHEHHs] ONTHYECKOTO
MIPOITYCKaHUs MIPU TIOJIHOW 3aMeHe TeMorIoOnHa Ha MeT-
reMornoOuH (¢, = 100 %) Ha niuHe BoaHbI 441 HM
cocrapuna OT,, = 1,10, na 574 um — OT,; = 1,11, Ha
629 um — OT),;= 0,94, ana 1105 am — OT),, = 0,95. Takoe
He3HauuTeNnbHOe u3MeHeHue 0T, Ipy 3aMeHe reMOIIo-
OWHA Ha METTeMOTIIOOWH CBS3aHO C HU3KOH 00BEeMHOM
KOHIICHTpAITHEeH KPOBU B 3TOM CIIOC.

Pacyer xoapdumenta sxerunkiun u O, B ci0e
MTOBEPXHOCTHOTO CIICTEHHS COCYIOB IMOKA3all, 9TO IS
9TOrO Cn10si Haubonbine sHaueHust OT, ) HAOIIOAAIOTCS
Ha JUTHHE BOJIHBI 444 HM, 9TO CBS3aHO C BKJIa10M K03 du-
LIMEHTa paccesiHus. B ciioe moBepXHOCTHOTO CIIJIETEHUS
COCY/IOB CTEINEHb M3MEHEHHS ONTHYECKOTO TPOITYCKaHHs
IIpY TTOJHOW 3aMeHe reMoTIo0MHa Ha METTeMOTIIO0NH
(¢pterry = 100 %) Ha nnnHe BonHBI 441 HM cocTaBuia
OT,, = 1,43, na 574 um — OT,,,, = 1,64, Ha 629 am —

vpl —
OT = 0,69, a sa 1105 v — OT,,,, = 0,76.

svpl
Pacuet xoadunuenra sxctunkuuy 1 OT,; B c€TYaTOM
CJIOe JepMBI TIOKa3ajl, YTO JJIS ATOTO CIIOS HAMOOIBITHE

3HadeHns O7,; HaOMoA0TCs Ha JuinHAX BOJH 440 HM,

578 uM, a HauMmeHbIue — Ha 1071 HM, 4YTO CBS3aHO C
CYLIECTBEHHBIM BIHMSHHEM KOA(PPUIUEHTA PaCCEsTHHUS.
B cetuarom cioe creneHb H3MEHEHHUS ONTHYECKOTO MPOITy-
CKaHUsI IIPY MTOJTHOW 3aMeHe reMOrIo0nHa Ha METTeMOTIJIO-
6uH (Cpzppp = 100 %) Ha une BonHbl 441 HM cocTaBHIa
0T,,=1,10,na 574 am — OT,;= 1,11, Ha 629 asMm — OT ;=
0,94, ana 1105 sm — OT,; = 0,95. Takoe He3HAYUTEIBHOE
n3MeHenue O7,, Ipy 3aMeHe TeMOINIOOHHA Ha METTeMOIJIO-
OWH CBsI3aHO ¢ HU3KOH 0OBEMHOW KOHIICHTpAIHel KpOBH
B 3TOM CIIO€.

Pacyer kooddunnenta sketunkunn u 0Ty, B cioe
rIIyOOKOro CHJIETEHUsI COCYAOB IOKa3ajl, YTO B 3TOM
CJI0€ CTETNEeHb M3MEHEHUS ONTHYECKOTO MPOIYCKAHUS
IpH MOJHON 3aMEHe IreMOrNIo0MHa Ha METreMOTrTI00HH
(¢ppery = 100 %) Ha nauHe BonHBI 441 HM cocTaBuIa
OT 4, = 1,22, na 574 um — OT = 1,25, Ha 629 um —
OT 4, = 0,88, aHa 1105 aM — 0Ty, = 0,89.

Takum 06pazom, HanOoJIbIIee U3MEHEHHE ONITHYECKOTO
MPOIYCKaHUs, CBI3aHHOE C 3aMEHON reMoroonHa Kpo-
BM Ha METTEMOIIOONH, HAOIIONAETCs IS CJIOS TIOBEPX-
HOCTHOTO CIUIETEHHSI COCYJOB, UTO CBSI3aHO C BBICOKHM
coJiepKaHNEeM KPOBH B HEM M OTPaHHMYEHHBIM BKJIAJI0M
BBILIEJIEKAIINX CIIOEB KOXKH B Ae(hOPMAIHIO CIIEKTpa Ia-
JIAIOILEro Ha TOT CIoi cBeTa. st cl10s MOBEPXHOCTHOTO
CILIETEHUsI COCYIOB OBLIM PAacCUUTAHBI CIIEKTPHI KOA (-
(ureHTa YKCTUHKIMK C apTEPUONIIPHOI U BEHYIISPHOM
TeneaHrud3kTazuaMu. CyIecTBEHHOTO Pa3iuyus B 3THX
CrieKTpax He ObLI0 ycTaHoBJIeHO. VMcxoas u3 storo, nanee
BCE JJaHHbIE IIPUBE/ICHBI JUISI KOXKU C apTepUONISIPHOM Tere-
anrmdKkrasue. /s Bcex cioeB B HH(pakpacHol obracTu
criekTpa Kod3(UIHMEeHTa SKCTUHKIIUN TPUCYTCTBYET MUK
MOIVIONICHHSI BOABI Ha JUIMHE BOJIHBI 1440 HM, U3MEHEHUS
K03 PUIIMEHTa IKCTUHKIINH, TIPH 3aMeHEe TeMOTIO0NHA
Ha METTeMOITIOONH, HE TIPONUCXO/THT.
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Puc. 2. 3aBUCUMOCTD JI0JIU MOTVIOIICHHOM ONTHYECKO MomHOCTH (P) Ha [uyinHax BoyiH 447 uM, 574 1M, 629 um u 1105 M B cioe
MOBEPXHOCTHOTO CIIJIETEHUS COCYZIOB (@) U B €J10€ ITyOOKOTr0 CIJIeTeHHs cOCyoB (b) B MOzenn Kok 0e3 (HOpMa) TeleaHI MIKTa3uu
OT KOHIEHTPALUH METTeMOIIO0OMHA B KOXKE

Fig. 2. Relation of the absorbed optical power (P) in the upper blood net layer (a) and in the deep blood net layer () at wavelengths

447 nm, 574 nm, 629 nm and 1105 nm in the skin model without telangiectasia (normal skin) from the methemoglobin concentration
in skin model

B pesynprare onTHYECKOTO MOAEIMPOBAHUS TOTyYe-
HbI 3aBUCUMOCTH J10JIU MOIVIOLEHHON ONTUYECKON MOLI-
HocTH (P) Ha nnuHax BonH 441, 574, 629 u 1105 um ot
KOHIIEHTPAIIMU METIeMOINIOOMHA B CJIO€ TIOBEPXHOCTHOTO
(puc. 2, @) u cioe mrydbokoro (puc. 2, b) CrIETeHUS COCY-
JIOB B MOJICJIH KOXKH 0e3 (HOpMa) TelleaHTMIKTa3HH.

YcTaHOBIICHO, YTO B KOKE 0€3 TeJIeaHrMIKTa31H Ha JITH-
Hax BOJNH 441 uM u 574 HM B pe3ynbTare 3aMeHbl FeMOIIIO-
OuHa MeTreMOrIOOMHOM B KOXKe 0€3 TelleaHIHIKTA3HH
MIPOMCXOUT CHUKEHHE P B CJI0€ TIOBEPXHOCTHOTO CILIE-
TEHHsI COCY/IOB, @ B CIIO€ TIIyOOKOTO CIUIETEHHS COCY/I0B
Ha 9THX JUIMHAX BOJH P yBennuuBaercs. Ha ninHe BOTHBI
1105 M BUAHO yBeNHUYEHHUE P B CIIOE TTOBEPXHOCTHOTO U
TyOOKOTO CIuleTeHni cocynoB. Ha amuHe BoHbBI 629 HM

a
eA=441uam AL=574um @)L =629 um BA = 1105 um
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B CJIO€ TIOBEPXHOCTHOT'O CIUIETEHHS COCY/I0B TAKXKE ITPOHC-
XOJMT yBEJINYEHUE P, OTHAKO B CII0€ NIyOOKOTO CIIETEHUS
COCY/IOB TP YBEJIMUCHUH KOHI[CHTPALUH METTEMOIIIO0MHA
B koxke ¢ 0 % 110 25 % 3ameTHO yBenmUueHue P, a IIPY €y 17
BbIlIE 25 % MPOUCXONUT CHIKEHHE P, KOTOPOE MOKHO CBSI-
3aTh C POCTOM IOIJIOIIEHHUS B BBIIIENIEKAIIUX CIOSIX KOXKH.

Taxxe OBLIN MONYYESHBI 3aBUCHUMOCTH JIOJIM MOTJIO-
IIEHHOM onTHYeckol MomHocTH (P) Ha JuinHax BojH 441,
574, 629 u 1105 HM OT KOHIEHTPALUU METTEMOIIIO0NHA
B CIIO€ TIOBEpXHOCTHOTO (pHcC. 3, @) U mryboxoro (puc. 3, b)
CILUIETEHUN COCYAOB B MOJEIU KOXH C apTEPHUOJIAPHOMN
TEJIeaHTUIKTA3UEN.

BunHo, 4T0 B KOXKE € apTEPUOIIIPHON TEIEAHIUIKTA3H-
eil HadanbHasi SKCTUHKIUS PACCMOTPEHHBIX CJIOEB BBIIIE,

b
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Puc. 3. 3aBUCUMOCTb JIOJIN MOTIIONICHHON ONTHYECKON MOIIHOCTH (P) Ha jnHax BOH 447 HM, 574 uM, 629 uM u 1105 HM B clioe
MOBEPXHOCTHOTO (&) U TIy00KOTO (b) CIUICTEHHIT COCYIOB B MOJICIIH KOKH C apTEPHOJISIPHON TEICaHTUIKTA3UEH OT KOHIICHTPAIMN
METTEMOITIOOMHA B KOXKE

Fig. 3. Relation of the proportion of absorbed optical power (P) at wavelengths of 447 nm, 574 nm, 629 nm and 1105 nm in the
upper blood net layer (a) and in the deep blood net layer (b) in a skin model with arteriolar telangiectasia vs. the methemoglobin
concentration in the skin model
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YucneHHoe nccnenoBaHve BIANAHUS KOHLEHTPaUMn MeTremornobuHa B KPOBWU Ha NornouieHmne ceBeTa B KOXe YeJioBeka

yeM B KOKe 03 TeleaHrnIKTa3uu, 4T0, OYEBU/IHO, CBI3aHO
C YBEIUYCHUEM O00BEMHOW KOHLIEHTPAIIMA KPOBH B 3TUX
CJIOSIX ¥ YBEITUYCHUCM UX TOJIIUHBIL.

YCTaHOBIICHO, UTO B CJIOSX TIOBEPXHOCTHOTO U IITy0O-
KOTO CIUICTEHHsSI COCYJIOB B KOXKE C apTePHOIIIPHON Telie-
AHTMIKTA3Mel B pe3yJbTare 3aMEeHbl FeMOIIO0NHA MeTre-
momtoouHoM P Ha minHax BoaH 441 uM, 574 uM, 629 HM 1
1105 aM n3MeHseTCs aHAJIOTHYHO H3MEHEHUIM P, Ha0i1ro-
JlaeMbIM ISl KOXKK Oe3 TeneaHrudkrazu. OJHAKO B CIIy-
4yae KOXKH C TCIICAHTUIKTA3UCH N3MCHCHHUE KOHIICHTPAIIUN
METreMOIO0NHA U3MEHsICT P Ha OOJIBIIYIO BEJTHYUHY, YTO
TaK K€, KaK U JIJIs1 HA4aIbHOM SKCTHHKIIUN, MOYKHO CBSI3aTh
C YBEIUYCHHEM OOBEMHOW KOHIICHTPAIIMU KPOBH CJIOCB
KOXH C TEJICAHTMIKTA3UEH U YBEIUUCHUEM UX TOJIIHHBI.
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B pabote paccmoTpeHa BO3MOXHOCTh MPUMEHEHHS
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OINTHYCCKUMU CBOMCTBAMHU OMOTKaHU. BriepBbie YHUCIICHHBI-
MU METOJJaMH HCCJICIOBAHO BIIUSHUC KOHIICHTPAIUN MET-
reMono0nHa Ha KO3 (GUIIUCHT SKCTHHKIUY U CTCIICHB H3-
MEHCHHS ONTHYCCKOTO MPOITYCKaHUS KOXKU. YCTaHOBIICHO,
YTO METTEMOTIIOOMH B COCTABE KOXKHU MPUBOJIUT K HAU-
0O0JIbIIEMY H3MEHEHHIO €€ ONTHYECKOTO MPOIYCKAHUS Ha
JUTHHAX BOJH BOMM3M 441 aM 1 578 HM ¥ MakCUMaJIbHO
yBEIMUYMBACT KOIPPHUIUSHT SIKCTUHKIUH HA JUIMHAX BOJIH
BOM3m 629 HM u 1105 aM. TTokazaHo, 4TO pa3TuIHs MEX-
Iy apTePUOJIIPHBIMHU U BEHYJISIPHBIMHU TEJICAHTUIKTA3H-
SIMH C TOYKU 3PCHHUS CTCICHU M3MEHCHUS ONTHYECKOIO
MPOITYCKAHHsI KOYKH, BBI3BAHHOTO 3aMCHOM I'eMOIIIO0MHA Ha
METIeMOITIOONH, HE CYIIeCTBCHHBL. [IpoeMOHCTPHPOBaHO,
YTO 3aMEHA reMOrIO0MHA Ha METIeMOIJIOOUH MPUBOIUT
K U3MEHEHHIO MOMIOIIEHHON ONTUYECKOW MOIIHOCTHU B
CJIOSIX KOKH, YTO MOYKHO HCITONIB30BATh ISl YIIPABICHUS
ONTHYECKMMHU CBOUCTBAMH KOXKH IIPU CO3AHUU JTa3€PHBIX
CHUCTEM U TEXHOJIOIUH JIeueHUs 3a001€BaHUM KOXKH, B TOM
YHCIIE JUIS JTA3€PHOTO CKICPO3UPOBAHMS TEJICAHTUIKTA3HH.
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Abstract

A specialized low-temperature measuring cell with a cryogenic capillary system for infrared spectral analysis of ethanol
developed by the authors is presented. The use of the created low-temperature cell is possible for further studies of the
low-temperature properties of both pure ethanol and mixtures with its contents, which is currently an urgent task, and
the data obtained with its help can be used for ice research. Two methods of ethanol research at low temperature are
presented in comparison. In the first method proposed by the authors, a specially developed low-temperature measuring
cell based on a diffuse reflection prefix of the Fourier spectrometer FSM 2203 with a cryogenic capillary system is
used. This system allows you to achieve the required low-temperature regime at normal atmospheric pressure. The
results of the experiment are compared with the traditional method of gas-phase condensation of the test sample under
low temperature conditions at the pressure P = 1.0-10-5 Torr. Infrared spectra of low molecular weight amorphous and
crystalline ethanol were obtained at a temperature of 150 K at normal atmospheric pressure and in vacuum. Comparison
of experimental results confirmed the operability of the new installation. In the experiments, peaks were observed in the
absorption bands from 2850 to 3000 cm~! and from 2950 to 3100 cm~!, corresponding to the valence CH vibrations of
ethanol as well as in the absorption bands from 3150 to 3400 cm~! and from 3300 to 3500 cm~!, which corresponds to
the valence vibrations of OH. The results of the study showed the prospects of the proposed method and can be useful
by researchers in the field of low-temperature spectroscopy at normal pressure.
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AHHOTaNMSI

BBenenue. Pa3zpaborana cnenuanu3supoBaHHas HU3KOTEMIIepaTypHas W3MEpHUTEIbHAsA siueiika ¢ KpUOTEHHOU
KamMJUIIPHOW CHCTEMOM It HH(PAKPACHOTO CIEKTPANbHOTO aHamu3a 3TaHona. Co3ganHas HU3KOTEMIIepaTypHas
gYeiika MOXeT OBITh IMPUMEHEHA JJIsl HCCIEAOBaHNN HU3KOTEMIIEPATyPHBIX CBOMCTB YHUCTOTO 3TAHONA U CMeCeH
C €ro cofepKUMBIM. Takoe HCIIOIb30BaHHE B HACTOSAIIEE BPEeMs SIBISIETCS aKTyaJbHOM 3ajadeif, a morydaemble
C ee MOMOIIBIO JaHHBIE MOTYT HalTH MpHUMEHEHHEe I UCClIefoBaHus Jba0B. MeToa. Brimonneno cpaBHenue
JIBYX METOJIOB MCCIIEOBAHMS dTAHONA IIPH HU3KOI Temreparype. B mepBoM, mpeayioxkeHHOM MeTojie MpUMeHeHa
CIIeNMaNIbHO pa3paboTaHHass HU3KOTEMIIEpaTypHasl H3MEpHUTeIIbHas siueiika Ha 6a3e nmpuctaBky JU(G(y3HOTO OTPaKEHUS
dypre-cnexkrpomerpa ®CM 2203 ¢ KpUOTeHHOI KanuuIApHONW cucTeMoi. Mcnonb30BaHne CUCTEMbI TO3BOIMIIO
HOJIY4YHUTh TPeOyeMblii HU3KOTEMIIEPATYPHBIH PEXHUM IPU HOPMaJbHOM aTMOC(EepHOM JaBieHUH. Pe3ynbraThl
9KCIEPUMEHTA COTOCTABIECHBI C TPAAUIMOHHBIM METOAOM ra30(a3Hol KOHAEHCAINH UCCIeayeMoro obpasna B
YCIIOBHUSIX HU3KOM TemIieparypsl nipu aasiernu P = 1,0-10-5 Topp. Pe3yabrarsl. [TonyueHsl nHppakpacHbie CIEKTPhI
HU3KOMOJICKYJSIPHOTO aMOP(HOTO U KPUCTAININIECKOTO TaHoja pu Temreparype 150 K, HopmamsaoMm atmMocheproM
JaBIICHUX U B BakyyMme. CpaBHEHHE SKCIEPUMEHTAIBHBIX PE3yabTaToOB MOATBEPIMIO PabOTOCIIOCOOHOCTE HOBOH
YCTaHOBKH. B pe3ynbrare sKCriepuMeHTOB HAGMIONANICH TIMKK B ToJ0cax nomiomenus ot 2850 1o 3000 cm~! u ot
2950 10 3100 cm !, coorBercTByrOIIKe BaseHTHEIM CH-KoNeGanusIM dTaHoa, a TAKXKE B MOJI0CaX MOMIoneHus ot 3150
110 3400 cm! u ot 3300 10 3500 cM!, uto coorBercTBYyeT BaseHTHbIM KoneOanusim OH. O6cy:xnenue. [TonyyeHHbie
PE3yNbTaThl MOKA3aIH MEePCIEKTUBHOCTD MPETI0KEHHOT0 METO/Ia U MOTYT OBITh TOJIE3HBI HCCIIEI0BATENAMU B 001aCTH
HHU3KOTEMIIEPATyPHOH CTIIEKTPOCKOMNH MPH HOPMAIbHOM JABIECHHN.

KaroueBbie ci10Ba
HU3KOTeMIIepaTypHas sielika, KpHOTeHHasl KalusipHas cucrtema, stanoin, MK crekrper, quddysHoe oTpakeHue

BaaronapuocTu
HccnenoBanue BBITOTHEHO MTpH (PUHAHCOBOM Mo/yiep kke MuHMCTEpCcTBa 00pa3oBanus u Hayku Pecryonmku Kazaxcras,
rpant AP15473758.

Ccepuika s nurupoBanusi: Kenbait A A., T'omukos O.10., AnmusipoB A.Y., Epexen /I.E. HuzkoremmneparypHas sraetika
Juist nHGpaKpacHbIX Qypbe-CHEKTPOMETPUYCCKUX HCCICI0BAHUN YINICBOAOPO/IHBIX BeliecTB // HayqHO-TeXHHYECKHi
BECTHHK MH(OPMAIMOHHBIX TEXHOJIOTHH, MexaHUKH U onTHkH. 2023. T. 23, Ne 4. C. 696702 (na auri. s3.). doi:

10.17586/2226-1494-2023-23-4-696-702

Introduction

Amorphous ices are the dominant form of water and
alcohol in the universe, but they do not naturally form
on Earth’s lithosphere. Amorphous ices mostly form on
interstellar dust, in comets, and many other astrophysical
environments including the Saturnian rings. For example,
crystalline benzene has been identified in the atmosphere
of Titan [1] within the Solar System, while benzene ice
has been detected in the direction of a proto-planetary
nebula beyond the Solar System [2]. There are plenty
of conditions of the amorphous ice formation in nature.
Crystalline ice may amorphize under the influence of UV-
or ion-irradiation [3]. A significant amount of laboratory
researches has been conducted on extraterrestrial ices at
low temperatures, primarily focusing on analyzing the
infrared (IR) spectra and other characteristics of amorphous
molecular solids that consist of one or more components
[4]. Unfortunately, this emphasis on amorphous solids
has often resulted in the neglect of studying crystalline
compounds, despite their presence in various environments
within the Solar System.

Among the organic matters that have been found in ices
by astronomers were also methanol (CH;OH) which has
received the most detailed and widespread attention [5-8],
and solid ethanol (C,HsOH) which has almost been ignored
by astrochemists. Taking into account the importance of
ethanol for such areas as energy [9-12], medicine [13, 14],
industry [15, 16], study of ethanol in its various states

and conditions is very relevant. Insufficient information
about amorphous C,HsOH, in which phase it is expected
in many extraterrestrial environments, makes it impossible
to understand and evaluate ethanol-ice by IR astronomers
[17].

One of the methods that can help us to get more
information about amorphous ethanol is IR spectroscopy
that has been invaluable in the study of extraterrestrial ices,
both through astronomical observations and laboratory
studies. In both cases, the two reference spectroscopic
quantities of greatest need are spectral positions and IR
intensities, such as band strengths or absorption coefficients
for IR peaks. However, although the IR literature contains
extensive results on spectral positions, peak assignments,
and vibrational modes, quantitative results on intensities
for many compounds in the solid state has not been studied
in depth [18-21]. The centrality of such reference IR
intensities for calculating abundances in astrochemical
problems is well illustrated by discussions in both a
recent and an older review of icy solids in extraterrestrial
environments [22]. IR spectra are crucial in identifying
and characterizing extraterrestrial ices, and the quantitative
measurements of intensity such as band strengths and
absorption coefficients are used to measure abundances.
Additionally, optical constants have applications in
computational models of solid-phase compositions [23].
IR spectroscopy is the most reliable method for remote
identification of molecules and ions in extraterrestrial
solids, and it remains possible to not only identify but also
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Low-temperature cell for IR Fourier spectrometric investigation of hydrocarbon substances

quantify IR detections to obtain molecular abundances by
comparing astronomical data to reference measurements
from terrestrial laboratories [24]. The IR spectra of ethanol
can be used to study the low-temperature chemistry of
interstellar clouds and of extraterrestrial objects in our solar
system, such as ice-covered moons and trans-Neptunian
objects in connection with upcoming NASA and ESA space
missions involving IR instrumentation [25].

The present work is aimed at confirming the
measurement technique using the developed by us
specialized low-temperature cell through conducting
fundamental research of ice (amorphous/solid) and liquid
ethanol properties in the temperature range of 90-200 K
under normal conditions (atmospheric pressure) which are
provided by the developed cell.

Methodology

To research the thermophysical properties of ethanol
within the framework of this research, we conducted
two types of fundamentally different experiments of
studiyng ethanol at low temperature to compare them
later. The first one was conducted at low temperatures and
normal atmospheric pressure, the second one — at low
temperatures in vacuum chamber.

To conduct the first experiment, it was necessary to
create such an installation that will allow researching the
properties of ethanol in the IR range at low temperatures
and at normal pressure. Currently available diffuse
reflection attachments for spectrometers do not have the
ability to record the spectral characteristics of substances
at temperatures different from the ambient temperature.
Nevertheless, the forced choice of the diffuse reflection
mode of IR spectroscopy is due to the possibility of creating
a modified attachment that would allow to record spectra
at different temperatures with the simultaneous possibility
of cooling the sample.

The basis on which the modernization was carried out
within the framework of this research was the IR Fourier
spectrometer FSM 2203 of the INFRASPEK company
(St. Petersburg, Russia) with a special attachment for
diffuse reflection. This IR Fourier spectrometer allows
obtaining high-resolution IR spectra for the qualitative
and quantitative analysis of the samples under research.
Fourier spectrometer FSM 2203 (Fig. 1) operates in the

OCM 2203

Fig. 1. Infrared Fourier spectrometer “FSM 2203” with a diffuse
reflection attachment

Mid-Infrared Region (MIR) with a spectral resolution of
0.1 cm! in the range of 370-7800 cm~!.

Since this research implies an experimental research of
ethanol thermophysical properties at low temperatures and
at normal pressure, the question of creating the possibility
of the test sample temperature controlling inside the diffuse
reflection attachment arises (Fig. 2), the sample is placed
in the cuvette compartment of the FSM 2203 spectrometer.
The greatest importance is the possibility of lowering the
temperature to 80—90 K. The diffuse reflection method
has minimal requirements for preparing a sample of the
test material. It is possible to research irregular surfaces
or coatings including polymer ones. In addition, it is
possible to obtain spectra in a wide range, which gives it
an advantage over the classic transmission measurement
method.

The main elements of this attachment are the system of
mirrors and a retractable sample holder (Fig. 2, pos. 4) in
the cells of which the test samples are placed. A micrometer
screw (Fig. 2, pos. /) is used to adjust the vertical position
of the sample holder by moving the directive (Fig. 2, pos. 3)
in the direction of the vertical axis. The radiation passing
through the inlet of the attachment hits the surface of a flat
double-sided mirror (Fig. 2, pos. 2), being reflected from it,
the beam falls on an elliptical mirror (Fig. 2, pos. 3) which
focuses it on the surface of the test sample located in the
cell retractable holder. The beam diffusely reflected from
the sample surface again hits the elliptical mirror which
redirects it to the spherical mirror (Fig. 2, pos. 6), then the
beam hits the other side of the two-sided flat mirror exiting
into the detector chamber of the FSM 2203 spectrometer.
Primary processing of the received IR spectra is carried out
in the FSpec software, the analysis is performed using the
Origin software.

To be able to lower the test sample temperature inside
the cell of the retractable holder of this attachment, a
specially developed modification based on the standard

Fig. 2. Schematic representation of the DRA diffuse reflection
attachment: / — micrometer screw; 2 — double-sided flat
mirror; 3 — elliptical mirror; 4 — retractable sample holder;
5 — directive; 6 — spherical mirror
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Fig. 3. Three-dimensional model of a retractable holder: standard retractable sample holder («); modernized specialized retractable
sample holder, assembled (b); modernized specialized retractable sample holder, disassembled (c).

1 — holder handle; 2 — heat insulating cover of the holder; 3 — cryogenic capillary system; 4 — temperature sensor; 5 — container

sample holder was used (Fig. 3). The design of the upgraded
holder is made up of two main materials: polylactide and
copper. The choice of these materials for specific parts of
the holder is determined by their thermal conductivity.
Thus, the choice of polylactide, which has a thermal
conductivity of about 0.11-0.19 W/(m-K), is made with the
purpose to prevent the negative effect of the temperature of
the external atmosphere on the temperatures of the copper
bar and samples placed in the measuring cells. The bar
with cylindrical holes for placing the test samples (Fig. 3,
pos. 5) is made of copper, a material with high thermal
conductivity, to enable rapid and uniform distribution of
the temperature supplied through the cryogenic capillary
system. The cryogenic capillary system (Fig. 3, pos. 3) is
also made of copper for the same reasons.

Cooling of the studied samples to the temperature of
80 K is carried out on account of the continuous circulation
of liquid and gaseous nitrogen inside the copper tube of
the cryogenic capillary system. The direct contact of the
copper tube and copper bar with the cells, as well as the
high thermal conductivity of copper, make it possible
to achieve rapid cooling of the test substance (in our
case, ethanol) to the required temperature. The current
temperature of the copper bar is measured using the
LakeShore PID controller thermocouple (Fig. 3, pos. 4)
mounted on the surface of the copper bar. Heating of the
test samples is achieved by stopping nitrogen circulation
through the cryogenic capillary system and restoring the
thermodynamic equilibrium between the test substance
and the environment. The nitrogen circulation through the
copper tubes of the cryogenic capillary system is achieved
by establishing a high pressure by heating in a special
Dewar vessel. As a result, nitrogen vapor is “squeezed out”
from the vessel into the cryogenic capillary system with the
help of which cooling of the samples is achieved.

For the sake of the experiment purity, a blowing
system was also added to the diffuse reflection attachment.
Gaseous nitrogen supplied inside the attachment creates
the necessary inert environment and also prevents frost
formation on the surface of the samples and the copper
bar. Ethanol produced by SeccoSolv was chosen as the test
substance (purity >= 99.9 %, dried, Darmstadt, Germany).

The second experiment (Physical Vapor Deposition
(PVD)) was conducted with using experimental setup for
cryovacuum condensation [26] shown in Fig. 4.

A substrate (Fig. 4, pos. 6) is thermally connected to
a closed-cycle helium Gifford-McMahon refrigerator and

placed within the vacuum chamber (Fig. 4, pos. /). The
cooling system has two stages, first is capable of cooling
the substrate to a temperature of 7.5 K and the second
one — cooling to 12 K. A resistor heater is attached to the
second stage. The PID temperature controller LakeShore
allows for temperature adjustments between 12-200 K
[27]. To obtain the condensed ethanol sample, the gas
phase was deposited onto the substrate at a pressure of
P =1.0-10"5 Torr while maintaining the substrate
temperature at 150 K. IR radiation supplied from an
external source reflects from sample, passes through a
system of mirrors and goes into FSM 2203 where it is being
processed and transformed into spectra we receive.

Results and discussion

In our researches, the main attention was paid to the IR
spectra of low molecular weight amorphous and crystalline
ethanol in the range from 2700 to 4000 cm~!, obtained
under normal conditions at a temperature of 90-200 K,
with an emphasis on amorphous ices at temperature of

Fig. 4. Experimental setup for cryovacuum condensation:
1 — vacuum chamber; 2 — vacuum pump Turbo-V-301; 3 —
vacuum gate valve CFF-100; 4 — pressure detector FRG-700;
5 — Gifford-McMahon refrigerator; 6 — substrate; 7 — photo
multiplier, laser interferometer; § — light source, optical
channel; 9 — IR spectrometer; /0 — high-precision gas supply
leak into the chamber; and // — gas leak into the mixture
production system
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Fig. 5. A family of transmittance (7) of the IR spectra of ethanol
in the temperature range of 93-200 K

150 K. The family of obtained spectra and their temperature
evolution are shown on Fig. 5. IR spectra were recorded
from a sample placed in a measuring low-temperature
cell at room temperature and subsequently cooled with
cryogenic capillary system in a special attachment
to a temperature of 93 K. Direct recording was carried
out by heating the sample from the minimum obtained
temperature to room temperature. The temperature interval
from 200 K to 300 K was cut out because of the absence
of any important structural-phase changes in the sample
in this interval. The inner part of the diffuse reflection
attachment, as mentioned earlier, was continuously blowing
with nitrogen to create the most inert environment and
exclude the possibility of foreign substances getting inside
the sample under research.

Main result is shown on the Fig. 6. How you can see on
the figure, we conducted two type of experiments and now
present comparing and analysis of them. First experiment
was conducted under normal atmospheric pressure using
developed low-temperature cell with cryogenic capillary
system which provides cooling of ethanol, and second one
in vacuum uses cryovacuum chamber with PVD method.
In the experiment with designed low-temperature cell,
we can observe hypsochromic shift at 150 K relative to
the experiment in vacuum. This is due to the method
of obtaining a solid sample, since the vacuum sample
is obtained using PVD, and the atmospheric sample is
obtained by cooling the liquid phase ethanol. Despite
the shift, we observe the peaks in absorption bands
from 2850 cm! to 3000 cm~! and from 2950 cm!
to 3100 cm~!, which correspond to the C—H stretching
vibrations of ethanol in experiment with PVD and with
Cell, respectively, from 3150 cm~! to 3400 cm~! and from

30+ / i)c\(;tll)denced),
_ % ——150 K, Cell
20 /
N "
26I000 | 3(% K OI 3800

Wavelength, cm™

Fig. 6. Transmittance (7) of the IR spectrum of ethanol at 150 K
from two experiments

3300 cm! to 3500 cm!, which correspond to the O-H
stretching vibrations in the experiments with PVD and
Cell, respectively.

Presence of ethanol functional groups characteristic
peaks confirms working capability and efficiency of
measurement technique with our cryogenic capillary
system and particularly the low-temperature cell.

Conclusion

The initial motivation for this article arose from desire
to modernize existing methods in the study of hydrocarbons
with habitual equipment and create fundamentally new
installation to research them at low temperatures but
under normal atmospheric pressure. The present work
contains useful results about successful modernizing of
diffuse reflection attachment for IR Fourier spectrometer.
The developed at Al-Farabi University cryogenic
capillary system with low-temperature cell is completely
workable. These results can be used, for example, for a
new researching works in the sphere of low-temperature
spectroscopy at normal pressure. This cell and measurement
technique made it possible to obtain low-temperature
spectra of ethanol under atmospheric conditions. This
makes it possible to state the operability of this method
as well as the possibility of conducting a number of
further researches aimed at studying the thermophysical
properties of many hydrocarbons including monohydric
alcohols at low temperatures. Using the developed low-
temperature cell will help to understand how many types of
hydrocarbons behave at low temperatures and atmospheric
pressure.
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AHHOTaNMA

Beenenne. Trepaeiii pactBop Ga;_, In ,As nmeer mupoxkoe MpuMeHEHHE B COBPEMEHHOH ONTO3IEKTPOHUKE B
KadecTBe MaTepuania i p-i-n (OTOAETEKTOPOB U JIa3epOB, M3IIyYAIONINX B CIEKTpaIbHOM auanasone 1,3—1,55 mwm.
HccenenoBansl 0coOeHHOCTH ToIydeHus mieHok Ga_In, As MeTonoM 30HHOI MepeKpUCTaIUIN3aluU IPaJHEHTOM
Temmeparyp. CMBICT MeTo/a 3aKJIIoYaeTCs B ITOCIIEI0BATEIbHON epEeKPUCTALIM3AINN JacTell paciuiaBa HCTOUHMKA,
JBIDKYIIETOCs MOA JIeiicTBHeM TeMIeparypHoro rpaanenta. Meroa. B nomne temneparyproro rpaguenta 30 K/em
Yyepe3 TOHKYIO Ta30BYIO 30HY B CIELHAIbHO pa3paboraHHON rpaduToBoii kaccere nomyuens! mieHkn Ga,_In,As
Ha nojaioxkax GaAs npu temneparype 1123 K. B xadecTBe raza HocuTess HCIOJb30BaHA CMECh a30Ta U
Bolopozia B cooTHomeHnu 1:1. TonmmuHa ra3oBoit 30HBI MEXIy HCTOUHHKOM U MOATOXKKOH cocTaBuia 1 MM, BpeMs
OocaxkJIeHus s BceX MmieHOK — 10 MuH. OcHOBHBIE pe3yabTaThl. McciaenoBana KMHETHKA pocTa, Mopdonorus
U CTPYKTypa XHMUYECKHX CBsI3€il MONTydeHHBIX MIeHOK. [lo pe3ynprataM TEOpeTHUECKOTO pacueTa yCTaHOBICHO,
YTO yBeIWUYCHHUE KOHICHTPAINH HHANS IMPUBOJIUT K MOHIKEHUIO CKOPOCTH pocTa mieHok a0 0,3137 Mxm/MHH.
BrimoHeHO cpaBHEHHE TEOPETHIECKOTO pacdyeTa M 3KCIEePHMEHTAIBHBIX JaHHBIX, KOTOPOE MOKa3ajl0 PAcXOKICHHE
3HAUEHNI CKOPOCTH POCTa JUIs IUIEHOK C KOHI[CHTpAIMel HHIUS B POCTOBOM HCTOUHHKe Oostee 20 %, 4To CcBs3aHO
C cerperanyeil MHIWS HAa IMOBEPXHOCTH IUIeHKH. CpelHeKBaapaTHISCKas MIePOXOBAaTOCTh IUICHOK COCTABMIIA OT
or 9,1 no 24,2 uMm. [loaTBepkeHO, UTO COAEP)KAHUE UHIUSA B POCTOBOM HCTOYHHUKE CYIIECTBEHHO BJIMSIECT Ha
CBOMCTBA BBIPAIIEHHBIX [UIEHOK U MPUBOAUT K YMEHBIIEHUIO CKOPOCTH POCTa, YBEINUYEHHIO YIPYTUX HANPsKEHUH
B CJIO€ U HECTEXMOMETPHUECKOMY COCTaBy IUIEHKH. YCTAHOBJIEHO, UTO C yBEIWYEHUEM KOHLEHTPALUU UHANS B
TUIEHKE HAaOMIONAeTCs CyIeCTBEHHOe cMemenne yacTothl LO- 1 TO-pononnbix mox GaAs Bineso Ha 13 u 16 cm~!
COOTBETCTBEHHO M3-3a BIMSHUS YIPYTHX MEXaHHYECKUX HampspkeHuil. O0cy:kaenue. [IpeacraBieHHbIe pe3yabTaThl
MIPOIEMOHCTPUPOBAIIN, YTO METOJOM 30HHOI MEPEeKPHCTAILIN3AINN B TPAAUEHTE TeMIepaTyp IOIydeHBI IIEHKN
TBepaoro pactsopa Ga;_,In As, KOTOpble UMEIOT ONMKHUIN MOPANOK XUMHUYECCKHX CBSA3CH.

KiioueBrnle c10Ba
ToJie TEMIIEPaTypHOTO I'PaNEeHTa, TOHKas ra3opas 30Ha, coeuHenus 111-V, Ga,_ In As, pamaHOBCKas CIIEKTPOCKOIHS,
ATOMHO-CHJIOBasi MUKPOCKOITHS
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Abstract

Solid solution Ga;_JIn As is widely used in modern optoelectronics as a material for p-i-n photodetectors, lasers
emitting in the spectral range 1.3—1.55 pum. In this paper, the features of obtaining Ga;_In As films by the method of
zone recrystallization with a temperature gradient, the essence of which is the sequential recrystallization of parts of
the source melt moving under the action of a temperature gradient, are studied. Ga;_,In,As films on GaAs substrates
were obtained in a temperature gradient field through a thin gas zone in a specially designed graphite cassette. The
films were prepared at a temperature of 1123 K with a temperature gradient of 30 K/cm. A 1:1 mixture of nitrogen and
hydrogen was used as the carrier gas. The thickness of the gas zone between the source and the substrate was 1 mm.
The deposition time for all films was 10 min. The growth kinetics, morphology, and structure of the chemical bonds of
the obtained films have been studied. Based on the results of theoretical calculations, it was found that an increase in
the concentration of indium leads to a decrease in the film growth rate to 0.3137 pm/min. A comparison of the results
of theoretical calculations with experimental results showed a discrepancy between the growth rates for films with an
indium concentration in the growth source of more than 20 %, which is primarily due to the segregation of indium on
the film surface. The films have an RMS roughness from 9.1 to 24.2 nm. It is shown that the content of indium in the
growth source significantly affects the properties of the grown films and leads to a decrease in the growth rate, an increase
in the elastic stresses in the layer, and a nonstoichiometric composition of the film. It has been established that with an
increase in the indium concentration in the film, a significant shift in the frequency of the LO and TO phonon modes
of GaAs to the left by 13 and 16 cm™1, respectively, is observed due to the influence of elastic mechanical stresses. The
presented results show that Ga,_ In As solid solution films with short-range order of chemical bonds were obtained by
the method of zone recrystallization in a temperature gradient.
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temperature gradient field, thin gas band, III-V compounds, Ga;_,In,As, Raman spectroscopy, atomic force microscopy
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Brenenue JTAaHHBIX TETEPOCTPYKTYP UCTIOIB3YIOTCSI METOBI: MOJICKY-

JISIPHO-JTYY€BOM SMUTAKCUH [6], XUMUYECKOE OCAXKICHUE U3

I'erepoctpykrypsl Ga;_In As/GaAs npenctaBidioT — mapoBoif (a3bl METaNIOOPraHMYECKUX COSIUHeHHH [7, 8],
0O0ITBILION MHTEPEC B ONTOIJIEKTPOHUKE ISl ONITOBOJIOKOH-  MAarHETPOHHOTO HAmbUICHUs! [9], MMITYILCHOTO JIa3€pPHOTO
HoM TexHukH [1-5]. B HacTosmee BpeMs niast nonydyenust  HambuteHnd [10]. st BeIpamuBaHus TBEPAOTO PacTBO-
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0.B. Aesuukni, J1.C. JlyHuH, .B. MutpodaHos, N.A. Ceicoes, .A. Hukynmnu, O.M. HYanypa

pa Ga,_In As na nomnoxkax GaAs IpuUMEHsETCS METOJ
x)unkodasnoit sanmrakcuu [11, 12]. M3BecTHO 00 UCTIONB-
30BaHMU OJHOM M3 MOIU(UKANUI MeToa KUIKO(Da3HOH
SMUTAKCUU — 30HHOHN NEepeKpUCTAIU3ALUN IPAJUEHTOM
temreparyp (3III'T) [13], cyTh KoTOpOTO 3aKiIIOdacTCs B
TIOCJIEI0OBATEIBHON MTEPEKPUCTAIITM3AINN YaCTeH TOTy-
MPOBOJIHUKA KUJIKOW 30HOH, IBMKYLIEHCS O IEHCTBUEM
TEMITepaTypHOTO TpaareHTa. B HacTosmel paboTe UCIob-
30BaH METOJ[ OJIM3KOTO MepeHoca 4epe3 TOHKYIO Ta30ByIO
30HY B I10JI€ TEMIIEPATYPHOI'O TPaiueHTa — MoaupuKanus
metona 3III'T [14]. OcoGeHHOCTh JaHHOTO METOa — Ha-
JIUYKE TBEPJIOTO MCTOYHMKA 33JaHHOTO COCTaBa, C MOMO-
L[bI0 KOTOPOTO OCYIECTBISAETCS MOCTOSHHAS MOJMUTKA
YKHUJKOH (pas3bl B Iporecce pocTa SMUTAKCHAIBLHOTO CIIOS.
YnpasneHue npouneccoM pocTa U COCTABOM IJIEHOK BBIMOI-
HEH: TPaJJUEHTOM TEMIIEPATyPBbl, TEMIIEPATypPOI MOATIOXKKY,
TOJIIIMHOM Ta30BOTO 3a30pa M COCTABOM HCTOYHHKA POCTO-
BBIX KOMIOHEHTOB. KBa3upaBHOBECHBIE YCIOBHS POCTa
u m3orepMudHOCTh MeTona 3[IT'T mo3BoNArOT mMoTydaTh
COBEPIIEHHBIE TTOIYPOBOJHUKOBBIEC KPHCTAIIIbI, TBEPIbIC
pacTBOPBI, U KaK CIE/ICTBUE, MAaTEPUAIIbl C BBICOKUMH OII-
THYECKUMU U 3IEKTPOPU3NIECKUMHU CBOWCTBAMH.

[Ipu mody4eHnrn MHOTOKOMIIOHEHTHBIX TBEPABIX pac-
TBOpOB IV coennHenunil MPUMEHSIFOTCS TOJIbKO T€ KOMIIO-
HEHTBI, KOTOPBIE IIPU B3aUMOJICHCTBHUHU C IIapaMu BOJIOPOAia
1 BOJIbI HE JAIOT yCTONUUBBIX OKCHI0B — 11t Ga;_ In As
(GaAs u InAs) [15]. [Iponecc rpaleHTHON SMTUTAKCHH
MIpeJIIoyIaraeT MpoTeKaHne peakiuyu B 000MX Harpaslie-
HUSIX TPH HE3HAYUTEIbHBIX U3MECHEHHAX TEMIEpPaTyphl.
B 30HE MOANIOXKKN TIPH TEMIIEpaType HIDKE TEMIepaTyphbl
HMCTOYHMKA MPOMCXOIUT MPOLECC CHHTE3a COSAMHEHNH,
COIIPOBOKAAIOIIUICS OCBOOOXKIEHHUEM BOJIBI TPAHCIIOP-
Tepa. Bo3HuKaromuil rpaJueHT KOHLEHTpauuil CTUMYJIU-
pyet nuPy3HOHHBIN EPEHOC Ta3000pa3HBIX MTPOILYKTOB
peaximii InAs u GaAs k mogmmoxke. CKOPOCTh OCaXKICHUS
TPEXKOMIOHEHTHOTO coennHeHus Ga;_ In As MOXeT ObITh
paccuuTaHa 1o sMmnupuieckoit popmyie [16]:

vGal,xInXAs = (1)
= [(Cga + CaalVGans T (Ciy + Cag)VinasllG-1075,

rae [ — TomnmuHa ra30Boi 30HEL, MKM; G — TeMIlepaTyp-
HbIH TpaanenT; Cg,, Cag, Cp — KOHIIEHTPAIMK KOMITOHEHT
B MCTOYHUKE; VGaas VInAs — CKOPOCTH pocTa OMHAPHBIX
komrnoHeHToB Ga;_In As.

Ckopoctu pocta OuHapHbIX coenquHeHnit GaAs u InAs
paccuuTaHbl 110 SMIIMPUYECKUM (popMyIam:

_ AgaasT? + BgaasT?* + CoansT + Dgans

VGaAs ~ 60 ’ (2)
AInAsT3 + Z;InAsT2 + CInAsT + DInAs
VInAs ~ 60 ’ (3)

rae 7 — TeMreparypa MOaI0KKN; KO3(PUIIUSHTH HMe-
10T 3HAYCHUS: AGups= 1,333°1070, Bga= —4,5714-1073,
Cigaas= 4,928, Dgaps= —1679, Apgas= 5,705-10-9,
Bioas =—14,835-1073, Ciya= 12,75, Dipas= —3608.
Pacuers no dopmynam (1)—(3) nmokaszanau, 4yTo mpu
Temneparype notoxkku 1123 K, Tonmune razoBoit 30HbI
1000 MM, TemrnieparypHoM rpaauente 30 K/cm u 3naue-
HUSIX KOHIIEHTpauuil nHaus Xy, B uctounuke 10 %, 20 % u

30 %, 3nauenus ckopocTel ocaxaenus mieHok Ga,_In As
cocraswu 0,3245, 0,3191 u 0,3137 mxm/mMuH. Pesynsrars
PAcUeToB MOKA3aJIH, YTO IOBBIICHNE KOHIIEHTPALUY UHAUS
IPUBOJUT K IOHIKEHHIO CKOPOCTH POCTa, a yBEJIUUCHUE
TEMIICPaTypPHOTO TPAIHEHTa — K €T0 MOBBIIICHHUIO.

Llens paboOTHl — M3ydeHNE BINSHUS COCTAaBA HCTOYHH-
Ka TIPY 33IaHHOH BEIWYHHE TEMIICPaTypHOTO IPAINCHTA
Ha KHHETHYIECKHE 0COOCHHOCTH POCTA MIICHOK TBEPAOTO
pactBopa Ga;_,In, As Ha nmoxnoxke GaAs B mone Temmepa-
TYpPHOTO TPaINCHTa Yepe3 TOHKYIO Ta30BYIO 30HY.

MaTepna.n bl 1 ME€TOAbI

Jly1s IpoBeieHNs TIpoliecca MacconepeHoca UCTIob-
30BaHa CIHEIMaIbHO pazpaboTaHHas rpaduToBas Kaccera
(puc. 1), cocrosimas u3 AByX rpaUTOBBIX AUCKOB. B yrmy-
OreHNe HIKHETO AMCKA TIOMEIIAIICS TPECCOBAHHBIN MTOPO-
oK ¢ HeoOxoanMeIM coctaBoM Ga;_ In As. ITonmoxka
GaAs pasmMenianach Ha JepxkKareib, yCTAHOBJIECHHBIN B OT-
BEPCTUH BepXHero aucka. [lanee oba anucKa CKperuisuInch ¢
MOMOIIBIO 32)KNMa. 3aTeM KacceTa IOMEIIAIach B BAaKyyM-
HYIO KaMepy B MOJATOTOBJICHHBIH TEIIOBOH y3en. OTkauka
BO3/yXa IPOU3BO/INIIACH C IIOMOIIBI0 (POPBAKYyMHOTO Ha-
coca 10 5-10-2 I1a. Ilocie 4ero B KaMepy HamycKanach
cmech razoB — azora (N,) u Bonopona (H,) B mponopiun
1:1. TTapsl BOzBI, KOTOpPBIE BCET/Ia NUMEIOTCSI B BOJIOPOAC
B MaJIbIX KOJIMYECTBAX, SIBISAIOTCS MEPEHOCYNKOM aTOMOB
Ga;_In As u3 ncrounnka Ha moutoxKy [15].

BrIpammBanue clioeB BBIIOTHEHO HA MOMIOKKe GaAs
npu Temneparype 1123 K u TemnepaTypHOM TrpagueHTe
G =30 K/cm. KoHTposib 3HaUueHUS TEMIIEPATypHOTO I'pajii-
C€HTa MMPOBOJAMJICA ITPU MTOMOIIU BEICOKOTOYHOI'O PETYIATO-
pa Temrieparypsl ¢ 1H(po-aHAIOTOBBIM IPeodpa3oBaTeIeM
C TOYHOCTBIO MojAepkaHus temneparypsl 1o +0,1 °C.
Tepmonaps! mapku TXA-0196-01 pacnonaranucs Mexay
BEpPXHEH M HIKHEH 9acTsIMH rpad)UTOBON KAacCCETHI U B
OTIPE/ICTICHHOM MECTE SKBHBAJICHTHOM TEMIIEPaTyPHBIM
YCIIOBUSIM, YTO M MOAJIOKKA C ICTOYHUKOM B TpauToBOI
KacceTe. Mexly BepxXHel 1 HUKHEH TepMoIapaMu paccTo-
ssane cocraBwiio 10 MM. B kaduecTBe MOMIOKEK MCITOIH30Ba-
Hbl 1actuabl GaAs ATHO (111), TommpHa ra30BOM 30HBI
MEXTy UCTOYHUKOM U TOMIOKKOM — 1 MM. McTouHnKOM

Bepxnuii HarpeBaress
7,>T, \
I'paduroBas

Monnoxka N ] Kaccera
=== : ;ﬁ"
Hepxarens  T—— s ot N
TIOJIOKKH T ; 7 2 2
.

Hwxuuil Harpesarens

HcTounnk

Puc. 1. CxemaTndeckoe H300pakeHHE mporecca
MaccomnepeHoca B MeTojie OJIM3KOTO IIepeHoca 4epe3 TOHKYIO
ra30BYIO 30HY B II0JIC TEMIIEPAaTypHOTO IPaJUCHTA:
rne Ty u T, — Temrieparypa BEpXHEro M HI)KHETro HarpeBarels

Fig. 1. Schematic representation of the mass transfer process
in the method of close transfer through a thin gas zone
in the temperature gradient field: where 7 and 7,
are the temperatures of the upper and lower heaters
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POCTOBBIX KOMIIOHEHTOB SIBIIAJIACH IPECCOBAHHAS TOMOTe-
HU3UPOBAHHAsS IIMXTA, COCTOSIIAS U3 MOpoukoB GaAs u
InAs ¢ yucroroit 99,99 % c¢ pa3znuMuHON KOHLIEHTpaLHeH
nHaus: xy, — 10 %, 20 % u 30 %. Bpems ocaxaenus
cioeB coctaBmio 10 MUH U SBISIIOCH OMMHAKOBBIM IS
Bcex 00pasIoB.

W3ydenne pacrpeneneHnss KOMIOHEHT TBEPIOTO pac-
TBOpa B CJIO€ MPOBEACHO CHCTEMOW YHEPTOAUCIIEPCH-
OHHOTO peHTTeHOoCTpyKTypHOTO anann3a (EDX) JEOL.
[Ipoduie KOHIEHTPAIMH TI0 IITyOUHE BJI0Jb CKOJIA IIIEHOK
Ga;_In As ¢ pa3nnuHON KOHIIEHTpaIUEH X1, B UCTOUHU-
K€ TOJyYeH MPU MOMOIIN CKaHUPYIOIIETO NEKTPOHHO-
ro Mukpockorna MIRA 3 LMH c cuctemoil onpenenenus
aseMeHTHOTO cocraBa AZtecEnergy Standard/Xmax 20
(Tescan).

HccnenoBanne MOpQOIOrHUH MOBEPXHOCTEH MICHOK
Ga,_,In As BBIIOJIHEHO C IOMOLIBIO ATOMHO-CHJIOBOW MH-
kpockornnu (ACM) Ha ckaHaxX 5 X 5 MKM B pacTpoBOit
MHKPOCKOITHH. V3MepeHne TONMIMHEI TUIEHOK Ha CKOJIaX Te-
TEPOCTPYKTYP MPOBEACHO HAa PAaCTPOBOM MHUKpocKorre Jeol
JSM-6010 LA. N3y4eHne CTpyKTYpbl XHMUYECKUX CBS3CH
B TBepioM pactBope Ga,_ In As npousBeneHo METOOM pa-
MaHOBCKOM CIIEKTPOCKONNU. PaMaHOBCKHE CIIEKTPHI MOTY-
YEHBI C TIOMOIIIBIO criekTpomerpa inVia Raman Microscope
(Renishaw) renuii-HEOHOBBIM JIa3epOM C JUTHHOM BOJIHBI
514 HM nIpu KOMHATHOM TeMIieparype.

PesyabTarsl 1 00cyxkaeHUe

W3yueHne KWHETUKH POCTa MIPOBEICHO IyTEM OTIpeie-
neHus TonmuHel mieHok Ga_In As Ha nomnoxke GaAs
1o MUKpo(oTorpadusiM CKOJIOB, IOJYYCHHBIX B PEIKIME
BTOpHYHBIX 31ekTpoHoB (SEI) (puc. 2) u ananu3za npodust
KOHIICHTPAITMH T10 TIIyOWHE BJIOJIb CKOJIA TUICHOK (puc. 3).

o MuxpodoTorpadusiM CKoJIOB MOJIyUYEHBI CICAYIOLINE
3HAYEHUS TOJIIIWH IJICHOK: 2,98 MkM, 2,61 MM 1 1,31 MkM
JULs KoHIeHTpanui naaus xp, 10 %, 20 % u 30 % cootset-
cTBeHHO. AHanm3 npoduieit pactpenencans Ga, As u In
0 TITyOHHE BIOJH CKOJA IJICHOK MPOIEMOHCTPHUPOBA, UTO
BCE BBIPAICHHBIC TICHKH UMEIOT HEOTHOPOIHBIA COCTaB
o rry6une. ITo maTEpBaTy IITyOMHBI OT MOBEPXHOCTH
JI0 3HAYCHUS KOHIICHTpaIuu UHAus MeHee 1 ar.% MOXKHO
KOCBEHHO CJeJaTh BBIBOJ O TOJIIMHE TUIeHKU. Mcxons

5 MKM

—
5 MKM

U3 3TOro, TONIIMHBI MIeHOK mpu xp, 10 %, 20 % u 30 %,
oIpezieIeHHbIE 10 MPOGUIISIM KOHIEHTPAIMH, COCTABUIIN:
3,07 mxMm, 2,66 MkM u 1,29 MkM. [TomydeHHBIE pe3yabTaThl
COOTBETCTBYIOT pe3yJibTaraM MUKpO(pOTOrpaduu CKOJIOB
meHok. Metog EDX-aHanu3a HOCUT HOJYKOJIMYECTBEH-
HBII XapakTep, OHAKO B HACTOSIIEH padoTe BaXKHO MOKa-
3aTh, KaK MEHIETCS JIOKAJIbHAS KOHIECHTPALUS WHANS 110
TOJIIMHE TUICHKH.

Konuenrpanus uHAMS 11t MIEHOK ¢ X1, — 10 % u
20 % OTHOCHUTEIFHO PaBHOMEPHA 110 BCEH TONIINHE, a I
X1, paBHOM 30 %, OHa MOHOTOHHO YOBIBA€T C yBEIUYCHU-
eM IIIyOUHBI CKOJIa, YTO CBUAETEIBCTBYET O CETperanuu
BBICOKOIIOIBMKHBIX aTOMOB MH/IMS B IPUIIOBEPXHOCTHYIO
o0sacTh MIeHKH. MOXHO MPEAIIONIOKHUTh, YTO Cerperamus
U/IET 0 KHHETHUECKOM MOJIeNN, MOTOMY YTO PaBHOBECHBII
IpeAen JOCTUTaeTCs TONIBKO IPU HU3KUX CKOPOCTAX pOcTa
IUIEHOK U BBICOKHX TeMIeparypax noutoxkku [17]. Manuit
BBIXOJIMT HA MTOBEPXHOCTH TOJIBKO MPH 0OMEHE C aTOMaMHU
TaJUTHsA, U B 9TOM CITydae HaOMronaeTcst (pryKTyarust s
Y MBIIIBSKA 110 TOJIIMHE PACTYIIEH TUICHKH.

CpaBHeHHE pe3ybTaToOB U3MEPEHHUS TOJIIUH TUIEHOK
C pe3yJbTaTaMM pacdeTa UX CKOPOCTH pOCTa MOKa3ajo
3HAYUTEIBHOE PACXOKICHNUE IKCIIEPUMEHTAIbHBIX 3HA-
YEHUM CKOPOCTH. J[aHHBIM pe3ynbraT CBA3aH ¢ BIUSHUEM
KOHIIEHTPAIK NapoB BOJBI, COJEPIKAILEICs B BOAOPOJIE,
KOTOpasi JocTHraia 10 7 ppm U He OblIa TEXHOJIOTHYECKH
yCTpaHEeHa.

[IpoBexneHo nccnenoBanust MOP(HOIOTUH TIOBEPXHOCTH.
Ha puc. 4 npusenens! pesynsratel ACM-cKkaHUPOBaHMSL.

[ToBbIIIeHNE KOHIIEHTPAIIMN HHHS B COCTABE TBEPIOTO
pactBopa Ga;_ In As IpUBOIUT K CyIIECTBEHHOMY H3Me-
HEHHMIO MOP(OIOTHH MMOBEPXHOCTH. UeM BbIIIE KOHIICH-
Tpauusi UHAMSA, TEM BbIIIE MEpenas BHICOT MOBEPXHOCTH
u Oosiee SIBHO MPOSBIISIETCS 36PEHHAsI CTPYKTYpa TJICHOK.
BerimnoniHeH aHanu3 cpeiHeKBaIpaTHYeCKOl 1IEpOXOBATOCTH
(Rg) nns BBIpAIlEHHBIX IUICHOK. B kauecTBe cpaBHEHUS
6bL1a M3MepeHa Rq noanoxku GaAs, KOTopas coCTaBHiIa
10,11 um. Ins nnenok Ga,_ In As nomyuensl cienyromue
pe3ynbTaThl: 1 KOHIEHTpauuu uHaus: xy, 10 %, 20 %,
30 %: Rqg =9,1; 17,9; 24,2 am. Takum obpa3om, Hauboee
OIHOPOJIHBIC TUICHKH ITOJYYEHBI B YCIIOBHAX HU3KOW KOH-
neHTpanun nHans. ConocTaBiIeHNe Pe3ylbTaToB aHAIN3a
npoduIIst KOHIEHTPALUH M0 TIIyOWHE BIOIb CKOJIA TIIIEHOK

SEI = ' SEI
5 MKM

Puc. 2. Muxpogotorpaduu ckoinos mieHok Ga,_In,As, Beipamennsix npu 7= 1123 Ku G = 30 K/cm 151 KOHIEHTpaLUi MHIUSA Xy 0
10 % (a), 20 % (b) n 30 % (¢) (TonmuHA IUIEHOK OTpaHUYEHA JKEITHIMH JTUHUSIMN)

Fig. 2. Micrographs of the cleavage of Ga,_In,As films grown at 7= 1123 K and G = 30 K/cm for indium concentrations xy,:
10 % (a), 20 % (b) 1 30 % (c) (film thickness is limited by yellow lines)
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Puc. 3. TIpohuss KOHLEHTPALMH 110 [TyOUHE BOMb ckona 1mieHok Ga;_ In As, Beipaiennsix npu I'= 1123 Ku G = 30 K/cm
JUIs KOHIEeHTpauui uaaus xp,: 10 % (@), 20 % (b) u 30 % (¢)

Fig. 3. Concentration depth profile along the film cleavage of Ga;_In As films grown at 7= 1123 K and G = 30 K/cm:
for indium concentrations xy,: 10 % (a), 20 % (b), 30 % (c)

a b
122,3 um 124,3 um
0,0 0,0
246,5 um 346,0 um
0,0 0,0

Puc. 4. ACM-u3o06paxenns mopdonoruu nosepxnoctu Ga;_JIn As: x;, =0 % (a), xp, = 10 % (b), x1, = 20 % (¢), x1, = 30 % (d)
Fig. 4. AFM images of Ga;_JIn As surface morphology: x, = 0 % (@), xj, = 10 % (), x1, = 20 % (c), X1, = 30 % (d)
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Puc. 5. Pamanosckue cniektpsl mieHok Ga,_ In As npu x;,:
10 %, 20 %, 30 % u nomnoxxku GaAs

Fig. 5. Raman spectra of Ga;_In As films at xj,: 10 %, 20 %,
30 % and GaAs substrates

1 aTOMHO-CHUJIOBOH CIIEKTPOCKOIHH CBUIETEILCTBYET O
CHUJIBHOM BJIMSIHUM MH/US B COCTAaBE NCTOYHUKA HA UX CKO-
poctb pocta ipu G =30 K/emu T'= 1123 K.

PesysnbraTel Mcciie0BaHMs TUIEHOK METOJIOM KOMOU-
HAI[MOHHOT'O paccesiHUsl CBETa IPE/CTaBICHbI Ha puC. 5.
B cootBercTBUM € MTPaBUIOM 0TOOpPA JUISl KPUCTAIINYECKOM
peneTKN IIMHKOBOH 0OMaHKH MO>KHO MHJMIIUPOBATh MPO-
nonsHble (LO) n nonepeunsie (TO) Gpononnsie moasl GaAs
n LO-mony InAs. 113 cnekTpoB BUJIHO, YTO € yBETUUEHHEM
KOHIIEHTpAIMX In B TuieHKe HAOIIOAAETCS CyIIECTBEHHOE
cmertenne yactoTel LO- u TO-poHoHHBIX Mox GaAs BIeBO
Ha 13 u 16 cMm~ L. DTO CBUAETENBCTBYET MPEXKIE BCETO O
CHJIBHOM BJIMSHUM YNIPYTUX MEXaHWYECKUX HaNpsDKeHUH,
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Cerperanus uHI¥S (pUC. 2) IPUBOINT K 3HAYUTEITHHO-
My cmerienuto Mo GaAs 1 InAs B BbIpallleHHBIX MJICHKAX.
Tem He MeHee, U3 pPaMaHOBCKUX HCCIEIOBAHUNA MOKHO
czienaTh BBIBOJ, U4TO TBepAbli pactBop Ga;_In As cun-
TE3WPOBAJICS, HO UMEET ONMKHUN MOPSIIOK XUMHUIECKIX
cBsizeil. Pe3ynbrarsl paMaHOBCKOM CLIEKTPOCKOIMU XOPOLIO
commacytotes ¢ pesynsraramu EDX-kaptupoBanus u ACM.

3akaouenue

M3y4eHbl 0cOOCHHOCTH BBIPAIIUBAHUS TBEPIBIX pac-
tBopoB Ga;_,In As Ha nonnoxke GaAs B 1ojie TeMIeparyp-
HOTO T'paJFieHTa Yyepe3 TOHKYIO Ta30BYIO 30HY. BrIpareHst
IJIEHKH C TOJIIMHAMHU OT 2 710 3,2 MKM U HCCIIEIOBaHa UX
KHHETHKa pocTa, MOP(OIOTHS TOBEPXHOCTH U CTPYKTypa
XUMHYecKkux cBsizei. [TokazaHo cylecTBeHHOE BIUsSHHE
WHIMS B COCTaBe POCTOBOTO MCTOUYHUKA HA CBOMCTBA IIjIe-
HOok Ga;_,In As. OOHapyxeHO, YTO NPH KOHLEHTPALUH
UHAUS X7, 607ee 20 % mposBIseTCs CyleCTBEHHAs cerpe-
rauus uaaus B cnoe Ga;_ In As B HanpaBieHuu pocra.
DTOT (QakTOp TaKKE OKa3bIBACT BIUSHIC Ha KHHCTHUKY,
CHIDKAsI CKOPOCTh POCTa, U MPHUBOIUT K YBEITHUCHHIO IIIe-
poxoBaroctu ¢ 9,1 1o 24,2 HM mis X}, B JUana3oHe OT
10 % 1o 30 % cooTBeTCTBEHHO. BEIpameHHbIC TICHKT
00TaaroT HECTEXHOMETPHIECKIM COCTABOM M OJIKHUM
TOPSIIKOM XUMHYECKUX CBA3EH IIEMEHTOB TBEPAOTO pac-
tBOpa Ga_,In As.

References

1. Zimmer M., Trachtmann A., Jetter M., Michler P. MOVPE grown
InGaAs quantum dots with emission near 1.3 pm for electrically
driven single-photon sources. Journal of Crystal Growth, 2023,
vol. 605, pp. 127081. https://doi.org/10.1016/j.jerysgro.2023.127081

2. Ozturk O., Ozturk E., Elagoz S. Linear and nonlinear optical
absorption coefficient and electronic features of triple GaAlAs/GaAs
and GalnAs/GaAs quantum wells depending on barrier widths. Optik,
2019, vol. 180, pp. 394-405. https://doi.org/10.1016/j.
ijle0.2018.11.091

3. Paulauskas T., PaCebutas V., Geizutis A., Kamarauskas M.,
Drazdys M., Rudzikas M., Kondrotas R., Naujokaitis A., Nevinskas 1.,
Sebeka B., Strazdiené V., Krotkus A. Performance analysis of
GaAsBi/InGaAs heterostructure for I1I-V multi-junction solar cells.
Solar Energy Materials and Solar Cells, 2022, vol. 248, pp. 112013.
https://doi.org/10.1016/j.s0lmat.2022.112013

4. Nishiyama S., Takenaka C., Kusunoki T., Fujii T., Nakajima K. LPE
growth of InP and InGaAs on MQW layers below 500°C. Journal of
Crystal Growth, 1990, vol. 104, no. 4, pp. 809-814. https://doi.
org/10.1016/0022-0248(90)90106-U

5. Babhari A., Salianch M.G., Biranvand N. Structural nonlinear effects
in Inj 53Gay 4,As/GaAs heterostructure bipolar transistor lasers. Optik,
2015, vol. 126, no. 24, pp. 5249-5252. https://doi.org/10.1016/].
ijle0.2015.08.269

6. LiY., Yan X., Zhang X., Wu Ch., Zheng J., Zha Ch., Fu T., Gong L.,
Ren X. Low-threshold miniaturized core-shell GaAs/InGaAs
nanowire/quantum-dot hybrid structure nanolasers. Optics and Laser
Technology, 2022, vol. 152, pp. 108150. https://doi.org/10.1016/j.
optlastec.2022.108150

7. Chen X., Xiao Y., Cheng Y., Zhang Z., Gou Y., Wang J. MOCVD
growth and thermal stability analysis of 1.2 um InGaAs/GaAs multi
quantum well structure. Journal of Alloys and Compounds, 2022,
vol. 922, pp. 166173 https://doi.org/10.1016/j.jallcom.2022.166173

8. Mintairov S.A., Emelyanov V.M., Rybalchenko D.V., Salii R.A.,
Timoshina N.K., Shvarts M.Z., Kalyuzhnyy N.A. Heterostructures of

708

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://doi.org/10.1016/j.jcrysgro.2023.127081
https://doi.org/10.1016/j.ijleo.2018.11.091
https://doi.org/10.1016/j.ijleo.2018.11.091
https://doi.org/10.1016/j.solmat.2022.112013
https://doi.org/10.1016/0022-0248(90)90106-U
https://doi.org/10.1016/0022-0248(90)90106-U
https://doi.org/10.1016/j.ijleo.2015.08.269
https://doi.org/10.1016/j.ijleo.2015.08.269
https://doi.org/10.1016/j.optlastec.2022.108150
https://doi.org/10.1016/j.optlastec.2022.108150
https://doi.org/10.1016/j.jallcom.2022.166173
https://doi.org/10.1016/j.jcrysgro.2023.127081
https://doi.org/10.1016/j.ijleo.2018.11.091
https://doi.org/10.1016/j.ijleo.2018.11.091
https://doi.org/10.1016/j.solmat.2022.112013
https://doi.org/10.1016/0022-0248(90)90106-U
https://doi.org/10.1016/0022-0248(90)90106-U
https://doi.org/10.1016/j.ijleo.2015.08.269
https://doi.org/10.1016/j.ijleo.2015.08.269
https://doi.org/10.1016/j.optlastec.2022.108150
https://doi.org/10.1016/j.optlastec.2022.108150
https://doi.org/10.1016/j.jallcom.2022.166173

0.B. Aesuukni, J1.C. JlyHuH, .B. MutpodaHos, N.A. Ceicoes, .A. Hukynmnu, O.M. HYanypa

metamorphic GalnAs photovoltaic converters fabricated by MOCVD
on GaAs substrates / Semiconductors. 2016. V. 50. N 4. P. 517-522.
https://doi.org/10.1134/S1063782616040163

9. Devitsky O.V., Zakharov A.A., Lunin L.S., Sysoev L.A.,
Pashchenko A.S., Vakalov D.S., Chapura O.M. Influence of
magnetron sputtering conditions on the structure and surface
morphology of In,Ga,_,As thin films on a GaAs (100) substrate //
Condensed Matter and Interphases. 2022. V. 24. N 3. P. 300-305.
https://doi.org/10.17308/kemf.2022.24/9851

10. Lunin L.S., Lunina M.L., Devitsky O.V., Sysoev [.A. Pulsed laser
deposition of Al Ga;_,As and GaP thin films onto Si substrates for
photoelectric converters // Semiconductors. 2017. V. 51. N 3. P. 387—
391. https://doi.org/10.1134/S1063782617030174

11. CsicoeB U.A. Dnurakcus TBepabx pacTBopos coenunenuid AIIIBVI
C MHKPO- I HAHOCTPYKTYPOil B IOJIC TEMIIEPAaTypHOTO TPaHueHTa:
JIMCCEPTALMs HA COMCKAHHUE YUCHOI CTENeH! OKTOPA TEXHHIECKHX
nayk. Craspomnoib, 2010.

12. Gorbatchev A., De Anda Salazar F., Galvan Montalvo J.A.,
Michournyi V. Peculiarities of the thermodynamic conditions to grow
InGaAs epitaxial layers by LPE on GaAs substrate at low
temperatures // MRS Advances. 2021. V. 6. N 46. P. 1005-1009.
https://doi.org/10.1557/s43580-021-00198-8

13. Jlozosckwmii B.H., Jlynun JI.C., [Tonos B.I1. 3onHas nepekpucrauim-
3allHs [PAIICHTOM TEMIIEPATyPhI MOTYTPOBOJAHUKOBBIX MATECPHAIIOB.
M.: Meranmyprus, 1987. 232 c.

14. CsicoeB U.A., JIynaun JI.C. ['pajeHTHAS SNUTAKCHS IS IOy YCHHS
MHUKpO- X HAHOCTPYKTYp TBepbIX pacTBopoB AIIIBV uepes ToHKYIO
rasoByto (azy. Craponons: Uzn-so CKDY, 2015. 94 c.

15. Kynukos U.C. Tepmopunnamuka okcunoB. M.: Meramryprus, 1986.
344 c.

16. Dehaese O., Wallart X., Mollot F. Kinetic model of element III
segregation during molecular beam epitaxy of III-I1I’-V
semiconductor compounds // Applied Physics Letters. 1995. V. 66.
N 1. P. 52-54. https://doi.org/10.1063/1.114180

17. Zheng Y.-J., Lam A.M., Engstrom J.R. Modeling of Ge surface
segregation in vapor-phase deposited Si;_Ge, thin films // Applied
Physics Letters. 1999. V. 75. N 6. P. 817-819. https://doi.
org/10.1063/1.124523

18. Pashchenko A.S., Devitsky O.V., Lunin L.S., Kasyanov 1.V,
Nikulin D.A., Pashchenko O.S. Structure and morphology of
GalnAsP solid solutions on GaAs substrates grown by pulsed laser
deposition // Thin Solid Films. 2022. V. 743. P. 139064. https://doi.
org/10.1016/5.ts£.2021.139064

ABTOpBI

Jeuukuii Osier BacuiabeBUY — KaHIMIaT TEXHUUYECKUX HAyK, BEILy-
Ui Hay4HBIH cOTpyaHUK, DenepanbHblil nccae10BaTeIbCKUIl IEHTP
IOsxHbIi Hayunblil neHTp Poccuiickoii akanemun Hayk, PocroB-Ha-
Jlony, 344006, Poccuiickas @enepaiust; cTapiividi HayqHbI COTPYAHUK,
Cesepo-Kaekasckuii denepanbhblii yausepcutet, CtaBpononb, 355017,
Poccuiickast deneparus; s¢ 57193670678, https://orcid.org/0000-0003-
3153-696X, v2517@rambler.ru

Jlynun Jleonun CepreeBud — JOKTOp (PH3HKO-MAaTeMaTHYECKUX HAyK,
IVIABHBII HAy4HBIH COTpYIHHK Jlaboparopun, PenepalbHbIi nccieoBa-
Tenbekuil neHTp FOskHbIi HayuHbIi HeHTp Poccuiickoii akageMun Hayk,
PoctoB-Ha-Jlony, 344006, Poccuiickas Oenepaiiust; IIaBHbIN HAyYHBIN CO-
Tpyauuk, CeBepo-KaBkasckuii Gpenepanbuslii yausepeuret, CTaBpoIodis,
355017, Poccuiickas ®eneparms; npodeccop, FOxuo-Poccuniickuii ro-
cynapcTBeHHbII nonutexunueckuii yuusepceurtet (HITM) nm. Ilnarosa,
Hosouepkacck, 346428, Poccuiickast enepanust, s¢ 7004378221, https:/
orcid.org/0000-0002-5534-9694, lunin_ls@mail.ru

Mutpodanos JJanuuia BsiueciaBoBuY — MIQAIINN HAyYHBINH COTPY/I-
Huk, CeBepo-KaBkasckuii denepanbHblii yHuBepcuret, CTaBpomnosb,
355017, Poccuiickas dexnepauus; acnupant, FOxuo-Poccuiickuii ro-
cynapcTBeHHbIN nonutexunueckuii yuusepeuret (HITM) um. Ilnarosa,
Hosouepkacck, 346428, Poccuiickas ®enepanis, s¢ 57226807601, https:/
orcid.org/0009-0009-2137-4312, danik-20@yandex.ru

CpricoeB Uropb AllexcaHApOBHY — JOKTOP TEXHHYIECKUX HAyK, JOLCHT,
JUPEKTOp HaydHO-00pa30BaTeIbHOrO LeHTpa (POTOBOIGTAHKU 1 HAHOTEX-
nonorun, CeBepo-Kaskasckuii ¢henepanbublii yHusepeuret, CTaBpoross,
355017, Poccuiickas deneparust; s 32467535800, https://orcid.org/0000-
0001-5415-0782, eianpisia@yandex.ru

metamorphic GalnAs photovoltaic converters fabricated by MOCVD
on GaAs substrates. Semiconductors, 2016, vol. 50, no. 4, pp. 517—
522. https://doi.org/10.1134/S1063782616040163

9. Devitsky O.V., Zakharov A.A., Lunin L.S., Sysoev L.A.,
Pashchenko A.S., Vakalov D.S., Chapura O.M. Influence of
magnetron sputtering conditions on the structure and surface
morphology of In Ga;_ As thin films on a GaAs (100) substrate.
Condensed Matter and Interphases, 2022, vol. 24, no. 3, pp. 300-305.
https://doi.org/10.17308/kemf.2022.24/9851

10. Lunin L.S., Lunina M.L., Devitsky O.V., Sysoev [.A. Pulsed laser
deposition of Al Ga,_,As and GaP thin films onto Si substrates for
photoelectric converters. Semiconductors, 2017, vol. 51, no. 3,
pp. 387-391. https://doi.org/10.1134/S1063782617030174

11. Sysoev L.A. Epitaxy of Solid Solutions of A3B5 Compounds with
Micro and Nanostructures in the Field of a Temperature Gradient.
Thesis for the degree of Doctor of Technical Sciences. Stavropol,
2010. (in Russian)

12. Gorbatchev A., De Anda Salazar F., Galvan Montalvo J.A.,
Michournyi V. Peculiarities of the thermodynamic conditions to grow
InGaAs epitaxial layers by LPE on GaAs substrate at low
temperatures. MRS Advances, 2021, vol. 6, no. 46, pp. 1005-1009.
https://doi.org/10.1557/s43580-021-00198-8

13. Lozovsky V.N., Lunin L.S., Popov V.P. Zone Recrystallization of
Semiconductor Materials with a Temperature Gradient. Moscow,
Metallurgy Publ., 1987, 232 p. (in Russian)

14. Sysoev L.A., Lunin L.S. Gradient Epitaxy for Obtaining Micro- and
Nanostructures of III-V Solid Solutions Through a thin Gas Phase.
Stavropol, NCFU Publ., 2015, 94 p. (in Russian)

15. Kulikov L.S. Thermodynamics of Oxides. Moscow, Metallurgy Publ.,
1986, 344 p. (in Russian)

16. Dehaese O., Wallart X., Mollot F. Kinetic model of element IIT
segregation during molecular beam epitaxy of III-1II’-V
semiconductor compounds. Applied Physics Letters, 1995, vol. 66,
no. 1, pp. 52—-54. https://doi.org/10.1063/1.114180

17. Zheng Y.-J., Lam A.M., Engstrom J.R. Modeling of Ge surface
segregation in vapor-phase deposited Sil-xGex thin films. Applied
Physics Letters, 1999, vol. 75, no. 6, pp. 817-819. https://doi.
org/10.1063/1.124523

18. Pashchenko A.S., Devitsky O.V., Lunin L.S., Kasyanov 1.V.,
Nikulin D.A., Pashchenko O.S. Structure and morphology of
GalnAsP solid solutions on GaAs substrates grown by pulsed laser
deposition. Thin Solid Films, 2022, vol. 743, pp. 139064. https://doi.
org/10.1016/j.ts£.2021.139064

Authors

Oleg V. Devitsky — PhD, Leading Researcher, Federal Research Center
the Southern Scientific Centre of the Russian Academy of Sciences,
Rostov-on-Don, 344006, Russian Federation; Senior Researcher, North-
Caucasus Federal University, Stavropol, 355017, Russian Federation,
sc 57193670678, https://orcid.org/0000-0003-3153-696X, v2517@
rambler.ru

Leonid S. Lunin — D.Sc. (Physics & Mathematics), Chief Researcher,
Federal Research Center the Southern Scientific Centre of the Russian
Academy of Sciences, Rostov-on-Don, 344006, Russian Federation;
Chief Researcher, North-Caucasus Federal University, Stavropol, 355017,
Russian Federation; Professor, Platov South-Russian State Polytechnic
University (NPI), Novocherkassk, 346428, Russian Federation,
sc 7004378221, https://orcid.org/0000-0002-5534-9694, lunin_Is@mail.ru

Daniil V. Mitrofanov — Junior Researcher, North-Caucasus Federal
University, Stavropol, 355017, Russian Federation; PhD Student, Platov
South-Russian State Polytechnic University (NPI), Novocherkassk,
346428, Russian Federation, s¢ 57226807601, https://orcid.org/0009-
0009-2137-4312, danik-20@yandex.ru

Igor A. Sysoev — D.Sc., Associate Professor, Director of the Scientific
and Educational Center for Photovoltaics and Nanotechnology, North-
Caucasus Federal University, Stavropol, 355017, Russian Federation,
sc 32467535800, https://orcid.org/0000-0001-5415-0782, eianpisia@
yandex.ru

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

709


https://doi.org/10.1134/S1063782616040163
https://doi.org/10.17308/kcmf.2022.24/9851
https://doi.org/10.1134/S1063782617030174
https://doi.org/10.1557/s43580-021-00198-8
https://doi.org/10.1063/1.114180
https://doi.org/10.1063/1.124523
https://doi.org/10.1063/1.124523
https://doi.org/10.1016/j.tsf.2021.139064
https://doi.org/10.1016/j.tsf.2021.139064
https://orcid.org/0000-0003-3153-696X
https://orcid.org/0000-0003-3153-696X
mailto:v2517@rambler.ru
https://orcid.org/0000-0002-5534-9694
https://orcid.org/0000-0002-5534-9694
mailto:lunin_ls@mail.ru
https://orcid.org/0009-0009-2137-4312
https://orcid.org/0009-0009-2137-4312
mailto:danik-20@yandex.ru
https://orcid.org/0000-0001-5415-0782
https://orcid.org/0000-0001-5415-0782
mailto:eianpisia@yandex.ru
https://doi.org/10.1134/S1063782616040163
https://doi.org/10.17308/kcmf.2022.24/9851
https://doi.org/10.1134/S1063782617030174
https://doi.org/10.1557/s43580-021-00198-8
https://doi.org/10.1063/1.114180
https://doi.org/10.1063/1.124523
https://doi.org/10.1063/1.124523
https://doi.org/10.1016/j.tsf.2021.139064
https://doi.org/10.1016/j.tsf.2021.139064
https://orcid.org/0000-0003-3153-696X
mailto:v2517@rambler.ru
mailto:v2517@rambler.ru
http://D.Sc
https://orcid.org/0000-0002-5534-9694
mailto:lunin_ls@mail.ru
https://orcid.org/0009-0009-2137-4312
https://orcid.org/0009-0009-2137-4312
mailto:danik-20@yandex.ru
http://D.Sc
https://orcid.org/0000-0001-5415-0782
mailto:eianpisia@yandex.ru
mailto:eianpisia@yandex.ru

OcobeHHOCTH BbipalumMBaHuns TBepabix pacTsopos Gaq_,In,As Ha nognoxkax GaAs...

Huxynnn JImatpuii AjleKcanApoBHY — MIIAIIMH HayuHbIH COTPYI-
Huk, OenepanbHblil nccaenoBarenbekuid HeHTp FOKHbINM HaydHbIH LIEHTP
Poccwuiickoit akagemun Hayk, PoctoB-Ha-JloHy, 344006, Poccuiickas
Denepanysi; Miaammil Hay4yHblid coTpyaauk, Cepepo-Kaskasckuii dene-
panbHbli yHHBepcuTeT, CtaBpomnoib, 355017, Poccuiickas denepanus;
acnupanT, lOxHOo-Poccuiickuil rocyapcTBEHHBIH ITOTHTEXHUYESCKUH
yuusepeutet (HITH) um. ITnarosa, HoBouepkacck, 346428, Poccuiickast
Denepanus, s¢ 57213150940, https://orcid.org/0000-0003-0755-4068,
dmitnikul@gmail.com

Yanypa Ogaer MuxaiiJioBu4 — HHXKeHep-uccienopareinb, Cerepo-
KaBkasckuii ¢enepanbubii yHuepcuret, CraBponoas, 355017,
Poccuiickas ®enepanus; s¢ 57209565002, https://orcid.org/0000-0002-
6691-0010, chapurol-7@mail.ru

Cmamows nocmynuna 6 pedaxyuto 15.02.2023
Ooobpena nocne peyenzuposanus 11.05.2023
Ilpunama k newamu 16.07.2023

N0

Dmitry A. Nikulin — Junior Researcher, Federal Research Center the
Southern Scientific Centre of the Russian Academy of Sciences, Rostov-
on-Don, 344006, Russian Federation; Junior Researcher, North-Caucasus
Federal University, Stavropol, 355017, Russian Federation; PhD Student,
Platov South-Russian State Polytechnic University (NPI), Novocherkassk,
346428, Russian Federation, s¢ 57213150940, https://orcid.org/0000-
0003-0755-4068, dmitnikul@gmail.com

Oleg M. Chapura — Research Engineer, North-Caucasus Federal
University, Stavropol, 355017, Russian Federation, s¢ 57209565002,
https://orcid.org/0000-0002-6691-0010, chapurol-7@mail.ru

Received 15.02.2023
Approved after reviewing 11.05.2023
Accepted 16.07.2023

Pa6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

710

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://orcid.org/0000-0003-0755-4068
mailto:dmitnikul@gmail.com
https://orcid.org/0000-0002-6691-0010
https://orcid.org/0000-0002-6691-0010
mailto:chapurol-7@mail.ru
https://orcid.org/0000-0003-0755-4068
https://orcid.org/0000-0003-0755-4068
mailto:dmitnikul@gmail.com
https://orcid.org/0000-0002-6691-0010
mailto:chapurol-7@mail.ru

HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° vonb-asryct 2023 Tom 23 N2 4 http://ntvifmo.ru/ hAvano-TExHMuECKuM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX ]EXH“"“[““' MEXAH“K“ “ “"T“K“
July-August 2023 Vol. 23 No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

KOMIbIOTEPHbIE CUCTEMbI N UHOOPMALIMOHHBLIE TEXHOJ10T M
COMPUTER SCIENCE

doi: 10.17586/2226-1494-2023-23-4-711-719

An enhanced AES-GCM based security protocol for securing
the IoT communication
A.B. Feroz Khan'™, S, Kalpana Devi2, K. Rama Devi?

I Syed Hameedha Arts and Science College, Kilakarai, Ramanathapuram, 623806, India
2 RV University, Bengaluru, 560059, India
3 Panimalar Engineering College, Chennai, 600069, India

I abferozkhan@gmail.com™?, https://orcid.org/0000-0002-9395-9493
2 kalpanasubramaniyan2010@gmail.com, https://orcid.org/0000-0001-7049-3 144
3 ramadevi.sarav@gmail.com, https://orcid.org/0000-0002-6431-8363

Abstract

In the recent years, the devices in Internet of Things (IoT) are growing exponentially due to the emergence of
many sophisticated applications. This tremendous growth leads to serious security challenges and the devices of
Wireless Sensor Networks should be protected from various attacks. IoT can be configured dynamically without
fixed infrastructure and the devices are communicated with one another in an Ad-hoc manner. The work presents the
classification of various DDoS attacks in the IoT environment and provides a solution for replay attack. All variations of
DDoS attacks are modeled using UML based activity modeling. This clearly understands the behavior of each version of
attacks and their performance in the environment. The modeling also helps to construct a solution to prevent this attack
from its execution. The work also proposed a trust based protocol for replay attacks which allows the attack inside the
network and blocks it after identifying the attack based on its specific behavior. The network performance is improved
after implementing this proposed protocol inside the network with help of simulation under realistic conditions. The
performance metrics considered in the work are energy, packet loss, computational time and throughput. The paper
compares the performance with the state-of-the-art schemes such as Efficient Distributed Deterministic Key and Hash-
based Message Authentication Code. The experimental analysis proved that the proposed scheme outperforms the other
state-of-the-works in terms of computational cost, throughput, and delay.
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AHHOTaNMA
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An enhanced AES-GCM based security protocol for securing the loT communication

Wireless Sensor Network (WSN) 1omkHBI ObITh 3aIIUIIEHEI OT Pa3IMYHbIX aTak. IHTepHeT Beleil MOXKHO HacTpauBaTh
JMHAMHUYecKu 0e3 GpuKcupoBaHHOI HHPPACTPYKTYpHI, a yerpoiictBa W SN B3auMOIEHCTBYOT APYT C IPYTOM B PeXKUME
npsiMoro GecrpoBoHOrO qruHamMudeckoro coenunenus (Ad-hoc). [Ipencrasnena knaccudukanus pa3inaabix Distributed
Denial of Service (DDoS)-arak B cpefie nHTEpHETa BELIeH U MPEATIOKEHO pEIICHHE TSI TPEAOTBPAICHHUS TIOBTOPHOI
araku. Bemomaeno monenuposanue DDoS-arak ¢ ucnonp3oBanreM UML-auarpaMM akTHBHOCTH, YTO AAa€T YETKOE
TTOHUMAaHUE TTOBEJCHUS KaXXJOH BEPCHH aTakd U WX IPOU3BOAMTEILHOCTH B cpene. B pesymbrare MonennpoBaHus
MIOCTPOCHO pelleHne, IPeI0TBpaIaoliee BEIMOIHeHNE aTak. [IpeaokeH MpoToKoI, OCHOBAHHBIN Ha JOBEPUH, JUIS
aHaJN3a TI0BE/ICHNS TOBTOPHBIX aTaK, KOTOPBIH JIOIyCKAeT aTaKy BHYTPH CETH U OJIOKUPYET ee MOoCIIe WICHTH(OUKAIINN.
IIpoBeneHo MoJeNMPOBaHNE B PEAIbHBIX YCIOBUSX JJISI YIYUIICHUS POU3BOAUTEIBHOCTE CETH. PaccMOTpeHB!
TMOKa3aTe/Ik NPOU3BOAUTEIBHOCTU CETU: DHEPI'Hs, IMOTEPS MMAaKETOB, BPEMSA BBIYMCJICHUH U ponyCcKHas CIIOCOOHOCTb.
IIpoBeneHo cpaBHEHNE TPOU3BOIUTENLHOCTH CETH MPEIOKEHHOTO PEIIEHHsI C COBPEMEHHBIMH CXEMaMH, TAKUMH Kak
EDDK n HMAC. DkcriepuMeHTaIbHBIN aHAJIH3 TTOKa3all, 4TO MPEIOKEHHBI MPOTOKOMI MPeBOCXomuT cxembl EDDK
1 HMAC mo mapamerpaM BEIYHCIATENBHBIX 3aTPAT, MIPOITYCKHOM CIOCOOHOCTH U 3a/ICPKKH.

KiioueBble cioBa
DDoS, 6e3omacHOCTb, HaJGKHbBIC TOKA3ATEIH, HHTCPHET BelIeH

Ccepuaka pis nurupoBanus: ®epo3 Xan A.b., Kanmana [lesu C., Pama [leBu K. YcoBepreHCTBOBaHHBII TPOTOKOI
oe3omacHoctn Ha ocHOBe AES-GCM st 3amuTsl CBsA3M B WHTEpHETE Bemlell / HaydHo-TexHUYeCcKnil BECTHUK
MHPOPMAIMOHHBIX TEXHOJOTHH, MeXxaHuKH U ontukd. 2023. T. 23, Ne 4. C. 711-719 (na anrn. s13.). doi: 10.17586/2226-

1494-2023-23-4-711-719

Introduction

The Internet of Things (IoT) is a vast network of
interconnected smart devices that can be found all over the
world. These devices are equipped with sensors that allow
them to measure their surroundings and communicate with
other devices over the internet [1, 2]. The IoT is a network
of connected smart devices that can transfer data to one
another. These devices include sensors, actuators, Radio
Frequency IDentification and Wireless Sensor Network
(WSN) components, and other technologies that make life
easier in various fields, such as healthcare, agriculture,
education, transportation, and more. However, the increase
in [oT applications has also led to security challenges that
need to be addressed.

Protecting the privacy of users is crucial since sensitive
and important data is often transmitted through these smart
applications. While there are currently available security
solutions, they fall short in fully meeting all the security

&

G

requirements of smart applications. These solutions tend
to focus only on functionality requirements, and do not
integrate well with the entire system. Therefore, there is
a need for integrated security solutions that comply with
different standards and technologies to ensure the security
of smart applications [3, 4]. Fig. 1 depicts the architecture
of IoT. The protection of communication channels is
a primary security requirement in safeguarding of loT
devices, given that physical attacks pose critical threats
to sensor nodes deployed in various environments. To
address the significant harm that Distributed Denial of
Service (DDoS) attacks can cause in IoT networks, this
study presents a proposed solution. Multiple works have
emerged to prevent DDoS attacks in IoT, which typically
involve an attacker turning a normal node into a “zombie”
and spreading the attack to other nodes in the network. The
zombie node then interacts with other nodes in the cluster as
if they were normal, even allowing it to share confidential
information without the network knowledge [5].

Application Layer
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Fig. 1. Overview of loT communication
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With the continued increase of loT devices, strong
security policies must be implemented to ensure
confidentiality, integrity, and availability — the three core
principles of security. Collaboration between governments
and industry players is crucial to establish these policies
which should prioritize end-to-end security to combat
automated and distributed attacks such as DDoS. The
security of loT components as a whole must be taken into
account, rather than individual components. Advanced
standards that support global interoperability and enhance
IoT security must also be developed. The policies must be
established with government and industrial collaboration
based on the following considerations [6].

— To combat automated and distributed attacks like DDoS,
end-to-end security measures must be implemented in
10T systems.

— The security of [oT systems must be viewed holistically,
rather than solely focusing on individual components,
to ensure that potential vulnerabilities in the overall
network are identified and addressed.

— Advanced standards that establish a core baseline are
required to support worldwide interoperability and
strengthen [oT security.

The rest of the paper is divided into four parts: the
literature review of various related works for the detection
of node capturing attack, the introduction of the proposed
work and its novelty compared to other works, the
discussion of the results of the proposed work, and the
conclusion.

Related works

After analyzing various countermeasures available
against DDoS attacks, it is observed that reactive, proactive,
and mobile agent countermeasures are the most common
techniques used for protection. Reactive technique starts
its protection mechanism only after encountering an attack,
whereas proactive techniques set up a secure channel
before the attack is executed to prevent it from happening.
Mobile agent techniques are used in sensor nodes to act as
a defensive mechanism and save the network from DDoS
attacks. Several research works have proposed different
methods to detect and prevent jamming attacks in wireless
networks.

Verma et al. [7] proposed a detection technique using
timing information and signal strength to detect jamming
attacks. However, their proposed scheme works well in
combination with other countermeasures. Fadele et al. [8]
proposed a Countermeasure Detection and Consistency
Algorithm technique that uses signal strength and location
information to detect reactive jamming attacks. However,
their work increases the computational cost and consumes
more energy. Jia et al. [9] proposed a stakelberg game
approach to address the anti-jamming problem. Their
proposed method is well-suited to overcome jamming
issues but it increases energy and implementation costs.

In addition to the aforementioned works, Korzhuk V.
et al. [10] proposed the “Identification of Attacks against
Wireless Sensor Networks Based on Behaviour Analysis”.
This paper presents a method for detecting attacks against
WSNs by analyzing their behavior. Their approach focuses

on identifying patterns and anomalies in network behavior
to identify potential attacks. By leveraging behavior
analysis techniques, their method offers a promising
approach to detecting attacks in WSN.

Yao [11] proposed a multi-agent method that uses
a Bernaola Galvan Segmentation Algorithm (BGSA)
algorithm to reduce the effect of external jamming attacks.
Gezici et al. [12] proposed an optimum jammer placement
problem to detect the presence of jammer nodes, using
timing, and location information. Sun et al. [13] proposed
a multi-data flow topology scheme for mobile jamming
attacks, which effectively prevents jamming in the network
using routing information in the secret path. Muraleedharan
and Osadciw [14] proposed a defensive method that
mitigates jamming attacks using receiver operating
characteristics. However, their method increases energy
and computational costs. Strasser et al. [15] proposed a
reactive technique for detecting jamming attacks using
different approaches, but their proposed method works
best with more than one detection technique. Sasikala and
Rengarajan [16] proposed using an artificial bee colony to
detect jamming attacks on wireless networks. Their work
uses different performance metrics, such as packet loss
rate, energy, and Received Signal Strength, to provide an
efficient anti-jamming technique. Existing works in the
field of DDoS attack detection and mitigation for securing
communication in IoT networks have made significant
contributions to enhancing the security of IoT devices.
These works have focused on developing techniques and
protocols to identify and prevent various types of attacks,
such as jamming attacks, replay attacks, and other forms of
DDosS attacks. Table 1 summarizes the details of the main
parameters used in the existing works with their advantages
and disadvantages.

From Table 1, we observed that the contributions of
existing works have significantly advanced the field of
DDoS attack detection and mitigation in IoT networks.
These works have improved the security, reliability, and
performance of [oT devices, paving the way for the secure
deployment and utilization of IoT technologies in various
domains. Therefore, all the related works discussed in the
literature section perform well in detecting and preventing
jamming attacks. However, most of these proposed schemes
work well in combination with other detection schemes, and
this may result in more overhead on resource-constrained
devices in IoT. In the evaluation of our proposed work, it
is observed that our scheme efficiently detects and prevents
jamming attacks, improving the network performance in
terms of energy, delay, computational cost, and the variable
number of malicious nodes.

The proposed protocol

The proposed solution presents a trust-based security
protocol that can detect and isolate DDoS attacks effectively
while aiming to achieve strong security at a reduced time
and cost. The computational process used in the solution
is based on a few parameters to improve efficiency. Since
the network layer is a critical component of the network
responsible for addressing and packet delivery, attackers
often target this layer to redirect packets to their desired

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

713



An enhanced AES-GCM based security protocol for securing the loT communication

Table 1. Summary of related works

Related Work

Main Parameters

Advantages

Disadvantages

Verma et al. [7]

Timing information, signal
strength

Effective detection of jamming
attacks

Works best in combination with
other countermeasures

Fadele et al. [8]

Signal strength, location
information

Reactive jamming attack detection

Increased computational cost and
energy consumption

Jia et al. [9]

Stakelberg game approach

Anti-jamming solution

Increased energy and
implementation costs

Korzhuk et al. [10]

Behavior analysis

Effective technique for identifying
attacks based on machine learning
algorithms, Study of the dependence
of accuracy on confidence level and
a priori probability of the normal
state

Reliance on a complex machine
learning algorithm (Random

Forest) may require significant
computational resources and training
data, potentially limiting its practical
deployment in resource-constrained
IoT devices or networks.

Yao [11]

BGSA algorithm

Reduction of external jamming
attacks

Not suitable for all types of jamming
scenarios

Gezici et al. [12]

Timing, location information

Optimum jammer placement
detection

Limited to specific scenarios and
network conditions

Sun et al. [13]

Multi-data flow topology

Effective prevention of mobile
jamming attacks

Increased complexity and
configuration overhead

Muraleedharan and
Osadciw [14]

Receiver operating
characteristics

Mitigation of jamming attacks

Higher energy and computational
costs

Strasser et al. [15]

Reactive jamming detection

Wide range of detection approaches

Works best with multiple detection
techniques

Sasikala and

Artificial bee colony

Efficient anti-jamming technique

Performance impact on resource-

Rengarajan [16] algorithm

constrained devices

destination. The proposed solution addresses this issue with
a trust-based detection protocol designed to protect IoT
devices from various types of DDoS attacks.

Overview of the proposed protocol

The proposed protocol aims to authenticate devices
before allowing them to exchange data with other devices
in the network as in Fig. 2.

In Fig. 2, the variables ID;, ID, are identifier of the
device, Rights;, Rights, are the access rights of the devices,
Ey refers to encryption key,  refers to random number and
H refers to Hash function. The proposed solution introduces
a trust-based security protocol designed to effectively detect
and isolate DDoS attacks while striving for strong security
with reduced time and cost. For better understanding of
the Fig. 2, the work is divided into following logical parts:
— The proposed protocol aims to authenticate devices

before allowing them to exchange data with other

devices in the network. It achieves this by generating

a trusted value that serves as a ticket for device

communication. The trust value is calculated based on

the device ID, a random key, and the access rights. The
protocol consists of two phases. In the first phase, the
trust value is calculated using the device ID, random
number, and access rights. The second phase involves
applying an AES GCM-based encryption technique
to encrypt the trusted metrics. The random number
generated in the process helps protect the network from
forgery.

— Once the trust value is established, it is hashed and
encrypted with a public key. The proposed protocol

also introduces the concept of trustworthiness score 7},
which is calculated based on the number of successful
and failed interactions of a node i with other nodes.
A successful interaction increases the trustworthiness
score, while a failed interaction decreases it. Direct
trust DT}; is the trustworthiness score of node j as
perceived by node i based on their direct interactions.
Indirect trust /7}; is the trustworthiness score of node ;
as perceived by node i based on the recommendations
of other nodes in the network. A successful interaction
increases the trustworthiness score, while a failed
interaction decreases it. The trustworthiness score can
be calculated as follows:

where S; is the number of successful interactions of

node i, and F; is the number of failed interactions.

Direct trust DT};: It is the trustworthiness score of node
as perceived by node i based on their direct interactions.
The direct trust can be calculated using the following
equation:

Indirect trust /7 It is the trustworthiness score of node
J as perceived by node i based on the recommendations
of other nodes in the network. The indirect trust can be
calculated using the following equation:
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Fig. 2. The Proposed Protocol Architecture

IT; = (1 - w)T; + w(SUM(T}Ry))/ SUM(RK)),

where w is a weighting factor that determines the
importance of the recommendations, Ry; is the
recommendation of node k& for node j, and the SUM is taken
over all nodes & that have recommended node ;.

The above equation helps to find a malicious node by
calculating its Trusted Value (TV). The TV is based on
several metrics, such as packet forwarding ratio, residual
energy, and hop count. If a node TV falls below a certain
threshold, it is considered untrusted, and its packets are
not forwarded in the network. When a node TV falls below
the threshold, it is moved to the “suspicious” state. In this
state, the node is monitored to see if it continues to behave
maliciously. If the node behavior improves and its TV
rises above the threshold, it is moved back to the “normal”
state. However, if the node behavior remains suspicious or
worsens, it is moved to the “attack” state and is removed
from the network.

The presented work proposes a trust-based protocol
for device authentication in IoT networks. The protocol
generates a trust value based on device ID, access rights,
and a random key, which is used as a ticket for device
communication. The protocol contains two phases: trust
value calculation and AES GCM-based encryption.
The encryption method involved in the protocol ensures
authentication and confidentiality of the ticket, and both
devices are mutually authenticated before communication.
The paper analyzes the various types of attacks possible
in each layer of [oT communication and identifies DDoS
attacks as the most catastrophic. UML activity modeling is
used to understand the behavior of each attack and propose

a solution. Replay attack is identified as the most damaging
DDoS attack as it minimizes throughput and maximizes
delay, leading to increased energy consumption. The
attack is executed using a vulnerable node which becomes
a jammer node if successful. The jammer node senses
the channel for availability and sends data continuously
to jam the network, making detection challenging and
leading to performance degradation. While many security
solutions have been proposed, they are not efficient for the
IoT environment, reducing network performance in terms
of energy, delay, and computational cost. The proposed
protocol addresses these issues by reducing computational
cost, energy consumption, and delay. To combat the various
types of DDoS attacks, different countermeasures have
been proposed in the literature. Some of the commonly
used countermeasures include filtering, rate-limiting, and
packet-marking techniques. However, these techniques
have certain limitations, such as high overhead, complexity,
and reduced network performance. In recent years, trust-
based security protocols have gained popularity as a
promising approach for protecting IoT devices from DDoS
attacks. These protocols ensure mutual authentication of
devices before allowing data transmission between them.
By establishing a trust value for each device based on
factors, such as device ID, random key, and access rights,
the protocol ensures that only trusted devices can access
the network. The proposed trust-based protocol discussed
earlier uses AES _GCM-based encryption technique
to protect the trust value from attackers. This protocol
provides both authentication and confidentiality, making it
an efficient solution for securing IoT networks. In addition
to trust-based security protocols, UML modeling has also
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been used to analyze the different variations of DDoS
attacks and develop new solutions to prevent them. By
identifying the behavior of different attacks, researchers
have been able to propose more effective countermeasures
to protect IoT networks. One of the most catastrophic
attacks in IoT communication is the DDoS attack [17]
which can bring the entire network down. Replay attack,
which minimizes throughput and maximizes time delay by
rapidly increasing energy consumption, is considered the
most important attack among all the variations of DDoS
attacks [18, 19]. This attack can severely damage the
performance of the network and should be prevented at
all costs. To detect replay attacks, various techniques, such
as watchdog timers, sequence numbers, and hash chains
have been proposed. However, these techniques have
limitations, such as high overhead and complexity. In recent
years, machine learning techniques, such as clustering and
decision trees, have also been explored for detecting and
preventing DDoS attacks in IoT networks [20]. Overall,
protecting IoT networks from DDoS attacks requires a
multi-faceted approach that involves using efficient security
protocols, analyzing attack behavior, and implementing
effective countermeasures. By adopting these approaches,
we can ensure the security and reliability of IoT networks
while minimizing the cost and energy consumption.

Results discussion

The proposed work was implemented and evaluated
through simulations in a real-time scenario. The
performance of the system was analyzed in terms of energy
consumption, delay, and throughput across different time
intervals. The simulations were conducted in two sets; the
first set evaluated the system performance under varying
traffic intervals, while the second set considered the
presence of malicious nodes in the network. To analyze
the system performance under different traffic conditions,
intervals ranging from 1 s to 10 s were used, where 1 s
was considered as fast and 10 s as slow. The simulation
parameters used in the evaluation are presented in Table 2.

Fig. 3, a, b, ¢ depict the results obtained from the
proposed TBC approach, which measures energy, delay,
and throughput based on traffic intervals ranging from 1 s

—_
(=]

Average Energy, J

1 3 5 7 9
Time interval, s

- TBC —— EDDK - HMAC

Table 2. Simulation parameters

Parameter Value
Network Area 1000 m % 1000 m
Number of nodes 100
Radio Range, m 250
Transmission Range, m 100
Bandwidth, Mbps 2
MAC Protocol IEEE 802.11
Routing Protocol AODV
Traffic Type CBR (Constant Bit Rate)
Packet Size, B 512
Simulation Time, s 100
Mobility Model Random Waypoint
Pause Time, s 30
Traffic Intervals Istol0s
Attacker Nodes 2 t0 20
Performance Metrics Energy, Delay, and Throughput

to 10 s. The outcomes clearly demonstrate that Threshold
Based Countermeasure (TBC) outperforms energy Efficient
Distributed Deterministic Key (EDDK) and Hash-based
Message Authentication Code (HMAC) in terms of energy
consumption during DDoS attacks. This is due to the
fact that TBC identifies and eliminates malicious nodes,
thereby saving energy that could otherwise be wasted by
those nodes. Additionally, TBC yields the lowest delay, as
it effectively detects and isolates attacks, enabling other
nodes to continue their operations without any unnecessary
delays. A single node execution of an attack can result in its
spread to multiple nodes in the network causing other nodes
to wait longer to access the channel. After implementing
TBC, the waiting time for nodes in the network is reduced,
resulting in an increase in throughput under non-attack
conditions.

Fig. 3, d, e depict the results of simulations conducted
to evaluate the performance of the proposed solution
under realistic conditions with respect to energy and
delay considerations. The simulation was conducted by

Average Delay, ms

Time interval, s

—o— TBC —— EDDK —o- HMAC

Fig. 3. Performance analysis of the proposed work. Energy Comparative Analyzes: power consumption (@), average delay (b) and
throughput (¢) of EDDK, HMAC and TBC. Average power consumption by malicious nodes (d), analysis of average latency by
malicious nodes (e)
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Fig. 3. Performance analysis of the proposed work. Energy Comparative Analyzes: power consumption (a), average delay (b) and
throughput (c¢) of EDDK, HMAC and TBC. Average power consumption by malicious nodes (d), analysis of average latency by
malicious nodes (e)

introducing varying numbers of malicious nodes in the
network while keeping the total number of nodes constant
at 100. The number of attacker nodes ranged from 2 to
20. The improved performance of the proposed solution
can be attributed to its ability to effectively detect and
remove attacks from the network through its unique
features including cross-layer capabilities, reduced false
detections, and node cooperation. It was observed that
introducing a trade-off between the severity of the attack
and its detectability reduces the performance of the optimal
strategy, and the performance of the considered optimal
model deteriorates as the number of attacks in the network
increases. Moreover, the proposed algorithm increases
energy consumption only under node mobility conditions.
The performance of the work is evaluated in NS-2 which
is a widely used discrete event network simulator that
allows researchers to simulate and evaluate various network
protocols and algorithms. In the context of the proposed
work, NS-2 was used to simulate a WSN and evaluate the
performance of the proposed TBC algorithm in terms of
energy, delay, and throughput under various traffic intervals
and different numbers of malicious nodes. The network
topology, traffic patterns, and simulation parameters
are defined using the NS-2 script. They then ran the
simulation to collect performance metrics, such as energy
consumption, delay, and throughput, which were used to
evaluate the effectiveness of the proposed TBC algorithm.
The simulation was conducted in two sets. In the first set,
the researchers evaluated the performance of the proposed

TBC algorithm under various traffic intervals ranging from
I s to 10 s. The simulation parameters were specified in
a table, and the results were plotted in Fig. 3, a, b, ¢. In
the second set, the researchers evaluated the performance
of the proposed TBC algorithm by varying the number
of malicious nodes in the network. The simulation was
conducted with 100 nodes, and the number of attacker
nodes added in the network ranged from 2 to 20. The
simulation results were plotted in Fig. 3, d, e. Overall,
NS-2 was used to simulate and evaluate the performance of
the proposed TBC algorithm in a controlled environment,
which allowed the researchers to analyze the effectiveness
of the algorithm under different scenarios and conditions.

Conclusion

The proposed work introduces a trusted-based protocol
to tackle DDoS attacks in the network. The protocol
mandates that each node should possess a trusted value
before accessing any device in the network. Only trusted
nodes are allowed to participate in the communication
process. Nodes can be in one of three states: normal,
suspicious, or attack. Suspicious and attack states are used
to identify potential attacks. If any node is confirmed as
an attacker based on trusted metrics, it is immediately
removed from the network. The multi-hop path analysis
process, which is initiated once a suspicious node is
confirmed, is a key feature of the proposed work. The
evaluation results demonstrate that the proposed work
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outperforms existing methods in terms of energy, delay,
and throughput. The proposed protocol has shown a
reduction in energy consumption by approximately 15 %
compared to existing solutions. The work also revealed
a decrease in average delay by approximately 20 % and
the increased throughput of 10 % when employing the
proposed protocol. By promptly identifying and isolating

11.

13.

15.

References

Rao N.S.V,, Poole S.W., Ma C.Y.T., He F., Zhuang J., Yau D.K.Y.
Defense of cyber infrastructures against cyber-physical attacks using
game-theoretic models. Risk Analysis, 2016, vol. 35, no. 4, pp. 602—
616. https://doi.org/10.1111/risa.12362

Wang J., Yang G., Sun Y., Chen S. Defending against Sybil attacks
based on received signal strength in wireless sensor networks.
Chinese Journal of Electronics, 2008, vol. 17, no. 4, pp. 611-614.
Khan G.A., Anandharaj G. A Cognitive energy efficient and trusted
routing model for the security of wireless sensor networks: CEMT.
Wireless Personal Communications, 2021, vol. 119, no. 4, pp. 3149—
3159. https://doi.org/10.1007/s11277-021-08391-6

Meena U., Sharma A. Secure key agreement with rekeying using
FLSO routing protocol in wireless sensor network. Wireless Personal
Communications, 2018, vol. 101, no. 2, pp. 1177-1199. https://doi.
org/10.1007/s11277-018-5755-9

Renold A.P., Ganesh A.B. Energy efficient secure data collection with
path-constrained mobile sink in duty-cycled unattended wireless
sensor network. Pervasive and Mobile Computing, 2019, vol. 55,
pp. 1-12. https://doi.org/10.1016/j.pmcj.2019.02.002

Vasudeva A., Sood M. Survey on sybil attack defense mechanisms in
wireless ad hoc networks. Journal of Network and Computer
Applications, 2018, vol. 120, pp. 78—118. https://doi.org/10.1016/].
jnca.2018.07.006

Verma R., Darak S.J., Tikkiwal V., Joshi H., Kumar R.
Countermeasures against jamming attack in sensor networks with
timing and power constraints. Proc. of the 11 International
Conference on Communication Systems & Networks (COMSNETS),
2019, pp. 485-488. https://doi.org/10.1109/comsnets.2019.8711437
Fadele A.A., Othman M., Hashem [.A.T., Yaqoob I., Imran M.,
Shoaib M. A novel countermeasure technique for reactive jamming
attack in internet of things. Multimedia Tools and Applications, 2019,
vol. 78, no. 21, pp. 29899-29920. https://doi.org/10.1007/s11042-
018-6684-z

Jia L., XuY,, Sun Y., Feng S., Anpalagan A. Stackelberg game
approaches for anti-jamming defence in wireless networks. /EEE
Wireless Communications, 2018, vol. 25, no. 6, pp. 120-128. https://
doi.org/10.1109/mwc.2017.1700363

. Korzhuk V., Groznykh A., Menshikov A., Strecker M. Identification

of attacks against wireless sensor networks based on behaviour
analysis. Journal of Wireless Mobile Networks, Ubiquitous
Computing, and Dependable Applications (JoWUA), 2019, vol. 10,
no. 2, pp. 1-21. https://doi.org/10.22667/JOWUA.2019.06.30.001
Yao Y., Xiao B., Wu G., Liu X., Yu Z., Zhang K., Zhou X. Multi-
channel based sybil attack detection in vehicular ad hoc networks
using RSSI. I[EEE Transactions on Mobile Computing, 2019, vol. 18,
no. 2, pp. 362-375. https://doi.org/10.1109/tmc.2018.2833849

. Gezici S., Bayram S., Kurt M.N., Gholami M.R. Optimal jammer

placement in wireless localization systems. /[EEE Transactions on
Signal Processing, 2016, vol. 64, no. 17, pp. 4534-4549. https://doi.
org/10.1109/tsp.2016.2552503

Sun H., Chen C., Hsu S. Mobile jamming attack and its
countermeasure in wireless sensor networks. Proc. of the 215
International Conference on Advanced Information Networking and
Applications Workshops (AINAW'07), 2017, pp. 457-462. https://doi.
org/10.1109/ainaw.2007.255

. Muraleedharan R., Osadciw L.A. Jamming attack detection and

countermeasures in wireless sensor network using ant system.
Proceedings of SPIE, 2006, vol. 6248, pp. 62480G. https://doi.
org/10.1117/12.666330

Strasser M., Danev B., Capkun S. Detection of reactive jamming in
sensor networks. ACM Transactions on Sensor Networks, 2010,
vol. 7, no. 2, pp. 1-29. https://doi.org/10.1145/1824766.1824772

DDoS attacks, unnecessary delays in packet delivery are
minimized enabling smoother communication among nodes
in the network. As future work, we aim to investigate our
approach effectiveness against different types of jamming
attacks. This would help to expand the scope of the research
and demonstrate the protocol potential in a wider range of
scenarios.

Jlureparypa

Rao N.S.V,, Poole S.W., Ma C.Y.T., He F., Zhuang J., Yau D.K.Y.
Defense of cyber infrastructures against cyber-physical attacks using
game-theoretic models // Risk Analysis. 2016. V. 35. N 4. P. 602-616.
https://doi.org/10.1111/risa.12362

Wang J., Yang G., Sun Y., Chen S. Defending against Sybil attacks
based on received signal strength in wireless sensor networks //
Chinese Journal of Electronics. 2008. V. 17. N 4. P. 611-614.

Khan G.A., Anandharaj G. A Cognitive energy efficient and trusted
routing model for the security of wireless sensor networks: CEMT //
Wireless Personal Communications. 2021. V. 119. N 4. P. 3149-3159.
https://doi.org/10.1007/s11277-021-08391-6

Meena U., Sharma A. Secure key agreement with rekeying using
FLSO routing protocol in wireless sensor network // Wireless Personal
Communications. 2018. V. 101. N 2. P. 1177-1199. https://doi.
org/10.1007/s11277-018-5755-9

Renold A.P., Ganesh A.B. Energy efficient secure data collection with
path-constrained mobile sink in duty-cycled unattended wireless
sensor network // Pervasive and Mobile Computing. 2019. V. 55.
P. 1-12. https://doi.org/10.1016/j.pmcj.2019.02.002

Vasudeva A., Sood M. Survey on sybil attack defense mechanisms in
wireless ad hoc networks // Journal of Network and Computer
Applications. 2018. V. 120. P. 78—118. https://doi.org/10.1016/j.
jnca.2018.07.006

Verma R., Darak S.J., Tikkiwal V., Joshi H., Kumar R.
Countermeasures against jamming attack in sensor networks with
timing and power constraints // Proc. of the 11th International
Conference on Communication Systems & Networks (COMSNETS).
2019. P. 485-488. https://doi.org/10.1109/comsnets.2019.8711437
Fadele A.A., Othman M., Hashem [.A.T., Yaqoob I., Imran M.,
Shoaib M. A novel countermeasure technique for reactive jamming
attack in internet of things / Multimedia Tools and Applications.
2019. V. 78. N 21. P. 29899-29920. https://doi.org/10.1007/s11042-
018-6684-z

Jia L., XuY., Sun Y., Feng S., Anpalagan A. Stackelberg game
approaches for anti-jamming defence in wireless networks // IEEE
Wireless Communications. 2018. V. 25. N 6. P. 120-128. https://doi.
org/10.1109/mwc.2017.1700363

. Korzhuk V., Groznykh A., Menshikov A., Strecker M. Identification

of attacks against wireless sensor networks based on behaviour
analysis // Journal of Wireless Mobile Networks, Ubiquitous
Computing, and Dependable Applications (JoWUA). 2019. V. 10.
N 2. P. 1-21. https://doi.org/10.22667/JOWUA.2019.06.30.001

. Yao Y., Xiao B., Wu G., Liu X., Yu Z., Zhang K., Zhou X. Multi-

channel based sybil attack detection in vehicular ad hoc networks
using RSSI // IEEE Transactions on Mobile Computing. 2019. V. 18.
N 2. P. 362-375. https://doi.org/10.1109/tmc.2018.2833849

. Gezici S., Bayram S., Kurt M.N., Gholami M.R. Optimal jammer

placement in wireless localization systems // IEEE Transactions on
Signal Processing. 2016. V. 64. N 17. P. 4534-4549. https://doi.
org/10.1109/tsp.2016.2552503

. Sun H., Chen C., Hsu S. Mobile jamming attack and its

countermeasure in wireless sensor networks // Proc. of the 21st
International Conference on Advanced Information Networking and
Applications Workshops (AINAW’07). 2017. P. 457-462. https://doi.
org/10.1109/ainaw.2007.255

. Muraleedharan R., Osadciw L.A. Jamming attack detection and

countermeasures in wireless sensor network using ant system //
Proceedings of SPIE. 2006. V. 6248. P. 62480G. https://doi.
org/10.1117/12.666330

. Strasser M., Danev B., Capkun S. Detection of reactive jamming in

sensor networks // ACM Transactions on Sensor Networks. 2010.
V. 7.N 2. P. 1-29. https://doi.org/10.1145/1824766.1824772

718

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://doi.org/10.1111/risa.12362
https://doi.org/10.1007/s11277-021-08391-6
https://doi.org/10.1007/s11277-018-5755-9
https://doi.org/10.1007/s11277-018-5755-9
https://doi.org/10.1016/j.pmcj.2019.02.002
https://doi.org/10.1016/j.jnca.2018.07.006
https://doi.org/10.1016/j.jnca.2018.07.006
https://doi.org/10.1109/comsnets.2019.8711437
https://doi.org/10.1007/s11042-018-6684-z
https://doi.org/10.1007/s11042-018-6684-z
https://doi.org/10.1109/mwc.2017.1700363
https://doi.org/10.1109/mwc.2017.1700363
https://doi.org/10.22667/JOWUA.2019.06.30.001
https://doi.org/10.1109/tmc.2018.2833849
https://doi.org/10.1109/tsp.2016.2552503
https://doi.org/10.1109/tsp.2016.2552503
https://doi.org/10.1109/ainaw.2007.255
https://doi.org/10.1109/ainaw.2007.255
https://doi.org/10.1117/12.666330
https://doi.org/10.1117/12.666330
https://doi.org/10.1145/1824766.1824772
https://doi.org/10.1111/risa.12362
https://doi.org/10.1007/s11277-021-08391-6
https://doi.org/10.1007/s11277-018-5755-9
https://doi.org/10.1007/s11277-018-5755-9
https://doi.org/10.1016/j.pmcj.2019.02.002
https://doi.org/10.1016/j.jnca.2018.07.006
https://doi.org/10.1016/j.jnca.2018.07.006
https://doi.org/10.1109/comsnets.2019.8711437
https://doi.org/10.1007/s11042-018-6684-z
https://doi.org/10.1007/s11042-018-6684-z
https://doi.org/10.1109/mwc.2017.1700363
https://doi.org/10.1109/mwc.2017.1700363
https://doi.org/10.22667/JOWUA.2019.06.30.001
https://doi.org/10.1109/tmc.2018.2833849
https://doi.org/10.1109/tsp.2016.2552503
https://doi.org/10.1109/tsp.2016.2552503
https://doi.org/10.1109/ainaw.2007.255
https://doi.org/10.1109/ainaw.2007.255
https://doi.org/10.1117/12.666330
https://doi.org/10.1117/12.666330
https://doi.org/10.1145/1824766.1824772

A.B. Feroz Khan, S. Kalpana Devi, K. Rama Devi

16. Sasikala E., Rengarajan N. An intelligent technique to detect jamming

attack in wireless sensor networks (WSNs). International Journal of

Fuzzy Systems, 2015, vol. 17, no. 1, pp. 76-83. https://doi.
org/10.1007/s40815-015-0009-4

17. Alaba F.A., Awodele O., Afolabi I. Security challenges in internet of
things (IoT) enabled healthcare systems. Proc. of the 2017
International Conference on Computing Networking and Informatics.
IEEE, 2017, pp. 1-7.

18. Kumar P.H., AnandhaMala G.S. HMAC-R: Hash-based message
authentication code and Rijndael-based multilevel security model for
data storage in cloud environment. Journal of Supercomputing, 2023,
vol. 79, no. 3, pp. 3181-3209. https://doi.org/10.1007/s11227-022-
04714-x

19. Zhang X., He J., Wei Q. EDDK: Energy-efficient distributed
deterministic key management for wireless sensor networks.
EURASIP Journal on Wireless Communications and Networking,
2011, no. 1, pp. 765143. https://doi.org/10.1155/2011/765143

20. Chaganti R., Bhushan B., Ravi V. A survey on Blockchain solutions
in DDoS attacks mitigation: Techniques, open challenges and future
directions. Computer Communications, 2023, vol. 197, pp. 96-112.
https://doi.org/10.1016/j.comcom.2022.10.026

Authors

A.B. Feroz Khan — PhD, Assistant Professor, Syed Hameedha Arts
and Science College, Kilakarai, Ramanathapuram, 623806, India,
8¢ 57209466258, https://orcid.org/0000-0002-9395-9493, abferozkhan@
gmail.com

S. Kalpana Devi — Assistant Professor, RV University, Bangaluru,
560059, India, s¢ 57211952643, https://orcid.org/0000-0001-7049-3144,
Kalpanasubramaniyan2010@gmail.com

K. Rama Devi — PhD, Associate Professor, Panimalar Engineering
College, Chennai, 600069, India, s¢ 56708714800, https://orcid.org/0000-
0002-6431-8363, ramadevi.sarav@gmail.com

Received 15.11.2022
Approved after reviewing 21.05.2023
Accepted 26.07.2023

N0k

16. Sasikala E., Rengarajan N. An intelligent technique to detect jamming
attack in wireless sensor networks (WSNs) // International Journal of
Fuzzy Systems. 2015. V. 17. N 1. P. 76-83. https://doi.org/10.1007/
s40815-015-0009-4

17. Alaba F.A., Awodele O., Afolabi I. Security challenges in internet of
things (IoT) enabled healthcare systems // Proc. of the 2017
International Conference on Computing Networking and Informatics.
IEEE, 2017. P. 1-7.

18. Kumar P.H., AnandhaMala G.S. HMAC-R: Hash-based message
authentication code and Rijndael-based multilevel security model for
data storage in cloud environment // Journal of Supercomputing.
2023. V. 79.N 3. P. 3181-3209. https://doi.org/10.1007/s11227-022-
04714-x

19. Zhang X., He J., Wei Q. EDDK: Energy-efficient distributed
deterministic key management for wireless sensor networks //
EURASIP Journal on Wireless Communications and Networking.
2011. N 1. P. 765143. https://doi.org/10.1155/2011/765143

20. Chaganti R., Bhushan B., Ravi V. A survey on Blockchain solutions
in DDoS attacks mitigation: Techniques, open challenges and future
directions // Computer Communications. 2023. V. 197. P. 96—112.
https://doi.org/10.1016/j.comcom.2022.10.026

ABTOpBI

®epo3 Xan A.B. — PhD, nouenr, Komtemk uckycers u Hayku Caiiena
Xamuaxu, Pamanarxanypawm, 623806, Munus, [s¢ 57209466258, https:/
orcid.org/0000-0002-9395-9493, abferozkhan@gmail.com

Kannana /lesun C. — nouent, Yuusepcuter RV, bauranop, 560059,
Wnnus, s 57211952643, https://orcid.org/0000-0001-7049-3144,
Kalpanasubramaniyan2010@gmail.com
Pama JleBu K. — PhD, nouenr, [Tannmanapckuii HHKCHEPHBII KOJUISIK,
Yennan, 600069, Munus, sc 56708714800, https://orcid.org/0000-0002-
6431-8363, ramadevi.sarav@gmail.com

Cmamusi nocmynuna 6 peoakyuro 15.11.2022
0o0obpena nocne peyensuposanus 21.05.2023
Ipunama x newamu 26.07.2023

Pa6oTa foCcTynHa Mo NMLEH3UN
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

719


https://doi.org/10.1007/s40815-015-0009-4
https://doi.org/10.1007/s40815-015-0009-4
https://doi.org/10.1007/s11227-022-04714-x
https://doi.org/10.1007/s11227-022-04714-x
https://doi.org/10.1155/2011/765143
https://doi.org/10.1016/j.comcom.2022.10.026
https://orcid.org/0000-0002-9395-9493
mailto:abferozkhan@gmail.com
mailto:abferozkhan@gmail.com
https://orcid.org/0000-0001-7049-3144
mailto:Kalpanasubramaniyan2010@gmail.com
https://orcid.org/0000-0002-6431-8363
https://orcid.org/0000-0002-6431-8363
mailto:ramadevi.sarav@gmail.com
https://doi.org/10.1007/s40815-015-0009-4
https://doi.org/10.1007/s40815-015-0009-4
https://doi.org/10.1007/s11227-022-04714-x
https://doi.org/10.1007/s11227-022-04714-x
https://doi.org/10.1155/2011/765143
https://doi.org/10.1016/j.comcom.2022.10.026
https://orcid.org/0000-0002-9395-9493
https://orcid.org/0000-0002-9395-9493
mailto:abferozkhan@gmail.com
https://orcid.org/0000-0001-7049-3144
mailto:Kalpanasubramaniyan2010@gmail.com
https://orcid.org/0000-0002-6431-8363
https://orcid.org/0000-0002-6431-8363
mailto:ramadevi.sarav@gmail.com

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° vionb-asryct 2023 Tom 23 N2 4 http://ntv.ifmo.ru/ HAYYHO-TEXHMUMECKWM BECTHMK
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“““"""' MEXAH“K“ “ “'"“K“
July-August 2023 Vol. 23 No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2023-23-4-720-733
VIIK 004.056

ATaKu Ha OCHOBE BPEJOHOCHBIX BO3MYILIIEHHI HA CHCTEMBbI
00padoTKM N300paKeHN U MeTOAbI 3alIIUTHI OT HUX

Jmutpuii Auapeesnd Ecunos!™, Aoayaxamun SIxbsesuu Byqaen2, Akblkan Kepumoaiid,
SIua Bnagucinasosua Iysukosa4, Cemen Kupuiuiosuu Caiirymaposs,
Huxura Cepreesnu Cyiumenko®, Wiabs FOpbsesnu [onos’, Hukoaaii Cepreesnu Kapmanosckmiid

1.23,4.5,6,7.8 Yaupepcurer UTMO, Canxr-TletepOypr, 197101, Poccniickas ®enepannst

! somelelse.d. ma@gmail.com™, https://orcid.org/0000-0003-4467-5117
2 abdulhamid0055@yandex.ru, https://orcid.org/0009-0001-1058-9125

3 akerimbai@itmo.ru, https://orcid.org/0009-0009-9945-9906

4 Yanapuzikoval 9@ya.ru, https://orcid.org/0009-0007-7604-3022

5 semen.say@ya.ru, https://orcid.org/0009-0008-0774-9803

6 n.s.sulimenko@mail.ru, https://orcid.org/0009-0007-3218-9249

7 ilyapopov27@gmail.com, https://orcid.org/0000-0002-6407-7934

8 karmanov50@mail.ru, https://orcid.org/0000-0002-0533-9893

AHHOTAIUA

CucTteMsl, peanu3yoine TEXHOIOMMH HCKYCCTBEHHOTO MHTEIUIEKTa, HOIYYMIIH IHPOKOe paciipocTpaHeHne Griaroiapst
1X 3((HEeKTUBHOCTH B PEIIEHUH MPHUKIAIHBIX 3a1a4, BKIIOYass KOMIbIOTepHOE 3peHne. OOpaboTka n300paeH
TIOCPEICTBOM HEHPOHHBIX CeTeil MPUMEHAETCS] B KPUTHYECKN BayKHBIX AT 0€30ITacHOCTH cucTeMax. B To ke Bpems
HCHOTh30BAHNE HCKYCCTBEHHOTO MHTEIEKTA COMPSIKEHO C XapaKTePHBIMH YyIPO3aMH, K KOTOPBIM OTHOCHUTCS U
HapymieHHe paboThl Mojenell MamHHOro 00ydeHust. DeHoMeH MPOBOKAIIMY HEKOPPEKTHOTO OTKIIMKA HEHPOHHOU
CEeTH MOCPE/ICTBOM BHECEHHSI BU3yaJIbHO HE3aMETHBIX YeJIOBEKY MCKa)KCeHUH BIIEPBBIC OIMICAH ¥ IPHUBJIEK BHUMAHHE
nccienosareneit B 2013 roxy. Merozs! atak Ha HEHPOHHBIE CETH Ha OCHOBE BPEJIOHOCHBIX BO3MYILEHUH HEMIPEPHIBHO
COBEPLICHCTBOBAINCE, OBIIH MPEUIOKEHBI CIIOCOOBI HAapYIIEHHsT padOThl HEHPOHHBIX CeTel MU 00pabOTKe Pa3ITMUHBIX
THIIOB JAHHBIX W 3a1a4 ]_leJ'[eBOﬁ MOJCIIN. prOSbI HapyulIeHUsA (byHKLLI/IOHI/IPOBaHl/Iﬂ Hei’IpOHHbIX ceTelt MOCPEaACTBOM
yKa3aHHBIX aTaK CTajia 3HaYMMOH MPoONeMoii ISl CHCTEM, PEealn3yIONMX TEXHOIOTHH UCKYCCTBEHHOTO MHTEIIEKTa.
Takum 00pa3om, Hccaen0BaHus B 001aCTH MPOTHBOASHCTBUS aTakaM Ha OCHOBE BPEJOHOCHBIX BO3MYIIIEHHH SBIISIOTCS
BECHbMa aKTyallbHBIMH. B TaHHOM CTaThe MpeICTaBIeHO ONMHCAHNe aKTyalIbHBIX aTaK, IPUBEICH 0030p 1 CPaBHUTETHHBIH
aHaIM3 TAKUX aTak Ha CHCTEMBI 00pabOTKM M300pa’keHUH ¢ MCIOIb30BAaHUEM HCKYCCTBEHHOTO MHTEIUICKTA.
CdopMynpoBaHEI TOAXOIB! K KJIACCH(HUKAIIMU aTak Ha OCHOBE BPEOHOCHBIX BO3MYIIEHHN. PaccMOTpeHBI METOIb
3aIIMUTHl OT MOAOOHBIX aTaK, BBISBICHBI UX HEJOCTATKHU. [loKa3aHbl OrpaHHYeHNs] IPUMEHSIEMBIX METO/IOB 3aIUTEL,
cHmxaromue 3p(eKTHBHOCTh MPOTUBOCICTBYS atakaM. [IpeaoKeHbl TOIX0/b! IO 0OHAPYKEHUIO U YCTPAHEHUIO
BPEAOHOCHBIX BOSMyLU,eHl/Il\/'I.

KiroueBblie ciioBa

UCKYCCTBEHHBIH MHTEIUICKT, HCKYCCTBEHHAs! HEHpOHHAs ceTh, 00paboTKa N300pakeHMH, COoCTsA3aTe/IbHas aTaka,
BCTpanBaHHe 09KJI0pa, BPEAOHOCHOE BO3MYIIEHHE, COCTA3ATENbHOE 00yUueHHe, 3allUTHAs JUCTUILIAIMS, CoKaTHe
apaMeTpoB, CepTUPHUKALUOHHAS 3aIIUTa, TPe1oOpadoTKa JaHHBIX
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Abstract

Systems implementing artificial intelligence technologies have become widespread due to their effectiveness in solving
various applied tasks including computer vision. Image processing through neural networks is also used in security-
critical systems. At the same time, the use of artificial intelligence is associated with characteristic threats including
disruption of machine learning models. The phenomenon of triggering an incorrect neural network response by
introducing perturbations that are visually imperceptible to a person was first described and attracted the attention of
researchers in 2013. Methods of attacks on neural networks based on malicious perturbations have been continuously
improved, ways of disrupting the operation of neural networks in processing various types of data and tasks of the
target model have been proposed. The threat of disrupting the functioning of neural networks through these attacks has
become a significant problem for systems implementing artificial intelligence technologies. Thus, research in the field
of countering attacks based on malicious perturbations is very relevant. This article describes current attacks, provides
an overview and comparative analysis of such attacks on image processing systems based on artificial intelligence.
Approaches to the classification of attacks based on malicious perturbations are formulated. Defense methods against
such attacks are considered, their shortcomings are revealed. The limitations of the applied defense methods that reduce
the effectiveness of counteraction to attacks are shown. Approaches and practical measures to detect and eliminate
harmful disturbances are proposed.
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BBenenue

CucreMsl, pean3yIonne TEXHOIOTHHA HCKYCCTBEHHOTO
MHTEIUIEKTA, MOy UMM IIUPOKOE PACIIPOCTPAHEHHUE 3a CUET
3HAYUTENLHON PPEKTUBHOCTH 110 CPABHEHUIO C IPYTHMHU
METO/IaMH TIPU PELICHHNH MHOXKECTBA TIPUKIIA/HBIX 3a/1a4, B
TOM YHcIie B 00paboTKe eCTeCTBEHHOTO sA3bIKa [ 1], pacmos-
HaBaHMH peud [2], OMOMEeTpHUYECKOi ayTeHTHhUKAnnH [3—
5], menunuHCKON qUarHOCTHKE [6, 7], BUAcoHAOMIOnEHUN
[8], 6ecnimiorHOM TpaHcmopte [9—11] u ap. YkasaHHbIe
CHCTEMbI HEPEJIKO UCIIONB3YIOTCS st 00pabOTKH H300pa-
JKEHUH B KPUTHYECKOI MHPOPMAITMOHHOH MH(PACTPYKTY-
pe. ITo nmporxozam komnanun Gartner, KOJIM4ECTBO OECIH-
JIOTHBIX TPAHCIIOPTHBIX CPEJICTB yBEINUNTCS HA 740 ThICSY
€JIMHHUIL [0 BCEMY MUpY!.

B T0 e BpeMs HCIIOJIb30BAHUE CUCTEM, PEaTH3YFOIIHX
TEXHOJIOTUH UCKYCCTBEHHOTO MHTEIUIEKTA, ¥ HEHPOHHBIX

I Rimol M. Gartner Forecasts More Than 740,000
Autonomous-Ready Vehicles to Be Added to Global Market in
2023 [OnekrpoHHslit pecypc]. 2019. Pexxum noctymna: https://
www.gartner.com/en/newsroom/press-releases/2019-11-14-
gartner-forecasts-more-than-740000-autonomous-ready-vehicles-
to-be-added-to-global-market-in-2023, cBoboausIii (1aTa 0bpa-
menust: 21.01.2023).

CeTel CONpsHKEHO C XapaKTepHBIMU yrpo3amu Oe3omac-
HOCTHZ:3, BHAYMTENBHYIO ONACHOCTD TIPEJICTABIIAIOT TAKUE
YTPO3Bl, KaK HapylleHHe (DyHKIIMOHHUPOBAHUS WIIH 00X0[
CPEJICTB, PeaIN3YIOINX TEXHOIOTUU CKYCCTBEHHOTO HH-
TEJUIEKTa, U MO (DUKAIIMK MOJICIN MAIIMHHOTO 00y4YeHUS
P TTOMOIIM UCKaKeHUs JaHHbIX. 3a 2022 rox 30 % ku-
Oeparak ObUTH HAITpaBJICHbI Ha 00XOJ] MJIN KPaKy MOJIeJIeH
HeWpoHHBIX cerei [12]. Takue yrpo3sl MOTYT OBITH peau-
30BaHBI B BUJIE aTaK IIOCPEACTBOM BHECEHHUE BPEIOHOCHBIX
Bo3mymieHu# [13—69]. OT™MeTHM, 9TO aTaku MOTYT OBITh
peanan30BaHbl BHE 3aBHCUMOCTH OT THIIa 00padaThIBAEMbIX
nmaHHbIX [13]. Hanbonpimee pacnpocTpaHeHNe YKa3aHHBIC
aTaky MOTYYWIN ISl CHCTEM 00pabOTKH M300paKeHUH 1
BHU/ICOTIOTOKOB.

CocTsi3aTenbHbIE aTaKH MIPUBOAAT K HEKOPPEKTHOMY
OTKJIMKY HEHPOHHBIX CETEH U, KakK CJIeJCTBHE, HApyIllle-
HUIO pabOTHI CHCTEMBI, PeaTU3YIONIeH TEXHOIOTHH UCKYC-

2 ®CTOK. BaHk JaHHBIX yrpo3 6€30MacHOCTH MH(GOPMAH
[Onexrponnsiii pecype]. Pexxum noctyna: https://bdu.fstec.ru/
threat, cBoGoHbIN (1ata oOpamienus: 03.03.2023).

3 MITRE. Adversarial Threat Landscape for Artificial-
Intelligence Systems (ATLAS) [DnekrponHusiii pecype]. Pexunm
nocrymna: https:/atlas.mitre.org/, cBoboaHbI (1aTa 0OparieHus:
03.03.2023).
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ATaKu Ha OCHOBE BPEOHOCHbIX BO3MYLLIEHWI Ha CUCTEMbI 06paboTKM N306PaKEHNN 1 METOAbI 3aLLUUTbI OT HUX

CTBCHHOTO MHTEJIJICKTA, YTO MOXKET MOBJICYh KPUTHUICCKHUEC
MOCJICICTBYS B 3aBUCUMOCTH OT O0JIACTH MPUMCHCHHUS:
HEKOPPEKTHAs TIOCTAaHOBKA IMATHO3a, UTHOPHPOBAHUE JI0-
POKHBIX 3HAKOB OCCITIIIOTHBIM aBTOMOOMIEM 1 T. 1. Kpome
TOT0, MOAH(UKAIIAS MOJICITH MAIIMHHOTO O0YUCHHS MOJKET
MIPUBOANTH K MAHUITYTHPOBAHUIO €€ OTKIMKAMH, TIPOBO-
oUpys KeJTaeMoe T 3JI0yMBIIUICHHNKA TToBeAeHne [ 14].
B macrosmie#t pabore paccMOTpeHBI aTakid Ha OCHOBE
BPEIOHOCHBIX BO3MYIICHHUH, NX (OPMaIbHOE OMHCAHUE,
II0AXO0AbI K KJ'[aCCI/I(bI/IKaHI/II/I u KOHKpCTHBIe METOIBI aTaKu,
a TAKKE METOIbI 3allIUThHI OT yKa38.HHBIX arak, uxX J10CTOUH-
CTBa U HeZocTaTku. Kpome Toro, mpeyioxKeHbI MOIXO0IbI K
00OHAPYKCHUIO U YCTPAHCHHUIO BPEIIOHOCHBIX MCKAXKCHUM,
BCTPaUBaEMbIX B U300PKCHUS TIPU aTake.

ATaKM Ha 0CHOBE BPeJOHOCHBIX BO3MYILIeHU I

ATaku Ha OCHOBE BPEJOHOCHBIX BO3MYIIICHUN Tpe/-
10JIaral0T BHECEHNE MCKa)XEHHIl BO BXOJHbIE JIaHHBIC,
MIPUBOJISIINX K HAPYIICHHIO ()YHKIIMOHUPOBAHMUSI LIEJICBOM
cucteMbl. HOpMO#i TakiX BO3MYIICHHUIT SIBIISIFOTCSI METPUKH
paccrosiHus [13], xapakTepusyrolue BpeIoHOCHOE BO3MY-
IIEHUE KaK pa3HUIy MEXIY OPUTHMHAIBHBIM U MCKaXKEH-
HBIM M300pakeHUSAMH. JIs1 HUX XapaKTepHbI CIEIyIOIIne
AKCHOMBI:

— HEOTPHUIATEIBHOCTE: ||x|| > 0;

— TOXXIECTBO HEPANMUIUMEBIX: ||x — || =0 < x =y;

— CHUMMETPHYHOCTE: ||x — || = |y — x||;

— HEpaBEHCTBO TPEYTONbHUKA: ||x — V|| + ||y — z|| > [|x — z]|

Ha npakTike akTHBHO HCIIOJIB3YIOTCS CIICAYIOIINE MET-
puxku (puc. 1):

— L (MaHX3TTEHCKOE PACCTOSHUE):

n
el = 2 e,
i=1

IJIe X — BPEJOHOCHOE BO3MYILEHUE; 71 — YHUCIIO TTHK-
CEIIOB; X; — I-I IHKCET,;

c

a b
Il [Ix[]2 [1x[|eo
Xo

Puc. 1. MeTpHKHN pacCTOSHUSA: MAaHXITTEHCKOE PAacCTOsHUE L
(a); eBxiaoBa merpuka L, (b); paccrostaue Yebsimena L., (¢)

Fig. 1. Distance metrics: Manhattan distance L; (a); Euclid
distance L, (b); Chebyshev distance L, (c)

— L, (eBKJINI0BAa METPHKA):

n
Il = leiz;
=

— L., (paccrostane YeOnimena):

[rllo = max;fx,|.

B nomonHeHne K MepedrcIeHHBIM METPUKAM TaKKe
UCIoNb3yeTcest MeTpuka Ly: |[x]|g = [{x[x; #0,i1=1, ..., n}|,
MOKa3bIBAIOIIAS YHCIIO HEHYJIEBBIX 3JIEMEHTOB (B CITy-
yae M300pakeHn — MOAU(GUIHPOBAHHBIX MTHUKCEIIOB).
Yka3aHHast METPHUKaA HE COOTBETCTBYET aKCHOMAaM, IOTOMY
(hopmManIpHO HE ABISAETCS METPUKON PACCTOSTHUS M HOPMOI
BO3MYIIEHUS. L TaK)Ke HA3bIBAIOT IICEBIOHOPMON.

Kaaccudukanuu arak

ATaku Ha OCHOBE BHECEHUS BPEIOHOCHBIX BO3MYIIIE-
HUH Ha MOJIETIM MAIlIMHHOTO OOYYEHHS MOTYT OBITh KITaCCH-
(hUIIIPOBAHEI TIO CIICAYIOMINM MIPU3HAKAM: MIpecieryeMas
11eJTh; TUT 00pabaThIBaeMbIX JAHHBIX; 3a]1aua eJIEBON MO-
JICITN; TUII UCKAYKCHNUS; 3HAHUE aTaKyFOIETO O IIeJICBO CH-
CTEeMe; HaIPaBJICHHOCTh; YUCIIO TIpeoOpa3zoBanuii (puc. 2).

| Knaccudukauma atak Ha 0CHOBE BPEA0HOCHLIX BO3MYLLEHUI |

< i Mo Tvny oSpadarsisaemsix Mo 3agaye ueneson .
Mo npecnegyemoit uenu: LENeBOM MOSIENbI0 AAHHBIX: Mozenu: Mo HanpasneHHOCTU:
= Elak OUK0AA LICN SBOH — U300paxeHna — araKM Ha Knaccudukaumio — Ha Mofens:
Mozenu « yenessie
- arakv Moaudukaumm * yHMBEpCansHsle
% - n - ]
Lenesol Momentt BMAEONOTOK aTakv Ha MOeHTUMVKaLMO
— Ha OTKNMK MoZenu:
— ayavoaaHHsle -UT A * Luenessle
* Heuenessle
— TeKCTOBblE AaHHbIe — Ha panHsie:
* MHAUBMAYaNbHbLIe
* yHMBEpCanbHble
v v v
. [0 XapakTepucTukam - -
M0 3HaHUAM aTaKyHLero: KRB Mo uucny npeodpazosaxuii:
— OrpaHUyeHHbIe
aTtaKku YepHOro AWuMKa (KOHBEHLVMOHANbHbIE) uTepaTuBHsIe
— artaKku ceporo Awmka — HeOorpaHuyeHHsIe — OQHOKpaTHbIe

— atakv §enoro Awuka

Puc. 2. Knaccugukanus atak Ha OCHOBE BPEIOHOCHBIX BO3MYIICHHH

Fig. 2. Classification of attacks based on malicious perturbation
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BaxxHO OTMETHUTH, YTO aTaKu Ha OCHOBE BPEJOHOC-
HBIX BO3MYULICHHH XapaKTEpHbI B MIEPBYIO O4EePEab IS
HCKYCCTBEHHBIX ITyOOKHX HelpoHHbIX cetelt (Deep Neural
Network, DNN), B To e BpeMs, OHU TaK)X€ MOTYT OBbITh
HaIpaBJICHbl W HA JIpyrie TeXHOJIOTMH MAIIMHHOTO 00Y-
yeHus. B Texymeit pabore OyayT paccMOTpEHBI aTaku Ha
HEHWPOHHBIE CETH.

Kunaccupukanusa no npecjeayemoii neau. Ilo npe-
CIIETyeMOH 1IETM MOJKHO BBIICIUTH CIICAYIOINE TUIIBI aTaK:
— araka 00x0/1a LIeJIEBOH MOJIENH;

— araka MOAM(HKALMH 1IeJCBOH MOJIEIH.

Ataxa 00xona (YKJIOHEHHs, €vasion) COOTBETCTBYET
peanmzanun yrpossl YBIN.220 «Yrposza HapyiieHus QyHK-
LMOHUPOBaHUS («00X0/1a») CPENCTB, pEAN3YIONUINX TeX-
HOJIOTMH MCKYCCTBEHHOTO MHTEJUICKTa» COIIAaCHO OaHKy
nmaHHBIX yrpo3 @CTOK, Torma xak araka MOmupUKAIIUN
neneBoil mogenmn — YBU.221 «Yrpo3a Mmogudukanuu
MOJIEJIN MAIIMHHOTO O0y4YEHHs ITyTeM MCKAKEHUS («OT-
PpaBiieHHs») 00YYAIOIINX JAHHBIX» . AHAJIOIUYHBIE TEXHHU-
K1 00o3HaueHs! Take U B 6ase 3HaHuil MITRE ATLAS:
Evade ML Model u Backdoor ML Model? cootBeTcTBEHHO.

Nx)=y; Nx+p)=yy#), (D

riae N — HelipOoHHast CeTh; X — BXOJHbIC JIaHHbIE; ) — JIe-
TUTHUMHBIA OTKJIMK MOJICIH; p — BPEIOHOCHOE HCKAKEHHE,
' — HEJIETUTUMHBIH OTKJINK MOJIEIIH.

Ataxu 00x0/1a 1eJ€BOM MOJEIH, TAK)KE H3BECTHBIE
Kak cocTs3arenbHbie aTtaku (adversarial attack) [15-65],
npearojararoT MOI[I/I(I)I/IKaLII/I}O BXOOHBIX HAHHBIX JJIS U3-
MCHCHH OTKJIMKAa MOJCINU U MOBCACHUA CUCTEMBI, pca-
JU3YIOUIEH TeXHOJOTHMH MCKyCCTBEHHOTO MHTesuiekTa (1).
Takue aTaku HE OKA3bIBAIOT BIMSHUS HA LEJIOCTHOCTH
1I€JIEBOM MOJIEIH.

S VX' €S, X' =x+p; LNy, S+SY=N,  (2)

rae S — oOyuatoliast BHIOOpKa 0e3 UCKaKCHHBIX JTaHHBIX;
S" — Habop UCKAKEHHBIX JaHHBIX; X' — UCKAKEHHBIN K-
3eMILISP; p, — BCTpauBaeMblil Tpurrep; L(-) — npouenypa
o0yueHus mMonenu; Ny — MOATOTOBIEHHAs K 00y4eHHIO
Mozeib; N' — MoauduIupoBaHHast HEHPOHHAS CETh.

Nx) =y, N(x+p) =y 5y #¥/, 3)

e y, — HEKOPPEKTHBII OTKIIMK MOJIEIH, IPOBOLIUPYEMBII
TPUTTEPOM P),.

Ataku MmoguduUKaIuK 1esieBor Mmonenu [66—69], ocHo-
BaHHbBIC HA BPEJOHOCHBIX BO3MYIICHUSX, MTPEANOIAraloT
B IIEPBYIO OYepeab MOIU(UKAIMIO 00yJaronel BHIOOPKH
11eJIeBOM HEHPOHHOMN CETH TIOCPEACTBOM MOIU(DUKAIIMN HITH
J00aBIIEHNS NCKQKCHHBIX JIEMEHTOB M 00YUCHHST MOJICITH
Ha 3TUX NaHHBIX (2). B cmydae BcTpamBaHms 0dKm0pa,

I ®CTOK. Bank JaHHbIX yrpo3 6e30MacHoCTH HH(pOopMau
[DnexrponnbIil pecypc]. Pesxxum noctyna: https://bdu.fstec.ru/
threat, cBoOonHbIH (1aTa odpamenus: 03.03.2023).

2 MITRE. Adversarial Threat Landscape for Artificial-
Intelligence Systems (ATLAS) [Dnexrponnsiii pecype]. Pexunm
nocrymna: https://atlas.mitre.org/, cBo6oHbIH (1aTa OOparieHus:
03.03.2023).

BPCIIOHOCHOE BO3MYIIICHHE MIPECTABISICT COOOH TpUTITE,
MIPOBOLUPYIOIINN KOHKPETHBIN OTKJIUK MOJICITH.

JanpHelee uCmomb30BaHue 03KI0pa Mpeoiara-
€T HaJIOKCHHUE BO3MYIICHIS, HACHTUIHOTO TPUTTEPY, HA
BXOJIHBIE JTaHHBIE (3).

B tekymeit paboTe mpenMyIecTBeHHO OYIyT paccMo-
TPEHBI COCTA3ATENEHBIC aTaKH.

Kaaccudukanus nmo Tuny odpadarbiBaeMbIX AaH-
HBIX. ATaKl TakXKe MOTYT OBITh KJIacCH(DHUIIMPOBAHEBI B
3aBHCUMOCTH OT TUIMA 00padaThIBAEMBIX IEJIEBON MOJIEITBIO
JTAaHHBIX:

— u3o0paxenus [15-59, 66-70];
— BHIe0noToK [60, 61];

— aynuonaHusie [62, 63];

— TEKCTOBBIC JIaHHBIC [64, 65].

Crnemyer OTMETUTh, 9TO K TEKCTOBBIM JTAHHBIM TaKKe
OTHOCHTCS U ceTeBoi Tpaduk [64]. B Tekymeit padore
OyIyT pacCMOTPEHBI aTaKd Ha CUCTEMBI 00pabOTKH M30-
OpakeHHil.

Kanaccudguxanus no 3agade uneaeBoi moaeu. Ilo
3a/a9e [eJIeBOM MOAETH MOXXHO BBIICTUTH CICAYIONINE
THUIIBI aTaK:

— araky Ha CHCTeMbl KilacCU(PHUKALMHU JaHHBIX [15-56,

60-691;

— cermeHTanus uzoopaxkenus [57, 58];
— TIOBBIILICHHE pa3pelnarolei crrocoonoctu [59];
— u1p.

[oTeHIanbpHO, K aTakaM Ha OCHOBE BPEIOHOCHBIX BO3-
MYIIEHHNA MOTYT OBITh YS3BHMBI CHCTEMBI, PEaTA3yIOIINE
TEXHOJIOTHH UCKYCCTBCHHOTO MHTEIIICKTA, BHE 3aBHCHMO-
CTH OT pelIaeMbIX 3a/1a4.

Kiaccudukanus nmo xapakrepucTUKaM BHOCHMOIO
Bo3MyuIeHus. [1o XapakTepuCTHKaM MCKaKEHUS MOJKHO
BBIJICTTUTH CIICAYIONIHE THITHI aTtak [16]:

— aTaKd ¢ OTPaHUYCHHBIM BO3MylIeHHEeM (restricted
perturbation);

— aTak¥ C HeOTPaHUYCHHBIM BO3MYyIeHHEM (unrestricted
perturbation).

Nx)=y; Nx+p) =)y £y [pll, <, 4)

rze ||pll, — HOpMa BPEAOHOCHOTO MCKaXEHHUS]; 1| — HEKO-
TOpasi KOHCTAHTA.

ATaku ¢ OTpaHUYCHHBIM BO3MYIIICHUEM MPEITONIAraloT
OTpaHWYCHUE BO3MYINCHUS HEKOTOPBIM 3HAYCHUEM Me-
TPHUKH pacCTOsSHUSA . Takue aTaku 00Xo/a IeNIeBON MOICIN
TIPUHSATO HA3BIBATh KOHBCHIIMOHAIBHBIMU COCTSI3aTEIb-
HbIMH aTakamu (conventional adversarial attack) [16] (4).
OrpanndeHne Ha BHOCHMBIC BO3MYIIIEHHUS MO3BOJSIET UM
0CTaBaThCS HEBUIMMBIMHU MM CTa00 3aMETHBIMH JUTS YeIIo-
BEKa, OTHAKO OKA3bIBATh 3HAYUTEIIFHOE BIMSHIE Ha OTKIIHK
HelpoHHoM cetu [15].

Crnenyetr OTMETHTh, YTO BPEIOHOCHOE BO3MYII[EHHE
MOKET OBITh OIPaHUUCHO KakK B arakax ooxoma [15-50], Tak
U B atakax Moaudukauu [66] 1eneBord MOICIH.

ATaku ¢ HEOTpaHHMYCHHBIM BO3MYIICHUEM TIPEAIIOIa-
TalT MPOU3BOIIBHYI MOAM(PUKAIIMIO BXOIHBIX JaHHBIX
BIUIOTH 10 MX moaMmeHsl [51-56, 67-69]. K yka3zaHHbIM
HCKaKEHUSIM OTHOCSTCS yIpaBlieHne 1BeToM [51], moBo-
pot m3obpaxenus [52], ynpaBnenue atpudyramu [53],
HaJIO)KEHUE COCTSI3aTeNbHBIX TaTdeld [52] U He TOJIBKO.
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ATaKu Ha OCHOBE BPEOHOCHbIX BO3MYLLIEHWI Ha CUCTEMbI 06paboTKM N306PaKEHNN 1 METOAbI 3aLLUUTbI OT HUX

K Takum arakaMm B TOM 4HCIIe MOKHO OTHECTH M CO3JJaHUE
mundetrikos (DeepFake) [55, 56].

Kiaccupukanus 1mo 3HaHUSIM aTaKyHOLIEro o Ie-
JeBOii Mojeau. B 3aBUCUMOCTH OT U3BECTHOM aTakylo-
mieMy HH()OpPMAIIAH O IIETICBOH CHCTEME, aTaKi Ha OCHOBE
BHECCHHUS BPEIOHOCHBIX BO3MYIICHUI MOYXHO BBIJCIUTH
CIICAYIOIINE THITHI aTaK:

— araku 1o Mojeiu 0eoro simuka (white-box attack);
— araku 1o Mozenu uyepHoro smuka (black-box attack).

B caygae arak mo moxenu Oenoro smwuka [15, 17—
32, 34] arakyromieMy TOCTYIHA BCs HHpOpPMAIUS O Iie-
JICBOHM CHCTEME, B TOM YUCIIC apXUTEKTypa U MapameTpbl
HelipoHHOI cetn. Hanpumep, ataku, HCIOIB3YIOIIHE 3HA-
HUE FeCCHaHa U IpajiueHTa QYHKIIUU TOTEPb.

ATaku 1o Mojenu uepHoro smuka [33, 35-50] saBmus-
10TCst OoJiee MPUOTMKCHHBIMHU K PEaTbHBIM CUTYAIUSIM,
TaK KaK aTaKyIOUIMi He BIAJICeT JaHHBIMU 00 aTaKyeMoi
cucreme. Takue aTakut MOTYT OBITH OCHOBAHBI: HA OTKITHKE
neneBoi moxenu [35-44] n Ha epeHoce BPEAOHOCHOTO
BosmymieHus [45-50]. OGa Tuma aTax A TeHepaIiy uc-
Ka)KCHUS UCIIONB3YIOT OTKJIHMK IIEJICBOM MOJECIH, OTHAKO
araky, OCHOBaHHBIE Ha MEpeHoce, B KadecTBe Oazuca Juis
reHepalyy KCIONb3YIOT 3apaHee MOArOTOBICHHOE BO3MY-
IICHUEC, B TOM YHCJIC MOXKCT OBITh MCITOJL30BAHO YHUBEP-
cajbpHOE Bo3MyIleHue [34].

B oT/ienbHBIX CiTydasx BBIICISIOT aTaKH MO MOJICIH Ce-
poro simuka (gray-box attack), mpu KOTOpBIX aTaKyroImemMy
M3BECTHA JIUIIb HEKOTOPast YacTh HH(QOPMAIIHH O TIETICBON
cucreme. Takue aTaku HEPEIKO MPUPABHUBAIOT K JPYTUM
THITaM IO pacCMaTpPUBaeMOi KIacCHU(pUKALNU, Jale —
K aTakaM Mo MOJEIH YepHOTO SIIHKA.

Kuaccupuxanusi no HanpasjaeHnoctu. [lo nanpas-
JIGHHOCTH MOYXHO BBIICIUTH aTaku: IejeBsle (targeted)
[15-19, 24, 32, 33, 35-50] u Henenenwie [29-31, 34] (non-
targeted) mo otkimKy. LleneBbie Mo OTKIIMKY MTPEAIOIararoT
BHECECHHME MCKAKCHUS, IIPOBOLMPYIOIIEr0 KOHKPETHBIH
OTKJIVIK 1I€JIEBOM MOJIENH, a HEIEJIEBBIE 110 OTKIIMKY — IIPO-
BOKAIIUIO [TPOM3BOJILHOTO HEKOPPEKTHOTO OTKIIMKA.

Taxoxe 1Mo HaNPaBICHHOCTH MOXKET OBITh MPEIIOKE-
Ha Jpyrasi Ki1acCu(UKAIUs aTak: IMeJIEBbIC 0 MOJCIH U
yauBepcanbHble (universal) [34]. B aTom citydae meneBbie
aTak® MPEATOIaraloT BHECCHUE HCKaXKCHUH, TPOBOITH-
PYIOIIMX HEKOPPEKTHBIM OTKIMK KOHKPETHON LieJIeBOU
MOJIETTH MAIIMHHOTO O0ydYeHHs. YHUBEPCAIbHBIE aTaku
MPEATONAraloT CO3/IaHNe TaKMX MCKAKEHUH, YTO aTraka
TOCPEACTBOM HX BCTpaWBaHHA MMO3BOJIUT BbI3BATH HEKOP-
PEKTHBIN OTKJIUK IIPOU3BOJIBHON MOZENIN COOTBETCTBYIO-
ero (GyHKIHOHAIA.

AHayiorn4Hasi KJ1acCU(pUKALUS MOXKET OBITh TpeIo-
JKCHA U TI0 BIIMSIHHMIO BHOCHMOTO BO3MYIICHHS Ha BXOJI-
HBIC JaHHBIC MOJICIN: HHIUBUAyaIbHbIC (1eneBsie) [70]
IO BXOJIHBIM JTaHHBIM U YHUBEpCallbHBIC aTaku. [lepBrie
MPEIOoNIarafoT HapyIlIeHue paboTHl IEIeBON CUCTEMBI
Ha KOHKPETHOM JK3EeMILTAPE BXOIHBIX JaHHBIX, BTOPHIC
COXPAHSIOT APPEKT T HEKOTOPOTO MHOKECTBA BXOTHBIX
JTAHHBIX.

Kunaccnpukanus no yucay npeodpaszoBanmii. ITo
YUCJIy MPeoOpa3oBaHU MOKHO BBIJCITHUTH METOJbI I'e-
HepalUu HCKaXeHHs 3a onuH mar (one-step method)
[18] u ureparuBubie Metonasl (iterative method) [15—
17,21, 23,29-31, 35-50]. Caenyetr OTMETUTH, UTO CO3/1a-

HHE BPEIOHOCHOTO BO3MYIIEHHS 3 OJJHO PeoOpa3oBaHue
OoJiee XapaKTepHO VIS aTaK [0 MOJICIU OCJIOro SIIHKA.

CymecTByonue MeTOAbI AaTAKH HA OCHOBE
BPE/JIOHOCHBIX BO3MYIIIeHHIl HA HelipOHHBIE CeTH
00padoTKN N300paKeHn i

HMcropuuecku nepBOoi COCTA3aTEIbHOM aTakoi
Ha HEHpPOHHBIE ceTH 00pabOTKM M300pakeHHs crana
L-BFGS (Limited Memory Broyden—Fletcher—Goldfarb—
Shanno) [15, 17], npenmnonarasmias HTEpPaTUBHYIO reHepa-
IIUIO BPEJOHOCHOTO BO3MYIICHHS TIOCPEJACTBOM aHAIHM3a
reccraHa (yHKIIH [TOTEPh [EIEBOW MOJEIN M 0OPaTHOTO
IBIDKEHUS B CTOPOHY POCTA 3HAYCHUS (PYHKIIH TTOTEPb.

JpyriuM MeToI0M aTaKu Ha OCHOBE BPEIOHOCHOTO BO3-
MYIIEHHUS, OKAa3aBIIUM 3HAYUTEIBHOE BIUSHNE HA Jab-
HeIee pa3BUTHE COCTSA3ATENbHBIX atak, crail FGSM (Fast
Gradient Sign Method) [18, 19]. B ocHoBe yka3aHHOTO
METO/Ia JISKUT MCIIOIb30BaHUE 3HAKA IPpaneHTa pyHKIUH
MOTEPh 1IeJICBOM MOJICNIN U TeHepalysi HCKaKEHHsI B pe-
3yJIBTaTe OJJHOATAIIHOTO JIBU)KEHHUSI TI0 TPAJANEHTY K METKE
olpeJiesIeHHoro Kiacca. PaccmarpuBaemMblii METO MMe-
€T MEHbIIee BpeMsl IONCKa BPEJOHOCHOTO BO3MYIICHUS,
OJTHAKO TeHEPHpyeMOe BO3MYIICHNE 001a/JaeT BBICOKUM
3HayeHueM HopMmsbl. [Ipu sTtom FGSM xapakrepusyercs
CPaBHHUTEIFHO HU3KOH BEPOATHOCTHIO yCIiexa.

MHorne nociIeayromre aaropUTMBI aTaK UCTIONB30BATH
FGSM B kauecTBe OCHOBHI U (PAKTHIECKH SBISUTACH MOJIH-
(bukanmen pacCMOTPEHHOTO MeTo/a, B ToM uncie FGVM
(Fast Gradient Value Method) [20] u I-FGSM (Iterative
Fast Gradient Sign Method) [21]. Ataka o metony FGVM,
YTO CIIeyeT U3 Ha3BaHUsI, PE/II0NIaraeT UCIOIb30BaHUE
3Ha4YeHMs IPaJUeHTa BMECTO €ro 3Haka. MeToaa aTaku
[-FGSM B cBol0 ouepeb MpeaycMaTpUBAET reHepaIuio
UCKa)XCHUs UTepatuBHO. B padorax [22] u [23] npemia-
raeTcst OrpaHMYCHUE TeHEPUPYEMOTO BO3MYIIICHHS MO Me-
TpuKaMm L, ¥ L, COOTBETCTBEHHO. BakHO OTMETHUTH, YTO
araka o merony BIM (Basic Iterative Method) [23] Obu1a
YCHEIIHO BOCTIPOU3BEACHA U Ha (M3MUECKUX OOBEKTax.
Merton araku PGD (Projected Gradient Descent) [24] Tak-
JKe TIPeICTaBIsIeT co00H Bapuaruio ureparuBHoro FGSM,
Te JUIs pelIeHHs 3a/1aui ONTHUMH3AIMH U HAXOKICHHS
ONTHMAJBHOTO MCKAKEHHSI UCIIOIB3YETCsl TPOEIHPOBa-
HHE IPaIMeHTHOTO cirycka. CyIecTBYIOT TaKXKe U JIpyrue
METO/Ibl aTaku, ocHoBaHHbIe HAa FGSM, B ToM uucie ero
Moauduranuu [25-28].

Meropn araku DeepFool [29] npeanonaraer ureparus-
HYIO TeHEPAIMIO aTaKyIOIIEro H300paskeHus! ITPX TIOMOIIH
BBITIPSIMIICHUS TPAHUIL TIPUHSATHUS PEIICHUS IIETICBOH MO-
JIeTU | allpOKCUMAIIMU 1o psany Teiiopa I HaXOX-
JICHHs OMIDKAUIIero Kiacca K JaHHOMY JI0 TeX Top, ToKa
He OyZeT creHepupoBaHO Hamboiee MOAXOIAIIee MUHH-
MaJIbHOE BPEIOHOCHOE Bo3MyIlleHue. PaccmarpuBaeMblii
METO]] XapaKTepU3yeTcsl BEICOKOW BEPOSITHOCTBIO 00X0/1a
[EJICBOM MOJICIIH TIPH UCIIOJIb30BAaHUU BO3MYIICHHS MaJIOi
HOPMBI, O/IHAKO OOJIBIIOE KOJIMYECTBO UTEPALIMIA IIPUBOAUT
K OOJIBIIIMM BBIUYMCIIMTENLHBIM 3aTPaTaM M POCTY BPEMEHH
TeHepalny.

Meton C&W (Carlini&Wagner) [30] npencraBisieT
coboit mogudukanuto ataku L-BFGS ¢ 3ameHnoit Henu-
HEUHBIX TPAHUYHBIX YCIIOBUH VIS YIIPOIICHUS PEIICHUS
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3ajauy ontuMu3anuu. [IpenmyniecTBaMu paccmarpuBae-
MOW aTakH SIBIISIOTCS. CKOPOCTh I'eHEepallii 1 MUHUMHU3a-
LS BPEZOHOCHOTO BO3MYILEHHMs. JIJIs yKa3aHHOTO MeTo/a
XapaKTepHO MaJioe CMEIIEHNE BEPOSITHOCTEH MPUHAIICK-
HOCTH K OIPE/ICIICHHOMY KJIacCy, YTO ITO3BOJISIET IPOTHUBO-
CTOSITH METOZIaM 3aIlIUTHI, HAIIPAMEP METOAY JUCTHILISAIIIH
(Defense Distillation) [71].

Merton araku TR (Trust Region based) [31] mpemamona-
raeT MCIOJIb30BaHUE OBEPHUTEIBHBIX oOmactei [72] mst
MUHUMU3AIIUU U OTPAHUYCHHUS BHOCUMOTI'O MCKAXKCHUA.
lenepatysi BpeZIOHOCHOTO BO3MYILEHHS MO0 YKa3aHHOMY
METOAY 3aKJI04YacTCsad B UTCPATUBHOM BBIYUMCJICHHUU JTOBEC-
PHUTEIIBHOTO pajnyca JUIsi MAKCHMU3alUN BEPOSITHOCTH
HEKOPPEKTHOT'O KJIacca BHYTPH JOBEPUTEIHLHON 00s1acTH.
PaccmoTrpenHslil MeTof focTuraeT cpaBHUMbIX ¢ C&W
TIOKa3aTeNel 1o METPUKaM PacCTOSTHUS TSl TeHEPUPYEMOTO
BO3MYIIICHUS, BCIICACTBUE YETO TAKXKE CIIOCOOCH IPOTHUBO-
CTOSITh METOIY JUCTUILIISIIHH.

B oTnnume oT paccMOTPEHHBIX KOHBEHITMOHAIBHBIX
arak, JSMA (Jacobian-based Saliency Map Attack) [32]
u ogHOMUKcenbHas ataka (One-pixel attack, Singlepixel
attack) [33] BMecTO OrpaHHYCHUSI BO3MYIICHHS 110 Me-
TPUKE PACCTOSIHUS UCIOJIB3YIOT OIPaHUYEHHE TI0 pa3mMepy
UCKaKCHHSI.

Tax, JSMA Beruncinsier Slkoouan (Jacobian) [73] ¢pyHK-
LIUH [[eJIEBOI MOJIEJIN U 10 TIOJIyYEHHBIM 3HaUeHUsIM (op-
MHUpYeT KapTy 3HaunmocTH (salience map) [74] nukcenos
n3o0paxkeHus. B COOTBETCTBHM C MOCTPOCHHOM KapTOi
3HAYUMOCTH OTPEISISIOTCS IIIEMEHTHI, OKa3bIBAIOIINE
HauOOITbIIIee BIMSHUE HAa OTKIHK Mozeli. OCOOEHHOCTHIO
PacCMOTPEHHOTO METO/A SBISCTCS MOTydeHHE TIOKa3aTe-
JIell BAMSIHHSA Ha OTKJIMK MOJIENHN ITOCPEICTBOM Iepedopa
0O0IBIIOTO YHCa BXOAHBIX MTApaMeTPOB, YTO MPUBOAUT K
pOCTY BPEMEHHU I'€HEPALUU BPETOHOCHOTO BO3MYIIIEHUS.

OpnHomnukcenpHas araka [33] npenmnosnaraet GopmMupo-
BaHUE MCKAKCHUS], HE NIPEBBIIIAIOIIET0 OAMH nuKce. J{is
ompeneNeHus MnonoxeHus: U 3naueHuit RGB-koMnonent
MMKCceJla NPUMEHSIETCS] alropuT™M AuddepeHnnanbHoR
spomornn (Differential Evolution Algorithm, DEA) [75],
YTO MO3BOJIIET OPTaHU30BaTh aTaKy MO MOJEIH YEPHOTO
suka. PaccMoTpeHHBI MeTon ataku Oosee Y (deKTHBEH
T HeOompInX n300pakernit [33].

PaccMoTpeHHBIE BBIIIE aTaKd OTHOCSTCS K aTakaM IIo
MojIeIH OeJIoro SIINKA, NX CPAaBHEHNE IPUBEICHO B Ta0. 1.

HecMmotpst Ha TO, 4TO OZHOITMKCEIIbHAS aTaKa COOTBETCTBY-
€T MOJIEJIN YEePHOTO SIIHKA, JUIsl OLEHKHU U ITOCIIEYIOIEro
CpaBHEHUS yKa3aHHOTO MeToza Oosee aKkTyallbHbI KpHUTe-
pPHUH aTak 110 MOJIETH Oeloro SiNHKa, MOTOMY OH TaKKe
BKJIIOUCH B TaOn. 1. B xauecTBe KpUTEepHEB CPAaBHCHUS
JUTA TAKUX aTakK BBEIOpPAHBI pa3Mep U HOpMa MCKAKCHHUS, a
TaKKe OIS YCIEITHRIX 00X0I0B TIeNIeBOi Moaenu. Pazmep
MCKa)KEHHSI OTIPEJIENIeH OTHOCUTEIHHO HCXOTHOTO H300pa-
JKEHUS pa3MepaMu w X i, Tae w U h — IIHpUHA U BBICOTA
N300pakeHNs] COOTBETCTBEHHO. B KauecTBe HOPMBI HCKa-
JKEHUS PACCMOTPEHBI METPUKH, KOTOPbIE ObUTH YYTEHBI ITPH
TeHEepaluy BPEIOHOCHOTO BO3MYIICHUS MPH aJApecaliiu
aTaku.

PaccMoTpeHHbIE METO/IbI TeHEPALMH aTaKyIOLIUX H30-
OpaskeHUI NMEIOT KaK ITPEUMYILECTBa, TaK ¥ HEJOCTaTKH.
I'enepanus BpelOHOCHOTO BO3MYIICHHS MUHUMAJIbHOMN
HOPMBI TpeOyeT OONBIINX 3aTpat, OJHAKO TaKUe MCKaXKe-
HUS TIO3BOJISIOT OCTaBaThCAd HE3aMETHBIMHU B TOM YHCIIE
W 711 HEKOTOPBIX MeXaHW3MOB 3amuThl [71]. Hanbomnee
3((EeKTHBHBIM METOIOM TeHEepPallni BPEJOHOCHOTO BO3-
MYIIEHHUS, COTJIACHO BBIOPAHHBIM KPHUTEPHUSM, SBISICTCS
metoa TR [31], Tak Kak B €ro OCHOBE JIGKUT ONTHMU3AIIHS
BBIYHCJICHUS BO3MYIICHUSA HauMeHbIIIeH HOPMBEIL.

PaccmoTpum ataku 1o Mojesnu 4epHoro simuka [33, 35—
50].

Meron araku Boundary attack [35] ocHOBaH Ha OTKIJIMKE
1esIeBoi Moyiesiu. B kauecTBe HauaIbHOTO MCKaKEHHST JUIS
JITOPUTMA FeHEepaluy BPEJOHOCHOTO BO3MYIICHHS BBICTY-
maet n300pakeHne meseBoro kiacca. C Kaxmaoi ureparmei
AJTOPUTM ONTHMHU3HUPYET W YMEHBIIACT BO3MYIICHUE 10
TeX Top, TIOKa NCXOTHOE N300paskeHne He OyIeT KOPPEKTHO
KiaccuumpoBaHo. Torna HCHoIb3yeTcs HCKaXEeHUE, T0-
Jy4eHHOE Ha MPENbIIyIIeH HTepauy aropuTMa.

Meron araku HopSkipJump [36] siBasiercst pa3BuTu-
em Boundary attack u HayanbpHOE MOBEJEHHE AJITOPHUT-
Ma reHepalnuy BO3MYILEHUS! COBIAJAET C IPEABLAYIIUM
MeTosioM. OHaKo BOJM3M TPAHUIBI IPUHSTHS PEIICHHS
HopSkipJump Moanpunmpyer nuckaxxeHue B 3aBUCUMOCTH
OT HaTpaBIICHUs rpafueHTa. JJinHa 1mara BIoyib Harpasiie-
HUS TPaJMeHTa YMEHBIIAETCS] B TEOMETPHUECKOH ITporpec-
CHUH JUTsI 00eCTICUeHUSI MUHIMATIBHOTO 3HAYCHUS METPHKHU
paccTosHUS BO3MYIIICHUS.

Merton qFool [37] MUHIMH3HPYET BHOCHMOE HCKaXKe-
HHE TIOCPECTBOM HAXOXICHHS HAIPABICHUS TPagueH-

Tabnuya 1. CpaBHEHHE METOAOB aTaKH MO MOJEIHN OEJIOT0 SIIHKa

Table 1. Comparison of white-box attacks

Metoxn Tun ataxu Pazmep Orpannuenue Hopmbl | Jlons ycneomm,lx
HUCKaXXCHUA HCKaXXCHUA arak, %
LBFGS [17] KonBeHLMOHaNBHAS UTEpPATUBHAS LIEIEBAs w X h — 87,65
FGSM [19] 110 MOZIETIH aTaka obxoxa W h Il < 6,25 5433
PGD [24] w X h [Ix]., < 0,20 91,85
DeepFool [29] KoHBeHIIMOHANIbHAS UTEpPATUBHAS LIEICBAs <wxh [Ix]l, < 0,20 92,60
C&W [30] 110 MOJIEJIH W HeIleJeBast 110 OTKJIMKY aTaka wxh Il < 0,20 94.80
obxoma - .
TR [31] wxh [Ix]|,, < 0,10 94,77
JSMA [32] KonBeHLMOHAIbHAS UTEpAaTUBHAS LieeBast <wXh — 97,05
One-pixel [33] | O MR aTaka odxona 1x1 Ixllo = 1 72,85
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ATaKu Ha OCHOBE BPEOHOCHbIX BO3MYLLIEHWI Ha CUCTEMbI 06paboTKM N306PaKEHNN 1 METOAbI 3aLLUUTbI OT HUX

Tabnuya 2. CpaBHEHHE METOIOB aTaKU 110 MOJICITH YepPHOTO suKa [38]

Table 2. Comparison of attack methods of black-box attacks

Merton Twun atakn L, L, Yuco 3anpocos
Boundary attack KoHnBeHIMoHambHAs UTEpaTUBHAS 1IeJIeBast 10 MOJEIH 5,13 0,052 800
HopSkipJump 1 LIeNieBast 1o Kiaccy araka obxona 1.85 0.012 4
qFool 1,12 — 3
GeoDA 1,01 0,003 14

Ta, UMEIOMIETO KPaTJyalIvii My Th 10 TPAHMIBI TPUHATHS
pemenns. OQHAKO yKa3aHHAsl TPaHUIA HEPEIKO NMEET
3HAYNTENBHYIO CTETIEHb KPUBU3HBI, TOT/Ia ONTHMHU3AIUS
MIPOIIETyPBl BBIYUCICHUS! MUHIMAIBLHOTO BPEJOHOCHOTO
BO3MYILIEHHUS] MOXKET OBbITh BBITIOJTHEHA C TOMOILBIO OIpEe-
JICHUSI OTITUMAIILHOW HOPMaJIH, YTO PeaM30BaHO B METO/IE
GeoDA [38].

B paborax [39—44] paccMOTpEHbI APYrHe METOIbI aTa-
KM 110 MOJISITH YEPHOTO SIIIUKA, TPEATOoIararolinue NCrob-
30BaHUE OTKJIMKA [IEJIEBON MOJIEIIH.

[TockobKy METOJIBI aTaKH 110 MOJIEIIM YEPHOTO SIIIHKa
BBITOJIHSIOT MUHUMHU3AIIO BHOCUMOTO MCKAXCHUS TIPH
COXPAaHEHNHN HEKOPPEKTHOTO OTKJIMKA MOJIEIIH, B KAYECTBE
KPUTEpHEB CPaBHEHUS BEIOPAHBI METPUKH PACCTOSHUS U
KOJIMTYECTBO UTepaIuii nmpeodbpa3oBanus. CpaBHEHHE aTak
TIPUBEICHO B TA0M. 2.

B pesynbrare cpaBHEHUs] BUHO, 4TO MeToxbl qFool
[37] u GeoDA [38] nocTUraroT HAMMEHBIINX MO HOPME
BO3MYILICHUN 32 MEHBLIEE YUCIIO UTEPALUN OTHOCUTEIIb-
HO cylecTBylomux ananoroB. Haubomnee addexruBHbIM
METOJIOM aTak{ 10 MOJEIN YEepHOTO SIIIMKA SIBISETCS
GeoDA [38], Tak kaKk yKa3aHHBIH METOJ peraeT mpooiaeMy
KPUBH3HBI TEOMETPUYECKON IPAHUIIBI IPUHATHS PEILICHNI
B 00IIIeM ClTydae.

PaccMoTpeHHBIE aTaky MO MOJEIH YEPHOTO SIIHKa
HCIIONIB30BAJIN TOJIBKO OTKJIMK LIEJICBOM MOJEIH ISl TeHe-
panum UCKakeHHs. B To jxe Bpems Ul yMEHbIICHHS YHcIIa
UTEpanuil B KaUeCTBE OCHOBBI JISI BPEZOHOCHOTO BO3MY-
LIEHHS MOTYT OBITh HCIIOJIB30BaHBI 3apaHee MOArOTOBIICH-
Hble ucKakeHus1. [Ipeskae ueM paccMaTpuBarh TakHUe aTaky,
HEOOX0IMMO YIOMSIHYTh YHUBEPCAIbHBIE HCKAYKECHUSL.

B pabore [34] Obutn nipeicTaBICHbI BPEIOHOCHBIE BO3-
MYILEHHsI, HE 3aBUCSINNE OT 3a7a4M, peliaeMoil 11eJ1eBoi
CUCTEMOI1, U MO3BOJISIONINE OCYIIECTBUTH 00XO/ TaKUX
cucrteM. OTMETHM, YTO TaKNE€ NCKaKEHUSI MOTYT OBITh Iie-
PEHECEHBI KaK MEX/IY Pa3IMYHBIMU BXOTHBIMH TaHHBIMH,
TaK ¥ HEHPOHHBIMHU CETSIMH.

Araka Customized Adversarial Boundary (CAB) [45]
siBIsieTcs pa3BuTHeM Boundary attack. YMmenbmenne arcia
3aMpOCOB ISl TeHEPAalluK NCKaKEHHs IOCTUTAeTCsl 3a CUET
WHUIUAIN3aH BO3MYILEHHUS, XapaKTEePHOTO AJIsl aTaKk
MePeHOCa BPEIOHOCHOTO NCKAKEHHUS, & TAKIKE BEIYHUCIICHUSI
CTAaTUCTUYECKOI'0 pacnpeacJICHNd IIyMa B NPCAbIAYIINX
3ampocax.

Meron TRansferable EMbedding based Black-box
Attack (TREMBA) [46] npeanonaraeT nCHoib30BaHME
Mozenu apxutekTypbl Encoder-Decoder [76] mist orpanu-
YEHUsI IPOCTPAHCTBA TIOMCKA BPEOHOCHOTO BO3MYILICHNS,
YTO TTO3BOJISIET 3HAYUTEIILHO YCKOPSITH ITPOIIECC TeHEPAIN
WCKa)KCHUS.

B pabote [47] mpemioxkeHo UCTIONB30BaHNE JTOTIONTHHU-
TEJIbHOW 3aMellarolleil MOAEIH JJIsl FeHEpalui HauaJIbHOIO
BO3MYIICHHA. Mes MeToa 3akirodaeTcst B IPUMEHEHUH
reHeparopa sl CHHTe3a N300pakeHHH, BIIOCIEACTBUN
00pabaTeIBaeMBbIX IETIEBOM MOJIENIBIO, M O0yUYEHUN MOJIEITH
Ha CHHTC3UPOBAHHBIX JaHHBIX U MMOJYUYCHHBIX OTKIHKAX.
Takoll moAXo/ MO3BOJISET BOCIPOU3BECTH I'PAHULIBI [IPU-
HSTHSI PEIICHUS 1SJICBON MOJICIIH U UCIIOJIb30BATh CHHTE-
3UPOBAHHBIC H300PAKECHUS B KAYCCTBE UCXOMHBIX TAHHBIX
JUISl CO3/IaHMsI BPEIOHOCHOTO BO3MYIIICHHMSI.

MHorue uccieI0BaHus Pa3BUBAIOT UJICIO aTaK Ha OCHO-
B€ MEpeHOCca BPEAOHOCHOro Bo3My1eHus [48—50].

Kpome paccMOTpeHHBIX KOHBEHIIMOHATBHBIX COCTSI-
3aTENbHBIX aTakK, TAaKKe CYMIECTBYIOT METOMBI, IPEIIIO-
JararpIrie HeorpaHndeHHOe Bo3mymieHue [51-56]. s
HapymIeHUs paboThI IeTIeBOH CUCTEMBI TIPH TaKHX aTaKax
MOTYT OBITh HCIONB30BAHBI TAKWE MCKAKEHUS, KaK MTOBO-
poT u300paxkeHus [52], 3HAYUTEIBHOE U3MEHEHHE IIBETO-
BBIX KOMITOHEHT [51], mobaBienue atpudytos [53] u ap. K
YKa3aHHBIM aTakaM OTHOCATCS Taioke aundeiiku [55, 56],
MO3BOJISIIOLINE MOIMEHSTH YEJIOBEKa Ha N300PayKCHUH HIIH
B BUJICOTIOTOKE HA JIPYTO¢ JIHII0, GOPMUPYS TOAICIIKY.

Jpyroii BUI aTak Ha OCHOBE BPEIOHOCHBIX BO3MYIIIC-
HUH — MOTU(UKALINS MOJICIU TIOCPEACTBOM BCTPAMBAHUS
09kmopa [66—69]. BHenperne 69k10pa B IENEBYIO CHCTEMY
BO3MOXHO ITyTeM J00aBICHUS TPUITEPOB B BUJIE CIICIIH-
(hMIHBIX TATTEPHOB BO3MYIICHUI Ha JIEMEHTH 00ydaro-
et BeIOOpku. [Ipu 3TOM MOTYT OBITH MCTIONB30BAHBI KaK
OorpaHHYeHHBIE [66], Tak M HEOTPaHNYECHHBIC BO3MYIICHNS,
B TOM YHCJIE B BUJE COCTSI3aTeNIbHBIX naruei [67].

Meton moaudukanuu mneineBoit cucremsr DPatch [67]
IpeAroaraeT HaHeCeHHe Ha M300pakeHHsT HeOOJIBIIOTO
BUJIMMOT'0 HCKaKEHUSL, ITPEACTABIISIONIEro cO00i KBaapar-
HYI0 0051acTh pa3mMepoMm ot 20 X 20 nmukcenoB. Yka3aHHbBIH
METOJl OPHCHTUPOBAH HAa CHCTEMBI O0OHAPYKEHHSI 00BCKTOB
Ha n300pakeHrH. OCHOBHBIM HEIOCTATKOM COCTSI3aTeITb-
HBIX IMaTuel sSBISACTCS WX 3aMETHOCTD JIJIS YeNIOBEKa, 4TO
3HAYUATENFHO yIPOIIaeT uxX o0HapyxeHue. /i1 npuaanus
TpHUrrepam 6osee eCTeCTBEHHOTO BUAA ITPEUIOKESHBI METO-
JIBI, aANTUPYIOIINE TTATYH 0] €CTECTBEHHBIEC OTPAKCHUS
WITH TeHH [68] 1 MCTIONB3YIOIIHE TUIABHYIO HE3HAYUTETIHHYTO
nedopmarnuio nzoopaxenus [69]. B padore [66] pazpaboTan
METO/, MPEAINOoJaralouii BCTpauBaHue 03KI0pa Mmocpe/-
CTBOM BHECEHHSI BPEJOHOCHOTO BO3MYIIEHUS, CDABHUMO-
IO C KOHBCHIIMOHAJIBHBIMHU COCTS3aTCIIBHBIMU aTaKaMHu.

PaccMoTpeHHBIC METOBI aTaKH B OCHOBHOM HArlpaB-
JICHBI HA HCKOPPEKTHBIN OTKIIMK MOJICIIU TIPH KIaCCUPHKA-
IIUH, OTHAKO TAK)KE CYIIECTBYIOT METO/IBI, HAIIPABICHHBIC
Ha HapylIeHne padoThl HEHPOHHBIX CETeH MPH PElICHuH
IpyTUX 3a1a4 00padoTku u3obpaxenuit [57-59].
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Metoanbl HpOTPIBOI[eﬁCTBHﬂ aTaKaM Ha OCHOBE
BPEIOHOCHBIX BO3MyIJIeHﬂl7[

Bcenencteue akTyaabHOCTH U 3HAYMMOCTH PACCMOTPEH-
HBIX aTakK I MHOTHUX CHCTEM, OBLTH pa3paboTaHbl METOIBI
npotuBonercTBUs UM. CyIIeCTBYIONINE METO/bI 3alUThI
BKJTIOUAIOT:

— MeTobl MoauduKauu neneBoit monenu [17, 77, 78];
— METOJIbI MOJTU(DUKAIIAH T[EJICBOW CUCTEMBI, pealIU3yFo-

1IEH TeXHOJIOTUU UCKYCCTBEHHOTO nHTeekTa [71, 79,

80];

— mpenoOpaboTKy MM W3MEHCHHUE BXOJHBIX JaHHBIX

[79-83].

Kpome Toro, HEKOTOpBIE METOMBI MPEAIIONIATaloT KaK
oOHapy)KeHHe, TaK M yCTPaHCHNE NCKaKEHHS FITH €To BIU-
STHHSA Ha HeWpoHHYIo cetb [17, 77, 78, 80—83], Torma kak
JIpyrue — Tonbko oOHapyxkenue [71, 79].

OTMeTHUM, YTO METOBI 3alTUTHI JOKHBI YIOBIETBO-
PATH ceayrommM Kpurepusam [71]:

— MMHUMAaJbHOE BO3JICHCTBUE HA apXUTEKTYPY;
— MHHUMAaJbHOE BIUSHUE HA MTOKa3aTelld KauecTBa;
— MUHHMAJIBHOC BIIMSIHAC Ha OBICTPOJICHCTBHE.

OHUM U3 METOJIOB, MPEIIONIATAFONINX MOTUDUKAIIAIO
MOJIEIH, SIBISICTCS cocTsizarenbHoe oOyueHne (Adversarial
Learning) [17, 77, 79]. CymHOCTh METOA 3aKJIFOYACTCS B
00y4YeHHNH [IeIeBOI MOJEITN B TOM YHCIIE Ha HK3EMILIPAX,
cofieprKaInX BPETOHOCHOE HCKaKEHHE, OHAKO COMOCTaB-
JSIEMBIX C KOPPEKTHBIM OTKIMKOM. COTJIaCHO MCCIIeIOBAHH-
SM, TIPH COCTA3AaTEIHHOM OOYYCHHHU TOJISI HEKOPPEKTHBIX
OTKJIMKOB TPH aJpecaliuu ataku, ocHoBanHoi Ha FGSM,
cHuzunack ¢ 89,4 % no 17,9 % [78]. Ognaxo npumeHe-
HHE YKa3aHHOTO METOJIa 3allUThl BIUSET U Ha 00paboTKy
JTAaHHBIX, HE COAEPIKAIIUX BPEJOHOCHOTO BO3MYIICHUS —
TOYHOCTH KJIACCU(PUKANUU CHIDKACTCS. CIIOKHOCTHIO TIPU
COCTsI3aTeJIbHOM OOyuYeHUH sBIIIeTCS oOecreueHue pe-
MIPE3CHTAaTUBHOCTH 00yJaromield BRIOOPKU U KOHTPOJb €€
CTaTHCTHYECKOTO pacmpeneneHns. Kpome Toro, yka3aHHBII
METOJI TIPEIIoIaraeT nepeodyyeHne eneBoi HeUpOHHOH
CETH, UTO HE BCET/]a BO3MOKHO.

Taxkoit Meron, kak 3amuTHas gucTwnuinms (Defense
Distillation) [71], mpenmomnaraet o0y4eHne JOMOTHUTENb-
HOM HEHPOHHOW CETH UACHTUYHON apXUTEKTYpPbI, OJHAKO
WCTIONB3YIoMIeH pu 00yuyeHUH B Ka4yeCTBE MPEIUKTOPOB
OTKJIMKH 3alUIAaeMO MOIECIH, MPEACTABISAIONINE COOO0i
BEPOSITHOCTU OTHECCHUS BXOIHOTO U300PaKEHUS K TOMY
WM UHOMY KJaccy. [Ipu reHepanuu u HaJIOKCHUU BPEIO-
HOCHOT'0 MCKa)KE€HMsI BEPOSITHOCTb OTHECEHHUSI BXOJIHBIX
JMAHHBIX K HCKOPPEKTHOMY KJIacCy HEPEIKO TOCTUTACT
3HAYCHUH, HE XapaKTePHBIX LIS «YUCTHIX» N300paKeHHN.
Takast yBepeHHOCTb B KJIaCCH(PHUKAIINHU MPEICTABISACT CO-
001t aHOMaJIHIO, KOTOpasi MOYKET OBITH OOHApY)KEHA 3alll-
mraromel HelipoHHO ceTho. OIHAKO 3aMUTHAS TUCTUILIS-
LU HE MO3BOJISIET OOHAPY)KUBAaTh HEKOTOPHIC BHIBI aTak,
Hanpumep, C&W [30].

Jpyrum BapuaHTOM IIPOTUBOACHCTBUS PACCMOTPEHHBIM
aTakaM SIBIISIETCS C)KaTHE MapaMeTPOB BXOIHBIX JAHHBIX
(Feature Squeezing) [79], 4TO MOXET OBITh JOCTHUTHYTO B
TOM YHCJIC MPU MOHMWKEHUU PAa3MEPHOCTH METaIaHHBIX.
Merton npearmonaract 00padoTKy Kak OPUTHHAIIBHOTO U30-
Opa’keHUsI MOJICITBIO MAIITMHHOTO OOYYCHHUS 3alHIacMOi
CHUCTEMBI, peaNn3yIonieil TEXHOJIOTHH UCKYCCTBEHHOTO

MHTEIUICKTa, TaK ¥ MOAU(PHUIMPOBAHHOTO M300paKEHHS
JIONIOJIHUTEILHON HEHPOHHOW ceTbio. Monudukamnus
BXOJIHBIX JaHHBIX HapylIaeT IeJI0OCTHOCTh BPEJOHOCHO-
T0 BO3MYIICHUS, BHOCHMOTO aTaKoi, B pe3ybTaTe 4ero
HEHpPOHHBIC CETH BEPHYT Pa3iIMUHBIC OTKIUKHU, YTO OymeT
CBUCTEIHCTBOBATE O (akTe araku. CrkaThe mapaMeTpoB
W 3aIUTHAS JUCTIIUISAINS MPEAIIONaraloT HCIIOIh30BaHNE
JIOIIOJHUTENIbHON HEMPOHHON CETH, UTO MPEACTaBIAET
c000¥ 3HAYUTENBHYIO N30BITOYHOCTD, & TAK)KE TTO3BOJISIOT
TOJIBKO OOHAPY)KMBATh aTaKy.

Mertox ceprudukarmonnoi 3amursl (Certified Defense)
[81] mpenocTaBiseT rapaHTUIO YCTOHYUBOCTH MOJACIH
K aTakaM Ha OCHOBE BPEJOHOCHBIX BO3MYIIEHUH ompe-
JIeNIEHHOH HOpMBI. [1oBbIIIEHHE YCTOHYMBOCTH MOJAEIH
JIOCTUTAETCS C MIOMOIIBIO0 BBIYMCICHUS HUKHEU TPaHUIIBI
L,, HOpMBI BO3MYILICHYs [1JIsl IPOBEICHNS! YCIICIIHOI aTaKy
U IPIMEHEHHS IPe00pa30BaHU, HAIPABICHHBIX HA HAPY-
IEeHHUE MET0CTHOCTH HcKaskeHus [81, 82]. OnHako Takue
METOJIBI 3aIIUTHI, KaK M COCTsA3aTeIbHOe 00yUueHne, HeTa-
THBHO BIHUSIOT Ha TOKa3aTeNnn kKadecTBa mozxenu. Kpome
TOTO, METOJIBI, PEATM3YIOIIHE CEPTUPHUKAIIMOHHYIO 3aIUTY,
MIO3BOJISIOT OPTaHW30BATh 3AIIUTY MOJIEIH OT BO3MYIIICHUI
J10 ompeeaeHHON HopMbl. IHbIMU ciioBamu, yKa3aHHBIN
METO/]] 3aIIUTHl HE MO3BOJSAET OPraHU30BaTh 3AIUTY OT
MHOKECTBA Pa3JINYHbIX aTak.

[TpoTuBOAEiicTBHE aTakaM Ha OCHOBE BPEJOHOCHBIX
BO3MYIIIEHUH MOET OBITh PEaIn30BaHO MOCPEICTBOM
mymonozaasnenus [80, 83]. Takue MeTonbI 3alUTHI TPE-
MOJIaTal0T O0HAPYKCHHUE M KIACCH(DHUKAIINIO aTaKH C I10-
CIIEIYIOIINM YCTpaHEHNEM HCKakeHus. OTHAKO METOIBI
ITYMOTIOIABIICHUS HE MO3BOJSAIOT OKa3bIBaTh d(PPEKTHB-
HOE MPOTUBOJCHCTBHE HEKOTOPHIM aTakaM, B TOM YHCIIE
FGSM [18, 19] u BIM [23]. Kpome Toro, OHU TIpeArona-
rafoT CUTHATYPHOE OTpENeIeHNe aTaK, 9To He TO3BOJIAET
OpPraHM30BaTh 3aIUTY OT HEU3BECTHBIX CUCTEME aTak.

JIOCTOMHCTBA M HEIOCTATKH PACCMOTPEHHBIX METOI0B
MPUBE/ICHBI B Ta0. 3.

CornacHo Ta0i. 3, CyIECTBYIOIINE METOAbI UMCIOT
3HauMTeNIbHBIe HenocTaTku. Hanbonee pacnpocTpaHeH-
HBIA HEJOCTATOK METOMIOB MPOTHBOACHCTBUS — HCIIOJNb-
30BaHHE JIOTIOJHUTEIHHON HEMPOHHOU CeTH, 4TO TpedyeT
YBEITUYCHHS BRIYUCIUTEIBHBIX MOIIHOCTEH. DTOT (akKT
HaKJIaJIbIBae€T 3HAYNUTEIbHBIC OTPAHIMYCHHS Ha 00JIacTh
MPUMEHEHHS METONIOB, 00JIaalONUX YKa3aHHBIM He-
noctatkoM. Elie oauH HeMaJIOBa)KHBIM HETOCTATOK —
HEBO3MOKHOCTb YCTPaHEHHsI BO3MYIIEHHSI, YTO B CBOIO
ouepesb OrpaHUYUBaeT ooOnacth npumeHenus. Tak, Ha-
MPUMEp, METO/Ibl 3aIUTHI, HE MTO3BOJISIOIINE YCTPAHSITh
BO3MYyIIeHHE Hed(D(PEKTUBHBI B CHCTEMax peallbHOTOo
BPEMCHH, TAKUX KakK OecHMIOTHBIN TpancnopT. Kpome
TOTO, JJIsI HEKOTOPBIX METOJOB 3aIIUTHl UMEET MECTO
CHHMKCHHE TOKa3aTelleli KauyecTBa I[EJICBOW MOJCIIH.

Bo3mo:kHBIe TOAX0/bI K 00HAPYKEHHIO  YCTPAHEHHI0
BPEIOHOCHBIX BO3MYILICHHUI

prO3I>I, CBA3AaHHBIC C aTaKaMU Ha OCHOBE BPEAOHOC-
HBIX UCKKEHUU — AKTyaJIbHbl U KPUTUYHBI JJI1 MHOTUX
CUCTEM, PCATMIYIOIUX TEXHOJOI'MN UCKYCCTBEHHOI'O UH-
TCJUJICKTA B PA3JIMYHBIX MMPUKIAJTHBIX obmactsax. B 1o ke
BpEeMs HEAOCTATKU U OIpaHUYCHHA CYHICCTBYHOLIUX MC-
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Tabnuya 3. CpaBHEHHE METOIOB IIPOTHBOICHCTBHUS aTakaM Ha OCHOBE BPEAOHOCHBIX BO3BMYIICHHUI

Table 3. Comparison of defense methods against attacks based on malicious perturbation

Meron JlocTouncrea Henocrarku
CocTta3arenpHoe 00ydyeHHE | — IM03BOJSIET UTHOPUPOBATh BPEAOHOCHOE BO3- | — CHHIKEHHE IOKa3aTesiel KauecTBa IeIeBOH
[17,77, 78] MYILICHHE; MOJICIIN;
— HE MpenoaraeT JOMOJTHATEIBHBIX BBIYUC- | — KOHTPOJIb PEMPE3EHTATUBHOCTH 00yYaromeit
TCHUH BEIOOPKH;
— HEOOXOAMMOCTS IepeoOydeHH s IeJICBOH Heli-
pOHHOI1 ceTn
3ammrTHas AMCTUIUIALMA [71] | — He OKa3bIBaeT 3HAUYUTEIBHOTO BIMSHUS HA Ka- | — HMCII0JIb30BaHKE JOMOIHUTEIbHON HEHPOHHOM
YECTBO LIEJIEBOM HEHPOHHOM CETH; CeTH;
— TO3BOJISIET OOHAPY)KUBATh aTaKH — HEYCTOMYMBOCTH K HEKOTOPBIM METO/IaM ara-
KU,

— HE MO3BOJIACT YCTPAHATH BO3MYIICHUEC

Cikarue napameTpos [79]

— He OKa3bIBAeT 3HAYUTEIBHOIO BIMSHUSA HA Ka- | — UCIIOJIb30BaHKE JONOJHUTEILHON HEHPOHHON
YeCTBO LeJICBOI HEHPOHHOH ceTH;
— T03BOJIsIET OOHAPYKUBATh ATAKN

ceTH;

— He T03BOJISIET YCTPAHSITh BO3MYIIEHHE;

— HETPUMEHUM B CHCTEMaX, IIe KaueCTBO M30-
Opa)XeHHsI KPUTHUECKH BAXKHO

CeprudukanioHHas 3aIiuTa | — MMO3BOJISIET YCTPAHSITh BPEAOHOCHOE BO3MY- | — CHHIKCHHE MMOKa3aTesiel KauecTBa IeIeBOM
[81, 82] LLICHHUE; MOJIEIIH;
— coxpaHeHMe KadyecTBa l'lpI/I HUCIIOJIBb30BaHUU UIs1 | — CJIOKHOCTH agallTaluu KO MHO)KCCTBy pa3-

OHaJa;

JICHHOH HOPMBI

3aIIUThl HEWPOHHBIX CETel CXOKEro (yHKIIHU-

— TapaHTHs 3aIIUTHI OT BO3MYILICHUS 10 OIIpe/ie-

JIMYHBIX aTakK

[ymononasnenue [80, 83] | — mo3BosseT yCTPaHUTh BPEJOHOCHOE BO3MY- | — HCIIOIb30BaHUE JONOIHUTEIbHOM HEHPOHHOM
IICHHE; ceru;
— MOBBILICHUE KaueCTBa U300paskeHUs — 3aBUCHUMOCTb dPPEKTUBHOCTH OT I[eJICBOI
MOJIeH;
— HEYCTOITYMBOCTh K HEKOTOPBIM METO/IaM aTa-
KH;
— HH3Kast 9Q(HEKTHBHOCTD IPOTHB HEN3BECTHBIX
arak;
— BO3MOJYKHOCTB YJQJICHUs! 3HAYMMOM HH(OP-
MaluH.

TOJIOB 3aIUThI HE MO3BOJISIIOT OKa3bIBaTh d(PHEKTHUBHOTO
NIPOTUBOJCICTBUS YKa3aHHBIM aTakaM. BBUIy U3J10kKeH-
HOTO MPOTHUBOPEUHS] BO3HUKAECT HEOOXOAMMOCTD YyITyullle-
HUSl CYHIECTBYIOIIMX M Pa3pabOTKH HOBBIX MOJXOJI0B K
MIPOTUBOJIEICTBHUIO.

OOHapyskeHHe BPEeJOHOCHOTO BO3MYIIEHHUSI BO3MOXK-
HO MOCPEJCTBOM CTAaTHCTUYECKOTO aHalIu3a IIyMOBOMN
KOMIIOHECHTBHI M300paKE€HUsS, B TOM YHCIIe TP ITOMOIIN
JUCKPETHOTO KOCHHYCHOTO TPeo0pa30BaHUs M JUCKPET-
HOTO TIpeoOpaszoBanmst Oypre. s aHamM3a pe3ynsTaToB
mpeoOpa3oBaHUil BO3MOXKHO MCITOJIB30BAHUE HEYETHOTO
GaitecoBckoro knaccupukaropa (Bayesian fuzzy clustering)
[84], a my1st 00pabOTKM IIIYMOBO# KOMITOHEHTBI B H3HAYA b~
HOM BHIe — Kputepus xu-kBaapar (Chi-squared test) [85].
JanHb1il TOAX0J MOKET UMETh OrpaHMYEHUE MO0 MUHHU-
MaJbHOM HOpME BO3MYIIICHUSI.

VYceTpaneHue BO3MYIIEHHs] BO3MOXHO IIPU BHECEHUU
00paTHMBIX BU3yaJIbHBIX MOAN(DHKAINI U UCKKSHUH H30-
Opaxenus. Torna UCTIONB30BAHNE TIPSIMBIX U 00PATHBIX
mpeoOpa3oBaHUl B pa3IMYHOM IMOPSIKE MOTCHIIHAIBHO
[03BOJIUT HAPYUIUTh LEJIOCTHOCTh BPEJOHOCHOIO BO3-
MYyIIEHUS. 3aMETUM, YTO MPEIT0KEHHBIA TTOIX0T MOXKET
HMMETh OIPaHUYEHHE 10 MAKCUMAaJIbHOW HOPME yCTpaHse-

MOT'0 UCKaXECHHSI 1 MOYKET OBITh HEIPHMEHHUM B HEKOTOPBIX
MPUKIIAHBIX 00JIACTSIX.

B 10 e Bpems s dexkTHBHOE MPOTHBOACHCTBHE aTa-
KaM, ONTUMHU3UPOBAHHBIM 110 IICEBIOHOPME L), Ipearnona-
raeT MCIOJh30BaHUE MHBIX MOIXOJ0B, OMMCAHHBIX Jajece.
OO0HapyKEeHUE BPEIOHOCHOTO MCKAKCHHS, XapaKTCPHOTO
JUTS YKa3aHHBIX aTaK, BO3MOXKHO TIOCPEICTBOM CTaTHUCTH-
YECKUX METO/IOB, HAIIpUMEP: Z-OlEHKH, TUCTOTPAMMHOTO
aHaJW3a, BRIYMCICHUS paccTosHUs MaxamanooOwuca [86].
BBuay Hanmmuus onpeneleHHBIX HEI0CTaTKOB B yKa3aH-
HBIX METOJaX, BO3MOYKHO HCITOJIh30BAaHUE MX KOMOWHAITHH.
Kpome Toro, HeKOTOpbIe METOIBI TAKXKE BBEIYUCIISIOT MIPE-
nosaraembie R GB-KOMITOHEHTHI MCKa)KEHHOUW 00IacTH.

KomMOuHaIus MpeyioKeHHBIX MOAX0I0B MOTCHIIHAIb-
HO T03BOJIIET OOHAPY)KUBATh U YCTPAHSTH BPEIOHOCHBIC
BO3MYIICHHS BHE 3aBUCHMOCTH OT UX HOpMBI. Creyer
OTMETHTh, YTO OIMHUCAHHBIC TIOIXO/bI TPUMEHUMBI HCKITIO-
YUTEIHHO JIJIsI OTPAHUYCHHBIX HCKAKCHUI.

3akiarouenne

Yrpo3sl, CBI3aHHBIE C aTaKaMU HA OCHOBE BPEOHOC-
HBIX UCKAKCHUM, SIBJIIOTCS aKTyaJbHBIMH U KPUTHYHBIMHU
JUISE MHOTUX CHCTEM, PEaU3yIOIIUX TEXHOJIOTUU UCKYC-
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CTBEHHOT'0 MHTEIJUIEKTA B PA3JIMYHBIX MPUKIAIHBIX 00Ja-
cTs1X. B TO ke BpeMsl HeOCTaTKU U OrpaHUYEHUS Cylle-
CTBYIOIIMX METOAOB 3allUTHI HE MO3BOJISAIOT OKA3bIBATh
3 PEKTHBHOTO MPOTHUBOCHCTBHS YKa3aHHBIM arakam. V3-
32 M3JI0KEHHOTO IIPOTUBOPEUHSI BOSHUKAET HEOOXOIMMOCTh
YIIy4IICHHS CYIIECTBYIOUINX U pa3pab0TKN HOBBIX IOIXO-
JIOB K TIPOTHBOZICHCTBHIO. B paboTe paccMOTpeHBI HEKOTO-
pbI€ BO3MOYKHBIE BAPHAHTBHI PEIICHHUS TPOTUBOPEUNSI.
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Abstract

High Resolution (HR) images have numerous applications, such as video conferencing, remote sensing, medical imaging,
etc. Furthermore, a few challenges with the super resolution algorithms of magnetic resonance brain images are now
obtainable, namely, low sensitivity, significant frequency noise as well as poor resolution. To fix these problems, a
Convolutional Neural Network (CNN) based Discrete Cosine Transform (DCT) singular frame quality improvement
method is described. There are two stages in this proposed method, involving training and testing. During the training
stage, the HR, and Low Resolution (LR) pictures are employed as input, and they are preprocessed to create blocks of
images. The histogram and DCT are used for extracting the features from the LR and HR blocks, and these extracted
features are assigned with class id. The CNN, which extracts the features and allocates class id, receives its feature
extractor as its final input. An LR input image is once more divided into [2 x 2] blocks during the testing stage, so each
block histogram and DCT feature are estimated. Each feature vector is fed into the neural network as well as the results
are contrasted with a set of feature vectors that have been recorded, in addition to the class id that has been allocated to
a certain vector. In order to generate a Super resolution image with an LR image, a relevant HR block is then swapped
out for this LR block. These results indicated that the initial dataset can achieve 22.4 and 19.5 Peak Signal to Noise Ratio
(PSNR) and Root Mean Square Error (RMSE) values while measuring the effectiveness of this proposed method using
RMSE and PSNR. Then, the second dataset illustrates that the PSNR and RMSE values are 20.1 and 25.5. For the third
dataset, the values are 45.7 and 12.3, respectively. However, the presented method works better than the neural method
of Super Resolution Channel Spatial Modulation Network and resolution enhancement technique.

Keywords
high resolution, low resolution, discrete cosine transform, resolution enhancement, RMSE, PSNR, convolutional neural
network
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CBepxBbICOKO€E pa3pelnieHne U300paskeHusi MArHUTHO-PE30HAHCHOI TOMOrpadun
TOJIOBHOI'0 MO3ra ¢ MCImoJib30BaHMEM JUCKPETHOI0 KOCUHYCHOTO npeoﬁpa3OBaHm{
U CBEPTOYHON HEHPOHHOM CeTH
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AHHOTALUA

W3o6paxkenus ¢ BeicokuM paszpemenueM (High Resolution, HR) nmeror mmpokoe npumMeHeHne, Haupumep Ipu
NIPOBEIEHNH BHJICOKOH(EpeHINi, TUCTAHIIMOHHOTO 30HAMPOBAHUS, MEAUIIMHCKON BH3yalTH3alllnd U APYTHX.
C HCIOJIB30BaHUEM AJITOPUTMOB CBEPXBBICOKOTO Pa3pEeIICHNS TOSBIIIACH BO3MOKHOCTD PEIINTh HECKOJIBKO IpobieM
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P. Singh, D. Ganotra

MarHUTHO-PE30HAHCHOIT ToMOorpadun H300paskeHU MO3ra, CBSI3aHHBIX C HU3KOW YyBCTBHTEIBLHOCTHIO, 3HAYUTEIBHBIM
YaCTOTHBIM IIYMOM, @ TaK)Ke HU3KUM pasperieHneM. UToObl YCTpaHUTh JaHHBIE MPOOIEMBI, MPEII0KEH METO
yIIyUIlIeHUs] KauecTBa CHHTYJSIPHOTO KaJjpa Ha OCHOBE CBepTOuHOi HeliponHoit cetn (Convolutional Neural Network,
CNN) ¢ auckpeTHBIM KOCHHYCHBIM npeodpazoBanueM (Discrete Cosine Transform, DCT). MeTon cocTout u3 AByX
9TAIoB, BKIFOYAIONINX 00ydeHre u TecTiupoBanue. Ha srame o0ydyenus nzoopaxenns HR u Huskoro paspemenns (Low
Resolution, LR) mcnons3yrorest B kKauecTBe BXOJHBIX JaHHBIX M IPOXO/ST MIPEIBAPHTEIbHYI0 00pabOTKY ISl CO3MAHUS
O11okoB M300paxkeHuit. J{yist m3BedeHns npusHakoB u3 61oxoB LR 1 HR npumenenst ructorpamma u DCT. Vi3BneueHHBIM
NpHU3HaKaM IpucBanBaercs uaentudurarop kiracca. CNN uzsnekaer ¢pynknun DCT, nasnavaeT npeHTuduUKaTOp
KJlacca M Mojly4aeT CBOM 3KCTPakTop (YHKIMI JUIs OKOHYATeIbHOTro BBOAA. BxonHoe n3obpaxkenne LR Ha sTame
TECTUPOBAHHUS TIOBTOPHO JCIUTCS Ha OJIOKHM [2 X 2], ¢ TOMOIIIBIO THCTOIPAMMBbI OLIEHHBACTCSI KaXK/IbIil OJTOK M (DyHKIHN
DCT. Kaxx1plit BeKTOp MPU3HAKOB MEPEACTCs B HEHPOHHYIO CETb, MOIYUYEHHbIE PE3YIbTaThl CPABHUBAIOTCS ¢ HAOOPOM
BEKTOPOB MPH3HAKOB, KOTOPHIE OBLIM 3aMCaHbI, B JOTIOTHEHHE K HASHTH(HKATOPY Ki1acca M Ha3HAYEHbI ONPEICICHHOMY
BekTopy. /1115 reHepanuu n300paskeHns CBEPXBBICOKOTO pa3penieHus ¢ n3oopaxkennem LR coorBercTByrommii 6ok HR
3amensiercst Ha 610k LR. [Tomyuenmsle pe3yasTaTsl ToKas3anu, 9To 3(G(heKTHBHOCTD MPEATIOKEHHOTO METO/Ia HCXOTHOTO
Ha0bOpa TaHHBIX JIOCTHIVIA 3HAYSHUH OTHOIIEHHS TMKOBOTO curHana K mymy (PSNR) u cpenrexBaparnaHoii ommoOkn
(RMSE) 22,4 u 19,5 cootBercTBeHHO. BTOpoii Habop manHbIX nokasan 3naduennst PSNR u RMSE, pasusie 20,1 u 25,5,
a Tpetuil Habop — 45,7 u 12,3. Takum 00pa3om, MpeACTaBICHHBIN MeTO padoTaeT Jydlile, 4eM HEHpOHHAs CeTh
HpOCTpaHCTBeHHOﬁ MOIYJIALNHN KaHalla CBEPXBBICOKOI'O paspelICHUs U METO TOBBILICHHUS Pa3pECIICHU .

KnroueBnie ciioBa
BBICOKOE pa3pelleHNe, HU3K0e Pa3pelleHue, JUCKPETHOE KOCHHYCHOE NPeoOpa3oBaHue, MOBBIIIEHHE pa3pelleHus,
cpenHekBaapaTnyeckas ommbka, PSNR, cBepTounas HelipoHHas ceTh

Ccepuika ais uurupoBanusi: Cunrx I1., anorpa JI. CBepXBbICOKOE pa3pereHne n300pakeHusi MarHUTHO-PE30HaHCHOM
TOMOrpa MM TOJOBHOTO MO3ra C UCIIOJIb30BAHNEM AMCKPETHOTO KOCHHYCHOTO MPE0OpPa30BaHUS U CBEPTOYHOI
HelpoHHOH cetH // HaydHO-TeXHNUECKUi BECTHUK HH(POPMAIMOHHBIX TEXHOIOTHIA, MeXaHUKH U onTuku. 2023. T. 23,

Ne 4. C. 734-742 (na anrn. s13.). doi: 10.17586/2226-1494-2023-23-4-734-742

Introduction

High Resolution (HR) images have numerous
applications, such as video conferencing, remote sensing,
medical imaging, etc. Low Resolution (LR) pictures are
converted into HR pictures through an algorithm using
resolution improvement techniques [1, 2]. It is relatively
casier to retrieve an HR image from numerous LR images
rather than from only one LR photo. Computer vision is
highly dependent upon the challenge of retrieving an HR
image from a single LR image. This problem is known as
an under-determined inverse problem having no unique
solution. Most often, the resolution to this issue helps to
limit the possible solutions using solid previous knowledge.

In most cases, an illustration method is used to compare
the most recent and prior province methods. Some methods
can focus on an image internal similarity [3] or outside LR
and HR pairings to identify mapping operations [4]. These
methods based on single-image Super Resolution (SR) are
categorized into two classes: sparse coding [5, 6] based on
deep learning [7, 8]. Spare coding is an example of one of
the typical external example-based resolution enhancement
techniques [9, 10]. The coding coefficients are identical
in the patch space of each pair of patches in HR and LR
images. The overlapped patch were densely cropped and
pre-processed from source image (e.g., subtracting mean
and normalization).

A LR dictionary then encodes these patches. An HR
dictionary is used to store the sparse coefficients for
reconstructing HR patches. To generate the final output,
the overlapping reconstructed patches are aggregated. One
of the earlier approaches that use Convolutional Neural
Network (CNN) for resolution enhancement is Super
Resolution Convolutional Neural Network (SRCNN). It
is connected to the conventional resolution enhancement
method focused on sparse coding, according to the nature

of the network structure. This network comprises three
convolutional layers [11]. The scale of the convolution
kernel is respectively [1 x 1], [3 x 3], ... [9 x 9]. While
SRCNN would be an end-to-end method that proceeds
completely forwards, their speed is better compared to
conventional techniques.

Deep convolution networks have been shown to
produce better results than the conventional resolution
enhancement approach [12]. As improved network length,
deep neural networks have become more effective. In order
to improve the network size, both numbers of layers as well
as the units at every layer are grown. Specifically, when
working with such a big amount of training data set, this
is a rapid and effective method for developing predictive
method [13]. If there are only few identified samples in the
training set, having a greater variety of parameters makes it
harder for the network training to convergence and renders
the enlarged networks highly susceptible to overloading.

Direct end-to-end mapping from LR photos to HR
images is the target of deep learning based methods. In this
paper, the designed method consists of two phases: training
and testing. At first, the HR and LR images are taken as
input and are preprocessed for dividing the image pixels
into blocks such as [2 x 2] and [4 x 4]. The histogram and
Discrete Cosine Transform (DCT) are used for extracting
the features from the LR and HR blocks. Each and every
extracted feature vector from LR and HR blocks using the
DCT is aligned with the class id. In the end, the DCT and
histogram characteristics are merged, but this acts as an
input for the CNN. Through the use of a class id which is
aligned, the features from the input element are extracted
to create the SR image by swapping out the LR values into
HR values. The LR image should be first compressed to a
[2 x 2] block in the testing stage, before the histogram and
DCT are evaluated, and the LR block is therefore swapped
out for the proper HR block to generate the superior image
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quality. An earlier resolution improvement method for head

imaging used to have a drawback that the proposed scheme

has fixed.
The following list contains the main goals of the
proposed method.

— LR Magnetic Resonance Tomography (MRT) brain
scans can be improved to produce HR MRT scans
utilizing CNN.

— Blocks made from the image pixels are employed to
effectively features extracted.

— The histogram and DCT methods are used to extract the
features in order to minimize the time training in CNN.
The main accomplishments of the proposed method

include training the CNN with HR brain MRT images
to transform LR MRT brain images into SR MRT brain
images. In order to extract features using HR and LR
images, the image pixels are split into blocks. Both
histogram and DCT method are then used to retrieve the
coefficient of feature vectors from LR and HR pictures.

Literature Review

This section addresses some of the essential studies
related to the Brain MRT SR image for transforming the LR
image to HR image previously proposed utilizing diverse
deep learning approaches.

Dong et al. [14] used an end-to-end mapping between
the LR-HR images which is straightforwardly learned in a
deep learning method that has been proposed. Considering
LR image input and HR image output, this mapping is
represented as a deep CNN. They also demonstrated
that conventional resolution enhancement methods
based on sparse-coding could also be observed as a deep
convolutional network. This proposed method optimizes
all layers, unlike conventional approaches that treat each
variable separately, and proposed deep CNN has a smaller
network but shows state-of-the-art quality in restoration.
However, CNN end performance is poor due to its capacity
limitations.

Aharon et al. [15] proposed a method using the
representation of sparse signals for single-image SR.
An over-complete dictionary describes image patches
using a sparse linear combination of components. For the
LR image, sparse representation is calculated for each
patch, and the HR image is produced with the help of
this coefficient. These outcomes demonstrate that signals
that were down-sampled can still accurately retrieve the
excess representation. It is possible to determine exactly
comparable the dense representation of the LR and HR
image patch pairings can be with regard to respective
vocabularies through simultaneously training 2 dictionaries
for the LR and HR image patches. When compared to
earlier approaches, the learned vocabulary pairing samples
a greater number of picture patch pairings, which minimizes
the computational expense. HR images are generated by
using this algorithm that is comparable or better in quality
to images formed by other similar resolution enhancement
approaches. Furthermore, this approach is inherently robust
to noise.

Rueda et al. [16] introduced an SR method based on
sparse coding that integrates low and high-frequency

information to generate an HR image from an LR brain
MRT image which was adapted for conveniently integrating
prior knowledge. With a 3D HR reconstruction, the
proposed method considerably improves computationally
both speed and precision by incorporating a whole-image
multi-scale edge assessment with dimensionality reduction
technique. Reconstructed and interpolated reconstructed
types of 29 MRT brain images were compared to the novel
images learned in a 3T scanner to validate the method,
yielding a 70 % reduction in Root Mean Square Error
(RMSE) and a 10.3 dB increase in Peak Signal to Noise
Ratio (PSNR). Its method outperforms a present state
algorithm, demonstrating it will have a big impact on
voxel-based morphometry analyses. These approaches are
quick and simple to understand and use, but they struggle
with edges and complex textures.

Wang and Jiang [17] proposed a research method of
the Adaptive Regulation of Thought-Rational resolution
enhancement reconstruction method. In order to train
a more advanced end-to-end deep threshold recurrent
neural network, these authors also added a recurrent
layer to the basic CNN during the matching step. During
the recruitment process, the neighbourhood embedding
approach is employed to constitute for the lost image data.
According to the experimental outcomes, the methods has
a great potential for photo restoration and has achieved
good outcomes in calculating metrics for both PSNR
and Structural Similarity Index. However, the quality of
reconstruction begins to decline.

Liu et al. [ 18] have suggested an improvement of image
resolution used in medicine. A method was proposed for
increasing resolution that first retrieves an HR picture from
its counterpart using lower ranking as well as nonlocal self-
similar consistency. By iteratively applying a subsampling
accuracy restriction on low rank restoration, then they
improve the recovered HR value. Results obtained
on Magnetic Resonance and Computer Tomography
images illustrate that the proposed method works better
than standard estimation techniques and therefore it is
comparable with current state-of-the-art technology in
terms of both measures and picture quality. It results in a
large computational cost, though.

Liu et al. [19] had developed a Positron Emission
Tomography (PET) Imaging Image Enhancement Using
Artificial Intelligence (AI). Excessive noises as well as a
restricted spatial resolution are two important influencing
factors that limit the qualitative and statistical efficiency
of PET scans. Al methods for image denoising and de-
blurring are growing in popularity for post-reconstruction
enhancement of PET images. The proposed method
offers a comprehensive analysis of prior Al-based PET
image enhancement efforts, with a focusing on network
architectures, file formats, loss functions and evaluation
criteria.

According to the mentioned study, brain imaging super
resolution faces a number of important difficulties. Due
to its capacity limitations, EES end performance is poor
(Dong et al. [14]). This approach is inherently robust to
noise Aharon et al. [15], quick and simple to understand
and use, but they struggle with edges and complex textures
used by Rueda et al. [16], and the quality of reconstruction
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begins to decline Wang et al. [17]; it leads to a high
computational cost of Liu H. et al. [18]. CNN was proposed
for brain image SR as a solution to this issue.

Proposed Method for Brain Image Super Resolution

Resolution is generated by image sensors or image
collection hardware. The size or quantity of sensor
elements affects an images spatial resolution. Converting
LR photos to HR is termed as brain image improvement.
For improving picture quality from extracted features
in this method, CNN is suggested. Video conferencing,
remote sensing, medical imaging, and several other uses
are available for HR images. LR photos are transformed
into HR images by an algorithm utilizing resolution
enhancement techniques. A CNN is suggested in this
method because previous Brain-computer interface
technology mainly depends on artificial stimuli for
resolution improvement.

The process flow of the proposed method is illustrated
in Fig. 1. The HR [256 x 256] and LR [128 x 128] images
are initially selected as input for the training phase, then
they pre-processed to split the image pixels into blocks.
After that, the histogram and DCT methods are utilized
to extract the features from HR and LR blocks. The CNN
receives these extracted features as input and utilizes
them to extract the features and establish a class id. The
histogram and DCT feature of an LR input image were
computed for each block of the source images throughout
testing. While feeding the neural network with this feature
data, the output is assessed against a previously established
recorded feature vector which is given a class id. In order
to create a SR image from an LR image, each LR block is
again swapped out with the equivalent HR block. Three
distinct dataset of brain MRT images are utilized to test the
proposed method.

Data Augmentation

When including slightly modified versions of either
existing data or brand-new synthetic data that is derived
from previous data, data augmentation in data analysis
is utilized to expand the quantity of data. Less data
is employed in the datasets for such method design for

Training phase

training and testing the classifier. Consequently, the data
augmentation technique increases the dataset size.

Pre-processing

The pixels are divided into blocks using pre-processing
in this method. HR and LR images are utilized for the pre-
processing for it. From the first dataset!. LR images of size
[128 x 128] with matching HR images of size [256 x 256]
from the SR of Brain MRT Images Dataset Download was
employed for training. The LR image is separated into
blocks of size [2 x 2] but each HR image is split into blocks
of size [4 x 4] pixels, obtaining 4096 blocks of [2 X 2] as
well as [4 x 4] pixel resolution by each LR and HR image,
correspondingly. For 21 LR images total [21 x 4096] blocks
were used for training.

Another dataset: 1 of 49 images was used for training
method land from another database [2 x 46] images were
used for training, resulting in [49 % 4096] and [46 x 4096]
blocks respectively.

1. Feature extraction

The process of feature extraction is fundamental to the
improvement of images. These features are extracted of
the pre-processed images using the DCT method. Each LR
and HR block was utilized to extract the histogram with 2D
DCT. Even though the input to the 2D DCT was a matrix of
size [2 x 2], the output of the 2D DCT function was chosen
as a matrix of size [3 % 3] to improve the image quality and
reduce the complexity. For the histogram, 16 bins were
chosen. This shape of each HR block now consists of a
feature vector with a size of [1 x 25]. The sixteen bins were
from 0-15, 16-31, ..., 240-255 grayscale values.

It is possible to add cosine functions which fluctuate at
specific frequencies to describe a continuous sequence of
points using a DCT. Extraction of DCT features occurs in
two phases. First, the entire image is subjected to the DCT
to generate DCT coefficients, while in the following phase,
feature vectors are built using a subset of the coefficients
that have been chosen in the initial process. Approximately
the same size to the input image is the DCT coefficient
matrix [20].

I Available at: https://projecttunnel.com/Super-Resolution-of-
Brain-MRI-Images-Dataset-Download (accessed: 14.07.2023).

Testing phase

Histogram and Discrete
Cosine Transform

Low Resolution

0

Feature Extraction

Classification/Testing image

|

Image processing

Histogram and Discrete
Cosine Transform

Convolution Neural
Network

I

Classification/Training

High Resolution

Convolution Neural
Network I

image

Fig. 1. Architecture of the proposed method
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For image of M x N size, in which each photo relates to
a 2D matrix, DCT coefficients are calculated.

1 M-1N-1
F(u,v)= . X
(u, v) \/]‘WOL(M)OL(V))E0 ygof(x »)
y COS((Zx + l)un)cos((Zy + 1)\11'5)’
2M 2N

whereu=0,1.. M—landv=0, 1... N— 1, a(w) is defined

by,
1

—, w=0
a(w) ={\2

1, otherwise

The image brightness function is known as f(x, y),
and the 2D matrix F(u, v) includes the DCT coefficients.
Applying the DCT to the entire image gives the frequencies
coefficients matrices of the same dimensions. A method
is utilized for feature extraction that has a significant
impact on accurate identification is the second phase. The
purpose of selecting the coefficient is used to minimise the
reconstruction error.

2. Convolutional Neural Network

In this method, CNN is proposed for extracting features
from the previously extracted image. After using CNN for
extracting the features, the LR values are replaced by the
HR values. An already-trained version of the networks,
which has been trained on more than a million pictures,
can be loaded from the ImageNet dataset. Evaluate this
proposed method to handle recognizing various kinds of
sign images.

As inputs to the Convolution layers, the feature vector
of dimension [1 % 25] was utilized. Using [2 % 2] kernel
in the CNN layer, [4 x 4] feature vector is obtained.
This feature vector sent to the max-pooling layer results
in [3 x 3] size. After CNN, each feature vector has size
[3 x 3]. Each corresponding input and output feature vector
pair were assigned a number referred to as class id. For the
same feature vector, the same class id is assigned.

The convolution layer, which is the initial layer of the
CNN, executes a convolution operation on the input, as
illustrated in Fig. 2. A total result is then filtered using
an activation function, such as Rectified Linear Unit, and
sent to the pooling layer which is the subsequent layer.
The following equation will be utilized to estimate the
convolution layer operation [21]:

m—I m—1
Oi(x,y) :f(z z W(lsf)l(x Ty +]) + bzas),

=0 j=0

where O is the basis function of fully connected layer; 1’
is the representation of function; / is the representation of
input image; x and y are the mapping row and column of
image; m is the maximum size of filter in coevolution; bias
is the bias value.

This equation includes map dimension as well as the
network parameters which are minimized through the
use of the pooling layer. The features, such as edges and
points, are extracted using max pooling. In order to link
the neurons from the current layer to the following layer,
a completely connected layer is therefore used. An input
image is classified into different classes using the training
dataset. The neural network output y is identified as in [21]

y=o(wl .. s(wlo(wlx + bl) + b2) ... + bL),

where 6 is an activation function, w is a network parameter,
b is a bias, and x is input, L is layer number.

3. Training

Depending on the class id of the feature vector for LR
block, blocks were recognized during training. The trained
vector, which has a size of [86,016 x 9] for the primary
dataset, has size [200,704 x 9] for second dataset and
[188,416 x 9] for third dataset, is created by obtaining the
class ids for the LR and HR photo blocks.

A histogram feature with 16 bins and a DCT of 9 values
are used in the proposed method. Thus, we have an input
vector of 25 elements. This 25-element vector is placed
through a CNN method, and the resulting 9-element vector
includes what the initial hidden layer will use as input. This
output of the initial hidden layer has 128 items and also the
2 items hidden layer includes another 9 elements. Finally,
there is only one output element in the output layer which
denotes the class id. At the input to the hidden layer and the
hidden layer output layer, sigmoid functions are employed
as activation functions. In order to identify the correct class
id for the LR block, the neural network obtains its inputs
feature vector. It is replaced with an HR block that matched
this LR block.

4. Testing

This stage again divides the LR input image into [2 x 2]
blocks for testing, so each block histogram and DCT
features are obtained.

Extracted
features

Convolution Max Convolution Max Fully
ReLU layer pooling ReLU layer pooling  Connected
layer

Fig. 2. Generic architecture of Convolutional Neural Network
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The class id is given to the feature vector when the
outputs of the neural network are evaluated with a group of
feature vectors that have been recorded. In order to create
an HR image with an LR image, an appropriate HR block
is then exchanged for this LR block. Ten pictures from the
initial dataset were utilized to test the proposed method.
40 images were used to test the method for the second and
third datasets.

Result and Discussion

The purpose of this method is to transform a low quality
picture into a high-quality image. This section assesses the
CNN. MATLAB 2021a is utilized to execute the testing,
with an Intel Core 15, NVidia GeForce GTX 1650 and
16GB of RAM. In order to evaluate if it transforms the LR
image into an HR image, CNN examines the data entered.
Whenever the data was first collected, it was utilized in
two phases: training and testing. The CNN classifier in the
present method receives its input from the DCT features
that have been retrieved.

Both LR and HR pictures are utilized as input initially,
then pre-processing follows. Pre-processing is used to
decompose picture pixels into blocks, while extracted
features serves to feature extraction from the pre-processed
pictures discrete cosine transform. Block splitting is
employed by the proposed method for both the HR and
LR images which have pixel sizes of [256 x 256] and
[128 x 128], respectfully. Different class ids are given after
extracting the histogram and DCT features from such LR
and HR blocks. These feature vectors are used to train the
method to identify the relevant class id. CNN is utilized
to train the method. Three distinct datasets of brain MRT
images are employed to test the proposed framework.
The proposed method results are compared to Super
Resolution Channel Spatial (SRCS) and neural network-
based resolution enhancement. The performance of this
proposed method with neural network-based learning and
the SRCS method was calculated using three datasets of
brain MRT images.

Dataset description

Dataset 1: There are 62 photographs in this set,
including 31 images in LR and 31 in HR. Each low-
resolution image is [128 x 128] pixels in size!. Similarly,
each HR image is 256 x 256 pixels in size.

Dataset 2: The data are collected from the Kaggle
dataset. There are 155 non-tumorous data images in this
dataset, and 98 tumorous images?.

Dataset 3: the data are collected from the figshare
dataset. In this dataset, 86 images are used3.

The above chosen datasets consist of 31, 89 and 86
images of LR for training and testing using the classifier.
These fewer amounts of data are not feasible for training

I Dataset 2: https://projecttunnel.com/Super-Resolution-of-
Brain-MRI-Images-Dataset-Download (accessed: 14.07.2023).
2 Chakrabarty N. (2019, April 14). Brain MRI images for

the CNN. Instead of searching for a new dataset, the
collected dataset is augmented 10 times, resulting in more
data for training the CNN.

In Table 1, in the first dataset totally of 31 images are
used for training and testing. For training, 21 images are
used, and 10 images are taken from the total images for
testing purposes.

In Fig. 3, from the first dataset of 31 brain MRT images,
21 were used as training, and 10 were used for the testing.
In comparison to the SRCS and neural network based
method, the PSNR values and on average, raised by 6 dB
and 9.6 dB, respectively, based on the outcomes of these 10
testing images. RMSE is decreased by 12.8 dB and 22.2 dB
than the neural network based and SRCS methods.

The average RMSE and PSNR of 10 test images are
shown in Table 2. For the parameter PSNR, the SRCS value
is 12.8, neural network based value is 18.8, and our method
reaches 22.4. For RMSE, the value of SRCS is 41.7, the
neural network based value reaches 28.9, and the proposed
method reaches 19.5, respectively.

In Table 3, in the first dataset totally 89 images are used
for training and testing: 49 images are used for training,

Table 1. First dataset description

Data Total number | Images used Images used
Augmentation of images for training for testing
Before 31 21 10
After 310 248 62
Image . Neural Proposed | Ground Truth
Name | LR image HIE: Network method HR image
Brain
MRT
Sample
1
Brain
MRT
Sample
2
Brain
MRT
Sample
3

Fig. 3. Results of various techniques for Dataset 1

Table 2. Average RMSE and PSNR of 10 test images from

dataset 1
Neural Proposed
Parameter SRCS Network Method
PSNR 12.8 18.8 224
RMSE 417 28.9 19.5

Table 3. Second dataset description

Brain tumor detection. Kaggle. Available at: https://www.kaggle. Data Total number | Imagesused | Images used
com/navoneel/brain-mri-images-for-brain-tumor-detection Augmentation of images for training for testing
(accessed: 14.07.2023). Before 89 49 40

3 Dataset 3: https://figshare.com/articles/dataset/brain_tumor
dataset/1512427 (accessed: 14.07.2023). After 890 712 178
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and 40 images are taken from the total images for testing
purposes.

In Fig. 4, for the second dataset of 89 images, 49 were
used for training the network, and the proposed method was
tested on 40 images. After averaging the RMSE and PSNR
values across the 40 images, it was found that the RMSE is
lower by 2.2 dB and 9.3 dB than the neural network based
method as well as SRCS method, respectively, and also
the PSNR values are greater by 20.6 dB and 23.6 dB than
the neural network based method and SRCS, respectively.

The average RMSE and PSNR of 40 test images are
shown in Table 4. For the parameter PSNR, the SRCS value
is 10.8, neural network based value is 16, and our method
reaches 20.1. For RMSE, the value of SRCS is 49.1, the
neural network based value reaches 34.5, and the proposed
method reaches 25.5, respectively.

In Table 5, in the first dataset totally 86 images are used
for training and testing: 46 images are used for training,
and 40 images are taken from the total images for testing
purposes [22].

In Fig. 5, for the third dataset having 86 images, 46
were used for training purposes and testing was done on
40 images. The outcomes of these 40 test images were
averaged, while it was found that the RMSE was reduced
by 4.4 dB and 9.7 dB compared to the neural network-based
approach and also the SRCS method, respectively, and thus
the PSNR values significantly improved by 10.5 dB and
26.4 dB. DCT and histogram features were used to enhance
the proposed method accuracy through training.

The average RMSE and PSNR of 40 test images are
shown in Table 6. For the parameter PSNR, the SRCS value
is 19.3, neural network based value is 35.2, and our method
reaches 45.7. For RMSE, the value of SRCS is 22.0, the
neural network based reaches 16.7, and the proposed
method reaches 12.3, respectively.

Table 7 shows the comparison of PSNR and RMSE
for proposed and existing approach. Proposed approach
attain 45.7 % PSNR value which is high when compared

Image Neural Ground Truth

Name

Proposed
method

SRCS

Table 5. Third dataset description

Data Total number | Images used Images used
Augmentation of images for training for testing
Before 86 46 40
After 860 688 172
Image ROQ Neural Proposed Ground Truth
Name SRCS Network method HR image

Brain
Tumor
Sample 1

Brain
Tumor
Sample 2

Brain
Tumor
Sample 3

Fig. 5. Results of various techniques for Dataset 3

Table 6. Average RMSE and PSNR of 40 test images from

dataset 3
Neural Proposed
Parameter SRCS Network Method
PSNR 19.3 35.2 45.7
RMSE 22.0 16.7 12.3

Table 7. Average RMSE and PSNR for proposed and existing

approaches
Parameter Proposed DBPN CSAM DRPB
method [23] [24] [25]
PSNR 45.7 31.86 31.42 30.17
RMSE 12.3 17.8 22.4 28.11

to other current approaches, such as Dual residual Path

LR
Brain
MRT

Image 1

LR
Brain
MRT

Image 2

LR
Brain
MRT

Image 3

Network

&

HR image

Fig. 4. Results of various techniques for Dataset 2

Table 4. Average RMSE and PSNR of 40 test images from

Block (DBPN), Channel Spatial Attention Module (CSAM)
and Deep Back Projection Network (DRPB) whose values
are 31.86 %, 31.42 % and 30.17 %, respectively. RMSE
values for proposed approach is 12.3 % which is low when
compared to the current approaches. It clearly shows that
the proposed approach yield better performance when
compared to other current approaches.

Conclusion

In this research, DCT and CNN based resolution
improvement method called “Brain Image” was developed.
CNN is utilized to extract the features and change the LR
value with the HR value. The HR image and LR images
are divided into smaller blocks. The histogram and DCT
features are extracted for each HR and LR block. The
method is trained using these extracted features, and the
unique class id is allotted to each feature vector. The
proposed method attained 22.4 and 19.5 PSNR and RMSE
values. And for the second dataset, the PSNR and RMSE
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dataset 2
Neural Proposed
Parameter SRCS Network Method
PSNR 10.8 16 20.1
RMSE 49.1 345 25.5
740
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values are 20.1 and 25.5. For the third dataset, the values
are 45.7 and 12.3. The analysis of three various datasets
of brain MRT images reveals comparisons between the
proposed approach and SRCS and resolution improvement
using a neural network. The RMSE and PSNR values are
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AHHOTALUA

BBegenune. B Hacrosmee BpeMs 4acTo AN Pa3NUYHBIX 3a7ad 0OpabOTKM €CTECTBEHHOTO SI3bIKa TPeOyroTCs
Oonpmrre HaOOps! HaHHBIX. OMHAKO I MHOTHX 3a1ad cOop OOIbIIOro Habopa JaHHBIX SBISETCS TPYAOEMKHM,
JIOPOTOCTOSIIIIIM IIPOIIECCOM U TpeOyeT IIPUBICUEHNUS SKCIISPTOB. YBEINUCHHE 00beMa HH(POPMAIINK BO3MOKHO JOCTHYb
C HUCIOJIb30BaHUEM METOJOB ayTMEHTAlUM JAaHHBIX. BMecTe ¢ TeM HCIOIb30BaHHUE KIACCHUECKUX MOAXOJO0B MOXKET
MPHUBECTH K BKIIIOUSHHUIO B KOPITYC JAHHBIX ()pa3, KOTOPbIE OTIMYAIOTCS MO CTUIIIO PEUH U JISKCHKOHY IIEJIEBOH TEPCOHBI.
OTO CONPOBOXKIAETCS U3MEHEHUEM 1I€E€BOT0 KJlacca M MOSIBICHUEM PEIUINK C HEeCTECTBEHHBIM HCIIOIb30BaHUEM
JIEKCHKU U OTCYTCTBHEM cMbIcia. [Ipe/uioxer HOBBIA METO ayrMEHTAIMN TECTOBBIX JAHHBIX, YUUTHIBAIONIIUN CTHUIIb
U JIEKCUKOH nepcoHsl. MeTon. B paboTe pa3paboTran HOBBII METO ayrMEHTAIlMH TEKCTOBBIX JAHHBIX, COXPAHSIIOMINI
HMHUBH/yalbHbIC PEUEBBIC XapaKTEePUCTHKHU U CIOBApHBIH 3amac. OCHOBHAS Hesl METOA 3aK/I0daeTcsl B (GOPMHUPOBAHIN
HMHIBHIYaJIbHBIX MA0IOHOB JJISI KaXK/[OTO YeJIOBEKa HAa OCHOBE aHAIN3a CHHTAKCHUECKHX JIePEBbEB BHICKA3BIBAHMN
1 TIOCJIEIYIONIeT0 CO3JaHNs HOBBIX PEIUIMK 10 chOopMUpOBaHHEIM IIabmoHaM. OCHOBHBIE pPe3yJbTaThl. MeTox
arpoOUpOBaH Ha 3a/]aue OLIEHKH SMOLMOHATIBLHOIO COCTOSHNUS T10JIb30BaTelIs B iuanore. McciieoBanus MpoBeaeHbI IS
JIaTaceToOB Ha aHIIMHCKOM M PYCCKOM si3bIKax. IIpe/uioxkeHHbI MeTO/] O3BOJIMII TOBBICUTH KaUeCTBO PELICHUS ITUX
3a/1a4 KaK JUisl aHIJIUKHCKOTO, TaK | JUISl PYCCKOTO s13bIKOB. [TosryueHo yBeanueHuii 3uadeHnii MeTpuk accuracy u weighted
F1 nns pasubix mozeneit. O0cysknenue. Pesynsrarel paboTsl MOTYT OBITH IPUMEHEHBI ISt TOBBIILICHUS] METPUK accuracy
u weighted F1 moneneii, npenHa3Ha4eHHBIX 7SI PEUICHHUS Pa3IMYHBIX 337184 U1l aHIJIMHCKOTO M PYCCKOTO SI3BIKOB.

KiwueBble ciioBa
AyrMCHTAIMA TEKCTOBBIX JaHHBIX, PACIIO3HABAHUEC 3MOL[I/II71, OIICHKA BAJICHTHOCTH BBICKA3bIBAHUH
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Abstract

Currently, various natural language processing tasks often require large data sets. However, for many tasks, collecting
large datasets is quite tedious and expensive, and requires the involvement of experts. An increase in the amount of data
can be achieved using methods of data augmentation, however, the use of classical approaches can lead to the inclusion
of phrases in the data corpus that differ in the speech style and vocabulary of the target person, which can lead to both
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MeTtop, ayrMeHTaunnm TeKCTOBbIX AaHHbIX C COXPaHeHMeEM CTUNAa pevn N NeKCUKU NepCoOHbl

a change in the target class as well as the appearance of replicas with unnatural vocabulary use and lack of meaning. In
this context, a new method for test data enrichment is proposed that takes into account the person’s style and vocabulary.
In this article, a new method for expanding text data that preserves individual language features and vocabulary is
proposed. The core of the method is to create individual templates for each person based on the analysis of syntactic
trees of propositions and then to create new replicas according to the generated templates. The method was tested on
the task of assessing the user’s emotional state in a dialogue. The search was carried out for data sets in English and
Russian. The proposed method made it possible to improve the quality of solving these problems for both the English
and Russian languages. Up to a 2 % increase in accuracy and weighted F1 metrics has been noted for various models.
The results of the work can be applied to improve the accuracy and weighted F1 metrics of models designed to solve
various problems for the English and Russian languages.
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text data augmentation, emotion recognition, statement valence evaluation
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BBenenue

B Hacrosimiee BpeMsi akTUBHO pa3BHUBAETCSl HAIpaB-
neHue 00paboTKN €CTECTBEHHOIO si3bIKa. B 0CHOBHOM
TIOBBIIIIEHIE KaYeCTBA PEIICHHS 3a/1a4d IPONUCXO/INT 32 CUET
TIOSIBJICHHS OOJIEE CIIOKHBIX M ITyOOKHX apXUTEKTyp HEl-
POHHBIX ceTei, TPeOyIOMMX OONBIIIX JaTaceToB I 00-
yuenus. Vcronap3oBaHnue npegoOyueHHbIX MOJENeH 1 UX
J000y4yeHHe Ha LIeJIeBBIX JaTaceTax 3aBHCHUT OT 00beMa Iie-
JIEBBIX JlaTaceToB. /[y nomy4yeHus KaueCTBEHHBIX MOJEIIEH
HEOOXOMMO HaJn4Ke OOJNBIIHNX J]aTACeTOB. YBEINYCHUE
Ha0opa JaHHBIX BO3MOXKHO C MCIOJIB30BAaHUEM Pa3IMYHBIX
METO/I0B ayTMEHTAIUH TeKCTa.

AyrMeHTalUs TeKCTOBBIX JaHHBIX MOXET OCYyIIecT-
BIISITHCS HA JIByX YPOBHSX: TEKCTA ¥ BEKTOPHBIX MIPECTaB-
JICHUH CJIOB 1 PEIUIHK.

AyrMeHTaIust Ha YpOBHE BEKTOPHBIX IPEICTABICHUI
CJIOB M PEIUIMK MOJAPa3syMeBaeT MOAN(DUKALNIO HE TEK-
CTOBBIX COOOIIEHNH, @ BEKTOPOB CIIOB, MOJTYYEHHBIX C HC-
TI0JTb30BAaHNEM PA3JIMYHBIX SA3BIKOBBIX Mojieneil. B paborax
[1, 2] paccMOTpeHbI METOBI AyTMEHTAIIMH HA YPOBHE BEK-
TOPHBIX MPEACTABICHUI CIOB: HHTEPHOIALNU, IKCTpa-
MOJISIMK, A00ABJICHUS CllydaiiHOro 1yma. Pasnuunbie
BapUaHThI JOOABIEHUS IIIyMa B BEKTOPHbBIE MPEACTABICHUS
CJIOB, IOJYYEHHBIE C HCIONIb30BaHHeM Mozenu Word2 Vec,
ucciieqoBanbl B pabore [3]: raycCOBCKHIl HIyM, mIym
Bepnynnu, Bpaxkneonsiii mym (Adversarial Noise) u T. 1.
HccnenoBanus go0aBiaeHus IIyMa B BEKTOPHBIC TIPE-
CTaBJICHUs CIJIOB, NIpUBEAEHHbIE B [1-3], B IeJI0M MoKasa-
JIM HETIJIOXUE PEe3yNbTaThl, OJJHAKO MCIIOIb30BAHNE TAKUX
METOJIOB ayrMEHTANNN TTOAPA3yMEBAET UCIOIb30BAHUE
SMOEAIMHTOB HE CYIIECTBYIOIIUX CJIOB, YTO MOTEHINAIBHO
MOKET IIPUBECTU K PACCOITIACOBAHHIO C METKAMH KJIACCOB
COOOIIECHNH, HAPYIICHHIO CEMAaHTHYECKON IIeTOCTHOCTH,
HM3MEHEHHUIO JTIeKCUKU M CTHIIS.

AyrMeHTAIMIO TeKCTOBBIX JAaHHBIX HAa YPOBHE CJIOB U
PEIUINK MOXKHO YCJIOBHO IMOJPA3/EIUTh Ha METO/bI, CIIO-
COOHBIE K COXPAHEHUIO CTWJISI M CJIOBAPHOTO COCTaBa TEK-
CTa, ¥ METO/Ibl HECIIOCOOHBIE K X COXpaHEHHI0. MeTosibl
ayrMEHTallMH JTaHHBIX HA YPOBHE TEKCTa, HECIIOCOOHBIE K
COXPAHEHMIO CTHJISI M CIIOBAPHOTO COCTaBa, MOTYT BKIIIO-
4aTh B ce0sl MPOCTHIE METO/ABI PEIAKTUPOBAHMS TEKCTa.
Hanpumep, HaOOp MPOCTHIX TEXHUK ayTMEHTALMH TIpe-

ctasieH B anroputMe EDA [4], KOTOpPBI COCTOHT U3 YeTHI-
pex omepanuii: 3aMeHa CHHOHMMaMM; CITy4JaifHbIe BCTAaBKa,
nepecTaHoBKa U yaajeHnue. [Ipu ayrMeHTanum TeKCTOBBIX
JIAHHBIX BaJKHO COXpAaHEHHME CMBbICIA TEKCTa, B CBSI3M C
9THM YacTO MCIIOJIB3YIOTCS: 3aMEHa CJIOB Ha CHHOHUMBI;
pasznuunble cinoBapu (Harpumep, WordNet [1, 4]) wmu nipe-
nmoOyuenHsie si3pikoBbIe Mojenu (BERT [5, 6], GPT2 [6],
Word2Vec [2], Glove [1]) u npyrue.

OCHOBBIBASICH Ha THITOTE3€ O TOM, YTO MPEATIOKEHHS
SBIISTFOTCSI €CTECTBEHHBIMH, JJa’Ke KOT/A CI0Ba B MPEIJIO-
JKEHUSIX 3aMEHSIOTCS IPYTUMH CIIOBaMH C MapajnrMaru-
YeCKHUMH OTHOIICHHUSIMH, B padoTe [7] mpemiokeH oaxo/
KOHTEKCTHOTO J0TONTHEeHusI. Ellle oTHUM 1MoX0/10M MOXKET
OBITH UCII0JIb30BaHUE OOPATHOIO MEPEBO/Ia BMECTO CO3/1a-
Hust mapadpas.

B [8] paccmoTpena ayrmeHTalys JaHHBIX TOCPEICTBOM
NepeBo/ia COOOUICHHI ¢ aHIIIMHCKOTO Ha (hpaHIly3CKHUH
U ¢ (paHIly3CKOTO Ha aHIIMHCKHUN SI3BIKM ISl laTacera
Stanford Question Answering Dataset. B pa6ore [9] uc-
MOJIb30BAHO HECKOJIBKO TANOB MAIIMHHOTO MEPEeBOJIa C
nomomipio Google Translate!. TIpu 3ToM MakcuMasbHast
JUTMHA TWKJIA TIEPEeBOAA 3a/1aBaJIach 10 TPEX S3BIKOB, Ha-
NpUMeEp, aHINIMUCKUNH — HEMEUKUN — JaTCKUil — aH-
rnuiickuil. McenenoBanue rryO0OKHX HEHPOHHBIX ceTel
Ha mpeaMeT 3¢ (EeKTUBHOCTH 0OPaTHOTO MepeBoja MpH-
BEJO K MOJOXKHUTEJIbHBIM pe3yiabraTaMm B padote [10].
HerpuBunanbHasi TeXHUKA ayrMEHTAIMK TIPE/ICTaBICHA B
[11], koTopast BEIOJTHEHA ITyTEM NEepPEMEIINBAaHUS TEKCTa
C MCIIOJIb30BaHUEM HEHpOHHOM ceTH. OJTHAKO HU OJIUH M3
BBILICTICPEUNCIICHHBIX METO/IOB HE COXPAHSIET MCXOJHBIH
CTHJIb COOOIIICHNUS M JICKCHKY.

[Ipn n3MeHeHnn TEeKCTOBBIX JIAHHBIX IPeoOpa3oBaHuUs
MOTYT BHOCHTb MCKa)KCHHUS B TEKCT, JIeast €ro rpaMMarH-
YECKN MJIM CEMaHTHYECKN HEBEPHBIM, WIIN CTHIINCTUIECKU
OTIIMYHBIM OT UCXOIHOTO TeKcTa. [To 3ol mprumae Tpedy-
I0TCs TPUEMBI, KOTOPBIE MOTYT ayTMEHTUPOBATh TEKCT, IPU
9TOM 00ECIIEUNB COXpAHEHHE CTHJIS, JIEKCUKU U CHHTAKCH-
YECKOU LIEJIOCTHOCTH.

1 Google Translate [Dnexrpounsiii pecype]. Pexum gocryma:
https://cloud.google.com/translate (nara oopamienns: 14.09.2022).
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CyILeCTBYIOT TaKkKe METOIbI ayTMEHTAIIUY, CIIOCOOHbIE  KayKIOU PEIUIMKH U3BIEKACTCSl CHHTAKCHYECKOe epeBo S,

COXpPaHSATh CTUJIb M CIIOBAPHBII COCTaB TEKCTa, HapuMmep, ¢ nomouibio napcepa Stanford Core NLP st anmmiickoro
reHeparop napadpas, OCHOBaHHBIH Ha NpeoOpa3oBaHUM M PYCCKOTO s13bIKOB [ 15]. [Tomyunm cuHTaKcnueckoe aepeBo
CHHTaKCHYeCKHX JiepeBbeB [ 12]. B atom meroze Teker mo-  mipemnokenust «This is a test»:

mudumupyercs myTeM npeoOpa3oBaHusi CHHTAKCHIECKOTO

JiepeBa Ha OCHOBE OOMIECYNOTPEONMBIX CHHTAKCHYECKHUX (ROOT

rpaMMaTuK. AYTMEHTAIUs TEKCTa C MTOMOIIBIO0 CHHTaKCH- S )

YECKMX JIEPEBBEB C IEHEPALME HOBBIX JAHHBIX HA OCHO- (NP (DT Thls?) (M
BE CMHTAaKCMYECKHMX MIabJI0HOB paccmoTpena B [13, 14]. (VP (VBZ is)

JlaHHBIC METOMBI ICHCTBUTEIHHO MO3BOJSIOT COXPAHUTh (NP (DT a) (NN test))
CJIOBapHBIN COCTaB, 0OECIIEUNTh COXPAHEHUE CEMaHTHYe- )

CKOH IIeJIOCTHOCTH, HO HE MO3BOJISIOT COXPAHUTh CHHTAK-

CHUYECKHE 0COOCHHOCTH PEYH, B CBS3U C YEM CTHJIb PEUH Ha ocnoBe cunTakcuueckoro aepesa (1) ¢ momomuisio
MOYKET OBITh 3HAYUTEIILHO HCKaKEH. U3BATHSI BCEX CIIOB U3 UCXOJHOTO MPEIIOKEHUS U COXpa-

HEHUS TOJIBKO CHHTAKCHUYECKHUX CTPYKTYPHBIX €IUHHUII,
MIONyYNM CHUHTaKcudecKuil madmon 7. CHHTaKCHYeCKUit
Onucanne MeToa ayrMeHTANI )
mra6mon s npemnokeHust «This is a test» nmeet Bua:

B HacTosieit padboTe mpeIokeH HOBBI METO[ ayT-
MCHTaIUuH, COXpaHSHOHII/Iﬁ YHUKAJIBbHBIE CTUJIb PE€YU U (ROOT(S(NP(DT))(VP(VBZ)(NP(DT)(NN)))))ﬂ (2)
nekcuky (pucyHok). Ilox ctunem peun mnojapasyMmeBaeT-
Csl COBOKYITHOCTh OTIIMYUTEIBHBIX I3bIKOBBIX Npu3HakoB e ROOT — kopens npemnoxkenus; DT — onpenenurens;
pedu MepCoHbI, HAIPUMED, CHHTAKCHYeCKue npusHaku VP — rmarosnbHas ¢pasza; VBZ — mmaros HacTosmero
(coxpaHeHHe CHHTAKCUYECKUX CTPYKTYp, Haubojee 4acTo  BPEMEHH 3-TO JIMIA €AWHCTBEHHOTO uncia; NP — nmen-
HCTIONBE3YEMBIX MIEPCOHOM) 1 MOP(OIOTHYSCKUE TPU3HAKK  Has rpymnmna; NN — CyIlecTBUTENbHOE, HAPULATENBHOE,
(coxpaHeHHE YaCTOTHOCTH UCIIONB30BAHUS ONPEICICHHBIX  €IMHCTBEHHOE YHCIIO.
yactel peun). J[aHHBIM METO] OCHOBAaH Ha CXEMe ayTMEH- Jlia kax10i nepconsl P; ... P, ¥ MHOXeCTBa IIPUHAJI-
TaINK JaHHBIX, TPEUTOKCHHOM B paboTe [12]. BakHo, uTo  JIeXalIUX e CHHTaKCHYEeCKHUX IAOIoHOB (2), cCOCTaBUM
9Tan mpeodpasoBaHmst M TeHEePAIMy TepepasupoOBaHHBIX ~ YaCTOTHOCTb HCIIOIb30BAHUS, T. €. CO30aAUM Iapy HaOOpoB
JAHHBIX B TIPEAJIaracMoOM METOJC — CAMHBIN Tporecc.  Ma0IoHOB 7 U f (KONMUYECTBO UCTIONB30BAaHUH JAHHOTO 1I1a-
B xayecTBe CHHTAKCHYECKUX MIAOJIOHOB MCIOIb30BAHbI OJI0OHA U TTOXOXKHX Ha Hero Oosiee yeM Ha 96 % 111abII0HOB,
CHUHTAKCHYECKUE CTPYKTYPHI, KOTOPbIE XapaKTEPHBI JUIsi  [PU ATOM TIOXOKHE IIA0I0HBI YAISIOTCSl U3 MHOXKECTBA).

pedn paccMaTpuBaeMoil TIEpPCOHbI, YTO TO3BONISET coxpa- V3 ocTaBIIerocs MHOXeCTBa BbIOepeM » Hauboliee BCTpe-
HHUTbh CHHTAKCHYCCKHUEC OCOOCHHOCTH PEYH JTOH MEPCOHBI  YANOIIMXCH IA0I0HOB.

1, TaKUM 00pa3oM, 00ECIIeUnTh BHICOKYIO BEPOSITHOCTH CO- K m3BneueHHpIM HaOOpam M1abI0HOB, MOITYYEHHBIX IS
XpaHeHust cTUIsE pedr. OTMETUM, YTO METOJ aaTUPOBaH  KaykJ10l IIepCOHBI, NPUMEHHUM NPefoOpaboTKy A Moryde-
JUIsl paOOTHI C JAHHBIMU HA PYCCKOM SI3BIKE. Hus popmara, npuanMaemoro OpenAttacker Syntactically

IMycth nano n nepcon, u kaxas nepcona umeer m  Controlled Paraphrase Network (SCPN) — B koHel1 cTpoku
JUTST KaXKJOU IIEPCOHBI CBOE YUCIO) PeIIuK Ay ... A, . Jlias no6aBum Ter oxkonuanus ctpok (End-Of-String, EOS).
p p 0 m g

1. 4 mo0mar0 OIUHYUKH

m. 5 cn}'/}jlafo pox
M PeIuIuK
Ay ... Ap

‘ W3Brneuenue S; ['eneparnus T;

—» CHHTAKCUYECKUX [—» CHHTAKCUYECKUX —>

1 TIEPCOH JIEPEBBEB mabJI0HOB
Vnanenue xyGmuka Ai
manexue 1y0IuKaTtoB :
BBIGOD 7 4aCTO L. T Teneparus AyYrMeHTHPOBaHHBIE
—> b >
ayrMEHTHPOBAHHBIX JAHHBIC
YHOTpeOIsIeMbIX
nanaeix SCPN

mabnonos 7; f

Pucynox. brok-cxema MeToJja ayrMeHTalHUH.

Ao — nepBas perivKa IepCoHbl; S; — CUHTAKCUYECKOE NEPEBO; A; — OJ(HA W3 PEIIUK MIEPCOHBI; T — CUHTAKCUYECKUI 11a0I0H
0 i i > 4
JUISL PETUIUKHU A;, T j = I; f — 49acToTa UCHOIb30BAHUS CHHTAKCHYECKOTO 11a0JI0Ha; 7 — HACTPAaUBAEMBIH ITapaMeTp KOJINYECTBA BAPUAHTOB

ayrMeHTaluu OHHOﬁ PCILINKH, Tl — OJIHWH U3 CHHTAaKCHYCCKUX 1a0JIOHOB TTOCJIE OUUCTKH IIy6HI/IKaTOB

Figure. Augmentation method flowchart.

Ay — person’s first replica; S; — syntax tree; 4;— one of the person’s replicas; 7; — syntactic template for the replica 4;, where j = i;
f— frequency of using a syntactic template; » — configurable parameter for the number of augmentation options for one replica;
T; — one of the syntax patterns after clearing duplicates

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4 745



MeTtop, ayrMeHTaunnm TeKCTOBbIX AaHHbIX C COXPaHeHMeEM CTUNAa pevn N NeKCUKU NepCoOHbl

Bwmecte ¢ ucxoaHoi#l pennaukoil yeaoBeka TEru OTIPaB-
nstotes B SCPN — mopnens koniepa-aekoaepa st CUH-
TaKCUYCCKHU KOHTPOJIUPYEMOU reHepanuu napadpas u3
(bpetimBopka OpenAttaker 1 TeHepaIu ayrMEHTHPOBAH-
HBIX JJaHHBIX. TakuM 00pa3oM, KayKaas peruIiKa IepCcoHb
MOXET OBITh MpeoOpazoBaHa » Pa3TUIHBIMH CIIOCOOaMHU.
B Hacrosimieit padote BEIOpaHO 7 = 5 W IPOBEICHBI AKCIIe-
PUMEHTHI C YIETOM JTaHHOTO 3HAYCHUS.

[TockonbKy Al ayrMEHTAIlNK TaHHBIX HCIIOIB30BAHBI
TOJIBKO XapaKTEPHBIC JJIA YCTIOBEKAa CUHTAKCUYECKNE KOH-
CTPYKIMH, TO COXPAHEHbI CHHTAKCHYECKHE 0COOCHHOCTH
peun yesoBeka. JIekcHka M CTHIIb YaCTUYHO COXPaHEHHbI,
B CBSI3M C TEM, YTO ayIrMEHTAallMsl OCHOBaHa Ha mpeoodpa-
30BaHUM CHHTAKCHYECKOTO JepeBa, a IpHU JIAaHHOM IIpe-
00pa30BaHUM B NEPBYIO OYEpE/b MCIOIB3YETCS JIEKCHKA
HCXO/IHOTO TIPEUIOKEHUS B Cllydae, eCi Kakas-Tiu0o H3
yacTel peud OTCYTCTBYeT B UCXOAHOH pemnuke, SCPN
n00aBIseT HEOOXOIMMBIC YACTH PeUH (COIO3BI, MIPEIIIOTH,
YaCTHUIIBI) JUIS COXPAHEHMS] CHHTAKCHIECKOH COTIIacOBaH-
HOCTH JOTIOJTHEHHBIX PEIUIHK. Ecii ocTaibpHbIe YacTH pedn
OTCYTCTBYIOT, OHH J00aBISAIOTCS ¢ ToMoIbio Long short-
term memory, reHepupyroiiei ciosa. Hampumep, dpasza
«Oh, unbelievable, we had the best time» ¢ cuHTakcHue-
CKHUM I1a0JIOHOM

(ROOT(S(INTJ(UH))(NP(PRP))VP(VBD)x
x(NP(NP(DT)(JJS)(NN)(SBAR(IN)(PRP)x
(VP(VBD))))(ADIP(J)))))

npeoOpasyercsa Bo (pasy «Oh, it was the best time that
we had, unbelievable». [l paGoThI C pyCCKOS3BIYHBIMA
JaHHBIMH BBIIIOJIHEHA JOTIOJHUTENbHAS IOAr0oTOBKa. J{i1s
SCPN oHa 3akmouanach B 1000y4uennu SCPN-moaenu Ha
PYCCKOSI3BIUHBIX JaHHbIX. J{y1st aTOro 6611 chopmuposan hS
(haiii1, B KOTOPOM COJIEPIKAIIICh TPUMEPbI CHHTaKCHUYECKUX
JICPEBBEB, JUIsl KXK/IOW N3 CHHTAKCHYECKUX CTPYKTYP ObUTH
c(hopMHpPOBaHbI BXOJHBIC AaHHBIC M3 OJHOH (pa3bl U BbI-
XOJIHBIE JIaHHbIE U3 ITOX0XKeH (pasbl ¢ ee CHHTAKCHIeCKOi

CTPYKTYpOii. JlaHHbBIC HCIIOIB30BAIKCE U3 natacera Taiira
kopryca Haramra. [Tomumo storo, s natacera Russian
Tweet Corpus (RuTweetCorp) nmpoBeieHa IOTIOTHATEIBHAS
OYKCTKA JJAHHBIX — M3 COOOIICHUI yIaaeHbl 0OpaIeHHsI
U XOIITETH.

DKCIEPUMEHTHI H Pe3yJIbTaThl

DKCHEepUMEHTHI POBE/ICHBI Ha CIIeIYIONINX Habopax
JTAaHHBIX:

— Multimodal EmotionLines Dataset (MELD) — nHa6op
JAHHBIX, coneprxkamuii 6onee 1400 muamoros u 13 000
BBICKa3bIBaHMH 13 cepraia «Jpy3ps». B nnamorax yga-
CTBOBAJIM HECKOJIBKO TUKTOPOB. Kakmoe BrICKa3hIBaHUE
B Juanore ObLIO OTMEYEHO JIFO00H M3 CEMU IMOLIMN:
I'ues, OtBpammenwue, [lewans, Pagocts, HeilfrpansHOCTS,
Vnusnenue u Ctpax;

— MELDRU — nat6op nanueix MELD, nepeBeaeHHbIN
Ha PYCCKHUH SI3BIK C MOMOMIbIO MOJIEIN MalInHHOTO
nepesoga MarianMT;

— RuTweetCorp — pycCKOA3BIYHBIH KOPIYC KOPOTKUX
TEKCTOB Ha OCHOBE PYCCKOSI3BIYHBIX ITOCTOB U3 MU-
kpobitora Twitter, coctostmii u3 17 639 674 3anuceii.
Kopmyc conepxur 6omee 139 000 pa3iudHbIX AUKTO-
poB. JlaHHBIC pa3MeUeHBI Ha JIBa KJIacca Mo IMOTHBHOU
BAJICHTHOCTH: TIO3UTHBHBIC U HETAaTUBHBIE.

IIpumep ayrMEeHTHPOBAHHBIX JAHHBIX C TOMOIIBIO CHH-
TaKCHYECKOTO0 repedpa3upoBaHus MpeIcTaBieH B TaomI. 1.

B cBsi3u ¢ Tem, uTo B pamMKax paboThl paCCMOTPEHBI J[a-
TaceTsbl, coJiepikaline He)OpMaIbHYIO Pa3rOBOPHYIO peub
(peruIMKY TUAIOTOB U TBUTHI), B TAHHBIX IPUCYTCTBOBAJIO
HeOOoJIbIIOE KOJIMYECTBO BBICKA3bIBAaHHM, 000OTraleHHbIX
CJIOKHBIMU CHHTaKCHYCCKUMH KOHCTPYKITHSIMH.

J1s ayrMeHTHPOBAHHBIX JTAHHBIX OIICHUBAJIACh CO-
XPaHHOCTb SI3BIKOBBIX XapaKTEPUCTHK YCIIOBEKA C TIOMO-
mpto Mean Opinion Score (MOS) onierkwn. JlanHas omieHKa
YaCTO MCITONB3YETCs IS MPEJOCTABICHUS YHCICHHOTO
3HAYCHHSI O KadeCTBE ayTMEHTHUPOBAHHOU aymnno wHhOp-
Mmarmu. J{ns oneHku O6buT0 omnporieHo 10 Hocurenei pyc-

Tabauya 1. Ilpumep ayrMEHTHPOBAHHBIX JAHHBIX C MOMOIIBIO CHHTAKCHYECKOTO TepedpasHpoBaHus

Table 1. Examples of data augmented with syntactic paraphrasing

Pesynbsrar

[“You’re the one who faced her fears and eventually stopped them.
Thank yourself.’, ‘Don’t thank me, the one who faced her fears and
surpassed them is you.’, ‘Oh, thank yourself, you ‘re the one who
faced her fears , and you missed them.’, ‘Of course, you ‘re the one
who faced her fears and eventually stopped them’, «Oh, you don’t
thank me , you ‘re the one who faced her fears and eventually stopped
them .»]

[“Tel roBOpHIIL MHE, YTO HUYETO HE MPOUCXOTUT MEXKTy TOOOH H
Yenanepom.’, ‘Tak uTo cKa)Xu MHE, UTO 3TO HE MPOUCXOTUT MEXKTY
To00# 1 Yenmnepom.’, “’Tak ThI TOBOPHUIIIb MHE, YTO 3TO HE MPOHUC-
XOIUT MeXIy ToOoi n Yenmiepom.’, ‘Tak THl TOBOPHUIIb MHE, YTO
HHUYETo He TPOMCXOIUT MeX Iy ToOoi n Yenmiepom.’, “Tak 4To ckaxxu
MHe, 4TO ¢ T000# 1 UeH lIepoM HIYero HeT.’ |

WcxonHblil TEKCT Jlatacer
Oh hey, don’t thank me, thank yourself. MELD
You’re the one who faced her fears and
ultimately overcame them.
Tax Tl FOBOPHIIIL MHE, YTO MEXY TOOOH MELDRU
n YeHanepom HUYETro HET.
Camoe TsKKOe, 4To A0JITo He KuBYT xkU- | RuTweetCorp
BOTHbIE. [IpUBBIKaEIIb.

[‘Camoe TpynHOE — KMBOTHBIE XKHUBYT HEJOJITO, a Thl IPUBBIKA-
ems’, ‘CaMoe TpyAHOE B TOM, YTO >KMBOTHBIC HE JKMBYT JOJTO.
[NpussseiBaembces’, ‘TpyaHas BEIlb, KOTIa JOIT0 HE KUBYT MUTOMIIBL.
[Mpuss3eBaenibes.”, ‘TskKoe, KUBOTHBIE HE KHUBYT JONTO’ |
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CKOTO sI3bIKa 10 TPEM aHKETaM Ha OCHOBE HA0OPOB JIAHHBIX
MELD, MELDRU u RuTweetCorp. B cBsi3u ¢ Tem, uro
BCE MEPCOHBI, IPUHSBILINE y4acTHE B ONPOCE, SBISIOTCS
HOCHTEIISIMU PYCCKOTO SI3bIKa, BBIIOJTHEHA OIIEHKA TOJIBKO
PYCCKOSI3BIYHBIX HAOOPOB JaHHBIX, TAK KaK Pe3yJbTaThl
OIICHKH aHTJIOSA3BIYHOTO Habopa TaHHBIX HE ObLTH OBl 00B-
SKTHBHBIMH H3-32 OTCYTCTBHUS COOTBETCTBYIOLIETO KYIIb-
TYPHOTO OTIIeYaTka U MEHTaJIUTeTa. B aHKeTax onmpocos
CoZlepKaJIUCh MTPUMEpHI (pa3, XapaKTepHbIC AT IEPCOH.
JlaHHBIE IPUMEPHI TIPEICTABIUIN U3 Ce0ST CITUCOK U3 TISTH
(pa3, COOTHECEHHBIX ¢ WX TepcoHOM. Jliist mpuMepoB U3
UCIIOJIB3YEeMbIX JIaTaceTOB BhIOMpANINCh Hauboiee oTpa-
JKaIoIIMe CTUIIb pedr epcoHbl (Bpasbl (Ppasbl, B KOTOPHIX
MIpUCYTCTBOBAJIa HauboJiee yacTo yrnorpedisemas mnep-
COHOH JIEKCHKA WJIM CHMHTaKCHYeCKasi CTPYyKTypa Mpej-
JToxeHus). Jlanee pecrioOHIECHTH BRIOMPAIN U3 PEIUIHK,
AyrMEHTHPOBAHHBIX C TIOMOLIBIO PA3IMYHBIX MeTOIMK (eda,
mt5, npeUIOKeHHBIH MeTo1), Handosee MOAXOIALIYIO pe-
IUTHKY IS YKa3aHHOU repcoHsl. s obecriedeHns 9ncTo-
TBI SKCHIEPHMEHTA KaXKIIbIM METOJOM ayrMEeHTaluH ObLIO
CTCHEPHUPOBAHO PABHOE KOJMYECTBO ayIMEHTHPOBAHHBIX
npe/uIokeHnid. BeiOpanHas perinka oreHuBazach 3Ha4e-
HHSIMH OT 1 0o 5 110 1IKajie OCMBICIIEHHOCTH U JIOTUYHOCTH,
rae 5 — «¢pasa MoJIHOCTHIO JIOTUUHAY, «(paza NOTHOCTBIO
ocMmbIciieHay. OIEHKH MPe/ICTaBICHbI B Ta0M. 2.

B pe3sysibrare oTMETHM, YTO PECIIOHJICHTHI Yallle BbI-
Oupaiy PeIruIMKY, CreHepUPOBAaHHBIE C TOMOIIBIO pa3pa-
60TaHHOTO aBTOpaMH JaHHOHM paboThkl MeTONa, Kak Ooiee
MOXOAIINE TIePCOHE. 3aMETHM, YTO TPEIIOKESHHbIH Me-
TOJ] TEHEPHPYET PEIUTUKH C JOCTATOYHO BHICOKUM YPOBHEM
JOTUYHOCTH ¥ OCMBICICHHOCTH. Tak Kak mpejiaraeMble
PECIOHJCHTAM PEIUIMKH B aHKeTaX HUKaK He ObLIM IO-
MEUEHBI aJITOPUTMAaMHU UX CI€HEPUPOBABIINMHU, TO OHH
BBIOMPAIIH MOJIXO/ISIIUE IEPCOHE PEIIMKK 0e3 3HaHUsI 00
ajJropurmax. Nnaue TOBOp:A, METOJ COXPAHACT OTINYHN-
TCJIBHBIC XapaKTCPUCTUKU PEYU JIyUllIC, 4EM aHaJIOTH, C
KOTOPBIMH MPOBEJICHO CPAaBHEHHE.

J11st OLleHKH BJIMSIHUS ayTMEHTUPOBAHHBIX JIaHHBIX Ha
TOYHOCTH MOJIeJIeH, JaHHbIe ObLIN MCIIOIB30BAHBI JUIS pac-
TTO3HABAHMUS SMONMH U aHaJIM3a SMOTHBHON BAJIEHTHOCTH
TekcTa. B cBs3M ¢ TeM, 4TO aHaINW3 SMOTHBHOH BaJICHT-
HOCTH B JJaHHOW paboTe UCIIOIB3YeTCs JIUIIb ISl OLICHKH
BIIMSIHUS ayTMEHTHPOBAHHBIX JAHHBIX HA METPUKH MOJIe-
Jei, Obula pacCMOTpEHa SMOTHBHAS BaJIEHTHOCTH CaMOI'0
BBICKa3bIBAHUS B AUAIOTOBOM KOHTEKCTE, IIPH 3TOM OCO-
OEHHOCTH XapaKkTepa MePCOHbI HE YYUTHIBAINCH.

Pacno3naBanue smonuii B monuiorax (Emotion
recognition in conversation, ERC) ¢ ucnons3oBanuem
COBPEMEHHBIX apXUTEKTYP HEHPOHHBIX CeTeil OCTHUr-
JI0 3aMETHBIX ycrexoB. Pacrio3HaBaHue 3MOIUIT MOXKET
OCYILIECTBIISATBHCS ISl pa3HbIX MOJAIBHOCTEH, TEKCTOBAS
MOJAJIbHOCTb TIPH OJTHOMOJAJIBHBIX HCCIEAOBAHUSIX T10-
Ka3pIBaeT JIydIue pe3ynsTarsl [16, 17]. B mociaenanx pa-
6oTax B 3TOH 00JACTH MCHOIB30BAHBI PA3TUYHBIEC BHUJIBI
TpaHC(HOPMEPOB [UIsl KOANPOBAHUS TEKCTOBBIX KOHTEKCTOB
[18-20] win, Harpumep, rpadoBsix cereii [21]. OTcyTcTBHE
JIOCTYITHBIX U MOAXOASAIINX HAOOPOB JaHHBIX SIBJISICTCS OC-
HOBHBIM IPECIATCTBUEM JJId PCHICHUA 3TUX BONIPOCOB JJId
pycckoro si3bika. OJTHAKO CyIIECTBYET MHOXECTBO TaKHX
Ha0OPOB AAHHBIX JUISl aHIIIMHACKOTO s13bIKa. Mcxozist u3 aToro,
B Kau€CTBE OJTHOTO M3 TIOJIXO/I0B K PELICHHUIO ATOH ITpodiie-
MBI YacTO MpEAJIaraeTcs MCIoiIb30BaTh aBTOMAaTHYECKUH
TMIepPEBOJT AHNIOS3BIYHBIX HAOOPOB JTAaHHBIX HA PYCCKUH S3BIK.
B nmanHOM ciydae MCIIONB30BaHNWE TAKOTO MOIXOa AAET
Pe3ynbTaThl JOCTATOYHOTO KadecTsa. JJist nccienoBanus
6511 BeIOpaH EmoBERTa ms pemenns npobmemsr ERC.
Hapsiny ¢ xopormeit To9HOCTBIO (TOT-2 1715t HAOOpa JTaHHBIX
MELD), oH 0CTaTOYHO MPOCT U yA00EH B HCIIOIb30BaHNH:
— wmopenb RoBERTa npeaBapurensHo obydaercst kak

gacTh 3a71a41 MLM (MackMpOBaHHOTO SI3IKOBOTO MO-

JISTMPOBAHMS1) Ha LIEJICBOM SI3bIKE;

— MOJIeJIb I000yJaeTcst AJIs 3a/1a4u Kiaccu(uKanmy Tex-
cTa.

Jlannble i 00y4yeHus Kiaccu(UKauy MpeIcTaBIIs-
10T c000l KOHKaTeHNPOBAHHBIE INAJIOTOBBIE KOHTEKCTHI.
Kaxap1ii 1ranoroBsiii KOHTEKCT COIEPIKUT LIENIEBYIO PETLIH-
Ky ¥ 4eTBIPE APYTUE PEIUTHKH, 3aJIcHCTBOBAHHBIC B TOM K€
JIManore, 4To 1 LeseBasi. BritoueHne JOMOMIHNTENbHbBIX pe-
IUTHK TIO3BOJISIET TIPH OLIEHKE SMOTHBHOM BaJIEHTHOCTH yUH-
ThIBAThb KOHTCKCT ueneBoﬁ PEIUIMKH 3a CUCT NPEABIAYIITNUX
(hpa3 AUKTOPOB U PEILTUK coOeceqHUKOB. CpeaHss [InHa
OJTHOM PETUTUKU COCTABIISIET 8 CJIOB (TOKEHOB) JIJIS JaTaceTa
MELD, 6 — gt MELDRU u 10 — nnst RuTweetCorp.
Jlyisl ayrMEeHTHPOBAaHHBIX JIAHHBIX JIUAJIOTOBBI KOHTEKCT
coOpaH ciexyonmM 00pa3oM: Ui KaKI0H PEIUTUKU 13
KOHTEKCTa, B TOM YUCIIC U IS LENICBOM, CIIydalHBIM 00-
pa3oM C 3aJaHHON BEPOSATHOCTBIO OEPETCsl OAMH U3 IIATH
AQyTMEHTHPOBAHHBIX BAPUAHTOB U MPUCOEANHSETCS K 00-
IIeMy KOHTEKCTY.

Jlns aHanu3a SMOTHBHOI BaJICHTHOCTH TEKCTa CO00-
IICHUH Ha PyCCKOM S3bIKE ObLTa BRIOpaHa mpenoOydeHHas
Multilingual BERT monens. CpaBHeHME BIUSHUS ayT-

Tabauya 2. MOS onenka Ha ganubix gatracetoB MELDRU u RuTweetCorp
Table 2. MOS assessment based on MELDRU and RuTweetCorp datasets

Jaracet
MELDRU RuTweetCorp
ITapameTpsl

EDA (Easy Data MT5 IIpennoxeHnbIit EDA MTS5 IpennoxeHnbIit

Augmentation) METO[, METOL
CpenHss OlIeHKa OCMBICIIEHHOCTH 42 4.4 4.4 43 3,8 42
CpenHsist OLIeHKa JTOTUYHOCTH 43 4.4 4,5 4.6 32 3,8
[IpotueHT aHkKeT ¢ mpeobiIagaHueM — 12 88 — 30 70
JIAaHHOT'O METo/1a
[IpoueHT monu BeIOOpa MeTOAA IS 17 18 65 18 32 50
BCEX BOIIPOCOB
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Tab6auya 3. Pe3ynpraTbl TOYHOCTH MOJIENIeH ¢ ayrMEHTHPOBAHHBIMU JAHHBIMU

Table 3. Performance of the tested augmentation approaches

Mozers Jatacer Jlo7st ayrMEeHTHPOBAaHHBIX [pennoxeHHbIIT METOJ EDA
NaHHBIX Accuracy Weighted F1 Accuracy Weighted F1
RoBERTa-base MELDRU 0,0 56,02 50,01 56,02 50,01
RoBERTa-base MELDRU 0,5 55,86 53,17 53,25 51,14
RoBERTa-base MELDRU 1,0 52,43 50,51 51,76 48,34
Distill RoBERTa-base | MELD 0,0 60,30 58,19 60,30 58,19
Distill RoBERTa-base | MELD 0,5 61,87 60,40 53,39 48,01
Distill RoBERTa-base | MELD 1,0 53,26 48,77 51,92 47,20
MBERT-base RuTweetCorp 0,0 68,30 67,27 68,30 67,27
MBERT-base RuTweetCorp 0,5 70,60 69,40 62,76 57,74
MBERT-base RuTweetCorp 1,0 67,45 66,29 64,24 61,36
MEHTUPOBAHHBIX BAPUAHTOB IPEJI0KEHHBIM METOLOM 3akJ/oueHue

MIPOBE/IEHO C KJIACCHYECKUM METO0M ayrMeHTaruu EDA,
B KOTOPOM ayTrMEHTAIUsl TeKCTa MPOU3BOJNUTCS 3a CUET
3aMEeHbl CHHOHMMaMH, C IIOMOIIbIO CITyYaifHBIX BCTaBKH,
NIePECTaHOBKHY U y/aJICHHS.

DKCIIEPUMEHT I10 PACIIO3HABAHHIO SMOIMH M aHAIN3Y
SMOTHBHOH BaJICHTHOCTH BBIIIOJHEH CIIEAYIOMINM 00pa-
30M. beiio onpo®oBaHO TpW BapuaHTa MCIOIb30BaHUS
ayTMEHTHPOBAHHBIX JaHHBIX. Bapmant aug-prob=0,0 co-
OTBETCTBYeT 00yueHHIO Oe3 ayrMeHTamuii. B Bapumante
aug-prob=1,0 kax/10€ BbICKa3bIBAHIE 3aMEHSIETCS ayMEH-
taiueit. Bapuant augprob=0,5 — Touka 0anaHca, pu Ko-
TOPOM ITIOJIOBUHA BBICKA3bIBAHUH 3aMEHSETCS ayrMeHTalu-
el ipyrasi II0JIOBUHA OCTAETCsl HEM3MEHHOU. Pe3ynprarsl
9KCIIEPUMEHTOB MPHUBE/CHBI B TA0M. 3.

B pe3syinbrare onieHKH OTMETHM, YTO TIPEITI0KEHHBIN Me-
TOJ1 HE TOJIBKO MO3BOJIHJI IOCTHYb MOBBIIICHHSI TOYHOCTH JUIS
pas3HbIX Mozieneit 10 2 %, HO M TToKa3aJl pe3yJsbTarT 110 BIIHsI-
HUIO Ha TOYHOCTD JIydlle, 4eM MeToj] ayrMeHTauuu EDA.
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[Ipeanoxxen MeTox ayrMEHTAllMM TEKCTOBBIX JAHHBIX,
KOTOpPBIN COXpaHsEeT CTUJIb PEUYU U CJIOBapHbIH 3anac. B pa-
6ote ncnonp3oBansl Habopel Janaeix MELD, MELDRU
n RuTweetCorp 1t SKCIIEpPUMEHTOB II0 OIIEHKE IMOITHO-
HAJIbHOTO COCTOSIHUS M10JIb30BaTENsl. 3aMEUEHO, UTO ayT-
MEHTAIMs JaHHBIX C TOMOIIBIO MPE/ICTABICHHOTO METO/Ia
MPUBOJAUT K MOBBIIICHUIO TOYHOCTHU NPU AO0JI€ ayIrMECH-
TUPOBAHHBLIX NJAaHHBIX K MCXOAHBIM MCHEC 1,0, ImoToMy
YTO B 3TOM CJIy4ae ecTh IIaHC, YTO UCXOIHOE COOOIICHNE
oCTaHeTcsl Hen3MeHHBIM. McxonHoe coobiienne, Kakum
OBl XOpOLIMM HU OBIJIO JIOTIOJHEHUE, COICPKUT JIaHHbIC,
KOTOpPbIE MAaKCHMAJIBHO MOAXO/AT K JJOMEHY, U3 KOTOPOTO
OHO 0bUTO B3TO. C IPYTO#l CTOPOHBI, TTOJIE3HO YBEJINIUTD
pa3HOO00Opa3ye TaHHBIX C IOMOILBIO AyTMEHTAINH, TIOBBI-
TIaonie IpHOOPETCHHYIO CIOCOOHOCTh COXPAHATh CTHIIh
peun 3a cuert ydriero oboomenns. Habmonanoces yBen-
YeHUE TOYHOCTH JUIsl pa3HbIX Mojienei j0 2 %.
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Abstract

The CIAO (Cooperative Interaction Automata Objects) specification language is intended to describe the behavior of
distributed and parallel event-driven systems. This class of systems includes various software and hardware systems
for control, monitoring, data collection, and processing. The ability to verify compliance with requirements is desirable
competitive advantage for such systems. The CIAO language extends the concept of state machines of the UML
(Unified Modeling Language) with the possibility of cooperative interaction of several automata through strictly
defined interfaces. The cooperative interaction of automata objects is defined by a link scheme that defines how the
provided and required interfaces of different automata objects are connected. Thus, the behavior of the system as a
whole could be described as a set of execution protocols, each of which is a sequence of interface calls, possibly with
guard conditions. We represent a set of protocols using a semantic graph in which all possible paths from the initial
nodes to the final nodes define sequences of interface method calls. Because the interfaces are strictly defined in advance
by the connection scheme, it is possible to construct a semantic graph automatically according to a given system of
interacting automaton objects. To verify the system behavior, one only has to check if each path in the semantic graph
does satisfy the requirements. System requirements are formally described using conditional regular expressions that
define patterns of acceptable and forbidden behavior. This article proposes methods and algorithms that allow you to
check the compliance of programs in the CIAO language with the requirements automatically and, thereby, check the
semantics of the developed program. The proposed method narrows the specification formalism to the class of regular
languages and the programming language to a language with a simple and predefined structure. In many practical cases,
this is sufficient for effective verification.
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AHHOTAIUA

Beenenne. fI3vik cnennduxamun Cooperative Interaction Automata Objects (CIAO) npeaHazHadeH JUisi ONKACAHUS
MOBEJCHUS pACIIPEACIICHHBIX U NTAPAJUICJIbHBIX CUCTEM, YIIPABJIAEMbIX COGI)ITI/ISIMH. K OTOMY KJIACCy CUCTEM OTHOCATCA
pa3IuYHBIE MPOTPAMMHO-AMIAPaTHBIE KOMITIIEKCHI YIPaBIeH!s1, KOHTPOJIA, cOopa 1 00paboTKH AaHHBIX. BO3MOXXHOCTH
aBTOMAaTHYECKOH MPOBEPKH COOTBETCTBHSA TPEOOBAHHAM SBISIETCS KEIAaTEIbHBIM KOHKYPEHTHBIM MPEHMYIIECTBOM
COOBITHIHO-YTIPABISIEMBIX POrpaMMHBIX crcTeM. 361k CIAO pacmmpsieT KOHIIENIHIo KoHeuHbIX aBToMaTtoB (Unified
Modeling Language, UML) BO3MOXHOCTEIO KOONEPATHBHOTO B3aNMOAEHCTBHS HECKOIBKIX aBTOMATOB Uepe3 CTPOTO
onpenenenHsle nHTEepdeiicel. Kooneparnsuoe B3auMo/eiicTBue aBTOMATHBIX 0OBEKTOB ONPEAEIISeTCs CXEMOU CBA3H,
KOTOpast CBSA3bIBACT NPEAOCTABICHHBIE M TpeOyeMble HHTep(EHChl Pa3INUHbIX ABTOMATHBIX 00beKTOB. TakuM 00pazoM,
HOBEJICHUE CUCTEMBI B 11€JIOM MOJKHO OIICATh KaK HAOOP MPOTOKOJIOB BBINOIHEHHUS], KaX bl U3 KOTOPBIX IIPECTABIIET
co00ii IOCIIEe0BaTEILHOCTD BBI30BOB MHTEpdelica, BOBMOXKHO CO CTOpOXKeBbIMU ycioBusiMu. Metoa. [Ipencrasnen
Ha0Op MPOTOKOJIOB € MOMOIIBI0 CEeMaHTHYECKOro rpada, B KOTOPOM BCE BO3MOXKHbIC ITyTH OT HaYaJbHBIX K KOHEYHBIM
y3I1aM OTIPE/IENICHBI TTOCIIEI0BATEIbHOCTRIO BEI30BOB METO/IOB HHTepdeiica. braromapst Tomy, uto nHTepdeiice 3apaHee
CTPOTO OTIPEAETCHBI CXEMOI CBSI3H, BO3ZMOKHO aBTOMAaTHIECKOe MOCTPOSHNE CEMAHTHIECKOTO rpada 1Mo 3aTaHHoit
CHCTEME B3aHMOIEHCTBYIOIINX aBTOMATHBIX O0BEKTOB. J[JIs1 MPOBEPKH ITOBEAEHHST CHCTEMBI I0OCTaTOYHO yOeIUThCS,
YTO KaXKABIH MyTh B CEMaHTUYECKOM Tpade ymoBieTBopsieT TpeboBaHusM. CuCTeMHEIe TpeOoBaHHs (HOPMAITBLHO
OIHCAHBI C TOMOIIBIO YCJIOBHBIX PETY/IAPHBIX BBIPAKCHUH, OTIPEIEIISIONINX MA0I0Hb! JOIyCTUMOTO U 3allPEeIeHHOT0
nosezieHuss. OCHOBHBIE Pe3yabTaThbl. [IpeIokeHbl METOIbI U AJITOPUTMBI, HO3BOJISIOIIME ABTOMATHYECKH IIPOBEPUTD
coorBercTBHe nporpamm Ha s3bike CIAO 3aganHbIM TpeOoBanusM. O6cyxaenne. Pa3paboTaHHbIH METO CyxKaeT
(bopmanu3m Juis 3aaHus crieluUKALUK 10 KIacca PeryiIsapHbIX S3bIKOB, a SI3bIK MPOrPaMMHUPOBAHUS — JI0 SI3bIKA C
MIPOCTOI U MPEAONPEICIICHHON CTPYKTYpOil. BO MHOTMX MPaKTUYECKUX CIIydasix 3TOr0 AOCTATOYHO A 3P PEeKTUBHOM
BepHu(UKAIHH.
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Introduction

Event-driven programs, otherwise called discrete
reactive systems [1, 2], are often found in the tasks of
control, monitoring, data collection, and processing. An
event-driven system responds to emerging events (stimuli)
by performing certain actions (reactions). Such systems
are often classified as critical systems [3, 4] for which the
formulation of requirements and verification of compliance
with the requirements are nontrivial tasks. Ordinary verbal
formulations and selective testing are not enough for

critical systems, and the use of formal verification methods
[2, 5] is necessary.

At the same time, for event-driven systems, it is not
enough to specify a logical precondition that must be
met before starting work and a logical postcondition that
must be met because of the implementation of a certain
sequence of events/actions, since the same set of actions
can be performed both in permissible sequence and in an
undesirable forbidden sequence.

Thus, the formal requirements for the systems of
the class under consideration must be set in the form
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of a description of both admissible and inadmissible
sequences of events/actions. Various methods are known
for the formal description of a set of sequences which vary
depending on how diverse the elements of the sequences
are and how complex the sequences are organized.

In this case, elementary events/actions can be
interpreted as symbols of a finite alphabet, sequences of
actions can be interpreted as words in this alphabet, and
in this case, formal requirements put some language in a
given alphabet [6].

The purpose of this article is to present methods
and algorithms that allow for a certain class of reactive
systems, namely for systems described in the Cooperative
Interaction Automata Objects (CIAO) language [7, 8], to
build a formal description of a set of sequences of actions
(a set of possible execution protocols) in a form very close
to conditional regular expressions [9] automatically.

The application of the CIAO specification language
for building event-driven systems

The practical application of the CIAO language in
the field of creating control and data processing systems
has shown good results, in particular, a high degree of
reliability of software created using this language [10].
The CIAO language is based on the use of state transition
graphs to describe the behavior of reactive systems, and
Unified Modeling Language state machine diagrams [11]
are used as transition graphs extended with additional
constructions and conventions to increase the expressive
power of the language. The most significant innovation of
the CIAO language is, on the one hand, the multiplicity of
interacting automata objects and, on the other hand, the
strict typing of interaction interfaces.

In the article [8], we considered the use of the CIAO
language for building control systems using the example of
the elevator control problem described by D. Knuth [12].

In this problem, the actions that the elevator can perform,
the conditions that the control algorithm can check, and
the requirements that the control algorithm must satisfy
are specified. Because of applying the technique described
in the article [8], the specification of the elevator control
algorithm in the CIAO language was obtained, as shown
in Fig. 1.

Here x is the number of the starting floor, y is the
number of the target floor, ¢, is the maximum waiting time
for the passenger to start service, , is the maximum waiting
time for the elevator to enter the passenger

This specification contains states, events, actions,
and guard conditions. Abbreviated identifiers according
to the approach proposed in [13] accompanied by short
descriptions are given in Table 1.

For a passenger, all events come from within, from
free will, and only the ez5 event comes from the elevator.
The elevator, on the other hand, has no free will, and all
the events of the elevator are the actions of the passenger.

In article [8], the requirements for the control system
are formulated as follows.

1. All requests to move to the floors inside the elevator
must be serviced.
2. All elevator call requests from floors must be serviced.

In the article [8], it is also shown how the
specification in Fig. 1 guaranties the fulfillment of
requirements 1 and 2. Here we go further.

When developing critical systems, it is necessary
to be able to verify compliance with requirements
at all stages of development, including the ability to
change requirements if necessary or to incorporate new
requirements into an existing system. Consider, for
example, the following additional requirement.

3. Ifthere is a passenger in the elevator car, the light must
be turned on.

In the following sections, we show how this new
additional requirement can be verified.

M Elevator
- . floor : int
intention. num - int
/ call(x) call(x)
open(x) —O—
[else] goto(y)
[want] ©
/ getin
getin / lighton;
[ . —O— open(x)
after(t»)
where getout ad / close(floor);
/ goto(y) —O— getin lightoff
/ num:=1
Closed open(x) getin
—0) etout =
apen() 7T RO susy
. oto
[want] [else] >@ —(_lighton goto(y)
/ getout lightoff [else] / close(floor);
Clig move(y); floor:=
C [floor=y] [ open(y)
intention reject  where want move()
ﬁb ? ? \r —(_ close(x)

Fig. 1. Specification of elevator control system in CIAO language
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Table 1. States, Events, Actions and Guard Conditions IDs and descriptions

ID Name Kind Description

el intention Event The passenger had the idea to take the elevator from floor x to floor y

e2 reject Event The passenger changed his mind about taking the elevator

e3 where Event The passenger has decided which floor he should get to

ezl call (x) Event/Action The passenger presses the elevator call button on floor x

ez2 goto () Event/Action The passenger in the elevator cabin presses the departure button to floor y

ez3 getin Event/Action The passenger enters the elevator

ez4 getout Event/Action The passenger exits the elevator

ez5 open (x) Event/Action Open elevator and shaft doors on floor x

z1 move Action Move the elevator to floor x

z2 lighton Action Switch the lights on

z3 lightoff Action Switch the lights off

z4 close Action Close the doors of the elevator car and the doors of the shaft on floor x

cl want Guard The passenger wants to use the elevator

c2 floor =x Guard The elevator is on floor x

s1 Out State The passenger is outside the elevator car

52 In State The passenger is in the elevator car, the doors are open, and the elevator is stopped

s3 Closed State The passenger is in the elevator car, the doors are closed, and the elevator is
moving

s4 Idle State The elevator is idle, the doors are closed, and the lights are off

s5 Ready State The elevator is ready for service, the doors are open, and the lights are on

s6 Busy State The elevator is serving a passenger, the doors are closed, the lights are on, and
the elevator is moving

The description of the semantics for reactive systems

The basis of the proposed verification methods is the
use of the technique of formal description of languages.
In these notations and conventions, elementary actions
are symbols of some alphabet (in this example, the symbols
of the alphabet are listed in the first column ID of Table 1).
Thus, the program execution protocol is a word in a
given alphabet, and the entire set of protocols, that is, the
semantics of the program, is a language over this alphabet.
In terms of formal languages, the requirements for the
system are expressed as some statements about the structure
of the words of the language that define the semantics. It
is most convenient to set the structure of words using a
regular expression, and then checking compliance with the
requirements is reduced to the problem of parsing [14].
Let us explain what has been said with an example.
In the notation of Table 1, we introduce the event/action
class zz, which includes all actions except z2, z3, z4, and
ez5. Then, requirement 3 is written as the following regular
expression (where * denotes the Kleene iteration, as usual).

(z2)*, 22, ez5, ((z2)*, 24, (zz)*, ez5, (zz)*)*, z4, z3. (1)

In fact, requirement 3 means that the actions of turning
on/off the light and entering/exiting the passenger must
always be performed strictly in the specified sequence
relative to each other and nothing else.

The fulfillment of the requirements described in this
way is easily established by the algorithm for checking

that each instance of the program execution protocol
conforms to the regular language specified by the regular
expression (1). Therefore, we assume that the requirements
for the system are specified by a set of regular expressions,
possibly with guard conditions, and the system itself
is specified by a set of transition graphs in the CIAO
language. The arcs of this transition graph are marked by
events/actions which are considered as symbols of regular
expressions.

Algorithm for automatic verification of semantics

Verification of compliance with the requirements for a
given system in the CIAO language is carried out in three
stages.

At the first stage, according to the given transition
graphs of interacting automata objects and link scheme, a
single graph is built, which is similar to a language source
graph [15]. This source graph actually defines the semantics
of the program, so we call it the semantic graph. The nodes
in this graph correspond to events/actions, and the arcs can
be labeled with guard conditions.

The graph turns out to be single since the action in one
graph of transitions through the corresponding interface is
unified with the event in another graph of transitions. The
paths in the constructed graph correspond to the system
execution protocols, that is, the words of the language of
the semantics being verified. Fig. 2 shows a semantic graph
for an elevator control system.
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call( ) Ifo : lighton open(x)[want]\greti\n %y) [else]close(ﬂoor)
/ floor:=x [else]
[want]
move(x)
@< / floor:=y
] /T NN
lightoff close(floor) getout open(y) move(y)

Fig. 2. Semantic graph of the elevator control system

In the second stage, conditional regular expressions
from the graph that describe the language of the semantics
of the system being verified are constructed. If the language
of semantics turns out to be regular (which is often
encountered in practice, for example, in communication
protocols [16]), then the proposed methods turn out to be
universal and allow one to extract a regular expression
describing the semantics of a program directly from a given
program in the CIAO language automatically.

If the semantic language of the program being checked
is not regular, then it is impossible to obtain a single regular
expression, but it is possible to obtain a certain set of
expressions provided by guard conditions. We can say that
the behavior of the program as a whole can be described as
a set of several descriptions of the behavior of the program
in special “modes”, each mode being characterized by
its own guard condition. The division of the program
into different modes of operation is not automatic, but is
determined by the programmer in the CIAO language when
setting guard conditions. In this example, the following
conditional regular expression is obtained, matching the
bold path in the semantic graph in Fig. 2.

ezl, [c2], 22, ez5, [c1], 24, Z3. 2)

At the third stage, it is necessary to match the
requirements given by the templates with the regular
expressions obtained at the second stage. The matching
consists of checking that the received regular expressions
describing the semantics (paths from the initial node to the
final one in the semantic graph) really have the structure
prescribed by the requirements templates. For example, it
is easy to check that the resulting regular expression (2) is
indeed a special case of pattern (1), which means that the
introduced requirement 3 is satisfied.

Discussion and conclusion

Thus, if the terms of reference for a responsible
reactive system are described in terms of acceptable
and unacceptable sequences of elementary actions using
conditional regular expressions, i.c., the desired and
undesirable behavior is indicated, then the proposed
methods allow, without testing, a mathematically strict
check of the compliance of the developed system in the
CIAO language to the requirements specified automatically.

Last but not least, this is the positioning of the
proposed semantic verification method by constructing

a semantic graph among other verification methods.
When comparing verification methods, it is necessary to
consider two significant factors that affect the theoretical
significance and practical applicability of the methods.
First, what is the expressive power of the formalism used
for the specification? The more powerful the formalism
used; more complex requirements may be specified in the
specification. Second, what is the expressive power of the
programming language being used? The more powerful
the language used, the wider the class of automatically
checked programs.

In his outstanding book [17], Dijkstra developed
the method of predicate transformers which is in fact
a full-scale verification. This method is, in a certain
sense, extremely general, since Dijkstra’s Guarded
Command Language is Turing complete, and the first-
order predicate calculus language is sufficient in all
reasonable cases, according to David Hilbert. However,
subsequent studies have shown that the method of predicate
transformers cannot be completely automated because
the verification problem turns out to be algorithmically
unsolvable if the power of the specification language is
not limited and the power of the programming language
is not limited.

The next step was the development of a family
of methods for model checking [2], among which, as
applied to automaton programs, work [5] stands out.
Model checking allows automation by using temporal
logic languages for the specification and application of
automaton models as programs to be verified. These
restrictions make it possible to narrow the verification
problem to an algorithmically solvable one. However, in
the model checking method, both the class of specifications
and the class of automaton models are still very wide, and
therefore, the automatic verification methods turn out to be
computationally laborious.

In the proposed verification method, the specification
formalism is narrowed down to a well-studied class of
regular languages, and the programming language
is narrowed down to the CIAO language, programs in
which have a very simple and predefined structure. Due
to this narrowing, it was possible to construct an efficient
algorithm for automatic verification. In fact, this algorithm
automatically checks whether the program performs some
actions in a given order or does not perform some other
actions in a forbidden order. No more, but no less. If we
carefully structure the required behavior into elementary
actions and translate informal requirements into conditional
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regular expressions, then in many practical cases the
proposed limited means will be sufficient for effective
verification. The main intellectual effort in automatic
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AHHOTAIUA

Brenenne. CoBpeMeHHOE 00yueHHEe HEBO3MOXKHO O€3 CHCTEM aBTOMAaTH3MPOBAaHHOMN MpOoBepKH 3HaHuil. Hanbomee
MPOrPECCUBHBIMU B HACTOALIEE BPEMsI SIBJIAIOTCS JalTUBHBIC MOJIEIIN TECTUPOBAHUS, B KOTOPBIX CIIOKHOCTD 3a1aHHUH
MEHSeTCs B 3aBUCUMOCTH OT NPaBHJIBHOCTH OTBETOB HCIBITYeMoro. [IpeacraBiena pa3paboTka HHTENIEKTYaIbHON
CHUCTEMBI aJJallTUBHOTO TECTHUPOBAHMS C MCIIOIB30BAaHHEM amliapara HedeTKod mMaTematuku. Meroa. Pazpaborana
WHTEIUIEKTyalbHAs CUCTEMa aIallTUBHOTO TECTHPOBAHUSL, B MOJYJIE, PEATU3YIOIIUM SKCIIEPTHYIO CHCTEMY, HCIIOIB3YETCs
MPOAYKIMOHHAs 0a3a MpaBmi. BXoJHBIMU TTapaMeTpaMu MpU padoTe SKCIEPTHOW CUCTEMBI SBISIOTCS: MPOIEHT
BEpHBIX OTBETOB, CTENIEHb IPABUIILHOCTH OTBETA, JJIUTEILHOCTb OTBETA, YUCIIO MOMBITOK. BBIXOAHBIMU — HU3MEHEHUE
TEKYILEro YPOBHS MOATOTOBKH 00y4aeMOro, Ha OCHOBAaHUHU KOTOPOTO MOJ00PaHbI TECTOBBIE BOMPOCH! COOTBETCTBYIOIICH
CJIO)KHOCTU. B KauecTBe MeTO/a JIOTMYECKOTO BBIBOJA MIPUMEHEH METOJ MamaaHu, KOTOPbIH COCTOUT M3 IIECTH
OTePALMOHHBIX JEUCTBHI: (a33udukannm — npeodpa3oBaHHe TOUHBIX 3HAYCHUI BXOAHBIX EPEMEHHBIX B 3HAUCHUS
JUHTBUCTHYECKUX MEPEMEHHBIX MOCPEACTBOM QYHKLIMHA MPUHAAIEKHOCTH; IPOCKTUPOBAHUS HEUETKON Oa3bl
MPaBWJI HKCIIEPTHON CHCTEMBI; arperHpOBaHUS NOAYCIOBUN — OMpeAeeHIEe HCTHHHOCTH YCIOBUH ISl KaXKI0TO
JTUHTBUCTHYECKOTO MPAaBUIIa CUCTEMBl HEYETKOTO BBIBO/IA; AKTUBALIUU TTOA3AKIIOYEHNN — HAXOKICHHE CTEICHU
HMCTUHHOCTH Ka)KI0T0 U3 MOA3AKIIOUCHUH B JIMHTBUCTUYECKOM TPaBUJIIE; aKKYMYJIMPOBAHUHU 3aKJIFOUEHUN — HAXOXK/IEHUE
(YyHKIHH MPUHAUIC)KHOCTH JUJIS KaXKJ0W M3 BBIXOJHBIX JTUHTBUCTUYCCKUX NMEPEMEHHBIX; Acda33uGuKanu —
HaXO0XKJAEHHUE YUCICHHOTO 3HAYCHUS JUIS KaXKJ0W U3 BBIXOJIHBIX JUHTBUCTUYECKUX TepeMeHHbIX. OCHOBHBbIE
pe3yabTaThl. [IpeacraBieHa pa3paboTaHHass HHTEUICKTyalbHasl CHCTEMa aJallTUBHOTO TECTHPOBAHUS, KOTOpas
MO3BOJISIET HA OCHOBAaHMM aHAJIN3a PE3yNbTaTOB MIPOXOXKIEHHS TECTOB ONpPEIEeIUTh TEKYLIHH YPOBEHb MOATOTOBKU
00y4aroIierocst 1 aAanTUPOBaTh MaTepHal K YPOBHIO €ro NOAroToBkH. CrucTeMa TMHAMUYECKH, B PEKUME PEaTbHOTO
BPEMEHH, IPEOCTABIISIET BOMPOCH! COOTBETCTBYIOLIEH cIoKHOCTH. Ofcy:kaeHue. [Ipu ncrmonp30BaHUH pacCMOTPEHHOM
HWHTEJUICKTYalIbHOM CHCTEMBI aJJallTHBHOTO TECTHPOBAHMS 00yUJaroIUMcs OyIyT 3a1aHbl BOIPOCH! COOTBETCTBYIOIIETO
YPOBHS CIIOKHOCTH, YTO TIO3BOJIUT BBICTPOHUTH HHIMBHIYAIBHYIO TPACKTOPHIO 00y4YeHUs. BHeApeHUe MpeioKeHHOH
CUCTEMBI 00CCIICYHT PeaTN3aIUI0 MEPCOHATU3UPOBAHHOTO TIOIX0/Ia K OPTaHU3aIK Y4eOHOTO MPOIecca, MOBBICHT
TOYHOCTh OICHKH 3HAHUN 00yYaroluXcs, U, KaK Pe3yJIbTat, TOBBICUTh KA4eCTBO UX O0yUCHHSI.
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Abstract

Modern learning is impossible without automated knowledge testing systems. At present, the most progressive are
adaptive testing models in which the complexity of tasks varies depending on the correctness of the patient’s answers.
This article describes the development of an intelligent adaptive testing system using a fuzzy mathematics device. An
intelligent adaptive testing system has been developed; the module that implements the expert system uses the production
base of the rules. The input parameters of testing are the percentage of correct responses, the degree of correctness of the
response, the duration of the response, and the number of attempts. The output is a change in the current level of training
of the student on the basis of which test questions of related complexity are selected. As a method of logical inference,
the Mamdani method is used which consists of six operational actions: phazification — conversion of exact values of
input variables into values of linguistic variables through belonging functions, this served as the basis for designing a
fuzzy base of rules of the expert system; aggregation of sub-conditions — determination of the truth of conditions for
each linguistic rule of the fuzzy inference system; activating sub-conclusions — finding the degree of truth of each of
the sub-conclusions in the linguistic rule; accumulation of conclusions — finding the belonging function for each of
the output linguistic variables; defazzification — finding a numerical value for each of the output linguistic variables.
A developed intelligent adaptive testing system (ISAT) is presented that allows, based on the analysis of test results, to
determine the current level of training of students, to adapt the material to the level of their training. This system allows
you to dynamically present questions of appropriate complexity in real time. When using the developed intelligent
adaptive testing system, students will be provided with questions of the appropriate level of complexity, this will allow
building an individual learning trajectory. The introduction of a predefined system will ensure the implementation of a
personalized approach for organizing the learning process; will increase the accuracy of assessing students’ knowledge.
The use of the technology of fuzzy expert systems allows for automated, intelligent control of students’ knowledge.

Keywords

artificial intelligence, expert system, fuzzy logic, fuzzy mathematics, trainee testing, adaptive testing, intelligent system
For citation: Tagirova L.F., Zubkova T.M. Intelligent adaptive testing system. Scientific and Technical Journal
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BBenenune

CoBpeMEHHbBIE TEHIEHIIMN PA3BUTUS MUPOBOTO DIIEK-
TPOHHOTO 00Pa30BaTEIHLHOTO MPOCTPAHCTBA OMPENCISIOT
HEO0OX0AMMOCTh HU(PPOBOH TpaHchopMmaluu oOpa3oBa-
HHS 33 CYET PaspabOTKU U BHEAPEHUS PA3IUYHBIX DIIEK-
TPOHHBIX OOYYAIOIINX CUCTEM M PECYPCOB.

Brinyien psii IOKYMEHTOB, PEIIAMEHTUPYIOIIUX JIe-
STENBHOCTH 00Pa30BATE/ILHBIX OPraHU3AalUil B YCIOBHAX
uudpoBoit Tpancdopmaniu oopazoBanus 234,

I Pacniopsikenue Munnpocsenierust Poccun ot 18.05.2020
N P-44 «O6 yTBep»xIeHUN METOJUYSCKUX PEKOMEHIALUMN IS
BHEJIPEHUS B OCHOBHBIE 0011e00pa30BaTeIbHbIC IIPOrPAMMBI
COBPEMEHHBIX LHU(PPOBBIX TEXHOJOTHI» [DNeKTpOHHBIN pe-
cypc]. Pexxum moctyna: https://legalacts.ru/doc/rasporjazhenie-
minprosveshchenija-rossii-ot-18052020-n-r-44-ob-utverzhdenii/
(mara obpamenust: 01.04.2023).

2 Yxa3 Ilpesunenrta Poccuiickoit @enepaunu ot 21.07.2020
No 474 «O nHanuMoHaNbHBIX LENsX pa3BuTHsl Poccuiickoi
®enepanunn Ha nepuox 10 2030 roxay [DnekTpoHHBIA pecypc].
Pexxum pocrymna: http://www.kremlin.ru/acts/bank/45726 (narta
obpamenus: 01.04.2023).

3 MMacnopt ®enepansroro npoekra «Llupposas o6paszosa-
TeNbHAs cpeiay [ DnekTpoHHbIN pecypc]. Pexxnm noctyma: https://
minobr.gov-murman.ru/files/Nach_proekty/Tsos/fp_cifrovaya
obrazovatelnaya sreda 04102019.pdf (mara oGpamenus:
01.04.2023).

4 Tlpukas MunucrtepcTBa npocsemenus PO or 2 xe-
kabps 2019 r. Ne 649 «O6 yrBepxaenun LleneBoit mMome-
1 nudpoBoil 006pa3oBaTeNbHON cpeabl» [DIEKTPOHHBIN

CornacHo?, cyth nuppoBoii Tpanchopmaruu 06pazo-
BaHMS 3aKJIIOYACTCS B TIOCTH)KEHUH HEOOXOIMMBIX 00pa-
30BaTEIBHBIX PE3YIBTATOB TOCPEICTBOM ITEPCOHATN3AINHT
yueOHOTO Iporecca Ha OCHOBE MCIOJIb30BaHUS MHHOBAIIN-
OHHBIX JOCTIKCHHH B 0OJIACTSIX aNmapaTHOTO W IIPOTrpaMM-
HOTO0 00€ecIedeHNsI COBPEMEHHBIX IU(PPOBBIX TEXHOIOTHH.
TIporiecc nudpoBoii TpanchopMari 00pa30BaHIsT HHULH-
UpYeT COBEPILICHCTBOBAHUE BCEil CHCTEMbI 00pa30BaHMUs,
B TOM YHUCJIC CPEACTB OLCHKU y‘-IC6HI)IX }:[OCTI/I)KCHI/Iﬁ n
yInpasieHust 00pa3oBaTeIbHbIM Mporeccom [1].

[TepcniekTHBHBIM HaIpaBJICHUEM B 00JIACTH TIEPCOHAIIHN-
3aruy 00pa30BaHus BBICTYIIAET CO3IaHHUE U BHEJPCHUE HH-
TEJUIEKTYaJIbHBIX CHCTEM aJalTHBHOIO TeCTHUPOBaHus [2].
ARanTHBHBIMH 00yYarOIMMHU CHCTEMaMH SIBIISTIOTCS SJICK-
TPOHHBIE 00pa30BaTEIbHBIC PECYPCHI, MTPEI0CTABISIONINE
o0yuaroneMycst HHANBHYaJIbHYIO TPACKTOPHIO 00yICHUS
3a CUET «IIOJCTPANBaHMD) MEPCOHAIBHOTO 00pa30BaTeIb-
HOTO TIPOCTPAHCTBA IOJ] €T0 COOCTBEHHBIE OCOOCHHOCTH
[2]. Cuctembl a1anTUBHOTO TECTUPOBAHUS MIPUMEHSIOTCS
MHOTHUMHU OTCUYCCTBCHHBIMU U 3apy6e)KHLIMI/I ucciaeno-
BaTCIIsIMU, MpeajiaralomiuMu pa3jIniHbIC MOAXOAbI K €€
peanu3anum.

[TpoBeneHHbIN aHanu3 HayuHbIX pabor [2—13] moka-
3all, YT0 HanOOoJbIIee KOINIECTBO COBPEMEHHBIX TEOpe-
THUYECKUX M ITPAKTHYECKUX UCCIIEIOBAaHUI B 00IacTH pas-
paboOTKH CHUCTEM aJlallTUBHOTO TECTHPOBAHUS CBSA3aHO C

pecypc]. Pexxum gocrtyna: https://cdnstatic.rg.ru/uploads/
attachments/180/25/89/56962.pdf (nara obparenust: 01.04.2023).
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N1.®. Taruposa, T.M. 3ybkoBa

MIPUMEHEHHEM MCKYCCTBEHHBIX HeliponHbix ceteit (MHC)
B Pa3JIMuHbIX NPeAMETHBIX oOnactsix. Hanpumep, B padore
[2] npennoxeno ucnonszoBanre MHC nist apromaruzanuu
TIporiecca BBICTABJICHUS OLIEHOK MPHU pa3padoTKe TpeHa-
KEPHO-00yJarOIIe CUCTEMBI IPH MOJITOTOBKE CIEIHA-
JUCTOB B aBHAIMOHHON obmactu B [3] mpuMmeHeHa Tex-
wvonorust MHC mipu permeHnu 3amadn BEIOOpa CIOKHOCTH
BOTIPOCA aJaNITUBHON CHCTEMBI TECTHPOBAHHS.

B pabore [4] ucnonb3oBaH anropuT™ balieca mis
TIPOSKTHUPOBAHUS aJaNTUBHONW MOJENIH TeCTUPOBAHMS HE-
CKOJIbKHX KOMIICTEHI# oOy4aroruxcs. B [S] ¢ momoribio
anroputMa baiieca npemyiokeHo alanTUBHO MPOBOAUTH
MIEPCOHAIN3UPOBAHHYIO (POPMHPYIOIIYIO OLIEHKY ydallie-
roCsl, TMHAMUYECKHU BBIOMPAsl SJIEMEHTBI U TECTHI B COOT-
BETCTBUH C UX CIIOCOOHOCTSIMH.

B [6] npeanoxkeH MOTYIbHBINA NPUHIUII HOCTPOECHUS
AaNITHBHON CHUCTEMBI TECTUPOBAHUS ISl OOyUCHHS HHO-
CTPaHHOMY SI3BIKY KYpCaHTOB BOCHHBIX By30B. B pabore [7]
HCTIONIF30BaHa MapKOBCKas MaTeMaTHIeCKast MOJICNb TNHA-
MHYECKOTO aJalTHBHOTO TECTUPOBaHMS aKTHUBHOTO areHTa
JUTA pa3pabOTKH CHCTEMBI OIICHKY 3HAHUN CTYICHTOB.

Ha ocHoBe Onosornueckol TeOpur pa3BUTHS YeIOBEKa
K. Tuaxke mpeaiokuiI alropuT™ pa3padoTKA JTUHAMUYEC-
CKHUX aJalTHBHBIX TECTOB-TPCHAKEPOB JUISl INArHOCTHKH
MpoLeCcCyalIbHBIX XapaKTEPUCTUK OOyUCHHUs yUaIIUXCs
BpEMCHAM aHDIMHCKOTO si3biKa [8]. B pabore [9] nucmosnb-
30BaH KPUTHKYIOLIUH TTOIXO0/ K TIOCTPOCHHIO IKCIIEPTHBIX
CHCTEM JUIsl pean3aliiy aIallTHBHOTO TECTHPOBAHUS, a B
[10] mpencraBiena Moaeab aJanTUBHOIO TECTUPOBAHUS C
HCTIOTF30BaHIEM HEYCTKOW MaTeMaTHKH.

B paborte [11] pa3paborana ruOkas oHIaiH-IaTGOpMa
JUTSL KOMITBIOTEPU3NPOBAHHOTO aAaTHBHOTO TECTHPOBAHHS,
B KOTOPOW MPUHATA BO BHIMAaHNE OCOOCHHOCTH HEOJTHO-
ponHOCTH oOyuatomuxcs. [IpunoxeHnue mo3BonseT JUHA-
MHYECKH MOJCTPANBATh HE TOJIBKO TECTOBBIC 3aJIaHHs, HO
U TI0JIb30BATE/IbCKUN HHTEpdETiC.

B [12] yuren a¢dexT 3a0biBaHUs CO BpeMeHeM 00y-
YaloUMMUCS Marepuaia AuCiMIumHbL. [Ipenoxeno pea-
JM30BaTh aJallTHBHYIO (DOPMUPYIOLIYIO CHCTEMY OLICHKH,
OCHOBAHHYIO Ha KOMITBIOTEPHOM TECTHPOBAHWHU U IIUKJIC
aMATH 00y4YeHHUsT, YTOOBI 00ECIIEYNTh TOBTOPHYIO OLICHKY
3HAHUH yYaIlIuxcs.

B [13] pa3paboTrana KOMIBIOTEpU3UPOBAHHAS CHCTE-
Ma aJIalITUBHOTO TECTHPOBAHUS ISl N3MEPEHUS YPOBHS
BIIQJICHISI aHTJIMHCKUM SI3BIKOM OOyYaroIuXcsi Ha OCHOBE
IIECTUATAMHON MPOIIEAYPHI.

[Ipobnemarnka pa3pabOTKU aJalTHBHBIX TECTOB SIB-
JIIeTCS aKTyaJbHOW HE TOJIBKO B PaMKax peIleHUs 3aj1ad
TECTUPOBAHMs 0OyJaIOIIUXCs, HO M B IPYTHX cdepax, Tpe-
OyIOIIMX ITPOBEPKU YPOBHS KOMIICTCHIUH, a TAKKe JINY-
HOCTHBIX MHTEIJIEKTYaJIbHBIX U MCUXO(U3NOIOTHIECKUX
Ka4ecTB UCIBITyeMOoro. HampumMep, B MEITUITHHE: TIPH pa3-
paboTKe KOMITBIOTePU3NPOBAHHON aIAIITHBHOM TECT-CUCTE-
MBI (DYHKITMOHAIEHOU OIICHKH HHCYIBTA [ 14], mcuxomoruu
TIpH OTIeHKe (PU3NIECKIX HABBIKOB MBIIIUICHHS KOMITBIOTE-
PHU3UPOBAHHOTO aIaITUBHOTO TECTUPOBAHUS [15].

B HacTosmeit pabote B kKadecTBe puMepa MpeicTaBie-
HO perieHne mpoOeMbl pa3pabOTKH CHCTEMBI a/ITallTHBHOTO
TeCTUpOBaHUsI 1y1sl 00yyarormxcst noarorosku B [T-cepe
NPU U3yYCHUH CHCUUATBHON AUCIUILUINHBL.

IlocTanoBka 3agauu

s peanmu3aiiiy MoCTaBICHHON 1IN PaOOTHI BHITION-
HEHO CO3/IaHME MHTEIUICKTYaIbHON CHCTEMBI aJallTUBHOTO
tectupoBanus (MCAT), mo3Bosisironieid OlleHUBaTh 3HAHUS
oOyuvarontuxcst. J{jst 3Toro paspadoraHna cTpyKTypa o0Oyda-
IOIIEH CUCTEMBI, OTpeieieHbl HH()OPMAIIMOHHBIE TOTOKH 1
MHCTPYMEHTBI JUTSl a[alTallii PaHKUPOBAHHOTO TECTOBOTO
Marepuaia.

CrpykTypa o0yuarorieil CHCTeMBI (pHc. 1) COCTOUT U3
mecTH OJOKOB: Tpex 0a30BBIX (KJIACCHYECKHX CTPYKTYp-
HBIX enHUI): «bIoK yueOHBI», «BIIOK MeToIIaeCKmin»y
1 «BIJIOK 3JIEKTPOHHOTO KypHAJa» U TPEX HHTCIUICKTYallb-
HBIX, HAIIPABJICHHBIX Ha Pa3HOCTOPOHHIOKO aJIalTaIIIo 00-
YUaroIe CHCTeMBI K 0COOCHHOCTSIM 00ydarormmxcst: «biok
aJIalTaIiA TTOJTF30BATEILCKOTO HHTEepdetica», «biok anar-
Tanuu y4eOHOTo KOHTEeHTa» U «bBIIOK aganTupoBaHHOTO
TECTUPOBAHUS.

JlanHast aieKTpoHHAs 00y4Jarolas cucTeMa aHaJIorn4Ha
JICUCTBUSIM, KOTOPBIE POBOJUT IIPEIIOaBaTelb B YCIOBHUSIX
TpaxuIoHHON (Gopmbl Ha 3aHATHsAX. Bompockl, 3axaBa-
€MbIe CUCTEMOM, pa30MBAIOTCSl HA HECKOJIBKO YPOBHEH
110 Mepe BO3pACTaHuUs CIOKHOCTH BOnpocoB. Ha mepBom
JTare BCEM MCIBITYEMBIM BBIAACTCS OJTMHAKOBBI BXOIHOM
TECT, IIeJh KOTOPOTO — OCYIIECTBICHUE MPEIBAPUTEIEHON
muddepenimanun odydatoruxcs. [1o pesymasratam aud-
(hepeHNIMAIIE HA BTOPOM ATaIle OPTaHNU3YETCS aTaNTHBHBIN
PEXUM, U CTPOSATCSI COOTBETCTBYIOIINE TECTHI [4].

Pe3ynbpraThl OTBETOB Ha BOMPOCH KaXXJIOTO YPOB-
Hsl 00yCJIaBIMBAIOT BBIOOP CIEAYIOMIEro YpOBHs (MO-
’KET TOBBIIIATHCS, TTOHUKATHCS, OCTABATHCS MPEKHUM ).
KomruiekcHas onieHka (hOpMHPYETCsi ¢ Y4ETOM MPOILICHTa
MPaBUJIBHBIX OTBETOB, JUIMTEIBHOCTH OTBETA, CTEIICHH
MPaBWJILHOCTH OTBETA, YHCJIA MTOTIBITOK.

Ha puc. 2 npencrasieHa quarpaMMa MOTOKOB JIaH-
HBIX Tpollecca aBTOMAaTH3aIlMy aJalTHBHOTO TECTH-
poBanusi B Case-cpenctse BP-WIN B nHorauuu DFD.
C cructeMoi MOTYT B3aMMOZCHCTBOBATE MPEITIOIaBaTEIh
(BBICTYMIaeT B pOMH «DKCIEPT») U 00ydaromuiics (B poiIu
«CTyneHT»), KOTOpBIE BXOIAT B CHCTEMY C pa3HBIMH Ipa-
BaMH JIOCTYTIA.

B kauecTBe MHCTpyMEHTA JUIsl aJlallTAllid PaHKUPO-
BaHHOTO TECTOBOI'0 MarepHaja UCIOJb30BaHa dKCIIePTHAs
cHucTeMa, SIIPOM KOTOPOH sIBIIsieTCs] HedeTKast 0a3a 3HaHHH.
B kauecTBe MaTeMaTHuECKOTO METO/A UCTIONB30BaH aJro-
PHUTM HEYETKOTO BbIBOJIa Mam/1aHu, B KOTOPOM ITPUMEHEHa
MHUHHMAaKCHasi KOMITO3UIIUSI HEUETKUX MHOXKeECTB [ 16].

Taknm 0Opa3zoM, cucrema aIanTHBHOTO TECTUPOBAHUS
MIO3BOJIAIIA MAKCUMAITBHO TIPUOIN3UTH MTPOIIECC DICKTPOH-
HOTO KOHTPOJIS K HETIOCPEJICTBEHHOMY KOHTPOITIO 3HAHUH
TIperoiaBaTeseM, IIPH ATOM OIIEHKa CTAHOBUTCS OoJee MoI-
HOW ¥ JTOCTOBEPHOM, YeM TPH HCIIOIB30BAHUU OOBITHOTO
TecTupoBanus [4].

MaremaTudeckasi MoJeJIb 3KCHepTHOﬁ CUCTEMBbI

JIuist peanu3aiivi HHTEIUICKTYalbHOTO KOHTPOJISE 3HAHUH
UCIoNb30BaHa 12-0asutbHast IKalia, MPEUMYIECTBO KOTO-
PO¥, TT0 CpaBHEHHIO C TPAJUIIMOHHOHN 5-0aIpHOM — OoJee
BBICOKAsI pa3nuyaromnias criocoorocTs [10]. lannas nikana
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Puc. 1. CTpykTypa ¥ B3aUMOCBS3b KOMIIOHCHTOB JJICKTPOHHON 00yYaroIIei CHCTEMBI

Fig. 1. Structure and interconnection of electronic training system components

MI03BOJIMJIA OMKCATh PE3YIBTAT C OMOIIBIO HEUETKHX MO-
HATUH «MEHee 4eM ...» U «Dojee YeM», YTO COOTBETCTBYET
OLIEHKAM THMA «5 ¢ MUHYCOM», «3 C ITFOCOM» U T. 1., KOTO-
pBI€ YacTO MCMONIB3YIOTCS MPENOAaBaTeIIMH AT OLIEHKU
yUueOHBIX JOCTHIKEHUH 00yYaroIuXCsl.

Ha puc. 3 nokazano coorerctBue 12-6ayibHOi 1 Cy-
IICCTBYFOIICH 5-0aJTbHOM MK OIICHUBAHUS.

Ha puc. 3 BuaHO, uTo B 12-0ayutbHOM MIKaje ompene-
JICHBI BO3MOXKHBIE OLCHKH ISl HCIBITYEMOTO Ha OCHOBE
HEYETKNX MHOXKECTB: «HET 3HAHUN», «HEYIOBICTBOPH-
TEJIEHO», «MAJIOyAOBIETBOPUTEIHLHOY, «ITOYTH yIOBIETBO-
PHUTEIBHO», «yAOBICTBOPUTEIBHOY, «00JIee YeM yIOBIET-
BOPHUTEIBHOY», IIOYTH XOPOIIO», «XOPOIIO», «Oojee ueM
XOPOILIOY», KIOYTH OTIINYHO», KOTIUIHOY, KIPEBOCXOTHON.
JlaHHBIE YPOBHU H3MEHSAIOTCS B 3aBUCUMOCTH OT yCIIeXa OT-
Bevaronero. J{is Kayka0ro ypoBHS CIOKHOCTH « DKCTIEPTY»
(mperiofaBareo 1o AUCIMILIMHE) HEOOX0ANMO pa3pado-
TaTh COOTBETCTBYIOLIMI HAaOOp Borpocos. TecTupoBaHue

MPOBOJUTCS O METOAY «Bonpoc — oTBeT». [locie oTBeTa
Ha KaKJ0€ 3aJlaHue NMPOU3BOAUTCS OLIEHKA NPaBUIIBHO-
CTH OTBeTa. B kadecTBe MHCTPYyMEHTA ISl OMPEACICHUS
TEKYIIEro YPOBHS 3HaHUH 00y4arolerocs NCIoIb30BaHa
He4eTKas SKCIepTHasl CUCTEMa, a B KaueCTBE aJlrOpuT™Ma —
QITOPUTM HEUETKOTO BbIBOAA MaMaaHu, KOTOPBIH COCTOUT
U3 MIECTU ONEPAIOHHBIX ACHCTBUIL.

1. ®a3z3uduxanus. [IpeodbpasoBaHne TOYHBIX 3HAYE-
HUH BXOJIHBIX IIEPEMEHHBIX B 3HAUCHNUS JIMHT BUCTHYECKUX
MEPEMEHHBIX MOCPEACTBOM (YHKIMH MPUHAIICKHOCTH.
Ha nHavanesHOM 3Tare XxapaKTepUCTHKH 00yJaOnXCs OTH-
CaHBl B BUJIC BXOJHBIX JMHIBUCTHUECKHUX ITEPEMEHHBIX,
3a/1aHbl MX TEPMBI U TapameTpsl [ 16].

Mopesnb HeUeTKOTO BBIBOJIA COAEPKUT UEThIPE BXOJHBIX
MIepeMEHHBIX: POLICHT BepHBIX 0TBeTOB Ha TecT (OT), nu-
tenbHOCTh oTBeTa (DO), cTeneHs MpaBUIBHOCTH OTBETA
(SPO), uucno nomnsitox (KP) 1 01HyY BBIXOHYIO TEpeMEH-
HYI0 U3MeHeHue ypoBHs noarotosku (CHP).
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PesynpraT BXOOHOTO TeCTHPOBAHUA
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IpenogaBaTtens JIuHrBHCTHYECKHE TTEPEMEHHbIE . ONPE/eeHHs H3MeHEeH st IIponyKumoHHbIe npasuia
(3xcmepT) [pomyKUHOHHBIE paBHIa TEKYLIEro yPOBHsI Heuetkuii Br1BON Mamnanu
Y poBeHb OATOTOBKH 00y4aeMOro NOArOTOBKH

_
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Puc. 2. ,HI/IanaMMa IIOTOKOB JaHHBIX ITpOIE€cCa aganTalnnuu T€CTOBOIO MaTre€puaia

Fig. 2. Test material adaptation process data flow diagram
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Fig. 3. Compliance with 5- and 12-point rating scales

Jlunreucruyeckas nepemenHas «II[poLeHT nmpaBUiIbHbBIX
OTBETOBY OIUCHIBAET B MPOLEHTAX YUCIIO BEPHBIX OTBETOB
Ha TECTHI U CONEPKUT IIECTh TEPMOB: «OUEHb HU3KHUII»,
CHUBKUWY», «CPEHUW», «BBILLIE CPEAHETO», «BBICOKHII»,
«OYE€HBb BBICOKUIY.

I'paduk GpyHKIIMN TPUHAATIEKHOCTH JTHHTBUCTHYECKOM
nepeMeHHoON «IIpoleHT npaBUIILHBIX OTBETOBY» MPEJICTAB-
JIeH Ha puc. 4.

J1s 3HaYeHN sl BXOZHOM JINHI'BUCTUYECKOU IIEPEMEHHON
«JIMmUTenbHOCTH OTBETaY» MPUHATO €AUNHOE BPEMS JIsl OTBETA
Ha BCE TECTHl — 5 MUH (YCTaHOBJICHO KaK ONITHMAIIbHOC BPE-
Ms1). OTpUIaTeNbHBIC 3HAYCHUSI OTKIIOHCHHS 03HAYAIOT, 4TO

00y4JaeMBblif 3aTpaTUIl Ha OTBET MEHBIIIC BPEMEHH, YeM yCTa-
HOBJICHO B KQU€CTBE ONTUMAJILHOTO JIJIS JTAHHOTO 33 TaHuS.

JIJIst OTICHKH CTETIeH! TPaBIIEHOCTH OTBETA IPUMe-
HEH CIIOCO0 C MCII0JIb30BAHMEM HEYETKOM MaTeMaTHKH.
IIpemnokeHa cieayronias HeUYeTKas IIKala ONCHKH: «He-
TIPAaBIIIBHOY, HETOUHO», HE COBCEM MPABHIBHOY, «ITOYTH
MIPABWIIBHOY, «IIPABUIHHOY.

JIunrBUCTHYECKAs TIEpEMEHHAs «IUCIIO MOTBITOK» MO-
JKET PUHUMATh 3HAYCHHUS «HEOOIIBIIIOEY, KCPEIHEE YHCIIO
[TOILITOKY, «O0JIBIIOE YHUCIIO MOIMBITOKY.

BpiXoHOM TUHTBUCTHYECKONW MEPEMEHHOU SIBISET-
csa nepemeHHas «M3MeHeHHne ypoBHS MOATOTOBKUY, CO-
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Puc. 4. Tpaduk GyHKIUH TPUHAUISKHOCTH JTMHTBUCTHUECKOM MepeMeHHON «IIpolLeHT MpaBUIIbHBIX OTBETOB

Fig. 4. Graph of the memebership function of the linguistic variable “Percentage of correct answers”

JiepKaias naTh TEPMOB: «YMEHLIIUTEL HA B YPOBHI,
«yYMEHBILIUTh Ha OJIUH YPOBEHbY», «HE U3MEHSTH YPOBEHb
TIO/ITOTOBKM», KyBEJIMYUTH Ha O/INH YPOBEHbY, KYBEIMUHUTh
Ha JIBa YPOBHSI».

2. llpoexkTupoBaHue HeYeTKOH 0a3bl mMpaBHJI
JKCMEePTHOI cucTtemMbl. Onycanue mapaMeTpoB JIMHT-
BUCTHYECKHX IEPEMEHHBIX MOCIY)XHJIO OCHOBOM ISt
MIPOSKTHUPOBAHNS HEUSTKON Oa3bl MPaBMII HIKCTIEPTHOM CH-
cteMbl. [IporoTun 6a3sl MpaBwUiI MPEACTABICH B TAaOIHIIE.
VYeioBHbIE 0003HAYEHNUS HCIIOIB30BaHbI aHAJIOTMYHBIE (a3-
3uuKanum.

3. ArperupoBanue noaycjaoBuii. OnpeaenceHme UCTHH-
HOCTH yCJ'IOBl/lﬁ JUTA KQXKJ0T'0 JIMHITBUCTUYCCKOIO IpaBuia
CHCTEMBbI HEUETKOTO BBIBOAA. TaKk Kak BO BCEX IpaBHIIaX
ncroibp3oBana omnepanus «M», To arpernpoanue npo-
BEJICHO 110 METOAY JIOTHYECKOW KOHBIOHKIIMH, KOTOPOE
3aKJTIOYACTCSl B HAXOXKICHUN MUHUMAJIBHOTO 3HAYCHUS
HCTUHHOCTH BCEX €T0 MOy CIIOBHH:

b; = min{p(OT), W(DO), W(KP), W(SPO)},

e { — 00IIee KOJMYSCTBO JIMHIBUCTUYCCKHUX TTPABHLIL.

4. AKkTHBanusa noa3akJaoueHnii. Haxoxaenne cre-
[ME€HU UCTUHHOCTH Ka)KJIOT0 M3 MOA3AKIIOUCHUH B JIMHI-
BHCTHYCCKOM IpaBmiie. J{JIs KakIoro MOA3aKIIOYCHUS B
COOTBETCTBHH C (PYHKITHECH MPHHAICKHOCTH BBIXOIHOM
TUHTBUCTHYECKON nepemeHHon W(CHP) n pe3ynbpTaToM
MIPEIBITYIIEr0 OMEePAIIIOHHOTO JACUCTBUS MONTy9IeHA CTe-
MeHb UCTUHHOCTH. OmpeieleH0 MUHUMAIIbHOE 3HAYCHUE
(YHKINHU TPUHAICKHOCTH MOA3AKITFOYCHHUH:

W(CHP) = min{c;, (CHP)},

rne W(CHP) — ¢(yHKIUA TpUHAIC)KHOCTH BBIXOIHON
nmuHTBHCTHYecKON iepemennoil CHP; ¢; — anemeHT MHO-
xectBa C = {c;} KOTOPBIN OIpenesieH KaK MPOU3BEICHUE
3JIEMEHTOB MHOXECTBA UCTUHHOCTH ycioBuil B = {b;} u
3HAQUEHHUH BECOBBIX KOI(P(PULIUEHTOB F; IS KaKAOTO M3
JIMHIBUCTHYECKHX MTPABUII CUCTEMbl HEUETKOTO BBIBOJIA.
5. AkkymyaupoBaHHe 3aKkj04ennii. Haxoxnenue
(YHKIIMM TPUHAJICKHOCTH ISl KQXKJI0H U3 BBIXOAHBIX
JIMHIBUCTUYECKUX NepeMenHbx CHP = {CHP;}, ocymiect-

BJSIEMOC HA OCHOBE Max-00beIMHEHUS (DYyHKIIMN TPUHAI-
JICKHOCTHU:

W(CHP) = min{y;(CHP)}.

rae ' (CHP) — (GyHKIUS IPUHAUISKHOCTH, TOIyYeHHAas
B pE€3YJIbTAaTEC aKTUBALIUHN JIMHI'BUCTUYCCKUX ITPABUJL.

6. ledazzudurkanus. HaxoxaeHue 4MCIEHHOTO 3Ha-
YEeHUs JUIS KaXK10H U3 BHIXOIHBIX JIMHTBUCTUYECKUX TIEpe-
MeHHBIX MHOkecTBa ST. Pe3ynbrarom JaHHOTO orneparu-
OHHOT'O JICHCTBUSI OJTYyYEHHE KOIMUECTBEHHBIX 3HAYCHUI
BBIXO/IHOM nepeMeHHOH «l/I3MeHeHne ypoBHs MOTOTOBKI.
Jeda3z3udukarus BITIOIHEHA [T0 METOIY JICBOTO MOJIANb-
HOTO 3HAYCHHUS:

y=min{CHP,,},

rne CHP;;— MopabHOe 3Ha4eHUE HEYETKOTO MHOKECTBA
Ju1st BeIxonHOM nepemenHoid CHP nociie akkymysisiiuu.

B pesynbrare paboThl HEYETKOTO JIOTHYECKOTO BBIBOIA
JUTSL K&KIOTO 00YYaromierocsi ONMpeesieH TeKyIUui ypo-
BEHbB TO/ITOTOBKHU, B COOTBETCTBHHU C KOTOPBIM ITO00paHa
HamboIee oNTUMAaNbHAs PEIAKIMS TECTOBOTO MaTepuana,
MaKCHMAaJIbHO aTallTHPOBAHHAS MO €T0 HHINBUIYaIbHBIE
ocobennoctu [16].

IpakTnueckas peanuzanus UCAT

Ha ocHOBaHMU ONMUCAHUSI HEYETKUX MHOKECTB U Ipa-
BuT BeiBoza peanu3oana VICAT [17, 18]. B npemnoxen-
HOM MPOrPAMMHOM CPEJICTBE PETyCMOTPEHO J[BA YPOB-
Hi noctyna: «CtyneHT» u «DKcrept». «CTyneHT» IMeeT
BO3MO)KHOCTb: U3YUYHTh MPEITIOKEHHBIH TEOPETUUCCKUI
MaTepHall; BBIIOJHUTE JIA00OPATOPHBIC M MPAKTHYCCKHEC
pabOThI; MPONTH TECTHPOBAHUE.

[Ipu mepBoM 3amycke MPOrPaMMHOIO CPEICTBA MO
ypoBHeM joctyna «CTyIeHT» HEOOXOMUMO MPOUTH BXOJI-
HOE TECTUPOBAHUE JIJISI ONIPE/ICIICHHS HAYaIbHOTO YPOBHS
moaroToBKu. OKHO MPOX0XKICHHUS TCCTUPOBAHUS TIPE/I-
CTaBIICHO Ha PUC. 5, @, MOCIIC TSCTUPOBAHUS OyJCT BBIBE-
JICH PE3yJNIbTaT C YKa3aHUEeM U3MEHCHUS TEKYIIEro YPOBHS
MOATOTOBKH oOydJaromerocs (puc. 5, b).
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Tabnuya. ®parMeHT 6a3bl MPaBUI

Table. Rule base fragment

ECJIN OT=ouenn DO=ouenn u KP =ouenp u SPO=npaBunbHO TO CHP=YBennuuts
BBICOKHIA KOPOTKas Mainoe HAa JIBa YPOBHS
ECIIN OT=ouenb DO=xkopotkas | U KP=ouenn u SPO=npaBunbHO TO CHP=VYBenunuurs
BBICOKUI Majoe Ha JIBa ypOBHs
ECJIN OT=ouenn DO=ouenn u KP=ouenn u SPO=noutn TO CHP=VYBennuuts
BBICOKHIA KOpOTKast Maioe MIPaBUIIBHO HAa JIBa YPOBHS
ECJINX | OT=BbIcokuii DO=xopotkas | U KP=ouens )41 SPO=moutn TO CHP=YBennuuth
Majoe MIPABUJIBHO Ha JIBa YPOBHS
ECJIN | OT=BbIcokuit DO=xopotkas | U KP=mamnoe u SPO=noutn TO CHP=YBennuutpb
MIPaBUIIEHO Ha OJIUH yPOBEHb
ECJIM | OT=BbIcokuit DO=xkopotkas | U KP=cpennee u SPO=npaBuiabHO TO CHP=VYBennuurs
Ha OJIH YPOBEHb
ECJIN | OT=BbIcokuit DO=xopotkass | U KP=mamnoe u SPO=noutn TO CHP=YBennuutb
MIPaBUIIEHO Ha OINH yPOBECHb
ECJIN | OT=BbIicokuit DO=oueHb n KP =maioe n SPO=nouTtn TO CHP=VYBennuuth
KOPOTKast MIPABUIILHO Ha OJIMH yPOBEHb
ECJIN OT=gsImmre DO=cpemnsts | U KP=cpennee nu SPO=nourn TO CHP=OcraBurs
CPEeAHero TIPaBIIILHO MPEKHUN YPOBEHB
ECJIN OT=gbI1e DO=cpenuss )41 KP=mainoe u SPO=noutn TO CHP=OcraButh
CPEAHETo MIPABUIIBHO MIPEKHUH ypOBEHb
ECIIN OT=sbl11e DO=xopotkas | U KP=cpenuee n SPO=noutu TO CHP=OcraButb
CpeAHero MIPaBHIBHO MIPEKHUN YPOBEHb
ECJIM | OT=Huzkuii DO=mmunnas | U KP=06omb110e W | SPO=ne npasunsHo | TO | CHP=YMmenbmuTh
Ha OJIMH yPOBEHb
ECJIX | OT=nu3kuit DO=ouenn n KP=ouenn n SPO=netouno TO | CHP=YmeHbmuth
JUINHHAS Majoe Ha OJIUH YPOBEHb
ECJIN OT=Hus3kut DO=nmnunHas )51 KP=mamnoe N | SPO=ne npasunsHo | TO CHP=YMeHbIIUTH
Ha OJIUH YPOBEHb
ECIIN OT=oueHnb DO=ouenn U | KP=6omsmoe | M | SPO=ne npaBmisno | TO | CHP=YmenbmmTsb
HHU3KHI JUTMHHAsI Ha JIBa yPOBH:I
ECJIN OT=o4enn DO=ouenn WU | KP=6ompmoe | U SPO=nerouno TO | CHP=Ymenpmmrh
HU3KAN JUTHHHAS HAa JIBa YPOBHS
ECJIN OT=ouennb DO=nnunnas u KP=6omnb110€ N | SPO=ne npaBunbuo | TO CHP=YMeHb1uThH
HU3KHUH Ha J1Ba yPOBHsI
a b
e aas TS T eT el Saced YpogeHb Nog2omoBKuU 06yualouie2ocs
PaBoma co cmpokamu & C++ Cmygenm: Cepzees AA. Tpynno: 22N rx(60)PIUC-1
H40A0 MecmupoBamus: 2002.2023 14:5627 Mpowno Bpemenu: 06015903 Terywull yposens nogeomosku: 9 - Boaee, uem xopowo (4+)
Boews 1a sonpos 00001004 = e e
® & © . s 6 9 0 n » 1 " ® w 1 "

Bonpoc: 3us 20

Caegyrowutl sonpoc

Hauono mecmupoeanus; 2002.2023 14:5627

Oxonuanue mecmuposarus: 2002.2023 15:09:13

Vimozosuill peayasmam: 17/20 (85%)

Npouenm epHbix omoemos: 85% (Buicokul)

A omeema: -40%

Cmenerb NPGBUALHOCMU OMBEMOB: 4 60AAG (NOMMU NPOBUALHO)

Yucao NonbIMGK: 1 NONBIMKG (OueHb MoAGE)

Peayaomom: YEeAunums Mo GBO YPosHA

Hoeuil yposens nogzomoexy: 11 - Omauuno (§)

Puc. 5. Bua okoH POXOXKACHUS TECTUPOBAHNUS (@) M PE3yIBTaTOB OMPEACICHHUS TEKYIIET0 YPOBHS OATOTOBKH oOydatomerocs (b)

Fig. 5. View of the windows for passing the test () and the results of determining the current level of training of the trainee (b))
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a

Basanpasun  Aobasneriue npasuaa

AobasaeHue AuHzBUCMUYECKOU NepemMeHHoU

Tepmbl Beog 3HaueHul
Hazssanue MNopamemp 1 Mopamemp 2 Mapamemp 3 Mapomemp 4.
HassaHue mepma
Ouers HuaKUT 0 0 0 0 _—
HuskuG 0 20 30 60 Mapamemp 1
Cpeghui 10 40 50 80 so
Buwe cpegrezo % & 7 100 Mapamemp 2

80

AuHzBUCMUYECKan nepemMeHHas
HaumeHosaHue Napamemp 3

MpoueHm npasuALHEX OmBemos 90

Kpamkoe HauMeHosaHue Napamemp 4

or 100

Coxparume Ommera

O ypoBHa
3a2py3umb gaHHbIE CMygeHma Cmygenm: Cepzees AA.

Tekywuil yposeHb nogzomosku: 9 - Boee, ueM xopowo (4+)

Peayabmame

MpoueHm BepHsix omsemos CmeneHb NPABUALHOCMU OMBEMOB

8 4

ArumensHocme omsema (%) Yucao nonsimok

40 1

Peayasmam: YeeAusUMS Ho 980 ypoBHA

Coxpanums

Hobili yposeHs nogzomosiu o6yuaemozo; 11 - Omauuo (5)

b

npasura  Basa nposua
Basa npasua

Homep Yeaosue 3HaueHue

1 EcAvmy - Buicorua 1 yposnn
omaema = Ouers kopomkan U1 dUCAG NOHIMOK < Ok 10A0S 1
‘Cmenewb NPABUALHOCMU omBema = MPABUALHO)

2 ECAV (Npoyenm = Buicokuti M
omgema = Ouent Kopomkos W Yucho nonuimox = Moaoe 1 Cmenert
PPOBUALHOCMU OMBEMA = Moumu NPOBUALHO)

3 ECAV (T = Bucoku

n
omeema = Kopomikas 1 YucAo nonwmox = Maroe 1 Cmenert
PPOBUALHOCTIU OMBema = MpaBuALHO)

yoosrn

=Bucowud M yoomwa

4 ECAV (1
5 ¥ Cmenens

1 bucro
PPOBUALKOCTU OMBeMa = MPaBUALHO)

s ECAVI (T = Bucoku 1 yposrn
omeema = Kopomiaa U Yucao nonsimox = Ouens moaoe 1 Cmeners
PPOBUABHOCMU OMBEMa = Moumu NPOBUAKO)

6 ECAV (1 = Buicokuti U ypoers
omsema = Kopomxas 1 Yucao nonumox = Maroe 1 Cmenert
PPOBUABHOCTU OMBEMa = (oumu NPABUABHO)

7 ECAV (T = Bucokut M yposms

omsema = O n 3
Coxpanums

d

[e] yposHs Mamgaru

MpoueHT paBuAbHbIX oTBeTOB Bnutenshocts otsera

Yncno nonbiTok Crenens npasuabHOCT OTBETa

|
|
|
|
:

o 1 23 4 35 6 7 8 351

MsmeHenne ypoBHA NOAroToBKM

Tekywuli yposeHs Nog2omosKu obyuaemozo: 9 - Boaee, 4em xopowo (4+)
Pesyasmam: YBeAuuums Ha gea yposHa

Hosbili ypoBeHs N0920moBKu o6yuaemozo: 11 - Omauuo (5)

s 4 3 24 0 1 2 3 45

Puc. 6. Buj okoH: paObOTHI C JIMHIBUCTHYECKUMH ITEPEeMEHHBIMHE (a); 0a3bl MPAaBUII HEYETKOH SKCIIEPTHON cucTeMsl (b); onpeaeseH s
YPOBHsI HOTOTOBKH JJIsI poiin «JKctiepT» (¢) u paboTsl anroputma Mamaanu (d)

Fig. 6. View of windows: working with linguistic variables (@); the rule bases of the fuzzy expert system (b); determining the level of
training for the role of “Expert” (¢) and the operation of the Mamdani algorithm (d)

OtMmeTnM, 4TO 00y4aroeMycsi MOT'YT OBITh OIpeiernie-
HbI TEMbI TIOBTOPHOT'O U3YUCHUSA [JIsI TIOBBIMICHUSA YPOBHA
TIIOATOTOBKH.

[Tpu paboTe ¢ MHTEIUIEKTyaIbHON CUCTEMOM 110]] yPOB-
HEM JI0CTyMa « DKCIepT» MPea0CTaBIeHb! 0ojee MHPOKne
(YHKIIMOHAIBEHBIE BO3MOYKHOCTH.

[IpenonaBaTento TOCTYIHBI Cleaylomne QyHKINN:
3aroJHeHne 0a3bl TAaHHBIX, KOTOpPAsk BKIIIOYAET TEOPETH-
YeCKUI MaTepuall; 3aaHus IS IPaKTHIECKUX U J1abo-
paTopHBIX paboT; TECTOBBIM MaTepHal; HacTpoiika mapa-
METPOB CIOKHOCTH Ka)JI0T0 TecTa (BOMPOCHI, KOTOPbIE
MMEIOT OOJIBIINKN BeC, O0BENMHAIOTCS B 00JI€€ CIIOKHBIN
TecT (MPenyCMOTPEHO JIBEHAIIATh YPOBHEH CI0KHOCTH));
NPaBUJIBHOCTE OTBETOB U PEKOMECHAOBAHHOC BPpEMA IJId
oTBeTa Ha BoIpoc. Takke BO3MOXKHO YCTaHOBHUTbH YUCIIO
TMIOTIBITOK TPOXOXKICHHS TECTA, IIPH ITOM BPEMSI MEXK1y
TIOTIBITKAMH TIPOU3BOJILHOE, HO JIOJDKHO YKJIaJIbIBAaThCS B
pamku yueOHoro npouecca. [IpernogaBarens 3amnonHser
W HacTpauBaeT 0a3y NMpaBWI — 3aJacT JIUHTBUCTHYECKUE
TepeMeHHbIe, Ha OCHOBaHMHU KOTOPBIX (hopmupyercst Oaza
TIPaBUJI KCIIEPTHON CHCTEMBI.

Ha puc. 6, a mpuBenen npumep paboThI C TMHTBUCTH-
yecKoil nepeMeHHOH «IIpoLeHT NpaBUIbHBIX OTBETOBY, IIE
3aJ1al0TCs TEPMBI, TApaMeTPbl U X 3HadeHUsL. [y paboTbl
C OCTAJIbHBIMH XapPAKTCPUCTHUKHU BBITIOJTHAIOTCA aHAJIOTHY-
HbIE JICHUCTBHUS.

I[Tpu HacTpoiike FIKCIIEPTHON CUCTEMBI 3HAYCHUS (DYHK-
HI/Iﬁ MPUHATTICIKHOCTHU BCEX HECUCTKUX MHOXKECTB MOT'YT
OBITH U3MEHEHBI «JKcrepToM». KomnuecTBo ypoBHEH U3-
MepeHHs (IeTau3alysl) KaXk10ro mapamMmeTpa TakKe MOXKET
OBITH M3MEHEHO, ATO TIOBJIEYET 32 COOON M3MEHEHHE Ipa-
BUWJI, NCIIOJIB3YIOIINX JaHHBIM apaMeTp.

[Tocre onmcanne Bcex TMHTBUCTHYECKHIX MEPEMEHHBIX
«DKcnepT» UMeeT BO3MOKHOCTB 100aBICHNS HOBBIX Tpa-
BuJI. B pesymerare popmupyeTcs 6a3a mpaBUII HEUSTKOH
9KCTIIEPTHOH CUCTEMEI (puc. 6, b).

Taxxe «DKCHepTy» MOCTymHA (PYHKIHS MPOCMOTpPA
TEKYIIETo YPOBHS MTOATOTOBKY BEIOPAHHOTO O0YHYArOIIETOCs
(puc. 6, ¢) 1 BO3BMOXXHOCTH BBIOOpA CIIOco0a MOTyUeHUs
JTAHHOTO pe3ylibTara BO BKJIAJKe «AJIroput™M MamIaHm»
(puc. 6, d).

Ha puc. 6, d noka3zana peanu3zanus stana aedassudu-
Kalluu, 1 Kak cpaboraiio nmpaswio. B nanuoil peanuszanun
AJITOPUTMa MCIIOIB30BaH MeTO/ Ae(ha3z3n(uKaum JICBOro
MO/IQJIBHOTO 3HAYCHUSI.

3akJoueHnne

Pa3paboTaHHas HHTEIUIEKTyalbHasl CUCTEMa a/lallTHB-
HOTO TECTHPOBAHUS MO3BOJIMIIA HA OCHOBAaHUM aHAIIN3a
pe3yabTaToOB TECTUPOBAHUS aJ€KBaTHO OLIEHUTb YPOBEHb
MO/ATOTOBKH 00ywaronuxcs. Vcronp30BaHNE TEXHOIOTHH
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HEYETKUX HKCHEPTHBIX CHUCTEM a0 BO3MOXHOCTb OCY-
LIECTBUTH aBTOMATU3UPOBAHHBIN U MHTEIJIEKTYaIbHbBIN
KOHTPOJIb 3HAHUH 00Yy4aIOIINXCsl.

[MoaTBepkaA€HO, UTO HMHTENNEKTyalbHa CHCTE-
Ma aJIalTUBHOTO TeCTHUPOBaHUS 3()(HEKTUBHO coOMpaeT
TIEPCOHAM3UPOBAHHYIO JUATHOCTHYECKYI0 HH(DOPMAIIUIO
0 KaX/I0M 00y4aeMOM, Ha OCHOBAHWH KOTOPOH Mpej-
JlaraeTcsl TECTOBBIM MaTepuall COOTBETCTBYIOILEN CIOXK-
HOCTH.

B xozie mpoBeieHHO# paboThI:

— HCCJICOBAHbI I/IH(i)OpMaI_[I/IOHHI)Ie IIOTOKH, IMPOTCKaro-

IKE MPH TPOXOXKICHUU OIICHKH 3HAHUIN 00YYarOIiXCst

U IPEJOCTAaBICHUS aJJallTUBHBIX TECTOBBIX 3aJaHUIl.

OnpeneneHa CTpyKTypa U B3aUMOCBSI3b KOMIIOHEHTOB

HMHTEJUIEKTyallbHON CHCTEMBI aJJallTUBHOIO TECTUPO-

BaHMS;
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HHS Ha OCHOBE KPUTHKYIOIIETO MOJIX0/1a K TIOCTPOSHHIO SKCIIEPTHBIX
cucTteM // DIEKTPOHHBIN CETeBOM MOIUTEMATHUYECKUN KypHAI
«Hayunste Tpyast KYBI'TV». 2018. Ne 3. C. 506-517.

10. Jlynauk C.B. Mozenb aianTHBHOIO TECTMPOBaHHUs HAa HEYETKOH Ma-
tematuke // OTKpBITOE M AMCTaHIMOHHOE oOpaszoBanue. 2004.
Ne 4(16). C. 78-88.

11. Oppl S., Reisinger F., Eckmaier A., Helm C. A flexible online
platform for computerized adaptive testing // International Journal of
Educational Technology in Higher Education. 2017. V. 14. N 1. P. 2.
https://doi.org/10.1186/541239-017-0039-0

12. Yang A.C.M., Flanagan B., Ogata H. Adaptive formative assessment
system based on computerized adaptive testing and the learning
memory cycle for personalized learning // Computers and Education:
Artificial Intelligence. 2022. V. 3. P. 100104. https://doi.org/10.1016/].
caeai.2022.100104

13. Huang H.T.D., Hung Sh.T.A., Chao H.-Y., Chen J.-H., Lin T.-P.,
Shih C.-L. Developing and validating a computerized adaptive testing

— BBISIBIICHBI OCHOBHBIE [TApaMETpPbl, HA OCHOBAHUH KO-
TOPBIX PEajJIU30BaHA OLIEHKA TEKYILUEro YPOBHS MOAr0-
TOBKH 00y4aeMOTo: MPOIICHT BEPHBIX OTBETOB Ha TECT,
CTEIEeHb NMPABUJIBHOCTH OTBETA, JIUTEIBHOCTD OTBETA,
YHCIIO MOIBITOK;

— pa3paboTaHa PKCIIEpPTHASI CHCTEMa, KOTOpast TO3BOJISI-
€T Ha OCHOBE aHaJIW3a BXOJHBIX JIaHHBIX ONPEIENSTh
YpOBEHB MOATOTOBKH oOydarommuxcs. B xagecTse an-
roOpUTMa HEUYETKOTO BBIBOJIA MCIIOJIL30BAH AJITOPUTM
Mawmpaanu.

[IpumeneHne cucteM aJlaliTUBHOIO TECTUPOBAHUS C
BHEJPEHUEM METOJ0B HCKYCCTBEHHOTO MHTEJIEKTA IO-
3BOJISIET PEATTM30BaTh YIIPABJICHNE MPOLECCOM OLICHKH 3Ha-
HUI ¥ MPOIEeCcCOM OOYYEHUS B I[EJIOM, YTO COOTBETCTBYET
COBPEMCHHBIM TPCOOBAaHUSAM W 3aJladuaM, KOTOPBIC CTOST
nepesi BhICIIEH KOO MOJTOTOBKH CIIELUATNCTOB.
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AHHOTAIUA

Brenenne. BrusyansHoe pacrno3HaBaHKMe pedd WM aBTOMAaTHYECKOe UTCHHE Pedd 10 rybaM Bce daiie NMPUMEHSeTCs
JUIs IpeoOpa3oBaHusl pedu B TeKCT. BuieoanHbIe 10Ka3bIBAIOT CBOKO HEOOXOMMOCTD B CHCTEMAX MYJIBTHMOAIBHOTO
pacro3HaBaHMs Peur, 0OCOOEHHO KOT/la HCIOb30BaHHE aKyCTHUECKNX JJAHHBIX 3aTPYIHEHO B BUY CUIIBHBIX ayIHOLIyMOB
W HeocTyHO. OCHOBHAS 1IENb UCCIICI0BAHMS 3aKII0YAETCA B TOBBILIEHUH Y()()EKTUBHOCTH PACIO3HABAHUS KOMAH]T
BOJHTEINS ITyTE€M aHAIN3a BU3yaJdbHOW MH(MOPMAIMU IS CHIDKEHUS] TAKTUIBHOTO B3aUMOJACHCTBHSA C PA3IMIHBIMU
ABTOMOOMIIEHBIMH CHCTEMaMH (MYIbTUMEANITHBIMI ¥ HABUTAIIMOHHBIMH, TeIe()OHHBIMH 3BOHKAMH H JIP.) BO BPeMs
BoxeHus. Metona. [Ipemmoxen MeTox aBTOMaTHYECKOTO YTSHHUSI PEUH BOIUTEIIS IO Ty0aM B MPOIECCe YIPABICHHS
TPAaHCIOPTHBIM CPEACTBOM Ha OCHOBE IIyOoKoi HelipoHHOMH cetn apxutekTypsl 3DResNetl8. Brimonnen anamms
JMHAMHYECKOH HH(OPMAIMH O IBHKEHNH I'y0 TUKTOpa ¢ oMomIpio 3D-cBepToUHBIX ci10eB HelipoceTu. Vcrons3oBanue
HEHpOCeTeBON apXUTEKTYPhI C ABYHANpPaBIeHHON Mozenbio Long Short-Term Memory u MeXaHU3MOM BHHUMAaHUS
HO3BOJIIET 10OUTHCS O0Jiee BHICOKOH TOYHOCTH PACHO3HABAHMS HPH HE3HAYUTEILHOM CHIKEHHH CKOPOCTH PabOThI.
OcHoBHbIE pe3ybTaThl. [IpennoxKeHsl U HCClIeOBaHbl BA BapUAHTa HEHPOCETEBBIX aPXUTEKTYP MUIST BU3YadbHOTO
pacno3HaBanust peun. Ilpu ncnonab3oBaHUM NEPBOM HEHPOCETEBOM aPXUTEKTYPhI Pe3yiIbTaT PACIO3HABAHUS FOJIOCOBBIX
KOMaHJ BOIUTENs cocTaBua 77,68 %, uro Hmxe Ha 5,78 %, 10 cpaBHEHHIO cO BTOpoil. CKOpOCTh PabOTHI CHCTEMBI
ompesereHa rnokasareneM peaasHoro Bpemenn (Real-Time Factor, RTF), 3Hauenne koToporo ays epBoii HeifpoceTeBoit
apxutekTypsl paset 0,076, a Bropoit — 0,183, uto BrInIe Ooee 4eM B jBa pasa. [IpeyioxkeHHBII MeToT anpoOHpoBaH
Ha JIaHHBIX JIUKTOPOB MHOroMonaneHoro koprnyca RUSAVIC, 3anucansbix B aproMoomie. Oocy:kaenne. Pe3ymsrarsl
MCCIIEIOBAHUST MOTYT HalTH NMPUMEHEHHE B CHCTeMax aylHOBH3yaJlbHOTO pacro3HaBaHus pedd. [101oOHbIe CHCTEMbI
MOTYT OBITh PEKOMEHI0BaHbBI IS IPUMEHEHHUS B CHIIBHO 3aIlIyMJICHHbIX YCIOBHUSX, HAPUMED, B IIPOLIECCE YIIPABICHNU
TPaHCIOPTHBIM cpeAcTBOM. IIpoBeneHHbIN aHANIN3 MO3BONHI BEIOpPAaTh ONTHMANBHYIO HEHpPOCETEeBYI0 MOJAETH
BH3YalIbHOTO PACIIO3HABAHUS PEUH JUIsl MOCIIEAYIOMIEro BCTPAaNBAaHU B aCCHCTUBHYIO CHCTeMY Ha 0a3e MOOMIBHOTO
yCTpoiicTBa.
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Abstract

Visual speech recognition or automated lip-reading systems actively apply to speech-to-text translation. Video data
proves to be useful in multimodal speech recognition systems, particularly when using acoustic data is difficult or
not available at all. The main purpose of this study is to improve driver command recognition by analyzing visual
information to reduce touch interaction with various vehicle systems (multimedia and navigation systems, phone calls,
etc.) while driving. We propose a method of automated lip-reading the driver’s speech while driving based on a deep
neural network of 3DResNet18 architecture. Using neural network architecture with bi-directional LSTM model and
attention mechanism allows achieving higher recognition accuracy with a slight decrease in performance. Two different
variants of neural network architectures for visual speech recognition are proposed and investigated. When using the
first neural network architecture, the result of voice recognition of the driver was 77.68 %, which was lower by 5.78 %
than when using the second one the accuracy of which was 83.46 %. Performance of the system which is determined
by a real-time indicator RTF in the case of the first neural network architecture is equal to 0.076, and the second —
RTF is 0.183 which is more than two times higher. The proposed method was tested on the data of multimodal corpus
RUSAVIC recorded in the car. Results of the study can be used in systems of audio-visual speech recognition which
is recommended in high noise conditions, for example, when driving a vehicle. In addition, the analysis performed
allows us to choose the optimal neural network model of visual speech recognition for subsequent incorporation into
the assistive system based on a mobile device.

Keywords
driver’s voice commands, visual speech recognition, automatic lip reading, machine learning, CNN, LSTM, attention
mechanisms
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BBenenune

Ha ceropnsamHuii 1eHb HEe CyILECTBYET HAJAEKHBIX CH-
CTEM aBTOMAaTHYECKOI'0 PaCcIIO3HABAHUSI PEUH, YCTOWUMBBIX
K AMHAMHYCCKNM aKyCTHYECKHM IIyMaM, KOTOPBIE MOT-
71 OBl MICIIOJIB30BAThCS B PEATBbHBIX YCIOBHAX BOXKICHUS
TPAHCIIOPTHOTO CPEJCTBA. YNPaBJICHHE HAaBUTAIIHOHHON
CHUCTEMOH, KOHIUITHOHEPOM/CMapTHOHOM ¢ IPUMEHEHH-
€M CEHCOPHOTo MHTepdelica MOXKET MPUBECTH K OTBIIE-
YEHWIO BHUMAHUS BOJUTENS U CTATh MPUYNHON JTOPOXK-
Ho-TpaHcnopTHBIX npoucmectBuil (ATII). ITpaktnaecku
AKYCTHUYECKUH LIYM SIBJISIETCS] aKTYaJIbHOM TpoOJIeMOH B
naHHOU obsactu [1]. @OHOBBI 1IyM OKa3bIBACT BIMSHUC
HE TOJIBKO Ha MUKPO(OH, HO M BBIHYXK/IAET TOBOPSIIETO
MOBBIIIATh TPOMKOCTB T0OJIOCA JJISl TOTO, YTOOBI KOMITEH-
CHpOBaTh ypOBEHb IIyMa B ymax (Tak Ha3bIBAEMBIH «(-
¢dexr JlomOapaa»). B peanbHBIX yCIOBHSIX MPUMEHEHHE
N3MEHEHHS PeueBOil aKTHBHOCTH, BBI3BIBAEMOE LITYMOBBIM
BO3/ICHCTBIEM HA OPTaHbl CITyXa, MOKET MOBJIHATH Ha (-
(heKTUBHOCTH PaOOTHI CHCTEMBI PacliO3HABAHUS OOJbBIIE,
YeM aKyCTHIeCKH mryMm [2].

CoBpeMeHHBIE TEXHOJIOT Y aBTOMAaTHYECKOTO BU3YaJlb-
Horo pacnozHaBanus peun (Visual Speech Recognition,
VSR) 103BOIISIIOT pacTio3HABATh PEYb JIFOACH, aHATH3UPYS
JBIDKEHUS TyO 1 ina. CHCTEMBI Ha OCHOBE 3THX TEXHOJIO-
Ui IMEIOT MHOYKECTBO TPUMEHEHHH, TAKUX KaK HACHTU(H-
KallWs TOBOPSIIIETO, TPe0OPa30BaHUE PEUH B TEKCT, @ TAKIKE
TOJIOCOBOE YIPaBICHUE TEXHUYECKIUMH YCTPOMCTBaAMHU.
IIpuMeHeHne TEXHOIOTNi aBTOMaTHYeCKOr0 «UYTEHUSI et
1o rybam» B aBTOMOOMIIEHOM OTpaciii MOXKET CIIOCOOCTBO-
BaTh PA3BUTHIO ACCUCTUBHBIX CUCTEM MTOMOIIM BOAUTEIO [3].

B nocnennune roapl 1uist noBbleHs (QGEKTHBHOCTH
pacro3HaBaHUs PeUr HEKOTOPBIC UCCIIEA0BATEIH HCIONb-
3yIOT BU3yaJIbHYI0O HH()OPMAINIO ¥ aHAIN3UPYIOT, Kak
YTEHHE PeUH 110 IrydamM MOKET cIIoCOOCTBOBATH MOBBIIIIE-
HUIO 3(Q(QEKTUBHOCTH B PACIO3HABAHUN PEYH Ha OCHOBE
aymuonHpopMmanmu [4]. BusyanbHbIe CHTHAIBI COAEPIKAT
JIOCTATOYHBIN 00beM HH(OPMAIIIH, TO3BOJIAIOMNAN pac-
MO3HAaBaTh MPOU3HOCUMBIE (hpasswl [S5, 6], 1 COBMECTHOE
HCIIONIb30BaHNE THX MOJAIBHOCTEH SBISETCS IIArOM K
CO3/IaHUI0 POOACTHOM CHUCTEMBI PACIIO3HABAHMS PEUU B
CIIO’KHBIX aKyCTHYECKHX YCIOBHSX [7].
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A.A. AkcéHos, E.B. PiomuHa, [J.A. PiomuH, [1.B. VMiBaHbkO, A.A. Kapnos

B cBs3u ¢ 9TUM UCMOJIB30BaHUE CUCTEM Ha OCHOBE
aHaJU3a BU3YaJbHOU MH(QOPMAIUU MO3BOJIICT B3aUMO-
JEHCTBOBATh C aBTOMOOMILHBIMHA UH(POPMAIIOHHO-PA3-
BJICKATEIIFHBIMU CUCTEMAaMH B PEKIME «CBOOOIHBIX PYK»,
CHIDKAs KOTHUTUBHYIO HArpy3Ky H ITOBBIIIAS O€30IaCHOCTh
JOPOYKHOTO ABIDKCHHUSA [8, 9].

OTMeTHM, 9TO BHEPCHHUE CHCTEM aHAJIN3a BH3yallb-
HOW MH(pOPMALINK B aBTOMOOMIBHOM OTPACIIi COMPSIKEHO
C OTpEICIICHHBIMU TPYIHOCTAMH M3-32 BaPHATHBHOCTH
YPOBHS OCBCIICHUS M PACIIONIOKCHHS KaMep, KOTOpbIC, B
CBOIO OYepellb, BIHUSIOT Ha TOYHOCTh OOHAPYKCHHS M OT-
CIIeXHUBaHUA JUIa U pra rosopsamiero [10]. Hecmotps Ha
9TH POOJIEMBbI, HEJITABHUE HCCIICOBAHUS JICMOHCTPHPYIOT
MEPCIICKTUBHOCTh IPUMEHECHUS TAKMX CUCTEM B YCIIOBHSIX
BoxkaeHus [11]. TlomoOHBIe cucTeMBbI MOTYT OBITh 3 (dhek-
TUBHBIM HHCTPYMCHTOM JIJISI PACIIO3HABAHUS U OTCIICIKU-
BaHHS COCTOSHAW COHJMBOCTHU M YCTAJIOCTH BOIUTES,
YTO MOXET CIocoOcTBOBaTh cHIkeHHUto uncia JITII Ha
moporax [12, 13].

OcHOBHAas IeNTb HACTOSIIEH PabOTHl — ITOBBIIICHHE
3¢ GEKTHBHOCTH paclo3HaBaHUs KOMAaH] BOAUTENS ITyTEM
aHaJIM3a BU3yaabHOM HH(OPMAIMHU [T CHIDKCHUS (prusnye-
CKOT'O B3aUMOICUCTBHSI C PA3IUYHBIMU aBTOMOOMIBHBIMU
cucreMamu (MYyJIBTUMEIHIHBIMUA U HABUTAIIMOHHBIMHU CH-
CTEMaMHU, 3BOHKAMH U JIp.) BO BPEMsl BOXKJICHUSI.

Kparknii 0030p npegmerHoii od1acTu

B nmocnennue roas! cuctemsl VSR HCTIONB3YIOT TEXHO-
JIOTUH TTyOOKOTO 00yUeHHUS [T U3BIICUCHNS HH()OPMATHB-
HBIX [TPU3HAKOB U MAIIMHHOM Kiaccudukanuy. Paznnyunble
TUIIBI HEMpOceTel, TaKue KaKk CBEPTOUYHbIE HEHPOHHbBIE
cetn (Convolutional Neural Network, CNN), cetn nps-
MOTO PaCHpPOCTPAHEHHsI U aBTOIHKOJEPHI, UCIIONb3YIOTCS
B CHCTEMax 4TeHHs peud 1o rydam [14, 15]. Oxnum u3
nepcneKTUBHbIX M0ax0/10B B VSR sBisitorcs 3D CNN,
KOTOpBIE IPUMEHSIOTCS] Ha BXOJIE CHCTEMBI, ITOCKOJIBKY OHHU
OTJIMYHO CHPABIISIOTCS C aHAJIN30M HPOCTPAHCTBEHHOW M
BPEMEHHOW MH(DOPMAITHH, a TakKe W3BICUCHHEM HH(OP-
MaTUBHBIX npu3HakoB [16—18]. HexoTopsie ncciemnona-
TEJH B JIOTIOJIHEHHE K 3TOMY MHTETPUPYIOT MEXAHU3MBI
MIPOCTPAHCTBEHHOTO BHUMAHUS /11 00pabOTKH M3BJICUCH-
HBIX Tpu3HakoB [19, 20]. MexaHn3M NpoCTPaHCTBEHHOTO
BHUMaHHsI ITO3BOJISIET MOJIeNIM (POKYyCHPOBAThCs Ha Hau-
6osee MHPOPMATHBHBIX O0JACTSIX BO BXOJIHBIX BHJEO-
KaJpax.

Jiist pacrio3HaBaHMs CIMTHOW peud (CIOBOCOYCTAHUS
nim Gpasbl) TaKKe MCIOIB3YIOTCS HellpoceTH 00padoT-
KH TIOCJIE/IOBATENILHOCTEH — PEKYPPEHTHBIC HEHPOHHBIC
cetu (Recurrent Neural Network, RNN) [21]. B nocnen-
Hee BpeMs B KauecTBe asnbrepHaTuBbl RNN 1151 knaccu-
(uKamuyM cTanu NPUMEHSATH MOJETH TPaHCHOPMEPOB C
HCIOJIb30BAHNEM MEXaHH3MOB BHUMAaHHs U BPEMECHHBIC
cBepTouHble cetr [22, 23]. OgHako st 0Oy9YeHHs TaKuX
Moyieneil TpeOyroTCst OOJIBIINE BHIYMUCIUTENILHBIE MOIIHO-
CTH, & TaK)Ke 3HAYUTEIILHBII 00beM 00yUaroNiX JaHHbIX.
[ToTromMy OJHUM U3 MOMYNSPHBIX TOIXOI0B B TAKUX CITydasx
siBJIsieTcsl TpaHcepHoe oOyueHne [24] — MeTos UCIIOb-
30BaHUs MIPEABAPUTEIILHO OOYUCHHON MOJEIH /ISl YiTyd-
IICHUS IPOTHO30B B paMKax IPYToi, HO CXOXKeH 3a1adn,
TTO3BOJISIOINM COKPATUTh BpeMs 00y4IEeHUsSI U yMEHBIINTH

MOTPEOHOCTH B JIAHHBIX, & TAKXKE TOBBICUTH TIPON3BOJIHU-
TEJIBLHOCTh HEHPOHHOM ceTu [25].

CymiecTBYIOT MOAXOABI, B KOTOPHIX paclio3HaBa-
HUE PEYM OCHOBBIBACTCS HA MOJEIAX NTyOOKHUX MAaITuH
Bomemana (Deep Boltzmann Mashine, DBM) [26]. DBM
WCTIONB3YFOTCS TS H3BICUCHUS PHU3HAKOB U3 BU3YaIbHOM
MOIAITLHOCTH, KOTOPBIE TIOTOM OOBEANHSIOTCS C BEKTOPOM
MIPU3HAKOB JUCKPETHOTO KOCHHYCHOTO IpeoOpa3oBaHUs
[27]. Hanee mpoBOmMUTCS JTUHEWHBIA AUCKPUMUHAHTHBIN
aHamm3 [28], NCIONMB3yeMBIi [T aHAJTH3a KOPPEIIAINN TTPH-
3HAKOBOTO IIPOCTPAHCTBA M YMEHBIICHHUS €10 PazMEPHOCTH.
Jlnist MOnienIMpoBaHuUs M PacIiO3HABaHMs PEYU PHUMEHSIIOTCS
MOJIEJIN CMECH T'ayCCOBCKMX pacnpeaneneHuit (Gaussian
Mixture Model, GMM) [29] u CKpBITbIE MAPKOBCKHE MO-
JICITH.

Kpome o1HOMO/1aIbHOTO BU3YAIEHOTO PACTIO3HABAHMS
YN MIHPOKO HMCITONB3YETCs] MHOTOMOIATBHOE PACIIO3HA-
BaHHE PCUH — ay[JHOBU3YaJTbHOC paclO3HaBaHUE PEUU
(Audio Visual Speech Recognition, AVSR). B mocnennne
TOZIBI TAKUE TIOAXO/IBI IEMOHCTPUPYIOT MHOTOOOCIIIAIOIIIHE
pesymbrats [30, 31]. B paborax [32, 33] npeanoxxeHo mc-
TMOJTb30BaTh HEPAPXMUECKYI0 MHOTOMOJIAIbHYIO Helpoce-
TeByI0 apxUTeKTypy 11t AVSR. B pabote [34] paccmorpen
METOJ], OCHOBaHHbII HAa HEHPOCETEBOU apXUTEKTYpE TUIIA
«TIOCIIeNIOBATEIBHOCTh-TIOCIIEIOBATEIBHOCTY (Sequence-
to-sequence) /Uil aBTOMaTH4YEeCKOr0 00yUCHHsT 00bEINHCH-
HOMY TIPE/ICTaBJICHHUIO U3 aylN0- U BHJICOMOAAIBHOCTEH
Ha OCHOBE €ro WH(POPMATHBHOCTH, TEM CaMbIM TIOBEIIIAs
YCTOMYUBOCTH K ITyMaM IIPH PacIiO3HABAHUH PEUH 3a CUET
WCITOT30BaHUS TOMOJHUTEIBFHOW BU3yaIbHOW HHDOP-
MaITHH.

MerTonpl, IpeIoKeHHBIE B TIEPEYNCICHHBIX paboTax,
JIEMOHCTPHPYIOT MMOTEHINAJT CUCTEM BH3YaJIbHOTO PACIIO3-
HaBaHUsI Pe4H, KOTOPbIE TAKKE MOTYT HAlTH NPUMEHEHHUE
B aBTOMOOMJIBHOI cepe.

MHoroMoaaJIbHBbINH KOPIYC ayIHOBU3YaJbLHON pycCKoi
peuu RUSAVIC

B macTosmeit paboTe MCMOIB30BaH COOCTBEHHBIN
kopmyc naHHbix Russian Audio-Visual Speech in Cars
(RUSAVIC) [35], co3nanHBbli 0 pa3paboTaHHONW METO-
nonoruu [36]. Kopnyc nanaeix RUSAVIC paspaboran
CHeUaIbHO ISl PelIeHUs 3a7a4d paclo3HABAHUS PEUH
Ha OCHOBE HanboJiee 4acTO BCTPEUAIOLIMXCS TOJI0COBBIX
KOMaH/1 BOAUTENEH 1 MpeAHa3Ha4Y€eH ISl HCIIOJIb30BaHMUS B
crcTeMax NoMOIH BoauTelto. OCHOBHBIC XapaKTEPUCTUKH
MHOTO/IMKTOPHOTO MYJIBTUMO/IAJIBHOTO KOPITyca Mpe/ICTaB-
JIeHBI B Ta0M. 1.

Kaxxnpiit fukrop npousHec 62 ynpasisitolie rojioco-
BbIe KOMaH[B! (Hanpumep, «Haiitu 3ampaBky», «Habpats
HOMep», «KapTa», « BKIIIOUNTB CBET B CaJIOHE») HE MEHEE
10 pa3 B TeueHHE HECKOIBKUX CEaHCOB 3amucu. B koprmyce
COZIepIKATCsl JIaHHbIE, 3alMCAHHbBIE B PEAIbHBIX YCIOBHSX
BOXK/ICHUSI, & TAK)KE B TPAHCIIOPTHOM CPEJICTBE, IPHUIIAPKO-
BAaHHOM OKOJIO OKHMBJIGHHOTO TIEPEKPECTKA.

Kopmyc nanubsix RUSAVIC obpabareiBas uHpopma-
LU0 C MOMOUIBIO M3BJICUCHHUS ayTUOCUTHAIIA U3 MYJIbTH-
MeauiHON MH(OpManuu, rajaee NPpUMEHsUICS AETEKTOP
ronocoBoii akruBHOCTH (Voice Activity Detection, VAD).
B pabote ncnonp3oBana crienuanbHO 00ydeHHass MOJIEIb
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HelpoceTeBon MeTo, BU3yasibHOrO pacno3HaBaHMs rof1IoCOBbIX KOMaH4, BOAUTENS. ..

Ta6auya 1. OcHOBHBIE XapaKTEPUCTUKU KOPITyca JTAHHBIX
RUSAVIC

Table 1. RUSAVIC corpus parameters

XapakTepucTHKa 3HaueHne
KonunuectBo 1ukTopoB 20
PazpenieHne BUICOJaHHBIX, TTHKCEI 1920 x 1080
YacToTa KaapoB, Kajap/c 60
KonnuectBo komaH/1 B ciioBape 62

KonuuecTBo ceaHcoB 3anucu 10 (st KaKa0T0

JTUKTOPA)
okoJjio 12 400

O6miee uncio hpas

o6HapyeHus roocoBoil akruBHoctu Vosk!, koropast
CIIOCOOHA JI0CTaTOYHO TOYHO OOHAPYKHUThH TPAHUILIBI PEUH
Jla’ke B 3alIyMJICHHBIX YCJIOBHSIX. Pe3ynbrar npumMeHeHus
VAD — nonyyenue MynsTUMenuitHOTO (haiina ¢ mpous-
HECEeHHOU (pa3oil U3 cioBaps, B KOTOPOM OTCYTCTBYET
JUIIHAS THGOpPMAIHs (THUIINHA 10 Havajia Pedd U 1oce).

MeTton BU3YAJIbLHOI'0 pacio3HaBaHHUs I'0JI0COBBIX
KOMaH/I BOAUTEJIs

MerTo/1 BU3yaIbHOTO pacrio3HaBaHMs T'OJOCOBBIX KO-
MaHJ] BOAWUTENS BKJIOYal B ceOs aBa drama (puc. 1). Ha
sTarne | BBINOJHEHA CerMEHTAINs BXOJHOTO BUIACOCHTHA-
na. Ha xax7joM Kaape n3 BXOAHOW IMOCIIEA0BaTEIbHOCTH
ompeneneHa rpapudeckas obracte mHTEpeca (Region of
Interest, ROI), koTopoif siBisieTcst 007aCTh pTa AUKTOPA.
HerextupoBanre ROI BBIMOIHEHO C TOMOIIBIO TPOrpaMM-
Hoii cuctembl MediaPipe FaceMesh [37], kotopast oripeie-
nuna 468 TpeXMEpHBIX JHIEBBIX OPHEHTHPOB-MapKEPOB.
W3BredeHHbIe 00JaCTH T'y0 MOJBEPraivch mpeodpa3oBa-
HUIO B IPaJaIliK CEPOTo, HOPMAJIM3AIMHU JI0 H300paKeHHsI
88 x 88 nmukcenos. [lanee obnactu ryd pazouBainuch Ha
CEerMeHTBHI, cocTosiue u3 120 KaJpoB ¢ YaCTUYHBIM Iepe-
KpbITHEM B 48 kanpoB (40 %). Ilpn HegocTaTke KaapoB B
KOHIIE MOCJIEA0BATEILHOCTH HEAOCTAIONINE KaIPbI 3aI10JI-
HSUTICH TIOCIIEAHUM KaJpOM IOCIEI0BATEILHOCTH.

Ha srame 2 mpoBeieHO pacio3HaBaHUE TOIOCOBOI KO-
MaH/IbI ¢ TIOMOIIBIO TIPEABAPUTEIHFHO O0YIEHHOW HEHpOo-
ceTeBoi Mozieny. BusyanbHas peub Ha BBIXOJE HEHPOCETH
JIEKOJAMPOBaHa B MOHITHBIA (OpMaT ¥ COMOCTABIICHA C
MeTKaMH B cioBape. Pacro3HanHas rojgocoBasi KOMaH/a
BOJMTEJISI OTIpeJielieHa MaKCUMaJIbHBIM 3HAYCHHUEM B BbI-
XOJITHOM BEKTOPE BEPOSTHOCTHBIX 3HAYCHUH.

O0y4yeHue HeiipoceTeBOIl Moae U

[Iporecc oOy4ueHnss HEHPOCETEBOW MOMIEIH COEPIKAT
rapaMeTpbl, KOTOPbIE MOTYT BIUSTH Ha d3(PPEKTUBHOCTD
pacmno3HaBanus 00ydyeHHOU Moxenu. B mporecce 00y-
YCHHSI TIOCIIC KAKION SMOXH BBITIOIHSICTCS OMPEICIICHUE
TOYHOCTH Ha 00yuaromieM M BalWJIAllMOHHOM Habopax
JMaHHBIX. YacTo TOYHOCTH paclo3HaBaHUs Ha 00ydaroIeM

1 Vosk Api [Dnekrponnsiii pecype]. Pexxum noctyma: https://
github.com/alphacep/vosk-api, cBoOonHBII (aTa oOpamieHus:
23.04.2023).

Ha0Ope MOXET JIOCTHIaTh BHICOKUX 3HAUCHUH, BIIOTH JI0
100 %. Do 3HAYMT, YTO MOJEIB Mepeodydaercs u ee -
(heKTUBHOCTH HA TECTOBOM M BAJIMJALMOHHOM Habopax
Oyner HM3KOH. [{ys reHepanyy JIOTMOIHUTETLHOTO Habopa
00y4aronInx JaHHBIX MPUMEHSIOTCS Pa3IMYHbIC METO/IBI
AyTMEHTALUH JaHHBIX.

B nacrosimeit padote Ha 40 % n300paxeHuii 1 METOK,
KOTOpBIE BBIOPAHEI CITyJaifHBIM 00pa30M, TIPUMEHEH METO
ayrmenTarn faHHeIX MixUP [38]. KoadduimenT cnustaus
JIBYX M300paKCHUH M MX METOK (KJIaCCOB KOMAaHJ| BOJU-
Tesst) Bapbuposaics ot 30 1o 70 % (mpu cymme paBHOU
100 % cobiromaeTcs yCIioBHUe HYJIEBOW MTPO3PauHOCTH JIJIst
reHepupyemoro nzodpaxenus). st ocraBmumxes 60 %
OMHApHBIX BEKTOPOB METOK mociie npumenenuss MixUP
UCTIONB30BaH MeTon critakuBanus Label Smoothing [39].

PaccmoTpum nBe Hambonee d3(pGEKTUBHEIC TS 3a]1a-
YH MCCIIEOBAaHUS aPXUTEKTYPBl HEHPOCETEBBIX MOJeNIei
(puc. 2).

Apxurtextypa 3DResNet18 + SA. CermeHTHpOBaHHBIE
TIOCTIEIOBATEIFHOCTH TIOCTYTAIOT Ha BXOJ 00ydaeMoil Heli-
poceTeBoi Mozenu (puc. 2, a), naiee cioii 3D Conv cBep-
TBIBACT MX B MPOCTPAHCTBE U BpeMeHH. [lisi n3BiIedeHus
HauOoJsiee 3HAYMMbIX [TPU3HAKOB U3 MOCJIEI0BATEIbHO-
cTeil ucronb3oBaH cioit noaseibopku MaxPooling 3D,
CIIOCOOHBIN yMEHbBIIATh PA3MEPHOCTH BXOJHOTO TEH30pA.
OtmeTnM, uto cioit MaxPooling 3D no3Bosisier yCKopuTh
o0ydeHMe, a TAaK)Ke YMEHBIIUTh KOJIMYECTBO Iapame-
TPOB MOJIEIH, IIPH ITOM COXpaHss ee 3(PpPEeKTUBHOCTD.
MopudummpoBanubie octarounbie 610ku Residual Blocks
mozenu ResNet18 [40] n3BnekaroT KapThl IPU3HAKOB pa3-
MEpPHOCTBIO 4 X 3 X 3 X 512 1yt BCe# BXOAHOM ITOCIIEIOBa-
TENBHOCTH. B moceHeM ocTaTouHOM OJI0KE ITPUCYTCTBYET
MexaHu3M BHUMaHus (Squeeze-and-Attention, SA) [41],
HCTIONB30BaHNE KOTOPOTO YIy4IIaeT pe3yiabTaThl pacios-
HaBaHus. B SA cHauana BBIMOTHSAETCS OMEepaIns «CKATHUS
(squeeze), koTOpast COKpaIaeT pa3MEpPHOCTh MOCIIEA0BA-
TEJILHOCTH JIaHHBIX, a OTepalys «BHUMaHMsD (attention),
TIO3BOJISIET MOJIENIN COCPEIOTOYUTHCS Ha HanOosee BaKHBIX
aCIIeKTax JIaHHBIX, HITHOPUPYS HECYIIIECTBEHHBIC JICTAJIH.

[Tpr3Haky, nocTynaromume ¢ BEIXoa CBEPTOUHBIX CII0-
€B, Mpeo0pasyroTcsi B BEKTOP (PUKCUPOBAHHON JUIMHBI 3a
cuet ucnonb3oBanus cios Global Average Pooling 3D,
CYTb KOTOPOT'O 3aKJIFOYAETCs B TOM, YTOOBI yCPEIHUTH 3HA-
YeHUs MPU3HAKOB MO BceMy o0bemy 3D-mpocTpaHcTBa,
MOJIy4YEHHBIE C MOCJIEIHEr0 CBEPTOYHOIO CJIOSI B CETH.
Pe3ynbrarom sIBISIETCS] OJIMH MPU3HAK JUISI KXK0T0 (DUITb-
Tpa CBEPTOUHOIO CIIOsSl. DTH MPU3HAKH 3aTE€M HCIIOIb3YIOT-
cst s kiaccuukanuu. B apxutekrype Takke IpuMeHsieT-
sl TEXHUKA perynsipu3anuy Heifpocereit Dropout, kotopast
MIOMOT'aeT NPEOTBPATUTH NIepeo0yYeHUE MOJICIH.

[TosryueHHBIE OJIHOMEPHBIE BEKTOPa Pa3MEpHOCTHIO
512 mpu3HAKOB MMOCTYMAIOT B ITOJTHOCBSI3HBIN CII0H ¢ (QyHK-
uuel akruBaunn ReLU, BoimonHstonie HelnuHeiHoe npe-
00pa3zoBaHNe BXOIHBIX JAHHBIX. PasMepHOCTH 3TOTO Ci10s
yBenmunBaeTcs 10 1024, TeM caMbIM yITydmiast pecTaB-
JIeHNE MPU3HAKOB U MOBBIIIAS TOYHOCTh MOJENH. B KoH-
1€ ATOT CJIOHM COENMHSIETCS C MOCIEIHUM MOTHOCBSI3HBIM
cioem (Fully connected, FC), conepskaium 62 HeiipoHa ¢
(dyHkuueit akruBaruu Softmax. 1o 03HAYACT, YTO HA BBI-
xozie opmMHpyeTcsi BEpOSITHOCTh MPUHAJISKHOCTH BXO/I-
HBIX JJAaHHBIX K 62 KJlaccaMm, KOTOPbIE HHTEPIIPETUPYIOTCS
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Oran 1. O6paboTka TaHHBIX

Oran 2. Pacrno3naBaHue roJloCOBOM KOMaHIbI
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Puc. 1. Meton BU3YaJIbHOT'O paCcriO3HaBaHWsA KOMaHA BOAUTEIIA

Fig. 1. Method for visual recognition a driver’s commands

KaK THITOTE3bI MPEICKa3aHNsl MOCIH JUISl KYKIOTO U3 9THX
KJ1accoB (62 TOI0COBBIC KOMAHIBI).

OyHKIUA akTUBAIMH Softmax — ofHa M3 BOZMOXKHBIX
(YHKIMI aKTHBAIMH, IIUPOKO MCIIONb3yeMast B BEIXOJHOM
CII0€ HEHPOHHBIX CeTeH IJIsI MHOTOKJIACCOBOH Kiaccupu-
karuu. OyHkiwms Softmax mpeoOpasyeT JIMHEWHbII BBIXO]
MIOJIHOCBSI3HOTO CJIOS B BEPOSITHOCTH MPHUHAJIC)KHOCTH
Ka)KJIOT0 BXOJIa K OIPe/IeIEHHOMY KJIaccy.

Apxutektypa 3DResNet18 + SA + BiLSTM. Bropas
HelfpoceTeBasl apXUTEKTypa OTINYaeTcsl OT MepBoil TeMm,
yto B Hell 3D Conv oOpabarsiBacT TOIBKO MPOCTPaH-
CTBEHHOE IIpeJiCTaBiIeHue npu3HaKkoB. st 00paboTku
BPEMEHHOTO MPOCTPAHCTBA MPHU3HAKOB HCITOJIB30BAHO
JBa cIlosi IByHamnpasieHHBIX Long short-term memory

(LSTM) (puc. 2, b). luinHa mocneaoBaTeIbHOCTH H30-
Opaxennit B 120 kagpos noctynatoT B 3D cBepTOUHBIH
CJION M MOJIBEPTaroTCst onepayu noassioopkr MaxPooling
3D. U3 kaxmoro m300paXeHNsT BXOAHOH MOCIIeIOBATEIb-
HOCTH W3BJIEKAIOTCA KapThl IPU3HAKOB Pa3MEpPHOCTHIO
120 x 3 x 3 x 512 6naronapsi MoAU(UIIMPOBAHHBIM OCTa-
TO4HBIM Os10KaM. Crioii moaBeIOOpKH Average Pooling mpe-
o0pasyer Iojy4YeHHbIe KapThl IPU3HAKOB B OJHOMEPHbIE
BEKTOpa pa3MepHocThio 120 x 512, KoTOpbIe MOCTYMAIOT
Ha MOCJeAYIONUX JABa cios AByHanpasieHHoH LSTM.
IlepBblii croit siBiIsIeTCs sequence-to-sequence, Ha BXOJE
1 BBIXOZIe KOoTOporo 120 BEeKTOPOB MPHU3HAKOB, a BTOPOi
sequence-to-one — Ha BBIXOZE OAMH BEKTOP MPU3HAKOB
paszmepHocThio 512. B koHue nonHocBsA3HbIl cioil FC

a b
: # | TlocnenoparensHOCTH ‘ TTocnenoBarenbHOCTE
MixUP ‘i“ 120 x 88 x 88 120 x 88 x 88
&l
1)
!
3D Conv (60 x 44 x 44 x 64)
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i il
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) )

| SA+2x Residual Block (4 x 3 x3x512) |

| SA+2x Residual Block (120 x 3 x 3 x 512) |

Gl o )

0

| Dropout, p=0,5 |

Dropout, p=0,5 |

! i

| FC (1024) — ReLU | | BiLSTM + Dropout, p=0.2 (120 x 1024) |
! ]

| FC (62) — Softmax |

!

BexTop BepOsITHOCTHBIX 3Ha4eHUH (62)

BiLSTM + Dropout, p=02 (1024) |
i

FC (62) — Softmax |

!

BexTop BeposSTHOCTHBIX 3HaYCHHIA (62)

Puc. 2. Heiipoceressie apxutektypsl: 3DResNet18 + SA (a); 3DResNetl18 + SA+ BiLSTM (b)
Fig. 2. Neural network architectures: 3DResNet18 + SA (a); 3DResNet18 + SA+ BiLSTM (b)
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Tabnuya 2. CpaBHeHUE Y(H(HEKTUBHOCTH APXUTEKTYP HEHPOCETEBBIX Mozeei

Table 2. Comparison of neural network architectures performance

BpeMsl HHULHAIN3ALHH TouHOCTB pacno3HaBaHus KOMaHI, %o
ApxutekTypa HeiipoceTeBoii Moaenu RTF
MOJEIIH, C Val Test
3DResNet18 2,3 86,53 76,74 0,071
3DResNet18 + SA (puc. 2, a) 2,7 88,66 77,68 0,076
3DResNet18 + BiLSTM 7,9 82,94 75,89 0,153
3DResNetl8 + SA+ BiLSTM (puc. 2, b) 8,2 85,55 83,46 0,183

C KOJIMYECTBOM HEHPOHOB 62 Takke (GOpPMUPYET BEKTOP
BEPOSITHOCTHBIX 3HAUCHUH.

IJKCIepuMeHTAJIbHbIC Pe3yJIbTAThI

[IpuBenem pesynbTaThl SKCIIEPUMEHTAIbHBIX HCCIIE-
JIOBAaHUN C pa3IUYHBIMU apXUTEKTypaMHu HelpoceTel.
AnpoOarnusi MpeayiokeHHOTO METO/Ia BBIITOJIHEHA Ha KOp-
nyce nanHbix RUSAVIC. Habop nanHbIX jist 00yueHus 1
OLICHUBAHUSI HEHPOCETEBBIX MOJIEIIeH Pa3OMBaJICS CIIEyIO-
muM o0pasom: oOyuaronuii Habop (train) Bkmouan 14 389
BHJeo3anuceil 13 qukTopoB, TecToBBIH HabOp (test) —
4241 Buneo3anuch Tpex AUKTOPOB M BalUJalMOHHBIN
(val) — 2480 Bumeozamnmcell MBYX AUKTOPOB. B kauecTBe
TUTAHUPOBIINKA CKOPOCTH O0YUIEHHs TPUMEHSIACh TEXHUKA
xocurycHoro oTxura (Cosine Annealing), 3Ha9eHUS KOTO-
poro BapsupoBaiuch ot 0,0001 mo 0,001. M3nauansHOE
KOJIMYECTBO 3MOX ycTaHaBnuBanock paBHeIM 100. [Tocne
Ka’K/IOW STIOXH BBIMOJHSACTCS IPOMEKYTOUHOE OLICHUBAHHUE
MOJIC/IM Ha BaJIMJAIIMOHHOM Habope JAaHHbIX. B ciydae
eciu B TedeHue 10 a1ox oOyuyaemast MOJIENb He ITPOrpeccu-
poBaia, TO mpolecc 00yYEeHHUsI OCTAHABINBAJICS, a JIyUIIHe
BECca MOJICIIH OIPEICISUINCH 110 MAaKCUMaIbHOW TOYHOCTH,
JIOCTUTHYTOW Ha BaJIMJAIIMOHHOM Habope. Bannannonnas
BBIOOPKA MCIIOIB30BaHA JUTS ONITHMHU3AINN MOJEIIH, TOT/Ia
KaK 9KCIIEPUMEHTAIbHBIC PE3YIBTaThl MPEACTABICHBI IS
TECTOBOH BEIOOpKH. B KadecTBe onTHMH3aTOpa MPUMEHEH
Adam.

[TporpamMMHas peanu3aiysi CHCTEMbI BU3yaJIbHOTO pac-
MI03HABAaHMS FOJIOCOBBIX KOMAH/I BBITOJIHEHA Ha SA3BIKE TIPO-
rpammupoBanus Python v.3.9. /Iy ManuaHOTO 00yYeHUS
MoJelieil UCToNb30BaH (GpeiiMBOPK C OTKPBITHIM HCXOJ-
HbIM KostoM TensorFlow v.2.8.0 B cBsi3ke ¢ pacuimpeHuemM
moxayinst TensorFlow-GPU v.2.8.0. DkcniepuMeHTa bHbIE
HCCJIE0BaHMSI OCYIECTBICHBI Ha TIEPCOHAIBHOM KOMITBIO-
Tepe 110/ yIIpaBJIeHUEM OllepalMoHHON cucteMbl Microsoft
Windows 10 Pro co cnenyromumu TEXHIYSCKUMHE Xapak-
tepuctukamu: CPU — AMD Ryzen 9 5950X; GPU —
GeForce RTX 3090 TI 24Gb; xpanunuie JaHHBIX — TBEp-
JIOTeNbHBIN HakormuTens SSD M.2.

IIpoBeneHo cpaBHEHHE apXUTEKTYP HEUPOCETEBBIX MO-
Jeneil, OCHOBaHHbBIX Ha apxuTekType ResNetl8. Boiopan-
HBIE MOJICJIH aHAIM3UPYIOT POCTPAHCTBEHHO-BPEMEHHbBIE
3aBHCUMOCTH TIOCJIEI0BATEIbHOCTH BXOIHBIX U300paxe-
HU. B Tabn. 2 npescraBieHbl JBe MPUHLIUITHAIBHO Pa3HbIE
APXUTEKTYpPBl U UX MOJICPHU3UPOBAHHBIC BEPCHH 3a CUET
J00aBIIeHHUs MEXaHU3MOB BHUMaHUs (puc. 2).

[TapameTpsl 00y4eHUs] HEHPOCETEBBIX aPXUTEKTYD,
TIPE/ICTABIICHHBIX B CPAaBHEHHH, MOAOMPAIIICH IMITUpPUYC-

CKUM IIYTEM U SIBIISIOTCS JUISL KKAOH apXUTEKTYPBbI OIITH-
MalibHbIMU. Hen3MeHHbIe mapamMeTphl: Habop 00ydarommx
JIAHHBIX, JUTMHA TTOCIIEIOBATEIIEHOCTH U pa3pelieHe U30-
OpaskeHuil, KOTOpBIE MTOAAIOTCS Ha BXOJ.

Hccnemyemble apXUTEKTypbl CPABHUBAINCH HE TOJIBKO
TI0 TIOKA3aTeNi0 TOYHOCTH PACIIO3HABAHUS KOMaH]| BOJIH-
TeJsI, HO ¥ M0 TaKUM ITOKa3aTelsiM KaK: CpeiHee BpeMs
AKTHBAI[MM MOJIEIH, Pa3MEP MOJIEIH M CKOPOCTh PacIo3-
HaBaHMSA 110 TIOKa3aTelto peanbHoro Bpemenu (Real-Time
Factor, RTF). CpaBHeHrE TPOBOAMIOCH B OJIMHAKOBBIX
ycnoBusX. [t onpenenenns cKopocTH paboThl CUCTEMe
MpeJIarajgoch pacio3Harh 15 ciyyaiftHo BEIOpaHHBIX (pa3
Pa3IMYHON AIUTENBHOCTH 13 Kopiyca naHHeix RUSAVIC.
Jlns pacueTa BpeMeHM MHULMAIU3ALUU MOJIENIH U yCpes-
HernHoro 3Hadenust RTF omumcannas nporeaypa mpousBo-
nunack 10 pas.

ITo pesynmsraram ananmu3a Tadi. 2 MOXKHO ceJaTh BbI-
BOJI, YTO HelpocereBas apxurekrypa 3DResNetl18 + SA +
+ BiLSTM oxka3anach TO9HEe apXUTEKTYpHI 0e3 Jo0aBie-
Hus cmoeB BILSTM. OxgHako 3Ta apXUTEKTypa HEMHOTO
MPOUTPBIBAET B CKOPOCTH paboTel. M3 pe3ynbraroB cpas-
HEHUS TaKoKe CIeyeT, YTO PU J00aBICHHN MEXaHU3Ma
BHHUMaHUsI SA HE3aBUCHUMO OT THUIA aPXUTEKTYPhI TOY-
HOCTH PAacTO3HABAHNUS TOJOCOBBIX KOMaH/ MOBBIIIAETCS.
JloGaBieHre SA B apXUTEKTypbl HEHPOCETEBBIX MOJIENEH
OKa3bIBaeT HE3HAYUTENILHOE BIMSHUE HA CKOPOCTh PabOTHI
cucteMbl. Takxke 100aBICHUE PA3INYHBIX METO/IOB ayTMEH-
tarun, Takux kak Cosine WR, MixUP u Label Smoothig,
JIaeT IPUPOCT TOUHOCTH [42].

3akJ/oueHne

[TpeyioxkeH METO/L YTEHHS PeYH 110 TyOaM BOIHUTENS BO
BpEMsI YIIPaBJICHHS! TPAHCIIOPTHBIM CPEJICTBOM C HCIIOJIB30-
BaHHEM MOTU(PHUIINPOBAHHON HEUPOCETECBOM apXUTEKTYPhI
ResNet18. MeTon MOXeT OBITh BCTPOCH B CHCTEMBI PacIios-
HaBaHUS peuH, QYHKIMOHUPYIOIINE B YCIOBUSAX CHIIBHOTO
aKyCTHYECKOTO IITyMa, BEI3BAHHOTO Pa3TUIHBIMU (DaKTOpa-
MU, TAKUMH KaK CKOPOCTh IBI)KEHUS, TIOKPBITHE JTOPOTH,
CTETICHb OTKPBITHS OKOH, HAJIITYHE UCTOYHHNKOB 3BYKa U JIp.

Pe3ynprarsl SKCTIEPUMEHTOB MOKa3aJid, 9TO METOJ
mo3BoJisieT 3 (PEeKTUBHO pacio3HaBaTh MPOU3HOCHMBIC
BOJIUTENIEM KOMaHJbI U3 CJIOBApsi, COCTOSIIEro U3 62 pyc-
CKOSI3BIYHBIX (hpa3 ¢ TOYHOCTHIO /10 83,46 % W co ckopo-
cThio pacnio3HaBanust RTF nopsinka 0,183. Meton MoxHO
UCIIOJIb30BaTh B PEXKHUME PEabHOTO BPEMEHH.

JIist yaydIneHus KadecTBa Pactio3HaBaHKsI PEUH B IAJTb-
HEHIIeM TIaHUPYETCsI HCCIISA0BATh IPYTUe apXUTEKTYPhI
DIyOOKHX HEHpOCeTeH, a TakXKe PacHIApsITh 00YJAIOIIYIO
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Abstract

It is evident that when the human brain stops functioning for a small period of time, it will lead to death. As a result,
dealing with brain disorders should be done early and properly. A brain tumour is one of the most serious brain illnesses.
The development of tumours can be detected using Magnetic Resonance Imaging (MRI). However, because an MRI
image has loud noise, it can be hard to diagnose a tumour. The diagnosis process is slow, yet illness necessitates prompt
and accurate medical attention in order for patients to survive. One of the solutions for tumour diagnosis is to employ
MRI brain picture segmentation. In this designed model, MRI of the brain is collected and pre-processed with Non-Local
Means (NLM) to reduce noise from captured raw data. This pre-processed image is first segmented with Region of
Interest (ROI) for identifying regions of interest and then with a fusion deformable fuzzy system, which combines fuzzy
C-means (FCM) and deformable systems. By analyzing the fitness value of o and B constants, segmented pictures from
models are fused using the Dolphin Sine Cosine Algorithm (SCA) method to combine the model results. The integrated
output from the algorithm is classified with the deep Convolutional Neural Network (CNN) classifier. The created model
experimental findings are analyzed and compared to current methodologies. The proposed model performance measures
are 0.90, 0.89, 0.88, and 0.10 in terms of selectivity, precision, accuracy and errors. As a result, when compared to
previous strategies, the proposed approach outperforms them.
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Dolphin-SCA, FCM, deformable model, ROI, NLM, tumour segmentation
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CerMeHTanMsA ONMYXO0JIM FOJIOBHOTO MO3Ta HA MAarHUTHO-PEe30HAHCHOI ToMorpaduun
€ UCIOJIb30BAHMEM HEYeTKOro 1e(h)opMHpPyeMOro CJANUSIHUS U AJITOPUTMA
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AHHOTaNMA

Ipexpammenue GyHKIMOHUPOBAHHS MO3Ta YeI0BEKa Ha HEOOMBINOI TPOMEXYTOK BPEMEHH IPUBOAUT K cMepTH. JledeHne
HapyIICHUH TOJOBHOTO MO3Ta JOJDKHO MPOBOAUTHCS HA PaHHEH CTaJUM M JI0 MOSBICHUS KIMHUIECKUX CHMIITOMOB.
Orryx0J1b TOJIOBHOTO MO3Ta SIBJISICTCST OJHAM M3 CaMBIX CEphe3HBIX 3a00sIeBaHui. Pa3BUTHE OITyX0JI MOXKHO OOHAPYKHUTb
C NMOMOIIBI0 MarHUTHO-pe3oHaHcHOH Tomorpaduu (MPT). B cBsa3u ¢ nHanuumem mymoB Ha u3obpaxennn MPT
OITyXOJIb CJIO’KHO TOYHO M OBICTPO JIMarHOCTHPOBaTh. OHO U3 pPelIeHN B AUarHOCTUKE OIyXOJIeH — HCIIONIB30BaHNE
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A.H. Tiple, A.B. Kakade

CerMeHTanuu n300paxkeHui rojgosHoro mosra Ha MPT. B pabore nmpezacraBiieHa MoJielib TOMOIPaMMBI TOJIOBHOTO
Mo3ra o0paboTaHHast ¢ HOMOIbIO HeldoKanbHbIX cpeactB (Non-Local Means, NLM) nist ymMeHbIIeHHs IIyMa OT
3axXBadeHHBIX HEOOpaOOTaHHBIX JaHHBIX. [lomydyeHHOE n300paXkeHne CerMEHTHPOBAHO C MMOMOIIBIO ONPEeICHUS
obnacreit uarepeca (ROI) u nedopmupyemoii HeueTkol cucteMsl ciusHusA. CrcTeMa CIUsIHUS codeTana B cebe MeTox
HeueTkol kinactepuzanmu C-cpenaux (Fuzzy C-Means, FCM) n nedopmupyembIx cucteM. BeIonHeH aHanm3 3Ha9eHAI
TIPUTOAHOCTH KOHCTAHT 0 ¥ [3 CeTMEHTHPOBAHHBIX N300paskeHNiT Mozierniel, 00beANHEHHBIX C HCTIONB30BaHUEM alITOPHTMA
CHHYyC-KOCHHYyCa Ha ocHOBe 3xoiokanuu Dolphin-SCA. VHTerpnpoBaHHbIi BEIBOJ aITOPUTMA KJIACCH(UIIMPOBAH
¢ momoIbek Trydokoro kinaccudukaropa (Convolutional Neural Network, CNN). [IpoBeneH aHanus u cpaBHEHHE
9KCHEePUMEHTAJIBHBIX JTAHHBIX CO3JaHHON MOJIENH C TEKYIIMMH METOJIOJIOTUsIMH. 3HaUeHUsI 1oKa3aresnelt 3G eKTHBHOCTH
npeyiaraeMoi MOJIeNU ISl CEJICKTUBHOCTH, TPEIU3NOHHOCTH, MPaBUJIbHOCTH U ook coctasuiu 0,90, 0,89, 0,88
u 0,10 coorBercTBeHHO. TakuM 00pa3oM, MO CPaBHEHUIO C MPEABIAYIIMMU CTPATETUAMHU, MPEAIaraeMblii MOAXOR
MIPEBOCXOUT paHee MPUMEHAEMbIE METOIbI.

KuoueBble ciioBa
Dolphin-SCA, metox meuetkoit knactepuzauun C-cpenanx, FCM, nedhopmupyemas Mozaenb, onpeaeneHne odmacTeit
unTepeca, ROI, HenokanpHble cpenctBa, NLM, cermMeHTaIus Oy Xoiu

Ccepuika s nutupoBanus: Tumne A.X., Kakage A.b. CermMeHTanus omyxoJid TOJOBHOTO MO3ra HA MarHUTHO-
PEe30HAHCHOM TOMOTrpaduy ¢ UCIIOIB30BAHUEM HEUETKOTO JeopMupyeMoro ciustHus u anropurma Dolphin-SCA //
Hayuno-TexHuuecknii BECTHUK HH()OPMAIIHOHHBIX TEXHOJIOTHH, MexaHukH u ontuku. 2023. T. 23, Ne 4. C. 776-785
(na ann. 513.). doi: 10.17586/2226-1494-2023-23-4-776-785

Introduction

Brain tumours develop as a result of aberrant cell
division and uncontrolled growth in the brain. The
formation of tissues is classified as benign or malicious,
and it takes into various parts of the brain that aren’t
affected by tumours [1]. As a consequence, tumours must
be detected as soon as possible to avoid their development
into an uncontrollable state. The ability to accurately
segment tumours using medical pictures is critical because
it gives information that is needed for cancer assessment
and diagnosis, and also planning out therapy choices and
tracking disease progression [2]. Brain tumours are among
the most lethal malignancies in the world, and they are
divided into primary and secondary tumour types based on
their origin [3]. Glioma, which arises from brain glial cells
and accounts for 80 % of all malignant brain tumours, is the
most frequent histological form of primary brain cancer [4].
Gliomas could be of two types: slow-progressing low-grade
which has a good prognosis, or aggressive and infiltrative
high-grade glioma or glioblastoma which requires prompt
treatment.

The approach used to detect brain tumours is Magnetic
Resonance Imaging (MRI). It is a complicated technique
that provides information on the human soft tissue structure
which is then expanded to examine the anatomy of the
region and aids in the creation of elaborate representations
in each direction [5]. MRI is a sort of medical imaging
that may identify a variety of changes in soft tissues
all over the body. Fluid Attenuated Inversion Recovery
(FLAIR), T2-weighted, T1-weighted, and post-contrast
T1-weighted (Tlce) are examples of complementing 3D
MRI techniques [6]. The tumours highlighted sub-regions
throughout the varying intensity of these patterns, like the
entire tumour, are far more evident in T2 modalities and
FLAIR [7]. T1 and Tlce scans, on either hand, reveal the
tumour centre without any peritumoral oedema. It allows
for the detection of various tumour sub-regions using such
scans in conjunction with extra information they supply.

Nowadays, the clinical procedures used in the medical
profession for detecting tumours utilizing MRI images
of the brain are not very effective or stable [8]. Various

techniques for image segmentation have been developed,
and some of the most commonly used methods include
clustering-based methods, histogram-based methods,
thresholding, region-growing methods, edge detection,
and so on [9]. Clustering algorithms attempt to find patterns
in a dataset in order to extract additional information.

There are several clustering methods available today,

including clustering based on the distribution, hierarchical

clustering, k-median, k-means and many others [10]. The

MRI is segmented across this proposed approach utilizing a

deformable model and the Fuzzy C-Means (FCM) system.

For properly segmenting brain tumours from MRI, the

segmented image of two models is fused with the fusion

rule on the basis of weighted variables represented as o

and B. The proposed model primary contributions are as

follows:

— Development of a fusion-based image segmentation
technique for brain tumour cells using MRI.

— To filter the noise from the raw data, the Non-Local
Means (NLM) filter is used as a pre-processing
technique.

— The Region of Interest (ROI) and Fuzzy deformable
fusion models based on fitness evaluation of and with
Dolphin — Sine Cosine Algorithm (SCA) are employed
to segment pre-processed picture.

— Deep Convolutional Neural Network (CNN) was
employed to forecast the performance of the proposed
segmentation technique.

Literature survey

Many studies used a variety of ways to segment a brain
tumour using MRI images. Most of the existing techniques
are studied, and among those techniques a few of them are
reviewed below.

Sheela C.J.J. & Suganthi G. [11] had performed MRI-
based segmentation of brain tumours automatically. The
approximated ROI is established first in every developed
model by removing the non-tumour portion of the picture
by utilizing two-level morphological reconstruction
methods like dilation and erosion. A mask is constructed
by thresholding the reconstructed image but then degraded
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to improve segmentation accuracy in the Greedy Snake
technique. By employing mask boundary as the snake
initial contour, the greedy snake method computes new
tumour borders. These limits are more accurate in areas
with sharp edges and less accurate in areas with ramp
edges. Lastly, a region with the biggest circumference is
picked to eliminate areas that were incorrectly divided.

Hrosik R.C. et al. [12] had developed k-means
clustering, and the firefly method was used to segment
brain images. Metastatic adenocarcinoma, sarcoma,
glioma, and metastatic bronchogenic carcinoma are four
distinct primary brain tumours that can be detected using
MRI, Single-Photon Emission Computed Tomography,
Positron Emission Tomography pictures, and methods for
brain image segmentation have been formed with the aim
of showcasing them. The created picture segmentation
technique depends on the firefly algorithm which results
in enhanced by the k-means clustering method, and the
fitness function is Otsu’s criterion. This method enhances
segmentation when traditional segmentation quality
measurements like normalized root square mean error, peak
signal to noise, and structural similarity index is utilized.

Huang H. et al. [13] had performed segmentation
of brain images using the FCM clustering algorithm.
The image is first segmented into several tiny portions
depending on discernible attribute relationships, and then
an attribute value table is built based on FCM segmentation
findings for various clustering numbers. The weights of
every characteristic are obtained by the decreased amount
and user base for calculating difference across regions,
following which similarity of every region is determined
utilizing equivalence link supplied by difference degree.
Finally, regions are merged, and picture segmentation is
completed using the final equivalence relation provided
by similarity. This technique is used to confirm the
segmentation of artificially induced images, MRI images
and brain Computerised Tomography scans.

Srinivas K. & Kantapalli B. [14] had designed
segmentation of MRI using Unified Iterative Partitioned
Fuzzy Clustering (U-IPFC). In medical sector applications,
detecting tissues from the MRI brain is a difficult
problem. To effectively identify the tissues from the
MRI, the segmentation technique is used. This model is
comprised of a pre-processing method for detecting several
tissues in MR brain images and calculating tissue area.
The efficiency of the designed U-IPFC technique has been
demonstrated by the extensive simulated study. The major
objective is to enhance the accuracy of existing FCM and

k-means clustering methods for the identification of multi-
tissues.

Ali M. et al. [15] had performed Deep Neural Networks
for brain tumour picture segmentation. In this paper, 3D
CNN and U-Net are used to create an aggregation of two
segmentation networks, which results in more accurate
and effective forecasts. These two classifiers are developed
separately on BraTS-19 benchmark datasets and examined
to produce segmentation maps which were considerably
diverse in terms of segmented tumour sub-regions and
overall variance in order to get the final forecast. For
augmenting tumour, total tumour, and tumour core, the
developed ensemble got maximum dice values.

Proposed methodology

Brain tumours can affect in a variety of sizes and forms
as well as varied picture intensity. Currently, clinical
approaches utilized in the medical field are not very
accurate or robust in identifying tumours using MRI scans
of the brain. As a result, the proposed method is meant for
precise brain tumour segmentation and identification.

The proposed model process flow is depicted in Fig. 1.
In this designed model, an MRI of the brain is collected and
pre-processed with NLM reduce noise from captured raw
data. This pre-processed image is first segmented with ROI
for segmenting interested regions and then again segmented
with a fusion deformable fuzzy model that consists of an
FCM system and deformable system. Through measuring
the fitness value of o and B constants, segmented images
from classifiers are merged using the Dolphin-SCA method
to combine the model results. The integrated output from
the algorithm is classified with a deep CNN classifier.

Pre-processing. Collection of data is the process of
gathering the necessary data, such as text or images, to
be predicted. These collected data consist of raw data that
cannot be segmented or classified with high accuracy.
Hence, specific pre-processing procedures are employed
to achieve high accuracy.

NLM. A weighted filter is a linear coefficient of the
resemblance image patches in an image [16] and it is the
foundation of NLM denoising method. The pixel indexes
are i and j, and the following equation describes NLM:

Y(@) = 2w(@ )v)).J € s;, (M

where v(j) represents the centered position at j; w(i, j)
is weight function among image patches around 7 and j

Segmentation

Pre-processing

Evaluation of fitness

NLM Filter => ROI F

Fusion deformable Dolphin-SCA Val“estf‘“'t“ a'l:(l: B
constants wi
Fuzzy model o RQ—»Pe—R B Dolphin.SCA

MRI image dataset

|

Classifier , I Tumor Cells I

Deep CNN \ I Non-Tumor Cells I

Fig. 1. The proposed model process flow
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described by y(i); and ;j is indeed searching window
s x s of about i. NLM denoising is an excellent image
denoising technique that reduces the computational
complexity by using the accelerating mechanisms. The
majority of representational approaches have implemented
dimensionality reduction, although this procedure comes at
a high expense of output operations.

Segmentation. Segmentation is mainly useful for
eliminating the unwanted portions of the image to
reduce the computational time and wrong predictions. In
this designed model, the Grab cut algorithm is used for
segmentation.

ROI align. ROI is used to identify the particular
portion of a 2D/3D/4D image. The pixels are classified
under two categories, X and Y (objects and backgrounds,
or conversely) when the region is identified [17]. Pixels at
levels [1, ..., K] make up X, while pixels at levels [K + 1,
..., L] make up Y. The variance between the two classes is
expressed in equation

_ [aow(l) - MR)P?

2k .
R TET—

2

where (k) is the variance of threshold level, w(k) is the

k k
weight of the threshold level, AM(k) = Y ip;, and A{(k) = Y ip;.
Aris the arithmetic mean for the entire ilmage and Ap= vxleJI»XJr
+ wy Ay. The maximum variance value will be considered
as the ROI value. The feature aligned from the ROI is given
to the fully connected layer and convolution layer.

Fusion deformable Fuzzy model. In this model, the
segmentation of the MRI is done using the deformable and
FCM model. The models result is combined with Dolphin-
SCA algorithm-generated optimal constants. Give FCM
and deformable method ROI-segmented images. The
deformable model outputs and the FCM resulting images
are merged with constants acquired from the Dolphin-SCA
method leading to changes in the outputs of both pictures.
The output of fuzzy deformable fusion technique for brain
image O following segmentation is denoted by

O=oaD,, + BF,,

where D,, is deformable model outputs after segmentation
and F,, is the FCM model segmented outputs. Furthermore,
their constants o and 3 indicate the Dolphin-SCA method
optimal constants.

Deformable model. In image segmentation, active
contours are the most extensively employed deformable
model [18]. The snake is an active contour method which
is constrained by extraneous factors and guided by image
pressures that tug it toward specific characteristics like
edges and lines. A snake system is described as a direct
parametric curve with the following formula:

n(s) = [a(s), b(s)], s €[0, 1], A3)

where s is normalized arc lengths within range of 0 <s <1
and n(s) is a set of nodes like a snake.

FCM model. For such a clustering procedure, FCM
creates fuzzy matrices by calculating Euclidean distance

[19]. Clustering yields a matrix depending on FCM which
is expressed as

i
M:Z zicdrcd: 1 <co, (4)
=1 d=1
where r.; signifies Euclidean distance, i,; means
membership function matrix, ¢ signifies pixel location,
and d is the overall number of pixels representing fuzziness
parameter.

Determination of segmentation constants using
Dolphin-SCA algorithm. The optimal constants are
obtained utilizing the output of deformable and FCM
methods [20] and the Dolphin-SCA method. The
characteristics of the Dolphin Echolocation (DE) method
and Sine Cosine Algorithm (SCA) are combined in this
algorithm. The SCA technique uses features of sine and
cosine functions to discover ideal outputs, whereas the DE
method is inspired by Dolphin behaviour.

Initialization. The Dolphin-SCA first sets up solution
space in order to get the best values for constants. A
response area is provided by Dolphin-SCA which is
described as

Y={Y\, Y5, ... Yy ..., Y3},
where Y, denotes ath option of dimensions 1 x 2, and b
denotes overall possibilities.

1) Evaluation of the fitness.

To determine the best solution, we calculate the fitness
of each unique solution. The fitness is calculated using the
segmented image centre and pixel covering the segmented
image centre pixel. The ideal option is one that provides
the least amount of fitness value. The Dolphin-fitness SCA
algorithm for calculating segmentation constants is as
follows:

;T
fitness=Y Y (Rk—Mp).
L1 F=1
Fek

Parameter 7 denotes the diameter of the brain picture,
while RF specifies the image segment centre. The Fth pixel
in the kth segment is represented by Pk and M. Assume the
kth segment of the image that has T pixels and is indicated
by My for every pixel. The segmented image centre is
calculated as

T
Rk= 1 Y My € Pk
Tr=1

2) Update solution using Dolphin-SCA

SCA provides two services depending on sine and
cosine update formulas accordingly. The equations are
updated by the Dolphin-SCA algorithm utilizing response
updates calculated by the DE algorithm. For sine and cosine
functions, the updated answer are:

1—21—22
Xpy+1)= - X
l -z —z,—1+Bsin(B,)
i K
x M[u(y)JerK‘FZzM]*ZI—*
1—21—22 I_ZI_ZZ
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M
- 7 [31[535111(52)1‘/[] Bs=0.5.

l-z-2

1l—z,—2, .
1+ B,cos(B,)
B,cos(B,) 2K

_;2_[1/[(}}) +ZIK+22M] - -
1-z—2, —Z1—2

ZzM
-————+ B1B3COS(Bz)M]; Bs>0.5.

-z, —2,

Xy+1)=

1*2] —Zy—

The update solution for the Dolphin-SCA algorithm is
provided by two reactions within the preceding equation.

3) Finding the best solution using fitness.

To determine whether a new approach is feasible, the
fitness function is applied to update the solution. The best
solution for delivering less fitness value is to provide fewer
fitness values.

4) Termination.

The modified answer is replicated till Y, ,,, the highest
number of iterations, is reached. After multiple repetitions,
the best segmentation number is discovered.

Classification. Classification is a method for predicting
the outcome of supplied data sets. Classes are described
using terminology like targets, labels, and categories. To
categorize tumour and non-tumour cells, a deep CNN
approach is designed.

Deep CNN. Finally, the Deep CNN classifier was used
as a training example and the feature vectors are built
using obtained characteristics. Deep CNN is utilized to
distinguish between tumour and non-tumour regions. It
is made up of three layers, such as convolutional layer,
pooling layer, and fully connected layer. The greatest
significant layer is a convolutional layer which became
liable for intensive processing and hoisting control. In
addition, this layer is in charge of collecting numerous
features from input photos. The pooling layer, which is
sandwiched among convolutional layers, is the following
layer. The feature maps are subsampled by pooling layers
and lower the spatial scale of depiction to decrease
variables and network calculation. The fully connected
layer manages the established links by previous layers and
serves as a classifier for categorizing inputs. Consider the
following source to Deep CNN:

-1 1 1
B N

! / Vi U / -1
Bohuy = (Ex)u™ X X X (Kop)pyp," (B, Jusprorpy
Bi=1 =1 Bi=

where (B&)u symbolizes created output from /th conventional
layer centred as (u, ), K5 , signifies convolutional operators
for producing local designs from conventional layers,

symbol * indicates convolutional operators for producing
local features from conventional layers, 1, B, and B3
describe feature maps produced from every conventional
filter via reading its input image, and EL 5 represents a bias of
Ih conventional layer. An activation function is employed to
streamline calculations or to eliminate undesirable results.
The activation function of (/ — 1)t layer generates outputs
from pth conventional layer which is written as

BL=AFN(B{ ™).

The pool layers were modified to perform a defined
function, and their characteristics were passed onto fully
linked layers. The image is converted to a vector which is
then classified. Fully connected layers yield the following
output:

G = n(BY)With(BY) =

B l ! 5
L v ! Y| ®)
=X X X (Ksp)pys, (Bpy urpotpy

Bi=1 B1=v1 1=

where /1 denotes the normalization factor.

Thus, the fused images from the fusion fuzzy
deformable model are classified using the deep CNN
model.

Algorithm 1: pseudocode for
classification and segmentation of
brain tumours

Input: Dataset of MRI (D=x1,x2,x3..xn)
#Pre-processing

NLM = Non-linear filter (D) // by using
equation (1)

ROI=Region of interest (NLM) // by
using equation (2)

#Segmentation

DM=Deformable model (ROI) // by using
equation (3)

FM=FCM(ROI) // by using equation (4)
#Fusion with Dolphin-SCA algorithm
If (a+B=1)

O=DM+FM

Else

Search for other optimal values for
fusing

End if

#classification

DCNN=Deep CNN (0) // by using equation
(5)

If (class = 0)

Output=tumour cell

Else

Output=non-tumour cell

End if

Output: classified output of brain

tumour cell

Result and discussion

The proposed approach for brain tumour segmentation
is implemented using an MRI brain imaging dataset
and MATLAB software to test its functionality and
performance. The 8.0 GB Memory (RAM), CPU @
2.80 GHz, Intel(R) Core(TM) i5-3450S processor, and
system type of 64-bit operating system are used in testing.
The tumour is divided and categorized using MRI brain
pictures in this proposed system. To remove noise in
collected original data, an MRI of the brain is gathered
and pre-processed utilizing NLM. This pre-processed
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Fig. 2. Conversion of sample images using pre-processing and Segmenting techniques

image is first segmented with ROI to isolate areas of
interest and then with a fusion deformable fuzzy system,
which combines FCM and deformable methods. Through
analyzing the fitness value of o and 3 constants, segmented
images from models are merged using the dolphin SCA
method to incorporate the output of the model. The
integrated output from the algorithm is classified with a
deep CNN classifier.

Dataset. In this dataset [21], the Glioma type of brain
tumour is collected, which can affect your brain function
and life-threatening depending on its location and rate of
growth. Gliomas are one of the most common types of
primary brain tumours. In this dataset, 224 pictures are
collected for the categorization of tumour and non-tumour
cells. In this case, 80 % of the data is utilized for learning,
and 20 % is employed for evaluation.

Fig. 2 illustrates the conversion of sample images
using pre-processing, segmentation and fusion techniques.
Based on this converted images, the DCNN classifier is
trained and tested for evaluating the performance of the
model. Dolphin-SCA + FNB, PFCM + KNN, Deformable
model + FNB, FCM + SVM are previous methodologies
that are compared with the proposed technique using
performance metrics like Fl-score, Specificity, kappa,
Sensitivity, Matthews Correlation Coefficient (MCC),
Accuracy, False Positive Rate (FPR), False Negative Rate
(FNR), Precision and Error.

The proposed method confusion matrix (error matrix)
is depicted in Fig. 3. This error matrix is used to evaluate
the actual and predicted data from the given dataset. The

prediction of data for ‘no’ and ‘yes’ classes are 64 and
93. The total data used for testing is 179. 157 of them are
predicted according to the actual class, and the rest of the
22 are predicted wrongly.

Fig. 4 explains the comparison performance metrics
for proposed and existing methods. Performance of the
proposed model, such as Accuracy, Sensitivity, Specificity,
Precision, Error, Kappa, FPR, FNR, F1-score and MCC,
are 0.90, 0.89, 0.88, 0.89, 0.10, 0.72, 0.10, 0.12, 0.85 and
0.73. These evaluated proposed model values are greater
than the existing techniques. Thus, the designed Dolphin-
SCA+DCNN model accurately segments and predicts the
brain tumour.

no

True Class

yes

no yes
Predicted Class

Fig. 3. Error matrix for the proposed model
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Fig. 4. Performance metrics: Accuracy (a); Sensitivity (b); Specificity (c); Precision (d); Error (e); Kappa (f); FPR (g); FNR (4);
F1-score (i); MCC (j)
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Fig. 4. Continued

Conclusion

In able to locate and predict brain tumours at an
early point, segmentation is critical. In clinical practice,
segmenting MRI images takes time since it requires
physical evaluation. Additionally, boundary inadequacies
like missing borders and loss of textural difference among
ROI and backdrop make segmentation of regions difficult.
As a result, for speedy and reliable diagnosis of cancers,
appropriate segmentation approaches are necessary. In
this designed model, the fusion deformable fuzzy model
is introduced for segmenting tumour cells from the MRI
of the brain. The ROI is employed to partition the region

of the tumour with the bounding box, and the NLM filter
is used to remove noise from brain MRI. Finally, output
from the fusion deformable fuzzy model is classified using
deep CNN. The experimental results of the proposed model
are evaluated and compared with existing techniques.
Performance metrics of the proposed model, such as
Accuracy, Precision, Specificity, Error, Sensitivity etc.,
are 0.90, 0.89, 0.88, 0.10 and 0.89. Thus, the performance
metrics of the proposed model are better compared to
existing techniques. In the coming decade, the proposed
algorithm could be used to forecast tumour cells from a big
collection of brain MRI images.

Hay4HO-TeXHNYEeCKNin BECTHUK MHPOPMALMOHHbBIX TEXHOIOMMIA, MEXaHUKN 1 onTukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

783



Brain tumour segmentation in MRI using fuzzy deformable fusion model with Dolphin-SCA

10.

11.

12.

13.

15.

16.

17.

19.

References

Amin J., Sharif M., Yasmin M., Saba T., Anjum M.A., Fernandes S.L.
A new approach for brain tumor segmentation and classification based
on score level fusion using transfer learning. Journal of Medical
Systems, 2019, vol. 43, no. 11, pp. 326. https://doi.org/10.1007/
s10916-019-1453-8

Sultan H.H., Salem N.M., Al-Atabany W. Multi-classification of brain
tumor images using deep neural network. /EEE Access, 2019, vol. 7,
pp. 69215-69225. https://doi.org/10.1109/access.2019.2919122
Noreen N., Palaniappan S., Qayyum A., Ahmad I., Imran M.,
Shoaib M. A deep learning model based on concatenation approach
for the diagnosis of brain tumor. /EEE Access, 2020, vol. 8,
pp. 55135-55144. https://doi.org/10.1109/access.2020.2978629
Swati Z.N.K., Zhao Q., Kabir M., Ali F., Ali Z., Ahmed S., Lu J. Brain
tumor classification for MR images using transfer learning and fine-
tuning. Computerized Medical Imaging and Graphics, 2019, vol. 75,
pp. 34-46. https://doi.org/10.1016/j.compmedimag.2019.05.001
Vaibhavi P., Rupal K. Brain tumor segmentation using K-means—-FCM
hybrid technique. Advances in Intelligent Systems and Computing,
2018, vol. 696, pp. 341-352. https://doi.org/10.1007/978-981-10-
7386-1_30

Sandhya S., Chidambararajan B., Kumar M.S. FCM-based
segmentation and neural network classification of tumor in brain MRI
images. Advances in Intelligent Systems and Computing, 2021,
vol. 1167, pp. 371-378. https://doi.org/10.1007/978-981-15-5285-
4 37

Daimary D., Bora M.B., Amitab K., Kandar D. Brain tumor
segmentation from MRI images using hybrid convolutional neural
networks. Procedia Computer Science, 2020, vol. 167, pp. 2419—
2428. https://doi.org/10.1016/j.procs.2020.03.295

Khairandish M.O., Sharma M., Jain V., Chatterjee J.M., Jhanjhi N.Z.
A Hybrid CNN-SVM threshold segmentation approach for tumor
detection and classification of MRI brain images. /RBM, 2022,
vol. 43, no. 4, pp. 290-299. https://doi.org/10.1016/j.
irbm.2021.06.003

Aygiin M., Sahin Y.H., Unal G. Multi modal convolutional neural
networks for brain tumor segmentation. arXiv, 2018,
arXiv:1809.06191. https://doi.org/10.48550/arXiv.1809.06191
Badza M.M., Barjaktarovié¢ M.C. Classification of brain tumors from
MRI images using a convolutional neural network. Applied Sciences,
2020, vol. 10, no. 6, pp. 1999. https://doi.org/10.3390/app10061999
Sheela C.J.J., Suganthi G. Automatic brain tumor segmentation from
MRI using greedy snake model and fuzzy C-means optimization.
Journal of King Saud University — Computer and Information
Sciences, 2022, vol. 34, no. 3, pp. 557-566. https://doi.org/10.1016/j.
jksuci.2019.04.006

Hrosik R.C., Tuba E., Dolicanin E., Jovanovic R., Tuba M. Brain
image segmentation based on firefly algorithm combined with
k-means clustering. Studies in Informatics and Control, 2019, vol. 28,
no. 2, pp. 167-176. https://doi.org/10.24846/v28i2y201905

Huang H., Meng F., Zhou S., Jiang F., Manogaran G. Brain image
segmentation based on FCM clustering algorithm and rough set. /EEE
Access, 2019, vol. 7, pp. 12386—12396. https://doi.org/10.1109/
access.2019.2893063

. Srinivas K., Kantapalli B. Segmentation of MR brain images using
unified iterative partitioned fuzzy clustering. International Journal of

Recent Technology and Engineering, 2019, vol. §, no. 1, pp. 2755-
2758.

Ali M., Gilani S.0., Waris A., Zafar K., Jamil M. Brain tumour image
segmentation using deep networks. /EEE Access, 2020, vol. §,
pp. 153589-153598. https://doi.org/10.1109/access.2020.3018160
Kanoun B., Ambrosanio, M., Baselice F., Ferraioli G., Pascazio V.,
Gomez L. Anisotropic weighted KS-NLM filter for noise reduction
in MRI. IEEE Access, 2020, vol. 8, pp. 184866—184884. https://doi.
org/10.1109/access.2020.3029297

Sun L., Shao W., Zhang D., Liu M. Anatomical attention guided deep
networks for ROI segmentation of brain MR images. /EEE
Transactions on Medical Imaging, 2020, vol. 39, no. 6, pp. 2000—
2012. https://doi.org/10.1109/tmi.2019.2962792

. Ismael M.R. Edge enhancement based active contour model for

segmentation of brain tumor in MRI images. ECTI Transactions on
Electrical Engineering, Electronics, and Communications, 2021,
vol. 19, no. 3. https://doi.org/10.37936/ecti-eec.2021193.244942

Ghosh P., Mali K., Das S.K. Chaotic firefly algorithm-based fuzzy
C-means algorithm for segmentation of brain tissues in magnetic

Jluteparypa

Amin J., Sharif M., Yasmin M., Saba T., Anjum M.A., Fernandes S.L.
A new approach for brain tumor segmentation and classification based
on score level fusion using transfer learning // Journal of Medical
Systems. 2019. V. 43. N 11. P. 326. https://doi.org/10.1007/s10916-
019-1453-8

Sultan H.H., Salem N.M., Al-Atabany W. Multi-classification of brain
tumor images using deep neural network // IEEE Access. 2019. V. 7.
P. 69215-69225. https://doi.org/10.1109/access.2019.2919122
Noreen N., Palaniappan S., Qayyum A., Ahmad I., Imran M.,
Shoaib M. A deep learning model based on concatenation approach
for the diagnosis of brain tumor // IEEE Access. 2020. V. 8. P. 55135—
55144. https://doi.org/10.1109/access.2020.2978629

Swati Z.N.K., Zhao Q., Kabir M., Ali F., Ali Z., Ahmed S., Lu J. Brain
tumor classification for MR images using transfer learning and fine-
tuning // Computerized Medical Imaging and Graphics. 2019. V. 75.
P. 34-46. https://doi.org/10.1016/j.compmedimag.2019.05.001
Vaibhavi P., Rupal K. Brain tumor segmentation using K-means—-FCM
hybrid technique // Advances in Intelligent Systems and Computing.
2018. V. 696. P. 341-352. https://doi.org/10.1007/978-981-10-7386-
1.30

Sandhya S., Chidambararajan B., Kumar M.S. FCM-based
segmentation and neural network classification of tumor in brain MRI
images // Advances in Intelligent Systems and Computing. 2021.
V. 1167. P. 371-378. https://doi.org/10.1007/978-981-15-5285-4_37
Daimary D., Bora M.B., Amitab K., Kandar D. Brain tumor
segmentation from MRI images using hybrid convolutional neural
networks // Procedia Computer Science. 2020. V. 167. P. 2419-2428.
https://doi.org/10.1016/j.procs.2020.03.295

Khairandish M.O., Sharma M., Jain V., Chatterjee J.M., Jhanjhi N.Z.
A Hybrid CNN-SVM threshold segmentation approach for tumor
detection and classification of MRI brain images // IRBM. 2022.
V. 43. N 4. P. 290-299. https://doi.org/10.1016/j.irbm.2021.06.003
Aygiin M., Sahin Y.H., Unal G. Multi modal convolutional neural
networks for brain tumor segmentation // arXiv. 2018.
arXiv:1809.06191. https://doi.org/10.48550/arXiv.1809.06191

. Bad?a M.M., Barjaktarovi¢ M.C. Classification of brain tumors from

MRI images using a convolutional neural network // Applied
Sciences. 2020. V. 10. N 6. P. 1999. https://doi.org/10.3390/
app10061999

. Sheela C.J.J., Suganthi G. Automatic brain tumor segmentation from

MRI using greedy snake model and fuzzy C-means optimization //
Journal of King Saud University — Computer and Information
Sciences. 2022. V. 34. N 3. P. 557-566. https://doi.org/10.1016/].
jksuci.2019.04.006

. Hrosik R.C., Tuba E., Dolicanin E., Jovanovic R., Tuba M. Brain

image segmentation based on firefly algorithm combined with
k-means clustering // Studies in Informatics and Control. 2019. V. 28.
N 2. P. 167-176. https://doi.org/10.24846/v28i2y201905

. Huang H., Meng F., Zhou S., Jiang F., Manogaran G. Brain image

segmentation based on FCM clustering algorithm and rough set //
IEEE Access. 2019. V. 7. P. 12386-12396. https://doi.org/10.1109/
access.2019.2893063

. Srinivas K., Kantapalli B. Segmentation of MR brain images using

unified iterative partitioned fuzzy clustering // International Journal
of Recent Technology and Engineering. 2019. V. 8. N 1. P. 2755~
2758.

. Ali M, Gilani S.0., Waris A., Zafar K., Jamil M. Brain tumour image

segmentation using deep networks // IEEE Access. 2020. V. 8.
P. 153589-153598. https://doi.org/10.1109/access.2020.3018160

. Kanoun B., Ambrosanio, M., Baselice F., Ferraioli G., Pascazio V.,

Gomez L. Anisotropic weighted KS-NLM filter for noise reduction
in MRI // IEEE Access. 2020. V. 8. P. 184866—184884. https://doi.
org/10.1109/access.2020.3029297

. Sun L., Shao W., Zhang D., Liu M. Anatomical attention guided deep

networks for ROI segmentation of brain MR images // IEEE
Transactions on Medical Imaging. 2020. V. 39. N 6. P. 2000-2012.
https://doi.org/10.1109/tmi.2019.2962792

. Ismael M.R. Edge enhancement based active contour model for

segmentation of brain tumor in MRI images // ECTI Transactions on
Electrical Engineering, Electronics, and Communications. 2021.
V. 19. N 3. https://doi.org/10.37936/ecti-eec.2021193.244942

. Ghosh P, Mali K., Das S.K. Chaotic firefly algorithm-based fuzzy

C-means algorithm for segmentation of brain tissues in magnetic
resonance images // Journal of Visual Communication and Image

784

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://doi.org/10.1007/s10916-019-1453-8
https://doi.org/10.1007/s10916-019-1453-8
https://doi.org/10.1109/access.2019.2919122
https://doi.org/10.1109/access.2020.2978629
https://doi.org/10.1016/j.compmedimag.2019.05.001
https://doi.org/10.1007/978-981-10-7386-1_30
https://doi.org/10.1007/978-981-10-7386-1_30
https://doi.org/10.1007/978-981-15-5285-4_37
https://doi.org/10.1007/978-981-15-5285-4_37
https://doi.org/10.1016/j.procs.2020.03.295
https://doi.org/10.1016/j.irbm.2021.06.003
https://doi.org/10.1016/j.irbm.2021.06.003
https://doi.org/10.48550/arXiv.1809.06191
https://doi.org/10.3390/app10061999
https://doi.org/10.1016/j.jksuci.2019.04.006
https://doi.org/10.1016/j.jksuci.2019.04.006
https://doi.org/10.24846/v28i2y201905
https://doi.org/10.1109/access.2019.2893063
https://doi.org/10.1109/access.2019.2893063
https://doi.org/10.1109/access.2020.3018160
https://doi.org/10.1109/access.2020.3029297
https://doi.org/10.1109/access.2020.3029297
https://doi.org/10.1109/tmi.2019.2962792
https://doi.org/10.37936/ecti-eec.2021193.244942
https://doi.org/10.1007/s10916-019-1453-8
https://doi.org/10.1007/s10916-019-1453-8
https://doi.org/10.1109/access.2019.2919122
https://doi.org/10.1109/access.2020.2978629
https://doi.org/10.1016/j.compmedimag.2019.05.001
https://doi.org/10.1007/978-981-10-7386-1_30
https://doi.org/10.1007/978-981-10-7386-1_30
https://doi.org/10.1007/978-981-15-5285-4_37
https://doi.org/10.1016/j.procs.2020.03.295
https://doi.org/10.1016/j.irbm.2021.06.003
https://doi.org/10.48550/arXiv.1809.06191
https://doi.org/10.3390/app10061999
https://doi.org/10.3390/app10061999
https://doi.org/10.1016/j.jksuci.2019.04.006
https://doi.org/10.1016/j.jksuci.2019.04.006
https://doi.org/10.24846/v28i2y201905
https://doi.org/10.1109/access.2019.2893063
https://doi.org/10.1109/access.2019.2893063
https://doi.org/10.1109/access.2020.3018160
https://doi.org/10.1109/access.2020.3029297
https://doi.org/10.1109/access.2020.3029297
https://doi.org/10.1109/tmi.2019.2962792
https://doi.org/10.37936/ecti-eec.2021193.244942

A.H. Tiple, A.B. Kakade

resonance images. Journal of Visual Communication and Image
Representation, 2018, vol. 54, pp. 63—79. https://doi.org/10.1016/].
jveir.2018.04.007

20. Kumar S., Mankame D.P. Optimization driven deep convolution
neural network for brain tumor classification. Biocybernetics and
Biomedical Engineering, 2020, vol. 40, no. 3, pp. 1190—1204. https://
doi.org/10.1016/j.bbe.2020.05.009

Authors

Anjali Hemant Tiple — Associate Professor, Shivaji University,
Kolhapur, Maharashtra, 416004, India, https://orcid.org/0000-0003-4411-
3878, anjalitiple6@gmail.com

Anandrao B. Kakade — PhD, Associate Professor, Rajarambapu
Institute of Technology, Uran Islampur, Maharashtra, 415414, India,
s¢ 24171107900, https://orcid.org/0000-0002-1882-8901, abkakade22@
gmail.com

Received 03.08.2022
Approved after reviewing 17.05.2023
Accepted 18.07.2023

QOO

Representation. 2018. V. 54. P. 63—79. https://doi.org/10.1016/j.
jveir.2018.04.007

20. Kumar S., Mankame D.P. Optimization driven deep convolution
neural network for brain tumor classification // Biocybernetics and
Biomedical Engineering. 2020. V. 40. N 3. P. 1190-1204. https://doi.
org/10.1016/j.bbe.2020.05.009

ABTOpBI

XemanT Tuniae Anpxananm — noueHt, YHusepcuter llusamxu,
Konxamyp, Maxapamrpa, 416004, Munus, https://orcid.org/0000-0003-
4411-3878, anjalitiple6@gmail.com

Kakane Ananapao B. — PhD, nouent, TeXHONIOTHYECKUI MHCTH-
TyT Pamxapambany, Ypaun Ucnammyp, Maxapamrpa, 415414, Unaus,
sc 24171107900, https://orcid.org/0000-0002-1882-8901, abkakade22(@
gmail.com

Cmamus nocmynuna 6 peoakyuio 03.08.2022
Oodobpena nocne peyensuposanus 17.05.2023
Ipunsma k nevamu 18.07.2023

Pab6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

785


https://doi.org/10.1016/j.jvcir.2018.04.007
https://doi.org/10.1016/j.jvcir.2018.04.007
https://doi.org/10.1016/j.bbe.2020.05.009
https://doi.org/10.1016/j.bbe.2020.05.009
https://orcid.org/0000-0003-4411-3878
https://orcid.org/0000-0003-4411-3878
mailto:anjalitiple6@gmail.com
https://orcid.org/0000-0002-1882-8901
mailto:abkakade22@gmail.com
mailto:abkakade22@gmail.com
https://doi.org/10.1016/j.jvcir.2018.04.007
https://doi.org/10.1016/j.jvcir.2018.04.007
https://doi.org/10.1016/j.bbe.2020.05.009
https://doi.org/10.1016/j.bbe.2020.05.009
https://orcid.org/0000-0003-4411-3878
https://orcid.org/0000-0003-4411-3878
mailto:anjalitiple6@gmail.com
https://orcid.org/0000-0002-1882-8901
mailto:abkakade22@gmail.com
mailto:abkakade22@gmail.com

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° vionb-asryct 2023 Tom 23 N2 4 http://ntv.ifmo.ru/ HAYYHO-TEXHMUMECKWM BECTHMK
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“““"""' MEXAH“K“ “ “'"“K“
July-August 2023 Vol. 23 No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2023-23-4-786-794
VIIK 004.9

OI[TI/IMI/I3aI[I/Iﬂ CHUCTEM OTCJIC)KMBAHUA Ye€J10BCKa B BlflpTyaJ'IbHOﬁ P€AJTBbHOCTH
Ha OCHOB¢ HeﬁpOCCTeBOFO nmoaxoaa
Aprtém JiImutpuesunda O0yxos!™, Jlanuun Bauecnapornu Teceaxun?

1.2 TamGOBCKMI rOCYIapCTBEHHBIN TEXHUIECKUH yHUBEpCHTET, TamO0B, 392000, Poccuiickas denepannst

1 obuhov.art@gmail.com™, https://orcid.org/0000-0002-3450-5213
2 teselkin.dv@tstu.ru, https://orcid.org/0000-0002-1304-9490

AHHOTaNMA

Beenenmne. Paccmorpena mpobnema onpeeneH s ONTHMaIbHOTO KOMNYECTBA U PACTIONOKEHHS TOUEK OTCIICKHBAHMS
Ha TeJle YejoBeKa /s o0ecrnedeHusl He0OXOANMON TOYHOCTH PEKOHCTPYKIIMH KHHEMAaTHIECKUX MapaMeTpoB
JIBIDKCHUH YeJI0BEKA B BUPTYaIbHOM MPOCTPAHCTBE. BEIMTOIHEHa ONTUMH3ALUS CHCTEMBI OTCIICKHBAHHS YSJIOBEKA
B BUPTYaJIBbHOH PeaqbHOCTH JUIS CHIDKGHUsSI 00beMa IepeaBaeMoil HH(POPMALNH, BEIYUCIUTEILHON HArPy3KH 1
CTOMMOCTH CHCTEM 3axBara JBM)KEHHH 3a CUeT CHIDKCHHsI KojmuecTBa u3ndecknx narunkoB. Meroa. [TocraBnena
3ajjaya ONTHMH3AIMH KOJIWYECTBA M PACHOIOKEHHs TOUEK OTCIICKMBAHUS Ha TeJe 4eI0BeKa, HeOOXOAUMBIX sl
PEKOHCTPYKIIMM BUPTYaIbHOIM MOJEHN Tela U3 OTPaHHYEHHOT0 Habopa BXOAHBIX TOUEK, C HCTIOIb30BaHUEM YHCIEHHON
annpoKCUManuy QyHKIUH perpeccud. Pazpaboran anroputm co6opa OOJBIIOr0 KOTMYECTBA JAaHHBIX ¢ MOJENHU Tea
YeJI0BeKa B BUPTYaIbHOH CIIEHE M C KOCTIOMA 3aXBaTa JBIKCHUH B peabHOM Mupe. OCHOBHBIE pe3y ibTaThl. [TomydeHo
HaMMEHbIIIee KOJTHIECTBO TOUCK OTCIICKUBAHMS TeJla YeI0BEKa M X PACIOJIOKEHHE C UCTIONB30BAHUEM TIPEIOKESHHOTO
asroputMa. OGydeHBI 1 IPOTECTUPOBAHBI PA3IIMIHBIC TOTIOIOTHH HEPOHHBIX CeTeH, TO3BOJIIOMINE alITPOKCHMHUPOBATh
PErPEeCCHOHHYIO 3aBHCHUMOCTb MEXK1y OTPAaHMYSHHBIM IO pa3Mepy BEKTOPOM TOYeK oTciexuBaHus (oT 3 mo 13) n
BEKTOPOM 18 BHPTyalIbHBIX TOYEK, HCIIOIb3YEMBIX JUIS ITOJTHON PEKOHCTPYKIMH MOJIENH Tela desioBeka. Heobxomumast
TOYHOCTb PEKOHCTPYKLIMHM KHHEMATHUECKUX NTapaMeTPOB JBIKEHUH yenoBeKka 00eCredeHo NpH S U 7 BXOAHBIX TOUKAX.
O0cyxnenne. [IpennoxkeHHbIH MOIXO MO3BOIMIT HCIOIB30BATh 5 MK 7 GU3NYECKUX AATYUKOB ISl TOCTPOCHUS MOJIEIIH
Tella 4el0BeKa U BOCCTAHOBJIECHHS KMHETHYECKUX MapaMeTPOB €ro ABWKEHHH B BUPTyalbHOH peambHOCTH. [Toaxon
MOKeT OBITh IPUMEHEH MPH PEIICHUH 3a/1ad WHBEPCHON KMHEMATHKH C LENbI0 CHIKEHHS KOINYeCTBa (PU3NUECKIX
JIATYNKOB, Pa3MEIIEHHBIX Ha IIOBEPXHOCTH UCCIIEyeMOTro 00BEKTa, ISl YIPOIIEHHUS TIPOIIECCOB 00PabOTKH H Tepeadn
nHpOpMauK. 3a cueT 0ObeANHEHNs JaHHBIX KaK C KOCTIOMAa 3aXBaTa JBMKEHWH, TaK U ¢ BUPTyaJIbHOTO aBaTapa
3HAYNTENIFHO YCKOPEH Ipolecc coopa HHPOPMALUH, pacIIUpeH 00beM 00yJaroeil BBIOOPKH U CMOACIHPOBAHBI
pa3nuuHble NaTTEPHbI ABUKEHUH TEll IOJIb30BaTeICH.
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A.L. O6yxos, [1.B. TecenkunH

Abstract

The problem of determining the optimal number and location of tracking points on the human body to ensure the
necessary accuracy of reconstruction of kinematic parameters of human movements in virtual space is considered.
Optimization of the human tracking system in virtual reality has been performed to reduce the amount of transmitted
information, computational load and cost of motion capture systems by reducing the number of physical sensors. The
task of optimizing the number and location of tracking points on the human body necessary for the reconstruction of a
virtual body model from a limited set of input points using numerical approximation of the regression function is set.
An algorithm has been developed for collecting a large amount of data from a human body model in a virtual scene and
from a motion capture suit in the real world. The smallest number of human body tracking points and their location were
obtained using the proposed algorithm. Various neural network topologies have been trained and tested to approximate
the regression relationship between a vector of tracking points limited in size (from 3 to 13) and a vector of 18 virtual
points used for the complete reconstruction of the human body model. The necessary accuracy of reconstruction of
kinematic parameters of human movements is provided at 5 and 7 input points. The proposed approach made it possible
to use 5 or 7 physical sensors to build a model of the human body and restore the kinetic parameters of its movements
in virtual reality. The approach can be applied to solving inverse kinematics problems in order to reduce the number
of physical sensors placed on the surface of the object under study, to simplify the processing and transmission of
information. By combining data from both the motion capture suit and the virtual avatar, the process of collecting
information has been significantly accelerated, the volume of the training sample has been expanded and various patterns
of user body movements have been modeled.

Keywords

virtual reality, human movement tracking, inverse kinematics, optimization of motion tracking and capture systems,
digital representation of a person
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BBenenue

Ha texyuiem sramne pa3BuTHsI CUCTEM BUPTYaJIbHOU
peanpHOCTH (VR) OgHON M3 aKTyanbHBIX IPOOIEM SIB-
JSIETCSl TOYHOE BOCIIPOM3BEACHNE TEJa M0JIb30BaTelNs B
BUpPTyaIbHOM npocTpancTse [1]. [Tog BUpTyanbsHEIM mpo-
CTPAaHCTBOM MOAPA3yMEBAETCA CMOACIUPOBAHHAS Cpefa,
HMUTHPYIOIIAsl PEaIbHOE UIIH BBIMBIIIIIICHHOE OKPYKEHHE
MIOCPEICTBOM TPEXMEPHBIX MOIeIeH, aHMMAIUH1, 3ByKOBBIX
1 BU3YyalIbHBIX 2()(PEKTOB, a TaK¥Ke 00ECIICYMBAOIIEE MTOJTb-
30BaTEII0 BO3MOXKHOCTb B3aUMOZICHCTBUSI C BUPTYaJIbHBIMU
00BbEKTaMH € TIOMOIIBIO CHEIHAIBHOTO 000PyI0BaHMS,
Harpumep cucteM VR [2]. ba3oBblii KOMIUIEKT MOCTAaBKH
OompmmHCTBA ccTeM VR BKIIFOYACT IIIEM H JIBa KOHTPOJI-
Jepa Ul NepeMEIIeHNs 1 OPTaHU3ALNH B3aNMOICHCTBUS
¢ oopexramu. OTCnexnBaHUe IEHCTBUI MOXKET IPOU3BO-
JUTBCSI IO KaMepaM, YCTaHOBJIEHHBIM B IIIEME, C HCIOJb-
30BaHMEM BHEIIHUX JIATYNKOB U 0A30BbIX CTAHIMHI (TEXHO-
norust Lighthouse) wim ¢ mpuMeHeHHEM KOCTIOMOB 3aXBara
JBIKEHUH. B niepBoM cilyyae BO3MOXKHO MCIIOJIb30BAHUE
TEXHOJIOTUH KOMITBIOTEPHOTO 3pEHHUS, OAHAKO OHH 00e-
CIEYMBAIOT KAYECTBEHHOE BOCIPOU3BEIEHUE TOJIBKO PYK,
B YaCTHOCTH JIaJIOHEH U MaNbLEB, PACIIO3HABAHNE OCTalb-
HBIX YacTel Teja u3-3a CHenu(UKH PACIIOIOKEHHS Kamep
3arpynHeno. Mcnonp3oBanue texHonornu Lighthouse mo-
3BOJISIET TOYHO IMO3HIIMOHMPOBATH IUIEM, KOHTPOJIIEPHI
1 JIONOJHUTENbHBIE JaTunKh (Tpekepsl). HenoctaTtkom
JTAHHOTO TTOAXO0/a SBIIACTCS HEyN0OCTBO OTHOBPEMEHHOTO
3aKpEIICHNs] Ha TIOBEPXHOCTH TeJla YeJI0BEKa OONBIIOTO
KOJIMYECTBA IaTYMKOB. TpeTuil oaxon OCHOBAH Ha UCIIOJb-
30BaHMM JOPOTOCTOSIINX U 3a4aCTyI0 YyBCTBUTEIBHBIX
K BHEIIHUM 3JIEKTPOMarHUTHBIM ITOMEXaM KOCTIOMOB C
MHOXECTBOM MHEPIHUAJIBHBIX TaTYMKOB, UTO 3HAUYUTEIBHO
OTPAaHUYMBAET UX UCIIOJIb30BAHUE B MACCOBBIX PEIICHUSIX.

PazpaboTuuku nmporpamMmMmHoro odecrnedenus st VR
OCYIICCTBIAIOT peIIeHHe MPOoOIeMBbl BU3yaIH3aluy Tenaa
YCJIOBCKA B BUPTYaJIbHOM NPOCTPAHCTBE IBYMSA OCHOBHBI-
MU MeTofiamH [3]: ¢ UCTIONIb30BaHKUEM IPSMOM 1 HHBEPCHOI
KHHEeMaTHKH. B mepBom cityyae TpeOyeTcst 10CTaTOYHbIH
00bemM nHpopMannn 000 BceX KITIOUEBBIX TOYKAX Teja
MOJIb30BAaTENsl, TAK KaK KMHEMAaTHKa MOJAEIUPYETCsl CBEP-
Xy BHM3, HAUMHAas, HAIpPUMEp OT IUIeYa, Jajiee K JIOKTIO U
3aKaHYMBas KUCTHIO. B MHBEpCHOM KMHEMAaTHKE, HA000POT,
[EpPEMEILEHUE JOUEPHUX CETMEHTOB MPUBOJIUT K U3MEHE-
HUIO IOJIOKEHUS] POJUTEIBCKUX, T. €. aJlTOPUTM paCCUU-
THIBAET MOJIOKEHUE U OPUEHTALIMIO TUI€YA U JIOKTSI, UCXOZS
W3 TOJIOKEHUsI U opueHTanuu Kuctu. [lepBoiil moaxon
HCIIOJIb3YETCs B KOCTIOMAXx 3axBaTa JBUKEHUI, BTOPO — B
YCIIOBHUSIX OIPaHUYEHHOTO 00beMa HH(POPMAIMU O TOYKaX
Tella YeJoBeKa, HalpuMep, Korjia pa3paboTuuKy JI0CTYITHO
TOJIBKO MOJIOKEHHE KUCTEH MONb30BaTeNsl, MO KOTOPOMY
BOCCTAHABJIMBAIOTCS] KOOPUHATHI TOUEK PYK, TyJIOBHUILA U
HOT (Y4HTBIBast TEKYIYIO BBICOTY LIJIEMA).

B HacTosmieii pabote paccmoTpena mpobieMa oTclie-
JKABAHMSI TTOJIOKEHUSI TeJla YEJIOBEKa JJIsl OCIeyonei
pekoHCcTpyKUMU B VR KMHEMarnyeckux napameTpoB ero
JIBUKEHUM C y4ETOM MUHHUMU3ALNN KOJIMYECTBA OTCIIEKHU-
BaEMbIX TOYEK.

0O030p cynecTBYIOIIMX HCCIAET0BAHMIT
1o OTCJIe:KNBaHUIO YyeaoBeka B VR

Ha mepBom »Tame paccMOTpEHBI CYIIECTBYIOIINE Ha-
MIpaBJICHUS MCCICIOBAaHUH B JAHHOU OOJIACTH.

B paGote [4] ncmons30BaHO TSITH TOTOTHATEIBHBIX 3a-
KPETICHHBIX Ha CIIMHE, TIATKAX U JIOKTAX YeJIOBeKa TPeKe-
POB, 9TO B COBOKYITHOCTH C JIByMSI KOHTPOJIUIEPAMH U IIIJIe-
MOM COCTAaBJISICT 8 KIIFOUEBBIX TOYEK, HA OCHOBE KOTOPBIX
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pa3paboTUYMKN PEIIIN 3a/lady HHBEPCHOW KUHEMAaTHKH.
[Tony4yennast cucrema 00Ja1aeT JOCTATOYHO HU3KOM 3a-
JICPIKKOH M BBICOKOH TOYHOCTBIO 10 CyOBEKTUBHOM OIICHKE
YYaCTHUKOB KOHTPOJIEHOM TPYIIIIHI.

Pabora [5] ocHOBaHa Ha aHAIKM3E TTOXOIKH YEIIOBEKA U
COTOCTABJICHUH TIOJIOKEHHS TOJIOBEI B iieMe VR ¢ dazamu
mara, 4To MO3BOJIMIIO MUCTIONIH30BATh TOIBKO OIHY TOUKY
JUTS BOCCTAHOBJICHNSI KWHEMATHKH HOT C UCTIOJIb30BAaHUEM
paznuaHbix oaxonoB (Threshold, meTona Ha ocHOBE KOp-
pesituu [Tupcona, Support Vector Machine, Bidirectional
Long Short-Term Memory (BLSTM)). Apxurekrypa
BLSTM o0ecnieuniia HAMMEHBIIYIO MOTPEITHOCTh, OHA-
KO HEJI0OCTATOYHO MPOU3BOJIUTENbHA Ul IPUMEHEHUS B
pekuMe peanbHOro BpeMenu. [1o aToit npuunHe Hanbosee
TIPEIIIOYTUTENICH METO/I, OCHOBAaHHBIN Ha pacueTe KoppeJsi-
un [TupcoHa MexXIy YCKOPEHHEM TOJIOBBI M HOT. JlaHHBII
TTOJIXOJT HE SIBIISICTCS] YHUBEPCATBHBIM M OTPaHUYCH CIICHA-
pueM paBHOMEPHOH XOIBOBI.

Psim HaygHBIX paOOT CKOHIICHTPHPOBAH Ha Oojee TOY-
HOW pEeKOHCTPYKIIUHU TOIBKO OTAETBHBIX YacTeil Tena, Ha-
TIpUMeEp PyK U TabIEB. J{JIsI 7TOT0 MOTYT HCTIONIB30BaTHCS
KOMOUWHAIMH U3 TIepyaTok VR U TOTONHUTENBHBIX aKcese-
POMETPOB ISl Ka)KI0TO Taiblia [6] UM coueTaHue Kamep ¢
JTATYUKOM ITyOMHBI M HEHPOHHBIX ceTel [uis Oosiee TOUHOTO
BOCCTAaHOBJICHHSI TPEXMEPHBIX KoopauHat [7]. HeliponHbie
CETH TAaK)Ke MPUMEHEHBI JUIsl YCIEITHONW PEKOHCTPYKIUH
TPEXMEPHON MOJISIIN TeJIa YeJIOBEKA 110 IBYMEPHOMY H30-
Opa)xeHH10, Ha KOTOPOM CHa4ajIa pacro3HAIOTCsI OCHOBHBIC
TOYKH CKEJIeTa, a TIOTOM OCYIIECTBIICTCS HX Mpeodpa-
30BaHNUE B TPEXMEPHOE MPEACTABICHNUE MOJETH Tella C
KOppPEKIIHeH YIIIOB MOBOPOTa CErMEHTOB [§].

[IpuMeHeHne METOIOB MAIIMHHOTO OOYYeHHUS IS all-
MIPOKCUMAITUH (DYHKITUI PerpecCHy MpH PELICHUH 3a1a4d
I/IHBCpCHOﬁ KHMHEMATHUKH OCYHIECTBIACTCA JOCTATOYHO
JTaBHO, HO paHHUE paboTel [9] B 3TON 0bIACTH OTMEUaTn
HU3KYIO TOYHOCTb U IIPOU3BOJUTCIBHOCTD JaHHBIX IMTOAXO0-
JI0B. PazBuTie mporpaMMHOr0 ¥ anmaparHoro 00ecreueHust
B cepe MAIMHHOT0 00y4YeHHsI MO3BOJIMIO 00ECeUnTh
IIPOTPECC 10 JAaHHOMY HAIPaBJICHHUIO: COUCTAHUS pa3iiny-
HBIX HEHPOHHBIX CeTel HMCIOIB3YIOTCS /ISl pealn3alni
WHBEPCHOU KHHEMATHKHU poOoToB [10], mporHO3MpOBaHUS
TTOJIO’KEHHMS TEJTa C YICTOM OKPYIKAFOIIEH Cpelbl Ha OCHOBE
BHUpTyaibHOTO cKenera [11] umm HaGopa matumkoB [12].
B [13] paccmoTpeno mpuMeHeHne HeHPOHHBIX ceTel s
BOCCTAHOBIICHHSI KITIOUEBBIX TOUCK CHITYITa YeJIOBEKa IPH
yaaneruu ot 10 10 30 % naHHBIX.

Taxkum 00pa3oM, ITPOBENICHHBIH aHAIM3 [10KA3aJl, YTO
JUTA peHICHUA 3aaa4u HHBepCHOﬁ KHHEMATUKHU OllpaBIaHO
HCIIONIb30BAaHKUE HEOOJIBIIOTO KOJINYECTBA JATINKOB M Me-
TOIOB YHCIICHHOM annpokcumannu (QyHKIUH perpeccuu
(HanpuMep, HEHPOHHBIX CETEeH Pa3IMYHON TOIIOJIOTHH) B
KauecTBE MHCTPYMEHTA BOCCTAHOBJICHUS HEIOCTAIOMINX
TOYEK BUPTYAIBHOW MOJICIH Teja YenoBeka. OnpenencHue
MUHUMAaJIHFHOTO KOJHMYECTBA TOUEK OTCIIC)KUBAHUS MO3BO-
JISIET CHU3UTH 00BEeM TiepeiaBacMoi MH(PpOPMAITUH, BEIYUC-
JUTENBHYIO HarPy3Ky, a B CITy4dae MCIIOIb30BAHMUS TPEKEPOB
VR — cTOMMOCTh pean3aluy CUCTEMbl OTCIEKUBAHUS
JIBYDKCHUIA.

ITocTanoBKa 3a1a4M ONTUMHU3AIMH KOJIUYECTBA
M PACIOJI0KEHHUA TOYEK OTCIeKMBAHUSA TeJia
yejoBeka B VR

Jlist nocTiKeHust 1eny paboThl Ha IEPBOM JTalle BbI-
TIOJTHEH aHaJIM3 mpenMeTHoN obmactu. [lanee GopmanabpHO
OTIpesieNIeHbl OCHOBHBIE OOBEKTHI M MOCTaBJICHA 3a7ada
OIIpeIeJICHNS ONITUMAIIBHOTO KOJIMUECTBA M PACTIONOKCHHS
TOYEK OTCIICKUBAHUS Ha TEIIC YEJIOBEKa.

ITycth 3aman HAOOp MCXOMAHBIX TOUEK ((hU3HIECKUX
TpekepoB VR, AaT4nKOB, BUPTYyaIbHBIX MapKepoB H Ap.),
COOTBETCTBYIOIINX KJIFOYEBBIM 30HAM YEJIOBEUECKOIo Tena
U TTO3BOJISIIOIIUX OCYIIIECTBUTH €r0 MOCIETYIONIYI0 PEKOH-
CTPYKIMH B BUPTYaJIbHOM NpocTpaHcTBe. O603Ha4UM Ko-
JMYECTBO JaTINKOB (TpekepoB) uepe3 7K. Kaskiplii Tpekep
tr; € TR onpenenum HaOOPOM peabHbIX TOYEK C KOOpAU-
HaTaMH 110 TPEM OCSIM:

1R = {tri}a
tr; =X, Yi» 2;)-

O603HaunMm 4yepe3 R BekTop MHOXKECTBA 3HAYEHHI KO-
OpJIMHAT BCEX TPEKEPOB:

R={x,y1, 21, -, X750 Vi 275 -

Pasmep R o0o3naunm kax N. Tak Kak OTCIICKHUBACTCS
MOJIOXKEHHUE TPEKEePOB 1Mo TpeM ocsiMm, To N = 3TK. Ilyctb
R ¢ pazmepom N onHO3HAYHO onpeierisieT HudPoBOe Mpe-
CTaBJICHHE TEJIa YeJIOBEKa (BUPTYaJIbHBIN aBaTap) ¢ HE0O-
XOAUMOW TOYHOCTBIO (T. €. MO3BOJISET peajn30BaTh BCe
HEOoOXOAMMbIE YaCTH MOJIENIM BUPTYaJIbHOTO Teja, UX CO-
€JIMHEHNE U BOCIIPOU3BECTH KHHEMATUYECKHUE apaMeTPhl
MpoIecca IBUKCHISI TEJIa YEIOBEKA).

OnTHMHU3AIS CHCTEMBI OTCIIC)KUBAHISI TEIIA YSIIOBEKA
COCTOUT B OTPEACICHUN MUHIMAIIFHOTO pa3Mepa N BEeKTO-
pa R, T. . HaXOXK/IEHUS KOJUIECTBA TPEKEPOB, TIO3BOIISIO-
MIUX 00ECTIeINTh HEOOXOANMYIO TOUHOCTh PEKOHCTPYKIINT
IU(PPOBOTO TPEICTABICHHS YeIOBeKa. TaK KaKk yMEHbIIIe-
Hue R npu peanuzanuy MHBEPCHOM KMHEMATUKU MOJIEIH
TeJla YeJIOBeKa MPHUBEACT K YBEIUUCHHUIO MOTPEIIHOCTH
IIPY OINIPENEICHUY KOOPAUHAT YacTel Tejla BUPTYaJIbHOIO
aBaTapa, He0OX0IMMO BOCCTAHOBUTH 110 HAOIIOACHUSIM
perpeccuoHHyto 3aBucuMocTs F Buna:

F(R)= VR,

KoTopas oroOpaxaer npocrpancTso RN peanusaiuu R B
HeKoTOpoe npocTpancTBo RK, B KOTOPOM peann3oBaHbl
BenuurHBI VR (BeKTOpa BHPTYaJbHBIX TOYEK), OIpe/e-
JIEHHBIM 00pa30M BBIYMCIISIEMbIE HA OCHOBAaHUHU BEIMYUH
R. B kauectBe annpokcumanuu perpeccuu F ucnonbs3osa-
Ha HekoTopast NN onpenesieHHON Tononoruu. Tomnonorus
YKa3aHHOM HEHPOHHOM CETH 3aBUCHUT OT JAJTUHBI N BEKTOpa
R, xoTopas omnpeensier pa3MepHOCTb BXOJHOTO CJIOSI HEH-
POHHOM CE€TH, CKPBIThIE CIOU ISl pa3audHblXx NN MOryT
OBITh OTMHAKOBBIMH.

B dopmanm3oBaHHOM BHIE 3a/a9a ONITUMHU3AINAN 3a-
KITFOYAeTCs B CJICTYIOIIEM: HEOOXOAMMO HAWUTH MUHUMAITb-
HbIM pazmep N BxonHoro Bekropa R, a Takxke onpenenursb
napameTpsl U Tonosoruto NNy i kaxaoro N, mpH KOTo-
PBIX CPEIHEKBAIPATUIHOE OTKJIOHEHUE BOCCTAHOBICHHBIX
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anemMeHToB VR OT UCTHHHBIX 3HaUeHUH OyaeT MUHHMAaJIb-
HBIM.

Jlist pemieHus MocTaBIeHHON 3aJjaul HEOOXOUMO
c(opMupoBaTh 00YHaIOUIyI0 BEIOOPKY JOCTATOUHBIX pa3-
MepoB 1 00y4uTh Ha00p NN, IS KaXKJJ0T0 BEIOpaHHOTO N.

Auroput™m ¢GopMHpPOBaHUS JAHHBIX
JJ151 00y4yeHUsI HeHPOHHBIX ceTel

Jast popMupoBaHust 10CTATOYHOTO 00beMa o0yuaromieit
BBIOOPKHN HEOOX0aMM cOOp MH(OpMaLUHU, HAIIPUMED, C
KOCTIOMOB 3axBaTa JBHKeHUH [14], KOTOpble MO3BOJISIOT
c(hOpMHPOBATH MTOJHOE TIPEACTABICHNE O MOJIOKCHUN U
KMHEMaTHYECKUX IapaMeTpax MOJEIH Tesla YeIOBeKa B
BUPTYaJIbHOM ITpOCTpaHcTBe. OTMETHM, YTO TaKOH MOAXO]
OTJINYAETCS 3HAYUTEIbHBIMHA BPEMEHHBIMH 3aTpaTaMu U
HE0OXOJMMOCTBIO MPUBIIEUEHHUSI OOJIBIIOr0 KOJINYECTBA
YYACTHHUKOB C Pa3IMuHbIMH (U3MYECKUMH MTapaMeTpaMu.
[maBHBIM HEOCTATKOM SIBJISIETCS] HEBO3MOXKHOCTH CMOJIe-
JIMPOBATh B PEaIbHOM MHUPE PsiJL TPYIHOJOCTYITHBIX MaTTep-
HOB IEpEMEIICHHs] 1 HeOe30MaCHBIX ABUKECHHH.

Penrenue nanHoi po0iieMbl — 00bEIMHEHUE TaHHBIX
OT JIByX MCTOYHHKOB: CHCTEM 3axXBaTa JABMKCHUH U BHp-
TyaJbHOTO aBaTapa U3 UrpoBoi cueHsl [15]. Tak kak mpo-
Leypa NoCTpOeHUs IH(POBOTO HMPEACTABICHNS MOJEIH
TeJIa YeJIOBeKa B BUPTYaJIbHOM NPOCTPAHCTBE OCYIIECT-
BIISIETCS HA OCHOBE HA0Opa TOYEK B METPHUUECKON CHCTEME
KOOpPJMHAT, TO JJIs KOHEUYHOH peanu3aluy BUPTyalbHOU
MOJIEJIH TEJIa YeJIOBEKa NCTOYHUK JIaHHBIX HE Oy/eT UMETh
NPUHLMIIAAILHON pa3HULbL. [IpeiokeH bl NOAX0 JaeT
BO3MOYKHOCTh 3HAUUTEIIBHO YCKOPUTH Iporecc coopa aaH-
HBIX 3a CUET 3allUCU C IIOBBILICHHOW 4aCTOTOM KaJIpoB U
napajuleNbHO HA HECKOJIBKUX BUPTYaJIbHBIX CIIEHAX.

[IpoBeneHHBIN aHAIN3 BUPTYAJIbHBIX MOJIEJIEH Tena
YeJloBeKa MoKas3all, 4To JUISl €r0 PeKOHCTPYKIMH J10CTa-
TOYHO |8 KITOUEBBIX TOYEK. ITO COOTBETCTBYET MHOTUM
KOMMEPYECKHM pelleHusIM, Hanpumep, Perception Neuron,
ocHOBaHHOM Ha 18 ceHcopax [16]. Takum obpa3om, mpu
3aMMCH TaHHBIX HE0OXOAMMO (PUKCHPOBATh 54 3HAUCHUS
R. Pacnionoxkenue 3THX TOYEK TOJKHO COOTBETCTBOBATH
y3J1aM COEIMHEHHs OCHOBHBIX CETMEHTOB Tella UeJIOBEKa!
KHCTb, JIOKOTb, TUIEY0, KPaitHUE TOYKU CTOIIBI, KOJCHO,
Ta300€peHHbIIl CycTaB, KpaifHHe M LEHTpaJbHasl TOYKa
CIIMHBI, TOJIOBA.

Ha cnenyromem arare ocyIiecTBiIeH BEIOOp coueTaHn i
TPEKEPOB HA OCHOBE AMIIUPUUYECKOTO MOAX0/A B MOPSIIKE
MX IPHOPUTETHOCTH U yI00CTBA 3aKPEIUICHNS Ha TIOBEPX-
HOCTH TeJIa YeJIOBEKa: HadMHasl C KpalHUX TOUCK Ha pyKax
1 HOTaX, 3aKaH4MBasl TPOMEKYTOUHBIMH TIOJIOKEHUSIMH (Ha
KOJICHSIX, JIOKTSIX, CIIMHE | T. 11.). B ntore cpopmynuposano
6 TIPEATIOYTHTENBHBIX HA0OPOB, HAUMHAS OT TPOCTEHIIIETO
¢ 3 TOUKaMH M 3aKaHYMBAasi MAKCUMAJIbHBIM C 13 TOUKamMu:
— 3 TOYKHM: T0JI0Ba, MpaBasi 1 JIeBast KUCTb;

— 5 Touek: 3 TOUKHM ¢ T0OaBIICHUEM TPABOH U JIEBOM CTO-

B (30HA MATHI);

— 7 Toyek: 5 TOoueKk ¢ JA00aBJICHHEM MPABOTO U JICBOTO

JIOKTS;

— 9 Touek: 7 TOYeK ¢ 100aBICHHEM IPABOTO U JIEBOTO

KOJICHA;

— 11 Touek: 9 Toyek ¢ JOOABICHUEM MPABOTO U JIEBOTO

Ta300€PEHHOTO CYCTaBa;

— 13 Touek: 11 Touek c mo0aBICHUEM BEpXHEH U HU)KHEH

TOYEK CITHHBI.

[Mocrne 0Oy4yeHus HEMPOHHBIX CeTel Ha COOpaHHOU Oa3e
JTAaHHBIX OCYIIECTBIIACTCS UX TECTUPOBAHHUE Ha KOHTPOJIb-
HOM Habope ¥ BH3yalH3alusi MOJICIN Tella YeJI0BeKa JUls
OLICHKH BEJIMYMHbBI OTKIIOHEHHSI ITOJI0KEHUST BOCCTAHOBIICH-
HBIX TOYEK OT pealibHbIX. JIOMOTHUTEILHO PACCUUTHIBACTCS
Cpe/IHeKBaJPAaTHYHOE OTKIIOHEHHNE KOOP/INHAT BOCCTAHOB-
JICHHBIX TOYEK MO3bI OT OXKUIAEMBIX (Cpe/iHee 10 BCeM
TOYKaM M MaKCHMAJIbHOE 110 BCEMY TeIy YeJI0BeKa).

PeSyJ'II)TaT])I IKCIECPUMEHTAJBbHBIX ucc.nenonalmii

Ha niepBom sTare sKcriepuMeHTaIbHBIX NCCIEOBaHNI
OCYIIECTBIIEH cOOp JAaHHBIX C PAa3TUYHBIX HCTOUHUKOB:
THUIIOBBIE JBMKCHUS TeJla HECKOIBKUX JIIOZIEH C PasHBIMHU
(hu3nIecKMMHU TapaMeTpaMu U BOCIIPOU3BEICHHbIC aHUMa-
IIUH B BUPTYAIbHOM CIIeHEe (MCTOUHUK aHumanuii — CMU
Graphics Lab Motion Capture Database!). B coBokynHoctu
3TO MO3BOJINIIO coOpaTh 367 MiH 3anuceil 18 Tpekepos
(54 Toukm). B xauecTBe 00yUaroIeil BBIOOPKU HCIIOIB30Ba-
HO 3583 ThIC. 3amnHceil, B Ka4ecTBE KOHTPOJIBLHON BEIOOPKH
Ju1st TectupoBanust — 80 ThIC. 3anucei.

Ha npenBaputenbHOM dTare paccCMOTPEHO HECKOIBKO
TOTIOJIOTUH HEHPOHHBIX CeTe, YacTh M3 KOTOPBIX M3-3a
HEJJ0CTaTOYHOTO MJIM N30BITOYHOTO KOJINIECTBA HEHPOHOB
U CJIOEB HE JOCTHIIA HEOOXOJUMBIX 3HAYCHUH TOYHOCTH.
Jlnst BeIOOpa ONTUMANBHON TOTIONOTHH HEHPOHHOH ceTn
MIPOBEICH aHAIIN3 CICAYIOIINX TUIIEPIapaMeTpOB:

— HaJM4He cJoeB pa3pexxuBanus (dropout): {na, Het};

— YBeJIMYeHHE KOJMYEeCTBA HEHPOHOB Ha KaXJIOM MOCIIe-
JYIOILEM CJI0e: {/a, HeT};

— tun cioes: {Dense, ConvlD, RNN, LSTM};

— KOJIMYECTBO CKPBITHIX cioes: {1, 2,3,4,5,6,7,8,9,

10};

— KOJIMYECTBO HEHPOHOB B cKpbITOM cioe: {20, 50, 100,

200, 400, 800, 1600} ;

— Koim4ecTBo 210X {5, 10, 15, 25, 50}.

PesynbraTsl BIOOpa HaMIyYIINX THIEPIIApaMETPOB
TpezicTaBIeHsI B Ta0u. 1. [ BBIOOpa mapaMeTpoB B IEIAX
YCKOPEHHsI IIpolecca 00y4eHHs UCTIOIb30BaHa OTPAHUYCH-
Hast BbIOopka 3 5000 371eMEeHTOB TPEHHUPOBOYHOTO Habopa
1 (pUKCHPOBaHHBIN BXOJ[ M3 TPEX TOYEK MOJICIIH YEJIOBEKa.
B kxauecTBe (DyHKLIMHU MOTEPh MCIOJIB3YETCSl CPEIIHEKBA-
nparuuHas ommnbka — Mean Square Error (MSE). Jlis
BBIOOpA KaXKOTO I'HIleprapaMeTpa BHIIOIHEHA (DPUKCAIHS
OCTaJbHBIX AJIEMEHTOB U MOJIHBIN 1epedop 3HaUCHHUH Te-
KyIIero rumnepnapamerpa. Jlajgee ocymecTBiIeH Nepexon
K CJenyIoeMy mapaMeTpy ¢ (GpuKcanueil HaumiIydnero
3HAYCHUS! MIPEABIIYIINX TapaMeTpPOB.

Hawryumue nmoka3aTeny MoiaydeHbl ¢ TPUMEHEHHEM
MHOTOCJIOHOM CeTH U3 IATH MOTHOCBI3HBIX (Dense) croe
¢ xonmaectBoM Herponos ot 400 1o 1600, a Takke ABYMs
ciosiMu pazpexxuBanus. s GUHAIBHON apXUTEKTYPHI
CO371aHO 6 MOJIeJIel, pa3Mep BBIXOJHOTO CJIOS KaKI0H —
54 HeilipoHa, BXOAHOTO — BapbUpyeTcs oT 9 (Ju1d Tpex To-

I B. Hahne. The daz-friendly bvh release of CMU motion
capture database, 2010 [Dnektponnsiii pecypc]. URL: https://
sites.google.com/a/cgspeed.com/cgspeed/motion-capture/daz-
friendly-release (nara obpamenns: 01.09.2023).
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Tabnuya 1. CpaBHEHUE pa3JIMYHbIX aPXUTEKTYp HEHPOHHBIX ceTel

Table 1. Comparison of different neural network architectures

I'inepnapamer Beibpanoe 3nauenne Amnanu3 ajnbTepHaTHBHBIX BADMAHTOB
priap P 3HAYCHHE omubku MSE P P

Hanuuue cinoes pa3pexuBa- na 0,008 [pu BeI6OpE «HEe™ MSE BBINIE (0,010)

uust (dropout)

VYBenndeHUEe KOJIUYECTBA na 0,009 [Ipu BeI6OpE «HET» MSE BHITIE (0,014)

HEWPOHOB Ha KaJKIOM IOCIIe-

JIYIOILEM CII0€

Tun cnoes Dense 0,009 C y4eToM CTPYKTYpbI JTaHHBIX BCE aJIbTCPHATUBHBIC TUIIBI CIOEB
mokasainu cpaBHUMBIE pesynprarsl (o1 0,010 mo 0,012), He mpeBoc-
xomsmue Dense, mosToMy BeIOpaH Hanbosee MpON3BOAUTENBHBIN 1
MIPOCTOH THII CIIOEB

KonugecTBO CKpPBITHIX CI10EB 5 0,008 MSE Bbille npu MeHbIIEM KojaudecTBe ciioeB. Ilpu yBennueHuun
KOJIMYECTBA CJIOEB PACTET CJIOKHOCTb MOAEIH 0e3 3HAYMTEIbHOI0
yayumenuss MSE. Ilocne 7-8 cnoeB HaunHaercst poct MSE

KonugyectBo HEHpoHOB B 400, 400, 0,006 Ilomy4eHs! cpaBHUMBIE pe3ylIbTaThl A1 BceX BapuanToB 10 400 Heil-

CKPBITOM CJIOEB 800, 800, POHOB BKJIFOYHTEIILHO, JIAJTbIlle HAOMIOMaeTCs yXyAlieHne. MeHbliee

1600 KOJINYECTBO HEHPOHOB HE BBHIOPAHO ISl YHUBEPCAIBHOCTH apXHUTEK-

TYpBbI Ha OOJIBIIOM HaOOpe JaHHBIX U MIPU Pa3IUUYHOM KOJIIMYECTBE
BXOZIHBIX TOYEK

Konmgecto amox 10 0,005 TTocne 10-it samoxu mporece 00y9IeHIs 3aMETHIICS, CKOPOCTh YMEHb-
mieHust MSE 3HaunTensHO ynana

yek) 710 39 (s 13 touex). [Iponecc oOydeHus BHITOTHEH
B Teuenue 10 amox u npencrasieH Ha puc. 1. B pesynsrare
MOKHO CJIefaTh BBIBOJ, uT0 NN; 001agaeT HauMeHbIIei
TOYHOCTBIO, HO, TaK KaK B Ipolecce 00yueHHs TOYHOCTh
00yUYCHHBIX HEHPOHHBIX CETeH COM3MepruMa, HEOOXO MBI
JIONOJTHUTENbHbIE UCCIEOBAHHUS ISl OLEHKH MOITYy4eHHbIX
pe3ynbTaroB. s MPOBEPKU KauecTBAa HEHPOHHBIX CETel
U BEIMYMHBI OTKIIOHEHUS! BOCCTAHOBIEHHBIX TOUEK OT pe-
AJIBHBIX IIPOBEAECHA PEKOHCTPYKIHS BUPTYaIbHOU MOAEIH
Tena yenoseka. Ee pesynbrarel [uisl BceX HEHPOHHBIX Ce-
Teif mokazaHsl Ha puc. 2. KpacHbIe TMHUN COOTBETCTBYIOT

ATAJOHHBIM 3HAYCHUSIM TOYKaM MOJICIIHM Tella YeOBeKa, a
CHHUE — BOCCTAHOBJICHHBIM C IPUMEHCHHUEM COOTBETCTBY-
IolIeH i-0if HeHPOHHOI ceTH.

JIJ1s KOHTPOJIBHBIX JIaHHBIX PACCUUTAHO CpEIHEE OT-
KJIOHEHHE TI0 BCEM TOYKAM MOJYYCHHBIX BHPTYAIbHBIX
MojIeJIell Tena 1moyib3oBarelis (B METpax), MaKCHMaJIbHOE
OTKJIOHEHHE CPEJH BCEX TOYEK Tela, a TAKKE CPeIHHUE
OTKJIOHEHUSI ATUX BEJIMYUH B BBIOOPKE. Pe3ynbTaThl npen-
CTaBJICHBI B Ta0OM. 2.

AHau3 MPON3BOIUTEIFHOCTH 00yUYCHHBIX HEHPOH-
HBIX CeTell IoKa3aj, YTo CpelaHee BpeMs PEeKOHCTPYKIUH

a b
0,005 1 — TpenupoBouHast BEIOOpKa (i = 3)
0.950 —— TpenupoBouHast BeIOOpKa (i = 5)
’ = — TpenupoBouHast BeIOOpKa (i = 7)
| g 0.004 . — TpenupoBounas BeiGopKa (i = 9)
5 — Tpenuposodnas Beibopka (i = 11)
g — TpenupoBouHas BeiOopka (i = 13)
=
0,945 1 E
° 2 0,003
g g
g z
E 0,940 §
= g 0,002
— TounocTs (i = 3) 2
1 — TounocTs (i = 5) B
— Tounocts (i =7) g-
0,935 1 — Tounocts (i =9) 0,001 -+
— Tounocts (i = 11)
] — Tounocts (i = 13)
0 ' 4 ' 8 ' 0 ' 4 ' 8 '
Dnoxu Dnoxu
Puc. 1. Ilponiecc o0yueHHss HEHPOHHOM CETH: TOYHOCTh HEHMPOHHOM ceTH (a); 3HaueHus GpyHkuuit moreps (MSE) (b)
Fig. 1. Neural network training process: neural network accuracy (a); loss function values (MSE) (b)
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Puc. 2. PeKOHCTPYKLIUH BUPTYaJIbHBIX MOZIEJICH Tena I pa3iuyHbIX HeWPOHHBIX ceTeil: nepBast (a) u Bropast (b) mo3sl

Fig. 2. Reconstructions of virtual body models for various neural networks: the first (¢) and second (b) poses
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Tabnuya 2. CpaBHEHHE MOTPEIIHOCTH HEHPOHHBIX CETEH Ha TECTOBOW BBIOOPKE

Table 2. Comparison of the error of neural networks on a test sample

NN Cpeaﬂee OTKJIOHCHHE 110 BCEM TOYKaM MOICIIH MakcumanabHOE OTKJIIOHEHHE Cpean BCEX TOUCK
! TeJla 4CJIOBCKa (cpeJJHee 10 BBI60pK€ + OTKJ'IOHCHI/IC), M MOJICJIM TEJIa YCJIOBCKa (CpC)IHCC 110 BLIGOpKe + OTKHOHCHI/IC), M
3 0,0771 + 0,0459 0,2358 + 0,1290
5 0,0420 + 0,0236 0,1021 + 0,0559
7 0,0306 + 0,0186 0,0761 + 0,0485
9 0,0298 + 0,0198 0,0723 + 0,0474
11 0,0295 + 0,0186 0,0737 % 0,0406
13 0,0299 + 0,0168 0,0745 % 0,0376

MOJIEIIN TeJjla YejIoBeKa cocrasisieT oT 1,6 mo 2,8 Mc, 4To

obecnieunBaeT HeoOxomumoe ObicTponeiicTBre (110 300 BbI-

30BOB B CEKYH/Iy) U HE MOBJIHsIET Ha Pab0OTOCIIOCOOHOCTH
cuctem VR.

IIpoBeneHHbIE HCCNIEIOBAHMS TOKA3aJIH, YTO HCIIOIb30-
BaHME TPEX TOYEK HE SIBJISICTCS JIOCTATOYHBIM, TaK Kak 00-
y4eHHas TaKuM 00pa3zoM NN; HE MOJKET BOCCTaHABIUBATh
KOPPEKTHOE T0JI0KeHHE HOT. NN TOuHee O3UIIMOHUPYET
HIDKHHE KOHeuHOCTH. Vcrionb3oBanne 7 TOYEK MOBBIIIACT
TOYHOCTH PEKOHCTPYKIIMH IPH CIOKHBIX MOJOKEHHSX PYK,
0c00EHHO B JIOKTEBOH 30He. Jlanee mpumenenune 9 u 6onee
TOYEK OKa3bIBACT HEKOTOPOE MOIOKHUTEIBLHOE BINSHNAE, HO
OHO HE SIBJISIETCS 3HAYNTEIBHBIM M BU3YaJIbHO 3HAYNMBIM.

ITomyueHHble HEIIPOHHBIE CETH MOTYT HUCTIOIB30BAThCS
JUTSA PEIICHUS CIEAYIOMUX 3a1ad:

— NNj: BapuaHT AJs YIPOIIEHHBIX CUCTEM 3aXBara JBH-
JKEHUI, B KOTOPBIX HE TpeOyeTcsl OTCISKMBAHUE HOT U
TOYHOE TTO3UIIMOHUPOBAHKE PYK;

— NNjs: onTUMajIbHOE PeleHye 1711 OOIbIINHCTBA CUCTEM
VR Gnarozmapst BO3MOKHOCTH JIOCTATOYHO TOYHO MO3HU-
LIMOHUPOBATh BCE KOHEYHOCTH TOJI30BATEIIS;

— NN;: pelienue sl CUCTEM, TPEOYIOIUX BBICOKOM
TOYHOCTH TTO3UIMOHUPOBAHNS BEPXHNX KOHEUHOCTEH,
o0ecrieunBaloniee CPaBHUMYIO C Ooiee CIOKHBIMH MO-
JIeTSIMU TTIOTPEIIHOCTh BOCCTAHOBIICHHS.

C yueTroM HEOOXOIUMOCTH MUHUMM3AILNH KOINIECTBA
TPEKepOB JJIs IIIUPOKOTO criekTpa cucteM VR ontumanbsHas
TOYHOCTb PCKOHCTPYKIHH TEJIa YEJIOBEKA JOCTUTACTCA ITPU
5 1 7 BXOAHBIX TOUYKaX.

WuTerpanust 00y4eHHBIX HEHPOHHBIX CETE B CpeJIb
paspaborku cucreM VR TpeOyeT M3MEHEHUs UX apXUTEK-
TYpBbI ITyTeM A00aBJICHHS JTOTIOITHUTEIBHBIX MOJYJICH.

PaccMoTpum nx cienuduky.

Moayab ¢popMupoBaHusi HuM(ppoBoro npeacrap-
JIEeHUsI YEJI0BEKa MCIOIb3YETCs ISl B3aUMOICHCTBHS C
HEWpPOHHOH ceThlo. B xoze 3amycka MOIyssl yKa3blBaeTCst
KOJINYECTBO U PACIHOIOKEHUE BXOIHBIX TPEKEPOB B 3aBHU-
CHUMOCTH OT TEKYIIHMX HAaCTPOEK CHUCTeMbl. V3HavyambHO
IoAMOAYJIb HACTPOCH JIJIA pa6OTBI C UT'POBBIM JIBUKKOM
Unity u oubnuorekoit SteamVR a1t B3auMopencTBus ¢
Tpekepamu VR, HO MOXKeT ObITh MOIU(PHUIIUPOBAH, TaK KaKk
npeocTaBIsieT nHTepdeiic I MOoyYeHNs TOYEeK TPEKEPOB
W3BHE U IIepejiady BOCCTAHOBJIEHHOI'O TeJla YeJoBeKa B
MIPOU3BOJILHYIO CUCTEMY.

Monyab UHBEPCHOI KHHEMATHKH OCYIIECTBIISICT
JI0OCTpaBaHWE BUPTYaJIbHOTO aBaTapa Ha OCHOBE COBO-
KyIHOCTH TOYEK, 100aBIIsIsI HEOOXOAUMBIE CBSI3U MEXKy

HUMH. TakKe MOIYITb YIUTHIBACT HEKOTOPHIE (PH3HUECKUE
OTPaHUYEHHUS, YTO MO3BOJISIET KOPPEKTUPOBATH MTOJIOKE-
HHUE TOYEK, €CIIM OHU BBIXOMST 33 TPAHUIIBI JOITYCTUMBIX
MIPEIETIOB.

Monayabs Bu3yanauzanuu GopMUPYET BUPTYaJIbHYIO
CIIEHY U aBaTap MOJb30BaTelNs, IOCTPOCHHBIN Ha OCHOBE
JIAaHHBIX OT MOJIYJISl HTHBEPCHOM KUHEMATHKH.

DyHKIIMOHNPOBAHNE CHCTEMBI TOIJIa OCHOBAHO HE Ha
MPSIMOM HCTIONB30BaHWHU TOYEK OT TPekepoB VR, a Ha mx
OTIIpaBKEe B MOAYIb (POpMHUPOBAHUS IUPPOBOTO MPEACTAB-
JICHUS, TIOTyYeHNE BOCCTAHOBIICHHOTO Habopa TOYEK MOJIe-
JIU TeJa 4eJoBeka, (popMUpOBaHNE BUPTYaILHOTO aBaTapa
1 M3MEHCHHE MOJO0KEHUS UTOTOBOM MOJENH YEeIOBEKA.
CdopmMupoBaHHBII TaKUM 00pa3oM aBaTap OyZeT MaKCh-
MaJIbHO PUOJIMKEH K PealbHOMY TOJIOKEHHIO Tea C yue-
TOM MUHHMMAJILHOTO KOJIMYECTBA OTCIICKMBAEMbIX TOUEK.

OO0yueHHbIe HEHPOHHBIE CETH U MPOEKT, PEaTU3y IO
MHTETPALUIO TIPE/UIOKEHHOH KOHIEIIINH 110 PEKOHCTPYK-
UM MOJICJIN TeJla YeJIOBEKa, pa3MellleH B PEO3UTOPHH
GitHub!.

3akiarouenune

PaccMoTrpeHa 3aa4a MUHUMH3ALIUE TOUCK [T 00ecIie-
YCHUSI HCOOXOAUMOMN TOYHOCTH PEKOHCTPYKIIMU KHHEMATH-
YECKHUX MapaMETPOB JBHKCHUHN YEJIOBEKA B BUPTYaJIbHOM
npocTpaHcTBe. Vcmonb30BaHue CleIUaTU3HPOBAHHBIX
KOCTIOMOB TI03BOJISICT 3(h(hEKTHUBHO PEIIaTh JAHHBINA KJIACC
3aJ1a4, OJHAKO MOJOOHKIN MOAX0I CBA3aH C OOIBIIMMHU
3aTparaMmu, a 000pyIOBaHIE JOCTATOYHO YyBCTBUTEIHHO K
roMexaM ¥ HeyTOOHO /ISl TOBCETHEBHOTO MCITOIh30BaHMS.
Hcnons3oBanne e HEOOIBIIOTO KOJMYECTBA JATUMKOB
(TpekepoB BHPTyaTbHON PEeaTbHOCTH, KOHTPOIUIEPOB) IS
OTCJIC)KABAHUS KIIFOUEBLIX TOYEK TEJIa Y€JIOBEKA SIBIIIETCS
MEPCIICKTUBHBIM HAIMPABICHUEM C TOYKH 3PCHHS MaTepu-
aJbHBIX U BBIYMCIUTEIBHBIX 3arpar. J[Is TOYHON peKoH-
CTPYKIIMU Tejia YeJ0BEKa HEOOXOIUMO HMCIOIb30BaHUE
18 Touek OTClEKUBAHUS (IATYUKOB), UTO HE SIBISCTCS
ONTUMAJIbHBIM PEIICHUEM C YKOHOMHYECKOW U 3PrOHO-
MUYECKON TOYKHU 3pCHUS (HATYUKU HUMCIOT 10CTATOYHO
GorbIIoi pasmep).

IIpemyioxken noaxoa, OCHOBaHHBIN Ha YMCIEHHOM arl-
MIPOKCUMAITIH PErPECCHOHHON 3aBHCHMOCTH MEXITy OTpa-

I Penosuropuii GitHub DigitalShadowInMotion [DnexT-
pounsii pecype]. URL: https://github.com/Obukhov-Artem/
DigitalShadowInMotion (nara obpamenus: 22.05.2023).
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HUYCHHBIM TI0 pa3Mepy BEKTOPOM TOYCK OTCIICIKUBAHUS
U BEKTOPOM 18 BUPTYyaNbHBIX TOYEK, UCIIOJIB3YSMbIX IS
ITOJTHOM PEKOHCTPYKIIMU MOJICITH Telia YeJioBeka. B pamkax
moaxona chopMyIHpOBaHa PErPECCHOHHAS 3aBUCHMOCTh
MEX/1y peabHbIMU U BUPTYaJIbHBIMU TOUKAMH, [TOCTABIICHA
3aj1a4a ONTHUMHU3AIMK KOJIIMUECTBA TPEKEPOB. BhIMOIHEHBI
IKCHIEPUMEHTAJIbHBIC UCCIISIOBAHKS U O0YUCHBI TOMIOJIOTHH
HEHPOHHBIX CeTel /sl pa3InvHbIX HAOOPOB BXOIHBIX TO-
yek (o1 3 10 13). OnTumanbHast TOYHOCTh BOCCTAHOBIICHHSI
TOYECK ITOJIy4Y€Ha Ipu Su’7 BXOAHBIX TOYKAaX, YTO IIO3BO-
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JSIET YIPOCTUTH PEaIM3alliio CHCTEM 3aXBara JBHKCHHH,
MOCTPOCHUE BUPTYaJIBHOM MOJIEJIN Tella YeI0BeKa U BOC-
CTaHOBJIEHHE KUHETHYECKUX TapaMETPOB €ro ABHKECHHUH B
BUPTYaJIbHOW peabHOCTH. HOBM3HA MccieI0BaHus TakKe
BKJIIOYACT ITOAXO0M K COOPY JAHHBIX HE TOJBKO C PEAIbHOTO
YeJI0BeKa, HO M C BUPTYaJbHOW MOIEIH, YTO TTO3BOJIMIIO
YCKOPHUTH Tporecc cOopa nHPpopManuu s 00ydeHUs
HEHPOHHBIX CeTel M YBEJIMYUTh 00BEM JaHHBIX 3a CUET
MOJZICIMPOBAHUS PA3IUYHBIX NTATTEPHOB JBI)KCHHS Tela
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AHHOTALUA

Bgenenmne. [IpencTaBneHsl pe3ynsTaTel HCCIESJOBAHUS TOTPEITHOCTH METOAA TOMOJUHHOM IeMOYISIINE Ha OCHOBE
pemenuii Gpynkiun apkranrenca (PGC-ATAN). Meroz cBsi3aH ¢ HCIOJIB30BaHUEM (PUIIBTPAa HU3KHUX YACTOT B JAHHOM
anroputMe JeMonyssinuu (aser curnana. Meton. MccnenoBan MeTos IeMOAYISIMN HHTEP(HEPSHIIMOHHOTO CUTHAIA
metonoM PGC-ATAN. OGHapyKeHbI ¥ PACCMOTPEHBI IMOTPEIIHOCTH Ha dTare (HUIBTPALMHA METOIOM CKOJIB3SIIErO
CpeIHero. AHaJMTHYECKHU PACCYMTAHbI TONPABKU K CUTHAIY C yYETOM IOTPEIIHOCTH, BHOCHMON (QUIIBTPOM HHU3KHX
4yacToT. OCHOBHBIE pe3yJbTaThl. BoiBeneHbl popMyIibl Ul pacyeTa nonpaBok K curHanam Si(?), S»(2), S3(¢), S4(t)
TIOJTyYEHHBIM C TIOMOIIBIO (DHIBTPALMK NCXOIHOTO CUTHAIA, YMHOKEHHOTO Ha CHTHAJT OIIOPHOTO reHepatopa. BeimonHeHo
CpaBHEHME PE3yNbTaTOB PACYETOB C JAHHBIMU MATEMaTHUECKOTO MOJEIHPOBAHUS 00pabOTKH HHTEP(EPEHIHOHHOTO
curHana metogoM PGC-ATAN. Jlemomynsmus cCUrHaia ¢ y4e€TOM IONPAaBOK MOKa3alia, YTo BIUSHEE Ha (a3y CHIHajIa
OKa3bIBAeTCSI HEOOIBIINM IIPH HEBBICOKOH CKOPOCTH HArpeBa. 3aMe4eHO, YTO JJISI BBICOKOCKOPOCTHBIX IIPOIIECCOB
MOTPEITHOCTh MOXKET NPUBOANTH K CEPhE3HBIM MCKAXKEHHSIM MCKOMOH (a3l curnana. O6cy:kaenne. Paccunranusie
HOIpPaBKH K 00pabaTbiBaeMOoMy HHTEP()EPEHIIMOHHOMY CUTHAILY ITO3BOJIST YIYUIIHTh METO/ AEMOIYJISIIMKE Ha OCHOBE
BBIYMCIICHUH (DYHKLMM apKTAaHICHCA ¥ TOYHEEe PACCYUTHIBATH HCKOMYIO (ha3y CHrHaa.

KuioueBbie cjioBa
PGC, unrepdhepomeTpus, MOrPEIIHOCTH

Baarogapuoctn
PaGora BeimonHeHa npu GUHAHCOBOM MoOAAepKke MUHUCTEPCTBA HAyKH M BbIcIIero odpasosanus Poccuiickoit
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Abstract
In this paper, we study the errors of the homodyne demodulation method based on arctangent function solutions (PGC-
ATAN) which are associated with the use of a low-pass filter (LPF) in this signal phase demodulation algorithm. The
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method of demodulation of an interference signal by PGC-ATAN method is investigated in order to detect and consider
in more detail the errors at the filtering stage (the article considers the moving average method), and corrections to the
signal are analytically calculated, taking into account the error introduced by the low-pass filter. We obtained formulas
for calculating corrections to the signals S|(¢), Sy(¢), S3(¢), S4(#) which received by filtering the original signal multiplied
by the reference oscillator signal, the calculations were compared with the results of mathematical modeling of the
interference signal processing by the PGC-ATAN method. The demodulation of the signal, taking into account the
corrections, showed that, in general, the effect on the signal phase is small at a low heating rate, however, for high-speed
processes, the error can lead to serious distortions of the desired signal phase. These calculated corrections for processed
interference signal will improve the demodulation method based on the calculations of the arc tangent function and more
accurately calculate the desired phase of the signal.
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BBenenue

BoIOKOHHO-ONITHYECKUE HHTEPPEPOMETPUUCCKHUE JaT-
YUKH 00JIQIAI0T PSIIOM TIPEUMYIIIESCTB OJiarofapsi BEICOKOM
YyBCTBUTEIBHOCTH, HU3KOH CTOMMOCTH U HEBOCIPUUMYH-
BOCTHU K 3JIEKTPOMArHUTHBIM MoMexaMm. JlaHHbIe JaTuuKu
YCIIEIIHO [IPUMEHSIIOTCS BO MHOTUX OOACTSX, TAKUX KaK
BUOPOMOHUTOPHUHT PA3THYHBIX 0OBEKTOB, MMOJBOHOE aKy-
CTHUYECKOE 30HUPOBAHHIE, 1e(HOPMALIHOHHBI MOHUTOPHHT
00BEKTOB, U3MEPEHUE CKOPOCTH MPEIECCUH THPOCKOIIOB,
HEKOTOPBIC XUMHUCCKHE HJIH OHOMEIUIIMHCKUE, a TAKIKE
TEeMIIepaTypHbIC U3MepeHus. IJ1si BOCCTAaHOBIICHHUS aKyCTH-
YECKOT0 CUTHAJIA C BBIXO/a HHTEP(EPEHIIMOHHOTO JaTYrKa
HCIIOB3YIOT aJITOPUTM JIEMOAYISIIIUU C TCHEPUPYECMOM
¢azoii ecymier (PGC). DTOT anropuT™ aKTHBHO HCIIOJb-
3yeTCs M3-3a €ro MUPOKOr0 TUHAMUYECKOTO TUara3oHa,
XOpotiei THHeHHOCTH (Ha30BON XapaKTEPUCTUKHU U BBICO-
KO 4yBCTBHUTEILHOCTH.

3anumem curxai ¢ poronguona S;,(f), HocTynaromuii Ha
CXeMy FOMOJIMHHOTO JICTeKTUPOBAHHUS B BH/IC:

Sin(#) = Lo(1 + nf0))(1 + Veos(Ceos(w 1) + ¢(f) + n,(1))) +
+ nc(t)a

e n p(t) — (ha30BBIi IITyM, BOSHUKAIOIHN H3-32 YACTOTHO-
TO IIIyMa JIA3ePHOTO UCTOYHUKA; 71,(f) — LIyM JIEKTPOHHOM
cxeMblI ((OTOIEKTPUIECKHUE MPeodOpa30BaHUs, YCHINTEIN
U CXEMBI JJMCKPETHU3aIUH), KOTOPBIH MOXKHO CMOJIEIINPO-
BaTh KaK aJAIUTUBHBINA O€Nblil rayCCOBCKUN LIyM; 1 (f) —
LIYM MHTEHCHBHOCTHU CBETa, UCXOJSILINH OT JIa3€pHOTO
UCTOYHHKA, MOLYISITOPA, ONTUYECKUX yCUIUTeNnel; [, —
CpEeIHsSI MHTEHCUBHOCTD MHTEP(EPEHINOHHOTO CUTHA-
na; V' — napametp BugHOoCTH; C — TiryOMHA MOIYIISILIAN
(ammuTyna Hecyueit); ©, = 21y, — 4acToTa MOLYJISLIUM;
v, — 4dacToTa kojebaHuii; ¢(f) — dasa, 3aBucsas ot
M3y4aeMOro CUTHaa.

Anroput™ PGC akTHBHO H3ydaeTcsi, HCCIEAYIOTCS Ipa-
HUILIBI €70 IPIMEHUMOCTH, PACCUMTBIBAIOTCS IIOTPEITHOCTH
U MOTIPaBKU K METOJY JJIsl TOTO, 4YTOObI Ka4yeCTBEHHEe U
s peKkTUBHEE BBIIEISTh HCKOMYIO (ha3y CUTHAIA.

L{eab paboOThl — MOWCK MOI'PELUIHOCTEH, BHOCUMBIX
¢unsrpoM Huzkux yacror (PHY) B curnan, npeacrasis-
1omuit coboif yMHOKEHHE HHTEP(EPEHIIMOHHOTO CUTHAalIa
1 CUTHAJIA C OIIOPHOTO TeHepaTopa.

00630p mpeabITYIINX HCCTeT0BAHUI

CymiecTByeT HECKOJIbKO BapuaHToB anroputma PGC.
Bce anropuTMbl HaUMHAIOTCS C MpOLiecca TOMOAMHHOMN
JEMOIYIIALNY, OCHOBAaHHON Ha yMHOXEHHUU CUTHanNa S;,(7)
Ha CHTHaJI ONOPHOTO TeHeparopa, KOTOPBIH MOXKET UMETh
TapMOHMKH YaCTOTHI MOJYJISILIMHU OT TIEPBOI JI0 YETBEPTOM
B 3aBHCHUMOCTH OT CXEMBI, U MOCIEAYIOMmEeH QHIbTpaliun
pe3ynbTara ¢ MoMOIIBI0 (PIITBTpa HU3KOW 9acToTHI. [locie
(ubTpanyy MoayvyaroT HU3KOYaCTOTHBIE CHUTHAJIBI, 000-
3HauaeMsle S;(f), tne k=1, 2, 3, 4 — HOMEp yMHOXKaeMOi
rapMoHHKH. CUrHaBI S(f) 3aBHCAT OT U3MepeMOil (a3bl
¢(?), KOTOPYIO HEOOXOAMMO M3BJIEYb C TOMOIIIBIO TOCIEY-
IoIICH 00pabOTKH.

OTMETHM OCHOBHBIC AJTOPUTMBI 00PabOTKU CHT-
HanoB. B pabGorax [1-5] mpenmoxen meron nud-
(bepeHIUPOBAHHOTO IEPEKPECTHOTO YMHOXKCHUS
(differentiate-cross-multiply, PGC-DCM), ocHOBaHHBIH
Ha quddepenunpoBanun curHaioB S (f) u S,(¢), ux nepe-
KPECTHOM MEPEMHOXXEHUN U MHTETPUPOBaHUH. B pe3yrbra-
Te MONYYCH CUT'HAJI, IPOTIOPIIHOHATBHBIN N3ydaeMoi (aze
¢(f). DTa cxema MO3BONIAET BOCCTAHABINBATH N3MEPEHHBIE
(ha3oBbIE CUTHANIBI U3 CHUTHAJIA IIOMEXU HE3aBHCHMO OT
paboueii Toukn MHTEphepoMeTpa, OJHAKO Ha Hee BIIU-
sieT 3¢ et Bo3mylieHuss HHTeHCUBHOCTH cBeta (Light
Intensity Disturbance, LID). B padorax [6—8] npemioxeH
METOJl IeMOAYISAIMH, ucnonb3ytomuil Mmetoq PGC-ATAN,
KOTOpBIN ycTpanser BaustHue LID, ogHako pesynsrar ne-
MOJYIISIIUM CTPOTO 3aBUCUT OT NIyOmHBI Moxyisiunu C.
Ecnu mmyonna nemonynsimu C oTKIIoHseTCs oT 2,63 par,
Ppe3yabTaThl IeMOAY/ISIIK OyyT UMETh CEpbE3HBIE FaApMO-
HUYECKHe HCcKaxeHus. B padorax [7-14] chpopmynmupoBan
yayumeHHbii anroput™ PGC, 0CHOBaHHBIN Ha BBIYHCIC-
HUU QYHKIIUH apKTaHTeHca U nuddepeHnnansbHOM yM-
HoxkeHnu (DSM). g cXeMbl JeMOAYIANNHA anropuTMa
PGC na ocnose nonxonos PGC-DCM [9] u PGC-ATAN
pazpaboraHbl rHOpUIHbIE aNropuT™Msl [15-26], Takue Kak
PGC-RCM [19], ynyumennsiit PGC [20], PGC-DCM-
ATAN [21], PGC-ARCCOT-DSM [22], PGC-ATAN-DSM
[23], PGC-DSMI [24], PGC-Elim-B [25], PGC-Elim-BC
[26]. B paGote [12] ucciemoBaH anropuTM, OCHOBAHHBIH
Ha BBIYHMCIICHUH YETBIPeX CUTHAIOB S1(£), S5(1), S3(1), S4(?),
MOJIyYaeMBIX C MOMOIIBIO YETHIPEX FapMOHHUK YaCTOTHI
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MOJYJISIIIUUA. DTOT aJTOPUTM YCTOHYMB K (IIyKTyarusim
WHTCHCUBHOCTH JIa3epa, NIyOUHBI MOIYJISIIUH, [TOJIOKE-
HUsI paboyeii TOYKH U UMEET OOJBIION TUHAMUYCCKUN
nranazoH. B mepeuncieHHpIX paboTax MCCaeI0BaHbI ITy-
MOBBIE XapaKTEPUCTUKU JIEMOIYIHpPOBaHHOU (a3bl ¢(f) 1
ormedeHo, uto ®HY BHOCHUT OTPENTHOCTH B H3MEPSIEMYTO
¢azy. [eranpHOe mccnenoBanne norpemHoctr or @HY
nccienoBano B pabore [6]. Tem He MeHee, B yKa3aHHBIX
paboTax He ucciaenoBaHbl MOrpenTHoCTH, BHOCHMbIe DHY
B JIEMOJLYJIUPOBAHHbIE CUTHAIBI S;(7), ..., S4(7).

B nacrositieit padore ucrionbzoan mertox PGC-ATAN.
[IpenebpekeM MIyMOBBIMU XapaKTEPUCTUKAMH B CHTHAJIE
S;,(%), KOTOPBIH 3aMuIleM B BUJIE:

S;,(t) = A + Becos(Ccos(m,f) + ¢(1)), (1)

rae A 1 B — KOHCTaHTBI, OIIpe/ielIsieMble HHTEHCUBHOCTBIO
1 BUAHOCTBIO ONITUYCCKOI'O U3ITYUYCHUA.

Hccnenyem nmompaBKu K MOJYYEHHBIM CUTHajaM
S1(9), ..., S4(t) mocne ux odpadorku GHY.

Ha puc. 1 n3obpakeHa cxema roMOJJHHHOM J1eMOJTyJIsi-
LMY Ha OCHOBE pelIeHni (QyHKIMHU apKTaHreHca (MeToj
PGC-ATAN) [10].

®HY - ckoJib3silee cpeHee

HVcyeprbIBatoIMMHU XapaKTepUCTHKAMH JIF000TO JIMHEH-
HOT'O (hUJIBTPA SIBIISIIOTCS B OIIEPATOPHOM IIPOCTPAHCTBE —
niepenarovyHasi pyHKIUs, BO BpEMEHHOM MPOCTPAHCTBE —
HUMITyJIbCHAsI XapakTepucTuka. Mcrnonb3yeM B KauecTBe
@®HY HepekypCUBHBIN JTUHEHHBIH TUCKPETHBIA (QHIBTP.
3anuireM ypaBHeHUE (PHIBTPALIIH, UMEIOIIEE BH] CBEPTKH
CHUTHAJIa C UMITYJIbCHON XapaKTEePUCTUKOM:

P-1

Vi= 2 X by ()
J=0

Miltiplier

X/Y

rae y; — k-0e 3HaueHUE BBIXOJHOIO CHTHANA; X; — j-0€
3HAYCHUE BXOJHOIO CHUTHAIA; b; — OTCUCTHl UMIIYIlb-
CHOM XapakTepUCTHKH QHUIBTPa; P — MOPSI0K QUIBTPA.
Hccenemyem nmpocToii GMIIbTp CKOJNB3SIIETO CPEHET0, IS
KOTOPOTO UMITYJTbCHAS XapaKTePUCTHKA paBHA

1
b.=—j=0,1,...,P—1.
J PJ

[Tocne mpeoOpazoBaHUs 3aUIIEM ypaBHEHHE (PHTBTpa-
U U1 QUIIBTPA CKOJIB3SIIIEr0 CPEHEro

1 &
e I_Jj:kszﬂxj.
MMpuk=n+P-1
1n+P-1
=% FZn X €)

rie P — uHTepBan ycpenHeHus (Mopsnok GUiIbTpa); oy
— 9acTOTa JUCKPETH3AINH; (O, — YaCTOTa MOJYJISIIHH:

®
p=—"1 )
O,

HaiieM aMIINTYIHO-4YaCTOTHYIO XapaKTEPUCTUKY
K(o) ¢punbtpa (3)
. ®
sin (TE —)
(‘OC

=5

b

. ®

sin|m—

Q¥

rae 7; — nepuoj JUCKpPETHU3aINH.

Jetextupyemsiit curaan aaroputma PGC (1) mpu mo-
CTOSIHHOM (1)336 HU3MCHACTCA BO BPpEMCHH Ha YacToTax,
KPAaTHBIX YaCTOTE MOILYIISILIUH ©,.. JIJIsl TPaBUIILHON paboThI

1n+P-1
K()=|= X exp(-ioTji)
P i=n

Phase ~p(1)

Unwrapping

ATAN '

Miltiplier
ADC
—_
3 ‘ C evaluation and
* cos(3eof) | correction scheme
[ ':‘ v Miltiplier
Miltiplier © C| Emor |g, i A,
* cos(4mot) evaluation =l evaluation | ) 1' |
(X LPF block block el to DAC
Miltiplier ’ c cos(wof)
0

Puc. 1. Cxema romoauaHOi nemonyisiin Metona PGC-ATAN: ADC — ananoro-mudpoBoit mpeodpaszoBarens; RO — onopHsIi
reHeparop; LPF — ¢unsTp Huskux gactor; X/Y — onepanust nenennsi; ATAN — omepariyst BRIYHCICHHS 3HAUCHUH (QYyHKIINH
apkranrenca; Phase unwrapping — 6ok noBopaunBanus dassl; HPF — ¢uisrp Beicokux wactot; C evaluation block — 610k

BBIUMCIICHNUS TTyOuHBI Monytsiun; Error evaluation block — 6ok pacuera omubok; Pl-regulator — cxema oOpatHO# cBs3n
¢ unrerparopom; DAC — nndpo-aHanorosslii mpeodpasosarens
Fig. 2. PGC-ATAN demodulation scheme: ADC — analog-to-digital converter; RO — reference oscillator; LPF — low pass filter;
X/Y — division block; ATAN — arctangent function block; Phase unwrapping block; HPF — high pass filter; C — evaluation block
and Error evaluation block; PI-regulator — integrator feedback scheme; DAC— digital-to-analog converter
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aIropuTMa HEOOXOMMO, YTOOBI ITH YACTOTHI SBISUIMCH
Hyasimu K(m). UMeHHO 2TUM cBOMCTBOM 00ianaer am-
IIUTYAHO-4acTOTHAs Xapakrepuctuka ®HY-ckonp3siee
cpennee (5). HegocrarkoM 3Toro uiasTpa, Kak U APYrux
JIMCKPETHBIX (PHIIBTPOB, SIBISIETCS OrpaHUYEHHE JIaa30Ha
(UIBTpanUY 110 YaCTOTE: YaCTOTa CHUI'HAJIA HE JI0JDKHA ITpe-
BOCXOAMTH 4acToTy KoTenbHNnKOBa, paBHOM TMOJIOBUHE O;.
Wuaue rosops,
o P
—< (6)
o, 2
OOnacTh U3MEHEHHUs1 4acToT B curHaie (1) 3aBUCUT OT
napamerpa r1yonHsl Monynsuuu C. OOBIYHO BBIOUPAIOT
OIITHMAJIBHYIO TIIYOMHY MOJYJISILIMH:

C=2,6.

Torna B curnane (1) MOKHO OrpaHUYHUTHLCSI IEPBBIMHU
TISITBIO TADMOHMKAaMH, U, KaK CIIC/ICTBUE, BEIOPATh ITyOUHY
¢unpTparm P > 20. 3amumem Gopmyry (3) B HEpephIB-
HOM (hopme:

T, , (7)
vy =—[ x(¢)dr
T c t
rae 7, — nepuoj MOLYJISINY.

B aTOM cityyae aMIUTUTYTHO-4aCTOTHAS XapaKTePUCTH-

Ka UIIBTpa IPUMET BU]L

o)
| T, sin (n —)
T | exp(—iwt')dl‘——mc )

c t

K(w) = ®)

T—
(O]
XapakTrepucTuku (5) u (8) COBIATAIOT, MPH yCIOBUU
(6). s pacueroB ypaBHeHHE (prbTpa (7) B HEMPEPHIBHOM
(bopme ymobHee, ueM TUCKpeTHOe ypaBHEHHE (3).

Pacuer MONMpPaBOK K CUTHAJIaM

B Gi10ke rOMOJAMHHON JEMOIYJISIIUN BBIOJIHSIETCS
yMHOXkeHue curnana S;,(f) (1) Ha rapMOHUKH 4acTOTHI
O, 3a7al0lIero reuepaTopa ¢ Homepamu » = 1, 2, 3, 4.
[Tonyuennoe npoussenenue npomyckaercs yepes ®HY, B
KadecTBE KOTOPOTO Oy/IeM NCIIOIB30BaTh (DHIIBTP CKOIB3SI-
IIETO CPEIHEro, GyHKIHMOHUPYIOMINH, COITTACHO COOTHO-
mennio (7). B pe3ynprare BBIACTAIOTCS NCKOMBIE HU3KO-
YaCTOTHBIE CUTHAIBI S,(7)

HT,

S0 =" [S,,(f)cos(rot)dt.
c t

[Toncrasum (1), momydnm
$.0=50+57),

rae
1 z+TE
S,(C)(t) :BF | cos(Ccos(w, t'))cos(o(t"))cos(rw,t')dt’
c t
1 Z+TC .
S,(S)(t):fBF [ sin(Ceos(e,))sin(e(t'))cos(ro)dt

c t

B dopmyse (1) mapamerpsr 4 u B HTOJ'IaFa}OTCH HE 3aBU-
T,
CAIMMHU OT BpeMeHH, unterpan A— | cos(rw t')dt’ paBen

t
HyIt0 (cBOMCTBO (8) dhmibrpa CKom:351u1ero CpEJIHEero).
[Nepenwuinem curHasbi S,C)(t) u S,(S)(t) ¢ oMok (op-
Myibl SIkoou—Amrepa [27].

cos(Ceos(@,)) = Jo(C) + 2 g 1)k (C)cos(2ka,t),
sin(Ceos(,t")) = 2 50(—1)kJ2kﬂ(Qcos((zk + Do ).
Torna 7
5\ = B(Jy(O)A4 (1) + 251(*1)”21((@1421{,&0),
s =28 é()(—l)kJM(C)szH,(r),

rac

+T,
Ay (D) = F [ cos(2km, t')cos(o(t))cos(rm t')dt';

c t

1 T ©)
By (1) = F [ cos((2k + D, #")sin((t'))cos(ro £ )dt'.
et
[osicHuM, 1O KaKo# IpUYMHE JUIS aHAIH3a TOTPELIHO-
ctei Gprmsrpanmu 0601 BeIOpaH @HY cromb3siero cpen-
Hero, oOmamaromuii cBoiicTBoM (8). PaccMoTpuMm mHTETpan
Byjt1 ,f) IpH yCIOBMY HE3aBUCUMOCTH UCKOMOH (asbl ¢(7)
oT BpemeHu. MimeeM

t+T,
By (t) = sin(o) - [ cos((2k + D, t')cos(rw ')t .
ct
U3 popmymer (8) criemyert, uro mpu yciaoBuu » = 2k + 1
1.
HONYyYUM By, () = —sin(@), B IPOTUBHOM CIIyudae TOT
’ 2

HUHTErpan paseH Hymto. Jpyrumu cioBamu, ®HY ckonb-
3SIIET0 CPEHEro MACaTbHO OT(GHILTPOBEIBAET BCE Tap-
MOHUKH 33JIafOII[ETO TeHEPaTOpa W MPaBHIBHO BBIJICIISCT
HU3KOYACTOTHYIO YacTh CUTHANA (IIPH YCIOBHH, UTO (a3a
HE 3aBHCHUT OT BpeMeHn). Eciu (ha3a MeHsieTes BO BpeMeHH,
TO (prunbTpanyst BHOCUT HOTPELIHOCTh B HCKOMBIH HU3KO-
yacToTHBIN curHai. [lonpaBku x S(?), ..., S4(¢) Hailnem
IIPU yCIIOBUU
. r
g:m« Lt<t<t+T,
.
rae & — napamerp MajloCTH.
IIpu 3TOM yCIOBUU MOXKHO Pa3ioXUTh ¢(f') B psiA
Teiinopa B uaTerpanax (9):

o) = o) + o()(t' - 1).

OrpaHu4uMcsl BRIYUCIEHUEM MOTPABOK TIEPBOTO TO-
psaKa mo mapamerpy &:
0
5,(0) = 5.(1) + EAS (0. (10)

Haiinem unrerpanst Ay, (1), Byjyy ,(f) € TOYHOCTEIO
JI0 TIEPBOTO TIOPSAAKA MO MapamMeTpy &.
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st Ay ,(2) nomyunm

0 1
A () = By A5 (1) + €4S (1),

t
Ag;c)Zk( 1= COS(;)( )),
1)) sin(4ko .t
Ag}c)2k( = sm(2(p( ) s1n(4kco ),
4D sm((p(t)) sin((2k + o)  sin((2k — r)o.f)
Ao (1) = + )
2 2k+r 2k—r

NpU YCIOBUH, UTO 7 # 2k.
Houst Appiy ,(2) mOyanm

1
Boj1 A0 = 8ppe1y rBZk+1 AD+ §B(Zk)+1,r(f),

0 sin(¢(?))
ng)+l,2k+1(t) ==,
J0) _ cos(p(?)) sin((4k + 2)w 1)
24+1,25+1(0) 5 P
B0 )= cos(o(?)) (sin((2k + 1 — r)o.t) .
B ) el
. sin((2k+ 1+ I”)ODJ))
2k+1+r

TIpH yCIOBHH, 4TO 7 # 2k + 1, 1€ 6, ,,
Kepa.
Paccunraem HyneBoil nopsnox aist S,(f):

51%) = 2B1,(0)BY) (1) =~ BJ(Csin(o(1)),
552t = ~2BI,(O)AS)(1) = BI(C)cos(o(1)),
$(t) = 2BI(C)BYN() = BI(C)sin((1),
$3t) = 2BI(C)A40) = BI(C)eos(().

— cumBon Kpone-

rae Jy, Jy, J3, J, — dynkuun beccens nepsoro poxa 1,2,3
U 4 TIOPSIIKOB COOTBETCTBEHHO.
INompaska nepsoro nopsinka i S,(f) (10) nmeer Bug

AS,(t) = BU(O)AG)(0) +2 PG DRy (C)ASy (1) —
-2% (_l)kJ2k+l(C)B2k+l,r(t))'
=0

rae J, — ¢ynkuus Beccens nynesBoro mopsuka; J,, u

Jrir1 — ynxuun beccenst 2k u 2k + 1 mopsiaxos.

IMpumenenue merona PGC-ATAN
IJIs BhIumncyiennst gpasnl Q(7)

Kparko onumem nporokon aeiicrsus merona PGC-
ATAN, ucnonb3yeMblil JUisi YUCIEHHOTO MOJIETUPOBAHUSL:

1. 3agamum curHan ¢ gerekropa (1), ¢ 3aBucsImei oT
BpeMenu (aszoit () U yacTotoit Momysimn v, = 2-104 I,
PaccmoTpuM /1Ba ciydasi: MeAJICHHOE H3MEHEHHE (a3bl

(1) = mcos(0,05v,1), & ax = 0,025 (11)
U OBICTpOE M3MEeHEeHHE (a3bl

0(f) = 161c0s(0,05v,8), &, = 0,4, (12)

2. YmuoxuM curHai (1) Ha cos(royt), r=1,2,3,4 u
JIUCKPETU3UPYEM pe3ybTaT C YaCTOTON JAUCKpPETU3alUun
vy =2-100Tm.

3. IIponyctum nonydeHHble BekTOpbl uepe3 OHU-
cKoub3dmee cpenHee (2) ¢ mopsinkoM dunbTparmu P = 100
(4). MHonyunm yeTbIpe AUCKPETU3MPOBAHHBIX CHUTHAIA
S1(0), ..., S4(0).

4. ITpuMeHNM TpOUEAYPY apKTAHTEHCA M BBIYUCIUM
HCKOMYIO (ha3zy:

. 3 Sy(0)(Sx(0) — sl(r»)
= arct _ . 13
o) = are an(J 2 S5(O(S:0) — Su0) =

PasenctBo (13) cnpaBeanuBo Onaronapst U3BECTHBIM
cBoiictBaM (pyHKIHH beccerns nemoro mopsaka.

Haiinennas takum oOpazom (asa ¢(f) OyaeT oTInyarbes
OT UCTHHHOH (ha3bl ((f) U3-3a HATUYHUS MTOMIPABOK (QHIIBTPa-
uu. Hafimem mompaBku mepBoro mopsiaka K (ase gepes
morpaBKy A(f) K BEIpaKEHUIO

3 55050 — $i1(1) _

0= S0 - 540)
Sm(q’(t))) 1+ EA(f 14
(COS(W)) (1+ EA(). (14)

[Ipeodpaszyem Boipaxkenue (14) ¢ moMorp0 HopMyIibl

(10)

A = AS3 (1)  AS;(0) —ASI(1)  ASy (1)  ASy (1) — ASy(D)

SO0 SO0-5 S0 SV -

[Momyunm popmyny I UCKaXKEHHOH (a3bl ¢ TOUHO-
CTBIO [IEPBOTO IOPsIIKA

§(7) = arctan (VF(7)) =

i (15)
= arctan (M ( 1+ l—éA(t)) ) .
cos(o()\ 2

Brerancnenue apkranrenca (15) gact uckomyto ¢aszy ¢
[IOIPABKOM:

¢(0) = o(0) + &) (16)

B wurore 3anumem

1
<P(1)(f):5005(®(f)) ASy( )— ASl(t))+

+
J3(C)  4J,(0) 4J,(0)

AS4(r>) (17)

1. C
IO o 6J3(0) Ao

PesyabTarsl

Pesymnbrarel 4MCICHHOTO MOJCIHPOBAHHS IO Me-
tony PGC-ATAN mnpencraBieHsl Ha puc. 2 U puc. 3.
[Tomyuennsie TpaduKu MOTPEITHOCTEH T1eMOTYIAINH (a3bl,
PACCUUTAHBI C TIOMOLIBI0 MaTEMATHYECKOTO MOJAEIHPOBa-
HUSL (9KCTICPUMEHTAIIbHASL IIOTPELIHOCTD Sy (1) = o) —
—¢(?)) u o ¢popmyiam (16) u (17) (TeopeTrueckast mo-
rpemHoCTh 8,,(f) = E(Ne(D(F)). Ha puc. 2 npuseneHo cpas-
HCHHE [OIPELIHOCTEH Sy y(£) U Oy,(f) AUIsL MEIJICHHOTO U3~
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Puc. 2. PaccunraHHasi aHAJIUTHYECKUM METO/IOM HOTPELIHOCTh
Sexp(?) (CHHUIT LIBET) M UMCICHHBLI SKCTIEpUMEHT O (1)
(xpacHbIit 11BeT) 111 HeOOMbIIOH cropocTn Harpesa (11)

Fig. 2. Analytical calculated error 8,,,(7) (in blue) and numerical
experiment §,,(f) (in red) for a low heating rate (11)

MeHeHust passl o ¢popmyse (11), Ha puc. 3 — 8., (¢) u
d,,(¢) nnst GpIcTpOTO M3MeHeHus (asbl o Gopmye (12).
Jns mepuoanyeckoro u3MeHeHns Ga3bl U omuoKa u3-
MEHSIOTCS nepuoandecku. Ha pucyHkax mpencTaBiIeHO
HECKOJIbKO TieproioB. Omubka Benuka B 00JaCTH MaKCH-
MaJbHOW CKOPOCTH M3MEHEHHs (a3bl U Mana B o0acTu
MHUHUMAaJIbHON CKOPOCTH.

3akarouenne

HcenenoBaHbl HOTPEIIHOCTH B CUTHAJIE, CO34aBAacMbIe
(UIBTPOM HU3KHX YaCTOT CKOJIB3SILIEro cpesHero. B pam-
Kax IpeAbLIYyIIUX UCCIeA0BaHUN OUOKY B cUrHanax Sy(f),
S,(1), S3(1), S4(¢) u3-3a GuiabTpa HU3KUX YACTOT UCCIIE-
JIOBaHbl HE ObUTH. PUIBTP HU3KUX YACTOT CKOJIB3SILETO
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Fig. 3. Interference signal phase errors for fast processes
(12). The theoretical error §,,(¢) is shown in blue, numerical
experiment J.,(7) is shown in red

cpexHero ObUT BEIOpaH HeCTy4altHO, OH IPOIIE U UICaTbHO
OT(UIBTPOBBIBACT BCE TAPMOHHKH 3a/IafOIIEro TeHeparopa
U NPaBUJIBHO BBLIENSET HU3KOYACTOTHYIO YacTh CUIHAJIA
(ipn ycioBum, uTo (ha3a He 3aBUCUT OT BpeMmeHn). Kak cire-
JyeT U3 IPUBEIEHHOTO HCCIIEI0BAHH)S, BEIMYMHA ITONTPABKA
K CUTHAJIbHOHU (Daze 3aBHCHUT OT CKOPOCTH €€ M3MEHEHUSI.
Takum oOpa3om, TUHAMHUYECKUH nuana3on metoaa PGC-
ATAN ormpenensiercsi He TOJBKO BEIMYMHON (ha30BBIX U
AMIUTUTYIHBIX IIYMOB, HO M CKOPOCTBIO M3MEHEHHUS CHT-
HaJIbHOH (azbl. [TomydeHHbIe pe3ysIbTaThl O3BOJISIIOT YITyd-
muTh kauecTBo Metosia PGC-ATAN u TouHee onpeneinuThb
€ro JMHAMUYECKUH AHana3oH.
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AHHOTAIUA

BBenenne. CoBepiieHCTBOBAHNE TEXHOJIOTHH U3TOTOBIEHHS THPOCKOIIMYECKUX MTPUOOPOB, SBISIOMINXCS aBTOHOMHBIMH
JTaTYNKaMH BEIpaOOTKH MapaMeTPOB JIBIKEHHS 00BEKTOB, IMEET CTPATETHUECKOE 3HAYCHHE U SBIISICTCS IPUOPUTETHBIM
HaNpaBJICHUEM PA3BHUTHUS PA3IMYHBIX OTpaciieil MpOMBIIIICHHOCTH. OOBEKTOM HCCIICAOBAHNS BBICTYIIAIOT POTOPHI
MIAPOBBIX THPOCKOIIOB, TEOMETPHICCKUE TTAPAMETPhI KOTOPBIX MPEIONPEIEIISIFOT TOYHOCTHBIE XapaKTePUCTUKH TIPHOOpA.
B pabote mpejcTaBlieHbl pe3yabTaThl MOJICITHPOBAHUS MPOIIECCa KOPPEKTUPOBKU (POPMBI pOTOpA HA CTAJHH €TO
M3TOTOBJICHHUS B TIPOIIECCE HATIBUICHNS (DYHKIIMOHATBHOTO MOKphITUs. MeTton. [IpemioxkenHas MareMaTiyeckas Mojieib
Ipolecca HalbUIEHHsI OCHOBAHA Ha Pa3sMEIIEHNH MEXIY POTOPOM M HCTOYHHMKOM IOJBH)KHOTO 3KpaHa C OTBEPCTUEM.
Ocb dKpaHa JIeKUT Ha THHAMHYECKOW OCH pOTOpa 1 00ecreurBaeT HaHECEHHE OKPBITHS Ha TIOBEPXHOCTh CHeprIecKoro
cermenTa. Llenpro s pa3paboTKH MaTeMaTHYeCKOH MOJENH MOCTYXHIa HEOOXOAUMOCTh yIIPaBICHHUS TeOMETPUEH
HANBUIIEMO} TTOBEPXHOCTH. YIIPaBIEHHE MOKHO BBIITOJHUTH C TIOMOIIBIO 9KpaHa C OTBEPCTUEM IIPH HCIONb30BAHUHT
TOYEYHOTO NCTOYHUKA HAIBUIIEMOT0 MaTtepuaia. [lepemeriene skpana Hik poTopa BIOJIb JMHAMUIECKONH OCH POTOopa
B IIpOIlecCe HAHECEHHUs IOTIOJIHUTEIILHOTO CJI0Sl, a TAK)Ke BpallleHHUE POTOpa BOKPYT TUHAMHYECKON OCH MO3BOJISIET B
MIUPOKUX MPeJiesiaX U ¢ BBICOKOW TOYHOCTBIO J0 COTHIX JIOJIEH MHUKPOMETpa PEryIupoBaTh KPUBH3HY (HOPMUPYEMOTO
noKpbITHs. OCHOBHBIE Pe3yJIbTaThl. Pa3paboTaHa aHaTUTHUECKAS MOJIETh TEXHOIOTMYECKOTO MPOoIiecca KOPPEKTUPOBKH
(bopMmbI cheprIecKiX POTOPOB MAPOBBIX THPOCKOMNOB. [IpHBeIeHO MaTeMaTHYeCKOe OIMCAHKE, YIIPABISIONINE (paKTOPbI
1 3HaYMMBIE TapaMeTpsl rporecca. [IpencTaBiens! pe3yasTaThl MPAKTHUECKOH armpolanun pa3paboTaHHBIX MOJEINEH.
Oocy:xaenne. [IpeacraBneHHas MaTeMaTH4ecKas MOZEIb MO3BOJISIET OCYIIECTBISATh KOPPEKTHPOBKY (POPMBI POTOPOB
MIPH HalIbUICHUH (PYHKIIMOHAILHOTO OKPBITHS, PACHINPSIS TEXHOIOTHIECKHE BO3MOKHOCTH TPOIECCa H3TOTOBICHHUS 1
obecriednBasi MOBBINICHUE TOYHOCTH POTOPOB.
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MoaenmpoBaHune npoL,ecca KOPPEKTUPOBKN GOPMbI POTOPOB LLIAPOBbLIX TMPOCKOMNOB

Abstract

Improvement of the manufacturing technology for gyroscopic devices, which autonomously generate motion parameters
of moving objects, has strategic importance and priority for various industries. The object of current research is a
spherical rotor of an electrostatically suspended gyroscope which geometric parameters determine the accuracy
characteristics of the device. The paper presents results of the process modeling of spherical form correction for rotors
of electrostatically suspended gyroscopes at the stage of its manufacture during the coating deposition process. The
proposed mathematical model of the deposition process is based on the placement of a movable screen with a hole
between a rotor and a spray source. The axis of the hole lies on the dynamic axis of the rotor and it provides a formation
of a spherical segment on the coating rotor surface. During deposition of an additional layer, the screen or rotor moves
along the dynamic axis of the rotor changing the distance between the rotor and the screen, and there is additional rotation
of the rotor around its dynamic axis. It allows adjusting the curvature of the formed coating on the rotor surface. An
analytical model of the technological process for correcting the shape of spherical rotors of electrostatically suspended
gyroscopes has been developed. A mathematical description, control factors and significant parameters of the process are
given. The results of practical testing of the developed model are presented. The presented mathematical model makes
it possible to correct the shape of the rotors during the deposition of a functional coating expanding the technological
possibilities and increasing the accuracy of rotors.

Keywords

coating, shape correction, deposition, modeling, spherical rotor

For citation: Tit M.A., Belyaev S.N., Shcherbak A.G., Yulmetova O.S. Modeling of the process of spherical form
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BBenenue

TouHOCTHBIE XapaKTEPUCTUKHU IMIAPOBBIX THPOCKO-
moB [1, 2], TaKuX KaK KPUOTCHHBIN M OECKapIaHHbBII JIICK-
Tpoctatnueckuit rupockon (BOCT') [3], cymiecTBeHHO
3aBHCAT OT TEXHOJIOTHYECKOTO MPOIECCa U3TOTOBICHHS
c(hepuuecKkoro poropa — OCHOBHOTO y3J1a 4yBCTBUTEIb-
HOTO 271eMeHTa. TpeboBaHus1, MPebsBIIsIEMbIE K POTOPY T10
OTKJIOHEHHIO OT C()EPUYHOCTHU 1 TUCOANIAHCY, COCTABIISIOT
COTBIE JJOJIM MUKPOMETPA, YTO CO3AET MPEATOCHUTKH JUIs
pa3paboTKH ynpasisgeMoii TexHonoruu [4], odecneunBaro-
11eil BO3MOXKHOCTh BapbUPOBAHUSI YKA3aHHBIX TaPaMETPOB
B 33/IaHHBIX NIPEACIaX.

l'eomeTpuueckue mapaMeTpsl 3aJaHbl KOHEUHBIM JIHa-
METPOM POTOpa U HEKPYIIIOCTHIO, KOHTPOIIb KOTOPOH OCy-
LIECTBISIETCS HA OCHOBE FAPMOHHYECKOTO aHaIM3a Kpy-
IJIOrpaMM pOTOpa B HECKOJIBKUX CedeHUsiX. OTKIOHEHHUE
OT KpymIocTu chepbl pOTOpa U3MEPSIETCSI C TTOMOIIBIO
kpyniiomepa Talyrond 73. Ilpodunb peructpupyercs B
Buie nossipHoro rpaduka. [lomydaemast npodumorpaMma
KOHKPETHOTO CEYEHHsI TI0CJIe KOMITBIOTEPHOH 00padoTKH
JIMCKPETHO packiajbiBaeTcsi B psii Pypbe u npencrasiis-
eTcs B BUJIC COBOKYITHOCTH FapMOHHUK

X, = Nil Rye-2minkiN,
k=0
rae X, — KOMIIJIEKCHas aMIUINTy[a n-Od TapMOHUKH;
R, — 3HaueHUe AJIMHBI PaJIyC-BEKTOpA HA YIIIOBOM OT-
cuete 2mk/N; N — nnmuHa cUrHaia. AMIDTATYIHBINA CTIEKTP

2X,
onpenensieTcs Kak A4, = . VI3 mosny4eHHbIX rapMOHUK
N

3HAQYMMBIMH SIBISIIOTCS TIEPBBIC IIECTh, IPUYEM HEPBast
rapMOHHKa A| XapaKTepU3yeT IKCLEHTPUCUTET POTOpa OT-
HOCHTEIBHO [IEHTPa H3MEPEHHS, T. €. TOYHOCTh YCTAHOBKH
portopa. Crefyrolne rapMOHHKHU ONPEICIISIOT B MEPHU/IH-
OHAJILHOM CCUCHHHU: A, — DIUIMITUYHOCTb, A3 — Tpey-
TOJILHYIO aHOMAJIHIO, A, — KBaPaTHIHOCTh, A5 — 3BE3/10-
obpasnyo popmy, Ay — rpymeBunHocTs. K Bugy Gpopmel
ceprUuecKoro poTopa IapoBOro THPOCKONA IIPEAbSIBIIs-
FOTCsI TPeOOBAHMS K yCPEIHCHHBIM aMILTUTYAaM TapMOHUK

B YETBIPEX MEPHIUOHAIBHBIX CEUCHUSX M OJTHOM DKBATO-
pHaIbHOM.

Jns cromrHoro potopa BOCT [3] nacnopTusyrores
aMILIUTYAbl A IATH rapMoHHK (GopMbl (A, < 0,05 MKM;
As <0,025 MxM; Ay, As, Ag < 0,015 mxm). Potop kpuo-
TEHHOTO TUPOCKOMA JIOJDKEH UMETh HAapY)KHBIA namerp
10 £+ 0,005 mm [3], cpenHue 3HaUEHUS aMILTUTY]] TAPMOHUK:
A, <0,02 MxMm, 43, A5 < 0,005 Mxm, 44, Ag < 0,01 MEM.

TexHONMOTrnueCKNi IUKI N3TOTOBICHUS POTOPOB TpE-
mojaraet (hopMooOpa3oBaHHUE 3aTOTOBKH METOIaMH MeXa-
HUYECKOH 00pabOTKH U MOCIIeNyToIIee HAaTbUIEHHE TOHKO-
TUICHOYHBIX (DYHKIIMOHANBHBIX MOKPHITHH [5, 6] HUTpHIa
tutana [7, 8] mist BOCI u uuobus [9—-13] ang kpuoren-
HOro rupockomna. [Ipu He0OX0UMOCTH, B 3aBUCUMOCTH
oT MoauuKaKu Npudopa, Ha TTOBEPXHOCTU MOKPHITHS
(hopMupyeTcsi CBETOKOHTPACTHBIN PUCYHOK, oOecrieunBa-
IOMMH QYHKIIMOHUPOBAHNWE ONTOAIEKTPOHHON CHCTEMBI
Ipy noiy4yeHny nHpopmarmu [14-17].

[Ipu HanbUIEHWH NMOKPBITUH, PEHIAIOMINX 3aJadH, B
TOM YHCJIe U MHOTOIIENEBbIE, (DOPMHUPOBAHUS ITApaMETPOB
potopa (mucbananc u Gpopma) ONEpUPYIOT BEITHIHMHAME B
COTBIE U THICSTYHBIE JOIN MUKPOMETPA, ITO HEJJOCTHKUMO
MIpH IpyTUX MeToaax obpabotku. B cBs3m ¢ 3tM mnccre-
JIOBAaHUsI, CBSI3aHHBIE C PA3BUTHEM U COBEPIIEHCTBOBAHIEM
TEXHOJIOTHH HaHeCeHHs (PYyHKIMOHAIbHBIX TOHKOILICHOY-
HBIX TIOKPBITHI, SIBIISIOTCSI BAYXHBIMU M aKTyaJbHBIMHU.

ITocTanoBka 3agaun

DopMHUpPOBaHUE TOHKOMJIECHOUHBIX NOKPBITUN OCY-
MIECTBJICHO METOOM MarHeTPOHHOTO PACIBUICHUS WUIH
KOHJICHCAIIUM MOHHON OOMOapIMpOBKOH ¢ MPUMEHEHHEM
CIIELUATIBHBIX CPEACTB TEXHOJIOTHYECKOTO OCHAIICHUS.
OpueHTanus poTopa B NMPOIECCe HAMBIICHNS M0 OTHOIIIE-
HUIO K [TOTOKY HAIBIIIEMOT0 MaTepHala OnpeaesseT Ko-
HeuHy1o GopMy rosepxHoctH. Cxema dukcayu potopa B
npucriocoOnennu [ 7] mpezmonaraeT KperuieHne B YeThIpeX
TOYKaX, COOTBETCTBYIOLIMX BEPLIMHAM NPABHILHOH Tpex-
rpaHHON nmupaMuzbl. [Ipu 3TOM ¢ 0HON CTOPOHBI poTOpa
pacIoNIOKeH OAWH UTOIBYATHIA YIIOp, a C APYroi — Tpu
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yrnopa, o0pasylolne TPEeXKOHIEBYI0 BHIIKY. [locKkonbKy
9JIEMEHTHI (PUKCAIMU Pa3MEIeHbl HECUMMETPUYHO OTHO-
CHUTEJIHO IOBEPXHOCTH POTOPA, BO3MOXKHO BOSHUKHOBEHUE
JOKaJIbHBIX 7e()EeKTOB Ha YPOBHE COTHIX J0JICH MUKpOMe-
Tpa, BBI3BAHHBIX SKPAaHUPOBAHNEM IeMEHTaMH1 (prKcaruu.

OueBnIHO, YTO CYIIECTBEHHBIM (haKTOPOM SIBIISIETCS Be-
JTMYMHA OTKIIOHEHUS OT HOMHHAJIBHOW TOJIIINHBI TIOKPBITUS
Ah B 30HE 3KpaHHPOBAHUS, OIIPEAEsAeMOl chepruIecKuM
CETMEHTOM B 00JIaCTH pa3MeIleHHs] TPEXKOHIIEBOW BUIIKH
U xapakrepusyemas yriom 60,,,. (puc. 1).

dakTHuecKy Ha MOBEPXHOCTH POTOpa 00pasyeTcs He-
3aII0JTHEHHBIN MaTepHUalioM OKPBITHsI (pparMeHT, KOTOPBIH,
paccmarpuBasi 30Hy 3KpaHUPOBAHUSI KaK MOBEPXHOCTH
c(hepruvIecKoro cerMeHTa, MMEIOIIEero NCXOIHbIH pajnyc
R, (puc. 1), orpanuuer aAByms c(hepHUUECKUMU IOBEPXHO-
cramMu — R, u TpeOyemoro paauyca R. IIpu 5ToM MOXKHO
BBECTH IOHITHE PACCTOSHUS A MeX1y HEeHTpaMu cdep
paguycamu R, 1 R, a caM (parMeHT OIpesielIuTh KaK Bbl-
ITyKJIO-BOTHYTBIH CETMEHT MJTH BBITYKJIO-BOTHY I MEHHUCK
(nmH3Y).

Iens paboThl — pa3paboTka MaTeMaTHIECKON Mojie-
JIU U CO3J]aHHE CPEICTB OCHALICHHS I KOPPEKTUPOBKU
(hopMBbI POTOPOB.

MoaenupoBaHue npouecca KOPppeKTHPOBKH (opMbI
u aucbananca cpepuyeckoro poropa

MonemupoBanue [18-21] mpomecca KOpPEKTHPOBKH
(hopMBI poTopa 00yCIOBICHO (OPMUPOBAHNEM IIETIEBOI
(YHKIMHU, B KOTOPOH ONTHUMHU3HPYEMBIMH apryMeHTaMU
SIBJISIFOTCSL  COUCTAHMUS YIPABISIOMINX (DAKTOPOB.

VY peanbHOro poTopa 3HaueHus Ah, R. 1 yroa 0,
OIPEJIEIISIOTCS U3 MPOQUITIOrpaMMbl MEPUANOHAIBHOTO
CEUEHHs, MOJyUYEHHOU NP M3MEepEeHUU GOpPMBI pOTOpa
rocse HanbuleHus. [Ipu ATOM KOPPEeKTHPOBKA reOMETpUH

POTOpa BO3MOXKHA 3a CUET AONOIHUTEILHOTO HANbIICHHUS,
00ecneunBalollero 3anojHeHle yKa3aHHOro (gparmeH-
Ta MaTEpPUaIOM HOKPHITUs Ha BTOPOM 3Talle HAIlbLICHHUS.
DopMHUpOBaHUE TTOKPBITHSA JODKHO OCYILECTBIATHCS TOb-
KO B 30HE c(h)epUIeCcKOro CETMEHTa, ONPE/ICIIEMOTO YIIIOM
Onax> ITO Ha TPAKTHKE MOXET OBITH 00ECIIEUEHO 3a CUeT
HCTIOIb30BaHMS SKPaHa ¢ OTBEPCTHEM JTHAMETpa d, pasMe-
MIEHHOTO MEX/y HCTOYHHKOM HATbIIIEMOTO MaTeprana 1
potopom [22].

KoMmruiekcHO paccMoTpeHa TeXHOIOoTus (POPMHUPOBAHUS
MOBEPXHOCTHOTO MOKPBITHSI ¥ CPOPMYITHUPOBAHBI IPUHIIU-
MBI, OIPEeNAIONINe ONTHMHU3ALUI0 IPoLecca KOPPEKTHU-
POBKH (DyHKIMOHAIBHBIX IAPAMETPOB POTOPA B IpoIiecce
JOIOJIHUTENIBHOTO JTalla HAlbUICHUSL:

— pa3MelleHre MEXIy POTOPOM U UCTOYHUKOM JKpaHa
C OTBEPCTUEM JHaMeTpa d, 0Chb KOTOPOIO JIEKUT Ha
JMHAMHYECKOI 0CH poTopa, obecIeunBaeT HaHeCCHUE
HOKPBITHS Ha MOBEPXHOCTh C(HEePHIECKOTO CETMCHTA,
OTIPEAEIIEMOr0 yIiaoM O,

— OCYIIECTBIICHHE B IIPOIECCE HAHECCHHS OTIONTHNUTEITh-
HOTO CJI0SI TIEPEMEIICHHS 3KPaHa HIIH POTOpA BAONb AU-
HAMHUYECKOI OCH POTOPa, H3MEHSS PACCTOSHIE MEXKIY
POTOPOM ¥ 3KPaHOM, H BPAILlEHUE POTOPa BOKPYT JIMHA-
MHYECKOH OCH, YTO MO3BOJIET PEryIUPOBaTh KPUBU3HY
(hopMHPYEMOro OKPBITHS;

— HCIIOJIb30BAaHKME TOUEYHOI'0 MCTOYHHMKA HAIBLUIIEMOrO
Marepuaia, 4To I103BOJIeT P IPUMEHEHHU YKpaHa
C OTBEPCTUEM YNPaBIIATh F€OMETpPUEH HalbLIsEMOH
HOBEPXHOCTH.

PaccMOTpHM IPETOKEHHYIO CXeMYy KOPPEKTHPOBKH
(OPMBI METOIOM JOMONHUTEIBHOTO HAMBUICHUS H OTIpe-
JCTMM 3aBHCHMOCTD JKETaeMOTO MPOQHIS TTIOKPBITUS OT
3HAYUMBIX napaMeTpoB Al u 0,,,,, XapaKTepU3yIOINUX
OTKJIOHEHHE OT c(h)epUYHOCTH ITOBEPXHOCTH POTOpA, I10-

JIYUYCHHOC Ha 3Tar€ HAllbIJICHU.

Puc. 1. Cxema HambUICHHS TIPU HETIOJBMYKHOM 3KpaHe: CKaxeHne GopMbl potopa (a) u hopMupyemsiii pparmeHt (b).

0

max

— YT, ONPECISIFOLINN 30HY 3KPAaHUPOBAHUSL;, | — POTOpP; 2 — MOKPBITHE; R — paanyc potopa; A — OTKIOHEHHUE 110 TOJIINHE

HOKPBITHSA; R, — paauyc cepryecKkoro CerMeHTa B 30He SKpaHUPOBaHMUs; /(0) — TONIIMHA TOKPBITHS B IPOM3BOJILHOM TOUKE;
A — paccTosiHEE Mex Iy IeHTpaMu cdep pamuycamu R, 1 R

Fig. 1. Deposition scheme with a fixed screen. Rotor shape distortion.

1 — rotor; 2 — coating; R is the radius of the rotor; Ak is the deviation in the coating thickness; 0

is the angle defining the shielding

max

zone (a); Fragment being formed: R, is the radius of the spherical segment in the shielding zone; /(0) is the coating thickness at an arbitrary
point; A is the distance between the centers of spheres with radii R, and R (b)
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Bynem cuurtarh, 4TO /I — TOJIIMHA MOKPHITUS Ha
ocu cuMMeTpun (parMeHta (MakCHMalbHas TOJIIMHA
TIOKPBITHS) M MCIIOJIb3yEeM TOHSITHE PACCTOSHUS A MEX-
ay uentpamu O u O* cdep paguycamu R, u R (puc. 1).
[MocnenoBareabHBIME TPEOOPA30BAHUSIMH Ha OCHOBE T'€0-
METPUYCCKHX MOCTPOCHUH TOIYyYUM BBIPAKCHUE:

3 _ Ah— A+ Acosb*

(1
1 — —cosb*
C
I[MonctaBum B BbIpaxkeHue (1) cooTHOIIEHHE

Ah
A=————— ¥ N0JIy4uM KeJIaeMbIii IPO(UIIb B 3aBUCH-
1 — c080 0«

MOCTH OT yIJIa 9KpaHUPOBaHUA 0,

€080 — 080«
hO)=Ah———. (2)
1 — 080 0«

C TOYKM 3peHUs MPAKTUYCCKON peaau3aluu peaib-
HBIH TPO(UITB TOMIIMHBI TOTYYAEMOTO MOKPBITHS MOXKHO
MOJYYHUTh TPU YCIOBUH UCIIOJIb30BAHMSI HEITOJBUIKHOTO
9KpaHa, Pa3MEIIeHHOT0 MEX/y HUCTOYHUKOM HAIBLISIEMOTO
Matepuaiia i poTopoM. PeanbHbli npoduis onpenennm 3a-
BHCHMOCTBIO CKOPOCTH OCaXIECHHs OKPBITUS V), OT yIiia o
MCXKIAY HaITPaBJICHUEM IIOTOKAa U HOPMAJIBIO K ITIOBEPXHOCTU
poTOpa B TaHHOU TOYKE, & TAKIKE PACXOJUMOCTHIO MOTOKA,
orpeessieMoil cootHotenueM 1/12, rne [ — paccrosiue ot
HCTOYHUKA JI0 JJAHHOW TOYKH MMOBEPXHOCTHU POTOpA.

CornacHo [7], onpeaenuM CKOPOCTb OCaXKICHUS:

cosa

Vi~ AT’ 3)

rae A— pasMEpHasa KOHCTaHTa, 3aBUCALIad OT KOHKPETHBIX
XapaKTePUCTUK HCTOUHUKA.

ITo Teopeme kocuHycOB u3 puc. l, cuuras, 4To

Omax = 0% nax> OTIPEIETUM BBIPKEHHUS JUTsl /2 U JUist yriia
0. B BUJIC:
I=(R.)?+(L+R.)?—2(R,+ L)Rcosd*, 4
L+ R.)cosb* — R,
u- (LR ' )

((R)*+ (L + R.)*—2(R, + L)R,cos0*)"”

rae L — MHHMMaIbHOE PAacCTOSHUE OT MCTOYHUKA 10 TIO-
BEPXHOCTH pOTOpa. YUUTHIBast BeIpakeHus (4) u (5), u3
3aBHCUMOCTH (3) MOXXHO TIOIYYUTb CKOPOCTh OCAXKICHHS:

1 —XKemnaemblit

0.8 L= 12 Mm%

Ah/h

0,01

0,°

y (L + R.)cosb* — R,
(R + (L + Ro)* = 2(R, + L)R.cos0*)**

Vi=

(6)

B BbIpaxkeHnu (6) MOXKHO TIpeHEOPEUb MaJIbIM OTIHYH-
eM yrioB 0 u 0% u paguycoB R u R,.

[Tpu 5TOM npomITk TONIUHEL TOKPBITHS A(0) TOITyInM
U3 COOTHOILICHUS:

h(0) = V(0)t =
(L+ R.)cosb* — R, (7
T4
((R)*+ (L + R.)* —2(R. + L)R,cosH*)*?

TJIe T — BpEMsl HallbUICHNUSI.

Taxum oOpa3om, BeIpakeHHe (2) ompenerseT Keae-
MBI TPOQHITH HATBUICHIS, a BRIpakeHHe (7) — peabHBIN.
Bunno, uto (yHKIMOHATIBHBIE 3aBUCUMOCTH OT yria 0 B
BEIpakeHIsIX (2) u (7) pa3nu4Hbl, MO3TOMY HU TP KaKUX
3Ha4YeHusIX napamerpos (L, R, 0,,,,) oHN HE OyIyT TOX-
JIECTBEHHBI. MOYKHO JIMIIb 110100paTh 3HAYCHHUSI, YTOOBI
pas3HuIa ObLTa MHHAMAJIbHA.

Ha puc. 2 noka3sansl rpaduueckie 3aBUCUMOCTH, OIIpe-
JISISIIONINE JKeJTaeMbIil TPO(QHIIb, U paCCUMTAHHBIE B CO-
OTBETCTBHH C BbIpakeHUEeM (7) MpOopMIN TOIIIUHBI JUIs
pa3HbIX BenuduH L 1 ymios 0,,.. IIpodunu 6sutu HOpMu-
poBansl 110 Ah. Paguyc poropa R, =5 MM.

W3 rpadukoB puc. 2 BUIHO, YTO MOXKHO JIOOMTHCS KOM-
TMIEHCANNH TOJIIUHBI TOKPBITHSI HA OCH CEPUIECKOTO CEeT-
MeHTa. [Ipu 3TOM mpOoQHIE TOMIIUHBI TOKPHITHS B 30HE
BCETO CEIMEHTa Oy/IET OTIIMYAThCSI OT JKETAeMOTO.

B psige cimydaes, Korzna napamMeTpbl HCKaXeHUs (POpMbI
MOCJIe TIEPBOTO JTara HAbUICHUS TOKPBITHS UMEIOT CPaB-
HUTEJIHbHO HEOOJbIINE BEIMYMHBI, MOXKET OBbITh MCIIOJb-
30BaH paccMaTpHBaeMblii METO/I KOPPEKTHPOBKH (OPMBI,
MOCKOJIbKY HECOBIaJieHHe poduiieii OyaeT cocTaBiIsITh
TBICSTYHBIE 10JIM MUKpoMmeTpa. OJHaKO B IMIMPOKOM MpPHU-
MEHEHHMH MPEUIOKEHHAs! CXeMa KOPPEKTHPOBKH MOXKET
0Ka3aThCsl HEZIOCTATOYHOM 1 HEOOXOIMMO 00ecTIeYnTh (op-
MHPOBAHHE KEIAEMOTO POHIIS TOJNIINHBI HOKPHITHS 0e3
OTKJIOHEHUH.

Yr10o0BI 10OMTHCS MAaKCMMAaJIbHO TOYHOIO COBIAJAEHUS,
TpeOyemMoro u (paKTUIEeCKH HAMBUIIEMOTO MPOGUIei ToMI-
IIMHBI, IPEJUIOKEHO HCIONb30BaTh KHHEMATHUECKYIO CXe-
MY, B KOTOPO OCYHIECTBICHO MOCTYNATEILHOE JIBHIKCHUE
9KpaHa WM POTOpPa, CHHXPOHU3UPOBAHHOE C IPOLECCOM
HarbuIeHUs! TOKpbITHs [22]. Takum oOpazom, Lenecoobdpas-

1 — JKemaemsrit
---L
0.8 —-L=5Mm

0,0

=30 0 30
0,°

Puc. 2. HopmupoBaHHBIE 3aBUCUMOCTH ITPO(MIIeH TOMIIMHBI 15 pa3HbIX BemmunH L mpu 20,,,.: 90° (a) n 60° (b)
Fig. 2. Normalized dependencies of thickness profiles for different values of L and for 26,,,,: 90° (@) and 60° (b)
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5
=

I | 577 21 e e

L]

L*

Puc. 3. Cxema niporiecca HarbUIeHHs B Hadasie (a) 1 KoHIIe (b) LUKIIA HAMTBUICHUS MTPU MOABMKHOM DKpaHe.

1 — potop; 2 — mapoBOW CETMEHT, COOTBETCTBYIOIIHNH 30HE SKPAaHUPOBAHNUS; 3 — OCHOBAHUE IIAPOBOTO CETMEHTA 2; 4 — NCTOYHUK
HAaIbBUIAEMOT0 MaTepHaa ¢ no3unueii K ToO4euHoro UCIapeHus; 5 — dKpaH; 6 — OTBEPCTHE B 9KpaHe IUaMETpoM d; L; — paccTosHue oT
WCTOYHUKA 4 110 9KpaHa j; L — MUHUMaJbHOE U L* MaKkcHMaIbHOE PACCTOSHUE OT UCTOYHHUKA 4 JI0 TOBEPXHOCTH poTtopa /; ¢* — BepirHa
apoBoro cermMenta 2; MN — nuHaMuuecKast 0Cb poTopa; \y — YroJ, ONpeielSIFOLINiT OTOK HaMbLIIEMOro Matepuaia; H — BbicoTa
LIAPOBOT0 cerMeHTa 2; af u bf — panuycbl OCHOBaHUs 3 [IapOBOT0 CErMeHTa 2

Fig. 3. Scheme of the deposition process at the beginning (a) and end () of the deposition cycle with a moving screen.

1 — rotor; 2 — spherical segment corresponding to the shielding zone; 3 — base of spherical segment 2; 4 — source of sprayed material
with position K of point evaporation; 5 — screen; 6 — hole in the screen with a diameter d; L, is the distance from source 4 to screen J5;
L is a minimum and L* is a maximum distance from source 4 to the surface of rotor /; ¢* is the top of the spherical segment 2; MN is the
dynamic axis of the rotor; y is the angle that determines the flow of the sprayed material; H is the height of the spherical segment 2; af and bf
are the radii of the base 3 of the spherical segment 2

HO PacCMOTPETb ITOIXO]1, IPEAIONATAIOIINI TTOCTYIaTeNb-
HOE TIEPEMEIICHHE POTOPA, ABIIKYIICTOCS OT MUHHUMAJIb-
HOT'O PacCTOSIHUS L OT UCTOYHUKA JI0 TIOBEPXHOCTH pOTOpa
JI0 MAaKCUMAJIBHOTO paccTosiaus L* (puc. 3).

O003HaYNB TTOCTOSTHHOE PACCTOSIHAE OT UCTOYHHKA JI0
9KpaHa L, a pacCTOSHUE OT 3KpaHa IO POTopa X, U pac-
CMaTpuBasi POTOP, PABHOMEPHO JIBIDKYIIIUIACS OT SKpPaHa Co
CKOPOCTBIO i, B HAYAITEHBII MOMCHT BPEMECHHU PACIIONIOKCH-
HBII BIUIOTHYIO K 9KpaHy, 3aBUCUMOCTD X(T) TPEICTaBUM
B BHJIE X(T) = ut.

J171st TOYEK TIOBEPXHOCTH POTOPA, 32/IaBAEMBIX YITIOM \,
KOTOPbIC B CHJIy KOHEUHON HIMPUHBI OTBEPCTHS B IKpaHE
«OTKPBIThD) JJIsl HAMTBUICHHS] HA TPOTSHKEHUH BCETO BpeMe-
HU JIBIDKCHHSI POTOpPA, MOJYYUM BBIPAKCHHE TSI OIpeIe-
JICHHSI TOJIIIUHBI TTOKPBITHSL:

mm=ﬁfgglm 8)
o(Ly +un)*

rae 7 — nosiHoe BpeMst IBMKEHHs. BBIUUCINB UHTErpaj
B (8), momydmm:

B AcosOL,( 1 ) ©)

T L w1

Tak kax 3aJjaHo0, 4TO IIPH HyJIEBOM yriie § HeoOX0qMMO
KOMIIEHCHPOBATh TOJIIUHY A/, TO JOJKHO BBITIOJTHSATHCS

COOTHOIIICHHUC:
4 Ll{ 1
A =h(0=0)= 51— .0
2w\ T1vamn,
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[MoncraBum Beipakenue (10) B (9), Torna urorosoe
BBIPAXKEHUE UMEET BUJI;

h(0) = Ahcosh. (11)

JIJist TOYeK MOBEPXHOCTU POTOPA, KOTOPBIC «3aKPhI-
ThI» JUISl HANBUICHUS] B HAYaJIbHbIC MOMEHTHI BPEMEHH,
BBIPOKCHUE JIUISI TONIIMHBI HAMBIICHUS OY/IeT UMETh BH/I,
AQHAJIOTUYHBIN BRIpaKeHHIO (8).

MOJKHO 110Ka3aTh, 4TO IJIsl YIJIOB 6, HE YIOBIETBOPSIO-
[IUX ATOMY YCJIOBHIO, BRIPQKEHHUE JUIsl TOJIMHBI HAITbLIC-
HUSI IMEET BU/I:

T
h(0) = I Acosb

+ 2
I;](Q sinefl)(L1 ut)
u\d

(12)

Brrancims naTerpai B (12), momyanm:

_AcosOLI( 2R 1
L} u\dsind  1+uTIL,)

Beenem obo3nauenue ul = x, max — 1|, 7

2R .
max = L1 ;sm@

ucronb3ys cootHourenue (10), momyunm:

1 1

sin6 - SN0,
h(0) =Ahcos———
2R 1

d  sinOp,,

(13)

Takum o6pazom, Ut yriioB 6, OnpeensIonx TOUKH,
KOTOpPbIE B CHJIy KOHEUHOH HIMPHUHBI OTBEPCTHS B DKpaHEe
«OTKPBITBD» JJIs1 HAITBUICHHUS Ha MPOTSDKEHHU BCETO BpeMe-
HH JIBIDKCHHUS POTOPA, TOJIIMHA HAITBUICHUS ONPEICIACTCS
BEIpakeHUeM (8), a ocTanbHBIX yrioB — (13).

CpaBHHM HOJTy4aroIuecs B pe3ysbTaTe MOIEINpOBa-
HUS NPOQHIH TOJIIMHBI C KEIAeMBIMH, KOTOPBIE ONpere-
JIeHBI B (2).

Ha puc. 4 npencraBiieHbl kellaeMble U PACCUNTAHHbBIC B
pe3ysbTrare MOJISTMPOBAHHSI B COOTBETCTBUY C BBIPAKECHUSI-
M (11) u (13) npodmiu TONIMHBI HAITBUIIEMOTO (parMeH-
Ta IPH TTOJBHKHOM 3KPaHE JUTsl Pa3IMYHbIX 3HAYCHHH 0

BuaHo, 4TO B OTIMYME OT HEMOJBIKHOIO SKpaHa, Iye
XapaKTepHO 0COOEHHOCTBIO OBIIO HECOOTBETCTBHUE ITPO-

¢unst moBepxHOCTH (PparMeHTa U poTopa 1o Kpasim Qpar-
MeHTa M (PaKTHYEeCKOe HaJIMYMe CTYIIEHbKH, IPH TTOBHIK-
HOM DKpaHe 30Ha HanOOJIbIIEr0 HECOOTBETCTBHUS TOJIIINHEI
pacrionaraercsi B cpefiHel yactu pparmenTa. Takxe nMeeT
MECTO 3aKOHOMEPHOCTh — MEHBIIEMY YTy COOTBETCTBYET
MEHBIIIEeE OTKIOHEHUE MPOQHII OT JKEITAEMOTO.

J171s1 KOpPEKTHOM ONTUMHU3ALUU COUETAaHUI yIIPaBIIsIO-
mmx (pakTopos, obecrednBaromuX HopMIpoBaHue Tpedy-
emMoro (parMeHTa MOKPHITUS U TIOyUCHUs] B3aUMOCBSI3H
3HAYMMBIX MTApaMEeTPOB MPOIiecca HAMBIICHHS, PACCMOTPUM
nof00HbIe (IT0 MPU3HAKY PABHBIX YIJIOB) MPSIMOYTOJIbHBIE
TPEYroJIbHUKN B CUCTEMaX «MCTOUYHUK 4 — BKpaH 5» U
«HUCTOYHUK 4 — poTOp I».

Jns CI/IC’&GMLI «HUCTOYHUK 4 — dKpaH 5» U3 COOTHOIIIe-

)
HUS tg2 2L, cienyer
d

=arctg——
a1,

SRES

501058

d
= 2arctg—. 14
v g7 (14)

1

Jlns cuctemMbl «MCTOYHUK 4 — POTOpP [» 3amuiiem

t v . wnn y = 2arct a MOCKOJBK
£ 1*+H v Slvvm Y
af'= Rcos(0,,,4/2), TO UMeeM
emax
Rcosz—
=2arctg————. 15
v e (15)

[Ipupasusiem Beipaxkenus (14) u (15), momyunm

1 ---Kemaemprit
— Ilonyyennsit

— Ilonyuennsiit

Rcos——
2arctg—— = 2arctg————,
2L, L*+H
WA
max
max- d Rcos
2L, L¥+H
b c
=== Xenaembrit 1 ==-XKenaemprii

— ITonyyennsrit

20

10

o
5

0
0

0 20
0, °

o
>

0
0

Puc. 4. )Kenaemble 1 paccunTaHHbIE TPOQUIN TONMIUHBI TSI CXEMBI HAMBIIEHHS TIPU TOABHKHOM dKpaHe JUls 3HaYeHuH 20,
30° (a), 60° (b), 90° (c)

Fig. 4. Desired and actual profiles of thickness for deposition scheme with moving screen for 20,,.: 30° (a), 60° (b), 90° (c)
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BpeMst HarbIIIeHUs! T M, COOTBETCTBEHHO, BPEMsI Iepe-
MEILEHHsT poTopa / ONpEIesM, UCXOJIsl U3 TTOJIyYEHHOTO
IMIIUPUYECKUM IIyTe€M 3Hau€HHsI CKOPOCTH V) ocaxie-
HUS TIOKPBITUSL C YYETOM I'€OMETPHUYECKHUX IapaMeTpoB
poropa / u maposoro cermenta 2. [locienoBaTenbHbIM
npeo0pa30BaHMUEM BBIPAKCHHUH, ONPEICISIIONINX CBA3h
BPEMEHH HAIbUICHHS C TOIIIMHON MOKPBITUS U CKOPOCTHIO
OCaXKJEHUsI, 3TO MOKHO TIPEACTABUTH B BUE COOTBETCTBY-
IOLIEN 3aBUCUMOCTH.

JlocTaTouHO OYEBHTHOM SIBIISIETCS] HEOOXOIUMOCTD Bpa-
IICHUS] POTOPA TPU HAIBUICHUH JIOMOJHUTEIBHOTO CIIOS
BOKPYTI' IMHAMHUYECKOH OCH, YTO TI03BOJISIET KOMIIEHCHUPO-
BaTh BJIMSHHE BO3MOYKHON HEOTHOPOJAHOCTH TIOTOKA B 30HE
HallbIJICHUSL.

Takum 00pazoM, omnpesenuB peajgbHbIe IS KaXKI0TO
potropa 3HaueHust Ak u 0, ¢ HOMOIIBIO IPO(PUIOrPAMMBIL,
BO3MO)KHO IIOJI00pATh COUETAHNE YIPABISIONINX (haKTOpPOB,
B YAaCTHOCTH COOTHOIIEHHE mapameTpoB d, L* u L, obe-
CTICUHMBAIONINX HEOOXOANMBIC YCIOBHS JUIst KOPPEKTUPOBKA
(opmbl poTopa. BaxXHBIM aclIeKTOM B JaHHOM CITy4ae sIBIIs-
eTcs TO, YTO BPEMSI HAIBbUICHUS T COOTBETCTBYET BPEMEHH
nepemerieHus 3kpana 7. 1o obecrieyuBaet ycioBue Gpop-
MHUPOBaHUsI TpeOyeMO TONIIHMHBI A/ IONOTHUTEIBHOTO
CJIOSI TIOKPBITUSI Ha BEPLIMHE CErMEHTa ¥ MOHOTOHHOE
yOBIBaHUE TOJIIUHBI IO Mepe MPUOIIMKEHUS] K OCHOBAHHUIO
9TOTO CEerMEHTa, T/ TOJIIMHA JOMOJHUTEIBHOTO CIIOS
paBHa HYJIIO.

Anpofaunusi pe3y1bTaToB MOJAEJIMPOBAHUS

Arnpo0Oanust pa3pabOTaHHONH MOJEIH ISl 00bEKTHB-
HOW OLIEHKHM €€ aJieKBAaTHOCTH BBITIOJIHEHA CJIEAYIONINM
oOpazom.

HaneceHo KOppeKTHpYIOILee JOMOIHUTEIBHOE TOKPHI-
THE NP HETIO/IBHYKHOM JKpaHe, Korjaa UCKakeHue (op-
MBI TIOCJIE TICPBOTO ATalla HAMBIICHUS TIOKPBITHS HUMEIO
CPAaBHHUTEIbHO HEOOJBUIYIO BEIMYUHY — OTKJIOHCHHE
TapMOHUKH A3 OT NPEeIbHO TOITyCTUMOTO 3HAUCHHS HE
mpessimrano 0,01 mxm. ChopMupoOBaHO TOTMOTHUTEIHHOE
MIOKPBITHE C epeMelIeHHEeM dKpaHa B yCIOBHUSX, KOrja
aMIUTATYAbl TAPMOHHUKH A5 IIPEBBIIANN JOIYCTUMbIEC Ha
0,01-0,025 mMxMm.

[Ipy HENMoOABMKHOM PKpaHE HAHECEHO MOKPBITHE MPH
paccrosiauu L = 12 MM (puc. 2). B pesynbrare obecrnieye-
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HO COOTBETCTBHE aMILIUTYJ FAPMOHUK A3 TEXHUYECKUM
TpeOOBaHUSIM.

[TpoBenena koppeKTHPOBKa (POPMBI POTOPA C TTOBHIK-
HBIM 9KPaHOM, €CJIM aMIUIUTYJIbl FAPMOHUKY A3 HAXOIATCS
B unrepsaie 0,003—0,005 mxm. [Tocne KoppeKTUPOBKH 3Ha-
YeHUs aMIUIMTYA noayyeHsl B npeaenax 0,018-0,023 mxwm.
Paccrostane L* cocraBmio 60 MM, L; — 16 MM, a tuamerp
oTBepcTHs d B 3KpaHe — | MM mpu paamyce R poTopa
5 MM.

I'eomeTpust pOTOPOB J10 1 MOCIIE MPOLECCa HAHECEHHS
TIOKPBITHUSA 110 PEe3yJIbTaTaM U3MEPEHHUS OCTAIBHBIX FapMO-
HUK OCTajach B Mpejeax J0MycKa, 3HAYCHUS aMIUTUTY/
M3MEHWINCH Ha THICAYHBIC IO MUKPOMETpa.

[TonoxxuTenbHbIe Pe3yabTaThl IPAKTHUECKOTO HCIIONb-
30BaHMA MOATBEPANUIN aJIeKBATHOCTb MPEIJIOAKEHHBIX MO-
JeNeH.

3akJ/oueHne

[Tpu nccnenoBaHuM BIUSIHUS CXEMBI (PHKCAIIMU POTOpA
IIpU HAINIbUICHUU HOKPLITUA IMOKa3aHO, YTO aCUMMETPUYI-
HOE pPaCIOJIOKEHHUE IEMEHTOB (PUKCALMK NPUBOAUT K
UCKa)XEHHIO (POPMBI POTOPA, UTO BHI3BIBACT U3MCHEHHE
nucbaaHca.

[pemnoxxeHa MaTeMaTHYECKask MOJICITh KOPPEKTHPOBKH
(hopMBI poTOpa 3a CYCT JOMOTHUTEIHFHOTO HANBLICHUS
BBITTYKJIO-BOTHYTOTO CETMEHTa B 30HE dKPaHUPOBAHIS.
O060CHOBaHO, YTO M3TOTOBJICHHE POTOpa C TPeOyeMBIMHU
mapamMeTpaMu MPEAToNiaraeT JIBE MOCIEI0BATEIHHEIC
1 B3aMMOCBSI3aHHBIC ONEpPAlN HAHECEHHS MOKPBITHS.
PaccMoTpeHbl 1Ba aibTepHATUBHBIX BapuaHTa (OpPMHU-
POBaHUsI KOPPEKTUPYIOLIETO MMOKPHITHS, OCHOBaHHBIE HA
UCIIOJIb30BAaHNH Pa3MEIIaeMOro MeX/ly POTOPOM U HCTOU-
HUKOM HaIlbUIIEMOT0 MaTepuaja dKpaHa ¢ OTBEPCTHEM
pacyeTHOTro AnameTpa:

— C (UKCHUPOBAHHBIM PACCTOSSHHEM MEXJY POTOPOM,
9KPaHOM U MCTOYHHKOM;

— POTOPOM, TIEPEMEIIAOIIIMCS OT MUHUMAIIEHOTO pac-
CTOSTHHSL OT DKpaHa JI0 MMOBEPXHOCTH POTOPA JIO 3a/1aH-
HOTO MaKCHMAaJIbHOTO PACCTOSHHS.
DKcIepuMeHTaIbHas IPOBEPKa MOATBEPIIIA aICKBAT-

HOCTh pa3padoTaHHbIX Mojenei. [IpemokeH bl MOaX0/T

IMMO3BOJIACT paCIUPUTh TEXHOJIOTHYCCKUEC BO3MOXHOCTHU

Mpoliecca U3roTOBJICHHs CPEPHUIECKUX POTOPOB.
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AHHOTaNMA

Beeaenune. VccienoBaHbl BOIPOCH HA/IGKHOCTH CHCTEMBI CBSA3U C MPOCTPAHCTBEHHBIM MYJIBTUILICKCHPOBAHUEM.
TToBBILICHHE MTPOMYCKHOM CHOCOOHOCTH KaHAJIOB PaJHOCBA3U 3a CYET MPOCTPAHCTBEHHOTO MYJIBTUIIIIEKCHPOBAHUS
SIBISICTCSI OHUM U3 Haubosiee BOCTPEOOBAHHBIX M aKTyalbHBIX HAIPABICHUI COBPEMEHHBIX MCCIICIOBAHHI B
o0sacTH paanoCcBs3u. PelieHne 3a1a4u MpOCTPAHCTBEHHOTO MYJIbTHIUIEKCHPOBAHHUSI BO BPEMEHHOW 00JIaCTH MpH
MHOTOJIY4€BOM PACIPOCTPAHCHUH COIPSIKECHO CO 3HAYUTEIBHBIM POCTOM Pa3MEPHOCTH 3a7a4d U W30BITOYHBIMU
BBIYHCIICHUSIMH. JIeTEKTHPOBAHNE BO BPEMEHHOM 00IaCTH 3aTPy/IHSET YUeT YaCTOTHON 3aBUCHMOCTH aMIUTHTY/bl 1
(ha3bl IPHHUMAEMbIX CUTHAJIOB, YTO B CBOIO OYePe/lb CHIKAET BEPOSITHOCTh BEPHOTO paclio3HaBaHuUs CUrHaioB. MeToa.
ITpy MHOTOJIy4EBOM PACIPOCTPAHEHHHU MPEIIOKEHO PEIICHNE 3aa4i IPOCTPAHCTBEHHOTO MYJIBTHIUICKCHPOBAHUS
B YaCTOTHOW 00JIACTH MyTeM NMPUMEHEHHUS TeOpeMbl 0 cBepTke. [Ipon3Be/ieHa OlleHKa BEPOSITHOCTH OMIUOKU IIPU
HCIOJIb30BaHHH IPEIAraéMOro MeTo/ia ICTeKTUPOBAaHUs. BBINOIHEHA OLICHKA YCTOWYHBOCTHU PELICHUS B 3aBUCHMOCTH
0T 00YCIIOBICHHOCTH MaTPHIIbI aMIUTHTYIHO-(DAa30BBIX ITapaMeTPOB. BBIBECHO MAaTeMaTHYECKOE BBIPAKCHHE IS
OLICHKH BEpXHEil rpaHHIlbl BEPOSTHOCTH OLMIMOKH B CyOKaHaje B 3aBUCHMOCTH OT YHClia 00yCIOBICHHOCTH MaTPHIIBI
aMILTUTYTHO-(Da30BbIX MAPAMETPOB M CHEKTPAIbHON MIOTHOCTH IIyMa B pU3HUECKUX KaHajaxX CBsi3u. Pazpaboran
AITOPUTM aJIANITUBHOTO (POPMHUPOBAHKS MATPHIL AMILIUTYIHO-(a30BbIX MAPAMETPOB, MO3BOJSIFOIINIA BRIOHPATH CPeIH
N30BITOYHOTO YHCIIA IPUEMHBIX AaHTEHH TaKUEe aHTEHHBI, KOTOPbIE JIAI0T BO3MOKHOCTD IOBBICHTbH YCTOHYHBOCTD
JIETeKTUPOBAHUS 3a CYET CHIKEHHS YKCIIa 00YCIIOBICHHOCTH MATPHUILBI KOA(D(GUIIMEHTOB CUCTEMBI TMHEHHBIX YPaBHEHUH.
OcHoBHBIE pe3y bTaThl. Pa3paboTaHa TeopeTnyeckas 0CHOBA METO/Id IPOCTPAHCTBEHHOTO MYJIBTUIIIEKCHPOBAHHUS B
MHOTOAQHTEHHBIX CHCTeMax CBsi3H. IIpearaeMblii METO O3BOJISCT MOBBICHUTh S(()EKTHBHOCTh BHIYMCICHHI 3a CHET
CHIDKEHHMS Pa3MEPHOCTH 3a]aull JeTCKTUPOBAHKS [0 CPABHEHHUIO C PEIICHHEM BO BpeMEHHO# obmactu. ITpensoxeHo
perarh 3a/1a4u ICTeKTUPOBAHHS TOJIBKO Ha YaCTOTAaX, Ha KOTOPBIX OXKUIACTCSI TIPUEM TIOJIC3HOTO CHTHANA, YTO 0COOCHHO
TOJIC3HO MPH y3KOIOJIOCHBIX YaCTOTHBIX U (ha30BbIX, OPTOTOHAIBHBIX M OHOPTOrOHAIBHBIX BHAAX MOIYJISIUH, YaCTO
HCIIONIB3YEMbIX B MHOTOQHTEHHBIX IU(POBBIX CHCTEMAX CBSI3U. BBIBEICHBI COOTHOIICHHS, TO3BOJISOIIIE JaTh OLCHKY
BEPOSITHOCTH OIIMOKH B cyOKaHae. PazpaboTaH alropuT™ alaTHBHOTO ()OPMUPOBAHKS MaTPHUILL AMIUTUTYTHO-(a30BbIX
I1apaMeTPoB, MO3BOJISAIOMINN MOBBICHUTh YCTOHYMBOCTD PELICHUS 3aauu JeTekTupoBanus. Oocyxaenue. Pesynsrars
HCCIIEI0OBAHUI MOTYT HalTH NPUMEHEHHE MPpU pa3pabOTKe MHOTOAHTEHHBIX CHCTEM CBS3H C IPOCTPAHCTBEHHBIM
MYJIBTUIIIEKCUPOBAHHUEM.
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Abstract

Reliability of the communication system with spatial multiplexing has been studied. Increasing the bandwidth of radio
communication channels due to spatial multiplexing is one of the most popular and relevant areas of modern research
in the field of radio communications. Solving the problem of spatial multiplexing in the time domain with multipath
propagation is associated with a significant increase in the dimension of the problem and redundant calculations.
Detection in the time domain makes it difficult to take into account the frequency dependence of the amplitude and phase
of the received signals, which in turn reduces the probability of correct signal recognition. In multipath propagation,
a solution to the problem of spatial multiplexing in the frequency domain is proposed by applying the convolution
theorem. The probability of error is estimated when using the proposed detection method. The stability of the solution is
estimated depending on the conditionality of the matrix of amplitude-phase parameters. The expression of the estimation
of the upper bound of the error probability in the subchannel is derived depending on the number of conditionality of
the matrix of amplitude-phase parameters and the spectral density of noise in physical communication channels. An
algorithm for adaptive formation of matrices of amplitude-phase parameters has been developed which selects such
antennas among an excessive number of receiving antennas allowing to increase the stability of detection by reducing
the number of conditionality of the matrix of coefficients of a system of linear equations. The theoretical basis of the
spatial multiplexing method in multi-antenna communication systems has been developed. The proposed method makes
it possible to increase the efficiency of calculations by reducing the dimension of the detection problem in comparison
with the solution in the time domain. It is proposed to solve the detection problem only at frequencies at which a
useful signal is expected to be received, which is especially useful for narrow-band frequency and phase, orthogonal
and biorthogonal types of modulation often used in multi-antenna digital communication systems. Expressions for
estimating the probability of error in the subchannel are derived. An algorithm for adaptive formation of matrices of
amplitude-phase parameters has been developed, which makes it possible to increase the stability of the solution of the
detection problem. The research results are applicable in the development of multi-antenna communication systems
with spatial multiplexing.
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BBenenue

YBenmmueHne MpOoMyCKHON CITOCOOHOCTH KaHAJIOB CBSI3U
SIBIISICTCSI aKTyaJIbHOMH 3a1adeii [ 1]. 3HaunTensHOe BHUMA-
HUE yJeIsieTCsl BO3MOXHOCTH YBEITHYCHHUS TIOJOCH IIPO-
MMyCKAaHM 32 CUYET MPOCTPAHCTBEHHOTO MYJIBTUIIICKCH-
POBaHMS, HA3bIBAEMOTO B MEKIYHAapPOIHOM COOOIIECTBE
MIMO (Multiple Input Multiple Output — MHOXecCTBEH-
HBIH BXOJI, MHOKECTBEHHBIH BBIXOJ) MO OTHOIICHUIO K
kaHaiy cBs3u [2]. [IpakTuka uccinenoBaHus U UCIONb30-
Banuss MIMO He ompaBjaja B OJHOW Mepe HaJlexXK/Ibl,
oOpa3oBaBiuecs B Hayaie X XI Beka Ha MPHHIUITHATIBHOS
YBEIUYEHHUE TPOITYCKHO crtocoOHOCTH. [loTOMy TTOSIBUB-
mecs: B Hadaje pa3BuTus TexHoiaorud MIMO oxxunanust
Y TIPOTHO3BI MOYKHO HA3BaTh CBEPXONTHMHUCTUIHBIMU. [Tpn
sToM TexHonoruss MIMO mpodHO 3aHsTa CBOE MECTO B
TTOBCETHEBHBIX 3a7[a9ax CBA3M M MPOIOIHKACT Pa3BUBATh-
cs1. CymiecTBeHHON MPOOIeMOil TOBBIIICHHS POITYy CKHOM
criocobnoctu MIMO sBasieTcs HEOOXOIUMOCTE BBICO-
KOTOYHOT'O OTpeJeeHUs] XapaKTEPUCTUK KaHajla CBI3U
[IPU MHOTOJIYYCBOM PACIPOCTPAHCHUU M HEOOXOIMMOCTh
OOJTBIIIOTO YKCIIa BBIYUCIICHUN B PEATIbHOM PEXKIME BpeMe-
nu [3]. OcTaercs HepelIeHHOH pobiaeMa AMHAMUYECKOH
ONTUMH3ALUHI KOH(PUTYpAIHHU TEPESIAFONINX U TPUHIMAO-
X aHTeHH [4—7]. Haubonee HagexxHbIMU [8] U TOTOMY

BOCTPeOOBAaHHBIMU HA CETOJHAIIHNI JCHb ABJISIFOTCS CH-
CTEMBI, UCTIOJIB3YIOIHE /IBE NIEPEIAIOIIIE 1 ABE H3ITydaro-
III1€ AaHTCHHBI C TPOCTPAHCTBEHHBIM U MOJISPU3AI[IOHHBIM
pasaeneHueM, a TakKe TEXHOJIOTHS U3MEHEHHUS JMarpaMMbl
HAaIIPaBJICHHOCTH 3a CYEeT OBOpOTa (a3bl B aHTCHHE-pe-
IIeTKe — TaK Has3bIBaeMasi cxema AnmoyTi [9]. Otmertnw,
4TO B ycJIoBUsAX Npsamoit Buaumoctu [10, 11] xanan MIMO
YCHEIIHO UCHONb3YeTCsl B ONTUYECKOM JUara3oHe BOJIH,
KpaifHe BBICOKOYaCTOTHOM M BBICOKOYACTOTHOM PAJUOAU-
arazoHax. ECTb Bce OCHOBaHMS NOJIAraTh, YTO B YCIOBHAX
MpsIMO BUIUMOCTH npuMeHeHue cucrem MIMO Gynet
YBEJIMIUBATECSA. A C POCTOM JOCTYITHOCTH CKOPOCTHBIX
BBIUMCIIUTEIbHBIX MOITHOCTEH HEN30€KHO yBEIUUCHHE
MIPOCTPAHCTBEHHBIX CYOKaHAJIOB B CUCTEMaX CBSA3U C OT-
CYTCTBHEM IPSMON BUANMOCTH. B maHHOM HCcienoBanuu
IIPOU3BEJICHa Pa3paboTKa U aHaJIU3 METOJa JIEeTEKTHPO-
BaHUS B YAaCTOTHOH 00JaCTH MHOTOJIy4EBBIX CHUTHAJOB C
MIPOCTPAHCTBEHHBIM MYJIBTUIIIIEKCUPOBaHHEM. BriBeneHo
BBIpAXKEHUE JUIsl pacyeTa OTHOLIEHMsI CUTHaja K IIyMy B
cyOkaHase, IPeAIoKeH METO/l ONTUMHU3AMOHHOTO BBIOOpa
MOJMHOKECTBA AHTEHH JIJIsl MMOBBIIIEHUS YCTOMYUBOCTH
JICTEeKTHPOBAHNUS CUTHAJIOB. VcciieoBan KaHal CBSA3H C
MIPOCTPAHCTBEHHBIM MYJIBTHIUIEKCHPOBAHNUEM, HE HUCKITIO-
YaIOMWH{ MPUMEHEHNS BPEMEHHOT0, YaCTOTHOTO W/HMIIN
KOJIOBOTO pPa3/ieIeHHsl CUTHAJIOB.
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MeTon NPOCTPAHCTBEHHOIO MYJIbTUMIEKCUPOBAHMNSA B MHOMOAQHTEHHbIX CUCTEMax CBA3M

ba3zoBasi Mmogeanb MPOCTPAHCTBEHHOI'0
MYJbTUINVICKCUPOBAHUSA B MHOTOAHTCHHBIX CUCTEMAX
CBSAI3H TUIIA KTOYKA-TOYKA»

B kauectBe 6a30Boit Mojgenu [12] ucronbp3oBaHa MO-
JIeITb OTHOTYYEBOTO PACTIPOCTPAHEHHUS JUCKPETHOTO Bpe-
MeHH y3KomonocHoro kaHaita MIMO s cuctem cBS3u
THTIA «TOYKA-TOUKA»:

Y=HY+Q, (1)

rae Y — Bekrop (pasmepa M,.) IpUHIMAeMOro CuTrHasia Ha
Kaxoi antenHe; H — marpuma koagpuinenToB 3aryxa-
HUA curHana pasmepa M, x M,; ¥ — Bextop (pasmepa M,)
TIepeJaBacMbIX CUTHAJIOB C KaX/I0H aHTCHHBI; {2 — BEKTOP
aJUTHBHOTO Uryma pasmepa M,; M, u M, — 4ucno nepe-
JAIOLINX U IPUHUMAIOIINX aHTCHH.

Juisg 3G deKTUBHOTO paclo3HABAHUS MEPEeIaHHBIX
CUTHAJOB Ha OCHOBE pelIeHus cucTeMsl (1), a 3HauwT,
IPOCTPAHCTBEHHOTO MYJBTUIIIIEKCHPOBAHHUSI, HEOOXO-
MO MMETh JIOTIOJIHHUTEIbHYIO HH(OPMAIIHIO O COCTOS-
Husix kaHajoB B npuemuuke (Channel State Information
at the Receiver, CSIR) u B nepenarunke (Channel State
Information at the Transmitter, CSIT) [13].

IMapamerprr CSIR ucnonp3yeM Ams pelieHus 3aaadu
JICTEKTHPOBAaHUs cOOOIIeHNH B TprueMHnke. Hanmmune nn-
¢dopmaruu CSIT o xanase CBsI3M Ha MepeIatoniell CTOpoHe
TI03BOJISIET KOPPEKTUPOBATH CIEAYIOIINE XaPAKTEPUCTUKI
M3IydCHUsS: JUarpaMMy HaIllpaBICHHOCTH aHTEHH; MOII-
HOCTb U3JTy4YEHHs; UCIIONb3YEeMble CUTHAJIbHBIC al(aBHTH;
METO/I KOAMPOBAHUSA M BPEMEHHOH 3a30p, MPEMSITCTBYIO-
M MEXCUMBOJIbHOM HTepdepeHuny. Ha npuanmarorei
cropone uHpopmaruss CSIR maer BO3MOXKHOCTh ONTH-
MHU3HPOBATh JUarpaMMmy HalpaBI€HHOCTH U YAaCTOTHYIO
n30MpaTeabHOCTh MPUEMHBIX ycTpoicTB. Ecim mporecc
BBIOOpA ONTHMAJBHBIX XapaKTEPUCTUK Ha Mepeaaronei
W/WIIN TPUHUMAIONIEH CTOPOHE IMPOUCXOAUT B IMHAMUKE
C Y4eTOM TEKyIIETO COCTOSHHUS KaHaja CBSI3M, TO KaHall
CBSI3U — A0anmusblil.

B cucremax MIMO 11t onTHMAaIBHOTO JEKOAUPOBAHUS
0OBIYHO TTPUMEHSFOT METOJl MAKCUMaJIbHOTO MPaB/I0IIOI0-
owust [12, 14]. CymecTBeHHBIN HEZIOCTATOK 0a30BOH MOJIEIH
(1) 3akmogaeTcst B TOM, YTO HE YUYUTHIBACTCSI MHOTOITY-
yeBoe pacnpocTpaHeHue. JlaHHOe AOMyIIeHNHEe CHIKAeT
BBIUHCITUTENBHBIE 3aTPaThl, HO 3HAYUTEILHO OIPAHUYMBAET
BO3MOYKHOCTH, @ 3HAYUT, U 00JIaCTh IPUMEHEHHUST MOJICIIH.

MopaeJib IPOCTPAHCTBEHHOT0 MYJIbTHILJIEKCHPOBAHMS
B MHOTOAHTEHHBIX CHCTeMaX CBSI3H
NPU MHOT0JIy4eBOM PacnpocTpaHeHnn

IIpu MHOTOIy4YE€BOM pacnpOCTPaHEHUHU CIO0KHOCTH
MOJIEJIM KaHalla CBSI3U C MPOCTPAHCTBEHHBIM MYJIBTUILIEK-
CUPOBAHUEM 3HAUUTEIILHO BO3PACTAET.

Kaxapiil curnan, OpuHATBHIH aHTEHHOU ¢ MHJIEKCOM
m,=1 ... M,, BBIpaxxaeTcs B BHJIC ypaBHCHHS:

M, Kupom,
ym,.(t) = Z Z am,,mt,kxm,(t + Altm,,m,,k) + nm,.(t)a (2)
me~1 k=1
TIC Oy oy WAL, oy — KOOQOHUIUEHT 3aTyXaHMs M BPeMs

3a1€PKKH TIPH PACIPOCTPAaHEHUHU k-TO Jiyda, OT m,~Oi aH-

TEHHBI K /71,-01 aHTEHHE; ,, U 1, () — CUIHAJ ¥ a/IUTHB-
vy vy r (v r vy

HblIf LlyM IPUHUMACMBIH m,. -0l aHTEHHOI; X, — CUrHAJ

M3IIyYCHHBIH 1M -0l aHTCHHOM; K,, ,, — YHCIO y4HUTbI-

BAEMBIX Jydeill P PacIpOCTPaHEHUH OT 11,-Ol aHTEHHBI

K m,-0if anTeHHe. B ciydyae yyera 10CTaTOYHOrO yMcia

my4el k, KOMITOHEHT ”m,(t) — ABIAETCS ATUTUBHBIM O€e-

7eIM rayccoBeiM IrymMoM (Additive White Gaussian Noise,

1
AWGN) ¢ Hy/IEBBIM CPEHIM U IHCTIEPCHEi Gy, = 5 0

IpUHUMAEMbIi 7,-0i aHTeHHOI; Ny — creKTpaibHas
I0THOCTH MolHocTd AWGN.

y'-II/lTl)lBaﬂ, 4TO MIpH NPOCTPAHCTBEHHOM MYJIBTUILIICK-
CHPOBaHMH UCHOJIb3yeTCss MHOXKECTBO m1, = | ... M, nepena-
IOIUX QaHTEHH U MHOXECTBO 1, = | ... M, IpUHUMAIOMUX
AHTEHH COBOKYIIHOCTb BbIpaskeHUi (2) oOpasyeT cucremy
YPaBHEHUIA:

Mt Kl,m,
i) = X X 0y X (T AL, )+ (D)
m~1 k=1
M, Km,.’m,
ym,(t) = Z Z U'm,.,m,,kxm,(t + AZLmr,m,,k) + nm,(t)- (3)
m~1 k=1
M, KMr,m,
yMr(t) = z Z aMr,mt,kxm,(t + AtMr,m,,k) + nMr(t)
m=1 k=1

Jlist perienust cucteMsl ypaBHeHHH (3) u onpeneneHus
X (1 + ALy, ., 1) HEOOXOAUMO UMETb HAOOP NapamMeTpoB
CSIR, xapaxkTepu3yroIuX KaHal CBA3H ¢ IPOCTPAHCTBEH-
HBIM Pa3JeNiCHUeM: O, , 15 AL, ,, 1 qucno nydei K,
IPU PACIPOCTPAHCHUH CHTHATIA X, B CyOKaHaIIe OT m,-oii
AQHTEHHBI K m,-0i anTeHHe. s pemenns (3) mpuHUMa-
I0I1asi MHOTOAHTEHHAsI CHCTEMa JOJKHA OBITh CHCTEMOU
C MaMsTbIO, YTOOBI OblJIa BO3MOXKHOCTb JAETEKTHPOBAHHS
MepelaHHbIX CUTHAIIOB C YYETOM 3aJIepKKH pacrpocTpa-
HEHUS B PA3JIMYHbIX JIydax.

B obwem ciyuae At,, ,,  — BPeMs 33ACPIKKH Pacmpo-
CTpaHeHus k-To JIydya CUrHana X, (f) B cyOkaunane (m,, m,)
ABjseTCs (PyHKIMEH oT 4acToThl U pazHocTu a3 0(S, M)
CUTHAJIOB, M3JIy4aeMbIX Pa3IMYHBIMM aHTCHHAMH U3 00-
wwero Maccusa M,, T. e. At,, . (jo, 0(S, M)); u o, ,, 1 —
KO3 GULUHUCHTBI 3aTyXaHUs k-ro Jly4a CHrHaua X, (f) B
cybkanane (m,, m,) sBusgerca GyHKIUEH OT 4aCTOTHL U
daser, T. €. a,, 4, 1 (0, 0(S, M))), T1e S — MOIIHOCTH MpH-
MEHSIEMOTO CHUTHaIbHOTO andaButa. OT pasHOCTH (a3
0(S, M,) curHaoB, U3JIy4aeMbIX Pa3INYHBIMUA AaHTCHHAMH,
3aBUCHT JIarpaMMa HaIrpaBIEHHOCTH B CIIy4ae UCIIOIb30-
BaHMs MacCHBa aHTCHH-PEIIETOK, YTO MCIIOIb3YeTCs IS
6104HOrO KOIMpoBaHUs Mo cxeme AnmoyTH [9]. HacToTHas
3aBHCUMOCTb NApaMETPOB Al 4 ¥ O, , | OCOOCHHO
aKTyaJIbHa JJIsl IIMPOKOIOIOCHBIX M TeM OoJiee CBEpXILH-
POKOIIOJIOCHBIX CHCTEM CBSI3H. 371€Ch M Jajiee 10 TEKCTY:
j2=-1 — xBajipar 6a3UCHOTO HOPMUPOBAHHOTO BEKTOPA
MHHUMOH €JMHUIIBI, ® = 27f — KpyroBasl 4acTora; f — 4a-
CTOTA CHUTHANA; j( — KOMIUIEKCHBIN MapamMeTp npeodpa-
30BaHus Pypee.

CnoxHOCTB pemreHus (3) BO BpeMEHHOH 00JacTu mpu
MHOTOJIy4E€BOM PACIIPOCTPAHEHUH 3aKJIFOUAETCS B TOM, UTO
npu Hanuwauu At o, o # 0 st pewieHns (3) B 3aaHHbINI
MOMEHT BPEMEHH ¢ IPUXOANUTCSI COBMECTHO PELIaTh ypaB-
HCHUSI (3) B MOMCHTBI BpeMeHU U [ — ALy, 1, AL, 1 # 0,
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YTO, B CBOIO OUe€pe/lb, MPUBOAUT K Pa3pacTaHUIO pa3Mep-
HOCTH CHCTEMBbI YPaBHEHUH U HEOOXOIMMOCTH 3HAUUTEIb-
HBIX BBIUMCIIUTENbHBIX 3aTpart. [Ipu pemennn B yacToTHON
obnacTH cucteMsl (3) MeeTcst BO3MOXKHOCTB ITPOU3BOANTD
pelieHue JuIs 331aHHBIX YaCTOT HE3aBUCUMO OT JPYTUX ya-
CTOT, YTO MOXET OBITh OCOOEHHO IOJIE3HO MIPU YaCTOTHOM
pa3ie’IcHNN CUTHAJOB, TaK KaK MO3BOJIAET MTPOU3BOINTH
pElIEeHNE U IeTEKTHPOBAHNE CUTHAIOB TOJIBKO B TOH 001a-
CTH CIIEKTpa, B KOTOPOI OXKMIAETCS NPHEM CUTHAJA, U
3TOM Pa3MEpPHOCTb CUCTEMBI JINHEHHBIX YPABHEHUHN OCTa-
HETCs PABHOM YMCITy IPUHUMAIOIIUX aHTEHH M.

B MHOTrOKaHaIBHBIX CHCTEMAX CBSI3M C MHOTOJIYYEBBIM
pacrpocTpaHeHUeM JUIsi OIIMCAHMS CTATUCTUKU (IIyKTya-
LU TPaAULIMOHHO UCTIONIB3YIOT pacipenenenue Penes win
Hakaramu [12, 15], 1 Takoit moaxos J€HCTBUTENILHO aKTy-
asten ju1st Mmozenu (1). B mozmenn (3), mpu yuere gocrarod-
HOTO 4YHMCIIa JIyYeH, ITyMOBask KOMIIOHEHTa COOTBETCTBYET
KaHaJly CBSI3M C aJJUTUBHBIM OCJIBIM I'ayCCOBBIM IIIyMOM.
Pacnpenenenne Hakaramm Takke OymeT akTyalbHO IS
Mozenu (3), B Clydae eClii OCTA0TCs HEYYTEHHBIMH JTyUH,
CpeIHsIsl CyMMapHasi MOIIHOCTb KOTOPBIX OyJIET OKa3bIBATH
3HAYMMOE BIUSHUE HA BUJ pacripeneienus [16].

Moaeab NpoCTPAHCTBEHHOI0 MYJILTHILIEKCHPOBAHMS
B YaCTOTHOI 00J1aCTH IPH MHOT0JIy4€BOM
pacnpocTpaHeHHH

[Ipeobpazosanne Dypoe [17, 18] Boipaskerns (2) numeet
CJIEYFOIIUNA BUL:

M, Kmr,m, 1 ttT
V,jo)= % 2 oy pmi0) = [ x, X
" metke AT i[) "

. ‘ 1 t+T ‘ “4)
X (t+ A, , (jo)eredt + ﬁ tJ;) n,, (DeTe'dt,

rne 7'=1+ At — IepUOJ HHTETPUPOBAHHSL; T — JUTUTEIb-
HOCTb CHTHAIIBHOTO CUMBONA; Aly,, = max(Al,, ,, ((j©)) —
MaKCHMaJIbHOE BPEMsI 3a1EPIKKH.

[Tpumenus Teopemy o 3amgepskke [18, 19] k BeIpakeHHIO
(4), momyamm:

M, Knyom,
Y G0)= % Y Gy i) TN ki0X,, (jo0) +
m~1 k=1 (5)

+ N, (o).

BBexem o0o3HaueHUe IS CYMMBI aMITUTYIHBIX
(koaunmeHTOB 3aTyXaHusI) U (Ha30BBIX (BpeMs 3a1CPK-
KH) TTapaMeTpOB MHOTOJYUEBOTO cyOKaHasa 71, pacIipo-
CTPAaHCHHsI CHTHAIIA X,,, (f) OT m~Oi AaHTEHHBI K /,-0ii aH-
TEHHE!

Km,.,mt . .
Ymr,m,(]m) =2 U'mr,mt,k(]m)eijwmm”"”'k(]m)a

k=1
TOT/Aa BhIp@XKeHHE (5) MPUMET BU:
. Ml . . .
Y, U0) = 2 Vi (OIX (f©) + N, (). (6)

m=1

[Ipumenus ananornunsie (4)—(6) npeoOpa3zoBaHUs K
Ka)JIOMy YPaBHEHHIO CUCTEMHI (3), MOTydInM:

M;
Yi(jo) = ;171,m,0w)Xm,U®) +N(jo)

M,
Ymr(jm) = Z_IYmr,mt(j(o)th(jw) + Nmr(jw)' (7)

M,
YM,(t) = Z yM,,n1,(jm)Xm,(jm) + NMF(].O))
m~1

[Tonygyennas cucrema (7) mo Gopme aHamoruyHa CH-
cTeMe ypaBHeHHH (1), ¢ TeM OTIMYueM, 4To B CIydae Ch-
cteMbl (7) BMECTO MarpHilbl KOAQPHUIMEHTOB 3aTyXaHHs
¢urypupyer I'(jo) = (v, ,, (/®>)) — MaTpuLa, /1 4aCTOTbI
® COCTaBJICHHAs M3 WICHOB psijia npeodpasoBanust Oypwe
KOMIIJIEKCHBIX aMINTUTYAHO-(})a30BbIX KO3()HUIreHToB
pasmepa M, x M,  O6o3naunm marpuny I'(jo) Oe3 yka-
3aHMsI 3aBUCHMOCTH OT 4acTOThI, T. €. I', kpoMe ciryuaes,
rae HeoOXOAMMO OOpaTHTh JOTOTHUTEIHHOE BHUMAHNE
Ha 9acTOTHYIO 3aBHCHMOCTh Matpuisl I'. 3amumrem (7) B
MaTpPUYHOM BHJIE:

X=Y-N. (8

[Tpu yciOBUH HEPABEHCTBA HYJIIO OMPEACTHTEINS
det(I") # 0, pererne cucremsl (8) OyaeT UMETh BUJL:

X=I(Y-N)=I1Y-T-IN. 9)

Pemmenne (7) mMo3BONSAECT y4ECTh YHEPTHUIO HEKOTOPOTO
MHOKECTBA JIy4el IIPU MHOTOJIY4E€BOM PACIPOCTPAHEHHH.
ITo cBoeil CyTH MOBBINICHHE OTHOIICHUS CUTHAI/IIYM 3a
CYEeT aJATUTUBHOTO y4eTa YHEPTUH OTACIBHBIX JyUuel mpu
MHOTOJIy4€BOM PacClpOCTPAHEHUH OTHOCHUTCS K TE€XHOJIO-
run RAKE. B koHTekcTe permaemoii 3a1auu TEXHOJIOTHS
RAKE npumenseTcs Ui KaxJ0ro cyokanana (m,., m,).

Ounenka BepoOATHOCTH OIIMOKH M YCTOHYHBOCTH
pelleHusi B YACTOTHOM 00/1acTH

W3 BeipaxkeHus (9) BUIHO, YTO TOYHOCTh U BO3MOXK-
HOCTb pelIeHus cuctemsl (8) ompezaensercs marpunei I'
u BekTopoM N. BrimonHum ananus BausHUS MaTpuisl I'
n Bektopa N Ha pelnieHre u BeposiTHOCTh ommoOku. Kanan
CBsI3M, 33JJaHHBIH cHCTEMOW ypaBHEHUH (8), O3BOISET
peann3oBaTh MAaKCUMAJIBHOE YHCIIO CYOKaHAIOB MYJIBTH-
TUICKCHPOBAHMS B TOM CITy4ae, €CJIM YHCIIO IPUHIMATOIIX
aHTEeHH M,. GOIbIIIE MM PABHO YHCITy TIEPENAtONINX aHTCHH
M,, 1.e. M,.> M, Ilpn ycnosuu M,.> M, cuctema (8) Oyner
paspemnma. ITonoxum, uro M,. = M,, Torna ducio cyoxa-
HaJoB paBHO M, = M,

Zanumem marpuity I'1(jm) KOMIIEKCHBIX aMILTATYI-
HO-(a30BbIX KO3(D(HUIIUCHTOB B BU/C, YAOOHOM IS alib-
HEHIINX paccyKIeHHUH:

Bl,] (jo) B ,M,.(/ ©)
I'(jo) = : : R (10)
B ,M,,l(/'(’)) "' BM,,Mr(jm)

e B, (J®) — SIEMEHTBI MATPHIIBI r-L
B cootBercTBuu ¢ (9) pemenne marpuirs (10) onpere-
JIMM BBIPQXKCHUEM:!
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MeTon NPOCTPAHCTBEHHOIO MYJIbTUMIEKCUPOBAHMNSA B MHOMOAQHTEHHbIX CUCTEMax CBA3M

M,
X J0) = % By G0Ny, (j0) + N,y (). (11)
m,=1
YuureBas (10) u (11), mpousBenem aHanu3 BIUSHUSL
MaJIoro BO3MYILUEHHS [IPaBOM 4acTU CUCTEMbl YpPaBHEHU
(8) m marpurs! I' Ha yCTOWYMBOCTD pemieHus. 3amuiiemM
BeIpakenue (9) B BuzE:

X +AX=T"1(Y +N), (12)

rae X — BEKTOp MONE3HBIX CHIHAJIOB, IIONYYCHHBIX B
xoze petenust (8); N = (N, (jo)) — BEKTOp BO3MYIICHHS
npasoit qactu; AX = (N, (jo)) — BEKTOp BO3MYIICHHS
peutennst (8), Y = (¥, (j®)) — BEKTOp IOJIE3HBIX CHIHA-
JIOB MMPUHATBIX aHTCHHaMU. OTMeTI/IM, YTO BOBMYIIICHUC
npaBoif yactu ectb AWGN, B 1aHHOM ciy4ae, pu Hy-
JICBOM MaTCMaTU4YCCKOM OXHIAAHHU, 3HAK a]l}lI/ITPIBHOﬁ
KOMITOHEHTHI HE MEET 3Ha4eHHMsI (3aMeTKa JUIsl CPaBHEHUS
¢ (9)). Ucnonk3ys u3BecTHOE BhipaxeHue [20], 3anuiiem
OTHOILICHHE JUIsl OLIEHKH OTHOCHTEIILHOM MOTPEeIIHOCTH:

IAX] < 0 (13)
=i

rae x(I) = |T)|IT-Y| = 1 — uwucno obycrosnennocmu ma-
Tputsl I'. B kagecTBe HOPMBI MaTpuIl 1 BEeKTOpoB B (13)
n fanee OyJeM HCIIOIb3yeM €BKJINIOBBI HOPMBI, TAKXKe
HazbIBaeMble chepuyecKuMu HopMamu. [IpumeHum st
Marpuiibl I' HopMy 1o cyMMe KBapaToB JIEMEHTOB CTOJO-
1@, juist Marpuisl [-1 HopMy 110 cymMMe KBaapaToB dJieMeH-
TOB CTpoKHU. Kak n3BecTHo, perieHue Oy/ieT yCTOHYNBbIM,
ecnu uncio obycnosienHoctr ¥(I') 6am3K0 1Mo 3HAUEHHIO
K enunMIe [21].

[epermmmem BeipakeHue (12) B BUE, CBSI3BIBAIOIIEM
OTHOIIICHWE PHEPTUH IIyMa K SHEPTHH CUTHaJIa JUIs da-
CTOTBI (® Ha BBIXOJI€ aHTCHHO-(DUACPHBIX YCTPOICTB U B
cyOKaHaie:

M,
1 mz_ JYm,ow)F 2| o)

. (14)
I'jo 2 SN}

(rGo) 2|N o) 2\ o)

VYuureiBas, yto M, = M,, 1 Ipon3BeAs CTATUCTUYECKOE
YCpEIHEHHE, MOXKHO C/IeJIaTh BBIBOJI, YTO OTHOILICHNUE CHUT-
Hana K mymy SNR,(j®) Ha aHTeHHaX CBA3aHO C OTHOILCHU-
eM CHTHaja K IIyMy B cyOkaHanax SNR,(jo) crenyomum
obpazom:

SNR,(jo)

2 .
X (T(o))
Bripaxenue (15) mo3BossieT NpOU3BOAUTE pacdyeT
BEPOSITHOCTH OIIMOKM B CyOKaHaJie MPH pa3IHIHBIX BU-
JlaX CUTHAJBHOTO KOAMPOBAHMS M3BECTHBIMU METOIAMHU.

PaccmoTpuM nprMep OLICHKH BEPOSATHOCTH OLIMOKH B CyO-
KaHaJle IIPU OPTOTOHAIEHOM KOANPOBAHUH.

< SNR (jo). (15)

OueHkKa BepOSITHOCTH OIIMOKHU B cyOKaHae
NPH OPTOTOHAJHHOM KOXHPOBAHUHI

B xagectBe npuMepa peICHrd 3aa91 OLICHKHU BEPOAT-
HOCTH OIIHOOYHOIO JACTCKTUPOBAHUA PACCMOTPUM cnyqaﬁ

UCIIOIb30BAHUS JUISI MIEPEIayll COOOIICHUI 3JIEMCHTOB
MHOKECTBA OPTOTOHAIBHBIX CHTHAIBHBIX CUMBOJIOB (CHT-
HAJIBHOTO anaBuTa MOMIHOCTBIO S =2V, v=1,2,3,...)
alpUOpH W3BECTHHIX Ha MPUHUMAIONICH CTOPOHE
30, %5(0), ..., 3(0), ..., Xs(f)} Wm MX 4aCTOTHBIX 06pa30B
{X|(w), Xz(](u), X o), . L X s(jo)}. Kpurepuii npas-
noronoous [ 14, 22] TS Z[GTCKTPIpOBaHI/DI CUTHAJIOB UMEET
BHI:

max {p(X,, o)L o)} (16)

e p(thUw)|XgUm)) — (YHKIHS YCIOBHOW INIOTHOCTH
pactmpeneneHusl BEpOsITHOCTH, YacTO Ha3biBaeMasi (DyHK-
IIMEH MTPaBIONOJ00Ns THIIOTE3bl O TOM, YTO MepeaBaICs
CHMBOJ )A(S(jco) MIpU AaHHOW (UKCHPOBAHHOW peannsa-
UK cHrHana X, (jo), OnpeeneHHOro Npy pemeHu (8).
OTMeTHM, YTO AJI MCIIOJIB30BaHUS MHOXKECTBa {X(7),
Xy(8), ooy X(0), ..., X(f)} mpu perennu (16) HeoOXoqUMO
BBIIIOJIHUTD BBIpaBHUBaHUE X((¢), s =1, ..., S 110 BpeMeHH ¢
T 710 T'= "1+ At . JOTIONHUB X () HYIAMU JTTUTEIBHOCTBIO
Almax, TIPH TOM TPOU30H/IET BBIPABHUBAHUE YaCTOTHOTO
pasperrenns ams X, o) 1X, (jo).

He npusons HOI[pO6HOCTI/I BceX mpeodpa3oBaHuii (Iox-
pOOHBII BEIBOJ MMeeTcst, HanpumMep B [ 16, 23]), 3anumiem
BBIP@KCHUE JJIS1 OLICHKH BEpXHEH TPaHUIIbBI BEPOSITHOCTH
omuOKku (V-OMTOBOTO) CHMBOIIA B CyOKaHaIIe:

f - —f e 0:54%dg x
- e (17)
2FE,,
X expl|— ( 7 )db,
No

rae a, b — noOaBieHHBIC apTYMEHTHI HHTETPATbHBIX BBI-
pakenuii. J{s erancnenns (17) HeoOX0qMMO€E OTHOIIICHNE
SHEPruu CUrHaJla K OJHOCTOPOHHEHN CIEKTpabHOM IJI0T-

E
HOCTH IlyMa B CyOKaHaje — - MOXHO BBIPA3HTh Yepe3
N t

AQHAJIOTMYHOE OTHOIIICHHE HAa TPUEMHBIX aHTEHHAX B COOT-
BETCTBHH C BbIpaxkeHUEeM (14):
1 Eml < Eml

—=r 18
P@ONG No" 1o

B cnyuae ecii opToroHanbHBIE CUTHAIIBI PABHOBEPOSIT-
HBI, BCE BEPOSTHOCTH OIIMOOK HAa CUMBOJI PAaBHOBEPOSTHBHI,

P, v [V
1 BO3HHKAIOT C BEPOSITHOCThIO: ——. NMmeercst C) = g

BO3MOXKHBIX peaju3aluii, Ipu KOTOPBIX U3 V MEPEIAHHBIX
O6uTOB g MPHUHATHI ¢ omKOKoi. CieoBaTenbHO, cpeiHee
YHCII0 OIMOOYHBIX OMTOB Ha V-OMTOBBIN CHMBOJI PAaBHO:

Z ( )P 2v—1P
=V .
Nglp 1"y

CpenHsist BEpOATHOCTb OLIMOKY Ha OUT B cyOKaHane m,:
b zv—l
o™

my

OTMGTI/IM, 4TO B III/I(I)pOBLIX CHCTEMAaX CBSI3M OOBIUHO
HCIIOJIB3YIOT KpI/ITepI/Iﬁ OTHOLICHHA SHCPIMU CUI'HAJIa Ha

our E,zl = —E,, K CIIEKTPAIIbHOH MIIOTHOCTH MOIIHOCTH
v
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A.1O. NpuweHues

b
my my
myma Ny ', T. e. — > B KOHTEKCTE PACCMATPHBACMOTO CITy-

0
yasi — B cyOKkaHaJe.

AJITOPUTM AIaNITUBHOTO GOPMUPOBAHUS MATPHULL
aMILUINTYIHO-()a30BBIX IAPAMETPOB

JluHeliHy 0 HE3aBUCUMOCTh BEKTOPOB aMILTUTYIHO-(Da-
30BBIX [TApaMETPOB, 00pasyromux Marpuiyy I' HeBO3MOXKHO
o0ecreunTb 3a CUeT 3a/Iep KaHuMs W/UIIM YCUIICHHS CUTHAIIA.
JluHeiiHas HE3aBUCHMOCTb BEKTOPOB aMILIUTYIHO-(a-
30BBIX I1aPaMETPOB MOXET OBITh JOCTUTHYTa TOJBKO 32
CUCT YHHKAJBHOH UIsl Ka’KAOH aHTCHHBI KOH(QUTYpaIun
(aMIuITYIHOM ¥ (ha30BON) IPUHUMACMBIX JTy9eii IPH MHO-
TOJTy9IeBOM pacipocTpaneHnu. KpoMe mpocTpaHCTBEHHOM
n30MpaTeNbHOCTH, 3a CUET AMarpaMMbl HAIIPABICHHOCTH
M3TYYalOMNX U MPUEMHBIX aHTEHH, JOTOIHUTEIBHO JUIS
MTOBBILIEHNS JINHEHHON HE3aBUCUMOCTH BEKTOPOB aM-
IUIMTYAHO-(A30BbIX MApaMETPOB MOXHO HCIIOIb30BATh
MOJSIPU3AIIMOHHOE pa3/iesieHe, KOTOpoe SIBISETCs Tpaiu-
HUOHHBIM CIIOCOOOM JIJIsl MHOTOQHTEHHBIX CHCTEM THIIA
MIMO [2]. JIunelinasi HE3aBUCUMOCTbh BEKTOPOB aMILIH-
TYIHO-(a30BbIX MTapaMeTpoB, 0Opasyromux Marpuiy I'(jo)
Ha OJHOW YacToTe, HApUMEp ®;, HE rapaHTUPYeT JH-
HEHHYI0 HE3aBUCHMOCTh TEX )K€ BEKTOPOB Ha 4AaCTOTE (),
(o) # ).

J171st HoCTpOeHMsT MOZIENH AIAITUBHOTO (DOPMHUPOBAHUS
MaTpHIl aMIUTUTYJHO-(a30BbIX TAPAMETPOB JUIS YACTOTHI (M
3aJjaliM MHOXECTBO NPHUEMHBIX aHTEeHH A = {ay, a,, ...,
Ay -5 A1 aQ}, e g =1, ..., O — HOMepa JTOCTYIHBIX
AHTEHH U3 MHOXKECTBa A, Tak 4To card(A) > M,, T. e. MoLI-
HOCTh MHOYKECTBA JJOCTYITHBIX JJISI HCIIOJIb30BaHUS TIPH-
€MHBIX aHTeHH Ooublie yncna M,. J{nd ka0l aHTEeHHbI
13 MHOXXECTBA A M3BECTEH HA0Op aMIUIMTYIHO-(a30BbIX
napameTpos vy, ,, (jo). Torna ams xaxoi yacTors cdop-
Mupyem marpuny I'(jo), obnanaonyro MUHUMaIbHBIM
3HaueHneM uucia odyciosiennoctu x(I'(jo)). Anroputm
(hopMHpOBaHUS OCHOBaH Ha MPUHIIUIIE BHIOOPA, IS Ka-
KON HEOOXOAMMON MPH AETEKTUPOBAHUU YACTOTHI O,
Matpuis! I'(jo) ¢ HanboNMBIINM OTIpEeeTUTENIeM, COCTaB-
JICHHOW W3 HOPMHPOBAHHBIX 3HAUYCHUH aMITTUTYIHO-(a-
30BBIX [IAPAMETPOB!

det(I',(joo))
max{— — -
[T Go)][*

TIpeArnoaoKuM, 4TO YHCIO JTOCTYITHBIX aHTCHH PaB-
HO card(A). ChopMupyeM MacCCHUBBI UCITOJIb3YEMbIX aH-
TeHH M,. Uncno Bo3MoxkHbIX Marpull I' (jo) BeryrcIuM

o M,
Kak 4ucio coueranuit us card(A) no M,, T. e. Cglya) =

card(A)!

M,!(card(A) — M,)!
CHCTEMaX C MPOCTPAHCTBEHHBIM MYJIBTUILIEKCHPOBAHUEM
MPEUMYIIECTBEHHO HCIOJIb3YEeTCs Y3KOMOIOCHAs MOJY-
JSIUST, TO MPAKTHYECKash HEOOXOAMMOCTh BBIYUCICHUS
OTIpe/IeUTEeNs] OrpaHUYEHA 3a/IaHHBIM HA0OPOM 4acToT
®. OllEHUM BBIYHCIUTEIBHYIO CJIOKHOCTh pacueTa orpe-
JNeUTENsT Kak O(M,?) a o01ee YucIo BRIYUCICHUN —
O(M,3 )C&/fa{rd( A)- 11pn 9TOM (aKTHecKas BBIYMCIUTENbHAS
CJIOKHOCTB Oy/IeT 3HAYMTENILHO HIKE, TaK Kak GopMupo-
BaHME KKI0H HOBOM MaTPHIII MOXXHO TOJTyYHTh 3aMEHOM
JIMIIb OJJHOM CTPOKH, 4TO MO3BOJISIET HCIIOIB30BATh paHee

. M,
—T(jo),v=1, ..., Caulaay

y‘lI/ITI)IBaSI, YTO B MHOT'OAQHTCHHBIX

BBIYHMCIICHHBIE PE3yJIbTaThl. 3aMETHM, UTO caMma 3ajada

BBIUHCIIEHUS ONPEeIIUTENS XOPOILIO PaciapaIeNnuBaeTcs,

YTO MO3BOJISIET CYILIECTBEHHO YCKOPUTH pacueTsl. J{is cTa-

LMOHAPHBIX CUCTEM CBSI3U, C KBa3UCTAMOHAPHBIM MaTTEP-

HOM MHOTOITY4YEBBIX TPAcC, MOUCK ONTUMAIILHON aHTEHHOM

KOH(UTYpAIIUH HEOOXOIMMO TTPOU3BOAUTE OTHOCHTEIHHO

penKo, B OTIAMYNE OT MOJABMKHBIX CHCTEM CBS3H WIIH CH-

CTeM ¢ OBICTPHIM M3MEHEHHEM MaTTepHa MHOTOIYYEBBIX

Tpacc, JJig KOTOPBIX IMOUCK ONTHMAaJIbHOM aHTEHHOM KOH-

(urypary MoxeT ObITh HEOOXOIUM OTHOCHUTEIIBHO YacTo.
[Ipenaraemblii aITOPUTM M METOA UCIIOJIb30BAHUS 10~

HOJIHUTENbHBIX aHTeHH (card(A) — M,) He saBiseTcs 00s3a-

TEJILHOM YacThIO JIETEKTHPOBAHUSI B YACTOTHOW o0nacTy, a

MO3ULIMOHUPYETCS KaK JIOTIOJIHUTEIbHBIN HHCTPYMEHT, OpH-

€HTHUPOBAHHBIM Ha MOBBILICHUE YCTOWYUBOCTU PELLICHHUS

3a1auu getekrupoBanusi. C Apyroil CTOPOHBI, UCIIONB3Ys

AQHAJIOTUYHBIN TTOIXO0J], MOKHO YBEIHYUTH YUCIIO TIepeia-

IOIIUX aHTEHH 10 YucIia OOIBIIeTo YeM M, afanTHBHO HC-

TIOJTB3YSI TOJIBKO T€, KOTOPBIE TTO3BOIISTIOT MUHIMH3HUPOBATH

3HAUCHHE YHCIIa 00yCIOBICHHOCTH IIPH PEIICHUH CHCTEMBI

(7) Ha MpUHUMAIOIIIEH CTOPOHE.

B cucremax cBsizu ¢ IMPOCTPAHCTBCHHBIM MYJIBTUIIIICK-
CHPOBAHUEM CYIIECTBYET HECKOJIBKO YCTOSBIINXCS MOX0-
JIOB K OTIpe/IeNICHNI0 NH(POPMAIK O COCTOSIHUM KaHalla B
npuemuuke (CSIR), Ha ocHOBE KOTOPOTo (OPMUPYIOTCS
BEKTOPBI aMIUIUTYIHO-(a30BbIX MapaMeTPOB LI KaKIOH
AHTEHHBL:

— Ha OCHOBE MaTeMaTUYECKOr0 MOJEIMPOBAHUs KaHalla
CBSI3U;

— HA OCHOBE M3MEpPEHUH XapaKTePUCTUK KaHaIa CBS3H
MIPOU3BOJUMBIX CaMOW NMPUEMO-TIEPENAIOIIEN cUCTe-
MOIi;

— CMELIaHHbIN 0IX0/1, OCHOBaHHBIN Ha MOJECIIMPOBAHNU
1 U3MCPCHUAX.

Haunyuiine pesynbraTsl yaaeTcs MOJIYYUTh C IIOMO-
IIbI0 U3MEPEHUI XapaKTepPUCTUK KaHalla CBA3U, IPOU3BO-
JUMBIX CaMOM MpHeMo-Iepearonieil CHCTeMOM, 1 Ha oc-
HOBE CMEIIaHHOTO I10/1X0/1a, OCHOBAHHOTO Ha U3MEPEHUAX
1 MoJenupoBanuu [24].

YucjieHHOE MO/IeTMPOBAHNE KAHAJIA CBA3H
¢ MPOCTPAHCTBEHHBIM pa3jeeHHeM U
JeTeKTHPOBAHHMEM CHTHAJIOB B YaCTOTHOM 00J1acTH

B kadecTBe YMCICHHOTO MOJICIIUPOBAHUS BBITIOTHIM
OIICHKY BEPOSITHOCTH OIIMOKH B KaHAJIC C MPOCTPAHCTBCH-
HBIM MYJIBTUIUIEKCUPOBAHUEM 10 YETBIPEM CyOKaHajgam
TIPH MCITOJH30BaHUM OOIIETO I BCEX CYOKaHAIOB OpPTO-
TOHAJIBHOTO YETHIPEX CUMBOIILHOTO ali(haBUTa.

B Tabnuiie npuBeneHbl xapakrepuctiuku marpuil I' u
I'!, umeronye 3Ha4€HNs U1k pacyeTa BEPOSTHOCTH OIIKO-
ku. Ha OCHOBaHHMHM YMCICHHOTO MOJIEITUPOBAHHUSI TOCTPOE-
HBI TpaduKu (PUCYHOK) CpeiHel BEPOSITHOCTH OIIUOKH TI0
BCEM CyOKaHaIaM B 3aBUCHMOCTH OT OTHOIIICHHUS CHTHAJIa
K IIyMy Ha OWT, JJIsl YeThIPEX pa3InuHbIX 3HAYCHHUH Ynciia
oOycnosiennoctu Marpunpsl I'. MogenupoBanue nponsse-
JeHo B cpene MatLabl.,

I MathWorks — Makers of MatLab and Simulink — MatLab
& Simulink. MathWorks. [Dnexrponnsiit pecypc]. URL: https:/
www.mathworks.com/ (nara o6pamtenus: 18.02.2023).
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MeTon NPOCTPAHCTBEHHOIO MYJIbTUMIEKCUPOBAHMNSA B MHOMOAQHTEHHbIX CUCTEMax CBA3M

Tabnuya. IlapameTpbl YUCICHHOTO MOJICTTMPOBAHUS

Table. Numerical simulation parameters

XapakTepucTuKa MaTpHULL Puc. 1, a Puc. 1,0 Puc. 1, ¢ Puc. 1,d
|det(I)] 1,000 0,21357 0,03415 0,00233
1] 1,000 1,00800 0,99502 1,00505
(=1 1,000 2,71739 3,12500 8,34937
x(I) 1,000 2,73913 3,10943 8,39151
a b c d
P, P, P, P,
10° T 10° T 7 10° T y
0,7
0,6
104 E
0,5}
1021 1 10!} 1
10°%F 04f
03+
107" , 10 - l 1072 . .
10° 10! 102 10° 10! 102 10° 10! 102 10° 10! 102
SNRb,, nb SNRb,, nb SNRb,, nb SNRb,, nb

Pucynok. MonenupoBaHue BEpOSITHOCTH CPEAHEH CTaTUCTUYECKON OMINOKH (Pm,) B CyOKaHaJIaX B 3aBHCUMOCTH OT OTHOILCHHS
CHUTHaJa K IryMy Ha Out (SNRb,) Ui ueThIpex pa3nuyHbIX 3Ha4eHuH urcna obycnoBnenHoctr Matpuist y(IN): 1,000 (a); 2,73913 (b);
3,10943 (c); 8,39151 (d)

Teopernueckast BepXHsisi rpaHHLA (KpacHasi JIMHKS) U pe3yJIbTaThl YUCICHHOTO MojierpoBanus kaHasia MIMO (cuHsist auHus)

Figure. Modeling the probability of an average statistical error in subchannels vs. on the signal — to-noise ratio per bit for four
different values of the matrix conditionality number: y(I'): 1.000 (a); 2.73913 (b); 3.10943 (¢); 8.39151 (d).

Theoretical upper bound (red line) and results of numerical simulation of the MIMO channel (blue line)

YucieHHOE MOJEIMPOBAHUE BEPOSTHOCTH OLIMO-
KU OCYIIECTBJIEHO C IOMOIBIO Pa3pab0TaHHON MOAEIH
MIMO kaHana ¢ KOT€pEeHTHBIM JeTeKTHUpOBaHUuEeM. J{s
Ka)JIOW TOYKH BBINOJHEHA OTIIPaBKa 1 ThIC. cOOOLICHNI
10 YeThIpeM cyOKaHallaM, II03TOMY yCpEeIHEHHAs CTaTh-
CTHKa AJISl KaKIOH TOYKM paccYUTaHa 1Mo 4 ThIC. 3HAYe-
Huil. [lomydeHHbIe TpadUKU MOKA3alIN JOCTATOYHO TOU-
HYIO OLIEHKY BEpXHEH I'pPaHMIIBI TPEUIOKEHHBIM METOIOM

(17), (18).

3akarouenne

Pazpaboran mMeTox pelieHHs 3aJa4d IPOCTPAaHCTBEH-
HOTO MYJIBTUIUIEKCHPOBAHNS B MHOTOAHTEHHBIX CHCTEMAax

cBs13u. 11 MHOTOJIy4€BOr0O pacpoCTPaHeHUs [IPEIIIOAKEHO
peleHue, peaau3yeMoe B 4aCTOTHOM 001acTH, 4TO MO3BO-
JISIET 3HAYMTEIBHO ONTHMU3UPOBATh 33/1a4y JA€TEeKTHPOBa-
HUS 32 CUET TIOHMKEHHS €€ Pa3MEPHOCTH 10 OTHOIICHHIO
K PEIICHHIO BO BPEMEHHOI obnactu. BeimoiHeHo nccie-
JIOBaHUE W aHAJIW3 Pa3pabdOTaHHOTO METOJa, BBIBEACHO
BBIP)KEHUE JUIS1 OLICHKH BEPOSTHOCTH OILIMOKH B CyOKaHa-
Jie MHOTOQHTECHHON CHCTEMBI CBS3U C IPOCTPAHCTBCHHBIM
pasgenenuem. PazpaboTaH anropuT™M aganTuBHOTO (op-
MHPOBaHUS MaTPHUL aMILTUTYIHO-()a30BbIX NapaMeTpoB,
YTO IMO3BOJISCT ITOBBICUTH yCTOfI‘II/IBOCTB peUICHUA 3a CYET
ONITUMAJIBHOI'O MCIOJb30BaHUA YBCIIMYCHHOI'O MaCCuBa
AHTCHH.
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AHHOTAIUA

Beenenue. I[Togorpes HepTH ¥ HEPTENPOIYKTOB MIKPOKO MPUMCHSICTCS IS YMCHBIICHUS dHEPTrOMOTEPh MPHU
TpaHCHOpTHpOBKe. TedeHne B MEXTPyOHOM NPOCTPAHCTBE TEIUIOOOMEHHUKA UMEET CIIOKHBIM XapaKkTep U 3aBUCUT OT
MHOTHX (pakTopoB. Mcnonb30BaHHE TOHKHX TPYOOK B TEIUIOOOMEHHBIX amlapaTax FeJUKOUIHOTO THUIA NPUBOAMUT K
HEOOXOJMMOCTH y4eTa Mepexosia pexkuMa TeUeHHs 0T JAMUHAPHOTO K TypOylneHTHOMY. TpaauinoHHO UCTIONb3yeMbIe
B YHCJICHHBIX PAacyeTax MONyIMIUPHUCCKAE MOACTH TYpOYICHTHOCTH HE YUUTHIBAIOT JIAMUHAPHO-TYpPOYICHTHBIH
niepexoa. Pazpabotan moaxon k omnpeaeneHno 3G HEKTUBHON JUIMHBI TEIUIOOOMEHHOTO aIlapara u TeMIIepaTyphbl
XOJIOTHOTO TEIIOHOCHTEJIS HA €r0 BBIXOJIC B CITydac CHIIBHOW 3aBHCUMOCTH BS3KOCTH HE()TH OT TEMIIEPATYPBI C yIETOM
BO3MOJKHOCTH JIAMUHAPHO-TYpOYJICHTHOTO Iepexosia. B kauecTBe HarpeBaeMoro TEIUIOHOCHUTEINS PACCMOTPEeHa HE(Th,
a HarpeBarolero KOMInoHeHTa — Bojaa. Meroa. HoBu3Ha pa3paboTaHHOTO MOAXO/a 3aKI0YACTCS B MPUMCHCHUN
MOJIeNU TypOYJICHTHOCTH, YUUTHIBAIOLIEH JTaMHHAPHO-TYPOYICHTHBIN MEPEeXol, K pacyeTy TeII000MEHHBIX arnapaToB
TEJTMKOMHOTO THIIA. J{JIsl YMCIEHHOTO MOICIUPOBAHUS IPUMEHEHBI OCpeAHEHHbIE N0 PeliHonpacy ypasaenus HaBbe—
CToKCa, 3aMKHYTbIE IPH TIOMOIIM MOZIENH TypOyJIeHTHOCTH Y—Rey,, yInThIBaoImeH TaMIHAPHO-TYPOYIEHTHBIN MEPexot.
OcHOBHBIE pPe3yabTaThl. BRITOIHEHO CpaBHEHNE PE3yIbTATOB YHCICHHBIX PACYETOB C JIAHHBIMH, OTYYCHHBIMH Ha
OCHOBE METOJIa CpeIHENOrapu(MMUYECKOI Pa3sHUIIBI TEMIIEPATyp MPH TIOCTOSTHHON U TIEPEMEHHOMN BSI3KOCTAX. B cirydae
TIEPEMEHHOH BSI3KOCTH He(hTH 0OHAPYIKEH MepeXoJT IAMHHAPHOTO PeXKUMA TEUCHUSI B TYPOYJICHTHBIN, KOTOPBIN OKa3bIBacT
CYIIECTBCHHOE BIUSHUE Ha d3(PEKTUBHYIO JUTHMHY TEIIIO0OOMEHHOTO anmaparta. Oocy:kaenne. Pe3ynbTarbl YHCICHHBIX
pacyeToB MOTYT OBITh MOJIE3HBI IIPU MPOCKTHPOBAHUU TEIUIOOOMEHHBIX aIllapaToB TeIMKOUIHOTO THIIA.

KuawueBble ciioBa
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Abstract

Heating of oil and oil products is widely used to reduce energy losses during transportation. The flow in the annular space
of the heat exchanger is complex and depends on many factors. The use of thin tubes in helicoid-type heat exchangers
makes it necessary to take into account the transition of the flow regime from laminar to turbulent. The semi-empirical
turbulence models traditionally used in numerical calculations do not take into account the laminar-turbulent transition.
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[.E. Kypmarosa, H.OK. Ixainunbekos

An approach is developed to determine the effective length of the heat exchanger and the temperature of the cold coolant
at its outlet in the case of a strong dependence of oil viscosity on temperature, taking into account the possibility of a
laminar-turbulent transition. Oil is considered as a heated coolant, and water is considered as a heating component. The
novelty of the developed approach lies in the application of the turbulence model, which takes into account the laminar-
turbulent transition, to the calculation of helicoid-type heat exchangers. For numerical simulation, the Reynolds-averaged
Navier—Stokes equations are used which are closed using y—Rey, turbulence model that takes into account the laminar-
turbulent transition. The results of numerical calculations are compared with the data obtained on the basis of the log-
mean temperature difference method at constant and variable viscosity. In the case of variable oil viscosity, a transition
from the laminar flow regime to the turbulent one is manifested which has a significant effect on the effective length
of the heat exchanger. The results of numerical calculations can be useful in designing helicoid-type heat exchangers.
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BBenenune

M3MeHeHne KaueCTBEHHOTO COCTOSIHUSI ChIPhEBOI 0a3bl
MIPUBOJIUT K OCBOCHHUIO W BOBJICYCHHIO B DKCILTyaTaIUIO
MECTOpPOJK/IEHHH He(TH ¢ BHICOKUM COZIEp’KaHHEM Mapa-
¢uHOB, cmoI, acanbreHoB. Pa3paboTka Taknx Mecro-
pOXIeHuH TpeOyeT NMPUMEHEH!s HeTPaIUINOHHBIX METO-
JIOB 10OBIYM HE(DTH U €€ MMOATOTOBKH K TPAHCIOPTHPOBKE.
Caetsipie HepTenpOAYKTHI (OCH3HMH, KEPOCHH ) JIETKO TPAHC-
TTOPTHPYIOTCS MO TPYOOIIPOBOAAM B JIF000E BpeMs rofa u
oTlepaluy C HUMH HE BBI3BIBAIOT OCOOBIX 3aTPyAHEHUH.
Omnepanuu ¢ TeMHBIMH HE(TETIPOTyKTaMH (Ma3yT, CMa304-
HBIE Macja) U ChIpO HE(THIO BBHI3BIBAIOT 3HAYUTEIHHbIC
TPYAHOCTH, CBSI3aHHBIE TE€M, YTO TEMHbBIE HEPTEIPOLYKTHI
NPU NOHIKEHUH TEMIIEPaTypbl BO3/LyXa CTAaHOBSITCS Ooliee
BSI3KMMHM, M MX TPAHCIOPTUPOBKa O€3 1ojiorpeBa HeBO3-
MoxHa. [yt TpyOOTIpOBOTHON TPAHCIIOPTUPOBKU HE(YTH
1 He(pTENpPOIYKTOB NCIOIB3YETCs TOAXO0/I, OCHOBAHHBIIN
Ha peryJInpOBaHUM PEOJIOTHYECKUX CBOMCTB He]TH, Ha-
TIpuMep, P MTOMOIIN HarpeBa He()TH ¢ ee MoCIeyomei
TPAHCIIOPTHPOBKOH IO TPYOOIPOBOY C ITOBBIIIEHHOH Te-
TUTOU30JIAIHEH (Topsidas nepekadka HeTH). B HeKoTopbIx
Cllydasx yBEJIWYEHHE BSI3KOCTH HE(PTH MPU MOHIKEHUH
TEeMIIepaTypbl IPUBOAUT K HEAOIYCTUMbIM HATPSKCHUSAM
Ha CTEHKaX TPYOBI M OCTAHOBKE TPAHCIIOPTUPOBKH.

[Iporecchl TemooOMeHa OCYyIIECTBISIOTCS B TEIIOO-
OmenHbIx anmnaparax (heat exchanger) pasiuuHbIX THIIOB
U KoHCTpykuuit [1-5]. JIns mogorpeBa NpUMEHSIOTCS pas-
JUYHBIE TETJIOHOCUTEINH, HAIpUMeEp, Topsiyasi BOJa MIN
BOJsHOM map. [ToTpednenne sHepruu sIBISIETCS] OAHUM M3
BaXXHBIX (PaKTOPOB, KOTOPBIM OKa3bIBACT CYIICCTBEHHOE
BIMSTHHE HA KOHCTPYKIIMIO TeTUI00OMeHHUKa [6]. B HedTe-
ra30BOH OTpacCiv MPUMEHEHUE HAXOIAT KOXKYXOTpyOHbIE
TEIUIO0OMEHHUKH, KOTOPbIe 00SCTIeYHBAIOT XOPOIITHE Xa-
PaKTEpPUCTHKHU MPOU3BOANTEILHOCTH B IIMPOKOM JIMara-
30HE PabOUNX YCIIOBUH, BHICOKYIO HAJIEKHOCTb U HU3KYIO
CTOMMOCTb.

CocraB He()TH (B 4aCTHOCTH, COfiep)KaHue achaibre-
HOB, CMOJI, apa)HOB) OKa3bIBAET CYIECTBEHHOE BIIH-
STHUE Ha 3aBUCHUMOCTb BS3KOCTH OT Temmeparypsl [7, 8].
Omnupudeckre GopMyITbl, OMUCHIBAIONINE H3MEHEHUE KH-
HEMaTH4YeCKOH BA3KOCTH B 3aBUCHMOCTH OT TEMIIEPaTyphl,
HMMEIOT BH/J] Pa3INuHbIX (QyHKIMH (3KCIIOHEHIINATIbHBIE,
TTOJTMHOMHUHAJIBHBIE, CTETIEHHBIE U T. 11.), KOTOPBIE Xapak-
TEPU3YIOTCSI HAIMIUEM KOA(P(PUINEHTOB, 3aBUCAIINX OT

CBOWCTB x)uIKOCTH. [TocTosHHBIE KO GUIMEHTHI OTIpe-
JICIISIFOTCSL HA OCHOBE 3HAYEHHI M3MEPEHHBIX KHHEMaTHYe-
CKUX BSI3KOCTEH B DKCIIEPHMEHTAIBHBIX TouKax. st pac-
YETOB TCPMOANHAMIYECKUX ITapaMeTPOB HE(PTH, Ta30BBIX
KOHJICHCATOB U WX (PpaKIUi HCIIONB3yeTcs 0000IIeHHOE
ypaBaenue cocrostaus Jlm—Keccnepa [9]. B padore [10]
TIPOBEICHBI MCCIICTOBAHMS 3aBHCUMOCTH KHHEMATHYECKOM
BSI3KOCTH He()TH U cMecell HedTel OT TeMIeparypsl, a
TaKKe MPOaHAIN3UPOBAHbI CYIIECTBYOIIHE (GOPMYJIBI ISt
pacdera KHWHEMaTH4eCKOil BI3KOCTH HE(PTH B MarucTpaib-
HBIX TPyOOIIpOBOJAX.

TeueHne XUAKOCTH B MEKTPYOHOM MPOCTPAHCTBE
TEIUI00OMEHHHUKA UMEET CIIOKHBIA XapaKkTep W 3aBUCUT
oT MHOTuX (pakTopoB. UnCIEHHOE MOAEINPOBAHUE Te-
I000MEHA B TEIUIOOOMEHHBIX YCTPOMCTBAX Pa3IMYHBIX
KOHCTPYKITHIA TIpoBeAeHo B padotax [11, 12]. Pe3ymsrarst
YUCJICHHBIX PACYCTOB MPUMEHSIOTCS IS MOMCKA OITH-
MAaJIbHBIX CIIOCOO0B WHTCHCH(HUKAIINA TIPOIECCOB TEILIO-
obmena [13—15]. [TomydeHHBIC pe3ynbTaThl YKa3BIBAIOT Ha
YMEHbILICHNE BIMSHUS BSI3KOCTH MepeKadyrBaeMoil HedTr
Ha TUJIPABINYECKYIO0 XapaKTEepUCTUKY TPyOOIpoBo/ia Mpu
nepeKavyke Ha pa3BUTHIX TYPOYJICHTHBIX PEKUMaX.

CpaBHEHHME TOYHOCTH PA3IMUHBIX MoJejell TypOy-
JICHTHOCTH, UCIIOJIb3YEMBIX JIsl 3aMbIKaHUSI YPaBHEHUH
Peitnonbaca, Beimonueno B [16—19]. B ocHoBHOM B pac-
4eTax UCIONB3YITCS k—€ U k—@® Mojenu TypOyJIeHTHO-
ctH, a Takke Shear Stress Transport (SST) momens A—o.
[onmy4eHHBIC pe3yIIbTaThl CPABHEHUS MOJICITICH TTO3BOIISTIOT
TIOOWUTBHCS YIOBICTBOPUTEIBHOTO COBIIAICHUS PE3yIbTa-
TOB PAacyeTOB C TaHHBIMHU ITPOMBIIIICHHBIX IKCTIEPIMEH-
TOB. B pe3ynsrare BO3MOKHO PEIINTH 33/1a91 YIIPABICHUS
MPOLIECCAMU, TTOBBICUTH (P (HEKTUBHOCTH POU3BOJICTBA U
OTIPENICIUTh ONTHUMANIbHbIE PEXKUMHBIC MTAPaMETPhl TEX-
HOJIOTHYECKHUX IpolieccoB. BMecte ¢ TeM mmeromuecs
pacyeThl C UCIIOJIb30BAHUEM JIBYXIIaPaMETPUUECKUX MO-
neneil TypOyJIeHTHOCTH HE YYHMTBIBAIOT JAMUHAPHO-TYP-
OyJICHTHBIN ITEPEX0J], YTO CKa3bIBACTCSI HAa ONPECICHUH
3¢ deKTUBHON [UTHHBI TEIT00OMEHHOTO armapara [20].

B kimaccudeckux TEImI0OOMEHHBIX ammaparax ImydoK
TpyO IUTSI OMHOTO TEIJIOHOCHUTEINS IOMEIIAeTCs BHYTPh
KOXKyXa, [0 KOTOPOMY IBIDKETCS APYTOH TETFIOHOCHUTEINb.
B KOHCTPYKINHU TENUKOUIHBIX TETNTIOOOMEHHHUKOB IIPHUME-
HAIOTCA IpOoGUINpPOBaHHBIE TPYOKH M pedpa BHHTOBOTO
mpoQUIs, C MOMONIBI0O KOTOPHIX YIYUYIIAlOTCS yCIOBHS
TeroooMena. TpyOkH B TaKMX ammaparax UMEIOT MaJlblid
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MaTtemaTunyeckoe MmogennposaHne TEnI006MeHHOro annaparta C y4eTOM CUJIbHOM 3aBUCUMOCTU BA3KOCTU HEPTMU...

JMaMeTp U ToHKUe cTeHkH (okoso 0,3 Mm). B ciyuae, korna
BSI3KOCTh 3aBHUCHUT OT TEMIIEPATYPBbI, PE)KUM TECUCHHUS B Ta-
KHX TOHKHX TPyOKaxX MOXKET U3MEHSTHCS OT JIAMHHAPHOTO
70 TypOynenTHOro. OGBIYHO TOUKa Mepexo/ia JJAMUHAPHOTO
pEeKUMa TeYEHUs B TypOYJICHTHBIN OIpeiessieTcs Mo Koc-
BEHHBIM TPHU3HAKAM, HAIIPUMEp, 110 PE3KOMY H3MEHEHHIO
k03¢ uIIeHTa TPEHUS.

B nacrosme#t pabore paspaboTana MaTeMaTudecKas
MOZIENb TEII000MEHHOTO aIapara, y4uThIBAOIIas JIJAMU-
HapHO-TYpOYJIeHTHBIN nepexo. BeiOpana cxema Terioo0-
MEHHHKA «Tpy0a B TPyOe» C TOHKOM M IVIaJIKOi BHYTPEHHEH
TpyOKoil. [TpuBeaeH Metox pacyera TEII00OMEHHHKA ITPs-
MOTOYHOTO THIIa, B KOTOPOM BO BHYTPEHHEM TpyOOIIpo-
BoJie paboueil )KHUJIKOCThIO sIBIsieTCS HEPTH (XOJIOAHBII
TEIUIOHOCHUTENb), @ BO BHELIHEH TpyOe — Bona (ropsuuid
TEMJIOHOCUTEIND). PacueTsl MpOBEACHBI JIUISI MOJIETHHON
KOHCTPYKIIMU TETJIO0OMEHHOTO armapara Ha 0a3e JByX
MIOJIX0/I0B, OCHOBAaHHBIX Ha METOJIE CpeIHeIorapupmMu-
geckoit pazuunsl temmneparyp (Log-Mean Temperature
Difference, LMTD) nipu moCTOSHHO# 1 IEPEMEHHON BSI3KO-
CTU 1 HA OCHOBE CPEJICTB BBIYUCIUTEIBHON THIPOINHAMU-
ku (Computational Fluid Dynamics, CFD). Ocpentennble
1o Peiinonbacy ypaBuenust HaBbe—CTOKCa 3aMKHYTBI TTPH
TIOMOIIY MOJIENHN TYpOYIEHTHOCTH, YUYUTHIBAIOIIEH JTaMU-
HapHO-TYpOYJICHTHBIN 1epexo. BrinoiaHeHo cpaBHeHUE
JIaHHBIX, TTOJyYE€HHBIX B PAMKaX JIBYX MOJXO/IOB.

MaremaTn4yeckas MoJeJIb

B pacuerax ucnonb30BaHbl METOJIBL: CpeHeIorapud-
MMUYECKOH PAa3HULBI TEMIIEPATyp IPU IIOCTOSIHHOW U IIe-
PEMEHHOM BA3KOCTH; BEIYUCIUTEIBHON THAPOANHAMUKH.

MeTtoa cpeaHenorapuMu4ecKoil pa3sHUIbI TeM-
neparyp. JUIsl OLlEHKU TEMJIOBBIX MOTOKOB OT ropsiye-
IO TEMJIOHOCHUTENS K XOIOAHOMY MPUMEHSETCS MOJEIb
TEIUIOHOCUTESI C MTOCTOSIHHOM WIIN ITEPEMEHHOH 0 JAJTNHE
BA3KOCTBI0, OCHOBAaHHAsl HAa UCIIOJIE30BAaHUH CPEIHENOra-
pudmMuIecKol pa3HHUIBI TeMneparyp. B ciydae cuiibHON
3aBUCHMOCTH BSI3KOCTH OT TEMIEPATYPhl TEINIO0OMEHHHUK
pazOuBaeTcs Ha AIEMEHTapHbIe y4acTKu 1o anuHe. Ha
Ka)KJI0M y4acCTKe JeJIaeTCs MPENIOI0KEHUE O MAJIOM U3-
MEHEHHH BSI3KOCTH.

Uucno HyccenbTa 3aBUCUT OT pekuMa TedeHus (Jia-
MUHApHBIH, TIePEeX0/IHbIN, TYpOYJCHTHBIN) U peKUMa Te-
riooOMeHa (HarpeB WM oxJyaxjaenue). JlokanbHble dHc-
na Hyccenbra B JaMMHapHOM U TYpOYJISHTHOM peXHUMax
TEUEHUS] PACCUUTHIBAIOTCS MPH MOMOIIY COOTHOIICHUH,
MPUBEICHHBIX B padorax [21-23]. s KOIBIEBOTO Ka-
Haja B TypOYJIEHTHOM PEKHMME TEUCHUS MCIIOIb3yeTCs
COOTHOMICHHE, KaK M JJIsl TEUCHUsI B TpyOe, HO CO CBOMM
SKBHMBAJIEHTHBIM THAPABINYECKNM auameTpoM. Ilepexon
MEXJly Pa3JIUYHBIMU KPUTEPHUAIILHBIMU COOTHOILEHHUSMH,
COOTBETCTBYIOIIUMH JTAMUHAPHOMY, IEPEXOAHOMY U TypOy-
JICHTHOMY PEKUMaM TEUCHHS, PeaTn3yeTcs B 3aBUCHMOCTH
oT yucia PeitHomb/ca, KOTOpOE HAXOIUTCS 110 CpeTHEMAC-
coBoii ckopoctH (1ipr Re ~2-103 1 Re ~ 104).

MeToa BBIYMCJINTEIbHON IHIPOAUHAMHKH. Pe3yib-
TaThbl PACYETOB ITPU ITOMOIIN METOJIa CpeHEeIorapupmMuye-
CKOI1 pa3HUIIbI TEMIIEPATyp CPABHUBAIOTCS C JaHHBIMHU, T10-
JIy4EHHBIMH METOJAMH BBIUUCIUTENBHON THIPOJUHAMUKH.
Teuenue cunTaeTCs CTAMOHAPHBIM U OCECUMMETPUYHBIM,

HEe(Th — HBIOTOHOBCKOW JKH/IKOCTBIO C MOCTOSIHHOM TUIOT-
HOCTBIO U [IEPEMEHHBIMH TETUIO(QU3MIECKIMHU CBOMCTBAMU.
PacueTsl mpoBOAsATCS MTPU TIOMOIIM YUCICHHOTO PEIICHUS
ocpenHeHHbIX 10 PeitHonbacy ypasuenuil HaBbe—CTokca
(Reynolds-Averaged Navier—Stokes, RANS) mist Bsi3Koit
HEC)KUMAEMOH JKUAKOCTH, 3aMKHYTOH Onlaroiaps MOJEIH
TypOyJIEHTHOCTH, yIUTHIBAIOIIEH JJaMIHAPHO-TYpOYIICHT-
HBIN TIepexon [24].

Mopgens TypOynentaoctu SST k—w paspabortana s
3¢ (EKTUBHOTO COYETAaHUS HAJACKHOW U TOUHON MOICIH
k—® B IPUCTEHOYHOM 001aCTH U MOJIEIU k—€ B CBOOOIHOM
notoke [25, 26]. JIns nepextoueHns MeXy MOJEIIMU
MPUMEHSIETCSI CTIeIMabHast PyHKIHS, KOTOpasi IPUHAMAET
eIMHUYHOE 3HaUYCHUE B IPUCTEHOYHOM 001acTh (CTaHaapT-
Hasi MOZIETIb k—®) M HyJIeBOE 3HAYEHHUE BJIAJIHM OT CTCHKH
(Monens k—¢).

Mopens, yauThIBaIOIas JIJAMUHAPHO-TYPOYJICHTHBIH
nepexoy (Local-Correlation Transition Model, y—Rey,
transition model), ocHOBaHa Ha codeTaHuH ypaBHeHHNA SST
k— Monenu TypOyIIEeHTHOCTH C ABYMSI JOTIOTHUTEITbHBIMU
YpaBHEHHMSIMH TIEpeHOca sl TapaMeTpa InepeMekaeMo-
CTH Y M KpUTHUYECKOoro yncia PeitHonbzca Reg,, mocTpoen-
HOTO TIO TOJIIMHE MOTepu ummynbea [27, 28]. ns ymnpo-
IIEHHs MOJZIeNU ypaBHEeHue Uit Rey, He paccmarpuBaercs,
a B ypaBHEHHH JJIs TapaMeTpa MepeMekaeMOCTH JeIaeTcst
MPEANOoN0OKEHHE O MAJIOCTH KOHBEKTUBHBIX CIaraeéMbIX
[29]. Tako# moaxo/ MPUBOANT K alreOpandecKuM COOTHO-
MICHWSM JUTS HAXOXK/ICHHS TTapaMeTpa NepeMekaeMOCTH.

Mozens TypOynenTHOCTH Y—Rey,, ucnonb3yemas B pac-
yerax, Obl1a pa3paboTana Uil pelIeHNs 3a/1a4 BHEIIHEH
adpoJlMHAMUKU. B nanpHelnieM MozeNb yCIEWHo Ipy-
MEHSJIACh [UI MOJEIMPOBAHNS IIUPOKOTO KPyTa TEUCHHH.
B uwactHocTH, B pabote [30] mpoBeaeHO cpaBHEHHE pa3-
JUYHBIX Mojenel TypOynentHocTH (k—€, k—o, k—» SST,
v2—f, y—Rey,) IPUMEHHUTENBHO K TEYCHHSM B KaHAJIAX H
MOKa3aHbI IPEUMYILECTBa Moziesn Y—Rey, nepen apyrumu
MOJIETIIMU TypOYIEHTHOCTH.

B Hay4HbIX paboTax MpUMEHSIIOTCS Pa3IMuHbIC 3aBHU-
CHMOCTH BSI3KOCTHU OT TeMIIeparypsl. B HedTsiHOI oTpaciu
IPU pacyeTe KMHEMAaTH4eCKOH BSI3KOCTH V, 3aBUCSIIEH OT
temneparypsl 7, ucroib3yercs popmyna Bansrepa [10]

Ig[lg(v + 0,8)] = a + blgT, (1)

rne a u b — sMnupudeckue KodPOUIIUEHTHI, OTpeness-
€MBbIC I HCCHeHyeMOﬁ KUAKOCTHU DKCTIEPUMCHTAJIbHBIM
nytem. Koadduimentst a u b B popmyse (1) Haxomsres
13 COOTHOLLEHUI

a=lg[lg(v, + 0,8)] - blgT,

, _ ellevi + 0.8)] ~ leflg(v, + 0.8)]
lgT, —lgT,

>

e V| U V, — 3HAUCHUSI KHHEMAaTHUECKOH BA3KOCTH JKUJI-
KOCTH IIpH Temneparypax 1 u T5.

YuceHHOEe MO/IeJIMPOBAHME

Peanuzanus merona cpenHesorapuGmMuIeckoil pas-
HUIIBI TEMIIepaTyp 3aKII04aeTcs B UHTETPUPOBAHUY CH-
CTEMbI OOBIKHOBEHHBIX AH((epeHIInaIbHBIX YPABHEHHUH.
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VYpaBHEHHS pelIeHbl METOJJOM KOHEUHBIX Pa3HOCTEH Ha
untepBaine x € [0, L], tne L — anuHa TEIIOOOMECHHUKA,
YTO ITO3BOJISIET IPUMEHUTH pa3pabOTaHHBIN MOAXO IS
pacdeTa IpsIMOTOYHBIX U ITPOTUBOMIOTOYHBIX TETIIOOOMEH-
HUKOB. [ cTabnin3anyuy UTepaliMoOHHOTO Ipolecca Npu
JIMHEapU3alny CHCTEMBI IIPIMEHEH METOJ HIDKHEH perak-
cauuu. JUIMHA MPOMEKYTKa MHTErpUpoBaHus L 3apaHee
HEHM3BECTHA, KOTOPas OIpesieneHa MeTonoM HproToHa.

Brinonnena nquckperu3anust OCpelHEHHbIX 1Mo Peii-
HOJNB/ACY ypaBHeHNH HaBbe—CTOKCa 1 ypaBHEHUI MOaeIN
TYpOYJIEHTHOCTH C IOMOIIIBIO METO/I0B KOHEUHBIX 00bEMOB
Ha HECTPYKTYPUPOBAHHBIX CETKaX M KOPPEKIIMHU JiaBje-
nust Semi-Implicit Method for Pressure Linked Equations
(SIMPLE) [31]. AuckpeTH3anus HEBSI3KUX IOTOKOB OCY-
IIECTBJICHA C MCIOJIb30BAHNEM MOHOTOHHOM ITPOTHBO-
MTOTOYHON CXEMBI JJIsl 3aKOHOB coxpaHeHus (Monotonic
Upstream Schemes for Conservation Laws, MUSCL), a
BSI3KHMX MOTOKOB — IIEHTPUPOBAHHAsI CXeMa BTOPOTO TO-
psnka ToaHoct. Cxema MUSCL mo3Bosisia MOBBICHTB T10-
PSIOK anmpOKCHUMAIMH 10 TPOCTPAHCTBEHHBIM TIEPEMEH-
HBIM 0€3 TOTEPH MOHOTOHHOCTH PELICHUS], COOTBETCTBYET
ycnosuto Total Variation Diminishing (TVD) u npencras-
JIsieT co00M KOMOMHAIMIO LIEHTPUPOBAHHBIX KOHEUHBIX
pa3HOCTEN BTOPOTO MOPSI/IKA U TUCCUITATUBHOTO YJICHA, JUIsl
TIEPEKITIOUCHHST MEXK/Ty KOTOPBIMU CIY>KUT OIPaHUYNTEIb
MI0TOKA, IOCTPOCHHBIH Ha OCHOBE XapaKTePUCTHUECKHUX
repeMeHHbIX. J{JIs peleHns CHCTEMBbI Pa3HOCTHBIX ypaB-
HEHUI HCITOJIb30BaH T€OMETPHUYECKUIT MHOTOCETOUHBIH
meron [31].

Jl1st pacueToB sipa MOTOKa BBIOpaHa CETKa, COCTOSIIAS
m3 19 461 saeek, n3 KoTophix 500 X 24 gyeek pa3MenIeHBI
B obnactu, 3amoinHeHHON HedThIO, 500 X 5 syeex — B
obiactu u3 cranu, a 500 x 13 — B 00acTH, 3aII0THEHHON
Bo0H. CrylieHne ss9eek CeTKH MPOU3BEIEHO OKOJIO CTCHOK
TpyOBbI TakuM 00pas3om, 4yToObl y+ <2, rne y+ — Oe3pas-
MepHasi IPUCTEHOYHast KoopanHara. /it aToro B npucre-
HOYHOM CJIO€ pa3MelieHo 15 y3710B ceTkHu, paccTosHue
MEK/1y KOTOPBIMH M3MEHSIETCS 110 3aKOHY F€OMETPHYECKOM
MIPOrPECCHH.

PesyabTarsl 1 00cyxkaeHue

B kadectBe npumepa paccMOTpuM He(Th Y3eHBCKOTO
HedTerazoBoro MeCTOpOXKJACHHUS, PACIOII0KEHHOTO B
Masnrucrayckoit oonactn Kazaxcrana. 3anexu Hedru Ha-
xoptes Ha niyoune 0,9-2,4 km. Hed1h nMeet creyrorime
napaMeTpsl: IIOTHOCTH cocTabisieT 844—874 kr/m3; Bsi3-
kocTb — 3.,4-8,15 mlla-c; cogepxanue cepel — 0,162 %,
napadunos 16-22 % u cmon — 8-20 %.

BeimonHnM cpaBHEHNE pe3yIbTaTOB pacyeToB 1o (op-
Myne BonbTepa ¢ 9KCiepruMEeHTaNIbHBIMY 3HAYCHUSIMA 11~
HAMHYECKOH BA3KOCTH [L = pV, TII€ p — ILIOTHOCTH (puc. 1)
UIst HeTH Y3EHBCKOTO MECTOpPOKAeHHusA. TemmepaTtypa
u3Mmensercs ot 283 o 383 K.

Jist pacuera 3pHeKTUBHOM UTHHBI TEIUIOOOMEHHHKA U
TEMIIEePaTypbl TOPSIUYETO TEITIOHOCUTENSI Ha BBIXOE 3a/1aHbI
cienyromue napametpsl: 7, =303 Ku 7T, = 328 K (Bxon-
Hasl ¥ BBIXOJHAs TEMIIEPATYPhI XOJIOAHOTO TETUIOHOCUTENS);
Ty, = 423 K (BxoxHasl TeMIeparypa ropsrdero TeInIOHOCUTe-
11); v, = 4 MC 1 v, = 4 MC (CKOPOCTH XOJIOAHOTO U TOPSUYETO
temtonocurens); G, = 0,3814 xr/c u G, = 0,6386 kr/c

u, ITa-c
ﬂu
6
41
A
2L
QLS8
283 303 323 343 363 T,K

Puc. 1. 3aBUCUMOCTb TMHAMUYECKOHN BS3KOCTH HEPTH
VY3eHBCKOT0 MECTOPOXKICHUSI OT TEMIIepPaTypBl.
DkcnepuMeHTanbHble anHble [20] (TpeyroibHbIe 3HAUKN)

U pacuetsl o ¢popmyne Bansrepa (1) (cromHas THHUSA)
Fig. 1. The dependence of the dynamic viscosity of oil from the
Uzen field vs. temperature. Triangular symbols correspond to
experimental data [20], solid line corresponds to calculations by
the Walther formula (1)

(pacxompl TOPSAYETO U XOJOJHOTO TEIIOHOCUTEINS); T€0-
METPUYECKHE XapaKTEPUCTUKH (TOJIIIMHA CTEHOK TPyOOK
d,, = 1 MM, BHYTpeHHUIl U BHEIIHUI AMaMETPhl TPYOOK
d=12 MM u d. = 14 MM, BHYTpEeHHU JuaMeTp KOXyXa
D =20 mMm); ¢puzndeckne cBOWCTBa MaTepHaia TpyooK.

B pesynsrare penreHus ypaBHEHHsI TETUIOBOTO OajlaHca
METOZIOM KOHEUHBIX Pa3HOCTEH IOIyYeHO, YTO JUIMHA Te-
MJI000OMEHHHKA cOCTaBisAeT L = 5,28 M (U1 IOCTOSTHHOM
BS3KOCTH) 1 L = 4,26 M (711 TepeMeHHOH Bsi3KocTH). [Ipn
3TOM TEMIIEpaTypa TOPsUYEro TETNIOHOCHUTENS Ha BBIXOJIE
nocturna 416 K.

BrInonHNM cpaBHEHHE MONYYEHHBIX PE3yIbTaTOB C
JAHHBIMH YHCICHHOTO MopaenupoBanus. Ha puc. 2, a mo-
Ka3aHbl paclpeaesieHnus CPeHEMacCOBOM TeMIepaTyphl
HedTH (xomomHoro Temnonocutens) (7,,) BAOAb ATHHEI
TETI000MEHHHKA, MOTyYeHHBIE ITPH TOMOIIH METO/Ia KO-
HEUYHBIX Pa3HOCTEH U Ha OCHOBE YMCIEHHOIO MOJEJIUPO-
BaHus. CpenHemaccoBasi TeMmneparypa He)TH BO3pacTaeT
BOJIb JUIMHBI 32 CYET HArpeBaHMs OT UCTOYHHUKA Tera
(Topstaero TerIOHOCUTENS). Pe3yapTaTel aHATUTHIECKUX
Y YHCIIEHHBIX PACUETOB JOCTATOYHO XOPOIIO COTIACYIOTCS
MEXTy COOOH.

Pacnipenenenus cpeaHeMaccoBoil TeMneparypbl BOJbI
(Topstuero TETIOHOCHUTEIS) B0 AJIMHBI, TIOTy4YeHHBIC Ha
OCHOBE aHAJTUTHYECKUX U YUCICHHBIX PACUETOB, TIOKa3aHbI
Ha puc. 2, b. CpenHemaccoBasi TeMIieparypa BoJbl yObIBa-
€T BJOJIb JUTMHBI TPYOBI 3a CUET Tepeadn Teruia oT Hee K
XOJIOJHOMY TeIuIoHOocuTeNto. CietyeT OTMETHTb XOpoliee
COITacoBaHUE PE3yNbTATOB PAaCUYEeTOB, MOTYyUYEHHBIX Ha
OCHOBE pa3IMYHBIX MOAXOMIO0B.

Ha puc. 2 BuHBI XapakTepHble U3MEHEHUS! KPUBU3HBI
JVHUI Ha PACCTOSHUM TIOPAAKA 2,5 M OT BXOIHOTO cede-
HUS, TJI€ 3aMETHBI PEe3KHE M3MEHEHHS TPa/INEHTOB TeMIIepa-
Typ. MI3MeHEeHns MPOUCXOST Ha PACCTOSHUM, HA KOTOPOM
JaMUHAPHBINA PEXXUM TEUCHHS EPEXOIUT B TypOyIeHT-
Hblil. Ha puc. 3 npuBeneHsl rpaduku U3MEHEHHs YHCIIa
PeliHonbaca BOOJIb NIMHBI TEIUIOHOCUTEIEH, I10JIyUYEHHBIE
MIPU aHAJTUTUYECKOM pacueTe ¢ MOJEbIO MepeMEeHHOM
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Puc. 2. PacuipeneneHust CpeTHEMACCOBEIX TeMIepaTyp HeTH (a) 1 Boasl () BIOIb JUIMHEI TEIUI00OMEHHUKA. Pe3ynbrarsl,
MOJTyYEeHHbIe Ha OCHOBE TEOPETHYECKOTO IT0/IX0/1a (CIUIOIIHAS JIMHUS) ¥ YNCICHHBIX PacueToB (ITyHKTHPHAS JIMHUS C TPEYTOJIbHBIMU
3HAYKAMH)

Fig. 2. Distribution of average mass temperatures of oil () and water () along the length of the heat exchanger. The results obtained
on the basis of a theoretical approach (solid line) and numerical calculations (dotted line with triangular icons)

BA3KOCTH. /{151 BoAbl unciio PeitHonbaca NpakTHYecKu He
MEHSIETCSI TIPH TIOCTOSIHHOM 3HAYEHUH BSI3KOCTH M HE3Ha-
YUTEIILHOM U3MEHEHHH TemrepaTypbl. OOparHas KapTHHa
HaOJI01aeTCsl ISl XOJIOAHOTO TeruioHocutens (Hedrn).
Uucno PeiiHombCa CYLIECTBEHHO BO3PACTAET, UTO CBA3AHO
C PE3KUM YMEHBIIICHUEM BSI3KOCTH HE()TH TIPH €€ TPAKTH-
YeCKH HEM3MEHHOH IoTHOCTH. OTMETHM, 4TO Habiroza-
€TCsl IEPEXOHBIN YyUaCTOK Ha PacCTOSTHUM nopsiika ot 1,85
10 3,8 M, T/Ie TPOUCXOIUT MIEPEX0] TAMUHAPHOTO TEUCHHUS
B TypOyJIEHTHBIH.

Ha puc. 4 npuBenen rpaduk M3MEHEHHUS 4YHUCIa
Pelinonbca HE(TH (XOTOTHOTO TETUIOHOCUTEINS) BAOIh

Re
10°
] 1
10% ¢
2
107 £
10° . . ‘ . . . ‘
0 1 2 3 4

s

Puc. 3. Pactipenenenus uncen PeltHonb/ica 1o aiuHe,
HOJTydEHHbIE TIPH aHATUTHYECKOM pacueTe JUIst BOAbI (JIMHUS 1)
u Hedtu (muHus 2)

Fig. 3. Length distributions of Reynolds numbers obtained in

an analytical calculation. Line / corresponds to water and line
2 to oil

JUIMHBI TETIJIOOOMEHHOTO arapara IpHu NepeMeHHbIX 3Ha-
YEHUsSIX BA3KOCTH HeTH (Juuust /). BuaHo, 4to 3HaYeHUs
yrcia PelfHoibca pe3Kko BO3pacTaroT BAOJIb MPOIOIBHOM
KOOPAMHATHI, YTO OOBSCHIETCS YMEHBLICHUEM BS3KOCTH
He(TH 3a cueT ee HarpeBaHWs. Ha pucyHke nmpuBencH
TaKke rpaduk rnoseaeHus uncia Peitnonbaca HedTn npu
cpenHe# Temmepartype TeruioHocurtens (mumHuS 2). [Ipu
MOCTOSTHHOW BSI3KOCTH YHCIIO PelfHOIb/ca XOIOAHOTO Te-
TUTOHOCHTEIIS] TIOCTOSIHHO M HE MOXKET MPABMIIBHO OXapak-
TEPHU30BaTh TEIUIOOOMEH B JAHHOM TEIJIO0OOMEHHOM arl-
napare.

Re:10*

1,2+

b}

0,8

O 1 1 1 1
0 1 2

L,m

Puc. 4. Pactipenenenns uncesn PeitHorbaca He(TH BIOIb JUTHHBI
TEIJIOHOCHUTEJIS TIPH YUCICHHOM pacyeTe IPH IepeMeHHOM
BA3KOCTH (JIUHMA /) U TEOPETUYECKOM pacyeTe (JTUHUS 2)
Fig. 4. Distributions of oil Reynolds numbers along length.
Line / corresponds to the numerical calculation at variable
viscosity, and line 2 corresponds to the theoretical calculation
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[.E. Kypmarosa, H.OK. Ixainunbekos

3akJjoueHnne

CHIDKEeHHE BSI3KOCTH HE(TH NPHU HATPEBE SBISACTCA
OJTHFM M3 CIIOCOOOB TOBBIMIECHUS YHEPTOAIPPEKTHBHOCTH
npoiiecca MepPeKavKy BBICOKOBA3KOH HEPTH MPH J0ObIUE 1
TpaHCIIOPTUPOBKe. UNCIIEHHOE MOJICITUPOBAHKE TTO3BOJISI-
€T COKpPaTUTh CPOKU U TPYAOECMKOCTh HUCIIBITAHUN HOBBIX
KOHCTPYKIHMH TEIJIOOOMEHHBIX alnaparoB B He()TerazoBon
OTpAaCiH.

[IpoBeneHo yncIeHHOE MOJEIMPOBAHUE KOXKYXOTPYO-
4aToro Ternja000MEHHHMKA CPEACTBAMH BBIYHCIUTEIBHOM
ruapoaMHaMHKH. [lomydeHsl pacnpenesieHuss CKOPOCTH |
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AHHOTALHUA

Beenenne. Paccmorpen mporecc popMupoBaHHsS 0000IIEHHBIX MTapaMeTPOB TEXHUIECKOTO COCTOSHMS CIIOKHBIX
TeXHHYECKUX cUCTeM. J[aHHBIM IMOAX0J aKTyaJleH JJIs COBPEMEHHBIX POOOTOTEXHHYECKHX KOMIICKCOB,
OCHAIIEHHBIX BCTPOGHHBIMH CpeJcTBaMu TenensMmepenuit. Meroa. [IpemiosxkeHHbIit moaxon K GOpMHPOBAHHIO
0000IIEHHBIX TapaMETPOB OCHOBAH HA B3BEIICHHOM CYMMHPOBAaHHH PAa3HOPOIHBIX TEIEMETPUPYEMbIX MapaMeTpoB
C HCIOJIb30BaHUEM MH(GOPMALMK O CTPYKTYPHBIX M (YHKIMOHAIBHBIX CBS3SX B CIOKHOW TEXHHYECKOH cHCTEME
¢ mocienyomeil nuGpoBoll HU3KOYACTOTHON (GHUIbTpaliMeil pe3yabTaToB B3BELICHHOTO CyMMHpoBaHus. Takoe
pelIeHne MO3BOIseT HOBBICUTH JOCTOBEPHOCTh OIEHKHM TEXHHYECKOTO COCTOSHUS CIOKHBIX TEXHHUECKUX CHCTEM
110 3HAYEHUSAM OOOOIIECHHBIX MapaMeTPOB BO BHEIIHEM KOHType ympasieHus. OcHOBHbIe pe3yabTaThl. BeiOpana
(dopma npencTaBiaeHNs 0000IEHHOTO TapaMeTpa B BH/E IPATAINH TEXHUHIECKOTO COCTOSIHUS, KOTOPOE COOTBETCTBYET
MTAaTHOMY (pyHKIMOHHPOBAHHIO, HEIITATHBIM CUTYallUsIM U YaCTHYHO-PAOOTOCIOCOOHOMY COCTOSHHUIO CIIOKHOMN
TEXHHYECKOH crctembl. PazpaboTaHa MHOrOypOBHEBasl HepapxXudeckas MOAeab GOpMUPOBAHUSI 0000IIEHHEIX
apaMeTpOB TEXHUYECKOTO COCTOSHUS CIIOKHOM TEXHMUECKOI CHCTEMBI 110 JaHHBIM TEJIEU3MEPEHUN Ha OCHOBE
MHOKECTBAa HEHPOCETEBBIX CTPYKTYP, O3BOJIAIOIIMX YUEeCTh HEIMHEHHBIN XapakTep TeJeMeTpUPyEeMbIX IIapaMeTpoB
U B3aMMHOE BIMSHHE MEXIY HUMU. B MoJenn npuMeHeHbl MHOXKeCTBa HU(POBBIX HU3KOYACTOTHBIX (HUIBTPOB,
CHIDKAIOIIUX YPOBEHb BO3MYIIEHHH BO BPEMEHHBIX Psax 0000IIEHHBIX MapaMeTpoB. Bo3HUKHOBEHHE BO3MYIIIEHHI
CBSI3aHO C HEONPEAETICHHOCTHIO U3MEHEHHS 3HAUCHUH TeIeMeTPHPYEMBIX M 0000IIEHHBIX TapaMeTPOB BONU3H TPAHHUIT
JIOITYCKOB, 331aBA€MBbIX SKCIIEPTaMH MPHU PACIIHPEHHOM KOJIMYIECTBE TPafaliii TEXHUIECKOro cocTosiHUsL. CBeneHus o
TPAaHMIIAX JIOIyCKOB XapaKTEPH3yIOT He TOIBKO CUTYallH IITAaTHOTO M HEITaTHOTO (JyHKIMOHUPOBAHMS, HO M YACTHYHO-
PpaboTOCIIOCOOHOE COCTOSIHHE CIIOKHBIX TEXHHYECKHX cucteM. [IpencraBieHs! pe3ynsTarel GopMHUpoBaHUs 0000IICHHBIX
IapaMeTpoB TEXHUIECKOTO COCTOSTHUS GOPTOBOM CHCTEMBI KOCMHUUYECKOTI'0 ammapara ¢ MCHOJIb30BaHHEM MHOTOCIOWHBIX
HeHWpoHHBIX ceTeld, monnHoMoB Konmoroposa—I'abopa 1 MeTosoB 1uppoBoii GpuibTpanuy. [lokazaHsl npenMyIiecTa
HCIIOJIb30BaHMs B pPa3pabOTaHHON MOJIEIN MHOTOCIIOMHBIX HEHPOHHBIX CeTel U MeAnaHHbIX GUIBTPoB. O6cyKIeHNE.
Vcnonb3oBanne 0000IIEHHBIX TAPAMETPOB MO3BOJIUT 3HAYUTEILHBIM 00pa30M CHU3UTH HH(POPMALMOHHYIO Harpy3Ky
Ha KaHaJbl TIepeiadn TeIeMeTpHIecKoi HH(OpPMAILIH, a TAKXKe CPeCTBA ee 00pabOTKH 1 aHaIM3a BO BHEIITHEM KOHTYpe
ynpasienus. [Ipeanaraemple peneHus Ha OCHOBE 0a30BBIX ONEpAIiii B3BEIICHHOTO CyMMHPOBAHHS W HEIMHEHHOTO
npeoOpa3oBaHUs MOTYT OBITH 3()(EKTHBHO pealn30BaHbl HA MEPCIEKTUBHBIX BEKTOPHO-MAaTPHUHBIX U TEH30PHBIX
poleccopax, NoAJePKUBAOIIUX UX BBIIOJIHCHUE Ha allllapaTHOM YPOBHE.

KiroueBnble c1oBa
CJIOKHASI TEXHHYECKAsl CUCTEMa, TEXHUYECKOE COCTOSIHUE, TEIIEMETPHPYEMbIC apaMeTpbl, 0000IICHHBII TTapamMeTp,
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Abstract

A variant of the generalized parameters process forming of the complex technical systems technical condition is
considered. This approach is relevant for modern robotic systems equipped with built-in telemetry tools. The proposed
approach to the generalized parameters formation is based on heterogeneous telemetry parameters weighted summation
using information about structural and functional relationships in a complex technical system, followed by digital low-
frequency filtering of the weighted summation results. This solution makes it possible to increase the complex technical
systems technical condition reliability assessment by the values of generalized parameters in the external control loop.
The form of generalized parameter representation in the technical condition gradations, which corresponds to the normal
functioning, emergency situations and complex technical system partially operational state, is chosen. A multilevel
hierarchical model of the generalized parameters formation of the complex technical systems technical condition on the
basis of telemeasurements based on a variety of neural network structures allowing to take into account the nonlinear
nature of the parameters being telemetered and the mutual influence between them has been developed. The model
uses a variety of digital low-frequency filters that reduce the level of disturbances in the generalized parameters time
series. The occurrence of disturbances is associated with the uncertainty of changes in the values of the telemetered
and generalized parameters near the tolerance limits set by experts with expanded gradations according to technical
condition. Information about the limits of tolerances characterizes not only the situations of regular and non-standard
functioning, but also the complex technical systems partially operational state. The results of the generalized parameters
formation of the spacecraft onboard system technical condition using multilayer neural networks, Kolmogorov—Gabor
polynomials and digital filtering methods are presented. The advantages of using multilayer neural networks and median
filters in the developed model are shown. The use of generalized parameters will significantly reduce the information
load on the transmission channels of telemetry information as well as the means of its processing and analysis in the
external control loop. The proposed solutions based on the basic operations of weighted summation and nonlinear
transformation can be effectively implemented on promising vector-matrix and tensor processors that support their
execution at the hardware level.

Keywords
technical system, technical condition, telemetric parameters, generalized parameter, neural networks, digital filtering
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BBenenue

Baxueimnmu 3agagamu, peniaéMbIMU KOMIUIEKCAMU
yIpaBieHUs CIOKHBIMEU TexHImYeckuMu cuctemamu (CTC)
Ha JTale MX SKCIUTyaTalllH, SBISIOTCS 33a4l TeXHUYe-
CKOTO JIMarHOCTHPOBAHMSI, OCYIIECTBISIEMOrO 0 PE3YJib-
Taram 00pabOTKHU TeIeMETPUPYEMbIX mapameTpoB [1].
Ha npakTuke 3a1a4i TEXHHYECKOTO TAArHOCTHPOBAHUS
CTC xapakTepHu3yloTcst psiioM MpoOIEMHBIX BOIPOCOB,
CpeH KOTOPBIX MOKHO BBIJICIIHTE 3HAYUTEIBHYIO pa3mep-
HOCTB, BCIICICTBUE OOJIBIIOTO KOJIMYECTBA TEIEMETPUpPYE-
MBIX MTapaMETPOB U BO3MOXKHBIX COCTOSTHHU 2JIEMEHTOB U
nozacucteM CTC. Takxe OKa3bIBAET BIMSIHUE CIOXKHOCTD
BBISIBIICHUS] HETaTUBHBIX TCHACHIMNA U3MEHCHHUS TEXHHU-
YECKOTO COCTOSIHHS ISl €TO CpeIHe- W JOJITOCPOIHOTO
nporuo3uposanuil. Ilocienaee 06CTOATENBECTBO CBA3aHO C
JIBYMSI TPOOJIEMaMu: CIIOKHOCTBIO TIPOTHO3UPOBAHMS O0JTh-
UIMHCTBA HEJIMHEWHBIX TEIIEMETPUPYEMBIX [TApaMETPOB Ha
JUTUTEITLHOE BpEeMsl YIIPEXKICHUSI TIPOrHO32; MOTPEOHOCTHIO
TIPEJICTABIICHHS PE3YJIbTaTOB OLIEHUBAHUSI M IIPOTHO3MPOBA-
Hus TexHuueckoro cocrosinusi CTC B BHIIE, TO3BOJISIOLIEM
oreparopaM BHEITHEH CHCTEMBI YIIPABICHUS IPUHUMATh
pewtenust o ynpasienuto CTC.

OnuH U3 CI0CO0O0B peIIeCHHs YKa3aHHBIX MPOOIeM —
HCITONTb30BaHNE 00OOMICHHBIX TApaMETPOB TEXHUIECKO-

ro coctosiauss CTC, ynoBIeTBOPAIONINX TPeOOBAHUAM
KakK pa3paboTYMKOB, TaK M ONEPATOPOB BHEIIHUX CHCTEM
ynpasieHusi. CylecTByeT MHOKECTBO ITOJIX0JI0B K (hOpMH-
pOBaHHIO OOOOIIEHHBIX MaPaMETPOB HA OCHOBE COBOKYII-
HOCTHU TeJeMEeTpUpyeMbIX napameTpoB [2—6]. TIpu sTom
B Ka4yecTBE 00OOIIEHHBIX 1TapaMETPOB MOT'YT BBICTYIIATh:
XapakTepucTuku annaparsslx moayneid CTC, pesynbrarsl
Pa3IMYHOrO posia MPeoOpa3oBaHUM 3HAUCHUH TEIEeMETPH-
PYEMBIX MapaMeTPOB; HEMOCPEICTBEHHO HOMEP BU/IA TEX-
HUYECKOTO cOCTOsIHUS. OJHAKO OOJIBIIMHCTBO U3BECTHBIX
TIOAXOIOB K (POPMHUPOBAHUIO 000OIIEHHBIX TTAPAMETPOB HE
nmpuMeHNMBI Ha Bcex ypoBHAX CTC, koTopble, Kak mpaBu-
JI0, UMEIOT MHOTOYPOBHEBYIO HEPAPXHUECKYIO CTPYKTYPY.
OtmeTHM, 9T0 (hopMUpyeMbIe 000OIIICHHBIC TAPAMETPHI HE
BCeTr/ia MO/IA0TCS TPOTHO3WPOBAHUIO HA HHTEPECYIOMINX
uHTepBanax. Tak, st OOpPTOBOW anmaparypbl HEKOTOPBIX
KOCMHYECKHUX alllaparoB CyIIECTBYET NOTPEOHOCTH Mpo-
THO3MPOBAHMS TEXHUYECKOTO COCTOSHHS Ha MHTEpBajax
IO JIeCsITKa CYTOK U Oonee [7].

B nacrostimeit paboTe npeuiokeH noxon K popMupoBa-
HHIO 0000OIIEHHBIX TAPAMETPOB B PAMKAaX MHOTOYPOBHEBOH
nepapXuyecKkoi MOJenu, OTpakarollell B3aUMOCBSI3H Ha
pasmuunbx ypoBHAxX uepapxuu CTC [8]. [Ipu aTom 0606-
mennbie mapameTpbl CTC Ha KaXI0M ypOBHE HEpapXUU
(hopMHUpYIOTCS C UCTIONBb30BAHUEM HEIMHEHHBIX (PyHKIHU-

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

829


mailto:vka@mil.ru
http://orcid.org/0000-0002-6755-5700
mailto:vka@mil.ru
http://orcid.org/0000-0001-9721-2453

Moaxon k popMmnpoBaHnio 0606LLEHHBIX MAPaAMETPOB TEXHNYECKOro COCTOSHUS CJTIOXHbBIX TEXHUYECKUX CUCTEM...

OHAJIOB B BHJI€ MHOTOCIONHBIX HEHPOHHBIX CETEH, yuu-
TBHIBAIOIINX XapaKTep TeJIEMETPUPYEMbIX U 0000IIEHHBIX
napameTpoB ueMeHToB CTC npeamecTByomuX ypoBHEN
HEPapXUU U B3aMMOCBSI3U MKy HUMU. J{JIsI IOBBITIICHUS
JIOCTOBEPHOCTH 3HAYCHUH 00OOIICHHBIX MMAapaMeTPOB HC-
MTOJTb30BaHbI IH(POBBIC PIIBTPHI. AAaNTAIUs BECOBBIX
K03((PUIMEHTOB MHOTOCTIOHHBIX HEHPOHHBIX CeTeH 1 ITH(D-
POBBIX (DHUIBTPOB OCYIIECTBICHA MPHU PEIICHUU 3aTaul
ONTHMM3AINH IeIeBON (YHKITHH, OTPEIeIIAIONIeH mpa-
BUJIBHOCTH HAXOKICHHUS 00O0OIIEHHBIX TapaMeTPOB B Mpe-
Jienax JOIMYyCKOB, 3aJaHHbIX AKCIIEPTaMHU [T Ka)KI0T0 BHIA
TEXHUYCCKOTO COCTOSHUS HAa 00ydJaroIei, MpoBEPOIHOM
W TECTOBOHM BBIOOPKAX JaHHBIX TeJeU3MepeHuil. BaskHoi
O0COOCHHOCTBIO pelaeMoii 3a1aun GopMUpoBaHUs 0000-
LIEHHBIX TAPAMETPOB SIBJISIETCS] PACCMOTPEHUE PACIIUPEH-
HOTO KOJIMYECTBA BUJOB TEXHUYECKOTO COCTOSIHUS, B TOM
qHcIie 9acTHYHO-padboTocnocodHoro cocrosaus CTC [7].

(I)opManmmsaHHoe OIMUCaHue 3a1a4u (l)OpMHpOBaHﬂﬂ
00001IEHHBIX mapamMeTpoB TEXHUYECKOI0 COCTOSAHUSA
CJIO’KHBIX TEXHUYCCKHX CUCTEM

Hcnonp3oBanne 0000IIEHHBIX TapaMeTpoB JUTs perie-
HUS 3a/1a9 aHAJIN3a TEXHUYECKOTO COCTOSIHUSI COOTBETCTBY-
eT coBpeMeHHOI KoHmermn moctpoerns CTC kak pobo-
TOTEXHUUYECKNX KOMIUIEKCOB, /ISl KOTOPBIX XapaKTEepHO
COKpaIeHle HHTEHCUBHOCTH HH()OPMAIIMOHHOTO 0OMeHa
C BHEIIHHUMH CpPEACTBaMHU yrpaBieHusd. B tabn. 1 mpen-
CTaBJICHBI PE3yJIbTaThl CPABHUTEIILHOTO aHAIM3a CII0OCO00B
(hopmupoBaHust 0000IIIEHHBIX [TAPAMETPOB HA OCHOBE TEJIe-
METPHUPYEMBIX NapameTpoB [2—6]. OTMeTnM HeoOX0oUMble
cBoicTBa (popMUPYEMBIX 000OIIEHHBIX MAPAMETPOB: COOT-
BETCTBHE 3HAUYCHUH pealbHOMY TEXHHYECKOMY COCTOSIHUIO
CTC; MeuIeHHO MEHSIIOIUIICS XapaKTep, AOMYCKaIOLIHii
BO3MOXXHOCTB NPOTHO3MPOBAHUS 3HAYCHUN BO BPEMEHH
Ha JUTMTENILHOE BPeMsl YIPEKICHUs IIPOrHO3a; pacipesie-
JICHUE 3HAUYCHNH B ITpeziesiax JOIyCKOB, COOTBETCTBYIOIINX
Texandeckomy coctossanio CTC, Onm3koe K HOpMaITbHO-
MY; BO3MOKHOCTB OIPEIENICHNs TI0 3HAYEHUSIM MOMEHTOB
BPEMEHH, COOTBETCTBYIOIINX M3MEHEHHIO TEXHUUECKOTO
cocrosansg CTC. B xone mpeaBapuTeIbHBIX HCCIICTOBAHUH
BBIOpaH croco0 GopmMupoBaHusi 0000IIEHHBIX TAPAMETPOB
Ha OCHOBE B3BEIICHHOTO CyMMHUpoBaHus (tadu. 1), mpearo-
Jlararoliuii UCTIOJIb30BaHUe ONepaluil HeTUHEHHOro npe-

00pa3oBaHus U UPPOBON PHIBTPALUU JJIs1 00CCIICUCHUS
TpeOyeMoii popMbI 000OIIICHHBIX TAPAMETPOB.

Ha puc. 1 npexncrasiena mozens GopMUpOBaHUs 0000-
IICHHBIX NTAPaMETPOB, COOTBETCTBYIOIIAsI MHOTOYPOBHEBOM
uepapxuueckoil crpykrype CTC, Bkarogaromieit m ypoBHeil
Hepapxum.

Ha puc. 1 ucronb30BaHbl ciieayromue 0003HAYCHAS:
H®HY — monymu nudpoBoi HU3KOYACTOTHON (pHUIBTpa-
uu; ®OITC — monynu GpopmupoBaHus 0000IIEHHBIX
napamMeTpoB TEXHHYECKOTO COCTOSHHS; A;; — BEKTOpa
napameTpoB MOAYJel (QUIbTPALMU TEJIEMETPUPYEMbIX
1 00001eHHbIX apameTpos; B, ; — Bexropa mapame-
TpOB MoyJIed (opMHUpoBaHHst 000OIIEHHBIX TAPaMETPOB;
X j,— BEKTOpa He(UIBTPOBAHHBIX TEIEMETPUPYEMBIX U
000O0IIEHHBIX MTAPaMETPOB TEXHUUECKOTO COCTOSIHUSI CIIOXK-
HOH TEXHHMYECKOI CHCTEMBI Ha pa3lIMYHbIX YPOBHSX Hepap-
XHH; X;"/[ — BEKTOpa (pUIIBTPOBAHHBIX TEIEMETPUPYEMBIX
1 0000IICHHBIX apaMETPOB TEXHUYECKOTO COCTOSHHUS
CJIOXHOM TEXHHUYECKOH CHCTEMBI HA PAa3MYHBIX YPOBHAX
uepapxuu; /[ — HOMEp ypoBHS, [ = 1, ..., m; s; — HOMeEp
BEPILIUHBI [-TO ypOBHS; N; — KOJIMYECTBO BEPIIUH [-TO
YPOBHS.

[TpoBeneHHbIN aHAIN3 [TOKA3aJ 11€7€CO00Pa3HOCTh UC-
MOJIb30BAHHUS CJICAYIOIINX YPOBHEH: TEIEMETPUPYEMBIX
napaMeTpOB; anmaparHbIX MOJYJICH; ToIcCHCTeM; (DYHKIIN-
oHanbHbIX cucteM U ypoBHst CTC [8].

BepmmHbl ypoBHS | COOTBETCTBYIOT TEJIEMETpHpYe-
MBIM TapameTpaM. Kakaas BepiminHa, HaunHas ¢ ypOB-
HS 2, XapaKTepHU3yeT COOTBETCTBYIOIIEE 000pyIOBaHHE
CTC. Jyis 3HaueHuil N, 10JKHO BBIIOJIHATHCS yCIOBUE:
Ny>N3>...>N;>...>N,, Ipu 3TOM, KaK IpaBUIIo,
N, =1.

VYposens | monenu hopMupoBaHUS 0OOOIICHHBIX I1a-
pameTpoB Bkitouaet monynu [IOHY, B koTopbIX peanso-
BaHbl HOpMasM3auus U uudposast GUIBTPALNS BXOIHBIX
CHTHAJIOB, IPEJICTABIISIONINX COOOH OTCUETHI TelIEMETPH-
PYEMBIX ITapaMeTpoB U MPU3HAKU PEKUMOB (YHKIIMOHHU-
pOBaHUS anmapaTrHbIX MOAYJEH OT BCTPOEGHHBIX CPE/ICTB
KOHTPOJISL B IpeJiellaX «OKHa HaONIONCHUS» JUIMHOU
L(p —xl’jl’k, xh/l’kﬁ], N xlj],k*L(b"'l O6pa3yIOIlII/IX BeKTOpa
X, o TAC j| — HOMEp TeJIeMETPHPYEMOro apamerpa;
k — HOMep ITUCKPETHOrO MOMEHTa BpeMeHH. Ha BbIxogax
ypoBHS | copMupOBaHBI OTHUIBTPOBAHHEIC 3HAYCHUS
TEJIEMETPUPYEMBIX TAPAMETPOB xij],k =Fi(Xy, 0 Aj)s

Tabnuya 1. CpaBHUTEIBHBIN aHAIN3 CTIOCO00B (POPMUPOBAHUS 000OIICHHBIX MTAPaMETPOB TeXHUYeCcKoro coctossHust CTC

Table 1. Comparative analysis of CTS technical condition generalized parameters formation methods

Cnocob IIpumenumocts

ITpumMeps! 00001IEHHBIX TTAPAMETPOB

Henocrarku

AHanuTn4eckui YpoBeHb anmnaparHblx MO-

ynen

[Tapamerp nerpapaunu

TpyaHoCTH TONTyYeHUs aHAIUTHYE-
CKOW MOJEITH

B3Bemennoro cymmupo-
BaHHUS

Ha Bcex ypoBHsIX

[Tapamerp nerpaganuu

TpyaHOCTH OIpE/eNICHNS] BECOBBIX
ko3 hunneHToB

BuextuBHBIX mpeobdpaso-
BaHUH

VYpoBeHb anmnapaTrHbIX MO-
Trynen

PesynbTaT aMmIMTYyIHOTO YIIOT-
HEHUSI CUTHAIBHBIX TapaMeTPOB

He npumMennM k QyHKINOHATBHBIM
mapaMmeTpam

Jlorndeckux mpeobpaso-
BaHHI

Ha Bcex ypoBHsx

HOMep BrUga TEXHUYCCKOIO COCTOsA-
HHUs

TpyrHOCTH IPUMEHEHUSI K TMHAMH-
YECKHM CHCTeMaM

Ha ocHoBe omumcanus at-
TpaxkTopa

Yposens cuctem u CTC

ITokaszarens Xepcra, KOppeESIIUOH-
Hast SHTPOIHUS

HpI/IMeHI/IM K JTHUHAMHUYECKHUM CH-
cTeMaM
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Vposens | Vposens 2 VYposens m
[ToT - =TT T T TSI m T T T T T T T T T T T T T T T T s T T e e e e e e 1 T T T T T T T T T T T T T T T T T T T T T 1
i * Loy Iyv* } X i
: Xk 1! Xo Lk ok Lk ! .
X1k — H®HY T ®OITC ~ ] HeHY [—— }-d)Ol'[TC HeHY i Xm,l,k
1 AU i i Bz‘l szl i i Bm,l Am,l i
i x| i X2k X0k | m2g | | .
Xl’z),\, —— HPHY = 1 DOITC O®HY [ 7 @onTC OOHY ——~ X, 5,
1 L } } M 1
} Al,2 i : I BZ,Z A2,2 i i Bm,Z Am,Z i
X i ®HY Xuje | || 3 i SONTC L ink] rem X
Litk : 1 It i i | ‘} | 18 : i X’”ufm»k
i TA, | 1 I i |
| . Ly i | i } m, jm Mmoo
3 * § | 2,Np k EX;N £ — i -
X vk — HeHY | X,y ;o | @ONTC|="=% HOHY |+ - @OoNTC X, v, ¢ HOHY 3 XNk
i Al N. i E I BZ,Z\Q A2,N2 i i m,Npy m.Npy, i

Puc. 1. MHorOypoBHEBas Hepapxudeckast Mojiellb (GOPMUPOBAHUS 000OIIEHHBIX TAPAMETPOB TEXHUUECKOTO COCTOSHHS CIOKHBIX
TEeXHUIECKUX CHCTEM

Fig. 1. Amulti-level hierarchical model of the technical condition generalized parameters formation for the complex technical
systems

rae F; — oneparop LIOHY; Al,j1 = [aul] — BEKTOp Mnapa-
meTpoB Momyneit [IOHY yposhs 1.

3HaueHus xiil,k paccMOTpPEHHI B Mpejesax «OoKHa
HaOJIOCHUS» Pa3MEPHOCThIO L 1 00pa3yroT BEeKTOpa
Xy k= [x} .- Bce ypOBHH HepapXun MOJCIIH BKIIIOYAKOT
monyau GOIITC u LHOHY. JIunuu cBsizu MeXy MOYJIs-
MH C [IEPBOTO YPOBHS MO YPOBEHb 771, & TAKIKE MEXKIY MO-
JYJSIMHA CMEXKHBIX YPOBHEH MOJICIIH 33/1aI0TCSI 3KCIIEPTOM.

BexTopa oTOUIBTPOBAaHHBIX 3HAYCHHUH TEIEMETPUPY-
eMbIX mapameTpoB X ; ; ¥ 0000MEHHBIX TTAPaMeTPOB
Xl*fl,izfn,k MIPE/IIIECTBYIOIMX YPOBHEH HEpapXuH MOCTYIIa-
10T B Moy @OIITC mocnenyronux ypoBHEi nepapxun
mozemn My ¢ GopMUpOBaHHEM Ha UX BBIXOZE 3HAYCHUH
0006wenHbIx napaMeTpos x ;¢ = Fo(Xiy ;o oo X7 o
B, ), tne B;; = [b;; ] — Bexrop mapameTpoB MoAyseH
@®OIITC [-ro yposus; F, — dyHKIMOHAN HEITUHEHHO-
ro npeobpasoBaHus. 3HAYCHUS X, ; | PACCMATPUBAIOTCS
B IIpe/iellaX «OKHA HAOIIONACHUs PA3sMEPHOCTBIO Ly U
obpasytor Bekropa X, = [x;; (], KoTOpbIe mOCTYyMIA-
ot B moxymu LIOHY, roe mpoucxoaut ux GUiIbTpaIus.
OTdunsTpoBaHHBIE 3HAYCHUS 00OOIICHHBIX ITapaMeTPOB
Xk = Xy, 0 Ay, tie Ay = [a;;] — BexTopa na-
pamerpoB Moxayneit LI®OHY /-ro ypoBHS paccmaTpuBa-
IOTCS B TIpe/ieax «OKHA HAOTIOCHUS» Pa3MEPHOCTHIO L.
[IpencraBieHHas MoJeNb A0JDKHA pa3padarhiBaThCs BO
BHemHeM KoHType ympasieHus CTC u nmepuogudecku
Tepe3aKiiajibiBaThCsl BO BHYTPEHHUN KOHTYD [8].

Ha puc. 2, @ moxa3aH ouH 13 BO3MOXHBIX (hOPMaTOB
TIPE/ICTaBIEHHs 0000IIEHHBIX TApaMETPOB B BUJIC 3aBUCH-
MOCTH €T0 3HAUCHUN x;:]- |k OT HOMEpa BPEMEHHOIO 0TCYeTa
k ¢ mepexomoM 13 00J1aCTH MITATHOTO (DYHKIIMOHUPOBAHUS
(IId) gepe3 0b6maCTh YaCTHIHO-PaOOTOCIIOCOOHOTO CO-
crosaust (UPC) B obmacte HemratHOM cutyanuu (HILIC)
[8,9].

Ha puc. 2 ucnonp3oBaHbl CleAyONe 0003HAYCHUS:
L, — pa3mep mikaibel 0000IeHHOTo napamerpa; Ny, —

KOJUYECTBO BUAOB TexHHUecKoro coctossuus CTC;
E, — cpenHeKBajparnieckas OrpetHocTs popmMuposa-
HUSI 0000LIEHHOTO MapaMeTpa TEXHUYECKOTO COCTOSHHS
CTC.

Jlomycka Ha 3Ha4YCHUs KaK10ro 0000IIEeHHOro napa-
merpa Iy, .., [, v, IpuHamiexar muoxectsy {Jl; 1,
XapakTepusyroT crenens aerpaganun CTC n moryT me-
pecekathes Ha rparnnax YPC. YBennueHune koimuecTBa
JJAHHBIX obnacTeil N, MO3BOJISET PACIIMPUTD BO3MOKHO-
ctu muarHoctupoBarus CTC [9]. B cmy4yae HenmporHo3upy-
embix 0Tka30B B CTC 3HayeHus1 0000IICHHBIX TAPAMETPOB
OynyT ckaukoM mepexoauTsh u3 obmactu LD B obmacth
HIIC.

[Tpu pa3paboTke TMarHOCTUYECKUX KOMILIEKCOB CY-
IECTBYET HEOOXOAMMOCTh MAaKCUMH3AIIMU arloCTEPUOP-
HOW BEpPOSITHOCTH (JOCTOBEPHOCTH) NMPHUHATHUS PEIICHHS
o texuuuyeckoM coctosuuu CTC. 3aBucuMocTh A0CTO-
BEPHOCTH ONpeAeieHus TexHnaeckoro coctosiaust CTC
D 0T 3Ha4eHUs] HOPMAJILHO pacIipefeseHHON B Mpeenax
nomyckos JI;; morpeurHocTs GpopMupoBanus 06001IeH-
HBIX TTApaMETPOB C MapaMeTpaMy MaToKuaaHust L =0 u
CpPeHEKBaPAaTHUECKOT0 OTKJIOHEHHUS G MPE/ICTaBICHA Ha
puc. 2, b u MoxxeT ObITh omnpeneneHa anamuTraecku [10]:

s 2 o5

c c

6EyN,e (M
=1_ ZQ(ﬂ )

I

rie Y(Eg) — KOMIIOHEHTA, XapaKTepHU3yIOLlask CHHKCHIE
JIOCTOBEPHOCTH OTIPEICICHUS BIIa TEXHUIECKOTO COCTOS-
aust CTC o 3Ha9eHIsIM 0000IIEHHBIX TapaMEeTPOB BCIIEI-
CTBHE HAJIMYHS TIOTPEITHOCTH (POPMUPOBAHUS Eg; ©(¢) —
¢dynkiyst Jlammaca. U3 Beipaxenus (1) ciemyert, 4To npu
dhopMupoBaHur 000OIICHHBIX TAPAMETPOB MOXKET OBITh
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Ill,/'an

M1

Tk

0,92

0,88"
0

b
D
1,00
I:N,.=1
2:Nye=2
3:Nee=3

|
|
}
|

0,02 ' 004  EyLu

Puc. 2. 3aBucuMocTH: 3HaUYCHNH 000OIIEHHBIX ITAPAMETPOB OT HOMEPA JAMCKPETHOTO OTCUETa BPEMEHH (@); TOCTOBEPHOCTH OILICHKH
TEXHHYECKOTO COCTOSIHHS CIIOXKHBIX TEXHUYECKHUX CHCTEM 0 0000IIEHHBIM [TapaMeTpaM OT HOPMHUPOBAHHOM K IIIKaJIe MOTPEIIHOCTH
ux (hOpPMUPOBAHUS ITPU HOPMAIILHOM 3aKOHE ee pacrpeneneHus (b)

Fig. 2. Dependences: of generalized parameters values vs. the number of discrete time reference («); of reliability of the technical
condition assessment for the complex technical systems according to the generalized parameters vs. the error of their formation
normalized to the scale under the normal law of its distribution ()

HCIOJIb30BAH KPUTEPUI MUHUMYMa CPEIHEKBaAPATHUECKON
morpentHocTH (opmupoBanus [11]:

Eg(Agp By Xy o) =

1 m N,
\/ . MN”Z g /z‘ O Ay By X o) = X1jep)® (2)

Xk € s Xk € (Mt

A B =argmin F,
{ Ljr l,/l}opt g [LN[],

Aly', Bl’j/ l€ [29 m]ajl €

rie X7 i = [ l,[]kTp] — BEKTOp TpeOyeMbIX 3HAUCHUil
06001IeHHbIX napamMeTpoB; {A; ;. B;;},, — MHOKecTBa
BEKTOPOB OINTHMAJIbHBIX 3HAYEHUH ITapaMeTpoB MOIYJICH
HOHY u POITC; {1 ; } — MHOKECTBO JOIYCKOB Ha j|-¢
TeleMeTprupyeMble TapamMeTpsl; M — KOJIMYECTBO OTCUETOB
000011eHHbIX apameTpoB. [lorpemuocts hopMupoBaHus
0000LICHHBIX IAPaMeTPOB Ej NMEET 3aKOH pacipesere-
HUS, OTJIMIHBIN OT HOPMAJIBHOTO, BBHTY HAJIMYHUS aHOMAJTb-
HBIX OTCUETOB B 3HAYEHHUAX 0OOOIICHHBIX ITapaMeTpOB,
YTO CBA3aHO C N3MEHEHHEM 3HAYCHUH TEIeMETPUPYEMBIX
1 0000IIEHHBIX TTapaMeTPOB BOJIM3H JOMYCKOB U UX Iepe-
ceyeHueM. [Ipu 3TOM nomycka Ha 3HaUCHUS TENEMETPUPY-
€MBIX MMapaMETPOB B PA3TTUYHBIX TEXHUYCCKUX COCTOAHUAX
He nepeceKaroTcs TobKo uist cutyarmii O u HIIC. [qns
YPC nomycka MOTYT nepeceKarbcs, 0COOCHHO C yBeIude-
HUEM KOJHMYECTBa Ipajanuii 0000IIEeHHBIX TapaMeTPOB.
B 5T0i1 cBSI3M CTAHOBUTCS AKTyaIbHBIM MOUCK aJICKBATHBIX
METOHOB (POPMHPOBAHUS U (PIIHTPAINH 0000IICHHBIX
TapaMeTpOB TEXHUIECKOTO COCTOSHHSI.

Hus peanmzarn moxnyneit @OITC mpennoxeHo wuc-
[10JIb30BAaTh MHOT'OCJIONHbBIE HEHPOHHBIE CETH C IBYMS
CKPBITBIMHU CJIOSIMH, alNPOKCUMAI[OHHBIE BO3MOXHOCTH
KOTOPBIX TCOPETHUYCCKU 000CHOBAHBI 1 pacCMOTpPECHEI B
padorax [11-13]. Ha puc. 3 npencraBiena cTpyKTypHas
CXeMa TaKo# CeTH, UMEIOIIAs 71, N, N3 U 1y = 1 HEWPOHOB
BO BXOJIHOM, CKPBITBIX M BBIXOJHOM CIIOE.

PaccmoTpuM cBsI3b MEXIy MOIENbIO Ha puc. 1 u cxe-
Moii Ha puc. 3. Kaxzprit BekTop mapamerpos B, ; Moxyeit
OOIITC BriIFOYAET CIEAYIONINE MapaMeTpbl HEHPOHHOM
ceru: BecoBble Kodpduunentsl marpun Wy = [wy; ; ],
Wi =[wy;, ;] W3 = [w3 s ,]; BEKTOPOB MOCTOSHHBIX CMe-
mennit Cp = [c);], Cy = [cy,], C3 = [C3v,n4]s rae Iy, Iy,
iz — HOMepa HeI/IpOHOB B KaXKJIOM CJI0€ HEHPOHHOM ceTH,
a TakKe pa3Mep «okHa HaOmroneHus» L. Ecim Bexrop BXon-

ki
e

Puc. 3. CtpykTypHas cxema HeWpOHHOI ceTH

Fig. 3. Structural diagram of the neural network
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HBIX 3Ha4YeHUI ceTn 0603HauuTh Kak Z; ; = [z, ], rae
BJIEMEHTBI Z| ; IPEACTABISIOT COOON IMEMEHTBI X/ j, | &
BEKTOPOB BXOJHBIX 3HaUCHMH X[ | Jji 1k Monyieit @OIITC,
TO 3HAYCHMS HEHPOHOB HA BHIXOJE KaXKJOIO CJIOS CETH
[7, 11] umeroT BU:

n
1
ZZ,iz :f z Wl,i],izzl,il + Cl,i2 2
11:1
n
2
35 =S X Wi Zai, T o)
i1
n
3
Z4,i4 :f W3,i3,i4z3,i3 + C3,n4 s

=1

I1€ Z4j, = X},  — BBIXOJHOE 3HAYCHUE CCTH; f— HENINHEI-
Hast QYHKIMS aKTHBAIMU HEHPOHOB.

BecoBble K03(h(DUIMEHTHI CeTH OIPEIeNINM B ITpoIIec-
ce ec 00yueHHUs W pelIeHus 3a1a4du (2) Ha 00yJaromux,
MIPOBEPOUHBIX M TECTOBBIX JAHHBIX, (POPMHUPYEMBIX C HC-
nosb3oBanneM fomyckos {JI; ; } u {JI;; }. HaqanbHsie 3Ha-
YCHHUSI BECOBBIX KO3(D(MUIIMEHTOB HEMPOHHOM CETH 3a1aHbI
SBPUCTUYECKHU CIy4aiHBIM 00pa3oM 0 Hauasia 00ydeHHs B
nuanasone 3Hadenuni [-0,5; 0,5]. C nenbio cpaBHUTETHHOTO
aHaJIn3a Pe3yNbTaTUBHOCTH MPEIIaraéMoro Moaxosaa npu
peanuszanuu Moxyneit @OIITC paccMOTpeHBI MOTUHOMBI
Komnmoroposa—T'abopa Broporo nopsiaka [14]. Jlyist Haxox-
JICHUSI BECOBBIX KOA(h(hUIIMEHTOB HEWPOHHOI CETH UCIIOINb-
30BaH AJITOPUTM HANCKOPEHINETO CITyCKa, ISl HAXOXKICHUSI
BECOBBIX KO(PHUINEHTOB TTOJIMHOMOB — METO/] TICEBIIO-
WHBEPCUH, & JUIS ONIPECIICHHUS] ONTUMAIBHBIX CTPYKTYP
TTOJTMHOMOB — aJITOPUTM CTOXAaCTUYECKONW OMTUMH3ALNT
[7, 11, 12, 15].

IIpu peanuszauuu monyieit LIOHY kaxablii BeKTOp
apaMeTpoB A, BKIIOYACT KOI(DPULUCHTBI COOTBETCTBY-
foutero nudposoro ¢puiabTpa (MpU HAIUYUHN) U pazMep
«OKHa HaOJIOICHUSDY L. Mnst peanmsanuu moxyineid LIOHY
HCCIIEZIOBAHBI CICAYIOIINE QHUIBTPBI: ¢ KOHEUHOH UMITYIIb-

Ly-1
CHOH XapaKTEPUCTUKON —x,’:jhk = pzo ay;X1j,k—p> Ha OCHOBE

Xk

0 200 400
k

1 Lch—l
CKOJIB3SIIIIETO CPETHETO — x;;], = L_ > q %1 jk—p> MEIMAH-
$»p=0

*
Hble GUIBTPBl — X;; ;= med(x;; g, ..., X jok-Ly+1)-

Pe3y.]1]>TaTbl MOICJTUPOBAHUS

Ha stane monmenmpoBanus B kagectse CTC paccmo-
TpeHa CHCTEMa IIpHeMa U nepenadn HHPOpMauu KOCMHU-
YeCKOTo armmapara, JJisi KOTOpOi OB N3BECTEH MepeueHb
TeJIEMETPUPYEMBIX MTApPaMETPOB U 3HAUEHHS JIOIYCKOB B
cocrostausix HC, II® u YPC.

[Tpn popmupoBanun o0yvaromux nap BEKTOPOB paH-
JIOMH3HPOBAHHBIM CIIOCOOOM BBIOpAHBI 3HAYEHUS TeJleMe-
TPUPYEMBIX U COOTBETCTBYIOLIME M CPE/JIHUE 3HAYCHUS
0000IIICHHBIX ITapaMETPOB U3 33 JaHHBIX JIOITYCKOB B TIpeIe-
Jax «okHa HaOmoneHus». Ha puc. 4 moka3ansl pe3yabTaThl
(hopmupoBaHus 0000IIEHHBIX TAPAMETPOB OHOTO U3 all-
MapaTHbBIX MOyIeil — GOPTOBOTO MepeaTynKa, ¢ HCHOJb-
30BaHHeM nomrHOMOB Kommoroposa—Iabopa (puc. 4, a) u
MHOTOCJIOHHOW HEHpOHHOM ceTH (puc. 4, b).

Kpussie / mpenctaBiasioT co00i BpeMEHHBIE PSAIBI
c(hOpMHPOBaHHbBIX, & KPUBbIE 2 — KEJTaeMbIX 3HAUCHUH
00001eHHBIX TTapamMeTpoB. s npubnnxenus GopMel
0000IIEHHBIX TTAPaMETPOB TIepeaaTunKa K TpeOyeMoii BbI-
nosHeHa nudposast GuipTpanus. Pesynsrarsr popmupo-
BaHMsI 00OOIIEHHBIX ITApaMETPOB TTOKa3aHbl HA PHUC. 5 U
TpuBe/IeHbI B Ta0. 2. [TomydeHbl 3aBUCUMOCTH CpETHEKBa-
JIPAaTUYECKOM MOTPENIHOCTH (hOPMUPOBAHHS 000OIIIEHHBIX
IapaMeTpoB OT HOMepa [UKJIa 00y4eHHsT HeHPOHHON CeTH
Ha TPOBEPOIHON BBIOOPKE (N,)) (pHC. 5, @), TaKkke UCXO-
HBIX (KpuBas /) v OTGUIBTPOBAHHEIX (KpHBas 2) 3HAYCHUH
0000IIIEHHBIX TTAPAMETPOB TIepeaTIuKa Ha TECTOBOH BbI-
6opKe OT HOMepa OTCUeTa, MOMyUCHHAs C UCTIOIb30BAHNU-
€M HawIyulieil HeWpOHHOW CeTH M MEAMAaHHOTO (UIIbTpa
(puc. 5, b).

Vcnonp30oBaHNEe MHOTOCIIOMHBIX HEMPOHHBIX ceTel U
Me/IMaHHBIX (UIBTPOB MO3BOJIMIO YMEHBUIUTE ITOTPEII-
HOCTh ()OPMHUPOBAHHS U KOJIMYECTBO AaHOMAJIBHBIX OTCYe-

Puc. 4. Pesynbrarsl popMupoBaHus 0000IEHHBIX TAPaMETPOB GOPTOBOTO MepeaTinKa IMPH UCIONIb30BAaHNH: TIOIMHOMOB
Kommoroposa—Iabopa (a) 1 HelipoHHBIX ceTeil (b)

Fig. 4. The result of onboard transmitter generalized parameters formation when using: Kolmogorov-Gabor polynomials ()
and neural networks (b)
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Puc. 5. Pe3ynbrarsl 00y4ueHUs1 HEHPOHHOU ceTH (@) 1 (OPMUPOBAHUS 3HAUCHHN 00OOIICHHBIX TAPAMETPOB C UCITOIb30BAHUEM
HEHPOHHOH ceTH U MeanaHHOTO GuIsTpa (b)

Fig. 5. Results: of neural network training («); of generalized parameters forming values using neural network and median filter (b)

Tabnuya 2. Pe3ynsrarsl GopMHUpOBaHUs 000OIICHHBIX TAPAMETPOB Ha TECTOBOW BHIOOPKE
Table 2. The results of methods study for implementing the FTCGP modules and DLPF modules on the test samples

Moyt DOIITC Mosyss TIdHY CpenHexBapaTHIecKas KonndecTBo aHOMAabHBIX
IOTPELIHOCTb, £y, OTCYETOB
MHorocnoitasle HeliporHbIe cetn | bes ¢punsTpannn 0,0418 8
Ckonp3siiee cpenHee 0,0294 7
DunbTp ¢ KOHEYHOH UMITYIILCHOH 0,0264 5
XapaKTePUCTUKON
MennaHHbI QUIBTP 0,0123 1
[Monuuom Konmoroposa—T'abopa | be3 ¢punsrpannu 0,0939 49
Ckonp3siiee cpenHee 0,0625 13
DUIBTp ¢ KOHEYHON UMITYIbCHOH 0,0577 9
XapaKTEePUCTUKON
MenwnanHblit GuiIbTp 0,0463 9

TOB B 3HAQYECHUSIX 00OOIICHHBIX APAMETPOB IPH BBIOpaH-
HOU (opMe UX MpeCTaBICHHUSI.

3akarouenne

3amaga hopMUpOBaHUS 0OOOIICHHBIX TAPAMETPOB TEX-
HUYECKOTO COCTOSIHHSI CIIOKHBIX TEXHUYECKHUX CHCTEM
SIBJISIETCSL MHOI'OIIAPAMETPUYECKOM HEJIMHENHON 3ajaueil
ONTUMHU3AIMK U (QUIBTPALMHY, YTO 00YCIaBIMBACT €€ pe-
LICHHWE C UCTOJIB30BAHNEM allliapaTa HEHPOHHBIX ceTeit
1 MenuaHHBIX GUIBTPOB. B pesynbrare nccienoBaHuit
YMEHbIIICHAa BEPOSITHOCTh OLTMOOK ONPEEICHHS BH/A TEX-
HUYECKOTO COCTOSTHHS CIIOKHBIX TEXHUYECKUX CHCTEM TI0

3HAYCHUSIM 00001IeHHBIX mapaMeTpoB ¢ 0,0225 mo 0,0025
10 cpaBHeHHIO ¢ moarHoMamu Konmoroposa—I abopa. [1pu
9TOM CHHTE3 0000IIEHHBIX apaMeTPOB IeIeco0o0pas-
HO HAauYMHATH C Pa3padOTKH MOJENN UX (OPMHUPOBAHUS U
OIIPEICIICHHs IOIYCKOB Ha 3HAYCHUS TEIEMETPHPYEMBIX
mapaMeTpoB U 000OMIEHHBIX MTapaMeTPOB, TEM CaMBbIM
00eCIIeyrB BO3MOYKHOCTD YTOYHEHHS X KOPPEKIIUHA MOJICIIH
Ha BCEX JTalax KM3HEHHOTO LIUKJIA CIIOKHBIX TEXHUYECKHX
cucTeM. B 0CHOBE NPeyIOKEHHOTO peLIeHH s JIeXKAT OIHO-
POJIHBIE BBIYHMCIICHUS, KOTOPbIE MOTYT OBITh A3(PEKTUBHO
PpCaIn30BaHbl Ha NIEPCIIEKTUBHBIX BEKTOPHO-MAaTPUYHBIX U
TEH30PHBIX MPOLIECCOpPax.
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AHHOTALUA

Bgenenne. [Ipy 1BIKEHUH pakeThl B INIOTHBIX CIOSIX aTMOC(Epsl 3eMIH KJIACCHYECKUe COIIa paboTaloT B PEXUMeE
NepepacluIupeHns peakTUBHOM CTpyH. B 9TOM pexxuMe NMpONCXOAHUT YaCTUYHOE CHIDKCHHE BEJIMYUHBI YIEIBbHOTO
HMITyIIbca. BeieacTBre 9Toro yBemmuuBaeTcst KOJIMYECTBO PACXOAyEeMOro PaKeTHBIM JBUTaTesieM Torumea. [loBbimeHue
9 PeKTHBHOCTH PabOTHI COIENT MOXXHO JOCTUTHYTh HCIIOJIb30BAHHEM KOHCTPYKIMH HIMPOKOANAIIA30HHBIX COIIEII.
B 3TOM city4ae 3aMeHa CIUIOIIHON CTeHKH COIUIA Ha epOpUPOBAHHYO MO3BOJISET KOMIEHCHPOBATh IOTEPH YIEIBHOTO
nmIynsca. B paborte npeacraBiaeHo ncCIe0BAHNE BAMSHUS MOPUCTONW BCTaBKU Ha PEKUMBI paboThI corta. MeToz.
Bermonneno yncnenHoe Moaenuposanne B makete nporpamm Ansys Fluent. Ha mepBom sTamne nccienosanuns co3gana
reoMeTpruiecKkasi MOJEIb PAaCUCTHON 30HBI: ByMEpHAsi MOZIENb comuta pakeTHoro asuratens P/I-107 u okpyskaromas
COILIO 00J1acTh, B KOTOPOH 3a1aHa BHEHIHSS cpezia (Bo3aymHas armocdepa). [IponsBenien pacyer HCTeUeHUs TPOTyKTOB
CropaHusi 4epe3 NOCTPOSHHOE COILIO TIPH Pa3IMYHOM JaBJIeHHH aTMoc(epHoro Bo3ayxa. Kiaccnueckoe coruio 3aMeHeHO
Ha COIUIO C ITOPUCTOM BCTaBKOW U IIPOBE/ICH pacyeT IPH aHAIOIMYHBIX 3HAYCHHSIX aTMOC(EpHOro AaBieHus. BeinonHeHo
CpaBHECHHUE 3HAYEHU I YACJIBHOI'O UMITYJIbCA, MOJYYCHHBIX NPU pacde€Tax ¢ KIIACCUYECKUM U IMMOPUCTBIM COIIIOM.
OmnpeneneHo KONM4eCTBO TOIUIMBA, CIKOHOMIIEHHOTO NPH 3aMEHE KIaCCHYECKOTO COMa Ha MOPHCTOE C MOMOLIBIO
OTIpeIeNIeH s Pa3HUIIbI TUIOMIA/eHl, OTrpaHMYEHHBIX KPUBBIMU Ha rpaduKe 3aBUCUMOCTH yAEIbHOTO UMITYIbCa OT
paccMaTpuBaeMoi BEICOTHI HaJl ypoBHEM Mopsi. OCHOBHBIE Pe3yJIbTaThl. Pe3ynbTaTel CpaBHEHUS BEITMYHUH yAEILHOTO
HMITYJIBCA COTIEN C HEMPOHHUIIAeMOH CTEHKOH M TIOPUCTOH BCTABKOH ITO3BOJIIIIM CAETIATh BBIBOJ, UTO JIO BBICOTHI 5,4 KM
YACNBHBIA UMITYIIBC COIUIA C epPOPHUPOBAHHON CTEHKOH MIPEBBIIACT 3HAUYCHUS YACITEHOTO UMITYIIECA KIACCHIECKOTO
coruta. Ouenka 3¢ (peKTUBHOCTH MPUMEHEHHS ra30IPOHUIIAEMOI BCTAaBKM B KOHCTPYKIMH COILIA IIPH €ro padoTe B
IUIOTHBIX CJIOSIX arMocdeps! 3eMi I0Ka3alia, YTo ¢ HauyajoM paboThl Ha BbicoTe 0 KM HaJl ypPOBHEM MOPS H JI0 BBICOTBI,
Ha KOTOPOii COIIO paboTaeT B pacyeTHOM PEKHME, BEJIHMYMHA KOMIIEHCHPYEMOI'0 YAeIbHOIO UMITYJIbCa COCTABISIET
2,2 %. Odcyxaenne. Pe3ynbrarsl HCCIE0BaHNS MOTYT ObITh IPUMEHEHBI ITPH KOHCTPYUPOBAHUH COILIOBBIX YCTPOUCTB
COBPEMEHHBIX PAKETHBIX JBHIaTeIeH, pabOTarOMMX B IIIOTHBIX CIOAX aTMOC(EPEI.

KiroueBsbie ciioBa
YHCICHHOE MOJACIUPOBAHME, PAKETHBIH ABUTATelNb, MIMPOKOAMANIA30HHBIC COIUIA, TIOPUCTAs BCTABKA, PEIKUM
TepepacnpeHus

Baaronapuoctu

Pabora BeImonHEHA NpH (GUHAHCOBOW MOAAEp>kke MUHHCTEpCTBA HAyKH M BHICIIETO oOpa3oBaHus Poccuiickoit
@enepanun B xoae peanuzanuu npoekra «Co3naHue onepekaronero HaydHO-TeXHUIECKOTo 3a/1eia B 00J1acTi
Pa3paboTKH MePeIOBBIX TEXHOJIOTHIT MAJIBIX Ta30TYPONHHBIX, PAKETHBIX 1 KOMOMHHPOBAHHBIX JBUTATEIICH CBEPXIIEIKIX
pakeT-HOCHTENeH, MaJlbIX KOCMHYECKHUX alNapaToB M OCCHMIOTHBIX BO3AYLIHBIX CyIOB, 00€CIEUHBAIOIINX
HPUOPUTETHBIE MO3UIINHI POCCUICKUX KOMIIAHU Ha GOpMHUPYEMbIX [I00AIBHBIX PhIHKAX Oymyrieroy», Ne FZWF-2020-
0015.

Cceplaka nos uutupoBanusi: Muxaiinos M.B., [Iponan H.B., Penes M.E. Uncnennoe MoaennpoBaHue ra30MHaAMUAKH TIPH
paboTe MUPOKOUAIIA30HHOTO PAKETHOTO COTIIA C MOPHCTO BCTaBKoM // HaydHO-TeXHIYIECKMii BeCTHIK HH(OPMAILIMOHHBIX
TexHojaorui, Mmexaunuku u ontuku. 2023. T. 23, Ne 4. C. 836-842. doi: 10.17586/2226-1494-2023-23-4-836-842

© Muxaiinos M.B., I[Iponan H.B., Penes M.E., 2023

836 Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:mixailovmish@yandex.ru
https://orcid.org/0009-0003-3840-203X
mailto:kolinti@mail.ru
https://orcid.org/0000-0002-6383-039X
mailto:renevme@mail.ru
https://orcid.org/0000-0002-0583-0607

M.B. Muxannos, H.B. lNpoaaH, M.E. PeHeB

Numerical simulation of gas dynamics during operation of a wide-range rocket
nozzle with a porous insert
Mikhail V. Mikhailov!®d, Nikolai V. Prodan2, Maxim E. Renev3

1.2.3 Baltic State Technical University “VOENMEH” named after D.F. Ustinov, Saint Petersburg, 190005, Russian
Federation

! mixailovmish@yandex.ru™<, https://orcid.org/0009-0003-3840-203X
2 kolinti@mail.ru, https://orcid.org/0000-0002-6383-039X
3 renevme@mail.ru, https://orcid.org/0000-0002-0583-0607

Abstract

When the rocket moves in the dense layers of the Earth’s atmosphere, classical nozzles operate in the jet overexpansion
mode. In this mode, there is a partial decrease in the magnitude of the specific impulse. As a result, the amount of fuel
consumed by the rocket engine increases. An increase in the efficiency of nozzle operation can be achieved by using
designs of wide-range nozzles, in which case the replacement of a solid nozzle wall with a perforated one makes it
possible to compensate for the loss of specific impulse. The paper presents a study of the effect of a porous insert on the
operating modes of the nozzle. Numerical simulation was performed in the Ansys Fluent software package. At the first
stage of the study, a geometric model of the computational zone is created which includes a two-dimensional model of the
RD-107 rocket engine nozzle and a computational domain that simulates the external environment (air atmosphere). The
calculation of the outflow of combustion products through the constructed nozzle at different pressures of atmospheric
air is carried out. In the future, the classical nozzle is replaced by a nozzle with a porous insert, and the calculation is
carried out at the same values of atmospheric pressure. The values of the specific impulse obtained in calculations with
a classical and porous nozzle are compared. The amount of fuel saved when replacing a classic nozzle with a porous one
is determined by the difference in the areas bounded by the curves on the plot of specific impulse versus the considered
height above the Earth’s surface. Comparison of the values of the specific impulse of nozzles with an impenetrable wall
and a porous insert made it possible to conclude that up to a height of 5.4 km the specific impulse of the nozzle with a
perforated wall exceeds the values of the specific impulse of the classical nozzle. Evaluation of the effectiveness of the
use of a gas-permeable insert in the nozzle design when the nozzle operates in dense layers of the Earth’s atmosphere
showed that with the start of operation at a height of 0 km above sea level and up to the height at which the nozzle
operates in the design mode — the value of the compensated specific impulse is 2.2 %. The results of the study can be
applied in the design of nozzle devices of modern rocket engines operating in dense layers of the atmosphere.
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numerical simulation, rocket engine, wide-range nozzles, porous insert, overexpansion mode
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BBenenue

B nacrosmiee Bpemst B 0051acTH KOHCTPYHPOBAaHUS pa-
KETHBIX JIBUTaTelel aKTyaIbHBIM SIBISETCS BOIPOC CO3/1a-
HUS IIMPOKOANAIIA30HHBIX U aBTOPETYJIUPYEMBIX COTLIIOBBIX
ycTpoicTB. HacTo coruia pakeTHBIX JJBUTATENEH B INTOTHBIX
cosAX aTMocdepsl paboTaloT B peKUMe Mepepacinpe-
HUSI, 1ajiee HAaCcTyIaeT HeMPOAOIDKUTEIBHBIN 3Tall TOJIeTa,
KOT7Ia COIuIO paboTaeT B pacueTHOM pekume. [Tokaszarens
HEpPacyeTHOCTH PAadOTHI COIUIA [UIsl ONPENEICHHON BBICO-
THI TIOJIETA 331a€TCsl HAa ATAIle MPOSKTUPOBAHMS, TaK KaK
3aBUCHT OT JIaBJICHUsI pPaOOYEro Tejia B BEIXOJHOM CEUCHUH
COIUIa M OT JaBJICHHUsI OKpysKatoleil cpeabl. [Ipu padore
COIUIa B PEXKHMME TEePEePaCIINPEHHs COTUIOBBIE Ta3bl B BbI-
XOJJTHOM CEUEHHH PACIIMPSIOTCS 10 JaBJICHMUS, MEHBIIIETO
yeMm arMocdepHoe. M3-3a 3T0ro OT ceueHus1, B KOTOPOM ra3
pacmmpwmIiIcs 0 JAaBieHHs B atMocdepe, U 10 BBIXOAHOTO
CEUEHHsI — IIPOUCXOAUT TIOTEPsI TATU coruta. Bo3aMoxxHOCT
aBTOPETYJIMPOBAHMS JIaBICHNS HA CPE3e COILIA, BO BPEMs
TI0JIETa PAKETHI B IIIOTHBIX CIIOSIX aTMOC(EpPHI, TO3BOIHIIA

OBl 10 OTpe/IeNICHHON BBICOTHI MOAICPKUBATH PACUETHBIH
PEeXUM pabOTHI.

Co3znaHue peryJimpyeMoro coruioBoro yCTpoucTsa Bo3-
MO’KHO HECKOJIBKUMH METOIAaMH, OIHHM M3 HUX SBISCT-
Csl IPUMEHEHNE B KOHCTPYKIIMH CBEPX3BYKOBOH YaCTH
coruia — oTBepceTuit (meneid) [1]. B Takom ciydae cBs3b
pabouero Tena ¢ aTMOC(HEPHBIM BO3IYyXOM B COILIC OyaeT
peann3oBaHa 4epe3 OTBEpCTHs B CTeHKax coruia. CKBO3b
IIIeJIN BHEIIIHEE JAaBJICHUE BO3JCHCTBYET Ha COILIOBBIE Ta3bl,
orpaHMYMBas NepepaciIpeHne noroka. [1pu npoxoxkieHnu
MIEpBOTO y4yacTKa TPACKTOPHUH TIepBas MIEJb 3aKPbIBACTCS
1 TIOTOK PacIIMpPSIETCs] IO CIEAYIOIIEro CEYeHusl, B KOTO-
POM JaBJIeHHUE MTOTOKA COBIA/IACT C BHEIIHUM JaBJICHHEM.
[lemneBble cOIIa UMEIOT BBICOTHBIC XapaKTePUCTHKH, OJIH3-
KO IPUJIETafoLIKe K HICaIbHO PEryInpyeMoMy cornty [2].

B paborax [3, 4] mpoBeneHa orneHKa 3PPEKTHBHOCTH
pabOTHI ABHUTATENS IIEPBOI CTYNIEHH PaKeTHI-HOCHUTEIS C
JOBYMsI Pa3IMYHBIMU BapHAHTAMU CTETIEHH PACIINPEHUS
coruta. /laBrneHue Ha cpe3e BapbUPOBAIOCH B IHANA30HE
10-5 xIla. Crenens pacmupeHus Ipu 3TOM H3MEHATIach
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YucneHHoe MoaenMpoBaHue ra3oguHamMumky npu pa60Te Lmpokoanana3oHHOro pakeTHoro conna...

MTOCPEICTBOM YCTAaHOBKH B CBEPX3BYKOBOI YacTH JBYX
KOJIBLIEBBIX IIlesIel. B pesynbrare 4MciIeHHOro pacuera u
TIPOBE/ICHHBIX OTHEBBIX UCIBITAHUN Ha Y4aCTKE C JaBJICHHU-
€M COIUIOBBIX T'a30B MEHBIIE aTMOC(EPHOTO OPraHU30BaHBI
IIeNu B KOHTYpe coruia. [omydeHHbIN pe3ynbTaT OKa3biBa-
€T CyIIECTBCHHOE BIUSHUE HA MPHUPOCT TATH JBUTATEISL
1 CTIOCOOCTBYET OpraHW3alllny HANPaBIECHHOTO PAaHHETO
OTpBIBa TIOTOKAa BHYTpH coruia. [Io cpaBHEHHUIO ¢ TIaIKuM
KOHUYECKHM COTIJIOM MPHPOCT TITH TOCTUT 5—8 %.

Hapsiny co mieneBsIMU OTBEPCTHSIMH aKTUBHO HCCIIEN0-
BaHO MPUMCEHCHUEC Ta30IPOHUIACMBIX ITOPHUCTBIX MaTCPU-
AJIOB B KOHCTPYKIIUH COILIOBBIX yCTpOﬁCTB " pas3siinYHbIX
a’pomuHaMuyeckux npoduiei. B padorax [5—7] mpuse-
JICHBI PE3yJbTaThl UCCIIEIOBaHMsI O0TEKaHHs IIMIMHAPA C
ra3olpoHUIIAEMOM MOPUCTON BCTABKOM, yCTAHOBICHHOM
Ha Topue IuanHApa. [Ipyn MaibIX CKOPOCTSIX TEYSHHUS KO-
A GUIMEHT HHEPIUOHHBIX ITOTEPh YMEHBIIHUIICS HA TTOPSI-
JIOK, HO TIPH 3TOM, 3HAYUTEIBHO MOBBICHIICS KO3 uImeHT
COTIPOTHUBIICHUS TPCHUS HA TICPETHEM yJacTKE MOPUCTOM
BcTaBKH. JlaHHOE HAOMIOACHNE WIUTIOCTPUPYET ONHY H3
BO3MOXKHBIX TIPOOJIEM, KOTOpasi MOXKET BOSHUKHYTH MPHU
YCTaHOBKE MOPUCTON BCTAaBKHU B KOHCTPYKIIMH COIIEI pa-
KETHBIX JIBUTaTeJIel, TaKk KaKk npu paboTe coruia — TeM-
nepaTypa Ha CTeHKax MoxkeT gpocturars 2000-3000 K.
B xauecTBe mMarepuasoB /IS U3TOTOBJICHUSI OPUCTOM
CTPYKTYPBI BO3MO)KHO HCIOJIb30BaHHE )KAPOIPOUHBIX CILIa-
BOB, JIH0O KOMIIO3UTHBIX MaTepHaioB u3 yrieponal. B ciy-
Yyae MPUMEHEHHS YIIIEPOUCTHIX MaTepPHaIOB HEOOXOTMMO
obecrieunBaTh aHTHOKHUCIHUTEIBHYIO 3alHUTy. B padoTe
[8] ommcaH pe3ynbTaT MPOBEICHIS OTHEBBIX MCIIBITAHHHA
00TeKaHMs TOTUTMBHO-OKUCIUTEIBHON CMEChI0 00pa3IioB
YIIEPOA-YIIICPOTHOTO OOPOCIITUIIMPOBAHHOTO MaTepraia
mpu Temmepatype 2400 K. I[Tocne npoBeneHNs HCTIBITAHNSA
o0pazserl Marepraia He MO/IBEPIcst SPO3UH.

B pabore [9] BcTaBka U3 HOPUCTO-SUEHCTOrO MaTepHa-
Jla YCTaHOBJICHA Ha BHEILTHIOIO TOBEPXHOCTD IEHTPAILHOTO
Tela KJIMHO-BO3AYITHOTO PAaKeTHOTo ABUTaTes. B pesyib-
TaTre YUCICHHOTO MOJICJIMPOBAHNS, IIPU YCIOBHSX, COOT-
BETCTBYIOIIMX 36MHOI arMoc(epe Ha ypOBHE MOPSI, BBISIB-
JICHO, YTO M3-32 ITOSIBJICHHUSI Fa30IPOHHUIIAEMOH CTPYKTYPHI,
MpoIiecc OTPhIBA MTOTOKA CO CTCHKHU IIEHTPAIBHOTO Tela
W3MEHWICS 3HaYuTeNbHO. [Ipn 3TOM mepepacmpenencHre
JABIICHUS TI0 TIOBEPXHOCTH IICHTPAIBHOTO TeJa MIPHBETIO K
YBENWYCHUIO TATH ABHUTraTess Ha 8 % MO CPaBHEHUIO TEM
K€ COTIIIOM, HO 0€3 TIOPUCTOM BCTABKH.

B nacrosmeit pabote uccienoBaHa BO3MOKHOCTD aB-
TOPEryJIMPYyEeMOCTH 3HAUCHHs! YIEJIbHOTO UMITYJIbCa COILIa,
paboraromnero B IIOTHBIX cilosix armocgepsl. [Ipusenena
OLICHKa KOMITEHCAIIUH MTOTEPh YISIBHOTO UMITYJIbCA KJIac-
cuueckoro comia asurarens PII-107 npu 3ameHe crutom-
HOU CTeHKH coria Ha nepdopupoBannyo. [IpeacrasineHs
Pe3yAbTaThl YUCICHHOTO MOJICITMPOBAHUS HCTEUCHHS peak-
TUBHOU CTPYH JJIS KIIACCHIECKOTO U ITOPHCTOTO COTIEI, IT0-
3BOJISFOIIHE OIICHUTH A(P(HEKTUBHOCTH HCIOIB30BaHMUS T'a30-
MIPOHUIIAEMBIX MAaTEPHAJIOB TP PabOTEe PAKETHOTO COILIA.

1 Vraepos-yrieposnabie KOMIO3UIIMOHHBIE MaTEPHAIBI.
OnucaHue CBOMCTB M BO3MOKHOCTEH MPUMEHCHHUS B aBHAlU-
OHHOH TexHuKe [Dnekrponubiii pecypc]. URL: https://bstudy.
net/810004/tehnika/uglerod uglerodnye kompozitsionnye materi
aly?ysclid=Ifibz5ps4n321303151 (mara obpamienus: 13.03.2023).

IlocTanoBka 3agaun

KupkocTHbIN pakeTHbIH aBuraress PI-1072 ucnosb3y-
eTCs Ha TIEPBBIX CTYNEHAX pakeT-HocuTeneld «Coro3-DI
1 «Coro3-2». BeiOop maHHOTO IBUTATENS ISl IPOBEACHUS
YUCJIICHHOI'O MOJCIMPOBAHUA CBA3aH C TEM, YTO JId HETO
M3BECTHBI MapaMeTpsl pabOTHl M TEOMETPHUs COTUIOBOTO
ycrpoiicTBa. [eomeTpuueckas MoJielb pacueTHON o0siacTi
IpejcTaBieHa Ha puc. 1.

I'pannip pacyeTHOM 001aCTH ONIPEAENEHbI IS 5 Kaju-
6poB 1o Beicote U 10 — 1o umHe. 3a 3HaYeHHe Kanuopa
BBIOpaH paJilyC BBIXOIHOTO CEUEHHs COIUIA, YTOOBI CHU-
3WUTh BIHMSHNE I'PAaHUYHBIX YCIOBHH Ha Ipolecc HcTede-
HUS Ta3a U3 CoIula. 3ajada MOJCIMPOBAHUS AByMEpHas 1
0CECHMMETPUYHAsL.

Ha nepBoM 3Tare BBITOIHEHO YHCIEHHOE MOAEIHPO-
BaHME C MIPUMEHEHHEM KJIACCHYECKOTO COIa U OIpese-
JICHBI TOYKH C JABJICHUCM, COOTBETCTBYIOIIUM BHEIITHEH
cpeze. YncneHHoe MOJETUPOBaHNE IPOBECHO IS 5 BBI-
coT ¢ maroM 1,5 kM 1 HadanoM paboTel Ha BbicoTe 0 KM.
Kpaiineii siBiisieTcst BBICOTa, HA KOTOPOU COIUIO paboTacT B
pacueTHOM pekume. [Tocne onpeaeneHns HCKOMBIX TOUEK
KJIACCHYECKOE COIIO OBUIO 3aMEHEHO Ha mopucrtoe. [Ipu
9TOM MOPUCTAs BCTaBKA 3aKPbIBANACh CIUIOUIHON CTEHKON
10 Mepe yBEINICHUS PACCMaTPHUBAEMOI BBICOTHI.

Y4eT cIyTHOTO MOTOKA BO3yXa, HATCKAIOMIETO Ha
BHEIIHIOIO CTEHKY COIlIa U MMHUTHPYIOIIETO JIBUKCHHE
paxeTsl, He MPoBOaMIICS. OTMETHM, 9TO HE OBLTO UCCIIeI0-
BaHO B3aUMOJAEHCTBUE COIIEN IIPY MHOTOCOIUIOBOM KOMIIO-
HoBKe. [IpnunHOil 0TKa3a OT BKJIFOUEHUS B PEIlICHUE 3a/1a41
CITYTHOI'O IOTOKA ABJACTCA TO, YTO BBLIINIOJIHEHHAA CEpUA
pacyeToB MO3BOJIAET UCCIIE0BATh B3aUMOICHCTBHE ITOTOKA
¢ nep(oprpoBaHHON CTEHKON HE3aBUCUMO OT TOTO, C KaKOH
CKOPOCTBIO MOXKET JIBUTAThCSI paKeTa-HOCUTEINb B aTMocde-
Pe U Ha KaKo¥ KOHKPETHO PaKeTe OHO YCTAHOBJIEHO.

Pacuernas monean

B kauecTBe ypaBHEHUI IBUKCHUSI B MaTeMaTHYECKOM
MOJEJIU UCHONb30BaHbl ypaBHeHHs: HaBwre-CTokca —

@720

430
<
193
S

165,8

1077 i

Puc. 1. Teomerpudeckas monens cora P/I-107.

PaSMCpH YKa3aHbl B MM

Fig. 1. Geometric model of the RD-107 nozzle (dimensions are in
mm)

2 Cxema, yCTPOUCTBO M HEKOTOPbIE MApaMeTPhl PAKETHO-
ro asuratenst PII-107 [Dnektponnsiii pecypc]. URL: http://
www.lpre.de/energomash/RD-107/index.htm (zata obGpamenusi:
16.03.2023).
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ocpelHeHHbIe 10 PelfHONBICY U 3aMKHYTBIE MOJIEJIBIO
typOyaentaoctu Shear Stress Transport (SST) ko, xoro-
past mpuMeHuMa Ui pacueToOB CBEPX3BYKOBBIX CTPYHHBIX
teuenuit [10]. JlanHas Momenp sBIseTCS Oojiee TOYHOU
¥ HAJIC)KHOW 1O CPaBHEHHIO ¢ OOBIYHOM k—®. Pemarens
BEIOpaH Ha OCHOBE JaBieHus [11].

[TapameTpsl, 3a1aBaeMbIe Ha BXOJE B COILIO, COOTBET-
CTBOBAJIM MapaMeTpaM B pEaTbHOM JBHUTATENE: TTOJHOMY
nasnennio — 5850 klla u remmneparype — 3520 K. B
KadecTBe pabovero Teia UCTOIb30BaHbI MTPOAYKTHI CTOpa-
HUS TIOCJIE peakluu cropanus kepocuna T-1 u kugKoro
Kuciaopona. BHemHss cpefla — BO3AyIIHAsS aTMocdepa.
l"a30BbIl TOTOK peanu30BaH C MOMOIIbIO TOIKIIOUEHHUS
Mojienu ra3oBoit cmecu (Species Transport). Uepes BXxomHOe
CEUEHHE B COIUIO MOAaBaJIach ra30Bas CMECh, COCTOSILAS
n3 H,O u CO,, npu 3TOM BHEHIHSISI cpeja MpeaCcTaBlIseT
co00ii BO3/1yX, COCTOSIIINH ITpenMyIiecTBeHHO 13 N, 1 O,.
KonmdecTBO KOMITOHEHTA 3aTaHO MAaCcCOBOM JIOJEH B CMECH.

CBOJiCTBa CMECH OMPEIEISIINCH COCTABOM C HCTIONb-
30BaHMEM 3aKOHA CMEIIMBAHUS. TeIIonpoBOIHOCT, AH(]-
(y3us ¥ BA3KOCTh M3MCHSUIACH 110 3aKOHY CMEIIMBAHUS
uaeanbHbIX Ta3oB. ComacHO JaHHOW MOJETH — MPOUC-
XOJIUT YCPETHEHHE CBOMCTB CPE/Ibl OTACIBHO IS KaXKI0TO
KOMITIOHEHTa C YYE€TOM HX MaccoBbIX Jousieil. [lnoTHocTh
KOMIIOHEHTOB CMECH M3MEHsUIACh 10 3aKOHY COBEpIICH-
HOTO rasa.

Mopneab mopucToro tesaa. J{Jis ucciea0BaHusl HECHKU-
MaeMOTro TeUeHHMsI B IOPUCTOM Cpesie UCII0JIb30BaHO YpaB-
nenue Japcu [12]:

Vp =K 1HWyors
rne Vp — rpajJiveHT JaBJieHus, Toj JeHCTBUEM KOTOPOTO
ra3 JIBWXKETCSI BHYTPU MOPBI; L — JAWHAMHUYECKAas BI3KOCTh
raza; K; — koa(hHIMEHT BI3KOCTHOTO COIPOTUBIICHHSI 110~
pucroii cpensl. [IpuBenenHas ckopocTs V,,,; (paccuuTaHa o
00BbEMHOMY PacXoJy Ta3a CKBO3b IMIOPUCTOE TEJIO) CBA3aHA
CO CKOPOCTBIO B ITOPAX v COOTHOIICHUEM:

Vyvol = Ynopva

IE Vyyop — KOIDOULUHMEHT IOPHCTOCTH, ONPE/EIISEMbIH KaK
OTHOIIICHHE 00BEMa, 3aHSITOTO I'a30M K 00IIeMy 00beMy:
Tnop = /(€ + £y),
rae Qf+ Q. — 00beM, 3aHATHIH HOPUCTHIM TEJIOM; an
€, — 00BbEeMBI, 3aHATHIE FA30M U MaTepPUAIOM IIOP B IOPU-
ctoM Tene. B ypaBuenun Jlapcu nepenas gaBieHus BIOJIb
TIOPHUCTOTO KaHaJIa JIMHEHHO 3aBUCUT OT CKOPOCTH MTOTOKA.
[Mopucras cpena B nporpamme Ansys Fluent peanisosa-
Ha BKJIIoueHHeM (yHKIuHN «Porous zone». B aTom ciydae
YYaCTKH CTEHKH C OTBEPCTHSIMH 33TaHBI TPOHUIIAEMBIMU
o0nacTsIMu, yepe3 KOTOpPhIe Ta3 ¢ OOIBIINM JaBICHHEM
(BozmymrHas cpena) MPOHUKAET B 00JIaCTh C MEHBIIHM
JaBIeHHEM (TIPOXYKTHI cropanust). [ onpeneneHus ma-
pameTpoB mopucToil BcTaBku B Ansys Fluent, BBeneH Ko-
S PUIMEHT BI3KOCTHOTO COMPOTUBIICHHUS ra30BON CPEIbl.
3HaueHUEe KOAPPUIUCHTA OMPECIICHO M0 pe3ylbTaTaM
CepuM YMCIeHHBIX pacyeToB B Ansys Fluent, npu stom
K03 QUIMCHT BapbUPOBAJICs. BrIOpaHHOE 3HAYCHHE KO-

apunmenta 1-107 M2 MOIYUEHO U3 TPEATIOIOKEHUS, YTO
ra3 U3 BHEIIHEH cpejibl, IPOXO/Isl Yepe3 rnepoprupoBaHHYIO
CTEHKY — Ha BBIXOJIC M3 Hee OyleT MMETh CKOPOCTh B JIBa
pa3a MeHbIIyI0, ueM npu Bxofae. [Ipu a3Tom nmops! Hampas-
JISIFOTCSI TapaJuIeNIbHO OCH coruta. Byonb ocu nonepedHoro
HaIlpaBJICHUS] K OCH COIIa — 3HaueHue KoddduuneHta
npuHATO paBHbIM 1101 M2,

Pe3yJ'l]>TaTl>l YUCJTCHHOI0 MOJ1€¢/IMPOBAHUA

Pacuer kiaaccuveckoro coma. J[jist onpeaeneHust
TOYEK YCTAHOBKHM MOPHUCTOW BCTAaBKHU BBIIOJHEH PacyeT
KIIACCHYECKOTO COIUTA TIPU H3MEHSIOMIEMCST aTMOC()EepHOM
naienuu. Coruto asurarenst PJI-107 B BBIXOJHOM CEUeHUHN
nMeet 3HadeHne nasieHus — 0,039 MIla, mpu ctapte
pakeTsl U HEKOTOPOE BpeMs IOcie — COIUIo padoTaeTr B
pexnMe Tiepepacmrpenus moroka. Vicxoas u3 3toro, npu
paboTe coruia Ha YPOBHE MOPSI OTPEICICHO CCUCHHE COTLIA,
B KOTOPOM JIaBJICHUEC IMOTOKA COBNAZACT C BHCIIHUM JIaBJIC-
HUEM U C TOYKOM YCTAHOBKU IIEPBOH IIOPUCTOH BCTABKHU.
OcranbHble YYaCTKH YCTAHOBKHU MOPHUCTHIX BCTABOK OIpe-
JICJICHBI aHAJIOTMYHBIM 00pa30M il pacCMaTPUBAECMBIX
BBICOT.

[To pe3ynbraTaM 4MCIEHHBIX PAaCU€TOB YCTAHOBIEHBI
CEUCHMSI COIIIA, B KOTOPHIX BO3MOXKHO OPTaHU30BaTh PaH-
HUI OTPBIB IOTOKA OT CTEHKU. PaccMOTpEHHBIE BHICOTHI,
3Ha4YeHHs aTMOC(EPHOTO JaBJeHHs!, a TaKKe 3HAUEHUS
TATH COIJIA JJII COOTBETCTBYIOIINX BBICOT B COILIE C HE-
MIPOHUIIAEMOM CTEHKOW MPHUBEIEHBI B TA0M. 1.

3aMeTHM, 4TO Ha YPOBHE MOPS TIOPUCTAs BCTaBKa IOJI-
HOCTBIO OTKpPbITA. Ilo MEPEC YBCIIMUCHHA BBLICOTHI IOJIETA
10 5,4 KM — BCTaBKa 3aKpbIBA€TCS U K MOMEHTY BbIXOJIa
COIJIa Ha PACUETHBIN PEKUM MOTHOCTHIO 3aKPBITA.

[To pe3ynbTaTam 4MCIEHHOTO MOJAETUPOBAHUS C UCTE-
YEHUEM IPOAYKTOB CrOpaHMsI Yepe3 KIACCUUECKOE COIIO
C HEMPOHUIIAEMON CTEHKOH — J10 BBICOTHI 5,4 KM COILIO
pabotaeT B pexxume riepepacumperns. Ha Beicote 5,4 kM
M0 BCEH AJIMHE CTEHKH COIJIa B CBEPX3BYKOBOW YacCTH,
BIIJIOTH JI0 BBIXOJHOTO CEUCHUS — JaBlIeHUE ra3a 00Jb-
Il WIA COOTBETCTBYET MAaBICHUIO OKPYKAIOIMIEH CPEIBI.
Pacmipenienenne cTaTHIeCcKOro JaBIeHUSA (p) AT ABYX CIIy-
YaeB MPEeACTaBICHO Ha pHC. 2.

O06acTh, B KOTOPOH YCTaHOBJICHA MOPUCTAsl BCTaBKa
MPEICTABISICT CO00M 00bEeM, B KOTOPBIH MOCTYIACT BO3-
JlyX W3 BHeIIHe# cpespl. [lapameTpsl Bo3yxa Mpu npo-
XOXKICHUU Yepe3 00beM U3MEHSIOTCS, M BO3IYX HauWHACT
B3aUMOJICHCTBOBATH C ITOTOKOM padodero Tena B corwie. [To
Mepe YBEJINUYEHUS BBICOTBI, YACTH MPOHULAEMBIX ITOPUCTBIX
BCTaBOK /—4 3aKpOIOTCS CTEHKOH BIIOTH IO BBICOTHI, Ha
KOTOPO# COILIO paboTaeT B pacdeTHOM pexume. Obmactu
YCTaHOBOK MOPHUCTHIX BCTABOK TIOKA3aHBI HA PHC. 3.

Pacuer conia ¢ nopucroii BeraBkoi. [Ipu unciennom
MOJEJIUPOBAHUN TEUECHUS C YCTAHOBJIEHHON NOPUCTOU
BCTaBKOM — Ha BBICOTE 0 KM BCTaBKa IMOJIHOCTBIO OTKPLITA.
ITo Mepe yBennyeHUs! BBICOTHI TIOJIETa ¢ Imarom B 1,5 kM
MOPHUCTAast BCTABKa MOCTETMIEHHO 3aKPhIBACTCS M TTOJTHOCTHIO
HempoHuIaemMa Ha Boicote 5,4 kM. Pacnipenenenue ckopo-
cTH (1) B COIUIC MPEICTABICHO HA PHUC. 4.

ITOCT 4401-81 Armocdepa cranpaprhas. [Tapamerpsr ar-
Mmocdepsl. Been. 01.07.83. M.: U3n-Bo crannaptos, 1981. 181 c.
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Tabnuya 1. TlapaMeTpsl B COIIIE C HEMTPOHUIIAEMOM CTEHKOM

Table 1. Parameters in a nozzle with an impermeable wall

JlaBneHue BHEIIHEH PaccTosiHue OT KpUTUYECKOTO CEUCHUS VienbHbII
Bricota, kM Tsra, kH
cpensr, klla IO PacCMaTpUBAEMOTO CEUSHHSI, MM HMITYJIbC, M/C
0 101 552,5 185 2497
1,5 85 606,3 192 2590
3,0 70 654,8 198 2669
4.5 58 733.4 203 2737
5,4 51 1077 207 2786
p, xlla p, klla b
—100 BrixogHoe — 100 Brixonnoe
CeuyeHue CeYeHUue
—T92 —T92
— 83 —r 83
74 — 74
—T 65 —T 65
—T56 —T56
47 47
37 37
28 28
19 19
10 10

Puc. 2. PacnipeniesieHre CTaTHYECKOTO IABICHHS B COTIIE ¢ HEMIPOHUIIaeMOoii cTeHKoit: 0 kM (a) u 5,4 xm (b)

Fig. 2. Distribution of static pressure in a nozzle with an impermeable wall: 0 km (@) and 5,4 km (b)

=1 559

-10

Puc. 3. O6nacti ycTaHOBOK MOPUCTHIX BCTABOK, B 3aBUCHMOCTHU
OT paccMaTpuBaeMoi BBICOTHI (pa3Mepsl B MM): [ — 0—1,5 xwm;
2— 1,53 km; 3—3-45km; 4 — 4,554 km
Fig. 3. Installation areas of the porous insert vs. the considered
height (dimensions in mm): / — 0-1,5 km; 2 — 1,5-3 km; 3 —
3-4,5 km; 4 —4,5-5,4 km

Ha Bricote 0 xm IopucTasa BCTaBKa MaKCUMaJIbHO CKOM-
MIEHCHPOBAJIa BEJIMYMHY IT0TEPH YIEIbHOTO UMITYJIbCa COTI-
na. ITo momydeHHBIM pesynbTaTam (puc. 4), BUTHO, YTO
CKBO3b BCTaBKY IIPOCAYMBACTCS Ta3 U3 BHEIIHEH CPEbl U
BO3/IEHCTBYET Ha pabouee Teso B corute (puc. 4, a). Bosmyx
CIIOCOOCTBYET OTPBIBY ITOTOKA OT CTEHKH, TEM CaMbIM OI'pa-
HUYMBas Iepepacimpenue noroka. Korma BeraBka 3akpbita
CIUTOIITHOM CTeHKOH (puc. 4, b) — B3anMoeicTBHE TOTOKA
COIUTOBBIX T'a30B M BHEIIHEH CPEIIbl MPONUCXOINT 32 BBIXO/I-
HBIM CEUYEHHEM COTLIA.

Pacxon pabouero Tena depe3 ABUTATENb 0€3 MOPUCTOI
BCTaBKHU MPU UCTEUCHUH MPOIYKTOB cropaHus — 74 xr/c.
B Tabn. 2 mpuBeacHBI 3HAYCHUS OCHOBHBIX MTapaMeTPOB
COIUIA, MOJYYEHHBIE B XO/I€ YHCICHHOTO MOJICITUPOBAHUSI.
M3MeHeHne MaccoBOro pacxoia uepe3 BHIXOJAHOE CEYCHUE
COILIa 3aBUCHT OT KOJIMYECTBA ITPOXOJISIIIIETO YePe3 BCTABKY
armocepHoro Bo3iyxa. Ha BeicoTe 5,4 KM razonpoHuma-

Tabnuya 2. IlapamMeTpsl coIlIa C OPUCTON BCTAaBKOM

Table 2. Nozzle parameters with porous insert

Bucora, | I | Mcenenme  nenonssonamnen noputot | S e con e | o o acranso
cpensl, klla BCTaBKH, KI/C 0e3 BCTaBKH CO BCTaBKOM u 0e3 BcTaBku, %
0 101 118 2497 2603 4,2
1,5 85 109 2590 2674 3,2
3,0 70 104 2669 2715 1,7
4,5 58 92 2737 2753 0,6
5,4 51 74 2786 2784 0
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2450 1960 1470 980 490 0

u, m/c

2200 1710 1220 735 245

Puc. 4. PacnipenienieHre CKOPOCTH B CBEPX3BYKOBOI YacTH COIJIA C YCTAHOBJICHHOM MMOPUCTOM, ra30MpoHUIIaeMoii BcTaBkoi: 0 kM (a)
u 5,4 xm (b)

Fig. 4. Velocity distribution in the supersonic part of the nozzle with a porous, gas-permeable insert: 0 km (@) and 5,4 km (b)

eMasi BCTaBKa IMOJTHOCTHIO 3aKPHITA CIIOMTHON CTEHKOM
U Pacxo]l B BBEIXOJHOM CEUEHHH COIUIA 3aBUCHT TOJBKO
OT KOJIMYECTBA Ta3a, MoJaBaeMOTO B KaMepy CTOpaHUs
JIBUTATETIS.

HWcxons n3 pe3yasraroB (Tadi. 2), 3aMETHO, UTO B COTLIE
C MOPUCTON BCTAaBKOMW, MPU pean3aiuu pexxuma mnepe-
pacCIIMPEHHUs COTUIOBBIX T'a30B — KOMIICHCAITUS TIOTEPh
VIENBHOTO UMITYJIbCA TPOUCXOAUT B Auanazone 4,2—0 %.
Ha puc. 5 npuBesicH rpaduk 3aBUCUMOCTH YCIBHOTO M-
myneca (/) ot BeIcOTHI rosera (H).

PacueTrHbIil pexxuM pabOTHI COTIa Pean30BaH Ha BBICO-
Te 5,4 kM. Ha GonbIIvx BhICOTaX HCIOBF30BAHHE TOPHCTOM
BCTaBKH HE ITO3BOJIIIO KOMIICHCHPOBATH IOTEPH YIACTHHOTO

1, m/c

=

2700

2600 /

/
Pacuetnwii | |
pexum
2500
0 2 4 H, xm

Puc. 5. I'padyku 3aBUCIMOCTEH yAETbHBIX UMITYJILCOB OT
BBICOTHI TIOJIETA Il HEITPOHUIIAEMOTO coruia (KpuBasi /) U
coria ¢ nepopupoBaHHON CTEHKOU (KpuBas 2)

Fig. 5. Graph of specific impulse versus flight altitude: / —
tight nozzle specific impulse; 2 — perforated wall nozzle
specific impulse

UMITyJTbCa, TaK KaK TOYKa, 38 KOTOPOU JaBICHUE MTOTOKA
MEHBIIIE JaBJICHUS OKPY)KAIOMIeH cpeasl, HAaXOMUTCS 3a
BBIXO/IHBIM CEYCHHEM COIUIA M COIUIO PabOTaeT B pacyer-
HOM pexnMe. Paznuna niomanei noJ KpUBbIMHU Ha pucC. 5
cocraBuia 2,2 %, 9T0 COOTBETCTBYET BEIMIMHE KOMITEHCH-
PYEMOTO yAeTBLHOTO UMITYJIbCA Ha BCEM PaccMaTpPUBAEMOM
y4acTKe TMoJieTa.

3akaouenue

IIpenmokeH MeTO I, ONTUMANTBHBIHN 11 aHamm3a d(dek-
TUBHOCTH HMCTION30BAHNUS TIOPUCTON BCTAaBKH B COTIIOBOM
YCTPOHCTBE pakeTHOro aBuraressi. OMHUM U3 pe3ylIbTaToB
pa6OTH SABJISICTCA BI:-Ipa6OTKa IIOCJICAOBATCIIbHBIX 2TAIlOB
YUCIIEHHOTO MOJICTTUPOBAHHSI.

Jiist onipeiesieHrst 001aCTH Ha CTEHKE COILIA, TTOAXO s~
el Juisi yCTaHOBKH Ta30MpPOHUIIAEMON MOPUCTON BCTaB-
KM — Ha 3aJJaHHO¥ BBICOTE JIOCTATOYHO MPOBECTH pac-
94eT UCTEUCHUS Ta3a Yepe3 COoIUIo, paboTaroIIee B PEKUME
nepepacimuperus. [lo pesynpraTaM pacueTa MOTyYeHBI
3HAUYEHHUs CTATHUYECKOro JaBJIEHMS COILIOBBIX I'a30B Ha
CTCHKY coruia. HaumHas ¢ TOUKw, T/Ie TaBIeHUE Ta30B paB-
HO 3HAUEHUIO JIaBJIEHUs] BHEIIHEH Cpe/ibl, HallJIeH y4acToK,
Ha KOTOPOM TPOHMCXOIUT CHIDKEHHE BETMIHHBI YACITHHOTO
nMmmynbea. [TomydeHHast KoopauHaTa — ONTUMAIbHAS TOY-
Ka st yCTaHOBKI/I HOpHCTOﬁ BCTaBKHU.

[Ipu pabore cormyia paKeTHOTO JIBUTATEIS B PEIKUME
nepepacuiupeHus BO3MOXKHO MPOBEIEHUE YHUCIECHHOTO
MOJICJIUPOBAHUSI C UCIIOIB30BAHUEM ITOPUCTOI BCTaBKH, KO-
TOpasi BEIPAaBHUBAET OKPY)KAIOIIICE JaBJICHHE U TABJICHUC Ha
y4acTKe BHYTPCHHEH CTEHKH COILIA C MepepacluInpeHHEM
ra3oB. Takoe COIUIO SBISCTCS aBTOPETYIUPYEMBIM H TI0-
3BOJISIET CHU3UTH TIOTEPHU YAETHHOTO UMITYIIECA TIPH yCII0-
BUH, YTO MTOPHCTAs BCTaBKa 3aKPBIBACTCS HEMPOHUIIAEMOI
CTCHKOH B COOTBETCTBUH C M3MEHSIOIIMMCS aTMOC(EPHBIM
JTaBJIEHUEM.
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AHHOTAIUA

Beenenue. [IpencrasieHo peleHye 3aJa4u OTPaKCHUS yIapHOH BOJIHBI OT CTEHKH, 9KPaHUPOBAHHOU CJI0EM I'a30B3BECH.
JluHamuKa ra30B3BeCH ONHKCAaHa B IBYXCKOPOCTHOMW JByXTeMmmeparypHoil ¢popmynupoBke. Meroa. B otnuuue ot
M3BECTHBIX MPUOIMKCHHBIX MOJIENEH 3albUICHHOTO I'a3a, OCHOBAHHBIX HAa MPUMEHEHUH KJIACCHYECKUX aBTOMOJIENIBHBIX
peIIeHNH TyTeM KOPPEKINH Ta30JHHAMHYECKUX apaMeTPOB U (PU3NUECKUX MTOCTOSHHBIX, OTY4YEHO aCHMIITOTHYECKU
TOYHOE pelIeHne. AHATUTHIECKOE PEIlIeHHe TOCTaBICHHON 3a/1aui MMOCTPOCHO B BUAE KOMITO3UIIMU DIIEMEHTAPHBIX
pacmaznoB pa3pbeiBoB. HepaBHOBECHOE pemIeHHE CXOIUTCS K TOYHOMY IPH YMEHBIICHUH XapaKTePHBIX BPEMEH
JMHAMUYECKOH U TEeIIOBOM peslakcaliuii HeCyILero ra3a 1 B3BELLEHHbBIX YaCTHI] IPOU3BOIbHON KOHIIEHTpauuu. PacueTsl
10 HEPABHOBECHOH MOJIEITH BBINOIHEHBI THOPUIHBIM METOJIOM KPYITHBIX YaCTUI] BTOPOTO MOPSIKA aIPOKCUMAIIMH O
MPOCTPAHCTBY U BpeMeHU. OCHOBHBIE pe3yabTaThl. [IpuBeneHbl TOUHbIE U pacueTHBIC 10 HEPABHOBECHOI Mozenu
MPOGUIN OTHOCUTEIBHBIX BEIUYNH JABJICHHUS U IJIOTHOCTH CMECH, HOPMUPOBAHHON CKOPOCTH IHCIIEPCHOM (ha3bl.
M3yueHo BOUsHME MHTEHCUBHOCTH MMAJAIOLICH yJapHO! BOJIHBI, @ TAK)Ke KOHIEHTPALMHU YaCTHUIl B CJIO€ ra30B3BECH
Ha TapaMeTphl BO3IEHCTBHS yAapHO-BOJTHOBOTO MMITYJIbCA HA CTEHKY. Hamnume sKpaHHUpPYIOMIETO CIOs MPUBEIO K
TIOBBIIICHUIO AABJICHHS OTPAYKEHUSI OT CTEHKH M0 CPAaBHEHHUIO C OTPaKEHUEM yIAapHOH BOJHBI B YHCTOM rase. BreimomHeH
aHaJN3 BIMSHUS PEIaKCAIIMOHHBIX CBOMCTB CJIOS Ta30B3BECH IPU U3MEHEHHHU pa3MepoB dacTuil oT 1 1o 8 M. [lis
JIOCTATOYHO MEJIKUX YacCTUIl | MKM U IMPUHATHIX MAaCIITa00B 33/1a41 HEPAaBHOBECHOE PELICHHE XOPOIIO BOCIPOU3BOIHUT
YAapHO-BOJIHOBYIO CTPYKTYPY U COOTBETCTBYET acUMNTOTHKE. C yBeJIMUEHUEM Pa3MepOB JUCIIEPCHBIX BKJIIOUECHUN
BO3pAcTaloT MPOCTPAHCTBEHHbIC 30HBI PETaKCallluy, CIIaKHBaroLre mpoduin napamerpos. [lorpemHocTs pacyera
CKOPOCTH U JIPYI'MX MapaMeTpoB Ji1 HEPaBHOBECHOM ra3oB3BECH C YAaCTHULAMH | MKM IO CPAaBHEHHUIO C TOYHBIM
pelenreM Haxomutcs B uuTepBase ot 107 no 10-3. O6cykaenue. [lonydeHHbIe Pe3yabTaThl UMEIOT TPUKIAIHOE
3HAYEeHUE NMPH 00O0CHOBAHHWHM BIUSHUS MPUMECEl HHEPTHBIX YaCTHUI[ HAa TUHAMHYECKOE HArPyKEHHE KOHCTPYKIHH.
AHaIUTHYECKOE PEIICHNE 3aa9i MOXKET ObITh BOCTPEOOBAHO MPU TECTUPOBAHUH PA3THMYHBIX YNCICHHBIX CXEM.

KiioueBble cjioBa
TOYHOC pElICHUE, OTPAKECHHE, YAapHask BOIHA, CTCHKA, CIIOH Ia30B3BECH

Ccepuika paa uutupoBanus: Caann /I.B., Hlupoxosa E.H. TouHoe pemieHne 3agaun OTpakeHHs yIapHOH BOTHBI
OT CTeHKH, YKPAaHHPOBAHHOHN cioeM ra3zos3secu // HaydHo-TeXHHYECKHH BECTHUK MH()OPMAMOHHBIX TEXHOJIOTHH,
mexanuku u ontuku. 2023. T. 23, Ne 4. C. 843-849. doi: 10.17586/2226-1494-2023-23-4-843-849

The exact solution of a shock wave reflection problem from a wall shielded
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Abstract
The paper is devoted to solving the shockwave reflection problem from a wall shielded by a gas suspension layer. The
dynamics of the gas suspension are described in a two-speed two-temperature formulation. In contrast to the known
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TouyHoe peLueHne 3aaa4m OTPaXeHUs YaapHOW BOHbI OT CTEHKW, 9KPaHNUPOBAHHOW C/lI0eM ra3oB3Becu

approximate models of dusty gas based on the application of classical self-similar solutions by correcting gas dynamic
parameters and physical constants, an asymptotically exact solution is obtained. The analytical solution to the problem
is constructed in the form of a composition of elementary decays discontinuities. The nonequilibrium solution converges
to the exact one with a decrease in the characteristic times of dynamic and thermal relaxation of the carrier gas and
suspended particles of arbitrary concentration. Calculations based on the nonequilibrium model are performed by the
hybrid large-particle method of the second-order approximation in space and time. Both for the exact and calculate
profiles of the relative values of the pressure and density of the mixture, the normalized velocity of the dispersed phase
obtained from the nonequilibrium model are given. The influence of the intensity of the incident shock wave, as well
as the concentration of particles in the gas suspension layer on the parameters of the impact of the shock wave pulse
on the wall, is studied. The presence of a shielding layer leads to an increase in the reflection pressure from the wall
compared to the reflection of the shock wave in a pure gas. The analysis of the influence of the relaxation properties of
the gas suspension layer with a change in particle sizes from 1 to 8 um is carried out. For sufficiently small particles
of 1 micron and the accepted scales of the problem, the nonequilibrium solution reproduces the shock-wave structure
well and corresponds to the asymptotics. With the increase in the size of dispersed inclusions, the spatial relaxation
zones, smoothing the profiles of the parameters, increase. The error in calculating the velocity and other parameters for
a nonequilibrium gas suspension with particles of 1 pm compared to the exact solution is in the range from 10-7 to 10-5.
The results obtained are of practical importance in substantiating the influence of inert particle impurities on the dynamic
loading of structures. The analytical solution to the problem may be in demand when testing various numerical schemes.

Keywords

exact solution, reflection, shock wave, wall, layer of gas suspension
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BBenenune

M3yuenune ynapHO-BOITHOBBIX SIBIICHUI B ra30B3BECSX
aKTyaJIbHO B TEXHOJIOTHSIX UMITYJbCHOTO HAHECEHUS TIO-
KPBITUI, B3PBIBOOIACHBIX MPOM3BOACTBAX, & TAKKE TPE/I-
CTaBJISICT TCOPETUYCCKUN WHTEPEC IPH HCCICIOBAHUH
CTPYKTYPHBIX M PEIIAaKCAIIHOHHBIX CBOWCTB CMECEH rasza
¢ gacturamu. J[aHHBIM BOIIPOCAM IMOCBSIICHO OONBIIOE
KOJIMYECTBO HAYYHBIX paboT, HarpuMep padoTHI, B KOTOPBIX
W3yUYeHBI: peNlaKkcalys yIapHOW BONHEI B Ta3e C MEIKUMHU
B3BEIICHHBIMH YacTUIaMH [ | ]; pactipocTpaHeHHE U OTpa-
JKCHHUE yIapHBIX BOJH B CMECSX Ta3a M YaCTUI] MUKPOHHBIX
pasmMepoB [2]; mepenaya yaapHO-BOTHOBON HAarpy3KH dKpa-
HUPYEMOH MJIOCKON CTCHKE Uepe3 CJION MOPOIIKOOOpa3HOH
cpenpl [3]; BIUSHUS CBOWCTB ra30BOM COCTaBIISIIONIEH B3Be-
CH TBEPJIBIX YAaCTHII HA PA3JICT CIKATOTO 00hEeMa Ira30B3BECH
B IBYXKOMIIOHEHTHOMH cpezie [4]; B3aumopeiicTBUe MI0CKOH
yAapHOH BOJHBI C OONACTSIMU PA3IMIHON (OPMBI U TUIOT-
HOCTH B MEJIKOJUCIIEPCHOHN ra3oB3BeCH [5] U ¢ MIOTHBIM
cioem vactuil [6].

Baxnoe MecTo B BOJIHOBOH JUHAMHUKE ra30B3Be-
celf 3aHNMAarOT aHATMTHYCCKUE METObI HCCIICIOBAHMS.
[IpucyTcTBHE B Ta3e B3BEUICHHBIX YaCTHII YCIOXKHSET MO-
CTpOoeHHue perieHuil. PaGoThl B ’TOM HalpaBIeHHH OCHO-
BaHBI Ha MOJIEJIHU, TaK HA3bIBAEMOTO 3albICHHOTO Ta3a
[1, 2, 7-9]. DTOT mOIX0/ 3aKITFOYACTCs BO BBEACHHH 3D eK-
THBHOI'O ITIOKa3aTCJIs1 a[ll/la6aTbI B COUYCTAaHHUU C UMCIOIIIMMHU
OIPEICIICHHBIN (PU3MYCCKUI CMBICIT OTPAHUYCHUSIMH, TIPU
9TOM CHCTEMa HECTAIMOHAPHBIX YPABHCHHUM JTBUIKCHUS
JIUCTIEPCHON CUCTEMBI YNPOILIAETCs 10 ypaBHEHUM co-
BepuieHHoro rasza. B [10] nokazano, yto Takas aHauorus
BO3MOKHA, €CJIM 00BhEM Ta3a Majio OTIIHYaeTcs oT 00beMa
cMecH (KOHIICHTPALKs YaCTHII MaJia).

B ciygae 60mb110# 00REMHOI TOTTH YaCTHIT TOTIOTHHU-
TEJNHEHON HCKOMOM TIEPEMEHHOH CITy’KUT MacCcoBast HITH 00b-
€MHast KOHIIEHTPaIHsI Kakor-1100 13 (a3 mpu OJHOBPEMEH-
HOM YBCJIIMYCHHHN YUCJIa ypaBHeHI/Iﬁ Ha CANHUILY. AHaJ'[OFI/ISI
CTAaHOBUTCS HEMOJIHOM BBUAY CYHIECTBCHHOTO OTIIMYUSA

YPaBHEHHUSI COCTOSIHUSI COBEPIICHHOIO ra3a U JByXQas-
HoOU cpensl. ClenoBaresbHO, MPUMEHEHHE U3BECTHBIX
ABTOMOJZIETIBHBIX PEUIEHUI ra30BOM JUHAMHKH IS IBYX-
(ha3HBIX PAaBHOBECHBIX TEUECHHI C TIPON3BOIBHON KOHIICH-
Tpalyen 9acTuI] MyTeM U3MEHEHHS IUIOTHOCTH, TETUIOEM-
KOCTEH M TTapaMeTpOB MOAOOUS SIBISIETCS HEKOPPEKTHBIM.

TpyAHOCTb MOCTPOEHUSI TOUHOTO PELIEHUs] BOJIHOBOM
JIMHAMUKU Ta30B3BECEH MPOU3BOJIbHON KOHIEHTPAIUU
JICTIEpCHOM (pa3bl 3aKiro4yanach B MONYyYSCHUH MHBapUaH-
ToB PuMaHa, KOTOpbIE yIal10Ch pa3peliuTh B IBHOM BUIE
MyTeM NPUBEICHUS K MHTEerpaity oT JquddepeHnnaisHoro
ounoma [11].

Hacrosimas pabora nocssiieHa acCHMITOTHYECKH TOY-
HOMY PEILIEHHUIO 3aJa4d OTPaKeHUs yJapHOW BOJIHBI OT
CTEHKH, SKPaHUPOBAHHOM ci1oeM rasos3secH. Llens pabo-
THI — aHAJINU3 BIMSHUA psia (akTopoB (KOHIEHTPALNU
U pa3MepoB YACTHII, ”HTEHCUBHOCTH HAYAJILHOTO CKadKa
YIZIOTHEHMSI) HA MapaMeTpPhl MPETOMICHHOTO W OTPaKeH-
HOTO y/IapHO-BOJIHOBOTO MMITYJIbCa, @ TAKXKE ITOATBEPIK/Ie-
HUSI YUCIIEHHOM CXOIMMOCTH HEPABHOBECHOT'O PELICHUS K
TOYHOMY.

HepaBHOBeCHaH MOJ€Jb JTUHAMUKH Ia3oB3BE¢CH

PaccMmoTpuM 1MHaMUKy ra30B3BECH B IBYXCKOPOCTHOM
JIByXTeMIIepaTypHO# Gpopmymuposke [12]:

% + 6plul _ 0’ aplul + aplul + ala_p _ _Fu ,
ot ox ot ox Ox
0 opou3 0 0 0
Pattz | OPatty 0(2_17 -F, P2€2 | OP26olly 0n (1)
ot 0x ox ot ot

0
—(p1E) + prEy) +
ot

0
+ a(PlElul + paLsuy + p(aguy + ayuy)) =0,

p;=p0; (i=1,2), 0, tay,=1,E;=e;+tu?/2,
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[.B. CagvH, E.H. LLnpokosa

i€ HIDKHHE MHICKCHI «1» 1 «2» — mapaMeTpbl Hecyliel u
JICIIEpCHOM (ha3; BEpXHUH MHIEKC «°» — HCTHHHBIC 3Ha-
4YeHHs IUIOTHOCTH; 0, P;, U;, £}, €; 1 p — 00beMHast 10,
TIPUBE/ICHHAS TUIOTHOCTD, CKOPOCTb, TTOJHAS U BHYTPEHHSS
SHEPIUU CUHAULIBI MACCBI -0 (a3bl, JaBleHUE rasa; F| 1
Q7 — BsA3Kas COCTABIISIONIAS CHIIBI MEK(a3HOTO B3aUMO-
JEWCTBHS W MOIIHOCTB TETNIOOOMEHa MEX/ly Ta30M U 4a-
CTUIIAMH B €INHALIE 00BEMA; X U { — KOOPJIMHATA U BPEMSI.

3aMBIKAIOMIUMHU COOTHOIIEHUSIMU cUCTEMBI (1) sB-
JISIIOTCS YPaBHEHMSI COCTOSIHUS UACANBHOTO KajlopHhue-
CKM COBEPILEHHOTO Ta3a U HeCI)KUMAEMbIX TBEPJbIX Ya-
crui: p = (y; — Dpi°ey, ep = ¢,Ty, ey = 31y, {11, €5 €2,
pyo} = const, rae 77 u T, — TeMiieparypsl Hecylen ¢asbl
U 4aCTUll; Y, U ¢, — HOKa3aTeNb aaualarsl U yielbHas Te-
TUIOEMKOCTb Ta3a MPH IMIOCTOSIHHOM 00beMe; ¢, — y/IelibHas
TEIIOEMKOCTh YacTHil. CHIIOBOE U TEIUIOBOE MeK(pasHoe
B3aHUMOJCHCTBHE ), Q7 OLPEEINM U3 SMIUPUYCCKUX
cooTHomeHwui [13]:

F = GR8)(ay/r)C (Rep)py(uy — up)luy — usl,
2 44
" Re, Rei/zz

Or= (3/12)(ay/r )\ Nuy(T, — Tp),

+0,42 (0, < 0,08),

2+0,106Re ,Pri”  (Re;, <200),

Nu, =
b 12,274+ 0,6ReE7PEIS (Rey, > 200),

Rej, =2rp°lvy = volliy  Pry=cpy /Ay,

rae Re,, Nu; u Pr; — uncna Peiinonsaca, Hyccensra u
Hpannrs; C, py, Ay 1 r — koo duumenT MexpasHoro
TpEHHUs, TUHAMUYECKas BSI3KOCTh, K03(uiment rerio-
MIPOBOTHOCTH T'a3a M PAINYC YACTUIIBI.

IlocTanoBka 3agauu

[nockas ynapHas BosHa ¢ yncioM Maxa M, € [1,05;
1,50] 1 Ha4anbHOM KOOPIUHATON X = X = 3 M JIBHIKETCA
B BO3/lyX€ B HAIIPaBJICHUU XKECTKOH CTEHKU X = X,, = 8 M
(puc. 1). CteHka >kpaHHpOBaHa OJHOPOJHEIM CIIO-
eM raszossBecH x; < x < x,, (x; =4 m). ['a30B3Bech ¢
o0beMHO moseit a, € [10-10; 10-3] comepxur mo-
HOJIMUCIIEPCHBIE YacTHUIBI quaMeTpoM d € [1; 8] MKM,
IUIOTHOCTBIO P,° = 2500 Kr/M3 U TEmI0eMKOCThIO 4a-
ctun — ¢, = 710 Ix/(xr-K). B HauanbHbIM MOMEHT BpeMe-
Hu ¢ = (0 mepen najarouiel yIapHO BOJHON cpesia Hemo/-
BIKHA U HAXOJUTCS B TEPMOAMHAMUYIECKOM PaBHOBECHU
¢ napnennem p0) = 103 I1a u Temneparypoii pa3s Tl(l) =
=T 2(/) =293 K (j = 0,1 Homep obnactu Ha puc. 1). KpaeBbie
YCJI0BHUA 3a/JaHBI B BUAC yCJ'IOBI/If/'I HECIPOTCKAHWA Ha CTCHKE
X = X,, ¥ IapaMeTPOB 3a MaJalolIEN yIapHOW BOJHOW MU
x =0. Tpebyercss HAlUTH aHATUTUYCCKOE PEUICHUE 33 a4H
OTpaKEHHS Y/IapPHOM BOJIHBI OT CTEHKH.

IocTpoenue TOYHOrO penieHUs

Haiinem acuMnToTHYECKH TOYHOE pEIlIEHUE, KOT/Ia Bpe-
MeHa nuHammueckoi 4!, " u TeruioBoit ¢, 5’ penak-

13

2]

t 5 1|0

0 Xo X1 X, X, M

Puc. 1. YnapHO-BONHOBas THarpamma.

TpaeKkTopuH yAAapHBIX BOJIH (KHUPHbIC JIMHNH); KOHTAKTHBIN Pa3phiB
(IITpUXOBBIE JIMHUH), BEEP BOJIH Pa3peKeHNs (TOHKHUE MPSMBIE).
O6nacTu AnarpaMmbl: Ha4ajdbHOE COCTOSIHUE ra3a [ 1 ra30B3BECH
0; cocrosinue 2 — 3a najaouieit s, 3 — OTpaskeHHOMH OT CII0s S
U 4 — IPETOMIICHHOH §3 yIapHBIMHU BOJIHAMH, 5 — 33 OTPAKCHHOMH
OT CTEHKH Y/IapHON BOJHOM 54 M 7 — II0CJIE €€ MPEJIOMIIEHHS S5
Ha TpaHHUIIe CII0s ¢; 6 — 30HA MIOCTOSIHHOTO TeUEHHs 38 BOJIHOM
Pa3peKeHus 7; ¢y, t3 U t, — MOMEHTBI BPEMCHH TIPEJIOMIICHUS
U OTPaXKEHUs yAapHBIX BOJIH

Fig. 1. Shock wave diagram.

Trajectories of shock waves (bold lines); contact (dashed line);
fan of rarefaction waves (thin lines).
Diagram regions: initial states of gas / and gas suspension 0;
state 2 — behind the falling s, 3 — reflected from layer s,

and 4 — refracted 53 shock waves, 5 — behind the shock wave
reflected from wall s, and 7 — after its refraction s5 at the boundary
of layer ¢; 6 — constant flow zone behind rarefaction wave 7; ¢, t3

and 7, — moments of refraction and reflection of shock waves

cauuit (a3 [14] Mo OTHOLIEHUIO K BPEMEHHOMY HHTEpPBAITY
3aJ1a4uu thanLI.

[TapameTps! 32 naaroniell yiapHoi BoHol s (puc. 1)
Ipy 3a7aHHOM uncie Maxa M, ompenesnnm 1o Kiiaccu-
geckuM popmynam [15]. OOmiee pemeHnEe TOCTPOUM C
TIOMOIIIBI0 KOMITO3UITAHN IIEMEHTApHBIX perieHui [16]: mpu
t; <t<t, (puc. 1) — pacmaga pa3psiBa ¢ 00pa3oBaHUEM
OTPa’KEHHOM OT CIIOS Ta30B3BECHU S, M IMPEIOMIEHHOM §3
YIOApHBIX BOJH, TIPH ¢, < { < t; — OTPaK€HHON OT CTEHKU
YAApHOH BOJIHBI Sy, IPU ¢ > {3 — NPENOMIICHHOH Ha WH-
Tep(elcHOI IrpaHuLe ¢ yIApHOU BOJIHEI S5 U OTPAKCHHOM
BOJTHBI Pa3PEKEHUS 7.

Pacnao paspviea nadarouseii yoaproti 601HbL Ha 2PaAHU-
ye cnos 2asoessecu. Paccunraem nasnenue P = pG) = p@¥)
U3 COOTHOILLIEHHUS

X(Z) —1

U (P p@y [—A —— -
PP + p@)

RO
=(P-pO) |
POKOP + pO)

Onpenenum ckopoctsb U = u®) =y, nortHocts cMecn
cieBa pG3 u cripasa p) OT KOHTAKTHOTO Pa3pPLIBA, & TAKIKE
CKOPOCTH JI€BO D, 1 npaBoii D, ylapHBIX BOJIH:
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@1
U=u® —(P-p?) [ ——=
pO(KOP + p)

(3) ) K(Z)P +p(2)
P P y(z) _ 2a(12) + 1 5
X 2p® + L=
Yo -1
(3)
3 p @ 3 ;
al? = ,@(17 @) 0O =1,
) 0) kOp +p(0)
PR ©) _ 940 ,
YW —2a{"+1
FOp© + =
yW—-1
(4)
4 p 0 ’ ,
ag)zl—‘%(l_a(l))’oé)_l () @
Dy—u g [SE 2001 P yP 20D+
= u\w —a (3) (2) 3) ) ,
o\ 2 p 2y
20V + 1

(0) (0) ) _ 0) _
Dy=a (O)/ (y T2 -1P v
al® 290 p© 2¢O

I7Ie BEpXHUE WHACKCHl — MapaMeTpPhbl B COOTBETCTBYIO-
mmx obnactsax (puc. 1). [Tokazarenb MOTUTPOIBI CPEIbI
BBIYMCIIMM U3 yCIOBUIT HEU3MEHHOCTH KOHIICHTpAIuii (a3
BHONb Tpaekropuit cmecu y = 1 + (§;R)/(C,c, + (ycy), THE
;= p;/p — MaccoBble KOHIEHTpamu (a3, R; — razosas
nocrostaaas. Ormerum, 4to U3 di/dt = 0 caenyer y(1) =
=7(2) = y3) =y 1 y(0) = y(*) = y(5) = y(6), CxopocTh 3ByKa
B rasos3Becu — a = Vyp/(pa,). B (2) ucnonb3oBans! mi1ot-
HOCTb CMECHU p = p; + p, U BCIIOMOTaTeJIbHbIE (hyHKIUH
X(‘) = (y(') + 2(11(') - 1)/(y(') ~u 1K) = (y(') + 1)/(y(') -1).
[Mony4eHHbIe 3HAUCHUSI B 007aCTH 4 SIBISIFOTCS UCXOJI-
HBIMH JJaHHBIMH JUISL PaCueTa OmpadiceHust yOapHol OHbl
om cmenxu. JlaBnenue orpaxkenus p(5) onpenenum 1o

¢dopmyie

D1
u® = (p — py [—2———
p(4)(K(4)p(5) + p(4))

a OCTaNIbHBIC TTApaMETPBI U3 COOTHOIICHUH (2) MpH COOT-
BETCTBYIOIIEM U3MEHEHHH BEPXHHUX HHICKCOB.

Pacnao paspviea ompasicennoti om cmenKu yOapHou
BOJIHbL HA 2paHuye cios 2azogzsecu. Vicnonb3ys paccyuTaH-
HBIE TapaMeTphl B obnactsix 3 U 5, paccunraeM JiaBjieHNe B
30HE MOCTOSHHOTO Teuenust P = p©) = p(7:

2a96®) p o\t
u® —u® + = ——|1-| 5 | |=
YO -1 P

@1
pOKOP + py’

=(P—p®)

Cropoctb U = u(® = 4(7) B 30H€ HOCTOSHHOIO TEYEHUS,
miotHoCcTh cMecu cneBa p(7) u cnpasa p(©) ot unrepdetic-
HOM I'PaHUIIBL,  TAKKE CKOPOCTH JE€BOM D3 yIapHOH BOTHBI
ONPEJIENUM U3 COOTHOIIEHHUIA:

-1
=4,03) — _p3 _
U=u®—(P-p®) P )

KOP + pO

G) _ 2B
3p® + w
¥y -1

p( =)

>

(7 _ ﬁ Gl D= (7)
(09] _l_p(3)(l_ ),0.2 —l—OL1

-1
G _1-U
6) — ~(5)| ) 5) y-1 Y61
PO =pOloz" +a) (1 205 a(S)) ’
©)
6 p 5 6 6
a§)=1——p(5)1— ()) a§)=l—a§ ),
\ \ a® (YO +2a0 -1 P 4O 200 +1
Dy=u»-a® | 2y & 0
oy Y p Y

Pacuersl 10 HepaBHOBECHOII MOJeJIM M CPABHEHUE €
TOYHBIM pelleHHeM

[TpuBenem pe3ysabTaThl HCCIIEAOBAHNI MOCTABICHHOM
3aJ]a4y B HEPAaBHOBECHOM JBYXCKOPOCTHOM JBYXTEMIIepa-
TypHO# (opmynrpoBke (1) B CONOCTaBICHUH C aCUMIITO-
TUYECKU TOYHBIM aHAIUTHYCCKUM pelieHneM. PacueTs
10 HEPABHOBECHOM MOJIENN BBIITOIHUM THOPUIHBIM METO-
JIOM KPYIHBIX YaCTHIl BTOPOTO TOPSAIKA arpOKCHMAalnu
[17] Ha paBHOMEpPHOI CETKE ¢ MPOCTPAHCTBEHHBIM IITarOM
h=0,01 m. IlIar mo BpeMeHN — NepeMEHHBII 1 OTpe/ieieH
yncaom Kypanra CFL = 0,4. [ omHOPOXHOCTH BBIYHCTIC-
HU B 00JIACTH «YHUCTOTOY» Ta3a 3aJ1aJuM 00bEMHYIO JIOJTFO
YJaCTHIL IPEHEOPEKUMO Maioi o, = 10710, Peanmsyem as-
TOPUTM B BHJIE aCUHXPOHHOTO (MapajuiebHOT0) KOJa Ha
si3bike Free Pascal ¢ rpaduueckoii 00paboTKol pe3ysIbTaTtoB
B Oubmunorexe Matplotlib.

Ha puc. 2 npuBeseHbI TOYHBIE ¥ PACUETHBIE TI0 HEPaB-
HOBECHOI MOJIe/ MPO(HIIH JTaBJICHNS U TNIOTHOCTH CMECH,
OTHECECHHBIC K COOTBETCTBYIOIINM 3HAYCHUSIM 3a TaJaro-
el ynapHO# BOTHOHU (pHC. 2, @) M CKOPOCTH TUCTICPCHOM
(assr, HOpMHpOBaHHOI/I HadaJbHOW CKOPOCTHIO 3ByKa B
«UUCTOMY Taze al =\y,;pW/p,°M) (puc. 2, b). Pesynsrarst
MOJTy4YEHBI JUIs1 yIApHOU BOMHBI ¢ yncioM Maxa M, = 1,5.

TeOpeTI/I‘IeCKI/II/I u HpI/IKHalIHOI/I HUHTEPECC MPCACTABIIACT
BIMSHUE MHTEHCUBHOCTH NAJalONIel ynapHOi BOJIHEL M,
a TaKoKe KOHLIEHTPALMU YaCTUI] B CJIOE Ta30B3BECH 0 = Ha
napaMeTpbl BO3/ICHCTBYSI yIapHO-BOTHOBOTO UMITYIIbCA Ha
cTeHKy. Hanpumep, KakoBO COOTHOLIEHHE MEX/Y JaBlie-
HUSIMU 32 OTPaKEHHOM OT CTCHKHU YJapHOIl BOJIHOM, dKpa-
HUPOBAHHOW CJIOEM Ta30B3BECH, U IIPU €TO OTCYTCTBHHU?

W3meHeHust naBlieHns U TNIOTHOCTH CMECH 3a OTPasKeH-
HOH OT CJIOSl M CTEHKH yAAPHBIX BOJIH IO OTHOIICHHUIO K CO-
OTBETCTBYIOIIIM 3HAYEHHUSIM 32 HCXOJHBIM CKaYKOM YIUIOT-
HEHUS TIOKa3aHbl Ha PUC. 3 B 3aBUCUMOCTH OT HadaJIbHOU
00BEeMHON KOHIIEHTPAIIUK YaCTHI] B CIIOE (xgo) u Ha puc. 4
Ipy BapbUpoBaHuK uncia Maxa M. Uncnennsle 3aMepbl
apaMeTpoB MPOU3BEAEHBI B TOUKaX Xy = xy — 0,01x,, (oT-
pakeHue oT cios razos3secu) u x,,’ = 0,99x,, (oTpakeHue
OT CTEHKH).

W3 puc. 3 u 4 BUIHO, YTO BEJIUYMUHBI JaBICHUS U
TUTOTHOCTH CMECH 33 OTPaKEHHOH OT CTEHKH BOJIHOH MO-
HOTOHHO BO3PACTAIOT NPH yBEINYEHUU WHTCHCHBHOCTH
Ma/Ialo0IIero CKayKka yIJIOTHEHUsI 1 00beMHON OJIM JInC-
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Puc. 2. TIpoduian OTHOCUTENBHBIX BEJINUUH JABICHUS, ITIOTHOCTH CMECH (@) 1 ckopocTu yacTuIl (b) npu d = 1 MKM B MOMEHT
BPeMeHH /=22 MC.

TouHoe perenne (exact — cepasi CIUIOIIHAS JIHHMS ); pacueT Ha ceTke 1/800 (ToHKas crutoniHas JInHus) (TWIOTHOCTh M CKOPOCTh CMECH);
JaBieHue (ITyHKTUPHAs JTMHUS)

Fig. 2. Profiles of the relative value of pressure, mixture density (a), and particle velocity (b) atd =1 pm at a time 7= 22 ps (the
exact solution is a bold solid curve; the calculations on the 1/800 grid are density and velocity of the mixture (a thin solid line) and
pressure (dotted line)

a b
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Puc. 3. OTHOCUTEIBbHBIC 3HAYEHUS JaBJICHUS U INIOTHOCTH CMECH 32 OTPAKCHHOM OT ¢J10s (@) U CTEHKH (b) yIapHBIX BOJH B
3aBHCHMOCTH OT Ha4aJIbHOI 00BbEMHOI J10JIM 4acTHIL o)

Fig. 3. Relative values of the pressure and density of the mixture behind the shock waves reflected from the layer () and the wall (b)
vs. the initial volume fraction of particles aéo)

MepCHOM (ha3bl IKPAHUPYIOWIETO CJIosl. B mpakTuueckom
acIIeKTe CJIOHM ra30B3BECH HE 3aIIUIIACT OT yJapHO-BOJI-
HOBOTO UMIYIIbCA, a, HATIPOTHB, YBEININBACT JaBICHUC
oTpaxeHms. Hampumep, mpu HavarbHOW KOHIEHTPAITIH
JaCTHI ag =0,001 n uncne Maxa M| = 1,5 naBnenue or-
paenus coctasiser pO)/pAy g9y = 3,397, uto B 1,5 pasa
OoupIme cirydast OTCyTCTBHUS SKPAaHUPYIOIIETO CII0S B3BECH
pO/p@)|,=2,207.

BnusiHue peslakcallMOHHBIX CBOHCTB CIIOSI T'a30B3Be-
CH MPU U3MEHEHUH Pa3MepOoB YacTHIl OT | 70 8 MKM st
pacyeTHON 00NacTH B OKPECTHOCTH CTEHKH IOKa3aHO Ha
puc. 5, a. JInsg 10CTaTOYHO MEIKHX YacTull d < | MKM H
MIPUHATBHIX MAaclITa0OB 3a/1a4u HEPABHOBECHOE PELICHUE
XOPOIIO BOCTIPOM3BOJHT YapHO-BOJIHOBYIO CTPYKTYpPYy U

COOTBETCTBYET acumnroruke. C yBelIMYEHHEM pa3MepoB
JUCTIEPCHBIX BKIIOYEHHH BO3pacTaroT MPOCTPAHCTBEH-
HBIE 30HBI peJaKCallii, CrIaXuBaomue npoduan na-
pamMeTpoB (IITPUXOBasi KPUBASI I YACTULl THAMETPOM
d = 8 MKkM).

TouHOCTH TPUMEHAEMOTO THOPUIHOTO METOA KPYII-
HBIX YaCTHIl ISl PaCCMaTPUBAaEMOH 3a7jauM MOKa3aHa Ha
puc. 5, b. 3necek mpu pelIeHNuU 3a7adyd B HEPaBHOBEC-
HOW (opMynHpOBKEe NPHUBENIEHBI YNUCICHHbIE 3HAYCHHUS
MOJLyJISi HOPMHUPOBAHHOW CKOPOCTH JUCIEpCHOMN (ha3bl B
OKPECTHOCTH CTEHKH NOCIE OTPAKEHMUs yAapHOH BOJTHBI
|u§ )/a§1)| (acCMMITOTUYECKU TOUHOE 3HAYEHUE PABHO HYJIIO).
[TorpemHocTh pacyera CKOPOCTH M JAPYTHX ITapaMETPOB
JUISl Ta30B3BECH C YacTUIaMu d = | MKM ripu uncie Maxa
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Puc. 4. OTHOCUTEIBbHBIEC 3HAYCHUS JABJICHUS U IUIOTHOCTH CMECH 32 OTPAKEHHOM OT cJ1os (@) ¥ CTeHKH (b) yIapHBIX BOIH
B 3aBUCHMOCTH OT 4yKciia Maxa nafaroomen yrapHoi BosHbl M

Fig. 4. Relative values of the pressure and density of the mixture behind the shock waves reflected from the layer (a) and the wall (b)
vs. the Mach number of the incident shock wave M,
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Puc. 5. IIpoduinm OTHOCUTENIBHON TTIOTHOCTH TA30B3BECH JUTS pa3MepoB dacTull d = 1, 4, 8 MKM (@) ¥ TOTPEIIHOCTE pacueTa
HOPMHPOBAHHOM CKOPOCTH YacTHI NPpH d = | MKM 110 HEpaBHOBECHOW MOJIENIN B OKPECTHOCTH CTEHKH (b)

Fig. 5. Profiles of the relative density of the gas suspension for various particle sizes d = 1, 4, 8 um (a) and errors in calculating the
normalized particle velocity at d =1 um according to the nonequilibrium model in a vicinity of the wall ()

najarouei ynapHoi Bonusl My = 1,5 HaXoAUTCS B UHTEP-
Baiste ot 10-7 mo 10-5.

3akJjouenne

HOCTpoeHO ACUMIITOTUYCCKU TOYHOC PCHICHUE 3a/1a4n
OTpaAKCHUSA yz[apﬂoi/i BOJIHbI OT CTCHKH, 3KpaHI¢IpOBaHHOI>1
CJIOEM I'a30B3BCCH, KaK KOMIIO3UIHA 3JICMCHTAPHBIX PEC-
MICHHH pacnagoB pa3pbIBOB. AHanuTH4decKoe pemeHue
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Abstract

Unknown constant parameters estimation problem for a nonlinear time-varying system with delayed measurements
is considered. The objective of this work is to design an adaptive observer for a nonlinear time-varying system. The
observer must provide asymptotic convergence of the unknown constant parameters estimates to their true values. The
main idea behind the method is to perform the parametrization of initial dynamical system based on GPEBO (Generalized
Parameter Estimation Based Observer) technology and to build a linear regression model. The identification of linear
regression model unknown parameters is performed using least square method with forgetting factor. This work develops
the previously published approach for the case of nonlinear time-varying systems with delayed measurements. New
parameters estimation algorithm can be applied for technical tasks, such as technical condition control and automatic
control systems design.
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[pemnoxeno pa3BuTue pesyiabrara paboTsl [1] s
cilydasi, KorjJa B KaHaJle H3MEPEHUs IPUCYTCTBYET U3BECT-
HOE ITOCTOSIHHOE 3amna3/bIBaHue (T. €. BBIXOAHAS IIEpEMEH-
Has U3MEpPEHa C HEKOTOPOI BPEMEHHOU 3aJepkKoii). B
paMkax 000OIIEHHOTO MO/X0/a K CHHTE3y HadIronaTeneh
[2], ocHOBaHHOTO Ha OLIEHKE MOCTOSHHBIX MapamMeTpoB,
TIPEUIOKCH HAOTIOAATeNh, 00€CIIeUNBAIOIINN aCUMITOTH-
YECKYI0 CXOAMMOCTb OLEHOK HEU3BECTHBIX MOCTOSHHBIX
MapaMeTPOB HEJIUHEMHON HECTALMOHAPHON CUCTEMBI K
HUCTUHBIM 3HAYEHUSIM B YCJIIOBUM HaJMUUs 3alla3[bIBaHM
B KaHaJie U3MEPEHUN.

PaccMoTpuM HeNMHENHYIO HECTALMOHAPHYIO CUCTEMY
C OJTHUM BXOJIOM M OiHUM BbIxoqoM (SISO) Buna:

x(1) = A(O)x(?) + KCT(H)x(£) + bu(f) + w(CT()x(?), 1),
() = CT(p(0)x(¢(1)),

rae x(z) € R" — HeusBeCTHBIM BEKTOpP COCTOSHUSA,
u(t) € R — wusBectHbIil BXomHO# curHam, y(f) € R — us-
MepsieMblit BbixoqHoM curnai; A(f) € Ry CT(r) € R —
M3BECTHBIC MATPHIIBI C OTPAHUYCHHBIMH BO BPEMCHH
HecTanuoHapHbiMK mapameTpamu; kK € R7 u b € R? —
MOCTOSIHHBIE M Heu3BecTHBIE BekTophl; W(CT(1)x(1), £) —
YaCTUYHO HEHM3BECTHAs HEIMHEIHAs BEKTOP-QyHKIIMS;
¢(f) — u3BecTHAs HEOTPHLATENbHAS (QYHKIIHS, OTIPEICIIsi-
OILIAs] 3alla3/IbIBaHUE B KaHAJIe H3MEPECHUM

(P(l) =1- dn (P(t) > 09 (2)

rae d > 0 — IOCTOSIHHOE 3ara3/ibIBaHMe.

B oTHO1IEHNHN paccMaTprUBaeMOi CUCTEMBI IIPU pellie-
HHH TTOCTABJICHHOM 33/1au IPUMEM CJIS/YIOIINE THIIOBbIC
nomyuienust (Hanpumep, [3-5]).

Jonymenue 1. HenuneliHas BeKkTOp-(yHKIIHS
w(CI(9)x(¢), t) moxeT ObITH ipeacTasiena B suae w(CI(z)
x(?), t) = mf{CT(0)x(?)), tue ACT(¢)x(t)) — u3BecTHas cKa-
JspHAas HelMHelHas GpyHKiwms, a m € R” — BekTop Hens-
BECTHBIX ITOCTOSTHHBIX ITapaMeTPOB.

Jomymenue 2. [IpeamnonoxeHo, 9to curHai u(f) orpa-
HHUYEH M IIPU 3TOM TPAEKTOPHH BEKTOPA MEPEMEHHBIX CO-
CTOSTHHSA X(f) TaK)Ke OTPAHUICHBL.

()

Jomymennue 3. [Tapa marpun A(f) u CI(f) obnapyxusa-
eMa, T. €. CYIIECTBYET BEKTOp 00paTHO# cBsi3u L(f) Takoi,
YTO aBTOHOMHAsl CUCTEMA

(1) = [A(1) - LOCT0)]x(7)

SIBJIIETCSL ACUMITOTUYECKU YCTOWYMBOM.

Jonymenne 4. ABroHOMHas cuctema X(1) = Ay (?)x(?),
e Ay(t) = A(f) — L(#)CT(f) — paBHOMEpHO ycTOHYMBa
(uniformly stable). [Ipyrumu ciosamu, ee HyHIaMCHTAIb-
Hasi MaTpuUla yJ0BJIETBOPSET yCIOBUIO [6, Teopema 6.4]:

|® (1, D] < ¢, VE=T120.

Jlnst cuctemsl (1) onmpenenym 3a1aqy CHHTE3a aJIalTHB-
HOTO HaOJroIaTess BUA:

2(0) = F(q(0), u(®), y(1)),
[X() k() B(r) ()] = Sx(), u(?), ¥(1),

rae %(f) € R — Bce curnansl BekTopa y(f) OrpaHIYEHB;
X(7), k(f), b(¢) 1 t(f) — TeKyIme OLEHKH, COOTBETCTBEHHO,
x(¢), k, b u m.

AanTUBHBINA Ha0IIOHATENb JOKEH 00€CIeYnBaTh
CXOIMMOCTb OIEHOK HEPEMEHHBIX COCTOSHMS M IOCTOSH-
HBIX HEM3BECTHBIX NMAPaMETPOB K PEAlbHBIM 3HAYCHHSM,
a IMEHHO:

(1) = x(¢), k(f) = k, b(f) = b, m(7) = m,

1t Beex X € R~ y(f) € R,
Jlyist penieHns MoCTaBICHHON 3a/1auM, 110 aHAJIOTHH C
[5], paccmoTpum cuctemy (1) B MOMEHT BpeMeHHU ¢ — d

%= Ax,+KCax,+buy+wuy()=Clxy, (3

e Xy = X(9(0)), Ag = A(9(1)) , C, = CT((1), 1y = u(o(),
W, = mf(Cd Xd).

JIns OIeHKH HEU3BECTHBIX MapaMETPOB CUCTEMBI
(3) ucnompizyem texHonoruto Generalized Parameter
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Estimation Based Observer u o anasiorun ¢ padoroii [1]
paccMOTpUM ypaBHEHHS BHA:

E(D) = Ag&(D) + Lgn(1), §(0) = 0., (4)
(1) = Agn(?) + 1(1), n(0) = 0,,.,, (5)
E(0) = Agdb(0) + Tug, §(0) = 0,,.,, (6)
P(1) = AgaP(D) + 1fy, p(0) = 0,5, (7

D(1) = A D(1), D0)=1,,,, (8)

rae Ay, = Ay(o(?)) u L, = L(e(¢)) — marpuusy; I — enu-
HUYHAs MaTPHIIA COOTBETCTBYIOIECH pa3MepHOCTH.

Taxum 06pa3om, TOCIe HECTOKHBIX MATEMATHUECKAX
npeoOpazoBanuii (1o anaioruu ¢ [1]), HICXOTHYIO THHAMHU-
geckyro cucremy (1) mpeobpasyem K IMHEHHOH perpeccu-
OHHOM MOJIeH BUA:

z(t) = ¥(n0, )

rae z](t) =) - CdT 40) o I/I3Me;[)${eMLH71 curnan; Y(r) =
=[C, () Cym() C L C,p(f)] — BexTOp U3BECT-
HeIX Qynkimii; @ =[0 k b m]7 — Bekrop HensBecT-
HBIX TTIOCTOSTHHBIX TTapamMeTpoB, 0 = x(0).

BOCCT@HOBJICH BEKTOP COCTOSIHHSI HCXOJJHOW JITMHAMHYECKOH
cucremsl (1).

Juist miumoctpanun paboTocIocoOHOCTH MPEIoKEH-
HOT'O TT0/IX0/1a BBIIIOJIHUM KOMITBIOTEPHOE MOJICITNPOBAHHE.
IIpu momenupoBanwu it cucteMbl (1) OBLTH BRIOpaHBI

2 —sint 1 ] _[ 1]
8+cos() 0] 2]
, W(y, 1) = msin(CT(2)x(¢)), tme m = [

CIICYIOIINE TTapaMeTphl: A(f) =

k=| . |lCO=
3 PCO=(,

a4l

HauanbsHble yemosus Bekropa coctostaust x(0) = N
2 —sin(f)]

HWcnonp3yst BekTop 00paTHOit cBsizu L(7) = 1+ cos()
cos(?)]

>

nonyyum Ay (f) =

5 ol

Jliist ipoBepku paboTOCIIOCOOHOCTH TPEIT0KEHHOTO
anroput™ma (4)—(8) COBMECTHO ¢ METOJJOM HAMMEHBIIUX
KBaJpaToB ¢ GpakTopoM 3a0BIBaHUA M7 OI[EHKH Tapa-
MeTpoB Mojaen (1) mpuMeHnuM CleayIonue mapamMeTphl
a=105 M=10 B =1, f, = 0,1. IIpu 5TOM Ha BXOJ CH-
CTeMbI OBLJT IMOJIaH CHHYCOUIANbHBIN curHai u(f) = sin(f).

Pesynbrarsl MozeupoBaHust (PUCYHOK) MOATBEPAMIN
JIOCTHIKEHHUE MTOCTABJICHHOM 1IEJIH.

T
O4-bg, 1)

T
04 = k(Z, 1)
~

s
Os_ka, 1

0, _%0,1)(0)
0, _%1,1)(0)

©; -1, 1y
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PucyHOK. Hepexo;ll-nﬂe TMPOLECCHI IO OLEHKaM HEM3BECTHLIX MapaMETPOB

Figure. Transients of unknown parameters estimates

Jist OLIeHKH HEM3BECTHBIX MTOCTOSIHHBIX MapaMeTpOB
Mojenu (9) IpUMEHUM METO]] HAMMEHBIINX KBaJPaToB
¢ (akropom 3a0biBanus (forgetting factor) [7, 8]. Iocie
TIOJTyYEHHs OLIEHOK HEN3BECTHBIX APAMETPOB MOXKET OBITH

B pabote mpemioxxeHo pazButue pesynbrara [1] mis
citydasi, KOTJla BBIXOTHAs TICPEMCHHAs JHHAMUYECKON CH-
CTeMBI JJOCTYITHA U3MEPECHUIO C U3BECTHBIM ITOCTOSHHBIM
3ama3aeiBaHreM BuAa (2). Pesymsrarel MogennpoBaHUs
MIPOJIEMOHCTPUPOBATIN PabOTOCIIOCOOHOCTh MPETOKECH-
HOTO aJIrTOpUTMa.

852

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4



A.A. Bobuos, H.A. Hukonaes, O.A. Kosayék, O.B. OcbkunHa

Jluteparypa

1. Ko3zauék A.A., boonos A.A., Hukonaes H.A. AnanTuBHbIN HAOIIO-
JaTelIb HEPEMEHHBIX COCTOSHUS HEJIMHEITHOM HECTAIMOHAPHON CH-
CTEMBI C HEM3BECTHBIMH MIOCTOSIHHBIMY napamerpamu // arXiv. 2023.
arXiv:2305.15504. https://doi.org/10.48550/arXiv.2305.15504

2. Ortega R., Bobtsov A., Nikolaev N., Schiffer J., Dochain D.
Generalized parameter estimation-based observers: Application to
power systems and chemical-biological reactors / Automatica. 2021.
V. 129. P. 109635. https://doi.org/10.1016/j.automatica.2021.109635

3. Tranninger M., Seeber R., Zhuk S., Steinberger M., Horn M.
Detectability analysis and observer design for linear time varying
systems // IEEE Control Systems Letters. 2020. V. 4. N 2. P. 331-336.
https://doi.org/10.1109/1csys.2019.2927549

4. Tranninger M., Zhuk S., Steinberger M., Fridman L., Horn M. Non-
uniform stability, detectability, and, sliding mode observer design for
time varying systems with unknown inputs // arXiv. 2018.
arXiv:1809.06460. https://doi.org/10.48550/arXiv.1809.06460

5. Bobtsov A., Nikolaev N., Slita O., Kozachek O., Oskina O. Adaptive
observer for a LTV system with partially unknown state matrix and
delayed measurements // Proc. of the 14th International Congress on
Ultra Modern Telecommunications and Control Systems and
Workshops (ICUMT). 2022. P. 165-170. https://doi.org/10.1109/
ICUMTS57764.2022.9943429

6. Rugh W.J. Linear System Theory. Prentice-Hall, Inc., 1996. 581 p.

7. Ljung L. System identification // Signal Analysis and Prediction.
Birkhduser, Boston, MA, 1998. P. 163-173. https://doi.
org/10.1007/978-1-4612-1768-8 11

8. Sastry S., Bodson M. Adaptive Control: Stability, Convergence and
Robustness. New Jersey: Prentice-Hall, 1989. 377 p.

ABTOpBI

BobuoB Asekceii AjlekceeBHY — JOKTOpP TEXHHYECKHUX HAyK, Ipodec-
cop, aupekrop meradakynsrera, Yausepcurer UTMO, Cankr-IletepOypr,
197101, Poccwuiickas @enepanus, s¢ 8046819200, https://orcid.org/0000-
0003-1854-6717, bobtsov@mail.ru

Huxonaes Hukonaii AnarojibeBHY — KaHAMIAT TEXHUYECKUX HayK,
JOIIeHT, noueHT, Yauepcuter UTMO, Canxkt-IlerepOypr, 197101,
Poccuiickas ®enepanus, s¢ 13105019100, https://orcid.org/0000-0002-
8835-5142, nanikolaev@itmo.ru

Ko3zauék Osnbra Anapeesna — nmxenep, Yausepcurer MTMO, Cankr-
IerepOypr, 197101, Poccuiickas deneparus, s¢ 57219308287, https:/
orcid.org/0009-0008-8613-2835, oakozachek@itmo.ru

OcbkuHa Oubra BiaaguMupoBHa — CTYJICHT, HHXKEHEP, YHUBEPCUTET
UTMO, Cankr-IlerepOypr, 197101, Poccuiickas denepanus,
s8¢ 57353555800, https://orcid.org/0009-0005-5121-0432, ov_oskina@
1tmo.ru

Cmamws nocmynuna 6 pedakyuio 12.05.2023
Ooobpena nocie peyenzuposarus 19.06.2023
IIpunama k newamu 24.07.2023

QOB

References

1. Kozachek O., Bobtsov A., Nikolaev N. Adaptive observer of state
variables of a nonlinear time varying system with unknown constant
parameters. arXiv, 2023, arXiv:2305.15504. (in Russian). https://doi.
org/10.48550/arXiv.2305.15504

2. Ortega R., Bobtsov A., Nikolaev N., Schiffer J., Dochain D.
Generalized parameter estimation-based observers: Application to
power systems and chemical-biological reactors. Automatica, 2021,
vol. 129, pp. 109635. https://doi.org/10.1016/j.
automatica.2021.109635

3. Tranninger M., Seeber R., Zhuk S., Steinberger M., Horn M.
Detectability analysis and observer design for linear time varying
systems. [EEE Control Systems Letters, 2020, vol. 4, no. 2, pp. 331—
336. https://doi.org/10.1109/1csys.2019.2927549

4. Tranninger M., Zhuk S., Steinberger M., Fridman L., Horn M. Non-
uniform stability, detectability, and, sliding mode observer design for
time varying systems with unknown inputs. arXiv, 2018,
arXiv:1809.06460. https://doi.org/10.48550/arXiv.1809.06460

5. Bobtsov A., Nikolaev N., Slita O., Kozachek O., Oskina O. Adaptive
observer for a LTV system with partially unknown state matrix and
delayed measurements. Proc. of the 14! International Congress on
Ultra Modern Telecommunications and Control Systems and
Workshops (ICUMT), 2022, pp. 165—170. https://doi.org/10.1109/
ICUMTS57764.2022.9943429

6. Rugh W.J. Linear System Theory. Prentice-Hall, Inc., 1996, 581 p.

7. Ljung L. System identification. Signal Analysis and Prediction.
Birkhduser, Boston, MA, 1998, pp. 163-173. https://doi.
org/10.1007/978-1-4612-1768-8 11

8. Sastry S., Bodson M. Adaptive Control: Stability, Convergence and
Robustness. New Jersey, Prentice-Hall, 1989, 377 p.

Authors

Alexey A. Bobtsov — D.Sc., Professor, Director of School of Computer
Technologies and Control, ITMO University, Saint Petersburg, 197101,
Russian Federation, s¢ 8046819200, https://orcid.org/0000-0003-1854-
6717, bobtsov@mail.ru

Nikolay A. Nikolaev — PhD, Associate Professor, Associate Professor,
ITMO University, Saint Petersburg, 197101, Russian Federation,
sc 13105019100,https://orcid.org/0000-0002-8835-5142, nanikolaev@
itmo.ru

Olga A. Kozachek — Engineer, ITMO University, Saint Petersburg,
197101, Russian Federation, s¢ 57219308287, https://orcid.org/0009-
0008-8613-2835, oakozachek@itmo.ru

Olga V. Oskina — Student, Engineer, ITMO University, Saint Petersburg,
197101, Russian Federation, s¢ 57353555800, https://orcid.org/0009-
0005-5121-0432, ov_oskina@itmo.ru

Received 12.05.2023
Approved after reviewing 19.06.2023
Accepted 24.07.2023

Pa6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TeXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MexaHukn n ontuku, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

853


https://doi.org/10.48550/arXiv.2305.15504
https://doi.org/10.1016/j.automatica.2021.109635
https://doi.org/10.1109/lcsys.2019.2927549
https://doi.org/10.48550/arXiv.1809.06460
https://doi.org/10.1109/ICUMT57764.2022.9943429
https://doi.org/10.1109/ICUMT57764.2022.9943429
https://doi.org/10.1007/978-1-4612-1768-8_11
https://doi.org/10.1007/978-1-4612-1768-8_11
https://orcid.org/0000-0003-1854-6717
https://orcid.org/0000-0003-1854-6717
mailto:bobtsov@mail.ru
https://orcid.org/0000-0002-8835-5142
https://orcid.org/0000-0002-8835-5142
mailto:nanikolaev@itmo.ru
https://orcid.org/0009-0008-8613-2835
https://orcid.org/0009-0008-8613-2835
mailto:oakozachek@itmo.ru
https://orcid.org/0009-0005-5121-0432
mailto:ov_oskina@itmo.ru
mailto:ov_oskina@itmo.ru
https://doi.org/10.48550/arXiv.2305.15504
https://doi.org/10.48550/arXiv.2305.15504
https://doi.org/10.1016/j.automatica.2021.109635
https://doi.org/10.1016/j.automatica.2021.109635
https://doi.org/10.1109/lcsys.2019.2927549
https://doi.org/10.48550/arXiv.1809.06460
https://doi.org/10.1109/ICUMT57764.2022.9943429
https://doi.org/10.1109/ICUMT57764.2022.9943429
https://doi.org/10.1007/978-1-4612-1768-8_11
https://doi.org/10.1007/978-1-4612-1768-8_11
http://D.Sc
https://orcid.org/0000-0003-1854-6717
https://orcid.org/0000-0003-1854-6717
mailto:bobtsov@mail.ru
https://orcid.org/0000-0002-8835-5142
mailto:nanikolaev@itmo.ru
mailto:nanikolaev@itmo.ru
https://orcid.org/0009-0008-8613-2835
https://orcid.org/0009-0008-8613-2835
mailto:oakozachek@itmo.ru
https://orcid.org/0009-0005-5121-0432
https://orcid.org/0009-0005-5121-0432
mailto:ov_oskina@itmo.ru

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° vionb-asryct 2023 Tom 23 N2 4 http://ntvifmo.ru/  Wavuno-TExHMuECKMA BECTHMK
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“““"""' MEXAH“K“ “ “'"“K“
July-August 2023 Vol. 23 No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2023-23-4-854-857

RuLegalNER: a new dataset for Russian legal named entities recognition
Zein Shaheen!, Dmitry I. Mouromtsev2™, Ignat Postny3

L2 TTMO University, Saint Petersburg, 197101, Russian Federation
3 T.A.G. Consulting, Moscow, 119119, Russian Federation

! shaheen@jitmo.ru, https://orcid.org/0000-0001-6802-2896
2 mouromtsev(@itmo.ru®d, https://orcid.org/0000-0002-0644-9242
3 ipostny@gmail.com, https://orcid.org/0009-0005-9249-4160

Abstract

We address the scarcity of datasets specifically tailored for legal NER in the Russian language and investigate the
generalization capabilities of models towards unseen named entities. A rule-based program developed by legal experts
at Tag-Consulting Company was employed to automatically annotate legal texts and create the RuLegalNER dataset.
Part of the named entities only exists in the development and test splits, and they are unseen in the training set. RUBERT
was utilized as the base architecture for experimental evaluation. Two different architectural extensions were explored:
RuBERT with CRF and RuBERT with adapters. These architectures were used to train and evaluate NER models on the
RuLegalNER dataset. Utilize RuLegalNER to train and evaluate legal NER models, enhancing performance in the legal
domain and studying generalization on unseen entities. A published version of RuLegalNER is presented with detailed
statistics and demonstration of the usefulness of RuLegalNER by evaluating modern architectures.

Keywords
legal named entity recognition, natural language processing, information extraction, low-resource languages, transfer
learning, transformers
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AHHOTAIUA

Ipencrasnen HoBhii fAatacer RuLegalNER, pa3paboranusiii 1yist 00ydeHus Mojeneil paciio3HaBaHUsT HMEHOBAHHBIX
IOPUIMIECKHX CYIIHOCTEH Ha PyCCKOM s3bIKe. BBIMoNHeHa olieHKa CIOCOOHOCTH MojieNel K 0000IIEHNIO TPH MOSIBICHUN
B TEKCTE paHee HEe BCTPEUABIINXCSI IMECHOBAHHBIX CyITHOCTEH. [I7IsT aBTOMaTH4eCKON pa3MeTKU I0PUIHIECKIX TEKCTOB U
cozmanust Habopa manHbeIx RulLegalNER pa3spaborana mporpamMma Ha OCHOBE TpaBHil. YacTh IMEHOBAHHBIX CYITHOCTEH
B JlataceTe ObUIa BBICNICHA B HA0OP JAHHBIX [UIS BAJIMJALMN U TECTHPOBAHIS M HE BCTpeJaeTcs B 00ydarommeM Habope.
DKcliepuMeHTaIbHAas IPOBEPKa AaTaceTa ocHoBaHa Ha 6a3oBoii apxurektype RuBERT. VcenenoBano iBa pacimpeHus
apxutekTypsl: RUBERT ¢ ucnons3oBannem CRF (Conditional Random Fields) u aganrepos. Ha ocHoBe apxutextyp
BBINIOJTHEHO 00yYeHHE U OLIEHKa MOJIENN PACIIO3HaBaHUsI IMEHOBAHHBIX CyIIHOCTeil Ha Habope naHHbIX RuLegalNER.
Ipennoxennsiii Habop naHHbIX RuLegalNER MoskeT ObITh HCIOIBb30BaH [UIS CO3/IaHUsI HOBBIX MOJICINIeH paco3HaBaHUs
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MMEHOBAHHBIX CYIIHOCTEH B FOPUANUYECKUX TEKCTAX, YTO MO3BOJIMT aBTOMATH3UPOBATh KOHTCHT-aHAIN3 FOPUATUECKHX
nokyMmenToB. Ony6inkosana Bepcust RuLegalNER ¢ mogpoOHO# cTaTHCTHKOM 1 AEMOHCTpanueil moiesHocT Habopa
nanubix RuLegalNER myTem oneHKH Ha OCHOBE COBPEMEHHBIX apXUTEKTYP.

KiioueBbie cjioBa

pacro3HaBaHNEe UMEHOBAHHBIX IOPUIMUECKUX CYIIHOCTEH, 00pabOTKa eCTECTBEHHOTO A3bIKa, U3BIEUeHNE HH(POPMAIINH,
SI3BIKY C OTPAaHUYCHHBIMH PECYpPCaMH, TIePelaTOuHOe 00yueHue, TpaHc(hOopMepsI

Cceblaka pisa nutupoBanus: laxun 3., Mypomues [I.U., [loctusiii . RuLegalNER: HOBBIN naTaceT ans
pacro3HaBaHUs UMEHOBAHHBIX IOPUIMYECKUX CYIIHOCTEH Ha pycckoM si3bike // HaydHO-TEXHMYECKHH BECTHHK
NHDOPMAMOHHBIX TEXHOIOTHH, MexaHuku u ontuku. 2023. T. 23, Ne 4. C. 854-857 (ma auri. s3bike). doi:

10.17586/2226-1494-2023-23-4-854-857

Recognizing named entities in legal texts is a crucial
task in natural language processing, with applications
ranging from information extraction [1] to legal research
[2]. However, the availability of resources specifically
tailored for legal Named Entity Recognition (NER) in
the Russian language is limited. This scarcity poses a
significant challenge for researchers and practitioners
working in the legal domain. Additionally, annotating legal
datasets with expert human annotators is an expensive
process. Furthermore, even with expert annotations, noisy
labels can be present due to the complexity and ambiguity
of legal texts [3].

In the Russian language, the availability of datasets
specifically focused on legal named entity recognition
is scarce. Among the limited options [4—6], one notable
dataset is NEREL [7] which includes a total of 20 classes,
with only three classes specifically related to the legal
domain: LAW, CRIME, and PENALTY. However, out of
the 56,000 annotated named entity instances in NEREL,
only 1,679 pertain to legal named entities. This highlights
the need for more comprehensive and domain-specific
resources in the legal domain for Russian.

To address these challenges, this paper introduces
RuLegalNER, a rule-based annotated legal dataset for
the Russian language. The dataset was created using a
rule-based program developed by legal experts in Tag-
Consulting Company, enabling the automatic annotation
of legal named entities in a large collection of Russian
legal texts. This rule-based approach alleviates the need for
extensive manual annotations by experts, speeding up the
dataset creation process. Although rule-based annotation
may introduce some noise, it serves as a starting point for
subsequent refinement and iterative improvement.

To study the generalization ability of a named entity
recognition model trained on an automatically annotated
dataset, we developed RuLegalNER, a dataset of Russian
legal documents. This dataset is annotated with more than
20 classes of named entities. However, it is important
to note that not all legal named entities present in the
documents are annotated, and the annotation coverage
is sparse. From the initial set of classes, we specifically
selected five classes for inclusion in this dataset:
Individual person, legal entity, Penalty, Crime, and Law.
The annotation process was performed using a rule-based
system provided by TAG Consulting Company.

To ensure the evaluation of the model performance
on unseen named entities, we incorporated low frequency
entities into the dataset. These entities were treated
as unseen during the training process, and they were
exclusively reserved for the validation and test stages.

The RuLegalNER dataset consists of a sample of
100,000 Russian legal documents. Within this dataset,
there are a total of 860 unique named entities. Notably,
289 of these entities appear only in the test set, resulting in
a total of 777 occurrences of unseen entities in the test set.

For detailed statistics on the distribution of named
entities in each split of the dataset, please refer to Table 1.
The table shows the number of unique entities and their
frequencies within each portion of the dataset as well as
statistics for both seen and unseen entities in the test set.
Additionally, Figure provides samples from the dataset,
showcasing the variety of named entities present. The
dataset is publicly available!.

We evaluated our models ability to predict unseen
named entities, handle misspellings, and different
grammatical cases. Objective metrics, such as precision,
recall, and fl score, were employed to assess their
prediction power. We employed additional two objective
evaluation metrics: Count of Predicted Unseen Named
Entities (CP-UNE) and Count of Unique Predicted Unseen
Named Entities (CUP-UNE), to measure the models
generalization ability to unseen named entities.

In our experiments, we utilized various NER models
for our research. The first model, RuBERT-NER, is
based on RuBERT [8], a Russian text feature extraction
model trained using the Russian version of Wikipedia and
multilingual-BERT as the base checkpoint. We fine-tuned
RuBERT using legal documents and employed a token
classifier to generate probabilities for different classes.
An extension of RuBERT-NER, RuBERT-NER-CREF,
incorporated Conditional Random Fields (CRFs) to capture
long-range dependencies and improve prediction accuracy.
It utilized the Viterbi algorithm and a learnable state-state
transition matrix for decoding the output labels. Another
extension, RUBERT-NER-Adapter, employed adapters [9],
a transfer learning strategy, to augment RuBERT-NER
without significantly increasing the number of parameters.
Lastly, we used a baseline model, BILSTM-CRF [10],
which combined a bidirectional LSTM with a CRF
component for NER tasks. This model was pretrained on
Russian Wikipedia and fine-tuned using legal documents.

Given the sparse nature of the annotated dataset and
to evaluate the performance of these models and make
comparisons, we divided the legal documents into
segments, each containing 60 words, and filtered out
segments that did not contain any annotated legal entities.
The remaining segments were utilized for training,

I Available at: https://github.com/zeino8/RuLegalNER
(accessed: 18.07.2023).
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ViccneoBas nNpeacTaBneHHbIe [oKa3aTenLCTBa, MUPOBOI Cyabs MPUXOANT K CRIeayoLLemy.
KpOMe TOro, UCTel Ha3Ha4yeH B KayecTBe ynpaBnmou.l,eVl opraHusaun MHOToKBapTUPHbLIMU
KnnsiMm

P E LW N : BsbickaTb ¢ LMbiranesoi <dMO1> nonbay B0 «MYK «LieHTp»
33A0MKEHHOCTB 32 XMNoe NoMeLLeHUe 1 KOMMyHanbHbIE. ..

HapylLEHIe YCTaHOBNEHHbIX 3aKOHOAATENLCTBOM O Hanorax u c6opax Cpokos
NpeAcTaBneHs HaNoroBoil AeKnapaLmmn B no MecTy yuera.

OTBETUYMK B He ABUNCA, O BpeMeHU U MecTe ...

... To ecTb cosepwur [PEEONEPYICHAE. BTECTCISCHNOBIE 32 KoTopoe npeaycMoTpeHa u. 4

cT. 12.15 KoAll Po.

Classes and Colors: Individual Person - IEGaNERTNY - Penalty - IS - SHife

Figure. Legal texts samples from RuLegalNER with classes and their colors, and entities highlighted with the corresponding class

color

Table 1. Named entity data in the RuLegalNER dataset organized by class number

# unique entities # occurrences
Class Test Test
Train Validation Dataset Train Validation Dataset
Seen Unseen Seen Unseen

Individual 320 521 293 192 640 214,591 44,553 32,893 258 291,295
Legal Entity 30 55 30 26 59 28,343 6922 4599 165 40,029
Penalty 35 66 35 31 70 70,224 15,666 10,981 169 97,040
Crime 21 38 21 17 42 61,158 12,766 8897 91 82,912
Law 25 45 25 23 49 91,771 17,727 12,483 94 122,075
Total 431 725 404 289 860 466,087 97,634 68,853 777 633,351

Table 2. Comparing objective evaluation metrics (precision, recall, f1) for various models: (1) RuBERT-NER, (2) RuBERT-NER-
CREF, (3) RuBERT-NER-Adapter, and (4) BILSTM-CRF on all classes together. We also count number of previously unseen named
entities (CP-UNE) and number of unique previously unseen named entities (CUP-UNE)

Model Precision Recall Fl-score CP-UNE CUP-UNE
RuBERT-NER 0.951 0.960 0.956 58 46
RuBERT-NER-CRF 0.976 0.847 0.907 57 48
RuBERT-NER-Adapter 0.905 0.940 0.922 52 40
BiLSTM-CRF 0.937 0.939 0.938 7 3

validation, and testing purposes. Evaluation results and
comparison between models is presented in Table 2.

We introduced RuLegalNER dataset, a legal named
entity recognition dataset in the Russian language. With its
automatically annotated legal documents, RuLegalNER
provides a valuable resource for training and evaluating
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TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb HYETKYIO CTPYKTYPY, BKJIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KJloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynMTaHHOM Ha caMbll LUMPOKNI KPYTr YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) nsnoxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, METon, AN MEeTOAOSorns npoBedeHuss paboTbl, KpaTkoe
onMcaHne aKCNepUMEHTa, NOMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALINN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npencraB-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeaoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
JNIN3 U3BECTHbIX N3 HAYYHOW NUTEPATYypPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
HY 1 NPENMYLLLECTBO (OCOOEHHOCTU) NpeanaraeMoro noaxoaa.

B 0CHOBHOM TekCTe cTaTbM A0MKHA ObITb NPEACTaBNeHa cTporas
MOCTaHOBKA peLlaeMon 3aa4u, N3N0XeHbl 1 0OCTOSATENBHO pa3bsc-
HEeHbl (J0Ka3aHbl) NOJlyYeHHbIE YTBEPXAEHUS U BbIBOAbI, MPUBELEHDI
pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLME COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTbM OOKEH OblTb Pa3buT Ha coaepXaTesbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTUN MPUMEHEHUS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcs): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbBIE MHTEPHET-PECYPChI B CMNCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOM CcTaTbW NpenBapuTeNbHO COrNacoBbLIBAETCSH
C pefakumen.

O6beM NONHOTEKCTOBOW CTaTby, BKAKOYAA UNOCTpaLmMm, Tabnm-
Libl U CMNCOK NUTEPATypbl, HE AOKEH NPEBbIWATL 8 CTPaHUL, MaLluun-
HOMUCHOIrO TekcTa (C pucyHkamm u Tabamuamm), wpudT 12 pt, oanH
VIHTEepBa.

0O6beM KpaTkoro coobLueHns — 0o 3 cTpaHu, wpudT 12 pt, ogmH
vHTepBan. Pybpukauus TekcTta He TpebyeTcs. CTaTby NPUHUMAIOTCS B
3NeKTPOoHHOM Buae (ntvitmo@itmo.ru). B pacneyataHHOM BUAE C Noa-
NUCsSMN aBTOPOB MaTepuanbl NPeacTaBasioTCs B pefakuumio no 3a-
NpoCy peaakLmm Nocsie NPOXoXAeHNs NpoLueaypbl PELEH3NPOBAHMS.

KomnnekT LOKYMEHTOB LO/MKEH BKIKOYATb:

+  TEeKCT CTaTbyM C 3aBEPCTaHHbLIMU PUCYHKaMM 1 Tabnnuamu;

+  ¢dopMbl cBeaeHMM 06 aBTOopax (Ha Kaxaoro aBTopa); AonyckaeTcs
yKa3aHue HeCKOJbK1X MecT paboTbl aBTopa;

+  dannbl C pUCyHKaMm K ctatbe B OpurnHanbHoM dpopmaTte (npen-
noytutensHo JPEG) ¢ mMakcumanbHbIM paspelleHnem; aonycka-
eTCsl NpeacTaBfeHne LBETHbIX PUCYHKOB, €CNN B Y4epHO-Oenom
BapuaHTe TepsieTcs nonesHas nHhopmaums;

*  JINLEH3NOHHOE COrMaLleHue;

+ cornacue Ha 06paboTKy NePCOoHasbHbIX OAHHbIX.

REQUIREMENTS FOR EXECUTION OF PAPERS

Scientific reviews, full-text and brief papers are published.

A full-text paper should have a well-defined structure, including
an abstract, keywords, introduction, several substantive chapters and
a conclusion.

An abstract is intended for general public. It is necessary to set
forth the scientific content of the paper limited by 200-400 words in the
form of a brief abstract: the subject, the work objective, the method or
methodology of work, a brief description of the experiment, obtained
results, recommendations for their application.

Keywords should be connected with the information presented in
the paper. The main keyword is given first.

The introduction should contain a meaningful statement of the
issue in question, a brief analysis of the solutions known from scientific
literature (with references to sources), a criticism of their shortcomings,
scientific novelty and advantages (features) of the proposed approach.

The main body of the paper should represent exact statement of
the problem being solved, obtained assertions and conclusions are to
be set forth and explained in detail (proved), the results of experimental
studies or mathematical modeling should be given to illustrate the
statements made. The main text of the paper needs to be split up into
meaningful sections (2-3 sections).

In conclusion it is necessary to summarize the main results,
comment on them and, if possible, to indicate the areas of future
research and application.

A list of references is recommended: for a review paper — at least
50 items, for full-text paper — not less than 15, for a brief paper — at
least 8 references. References to standards and other regulatory
documents, as well as to Internet resources, are not included in
a reference list and are documented as footnotes.

The length of a review paper is coordinated with the editorial board
beforehand.

The length of a full-text paper, including illustrations, tables and
references, should not exceed 8 pages of typewritten text (figures and
tables included), font 12 pt, single-spaced.

The length of a brief paper is up to 3 pages, font 12 pt, single-
spaced.

No rubrication is required.

Papers are accepted in electronic form (ntvitmo@itmo.ru).

Materials are submitted to the editors on request after the
procedure of reviewing in a printed form signed by the authors.

A set of documents should include:

+ The text of the paper with make-up figures and tables;

+ The forms with information about the authors (for each author),
several employers can be specified by the author;

+  Files with pictures to the paper in their original format (preferably
JPEG) with the maximum resolution; should useful information is
lost in the black and white variant, color drawings are permitted;

+ Publishers license agreement;

+ Consent to the processing of personal data.
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