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AHHOTaNMA

IIpeamet uccieroBanus. B coBpeMeHHOM MHpe OYEHb PacIpPOCTPAHEHBI CIIyYad HOMICHHUS JTIOABMHU Pa3INIHBIX
MacCOK, peCIIHPaTOPOB U onexabl Ha nuie. Havapmasics B 2019 roqy maHaeMuss HOBOW KOPOHABUPYCHOM MH(EKIUH
CYIIECTBEHHO yBEIHYHJIA IIPIMEHUMOCTh MAacOK B OOIIECTBEHHBIX MecTax. Hambomnee s pekTHBHEIMU criocOOaMu
OCCKOHTAKTHOTO PACIO3HAHMS JINYHOCTH SIBISIOTCS METOABI UACHTH(GUKAINN U Bepu(UKAIMK YeJIOBEKa 10
M300pa’KeHHIO JIUIA U 10 3alHCH rojloca. ABTOMAaTHYECKUE CUCTEMBI PACIIO3HABAHUS IMYHOCTH CTOJKHYIIHCH C HOBBIMU
npobieMamMy M3-3a ePEeKPBITHs OOJIbIIEeH YacTH Jnia Mackoil. Hanuuue nanHoii mpoGieMsl onpeiessieT akTyalbHOCTh
HCCleoBaHMuN B 00JIaCTH pacro3HaHus JuIl B Mackax. [IpeaMer uccnenoBaHus paboThl — CUCTEMBI U KOPITYCHI
JAHHBIX JJIS1 PACHO3HABAHMS JTHYHOCTH JIofeil B Mackax. MeToa. PaccMoTpeHbI M IpoaHaNn3upOBaHbl OCHOBHBIE
COBPEMEHHbIE MTOAXOABI M METOBI PACIIO3HABAHUS JIMYHOCTH JIOZCH B MacKax, HCIOIB3YIONINe N300paskeHusI JINIIa,
3aMHCH ToJI0ca YeI0BeKa 1 ayHoBH3yalbHbIe MeTobl. [IpuBeneH cpaBHUTEIBHBII aHATH3 CYIIECTBYIONIUX KOPITYCOB
JTAaHHBIX, COAEPIKAIINX N300paKEHHsI U 3aIFCH TOJIOCOB JIOEH, HeOOXOIMMBIE JUTs CO3IaHMsI CHCTEM paclio3HaBaHHS
angHOCTH. OCHOBHBIE Pe3yJIbTaThl. Pe3ynnbraTsl aHAIN3a [TOKa3aJIHd, YTO CPEIH METOIO0B, UCHOIB3YIOIINX H300pasKeH s
a1, Hanbosee Y3GHEeKTUBHBIMU SBIISIFOTCS METO/IBI, TIOCTPOCHHbBIE HA OCHOBE CBEPTOYHBIX HEHPOHHBIX CETel, KOTOphIe
HPHMEHSIOT 00J1aCTh MACKH JUIS U3BJIEUEHHs IPH3HAKOB O FeoMeTpHu juna. [lomymspHble METOIBI Ha OCHOBE X-BEKTOPOB
IOKa3aJli He3Ha4YUTeNbHOE NageHne 3QGEeKTUBHOCTH, YTO MO3BOJISET C/IeIaTh BBIBOJ 00 MX MPUMEHUMOCTH B 3a/1a4ax
pacro3HaBaHUs JMYHOCTH roBopsiiero B macke. [lpakTuyeckast 3HaYuMOocTh. Ha 0CHOBaHMHM MOTy4eHHBIX BHIBOJOB
chopMyITHpOBaHEI TPEOOBAHMUS K NMEPCIIEKTHBHBIM CHCTEMaM PAaCIO3HABAHHS JIMYHOCTH U ONPEAEICHBI aKTyalbHbIe
HaIpaBJICHUS IS JaTbHEHIINX HCCIeOBAaHNH B JAHHOM 001acTy.

KiioueBble c10Ba
pacro3HaBaHHE JIMYHOCTH, JIMIEBas OMOMETpHUs, TOJI0COBas OMOMETPHUs, MCAULIMHCKUE MacKH, CPEICTBA
HHJIMBUTYaJIbHOM 3alUTHI, ayJJHOBH3YyaIbHBIC XapAKTCPUCTUKHU, 00bEIMHEHHUE HH(OPMAIHH
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MeToabl ayaMoBU3yanbHOr0 pacrno3HaBaHUs NoAEN B Mackax
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Abstract

In the modern world, wearing masks, respirators and facial clothes is very popular. The novel coronavirus pandemic
that began in 2019 has also significantly increased the applicability of masks in public places. The most affective person
recognition methods are identification by face image and voice recording. However, person recognition systems are
facing new challenges due to masks covering most of the subject’s face. Existence of new problems for intelligent
systems determines the relevance of masked person recognition systems research, therefore the subject of the study is
the systems and datasets for masked people recognition. The article discusses analysis of the main approaches to masked
people identity recognition: masked face recognition, masked voice recognition and audiovisual methods. In addition,
this article includes comparative analysis of images and recordings datasets required for person recognition systems.
The results of the study showed that among the methods that use face images the most effective are methods based on
convolutional neural networks and the mask area feature extraction. The methods of x-vector analysis showed a slight
drop in efficiency which allows us to conclude that they are applicable in the tasks of recognizing the identity of a speaker
in a mask. Results of this study help with formulation of requirements for perspective masked person recognition systems
and determining directions for further research.

Keywords

person recognition, facial biometrics, voice biometrics, medical masks, personal protective equipment, audiovisual
features, information fusion
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BBenenune

PacrioznaBaHue JTMYHOCTH I10 JIMILY ¥ TOJIOCY SIBISIETCS
CaMBbIM TOIYJISIPHBIM U MEPCIIEKTUBHBIM HaIllpaBlIeHHEM
pa3BuTHA OmOMeTpruiecKkux TexHoioruii. [To manaemM J’son
& Partners Consulting k koniry 2018 roma g0 TEXHOTOTHI
pacrio3HaBaHU JIAII U TOJI0CA B 00IIeM 00BeMe POCCHICKO-
ro OMOMETPHUYECKOTO PBIHKA COCTaBMIIa MouTH 85 %, a B
TEUEHHE YETHIPEX JIeT JI0 ITOTO ATOT CETMEHT IMOKa3bIBaJ
pocrt Ha ypoHe 106,7 % B ron [1]. Unentudukanms nna-
HOCTH TIO JIMILY U TOJIOCY UCIIOJIb3YETCS B MHTEJUICKTY-
QIBHBIX CHCTEMaX cMapT(OHOB, OAHKOB M MPEIIPHUITHH.
BaxHOii yacThIO MOMMKH NPECTYITHUKOB B COBPEMEHHOM
MUpE SBISETCS MICHTH(QUKALNS JINIYHOCTH C IIOMOLIBIO
0OIIIECTBEHHBIX Kamep BUeoHa0monenus. Jist pacrosHa-
BaHMS NMPECTYIHUKOB MOTYT OBITh MCIIOJIB30BAHBI 3aIIHCH
royioca, peaibHble H300paskeHust U POTOPOOOTHI [2].

B peanbHBIX yCIIOBHSX JIMIIO YEIOBEKA MOXKET OBITH
3aKPBITO MACKOW WJIN Pa3INYHBIMU NIPEAMETaMHU OEKIbI.
[IpecTynHUKHN YacTO HAMEPEHO CKPBIBAIOT CBOE JIMIIO, KaK
1 BO BpEMsI COBEPIICHUsI TIPECTYIUICHUS, TaK U TIPH HAXOXK-
JIeHUH Ha myOsauke. Homlenue pecnuparopoB U CpejcTB
HMHAUBUIYaJIbHON 3aIIUTHI 0053aTENIbHO I ONpe/eNeH-
HBIX PabOYMX U CIIY)KaIIUX, YTO MOXKET IPEMsITCTBOBATh
pacrpocTpaHeHHI0 OMOMETPUYECKUX CHCTEM Ha HEKOTO-
PBIX MPEINPUATUSAX W 3aTPYAHUTH PacllO3HABaHUE JINY-
HOCTH 3THX JI0/Iel B 00IIecTBeHHBIX MecTax. YacTo B
CEBEPHBIX PETMOHAX B XOJIOIHOE BPEMs JIUIIO MOXKET OBITH
3aKpBITO mapdamu, OamakiIaBoOil WU IPYTOH OMEKIOH,

a B HEKOTOPHIX BOCTOYHBIX CTpaHaX JKCHIIMHBI 00s3aHbI
HOCHTB OfICXKTy YACTUIHO HJIH MTOJTHOCTHIO 3aKPHIBAIOIIEE
JIUTIO.

B nagane 2020 roma Mup CTOJKHYIICS ¢ HOBOH MaH[e-
Mmueit koponaBupycHoit nuadexiuu COVID-19. dakTopsr
OTCYTCTBUS JICKAPCTB M IMMOCTOAHHAA MyTallusd BUpPYyCa HE
OCTAaBJIAIOT HAACK] Ha OITUMUCTUYHBIC ITPOTHO3EI I10 I10-
BOJIy KOHIIA MaHAeMHH. Jlaxe 110 caMbIM ONTHMHCTHYHBIM
MPOTHO3aM IMaHJIEMUS IIPOJOIDKUTCS MHOTHE rofsl. OTHOM
M3 CaMbIX BaXKHBIX MEp JJIsl YMEHBIICHHS paclpocTpaHe-
Hust COVID-19 siBnsieTcst HOLLIEHUE CPEICTB MHIUBH Y allb-
HOW 3aIUTHI, B 9ACTHOCTH MEIUIIMHCKON MacKH, B 00IIIe-
CTBEHHBIX MeCTax. B CBS3M ¢ 3THM HOIICHHE METUIIMHCKIX
MacCOK paclpOCTPaHUIOCH TOBCEMECTHO, CO3aBast CyIIle-
CTBEHHBIE TTPOOIEMBI JUIT OMOMETPHYECKUX CHCTEM.

TexHOMOTHH paco3HAaBaHUA JTUYHOCTH 10 JIUILY U TO-
JIOCY OKa3alliCh MPaKTHYECKU OECroNe3Hbl Il UICHTH-
(uKanuK JTIOJCH, JIMIAa KOTOPBIX 3aKPBIThl Pa3InYHBIMH
MackaMu. Mcronb3yembie MeTOIbl pa3pabaThiBAIUCh U
TECTHPOBAJIMCH B JIOKOBUIHYIO 3pY, KOTJ]a MacKH He ObUTH
TaK pacnpocTpaHeHbl. JlaHHOe yTBep)KIeHHE TOATBEPIKIa-
€T aHaJIN3, IPOBE/ICHHBIN 3KCIIepTaMy N3 AMEPUKaHCKOTO
HAI[MOHAJIBHOTO MHCTUTYTA CTAHJAPTOB M TEXHOJIOTHH
(NIST), xoTopsle mpoBenu cpaBHeHNE 3P PEKTUBHOCTH 89
ANTOPUTMOB PACIIO3HAHMS JTUI Ha M300PaKCHUAX B MACKAX
[3]. TogyHOCTH aNTOPUTMOB C MACKHUPOBAHHBIMH JTHIIAMH
CYIIECTBEHHO CHHU3MIACH 110 BceM HampasieHusIM. Cambie
TOYHBIC PACCMOTPEHHBIC AITOPUTMBI HE MOTYT ayTeHTU(H-
IUpOBaTh YenoBeka 6e3 macku mpumepHo B 0,3 % ciyuaes.
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[Tpu ncrnonp3oBaHUN M300paKEHHUH JIMI B MACKaX 4acToTa
ommoOok yBesmuuBaercst 10 50 %.

B GospmmmHCTBE CitydaeB npu 00paboTke n3obpaxe-
HUSI JIMA B MAacKe aJITOPUTMBI 9aCTO HE MOTYT KOPPEKTHO
00paboTarh 00macTh nuia. ABTOPHI oT4eTa [2] Ha3BIBAIOT
JAHHOE SIBIICHNE «O0TKa30M peructpanum» (Failure to enrol,
FTE). AnropuT™el pactio3HaBaHUsI JIUI] OOBIIHO PabOTAaroT,
BBIJIEIISIS IPU3HAKH YacTeH JIMIa, HAIpUMeEp, UX pa3Mep U
paccrostare Apyr oT apyra. Ommbka FTE o3nauaet, 9to
AJITOPUTM HE MOXKET JOCTATOYHO XOPOMIO BBIACINUTD YEPTHI
JMLa, 9TOOBI MPoBecTH (P PEKTUBHOE CPABHEHHUE.

Baxknas 3aa4a MHTCJUICKTYaJIbHbIX CUCTEM — aHaJIn3
TOJIOCOBBIX XapaKTepUCTHK Jroneit. [lomumo iekcnueckoit
nH(pOpMaINH, PEUYEBOIl CUTHAI IepenaeT HH(OPMAIIHIO
0 JIMYHOCTH TOBOPSIIETO, YMOLMOHAILHOM COCTOSHHH,
aKyCTHYECKOW cpejie, A3bIke U akieHTte. PacrosHaBanue
TOBOPSAIIETO — Ba)KHAs 00JacTh COBPEMEHHBIX OMOMe-
TpHUYecKHuX cucteM. ['onocoBas ayTeHTH()UKAIMA TpHMe-
HACTCS BO MHOTHX crucTteMax 6e3omacHocTH. CymebHO-
KPUMHMHAIMCTUYECKUH aHAIH3 TOJIOCA UCHIOB3YET 3aIliCH C
MecCTa IMPECTYIUICHNS ISl HOMMKH [IPECTYITHUKOB. JlaHHbIC
CHUCTEMBbI TAKXKXE CTAJIKUBAKTCA C HOBBIMU HpO6HeMaMI/I
npu 00paboTKe Tooca, NCKAKEHHOTO 3allUTHONW MacKOM.
B 3aBucuMOCTH OT Marepuasia Mackd U ypOBHSI KOHTAKTa
C OpraHaMM apTHKYJISIIIUM Macka pa3iIMyHbIM 00pa3oM
BJIMSICT Ha PEUEBOI CHTHAJI, TaK KaK 4acTh 3ByKOBOW 3Hep-
MY TIOIJIOLIACTCS. MAaCKOM, YTO BBIPAKACTCS! B MCKAKCHUHT
CHTHAJIa M YMEHBIICHUH €ro SHEPTHH.

ITocTanoBka 3agaun

Cucrema ayTeHTU(UKAIINHI, UCTIOJIB3YOIIAs OJTUH OHO-
METPHUYCCKHI KaHaJl, TAKOW KaK pedb WM U300pakeHue
JIUIa, HA3bIBAETCSl OIHOMOAANLHOM cuctemoi. Yacto mo-
JYYCHHBIN IS Ki1accupuKanuy o0pa3 MOXKET OBITh HU3-
KOr0 KauecTBa M0 CJASAYIOUIMM IPUYNHAM: HEKOPPEKTHOTO
paxypca, HeIOCTaTOYHOTO OCBEIICHISI, HAJTMYHSI ()OHOBOTO
ymMa WIM HU3KOTO IPOCTPAHCTBEHHOI'O U BPEMEHHOIO
paspemenus Buaeo. [Ipodiema MOBHIIICHIS KadecTBa pe-
[IaeTCs IMMyTeM HCIIONb30BAHMS OMMOJATHHONW CHUCTEMBI,
obOpabarpIBaromell HeCKOIbLKO OMOMETPUIECKHUX MTOTOKOB
JIAHHBIX.

AynnoBu3yanbHbIe CHCTEMBI BBIBEU MYJIBTUMONAIb-
HY0 OMOMETPHIO Ha HOBBII YPOBEHB OJ1aromapsi HCIoJIb30-
BaHUIO JIOMOJHUTEIBHOW OMOMETpUYECKOi HH(pOpMAIHH,
W3BJICYCHHOM OTHOBPEMEHHO U3 TOJI0Ca U M300pakeHUs
JIMIIA YeIOBeKa. buMonaibHbIC OMOMETPUICCKIE CHCTEMBI
3¢ GEKTHBHEI U YIOOHBI B UCTIOIIE30BAHNUH, TaK KaK 9acTO
BO3MOYKHO 3aITFCaTh TOIOC U N300pakeHHEe OMHOBPEMEHHO.
J11s1 5TOr0 MOYKET OBITH UCTIONH30BaHA BUICOKAMEPa CMapT-
(hoHa, MPOITYCKHOTO ITyHKTA MIJIH HAPY>KHOTO CIICKECHHSI.

B Hacrosiiiee BpemMsi B OTPHITOM JIOCTYIIE€ HET MOJHO-
LIEHHBIX CUCTEMATUUYECKUX UCCIIEI0BaHU, TOCBALIEHHBIX
ayTMOBU3yaJbHON HICHTU(PUKAIIUY JTIOJEH B Mackax. JTo
MOYKHO OOBSICHUTBH TE€M, YTO IMOBCEIHEBHOE pacmpocTpa-
HEHHUE MacOK B OOJIBIIMHCTBE CTpaH, BKJItouas Poccuro,
HayaJIoCh TOJNBKO JBa rofa Ha3aa. OHaKo UMeeTcs 3HaYU-
TENIFHOE KOJIMYECTBO ITyOTUKAIINH, TIOCBSIIICHHBIX OJTHOMO-
JAJIBHOMY PaCIO3HABAHHIO JTHYHOCTHU 110 M300paKECHUSIM
u ronocy. Taxke MeToAbl OMMONATbHON WACHTU(DUKAIINN
XOPOIIIO MCCIIEAOBAHEI U TIOKAa3bIBAIOT BEICOKYIO dPQeK-

TUBHOCTh B OMOMETPHUYCCKUX 3a7a4ax. ITH J[BE MOJAJIb-

HOCTH IO3BOJISIIOT MCIIOJIL30BaTh OMMOAIbHEIE METOIBI

JUIsL 00OBbEIUHCHUST M3yYCHHBIX OJTHOMOJABHBIX CHCTEM

JUTS PabOTHI C MACKAMH.

Lenp paboThl — aHATUTHYECKHUA 0030p aKTyaJTbHBIX
TIOJIXOIOB PACIIO3HABAHUSA JIMYHOCTH JIFOACH B HOBBIX yC-
JIOBUSIX, TIOZIPA3yMEBAIOIINX ITOCTOSHHOE HOIIICHUE CPEJICTB
WHAMBUYaIbHOM 3aluThl. [ JOCTMKEHUS JaHHOH Lienu
HE0O0XOTUMO BBITIOTHUTH CPAaBHUTEIILHBIN aHAN3:

— KOPIYyCOB JIaHHBIX BUIEO- U ayAMOUH(POPMAIIHH IS
pelieHust 3a/1a4 pacrlo3HaBaHus JUYHOCTH B UHIUBU-
JlyaJbHOM 3al1uTe;

— METO/IOB PaclO3HaBaHUs TUYHOCTU B UHUBHU Ty aTbHON
3alyTe 10 BUJICO- U ayTHONH(POPMAITIH;

— METOJ0B OMMOJIaIbHOTO ayIHOBU3YaJIbHOTO PaCIIO3-
HAHUS JIIOJCH W MCCIICJOBAaHUE MTPUMEHIUMOCTH UX K
3amadaM HACHTH()HUKAINN JTIOeH B WHIMBUIYaIbHON
3aIUTE.

CucreMbl pacno3HaHusl IMYHOCTH B MacKe
1o U300paKeHn 1o

Pa3paboTky TeXHOJIOTHIT UCKYCCTBCHHOTO MHTEIUICKTA
B mocnenuue 10—15 et cymecTBeHHO pa3BUIIHCh B 00a-
CTH OMOMETPHUYECKHUX CHCTEM. [IpeiomeHO MHOKECTBO
METOIIOB, PEATN30BAHHBIX B TIPAKTHUYCCKUX MPIITOKECHHUSX.
Pacmo3nanme TUIHOCTH 1O M300pakeHHUIO JTUIA — IIe-
penoBoe HampaBICHHE HCCIeNOBAaHUN B 0bIacTu 6nome-
TpUUYCCKON uaeHTH(GUKAIMH. [[peuMyIIecTBO JaHHbBIX CH-
CTEM — TPOCTOTa MPUMEHEHHUSI, YTO JJOCTUTAETCS 33 CUET
MTOBCEMECTHOTO Pa3MeIleHUsT KaMep.

B coBpemMeHHOM Meranojuce yCTaHOBIEHO OTPOMHOE
KOJIMYECTBO KaMeEp CJIEKEHHsI, YaCTO KaMephbl YCTaHABIIH-
BAaIOTCsl HETIOCPEJCTBCHHO Ha 00BEKT, K KOTOpoMy OyneT
MPEAOCTABIATHCS JTOCTYI MOCPEACTBOM JIUIICBOHW OMO-
MeTpuH. B CBsI3U ¢ pacrpocTpaHCHHEM HOIICHHS MacOK
B TIOCJICTHUE JIBa TO/a aJTOPUTMEI PacllO3HABAHUS JIUI]
CTOJIKHYJIMCh C HOBOW HEpelleHHOH 3anaueil. MeToasl,
UCTIONB3YeMBbIe TS MICHTU(DHUKAIIHN JTUI 0€3 MacOK, IIOX0
paboTaroT WM COBCEM HE PadOTAIOT I WACHTU(DUKAIINN
JIUI B Mackax. Bo3HUKaeT moTpeOHOCTh B JOTIOTHUTEIb-
HBIX HCCIIEIOBAaHUSIX U pa3paboTke HOBBIX 3()(HEKTHBHBIX
METOIIOB U MOJIEIICH, JIs1 00YYCHHUST KOTOPBIX HEOOXOTUMBI
pacIIMPEHHBIC KOPITYChI H300paKCHUH JIFONICH B CPEICTBAX
WH/IUBUYaTbHOM 3aIUThIL.

Kopnycbl n3o0paskenuii 111 pacno3HaHusi JUYHOCTH
B MackKe

ITocne pacnpoctpanenns COVID-19 no Bcemy mupy
W HayaJla MOBCEMECTHOTO HOIICHUSI MAaCOK BO3HHKIIA He-
00XOAMMOCTb B PACHIMPEHHBIX KOPITycax M300pakeHMH
JIFOZICH B MacKax JUlsl pelIeHNs] HOBBIX 33/1a4 KOMITbIOTEPHO-
ro 3peHusi. OCHOBHBIE JIBE 33/1a4H, CBSI3aHHBIE C aHATU30M
n300paKeHNH JIIOJeH B cpe/CTBaX WHANBUIYAILHON 3a-
IIATHI: PACIO3HABAHUS (JIETEKTUPOBAHUE) HATMYNS MACKH
Ha JIMILE YeJIOBeKa U pacro3HaBaHue (MACHTH(OUKAINS WITH
BepH(DUKALMS) TMYHOCTH YEIIOBEKa B MaCKe.

[IpeanonoxeHue o TOM, YTO MOXKHO UCIIONIB30BaTh OJHH
U Te )K€ KOPITyChl JaHHBIX U1 00CHX 3ajad He BIIOJIHE
BepHO. [l1s1 IeTEeKIMU HaJIWYUsl MACKH Ha JIMLE YeJIOBeKa
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rozioieT modoe n300paXkeHue uesioBeKa B Macke, OJHa-
KO, JUISl UICHTH(UKAIIMH YeJIOBeKa MO €ro JIUILY, KOPITyC
JIOJDKEH OBITh pa3MEYeH orpejeleHHbIM o0pa3oM. [l
00yueHHS aTITOPUTMOB PacliO3HAHMS JIUI CyObEKT Ha U30-
OpaXeHNH JTOJDKEH OBITh HACHTH(UINPOBAH, W OH JOJDKEH
BCTPEYATHCS IOCTATOUYHOE KOJIMYECTBO Pa3 B Pa3IMUHBIX
paKypcax, yCcIOBHSAX OCBELUICHHOCTH M OCXK/E I KOp-
PEKTHOTO 00yUeHHMs, BAIMAAIMN U TECTHPOBAHUS MOACIIH.

B [4] npencTaBieH aHaTUTHYECKU 0030p ayInOBH-
3yaJIbHBIX CUCTEM JUJIsl ONPE/IeNICHHs] CPEJICTB HHIMBUIY-
aNbHOM 3aIUTHI Ha JIMIIE YeJIOBEKa, IPUBECH OOIINPHBIHA
aHaJIU3 U CONOCTaBIeHUE 13 N3BECTHBIX KOPITYCOB JIHOICH
B 3aIINTHBIX Mackax. Pe3ynbrarel JaHHOTO aHaIM3a npe-
cTaBJeHBI B padote [3]. OgHako U3 JaHHBIX KOPITYCOB H30-
OpakeHHH JUIsl 3a]]a41 PacIiO3HAHUSI JIUL] TIOIXOUT TOJIBKO
Real-World Masked Face Recognition Dataset (RMFRD)
[4], B ocTanbHBIX 0a3ax JaHHBIX W300paKCHUN CyObEKTHI
HE aHHOTHPOBaHbl. ABTOPBI paboTHI [5] npencraBunm Tpu
KOpITyca M300paKeHHUI JTIofieli B MHANBUIYaIbHOM 3aIIuTe:
The Masked Face Detection Dataset (MFDD), RMFRD
n Masked Face Recognition Dataset (SMFRD). Kopmyc
MFDD Bxutogaet 24 771 nzo0paxeHue JUIl B MaCKax JIst
aJIropuTMOB ornpenenenus Hanmnuus Macku. RMFRD cozep-
xut 5000 nzobpakenunit 525 yenosek B Mackax, u 90 000
n3zo0paxxeHui Tex xe Jiroaen 6e3 macok. RMFRD — ca-
MBI GOJIBIIION KOPITYC pealbHBIX JaHHBIX JUIS 337ad pac-
ro3HaBaHus JinIl B Mackax. Co3aHue GOIIbIIOro Kopiyca
JUISL pAcTIO3HABAHMS JIMI] OYCHb TPYAOEMKasi M pecypcosa-
TpaTHast 3a/1a4a. PacriozHanue JuI — NomyisipHast 001acTh
KOMITBIOTEPHOTO 3PEHHS, U 32 BPEMsI CyIIECTBOBAHHS 3TOM
Ipo0JIEMBbI BO3HUKJIO IOCTATOYHOE KOJIWIECTBO KOPITyCOB
n300pakeHmit A ee pemeHmst. OHAKO HOUICHUE MAaCOK
CTaJI0 MacCOBO IPAKTHUKOBATHCS TOJIBKO B ITOCIIEIHHE TOIbI,
1 ceiyac CymecTByeT HEAOCTaTOK KaueCTBEHHBIX 0a3 JaH-
HBIX M300payKeHUH 1715l MAeHTU(UKALIUY JIIO/Iei B MacKax.
MHorue uccienoBaresiy MpUMEHSIOT METOIbI CHHTE3a HC-
KYCCTBCHHBIX M300pakeHUM, B padote [5] paccmoTpeH
JaHHbIH MeToA. [ nocTrkeHus GOJIbIIEro pa3HOOOpasus
N300paXEHUH aBTOPBI CO3JaJH JIOTIOJHUTEIBHBIH KOPITYC
SMFRD, xotopstii coctout u3 500 000 n3o0pakeHnit aui
B CHHTE3MPOBAHHBIX MacKax.

Kopmyc namasix Masked Face Segmentation and
Recognition (MFSR) [6] cocTouT u3 nByx gacreii. [TlepBas
4acTh BKIIOYaeT 9742 m300paxkeHHs JUI] B MacKax, KO-
Topble coOpanbl u3 MHTepHEeTa. BTOpas 4acTh BKIIFOUAET
11 615 nzo6paskenuii 1004 mruHOCTEH, KOTOPHIE CIACTAHBI
B pEAIbHBIX YCIIOBHUSIX.

Kopmnyc nannbix The Synthetic CelebFaces Attributes
(Synthetic CelebA) cocrout u3 10 000 00IICTIOCTYTHBIX
CUHTETHUYECKHUX M300pakeHui. sl co3manus TaHHOTO
Kopiryca B pabore [7] CHHTE3UPOBaHBI H300paKECHUS U
noOaBieHbl Macku 3 6asoBoro kopmyca CelebA, xoTo-
perit conepxxut 200 000 m300pakeHUT 3HAMCHUTOCTEH.
Koprmyc crenepupoBan ¢ ucnoabzoBanueMm 50 TUIIOB CUH-
TETHYECKUX MACOK Pa3IMYHBIX Pa3MepoB, GOpM, I[BETOB
U CTPYKTYyp. JIsI co3maHms CHHTETHYIECKIX H300paKeHNH
JIUIIO BBIPOBHEHO IO KOOPAMHATAM TJIa3, a 3aTE€M Macka
HaJIoXKeHa BpyuHYIo ¢ omolnsto Adobe Photoshop.

Kopmnye mannbix Synthetic Face-Occluded Dataset [8]
TaKKE CO3/IaH C UCIIOIb30BAHMEM OOIIEIOCTYITHBIX KOPITY-
coB CelebA u CelebA-HQ, mocneauuii coctout u3 30 000

n3zobpaxenuii 3Hamenurocteit. Otmuune CelebA-HD ot
CelebA cocTouT B TOM, 4TO Ha NEPBOM IPEACTABIICHEI
n3o0paxenus B paspemienny HD 1024 x 1024 nukcesos.
Kaxnoe n3o0paxxeHne JMIa BBIPOBHEHO MO TTOJI0KEHUIO
m1a3. OKKITIO3UH CHHTE3WPOBAHBI I00aBICHHUEM OJTHOTO M3
ST 00BEKTOB, OOBIYHO 3aKPBIBAIOIINX JIUIIO: PYK, MACKH,
COJTHIIE3AIIUTHBIX 0YKOB, MUKpodoHa. bonee 40 pazmmy-
HBIX BHIOB Ka)KI0TO 00BEKTa Pa3HBIX pa3MepoB, hopM, IBe-
TOB U CTPYKTYp HaHECEHbI Ha JIMIA CIydailHBIM 00pa3zoM.

Kopmyc nanasix MS1MV?2 [9] npeacrapmsier co6oit Mo-
J(UIIPOBAHHYIO BepCcHIO Kopityca tanHbix MS-Celeb1 M.
MS1MV?2 Bkirouaet 58 muiH nzobpaxenuit 85 000 pas-
JIMYHBIX JIMYHOCTEW. ABTOPBI padoTs [10] mpoussenu no-
0aBieHHe MacOK Ha M300paskeHus n3 xkopmyca MS1MV2
u cozganu Bepcuro MS1MV2-Masked. Tum u 1iBeT Macku
BBIOpaHBI CIy4allHBIM 00pa3oM ISt KaX10ro H300paske-
HUS, 9TOOBI 00€CIIeYnTh OONBITYI0 BapHAaTUBHOCTE 00Y-
yaromux MaHHBIX. [TommHOKecTBO M3 5000 n300pakeHnit
ciydaifHBIM 00pa3oM BeIOpaHo n3 MS1MV2-Masked mms
Bepu(ukarmu Mozeny. Ha sTamne TecTHpoBaHMs aBTOPHI HC-
TIOJIB30BAJIM /1B KOPITyca JAHHBIX PEAJIbHBIX JIUI] B MACKAX:
MFR2 [11] u EMFR [12]. MFR2 coctout u3 269 u3o-
Opaxenuit 53 nuyHOCTEH, B3ATHIX U3 MIHTEpHETA, KOPITyC
BKJIFOYAET B CEOsI B CPEIHEM I10 TISITh M300pa)KeHH Ha ye-
JIOBEKa B CPEJCTBAX MHAMBU/IYaJIbHON 3alUThI U O€3 HUX.

Kopmryc EMFR cobpan ¢ moMoinbero 48 y4acTHUKOB,
KOTOPbIE MCIIOIb30BAJIN JIMYHBIE BeO-KaMephl ISl co3/ia-
HUsT n300pakenni [13]. 3amuch mpoucxonmia B TeUEHUE
TPEX CeaHCOB. ABTOPAMHU CO3/1aHO HECKOJIBKO BapHalnit
KOPITyCOB JaHHBIX. Ha M300paxeHnsIX y4aCTHUKN OBbLIH
B Mackax. /laHHas 4acTh KOpIIyca MOJTy4niIa Ha3BAHUE —
mpoba B Mackax (mask probe).

B pa6ote [13] npemnoxen kopryc nanHbix The Labeled
Faces in the Wild (LFW), koropsiii cocrout u3z 50 000
N300paKCHU pealibHBIX JIFoAel 0e3 MacoK U MpeaHa3Ha-
YeH JUIsl JITOPUTMOB PACIIO3HAHUS JINL. ABTOPbI PaOOTHI
[11] co3nanu momuduxarro LFW-SM, kotopast conepx ur
13 233 uzo0paxkenus 5749 yenoBek ¢ 100aBICHUEM CMO-
JISITMPOBAHHBIX MaCOK.

AHaJIOTUYHBIMU CHHTETHYECKUMH CIIOCOOaMU CO3/aHbI
koprrycel MFV i MFI [14], BUAA-VisNir [15], VGG-
Face2 m [16], CASIA-FaceV5 m [16] u Webface [17].
ITonHbIi COMCOK PACCMOTPEHHBIX KOPIYCOB, @ TAKXKE UX
XapaKTEPUCTUKH IIPE/ICTaBICHBI B Ta0M. 1.

CpaBHMTEJBHBII aHAJM3 METOJ0B PACTIO3HAHUS JIUI
J1oaei B Macke

ITocne BBemeHUsT 0043aTETLHOTO MACOYHOTO PEKHU-
Ma B OONBIINHCTBE CTPaH MHPA CHCTEMBI PACTIO3HAHU
TuI, pa3paboTaHHBIC B JOKOBHIHYIO 3PY, CTOIKHYIUCH
¢ HOBBIMH Ipobiiemamu. Macka 3aKpbIBaeT 4acTh JUIA
U MPEeISITCTBYET JanbHeimed kinaccuduxanuu. OonacTb
HOCa OYeHb BaXKHA B 3a/1a4€ pacro3HaBaHUsI JIMII, TaK KaK
OHa HMCTIOJIb3YETCS ISl HOpMATU3AINH JIUIA U KOPPEKIINU
M03bI ¥ MOBOPOTA rojioBbl. OJIHAKO MacKa MPaKTHUYECKU
BCET/Ia 3aKPbIBAET HOC, CYHIECTBEHHO YCIIOXKHSS 3a/1a4y
pacro3Hanus auna. Jist pemeHus dTHX mpodiieM Heo0Xo-
MBI HOBBIC MOJICIH U METO/BL.

B pabote [19] ucronp30BaH caMblii OUCBHUIHBIH MOIXO
K PacIo3HAHUIO JIUIA B YCIOBUAX YaCTUIHOTO TIEPEKPHI-
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Tabnuya 1. Koprycel n300paskeHHH JIFONCH B 3aIIUTHBIX MacKax
Table 1. Masked face datasets

Kopyc KOHH‘IeCTBOu KOJ‘IH‘ICC}'BO KomnaectBo CLIOCO6 HATOKCHIS MACOK
1300paKeHNU nroneit THITOB MacOK
RMFRD [5] 95 000 525 1 PeanbHbIit
SMFRD [5] 500 000 10 000 1 CHHTETHYECKUI
MFSR [6] 11 615 1004 1 PeanbHbIit/cuHTETHYC CKUT
LFW-SM [11] 13 233 5749 4 CHHTETHYECKUI
MEFR2 [11] 269 53 5 CHHTETHYCCKUIT
MEFV [14] 400 200 1 CHHTETHYCCKUH
MFI [14] 4916 669 1 CHHTETHYECKUT
MED [5] 990 45 5 CuHTeTHuecKuit
MFW-mini [18] 3000 300 14 CHHTETHYECKUI
SFOD [8] 30 000 307 40 CuHTeTHYECKUN
MSIMV2-Masked [9] 5,8 MutH 85000 1 CHHTETHYCCKHU
CASIA NIR-VIS 2.0 [16] 17 580 725 5 CHHTETHYECKUI

THSl — W3BJIEYCHO MAKCHMaJIbHOE KOJIMUYECTBO MPHU3HA-
KOB M3 oOmacTeil uia, He 3aKPhITHIX MACKOH, HTHOPHPYS
ocTanbHble. [IpuMeHeHbl peABapuTeaIbHO 00yUEHHBIC
cBeprounbie Heliponusie cetu (Convolutional Neural
Network, CNN). B ocHOBHOM M3 MCXOIHBIX H300paxe-
HUIl NCIIOJIB30BaHBI TOJNIBKO 00JacTH m1a3 u jiba. 3arem
JUIsL KBAHTOBAHMSI MIPEJICTABICHNS Ha MOCJIEHEM CBep-
TOYHOM CJIO€ TIPUMEHEH aJTrOPUTM «MEIIOK MPU3HAKOB)
(bag-of-features) mis 00y4deHUs, TECTUPOBAHUS U BaJIH 1A~
LMY Uconb30BaH kopiyc qaHHsix RMFRD. B [20] Takxe
npumeHeH kopnyc RMFRD, kackan Xaapa u HelipoHHas
ceTb MobileNet st 0OHapykeHHsI TpagUIECKOTO peTHoHa
MacK{ M JaibHelnIero ero ynaneHus. s xmaccupuka-
LM OCTAaBIIEHCS 00IACTH JINIIa UCTIONB30BAaHBI HEHPOCETH
VGG16 u Triplet Loss FaceNet B MHOrOIIOTOYHOM PEKUME.

B [21] npencraBnena Mojaenb nIyOOKoro oOyueHwus,
ocHoBaHHas Ha QyHkimu ArcFace. i3MeHeHus! BHECCHBI B
(YHKIIMU W3BJICUEHUS IPU3HAKOB M TIOTepb. V3 ncxomHoro
KOpITyca JaHHBIX paclo3HaBaHMs JIMI CTeHEPHPOBaHa Bep-
CHsI C MacKaMH, a JUIsl KilacCH(UKAIMK TPUMEHEHA MOJICTb
ResNet-50. B urore nomy4yena KOMOMHUPOBAHHAS MOJIEIb,
cocrosimasi u3 MoguduIupoBanHoit ¢pynkunn ArcFace u
HeiipoceTn ResNet-50. [lanHbIi MeTOJ Ha3BaH MYJIbTH-
3amagnbiM ArcFace (Multi-Task ArcFace). B pesynsrare
pecypco3aTpaTHOCTh KOHEYHON MOJIEH OKa3alach MPUEM-
JIEMOM, UTO TOCTUTHYTO 32 CUET UCIIONB30BaHMs O0NIeTdeH-
Hoit Bepcun ResNet-50.

B pab6ore [22] pa3paborana cetb FaceMaskNet-21,
oOyueHHasi ¢ MOMOIIbI0 4-MEpPHBIX KOpTEkel ¢ riaybo-
KHM METpHYECKHM oOydeHneM. B ceTw mcnoib3oBaHBbI
128-MepHbIe KOMPOBKH, CTEHEPUPOBAHHBIC JUIS KaXKI0TO
JMIa B KOPITyCe JAHHBIX, a JUISl PACIIO3HaHHsI — IPU3HAKH,
JOCTYIHBIE B OTKPBITHIX YacTsX JIMIA, IV1a3, J10a 1 KOHTY-
pa muna. [Ipumenensr Histogram of Oriented Gradients
(HOG) ¢ynkunu ais 6onee akTHBHOTO paclo3HAHUS U
xopmycsl ganHeIx: RMFRD, MFDD u SMFRD.

B [11] mpemiokeH mporpaMMHBI HHCTPYMEHTAPH
MaskTheFace s reHepaniuu CHHTETHYECKAX KOPITYCOB
M300paKeHUH JIUI] B MacKax. IHCTpyMEHTapHil HCIIOb3YeT
OPHMEHTHUPBI Ha JIUIAX, YTOOBI ONPE/ICIIUTD KIIOUEBbIE OCO-

OCHHOCTH M HAKJIOH JINMA U AaTbHEHIIEro HaJT0KEHUS
macku. Co3nana moaens MaskTheFace ms pacriosnaBanust
JIMIT B Macke ¢ ImoMoIisio cuctembl FaceNet, co3maromeit
amMOauHTH Jnil. J{ns oOydenus FaceNet ncnonb30BaHbI
n300paxenus iuiia u3 koprnyca VGGFace2 u 42 cnyuaitno
CTeHEePUPOBAaHHBIX N300PaKEHUsSI ATOTO JIUIA B PA3THYHBIX
Mackax. [Tomyuennsriii kopryc Ha3Ban VGGFace2-mini-SM
U SIBJISICTCS JIOCTATOYHO Pa3HOOOpPA3HBIM, a MAacKH, Hajo-
JKEHHBIE CHHTETHYECKUM 00pa3oM, XOPOIIO COBIAAAIOT C
yuroM. OTHAKO TOYHOCTH PACIIO3HAHUS JIUI] C TOMOIIBI0
monenu MaskTheFace cocrasisieT 86 %, 4To sIBIsICTCS HE
CaMBIM BBICOKHM ITOKa3aTeIIeM.

CNN wucnonb3oBansl B padote [20], Tae npemioxkeHa
KOH(UTYpaIHsi MHOT03aJa9HON KacKaIHOW CBEPTOUHOM
Heiiponnoit cetn (MTCNN) st oOHapYyKEeHHS YacTel
JiMa, HE 3aKPBITHIX MACKOH. COOTBeTCTByIOHII/Ie qacTu
JIMILIA TT0CTIe HEKOTOPOH MpeaoOpaboTKy MpoaHaIn3upoBa-
HbI Moziebio FaceNet, koTopast HeoOXoquMa ISl BBIYKC-
JICHUS] BBICOKOYPOBHEBBIX IPH3HAKOB. BhICOKOypOBHEBBIE
MPU3HAKK KI1aCCH(UIIMPOBAHBI C TOMOIIIBIO METOJIa OIop-
HBIX BekTOpoB (Support Vector Machine, SVM) st oy-
YCHHS KOHEYHOTO Pe3yiIbTara NACHTH(PUKAINN THIHOCTH.
JlaHHAs cuCTeMa HCIOTb30BaHa B IBYX CIICHApHsAX. B mep-
BOM CIIy9ae B Ka9eCTBE BXOTHBIX JAHHBIX JJIS 00ydeHUS
MIPUMEHEHBI JTuia 0e3 Macok, a Ui TECTUPOBAHUI — B
Mackax, BO BTOPOM — 00a BapHaHTa N300pakeHUH JTUI]
pu 00y9EeHUHU U TECTUPOBAHHH.

Kpome xopnycoB MFR, MFV u MFI B pa6ore [13]
[NPEIUIOKEH METO TPUAHTYJISILUYU, IPUMEHAEMbIN s
pasneneHus M300paKeHUI Ha MaJeHbKUE TPEYTrOJbHUKH.
Kaxxgomy TpeyroiabHuUKy M300pa)keHHs JUIa COOTBET-
CTBYET TPEYToJbHUK M300paxkeHus macku. Takol moj-
XOJl IPUMEHEH ISl CO3/1aHuUsI HCKYCCTBEHHBIX KOPITYCOB
n300pakeHuit muI B Mackax. JlJIst pacrio3HaBaHUS JTUI]
TpeIITOKEeHA MOJIEITh OOHAPYKeHHMS CKPBITHIX YacTei Latent
Part Detection, koTopasi OCHOBaHa Ha TPEIIOJIIOKEHUN,
YTO YEIIOBEK MPH PACIO3HABAHWH JIMIIA AHAJIH3UPYET BH-
JUMBIC CKPBITBIC YacTH JINIA, 3aKPbIThIe Mackor. OmHako
(hakT TOTO, UTO MacKa BCETrJa OTpakaeT MPU3HAKHU JINIIA,
CKPBITOI'O IO Heﬁ, CIIpaBCAJIMB HE JIJId BCEX THUITOB MACOK.
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EcTb coMHeHUsI, 4TO MPEIUIOKEHHBIH METO/ J0CTaTOYHO
YHUBEPCAJICH JUISl BCEX CPEJICTB MH/IMBU/yaTbHOM 3alUTHI.

OnHUM 13 CTIOCOOO0B PEIICHHMS TPOOIIEMBI TEPEKPBITHS
YaCTH JINIA TIPH €r0 PACTIO3HAHUH MOXKET ObITh aBTOMATH-
YECKOE JIONOJIHEHUE ero OTKpbITON yactu. B [7] ucnons3o-
BaH 3TOT IIPUHINM U MPEATIOKEH METOJ] aBTOMAaTHIECKOTO
yaajaeHust 0ObEKTOB C JIMIIAa U CHHTE3a TMOBPEXKICHHBIX
o0nacTel ¢ COXpaHEHHEM MCXOIHOW CTPYKTYPHI. ABTODPEI
COXPaHWJIU CTPYKTYpHOE U (POPMEHHOE ITOCTOSHCTBO II0-
JIY4EHHOTO JIUIIA C UCTIOIb30BAHUEM JIBYX AUCKPUMHHATO-
POB, OOYyUYEHHBIX ISl BOCCTAHOBIJICHHUS CTPOSHHUS 3aKPBITON
obmactu. J{is 9TO# 3amaun UCIOIH30BaH CHHTETHYECKUM
KopItyc naHHbIX Ha ocHoBe CelebA, Tak kak He ObLIO BO3-
MOYKHOCTH IIPUMEHUTH pealbHbIe JaHHbIE H3-32 OTCYT-
CTBHSI Iapbl M300paKEHUH JItofiel B Mackax U 0Oe3 Hee B
OTKpBITOM jpoctytie. [TomydeHnast o0betMHEHHAs MOZIEIb C
TIPSIMOH CBSI3BIO MPOU3BOUT CTPYKTYPHO TIPABIOTIOIO0HBIE
n3zo0paxenus nmuu. Mccnenosarenan npoBenn TeCTHPOBa-
HHUE CBOETO METO/1a BOCCTAHOBIICHNUS B CBSI3KE C UETBHIPHMS
COBpeMEHHBIMU MofessiMu pacriosHanus mui: VGGFace,
FaceNet, OpenFace n DeepFace. [lony4ueHHbIe CHCTEMBI
MIPOJIEMOHCTPHUPOBAJIH BHICOKYIO TOYHOCTBIO B 33]1a4e pac-
IIO3HaHWA JIUIl B MaCKax.

B [20] npencrapien MeTon JONOIHEHHsT 00IacTH Ma-
cku. Pa3paboranHast cucreMa yiIydliaeT pa3perieHue H30-
Opa’keHUH ¢ MOMOIIBIO PACIIMPEHHOW CBEPTKU U YMEHb-
IaeT 1moTepro MHGopManuyu ¢ MOMOLIBI0 MEXaHHU3Ma
BHUMaHus (attention). [l pacro3HaHMs JTOTOJTHEHHBIX
JIMI Mcnosib30BaHa Moziens ResNet, 1t o0ydeHust — Kop-
mycsl RMFRD u SMFRD.

B pabote [23] npeacraieHa cxema Jisl pacliO3HAHUS
JIMI] B MacKaxX, OCHOBaHHAs Ha JCOKKIIO3UOHHOMN JuC-
twursiin (Deoclussion Distillation). Oxkiro3usimu 31ech
Ha3BIBAIOTCS MAaCKH, 3aKPBIBAIONINE YaCTh JUIA, a Je-
OKKJTFO3HEH — TIpoIIece OTaeNIieHus Macku. Pa3paboTanHas
cHUcTeMa BKIIIOYACT JBa MOIYJSA: MOAYIb MEOKKITIO3HH,
COCTOSAIMI M3 F€HEPAaTUBHO-COCTA3AaTEIbHOU CETH
(GAN), KoTOpas CIyXHUT IJII AOTOJHEHUS 3aKPBITOM
YacTH M300paKeHUS JUILA U MOXYJNS, BBIOITHAIONIC-
ro auctuusiiuio. [IpeaBapurensHo 00ydeHHAs MOICITb
paCHO?:HaBaHI/IH JINIY aI[aHTI/IpyeT CBOHU 3HAHUA O JULaAX
¢ momoupo auctuanuy 3Hanuid moaeau VGGFace?2.
JomonautensHo Obla 00y4eHa pa3paboTaHHAs MOJCIH
JUIsL KiacCU(UKAIMU MacKy Ha TPH Kjacca: MPOCTHIE,
CJIOKHBIC ¥ THOPHTHEIC.

OmHUM U3 TPUMCHEHUH CHCTEM WACHTU(DUKAIINN JIHII
B MacKaxX — BBIIBIICHHUE MTPECTYITHUKOB B IIYOJIHMYHBIX Me-
CTaX, TaKOH CLIEHApHUH pacCMOTPEH, HapuMep B padboTe
[24], toe mpexncTaBieH METO] MIOBTOPHOH HIIEHTH(HKA-
nuu nemexonaoB RelD. JlanHbIii MeTO 3aKIIIOYaeTCs B
TIOTIBITKE HAWTH CBA3M MEXKIy M300pakeHISIMHA B MacKe U
0e3 MacKH OHOTO U TOTO K€ 4YesioBeka. MeTo/ 1 TOBTOPHO
W3BJICKACT JOKAJIbHBIC M [TI00aJbHbIC MPU3HAKH JIUIA B
MacCKe nu I/I3MepﬂeT CXOACTBO Me)KI[y HNCXOOAHBIM U BCEMU
MU300paXKCHUSIMH U3 OMpPEIeICHHON 6a3bl naHHbIX. [Ipu
HAXOXKJICHUH COBIIAJICHUS TIPOU3BOIAUTCS HUICHTH(DUKAIIUS
¢ noMousto Heifpoceru FaceNet. ConoctaBnenue paccmMo-
TPEHHBIX METOIOB, a TaKXKe OICHKU uX d(pdekTuBHOCTH
TIPEICTaBICHEI B TA0M. 2.

Tabnuya 2. ConocTaBiaeHUue METOJOB PACTIO3HAHNUS JIUII B MacKax

Table 2. Masked face recognition methods comparison

PaGora Monens Koprmyc ITokazarens 3HaueHme
pacro3HaBaHuUs JTAHHBIX 3¢ PeKTHBHOCTH

Din et al. [7] (2020) GAN CelebA Fréchet inception distance 6,102 6amtoB

Yalavarth et al. [19] (2020) | CNN RMFRD Positive Predictive Value 60,17 6amtos

Montero et al. [21] (2021) | MTArcFace LFW, CFP, Agedb To4uHOCTB pacrmo3HaBaHUs 99,78 %

Hariri et al. [19] (2021) VGG-16, AlexNet, ResNet-50 | RMFRD, SMFRD TouyHOCTB pacno3HaBaHus 91,30 %

Maharani et al. [20] (2020) | VGG-16 U FaceNet CoOCTBEHHBIH KOpITYC TouyHOCTB pacno3HaBaHUs 100 %

Boutros et al. [10] (2021) ResNet-50, MobileFaceNet MSIMV2, MFR, MRF2 Equal Error Rate (EER) 7,82 GannoB

Golwalkar et al. [22] (2020) | Face MaskNet-21 CoOCTBEHHBIH KOPITyC TouHOCTB pacrmo3HaBaHUs 88,92 %

Hong et al. [24] (2020) Cetb ¢ Mexanu3smMoM BHuUMa- | MFDD, RMFRD TouHOCTb pacrio3HaBaHUs 95,05 %

Hus (Attention-based)

Anwar et al. [11] (2020) MaskThe Face VGGFace2-mini-SM, | TouynocTs pacro3HaBaHusl 97,25 %
LFW-SM

Mandal et al. [25] (2021) ResNet-50 RMFRD TouHOCTH pacro3HaBaHUs 87,00 %

Ejaz et al. [20] (2019) MTCNN MFD TouHOCTb pacrno3HaBaHUs 98,50 %

Deng et al. [16] (2021) GAN MFSR, CASIA-WebFace, | TounocTh pacrio3HaBaHus 86,50 %
VGGFace2

Li et al. [23] (2020) GANS Celeb-A, LFW, AR To4HOCTB pacrno3HaBaHUs 95,44 %

Ding et al. [14] (2020) Two-branch CNN MFV, MFI, LFW TounocTh pacnoszHaBanus | 93,70 %

(Rank3)

Du et al. [26] (2021) Siamese ceTn Oulu-CASIA NIR-VIS, | Tounocts pacno3naBanus | 98,60 %
BUAA-VisNir (Rank1)

Wu et al. [27] (2021) ResNet RMFRD, SMFRD To4HOCTB pacno3HaBaHUs 95,00 %

LiY etal. [28] (2021) CBAM Webface, AR, Yela B, LFW | TouHocTh pacno3HaBaHus 92,61 %
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Cucrembl pacnosHaHusd Jwoaei
B HH}II/IBHZIyaJ'll)HOﬁ 3alIMTe Mo rojaocy

YcTHas peus — caMblif €CTeCTBEHHBIH crocod obme-
HUSI MEXIy JTroAbMH. [IoMHMO CMBIC/Ia TIPOU3HECEHHBIX
CJIOB, PEUEBOIl CUTHAJ MepeaacT MapaJTuHTBUCTHYECKYIO
UH(OPMALIUIO O TMYHOCTH TOBOPSIILIETO, €r0 XapaKTePUCTH-
KaxX ¥ SMOLIMOHAIILHOM COCTOSIHMH, aKyCTHYECKOH cpese,
sI3bIKe, aKieHTe u T. A. CyneOHO-KpUMHHAIUCTHYECKUN
aHaJIM3 PEYU U roj0ca JTUKTOpa MO3BOJISIET BBISBISITH Mpa-
BOHApPYIIHUTENEH, UCIIOIb3YsI 3alIMCH C MeCTa MpecTyIuie-
Hus. OTHAKO COBPEMEHHBIE CUCTEMBl UACHTH()HUKATUN
JMYHOCTH TI0 TOJIOCY CTAJIKHBAIOTCS C TPYAHOCTSAMH IIPH
00paboTKe CHHTE3NPOBAHHOTO, MOTU(PHUITPOBAHHOTO, TIOJI-
JIETTAaHHOTO WJIN €CTECTBEHHO N3MEHEHHOTO CUTHAA.

JIist COKPBITHSL TMYHOCTHU NMPECTYIHUKU CTAIA YacTo
HCIIONIb30BaTh MEAUIIMHCKKE Macku [29]. Homenne macku
BJIMACT HA MPOU3HOCHUMYIO pC€Ub KaK aKTUBHBIM, TaK U
NACCUBHBIM 00pa3oM. BoJbIIMHCTBO CPENCTB MHAMBH-
JyaJIbHON 3alIUThl XapaKTepU3yIOTCs 3BYKOIOIIOLIAI0-
IIMMH CBOMCTBAaMH, a TaK)Ke 3aTPparuBaloT MeXaHU3MbI
peueBoii apTUKYISIIUU. B 3aBUCMMOCTH OT THIIa MacKH,
CTETICHH €€ KOHTAaKTa M CONPUKOCHOBEHHS C JILIOM, Ma-
CKa OTpaHMYMBACT apTHKY/ISITOPHBIC JIBMKEHHUS B PA3HOU
CTETIeHH. DTH OTPAHUYCHHS M3MEHSIOT HOPMAJIBHYIO ap-
TUKYJSIIUIO HEKOTOPBIX COIVIACHBIX 3BYKOB, HAIIpHMED,
/m/ u /m/.

Brnusane Macku Ha MASHTH(QUKAINIO coOeceqHnKa
nccienoBano B padote [30], rae n3ydeHsl HEKOTOPBIE CIOo-
C06BI HU3MCHCHUI T0JI0Ca, B TOM YHCJIC U MCAUIITMHCKHC
macku. [Ipencrasnena naeHTU(HUKALMS YeT0BEeKa 110 T0JI0-
cy ¢ nomouipio cucteMbl FASRS, u uzyuens! unenrudu-
Kal[MOHHBIE 0aJuTbl JUIs KaXKJIOTO YJIeHAa TPYIIIBI 1IeJIEeBhIX
JUKTOpPOB. B pesynbrare cienan BBIBOJ, YTO HOLICHUE
XUPYPru4ecKkoil Macky HeOJIarompusTHO BIUSET Ha pac-
MI03HABaHNUE JIMIIA.

B pabore [31] mpeampuHsTa TOMBITKA H3MEPHUTH BITUS-
HHE MacOK Ha YaCTOTHBIC XapaKTepHcTHKH peur. [lorepn
IIpU mepeade ayaAnoCHIHAIa U3MEPSUTICh ITyTeM BOCIIPO-
WU3BECHUS PEUU YE€PE3 IPOMKOTOBOPUTEID U JaJIbHEUIIEH
€Tro 3aIliCH ¢ TIOMOLIBI0 MUKPO(OHA, OTAEIEHHOTO OT AU-
HamuKa JiuieBoi mackoi. [lorepu B mepenaye MOIIHOCTH
AyAUOCUTHAJIOB B PAa3JIMYHBIX JHalla30HaXx CJbIIIUMBIX
4acTOT U3MEPEHbI i 44 MacOK U3 Pa3IMYHBIX TKAHBIX
MarepuanoB. [lonmydeH oueBHIHBIN pe3yabTar, 4ToO MoTe-
pH IIepeady 3aBUCST OT Beca, TOJIIIUHBI M TUIOTHOCTH/
MOPUCTOCTU TKaHU. TakxKe 3aMEUYEHO, YTO MOIIIOIIEHUE
3BYKOBOW 9HEPTHH B PA3HBIX TKaHSAX MPUBOANT K OOJIBIINM

MOTEPSIM SHCPTHH B BRICOKOYACTOTHBIX JTHAMA30HAX, YeM B
HHU3KOYaCTOTHBIX.

JIJis uccnenoBaHus M PeICHHs IPOOIeM paciO3HAHUS
JUYHOCTH TIO TOJIOCY HEOOXOIUMBI OOIIUPHEBIC pEUYCBBIC
0a3bl TaHHBIX.

Kopnychl ayninoaaHHbIX /ISl PACIIO3HABAHUS
JIMYHOCTH B MacKe

B [30] nmpeacrasneH KOpIyC ped4eBbIX AAHHBIX B YCIIO-
BUSIX TIEPEKPBITHS JHLA JUKTOPA Pa3InIHBIMH O0BEKTaMH
(Speaking Under Face Cover Corpus, SUFCC). [lanHas
0a3a JaHHBIX CO3[aHa JJIsl aBTOMATHYECKOTO PACIIO3HABA-
HUSI JTMYHOCTH ToBopsmiero. [Ipn 3anucu ucmonb30BaHbl
YETBIPE TUITA OJICK/IbI Ha JIMIIE, KOTOPbIE JIFOJH Yallle BCETO
HOCSIT B OOIIECTBEHHBIX MECTAaX: MOTOIMKJIETHBIH ILIEM,
pe3nHOBasi Macka, MEAUIMHCKas Macka, mwapd.

3anucH cliesiaHbl B 3ByKOM30JIMPOBAHHOM KOMHATE 110~
AgbI0 OKOJIO 5 M2 C JByMsI OKHAMH U JBOMHBIMH JBEPS-
MH. JlaHHBIC W3HAYAIBLHO 3alKUCcaHbl ¢ yactoTon 44,1 k',
B 16-6utHOM (hopmMaTe MOHO. 3anUCh BEJACh OJHOBpE-
MEHHO C TpeX MHKPO(GOHOB: FapHUTYPbI, Pa3MELICHHOM
Bo3uie pra ropopsiero (AKG C444), mukpodona (AKG
C4000B), mpuKpeNIeHHOTO K CTEHE C MPABOH CTOPOHEI
nuHamuka, Mukpodona (AKG C4000B), pacrionoxeHHOTO
3a TUHaMHUKOM. J[JIst 3ammcy KaXKAblii y9acTHHK IPOU3HO-
CHJI 3apaHee TIOATOTOBICHHBIH, (PUKCHPOBAHHBINA TEKCT, 1
HEKOTOPBII OTPBIBOK CIIOHTAHHOM peun. JlaHHbIE eiCTBUSA
3anucaHbl Ui BCEX THUIIOB MacOK B TEUEHHUE JBYX CEaH-
coB. B akcriepuMenTe MpUHSIIN y4acThe JIFOJH B BO3PACTE
ot 21 mo 28 net. Kaxkmast 3anuces gmminack ot 60 go 90 c.
KoHTposbHas 3anuck 6e3 Macku 3anucana 0e3 yCHUIICHHs
ayauocurHaia. PedeBas 6a3a JaHHBIX BKIIIOYACT 3aITUCH
4 MyX4HH ¥ 4 )KxeHIIHH, Bcero 60 aynuodaiinos oomen
JIAUTEIBbHOCTBIO 1,5 4 J1s KaXkJ0T0o U3 § y4aCTHUKOB.
Tumnbl Macok, UCTIONB3YEMBIX B HCCIICIOBAHHH, TTPEICTaB-
JIeHbl Ha puc. 1.

HccnenoBanne BIMSTHAS MACOK HA KaU€CTBO PACIIO3HA-
HUS TUIHOCTH TOBOPSIIIETO pacCMOTPEeHO B pabdote [32].
Cosnan xopmyc aynnoganaeix OWR Audio Face Covering
Corpus (OWR-AFCC), cocTostmuii u3 00pa3iioB KOPOTKOM
peun 8 yqacTHUKOB (6 My>KYUH U 2 KEHIINH). 3aucH Ipo-
W3BEJICHBI HA JIMYHBIE CMAapT(OHBI YYaCTHUKOB: 0€3 MacoK,
C TKaHEBBIM IOKPBITUEM JIULA U MEAULUHCKON MacKOM.
OKCHEPUMEHT BBINTOJIHEH B JIBE CECCUU: B IMIOMEIICHUH U
Ha yJIHIe.

Audio-Visual Face Cover Corpus (AVFCC) [33] —
OJIMH U3 CaMbIX IPEACTABUTEIBHBIX KOPITYCOB AJISI pac-

Y
SN B

Puc. 1. Tumsl Macok, UCTONb3yeMble B uccienoBannu [30]: MOTOLMKIETHBIH 1uTeM (a); pe3uHoBas Macka (b); MEIUIIMHCKAsT MacKa
(c); map@ (d)
Fig 1. Types of masks used in research [30]: motorcycle helmet (a), rubber mask (b), surgery mask (c), scarf (d)
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MO3HAHUS JIOJIeH 10 ToN0Cy B CPEACTBAX MHAUBHUAYallb-
HoH 3amuThl. COCTOUT N3 BHICOKOKAQYECTBEHHBIX ayJHO- 1
Bujeo3anuceid 10 HocuTeneit OpUTaHCKOTO aHTITUHCKOTO
SI3BIKA B PA3JIMYHBIX THIAX JINIEBBIX MACOK. YUaCTHUKH
SKCIIEpIMEHTa IPOM3HOCHIIN BCIIyX Kopryc u3 64 /C1VC2/
cJI0TOB (TpexOYKBEHHOE CIIOBO, COCTOSIIIEE U3 COITIACHOM,
3a KOTOPOM ClIelyeT IacHas, a 3aTeM €Ie OJHa COIac-
Hasl), BCTPOCHHBIX B HeCylryto ¢pasy. CIIUCOK CIOB OBLI
noBTopeH 1 + 8 pa3: 1 pa3 B KOHTPOJIHHOM COCTOSTHUU
8 pa3 B pa3nUYHBIX BUIAX MACOK. AyIn03anucH Mpon3Bo-
JIMJTICH C TIOMOIIBIO ayIMOTapHUTYPBI U JIBYX MHKpPO]O-
HOB, PACHOJIOKEHHBIX Mepe TOBOPSIIUM U 10331 HETO.
Takum 00pazoM, BCEro Ha KaxJ0€ yCTPOICTBO 3alnCcaHo
6120 BbICKa3bIBaHUI. DTOT KOPITyC CO3/aH KaK /Ul CMEX-
HBIX 00JIacTel MCCIIeI0BaHUH TOJI0COBBIX XapaKTEPUCTHK,
TaK 1 JUIsl TEeMaTHIECKUX NCCIICIOBAHNH, KAKUM U SIBJIACTCS
nAeHTH(UKAINS JIFOAEH 110 TOJIoCy.

B 2020 rony Ha MeXayHapOAHBIX COPEBHOBAHUSX 110
KoMITbI0TepHOH mapamuHrBrcTHKe ComParE-2020 B pam-
kax koH(pepenn INTERSPEECH 6511 ipeactaBieH Kop-
nyc aynuonanubix Mask Augsburg Speech Corpus (MASC)
[34]. Kopriyc nipeHa3zHaueH JUisl 3a7a4u JeTeKTUPOBAHUS
HAJINYMS MAacKU Ha JIMIE YeJIO0BeKa IMOCPECTBOM aHaIH3a
peun. B naHHOM KOpIyce TakyKe HJIeHTH(PUIMPOBAHBI CEC-
CHH JUUISl KXKJIOTO CyOBeKTa — y4acTHUKA SKCIIEPUMEHTA,
YTO MO3BOJISIET €T UCIIONIB30BATh | IS 33]1a41 pacIio3Ha-
HUSI JTIOZIeH 1o rostocy. B skcriepumenTe npuHsIM ydactue
16 >xeHIIMH U 16 My»X4UH, SIBISIIOIIMXCS HOCUTEISIMU He-
MEIIKOTO SI3bIKa (CpeHHUH BO3pACT YIACTHUKOB — 25 JIeT).
3anucu cienaHbl ¢ UCHOIb30BaHHUEM KOHJECHCATOPHOTO
mukpodora AKG C4500 BC, ucxomHsle JTaHHBIC UM Ya-
croty auckperm3anun 48 kI 11, a B qanpHeimem ObUTH Cka-
ThI 10 16 k['11. Aynroaiinsl pa3aeneHbl Ha OIMHAKOBBIE
KOPOTKHE (parMeHThl pedr MPOIOJKUTEIBHOCTHIO B 1 C.

CobcrBenHblit peueBoii kopiryc Mask Sorbonne Speech
Corpus (MSSC) [34] cobpaH ogHOU U3 KOMaHJ-y4acT-
HUKOB copeBHOBaHuit ComParE 2020 ana pacmupenus
oOyuatonux gaHHBIX Kopnyca MASC. [lnst uMuranun
YeJI0BEYECKOT0 r0JI0Ca UCIOIB30BaHa AKyCTUUECKasl CUCTe-

Ma — Bose Sound-Link micro. IIponecc 3amnucu kopmyca
MIPOXO/MJ B JIBa 3Tala: CHayaja ¢ MOMOIIBIO JTHHAMHKA
npourpsiBaircsk 1000 BeickaspiBanmii oT 30 nHGOpPMaHTOB
(15 MmyxunH 1 15 KeHIMH), KOTOpbIe BEIOPAHBI U3 peue-
Boro kopryca German Distant Speech Data Corpus [35].
[lanee Ha KOJIOHKY Ha/jeBaJlach MEIUIMHCKAs MacKa, U
CHOBA TIPOUTPHIBAINCH 3TU XKE BBICKA3bIBaHUA. B pe3yib-
TaTe OBUT CO3/IaH CHHTETUYECKUN KOPIYC, COAEpKAIIUN
BBICKa3bIBaHMUS JIFOJICH B MacKax 1 0e3 HUX.

[TepeueHb pacCMOTPEHHBIX KOPITYCOB JIJIsl paCciO3HAHUS
JIOZIed B CPE/ICTBAaX MHAMBUIYaJIbHOW 3aIlIUTHI TIPEICTaB-
JeH B Ta0i. 3. Hannvne KopiycoB aHHBIX [UIsi pacrio3Ha-
HUS IMYHOCTH YeJIOBEKa M0 XapaKTEPUCTHKAM €ro Tooca B
MackKe IT03BOJISIET IIPOBOINTH UCCIIEA0BAHUS U Pa3pabOTKH
JUIsl pEILICHNUS IAHHOW 3a/1a4uM.

CpaBHHUTeIbHBII aHAJIM3 METO0B PACIO3HABAHUS
JIMYHOCTH JII0/iell B MacKe M0 rojocy

B [30] kpome co3nanus kopmyca SUFCC paspabo-
TaHa cHcTeMa MJICHTU(HUKAINU YeJIOBEKa M0 €ro royocy.
TexcToHe3aBucuMast MICHTH(UKAINS TOBOPSILETo cTaja
aKTyaJIbHOW 3a/aueill B mocienHee aecsruierue. B pa-
6ote [30] aBTOPHI MPEAIOIOKIIN, YTO CaMOE TepCIIeK-
THUBHOE HAIlpaBJICHHE — IOXOJl Ha OCHOBE i-BEKTOPOB.
ApxuTeKTypa pa3pabOTaHHON CHCTEMBI NIPECTaBICHA Ha
puc. 2.

B pesynbrare ucnosnb3oana rorosas cucrema RUN,
YCIIEIITHO 3apEKOMEH/10BaBILast ce0sl B peallbHbIX KPUMUHA-
JUCTUYECKHUX ycIoBUAX. Cxema MpeisIoKeHHOTO B paboTe
[30] MeTona n3BIEUCHHMS MPU3HAKOB N300paskeHa Ha PHC. 3.

T'ostocoBoii curnai paszaeieH Ha Kaapbl JIUTEIbHOCTBIO
30 mc co cauroM B 15 mc. 11 KagpupOBaHHOTO CUTHAIA
MIPOU3BECHO JIMHEHHOE IPOrHO3UPOBAaHNE KPATKOBPEMEH-
Horo crnekrpa. Jlanee 19 Men-4aCTOTHBIX KEHNCTPAIbHBIX
koa(durentoB (MFCC) u3BnedeHs! 1 10MOTHEHBI SHEP-
rusimu Kagpa. [Tpomssenena RASTA ¢umsrpanus u pacder
A u AA xapaktepuctuk. B pesymnbrate copMUpOBaHBI BEK-
TOpBI ipu3HaKoB U3 60 KoMIoHeHTOB. Ha mocennem stare

Tabnuya 3. CpaBHEHHE KOPITYCOB ayTHOAaHHbBIX JJIsl PACTIO3HABAHMUS JIFONICH B MacKax

Table 3. Comparison of datasets for masked speaker recognition

KonuuecTso IIponomxu- KonuuectBo sx3eMIuisipoB
Kopmycet S3pIK dopmar TaHHBIX
JUKTOPOB TEJIBHOCTb, 4 B KQ)KJIOM KJ1acce
SUFCC [30] 4 myxunssl | Aummiicknit | 44,1 x['m, B 16-6uTHEIT | Okomo 12 96 (peun B muIeMe),
4 5KEHIIUHBL (hopmat MOHO 96 (pedb B pe3NHOBON MackKe),
96 (pevb B MEIUIIMHCKOM Macke),
96 (peus B mapde),
96 (peub 6e3 Mackn)
AVFCC [33] 5 My>KYMH Annmaiickuit | 48,0 k[, 768 x6ut/c, | Oxono 10 10 (KOHTPOJBHBIN),
5 KEHIIUH 16-6ut MoHO 10 x 8 (8 pa3nuIHBIX MacoK)
OWR-AFCC [32] 16 myxxunn | Hemernxuii 16 kI'11, 16-6uT MOHO Oxkoro 8 16 (B Macke B TIOMEILICHUH ),
16 >KeHIIMH 16 (Oe3 Macku B MIOMEIICHHH),
16 (6e3 Macku Ha ynHIIe)
MSSC [34] 15 myxxuun | Hemenxuii 48,0 kI'1y, 16-6ut Mmono | Her manueix | 1000 (peus 6e3 mackw),
15 xeHumH 1000 (peus ¢ Mackoii)
BRAVE-MASKS [36] | 15 myxunn | Pycckuit 48,0 k', 16-6ut Mmono | 60 83 (peun Oe3 Mackn),
15 xeHIMH 83 (peub ¢ Mackoii)
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Y
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Perucrpanus — [ N3Bneuenune npu3zHakoB ]—>[ UBM ]—>[ GMM]
BrickasbiBanue Bexrtop
MEePEMEHHOMN JUINHBI (bUKCHPOBAHHOM JAITIHBL
Tect — [ W3BnedeHne npu3HaKkoB ]—>[ UBM ]—>[ GMM]
BrickasbiBanue Bexrop
NIEPEMEHHON IIMHBI (DUKCHPOBAHHOM JITHHBI

—>[ LDA ]—>[ Hopmanuzanus ]

Puc. 2. Apxurekrypa cuctembl SUFCC [30]

GMM — Gaussian Mixture Model; UBM — Unified Background Model; LDA — Linear Discriminant Analysis

Fig. 2. SUFCC system architecture [30]

T'onocoBoit

DpeiiMuHr
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[Iporuosuposanune
CIeKTpa

19 MFCC +
+ JoHeprus

RASTA

¢dunsTpanus AnAA

Uckmouenne
KaJpoB

ObepTka
MPU3HAKOB

Puc. 3. Cxema MeTo/1a N3BIICUCHUS aKyCTHUESCKHUX MPpH3HAKOB [30]

Fig. 3. Acoustic features extracting scheme [30]

[Ipusznaku

Ha OCHOBE PHEPI'UU YPOBHsI Kajpa MpUMEHEeHa QyHKIHS
00epTKH Ipr3HAKOB. [ eHIepHO-3aBUCHMast YHUBEpCaIbHast
¢donoBast mozens UBM c¢ 2048 komrnoHeHTaMu o0yueHa
¢ ucnons3oBanueM kopryca NIST SRE 2004-2006 [37].
[Tpu noctoOpaboTKe 1-BEeKTOPOB YPOBHSI BBICKAa3bIBAHUS
JUISL yAYYIIEHUs Pa3leIMMOCTH KJIaCCOB U YMEHbBILIECHUS
pasmepHOCTH i-BekTOpoB 10 200 UCIIONBb30BaHAa THHEHHAS
MPOEKIUs TUCKPUMUHAHTHOTO aHanu3a LDA.

Pe3zynbraTsl MccinenoBaHUi CHCTEMBl HACHTH(OUKAINT
TOBOPSIIIIETO TIPH UCHOJIB30BAHUN PA3IMYHBIX MacOK Mpei-
CTaBJIeHbI B Ta0m. 4. JI7Is1 OLIEHKHM TOYHOCTH HCIIOIb30BaH
M10Ka3aTeb:

TP + TN
TP+FP+TN+FN’

Accuracy =

rae komumdectBa cpabareiBanmid: TP (True positive) — wc-
tuHHO nonoxutensHbie; TN (True Negative) — HCTHHHO
orpurnarensubie; FN (False Negative) — mnoxxHoOTpHIIa-
tenpHbIe; FP (False Positive) — JIOXKHOTIOJOKHUTEIBHBIE.
B cronOmax manHoO# TaOIMIBI MOKAa3aHBI TUIBI Ma-
COK, MCIOJIb30BABUIMXCSI B TECTOBOM KOPITyCe JaHHbIX,
a B CTpOKax TaOJHIIbI PACIOJIOKEHbI TUIIBI MACOK, HC-
NOJIb30BABUIMXCS TIPU CO3/IaHUM 11a0J0HA HIACHTU(DUKA-

1uu rosopsmiero. B sueiike a_(i,j) mokasaHa TOYHOCTh
(Accuracy, %), nmonyueHHast Ipy CO3AaHUU 1a0blioHa Ha
KOpITyce i M TeCTUpOBaHMHU Ha Kopiyce j. CpaBHEHHE BbI-
JICJICHHBIX JHArOHAJIBHBIX 3JIEMEHTOB, HAXOISAIIUXCS 110
JUArOHAH TaOJUIBI TOKA3bIBACT, YTO MPU COOTBETCTBHUU
TUIIA MACOK, UCIIOJIb3YFOIUXCS IIPH O0YYCHHUN U TECTHPO-
BaHWM, CICTEMa ITOKa3bIBACT BRICOKHE PE3YABTAThl TOUHO-
ctu. [Ipon3BOANTENEHOCTD pacO3HABAHUS CHIKAETCH,
Koria B 00ydaromieM mrabjaoHe U TECTOBOM CETMEHTE B3SITHI
pasHble Macku. OHAKO Take TP TaKUX KOMOMHALIUAX B
CUTYyaIllH, KOT/Ia M1abiioH co3mad 0e3 MacKy, a 3aluch ro-
J0ca TpoM3Be/ieHa B Macke, CHCTeMa IoKa3ana TOYHOCTh
paBuyto 94,2 %. B pabote [30] aBTOpamMu HE IPEIOKEHO
IIPUHIUIIUATIBHO HOBOI'O IMOAX0Ja K paClo3HaHUIO HIOI[eI‘/II
B MacKax I10 I'0JIOCY, BBIMIOJIHEHA TOJIBKO afarTallus PaHee
pa3paboTaHHOTO METOJA yTeM HACTPONKH rUreprnapame-
TPOB, ¥ MOTYYCHBI BRICOKUE TTOKa3aTeIH d3()EKTHBHOCTH.

B [32] npoBeneH aHanu3 CyleCTBYIOUIUX METOA0B
pacrio3HaBaHUs IO TOJOCY B YCIOBHUSX, KOTJIa JIUIO TOBO-
PSIIEro 3aKPhITO PA3IMIHBIMA TUTIAMHA MACOK. ABTOpaMHU
cobpan xoprryc ganaeIx OWR-AFCC, oH comepxut Tene-
(hoHHBIE 3arCH 00PA3IOB PeUH. 8 YIaCTHUKOB (6 MY>KINH
1 2 JKEHIIUHBI): KOHTPOJIBbHAS 3aIMHCh, 3aIIUCh C TKAaHEBOI
1 MeAUUMHCKON Mackamu. [IoMHMO co3gaHHOrO KOpIy-

Tabnuya 4. Iokazarernu Tounoctu cucremsl SUFCC [30], %
Table 4. Accuracy values of SUFCC evaluation [30], %

THIIBI MAcOK MIPU CO3IAHMN AGIOHa THIIbl MACOK TECTOBOTO KOPITYCa JAaHHBIX
MJICHTU(HKALMH TOBOPSILIETO be3 macku [lnem PesunoBast Macka | MeIuIMHCKAs Macka Kartomon + mapd
be3 macku 95,2 94,9 88,6 94,2 93,3
lnem 88,5 97,7 86,0 88,8 88,4
Pe3unoBas macka 90,3 96,5 97,1 94,1 914
MenuiuHcKas Macka 95,1 96,7 90,1 97,9 95,6
Kamnromon + mapd 90,3 85,7 82,5 94,9 97,0
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ca OWR-AFCC nans TecTupOoBaHUs TakKe MCIONb30Ba-
HBI aynuopedeBble JaHHbIe U3 Kopryca Native Forensics
Audio-Visual Face Cover Corpus (NF-AVFCC). Bce te-
CTOBBIC JaHHbIC OOBEAUHEHBI B OJMH Kopiyc. s oue-
HUBaHUSA YHPEKTHBHOCTH PabOThI CUCTEMBI UCIIOIB30BaH
KOJIMYECTBEHHBII NIOKa3aTesib CPEeAHEH PaBHOBEPOSATHOM
OIITHOKH:

FAR + FRR
EER = #,

rne orHomenus koiaudectBa: FAR (False Acceptance
Rate) — noxxnononoxurensHbix 1 FRR (False Rejection
Rate) — J0)KHOOTpPHUIIATEIBHBIX cpadaThIBAHUN K KOJIMYE-
CTBY BCEX cpabaThIBaHUIL.

Hynesbie 3nauenns ommOku EER Habmomamucey mist
Bcex akcnepuMenToB Ha koprnyce OWR-AFCC. V tex xe
YYaCTHHUKOB ITPH HAIMYHU TKAHEBOW MAaCKH OIICHKU HIKE,
HO 3TOTO HE XBaTHJIO, YTOOBI BHECTH OmuUOKH. B xome
SKCTICPUMEHTOB C MacKoi 1 6e3 pe3yIbTaThl aHAJIOTHYHBI.
[oxazaremn metpukn EER s kopmyca NF-AVFCC pas-
JUYAINCh ISl Pa3HBIX TUIIOB MacokK. /I MeIUIUHCKON
Macku 1 mapdos 3HaueHust EER cocrasmmm 0 %, mms mo-
TOLMKJIETHOTO IIJIeMa MoJy4eHa Jerpananus 3ppekTus-
HocTH, ipu 3ToM EER — 4,00 %. EER misa 3akneeHHOr0O
JieHToM pra paBeH 14,67 %, 4To ABJISIETCS HAUXYALIAM T10-
KazareseM. DKCIIePUMEHTBI TI0Ka3aJli, YTO TIOBCEIHEBHbIE
MIPEMETHI OJICK/IBI U MEUIIMHCKUC MACKU HE OKA3bIBAIOT
HETaTHBHOTO BO3JICHCTBHSI HA PACIIO3HAHKE TOBOPSIIIIETO C
ITOMOIIIBIO X-BEKTOPHOTO aHAIIN3A.

MoXHO clenarh BBIBOJ, YTO Ha JaHHBIH MOMEHT Ha-
OmomaeTcss HeAOCTATOK UCCIEAOBAHUI 1I0 TOIOCOBOMY
pacCIIO3HaHMIO IUIHOCTH YeJ0BeKa B Mackax. OmHaKo pac-
CMOTpPEHHBIC HCCIEOBAaHUS OJHO3HAYHO IOJATBEpXKIa-
0T IPUMEHUMOCTbH CYIIECTBYIOIIMX METOJOB K PEIICHUIO
JIAHHOW 3aJ1a4, YTO TI03BOJISIET CAEJIATh HPEIIONI0KECHUE
0 HE3HAYUTEIILHOM YXY/IIICHUH MPOU3BOIUTEILHOCTH CY-
LICCTBYIOIIMUX METOJOB IIPU aHAJIM3E TOJOCOBBIX JTaHHBIX
CYOBCKTOB B MacKe.

CucreMsbl 0MMOJATBHOTO PACIIO3HAHUS
JMYHOCTH JIIOAeH

B HEKOTOpPBIX peanbHBbIX 3ajlayaX HEIO0CTAaTOYHO
NPHU3HAKOB, KOTOPbIE MOXKHO M3BJIEYb U3 M300paKeHHI
Jgnna uny peud. Tako# 3ajadeil sIBJIAETCS U pacCMarpu-
BaeMoe B HacToslIel paboTe pacrno3HaBaHUE JIOJCH B
Mackax. J{Jst JOCTHKEeHHUS TyUIINX Pe3yJbTaToB KIacCHu-
(uKay BO3MOXKHO HCIIOJB30BaHUE OOBEAMHEHUS MH-
(bopManuu OT JBYX B3aMMOJOIOIHSIOIIMX MOJAIbHOCTEH.
AynnoBH3yalibHbIe OHOMETPHYECKHE METO/IBI HCIIOIb3YIOT
MHOXXECTBO ITOJXO0B OOBEIHHEHHUS Ul B3AUMHOTO 10~
MIOJIHEHHMS ayJHO- M BHJCOXaPaKTEPUCTHK JBYX MOJAJIb-
Hocted. Knaccuukamms MeTogoB oObeqUHEHUS TIPel-
CTaBJIeHAa Ha puc. 4.

Mertozbl 00beMHEHNS ACTSATCS Ha TPH TUIA: MTPe/iBa-
purensHoe (Early Fusion), npomesxytounoe (Intermediate
Fusion) u nozanee (Late Fusion). PaccmoTpum paznuunbie
ayJIMOBU3yaJIbHble OMOMETPUUYECKUE METOABI COIJIaCHO
KJIacCUUKAIMN M UX IT0Ka3aTes 3PPEeKTHBHOCTH.

MeToanbl PaHHEro 00beTMHEHUST

Marpuna Jlannaca — 3¢ eKTHBHBII METOA IIPE/ICTaB-
JICHUS! ayJIo- U BUJICONPU3HAKOB ISl pAHHETO 00beInHe-
HUS nHpopMarmu. MeTtost KapT cOOCTBEHHBIX 3Ha4CHHH J1a-
racuana (Laplacian Eigenmaps) — HENWHEHHBIN TTOIXO
K CHIDKEHHIO Pa3MEPHOCTH JIaHHBIX, KOTOPBIH MO3BOJIIET
COXPAaHUTh BHYTPEHHUE T€OMETPHUCCKHE B3aMMOCBS3H U
JIOKaJIbHYIO CTPYKTYPY JaHHBIX. JlaHHBIH METO UCIIONB30-
BaH B padote [38]. B mpemioxxeHHOM moxoze pparMeHThI
n3obpaxennit mun 1 MFCC, u3BnedueHHble U3 3amucei
roJioca CIpOeMPOBaHbI Ha IPOCTPAHCTBO KapT COOCTBEH-
HBIX 3HaYEHHH JIaIIacaHa U B JajJbHEHIeM 00beANHEHBI
B €JIMHBIN BEKTOP NPHU3HAKOB s Kiaccudukannu. B xone
9KCIIEPUMEHTOB ObUIA JOCTUIHYTa OOJIBIIAS TOYHOCTD 110
CPaBHEHHMIO C O0BEINHEHUEM C TIOMOIIBIO JINHEHHOTO JHC-
KpuMmuHaHTHOTO aHanm3a (Linear Discriminant Analysis,
LDA), a Taxxe 1o CpaBHEHHIO C UCIIONB30BAaHUEM TIPH3HA-
KOB Ka)KJIOM U3 MOJAIILHOCTEH I10 OTAEIHLHOCTH.

MHorokaHajJbHBIM M10JyaBTOMAaTUYECKUN TUCKPU-
MuHaHTHBIA aHanu3 (Multi-level Semi-Supervised
Discriminant Analysis, MSDA) — pacuupesnue moiy-
ABTOMAaTH4ECKOIro JIMCKPUMHUHAHTHOTO aHanu3a (Semi-
supervised Discriminant Analysis, SDA) nns ocymect-
BJIEHHS 00beJMHEHHsT MH(POPMAIIMU HA YPOBHE MPU3HAKOB
[39]. MSDA ocHoBan Ha MeTozie 00y4eHHsI C TI0JIyaBTOMa-
THUYECKUM YIPaBJICHUEM C HECKOJIBKUMHU IIPECTABICHHS-
Mu. OH HaKJIabIBaeT JIOKAIbHOE OTPaHUIEHHE CMEKHOCTH
HECKOJIBKUX MPEICTABICHUH Ha LeNeBYI0 (DyHKIMIO Tpaau-
muonHoro LDA. Orparndenue TpeOyeT, 4ToOBI 1Ba coce-
HHX 00pas3la B IEpBOHAYAIBHOM MPOCTPAHCTBE IIPU3HAKOB
MEPBOTO MPEJCTABICHHS PACIIONATAINCH OJIU3KO APYT K
JpYTy B KOHEYHOM IPOCTPAHCTBE MEHBINEH pa3MEepHOCTH
JPYToro MpeAcTaBIeHUs. DTOT MOAXO/ JIydIlle HCIIOIb3yeT
nH(pOpPMaIHIO, MOJYYCHHYIO U3 HEOOJBIINX, BPYUHYIO
pa3MEUYeHHBIX KOPITyCOB Ui O0yUeHHs, U TIOATOMY Mpe-
BOCXOZIUT TpaauloHHbINH LDA.

B paGore [40] ni1st 00beiMHEHNS HA YPOBHE ITPU3HAKOB
UCIIOJIb30BaHbl M300pakeHns I'y0 M KpHUBbIE OruOaromiei
CIIEKTpa pPeueBOro CUruajia. M3pinedeHHble Mpu3HaKy mpe-
00pa3oBaHbI B BEKTOPB BPEMEHHBIX PSII0B U 00bEANHEHBI
JUIs TanmbHeiel 00paboTku. ABTOPBI MPEUIOKHIA METO.
MOJTY4EHHs PACCTOSIHUS MEXIYy JAHHBIMH M3 PA3ITHIHBIX
BEKTOPOB BPEMEHHBIX PSII0B, HA3BAHHBIN ANHAMHUYECKUM
BeIpaBHUBaHNEeM BpemeHu (Dynamic Time Wrapping,
DTW). C nomomipio DTW B nipeasio’xkeHHOM MOIXO/IE pac-
CUMTAHO CXOJICTBO MEXAY IpPHU3HAKAMHU T0JIOCA U YepT
nuna. BekTopbl cxocTBa Jaiee NCIob30BaHbl LIS Kiac-
CU(pUKAIIHH.

B merone, npemioxernHoM B padote [41], 3amucu royio-
ca M N300pakeHHMs JINIa OTAEIbHO 00paboTaHbl COBMECT-
HoH MammHoi BombriMana (joint-training Deep Boltzman
Machine, jJDBM) u orpaHn4eHHON COBMECTHOI MaIlInHON
Bompnmana (joint-training Restricted Boltzman Machine,
jRBM). Bxonnplie naHHbIe OBLTH 3aIIyMJICHEI C TOMOIIIBIO
JPEG-cxaTtus u n10o0aBJICHHS CIIydalHBIX 3BYKOB MHO-
JKECTBA TOJ0COB. B pesynbrare aBTOpHI Cleiain BBIBO,
YTO JaHHBIM OMMOJATIbHBII METOM MOKA3bIBACT JIy4IIHe
pe3yNbTaThl B YCIOBUAX YXYALICHUS KauyeCTBA BXOIHBIX
JIAHHBIX.
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MeToabl ayaMoBU3yanbHOr0 pacrno3HaBaHUs NoAEN B Mackax

Emie onun 3 dexTuBHBIA MeTO 00bEAMHCHUS OBLIT
mpeaoxkeH B padote [42], rme pa3paboTaH MOIXOMI, OC-
HoBaHHBIN Ha o0beguHeHnn MFCC u ructorpamMmbl Ha-
MIPABJICHHBIX TPAJFICHTOB C IOMOIIBIO TUCKPUMUHAHTHO-
ro KoppersnuonHoro aHammsa (Discriminant Correlation
Analysis, DCA). B xoze sKcIiepuMeHTOB /711 KJIaCCHU(HKA-
MU BEKTOpa 00BETUHEHHBIX PU3HAKOB OBUIH HCIIOIH30-
BaHbI ciexyromme metoasl: SVM, LDA, SDA, cmygaiiHbIit
nec, K-Nearest Neighbors u SVM. Cpenu nporecTupoBas-
HBIX KJIACCU(HUKATOPOB HAMITYUIIYIO MPOU3BOANUTEIBHOCTh
T110Ka3aJl CIly4alHbli JIeC, a HAUXYALYI0 — METOJI OIIOPHBIX
BEKTOPOB.

MeToabl MPOMEKYTOUHOTO 00beIUHEHUsI

[IpomexyTodHoe oObenuHEHNE HHPOpPMAITIH — OoJiee
CIIOXKHBIN METO TI0 CPABHEHHIO C PAHHUM OOBEIMHEHIEM.
MeToibl, UCTIONB3YIOIIUE POMEKYTOUHOE 00BbEIMHEHHE,
JIOJDKHBI 00pabaThIBaTh HH(MOPMALMOHHBIE TIOTOKU Pa3iny-
HBIX MOJIQJIBHOCTEH MpU OTOOPaKEHUH U3 MPOCTPAHCTBA
MIPU3HAKOB B TIPOCTPAHCTBO penieHuit. s mpomMexyTou-
HOTO OOBEMHEHUsI YacTO HCIIOIb3yeTCsl BpEMEeHHasi CHH-
XPOHU3ALHUS MEX/y IOTOKaMU HH(POPMAIINH, C TIOMOIIBIO
KOTOPOU MOXKHO H30€KaTh MPOKJISITES Pa3MEPHOCTH TIPO-
CTpPaHCTBa MPU3HAKOB, BO3HUKAIOIIETO B METOAAX PaHHE-
ro oobequHeHus. [IpuMmepaMu Mozeneit, HCIOIb3yeMbIX
JUTS TIPOMEKYTOYHOTO OOBEINHEHHUS, SBISIOTCS CKPBITHIC
MapkoBckue Monenu (Hidden Markov Models, HMM),
KOTOpPBIE MOTYT 00padaTeIBaTh HECKOIBKO IIOTOKOB TAHHBIX
TapajuiebHO.

[IpomexyTouyHOe 00BEIUHEHUE C HCIIOJIb30BAHU-
eM acuHXpoHHEIX HMM (AHMM) nnst ocyuiecTBiIeHUs
TEKCTOHE3aBHUCHMON MYJIBTUMOJAIBHON ayTeHTH(HUKA-
nuu omucaHo B padote [43]. O6yuenue AHMM BeIimon-
HEHO C TIOMOIIBIO AJITOPUTMA MAaKCUMH3ALNN OXKUTaHUS
(Expectation Maximization, EM) Ha 94UCTBIX TaHHBIX.
DKCIepUMEHTHI IIPOBEICHBI Ha ayAHOBU3YaIbHBIX JaHHBIX
¢ pasznmuuHbM ypoBHeM mryma (0,5 u 10 nB). B pesymnsra-
T€ HKCIIEPUMEHTOB 3HaueHHe mokazarens ommook EER
0Ka3aJIoCh B JBa Pa3a MEHBIIE 110 CPABHEHHUIO C MOJIEIIBIO,
WCIONB3YIOMIEH OIHY MOJIATbHOCTD.

B pabore [44] paccMOTpeH MoOnxo/1, Ha3BaHHBIN aBTOpa-
MU OaifiecOBCKOM ayanOBH3yalbHON UAESHTU(HUKALEH To-
Bopsuiero (Bayessian audio-visual speaker authentication).
Jist pacrio3HaBaHus JIMYHOCTH 10 3alMCH rojioca Uc-
I0JIb30BaHBI CIIBOCHHBIE CKPBITHIE MAapPKOBCKHE MOJEIH
(Coupled HMM, CHMM), a miisi pacrio3HaBaHHS JIAIHO-
CTH TI0 U300paKCHUIO — CKPBITBIC MAPKOBCKUE MOJICITH
(Enhanced HMM, EHMM). PazpaboranHast MOfeInb B Ka-
YEeCTBE BXOMHBIX JAHHBIX MPUHUMACT BUACO(PATMEHTHI.
Ha mepBoM 3Tame nmpoucxXoauT pas3leleHne aynno- U BU-
JICOCUTHAJIOB, a TaK)Ke BBIJCNICHIE Ha OTIACIBHBIX H300pa-
JKEHUSX 00JIacTH JIMIa U TYO ToBopsero. M3o0paxeHus
JIMIA B IaTbHEHIIEM HaxOsIT IPUMEHEHHE JIJIs BBIUKCIIe-
HUSL OLICHKH CXOXKECTH C MPEIOCTABIISIEMbIMU 11a0JIOHAMH
¢ nomotnbto EHMM, a u3o0OpaxeHus ryd COBMECTHO C
(dparmenTamu 3anucu rooca nogarrces Ha CHMM st
BBIYHCIICHUSI OLIEHKU CXOXKECTH MO BTOPOH MOAAJIbHOCTH.
Ha nocnennem srane oneHKH 00bEANHSIIOTCS 110 CIIeIyIO-
memy npasuiy [44]:

L(O/, 0%, 0 = 1 L(O/) + 2, L(O9, OV,

rae O, 09, OV — 10cae10BaTeIbHOCTH JAHHBIX 3aruceil
royioca, n300pakeHui Ty0 ¥ N300pasKeHUI JINIA COOTBET-
CTBEHHO; L(*|k) — OIIEHKa CXOXKECTH C k-1 JIMYHOCTBIO U3
6a3bl JAHHBIX; A 1 L, — HEKOTOPbIC BECa, Oy ICHHBIC B
X0Je 00yUeHMUS.

DKCIEepUMEHThI TPOBEJCHBI HA KOPIYCE JaHHBIX
XM2VTS, ucnonp30BaHNe IBYX MONAIBHOCTEH YMEHBIITH-
70 KonudecTBo ommbok Ha 15 % u 13 % npu pazaudHbIX
ypoBHsix ['ayccoBa 1ryma COOTBETCTBEHHO.

MeToabl MO3AHEr0 00bEeIMHEHHS

MeTomsl MO3IHET0 00BEANHEHHS OCYIIECTBISIOT 00b-
eIMHEHNE Pe3yAbTaTOB, MOMYYCHHBIX HHIUBUAYAIHEHO OT
Pa3NIUYHBIX KJIACCH(PUKATOPOB aylo- W BHICOMOAIb-
HocTeil. CymecTByeT O0NbIIOe KOJIMYECTBO PA3TUIHBIX
MOJIXO0B K MO3aHeMy o0bennHeHuto. [IpocToii u pac-
MPOCTPAaHEHHBINH TOAXOI — COYETaHHE PE3yNbTAaTOB ay-
JM0- ¥ BHUJEOMOJIeNIel ¢ UCTOIb30BAaHUEM Pa3TUIHBIX
Maremaruueckux npasui. IIpaBuna B3BELIEHHON CyMMBI
Y B3BCIICHHOTO TPOU3BE/ICHUS MPUMCHSIFOTCS K MOJIAJb-
HOCTSIM PAcIiO3HABaHUs JIUI] ¥ TOJI0CA OTACIBHO B paboTe
[45]. DxciepuMeHTHI TOKA3aJId, YTO IPOU3BOAUTEIBHOCTh
MYITBTAMOJATBEHBINA CHCTEMBI C TTIO3THIM O0OBCIHHCHIEM Ha
OCHOBE B3BCIIICHHON CYMMBI YBEJIHUHIIACH ITO CPABHEHHIO C
OJHOMOAIBbHOM cucteMoii (3HaueHne EER ymenpmmnocsr
Ha 14 %) [45].

OO0bennHeHrE ¢ TOMOIIBI0 B3BEIICHHOTO CyMMHUPOBa-
HUS Tak)Ke TpUMeHeHo B [46]. JIs pacmo3HaHus AUKTOPA
10 TOJIOCY MCIIOJIb30BaHA MOJIENb FayCCOBCKUX cMecei
(Gaussian Mixture Model, GMM) coBMecTHO C yHHUBEp-
canpHOi horoBoit mozenbio (Unified Background Model,
UBM). [Iy1s1 pacrio3HaHusl JIAIL peiokeH anroputm Local
Binary Pattern (LBP). BepostHocTHas onenka mo GMM-
UBM u mMerpuka B3BelIeHHOTO paccTosiHust Ha LBP 00b-
CIUHCHBI Ha YPOBHE OIICHOK C IOMOIIBIO B3BCIICHHOM
cymmbl. Mcenenosarenu gocturiu 3HaueHust EER, paBHoro
22,7 % npu pacriozHaBaHUKM MYX4rH U 19,3 % — jkeHIIuH,
4T0 B cpeaHeM Ha 10 % MeHsbIIe, YeM Mpr HCTIOIB30BaHNT
OJIHOM MOJIaJIbHOCTH.

B [47] ans oObequHEHHs pPe3yabTaTOB ABYX MOE-
neit GMM u HMM wucnons3oBana cets baiteca. Meron
0aifecoBCKOro 0ObEAMHEHUS BHIOMpPAET N300paKEHUs U
ayMOoJaHHbIe U3 KaXJI0M CecCHU Ha OCHOBE OIICHOK J0-
croBepHocTH (confidence scores). DKCIIEPUMEHTHI TTOKa-
3aJT BBICOKHE PE3YJbTaThl IIPOU3BOIUTEIFHOCTH MOJICITH,
TOYHOCTbH Kiaccudukamuu cocrapisiet 99,5 % + 0,3 %.

B pabote [48] mpuMeHeHo no3aHee 00beJMHEHNE Ha
YpOBHE BEPOATHOCTHHIX OIICHOK. /I pacmo3HaBaHUs
JUI] 3a/IeiCTBOBaHBI YeThIpe BapuaHTa Moxaeneid CNN:
ResNet-50, PyramidNet, ArcFace-50, ArcFace-100. dns
pacrmo3HaBaHUS TOJI0CA MCIIONB30BAaH METOJ Ha OCHOBE
X-BEKTOPHOro aHanu3a. KoHeuHbIN pe3ynabpTrar pacno3Ha-
BaHMSI INYHOCTU BBIYHMCIICH C MMOMOIIBI0 00bCIUHCHHS
PEe3yNIbTaToOB ABYX MOJENEH Ha YPOBHE BbIJABACMbIX UMHU
oreHOK (score fusion). BeIXoqHBIME JaHHBIMU MOJEICH
Ka)JI0¥ U3 MONAIbHOCTCH SBJISIFOTCS TPU CKaJIIPHBIC Be-
JMYMHBI OLIEHOK: § — Bepu(UKaIuu, g, — KayecTsa Mmad-
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Tabnuya 5. CpaBHEHHE OMMOIATBHBIX METOJIOB PACIIO3HABAHUS TMYHOCTH

Table 5. Bimodal person recognition methods comparison

Aynuo- Busyanbneie Ioxkazarens
PaGora — HpusHaKW Knaccudukarop Metozn 00beguHeHns Basa gaHHbIX sbdperTHBHOCTH, %
Alam et al. MECC Ipusnaku Xaapa | Linear Regression O0berHeHHE HA Austalk [49] Accuracy: 31,3
[38] (2013) + Gaussian Mixture | ypoBHE OLIEHOK
Models + Universal
Background Model
Khoury et al. | MFCC DCT-mod2 Gaussian Mixture OO0ObeaHeHNe MOBIO [51] EER: 6,32
[50] (2014) Models + Inter JITaHHBIX HA YPOBHE
Session Variability + | LLR-onenox
Total Variability
Alam et al. MFCC [Ipuznaku Xaapa | Linear Regression [IpaBuio cymmbl Austalk [49] Accuracy: 100
[52](2013) + Gaussian Mixture
Models + Universal
Background Model
Tresadren MFCC LBP Knaccuguxarop cpe- | Quadratic MOBIO [51] | EER: 0,5
etal. [53] 30B C YCHIICHHEM Discriminant
(2013) Analysis (QDA)
Islam et al. MFECC ASM HMM Back-Propagation Cobctennast | Total Error Rate: 0
[54] (2014) Neural Network
(BPN)
Primorac MEFCC [Mpusnaku Xaapa | Joint sparse-kiaccu- | O0beauHEeHNE HA MOBIO [51] | Accuracy:
et al. [55] (ukarop YPOBHE IPU3HAKOB 94,2
(2016)
Memon et al. | MFCC SVM Marpuua nogoous O0beauHeHne Ha CobctBenHast | Accuracy: 73,8
[56] (2017) MFCC npu3HakoB U | ypoBHE IPHU3HAKOB
oreHok SVM
Gofman et al. | MFCC HOG SVM OObenuHeHHe Ha CSUF-SG5 EER:
[42] (2018) YPOBHE IPU3HAKOB [57] 20,59
Antipov et al. | MFCC 4 >MOpuHTa Jloructuueckas OObennHEeHNE HA NIST SRE19 EER: 0,6
[48] (2019) L, u3BNedeH- | perpeccus (Logistic | ypoBHE OI[eHOK [58]
HBIe ¢ moMoIneio | regression — LogR)
4-x Bapuanui
CNN
Chenxietal. | MFCC IIpusHaku nu- Probabilistic Neural | O6benuneHne Ha CobGctBennas | Accuracy: 100
[59] (2012) paMuaIBEHOrO Network YPOBHE MPU3HAKOB
¢unsTpa ['abopa
Shi et al. [40] | MFCC LBP DTW [IpaBuio cymmsl Cob6ctennas | Total Error Rate: 0
(2012)
Shen et al. MFCC LBP Gaussian Mixture OObenuHeHHe HA MOBIO [51] | EER: 21
[52] (2010) Models + Universal | ypoBHE OlIeHOK
Background Model
+ Local Binary
Pattern
JIOHA, ¢; — Ka4yeCTBa TCCTOBOI'O o6pa3ua. Takum 06pa30M, 3akJ/iouenne

O6’I)€I[I/IHCHI/IC MPOUCXOAUT MO CIACAYIOUIEMY ITPABUITY:

LLRspk+face = Z
ie{spk face}

a;s; + biqei + ciqti + ds

rae a;, b;, ¢;, d — Beca, IIOJIlyueHHbIE B XO€ 00y4YeHUs.
Pesynprarel mokasanu, 4To 00bCIUHCHNE HA YPOBHE Oaii-
JIOB JIA€T JIyUIIYIO IPOU3BOAUTEILHOCTD HA BCEX TECTOBBIX
KOpITycax AaHHbIX.

CpaBHEHHE BCEX PACCMOTPEHHBIX METOJOB ayAHOBH-
3yaJbHOTO Pacno3HABaHUS JUYHOCTU MPEICTABICHO B
TabmI. 5.

PacnpocTpaHeHne HONMICHHWS MacOK CYIICCTBCH-
HO U3MEHUIIO 00JaCTh OMOMETPHYCCKUX TEXHOJIOTHH.
PaccMoTpeHBI pe3ynbTaThl HCCIeJOBAaHMA, TOATBEPKIAA0-
[IMX HaJHMIUe HOBBIX MPOOIEM, C KOTOPHIMHU CTOIKHYIINCH
CHCTEMBI PAacIlO3HABAHUS JINYHOCTH. AKTYaJIbHOCTH TEMBI
pacno3HaBaHMsl JIIOAEH B CpeICTBAX MHANBUIYAIBHOM 3a-
IIUTHI MTOATBEPKIAETCS OOIBITUM KOJIMYECTBOM HOBBIX
WCCIIEeIOBAHMA, TPU3BAHHBIX PEIIUTh Ty MPOOIEMY.

B paboTte BBINOIHEH aHAlN3 OCHOBHBIX KOPIYCOB
JAHHBIX aylIno- M BUIACOMH(DOPMAIINH, COMEPIKAIIUX H30-
OpaxkeHus U1 U (POHOTPAMMBI TOJIOCA JIIONCH B MacKax.
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Ha Tekymuiit MOMEHT HaOJIIONACTCS HEIOCTATOK B 000MX
TUTIAX AHHBIX JJIS CO3JTaHMS aBTOMATHYCCKUX CHUCTEM.
[IpencTaBUTEIBHBIX KOPITYCOB PEabHBIX M300paKeHUN
JONIEH B MacKax O4eHb Majio, B OTKPBITOM JIOCTYIIC HAaX0-
JSITCSL TOJBKO JBa Kopnyca naHHeix — RMFRD u MFSR.
B ycroBusax HemocTaTka M300paskeHUN IPEAIPHHAMAIOTCS
TIOTTBITKY CHHTETHYECKOTO HAJIOKEHNSI MACOK Ha peabHbIe
n3o06pakerns aui. OTHAKO JaHHBIA THIT KOPITYCOB HE SIB-
JISIETCS] YHUBEPCAIBHBIM JIUIsI BCEX METOJOB PACIO3HAHUS
JINI, TaK KaK CHHTEC3UPOBAHHBIC MACKU HE BCCT/Ia COXpaHs-
10T He0OXOIMMBbIE TIPU3HAKHU NTEPEKPhIBAEMON YaCTH JIHILIA.
J1s TONIOCOBBIX TAaHHBIX HAOJIIOAIOTCS TE JKE€ MPOOIEMBI, B
OTKPBITOM JIOCTYII€ HAXOJISITCSL BCETO 5 KOPITYCOB 3amucei
rojioca o0mIel MpoIOKUTENEHOCTBIO opsiaka 60 4.

[IpoBeeH cpaBHUTEIBHBIN aHATN3 COBPEMCHHBIX METO-
JIOB PaCIO3HAHUS JIMII B MackaX. JJaHHast 00J1acTh XOPOIIIO
HCCIIeIOBaHA, CYIIECTBYET OOIBIIOE KOIMUSCTBO pa3pado-
TaHHBIX CUCTeM. VccreoBaHHBIE CHCTEMBI JEMOHCTPH-
PYIOT BBICOKYTO 3((ekTHBHOCTE. Hammyumme moka3arenn
ToyHOCTH pacto3HaBanus aun 91,30 % u 95,05 % momy-
yenbl Ha kopirycax RMFRD u MFDD. Oxnako nedunnt
JAHHBIX YCIIOXHACT OUCHKY HMX IMPOU3BOAUTCIBHOCTH.
Habmnronaercst HEIOCTATOK MCCIICIOBAHUN METOIOB UICH-
TU(PHUKALIUH JTFOJICH 110 TOJI0CY B MACKaXx, IIPU STOM BBIBOJIBI
uccrenoBareneil eUHONIACHO TOATBEPKIAIOT CHUXKECHHE
MPOU3BOJUTENLHOCTH CYIIECTBYIOLIUX METOAOB B HOBBIX
YCIIOBUSIX.

CpaBHUTEIBHBIN aHAN3 OMMOMATBFHBIX METONIOB ay-
MUOBU3YalbHOTO PacMoO3HABaHUS JTMIHOCTH 0€3 Macok
MTOKAa3all, YTO Ha TaHHBIH MOMEHT UCCIICIOBAHUS PEIICHHUS
3a/1auu paclo3HABAHUs JIIOAEH B MHIMBUAYaIbHOH 3a1uTe
He HaliIeHbl. Pe3ynbTaTsl aHamn3a IOATBEPKAAIOT TIPHMe-
HUMOCTH JJAaHHBIX METOOB ISl 337a4, B KOTOPBIX HAaOIrO-
JIACTCS HETMOJIHOTA HH(POPMAIIUK OT KaXKI0H MOIAIbHOCTH.
DT0 MO3BOJISIET ClIENATh MPEANOIMKEHUE O TPUMEHUMOCTH
OMMO/IAJIbHBIX METOJIOB K 3a/laue pacrio3HaBaHuUs JIFONCH B
UHUBUIYaIbHON 3aluTe.

ComntacHO TIpOaHATU3UPOBAHHBIM padoTaM, HaUOOIb-
ryro 3QQEeKTHBHOCTH LIS PaCIO3HABAHUS JIUI] B MacKax
npoaeMoHcTprpoBany Bapua CNN, VGG-16 u FaceNet
o0ecredrTn TOYHOCTh pacno3raBanus 10 100 % Ha cob-
CTBCHHOM 3aKpPBITOM KOPITyCe MaHHBIX. MybTH3agaqHast
cete MTCNN mnpoaeMoHCTpHUpOBaIa TOYHOCTH PAcIo3-
HaBaHuA Ul B 98,5 %, a cuamckas Bapuanus CNN mo-
kazana 98,6 %. BoabIIMHCTBO PACCMOTPEHHBIX METOIOB
paszpaboTaHbl Ui PacIio3HaBaHUs TMYHOCTH TOJIBKO B Me-
HHHHHCKOﬁ MAcCKeE, TaK KaK B COBPEMEHHBIX YCJIOBUAX MC-
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JIMIIUHCKAst MacKa — CaMBbli pacrpoCTpaHeHHBIN MPEIMET,
HOCHMBIH Ha jinie. OJHaKo, IOMUMO MEAUIIMHCKON MacKH,
BO3MO)KHO HOLIEHHE JIPYTHX CPEICTB MHIMBUTyaTIbHOH 3a-
IIUTHI ¥ TIPEMETOB ONICIKIBI. AKTYalIbHBIM HAIPaBICHUEM

JABHEHITNX UCCIICIOBAHUHN SBIICTCS pacIIupeHue ooma-

CTH IPUMEHCHUS TEKYIIUX METOMOB JUIS CTy4acB HOUICHUS

BCEX BO3MOJKHBEIX NPEIMETOB, MEPEKPHIBAIOIINX JIUIIO.

[lepcieKTUBHBIME HANpaBICHUSMHU Pa3BUTHS CYIIECTBY-

IOIINX METOIOB B OOIACTH pacIO3HAHUS JIUI] B MacKe SB-

nsiercst ycoBepiencTBoBanre CNN u coznanue peaibHbIX

0a3 maHHBIX U300PAKCHUH JIFOICH B MacKax.

B 3anave pacriosHaBaHus JIMYHOCTH 10 TOJIOCY METOJBI
i-BEKTOPHOTO aHaJIM3a MOKa3aJIi He3HAUUTEIbHYIO Jierpa-
JIAIUI0 TOYHOCTH INPH MCIIOJb30BaHUU Macku. /laHHbBIE
MmeTozbl coBMecTHO ¢ CNN mpezpcrasisioTcs: Hanbosee
MIEPCIICKTHBHBIMHA IS TaTbHEUIIINX HCCIICAOBAHHIA U CO3-
JaHUs OMMONATBHBIX CHCTEM pACIO3HABaHUS JTHYHOCTH
JFONeH B MEIUITMHCKAX MAacKax.

Ha ocHOBe nmpoBeIeHHBIX aHATI30B C(HOPMYITHPOBAHEI
CIeAyIomue TpeOOBaHMs, IPEIbIABIIEMbIC K TIEPCIIEKTHB-
HBIM CHCTEMaM PACIIO3HABAHUS JIIO/ICH B MacKax.

1. BrIcokas TOYHOCTH pacro3HaBaHus. buomerpuueckue
CUCTEMBI paCIioO3HaBaHUA JIMYHOCTU HUCIIOJB3YIOTCA, B
TOM 4HCIIE IS obecreueHnst 0€30MacHOCTH JIHOJICH,
MPEeIOCTaBICHHS JIOCTYNA K 3alMIIEHHBIM pecypcam,
a TaKke B KpUMUHAIUCTHYECKOH dKenepTuse. Jist nan-
HBIX 00JIaCTel KPUTHUECKN Ba’KHO OTCYTCTBHE OIIHOOK.
BaxHBIM HampaBICHUEM SBISCTCS MpoBepka dPdek-
TUBHOCTH CHCTEM Ha PEallbHBIX NAHHBIX B HATYypPHBIX
YCIIOBHSIX, 8 HC CHHTETHYCCKHUX.

2. OnHOBpPEMEHHOE MCITOTB30BaHUE ay[l0O- U BUICO-
MonanbHOCcTel. CrucTeMa pacro3HaBaHUS JTUYHOCTH
JIOJKHA COXPAaHATH HAACKHOCTH PabOTHI MpHU Ha-
CTUYHOM OTCYTCTBUH (HCHOHHOTC) BXOOHBIX HTAaHHBIX.
BI/IMO)IaJ'[I)HI)Ie CHUCTEMBI CHOCO6HBI MpeOoa0JIETh JaHHBIC
TPYAHOCTH 3a CUCT B3AUMHOI'O JOIIOJIHECHHSA HCTOYHHUKOB
nHpopmMaImH.

3. PobGactHOCTb. PazpaboTaHHbIE CHCTEMBI JIOJIKHBI CTa-
OMJIIBHO M Ha/Ie)KHO paboTaTh C PA3IUYHBIMKU THIIAMH
BXOJIHBIX JIAHHBIX ¥ C TaHHBIMH Pa3JIHYHOW CTCTICHH
KauecTBa. 300paskeHHs U 3aIllCH TOI0Ca MOTYT TIPO-
W3BOMIUTHCS B Pa3IMYHBIX OKPYKAIOIINX yCIOBHIX,
pakypcax, Ipu JHHAMHYIESCKOM OCBEIIICHUH 1 aKyCTHIe-
CKOIf 00CTaHOBKE, TaK KaK 3allUCh MOJKET IIPON3BOIUTH-
Cs1 Kak ¢ OJTM3KOT0 pacCTOSHUS KaMepOH IIepCOHAIBHOTO
MOOMIIBHOTO YCTPOICTBA, TaK M AUCTAHIIMOHHO C TIOMO-
B0 KaMEPbI BUICOHAOTFOICHNUS.
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AHHOTaNMA

IIpeamert ucciienoBanus. [IpencTaBieHs! pe3yabTaThl HCCIETOBAHIS BIMSHNS COOTHONICHUSI HHTCHCHBHOCTEH OTIIOPHOTO
1 00BEKTHOTO ITyYKOB Ha MOIYISIHIO KO3((UINEHTA MPOITyCKAaHHUS CHHTE3UPOBAHHBIX W aHAIOTOBBIX TOJIOTPAMM.
Oco6oe BHIMaHHUE yAEIEHO PEeXUMY (OPMHUPOBAHHS T'OJIOTPAMMEIL, IPH KOTOPOM MHTEHCUBHOCTH OOBEKTHOTO IydKa
MIPEBBIIIAET HHTEHCHBHOCTD OIIOPHOTO ITy4Ka (PeXuM mepeMonyisiiun). Pabora akTyanbHa B CilydasX IPHMEHEHHS
CHHTE3MPOBAaHHBIX TOJIOFPAMM B IPOEKIIMOHHOM (oTonurorpaduu B rydokom yinsrpaduoiere. Meroa. Brimoianeno
MaTeMaTHYeCKOe MOJENNPOBaHUE (PU3NUECKUX TPOLECCOB 3aIUCH U BOCCTAHOBICHUS TOJIOTPAMM-IIPOCKTOPOB.
XapakTepUCTHUECKHUIl pasMep OuHapHOro TecToBoro oowvekra coctaBuia 80 X 80, MIMHA BOJHBI UCIIOIB3YEMOTO
u3nyvenus 13,5 HM, pasmep nmukcena rogorpaMmmMel 20 X 20, pacCTosHUE MEKAY IIOCKOCTSIMU 00BEKTa M TOJIOTPaMMBbL
20,4 MKM, yrox majgeHus IUIOCKOW OmopHOW BOMHEI 14°42'. CHHTE3 M BOCCTaHOBJICHHE TOJIOTPAMM-IIPOCKTOPOB
BEITIOJTHEHBI B PEXKUME TIePEeMOYIISIIUY, IIPU PA3INIHOM XO/e JIydeil B 00beKTHOM ITydke. OCHOBHBIE Pe3yabTaThl.
IToxazaHo, 4T0 HEOMHAPU30BaHHBIE CHHTE3HPOBAaHHBIE I'OJIOTPAMMBI BCETa 0TOOPa)KaroTCsl M BOCCTAHABINBAIOTCS
KaK KBaHTOBaHHBIE I'OJIOIPAaMMBI C HHTEPBAJIOM KBaHTOBAHHS, B 3aBHCHMOCTH OT IIapaMeTPOB CXEMbI CHHTE3a.
YeTaHOBIIEHO, YTO BIUSHHE PEKUMA EPEMOIY/IALMI Ha KAY€CTBO BOCCTAHOBIICHHOTO H300PaKeHUsI ITPU UCIIOIb30BaHUN
CHHTE3HPOBAHHBIX TOJIOTPAMM 3HAYMTENIbHO YMEHBIIAETCS MIPU UCTIOIb30BAHUH AHAJIOTOBBIX TOJIOTPAMM, HO TaKkKe
OTIpesieNnseTcsl JMHAMUYECKHM JHaNa30HOM MHTEHCUBHOCTH OOBEKTHOTO ITydYKa B INIOCKOCTH CHHTE3a rO0rPaMMBbl.
OTMe4eHO, 4TO TPU CHHTE3E TOJIOTPAMMBI BIUSHHE PEXHUMa MEePEMOIYIAINN MUHUMAIBHO MPU HCIOIb30BAHUT
00BEKTHOTO IMy4Ka, CXOAAIMIErocs B IIeHTpe ronorpammsl. IlpakTuyeckasi 3Ha4MMOCTh. BriOop npaBunsHOrO HHTEpBana
KBAHTOBAHUS U COOTHOIICHUS! NHTEHCHBHOCTEI ONMOPHOTO M OOBEKTHOTO ITyYKOB MO3BOJIIET 0OECIIEUUTH BHICOKOE
Ka4eCTBO BOCCTAHABIIMBAEMOT0 N300pa>KeHHS IIPH MCIIOIb30BaHIH CHHTE3UPOBAHHBIX rOJIOrpaMM-TIpoekTopoB OpeHerst
B IIPOSKIIMOHHOM (oToanuTorpadun B NTyOOKOM yabTpaduonere.
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Abstract

The results of the research focused on the reference and object beam intensity ratio effect on the transmittance of
computer-generated and analog holograms are presented. Particular attention is paid to the hologram synthesis mode in
which the intensity of the object beam exceeds the intensity of the reference beam (overmodulation mode). The study
is relevant in cases where computer-generated holograms are used in extreme ultraviolet projection photolithography.
Mathematical modeling of the physical processes of recording and reconstructing holograms has been performed. The
characteristic size of the binary test object was 80 x 80 nm, the radiation wavelength was 13.5 nm, the hologram pixel
size was 20 x 20 nm, the distance between the object and hologram planes was 20.4 um, and the incidence angle of the
plane reference wave was 14°42'. Synthesis and reconstruction of holograms were carried out in an overmodulation
mode, with different beam paths in the object beam. It is shown that the computer-generated holograms, unless binarized,
are always displayed and reconstructed as quantized holograms with a quantization interval depending on the parameters
of the synthesis scheme. It has been established that the influence of the overmodulation mode on the quality of the
reconstructed image when using computer-generated holograms will be much less than in the case of using analog
holograms, but will also be determined by the dynamic range of the object beam intensity in the hologram synthesis
plane. It is noted that the influence of overmodulation mode is minimal if an object beam converging at the center of
the hologram is used during synthesis. The choice of the adequate quantization interval and the ratio of the intensities
of the reference and object beams will ensure high quality of the reconstructed image when using computer-generated
Fresnel holograms in extreme ultraviolet projection photolithography.

Keywords
holography, computer-generated holograms, hologram reconstruction, photolithography, halftone holograms, intensity
ratio between object and reference beam, overmodulation mode
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BBenenue

CHHTE3UpPOBaHHBIE TOJIOTPAMMEI B HACTOSIIIEE BPEeMs
MPUMEHSIOTCS BO MHOTHX OONAacCTSIX HAyKHW M TEXHUKH.
IIpoekunonnas (oromurorpadus IPEACTABIICTCS OTHON
13 Haubosiee NEepCreKTUBHBIX cep UX MUCIOIb30BaHUS
[1-5]. D10 00yCI0BIEHO BO3MOKHOCTBIO TAKHX I'OJIOTPaMM
dbopmupoBaTh OONBIINE IO ILIOMIAAN U CBOOOJHBIC OT
abeppauuii 1eHCTBUTEIbHBIC H300paKeHNUS, B TOM YHCIIE
n300pakeHus: 0OBEKTOB, IIMPOKO MPUMEHAEMBIX B (POTO-
JUTOrpaueCcKOM Iporiecce — OMHAPHBIX aMITIUTYIHBIX
TpaHCIIAPAHTOB.

[Ipu coBpeMEHHOM ypOBHE Pa3BUTHS KOMITBIOTEPHOM
TEXHUKH CHHTE3 TOJIOTPAMM TaKHX OOBEKTOB HE TpedyeT
3HAYUTEIBHBIX 3aTPaT BPEMEHHBIX M BBIYUCIUTEIHHBIX
pecypcoB.

Hcnonp3oBanue ronorpamMmm B (hOTOTUTOTpAPHH TTO3BO-
JISICT UCKJTFOYMTD U3 CXeM (OTONMUTOrpaUIeCKUX YCTaHO-
BOK MHOTOKOMIIOHCHTHBIC MMPOCKIIMOHHBIC O6’I)GKTI/IBBI,
KOHCTPYKLHUSI KOTOPBIX TOCTOSIHHO YCJIOKHSIETCS H3-3a
YMEHBIIECHHSI IPOCKTHBIX HOPM M3TOTaBJINBAEMOM MOy-
MIPOBOAHUKOBOW MPOAyKIHH. OTMETUM, UTO JUIs yCIell-
HOTO MPaKTUYECKOI'0 MPUMEHEHHSI CHHTE3UPOBAHHBIX
royorpamm B (hoTonurorpadguueckom mporecce Tpedy-
eTcs, 9TOOBI BOCCTAHOBIICHHBIE M300pakeHUs oOnama-
JIA Ka4eCTBOM U TIIYOMHOM PE3KOCTH, TOCTATOUHBIMHU IS

KOPPEKTHOTO OTOOpa)XeHHs TpaHCHapaHTa Ha (OTOUyB-
CTBUTEIBHOM HoOcHTesne — ¢oropesucte. [Ipu 3ToM He-
JOTIIYCTHUMO HAJW4H€ Pa3pbIBOB, HE MPEIYCMOTPEHHBIX
TOIOJIOTHEN M3rOTaBIMBAEMOI0 M3/EIHs, a U3MEHEHUE
pa3sMepoB AIEMEHTOB CTPYKTYpPbI U3/IEIUS OTHOCUTEIBHO
pacCUMTaHHBIX 3HAYEHUN HE TOJDKHO MpeBbiarh 10 %.

IIpouecc nonydeHuss CHHTE3UPOBAHHON TOIOrPAMMBI
MOXKHO Pa3/IeINTh Ha JIBa MOCIIEA0BATEIBHBIX JTalla: KOM-
MIBIOTEPHBIA PacdeT CTPYKTYPH U (PU3NIECKOE U3TOTOB-
JICHUE PACCUMTAHHON TOJIOTPAMMBI C MCIIOIb30BaHUEM
YCTaHOBOK JIEKTPOHHO-ITY4eBON nuTorpaduu. Kaxmaprit
9TaIl XapakTepu3yeTcs PsIoM (HaKTOPOB, CIIOCOOHBIX OKa-
3aTh CyIIECTBEHHOE BIMSIHUE HAa M300pa)karoliiie CBOWCTBA
MOTy4aeMOi TOJIOTPaMMBI, a 3HAYHT, ¥ HAa KaYeCTBO BOCCTa-
HaBJINBAEMOI'0 H300paKeHHUS.

PaccMoTpuM HauasabHBIN JTaIl IIOIYYEHHUS] CUHTE3UPO-
BaHHOM royiorpamMMsl. [IpuMeHeHne KOMIIbIOTEPHBIX TEXHO-
JIOTUH JUI CHHTE3a T0JI0rpaMM BMECTO HEMOCPEACTBEHHON
perucrpanyy Ha (pOTOUyBCTBUTEIILHOM HOCHTEIIE PEaTbHO
CYIIECTBYIOIIEr0 ToJ0rpauuecKoro Mmost MPUBOIUT K
TOMY, 4TO MOAOOHBIE TOJIOrPaMMBbl 00JIA/IAIOT PSAZOM OCO-
OGeHHOCTEH, OTIANYAIOIINX UX OT TPAAUIMOHHBIX, TAK Ha3bl-
BaeMBIX (PU3MUECKHUX rosiorpamMM. Hampumep, quckpeTHast
CTPYKTypa CHHTE3MPOBAHHBIX TOJIOIPAMM MPEABSIBISET
crerduueckre TpeOGOBaHMUS K YCIOBUSIM MX PETUCTPALIUH
1 BOCCTAHOBJICHUS, YTO B pAAEC CIIy4acB IPUBOJIUT K OIr'pa-
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HUYEHHUIO Ka4eCTBa BOCCTAHABIMBACMBIX H300paKeHUH.
B T0 e Bpemst KOMITBIOTEPHBIH CHHTE3 TOJIONPaMM I103BO-
JISIET IIPY BBITTIOJTHEHUH OIIPE/ICIICHHBIX YCIOBHM TOOUTHCS
YIy4IIEHHUs UX W300pakarolux cBoicTs. Hampuwmep, cy-
IIECTBYET BO3MOXKHOCTb 3HAYNUTEIHHO yBEIHYHUTh ITyOu-
HY PE3KOCTH BOCCTaHABJINBAEMOTO M300paXEHUS 3a CUET
M3MEHEHUS POPMBI IIPEICTABICHUS TOIOTpadupyeMoro
o0ObekTa [6—8], a Tak)Ke YMEHBIIUTD BIMSHHUE CIICKIOB Ha
Ka4eCcTBO M300PaXEHUs ITyTeM NMPHUMEHEHHs Pa3IUUHBIX
METOAMK NPOCTPAaHCTBEHHOM pubrparuu [9—11].

B nactosmieii paboTte paccMOTpEH OJIUH U3 KIIIOYEBBIX
napaMeTpoB CXEMbl 3aIMCH TOJIOTPaMM, OKa3bIBAIOIUX
BIIMSIHUE HA MX M300pakaroline CBOWCTBAa — COOTHOIICHHE
WHTEHCUBHOCTEH OOBEKTHOTO M OIIOPHOTO ITyYKOB U MX
BJIMSIHUE HA Kau€CTBO BOCCTAHOBJIEHHOT'O M300pa)KeHUSI.
OTmernM, 4TO, Kak MPaBHIIO, TIPU KOMITBIOTEPHOM CHH-
Te3e rojorpamMm DpeHenst 3TO COOTHOMIEHNE TIPHHUMAIOT
paBubM 1:1 [12]. [Ipobnema BIUSHAS COOTHOIIICHUS MEX-
JIy UHTEHCUBHOCTSIMH OOBEKTHOTO M OMOPHOTO ITyYKOB B
nporecce GU3NIECKON 3alMCH TOJIOTPAMM, a TAKKE UX
KOMITBIOTEPHOTO CHHTE3a, U3BECTHA U3 HAyYHbIX ITyOIMKa-
muit. Tak, B paborax [13, 14] moxaszaHo, 4To HECMOTpS Ha
TO, YTO YCIIOBHEM IOJyYeHHs] MAKCUMAaJIbHONH BHHOCTH
PETUCTPUPYEMBIX HHTEPPEPEHIIMOHHBIX MOJIOC roJIorpa-
(bryecKoro moJIs SIBISIETCS] PABEHCTBO SIMHUIIE OTHOIICHHS
WHTEHCHBHOCTEH OITOPHON M 00BEKTHOM BOJIH, 1Is obecre-
YEHUS! YCJIOBUS JIMHEHHOCTH 3aIMCH TOJIOTPaMMBI IaHHOE
OTHOILICHHE JIOJDKHO OBITH Oosee equHuIbl. OcoOeHHO aK-
TyaJIbHO JTaHHOE YCIIOBHE JUIs citydast 1uddy3Hoii moncer-
Ku rosiorpagupyemoro oobexra. Mcnonb3oBaHre OmopHOi
BOJTHBI, TIPEBOCXOASAIICH 110 HHTEHCHBHOCTH OOBEKTHYIO,
TI03BOJISIET OOPOTHCS ¢ MHTEPMOMYIIALIMOHHBIMH TIOMEXAMHU
B BOCCTAHOBJICHHOM m300paskeHuu [15—18] u yBemmun-
BaeT JUPPAKIHOHHYIO 3P (PEKTUBHOCTH 3aHUChIBAEMbIX
rosiorpadudyeckux nTudpakunoHHbIX pemetok [19]. [lpu
9TOM PEXHUM IEPEMOYIISIIIMY — CITy4yaid, B KOTOPOM HHTEH-
CHBHOCTh OOBEKTHOM BOJIHBI ITPEBBIIIAECT HHTCHCUBHOCTD
OTIOPHOM, ¥ BJIMSHUE 3TOTO PEXHMMa Ha BHJI U Ka4€CTBO
BOCCTaHOBJICHHOTO N300pakeHHsI, 0COOCHHO ITPU MCIIOJIb-
30BaHUM IU(PPOBBIX M CHHTE3NPOBAHHBIX TOJIOTPAMM, MOJI-
poOHO B Hay9IHBIX pabOTax HE pacCMaTpPUBAJICSL.

AHaJIN3 BJIUSHHUS COOTHOIIEHNSI HHTEHCUBHOCTEH
OnopHO¥i U 00beKTHOM BOJIH HAa pacnpee/ieHue
HHTEHCHBHOCTH (GOPMHPYEMOTO ¢ UX MOMOIIbIO

roJiorpa)uyecKoro moJist

PaccmoTpuM BiusiHEE COOTHOIIEHHSI UHTEHCUBHOCTEH
OITOPHOW M 0OBEKTHOW BOJIH Ha PacIpe/ieIeHHe NHTCHCHB-
HocTH (hopMupyemoro rojorpaduaeckoro noius. [pumenm,
YTO aMIUTUTY/Ia OTIOPHOM BOJHBI A,. B TIIIOCKOCTH PErucTpa-
LUH TOJIOTPAMMBI, 33 UCKIIIOYEHUEM CITydast IPOTSKEHHOTO
OIIOPHOTO UCTOYHUKA, TIOCTOSIHHA MM C11a00 U3MEHSIETCSI.
HomycTtuM, 4To A, MOCTOSIHHA IJIsl BCEX TOYEK arepTyphl
rojgorpaMMsl. IlepeMeHHyI0 IO anepType rojJorpaMMbl
aMILIUTYRy OObEKTHOIl BOJIHBI A, ONUIIEM B BHJE HIPO-
U3BEJCHUS A, 1 HEKOTOPOTrO IIEPEMEHHOIO 10 anepType
roJ0rpaMMbl MHOXKHTENS 71, 3aBUCALIETO OT KOOPAUHAT
X ¥y paccMaTpuBaeMOM TOUKH roJIorpauyecKoro moJst:

A, =m(x, y)A,.

OTMETHM, YTO MHOKUTEJNb /77 TIOJIOKHUTENICH B TOYKaX
arepTypbl roJIOrpaMMBbI, B KOTOPBIX OIOpHAst U 00BbEKTHAs
BOJIHBI CHH(A3HBI, U OTPULATEIICH TaM, IJIc OHH HaXOIATCS
B rpotuBodaze. B aTom ciydae pacnpeseneHre HHTEHCHB-
HOCTH ToJIorpaduueckoro mnoss B IIIOCKOCTH PErUCTPALUH
roiorpammsl / (x, y):

1(x,y) = 4,4,% + mX(x, )4, A,* + 2m(x, y)4,4,* =
= L1 +m(x, ),

rae /. — WHTEHCUBHOCTH ONOPHOW BOMNHBL, A,* — Benn-
YMHA, KOMIIEKCHO-CONPSKEHHAsd aMILIUTYEe OIOPHOI
BostHBL. U3 (1) momy9uM BBIpaKeHUS, ONTMCHIBAIONINE MaK-
CUMAJILHOE /., ¥ MUHUMANLHOE [ ;| 3HAYCHUS HHTCHCUB-
HOCTel ro1orpa(puueckoro Mo B INIOCKOCTH PErUCTPALUH

TOJIOTPAMMBI:

Imax = [r[l + m(xa y)]zs
Lin = I,[1 — m(x, >

PaccMoTpuM ONOPHYIO BOJIHY, IPEBBIIIAIOILYIO [0 HH-
TEHCUBHOCTH OOBEKTHYIO, T. €. TIPUMEM MOAYJb /M JIeXKa-
M B npezenax ot 0 1o 1. B aToM cityuae HHTEHCHBHOCTh
royiorpaMuecKoro 1moiisi OyAeT N3MEHATHCS 0 anepType
rojiorpaMMsl B npeaenax ot 0 go 4 /.. Jlnsa nuHeRHOU pe-
THUCTpAllMX TaKOW TOJIOrPaMMBbl PETUCTPUPYIOIIAs cpena
JTOJDKHA 00TaaaTh XapaKTePUCTUICCKON KPHBOW, THHEHHON
B MHTEpBaJe skcro3unuii ot 0 1o 4 7.1, Te t — Bpems 3Kc-
MOHUPOBAHMS TOJIOTPAMMBI, COOTBETCTBYIOIIEE CEPEANHE
JIMHEHHOI'0 Y4acTKa XapaKTepUCTUUECKONH KPUBOM peru-
crpupytoiieit cpensl. [lpu 3ToM cpeHsis SKCo3uIus, om-
TUMaJbHAas JJIs BCEX 3HAYCHHN 77 YKa3aHHOTO BBIIIE HHTEP-
BaJia, OyaeT MOCTOSHHOM, T. €. He 3aBUCsLIel oT A, = 2/,1.

B ciiyuae ammmuTyibl 00bEKTHOM BOJIHBI, PEBBIIIAIO-
e, 1100 paBHOM aMIUTUTYAE OMOPHOM BOJHBI, MOYJIb
MHOXXHUTEIS m Oy/eT MpEeBbINIaTh WK paBeH 1.

Jormyctum, MOIyIb Jiexkut B ripeaenax ot 1 1o N. Torna
Jutst N, MHOTO OOJIBIIMX €ANHMIIBI, aMIUTUTY/A MOYJISIIIAN
MHTECHCUBHOCTH TOJI0TPaHUECKOTO TOJISt Oy/IeT CTPEMHTh-
cs k 0, a camMa MHTEHCHUBHOCTH IOJIOTPA(hUIECKOTO TOJIS
npumMepHo pasra N2/,. TIpu 5ToM 1ist 06ecriedeH s THHEl-
HOCTH PErHCTpPAIMX TOJIOrPaMMbl ONITUMAIBHOE CPEIHEE
BpEMSI SKCIIOHUPOBAHUS / JIOJIKHO BBIOMPAThCS TAKUM,
4TOOBI CepeiMHa JIMHEHHOI0 y4acTKa XapaKTepHUCTHIECKOM
KpHUBO#i Oblia Gim3ka K 3Kcno3uiuu (N2],. PaccMoTpum
ClTy4aii, KOTjia 71 He3HaYUTeIbHO MPEBBIIAET 110 MOIYIIO 1,
Harpumep m = 1,5. Toraa MHTEHCUBHOCTD ronorpaduye-
CcKoro nosst Oyger jexars B npezenax ot 0,25 7, 1o 6,25 1,
T. €. TpeOyeMbI JUIsl IMHEHHON PeTHCTPAIU TOJI0IPAMMBI
JINHEHHBIN y4acTOK XapaKTEepUCTUUECKON KpUBOM 3HaA-
YUTENBbHO yBenuduics. Ero cepeanna npu 3ToM J0mKHA
COOTBETCTBOBATh dKcno3uunu 3,25 ¢/,. llpn m = |4| un-
TEHCHUBHOCTH TOJIOTPaPUIECKOTO MO OyJaeT JIeKaTh B
npenenax ot 9 [, no 25 I,, a HeoOxoauMasi BeJIM4YNHA Cpel-
Hell skcnio3unuu paBHa 17 ¢/,. IlomyueHHbIE pe3ynbTaThl
MOKa3aHkl Ha puc. 1.

W3 rpadukoB BUAHO, 4TO pexuM (HOPMHUPOBAHUS TO-
aorpauuecKoro moysi, Ipxu KOTOPOM HHTEHCHUBHOCTH
OIIOPHOI BOJIHBI MTPEBBIIIAET UHTEHCUBHOCTh OOBEKTHOM,
XapaKTepu3yeTcss MUHUMAIIBHBIMHU TPEOOBAaHUSIMH K JINHEH-
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BnusiHne COOTHOLLEHNS UHTEHCUBHOCTE OMOPHOM 1 06 LEKTHOM BOJIH HA pacnpeneneHne MHTEHCUBHOCTMU. ..
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Puc. 1. Tpadukn 3aBUCUMOCTH MaKCUMaJIbHON ¥ MUHUMAaJIbHON
MHTEHCHBHOCTEN roorpaduuecKkoro moss oT BETUINHbI
MHOKHTEIIS 1
Fig. 1. Graph of the maximum and minimum intensities of the
holographic field versus the value of the multiplier m

HOCTH XapaKTEPUCTUYECKOW KPUBOW MCIIOJIb3YEMOW IS
perucTpanuu rolorpaMmsl peructpupyrouei cpeast. [Ipu
9TOM TaKOW PEKUM 00ECIeunBacT BOZMOKHOCTh BbIOOpa
OITUMAJILHOIO BPEMEHU 3KCIIOHUPOBAHUS IOJOTPaMMBbl
JUIS BCEX TOYEK €€ arepTypsl, T. €. BHIOOp BPEMEHHU JKC-
MIOHUPOBAaHMsA, HE 3aBUCSLIETO OT A4,. 3aMETHM, YTO BbI-
60p BpeMEHHU SKCIIOHUPOBAHUS OCYIIECTBIISICTCS TAKUM
00pazoM, 9TOOBI CpeHsS HKCIIO3UIHNS TIPH PErUCTPAIIH
TOJIOrPaMMBbI IPUOIM3UTEIHLHO COOTBETCTBOBAJIA CEPENHE
JINHEWHOIO y4acTKa XapaKTEepUCTUUYECKOW KPUBOM peru-
cTpupyoei cpenpl. Ilepexon B pexxuM nepeMogyIIsiluH,
IIPU KOTOPOM MHTEHCHBHOCTb OOBEKTHOH BOJIHBI TPEBBI-
I1aeT MHTEHCUBHOCTh OMOPHOI, IPUBOANUT K HEOOXOAUMO-
CTH HCHOJB30BaHUS PETUCTPUPYIOUIUX Cpel] ¢ OONBLINM
HWHTEPBAJIOM IKCIIO3ULINHI, COOTBETCTBYIOIIUX JIUHEHHOMY
y4acTKy XapaKTepHUCTHUECKOM KPUBOH U K HEBO3MOXKHOCTHU
BBIOOpA €IMHOTO ISl BCEIl arepTyphl roJI0rpaMMBbl BpeMe-
HU €€ IKCIOHUPOBaHus. [Ipu 3ToM ¢ pocTOM MHOXKUTEIIS 11,
MIPY 3HAUEHUSIX, CYHIECTBEHHO MPEBBIIIAIONINX 1, OTHOBpE-
MEHHO YMEHBIIAIOTCSI BUAHOCTH TOJI0TPa(QUIECcKOro mosst
V' n onTuManbpHas BEIMYMHA BPEMEHH DKCIOHHPOBAHMS
rosorpaMmbl. OTMETHM, YTO BUAHOCTH TOJIOTPadHIECKOTO
I0JIsL V OTIIpenersieTcs B COOTBETCTBUH C BBIPAKEHHEM:
1, max — Imin

1 max + min

Bunnocts ronorpaduieckoro mosus — OjHa U3 BaX-
HEWIINX XapaKTepUCTHK, ONPEACIIIONMX TU(PPAKIIMOHHYTO
s¢dexTrBHOCTE MoMyyaemMbIx rojgorpamm. [ paduk 3aBucu-
MOCTH BHJHOCTH OT MHOMKHUTEIIS 717 TIPEACTABIIEH Ha puC. 2.

I'maBHast OACHOCTB PEXKMMA MEPEMOTYIIALUH 3aKIII0Ue-
Ha HE CTOJIKO B YMEHBIICHUN BUIHOCTH U JU(PPAKINOH-
HOH 3 (HEKTUBHOCTH I'OJIOTPAMMBI, CKOJIBKO B OTCYTCTBUH
BO3MOKHOCTH BBIOOpA €IMHOTIO JIJIsl BCEH arepTyphbl ToJo-
IrpaMMbl OIITUMAJIBHOTO BPEMEHU €€ SKCIIOHUPOBAHUS, IIPU-
BOJALIEH K 3HAYUTEIIbHOW HEJIMHEUHOCTU PETUCTPUPYEMO
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Puc. 2. I'padux 3aBHCUMOCTH BUAHOCTHU TOIOTPAYUIECKOTO
TI0JISL OT BEJIMYUHBI MHOXKUTEIIS 71

Fig. 2. Grapf of the interferometric visibility of the holographic
field versus the value of the multiplier m

roJorpaMmbl. Pe3ynbTaToM HENMHEHHOCTH MOTYT OBIThH
IIOMCXH U apTe(i)aKTbI B BOCCTAaHOBJICHHBIX roJiorpaMmmax.

[IpuBeneHHBIE BbIIIE PacCyKACHUS CIIPABEATUBBI IS
CllyyaeB aHAJIOTOBBIX M IU(POBBIX rojorpaMm. B ciryuae
CHHTE3MPOBaHHBIX TOJIOTPaMM, 0COOEHHO TOJIOTpaMM, BOC-
CTaHABIMBAEMBIX B BUPTYaJIbHOM MPOCTPAHCTBE, IPOLECC
BOCCTaHOBIICHHUS IPOTEKAET MHAYE. DTO CBSI3aHO C TEM, UTO
IIPU CHHTE3€ TOJI0rpaMM BPeMs SKCIIOHUPOBAHUS CUNTAET-
sl IOCTOSIHHBIM, a 3HaueHue [, MTPUPaBHUBACTCS K MaK-
CHMAaJIbHOMY YHCIy OTOOpa)kaeMbIX rpaganuii. B cmydae
MIPE/ICTABICHUS CHHTE3UPOBAHHBIX TOJIOTPAMM C UCIIOJIB30-
BaHMEM TaK Ha3bIBAEMOH «cepoi mKaie» I, =256 [20].
PaccunTaem 3HaueHue OHOM rpajaimu o/

[r 1 +mmax ?
L )

256 ' @

TIE My, — 3HAYEHUE MHOXHTEIIS /71, COOTBETCTBYIOIIETO
MaKCHMAaJIbHOM aMIUTUTY/le OOBEKTHOIO ITyYKa B KaKOH-JIu-
00 TOUKe MIIOCKOCTH CHHTE3a rojorpammel. M3 (2) cienyer,
YTO CUHTE3UPOBAHHBIC I'OJIOTPpaAaMMBbI HEJIB34 CHYUTATh I1OJTy-
TOHOBBIMH, TIOCKOJIBKY YUUTBIBaEMOE P UX 0TOOpakeHUN
Ha HOCHTEJIE N3MEHEHHE MHTEHCUBHOCTH roJIorpaduyecko-
TO Moyl He MOXeT ObITh MeHee O/. Takum o0Opa3zom, CHH-
TE3UPOBaHHbIE TOJIOTPAMMBI, €CJIM OHU He OblIM OMHapH-
30BaHbl, BCET/la 0TOOPaYKAIOTCS M BOCCTAHABIIMBAIOTCS KaK
KBAaHTOBAHHbIE TOJIOTPAMMBI ¢ HHTEPBAJIOM KBAHTOBAaHUS,
OITICHIBAEMBIM BhIpakeHHEM (2). [Ipn oToOpaxeHnn Takux
ToJIOTpaMM Ha HOCHTEJIE BCE MHTEPBAJIbl NHTEHCUBHOCTH
roorpapUYECcKOTo IO, JIeXKAIIUe B Ipeaenax ot ko 1o
(k+ 1)3/, tne k — mocrosHHasA, OymyT 0TOOpakeHBI Ha HO-
CHTEJIE PaBHBIMU 3TUM JIByM 3HAYEHUSIM HHTEPBAJIOB, IIPU-
YeM Kakoe U3 3HaueHUH Oy/ieT 0TOOpaKeHo, ONpeessieTcs
CpC€AHUM 3HAYCHUEM MHTCHCUBHOCTHU ronorpad)nquKoro
[IOJIsL B 3TOM TOYKE €ro aneprypsl. Peskoe ymeHblieHue
Pa3HOCTH MaKCUMAJILHOTO ¥ MUHMMAJILHOTO 3HAUYeHUH H-
TEHCUBHOCTH ToJIOrpadpu4yeckoro mojsi B JaHHOW o0acTi
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CI/IHTe3I/IpOBaHHOﬁ roJiorpaMMbl, BBIPAXKCHHOE B MHTEPBAa-
JIaX KBaHTOBaHHUS F, , [IpU YBEIIMYCHUH MHOXHUTEIIA 7771 MOKET
OBITH OIKMCAHO C TIOMOIIBIO BBIPAXKECHU .
1, max ]min _ km

81 (1+m)*

B pesynbrare MOXKHO CIIenaTh BBIBOI, YTO IPH OTHO-
CUTEIIEHO HEOONBIINX 71, JISKAIINX B Mpeaenax oT 1 1o
HECKOJIBKHUX CIWHMWII, CTEIICEHb HEITUHEHHOCTH TOIOTpa-
(budeckoif 3amucw, a, CIeI0BaTeIbHO, M Ka4eCTBO BOCCTa-
HOBJICHHOTO M300pakeHus OyayT OTHOCHTENIBHO C1abo
3aBHCETh OT BEJTMYMHBI MHOKUTEIIS 71 TIPU CUHTE3€ TOJI0-
rpammbl. [Ipu nanpHeimeM yBeIMYCHUH 7 BEPOSTHOCTh
MOTEePH KauyeCcTBa BOCCTAHABIMBAEMOI0 H300paKEHUS BbI-
pacTeT u3-3a 3aMETHOTO YMEHBIIIEHUS BeTUYUHBI I 1 CHU-
JKEHUS! BUAHOCTU cTpaT [13] B MIOCKOCTH CHHTE3A TOJIO-
rpammel. M3 npoBeieHHOro aHanusa cieayeT, 4To BIUsSHUE
pexrMa IepeMOAy ISILIMY Ha KaYeCTBO BOCCTAHOBIEHHOTO
M300paKeHUS MIPH UCIIOIH30BAHUH CHHTC3UPOBAHHBIX TO-
JoTpaMM OyIeT 3HAYUTEITHHO MCHBIINM, YeM B CIIydae
AHAJIOTOBBIX TOJIOTPAaMM, HO Taxke OymeT OmpeneisThCs
JUHAMAYECKIM JHala30HOM HHTEHCHBHOCTH OOBEKTHOTO
MMydYKa B TUIOCKOCTH CHHTE3a rojorpaMMmsl. Uem Oobie
JUHAMUYECKUH NHMana30H, TeM Xy)Ke KadeCTBO BOCCTa-
HOBJICHHOTO M300paxeHus. B pabote [21] moka3aHo, 4T0
UCIIOJIb30BaHNE 0OBEKTHOM BOJIHBI, CXOJISILEHCS B LIEHTPE
TOJIOTPAaMMBI, IPUBOAUT K MOBBIIIEHHUIO IUIOTHOCTH 3alHCH
uHpopMaIuu 00 00BEKTE U COKPAIICHUIO PETUCTPHPYE-
MOTO JiMana3oHa U3MEHEHN MHTeHCUBHOCTH rojiorpadu-
YECKOTO TOJsI IO CPABHEHMIO CO CTAaHAAPTHBIM CIIy4aeM
CHHTE3a, KOT/1a 00bEKTHAasI BOJTHA TOMOIICHTPUYHA.

MO’XHO TIPENIIONIOKHUTD, YTO BIHSHUE PEKUMa MepeMo-
IYISAIAN Ha Ka9€CTBO BOCCTAHOBJICHHOTO B BHPTYaJIEHOM
MPOCTPAHCTBE C TIOMOMIBIO CHHTE3MPOBAHHBIX TOJIOTPAMM
n300pakeHus OyeT MEHBIINM B CIy4ae MCIOIb30BAHUS
00BEKTHOW BOJHBI, CXOISIIEICS B IEHTP TOJIOTPaMMEI, 110
CPaBHEHHIO C BIMSIHUEM, OKa3bIBAEMOM TPH TOMOLIEHTPH-
YECKOM XOJI€ JIy4eil. BBINOIHUM NPOBEPKY NaHHOMU TUIIOTE-
3Bl METOZIOM MaTeMaTHYECKOTO MOJICTUPOBAHHS.

MeToauka nNpoBeJeHUs] MATEMAaTHYECKOI0
MO/JC/TUPOBAHUS BIUSITHUSI COOTHOLICHUSI
HHTEHCHBHOCTEH ONMOPHOH M 00beKTHOI BOJIH
HA BOCCTAHOBJIEHHOE N300pakeHHe

MeToanka NpoBeIeHUs] MaTeMaTHYeCKOT0 MOJICIH-
poBaHMsI BKJIIOYaia B cedst cuHTe3 pesibepHO-(Pa3oBhIX
rOJIOrPaMM-TIPOEKTOPOB JIBYMEPHBIX 00bEKTOB, IIPE/ICTaB-
JSIFOLIMX cO00M OMHApHBIC aMILTUTYIHBIE TPAHCIAPAHTHI.
Cuntes ocyuiectnieH MeTosioM [ toiirenca—®penens [22], ¢
HCIIONIb30BAHUEM JIBYX THIIOB OOBEKTHOTO ITy4Ka: C TPaan-
LIMOHHBIM JUTs (DOTONMTOTPAPHH TEIEIEHTPUIECKUM XOI0M
Tydel, ¥ C NCIONb30BaHNEM OOBEKTHOTO ITydYKa, CXOJs-
IIETOCS B LIEHTPE INIOCKOCTH PETHCTPALIH TOJIOTPAMMBI.
B obmem caydyae mpuMeHEHHE Takoi 0OBEKTHOW BOJHBI
II03BOJISIET MTOBBICUTH KAUECTBO BOCCTAHABINBAEMOI'0 H30-
OpakeHUs ¥ COKPATUTh pa3Mep rojorpammsl [21].

P €3YyJIbTaTbl CUHTE3a NPEACTAaBJICHbI B BUAC IBYMEPHOI'O
MaccHBa 3HaYCHHIH WHTEHCHBHOCTHU ToJIOTpaduuecKoro
TI0JIs1, PACCYMTAHHBIX JIJISI 9KBUIMCTAHTHO PACTIOIOKEHHBIX

TOYEK anepTypsl roJorpaMMsl. [l MonydeHus oTpaxa-

TENBHOM penbeHOo-(a30BoOi CHHTE3NPOBAHHOW rOJIOrpaM-

MBI K2XJ10€ 3HaYCHHE NHTEHCHBHOCTH MAaCCHBA aBTOMATH-

YEeCKH MEPECYUTAHO B ITPOTIOPIIMOHAIBHBIN eMy (a30BbIi

HaOer ot 0 10 /2 (MakcUMaJIbHOE 3HAYEHHE HHTCHCUBHO-

CTH COOTBETCTBYET HaOery B T/2, a MUHIMaJIbHOE — B 0).

[Janee rosiorpamma MoiBEPrHyTa YUCICHHOMY BOCCTA-

HOBJICHHIO B BUPTYaJIbHOM IIPOCTPAHCTBE, U MOTy4YEHHOE

H300paKCHUE COXPAHEHO B BUjIE Tpaduueckoro (daiina.
Marematiudeckoe MOICTMPOBAaHIE MPOIIECCOB CHHTE3a

1 BOCCTAHOBJICHHS TOJIOTPAMM C pa3iIHMYHBIM COOTHOIIIE-

HUEM MHTEHCUBHOCTEH OOBEKTHOTIO U ONOPHOTO MyYKOB

MIPOBEJCHO B CHEIUATU3UPOBAHHOM IIPOTrPAMMHOM KOM-

wiekce!. UncneHHbIe TapaMeTpbl CHHTE3a TOJIOrPAMM BbI-

OpaHbl B COOTBETCTBUH C TPEOOBAHUSIMH, YCTAHOBICHHBIMH

B pabote [23]:

— ISl IPOCTPAHCTBEHHOTO Pa3/IeJICHHsI TIOPSIKOB TH(]-
PaKLUK TUCKPETHOM TOJIOTPAMMBI JOJDKHO BBITTOIHATh-
Cs1 yCIIOBHE, YTOOBI pa3Mep ee MHUKCeNna COCTABIST He
Gomee 1/4 oT pazMepa MUHIMAIBHOTO IEMEHTA CTPYK-
TypBI OOBEKTA;

— i o0ecriedyeHNs HAIOKEHHSI BCeH MII0CKON OTIOPHOM
BOJIHBI Ha rojiorpaMMy 0e3 SKpaHHpOBaHHsI 00bEKTOM
HE0OX0UMO, YTOOBI HCIIOIb3yeMast JJIMHA BOJHBI HE
MIPEBbIIIANa BETUUNHBI, paBHOH 2,7 epUOI0B AUCKpE-
THU3AIMHU TOJIOTPAMMBI;

— PpaccTosHKE OT IIOCKOTO TeCT-00BEKTA 10 TOIOTPaMMBI
npuasaTo R, = 20345 um npu pabouell JITMHE BOJIHEI
A= 13,5 HM, KOTOpas UCTIOIB3yeTCA B IUTOTpadmye-
CKHX yCTaHOBKax komnanuu ASML, peHasHaqeHHbIX
JUTS peai3auy POTONMUTOrpadUIecKoro mpoiecca B
HKCTPEMATHHO KOPOTKOBOJIHOBOH YABTPaHOIETOBOM
obnactu criektpa [24];

— pasMep MUKcea rojgorpaMmMbl coctaBuil 20 x 20 HM, a
YTOJI TTaJIeHNs] OTIOPHON BOJHEI paBeH 14°42;

— pa3mMep nukcena Tect-o0bekra 80 X 80 HM, MOCKOJIBKY
YCIIEHIHOE BOCCTAHOBJICHHE M300paKeHHs BO3MOXKHO
TOJIBKO B TOM cly4ae, Korjaa MNepuoj JUCKpPeTH3aluu
CHHTE3MPOBAHHOM T0OJI0OrpaMMBbI KaK MUHUMYM B 4 pa3a
MEHBIIIE TIEPHOJa AUCKPETH3ALNH CaMOT0 00BEKTA.

Pe3yJ1]>TaTbl MaTeMaTHYeCKOro MoaeJupoBaHUus

C 11eT1bI0 OLICHKH BIIMSIHUS PEKUMA TIEPEMOTYIIALINY Ha
BUJI ¥ KAYECTBO BOCCTAHOBJIIEHHOTO N300PayKEHUS BBINOII-
HEH CHHTE3 U YHCIEHHOE BOCCTAHOBJIEHUE B BUPTYaJIbHOM
MIPOCTPAHCTBE TOJIOrPaMMbI 00beKTa « YToIKm» (puc. 3).

Pasmep oObekTa 23 X 23 MUKCETIOB ¥ MPEICTABIISCT CO-
BOKYIHOCTB JINHUH WUpUHOi oT 1 10 3 nukcenos. Pazmep
JuHUM Kpecta 1 X 7 nukcenoB. M3 0Tpe3koB TONILIUHON B
1 TIKcen cocTaBIeHHI /1Ba OMMKAUIIMX K KPEeCTy YToJka,
paccTosiHue Mex Iy KoTopeiMu | mukcen. Illupuna TpeTs-
€ro yroJjika 2 IHUKcesa, YeTBEpTOro, CaMoro JalbHETO OT
KpecTa, — 3 mukcena. PaccTostHue MEXIy BTOPBIM U Tpe-
TBUM YTOJIKAMU — 2 MHUKCeJa, MeXIy TPETbUM U YeTBEep-
TBIM — 3 IHKCea.

I TIporpaMMHBIil KOMIUIEKC pa3paboTaH B YHUBEPCHUTETE
NTMO u npouien rocynapcTBeHHy0 peructpanuio (Ceuuae-
TEJILCTBO O TOCYAAPCTBEHHON PETHCTPALMK ITporpaMmbl i1t OBM
Ne 2013616036 ot 25.06.2013).
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Puc. 3. O6beKT «Yronkm»
Fig. 3. Object “Angles”

CuHTe3 TosorpaMM 00beKTa « YTOJIKW» MPOBEIEH MPH
pa3IUYHBIX COOTHOLICHUSIX NUHTEHCUBHOCTEH OMOPHON U
00beKTHOM BoJH: 1:1 (cTanmapTHas cutyauus B iU(ppoBoii

ronorpadun), 1:2, 1:4, 1:6 u 1:8. Ipyrumu cioBamu, pac-
CMaTPUBAJIMCH CITydaH, KOTJ[a HHTCHCUBHOCTh OObEKTHOM
BOJIHBI [IPEBbIIIAIa HHTEHCUBHOCTh OMOPHOI B 1, 2, 4, 6
u 8 paz. [l KaXKJJ0ro Citydast Moy4eHO JIBE TOJI0TPaMMBbl,
C HCIIOJIb30BAHNEM TEJICIEHTPUUECKOTO U CXOASAIIETOCS
00BEKTHOTO Iy4YKOB. B pe3ynbrare ObIIIO CHHTE3UPOBAHO
10 rojorpaMm, pe3yabTaThl YUCICHHOTO BOCCTAHOBICHHS
KOTOPBIX MIPEACTaBICHHI B Ta0M. 1.

CpaBHEHHE Ka9eCcTBa H300paKeHUH, TOTYICHHBIX MTPH
UCIIOJIb30BaHUHU Pa3HON (POPMBI MPEACTABICHUS OTIOPHOM
BOJIHBI, TIO3BOJISICT OLICHUTH BIMAHUE pa3Mepa JUHAMHU4Ye-
CKOTO JTMara3oHa rojIorpaMMbl Ha KaueCTBO BOCCTaHABIINU-
BaeMbIX M300paKeHUH B pexxnme rnepemonyssinun. OneHka
Ka4eCcTBa OCYLIECTBIEHA C UCIONb30BAaHUEM KPUTEpPHUS,
YHCJIEHHO BBIPAYKAEMOT'0 Yepe3 KOJIMYECTBO JIOMYCTHMBIX
ypOBHEi# (rpasamuii) moporoBoi 00pabOTKH MOITyYSHHOTO
n300pakeHus, TP KOTOPOM OHO MO pacIpeieeHHIO HH-
TEHCUBHOCTH TIOJIHOCTBIO HASHTUYHO UCXOTHOMY OOBEKTY.
Uewm OompIlie TaKUX YpOBHEH (Tpaganmii), TeM n3odpake-
HHE MOXHO CUMTaTh OoJiee KaUeCTBEHHBIM, a 3HAYUT, TIPH

Tabnuya 1. BoccraHOBIEHHBIE N300pakeHHSI 00EKTOB

Table 1. Reconstructed images of the objects

COOTHOIIIEHHE UHTCHCUBHOCTEH
00BEKTHOTO ¥ OTIOPHOTO ITyYKOB

N300pakeHne 1pu TeIeHEeHTPUIECKOM
XOJI€ JTyuei OOBEKTHOTO ITydKa

W3o0pakeHne pu CXOIAIIEMCs
00BEKTHOM TTyUKe

1:1

1:2

1:4

1:6

1:8
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—e— TenenenTpudecknii 0ObEKTHBIN MTy4OK
—e— Cxopsmuiicsi 0ObEKTHBIHN ITy4OK

Puc. 4. I'padhuk 3aBUCUMOCTH YHCIa JOIMYCTHMBIX YPOBHEH
MIOPOTOBOIT 00pabOTKH OT OTHOIICHUSI BEJIMYMH HHTEHCUBHOCTH
0OBEKTHOT'O ¥ OIIOPHOTO MYYKOB JUIS IBYX CXEM XOJia JTydei
Fig. 4. Graph of the number of allowable thresholding levels
versus the ratio of the intensity values of the object and
reference beams for two ray paths

MIPAKTUIECKON peann3anuil HOTOTUTOTrpahUIECcKOro mMpo-
1ecca ¢ UCIONb30BAHUEM CHHTE3MPOBAHHBIX FOJIOrPaMM
CHIKAIOTCS TPEOOBaHUS K KOHTPACTY (DOTOPE3UCTa U TOU-
HOCTH TI0/100pa AKCIIO3UIMOHHOM 10361 [25]. Pesynbrars!
OLICHKH Ka4eCTBa BOCCTAHOBJICHHBIX M300pasKeHHH C TOMO-
IIBIO TAHHOTO KpHuTepust (puc. 4) mokaszaHsl B BUJe rpadu-
Ka 3aBHCHMOCTH 4YHCJa IOMYyCTUMBIX T'paJjalliii TOpOroBoi
00pabOTKM BOCCTAHOBICHHBIX M300pakeHUH OT (POpPMBI
00BEKTHOTO IMyYKa M OTHOHICHUS! HHTEHCUBHOCTEH 00b-
€KTHOT'O U OITOPHOTO ITy4KOB.

o nosryueHHBIM pe3yabTaTaM BUIHO, YTO CHHTE3 TOJI0-
rpaMM B peKUME MEPEMOIYIISAINN TIPUBOIUT K OOIbIIEMY
CHIYKEHHIO KaueCTBa BOCCTAHABIMBAEMOTO H300paKEeHUs,
IIPU CHU’)KEHUH MHTEHCUBHOCTHU OMOPHOTIO ITy4Ka OTHOCH-
TeJIbHO 00bekTHOTO. [IpHu 3TOM KadecTBO M300paKEeHUH,
BOCCTaHOBJICHHBIX C IIOMOIIBIO TOJIOTPaMM, TTOYYEHHBIX C
UCIIOJIL30BAHUEM CXOJISIIIETOCs Ha roJorpaMMe 00bEKTHOTO
MTy4Ka, IPYU COBIAJACHUH MTPOUUX YCIOBUIN CUHTE3a OKa3bl-
BAeTCs BBIIIE, YeM KauecTBO M300paKEHNH, BOCCTAHOB-
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JICHHBIX ITPU YCJIOBHH MCIIOIB30BAHUS TEICHEHTPUYECKOTO
X0J1a OOBEKTHOTO ITyYKa.

Kak BuHO U3 puc. 4, IpU HCHOJIB30BAaHUN CXOJSIIE-
rocst 0ObEKTHOTO ITy4yKa yXyALIeHHE KauyecTBa BOCCTA-
HOBIJICHHOTO M300paXCHUsI CO CHIKCHHEM MHTCHCHBHO-
CTH OIMOPHOTO ITy4Ka MPOUCXOJUT MEUICHHEE, YeM MPHU
WCTIOTB30BAHUH TEICHEHTPHUICCKOTO OOBEKTHOTO MydKa.
Tax, mpu CHIMYKEHUW WHTEHCHBHOCTH OMOPHOI BOJHBI B
8 pa3 OTHOCUTEIHPHO UHTEHCUBHOCTH OOBEKTHON BOJIHBI,
KOJTMYECTBO JIONYCTUMBIX YPOBHEH MOPOTOBON 00pabOTKH
BOCCT@HOBJICHHOTO M300payKEHHS B CITy4ae NCIOJIb30BAHUS
CXOJIAIErocsi 0ObEKTHOTO Myuka yMEeHbIIUTCS Ha 42,5 %,
a B CIIyJae MCIIOJIb30BaHMsl TEJICIIEHTPHUYECKOTO 0OBEKTHO-
ro myuka — Ha 76,5 %. DTo M03BOJIAET CAENaTh BBIBOA O
TOM, YTO BEJIMYMHA TUHAMHYCCKOTO JIMATa30Ha OKa3hIBACT
3HAUUTEIHFHOE BIUSHIC HA KAYeCTBO N300paXCHUH, MOy~
YEHHBIX C TIOMOIIBIO TOIOTPaMM-TIPOESKTOPOB, CHHTE3MPO-
BaHHBIX B PEXKIME TICPEMOTYIISIIHN.

OTMeTHM, 9TO B ciiy4ae (pU3NIECKU BOCCTAHABIMBA-
€MBIX CHHTE3WPOBAHHBIX TOJOTPAMM BIUSHHE peKUMa
MIEPEMOIYIISAINH Ha KaYeCTBO BOCCTAHOBIEHHOTO M300pa-
KCHUS 3HAYUTCIIBHO YBCJIMYUTCA 3a CUHET HEJIMHEWHOCTHU
nporecca 0ToOpakeHHs: CTPYKTYPBI TOJOrPaMMbl B Mare-
pHase HOCUTEIIS.

3akaouenune

B paGote nccnenoBano BIUSHUE COOTHOIICHHUS HHTEH-
CHUBHOCTEH OMOpHON M 0OBEKTHOM BOJTH HA pacpeieiicHe
HHTEHCUBHOCTH (POPMHUPYEMOTO C UX [MOMOIIBIO TOJIOrpa-
(hUYecKoro moJis IJIsl CIyYacB aHAJIOTOBBIX M CHUHTE3H-
POBAHHBIX T'OJIOTPAMM. H01<a3aHo, 4YTO HEC NOABCPIHYTHIC
OWHapU3alMKi CHHTE3UPOBAHHBIC FOJOTPAMMBI 0TOOpa-
JKaIOTCSl U BOCCTAHABJIMBAIOTCSl HE KaK MOJYTOHOBBIE, a
KaK KBaHTOBaHHbIE roJiorpaMMbl. MIHTepBan KBaHTOBAHUS
OTIPEICIIACTCSI MHTEHCHBHOCTSMHU OOBEKTHOTO M OTIOPHOTO
MTyYKOB, a TAaK)Ke YHCIOM OTOoOpa)kaeMBIX Tpajaluil Ha
rojorpaMMe. YCTaHOBJICHO, UYTO BIMSHHE PEXUMa Tepe-
MOJYJISIIIAA B TIPOIIECCE 3alACH TOJIOTPaMM Ha KaueCTBO
TIOTY9aeMOro N300paKeHHsI IPU UCIIOIb30BAHUN CHHTE3H-
POBaHHBIX TOJIOTPAMM MEHBIIIE, YeM MPU HCIIOIB30BAHUS
AHAJIOT'OBBIX. MGTO}]OM MaTEMaTH4CCKOro MOJACIMPOBaAHUA
TMOKa3aHo, 4YTO JII CHHTE3UPOBAHHBIX I'OJIOI'PaMM 3TO BJIM-
SIHUC 6yJICT MHWHUMAJIBHBIM ITPU YCJIOBHUHU HCIIOJIB30BaHUA
MIPU CUHTE3€ roJIOTpaMMbl 0OBEKTHOTO My4Ka, CXOJsIIe-
rocs B ee LIEHTpe.
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AHHOTanMs

Ipeamet ucciaenopanus. [Ipeqnoxen BapHaHT peann3aniy BOJOKOHHO-ONTHYECKOTO JAaTUYMKa TEMIIEPATyphl Ha
ocHose uHTephepomerpa Padpru—Ilepo u cxema ompoca IKCIepUMEHTANBHOTO o0pasna garunka. [IpeanoxeHHoe
pelIeHne IM03BOJISIeT He IIPUMEHSTH JOPOTOCTOSINNE CIIEKTPaIbHbIe H3MEPUTEIbHBIE YCTPOICTBa (aHAIN3aTOP
CIIeKTpa, nHTepporarop). OnpezneneHs! odnacTh CBOOOAHOI Anctiepcnu U (a30Basi TyBCTBHTEIBHOCTE pa3padoTaHHOTO
unTepdepomerpa Padpu—Ilepo B nuamazone temmeparyp ot 20 °C mo 590 °C. Paccuntana TOYHOCTh U3MEPECHHUS
TeMIIepaTypbl OKpYIKarollel cpebl. BrlmonHeHa ojeHKa J0IroBpeMEeHHOM CTa0MIIBHOCTH N3MEPUTEBHOMN yCTaHOBKU
IIpM KOMHATHOW TeMneparype. 3apeructpuposaH casur ¢assl narepdepomerpa @adbpu—Ilepo npu usMeHeHUn
temnepatypsl. Metoa. Konctpykius nurepdepomerpa Padbpu—Ilepo peannzoBaHa ¢ NpUMEHEHHEM OTPaXKAIOIINX
TOHKOTJIEHOYHBIX MHOTOCIIOMHBIX CTPYKTYP, HONYyYEHHBIX ITyT€M MO3TAMHOTO 3NEKTPOHHO-IYYEeBOTO HAMbIICHUS B
BaKyyMe Ha IOJIMPOBAaHHbIE TOPIEBBIE CKOJIBI ONTHYECKOTO BOIOKHA. MeTos ompoca HHTepdepoMeTpa OCHOBAH Ha
MIPUMEHCHNH BepPTUKAILHO-N3Iydaronlero azepa ontudeckoro auanasona (VCSEL), paboTarommero B UMITYJIbCHOM
pesxxume. [IprHIMD perucrpamun casura $assl HHTEphepoMeTpa IPH U3MEHSHHH TeMITepaTyphl HCIOJIB30BaH IS
BBITIOJTHEHUSI BCIIOMOTaTeIbHON MOIYIISIIMN M3JTyYeHHUS Jla3epa 110 JUTHHE BOJHEI 32 CUET NePHOIMIECKOTO H3MEHEHHS
JUIMTEITFHOCTH ONTHYECKUX UMITYJILCOB. BeriomMorarenbHast MOy IsIHsl O3BOJISET MOJIYYUTh B CHTHAJIE HHTepdepoMeTpa
JIOTIOJIHUTENbHBIE TAPMOHUYECKHE COCTABISAIONINE, KOTOPble MPUMEHSAIOTCA MPH FOMOAMHHON JEeMOIYISAIUH U
BOCCT@HOBJICHMH CHUTHAJa c/BUra (a3sl HHTEpdEpoMeTpa, IPONOPLUOHATFHOTO H3MEHEHHIO ONTHYECKOW Pa3sHOCTH
X0Ja JIydelt Mexmy 3epkanamu uHTepdepomerpa. OcHOBHBIE pe3ybTaThl. KOHCTPYKINS BEICOKOTEMIIEPATypPHOTO
JIaT4IHKa peann3oBaHa Ha 0CHOBe HHTep(hepomerpa Padbpu—Ilepo, oTpaxkaromue 3epkana KOTOPOro MPeCTaBISIOT COO0H
IIITh YePEIYIONIUXCS CII0EB TOHKHX INICHOK THOKCHA TUTAHA M OKcuza amoMuHus. [1o pesynsraTram TeMneparypHOro
SKCIIEPHMEHTA CJIeIaH BBIBOJI, UTO YBEINUCHUE TEMITCPaTyPhl OKpPY>KaIoOIIeH Cpe/Ibl MPUBOIHUT K YMEHBIICHHIO 00JIacTH
cBoOoHOI aucnepcnu uHTepdepomerpa dadpu-Ilepo. IlomydeHHBIE pe3ynbTaThl COOTBETCTBYIOT TEOPETHIECKUM
naHHbIM. [loka3zaHo, 4yTo (a3oBas YyBCTBUTEIBHOCTh HHTEp(dEpOMeTpa K U3MEHEHHUIO TeMIIepaTyphl COCTAaBIISET
0,94 pan/K. Tounocts u3MepeHuii Temmneparypsl mo ypostio 3¢ pasua 0,017 K. [IpakTuueckasi 3HAYNMOCTb.
Pe3synbrathl Hcce0BaHUS MOTYT UMETh Ba)KHOE 3HAUEHHUE MPU CO3JaHUU CHCTEM MOHUTOPHMHTA TEMIIEPATyp CBBIIIE
300 °C. IlpumeHeHne TO10OHOTO HHTEPPEPOMETPA MO3BOJIUT MPOBOANUTH BHICOKOTOYHBIE OTHOCHUTEIBHBIC H3MEPEHHS
TeMIepaTypHl.

KiioueBble cioBa
uaTeppepomerp Pabpu—Ilepo, BricOKOTEMIIEpaTypHBIH AaT4uK, 00JacTh CBOOOMHOW Aucrepcuu, dpa3zoBas
YYBCTBHTEJILHOCTh, CUTHAJ CJIBUTa (Da3bl, 49yBCTBUTECIBHOCTD HHTEP(HEpOMETpa
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Annotation

An embodiment of a fiber-optic temperature sensor based on a Fabry-Perot interferometer and a scheme for interrogating
an experimental sample of the sensor are proposed. The proposed solution makes it possible not to use expensive spectral
measuring devices (spectrum analyzer, interrogator). The region of free dispersion and the phase sensitivity of the
developed Fabry-Perot interferometer were determined in the temperature range from 20 °C to 590 °C. The accuracy of
measuring the ambient temperature is calculated. The long-term stability of the measuring setup at room temperature has
been evaluated. The phase shift of the Fabry-Perot interferometer with temperature change was registered. The design
of the Fabry-Perot interferometer is implemented using reflective thin-film multilayer structures obtained by stage-by-
stage electron-beam deposition in vacuum on polished end cleavages of an optical fiber. The interferometer interrogation
method is based on the use of a vertical-cavity surface-emitting laser (VCSEL) operating in a pulsed mode. The
principle of registering the phase shift of the interferometer with a change in temperature is based on the use of auxiliary
modulation of laser radiation along the wavelength due to modulation (periodic change) of the duration of optical pulses.
Auxiliary modulation makes it possible to obtain additional harmonic components in the interferometer signal, which
are further used in homodyne demodulation to restore the interferometer phase shift signal proportional to the change
in the optical path difference between the interferometer mirrors. The design of the high-temperature sensor is based on
a Fabry-Perot interferometer the reflecting mirrors of which are five alternating layers of thin films of TiO, and Al,O;.
Based on the results of the temperature experiment, it was concluded that an increase in the ambient temperature leads
to a decrease in the free dispersion region of the Fabry-Perot interferometer. The conclusion made is consistent with the
theoretical data. According to the results of the experiment, it is shown that the phase sensitivity of the interferometer to
temperature changes is 0.94 rad/K. The accuracy of temperature measurements at the 3¢ level was 0.017 K. The results
of the study may be of great importance in creating systems for monitoring temperatures above 300 °C. The use of such
an interferometer makes it possible to carry out high-precision relative temperature measurements.

Keywords

Fabry-Perot interferometer, high temperature sensor, free spectral range, phase sensitivity, phase drift signal,
interferometer sensitivity
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BBeIleH](Ie Haan/IMep, B Ka4€CTBC OJHOI'0 U3 BAPUAHTOB BOJIO-

KOHHO-OIITUYCCKOTO JaTYWKa TEMIICPATYPbl BbICTYIIAOT

B Hacrosiiee BpeMsi BO MHOTHX OTPACISX TEXHUKH
1 TIPOMBIIUICHHOCTH CYIIECTBYET TEHICHINS Iepexoaa
Ha BOJIOKOHHO-ONTHYECKNE JIaTYNKH, KOTOphIe o0nana-
10T PSAAOM MPEUMYIIECTB. Takue AaTYNKH yCTOWIHMBBI K
JIEKTPOMArHUTHBIM NTOMEXaM, UMEIOT MaJblii pa3Mep 1
BEC, MO3BOJISIIOT paboTaTh BO B3PBIBOOMACHBIX Cpenax,
MOTYT NTPOM3BOAUTH ONPOC JITAaHHBIX YAAJICHHBIX OOBEKTOB
1 MMEIOT BBICOKYIO UyBCTBHTEIBHOCTb. DTa TEHICHIUS
aKTyaJbHa U AJs 00JIaCTH TEMIIEpaTypPHbBIX U3MEPEHUH.

BOJIOKOHHBIE penteTku bparra. M3BecTHO, 4TO y pemieTok
TIEPBOTO TUIA UMEETCs TeMIIepaTypHOe OrpaHUICHHUE, IIpe-
nen ux mmMeperus coctasisteT 300 °C [1]. Pemerku BTopo-
TO THIIAa MOTYT paboTats npu Temmeparypax 1o 900 °C [2]
n paxe 10 1200 °C [3], HO UMEIOT CJIOKHOCTH B IpoIIecce
3aIicy U 00JIa/Iaf0T HU3KOM MEXaHMYEeCKOWH MPOYHOCTBIO.
®dopmupoBanue garuuka remmneparyp ceimie 300 °C Bo3-
MOJKHO Ha OCHOBE YYBCTBUTEIIBHOI'O 3JIEMEHTA B BUJC
unreppepomerpa Padpu—Ilepo (UDII), koTopslit nprme-
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BbICOKOTOYHbIN BOSIOKOHHO-ONTUYECKUI AaTYMK TEMMNEPATYPbI HA OCHOBE UHTepdepomeTpa Pabpu-Tlepo...

HSIETCS B BOJIOKOHHO-ONTHYECKON N3MEPUTENILHON TEXHUKE
B KaueCTBE JIaTUYMKA Pa3IMYHBIX (PU3NYECKUX BEINYUH
[4-8]. B BonokonHno-ontnyeckoMm M®DII nnrepdepennns
oOpa3yeTcs 3a CYCT UCTOIB30BAHUS Maphl OTPAKAFOIINX
3epKai, a pa3Mep YyBCTBHTEIBHOTO DIIEMEHTa (POPMHPY-
€MOT0 JaTYMKa COMOCTaBUM C JUAMETPOM ONTHYECKOTO
BOJIOKHA. B nuTepatype ommcaHbl pa3ImdHbIC CIOCOOBI CO3-
JaHUs BOJIIOKOHHO-onTHYeckoro M®DI1, Hanboree naTEpEC-
HBIMH SIBIISIOTCS Pa3pabOTKU C UCTIONB30BAHUEM CBAPHOTO
coenuHeHus [9—12] 1 BOJIOKHA C BBICOKUM COJIEpP)KaHUEM
OKCHJIOB METAIIJIOB B cepatueBune [13].

B HacTosmeit pabote peanuszanus KOHCTPYKIUU BOJIO-
koHHO-onTryeckoro MMDIT 6a3upyeTcs Ha METOIC HaIbLIC-
HUSI MHOTOCJIOMHOTO TUAIEKTPUYIECKOTO CII0s U3 IUOKCUa
tutana (TiO,) u oxcuna amomunus (Al,O3) Ha noBepx-
HOCTH OTIIOJUPOBAHHOTO CKOJIa OIITHYECKOTO BOJOKHA.
OTmeTnM, 9TO JaHHAs METOIWKA OMKCaHa BO MHOTHX Ha-
YYHBIX paboTax ¢ MOATBEPKICHIEM H3MEPCHHBIX TEMIIC-
paTypHBIX TapaMeTpoB Ha mpaktuke. Hampmmep, B padote
[14] moka3an pacyer mapameTpoB M®PII ¢ MHOTOCTIOHHBIMA
JO3neKTpudeckuMu 3epkanamu u3 TiO,. B marente [15]
npejcTaBiieHbl Ba oguHakoBbix @I, oTpaxarenbHbie
3epkaJia KOTOpbIX chopmupoBansl ¢ npuMenenueM TiO, B
OTpe3Ke OJTHOMOJIOBOTO OITHYECKOro BOJIOKHA. B padore
[16] npuCyTCTBYIOT YUCIIOBbIE 3HAYCHHUSI TIPU U3MEPEHUU
nonroBpemenHou crabmibHocTr UDIT. B padote [17] aB-
TOPBI OLIEHWIN OTPAXKATEIBbHYIO CIIOCOOHOCTB BHIOPAHHBIX
TUAICKTPUICCKUX TOHKUX IUICHOK TSI GOPMUPOBAHUS
nonoctu UDII. bbuin BBIIOJIHEHB! OLIEHKA U CPAaBHEHHE
CHEKTPANBHBIX K03()(DUIIHEHTOB OTpaskeHHUS U MPOITYCKa-
HUSL AM3IIeKTprdecknX mieHok u3 TiO, u Al,O TommmHO#N
ot 30 um mo 220 M. ITnenku u3 TiO, npu3HaHEl HaNOO-
Jiee TIEPCIEKTUBHBIMH MO0 OTPAXKaTeIbHOW CLIOCOOHOCTH
st hopmupoBanus DI, YroOwl MpOBEPUTH U MOSIC-
HHUTb Pe3yJbTaThl MOAeIUpoBanus, mieHku u3 TiO, Toi-
muHor 80 HM OBLIIM HaHECEHBI Ha KOHYHK OJHOMOIOBOTO
ONITUYECKOTO BOJIOKHA ITyTEM OCaKJEHHs aTOMHOTIO CJIOS.
TonmuHa, CTpyKTypa U XUMHUYECKUE CBOMCTBA IMJICHOK
n3BeCTHBI. l3yueHa cnmocoOHOCTh BEIOpaHHBIX MIICHOK
HU3MEHSTH OTPaXKATEIBHYIO CIIOCOOHOCTH ostocT dadbpu—
[Tepo, obecrieunBaTh 3aMUTy BOJIOKOH OT arpeCCHUBHBIX
CpeZ M cOo3/1aBaTh MHOTOPE30HATOPHEIC HHTEPPEPOMETPH-
yeckue gaTuuku Ha ocHoBe UDII.

AxrtuBHOE nucnonab3zoBanue Ti0, B HaydHBIX paboTax
MTOKA3bIBACT BCIO 3HAYMMOCTH JAHHOTO XUMHYECKOTO 3JIe-
MEHTa MIPU CO3IaHUU OTPAKATEIBHBIX 3ePKajl BOTIOKOHHOTO
U®II nns usmepeHust BRICOKUX Temmeparyp. OnHako B
OOJIBIIMHCTBE HAYyYHBIX pabOT HE PacCMOTPEH BONPOC
4yyBCTBUTENBHOCTH U3MepeHuit UDII B cBa3u ¢ TeM, 4TO
TIPE/ICTaBIICHHAs CUCTEMA OIIpoca HHTephepoMeTpa NMeeT
BBICOKYIO CTOMMOCTbD ¥ MJIyI0 CKOPOCTh paboTHI.

B [18] nponeMoHCTpUpPOBaH BOJIOKOHHO-ONTHYECKUI
BBICOKOTEMIIEpaTypHbIi 1aTuuk Ha ocHoBe DI, nuanek-
TPUYECKHE 3epKaia KOTOpOro copMUPOBAHBI U3 MaTe-
puanos ZrO,/Al,05/ZrO, Tommmnoii 283, 1396, 283 um
coorBercTBeHHO. UyBcTBUTENBHOCTL DI Tpu n3mMenennn
TeMIlepaTypsl OKpyxkaromeit cpensl ot 25 °C go 750 °C
cocrasuna 5.4-10-3 um/°C, 4ro B epecyeTe B PaJuanbl —
okos1o 68 Mkpaa/°C (MpH UCIIONB30BAHHON [TMHE BOJIHBI
A =500 um). /laHHbIi pe3y/IbTaT CyIIECTBCHHO MCHBIIIC 3HA-
YEHHs! 4yBCTBUTEIILHOCTH, IIOJTyYeHHOM B HACTOsIIEH padoTe.

Lenp paboThl — pa3paboTka KOMIIAKTHOTO BOJIOKOH-
HO-ONTHYECKOro AaTynka Ha ocHoBe VI, obnanatormiero
BBICOKOW TeMIIepaTypHOM 4yBCTBUTEIBHOCTBIO U pado-
Tarouero npu temneparypax coime 300 °C. Jlatuuk He
TpeOyeT MOABECHNS MEKTPOIUTAHNS K TyBCTBUTEIBHOMY
3JIEMEHTY M paboTOCIOCcO0EH B yCIOBHSIX arpecCHBHOM
OKPY’KArOIIEH Cpeabl U NMEET MaJIble MaccorabapuTHbIC
napameTpsbl. [IpuMeHeHne npeacTaBIeHHON CXeMBbI OIIpoca
N®II no3BOAUT UCKIIOUUTH UCIIONIB30BAHUE JOPOTOCTOS-
IIUX CIIEKTPATbHBIX H3MEPUTEIHHBIX YCTPOUCTB (aHATHM3a-
TOpa CHEeKTpa, UHTEPPOraTopa) M MPOBECTH OIIPOC JATYHKA
Ha OOJIBIION YacToTe.

Hpuanun padoTsl
W U3rOTOBJICHUE YyBCTBUTEIBHOIO 3J1eMEHTA

Bo16op maTepuasios. [1o pesynsraraM TEOpPETHUECKOTO
aHanu3a, JUTEePaTypHOro 0030pa U MaTeMaTHYeCKOro Mo-
JACIIUPOBAHUA PA3TIMYHBIX MAaTCpHUAJIOB U UX TOJIIWH JJId
(hopMUpOBaHUSI ANDIEKTPUUECKUX 3epKajl Ha TOPIIE BOJIOK-
Ha ObLIO PEIICHO UCIIONb30BaTh IeHKU U3 Al,O5 u TiO,.

Jnist yBenmMueHNs: MEXaHHYEeCKOH MPOYHOCTH BOJIOKOH-
HO-ONITHYECKOTO JIaTYMKa TeMIIepaTypbl NCIIOIb30BaHbI OII-
THYECKHUE BOJIOKHA C METAJUIMYECKNUM TTIOKPBITHEM, KOTOPBIC
0071a1at0T OOJBIINM CONPOTHBICHUEM YCTAIOCTH TI0 CPaB-
HEHHIO C HETePMETHYHBIMU 1 CTAHAAPTHBIMHU BOJIOKHAMH C
MOJINMEPHBIM TIOKPBITHEM. BONIOKHA ¢ METaITIYECKNM TI0-
KPBITHEM HCIIOJIB3YIOTCSI B IIMPOKOM CIIEKTPAJILHOM JHara-
30HE U CIIOCOOHBI COXPAHSTH ONTHYECKHUE U MEXAHMUECKNE
CBOICTBa B TeMIEpaTypHOM Juana3zoHe oT MuHyc 196 °C
1o wioc 600 °C!. B kauectBe ocHoBbl UDII BEIOpaHo
OZHOMOJIOBOE OITHYECKOE BOJOKHO B MEIHOU 000JI0uKe
(Cu) npoussoactea OOO «/HHOBaLIMOHHOE MPEATIPUATHE
«HIIBO—®oToHuKaY.

YuciieHHOE MozienupoBanue 1 coopka nurepdepome-
tpa ®abpu—Ilepo. C yueroM nmogoOpaHHbIX MaTEpPHAIOB U
JKeIaeMoro Ko QUIMeHTa OTPpaKEHHUs PaCCIUTAHbI TOJI-
IIMHBI HABUIIEMBIX CJIOEB U NX HEOOXOIMMOE KOJIMUECTBO.
B pabote npencraBneHa KOHCTPYKIUS TUAIICKTPUUESCKON
CTPYKTYpPHI (puc. 1), 1 IOKa3aH pacCYNTAHHBIN CIIEKTP
OTpaKeHUs JUAIIEKTPUYECKOro 3epKaia B cpene Essential
Macleod (puc. 2) mist yka3aHHbIX (pHC. 1) TONIIMH HAMbLIS-
€MBIX OKCH/IOB.

Ccdopmuposan BookoHHo-ontuueckuii UOIT (puc. 3),
KOTOPBIN peain30BaH Ha OCHOBE OJIHOMOJOBOTO OINTHYE-
CKOTO BOJIOKHA (JTMaMeTp KBapieBoi 006omouku 125 Mkm),
JIBYX JAMAJIEKTPUUYECKHUX 3epKall, KBAPLEBOIO KAMILIAPa U
BBICOKOTEMIIEpATypHOTO Kiiesl. J{ndaekTpudeckne 3epkajia
MTOJTY4EHBI ITyTEM MOITAITHOTO 3JIEKTPOHHO-TyYEeBOTO Ha-
IbUIEHUS B BaKyyMe TOHKHX IIeHoK TiO, u Al,O5 (1s1h
CJIOEB) Ha MOJMPOBAHHBIC TOPLEBBIE CKOJIBI ONTHYECKOTO
BoJIokHA. [Ipeamonaranocs momyduTs KOAQPHUINEHT OTpa-
JKEHHS 3epKaJl B COOTBETCTBUH ¢ pacueToM okoio 40 % Ha
JIiHE BOJHBI 1550 HM, 0J1HAKO, U3-3a CJIOYKHOCTH TOYHOTO
KOHTPOJIA Mponecca HaNbUICHUA JUIICKTPUICCKUX CJIOCB
3epkaiia, GakTH4ecKuil KOd(PHUIUEHT OTPaKeHUsI COCTa-

1 O¢duunanbHplii CAlT MHHOBAIIMOHHOTO HPEANPUITHS
«HIBO-®otonuka» [DnekTpoHHBIN pecypc]. Pexum nocty-
na: https://forc-photonics.ru/ru/fibers_and cables/Cu_coated
fibers/1/36/ (nara obpamenus: 25.03.2022).
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Cu
/ AL O3 (1)

50] 165 | 235 | 165 |50
Si0, (1) HM| HM | HM | HM [HM

Ksapuesblii kanuimip 25 MM _
(Sloi) 8+0,5 Mmm
g J>0 MM

| \/
\ TiO; (n3)

Cu

Puc. 1. Cxematnueckoe U300paxxeHue MHOTOCJIOHHOTO
JIMBJIEKTPUYECKOTO 3epKaia.
TTokazaTenu MpeIOMIICHHUS: 1| — CEPJLIEBUHBI ONITHYECKOTO
BonokHa (810,), ny — Al,O5 u ny — TiO,
Fig. 1. Schematic representation of a multilayer dielectric
mirror.
Refractive indices: ny is cores of optical fiber (SiO,), n,
is Al,0O5, and n3 is of TiO,

Otpaxenue, %

40 \
20

0

400 800 1200 1600 2000

Jln1Ha BOJHBI, HM

Puc. 2. PaccuntaHHbIN CIEKTP OTPAXKEHUS JUIIEKTPUIECKOTO
3epKajia

Fig. 2. Calculated reflectance spectrum of a dielectric mirror

Bt ipumepHo 20 % (puc. 3). Pacuetnoe 3HaueHue obna-
ctu cBoboauoit nucnepcun (FSR) U®II B cpene Essential
Macleod nipu temmneparype ¢ = 20 °C u 6aze UDIT /= 8§ mm
cocraBuiio 0,1034 um. DkcnepuMmenTanbHoe 3HaueHrne FSR
NDIT — 0,0959 um.

Pe3yJILTaT])l IKCIIEPUMCEHTA

B pamxkax paOoThI BHIIOJIHEHO ABa THIIA TEMIIEPaTyp-
HBIX MccaenoBaHuil. IlepBblil TUII SKCIIEPUMEHTA HallpaBs-
JIeH Ha ompejeseHne obaacTu cBOOOJHON TUCTIEPCHH,

0,0961

0,0958

0,0955

ObmacTh cBOOOIHOIM
JTMCTIEPCUH, HM

0,0952
0

200

BricokoremneparypHblit kel
Ha OCHOBE CHJIMKaTa aJIlOMUHUS
u cuukara Hatpus (T = 1100 °C)

JIudJeKTprudecKue 3epKaia
R=20%
(TiOy/Al,04, 5 croes)

Puc. 3. Cxemarnueckoe n300pakeHne HHTEphepomeTpa
Dabpu—Ilepo
Fig. 3. Schematic representation of the Fabry-Perot
interferometer

BTOPOH — HA ONpeJiesICHHE BEITMINHBI (Pa30BOH TyBCTBHU-
TETBHOCTH JaT4YrKa K TeMIeparype B quamna3zone ot 20 °C
10 590 °C.

Onpenenenne 06;1acTH cBOOOIHOI AMCNIEPCHH BOJIO-
KOHHO-oNTHYeCcKoro uunreppepomerpa ®adpu—Ilepo.
Jlnst peructpaiiiy CrieKTpaIbHBIX XapaKTePUCTHK BOJIO-
KoHHO-onTHueckoro U®II mpoBenens! 1abopatopHbie
UCIBITAaHUA C UCIIOJI30BAHUEM YCTAHOBKH, KOTOpas CO-
CTOMT M3 ONITHYECKOro aHaiu3aropa crekrpa (Yokogawa
AQ6370C), IHUPOKOTIOIOCHOTO UCTOYHHUKA U3ITYUCHUS
(Thorlabs SSFC1005S), Y-otBetBuTemns (50/50), BOIOKOH-
Ho-omrtrdeckoro ®II, HoyTOyka. [l ompenencHus pa-
60TocrocoOHOCTH c(hOPMUPOBAHHOTO JATIMKA TIPOBEICHO
TPH TEMIEPATYPHBIX [IUKJIA «HATPEB/OXTAXKICHNE» B THA-
mazone Temmneparyp ot 20 °C go 590 °C c marom 30 °C. Ha
OCHOBE IOJyYEHHBIX JAHHBIX BBIUHMCIEHA 001acTh CBOOOI-
Hoit nucniepcun UDII myTem ycpenHeHus Tpex u3MepeHui
CHEeKTpa OTPaKEHUs B Auana3oHe oT 1559 uM no 1569 am.
[Hupuna auana3oHa PerucTpanuy CIeKTPOB OTPAKCHUS
nHTepdepomerpa BEIOpaHa B COOTBETCTBHH C PaBHOMEp-
HOCTBIO y4acCTKa CIEKTpa HIMPOKOIOIOCHOIO UCTOUHUKA
n3nydeHus. Ha ocHOBe TOJTyYeHHBIX JaHHBIX MOCTPOEHA
3aBHCHMOCTbH 00JIaCTH CBOOOAHOM AMCIIEPCHU BOJIOKOH-
Ho-ontuueckoro M®II or Temneparypsl. Pe3ynbrarsl Ha-
TpeBa M OXJIXKICHUS MIPEACTaBICHBI Ha PUC. 4.

Pacuer obactit cBOOOIHOI qHICTIEPCHH OTIPENIEIIAM TI0

thopmye

+ Harpes
* OxJjaxkacHue

400 600

Temmneparypa, °C

Puc. 4. I'paduku 3aBECUMOCTH 0071aCTH CBOOOIHOM AMCHIEPCHU OT TEMIIEPATypPhl IPHU OXJIaXKICHUN U HarpeBe

Fig. 4. Graphs of the dependence of the free dispersion area vs. temperature during cooling and heating
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BbICOKOTOYHbIN BOSIOKOHHO-ONTUYECKUI AaTYMK TEMMNEPATYPbI HA OCHOBE UHTepdepomeTpa Pabpu-Tlepo...

FSR = (1)

2]”!4/7

IJie ¢ — CKOPOCTh CBeTa B Bakyyme; | — TosmuHa UOII,
Mo — SQQEKTHBHBIA MOKA3aTeIb NPETOMICHAS BOIHO-
BOJTHOH MOJBI.

Ha ocHOBaHMH NOTyYeHHBIX 3aBUCHMOCTEH (1) MOXKHO
CZIeaTh BBIBOJ, UTO YBEIMUEHHUE TEMIIEPATyPhl OKPYKato-
el cpesIbl MPUBOIUT K YMEHBIIICHHIO 00JIaCTH CBOOOTHOMN
qucnepcun UPIL, uTo cOOTBETCTBYET TEOPETHUECKUM JIaH-
HeIM. CIieToBaTeNIbHO, JAHHBIH 00pa3en MOKHO MCIIONB30-
BaTh JUIsl PErHCTPALIUU TEMIIEPATyPbl OKPYKAIOLIEH Cpeibl.

Omnpenenenne (pa3oBoil 4yBCTBUTEJIbHOCTH BOJIO-
KOHHO-0NTHYeCcKOro uHTepdepomerpa ®adpu—Ilepo
K TeMmeparype. J[7s mosydeHus curHaisa caBura ¢a3bl
M ®II B 3aBUCHMOCTH OT TEMIIEPATYPbI UCIIOJIB30BAH METO
OITpoca ¢ MPUMEHEHHEM YaCTOTHO-UMITYJIbCHON MOTYSISILIAH
BepTHKaibpHO-M3myvatoniero asepa (VCSEL) [19-21]. Tlox
(azoit uaTEpdepoMeTpa MOHNMAETCS Pa3HOCTH (ha3 MEKILY
ONTUYECKUMH Jy4aMU, OTpak€HHbIMU OT 3epkan UDII.
PasHoCTh (a3, mproOperaemast 3a TBOWHOM MPOXOM ONTH-
YECKOI0 U3JTyUEHUS] MEX/y 3€pKajaMi, IPOIIOPLUOHAIbHA
YABOCHHOH JTHHE onTH4ecKoro myTH. [Tox caurom ¢as mo-
HUMAETCS CIBHUT Pa3HOCTH (a3, KOTOPBIH MOXKET MPHBECTH
K M3MEHEHHIO TIOKa3aTe sl IPEIOMIICHHUS CPEIIbl U/MITH pac-
CTOSIHUSL MEXKIY 3€pKaJlaMU 1101 I€HCTBUEM TEMIIEPaTyphl.

[Tpunnun perucrpannu casura Gpasbl HHTEpHEpoMeTpa
oA AeHCTBUEM TeMIIepaTypbl OCHOBaH Ha MCIIOIb30BAHUHI
BcriomorarenbHoi Moxymsiiuu VCSEL 1o anvuHe BOTHBI 3a
CUeT NMePHOIUIECKOr0 U3MEHEHUS! JUIUTEILHOCTU ONTHYe-
CKHX UMITYJIbCOB (pucC. 5, a). BcromorarenbHast MOy SIS
VCSEL no3Bosnsier noiny4nTs B UHTEP(HEPEeHIIMOHHOM CHT-
Hayie HHTepPepOMETpa JOMOTHUTEIEHBIC TAPMOHIYCCKUE
COCTABJISIFOLIME, KOTOPBIE ajiee UCIIOIB3YIOTCS B aJrOPUT-
M€ T'OMOJIMHHOM AEMOAYJISILUU JUJIsl BOCCTAHOBJICHUS CUT-

a

T'=1000 ne t=350 He

’.‘

t=200 He

Onruyeckue
UMITYJIbCBI

or VCSELa

OnTryeckue
HMITYJILCHI Ha
(hoTonmpuemMHUKE

0

VHTephepeHIMOHHbIE UMITYIIbChI

Halla ciBura (asel HHTepdepoMeTpa, MporopHHOHAIEHOTO
M3MEHEHHUIO ONITUYECKON pa3HOCTHU XO/1a JIyueil MexIty 3ep-
Kajamu uHTepdepomerpa. Cxema IpOBEIACHUS H3MEPCHUI
MpUBE/ICHA Ha pHUC. 5, b.

H®II onpoiieH ¢ MOMOLIBIO ONTHYECKUX UMITYJIBCOB
nepemeHHON piutenbHocTH 200-350 HC, mochUIaeMBbIX
ot VCSEL c gacroroii 1 MI'i. B npexncraBienHoit cxeme
ONITHYECKHE MITYJIbCHI ITOCIEIOBATEIFHO OTPAXKAIOTCS OT
3epkai DI u nmepekphIBarOTCs 0 BpeMEHH, HOPMHUPYS
UHTEP(EPEHIIMOHHBIC HMITYJIbChI IIEPEMCHHOM T TEIILHO-
CTH, TONAJA0NINe Ha POTONPUEMHHK Yepe3 ONTHYCCKUI
upkyssTop. IIpu stom casur qnuus! Boaasl VCSEL nps-
MO MPOMOPIMOHATICH U3MEHEHHIO JTUTEIbHOCTH ONTHYE-
CKHX MUMIYJIbCOB B Mpeenax U3MEHEHUs JIIUTEIbHOCTH,
HCIOJIb3YEeMOro B JaHHOM akcriepumente [19, 20]. Takum
00pa3oM, MOXKET OBITh C(HOPMUPOBAH BCIIOMOTATEITBHBII
(ha30BEIif cUrHAT ¢ HHTEPhEPOMETPa, IPOTIOPITHOHATBHBII
ONTUYECKON pa3HOCTH X0/a Jyuel Mexy 3epkanamu UOIT
B COOTBETCTBHH CO CIICAYIOIINM BBIPAKCHUEM:

2nnAL
()= TAMI),

rae nAL — onTrdeckas pa3HOCTh X0O/Ia; A — IIEHTpajIbHAs
JUTMHA BOJTHBI HCTOYHUKA ONTUYIECKOTO M3ITyIeHIsT; AM(1) —
3aJaHHBIA 3aKOH W3MEHEHUS JJIMHBI BOJHBI HCTOYHUKA
OINTUYCCKOI'0 U3TYUCHUHA, Ol'[pelle.]'[f[eMbIﬁ XapaKTepoM u3-
MCHCHUS JJIUTECIBHOCTH ONITUYCCKUX UMITYJILCOB.

Jansa onpoca UPII npeniioxkeHo UCHonb30Barh Nepu-
OJTMYCCKUIN 3aKOH U3MCHCHUS JUTUHBI BOJHBI ONTUYCCKHUX
UMIYIILCOB BHJA:

AX(1) = M gyr OS2 ).

rae f,, — dacrora Moxymsuuu (50 kI'm); A, — Makcu-
MaJbHas aMIDTHTYJa W3MeHeHus NiauHbl BOHBI VCSEL.

|
I

WuTepdepomerp
Dabpu—Ilepo

s e | —
I~

Puc. 5. Ilopsimok omnpoca naT4rika TeMIepaTypbl Ha OCHOBE BOJIOKOHHO-ONTHYECKOTo HHTephepomerpa Padpu—Ilepo (a)
U cXeMa IpoBe/ieHns FKciepruMenTa (b).

JIPB — npaiiBep (uctounux nuranus), [IJIMC — nporpaMmmupyemas jJorudeckast HHTerpajibHas cxema, AIIT — ananoroBo-umdposoit
npeodpaszosarens, I — doronpuemunk, SM — HUPKYIATOP HA OJHOMOIOBOM ONTHYECKOM BOJIOKHE

Fig. 5. The procedure for polling a temperature sensor based on a fiber-optic Fabry-Perot interferometer (a) and the scheme of the
experiment (b).

JPB is a driver (power source); [IJIUC is a programmable logic integrated circuit; AL is an analog-to-digital converter;
®IT is photoelectric detector; SM is circulator on a single-mode optical fiber
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[Tono6nas BcriomorarensHast Moayisiuust VCSEL no3so-
JSIET TIOJTyYuTh B HHTepdepeHimonHom curnaine MDIT mo-
TIOJTHUTEJIbHBIE TAPMOHHUYECKHE COCTABIISIONINE, KOTOPbIE
OyIyT UCIIOJIE30BAHEI B aJITOPUTME TOMOIMHHOW JIEMOY-
nsmmu [21-23] 1 BOCCTaHOBIICHHS CUTHAIIA CABHUTA (ha3bl
nHTEphEepoMeTpa.

[Ipu mcoap30BaHUM BEIOPAHHOTO PEKUMa MOIYIIS-
uuu VCSEL (2), (3) Ha ¢poronpueMHuKe (IpH yCIOBUU
IBYIy4eBoil nHTepdepennun) Oyaer GopMUpOBaTHCS
UHTEPEPEHIIMOHHBIN CUTHAJ, B KOTOPOM MPHUCYTCTBYET
caBur ¢a3bl, 00yCIOBICHHBIN TEIJIOBBIMHU BO3ICHCTBUSIMU.
Curnain ciBura ¢asbl CliocoOCH TOYHO OTCIICKUBATH H3Me-
HEHHMsI TEMIIEpPaTyphl, HO HE TPHUBSI3aH K ee aOCOIIOTHBIM
3HAYEHUSM, TaK KaK MTOKa3bIBAET HEKOTOPOE OTHOCHTEIb-
HOE M3MEHEHHE pa3HoCTH (a3 B uHTEpdepoMeTpe OTHOCH-
TEJIEHO MOMCHTA BKITFOUCHUS CXCMBI.

Teopernuecknii pacueT (pa3oBON IYBCTBUTEIHHOCTH
NOII x Temmnieparype (IpupalieHue cipura a3 mpu u3me-
HEHHUH TeMITepaTyphl Ha OMH TPayc) MOKHO TIPOU3BECTH
o opmyme [24]:

Ap 4n( dL  dn
AT~ 2 \"ar Far ) @
rae A= 1550 HM — JTHA BOJIHBI KICTOYHHMKA OIITHYECKOTO
usnyuenus; n = 1,45 — moxazatenb IpeIOMIICHHS ONTH-
yeckoro BonokHa; L = 0,008 M — myinHa uHTepdepoMeTpa;
dL/dT = L-k, tne k = 0,55-10-6 1/K — temmeparypHblii
KO3 QHUIMEHT JTMHEHHOTO TETJIOBOTO PACIIMPEHHS ONTH-
4ecKoro BosokHa, dn/dT = 1,09-10-5 1/K — TepmoonTrye-
CKUil K03((HUIMEHT ONTHYECKOTO BOJIOKHA [25]. B pe3yis-
TaTre TEOPETUIECKOro pacyera 1o ¢popmyie (4) morydanm
3Ha4eHHE (pa30BOU UyBCTBUTEIBLHOCTH MHTEphEpOMeTpa
pasHoe 0,76 pax/K.

Ilony4eHHBIN B XOA€ 3KCIIEPUMEHTA CUTHAJ CIBUTa
(a3l uHTEpPEpOMeTpa npeacTaBieH Ha puc. 6. UOII
Npe/BapUTENILHO HArpeBajcs B IeUU JI0 TEeMIIePaTyphbl
590 °C, mocne yero neub BeIKIO4asack. Curnan (puc. 6)
JIEMOHCTPHUPYET NPOLIECC OCThIBAHHS HHTEPPEPOMETPa OT
temneparypst 530 °C go 110 °C.

Pesynbrarsl, noryuyeHHbIE B X0J€ JAHHOTO KCIEpPH-
MeHTa (puc. 6), MO3BOJIMIIN OLICHUTH PeaTbHyI0 (a3oByro
yyBcTBUTENbHOCTE DI K N3MEHEeHHIO TeMIeparypsbl.
@OyHKIMOHAIBHOE YCTPOWCTBO HCITOJIB3YEMON TeUn He
TTO3BOJIJIO OCYIIECTBUTH 3alMCh 3HAYCHUH TeMIIepaTypbl
B (haiibl JaHHBIX, TOITOMY JUISl pacueTa YyBCTBHUTEIb-
HOCTH MHTEP(EpPOMETpa UCIOIb30BaHbl KpaliHUE 3HA-
YEeHUsI TEMIIEPATypbl — IIPU BBIKIIOUEHUN Harpesa U He-
MOCPEJCTBEHHO B KOHIE 3anucu. OHU GpUKCHPOBAIHCH
BpYyuHY10. B pesynbrare OTHOLIEHUE pa3HOCTU 3HAUYCHUM
ciBura (a3 K pasHOCTH TeMIIepaTyp MO3BOJIIO OLICHUTH
YyBCTBUTEIbHOCT HHTEpdepomerpa B 0,94 pan/K. Takum
00pa3oM, NpaKTUYECKHE PE3yIIBTaThl OIIEHKH (pa30BOM UyB-
crutenbHOocTH DI okazanuch OMM3KH K pacueTHBIM
3HAYCHUSIM.

CpenHekBaipaTHYHBIA YPOBEHb COOCTBEHHBIX IIIYMOB
CHCTEMBI, I3MEPEHHBIH B OTCYTCTBHE TEMIIEPATYPHOTO BO3-
JEHCTBHUS TI0 BBIOOPKE [uIMTeNbHOCTHRIO 10 ¢ 6e3 ycpemne-
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Puc. 6. Curnan casura assl HHTEpHEpOMETpa IPH €ro
octeBanum 0T 530 °C 10 110 °C

Fig. 6. Interferometer phase shift signal during its cooling from
530 °C down to 110 °C

Hus, coctasuia 0,0054 pax. Takum 06pa3om, MUHUMAaIBHO
00HapyKUMOE U3MEHEHHUE TeMIIepaTyphl M0 YPOBHIO 30
pasno 0,017 K.

Taknum 00pa3oM, Mosy4eHHbIE Pe3yJIbTaThl CBUICTEIb-
CTBYIOT O BO3MOXKHOCTH NPUMEHEHHS pa3padOTaHHOTO
W®II ans peructpayiv Majablx H3MEHEHUH TeMIEpaTyphl.

3akaouenue

B pabote npemioxkena Metonuka (GOpMUPOBAHHUS BO-
JIOKOHHO-ONTHYecKoro nuTeppepomerpa ®adpu—Ilepo u
coOpana ero padouast koHCTpyKIus. [IpoBeneno marema-
TUYECKOE MOJICTUPOBAHHE CIIEKTPOB OTPAXKECHHUS 3EPKaI
nHTepdepoMeTpa U CIIeKTpa OTPAKEHUs Pa3padOTaHHOIO
nnrepdepomerpa. Pacyer CrieKTpoB OTpaskeHUs IPON3BeE-
neH B cpene Essential Macleod.

ITo pesynbTaraM TemrepaTypHbIX HCIIBITAHUNA chopMu-
poBanHbIi nHTEpPepomeTp Pabpu—Ilepo okazancs pabdo-
TOCHOCOOHBIM JIJIsl OTIPE/ICNICHUS] N3MEHEHUSI TEMIIEPaTyphbl
110 590 °C. B pabote npencTaBiaeHbl pe3yabTaThl TEMIIEpa-
TYpPHBIX HCOBITAHUN Pa3pabOTaHHOTO AATYHKA, TIOTyUCHBI
CIIEKTpalIbHbIE XapaKTepPUCTUKH 00pa3lia HHTephepoMeTpa
npu temneparypax ot 20 °C no 590 °C. Ilo pe3ynsratam
9KCIIEPUMEHTa CJIeJIaH BBIBOJ, YTO YBEJIMUYEHUE TEeMIIe-
parypsl OKpy’)Kaloliel cpesibl IPUBOAUT K YMEHBIICHUIO
obnactu cBoOOHOM nucniepcuu HHTEpdepomerpa Padbpr—
I[Tepo, 94TO COOTBETCTBYET TEOPETUUECKUM JAHHBIM.

OKCcIIeprMEeHT, HalpaBJICHHBII Ha oIpeeneHne ¢a-
30BOHM 4yBCTBHUTEIBHOCTH, ITOKA3aJ, YTO NCCIICIOBAHHBIN
BOJIOKOHHO-oNITHYeCKHil nHTephepomerp Dadbpu—Ilepo
MOXKET MCHOJIb30BAThCSI KaK TyBCTBUTENBHBIHN JaTUNK TEM-
nepatypsl. Pa3oBasi 4yBCTBUTEILHOCTE HHTEPhEpPOMETpa
K TeMIeparype, COrjiacHo pacyeTHBIM JIaHHBIM, COCTa-
Buia 0,76 pan/K, coniacHO MpakTHYECKUM JTaHHBIM —
0,94 pan/K. IlpakTrueckue pe3ynbTaThl OLIEHKHA (a30BOit
qyBCTBUTENLHOCTH HHTEpdepomeTpa Padpu—Ilepo okaza-
JHCh OJM3KM K pacyeTHBIM 3HaueHHsIM. COIacHO OIEHKE
TOYHOCTHU U3MEPEHNII MHHIMAIIbHO OOHAPYKMMOE N3MEHe-
HHUE TeMneparypsl 1o ypoBHo 36 cocrasuiuo 0,017 K nns
CHUTHaJIa CABUTA (as3bl.
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Abstract

An optical system is considered that ensures the concentration of radiation from an LED emitting within a hemisphere
onto a near-field illuminated area. The system is proposed to consider such a system as a composition of two zones —
the central zone, which is a lens, and the zone responsible for capturing radiation from the LED within an angle of 40
to 90 degrees. Variants with a central zone in the form of bi-aspherical and sphero-elliptical lenses of finite thickness
are analyzed. The alternative variant of the concentrating system composed from a collimating TIR lens and additional
focusing lens is also analyzed. The expressions are given that allow analyzing possible concentration efficiency and the
light spot size, and examples of systems are given designed with taking into account theoretical analysis results. Factors
are discussed that define the choice of the required configuration. The results have shown the good agreement between
the theoretical approach and practical design results. The optical elements designed as examples showed the high optical
efficiency (near 90 %), thus such approach can be used for designing the LED optical systems for efficient light flux
concentration, for example operating with fiber bundle as needed in some optical — electronic devices.
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AHHOTALUA

IIpeamer ucciaenoBanus. Paccmorpena ontuaeckast cucTeMa, 00ecIeunBalolast KOHIEHTPANIO H3IyIeHHUs CBETOINO/A,
H3ITy4aloero BHyTPH HOJIycdepsl, Ha OCBEIIaeMyIo IUIOMIAIKY, PACIIOIOKEeHHYI0 B OkHeilt 300He. Metoa. Cucremy
IIpe/UIaraeTcsi pacCMaTpHBaTh B BHJIE KOMITO3HIMU IIEHTPAJIBHON 30HBI, KOTOpAst IPE/ICTABISIET COO0H KIaCCHYECKYIO
COOUMparoIyI0 JHUH3Y, U paboueil 30HbI, OTBEUAOIIEH 3a paboTy ¢ M3IyueHHEM CBETOAHO/A B rpeseiax ymia ot 40
10 90° otHOCUTENBHO OcH. OCHOBHBIE Pe3yJbTAThl. BBIIIOIHEH aHAIU3 BApUAHTOB C LIEHTPAJIbHON 30HOU B BUJE
6uacdepuueckoil 1 cHepoOIUTUNTHISCKON JTMH3bI KOHEUHON TOMIIMHBL. [IpoaHann3npoBaH ajlbTepHATHBHBIN BapUaHT
KOHIIEHTPUPYIOMIEH CHCTEMBI B COCTaBe KOJUIMMHPYIOIIEH JTHH3bI, KOTOpas paboTaeT Ha 0CHOBE (P eKTa MOTHOTO
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pa3paboTaHHBIX C YYETOM PE3yJbTaTOB TeopeTHueckoro aHanuza. O6cyxaaTcs GakTopsl OMpeaeIeHus Bpioopa
TpeOyeMoil KOHpHUTYpaluK cucTeMsl. [Ipe/icTaBIeHbl IPUMEpPhI ONITHYECKHX 3JIEMEHTOB, KOTOPbIE MOKa3ai OJIM3KYIO K
90 % onTtueckyto >dpexruBHoCTh. [IpakTHUECKasi 3HAYMMOCTD. [IpeIoKeHHbIH MOAXO0 MOXKET OBITh HCIOIb30BaH
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HEKOTOPBIX OITHKO-3IEKTPOHHBIX CHCTEMaX, B YaCTHOCTH, IIPH ITepe/ade CUTHaIA 10 BOJIOKOHHO-OIITHYECKOMY KIYTY.
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Introduction

Lighting systems are often an essential part of various
optoelectronic devices, and in modern compact devices for
various purposes high-power LEDs are used as a source
of illumination. For example, systems of modern Liquid
Crystal Display and Digital Light Processing projectors can
be built using Light-Emitting Diode (LED) optics [1-4].
LEDs can also be used in systems that utilize light guides
and fiber optics when it is necessary to transmit the light
flux over a relatively long distance to ensure the operation
of the device [5].

Among the systems used as components of
optoelectronic devices, one can distinguish collimating
systems that form a beam close to parallel, and systems
whose role is to concentrate the light flux on the illuminated
area.

Methods for LED optics design usually come down to
calculating a generating curve for a cross-section of the
system or several curves (for the case of non-axisymmetric
systems), among these methods Simultaneous Multiple
Surface (SMS) methods [6] and ray mapping methods
[7] should be mentioned. These methods make it possible
to accurately restore the generating curve from a known
or desired illumination distribution; however, they, as
a rule, are quite time-consuming and require extensive
mathematical calculations.

Alternatively, for collimating optics, it is possible to
use the method of analysis and synthesis of lens profile
by combination of the curves in the zones that correspond
to different beam angles of the source, and in each zone
the theory of third-order aberrations is applied to find the
optimal shape [8—11]. This approach makes it possible both
to preliminary estimate the dimensions of the system and to
quickly and efficiently synthesize the shape of a lens that
works with an LED.

In optical devices, a case often occurs when a beam that
is close to parallel does not provide optimal operation of
the device. For example, it is necessary to fill the aperture
of a micro-objective with light, to collect the light flux on
a certain area, to concentrate the light beam on the input
end of a bundle of fibers or a light guide, etc. In these cases,
the direct application of the method based on the theory
of the third-order aberrations, developed for the case of
collimating optics, is impossible. Existing methods, such

as SMS and ray-mapping technique, as in other cases, have
the same disadvantages as was mentioned above.

Therefore, it is important to supplement the method for
calculating systems working with LEDs by considering
the case when the illuminated area is located at a finite
distance, and it is required to ensure the maximum use of
the luminous flux.

Theory

The classical method for calculating an optical system
at the first stage includes an assessment of its capabilities —
as a rule, using the Lagrange-Helmholtz invariant [12].
However, a preliminary assessment of the potential
properties of the system does not make it possible to
evaluate its design. Known solutions condenser lenses and
lens systems, for which recommendations on the number
of elements are approximately known, depending on the
magnification of the system and the angle of coverage of
the condenser, which, in the case of an LED, will determine
the efficiency of using the light flux. Table 1 shows the
calculated values of the efficiency of using the luminous
flux when working with condensers with different coverage
angles of 2Q. In this case, the efficiency is calculated as the
fraction of the flux that falls within the considered angle
using the model of an ideal flat Lambertian source [12].

High-aperture condenser systems can be used when
working with high-power LED assemblies and matrices
that require additional heat removal. Thus, such systems
have large dimensions. On the other hand, in such systems

Table 1. The efficiency of using the luminous flux depending on
the condenser coverage angle for a Lambertian source emitting
into a hemisphere

Angle Q, deg Efficiency, %
15 6.7
30 25
45 50
60 75
75 93.3
90 100
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it is not so crucial to achieve high efficiency of using the
luminous flux.

However, when working with light sources embedded
into modern optoelectronic devices, an important factor
in their choice can be the dimensions, and, accordingly,
the dimensions of the lighting device. At the same time,
the efficiency of work (the efficiency of capturing and
transmitting the light flux from the source to the illuminated
object) can have a great effect on the illumination quality
as well as affect the energy consumption of the device.
Therefore, the task is important that consists in the
development of a design method that allows, at the stage
of selecting the source and the principal layout design of
the device, to evaluate the efficiency as well as dimensions.

As was shown before for the case of a collimator [8, 9],
for initial synthesis of a system operating with an LED it
is sufficient to consider two zones of the light beam. In the
case of severe dimensional constraints, more zones may
be considered.

The first option — systems for concentration is a
combination of a lens in the central zone and a reflective
surface in zone /7 (Fig. 1). In this case, the concentration
of the light flux is carried out due to the projection of the
luminous area of the source onto the illuminated area. In
Fig. 1 the angle o defines the size of the central zone.

Let us consider the central zone /. If the central zone is a
thick lens, it has several parameters for providing necessary
aberration correction and scale of the light spot: for a thick
lens both surfaces could have aspherical shape and the
shape of the lens could be chosen to find optimal balance of
the aberration and required optical power. Even though the
systems under consideration are not designed for imaging,
the correction of aberrations will affect the efficiency of
energy transfer and the distribution of energy on the spot.

If we assume that the first surface of the lens is
spherical with the center of curvature coinciding the source
position, and the second surface is convex aspherical
(Fig. 1, b), we can obtain simple expressions describing
the aberration properties of the lens: the coefficients of
spherical aberration B\ and coma K, [13] of such a lens can
be expressed in the form:

C1+d [n(n-V)(V- 1)2+ (1-nV)y
2 n—1)

kyl, (D)

B
0 Pn—1y

a

B S e — e
Fig. 1. Configuration of the system for concentrating the source
radiation: beam splitting into zones, biconvex lens in the central
zone (a); configuration with a sphero-elliptical lens in the
central zone (b)

_ 1e-na-7)

O -1 @
where d is the thickness of the lens, expressed on the scale
of source distance (the distance from the first surface to
the source); V is the linear magnification; #» is the index
of refraction of the material; and k, is the coefficient of
aspherical deformation of the second surface of the lens
(conic constant). Obviously, one can correct spherical
aberration by varying conic constant k,, however coma
will be uncorrected. The plot showing the dependence of
K, on magnification value is presented in Fig. 2.

An analysis of formulas (1), (2) shows that at a negative
magnification (7 < 0) the shape of the second lens surface is
an ellipsoid, as in the case of a system that forms a parallel
beam. In addition, from formula (2) and the graph in
Fig. 2, it can be seen that the coma coefficient K, decreases
in absolute value with increasing the absolute value of
magnification ¥, and in the case of small magnification it
can reach significant values, thus decreasing the system
efficiency. Therefore, for configurations where illumination
of a small area is formed due to the projection of the
luminous body of the source, it would be more rational to
choose a configuration that is closer to symmetrical.

For preliminary analysis in the system, it can be
assumed that the marginal ray inside the lens is parallel to
the optical axis (paraxial angle o= 0). Then the coefficients
of spherical aberration and coma for that case can be
expressed in the form:

_ n2(1 — V3) + k2 — V3k1

0 2Pm-1p 3
A== D) —dn* + ky) A
o 20V3(n— 1y ' @

In this case, as can be seen from the obtained formulas
(3) and (4), due to two aspherical coefficients &, k,, even
when an additional condition is imposed (parallel marginal
ray inside the lens), two aberrations can be corrected.

When designing the second zone of the system — a
reflecting surface — for concentrating LED radiation in

Fig. 2. The plot of third-order coma coefficient K, versus linear
magnification V forn=1.5and d=1
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zone /I (Fig. 1, a), several factors need to be considered:
geometry constraints — the rays in zone // must be
completely captured by the reflecting surface; the projection
distance must match the projection distance for the lens
(central part) system; the projection magnification must
match that of the central part.

In this case, the simultaneous exact fulfillment of these
conditions seems difficult, since the mirror part in the
case under consideration will be a mirror ellipsoid the
aperture of which is limited. Thus, such an element could
be effectively used only in certain cases. In practice, some
balance of efficiency and fulfillment of constraints above
could be found as we will show below.

The alternative variant of designing the concentration
system is following two steps of beam transformation:
on the first stage we use the same theoretical expressions
to evaluate the possible dimensions and parameters of
the optimal collimation lens [8]; on the second stage we
can choose parameters of the more standard element —
focusing lens that collects the light onto the desired region.

The two possible collimation lens types are: lens with
central zone of plano-hyperboloidal lens (type 7); and
lens with central zone of sphero-elliptical configuration
(type 1I).

For both cases outer zone is formed by the paraboloidal
surface.

Thus, as was shown before [8], the divergence Aw,, rad,
for the central zone:

Aw, = (1 - 3sin26K ), (5)
ﬁ/
where y is the source size; f;' is the focal length of the
central zone lens; ¢ is the angular size of zone /; and K|, is
coma coefficient. Here for the case of a plano-hyperboloidal
lens (type /) coma coefficient is described by:

n
Ky=——"""". (6)
O om-1
For type II collimator lens with sphero-elliptical central
part coma coefficient is described by:

1
Ky=—""". 7
T o) (7
Thus, formulas (6), (7) together with the expression (5)
provide the possibility to evaluate the divergence for both

a
Collimating Focusing
type [ surface

LED

[lluminated
area

options of the central zone, taking into account both factors
(the aberrations and the size of the source area).

For the outer zone of the collimating lens, the
divergence is:

Ao, = —3% cos?c + l,, ®)
P P
where £, is the focal length of the outer surface; o is the
angular size of the zone; and Aw; is the divergence of the
beam for the outer zone.

The configurations of possible types of the system based
on collimation lens are presented in Fig. 3 schematically:
in Fig. 3, a the system could be manufactured as a
single element, thus decreasing the Fresnel losses, and
for the second case (Fig. 3, b), as was shown before,
the collimation may be better despite the two pieces —
collimating lens and focusing lens — are needed.

Thus, the light spot size for the case of combination
these lenses together with focusing lens is defined by
the divergence of the beam Aw,,,, before the lens — the
maximum from the two values Aw; or Awy; (formulas (5)
and (8)).

Dg, o =2 "tanA® .y, )

spot

where Dy, is the spot size on the illuminated area, /" is the
focal length of the focusing lens.

The second factor that also defines the spot is coma,
mm, for the plano-hyperboloidal lens with corrected
spherical aberration coma:

coma = -3 f'tanA®,,Ksin?c 4.

(10

Here coma coefficient for plano-hyperboloidal lens is
described by equation (6).

In equation (10), o4 is the aperture angle of the lens. For
the lens with the given diameter, it could be expressed by
the approximate expression:

lens
inc, =NA=sino,~ . 11
Sinc sinc 2 (11)

Obviously, by choosing focal length of the lens together
with the parameters of the collimating part one can analyze
possible properties and find the balance of aberration taking
into account the dimensions of the system. Hence, these

b
Collimating .
type 11 Focusing
lens
LED
[lluminated
area

Fig. 3. Scheme of optics for fiber bundle: type / collimating lens with focusing surface (a) and collimating type // with additional
focusing lens (b)
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simple ideas could help in choosing and designing the
optimum from the point of view of system dimension and
efficiency configuration for the illumination part in optical-
electronic devices.

Optical simulation

As was mentioned above, the configuration for the
central zone with sphero-elliptical lens and bi-convex
lens provides different aberration correction, hence
different efficiency. To show the difference visually,
two types of lenses were designed. Fig. 4 shows the
graphs of the illumination distribution in the system
that provides a projection of a 1 x 1 mm LED area with
magnifications V'=—4 and V' =-10 in two different system
configurations — a system with a sphero-elliptical lens
and a bi-aspherical one (biconvex with two aspherical
surfaces), and in the latter case, the coma of the third-order
is corrected.

The calculations were carried out by tracing 10 million
rays in the scheme with a Lambertian source with 1 x1 mm
in size, with a flux of 1 W (the chosen value of the flux is
due to the convenience of the calculation) using Zemax
Optic Studio [14]. Lens configurations were preliminary

designed using the third-order aberration theory and
then optimized to correct for spherical aberration more
accurately. As can be seen from the graphs, the sphero-
elliptical lens configuration provides more uniform
illumination; however, the bi-aspherical lens provides
higher illumination due to more efficient energy
concentration in the case of coma correction.

An example of a system consisting of a central lens part
and a mirror ellipsoid is shown in Fig. 5. At the same time,
such a system can be implemented in practice as a mirror
reflector and a central lens fixed with special mechanical
spiders or mounts. Of course, the elements of the lens
attachment will affect the efficiency of the transmission of
the light flux. The system given below corresponds to the
case of the magnification V' = —4, where the central lens
works with the numerical aperture 4 = sinc = 0.4.

The parameters of the designed examples are given in
Table 2.

Parameters of the central part presented in Table 2 are
calculated based on the theoretical expressions given above,
whereas parameters of the mirror were optimized to find
optimal balance between the efficiency of the whole system
and its dimensions; because, as was mentioned above, all
the geometry constraints and efficiency requirements could

a b
1.5
bi-aspherical e bi-aspherical
- e sphero-elliptical

02k e sphero-elliptical P P
5 Ea
=z T =
g «
2 — — 2
o1k 3 -
L= Eosk

0 Il 'l L 1L L 0 n 2 2 2 'l 2 2 2 2 2 n
—4 0 4 -3 -2 -1 0 1 2 3

X coordinate, mm

X coordinate, mm

Fig. 4. Graphs of the illumination distribution in a system with a sphero-elliptical lens and a bi-aspherical one at V'=-10 (a)

and V=-4(b)

Table 2. Parameters of the optical system

Mirror with sphero-elliptical lens Mirror with bi-asphere lens

Vertex radius of mirror 7, mm 13 10
Conic of the mirror k;, —-0.82 —-0.76
Thickness of the central lens d, mm 12 12
Radius of the first surface of the central lens |, mm -12 7.926
Radius of the second surface of the central lens r,, mm —6.794 —-13.776
Conic of the first surface k; 0 —-1.469
Conic of the second surface k, —0.61 —6.186
% of the energy: ?n the 10 x 10 mm area 83 92

in the 6 X 6 mm area 80 87
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Fig. 5. Concentration system consisted of the mirror and the lens part: 2D layout of the system with sphero-elliptical lens (a);
irradiance distribution for the system with sphero-elliptical central lens (b); 2D layout of the system with bi-aspherical lens (c);
irradiance distribution for the system with bi-aspherical lens (d)

be rarely met for the mirror part of the system working
together with the lens part.

Fig. 5 shows the 2D system shape and their optical
performance. It should be mentioned that all simulations
were done without considering Fresnel losses in the system.

The additional analysis has shown that the difference
in efficiency and illuminance distribution is obviously due
to the central lens part that was described above in details.
Thus, choosing the central part configuration according to
the requirements of the certain task can help in achieving
higher illuminance.

If such a solution is structurally impossible for some
reason, then in practice the mirror part can be abandoned,
and in the absence of restrictions on the number of elements
used, a solution in the form of a multi-lens condenser
can be applied, with an appropriate coverage angle, as
mentioned earlier [10].

The second option for organizing the concentration
of illumination on an object is a combination of a
collimating system and a focusing lens. The analysis of the
collimating system can be performed as described above,
and the focusing system in this case can be a classical
lens. Moreover, such a system can also be implemented

as a single element!, and the above considerations allow
choosing the optimal option for the central part. This option
can be effectively used to transfer radiation into a fiber, an
optical homogenizer, etc.

Examples of systems built based on the lens with the
central sphero-elliptical lens and the plano-hyperbolic one
are shown in Fig. 6. The parameters and the divergence of
the collimation for both lens types are presented in Table 3.

The maximum diameter of these lenses is 26 mm, so,
by varying the focal length of the additional focusing lens,
we can influence the optimal balance between the two
factors that define the spot size, or, from the other hand, the
efficiency of concentration for the given area size.

Thus, for the Aw,,,, = 0.087 and rad = 5°, we can find
for the focal length of the lens /= 35 mm the geometrical
spot size D = 6.12 mm due to the divergence and additional
contribution due to coma is 1.67 mm.

Similarly, for the larger focal length /" = 45 mm, the
geometrical spot size D; = 7.87 mm, and the coma is
1.365 mm. As can be seen from this example and from

I Carclo Optics. Available at: http://www.carclo-optics.com/
optic-10356?optictype=fibre%20coupling (accessed: 29.03.2022).
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Table 3. Parameters of the collimation parts of the optical systems

Collimator type / Collimator type 1/

(plano-hyperboloidal central part) (sphero-elliptical central part)
Paraboloid part: 2.2 2.2
Focal length /", mm
Focal length of the central lens part f;/, mm 2.5 11.35
Radius of the first surface of the central lens r;, mm 1.234 —4.35
Radius of the second surface of the central lens r,, mm 0 -3.78
Conic of the first surface k; -2.26 0
Conic of the second surface k, - —0.44
Theoretical full divergence +20° +5°6'0"
Share of energy inside the corner zone +5°, % 70 80

analysis of the formulas (9)—(11), starting from some values
of the focal length the main factor defining the spot size
will be the divergence of the beam and the focal length of
the focusing lens: the shorter focal length could give better
concentration. However, another one factor that should
be taken into consideration is the geometrical relations
between the lens diameter and its focal length: even for
plano-hyperboloidal lens the correction of the spherical

Y coordinate value

3.0 0
X coordinate value

aberration is exact for any reasonable aperture, the shorter
focal length for given diameters leads to the larger lens
thickness that is not optimal for manufacturing.

The focal length of the convergence lens used in the
system examples here was chosen as 43 mm. The lens
material here is set as PMMA whose index of refraction
is about 1.491. In Fig. 6, b, d the irradiance distribution is
shown for the area 6 x 6 mm, which is close to theoretical
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Fig. 6. Lens model for fiber bundle of the first type (a) and its detector view (b), and of the second type (c) and its detecor view (d)
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size of the spot for this case, and the total flux for this
area is close to 75-80 % of the total source flux that was
predicted by theoretical approximate calculations.

Notably, the lens in Fig. 6, ¢ may not be able to be
manufactured as a whole lens because the air hole is lying
between the focusing lens and the elliptical surface in the
central zone. Hence, manufacturing of this lens could be
implemented from two parts: collimation and convergence.
Then one can join the two optical parts using a fixture or
glue to attach one of it to the other.
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Conclusion

The designing process of the concentration systems
is described in the work. Theoretical expressions are
presented providing necessary theoretical basics to choose
optimally the parameters of the system in the conditions
of dimensions restrictions and high required efficiency.
Four possible configurations of a concentration system are
considered. Concentration lenses that provide near field
lighting with high optical efficiency near 90 % are designed
both based on analysis of the third-order aberration theory
and the composing of elements are given as a result
demonstrating the proposed approach. The examples
presented can be used for real-world application.
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Abstract

An overview of methods for obtaining 2D and 3D models of defects on the pavement is given. The integrity of the
pavement can be affected by factors such as temperature, humidity, weathering and loads. Potholes are one of the most
common types of pavement failure. These defects are the signs of structural failures in an asphalt road. The process of
collecting and analyzing data is critical to pavement maintenance. Finding and quantifying pothole geometry information
is essential to understand road maintenance forecasts and to determine the right asphalt maintenance strategies. Visual
detection of road defects is costly and time consuming. Today, there are quite a lot of studies in the scientific literature
showing methods for automatic detection and recognition of potholes. In our work, we consider methods for automatic
detection and classification of potholes using tools — sensors integrated with a positioning system. The technique of
processing two-dimensional (2D) images using various methods of machine classification allows you to determine
the precise geometry of the pothole. Algorithmic methods such as artificial neural networks, decision trees, support
vector machines, and fuzzy classification are used to improve the accuracy of image processing and highlight the
edges of potholes. A three-dimensional model of the pothole (3D) can be obtained based on laser scanning data and
photogrammetry methods. The paper summarizes various methods and proposed techniques for extracting a 3D pothole
model. The results of the work can be used to improve the infrastructure for maintaining road surfaces.
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AHHOTAIUA
IIpuBeneH 0630p MeTOMOB MoNTyueHHs AByXMepHbIX (2D) u TpexmepHsbix (3D) mozeneli neeKToB Ha JOPOXKHOM
HOKpPBITHU. Ha 1eT0CTHOCTD JOPOXKHOTO IOKPBITUS MOTYT BIUATH Takue (aKkTopbl, KaK TEMIIEpaTypa, BIaKHOCTb,
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aTMocdepHbIe Bo3aeicTBIs 1 Harpy3Kku. OJIMH U3 CaMbIX PaclpOCTPAHEHHBIX BUIOB Pa3pyLIEHUs JOPOXKHOTO TOKPBITHS
BBIOOMHBI, KOTOPBIE SABJIAIOTCS PU3HAKAMHU CTPYKTYPHBIX paspylieHni acansroBoit goporu. [Ipouecc cbopa u ananmza
JIAHHBIX MMEET pellalollee 3Ha4YeHHUe TPU 00CITyKUBAHUU JOPOKHOTO MOKPhITHs. OOHApy/KEHHE M KOJINYECTBEHHAS
OIleHKa WH(OPMAIUU O TEOMETPHH BBIOOMH HEOOXOIUMa [T TIOHUMaHHMS MPOTHO3a paboT MO COAEPIKAHUIO TOPOT U
JUISL OTIPE/IeNICHHs IPaBUIIBHBIX CTPATErHil yxo/ia 3a ac(haabTOBBIM OKPHITHEM. Bi3yalibHOE 00HApYKEHHE TOPOKHBIX
nedexToB moporocrosiee n TpygoeMkoe. B HacTosmee BpeMs B HayIHBIX paboTax MpeICTaBICHbl MHOTOUNCICHHEIS
HCCIIEZI0BAHYS, TOKA3BIBAIOINE CIIOCOOBI aBTOMaTHUECKOTO OOHAPYKEHHsI U PAcIO3HaBaHUS BBIOOMH. B HacTosmieit
paboTe paccCMOTPEHBI METOABI aBTOMAaTHYECKOTO OOHApYKEHUs M KJIacCU(UKAINY BHIOOMH C MCIIOIB30BAHUEM
HHCTPYMEHTAJIBHBIX CPE/ICTB — JAaTYMKOB, HHTEIPUPOBAHHBIX C CUCTEMOW MO3UIIMOHMPOBaHUs. TexHnka o0paboTkn
2D-u300pakeHuil ¢ UCIOIb30BAHUEM METOJ0B MAIIMHHON KJIACCU(GUKALMK TTO3BOJISET ONPEACIUTh U YTOUHUTH
T€OMETPHIO BHIOOMHBI. J[J1st TIOBBIIIEHNSI TOUHOCTH 00pabOTKH N300pAKEHUIT U BbIICJICHUSI KPAeB BBIOOMH PUMEHSIOTCS
TaKHe aJrOPUTMUYECKHE METO/IbI KaK MCKYCCTBEHHbIC HEHPOHHBIC CETH, IEPEBbs PELICHHUI, METO/IbI OTIOPHBIX BEKTOPOB
1 He4YeTKoi Kiaccudukarmu. 3D-Mozienb BIOOMHBI MOJKET ObITh IOJIy4eHa Ha OCHOBE JAHHBIX JIA3€PHOTO CKAaHHUPOBAHUS
1 MeTofioB (oTorpamMmeTpun. B paboTe 0000IIEHE! pa3TMIHbIe METOAB! U MPEUIOKEHHAS! TEXHUKA JUT M3BICUCHHUS
3D-moznenu BEIOOMHBL. Pe3ynbrars! paboThl MOTYT HAWTH IPHMEHEHHE IS YTy IIeHHs! HHPPACTPYKTYPBI 00CITy KUBAHUS
JOPOYKHBIX TIOKPBITHH.

KiioueBnle c1oBa
Kiaccuukanus, n3o0paxenue, oo0paboTka, MojIeNb, 1eeKT JOPOKHOTO OKPHITHS, BHIOOMHA
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MARA (UiTM), Lentpy ynpapienus naydusiMu ucciaenoBanusmu (RMC) u MuHHCTEpCTBY BBICIIET0 00pa30BaHMs
(MOHE) 3a npenocrasienue rpaut ®onga I'TIK 600-PMIYTTIK 5/3 (223 /2020), a taxke FRGS 3a npenocrasnenne
rpanta FRGS/1/2021/WABO07/UITM/02/2.
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10.17586/2226-1494-2022-22-3-459-471

Introduction the author. Defect detection is to distinguish the part of the
defect from other parts in the image [2]. The process is to

Deterioration of the road surface accumulates over  locate the region pixels of the defect and classify the type

time and traffic makes the situation worse. If maintenance
does not perform by its time, the asphalt tear can create a
pothole. The conventional method for road detection needs
technicians for manual data collection and many working
hours for a rough estimation of damage on the road.
Making a repair decision and budgeting depending on the
information of pothole damaged information is covered in
[1]. Current practice implements now sophisticated digital
inspection use (time-consuming and costly task). Secondly,
the procedure is too dependent on the worker’s precision
during measure the pothole (subjective and biased thread
of features).

There are many road assessment procedures, but not
all are applied and used in practice by the department
of authorities. The method of identifying defects in the
main road varies depending on a person involved and
background author (Fig. 1). But the same is the case in
terms of product entry; however, different perspectives
and detailed research are done based on the expertise of

of defect.

Reference [3] presents 3 main types of road defect
methods: vibration method, vision-based method and 3D
reconstruction. According to a different author, reference
[2] proposed image processing method, machine learning
method and 3D imaging method. However, the features
of detection are more concentrated on crack defect.
Nevertheless, the conceptual procedure still remains the
same. Image processing have the same concept with vision
based method, while 3D imaging is a same method as
explained in [3] using 3D reconstruction method. Table 1
shows a method of defect detection. Defects including all
deteriorated road surfaces such as potholes crack, rutting
and others are considered in [4].

Sensorial method

The sensorial-based method is a technique that uses
an accelerometer on a vehicle platform based for data

INPAT

Fig. 1. Sample surface defect types [2]
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Table 1. Method of defect detection [4]
Item Vibration method Vision based method/2D method 3D reconstruction
Equipment Vibrator, gyroscope sensor, absorber | RGB camera, multispectral camera, | Stereo camera, RGB camera, laser
sensor, mobile phone gyro satellite imagery scanner
Technique Z-direction displacement RGB image processing, multispectral | Stereo vision, photogrammetry, Light
classification Detection and Ranging (LiDAR)
Platform Car, van and mobile phone Drone, car, van, satellite Drone, car

collection. The advantages of this method are the small
storage requirement, cost-effectiveness and feasibility for
automatic real-time data processing. However, it does not
provide detailed distress conditions of the road. The service
condition of the vehicle also has a different impact on
the result obtained from another vehicle; hence it needs
constant vehicle parameters to make sure the data is
comparable. Table 2 shows a previous study for sensorial
method.

The same concept applies in [7] using a gyroscope
sensor. The vibration data was obtained from vehicles
running over four road types. Fig. 2 shows a proposed
flowchart of the pothole detection. The collected data was
used to extract the vehicle maximum rates of pitch, roll
and yaw. When applying the machine learning ANN, the
classification damage rates at 85 % of accuracy. Sensor
equipment is a non-based technique that needs machine
learning to classify road damage. In analogy, the image
shows the surface of the pavement, but the vibration-based
system feels the surface condition based on mechanical
responses of the testing vehicle. This method needs high
maintenance as the vehicle needs to purposely hit the
pothole and other road defects. Sometimes, it picks up
the joint bridge as a pothole road defect. Most often the
acceleration is used as their input of data translation of
road defects.

Due to the rapid economic growth and the advent of fast
mobile technologies, there are applications available in a
mobile phone [11]. The utilization of mobile for real-time
pothole detection is possible now. The accelerometer data
is normalized by computing the Euler angle adapted to

the pothole detection algorithm. Together they add spatial
information to GPS data. Acquired data is sent to the
Intelligent Transportation System (ITS). The availability
of this system lies in the fact that the mobile phone itself
has G-sensors, electronic compass, gyroscope, GPS,
microphone and cameras. Basically, the detection system
is crucial to acquire real-time information. The algorithm
connects to the accelerometer, for example, the current
G-zero analysis and in the context of various classes of road
irregularities shows true positive indicators up to 90 %.

Under the same concept, this method also used in [8, 9].
The sensor method provides real-time pothole detection. It
is a simple and economical method. This method even uses
a sensor for detection, but the data processing to finalize
the road defect is done by machine learning. The system
consists of accelerometers or tilt switches to measure
irregularities and also provides real-time data acquisition
via two-way wireless communication and reuse of the
same. It also has an interface for irregularity monitoring
via a cloud-based service. The system consists of GPS
and map index provided. The cloud service performs the
conversion of the data received from all the devices on the
ground simultaneously. The cloud service performs the
conversion of the data received from all the devices on
the ground simultaneously. This is how different authors
use it to differentiate the method. Whether it is a machine
learning method based on data segmentation or sensory
method based on data input, it is somehow different from
the author’s point of view from his field of expertise.

The sensory method is a technique of intact
measurement to record a defect area. The system functions

Table 2. Sensorial method’s previous study

Reference Method How it works
[5] Mobile sensing with Global Positioning System (GPS) | The accelerometer data is normalized by Euler angle
interpolation- z-threshold developed to detect a pothole | computation and is adopted in the pothole detection
algorithm
[6] Smart phone accelerometer based on Android Operating | Provide z-threshold and g-zero which tuple below
System (OS) threshold
[7] Android smart phone with develop Artificial Neural | Collect optimum size of the training data, the effects of
Network (ANN) the number of the neurons in the hidden layer, and the
level of the achievable classification accuracy
[8] Developed by microcontroller, accelerometer, GPS and | Accelerometers or tilts switches to measure the
zig-bee transmitter for two-way communication irregularity and also provides a real time data collection
via a two-way wireless communication and reuse of the
same
[9] 32-bit ARM Cortex M4 micro-controller and a LSM9DSO0 | Record the positioning system and attitudes of platform
Inertial Measurement Unit module (IMU system)
[10] Mobile phone Finding a threshold impact on accuracy of true positive
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Stream High-pass . Speed vs ‘){ Pothole
Z-peak - .
/ Data /L Speed > filter 7 pea > XZratio > z-ratio is detected
Door slams, Acceleration, Minor Expansion joint, Smaller
curbs braking turns anomalies rail crossing, highway
speed bumps anomalies

Fig. 2. Proposed flowchart of the pothole detection procedure [7]

by a sudden change of elevation and impact received by
the sensor. Thus, a vehicle or user system has to hit the
pothole defect purposely moving lane-by-lane for that
purpose. However, non-hitting potholes do not cause any
vibration to the sensorial-system failing the operating
detection system [3, 12]. Decision making of the system is
inseparable from machine learning applications, especially
in data processing. This is a part of the processing to get
results. The study distinguishes the method by its method of
data input. This includes tools/hardware of sensor method,
or image processing product, or 3D point cloud data of 3D
reconstruction. All of the mentioned is related to machine
learning, supervised, unsupervised, parametric, and non-
parametric or any kind of algorithm for data classification
purposes. Now, let’s look into other methods which have
been explained before.

2D Image processing

The development of cameras digital photography has
greatly advanced road distress detection [13]. Distress
detection is to distinguish the type of defect and segmented
it from smooth asphalt of the road. Image segmentation
is known as a process of assigning a label to every pixel
in an image (Fig. 3). Pixel was classified with certain
characteristics of a group such as a digital number of
spectral reflectance, texture and geometry [14]. Vision
based 2D detection originate from image processing and
classification method, mostly in RGB format. Image
processing mainly includes three categories: threshold
segmentation, edge detection and region growing methods;

while classification method included pixel-wise, sub-pixel-
wise, and object-based image classification methods [15].

The edge detection method determines the edges of
the features through edge detection operators such as
the Sobel operator, Prewitt operator, and Canny operator
(Fig. 4). Reference [16] detects the edge of the defect area
using an ant colony algorithm on thermal images. It is
studied using a pulsed thermographic system to indicate
a defect of SiC Coated High Temperature Super Alloy
Substrate. The traditional edge detection method is based
on the grey value of the image to determine the edge, but
its drawback is various noises that effect to the quality of
detection. And much more techniques have been introduced
by the researchers, such as Wavelet transform, Wavelet
packet edge detection, Edge detection mathematical
morphology-based algorithm, Fuzzy theory, and neural
network edge detection. Ant colony algorithm advantages
are computational speed and less noise of detection, plus it
gives complete detection of edge features.

Lastly, the image segmentation is done using a region
growing method. This method depicts the information
inside the pothole by combining the pixels with similar
characteristics to form a group of features. The region is
growing from the seed pixel by adding in neighboring
pixels that are similar, increasing the size of the region. It’s
a method for serial segmentation of images. The advantage
of this method is relatively simple and usually segmented
with the same property region which is associated with
the area. And it can provide good boundary information
and segmentation. However, the region growing method
is an iterative one. The space and time costs are relatively

RGB

Vision based 2D detection |—|

Multispectral/hyperspectral |

| Image processing |

N
N

—>| Region growing method |

Threshold |

Edge detection |

!

| Image classification |

N
—>| Parametric/Non-parametric |
N
N
N

Supervised/unsupervised |

Hard/soft parametric |

Pre-pixel |

Object-oriented |

Fig. 3. Method of detection from image-based processing
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Fig. 4. The input infrared image: (a), the image after grey level transformation (b) and Canny preator edge detection (¢) [16]

high. The noise and grey levels may cause gaps and over-
segmentation. And the region growing method is not very
good in image processing [17].

In contrast to the above technologies, reference [18] has
addressed automatic object detection in sidewalk images
using a unified framework. It then trains a Support Vector
Machine (SVM) classifier for each feature separately in
a one-against-all paradigm. Reference [19] proposed an
automatic detection of potholes in images. The method has
segmented asphalt into defective and non-defective regions
using a histogram-based threshold. Based on the geometric
properties of a defect region, the potential pothole shape
is estimated using morphological thinning and elliptical
regression. Then, the texture within high degree-defect
geometry is extracted and compared to the non-defective
roadway to determine if the region in question is indeed
a pothole. The shape extraction procedure is shown in
Fig. 5.

Reference [21] proposed crack detection by image
pre-processing which consists of binary segmentation,
morphological operations and remove algorithm. The idea
is to remove the isolated dots and area. Then it is proposed
a novel algorithm to join the break line of the crack.
Another reference [22] presented a method of integrating
the processing of grayscale and texture features for
detection and segmentation of cement concrete pavement
pothole. A machine learning model based on the Library of
Support Vector Machines (LIBSVM) is built to distinguish
potholes from longitudinal cracks, transverse cracks, and
complex cracks (Fig. 6). Single based image method is the
most applied for road distress detection. The input of single
based image had been used in [1]. The reference [1] has
used spectral clustering to identify regions using histogram-
based data from greyscale image.

The use of single image-based for pothole detection
is widely used. However, no quantification of geometry
information such as width and length are available. The
calibrated camera is required to obtain camera parameter,
to compute its exterior parameter (object coordinate). Thus,
for any intention of geometry information extraction, the
calibration process before data collection is compulsory.

Image classification

Image classification of remote sensing-based methods
has the potential for pothole detection. Supervised learning
and unsupervised learning has been utilized for land use
classification and analysis. Both are basic approaches,

but they are often combined to form hybrid methods. The
most popular output from the classification process is the
land use/land cover map. It’s a main output of the remote
sensing method. However, some use for other purposes
such as urban hydrological map [23], urban classification
map [24, 25], glacier facies mapping [26], crop map
[27, 28], and oil palm [29]. The standard classification
procedure of the multispectral and hyperspectral image
starts with image correction and includes several steps
such as geometric correction, radiometric correction, and
hinge cleaning. Secondly, the image contrasts are restored,;
this includes contrast manipulation, spatial characteristic
manipulation, spectrum ratio, main component analysis,
additional component and vegetation index analysis.
From a different perspective, classification is an overall
process of image sensors, image pre-processing, object

»

Fig. 5. Shape extraction procedure based on a pothole shade:
morphological thinning (), shrink the shade region (),
skeleton’s branching point (c), connected major path of shade
region, (¢) boundary of the shape is almost smooth (d), entire
skeleton defines the major path (f) [20]
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Fig. 6. Pothole extraction process: original image (a), texture image (b), grayscale (¢), binary image (d), remove small object (e),
morphological (f), extraction results (g), and mask image (/) [22]

detection, object segmentation, feature extraction and
object classification [30].

Many classification techniques have been developed
for image classification such as ANN, Decision Trees
(DT), SVM and fuzzy classification. Image classification
approaches are defined by different techniques, e.g.,
based on the features used (shape-based and motion-
based), based on the training sample used (supervised and
unsupervised), based on the assumption of parameters
for the data (parametric classifier and nonparametric
classifier), based on the pixel information used (classifier
per pixel, sub-pixel classifier, per-field classifier, object-
oriented classifier), based on several outputs for each
spatial element (hard classification, soft classification),
based on spatial information (spectral classifiers, contextual
classifier, spectral-contextual classifier) and finally multiple
classifier approach. The input for the classification process
is a multispectral/hyperspectral image.

Reference [31] used Hyperspectral (HS) cameras to
identify road defects. The HS cameras are considered more
discriminative clues for crack detection. HS images used
have a spectral range of 350 nm—2500 nm that contains
spectra beyond the human vision range (400 nm—700 nm).
A new spectral descriptor was proposing to describe the
spectrum of road pavement. Reference [32] achieved
modest success with Classification and Regression Tree
(CART). By using CART, the abundance of cracked road
is overestimated, while maximum overall accuracy is only
at 68 %. Reference [33] is presenting pattern recognition
techniques of pavement defect through Geographic
Information System. The pavements degradation rate
is representing by distinct spectral characteristics. It
uses image indices with the spatial variance measures
relating to the remote sensing signal of the pavement
condition index. Detection of asphalt is carried out in

a two-classification process: a pixel supervised and
unsupervised. The unsupervised classification uses linear
operation classifier onto a monochromatic format image;
supervised classification implements a maximum likelihood
algorithm.

Reference [34] combined field spectrometry, in-situ
road surveys and hyperspectral remote sensing to explore
the potential in mapping road conditions. The proposed
method used image ratios and spatial variance measures
to relate the remote sensing signal to Peripheral Computer
Interconnect (PCI). Image ratios showed the best correlation
with the PCI, and variance is correlated with an index
describing structural road damages. The authors mentioned
the potential of other techniques using short-wave infrared
and small absorption features identified in the spectral
library analysis. Reference [35] evaluated asphalt pavement
surface defects using airborne emissivity data. The authors
used a surfacing limestone granules occurrence as a suitable
indicator for surface defect assessment. The proposed
hybrid of segmentation procedure and emissivity shape-
based analysis is applying in this study. This technique
allows you to produce rapid discrimination. Reference
[36] extracted road asphalt condition using Object-Based
Image Analysis (OBIA) and feature selection technique.
The chi-square algorithm outperformed SVM and Random
Forest (RF) techniques. SVM, RF and feature selection
were evaluating to indicate the most effective algorithm.
This test can identify which OBIA attributes are best set
(spatial, spectral, textural, and color). An algorithm is a
medium for classifying road distress that uses learning
algorithms with different parameters. The authors used
two sub-datasets RGB channels with 12 image bands to
represent the Multispectral (MS) images. They concluded
to incorporate spectral, geometrical, and textural features as
attributes in RF classifier that can produce better delineation
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Table 3. Review of spectral wavelength, platform and classifier algorithm used

Reference Band Platform Algorithm
[31] Hyperspectral (450 nm—950 nm) across 125 channels | Unmanned Aerial Vehicle | Not Available (NA)
and fitted with a lens of 23 mm focal length (UAV)
[32] 227 spectral bands spanning the VNIR and SWIR | UAV CART algorithms
ranges
[33] RGB UAV Maximum likelihood
[34] 224 individual bands with a nominal bandwidth of | UAV NA
8—11 nm
[35] Thermal infrared UAV Object-oriented approach and
Band Depth analysis
[36] MS UAV SVM, REF, and chi-square
[14,37] multispectral camera Micro-Miniature Multiple | fixed-wing UAV KNN, SVM, ANN, RF
Camera Array System
[38] 24 continuous spectral bands from 380.1 nm to | UAV NA
1,033.1 nm
[39] MS IKONOS and QuickBird | Multivariate kernel statistic

of the potholes and cracks. Table 3 shows a review of study
of image classification.

Fig. 7 shows a fraction of 3D reconstruction method.
The division presents laser scanning, photogrammetry
applications and stereovision. Both are not the same in
conceptual method but produce the same data (point
cloud), so it can be used to derive 3D information such as
point cloud elevation, mesh, and Digital Elevation Model
(DEM). The laser scanner method receives data from
another platform UAV or vehicles for terrestrial view, and
uses a technique that employs active laser pulse to generate
point cloud data [40, 41]. The data consists of elevation
information captured on specific distress features by means
of a grid-based processing approach. The irregular surface
of the road is automatically revealed by a specific algorithm
that detects different elevation and convex hull creation to
find the parameter of the defect region. The result accurate
quantified the amount of filling material.

3D imaging conceptual design was used for various
detection and road monitoring. This section reviews
focuses on the hardware side. The accuracy comparison
is more appropriate since many laser-based systems use
the same technical concept. Laser scanners were used in
the study for road mapping. The system is considered as
active scanner. It has a double-sided scanning mirror for
the dual purpose of projecting and reflecting the light.
The imaging system is mounted on a vehicle for road

scanning. Deployment of laser scanners has also resulted
in several other applications related to pavements. In this
regard, a measurement of pavement thickness was reported
in [42]. Confidence arises as this method can improve
the visualization of the pavement, and finer features
have begun to attract researchers’ attention. 10 attempts
have been made to deploy a 3D laser scanner to measure
pavement roughness using the system benchmarking
International Roughness Index as their reference. The noted
laser-based measurements have a high potential to quantify
pavement roughness. In a related effort [43], an integrated
multisensorial vehicle was used with laser range scanners
for road imaging. The paper provides the system-level
details of the mobile platform, a transverse resolution of
the system achieved 1 cm. Reference [44] developed a laser
triangulation-based mobile system with 2 mm horizontal
and vertical resolution respectively. 3D geometric features
were obtained and they classify the types of distress such
as potholes and rutting. Sub-millimeters accuracy attracts
the researchers, who basically use more than 95 % of the
research on this technology [45]. However, a laser scanner
needs a sturdy UAV platform because the micro-UAVs can’t
carry scanner due to workload limitations. Additionally,
laser scanners capture big data and they require a
workstation with the highest specification to handle.

Stereo vision requires high computational effort to
construct a 3D pothole or other road defects. The matching

| 3D method |
|
| Laser scanning | | Photogrammetry | | Stereovision
| UAV | | Terrestrial | | UAV | | Close-range |

Fig. 7. A fraction of 3D reconstruction method
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feature point between two views requires time consumption
so it is being used for post-processing. For vehicle platform
cameras, it is important to align the camera properly
otherwise it will affect the quality of the outcome.
Reference [46] reports the developed techniques for 3D
road surface reconstruction in support of unpaved road
assessment. By using a non-metric camera from the UAV
platform, it captures multiple images of unpaved roads
from an altitude of about 45 m above ground, with an image
scale of approximately 1:9000. The ground resolution is
about 5 mm. The UAV is travelling at 4 m/s, acquiring
road images with 80 % overlap along the path. The road
surface model is constructed from a combination of the
matching results of feature points, normal image points and
grid points following a coarse-to-fine hierarchical strategy.
Some errors still exist in the 3D models, due to shadows
and mismatches caused by the low greyscale variation of
road surface and lack of texture.

In [47], an acquisition of 3D information of potholes
features is easily carried out. Disparity calculation method
is described by graph cut, belief propagation and dynamic
programming. The disparity calculation method is carried
out in three steps: matching cost computation, search range
recalculation and disparity enhancement. The first method
of a sterco-vision based technique is found in [48] and
reported by [45]. A stereo pair of cameras is coupled with a
structured light projector to get image cracks and potholes.
The same research method is applied. The experiments
are conducted by mounting the measurement system on a
car. During the annual study, the accuracy in centimeters
level was obtained. Another stereo system achieved a depth
accuracy of 5 mm [49].

To cover the whole pavement width of 4 m, two
stereo sets are used. In [50] a texture depth measurement
is established that texturizes the road but no absolute
measurement was assessed. Another study of stereo vision
was reported in [51]. Study concentrates on defect detection
but does not mention the geometry of measured defect
which was the real objective of two calibrated camera
setup. Reference [52] introduced a low-cost detection
system using the same technique with infrared laser line
projector and digital camera. The purpose of the camera
is to capture a multi-view coplanar scheme as a patch
and register colored point cloud from the image to the
laser scanner point cloud. Reference [53] combined a 2D
method with 3D reconstruction. It deduced the number of
potholes by the 2D recognition process and validated the
geometry of the defect with 3D reconstruction. The method
is used in different ways by others, who dependently use

point cloud data for recognition and geometry analysis.
Thus, the low computational cost and acceleration data
processing are guaranteed. Table 4 shows a technology
solution classification of road distress detection. 3D laser
scanning has highest spatial resolution with 1 mm accuracy.

Apart from the technologies of laser scanners and
stereo vision cameras, a photogrammetric technique was
reported in reference [2]. The photogrammetry method
provides 3D reconstruction and 2D image correction. They
are useful for detection purposes. When capturing multiple
images, their orientation is applied for image matching to
generate Orthophoto and DEM. Reference [55] covers up
cracks analysis from an image. 3D model and 2D image
format were used to perform analysis of potholes profile
and orthophoto. Besides, 2 mm achievable accuracy from
reconstruction method was presented in [49], it uses DHDV
(Digital Highway Data Vehicle) developed by University
of Arkansas and Way Link System Co. A 3D model of the
road surface has been constructed from image resection.
Tolerances of 1 mm accuracy were achieved in both
longitudinal and transverse directions. The final pavement
resolution images, which are captured from a speed above
100 km/h, yield good quality. It is a significant judge
to have optimal distance from the camera to the road to
compensate with such an optimal speed.

Mentioned above 3 methods of 3D reconstruction
provide a point cloud-based data. Derived of the image-
based point, the cloud is also able to characterize the texture
of the road. After advancement of UAV technology, the
aerial photogrammetry produces sensational road-mapping
work. Nevertheless, terrestrial photogrammetry can be
applied to the same objective. Many studies propose a
photogrammetry method as a source of point cloud
information of the interest features as well as mesh product
analysis for the same purposes. In a revolutionary approach,
an UAV mounted RGB camera has been used for the
reconstruction of unpaved roads [46]. Mass production
of micro-UAV provides inexpensive platform of data
capture. The platform evolution for data capture from
the land into aerial drastically changes the way of road
defect detection. The photogrammetry technique starts
a revolution in the mapping industry [56, 57] including
the method of road mapping. Inexpensive and rugged
UAV combination with high-resolution camera helps to
get better output of high intensity of point cloud data.
Two images captured from two different viewpoints are
analyzed to derive the 3D information of the identified and
matched feature points; hence the system is stereo in effect,
although it has a monocular vision at any given point in

Table 4. Technology solution classification [54]

Technology Information Precision Accuracy Spatlalnlli;solutlo, Productivity Cost Automation
Camera 2D Medium Medium 3-6 High Low High
Linear scan camera 2D High High 2 Medium Medium | Medium
3D laser imaging 2D High High 1 High High Medium
Terrestrial Laser 2D Very high High 3-6 Medium High Low
Scanner (TLS)
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Table 5. Previous review on reconstruction method

Reference 3D Method Proposed Techniques
[47] Stereovision camera Using stereo camera vision to create a disparity map, applied the surface fitting
algorithm to estimate the road surface
[41] LiDAR Estimate road from point thinning then apply Multi-level Otsu thresholding to divide
the intensity surface and apply convex hull for pothole polygonal creation
[46] Aerial Photogrammetry Image matching from combining the matching results of feature points, normal image
points and grid points
[51] Laser imaging The distress measure in an image is calculated by accumulating the differences
between adjacent histogram values
[44] Stereovision camera Stereovision camera for 3D Reconstruction
[45] UAV with LiDAR attached | Features were extracted based on the strength of the point cloud elevations and
reflection intensities
[59] Photogrammetry 2D image for detection and 3D reconstruction for measurement estimation
[40] LiDAR and camera fusion | An unstructured and sparse point cloud is first projected onto the camera image plane
using fully convolutional | and then up sampled to obtain a set of dense 2D images encoding spatial information
neural networks
[60] Aerial Photogrammetry Image stitching and DEM
[61] Acrial Photogrammetry Developed algorithm based from verticality value of point to automatically detect
and measure road distress

time. The reconstruction process is helped by collinearity
equation from input of the relative displacement of the
UAV movement by two on board sensors: a GPS and an
inertial measurement unit [46]. In another work, aerial
mapping for various features has questioned the state-of-
art in the parameter set for each desired mapping feature.
Various range accuracy is reported in the work [58]. Table
5 shows a previous study of 3D reconstruction method and
how it works.

Conclusion

Many proposed methods for pothole detection used
image-based detection. The rough and coarser road surface
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AHHOTALUA

Ipeamer uccaenoBanus. PaccMorpeHa 3ajada afanTHBHOTO YHPABICHHS MapaMeTPHUSCKH HEONPeIeIeHHBIM
HEJIMHEHHBIM 00BEKTOM, MPE/ICTaBICHHBIM B TapaMeTPU30BaHHOI ()opMe C HECOIIIaCOBAHHBIMH HEOIIPEIETICHHOCTAMHA 1
OrpaHHYCHUEM Ha BEJIMYHMHY BXOIHOTO Bo3zeiicTBus. Meton. Perienue 3a1a4n 0CHOBaHO Ha UCIIOJIb30BAaHUH ITPOLIETYPBI
aJJalTHBHOTO O3KCTEIINHIA, BUPTyallbHbIC YIIPaBICHUs B KOTOPOH 3aBUCAT OT CTAPLINX HPOU3BOJHBIX HACTPAHBAEMBbIX
napaMeTpoB, PACCYMTAHHBIX C MOMOIIBIO aJTOPUTMA AJaNTallMH ¢ yTydIIeHHOH MapaMeTpruuecKoil CXOIUMOCTBIO.
BeolnosnHeH aHanUTHYECKUH CUHTE3 YIIPABIEHHsI C KOMIIEHCALMEN BIUSIHUS OTPaHUUEHNUI Ha yTIPABICHUE C IPUMEHEHUEM
crenuanbHoro GpuisTpa. OCHOBHBIE pe3y abTaThl. [IpecTaBIeHHbIN TOAX0/ TO3BOSIET CHHTE3HPOBATh A1l THBHBII
perymsTop st 00ecIedeHnsT OTPAaHNISHHOCTH BCEX CHTHAJIOB B 3aMKHYTOH CHCTEME W CJICKEHUS 32 3aJa0IIHM
curnaiom. [IpuBenennsie pe3ynsrarel Mojenuposanus B cpene MATLAB/Simulink npogemoncTprpoBanu padoTy
MOIX0/Ia M YCKOPEHHUE ITapaMeTpUIecKOil HaCTPOUKHU NpH MOBBIICHHN Kodddunnenrta aganranuu. IlpakTuueckas
3HAYMMOCTB. PaccMOTpeHHBII Kilacc 0OBEKTOB OIMKMCHIBACT IIUPOKUI CHEKTP CHCTEM, TAKUX KaK MaHHITYJSIIMOHHBIC
POGOTHI, TEXHOJIOTMYECKHE MTPOLECCH Ha MPOU3BOJICTBE, MNIEKTPOMATHUTHBIE CUCTEMBI C 3 (EKTOM JICBUTALNH,
XMMUYECKHe Mpoleccsl U Ap. IIpeqioxKeH bl anropuT™ yIpaBlIeHUs] yUYUThIBAeT €CTECTBEHHbIE B MPAKTHUECKUX
MIPUIOKEHUAX OTPAHNYCHUS Ha BXOJHOE BO3JEHCTBHE U CYIIECTBEHHO CHMXKAET BIUSHHE CKOPOCTU HACTPOHKU
MapaMeTPOB PETYISTOPA HA IEPEXOJHBIE MTPOIIECCHl CHCTEMBI YIIPABICHHSI.
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Abstract

The problem of adaptive control of a parametrically uncertain nonlinear plant presented in a state-feedback form with
unmatched uncertainties and input constraint is considered. The solution is based on adaptive backstepping procedure,
in which the virtual controls includes the high-order time derivatives of adjustable parameters calculated with the use of
an adaptation algorithm with improved parametric convergence. Analytical design of control with compensation for the
influence of input constraints is performed using of a special filter. The approach presented in this paper allows one to
design an adaptive controller that ensures the boundedness for all signals in the closed-loop system and provides tracking
of the reference signal. Simulation results presented in the MATLAB/Simulink environment illustrate the performance
of the presented approach and the acceleration of parametric convergence with an increase of the adaptation coefficient.
The plant considered in this work describes a wide class of systems, such as various manipulation robots, technological
processes, electromagnetic levitation systems, chemical processes, etc. The proposed control algorithm considers natural
for practical applications input constraints and significantly reduces the influence of the regulator parameters tuning
speed on the control system transient processes.
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adaptive control, backstepping, nonlinear object, input saturation, input constraint, improved parametric tuning
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BBenenue

PaccmarpuBaercs 3aja4a aJjaliTHBHOTO YIPABICHUS
KJIACCOM HEJIMHEHHBIX KaCKaTHBIX CHCTEM C HECOIIaco-
BaHHBIMU NapaMETPUUICCKUMU HCONPEACICHHOCTAMU U
OrpaHMYEHUEM Ha YIPaBIISIOIIEE BO3CHCTBHE.

BriepBbie pemienue 3a1a4u aJaliTABHOTO YIIPABICHUS
JTAaHHBIM KJIACCOM CHCTEM OBLIO MPEIOKEHO Ooree JiBaj-
[IaTH JIeT Ha3al B pabote [ 1] ¥ OCHOBBIBAJIOCH HA UTEPATHB-
HOW mporienype cuHTe3a (OskcTenmuure). OMHAKO BBUAY
M30BITOYHOTO KOJTMYECTBA HACTPAUBAEMBIX TTapaMETPOB
perymasaTopa MpeIoKeHHOE PEeIICHHEe HE TIOTYYHII0 ITHPO-
KOTO pacmpocTpaHeHus. HeckoibpKo JeT cycTs mpobiaema
M30BITOYHON MapaMeTpu3aluy Obljia peleHa B padoTax
[2, 3] aBy™ms criocoOaMu: 3a CYCT UCIOIB30BAHUS (YHK-
LU HACTPOMKH («funing functions») v MOIYIbHBIX UICH-
tuukaropos («modular identifiers»). Ucnonab3oBanue
(GyHKIMH HACTPONKM MO3BOJISET YCTPAHUTH BIUSHHE
CKOPOCTH HAaCTPOWMKH MapaMeTpOB PeTyisiTopa Ha mepe-
XOJHbIC IPOIECChl OUIMOKK YIPaBJIECHHs, HO B 3TOM CIIy-
Yyae BBRIOOp alTOpUTMa aJalTalldd 3aBUCUT OT (PyHKIUU
JlamyHOBa, MPUMEHEHNE KOTOPOIl OTPaHUYMBACT €TO BBI-
6op. Mcnonp3oBaHWEe MOIYIBHBIX UACHTH(PUKATOPOB, C
OJTHOH CTOPOHBI, ITO3BOJIIIIO PA3PEIIUTh MPOOIEeMy JOCTa-
TOYHO CBOOOTHOTO BHIOOPA aNTOPUTMA aTalTAIIAHN 32 CIET
HE3aBUCUMOTO (MOIYJIHHOTO) CHHTE3a AJITOPUTMOB YIIPaB-
nenns u anantauuu. C qpyroif CTOPOHBI, OIIMOKA YIIpaB-
JICHUSI B MOJY4YEHHOI CHCTeMe CTajla 3aBUCETh OT CKOPO-
CTH HACTPOMKH IapaMeTpoOB PETYISATOPA, YTO MPUBEIO K
CHJIBHBIM «BCIIJIECKaM» OIIMOOK B Ha4aJbHbIE MOMEHTBI
BpPEMEHH TPH OOJIBIINX Kod((DUIMEHTaX ajanTalyy.

B mensx ycrpaHeHUs! HEIOCTaTKa METO/1a MOAYAbHBIX
nAeHTH(UKATOPOB B pabote [4] mpeiokeHo HCIoIb30Ba-
HHUE aITOPUTMA aTaNTalli BEICOKOTO MMOpsiIKa 5], ¢ moMo-
IIHI0 KOTOPOTO BEITIOJIHEH PacyeT CTAPIINX MPOU3BOIHBIX
HACTpamBaeMbIX mapaMeTpoB. [Ipencrapnennoe penieHne
TTO3BOJIIJIO YCTPAHUTh HETaTHBHOE BIFSTHAE CKOPOCTHU Ha-
CTPOWKH MapaMeTPOB PETYIATOPA Ha OMIMOKY YIIPaBICHNUS,
OJIHAKO CBOMCTBA aJITOPUTMA aJIANTAIIMH BBICOKOTO TIOPSIIIKA
HE TTO3BOJISIFOT TPOU3BOJILHO YBEINYMBATH CKOPOCTh CaMOM
HacTpoiiku [6]. B cBsi3u ¢ aTum B padorax [7, 9] 6bu1 nipen-

JIOKEH aJITOPUTM aJanTaliy C yIydIIEHHON MapaMeTpu-
4eCKOM cXOaUMOCThI0 Ha 6a3e cxeMbl Kpeiiccenbmeiiepa
[10]. Anroput™ HO3BOJIUI YCKOPUTH MapaMeTPHUECKYIO
HACTPOHKY PEryssTopa 3a cueT yBeJIMUeHUS KO PHIHEH-
Ta ajanTanuu 0e3 CyIIECTBEHHBIX «BCIUIECKOB)» OIIMOKH
yTIpaBJICHUSI.

B nacrosmelt paboTte IpeacTaBIeHO pacInpeHne Ipea-
JIOKEHHOTO B pabote [9] pemeHus 3a1a4il aJalTHBHOTO
YTIpaBJICHUS TTAPAMETPHUUECKH HEOTIPEAETICHHBIMUA 00bEK-
TaMH Ha CJIy4Jail OrpaHNYEHHs [0 YIPaBICHHUIO.

IlocTanoBka 3a1a4u

PaccMmoTpuM 00BEKT, IpeCTaBICHHBIN B KacKaIHOM
dopme!

X =xi (X, %9, .., x)0,i=1,n—1, @)

X, = £,7(x)0 + B(x)v(u), 2
y=xp 3)

[J1€ X; — KOMIIOHEHTBI IOCTYIIHOTO K U3MEPEHHIO BEKTOpa
COCTOsIHUA X € R"; y € R — perynupyemMasi IepeMeHHas;
0 € RY — BeKTOp HEM3BECTHHIX MapaMeTpoB; B(X) € R u
f; € R7 — HenpepbIBHBIC HENHMHEHHBIE QYHKIUNZ, TAKHUE,
9710 B(X) OTIENIeHa OT HYJS MOJOKUTEIHHONW KOHCTAHTOM
by, T. €. B(x) > by > 0, VX; u € R — ynpassioniee Bo3Iei-
CTBHE; V(1) — OTpaHUYCHHOE YIPABIISIOIIEe BO3ACHCTBHE,
omperensieMoe Kak

sign(u)uy |ul = uyy,

v(u) = sat(u) = " ] < 11y

“)

TIC Uy, > () — u3BecTHAs KOHCTAHTA.

1 3nech 1 asee BepXHAM HHIEKCOM «T» 0003HAYAETCs OTIe-
paLyst TPaHCIIOHNPOBAHHUS BEKTOPA MITH MaTPHIIBL.

2 3pech u ganee apryMeHTsl GpyHKuui f; u B OyayT ommyieHst
JUISL TIPOCTOTBI 3aITCH, KPOME TEX CIIy4acB, KOI1a OHM HEOOXOIH-
MBI U1 TOHUMaHHSL.
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AnantuBHOE ynpasfieHNe HeNIMHENHbIM 0ObEeKTOM...

3ajaya COCTOUT B:

— CHHTE3¢ aJrOpuTMa aJIalITUBHOTO YIIPABIICHUSI, TapaH-
TUPYIOIIETO OTPAaHMYCHHOCTh BCEX CUTHAJIOB B 3aMKHY-
TOW CHICTEME W BBIITOJHCHHUE IIETICBOTO PAaBCHCTBA

lime(7) = lim(y(1) (1) =0, (5)

rae 7(f) — OrpaHMYeHHbIH JOCTATOYHO TIaIKHIA CUTHAT
3aJ[aHus C OTPAaHWYEHHBIMHU 71 TIEPBBIMH TTPOM3BOIHBI-
MH, € — OIINOKa yIpaBJIcHUS;

— obecreyeHNH BO3MOKHOCTH YCKOPEHHS TTapaMeTpHde-
CKOW HaCTPOMKHU PETYIATOpPA U, KaK CIEACTBUE, YBEIU-
YeHHs OBICTPONACHCTBUS 3aMKHYTOH CHCTEMBI TIOCPEeI-
CTBOM YBEJIWYCHHUS KOAPPHUINEHTA aTanTaIHiH.
CdopmynupoBaHHas 3a/1aua yIpaBIeHHsI PEIIaeTcs Py

CJICIIYIOLIMX JIOMYIICHHSIX.

Jonymenne 1. /st oovekra (1)—(3) BeimonHsieTcst
ycIIOBUE

rae u*(?) = u(0, x(7), (), ) — rapaaTupyromuii 1nens (5)
HeaJalTUBHBIA 3aKOH YNpaBIeHHs, CHHTE3UPOBAHHBII
MPEAJIOKEHHBIM B HAcTOsIIIEH paboTe criocoboM mpu yc-
JIOBUM, YTO MapaMeTpbl 00bekTa @ n3BecTHsl, 7 — BpeMs

HACTPONKH CHCTEMBI. o
Jomymenue 2. Cocrosinue oobekta (1)—(3) orpanuye-
HO TIPU OTPAHHYCHHOM BXOJIC. o

Jonywenue 1 sBIsSETCS €CTECTBEHHBIM JUISl OOJIBIINH-
CTBa NMPAKTUYECKUX 3a]a4d ¥ O3HAYACT, YTO CHOPMYINPO-
BaHHAas LeJIb ACUMIITOTUYECKOTO CIIEKEHHS JOCTIKAMA
C TTOMOIIBIO YTIPAaBJICHUS, JIEKAIIETO BHYTPH 3aJaHHBIX
npenenos (6) mud GaKTUISCKUX 3HAUCHUH HEM3BECT-
HBIX TapaMeTpoB 0 W 3aaHHOTO CUTHaNA 3agaHus (7).
Honywenue 2 — crangapTHOe Ul 3a7a4 yIpaBlIeHHs C
orpanuuenuem [11-13].

AJanTuBHOE yNpaBJieHUe

Bgeznem B paccmorpenue uistp [14]!

Xisziflf(CiJrSi)}”iJr)"Hl,i:1an*1’ o
Xn =N, 1 —(c, + s\, + BX)Au, (8)

r7ie A; — KOMIIOHEHTBHI BEKTOpa COCTOSIHUA (PUIBTPA;
¢; — TIOJIO)KUTENbHbIE KOHCTaHTBI; §; — JAeMIIpHUpYyIoLIne
YJICHBI, BUJ] KOTOPBIX ompeneieH Hwke; Au(u) = v(u) — u.
Havanbusle ycnoBus ¢puisrpa A,(0) IPUHATH HYIEBBIMH.

[IpumeHUM UTEpPAaTUBHYIO MPOLELYPY aLANTUBHOTO
O9kcrennuura [4, 9], COCTOSIIYIO U3 7 IIATOB, HA KAKIOM
13 KOTOPBIX (hOPMUPYETCsl BUPTYaJIbHOE yIpaBieHue (cTa-
Onnmsnpyromas QyHKIHs):

a;=—(c; +5))e—,70, ©)

1 351ech 1 masiee JUIst IPOCTOTHI 3aMMCH BENYNHBI, YeH HHICKC
BBIXOJIUT 32 IPE/EIbl JIOMYCTUMBIX 3HAYEHNH, IPHHATH! PABHBIMU
Hymto (Hapumep, Ag =0, A, =0 u T. I.).

;=0 =12 —a; ) = (¢;+ 5900 — 7D — ) +

n iil aui—lx N 00l oo
+1 —
e ! 200D

00— ®,70, (10)

PSR (11)
0= ,
s; = djjje, (12)

d; — TIONOKUTENbHBIE KOHCTAHTBL.
PaccunraeM (akTuueckoe ynpasieHHe:

1
u= @(an + ), (13)

JlemMma 1. @unetp (7), (8) 1 HacTpamBaeMBbId 3aKOH
ynpasnenus (9)—(13) Bmecre ¢ oobexToMm (1)—(3) obpazyror
MOJIETh OMIMOKH 3aMKHYTOH CHCTEMBI

z2=Az+B0, (14)
e=z1th, (15)
rae é =0- 6 — OHII/I6Ka OLICHKW HEMU3BECTHLIX IapaMe-

TPOB,Z=[z; 2z, z,]T — BEKTOpP COCTOSIHUSI MOJIEITH
OIMMOKH C KOMITOHCHTaAMHU

=e-M, z=x-r D0 =k, i=2,n, (16)

-—(Cl +S1) 1 0 cee 0
-1 —(cytsy 1 0
A = 0 -1 ,
1
0 0 -1 (¢, *s,) ]
o,
-7
B. = : |
m T

Jlevma I noxasbiBaeTcs IIyTeM pacuera IPOU3BOIHbIX Z;
¢ yaetoMm (16) 1 (9)—(13). Jlemma 1 IO3BOTISAET ONPEICITATH
YCIIOBHE OTPaHUIEHHOCTH CUTHAJIOB B MozenH (14), (15).

Jlemma 2. Ilycts cnpaBeanuso Jonyuenue 2. Torna,
eciu O u npoussoznsie 0, 0, ..., () orpannueHsl, To Bee
curHansl B Mogenu (14), (15) orpanuydeHsl. ]

Jlemma 2 noxaspIBaeTCs C IOMOIIBIO apIyMEHTOB JIEMM
B paborax [4, Jlemma 5.8] u [9, Jlemma 2]. C moMoribro

Hkuuu Jlsanynosa V(f) = —||z||? u ee npousBoxHOM, pac-
Y y p p

2
cunTaHHO# B cuny (14), (11), (12), mokassiBaeTcs, 4TO U3
orpanmuennoctu 0, 0, 0, ..., 00 B (14) ciexyer orpanu-
4yeHHOCTS ||z||. U3 Jonywenusa 2 ¢ yaeToM orpaHUYCHUAN
(4) cremyeT orpaHMYEHHOCTS €, ¥, X U, KaK CJIEICTBHE,
ynpasieHuit o;, u u A; B (7), (8).
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BaxxubiM cBolicTBOM Jlemm [ u 2 gBiseTCS BO3MOXK-
HOCTBH CHHTE3a aJlTOpUTMa aJanTaliui Ha OCHOBE MOJIEIN
ook (14), (15), crtocoOHOro 00ECIEYUTh CXOMMOCTh
HOPMHI ||Z|| K HyJTIO.

3ameuanue 1. B obmiem ciryuae U3 cXonuMocTH ||z|| e
CIIeIyeT CXOOMMOCTH € K HYJIO BBHIY JOTIOJTHHUTEIHHOTO
ciaraemoro A; B (15). a

3ameuanue 2. B ommane ot 6a3oBoro pemeHus [9] B
npeuiaraeMoi MoanuKaIuy 3a cuet Jonyujenus 2 orpa-
HUYEHHOCThH BCEX CHUTHAJIOB B 3aMKHYTOH CHCTEME MOXKET
ObITH OOecreueHa u 0e3 JeMndupoBaHus, T. €. npu s; = 0
B (7)—(10). Onnaxko 3ananusie B hopme (12) nemndupyro-
1Y€ YWICHBI §; UCIIONB3YIOTCS [T OoJiee IPOCTOro pacyera
MayKOpaHTbl HOPMBI BEKTOPA ||Z||, 4TO Oy/IeT MpoieMOHCTPH-
POBaHO B JajIbHEHIIIEM. o

AJITOPUTM aJaniTalluu

C menplo CHHTE3a aJrOpUTMa amanTaluy, KOTOPbI
TI03BOJIUT YCKOPHUTH MapaMETPUUYECKYI0 HACTPOHKY pery-
JIATOPA ¢ PACUSTOM CTAPIIHX IPOn3BoHbIX 0, 0, ..., 67,
C IOMOILBIO JIeMMBI 0 nepectaHoBke [4, [Tpunoxenue F
mpeodpa3yeM JHHAMUYECKYI0 Moelb ommOku (14) k cra-
THYECKOH (hopme.

Jlemma 3. BBenieM B paccMOTpEHNE BCIIOMOTATEIbHEBIE
GUIBTPEI

E=AL+B.0O, &0)=-0), (17)
W=AW+B, W(0)=0, (18)

UCTIOJIb3yEeMBbIE IS TIOTy4EHHs pacIIPEHHOMN OMINOKT

Z=z+¢ (19)

13 quHaMu4eckor mozmenu omubOku (14). Pacmmpennas
omoKa Z MOXKeT ObITh IIPEJICTaBIIeHa KaK BbIXOJI IMHEWHOM
perpeccun

z=W6. 20) o
Jlemma OKa3bIBaeTCs MyTEM pacueTa MPOU3BOIHOU
OT HeBs13KU e, =Z — WO =z + £ — WO c yuetom (17)—(20):

&=Az+BO+AE+BO-AWO-BO=
=A(z+E-WO)+B(0+0-0)=Ac,
e.(0) = z(0) + £(0) — W(0)0 = 0.

W3 noimy4eHHbIX BBIPQKCHUH M CTPYKTYPBI MaTPHUIIBI A
cienyet, 4ro e (¢) = 0. Jlewma 3 noxaszana.

3ameuaHnue 3. braromaps cBolicTBaM MaTpHIbI A, Ma-
Tpu4HBIH BEIXoA ¢uibTpa (18) W orpanmdeH HE3aBUCHMO
OT OrpaHUYEHHOCTH MaTpHuilsl B,. CBOHCTBO MTO3BONISAET HE
HCTIO0NIb30BaTh HOPMUPYIOIIUE MHOXKHUTENIN B aJITOPUTMAX
aJlanTalym, UCIOJb3YIOLIMX B KAYECTBE perpeccopa Marpu-
ny W. |

Jluneitnas perpeccust (20) Mo3BOJSET CUHTE3UPOBATH
aJITOpUTM ajlanTalnuu Ha 6ase cxembl Kpeiiccenemeiiepa
[7-9, 15], MO3BOJISAIOIIHIA TEHEPUPOBATH 0,00, ... 00y
PETYIHPOBaTh CKOPOCTh NMAapPaMETPUIECKON CXOAMMOCTH.

JInst 5TOTO BBENIEM B PACCMOTPEHHE YCMOUUUBYIO MUHU-
Manero-pazosyio! nepenaTouHyo GyHKIUIO BHIA
n-1 1 1

L(s) =11

=15+ d; a(s)’

e s" 1+ a, 572+ a, 3s"3 + ... + ay — NPOU3BOIBHBIN
TYPBHUIEBBIH MMOJMHOM C BEIHIECTBEHHBIMH KOPHSIMH H T10-
CTOSIHHBIMHE K03 dHIIMeHTaMu, U Ha 0cHOBE (20) mocTpoum
perpeccuto Buza [15, 18]

Z=0Q0 (21)

C IMHAMUYECKH PACIIHPEHHBIM BBIXOIoM Z = L(s)[W7'Z] u
marpuueit perpeccun = L(s)[WTW].
3ameuanue 4. 13 3amevanusa 3 u CTPyKTYpHI Tiepe-
natogHoi pyHKumMH L(s) ciemyeT, yTo MaTpuia € orpa-
HUYECHA, CAMMETPHYHA H TIOJIOKUTEIBHO MOJIyOIIpeeieHa
[19]. o
AJNTOPUTM ajanTanuu, ChOPMUPOBAHHBIN C TIOMOIIBIO
pacmpeHHoi perpeccuu (21), MOXKET OBITh IPEACTABICH
B BUJIC
0 =v(Z - Q0) (22.1)
WM, KaK 10Ka3aHo B padore [19, 3ameuanue 3.2], B ¢op-

Me, MO3BOJAIONIEH BHO T'eéHepUupOBaTh NPOU3BOAHbIE 0, 0,
0);
N (O

- . on2 -
000 =y|WI(z - W0) - Z;‘)aj(Z(/) - Q00) —
j=
n-1 .
-y Cjnflg(nfrl)e(/) , (22.2)
=1
. k!
rae Y > 0 — xoadpdurment aganranun, CA=——""— —
Y P 7 - )
OMHOMHMHAIbHBIE KO PHUIINECHTHI,
s §
70) =——WTz], Q0 =——-WITW].
a(s) a(s)

HavansHoe ycioBue 6(0) MPUHUMAETCS TPOU3BOJIb-
HBIM, a HauaJbHbIe ycioBus 0()(0) — HyneBbIMH.

AnroputMy aganTanuu (22) COOTBETCTBYET MOJIETh
mapaMeTPUIeCcKOr OITHOKH

0 = 00, 23)

e O = 0 — 0 — BeKTOp MapaMeTPHUYCCKUX OIIHGOK.

Cdopmynupyem TIIaBHBIN pe3ylbTaT HACTOSIICH pa-
OOTBHI.

YrBep:xaenne 1. ITycts cnpaBemmuBsl Jonywenue 1
u 2. Torga 3axoH ynpasieHus (9)—(13) coBmectHO ¢ (rtb-
TpoM (7), (8), BcmomoraTenbHbBIMU (PUIBTPAMHU pacCIInpe-
Hus (17), (18), curnanom pacmmpenus (19) u anroputMom
anantauuu (22), BozaeicTByoomuil Ha 00bekT (1)—(3),
rapaHTUPYeT CJIEAYIOIUe CBOUCTBA B 3aMKHYTON CHCTEME:!
1) Bce curHaJIBI SABISIIOTCS. OTPAaHUYEHHBIMU;

I Tepenarounas GyHKIMs PEACTABICHHOTO BUIA COOTBET-
CTBYET MONOMCUMENbHHIM CUCTEMAaM B CMbICIIEC ONPEACICHus,
MpUBEIECHHOTO B pabdorax [16, 17].
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2) BeKkTOp Z(f) 1 OmMNOKa YIPABICHUS € YIOBIETBOPSIOT
HEPaBEHCTBaM

1
2 VC()do

le@)] = [l2()]| +

l2()|| < 16(0)]| + [z(0)||e—<o, (24)

IB@)Au@)].o

Co

(25)

n 1 -1
rz[eco—min{ci},do—(z:;) ;

1<i<n =0

3) BEKTOpPHI Bz(t)f)(t), z(1) CXOAATCSI K HYJTIO TIPH ¢ — 00;

4) ommubKa &(f) CXOOUTCS K HYIIO MPHU { — 00 COTIACHO
paBeHcTBY (5);

5) ecnu ho(?) € Ly, tne Ao(?) = 0 — MunMMansHoe co6-
CTBEHHOE 4uCIIo Q, T0 [|0(7)|| cXOmMUTCs K HYIIHO acuM-
nirotnyeckn. CKopocTh CXOAUMOCTH ||0(7)|| MOXkeT OBbITh
yBEJIMYCHA ITyTEM yBEIHICHUS V;

6) ecmu Aq(1) = Ay, Vt = T, tne A, Ty — HEKOTOPBIE MO~
JIOKUTENbHBIE KOHCTAHTBI, TO ||0(7)|| cxonutest K HyIo
SKCTIOHEHITHAITEHO. CKOPOCTh CXOMMMOCTH ||0(7)|| MOkeT
OBbITH yBEJIMUEHA IIPON3BOIBHO MYTEM YBEJINYCHHUS Y.
3ameuanue 5. C yuerom JJonywenus 1, Ceoticmsea 3 1

5 rapaHTHPYIOT YCKOPEHHE aCUMITOTHYECKOM CXOIMMOCTH

10 OIIMOKE CIIeKEHHsI TIOCPEICTBOM yBesnueHus Konddu-

[MEHTA a/IaTAIIH . . O
Jokazarenscrso. Orpannuennocts 0, 0, cnenyer us
(23). Orpanuuennocts 0, 0, ..., 00 nokaspiBaeTcs MyTEM

auddepenuuposanns (22.1) ¢ yuerom 3ameuanus 4 u
orpanmaernocTH O u 0. Taknum 06pasoM, U3 pe3yiIbTa-
ta Jlemmor 2 v [Jonywenus 2 ciaenyer CIpaBelIuBOCTb
Ceoticmsa 1.

Hnst nokazarensctBa Ceoticme 3, 5 1 6 BBeJieM B pac-

1~
cmotpenne GyHkimro JismyHosa Vg = —||0||2 u paccunraem
ee MPOU3BOIHYIO B crity (23): 2

Vg = 4700 < g (1)[1B]2- (26)

HuTerpupys HepaBeHCTBO (26) C y4eTOM OrPaHUYEHHO-
cti Vo(0) n Vg(o0), T0Ka3bIBaEM, 4TO Q0,0¢ Lyu Q0(9),
0(f) — 0 pu 1 — oo. Kak ciezcrsue, Ha OCHOBE JIEMMBI
B [2, Jlemma F.4] nonygaem cxogumocts B_(£)0(f) — 0,
z(t) — 0 mpu t — . Cgoticmeo 3 nokazaHo. Paspemas
muddepeHnraIbHOe HEPABEHCTBO (26), momydaeM

1B < [BO)]Je- a0, @7)

oTkyzaa cnenytoT Ceoiicmea 4 1 5.
Juns noxazarensctBa Ceoticmea 2 BeiOepeM (pyHKIHEO

1
JIsanyHosa V, = EHZHZ U pacCuUTaeM ee MPOU3BOJHYIO B

cuny (14) u (12):

o1 1 ~ 1.
V,= EZT(AZT +A)z+ EZTWG + EOTWTz =

n ~
= Zl(_ciziz —djl@Pz? +z;0,70) <
£

<—cgllel? - i(ﬂnmwz-@)z +
=0 5 [l hadiind] 2\/3}

CH E
+ 3 RSl +
5 44, 4d,

YuureiBasi, uto u3 (27) caenyer ||0]|,, = ||6(0)|, nepern-
IIEM TOCJIeJHEE HEPABEHCTBO B (hopme
d 1612
—(||zI]?) < 2c¢||z|]* + —.
dt(” 1) ol Il 2d,
U3 pemenust osy4eHHOro quddepeHIinaibHoro Hepa-
BEHCTBa cienyert (24).
U3 (15) moxyanm

llell = Iz + M| < [lzl] + [[A], (28)

e A=[A;, Ay, ..., A,,]7. BBemeM B paccMoTpeHue (yHKITHIO

V= 5”7“”2 1 BBIUUCIINM €€ TIPOU3BOIHYIO, yuuThIBas (7),

(8) m cTpyKTypy MaTpuisl A,

. 1
V= EXT(AZT + AL+ A, B(X)Au =

n

== Xe; T A2+ B)Au < — col| M+ [IMIIBO)Au], =
i=1

2

L b, | +

Co

1

C

= — M2 == [ NeollM] -
2 2

1 2 I 1 2
+ (1B A5, < —=HMP + —[IB)AU[..
Cop 2 Cop

U3 IMOJIYYCHHOI'0 HCPABCHCTBA CJICAYCT, YTO

IB)AUD) ]

M@ < + ||M0)][e 2.

Co
IToncrapmsis mocieaHee HEPaABEHCTBO B (28), morydum
(25). Cesoticmeo 2 nokasaHo.
s noxazarensctBa Cgoticmaa 4 chopmymnupyem cire-
JYIOIIYIO JIEMMY.
Jemma 4. Eciu Beimonnsercs Ceoticmeo 3, TO BBIIIOI-
HSIIOTCS 11EJIEBbIE PABEHCTBA

lim (o%(7) — (1)) =0,  lim(u*(#) — u(£)) = 0,

. (29)

i=1,n,

rae u*(f) — uaeanbHbIN 3aKOH yrpaBieHus (cM. Jony-
wenue 1), pOpMUPYEMBIIi IyTEM IOACTAHOBKH B BBIPAXKE-
uust (9), (10) u (13) 0(r) = 0, 00)(r) = 0. o

Jlemma 4 nokaspIBaeTCs ¢ IIOMOIIBI0 POPMUPOBAHMUS
BEKTOPA HEBA3KHU C dIIeMEHTaMu 0,;*(7) — a,(f) ¢ yueTom
Cesoticmea 3 (B,(£)0(f) — 0). CnencTBreM JIEMMBI SIBIISI-
€TCsl aCHMITTOTHYECKOE CTPEMJICHHE aJallTHBHOTO 3aKOHA
ympasieHus (13) x ugeaaTpHOMY HeananTUBHOMY u*(f)
U3 9ero, ¢ yaetoM JJonywernus 1 u CTPyKTYpHl GUIBTpa
(7)—(8), ciexyet cripaBeUTMBOCTE paBeHCTB limAu(f) = 0

[—0
u limA,(7) = 0.
—0

[Ipurnmas Bo BHUManue Cgoticmeo 2, MOXKHO yTBEp-
JKIaTh CIIPABEINTMBOCTh PABEHCTBA
lime(?) = limz,(¢) — limA,(¢) = 0.

—0 —0

11—
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_y:1
L.y=10
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t,c
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tc

Pucynox. TlepexoHble IPOLECCH B 3aMKHYTON CHCTeMe: OLIMOKa yIpaBieHus € (a); HopMa ouMOKM olleHKH napametpos ||0]] (b);
ynpasienue u (c); orpanndernoe yrpasienue v(u) (d)

Figure. Transients in the closed-loop system: control error € (a); parameters estimation error norm ||| (b); control u (¢); constrained
control v(u) (d)

Ceoiicmso 4 okazaHo. ]

OTMETHM CIIEAYIOIHE 0OCOOCHHOCTH MapaMeTpH-
4EeCKOM CXOOUMOCTH B cUCTeMe: TpeboBaHUE Aqg(f) > A
(Csoiicmso 5) SPKBUBAJICHTHO YCJIIOBHIO HEHCYE3AIOIICTO
Bo30yxneHus [19, [maBa 3; 20], xoTopoe HEOOXOAUMO U
JIOCTATOYHO JJISl SKCIIOHEHIMATBHON CXOJMMOCTH OI[CHOK
é(t) K 0(7); Ceoticmso 4 sBusiercst 6oinee c1adbIM YCIOBUEM
YeM yCJIOBUE HEHCUE3a0MIEro BO30YKICHUS B TOM CMBICIIE,
YTO MO3BOJISAET 0OECTIEYNTh ACUMIITOTHYECKYIO (HEIKCIIO-
HEHIIMAIBHYI0) CXOAMMOCTh O axke MpHU HEBBIMOTHEHUU
YCIIOBUSI HEMCUE3AIOIIEro BO30YKACHUSL.

MopenupoBanue
PaccmoTpruM HETMHEWHBINA 0OBEKT TPETHETO MOPSIKA
Xfl =X + flT(xl)ﬂ,
Xy = x3+ £(x1, x,)0,
.X'f3 = f3T(x19 X2, X3)0 + V(Ll),

Yy =X

yaoBieTBopsomuit Jonywenuio 2, rme 0 = —[3, 117 —
BEKTOp HEM3BECTHBIX mapameTpos fi(x) = [cos(x)), x;]7,
fr(x1, x2) = [x1, Xo]7, f3(xy, X9, x3) = [x12 + x5, x3]7
Iopor Haceimenust st V() 3a1aH KOHCTAHTOH u,, = 18.
HavasbHoe ycioBue COCTOsSIHHS 00bEKTa 33/1aH0 BEKTOPOM
x(0) =[1, 0, 0]7. HavyasbHble YCIOBHSA B OCTAIBHBIX JHHA-
MHYECKHX MOJCUCTEMAX MPUHSTHI HYJIEBBIMH.

AN THBHBIH PETYJsITOP CHHTE3UPOBAH B COOTBETCTBUI
¢ 3akoHoM ynpasienus (9)(13) cc;=c,=c3=1,d; =d, =

=d; = 1073, dunsrpom (7), (8), BcmomMorareibHbIME (HHITb-
Tpamu pacimpenus (17), (18), curnanom pacuupenus (19)
W aJITOPUTMOM aJIaNTaluu

0 = y(WT(Z— WO) — (Z - 28) - ),

7= L[WTi], Q= L[WTW].
s+1 s+1

MonenupoBaHHe BEITOIHEHO TPH Pa3JIMYHbIX 3HAYECHH-
SX Y C LEJBI0 CPAaBHUTEIBHOIO aHAIN3a M JIEMOHCTpPALIUH
YITy4IICHHOH MapaMeTpHIecKOi CXOMUMOCTH. Pe3ynbTaThl
MOZEIMPOBAHHS IIPUBEICHBI HA PUCYHKE, T/Ie IT0Ka3aHa
ACHMIITOTHYECKast CXOAMMOCTb OIIMOKH YIIPaBICHHUS K
Hymo. U3 rpa¢ukoB (pUCyHOK, a, b) BUIHO, 9TO TIPH yBe-
JMYEHUH Y CKOPOCTh HACTPOMKH ITapaMeTpOB PeTyIsiTO-
pa pacTeT U, KaK CJIEeJCTBHE, YBEIMYMBACTCS CKOPOCTb
CTpeMJIeHUS &(f) K HymO 0e3 CYIIECTBEHHOTO «BCILIECKa»
B Ha4aJIbHbIE MOMEHTBI BPEMEHH.

3akaouenune

B HacTosmieit pabote mpeacTaBieHo pelieHne 3a1aqu
aJIAIITUBHOTO YITPABIICHNUS TApaMETPHYESCKU HEOIIpe/IeIICH-
HBIMH HEJTMHEHHBIMU 00BEKTaMU ITPU HAPYIIEHUH YCIOBUI
COIVIACOBAHMS M HAJIMYMK OTPAaHUYEHHUI Ha YIpaBIIsIOIIEe
Bo3zeiicTBue. Pemenne npeacrasiser co0oi pa3BUTHE
pesyabrara, Mojy4eHHoro B [9], n mo3BoseT obecneduTh
BO3MOYKHOCTH YCKOPEHHSI HACTPOHKH PEryJsiTopa 3a CueT
yBenm4eHus koddduimenta aganramun y 6€3 CyIIecTBeH-
HBIX «BCIUICCKOB)» OIMIMOKY YIPaBICHUS B MEPEXOTHBIX
peXnUMax ¥ MpH HATMIAN OTPaHWYCHUN Ha CHTHAI YIIPaB-
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JICHUA. YCTpaHeHI/Ie «BCIIJICCKOB» JOCTUTACTCA MYyTEM
BKJIFOUCHUA U OCJTICAYIOMICTO pacyeTa CTapnx Mpon3Bo-
AHBIX HACTPAUBACMbIX MTAPAMETPOB B 3aKOH YIIPaBJICHUS.

B Xoae ):[a.]'[LHeﬁIHHX I/ICCHGHOBaHI/Iﬁ ITaHUPYETCA OCia-

ouThH ,ZZonyu;eHue 2 3a cyuer JA0Ka3aTeJIbCTBa OTPAHUYCHHO-
CTH HEAAITUBHOT'O 3aKOHA YIIPaBJICHUA u*(f), BBIIIOJTHCHUA

10.

11.

13.

16.

17.
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Abstract

The problem of ensuring the security of control systems is an important and urgent problem. It consists of eliminating
the impact of failures and attacks on control objects and the environment, etc. Prevention of critical failures is important.
The purpose of this study is to analyze the similarities between the consequences of attacks on complex technical systems
and failures of these systems. In the course of the work, a hypothesis about the similarity of the impact of failures and
information attacks on a complex technical system is presented. Both information attacks and failures cause anomalous
dynamics of the control object. Analysis of the deviation of the dynamics of the control object from the normal mode
of operation will allow us to detect and isolate information attacks and failures. The paper examines the influence of
information attacks on the dynamics of automatic control systems. Comparison of abnormal dynamics of control objects
during attacks and device failures is carried out. The similarity of the consequences of information attacks and failures of
the control system are analyzed, a method for identifying attacks based on the methods developed for detecting failures is
developed. Computer modeling of the influence of information attacks and failures on the control system of a DC motor
has been carried out. The simulation results allow making a conclusion about the applicability of the failure detection
algorithms for detecting attacks. It is shown that failures and information attacks can lead to dangerous consequences for
the control system. It seems relevant to study the intersection of the field of information security and failure detection.
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KPUTHYECKUX OTKA30B. BBINOIHEH aHaIN3 CXOACTB MOCIEACTBUI aTak Ha CIOMKHBIC TEXHUUECKUE CUCTEMBbl U OTKa30B
9THX cucTeM. PaccMoTpeHo BiusiHIE HHYOPMALMOHHBIX aTaK Ha JTUHAMHKY CHCTEM aBTOMAaTHYEeCKOro yrpaBieHus. B
xoy1e pabOThI PEJICTABIECHA TUIIOTE3a O CXOZCTBE BIMSAHUSA OTKa30B M MH()OPMAILMOHHBIX aTaK Ha CJI0KHYIO TEXHUYECKYIO
cucteMy. Kak nH(OpMaIoHHbIe aTaky, TaK ¥ OTKA3bl BBI3BIBAIOT OTKJIOHEHNS ANHAMUKH 00BEKTA yIpaBIeHHU. AHAIN3
OTKJIOHEHHMS IMHAMHKHU 00BEKTA YIPABICHHS OT HOPMATBGHOTO PeXXUMa (DYHKIIHOHUPOBAHMS MO3BOJIUT JETEKTHPOBATh 1
H30JIMPOBATh HH(OPMAIOHHEIE aTaKH 1 0TKa3bl. [IpoBeieHo cpaBHeHNE aHOMAIBHON ANHAMUKHE OOBEKTOB yIIPaBICHHS
IIPY aTakax M OTKa3aX yCTPOMHCTB, 0OHAapy)KEHBI 3aBUCHMOCTH, M C/IeJIaHbI BBIBOJBI. [IpoaHaIN3MPOBAHO CXOACTBO
MOCIIeACTBUIT MH()OPMAMOHHBIX aTak U OTKa30B CUCTEMBI YIIPaBJICHHs, pa3padoTaHa METOMKA NACHTU(HKAINH aTaK
Ha OCHOBE METO/IOB, Pa3pabOTaHHbIX ISl IETEKTUPOBAHUS OTKA30B. BBINOIHEHO KOMIBIOTEPHOE MOJIEINPOBAHNE
BJIMSIHUSL MH(OPMAIIMOHHBIX aTaK M OTKAa30B Ha CHCTEMY YNpPABJICHUs ABHIraTelieM MOCTOSHHOTO TOKA, IPUBEICHBI
pe3ynbTaThl B Bujie rpagukoB. Pe3ynbraTsl MOIEIHPOBAaHHS MTO3BOJISIOT CAEIATh BHIBOJ O MPUMEHUMOCTHU aJITOPUTMOB
JIETEeKTHPOBAHNUS OTKA30B ISl OOHapy»KeHus arak. [loka3aHo, 4To 0TKa3bl 1 HH(OPMAIMOHHbIE aTaKH MOTYT IIPUBECTH K
OIACHBIM MOCIEACTBHUAM AT CHCTEMBI YIPABICHHUA. AKTya bHBIM MPEICTABIISETCS NCCIIeIOBAHNE TIePeCceueH s 00IacTi
UH()OPMAIIMOHHOH 0€30MIaCHOCTH U ICTEKTHPOBAHHS OTKA30B.
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Introduction

Information systems protection is becoming urgent
and requires increased attention in connection with the
development and use of global computing systems and
networks, information complexes, and remote-control
systems.

However, the pace of research in fault-tolerant
functioning and cyber-physical systems security
significantly lags far behind the field of development
of information technologies. Today, the functioning of
technical systems leads to an increase in the volume of
processed information which reduces their work reliability.
As a result, to ensure systems fault-tolerant functioning,
there are not enough tools and methods. Consequently,
the risk of various vulnerabilities and information threats,
faults, and attacks increases.

Technical systems should improve the following
properties: adaptability, fault tolerance, security, and
simplicity of use.

Prime examples of modern technical systems are the
Internet of Things, multi-agent digital production systems,
unmanned vehicles, and intelligent robotic systems.
The structure and function logic of such systems are
significantly different from classical information systems.
Therefore, the existing methodologies for ensuring security
and fault-tolerant functioning for complex systems are not
sufficiently effective.

The relevance of solving the problem of ensuring the
secure and fault-tolerant functioning of technical systems
is caused by the importance of improving their correct
operation, especially in critical infrastructure. Thus, victims
may be commercial organizations that have received
financial damage with a successful attack or fault and the
population and the environment of the entire state. In this
regard, it is necessary to consider both cybersecurity and
the quality of all pro-cases.

This paper aims to analyze the combination of
techniques for ensuring information and operational
security of technical systems.

Even at the early development of technical systems,
researchers noted a similarity in the description of security
technologies evolution and control theory systems
evolution. The focus of both approaches is on keeping
the system within a certain set of states. In this regard,
managing the security of complex systems capable of
changing their state and self-regulation has gained great
importance.

The problem of ensuring the safety of the functioning of
control systems is to exclude the influence of failures and
attacks on control objects and the environment, i.e., in the
elimination of critical failures. This study aims to analyze
the similarities between the consequences of attacks on
complex technical systems and failures of these systems.

Information and functional security

Attack and fault concept

Information security is a set of protecting information
means from accidental or intentional impact. Regardless of
what is the basis of the impact: natural factors or artificial
reasons, information owner incurs losses.

The key areas for assessing the damage and impact of
threats and attacks on information security are:

— Enterprise operation (can slow down processes and
operations work, it is typical not only for commercial,
but also for government organizations).

— Decrease in profits and other funds (company part in the
market, revenue, and margin).

— Deterioration in product quality or developed service.

— Negative impact on the company’s image (change in
the market position, among sponsors), impact on the
company’s goal, business project.

A fault is an event that means complete or partial
disruption of the object, element, or system performance.

Faults are classified and characterized by different types
and parameters. For example, it can be categorized by type:
parametric or functional. In the first case, object parameters
change within unacceptable limits. In the second case, there
is complete or partial functions termination.
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Also, fault can be distinguished by nature: random and
systemic. Accidental faults occur in unforeseen situations
(defects, failures, personnel errors, breakdowns in the
control system). Systemic failures occur in the cases of
natural and unavoidable facts, for example, with erroneous
commands or secondary failures.

Reliability is the property of an object to continuously
perform specified functions for the required time in given
modes and operating conditions.

Fault tolerance is the system’s ability to maintain its
properties and perform specified functions even in the
event of individual components fault or faults at system
modules levels.

It should be noted that the behavior of the system may
be similar during an attack or fault. This allows concluding
that the methods used to detect, identify, isolate, and
adaptively compensate negative effects can be combined
to solve a complex problem in a destructive environment.
The developed algorithms and approaches can provide
the accurate determination of destructive impact type and
investigate the high level of system security, reduce the
number of vulnerabilities, and maintain the quality of
technical systems functioning throughout the operation phase.

Maintaining stable functioning and ensuring
information security comes to the fore during the attack
for dynamic protection. The solution of this problem may
consider technical systems ability to change their structure
to counter destructive impacts.

The scientific problem relevance depends on the
growing need for modern methods of technical system
intelligent control which can ensure the implementation
of the high demands placed on them in the work process.
Such requirements are related to security, reliability, and
fault tolerance in case of destructive impact.

From a safety standpoint, both in the event of a
destructive information impact and in case of failure of

Functional security
management

Informational
security :
management

a system component, its operation should be stopped
while maintaining stability, or the performance should
be reduced to the prescribed limits if a dangerous failure
is inadmissible. To do this, it is necessary to timely
detect and isolate information attacks and failures. By
isolation we mean the definition of the type of failure
and its localization. Hence, there exists the need to create
technologies for reliable isolation of information attacks
and failures in complex technical systems. In the theory
of automatic control, several approaches have been
developed that provide detection and isolation of failures
based on available measurements and description of the
dynamics of control objects. However, no such conceptual
schemes, applicable to a wide range of systems, have been
proposed for identifying information attacks. In this study,
a hypothesis is put forward about the similarity of the
influence of failures and attacks on the components of a
technical system which in the future will make it possible
to develop approaches for detecting and isolating attacks
based on the theory of reliability and the scientific and
methodological apparatus of the theory of automatic control.

The main triad of information security (IS) is
availability, integrity, and confidentiality of the data of the
technical system. The property of functional security (FS)
is to ensure the correct execution of system functions, and
in the event of failures, to transfer the control object to a
safe state. The analysis of the properties of IS and FS in the
complex (Fig. 1) has become relevant in connection with
the development of cyber-physical systems that interact
with objects of the real world using global networks and
cloud services. These systems can be vulnerable both in the
real (physical) world and at the information level, and these
levels are inextricably linked in their architecture.

Thus, it is required in modern technical systems to
ensure reliability in relation to both information attacks and
failures. The solution of this problem can be developing

FS and IS life cycle

T

Countermeasures T

Fig. 1. The structure of requirements for functional and information security of technical systems
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a methodology for the simultaneous detection of attacks
and failures and their isolation. It is required to determine
which failure or attack occurs in the system in order to take
the most effective measures to compensate for the negative
effects.

Literature review

This section provides an overview of the works that are
related to the detection of failures and attacks on control
systems (Table 1).

Since both failures and information attacks can lead
to dangerous consequences for the control system, it is
relevant to study the intersection of the information security
area and failure detection. The research is based on the
hypothesis about the similarity of failures and information
attacks on a complex technical system. Both information
attacks and failures cause anomalous dynamics of the
control object. Analysis of the deviation of the control
object dynamics from the normal mode of operation makes
it possible to detect and isolate information attacks and
failures.

Table 1. Comparison of attacks from the point of view of theory of automated control and IS

Reference Review

[1,2] The emergence of complex systems class was facilitated by the need of processes qualitative reorganization in many

areas, implying the intellectual automation of complex operations using robotic systems. Increased attention to
technical systems is associated with the concept of Industry 4.0 representing the fourth industrial revolution which
involves the deep integration of advanced information technologies in physical processes.
Modern technical systems and technological facilities are equipped with increasingly sophisticated control tools
that enable them to maintain normal operation and increase process efficiency while meeting safety requirements.
Complexity of synthesizing algorithms for coordinated interaction of components increases with higher complexity
of systems. Thus, malfunctions and vulnerabilities that can lead to faults, attacks, casualties, and accidents increases.
There are special algorithms based on model adaptive approaches, fault-tolerance control methods; and software and/or
hardware redundancy to solve system control problems. These solutions are highly specialized for individual systems,
are not scalable and do not allow integration at different levels of management (low — operational, medium — tactical,
high — strategic).

[3] The ability to provide desired performance of technical systems both in the absence and in the presence of faults is an
important task in many control systems. One of the techniques for monitoring system performance is Fault detection,
isolation, and re-configuration (FDIR).

In the paper various FDIR methods are considered classified based on reliable fault detection methods, statistical
decision-making methods, and reconfiguration management methods.

Technical systems in practice are distorted due to the presence of noise, unknown disturbances, and uncertainties in
the system model. Consequently, many methods for determining faults are aimed to create stable residual that can be
insensitive to noise and uncertainties, but sensitive to faults and attacks. Such methods can be grouped into several
basic approaches:

[4, 5] 1) full-state observer-based methods;

[6-8] 2) unknown input observers;

[9-11] 3) parity relations approach;
[12] 4) optimization-based approach;
[13-15] 5) Kalman filter-based approach;
[16] 6) stochastic approach;
[17] 7) system identification approach;
[18,19] 8) nonlinear systems approach;
[20, 21] 9) discrete event systems/hybrid systems approach;
[22, 23] 10) artificial intelligence techniques.
[24] In the article, detailed review of existing methods for troubleshooting and fault-tolerant operation is presented.
[25-28] The principles of fault-tolerance control can be based on a re-configuration of the system, adaptive methods of fail-
safe control of nonlinear systems and active methods of fail-safe control.

[29] The first studies on attacks identification in technical systems date back to the early 2000s. The article provides an
overview of the current state of the industry.

[30] The attacks have complex and multi-level schemes, they are multi-step and extended over time, and can also consider
individual characteristics of the technical system. Most defense systems oriented on physical- and cybersecurity
operate independently of each other.

[31] Existing information security methodologies do not consider specifics of technical systems and are not able to ensure
the functioning of such systems under conditions of destructive influences.

[32,33] Attacks can affect system physical state, they can be scalable, easily automated and replicated. Attacks affect:
confidentiality (maintaining the security of users’ data in systems);
integrity (modification of data or resources without permission);
availability (failures in computer technology, equipment, management, etc.);
reliability (user authentication in the system).
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Table 1. Continuation

Reference

Review

[34, 35]

Basically, when attacking complex technical systems, attackers use the so-called APT attacks (complex targeted
attacks, advanced persistent threat attack) consisting of several stages and include attacks of a lower level of
complexity. In general, such attacks can be divided into levels and these levels can be classified according to the
method presented in the given articles:

Social engineering to obtain confidential information or distribute malicious software, and one of the main goals is
to reduce the level of trust in the system and “damage” the reputation. Phishing attacks are used to gain access to
information channels.

Hacking, as one of the first steps to attack the system. When using hacking, an attacker looks for vulnerabilities in
software and hardware, uses errors in protection mechanisms or other shortcomings of the system under attack (attacks
through third-party channels).

Interception of data circulating in the system (Man-in-the-Middle, injection).

Selection of credentials to obtain passwords and access to all resources of the victim.

Exploitation of web vulnerabilities, theft of information from web resources.

DDoS attacks that can lead to the execution of arbitrary code, unauthorized control of industrial equipment and failure
of its operation. At the same time, most vulnerabilities can be exploited remotely without authentication, and their
exploitation does not require special knowledge and a high level of skills from the attacker.

Use of malicious software to collect data from computers inside the system. It is this method that is used in most
complex targeted attacks for integration into the target system.

In general, from the point of view of technical systems, the most dangerous attacks are Advanced Persistent Threats
(APT) attacks, Man-in-the-Middle attacks, channel attacks, and injection.

[36]

Article provides assessment of the possible impact on electric network and its ability to withstand potential faults after
attack. It emphasizes the importance of cyberinfrastructure security combined with applications security to mitigate
and prevent cyberattacks. A multi-level approach to risk assessment is introduced.

[37]

Review explores heterogeneous data streams from autonomous technical systems. Aspects of security and
confidentiality in the management of big data for such systems are considered as well as the latest problems in the
data field confidentiality are considered.

[38, 39]

The successful implementation of attacks on complex systems is closely integrated with various industries. It can
lead not only to financial damages but also to human casualties because of technological and environmental disasters.
At the same time, the number of attacks on industrial facilities is steadily growing. These reasons and criticality of
systems operation disruption demonstrates the relevance of the research.

[40]

There are several approaches for fault detection: parity relationships, observer based and identification methods.
Parity relationship approaches are based on hardware or temporal redundancy. Hardware redundancy solutions require
duplication of sensors and actuators. This leads to additional technological and financial costs. The approach based
on time redundancy proposes to analyze not the current mismatch of the sensor data with the expected ones, but with
the mismatches at the preceding current moment certain time interval.

[41]

Observer-based approaches propose to analyze the residual signal. The residual signal is a mismatch between sensor
data and it estimates the plant state variables obtained by observers. The problem of fault isolation is solved based
on structured residual sets, directional residual vectors and special residual signal generators or filters that sensitive
only for special residual signals corresponding to respective faults. Observer-based methods are effective for sensor
and actuator faults detection.

[42]

Identification-based approaches are used for component fault detection and isolation where a component fault is a
deviation of physical parameters from their nominal value.

[43]

Authors propose two fail-safe methods for calculating reconciliation sensors for installations with increased sensitivity,
as well as two methodologies for designing a failure detection system. The first is based on a formulation with a linear
parameter change, and the second is based on the linear fractional transformation paradigm.

[44]

Various approaches are used to detect information attacks — an overview of control systems attacks presents four
types of attacks (response and measurement injection, command injection and denial of service) and analyzes the
consequences of these attacks on the nodes of the control system.

[45]

The paper presents an analysis of vulnerabilities and detection of attacks which was carried out on programmable
logic controllers (PLCs), as one of the most important components, on the test bench, and a set of rules was created
to detect active start/stop attacks. The analysis used a mirroring method to prevent the detection system from placing
additional stress on the existing system and adversely affecting system performance.

Authors have proposed an algorithm for detecting and preventing DDoS attacks based on network changes and it is
used to overcome the problem of DDoS attacks and protect routing tasks. Through various transactions, a fault can be
identified in each sensor node. The DDoS attack identifier is decoupled from network failures based on the error value.

In this work, a mathematical basis for monitoring attacks on cyber-physical systems is proposed, and a description of
the fundamental limitations of monitoring from a system-theoretical point of view and a graph theory point of view.

In the paper the authors proposed methods and measures to counter cybersecurity threats in various approaches to
the system design.
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Classification of attacks and failures

By cybersecurity, we mean ensuring information
and functional security of a cyber-physical system’s
functioning — a technical system that includes a physical
component and a virtual one (algorithms, calculations,
channel data transmission medium). The main threats to
cybersecurity breaches in complex technical systems are
(Fig. 2):

— information attacks;

— failures in the operation of system nodes, including
hardware and software failures and errors.
Considering various classification signs of failures

and attacks according to their influence on the dynamics
of the control system from the nature point of view of
changes in the parameters that determine the technical
state of the object, it is possible to distinguish abrupt or
gradual deviations. An abrupt change in parameters can
be caused by a critical defect that changes the system’s
structure (for example, a breakdown of a mechanical part
or a failure of a power source) or an information attack
(for example, an attacker substitutes the values measured
by sensors). A gradual change in parameters is typical
for equipment deterioration and change in its parameters
due to operating conditions. An example would be the
change in resistance of a heating element due to thermal
expansion, which affects heating. Similar features can be
used to isolate failures and attacks.

From the point of view of the interrelation of destructive
processes, they can be independent (only one element
of the system works incorrectly, which does not disable
others) and dependent (the failure of one element entails
several others’ failure and the system as a whole). From
the functional safety point of view, the latter case is the
most critical.

The reasons for equipment failures can be classified as
structural, production, and operational (Table 2). According
to this classification, compliance with the attribute will not
be essential for the dynamics of the system which reduces
its value for the task set in the study.

An idle state can persist for a long time, be short-term,
or occur periodically under similar conditions. The first
case is typical for both attacks and failures. If after taking
measures to prevent the attack, the inoperable state persists,
then its reason is the failure, and vice versa. The second
case is more typical for information attacks, the third — for
technical failures caused by a certain mode of operation of
the control object.

Input Component
Fault Disturbance  Fault

! l |

Plant

Controller

Sensor

Sensor Fault Noises

Fig. 2. Typical structure of an automatic control system
and possible destructive factors

For the reliable functioning of control systems, it is
necessary to ensure continuous monitoring of its state, a
method for detecting failures and attacks, and also a set
of measures to compensate and prevent their influence.
This approach will provide a guaranteed level of cyber
security in case of hardware and software failures and
destructive influences by integrating the scientific and
methodological apparatus for identifying and isolating
failures for similar tasks when attacking complex technical
systems.

Analysis of the impact of attacks
and failures on the dynamics of control systems

Let us analyze the impact of information attacks on
the dynamics of control systems and represent how the
anomalous dynamics is interpreted from the fault detection
and isolation algorithms perspective (Table 3). Consider
an attacker acting on a controller, plant, and sensors as a
source of information attacks.

An attacker can remotely penetrate a controller
(a device that calculates control signals and implements
control laws). In this case, he can restart the controller
or stop its work. During the restart, the controller values
are reset (for example, the outputs of the control law’s
integrators are reset to zero), and the controller will be
stopped for a while (initialization). When the controller is
stopped, the control signal becomes a constant (including
zero). From the theory of automatic control point of view,
plant dynamics looks like an input disturbance inverse
to the control signal. These destructive effects can be
identified by actuator fault detection and isolation methods.
The following signs can also detect this type of attack:
there are no controller output signals (signal is equal to
zero or last value of controller), the control signal becomes
constant when the sensors data changes.

In the local controller penetration, the attacker intercepts
control, i.e., the control signal becomes independent from
the sensor data. An approach similar to the described above
can be used to detect this type of attack. Possible signs of
controller local penetration include a jump-like change of
the control signal; the controller output does not correspond
to the value calculated on the base of the input data and
signals from the sensors; the dynamics of the plant does
not correspond to the controller input signal (tracking or
stabilization error).

In the case of a local sensor penetration, an attacker
alters its measurements. From the automatic control point
of view, it is a noise in the measurement channel. However,
the amplitude of the noise can reach the limits of the sensor
measurement range. Algorithms of sensor faults detection
and isolation can be used to detect this type of attack.
The following signs correspond to this attack: a rapid
increase of the noise amplitude; an abrupt change of the
sensor signal; the signal measured by the sensor does not
correspond to the predicted value calculated based on the
control signal and the plant model.

The controller stops its operation when a remote
denial of service attack is implemented. The same features
characterize this attack as remote penetration of the
controller.
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Table 2. Classification feature and its meaning

Classification feature Values (naFure qf change) of the Type of failure Reasons
classification feature
The nature of the change | Abrupt change in one or more parameters | Sudden Internal defects, operator errors,
in the parameters that operational disturbances, local penetration
determine the. technical Gradual change in one or more | Gradual Aging of materials, corrosion, wear of
state of the object
parameters parts, etc.
Interrelation of failures | The failure of an element is not caused | Independent —
by damage or failure of other elements
of this object
Element failure due to damage or failure | Dependent Damage and failures of other elements of
of other elements an object or system
Origin of failure Violation of established rules and | Structural Errors in the development and design
(or) design standards, imperfection of of an object, underestimation of safety
accepted design methods margins, violation of GOST standards,
etc.
Violation of the established process | Manufacturing Failure to comply with documentation
of manufacturing or repairing an standards, use of low-quality materials
object, imperfection of manufacturing and components, insufficient level of
technology production quality control, etc.
Violation of the established rules and (or) | Operational Errors of low-qualified service personnel,
operating conditions ignoring / violation of the rules of
technical documentation as well as aging
and wear of equipment for the above
reasons
Stability of an inoperative | Stable persistent Stable Change of object parameters, irreversible
state damage to system elements
It remains for a short time, after which the | Self-eliminating | Short-term external influences, short-term
operability is self-healing or restored by | (sporadic failure) | change in object parameters
the operator without repairs
It has the same character, arises and | Intermittent External interference and impacts that go
removes itself many times beyond the permissible technical limits
and are reversible

Table 3. Comparison of attacks from the point of view of theory of automated control and IS

Attack Object Action According to fault
Remote penetration Controller Remote restart or shutdown | Input disturbance equal to inverse of input signal
Local penetration Controller Control Intercept Input disturbance with amplitude up to input signal range
Sensor Data modification Output noises with amplitude up to sensor measurement
range
Remote denial of service | Controller Full stop Input disturbance equal to inverse of input signal
Sensor Full stop Output noises with amplitude up to sensor measurement
range
Jamming and data | Sensor Jamming or data spoofing Output noises with amplitude up to sensor measurement
spoofing on sensor range
Decommissioning of | Component | Destructive effect, manifested | Dramatic deviation between measured and predicted
component in the unstable functioning of | dynamics of the plant
the component

In remote denial of service, signals from the sensor are
stopped (nothing, zero, or the last sent value comes as a
measurement signal). The same approaches and features
for local sensor penetration can be applied to detect this
type of attack.

During sensor jamming or data substitution, the sensor
signal does not correspond to measured physical values.
The following signs can accompany this attack: a sharp
increase of the noise amplitude; an abrupt change of the
sensor signal; the measured output of the plant does not
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correspond to the predicted one based on the model of the
plant. Sensor fault detection and isolation algorithms are
effective for the detection of this attack.

In the case of an attack that entails the failure of one of
the plant components, its dynamics becomes unpredictable.
This attack can be determined by the method of elimination:
if all previous faults and attacks are excluded, and the
component’s dynamics do not correspond to the nominal,
then the dynamic model is incorrect. Therefore, one of the
components has failed. Also, it is possible to build a set of
models with faults. The attack detection can be based on
the similarity of the system’s behavior and faulty system
dynamics.

Modeling attacks on a control system

Consider DC motor. Its dynamics is described by
equations:
LY+ RI=U-E,
LY+ RI=U-E,
Jo =M~ M,

where ® is an angular velocity; / is a current; L is an
armature inductance; R is an armature resistance; U is an
input voltage; £, = ko is a back-EMF; £, is a constant; J =
J,+J,, inertia momentum; J, is a rotor inertia momentum;
J,, 1s a load inertia momentum; M = k, [ is a motor force
momentum; k,, is a constant; M, = kro is a friction
momentum; and kfis a friction coefficient.

Rewrite model under faults in state space representation:

X=Ax+Bu+f,
y=Cx+f,

where xT = [® {] is a state vector.

_ *kf/J km/J al a2
—k,JL —R/L a3 a4

> B _[ 0 ]’
1/L

[, 1s an impact of attack on the controller, f; is an impact of
attack on the sensor.

Assume that motor equipped with a velocity sensor.
Therefore:

c=[1 o]

Attack on the executive device

Controller that calculates the supply voltage with an
integrated or connected driver is an actuator for a DC
motor. Fig. 3 shows the signal of the DC motor angular
velocity sensor during attacks on the controller, where ® is
a sensor data without attack; ®,,,., is a sensor signal under
controller local penetration; and ®,,,,,, 1S @ sensor signal
under controller remote penetration. Local penetration
simulates the case when attacker intercepted control of the
motor and applied excess voltage from 5 to 10 seconds. The
controller was disconnected from 5 to 10 seconds under
remote penetration.

The dynamics of the output in the considered cases
is identical to the dynamics in the case of actuator fault.
Therefore, abnormal behavior during attacks on the

o " e
—
20 == OWremote
0 [: Ojocal
0 10 20 t,s

Fig. 3. Readings of the DC motor speed sensor during attacks
on the controller

controller can be detected using the state observers-
based methods of fault detection. Attack isolation can be
implemented using methods of actuator fault isolation, for
example, [41].

Attack on the sensor

Consider the effect of sensor attacks on motor velocity
transients. Fig. 4 shows examples of the angular velocity
sensor signal during attacks on it. Graph o illustrates
transients without attacks.

Graph o, 1llustrates jammed sensor data from 1.6
to 1.5 seconds. A sensor jamming can be caused by local
penetration or a remote denial of service. Case of sensor

data replacement on @,/ is presented in Fig. 4.

(O]
40 JE————
20 s @
== Ogpuck
g > (Dreplace
0 0 1 2 3 ts

Fig. 4. Readings of the angular velocity sensor when attacking it

Simulation results show that sensor signals during
information attacks are similar to signals during failures.
Thus, we can conclude that the sensor signals are similar in
the cases of faults and attacks. Therefore, such methods of
sensor fault detection and isolation, as based on observers
and generators of residuals, hardware and time redundancy,
can be used to detect attacks on the sensor.

Component failure/component attack

An attack on one of an automatic control system
component can lead to parametric and structural
disturbances. Fig. 5 graphs of velocity sensor under normal
functioning (®) and under sufficient deviation of motor
parameters (®,,,) are presented below.

Fig. 5. Attack on a component
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The similarity of the behavior of the system under
component fault and under attack acting on plant
parameters is due to the same physical impact on the plant.
Therefore, it is advisable to use such methods based on
the identification of the parameters of the plant for attack
detection and isolation [42] as gradient approach, the least
squares and dynamic regressor extension and mixing
[49]. It is difficult to directly determine which element
resulting in changes of the plant structure has been attacked
since the behavior of the system becomes unpredictable.
In this case, it is advisable to build faulty plant models
under such attacks with further analysis of dynamics
similarity.

Conclusion

In technical systems, detection of one malfunction does
not guarantee the preservation of system integrity since
attacks and faults can mutually reinforce each other and do
more harm to the technical system, up to its destruction.
Faults and attacks can function at different system levels,
creating and reinforcing vulnerabilities that open the way
to any destructive impact.

The field of research is a new area of scientific
development which naturally appeared with the
development of automatic control theory, mechanics,
electronics, and digital and information technologies.

Research in detection and protection from faults has
been conducted for a long time, but no approach allows
analyzing attacks and faults together using uniform
algorithms and approaches.

Recent research results focus on either information
security analysis or robust and adaptive control. The
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AHHOTALUA

[penmet ucciaenoBanus. VccienoBan COBpeMEHHBIN MOAXO K PEIICHUIO MPOOIEMBbI TETEKTUPOBAHUS OTKAa30B
JIBUTATEJICH MTOCTOSIHHOTO TOKA. [Ipe/ioKeH alnropuT™ OHIaWH-OIIEHKH paboTOCIIOCOOHOCTH JIBUTATENS IOCTOSTHHOTO
TOKa MPH Pa3IHYHBIX Harpy3kax. Metoa. MeTo/ JeTeKTHPOBaHKsI OCHOBAH Ha MCIOJIb30BaHUK Habopa Habmonarenei
Jlroenb6eprepa monHOTo Mopsiaka. Cxema JIOKaaU3alii MOCTPOCHA ¢ MPUMEHEHHEM HAMpPaBICHHBIX TEHEPATOPOB
paccornacoBaHHs ¥ OLIEHKH COOTHOIICHUI MEX/y BEKTOPOM OLIMOKH HaOMIOCHUS U BEKTOPaMH PACCOINIaCOBAHUS IS
pa3IUYHBIX BUAOB O0TKa30B. OCHOBHBIE pe3yabTarhl. PazpaboTana mpoienypa CHHTE3a alfOpUTMa AETEKTUPOBAHUS
¥ JIOKaJIU3aI[H OTKA30B JBUraTejeil MOCTOSHHOTO TOKA. BBHINMOIHEHO KOMIBIOTEPHOE MOJECITUPOBAHNE HA TIPUMEPE
nBurarens moctosHHOro Toka RK 370CA mpu ycrmoBusx: 0TKa3a m3-3a HEYYTEHHOTO MOMEHTA CHIIBI, ISHCTBYOLIETO Ha
POTOp; OTKIIOHEHWSI BXOJJHOTO HANPSDKEHUSI OT 3aJaHHOTO; COOEB TATYMKOB CKOPOCTH ¥ TOKa. B pesynbrare skcrepumeHTa
BBISIBJICHO KOPPEKTHOE OTpE/IeTICHIE COCTOSIHUS JIBUTATENs (HATMYUE 0TKa3a) M IMPUIKUHBI 0TKa3a. [IpoBeneHo cpaBHEHNE
MPEIIOKEHHOTO MOIX0/1a ¢ PEHICHUSIMH, OCHOBAaHHBIMH Ha aNMapaTHONW M BPEMEHHOW U30BITOYHOCTSIX, TOAX0AaX
UACHTH(UKAIIMK U CHHTe3a Habmrogareneil. OnpeneieHo MPEUMYIIEeCTBO MOAX0a — BO3MOKHOCTh ICTCKTUPOBAHUS
U JIOKAJHM3alllU OTKA30B KaK 110 BXOJHBIM, TaK U IO BBIXOJHBIM CHTHAJIaM IpU TPUBHUAJIBHOM MpoLeAype CUHTE3a U
OTCYTCTBHHM HEOOXOAMMOCTH PaCIIMPEHHUs allapaTHOil yacTu cucteMsl. [IpencTaBieHHbId METON TPUMEHUM IS
JIMHEHHBIX CHCTEM BTOPOTO MOPS/IKA, @ TAK)KE MOKET OBITh Pa3BUT Il 0OBEKTOB CTAPILETO MOPSIKA IPU HEOOXOAUMOM
W3MEHEHHH CUCTEM ypaBHEHHI, pelIaeMbIX MPU MOCTpoeHUH Habmomarenei. [IpakTuyeckass 3HAYUMOCTb.
[IpennoxeHHBII METO]] MMO3BOJISIET TPOU3BOAUTE OHIIAHH-IIOKATH3AIUI0 OTKA30B U HE TPeOyeT MOIMOIHUTEIbHBIX
CPEICTB M3MEPEHHUSI, YTO CIIOCOOCTBYET COKPALICHHIO PACXOJIOB HA JIMAarHOCTUKY, SKOHOMUU BPEMEHHU PEMOHTA H
00CITy)KUBaHWUs, CBOCBPEMEHHOMY OOHAPYKCHUIO aBapuil. Pe3ynbrarsl paboThl MOI'YT HAWTH PHMEHEHHUE B pa3paboTKe
CUCTEM YTPABJICHUH JIBUTATEISIMU MTOCTOSIHHOTO TOKA JUISl MOBBILICHHUST HAJICKHOCTH M OTKAa30yCTOWYHBOCTH.

Kirouesblie ciioBa
JIEeTEeKTUPOBAaHUE OTKA30B, JIOKAIM3ALKUA OTKA30B, JABUrATEIb IOCTOSHHOTO TOKA, HAIpaBJIECHHBIA reHepaTop
paccornacoBaHui

baaronapHocTu
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Abstract

The subject of research is presented as online-estimation of characteristics of DC motors under various loads. The paper
is devoted to a modern approach to solve the problem of detecting DC motor failures. Proposed detection method is based
on the set of full state Luenberger observers. Isolation scheme uses directional residual set and relationships between
fault direction and residual vector. The procedure of synthesizing the fault detection and isolation algorithm for DC
motor is designed. This scheme performance is proved with computer modeling of typical DC motor RK 370CA with
faults caused by unaccounted force momentum acting on rotor, input voltage disturbance, velocity and current sensors
failures. The algorithm correctly defines motor state (fault presence or absence) and also properly isolates fault cause.
Proposed method advantage is compared to other solutions based on hardware and timing redundancy, identification
and observers lies in the opportunity to detect and isolate faults of input and output signals with trivial synthesis and
absence of the need to expand system hardware. Proposed method is applicable to any second order system, and also
there is a possibility to use it for higher order systems with the corresponding changing of the equation systems solving
for observer synthesis. This algorithm allows realizing online fault isolation and does not require additional measuring
which promotes decrease of diagnostic costs, repair and serving time saving, modern accident detection. The results can
be applied to DC motor control to increase reliability and to develop DC motor control systems.
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BBenenue

Pa3BuTHE COBpEMEHHBIX TEXHOJIOTUH MPHUBEIIO K aB-
TOMAaTH3alLIH MIPOIECCOB B PA3IMYHBIX 00IACTSAX YesIoBe-
YECKOH JEATENbHOCTH: MAIMHOCTPOCHUH, XUMHUIECKOI
TIPOMBIIIIIEHHOCTH, SHEPTeTHKE, TIUIIEBOI MPOMBIIUICHHO-
ctu u ap. Takue CHCTEMBI, KaK MPABUIIO, UIMEIOT CIIOKHYIO
CTPYKTYpY, KOTOpasi BKJIFOUAET B3aMOCBSI3aHHbIC 1aTYNKH,
aKTyaTOph! (MCTOYHHKH YIIPABISIOMINX CUT'HAJIOB, HATIPH-
Mep, Ui Baja IEKTPOJBUTATENS aKTyaTOPOM SIBISIETCS
JpaiiBep, KOTOPBIM CIY>KUT UCTOUHHUKOM HANPSDKEHUS) U
MIACCUBHBIE 2IEMEHTBI. MHOTHE U3 2lIEMEHTOB MO/IBEPKEHBI
W3HOCY U BBIXOJLY U3 CTPOS TIOJ] BIMSIHUEM BHEIIHHX (hak-
TopoB. CBOEBpPEMEHHOE ETEKTUPOBAHUE U JIOKAIN3ALUS
OTKa30B MMEET 0c000e 3HaYCHHE HA TIPOMU3BOACTBE, TAK
Kak MO3BOJISIET MPEIOTBPATUTh TPAaBMbl M BOSHUKHOBEHUE
aBApUHHBIX CUTYallni, CHU3UTH (PUHAHCOBBIE TOTEPH, YTO
0COOEHHO BaYKHO Ha MPEIANPHUATHAX KPUTHIECKONH HHPpa-
cTpyKkTypsI [1]. Hanmnume Takux TEXHOIOTUH TO3BOJISACT
MIOBBICUTDH HAJIEKHOCTh, CBOEBPEMEHHO MPOBOAUTH MPO-
¢dunakTryeckoe odCIyKHUBaHUE, YPPEKTUBHO MTPOBOIUTH
peKoH(Urypalu 00beKTOB Il OBICTPOTO YCTPaHEHHUS
HEUCIIPaBHOCTEN.

B coorBercTBuu ¢ [2] 0TKa3bl MOTYT OBITH Kiaccudu-
LIUPOBAHBI CIEAYIOIUM 00pa3oM:

— OTKa3 KOMITOHEHTa (OTKJIOHEHHE ITapamMeTpa 00beKTa OT

HOMHUHAJILHOTO 3HAYEHUS WIIM N3MEHEHUE CTPYKTYPbI

CHUCTEMBI);

— OTKa3 JaTdnKa (MOKa3aHUs JaTIhKa He COOTBETCTBYIOT
n3MepsIeMoil (PU3NICCKON BEIUIHHE);

— OTKa3 aKTyaropa (OTKIIOHEHHE CUTHANA YIIPAaBICHUS OT
3a/IaHHOTO 3HAYCHHUS).

Camble pacrpoCTpaHeHHBIE METOIbI ICTEKTUPOBAHUS 1
JIOKaJTU3allMi OTKa30B OCHOBAHbBI Ha HAOJIOIATEIIAX, aHa-
JIM3€ COOTHOUICHUI CUTHAJIOB U JITOPUTMax UACHTH(HU-
Kanuu. MeTo/pl aHaJin3a COOTHOMICHUH 0a3upyroTcs Ha
anmapaTHO! W BPEMEHHOW M30BITOYHOCTH. ATIaparHast
M30BITOYHOCTH 3aKIIFOYACTCS B UCIIOJIb30BAaHUH JTyOIHPY-
IOIUX YCTPOUCTB. JIaHHBIN mMoaX0 00agaeT BHICOKOM
3 PEeKTUBHOCTHIO U HE HYXKAACTCS B HATHIUHA MOJCIU
CHUCTEMBI, HO TpeOyeT 3HAUYNUTEIBHBIX JTOTMOIHUTEITHHBIX
SKOHOMHUYecKknx m3aepxek [3]. Taxxke mobaBineHne 60ib-
[IOTO KOJIMYECTBA JaTYUKOB MOKET OBITH HEBO3MOXKHO
13-3a2 TEXHOJOIMYECKUX OrpaHuueHuil. Mcnosib3oBaHue
BPEMEHHOH M30BITOYHOCTH OCHOBBIBACTCS HA aHAJIN3E
[IOKa3aHUM JaTYMKOB 3a HEKOTOPBIN IPOMEXKYTOK BPEMEHU
M X CPaBHEHUHU C HOMMHAJIBHON Mozenbio. Hemoctarok
JIAHHOTO MOJIX0/1a — HAJIM4Ke T0CTAaTOYHO TOUHOU MOJIETH
00beKTa yrpaBieHus. MeTOoIbl Ha OCHOBE H30BITOYHOCTH
MTOKA3bIBAIOT BBICOKYHO 3((EKTUBHOCTD MIPH JHATHOCTHU-
POBaHUM JAaTYHKOB.

[Tomxompl, OCHOBaHHBIC Ha HAOTIOMATENAX [4], HCITOITb-
3yIOT Pa3HUIY MEXIY OIICHKaMHU W M3MEPEHHBIMHU 3HaYe-
HUSMU TIEPEMEHHBIX COCTOSIHHS (paccoriacoBaHue) IS
OTIpeJieNieHns 0TKa30B. Kak mpaBuito, Uit 3TOTO CTPOST
TeHepaTophl PACCOTIACOBAHUA [5] — crennuaabHbIe alro-
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PUTMBI, KOTOPbIE TIO3BOJISIIOT CAEIaTh BHIBOJ O HAJIMYNU
OTKa3a ¥ ero MPUYMHE 110 OTKJIIOHSHHUIO [TOKa3aHui HabITro-
narenst oT nuaMepenui. Ilpobiaema oKaIu3auu MOXKET
OBITh pEIICHa CHHTE30M CTPYKTYPHUPOBAaHHBIX TEHEPATOPOB
paccoracoBaHmsl, HalPaBJICHHBIX T€HEPaTOPOB paccoria-
COBAHHS WM C TTOMOIIIBIO CIICINATIN3UPOBAHHBIX (PHUIIBTPOB
[6]. ITpoGrema obecriedeHnst poOaCTHOCTH B YCIOBHSX BO3-
MYILIEHUH, ITYMOB U aJIUTUBHBIX HEIUHEHHOCTEN MOKET
OBITH pellieHa MPUMEHEHNEeM HaOIIoIaTenel ¢ HeM3BeCT-
HBIM BXozoM [7]. OnHako cHHTE3 HaOMIoaTeNs Takoro
THIIAa BO3MOXKCH TOJIBKO JJIs KjlacCa JIMHEHHBIX CHCTEM C
CYII€CTBEHHBIMU OTpaHUYCHUAMU Ha MaTPHUIIbI 06’beKTa
ynpasienus. Hemocratok ganHoro nojaxoaa — norpeo-
HOCTb B TOYHOW MOJIETIH 0OBEKTA yIPaBICHHs, CII0OKHOCTH
CHHTE3a P HAJMYMH OTKA30B KOMIIOHEHTOB M IOCTpOE-
HUSI TEHEPAaTOPOB PACcCOMIACOBAHMS TP MHOKECTBEHHBIX
OTKa3ax.

W nenTn(UKaIMOHHBIA TOIX0I OCHOBAH HAa OHJIAIH-
OIICHKE TIapaMeTPOB O0BEKTa yIpaBICHUS (HApuMep, C
HCTIONb30BAHMEM I'PAJIIEHTHOTO CITyCKa, METO/1a HANMEHb-
IIMX KBAJPATOB, TMHAMHIECKOTO PACIIUPEHUS U CMEIINBa-
Hus perpeccopa) [8]. OTMeTHM, YTO HE BCEraa BOZMOXKHO
YCTaHOBUTH OAHO3HAYHYIO CBA3b MCKAY U3MCHCHUEM I1a-
pamerpa u oTkazoM. Henocrarok 1aHHOTO moaxona — JUTH-
TEJIbHOE BPEMsl peaKIty.

B [9] paccmotpena 3amaua oOHapyKeHUs U JIOKaJIU-
3alM¥ OTKA30B B CHCTEMax YIPaBJICHUS MOPCKUMH ITOJI-
BIDKHBIMH 00bekTaMu. B pabore npoanannsnposana mpu-
MEHHMMOCTb JJAaHHOTO METOZa sl pa3pabOTKN HaJEKHOH
CHCTEMBI aBTOMaTHYECKOTO OOHAPYKECHUS 1 JIOKATIM3ALUH
OTKa30B Ha NMPUMEPE OTKA30B BEPTUKAIBHOTO PYJISl U JaT-
YHKa, U3MEPSIIOIIETO yroil OTKIOHEHUS PyJis Ul pa3ind-
HBIX MOPCKHX CYJIOB.

B paborte [10] npuBeaeHs mpenMyIiecTBa NCTIOIB30Ba-
HHSI METOJIa U3MEPEHHsI BO BPEMEHHOW 00JIacTH sl olie-
paTHBHOM JIOKaJIM3a[H OTKA30B CIIOKHBIX KOMIIOHEHTOB 1
YCTPOMCTB B MOJIEBHIX yCIOBHX. J[is peanuzanun merona
M3MEpEeHUs TPEANOYTHTEIbHEE IIPUMEHSTh BEKTOPHBIE
aHaJIM3aTOPBI ETICH.

B [11] npexncTaBnen MeTo 0OHApYKEHNMS, JIOKATTM3AINT
1 KOHKPETH3AIMN OTKa30B MCHOIHUTEIBHBIX YCTPOUCTB B
3aMKHYTOH JIMHEWHOM CHCTEME YIPaBIICHHs aBUALIIOHHBIM
ra3oTypOmHHBIM aBurareneM. OnTuManbHble HaOIIOna-
TEJIM THIIOTE3 O KOHKPETHBIX OTKA3aX MCHOIHUTEIbHBIX
YCTPOWCTB MPUMEHSIOT BMECTO KOOPANHAT YIPAaBICHUS
TaKUX YCTPOWCTB BbIOpAHHbIC 3apaHee MOCTOSHHbIE 3Ha-
YCHU, KOTOPBIC CTABATCA B COOTBETCTBUC KOHKPECTHLIM
BHUJIaM OTKa30B Ka)KI0TO YCTPOUCTBA.

B pabotax [12, 13] paccmoTpeHbl TpOOIEMBI pa3pa-
OOTKHM CHCTEM YITPaBJICHHUS COBPEMEHHBIMH aBUAIIMOHHBI-
MU Ta30TypOMHHBIMU JIBUTATesIMU. BhINOIHEH aHaNN3
BO3MOXXHOCTH TIPUMEHEHUSI HEHPOHHBIX ceTel I ana-
THOCTHKH OTKa30B, U MPHUBEACH aJTOPUTM OOHApYKEHUS
(KoppeKnnn) HEMCIPaBHOCTH JaTyiKa KaHaja 0OpaTHOM
CBSI3M HAa OCHOBE HEMpOHHOW ceT. lJig JaHHOrO MeTona
HE0OXOIUMBI BEICOKHE BBIUMCIUTEIbHBIE MOITHOCTH, a
Takke 00beMHBIC HAOOPHI TaHHBIX 7151 00y9IeHUs HEHPOH-
HOM ceTn.

Ha ocHOBe nepednciIeHHbIX HEA0CTATKOB M OTPaHu-
YeHHU pa3paboTaH aJlfOPUTM JETEKTHUPOBAHUS U JIOKaA-
JIM3alMY OTKAa30B aKTyaropa M JIaTYMKOB JUIS JIBUTATENIeH

noctosinHoro toka (JI1T). Ormernm, uro HabIIONATE-
JI ¢ HEM3BECTHBIM BXOJIOM JUJISl TAHHOTO KJIacCa CHCTEM
He cylecTBy0T. OnucaH npocToil ¢ TOUKHU 3pEHUs] CUH-
Te3a MCTOJ[ C HU3KOH BBIYUCIUTEIBHOW CIIONKHOCTBIO.
[IpenmonoxkeHo, 9To ABUTATEb 000OPYIOBAaH JAaTYNKAMU
CKOPOCTH ¥ TOKa. J[eTeKTHpOBaHHE OTKA30B OCHOBAHO Ha
Habmomarene JlroeHOeprepa MOTHOTO MOPsAKa, a cXemMa
JIOKAJTM3aIUH — Ha MHOKECTBE HAIIPaBJICHHBIX TeHEPATOPOB
paccormacoBanus. lIpuMeHeHNE TPEATIOKESHHOTO METOIa
BO3MOXKHO JIJIs1 JTFIOOOH HAOII0IaeMOM CHCTEMBI BTOPOTO T10-
psinka. Taxoke TaHHBIH TOIX0I MOXKET OBITh PaCIPOCTPaHEH
Ha CUCTEMbI CTApIINX MOPAAKOB IIPU COOTBECTCTBYIOIIEM
M3MEHEHUU CHCTEM YPaBHEHUII, pelaeMbIX i HOCTpoe-
HUS HaOroaTeen.

IMocTranoBka npodieMbl

Paccmotpum monens 11T, o6opynoBaHHOTO TaTUUKa-
MU CKOPOCTH U TOKa. HI/IHaMI/IKa JABHUIaTcCIsl OIMMMUChIBACTCA
YPaBHEHUAMU:

di
L—+Ri=u—E,

dt

Jo =M~ Mj,

rne L — WHIYKTUBHOCTH, R — CONPOTHBIICHHUE SKOPS;
i — cHJa TOKa; ¥ — BXOJHOE HampsukeHue; £, — OJIC
CaAMOMHIYKITHH; () — yIJIOBasi CKOPOCTh BPAIICHHUS POTOPA;
MOMEHTEHI: J — HHEPIHU poTopa, M — CHIIBI IBUTATEIS U
M;— cubl Tpenus,

Eb = kbq)(l),
M= k,,Di,
Alf‘z kf(J),
rae ky, k,, u kf— KOHCTaHThl; @ — MarHUTHBIN MOTOK.
IIpennonoxum, uro napamerps! JIIT nocTtosHHbI U U3-
BECTHBI.

HCPCHI/IH.ICM YpaBHEHHS CUCTEMBI B TIPOCTPAHCTBE CO-
CTOSTHUA:

{ X =Ax + Bu, M
y = Cx,
IJIE X, Y — BEKTOPBI COCTOSHUS U BBIXOAHOTO CHIHANA; A,

B, C — marpuibl CUCTEMBI, yIIPaBICHUS U BBIXOA:

ko k®
fol | 7 7 |_[a @
¥ [i]’A k@ R las af
L L
0
oo
B l’C*[o 1]
L

PaccmoTrpum JMHaMMKy IBUraress IpU CIELYOLIUX
OTKa3aX: BHEITHUI MOMEHT CUJIbI IPUIIOKEH K pOTOpY (OT-
Ka3 aKTyaTopa); OTKJIOHEHHE BXOTHOTO HaIpsKeHUs (0TKa3
aKTyaTopa); OTKa3 JaT4hKa CKOPOCTH; O0TKa3 JaT4MKa TOKA.

OTKJIOHEHHE MOMEHTA CHJIBI M HAIpsDKEHMs Kilaccudu-
LUPOBAHBI KaK OTKAa3bl aKTyaToOpa, TaK KaK OHU HAIPAMYIO
JICHCTBYIOT Ha IPOU3BOAHBIE BEKTOPA COCTOSIHUSI.
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OTKJIOHEHHE BEJIUYUHBI HAMPSKEHUS OT 3aJaHHOTO
3HAUEHUs], IPEBBIIIAOIIEE HEKOTOPOE IIOPOrOBOE 3HAYEHHE,
ycTaHaBIMBaeMoe oneparopoM. Kak mpaBuiio, OHO JOIKHO
OBITH BBIIIC AMIUTMTY/ABI ITYMOB, YTOOBI TIPEAOTBPATHTD
JO’KHOE cpadaThIBaHueE.

Monens (1) B citydae Hannaust IEPEUUCIICHHBIX OTKa30B
ONMCHIBAETCS] CUCTEMOM YpaBHEHUI

1 0
. J Ja1
X=Ax+Bu+ 1 [fa ],
0 — a2 2
. @)
1 0][ /s
y=Cx+ ] . ],
0 1]| fo
rae f,; — BHEUIHUI MOMEHT CHUIIBI; f,, — OTKJIOHCHHUE
HAMpsKEHUs; f;| — CHUTHAJ OTKa3a JAaT4HKa CKOPOCTH;

Ji — CHUTI'HaJI OTKa3a JaT4yuKa TOKa. JlaHHbIe CUI'HAJIBL He-
H3BECTHBIL.

CrpyKTypHas cXxema UcCIeyeMOol MOJeNu IPUBEICHA
Ha puc. 1.

Cxema ACTEKTHPOBAHUSA U JIOKAJIU3ALUN

OcHOBOI1 pa3pabaTbIBaeMOro IMOAX0Aa SBISIETCS HAOIIO-
narenb coctosiHus JlroeHOeprepa mosHoro mopsiaka [14]:

$=AR+Bu+K(y-9), 3
y=C%,

rae X u ¥ — OLIGHKM BEKTOPOB COCTOSHHS M BBIXOIHBIX
1 %

curnajios; K = k. J, | Marpuua HaOIroxares.
3 4

CurHasn paccornacoBaHusi BhIOEPEM Kak Pa3sHUILYy MEK/LY
BBIXOJTHBIM CUTHAJIOM 00BEKTa M BBIXOI0OM HaOmonaress (3):
r=y-y=C(x—-X)=Ce=y-Cg,

rae € — OmnOKa OLCHKH.

Ja | fa

Ja fa

i
Hpaiisep “ JIIT Jatunku o !
Tfm fo2

Puc. 1. CTpykTypHast cxema MOJISITH UCCIICyeMOro 00beKTa

Fig. 1. Structural scheme of plant model

JlnHamudeckasi MOJIeJIb CUTHAJIA pacCOIIaCOBaHUs NMe-
€T BUJI:

¢=(A-KCe+ 1,
r=Ce,

e BekTop I; onpenernser HanpapieHue oTkasza B IPOCTPaH-
CTBE PACCOITIACOBAHUS; f; — i-I CUT'HAJI OTKa3a.

Jlis pelieHUs: MOCTABJICHHON 3aJa4d HEOOXOAMMO
paspaborarsk anroput™ cuHteza K mis kaxxmoro oTkasa,
o0ecrieunBatoNIHiA BHITOTHEHUE CIIEAYIOMNX ycIoBuii [3].

Yeaosue 1. rank[I;; (A — KC)I;] = 1 msa obecnieuenns
M3MEHEHHs CHTHAJIa PacCOIIaCOBaHUS IIPU OTKA3e CTPOTo
BJIOJIb OJTHOTO BEKTOpA B IIPOCTPAHCTBE PACCOIIaCOBaHUS.

VYenosue 2. Marpuia (A — KC) nomkHa ObITh TypBHIIE-
Ba JyIsl 00eCHeYeHus yCTOHYMBOCTH HAOIIOaTeNsl.

Yeaosue 3. Bee Bextopsl Cl; 10/mKHBI OBITE THHEHHO
HE3aBHCUMBI JUIsl Pa3/IeIMMOCTH OTKa30B.

OTMeTHM, YTO OJIHOBPEMEHHBIE OTKa3bl MOTYT OBITH
pasjesneHsl, €clii Bce HaOII0AaTeN yJ0BICTBOPSIOT
Venosuam 1-3.

JleTeKTHpOBaHMeE U JIOKAJH3ALHUs 0TKa3a
10 BHEIIHEMY MOMEHTY CHJI, IPHJI0KEHHOMY K POTOpY

[TocTpouM anroput™ cuHTe3a HaOMIOIATENS IS KaK-
JIOTO OTKa3a M pa3padoTaeM cxemy JIOKalu3aluu Ha 0ase
paccoriacoBaHusl CUTHaIOB (puc. 2). Beimonnum ananus
muHamukn 1T mpu pa3inuaabIx cOosX.

¥ JUIT

Xal

Hab6mnronarens £,

’ -)ACaZ N

Lﬁ
- Ha6mronarens f, >
~ o
| Ha6monarens f;; Xl

[ X2
*»\{ Hab6mironarens f;,

—

fa | Je
Jarunku e

Teneparop Fal
paccornacoBaHUit

I'eneparop T'a2
paccoryacoBaHmii > Cxema

JIOKaJIH3aIiN

FeHepaTop rsl; OTKa30B
paccoriiacoBaHH

I'eneparop _Ts2

_paccormacoBaHHI

Puc. 2. Cxema neTeKTHpOBaHUS U JIOKaJIU3aIMH OTKAa30B

Fig. 2. Fault detection and isolation scheme
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OTka3 1o BHEIIHEMY MOMEHTY CHJI, IPUJIOKEHHOMY K
pOTOPY, MPOUCXOTUT, KOTJ|a HEKOTOpasi HeyUTeHHas cuiia
BO3JEHCTBYET Ha Bpalllalouiuecs MeXaHU4eCKue 4acTh
(HampuMep, YBETUYMBACTCS CHIa TPCHUS B CBSI3H C H3HO-
COM TIOJIIUITHAKOB WJIM BO3HUKAET BHEITHII MOMEHT CHJI
M3-32 MEXaHIMYECKOH MOJIOMKH U T. 11.). JlHaMuKa omOKn
UMeeT BU:

¢=(A-KCe+ 1,1,

1= =[5, 0], @

1
- 0
J
rze f,,; — BHEIIHsA CUla, AefcTBYyoas Ha POTop.
Paccmorpum Venosue I:

1 k)l
(A -KO)lyy]=rank| J (@ =kl |y,
0 (a3-k)l,

OHO BBINOIHSETCSI, €CIH k3 = aj3:

rank[1

al>

rank 7 (@ =kl =1.
0 0

Paccmotpum Venosue 2. XapakrepucTHUECKUN TTONTH-
HOM ypaBHEHUS (4) UMeeT BU:

D1 = det(sT — (A — KC)) = s2 + ms + n,

TAC § — KOMIUICKCHAs NMNEPEMEHHas,
m=k17alfa4+k4, (5)
n= k1a4 —agay + k1k4 - a1k4 — k2k3 + a2k3 + a3k2 — dpas.

XapaKkTepuCcTUYECKUI MHOTOUJIEH HE 3aBUCHUT OT ky,
TaK Kak kyky = azk, u a)ky = a,a;. Takum obpasom, ompe-
aenuM k, = 0. BeiOepeM MONI0OKUTEIbHOE 3HAYECHUE 1, M
JU1s1 00eCIIeueH s JKeIaeMOoro IOBEASHUs HaOItonaresns 1
3aBepiuenus Bbruuciaenus K myrem pemenus ypaBHeHUi
(5) oTHOCUTEIBHO k7, ky.

Yenosue 3 BelnonHseTcs, Tak Kak paccMaTpUBaeTCst
TOJIBKO OJIMH BEKTOP HAIPaBJIECHHs PAaCcCONIACOBAHMU.

I[eTeKTHpOBaHHe H JoKa/JIM3anus oTKkasa
NMPpU OTKJIOHCHUU HANPHAKCHUSA

OTKa3 npu OTKJIIOHEHUN HANPSDKEHHUS BOSHUKAET U3-3a
c0O0s1 B 2JICKTPOHHBIX CXE€MaX WJIM NCTOYHUKE IMUTAHUS
(Hampumep, c60ii TpaH3HCTOpA B IpaiiBepe NBUTATEINs
WIHM BIMSHHAE MOIIHOTO BHELIHEI0 MarHUTHOTO IOJIS).
JwHaMuKka ommOKy HaOMIONCHUS IPUHUMACT POpMY

¢=(A-KCe+1,,/,,

T _
Ial_

1
0 Z] =[0 1], ©

e f,p — aJANTHBHOE HaIlPsSHKCHHUE, T10J]aBaeMOe Ha BXOJ
AIIT.
Paccmotpum Venogue I:

(ay =kl

0
rank[l,,; (A — KC)L,] = rank| 1 =1
2 w2 z (ay = ky)ly

Venosusa 1 Beimonusercs, ecnu ky = ay:
0 0

rank| 1 =1.
7 (ay — kgl

Paccmotpum Venosue 2. Xapakrepuctudeckuil MHO-
TOYICH MOJICTH OIHOOK (6) TaKoH Ke, KaK W ISl CITydast
OTKa3a [0 BHEIIHEMY MOMeHTY culI (5). OH He 3aBUCHT OT
k3, Tak Kak Bce caaraeMble ¢ k3 cokparuarores us-3a k, = a,.
Taxkum o6pazom, onpenenum k; = 0. Berbepem monoxu-
TEJIbHBIC 3HAYECHUS n ¥ m, I obecreyeHus TpedyeMoro
MOBEICHUS HAOIIOIaTeNsl C IOMOIIBIO TIPOLETYPBI OTIpe-
JiefieHnst TpeOyeMbIX MOIOCOB U 3aBeplieHus pacuera K
pelIeHneM ypaBHeHHUH (5) OTHOCUTENBHO Ky, ky.

Venosue 3 BbInonHAETCS, IOCKObKY HampasieHus I,
u I, oproronanbHeL.

HeTeKTHpOBaHHe O0TKa3a JaT4YruKa CKOPOCTH

Tur oTka3a qaTdrKa CKOPOCTH BO3ZHHUKAET M3-3a MeXa-
HUYECKOTO WM 3JEKTPOHHOTO COOS B JATYHKE CKOPOCTH
WJIM €T0 KaHaJIax nepeaadn JaHHbIX. Hanbosee yacto cOoi
HpOHBHHeTCﬂ KaK «3aJIUIIaHUC») HOK%aHHﬁ N yMHO)KeHI/Ie
pealIbHOTO 3HAYCHHUS HA HEKOTOPYIO KOHCTAaHTY. C yueToM
CUCTeMbl ypaBHeHHH (2) AMHAMHUYECKasi MOZEIb OIINOKH
HaOJIIOEHNS UIMEET BU/;

¢=(A-KC)e + L f;1.

1] [k
I,=KC| . |=|}! ]
s 0] [k
rae fsl — CHUI'HAJI OTKa3a AaT4yruKa CKOPOCTH.

Hamnpasnenust paccornacoBanus I, u I, — Ga3ucHbie
B IByMEpHOM IpocTpancTse. ClesoBaTeabHO, HEBO3MOXK-
HO IOCTPOUTH OJHOBPEMEHHO JIMHEHHO HE3aBUCUMBIH
I; mo otHomenwuto k I,y u I,,. Beibepem cnenyromiee Ha-
MIpaBJICHUE PACCOTIIACOBAHHUS ISTI =[k; ks]=[1 1]. Ecmu
CHTHAJI paccorIacOBaHMs N3MEHSIETCS BIOJb BHIOPAHHOTO
HarpaBJICHHsI, TO OyJeT 0osIee BEPOSTHBIM. TaKkke MOXKHO
00€CIeUUTh €ro JIOKaIN3aHI0 OJHOBPEMEHHO C OJHUM U3
0TKa30B aKTyaTopa.

Paccmorpum Venosue I:

rank[ly; (A - KC)y] =

ky  (ay —kpky + (ay — kp)ks | _

=1.
ky (a3 —k)ky + (a4 — ky)ks

= rank

HeBo3moxxHO BBIOpaTh Takue k, u k4, 9TOOBI CTOIOIIBI
ObLTH TMHEIHO 3aBUCUMBIMH, KaK B CIIyyae OTKa3a aKTya-
Topa. Tak Kak B 3TOM cilydae HaOIroaTeb UMeeT HyJIeBOI
nosroc. JI7st BeIMOMHEHUs TpeOoBaHUA 0OeceunM JTMHEH-
HYIO 3aBHCUMOCTb CTPOK:

ko _ (a1 — k)k + (a2 — k)ks
ks (as—kyky + (ay— koks
Paccunraewm k, kak pemenue ypasHenus (7):
_ ajkiks + a>k2 — ask? — ask ks + kyksky
2= 2 .
[Tocnennuii ko3pdunueHT k,y paccIUTHIBACTCS IS

YAOBIETBOpeHUsT Ycn06uio 2 ¢ UCTONB30BAaHUEM XapaKTe-
pHUCTHYECKOTO mmosinHOMA (5).

()
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HeBo3moxHo obecrieuntsh Yenosue 3 JJIs1 BCEX OJJHO-
BPEMCHHBIX OTKa30B, HO MpeajiaracMasl CxeMa Mmo3BoJjs€T
JIOKQJIM30BaTh OTKAa3 AaT4rMKa CKOPOCTU OAHOBPEMCHHO C
OJHUM M3 OTKA30B aKTyaTopa.

JleTeKTHpPOBaHHE U JIOKAJIM3ALHUS 0TKA3a
JATYNKA TOKA

[IpuuuHBI 0TKA30B JaTUYMKA TOKA UJCHTUYHBI, KaK U
JUISL IaTYMKa CKOPOCTH. /IMHaMMKa OIIMOKH OIHCHIBACTCS
ypaBHEHHUSIMHU

¢=(A-KC)e + 1,70,

>
1 ky
e f;, — CHTI'HAJI 0TKa3a AaT4HKa TOKa.
BribepeM HampaBieHue oTKasza ISI; =k, ky]=1[2-1],
KOTOPOE JIMHEHHO HE3aBUCUMO OT OJHOI'O U3 IIPEIbIIYIIUX

0TKa30B (¥cnosue 3 4aCTUUHO BBINOIHEHO).
Pacemotpum Venogue I:

rank[Iy; (A — KC)I,] =

ky (ay—kpky+(ay—kyky | _
ky (a3 —k3)ky + (ag — ky)ky

ISZ =KC

= rank 1.

Torna:

ky _ (a1 — k)ky + (a2 — ko)ky ®
ky  (ay—ks)ky + (ay — ko)ky

Paccunraem k5 kak pemenue (8):

azk:% + a4k2k4 + a1k2k4 — azkf — k1k2k4
3 = kz :
2

[Mocnequuii k03P PUIUEHT BEIOUPACTCS TaK, YTOOBI
YAOBIIETBOPSTH Yc06uio 2 ¢ NCTONIB30BAaHUEM XapaKTepH-
CTHYECcKOro nojnHoma (5).

A.]'Il"Opl/lTM JIOKaJU3aluu

[pemokum anropuTM, KOTOPbIN MO3BOJIHT JETEKTUPO-
BaTh M JIOKAJIIM30BaTh OTKA3bl C UCMIOIb30BaAHUEM KOA(dU-
LUEHTA, XapaKTePU3yOIIero COOTHOIICHHS HATIPaBICHUN
MEX/ly BEKTOPOM PACCOIIACOBAHUS I' M HAIIPABICHUSIMHU
otka3oB I;, ananorngso [7]:

K]

S HIE ST

Koagdunuent C; 0603Ha4aeT HOpMaIM30BAHHOE 3HAYE-
HUE TPOCKIIMU PACCOITIACOBAHUS HA HAMIPABJICHHUE OTKAa3a.
Ecin C; > C; 10 oTKa3 i Gonee Bepositen, e j. Js onu-
cannoro [II1T nanbosnee BepOsSTHBIN OTKa3 COOTBETCTBYCT
maX(Ci)’ i= {Iab Ia2’ Isl’ ISZ}'

Po6acTHOCTH 1O OTHOIICHHUIO K ITyMaM MOXKET OBITh
o0ecriedeHa C MMOMOIIBI0 TIOPOTOBOTO 3HAYCHUS:

[ r, ecnu|r| Z A,

0, ecu [r| <A,

rac A — BeJIMYMHA IMOPOTrOoBOI0 3HAYCHMUS.

A

L A Ly

Puc. 3. HanpaBieHust 0TKa30B B [IPOCTPAHCTBE
paccoriacoBaHus

Fig. 3. Fault directions in the residual space

[IpobieMy HEUYBCTBUTEIHHOCTH K MAapaMeTPUIECKIM
HEOMPEAETCHHOCTSIM MOYKHO MPEOJ0JETh C MOMOIIBIO
aAropuTMOB HAcHTUUKAKMKU. B 3TOM ciiydae marpuia
HaOJIroAaTeNsl CTAHOBUTCS 3aBUCHMOM OT IMHAMHYCCKHU
OIICHUBACMBIX MAPAMETPOB 00BEKTA YIPABICHHUS IS BbI-
MOJTHCHUS BCEX HEOOXOIUMBIX YCIIOBHIA.

OtmeTuMm, 4To Venosue 3 HE BBIMOTHICTCS I BCEX
BO3MOXKHBIX OJHOBPEMCHHBIX 0TKa30B. CIeI0BaTEIbHO,
mpeiaracMasi CxeMa MOXKET TIPUBECTH K ONIHOKaM JIOKa-
JU3AIHY B CIyYasx MHOKECTBEHHBIX O0TKa30B. Hampumep,
JIBA OJJHOBPEMCHHBIX OTKAa3a aKTyaTopa MPUBOAAT K YBEIIH-
YEHHIO PAcCOTIIaCOBaHMS B HAIPABIICHUH OTKa3a JaTYHKA.
OpmHako Ha MPAKTUKE TaKas CUTyalHs MaJOBEpOSTHA, U
aJITOPUTM JICTEKTUPOBAHUS OCTAETCS pabOTOCTIOCOOHBIM.

Pe3yJ'leaTbI MOACTUPOBAHUSA

Just monemmposanust Beiopan JAI1T RK 370CA. B co-
OTBETCTBHH C PUC. |, Ha ABUTATEIb OACTCS HAMIPSDKCHUE
OT JpaiiBepa W BHEUIHWH MOMEHT CHJI, BBIXOJHBIMH CHT-
HaJlaMH SIBIISIIOTCS TIOKA3aHMs 1aTYMKOB CKOPOCTHU M TOKA.
JlBurarenp uMeeT CIEIYyIOIYI0 MOJEIb IPOCTPAHCTBA
cocrognus [15]:

_[—2,0778 x 104 2,644 x 104]
—0,2474 ~180,5054 I

0 ]C_[l o]
10,6187~ lo 1f

Haiinem HanpaBieHMst OTKa30B aKTyaTopa ¢ MOMOLIbIO

(5) 1 (6):

1,11 x 106
al — 0

_[ O ]
2 10,618)

Bri6epem cobcTBeHHBIC 3HAUEHUS HAOIIoIaTeIeH, paB-
HbIE —5, ¥ paccuuTaeM MaTpHIIbl HaOJIIo/IaTeNeil Ha OCHOBE
(5) u xxemaemMoro XapakTepruCTUIECKOTO MOJTMHOMA:

-2,0773 x 10% 0
—0,2474 —-175,5054 p

_[-2,0773 x 104 2,644 x 104
al 0 —-175,5054 |

Kal =
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OHpeZ[eJ'II/IM pa3IMYHbIC HAIIPaBJICHUA OTKa3a JaT4uKa,
HE COBIIaJJAaIOIUC C HAIIPABJICHUAMM OTKa3a aKTyaTropa:

1
ISIZ[I

CootBercTBytomue (9) MaTpHIlsl pacdeTa HaOMIOATeNs
TIPUHUMATOT BHJI;

_[1 x 104 5,8484 x 103]
sl — 1 1 4

1 1
—141,2927 -1

’152:

N ©)

Ks2

AIIT 3anyckaercs u3 cocrosHus nokos. ITocne 0,03 ¢
TIEPEXOHOTO TpoIiecca JABUTraTellb HAYMHAET padoTaTh B
YCTaHOBHUBILEMCS PSXKHME 10 MOMEHTa OTKa3a. Bpemst Ha-
YaJa 0TKa3a BEIOPaHO MPON3BOJIBHBIM JUIS PA3HBIX CITy4YacB
OTKa3a C IIeJIbI0 ICMOHCTPALUH HHBAPHAHTHOCTH aJITOPHT-
Ma II0 OTHOILIECHUIO K JaHHOMY (aKTopy.

Ha puc. 4, a moka3zaHbl BBIXOJHbIC CUTHAJIBI ABUTATEIS
(cuna Toka i(7) M CKOPOCTh (7)) IPU OTKa3e IO BHEITHE-
My MOMeHTY cui criycTs 0,4 ¢ mocie Hadajga MOJEINPO-
BaHU.

CurHalt 0TKa3a UMeeT IMOCTOSHHYIO aMILTUTYIy U yBe-
mmuuBaet ckopocth JIIT. CoorBercrBytomue kodddu-

1 -

uuentsl Hanpasnenuit C,y, Cp, Cy, Cy, noKkasansl Ha
puc. 4, b. Hanboneiee 3nauenne C,; COOTBETCTBYET OT-
Kazy JIBUTATCIIS.

Crydail 0TKa3a IpH OTKIOHCHHUH HAINPSIKCHHS TTOKa-
3aH Ha pHC. 5, TIE IPEICTABICHB U3MEPSEMbIC BBIXOTHBIC
CUTHAJIBI IBUTATENI U COOTHOIICHUS HAMPABICHUI MPU
BO3HHKHOBEHHUH OTKa3a MPH OTKIIOHCHUH HATPSKECHUS C
0,4 c. Curran oTkasza IpeACTaBIsAeT COOO0H JOTOTHNUTEIh-
HOE TapMOHUYECKOE HANpsDKEHHUE, IMO1aBaeMOe Ha BXOJ
neuraressi. KoadduimeHt HarpaBieHUI TO3BOJISET JIOKA-
JIM30BaTh 0TKa3. OHAKO CUTHAJ OTKa3a ocjaabeBacT, Koraa
rapMOHHKa OJIU3Ka K HYJICBOMY 3HAUCHHIO.

Crnyyaii oTKa3a JaT4rka CKOPOCTH MOKa3aH Ha puc. 6,
TJIC IPEICTABIICHBI U3MEPSIEMbIC BBIXOIHBIC CUT'HAJIBI JIBH-
rareis U KO3 QUIMEHTH HATPABICHHUH TIPU MYJIbTHILIH-
KaTUBHOM OTKa3e Aardyuka ckopoctd B 0,6 ¢. OTka3 mpouc-
XOIIUT U3-32 YMHOKCHHS N3MEPEHHOTO 3HAYCHUS, KOTOPOE
MOJKET OBITH BBI3BAHO HCKAXKCHUEM WH(OPMAITMOHHBIX
(parmenToB. [IpenokeHHas cXeMa TO3BOJISET JTOKATH30-
BaTh OTKa3 STOTO JIaTYHKA.

Crnyuyail oTKa3a JaTdMKa TOKa MOKa3aH Ha pHc. 7, Tae
MIPEICTABICHB U3MEPsieMble BBIXOAHBIC CUTHANBI JIBUTA-
Teuist ¥ K03 (UIKMEHTHI HAPABICHUN MTPU MYJIBTHILIMKA-
THUBHOM OTKa3e Jardnka Toka B 0,6 c.

al

1F— Ca2
Cq ——

L—C,, ]

0 0,2 0,4 0,6 0,8 4c

Puc. 4. Crydaii oTka3a 110 BHEIITHEMY MOMEHTY CHJI: BBIXOIHBIC CHTHAIIBI IBUTATeIs (a); K03 GHUIIMEeHTH HanpaBiIeHuH (b)

Fig. 4. Case of external force momentum fault: motor output signals (a); direction coefficients ()

Puc. 5. Cnyvaii oTKa3a npy OTKJIIOHCHHH HANIPSHKEHUS: BEIXOIHBIC CUTHAIIBI ABUTATENs (a); K03 (DUIIMEHTHI HanpaBieHui (b)

Fig. 5. Case of voltage deviation fault: motor output signals (a); direction coefficients (b)

O L L % | ! L
0 02 0.4 0.6 0.8 fo
a
2 | \_/—\
1 /\
% o2 0.4 0.6
a
3 : : : : :
2 B
| =i
—i(t) |
0 1 1 | 1 L 1 L 1
0 0.2 0.4 0.6 0.8 fe

b
0.6 ]
0.4

% 02 04 06 08 sc

Puc. 6. Ciryyaii MyJIbTUIUIMKaTUBHOTO OTKa3a aTYMKa CKOPOCTH: BBIXOHBIE CUTHAIIBI ABUTATENSA (a); K03 GHUINEHTH! HapaBiIeHui (b)

Fig. 6. Case of velocity sensor multiplicative fault: motor output signals (a); direction coefficients (b)
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— o(f)
— i(?)
0 L | L | | | L i L

0 0,2 0,4 0,6 0,8 t,c

o 02 04 06 0.8 f4c

Puc. 7. Cny4aii My IbTUIUIMKaTHBHOTO OTKa3a JIaTYMKa TOKA: BBIXOJHbIC CHTHAJbI ABUraTens (a); ko3 dUIeHTsl HanpaBieHui (b)

Fig. 7. Case of current sensor multiplicative fault: motor output signals (a); direction coefficients (b)

Pe3ynbTaThl KOMIBIOTEPHOTO MOJAEIUPOBAHUS MOA-
TBEPXKJIAIOT 3()(PEeKTUBHOCTD NPEIIOKEHHOTO TOAX0/a.
[Ton 3¢ dexkTHBHOCTBIO MOPAa3yMEBAETCsl KOPPEKTHOCTH
JIETeKTHPOBAHUS COCTOSTHMS JIBUTATElIs (HAIMIUE OTKa3a),
a TaK)Ke BEpHasl JIOKAJIU3aIHsl IPUYMHBI OTKA3a.

3akjarouenne

IIpeiokeH alIropuT™ JETCKTUPOBAHUS U JIOKATU3AINT
OTKa30B aKTyaTopa U JAaTYUKOB IJId ABUTATEIISL IIOCTOSH-
HOTI'0 TOKA. HpI/IHHTO, YTO ABHUTIAaTCJIb OCHAIICH AaTYUKaAaMU
CKOpOCTl/I n TOKaA. AHFOpl/ITM JIeTeKTl/IpOBaHI/IH OCHOBaH
Ha HaOmromarene JlroenOeprepa monHoro mopsijika. Cxema
JIOKAJIM3AIMA HCIIOTB3YEeT HAIPAaBJICHHBIC TEHEPATOPHI pac-
COIVIACOBAHMSI M COOTHOIIICHUS MX BBIXOJIOB C HAIIPABJICHU-
sIMH 0TKa30B. OTIMCaHHOE PEIICHIE TO3BOJISICT OMPEICIIATh
OTKa3bl 10 BHEIIHEMY MOMEHTY CHII, PUIOKEHHOMY K
pOTOPY; HPU OTKJIOHEHUH BEIMYMHBI HAMPSKEHUS OT 3a-
JIAHHOTO 3HAYEHMs1, IPEBBILIAIOIIECE TOPOTOBOE 3HAYCHUE;
JlaT4rKa CKOPOCTH; IATYMKA TOKA.

IIpenoxkeHHOE PEIICHHE OTIMYACTCS HCIOIb30Ba-
HHeM OaHKa HaOJromaTesied IJIs JToKaau3alii OTKAa30B,
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MPOCTBIM AJITOPUTMOM €ro MOCTPOCHUS U CUHTE3a reHe-
paTopoB paccoriiacoBaHMs. Pe3yapTaThl MOIACIUPOBAHUS
MOATBEPKAAIOT A3PPEKTUBHOCTH MPEATIOKEHHOTO TTOIXOAA.
[IpencraBieHHBI METO 0OECIIEUNBACT OHJIAWH-TTOKAIIN-
3aIMI0 OTKAa30B U HE TpeOyeT AOMOTHUTEIBHBIX CPEIICTB
M3MEPEHHsI, YTO MO3BOJIIET COKPATHTh PACXOMbI HA JHa-
THOCTHKY, COKOHOMHTB BpeMs pEMOHTa M 00CITyKHBaHUS,
CBOCBPEMEHHO OOHAPY)KHUBaTh aBapuu. TakKe aaropuTMm
MO3BOJISIET JETEKTUPOBATh U JIOKAJIU30BHIBATh OTKA3bI KaK
M0 BXOJIHBIM, TaK ¥ IO BBIXOJHBIM CUTHAJaM IMpPH TPUBH-
aNbHOI IpoLeype CUHTE3a.

YCTONYHUBOCTB [0 OTHOILIEHUIO K LIYMY TIOCTUraeTcs 3a
CYEeT UCIOJIb30BaHUS [IOPOrOBOr0 3HAYEHHSI paccorinacoBa-
HUsL. HedyBCTBUTEIEHOCTD K ITAPaMETPHYCCKIM HEOIIpeIe-
JICHHOCTSIM MOXKET OBITh TOCTUTHYTa C TIOMOIIIBI0 METOJIOB
nAeHTH(UKAIINN TTapaMeTPOB (TPaIueHTHBIN CIIYCK, METO
HaMMEHBIITNX KBaAPaTOB, METOJ JMHAMHYECCKOTO PaCIIApe-
HUS perpeccopa u T. 11.).

PaccMmoTpenHoe perienre NpuMeHUMO IS TF000H Ha-
OmromaeMoil cucTeMbl BTOPOTO MOPsAKA U s 0OBEKTOB
CTapLIEro MopsAaKa pU COOTBETCTBYIOLIEM U3MEHEHUU
CHUCTEM YPaBHCHHUH, pelIaeMbIX JJIsl TOCTPOCHUS HAOIIO-
JiaTernen.
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Abstract

The paper proposes an essentially new approach to synthesis and implementation of dynamic objects with three-position
relay control. The approach consists in organization of differentiation procedure on the relay element involved into
feedback. We considered synthesis of the relay element feedback in tasks of robust and time optimal control of heat-
consumption systems. To demonstrate the effectiveness of the proposed approach, a comparative assessment of the results
of modeling heat consumption systems with three-position relay control and a traditional linear—quadratic regulator is
presented. We attached transient processes plots of active heat-consumption systems which confirm the effectiveness
of the synthesized relay control.
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AHHOTaNMsA

IIpeamet uccaenoBanus. [Ipenaoxen HOBBIA MOAXOJ K CUHTE3Y M pealu3alud TPEXMO3ULUOHHOTO PeleiHOro
yNpaBleHHs CIOKHBIMU AMHAMHUYECKHMMHU 00beKTaMH. PaccMOTpeHa MeToMKa CHHTE3a 00paTHOH CBA3M peneiHoro
JNIeMeHTa B 33Ja4aX PoOACTHOTO M ONTUMAIBHOTO MO OBICTPOAEHCTBHIO YIIPaBISHHUS CHCTEMaMHU TEIUIONOTPEOICHHS.
MeTtoabl. [IpeacTaBieHHBIN MTOIXO0]] 3aKIIFOYAETCS B OPTaHU3ANH TPOLUEAYPhl TU(PepeHINPOBAHUS HA PelCHHOM
2JIEMEHTE, BKIIOYEHHBIM B 00paTHYIO CBS3b CHCTEMBI ynpaBieHus. OCHOBHBbIE pe3yJabTaTsl. {1 1eMOHCTpaun
s dexTUBHOCTH 1TOAX0/A BEIIOIHEHA CPAaBHUTENIBHAS OLIEHKA PE3YIBTaTOB MOACINPOBAHIS CHCTEM TEILIONOTPEOISHHS
C peleHBIM TPEXNO3ULUOHHBIM YIIPABICHUEM U TPaJULMOHHBIM JIMHEHHO-KBAapaTUYHbIM perynartopoM. [loka3ansl
rpaduKH MePexXOAHBIX MPOLECCOB JICHCTBYIONIMX CUCTEM, KOTOPBIE MOATBEPKAAI0T 3P PEKTHBHOCTh CHHTE3UPOBAHHOTO
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peneiiHoro ympasieHus. [IpakTudeckasi 3 HAYNMOCTh. Pe3ynbrarel paboThl HaliyT NpUMEHEHHEe NPH pa3padoTke
QITOPUTMOB YIPABJICHUS CUCTEMaMHU TEIJIONOTPeONeH s 3aHUI U COOPYKEHUH.

KiioueBnle c10Ba

CHCTEMBI TETIONOTPEONEHNs, TIMO/a-PEryIATOP, CKOAB3AIIMN PEKUM, ONTHMAIBHOE IO OBICTPOAEHCTBUIO YIIPaBIIEHHE,

TPEXMO3UIHOHHOE PelIeHHOE YIIpaBICHHE

Cepbuika pas uuruposanus: lumn A.A., Bykpees B.I", [lepeomukos @.B. Cunte3 u peanusanus A-moaxoaa
CKOJIB3SIILIETO YIIPaBJICHUs B CUCTEME TeIuionoTpednenns / HayuHo-TeXHUYecKnii BECTHUK MH(POPMAILMOHHBIX TEXHOJIOT UM,
MexaHukd u ontuku. 2022. T. 22, Ne 3. C. 501-508 (ma anrn. s3.). doi: 10.17586/2226-1494-2022-22-3-501-508

Introduction

The article considers the problem of synthesis of relay
control for a three-position valve of a heat consumption
system. Traditionally, such systems use a classic
proportional-integral-derivative (PID) controller together
with a pulse-width modulator for three-position control
of the actuator. When solving problems of improving
the quality of control of various non-stationary and non-
linear objects, there are issues of practical application of
modern methods for the synthesis of such controllers where
estimates of the derivatives of the measured state variables
are used. This is due not only to the presence of various
noises and interferences in the measuring channels, but also
to the insufficient bit grid of analog-to-digital converters [1].

During the operation of many control objects, including
heat consumption systems, their parameters can change
significantly. The use of regulators with robust properties
[2] allows, in many cases, to provide the required quality
indicators. An important place in the quality criteria is
occupied by the requirement for the maximum speed of
the control system, which can be performed on the basis
of relay controllers.

In the scientific literature, you can find solutions where
relay control is synthesized using modern approaches. For
example, in works [3, 4], variable structures are used to
form a relay law, however, such solutions are aimed at a
certain type of control object. Robust properties can also
be provided by applying sliding control [5-8]. The most
studied are control systems for objects of the 2nd order
[9, 10] where the switching line is determined on the phase
trajectory [11, 12]. For objects of a higher order with a
delay, it is possible to use proven solutions for 2nd order
control objects, but the problem of chaterring inevitably
arises, the studies of which are devoted to the works [13—
15]. A good result can be achieved by generating multi-
level control values [16] or quasi-sliding modes with a dead
zone [17]. However, such solutions are more limited by the
complexity of calculating the derivative of the measured
state variable of the control object with discretization errors
by level.

Of particular interest are variants of optimal control in
terms of speed [18] where the switching line is organized
in the phase space [17, 19]. Therefore, it can be assumed
that there is a generalized solution for finding the sliding
line [20] in a simpler way which has the robust properties
of the sliding mode, and, at the same time, provides optimal
control in terms of speed. In the paper, the authors propose
a similar generalized approach that allows synthesizing a
three-position control without estimating the derivative of
the measured object state variable.

Generalized solution of optimal and robust control

The linearized mathematical model for equilibrium
states of such objects in operator form relative to the
position of control valve stem can be written in the
following way [21]:

ko(ta x) « eXp(*'L'(l, S)S)
T,s 1+ T, x)s~

W(s) = (1)

where T, is duration of the valve rod shift; s is Laplace
transformation operator. The duration (7, s) of transport
delay, coefficient k,(#, x) of transmission and object time
T,(t, x) have a complex dependence on the variables state
x(?), and it is ordinarily unsteady.

For this class of objects there is some problem of
using of classic methods for optimal control synthesis in
construction of regulators based on library modules of a
programmable logic controller (PLC).

As an alternative direction, let us consider methods of
robust control in sliding mode and time optimal control.
Taking as a base the research results of robust control
systems in sliding mode [9], we can use the condition of
attraction to the sliding trajectory in boundary modes and
assume the existence of time optimal conditions. Thus, the
object (1) without delay is a special case of mathematical
model:

X1(0) = xy(0), 5
3t) = —h(x, 1%, + gx, Du(d), @
where g(x, 7) and A(x, 7) are positively defined parameters
of the objects. For this model there is control

u(t) = —sign(ayx, (1) + x5(7)), A3)

where a; is a parameter which determines the sliding
trajectory. We know the condition

a eyl + h(x)
g(h)

which provides attraction to the sliding trajectory [21].

Fig. 1 shows the cases when the sliding trajectory
parameter satisfies the attraction condition (4) when the
trajectory of the object in the phase plane is reached again
[5, 11, 12].

Such implementation of the controller with variable
structure corresponds to the optimal regulation of the object
of the second order (1), based on the assumption that the
second intersection of the sliding trajectory is provided
at the small field near by equilibrium of the system
[3, 6,7, 16]. It should be noted that in conditions of noise

<1, “)
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Fig. 1. Time optimal trajectories for management with the
fragment of sliding mode

and discretization errors in the measuring channel, the
implementation of the sliding mode becomes virtually
impossible. This fact is proved by lack of relevant
functional and program blocks in the PLC libraries.

At the same time there are known theoretical approaches
allowing to perform differentiation on the relay element
with integrating feedback without strict requirements for
measurement quality [18]. Software implementation of the
relay element with feedback makes good preconditions
for implementation of sliding modes in control systems
implemented on PLC base. This direction of research has
significant resource of development [4].

Synthesis of the relay element feedback

Let us bring an additional state variable x;(#) physically
connected with variables x;(7) and x,(7) through the control
u into the mathematical model (2) of the object of the
second order. Further, to calculate the control instead of (3)
we will use equations

.| masxs, if(u = 0),
37 kg, if(u £ 0), (5)
u=mn((x; —x7), ),

where the signature function is implemented by the
function 1(...) of the relay element with hysteresis zone 9.

About the existence of sliding mode

Assertion. For a closed system (1) and (4) the existence
of sliding trajectory in the form

S = Cls(t, X(to))xl + XQ = 0 (6)

is possible, where a(t, x(#)) > 0, Vt € (¢ > 1)) if necessary
conditions are met

x1(tp) = x3(1p), %)
ay > a(f).

The Proof. Suppose that 6 > ¢, where ¢ is an infinitely
small positive number, not equal to zero. Let us introduce
a function

Tuzo)
q(t) =
Tuzoy T T

which is a duty factor of active control at given time
intervals corresponding to one period of self-oscillation
caused by the availability of hysteresis with ¢ value. The
limit of this function converges to the finite number r

limg(f) — r,

3—0

which takes values in the range [0, 1] and can be regarded
as equivalent control [9]. Then the closed system model
for x;(¢y) > 0 can be written in the form of differential
equations:

X =xy =—al0)xy,
Xy =—hxy — gq(1), (®)
X3 = —as(1 = q())x) + kq(2).

The differential equations (8) at given initial values of
the phase variables x;(¢)) = Cy, x5(¢y) = a,(#y)c, have the
only solution relative to the functions a(#)x;, g(¥) relying on
the assumption that the function ¢(7) is equivalent control
(4) providing fulfillment of the sliding mode condition
[x; —x3] < o. Consequently if we have infinitesimal ¢ and
equality x; = x5 from the equation a (?)x; = az(1 — q(¥))x; —
— k3q(?), we can obtain the condition:

_ as — as(t) <

q(n) = <1

where the solution relative to x;(¢) has positive value along
the whole sliding trajectory. Similarly, for the condition
(x1(¢y) < 0) the differential equations of the closed system
can be written in the form:

Xy =xy =—a0)xy,
Xy = —hx, + gq(?), )
X3 = —as(1 = q(0)x; — kyq(?).

The solution of the system of differential equations (9)
allows us to write

a; —a(t) -1

t =
0 ay— kyxy !

B

where the state variable x(7) has negative values along the
whole sliding trajectory. Thus, for the variants under study,
we can write the following equation:

o= <y,
az + kx|

Therefore the fulfillment of the condition (7) assumes
positively defined values ¢(7) in the range [0, 1]. Note that
the choice of the value a5 is determined by the conditions
of the classical sliding mode existence [9], and the assertion
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(7) testifies that the sliding mode (4) in the system (2) and
(5) will be indirectly determined by the parameters of the
object.

The conditions (6) and (7) are preceded by the initial
phase of transient process in which the object trajectory
is oriented towards the sliding trajectory [22]. The
parameter k3, which can be chosen so that condition (6)
is not satisfied at the moment of the first exit to trajectory
(7), has a significant effect on the nature of the exit to the
sliding trajectory. Thus, the definition of the problem of this
parameter selection can be done with the objective of time
optimal control on base of the classical mode of sliding
control (Fig. 1).

The properties of time optimal control

Let us consider the following statement which allows us
to suggest available optimal properties of the relay control
under study.

Assertion. For an object of type (1) accounting
stationarity of the functions g, # and known initial
state {x1(7g) = C| € (Cpin> Cmax); X2 = 0}, it is possible
to organize time optimal control [17] corresponding to
Pontryagin’s principle of maximum in variations of the
parameter k5 during transient process.

The proof is based on the assertion about the number
of switches of control effect for a sustained second-order
object; in accordance with it optimal control with two
different-polar impacts is provided. Let us show the solution
of closed system of object control (1) and controller (2)
in the form of transients in Fig. 2, a. According to the
software-based negative feedback of the relay element the
trajectory of the variable x5(7) (blue line) always trends to
the trajectory of the variable x;.

The rate of change of the variable x5 is defined by the
function k3(x, u) providing the intersection of the variables
x; and x5 at the point of switching of time optimal control.
In particular, for a given initial state (x; = 1, x, = 0) of
the control object, the function k3(x, u) equals to the
absolute value of tangents of the angles between the phase
trajectory x5 and the time axis for two cases defined by
the product sign of x; and u — sign(x,, u). Obviously the
problem is solved for any initial position (x; = x(7),
X, = 0), and the algorithm to determine the position of
control object phase state is very simple: it is a moment

when the variable x; reaches maximum deviation from the
equilibrium point.

By results of the analysis of the processes for time
optimal control organization we propose a method to build
the sliding trajectory parameter. Let us write the control
(2) taking into account dependence of the configurable
parameter k3 on the initial state and sign

u=mn(x; —xp, 8),
—a3X3 lf(u = 0),

X3 = {-u/T,(Cy) if(sign(xu)>0),
—ulTy(Cy)  if(sign(xu) > 0),

(10)

where the dependences 7,,,(C}) and 7,,,(C)) are determined

for different initial states from the given set C| € (Cpips

Cihax)- The algorithm to determine dependences can be

represented in several stages:

1) For a given control object there are defined boundary
values g = gin and 2 = h;, and for them optimal
control is synthesized.

2) The value C; is calculated by solving the differential
equations (1) at the reverse time at given duration of the
second pulse of control signal switched by Fel’dbaum’s
method which does not require large computational
resources. The example of such solutions is a family
of transient processes x;(?), x5(7) for C; € (1,0; 0,8; 0,6;
0,4; 0,2) shown in Fig. 2, b.

3) On the base of the obtained transients we determine the
values 7,,,(C}) and 7),,(C,) for which there is a point of
control switching.

The algorithm of implementation includes
implementation of feedback and control in accordance
with (10), the relay element and the algorithm of the
control parameters recalculation in the beginning of
transient process in accordance with Fig. 2, b. This
implementation cannot be classified in the framework of
existing conventional PID or linear—quadratic regulator
(LQR) methods because there are program solutions along
with differential solutions and complicated relay element
in the algorithm. Also the considered algorithm cannot be
defined as a controller with variable structure since the
calculations are performed not in the phase plane. Note that
the trajectories of the variables x;(#) and x;(7) on the time
plane (Fig. 2, a) resemble the Greek letter "lambda’ — A.
For this reason, within the framework of this article, the
proposed method will be called the A-regulator.

a b
xy, °C xy, °C
X3, °C ;
0.8 C;=1.0°C
i) 08I C0seC
0.4 C;=0.6°C ‘
0.4
C,=0.4°C N\
(1) | N
0 C=02°C \
t
u(?) 0 / PN
0 100 t,s —140 -100 —60 -20 t,s
Fig. 2. Time optimal transient process (a); the family of transient processes (b)
504 Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



A.A. Shilin, V.G. Bukreev, FV. Perevoshchikov

Examination and comparison of A-regulator
as an alternative for PID-regulator

For comparison we select LQR-controller [19] where
at the modeling stage we assume the following: all the
state variables of the linearized system [23] are available
for measurement, that’s why no need to use the linear
system state observer. Control values for LQR-regulator as
opposed to relay control can include the whole set of values
in the range [-1, +1]. In solution of Riccati equation, the
weighting matrix Q is a single diagonal, and the weighting
matrix R contains the only element whose value is chosen
under the condition of control value limitation. The
simulated results of the linearized system with LQR and
A-regulator are shown in Fig. 3.

Fig. 3, a shows transients of target variables 7} ,; and
Ty and control u by solid lines for A-regulator and by
dotted lines for LQR-regulator.

The operating mode of a closed system is interesting to
study when change of derivative from the target variable
takes place because of number of reasons and external
influences. Fig. 3, b demonstrates the simulated results
allowing us to compare effectiveness of closed system
operation. From the two figures we can see the advantages
of time controller operation.

The operation of A-regulator algorithm is compared with
the operation of LQR-regulator which in consideration of
the object astatism implements PI control law. For tradeoff
with three-position control, pulse-width modulation is used.

O,
Ton1s OC a
103>

64

60

56

52

48 i L
0 400 300 1200 4 s

The result of the research of A-regulator advantage can be
observed in Fig. 4, @ where two pulses of impact are clearly
evinced in the beginning of the transient process.

To underscore the robust properties of the relay
controller, two different heat-consumption objects were
chosen: a large dwelling house and a garage box. The
results of the research demonstrate that under change
of operating time of drive stroke from 18 to 180 s and
time of object inertia from 12 to 120 s the controller with
fixed settings provides for both objects sliding mode with
the trajectory time constant equal approximately 300 s
(Fig. 4, b). Available range of change of drive stroke
operating time and time of the object inertia allows us to
cover almost the whole set of possible parameters of heat-
consumption objects.

Relying on statistics of display of the relay controller
robust properties in more than 500 technically operable
heat units of heat-consumption circuits, there were
ascertained typical controller settings: 7,,; = 30 s,
T,,=20s,T,,=300s.

It is advisable to separately consider the modes of
active change in the flow of hot water in the heating system
which leads to a characteristic perturbation of the observed
temperature. Fig. 5 shows transients for these modes
and almost even initial conditions of the heating system
functioning with two types of A-regulator and PID-regulator.

The comparative evaluation of the system target
variable fluctuations allows us to conclude the advantage
of the relay A-regulator.

b
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\ 7 LQR
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Fig. 3. Simulated results of transients of heat-consumption system with LQR and A-regulators (a); the simulated result of operation
under the change of the target variable derivative (b)
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Fig. 4. Optimal control with relay and PI controllers (a); the robust properties of the relay A-regulators (b)
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Fig. 5. Transients in active phase

The proposed A-controller is a good alternative
for replacing the PID controller with PWM in inertial-
astatic systems, such as control of ventilation and heat
consumption systems [24, 25]. This fact is confirmed by
the successful operation of the A-controller in the FBD of
PLC units during 8 years.

Conclusion

The conducted studies show that the A-regulator has
an advantage in speed when controlling dynamic objects,
in particular, for a deterministic second-order object with
astaticism. The synthesis of A-regulator is based on the
principles of implementation of sliding modes having
properties of time optimal control. At the same time, this
regulator has robust sliding mode control properties for
closed systems with interval parameters.

The obtained controller algorithm, implemented on a
PLC, has been successfully used for several years at more
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AHHOTaIMUSA

IpenmeT uccaemxoBanus. MccnenoBans! GorokaraquTHIeckne CBOMCTBAa HAaHOCTPYKTYp Ag—AgBr, copmupoBaHHBIX
METOJIOM HHM3KOTEMIIEpaTypHOI0 MOHHOTO oOMeHa C mocieaylomieil TepmMooOpaboTkoi B HATPUEBO-LMHK-
AIIFOMOCHJINKATHOM cTekiIe ¢ 6pomMom. MeToa. CHHTE3UPOBAHO CTEKIIO HAa OCHOBE MaTpuibl Na,O—-Zn0O-Al,05-Si0,,
JETUPOBAHHON OKcHAaMHu cypbMbl Sb,03, nepus CeO, u 6poMmoM. MeTo0M HOHHOTO 0OMEHA Ha TMOBEPXHOCTHU
HaTPHUEBO-IMHK-ATIOMOCHINKATHOTO CTeKJIa CHOPMHUPOBAH CIIOi, comepkamuii HOHBI cepedpa. OOpa3sl OBLITH
norpykeHsl B cMech HUTpatoB SAgNO;/95NaNO; (mo1.%) npu temneparype 320 °C B TeyeHne IBYX 4acos.
INocnenyromas TepmoodpadoTka pu 500 °C mpuBena K GopMHPOBaHUIO HAHOCTPYKTYp Ag—AgBr B moBepxHOCTHOM
cioe. dorokaranuTHUecKue cBOHCTBA Ag—AgBr HaHOCTPYKTYp Ha TOBEPXHOCTH CTEKJIAa M3MEPEHHI 10 Jerpalalni
METHJIOBOTO OpaHKeBOro Kpacutelis. OcHOBHBIE Pe3yJIbTaThl. [IpoBeIeHO KOMIUIEKCHOE HCCIIeI0BaHUE CIIEKTPaIbHBIX
u porokaTamuTuyeckux cBOMCTB Ag—AgBr HaHOCTPYKTYp. [ToKa3aHo, 4TO MoCIe HOHHOTO OOMEHa U TepMO0OPabOTKH
chopMupoBanack Kpucrauinueckas obonouka AgBr pasmepom 6 HM Ha HaHOuYacTUIAx cepebpa. YCTaHOBICHO,
4YTO Hauuuue (HOTOKaTaIM3aToOpa ¢ HAHOCTPYKTYpaMu Ag—AgBr B MOBEpXHOCTHOM CJIO€ CTEKJIa B MpoIecce
yABTPa(uoNeTOBOr0 OOMyUeHHUS IPUBEIIO K JEeTpajalliil METUIOBOTO OPAaH)KEBOTO KpacuTens Ha 77 %. YMeHblIeHHe
TOJIIIUHBI HOHOOOMEHHOTO CJIOSI IO 5 MKM MOCPEICTBOM XHMHUYECKOTO TPABICHHS yMEHBIINIO 3((HEeKTHUBHOCTH
Jierpajalliyl METHJIOBOTO OPAHXeBOTo KpacuTems 10 15 %. [IpakTuyeckast 3Ha4NMOCTh. Pe3ynbraTer paboTsl MOTYT
OBITH MPUMEHHMBI B yCTPOHCTBAX /ISl (POTOKATATMTHYECKOTO PA3JIOKEHHs BOJBI ITPU ITOTyUSHUH BOIOPO/IA.

KiioueBrble c10Ba
HMOHHBII 00MEH, OPOMHTHOE HATPHEBO-IIMHK-TFOMOCIITHKATHOE CTEKII0, HAHOYACTHIIBI cepedpa, AgBr HaHOKpHUCTAILITHI,
(hoToKaTaIK3, MCTUIIOBBIN OPAHIKEBBII KPACUTEITh
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Abstract

The photocatalytic properties of Ag—AgBr nanostructures formed by low-temperature ion exchange method and
followed heat-treatment in bromide sodium-zinc-aluminosilicate glass have been investigated. Glasses based on
Na,0-Zn0-Al,0;-Si0, system and doped with Sb,03, Ce,05 and Br were synthesized. Layers containing silver ions
were formed on the surface of sodium-zinc-aluminosilicate glass by the ion exchange method. The glass samples were
immersed in a bath containing a melt of nitrate mixture SAgNO;/95NaNO; (mol%) at 320 °C for 2 hours. Subsequent
heat treatment at 500 °C resulted in a formation of Ag—AgBr nanostructures in the surface layer. The photocatalytic
properties of the Ag—AgBr nanostructures on the glass surface were measured by the decomposition of the methyl orange
dye. A comprehensive study of the spectral and photocatalytic properties of Ag—AgBr nanostructures has been carried
out. It was shown that, after ion exchange and heat treatment, the AgBr crystal shells with a size of 6 nm were formed
around silver nanoparticles. It has been established that the presence of a photocatalyst with Ag—AgBr nanostructures in
the surface layer of glass under ultraviolet irradiation leads to degradation of the methyl orange dye by 77 %. Reducing
the thickness of the ion-exchange layer to 5 pm by chemical etching decreased the degradation efficiency of the methyl
orange dye to 15 %. The results of the work can be applied in devices for the photocatalytic decomposition of water to
produce hydrogen.
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BBenenune

B Hacrosiiee Bpemst 4eJI0BEYECTBO BCE IIIE HCIOIb3YET
JUIS TIOJTyYeHHUSI SHEPTHH TOPIOYHE PUPOIHbBIE CKOTae-
Mble. Ho mX 3amacel ¢ KaX/[bIM TOIOM YMEHBIIAIOTCS U CO
BpeMeHeM OymyT ucTtomieHsl. [1o 3Toi mpuyunHe ydeHble
aKTHBHO BEAYT MOKUCK AJIBTEPHATUBHBIX HCTOUHUKOB SHEP-
ruu. [Ipu 3TOM BaXKHO HCIIOIb30BaTh SKOJIOTHYECKHU YUCTHIE
HCTOYHUKHU DHEPI'HH, Hanpumep Bojpopox. Pasioxenue
BOZIBI IO JieiicTBUEM yabTpaduoneroBoro (YO) u Buau-
MOTO COJHEYHBIX M3JIy4YeHUH Ha BOAOPOJ U KUCIOPOI —
MIPUOPUTETHOE HANPABJICHHE B COJIHEYHON SHEPreTHKE.
[Ipu oTokaTaNUTHUECKON pEaKIMK PA3JIOKEHUS BOJIBI
He o0Opasyercst MOOOYHBIX BELIECTB, KPOME KHUCIOpoaa 1
BOJIOPO/IA, YTO MTO3BOJISICT OTHOCHTH TAKYIO TEXHOJOTHIO K
«3eneHon» sHepreTuke [1].

Bonpnioe uncino HaydHBIX pabOT MOCBSIIEHO U3yUe-
HUIO (HOTOKATATUTHIECKON A (HEKTUBHOCTH PA3IHIHBIX
COEIMHEHUH MepexoaHbIx MeTamnos (ZrO,, ZnS, ZnO,
WO;, TiO,, AgCl, AgBr, CuBr, u ap.) [2-5]. YerpoiicTBa
JUISL Pa3JIOKEHUs BOJIbI UCIIONIB3YIOTCSI B KQUECTBE KaTo-
JA0B COCIUHCHUA NMCPEXOAHBIX MCTAJIOB. HaHO‘-IaCTI/ILU)I
cepebpa 001a1a10T IITa3MOHHBIM PE30HAHCOM C HMOIJIOIIE-
HUEM B BUJIMMOM 00JIaCTH CIIEKTPa, YTO TAK)KE TTO3BOJISET
HCIIOJIB30BaTh UX B (JOTOKATAIMTUYECKUX PEakmusix [6].
lanorennasl cepedpa 00Ia1aI0T MOIYITPOBOJHUKOBBIMHU
CBOICTBaMU ¢ MIMPUHOH 3ampelieHHoM 3015 3,25 u 2,6 5B
st AgCl u AgBr cootBetrctBenHo [7]. B pesymbrare s
TIPEOOICHUS YHEPTETHYECKOTO Oapbepa B OpoMuze cepe-
Opa TpebyeTcss MEHbIIE SHEPTUH, IT0 CPAaBHEHHUIO C XJIO-
punom cepedpa. @otokaranm3aropsl Ha ocHOBEe Ag—AgBr
u Ag—AgCl nokasanu BbICOKYIO ()OTOKATAIUTHYCCKYIO
sddexrrBHOCTD [8—11], pu Ierpagayy pa3inyHbIX Kpa-
cureneil B npucyrcreun Ag—-AgBr/Ag—AgCl 6onee 90 %.
[Iponecc poToKaranUTUUECKON PEaKINU B TIPUCYTCTBUU
TIOJTYTIPOBOJIHUKA CBsI3aH ¢ 00pa3oBaHUEM 110 JICHCTBHEM

CBeTa JIEKTPOHHO-ABIPOUYHBIX nap. ChopmMupoBaHHEIE
TAaKUM METOIOM 3JIEKTPOHHO-IBIPOYHBIC TTApPhl MOTYT pe-
arupoBaTh KaK C MOJIEKYJIOW KPAcUTENsl, TaK U C MOJIEKY-
JIOW BOJIBI ¢ TIOCIEAYIOMINUM BBIIeTIeHHEM Bogopoaa [12].
MetunoBsiii opamkeBbiii kpacutens (MOK) — onun u3
Haunbosiee MIMPOKO MCIOJIb3YEMbIX MOJCIbHBIX 00BEKTOB
JUISL UCCIIeJOBaHNs (POTOKATAIMTUIECKUX CBOMCTB pas-
JUYHBIX MarepuasioB. [Ipn 3TOM B HEKOTOPBIX Hay4HBIX
paborax ormeueHo, 4To nerpananus MOK mox Bo3zaeii-
ctBueM YO uznydenust He npoucxoqut [13]. Hampumep,
IIPU MCIIOJIb30BAHUH JPYTOTO MOMYJISIPHOTO KPACHTEIS —
METHJIEHOBOTO TOIy00ro — MPOUCXOANT 00eCIIBEUNBAHUE
u 6e3 poTokarammzaropa [ 14], 4T0 OCIOKHAET HHTEpPIIPETa-
IIMIO 3KCIIEPUMEHTAIbHBIX JaHHBIX. [I[prMeHeHne TaHHOTO
METO/1a JaeT BO3MOXKHOCTb OLIEHUTh (DOTOKATATUTHIECKYTO
3G PEeKTHBHOCTD 10 OTHOIIEHHUIO K KPACUTEII0 U Jajiee
MIPOBECTH MUCCIICIOBAHNUS C BOJIOM.

Jns nonydenus HaHodactul Ag—AgBr/Ag—AgCl B
CTEKJIE MOXKET UCIOIb30BaThCsA MaTpUIla HATPUEBO-LIMHK-
amomocmukarHoro (HIIAC) crekna. B Hactosieii padore
HIIAC cTekno cuHTe3HpyeTcs Ha 0CHOBE MaTpHLbl Na,O—
Zn0-Al,05-Si0, u, Kak U Apyrue CUIMKaTHbIE CTEKIIa,
XapakTepu3yeTcss BBICOKOH MEXaHWYECKOH MPOYHOCTHIO
1 XuMu4eckoi croiikoctero. B maTpuny HIIAC crekia
BO3MOXKHO BHEJJPEHNE PA3IHMYHBIX HOHOB, B TOM YHCIIE Ce-
pebpa u ramorenoB. OHAKO W3-32 HU3KOH PaCTBOPUMOCTH
MOHHOTO cepedpa B CHIMKATHONW MaTpUIIE MOIyUCHNE BbI-
COKHX KOHIIEHTpanuii cepedpa BO3MOKHO TOJIBKO € IIOMO-
IO TEXHOJIOTUHU HU3KOTEMIIEPaTypPHOr0 HOHHOTO OOMEHa.
MeToz HOHHOTO OOMEHa 3aKIIoYaeTCsi B 0OMEHE IIETOYHBIX
KaTHOHOB U3 pacIljlaBa CoJIel MM APYyroro HCTOUYHMKA
MOHOB ILEJIOYHBIX, WU TIEPEXOHBIX METAJJIOB Ha HOHBI B
crekie. Takoi MeTo OTIIMYaeTCst POCTOTON U 3(h(heKTHB-
HOCTBIO B mpuMeHenun. [locnenyromas TepmoodpadoTka
CTEKOJ, OABEepTHYTHIX Nat—Ag' moHHOTO 0OMEHa, Mpu
HaJIMYUK B CTEKJIC BOCCTAHOBUTEIICH /ISl HOHOB cepedpa
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MIPUBOAMT K (POPMHUPOBAHUIO JIIOMHUHECIEHTHBIX MOJIEKY-
JSIPHBIX KJIacTepoB cepedpa MM HaHOo4YacTuI| cepedpa B
3aBUCHMOCTH OT TEMIIepaTyphl MOCIIeAyonIel TepMooodpa-
6otku [15, 16]. BoccranoBuTeneM nOHOB cepebpa MOTyT
SIBIISITHCSI JIIOOBIE MOHBI IIEPEMEHHON BAJICHTHOCTH, B TOM
YHCJIC MOHBI CypbMbI WITH 1iepus. [Ipu 3ToM, 1o aHamoruu ¢
(hoTto-TepMo-pepaKTHBHBIM CTEKIIOM, BOKPYT HAHOYACTH-
Bl cepedpa B TaJIOTeHUA-COAEPIKAIINX CTeKIax popMupy-
eTcst 000JI0YKa M3 TaJIOTeHUI0B HATpus U cepedpa AgBr/
NaBr (AgCl/NaCl) [17, 18], T. ¢. 00pa3yroTCs CIOKHBIC
CTPYKTYPBI B BUJIE CEPEOPSHOTO sijpa U rajoreHcoepKa-
mHX 000JI0YEK.

OnTHYecKUe CBOWCTBA HAHOKPHCTAIIOB OpOMUa Ce-
pebpa 06e3 spa U3 HaHOYACTHI cepeOpa ObLIN Mccien0-
BaHbl B HoHOOOMeHHOM ciioe HITAC ctekna ¢ Opomom
[19]. OnHako oTOKATATUTHYECKHUE CBOHCTBA CEPeOpPSHBIX
HAHOCTPYKTYp C TaJIoTeHHAaMHu cepedpa, chopMUpOBaH-
HBIMH B MaTpHIIE CTEKJIa, paHee He ncciaenoBainch. Llems
paboTel — m3ydeHHE (HOTOKATATUTHICCKIX CBOWCTB Ha-
Houacturl cepedpa Ag—AgBr, cuaresnpoBanasix B HITAC
CTEKJIE METO/IOM HH3KoTeMIeparypHoro Nat—Ag" nonHoro
oOMeHa.

MeTomosorusi u MaTepuaabl

B nacrosmeit pabote CHHTE3UPOBAHO CTEKJIO, HA OC-
nose HIIAC marpuisr Na,0O-ZnO-Al,05-Si0,, zerupo-
BaHHOW oxcuaamu cypbmbl Sb,O5 n nepust CeO,, a Taxke
6pomom (nmanee mo tekcty GAgBr). Cepebpo BBOAMIOCH
MeToIoM Hu3KoTeMneparypHoro Nat—Ag* nonHoro oome-
Ha. J{yis aTOoro 00pasikl cTekiIa nocie MUIMQGOBKU U TOJHU-
POBKHU IOrpyaluch B cMech HUTpaToB AgNO5/NaNOjs,
cozepskamemM 5 mon.% AgNO; npu Temneparype 320 °C
B TeueHue 2 4. [l u3mepeHust npoduiis moxasares mpe-
JIOMJICHUSI IPUMEHEHA BOJTHOBO/IHASI METO/INKA, H3MEPEHBI
pE30HAHCHBIE YIJIbI BO30YKCHUS BOJTHOBOIHBIX MOJ C
HCIIOJIb30BaHUEM CTEKJIIHHBIX TIPU3M ISl BBOJIA/BBIBOJIA
mnyueHns He-Ne mazepa (A = 632,8 am). [To momy4deHHBIM
yraMm omnpezesieHb! 3G QEeKTHBHbIE TTOKa3aTeH MpesIoMIIe-
HUS BOJHOBOAHBIX Moz. IIpodunm mokasarens mpeaom-
JCHUSI HOHOOOMEHHBIX CTEKOJ PAaCCUUTAHbI HA OCHOBE
U3MEpEHHBIX d(P(OEKTUBHBIX MMOKA3aTEICH MPEIOMICHHS
BOJIHOBOJTHBIX MOJI C MCIIOJIb30BaHUEM 0OPaTHOTO METO/a
Benruens—Kpamepca—bpumtosna [20].

3arem 00pas3Iibl CTEKIIA MOIBEPTaIUCh TEPMOOOPaOOTKE
npu Temneparype 500 °C B Teuenue 3 4. B pesynbrare B
crekie GAgBr 661 chopMHUpOBaH CIIOH ¢ HAHOCTPYKTY-
pamu Ag—AgBr.

HccnenoBanne GpoTOKaTATUTHIECKUX CBOMCTB BBITION-
HEHO ITyTEM CPaBHEHUS CHEKTPOB MOITIOMICHHUS! BOJHOTO
pactBopa MOK (1 mr kpacurenst na 100 ma H,O) npu
ero YO obmydenun 0e3 obpasma u ¢ 00pa3IoM B KIOBETE.
Iepen n3mepeHusmMu 00pasLbl BbIIEPKUBAIICH B TEMHOTE
B Teuenune 30 muH B pactBope MOK 11t ycTaHOBICHHS
PaBHOBECHS IPOLIECCOB aCOPOIIMU-ISCOPOIIMU KPACHTEIIS
Ha MOBEPXHOCTH 00pa3noB. B kayecTtBe uctounuka YO u
BuanMoro usnydenuit (320-500 HM) ncnonb30BaHa Jlamra
Exfo Novacure 2100. CrieKTpbl MOIIOLICHUST H3MEPEHBI
¢ nmomouipio crnekrpoporomerpa Lambda 650 (Perkin—
Elmer). [In0oTHOCTS MOIIHOCTH M3ITyYEHUS JIAMIIBI, J10-
LIEIErO 10 00pasLoB, coctaBmia 80 MBr/cm2. Bennunna

Jerpaganuu kpacutens C/Cy paccuuTaHa Kak OTHOIICHUE
3HAa4YEeHUH onTHdeckor mioTHocTH C KpacuTess K IUIOT-
HOCTHU J10 Hayaja oOnyuyenus C, Ha AJIMHE BOJIHBI 465 HM.

PenTrenorpamMmsbl 00pas3IoB MOJyYEHBI C MIOMOIIBIO
pentrenosckoro nudpakromerpa Ultima IV (Rigaku).
Pacuer nnameTpa HAaHOCTPYKTYP IO JTaHHBIM PEHTICHO]A-
30Boro aHanmza (PDA) BemonaeH mo ¢popmyne leppepa
[21-25]:

d= KM(Bcosb),

rae K — mocrosiaaas [lleppepa; A — UTMHA BOTHBI PEHTTE-
HOBCKOTO M3ITy4CHUS; [} — IIMPUHA TIHKA HA TTOTyBBICOTE;
0 — yron nudpaxmun.

Tak KaK MOBEPXHOCTH (POTOKATAIM3aTOPa UIPACT BaXK-
HYIO pOJIb B PEAKITUH, TO MIPOBEICHO UCCIIETOBAHNE BN~
HUsI 00paOOTKH CTEKJIa B pacTBOPE TUIABUKOBOM KHCJIOTHI
TS yAaneHusl pebe(HOTO U TPEIIHHOBATOTO MOBEPX-
HOCTHBIX CJIOEB CTEKJa TOJUMHON A0 5 MKM. /[aHHBIN
METOJI TI03BOJIIET BBHIBECTH HAHOCTPYKTYpbl Ag—AgBr Ha
MOBEPXHOCTB 00pasia 1 B pe3ysibTare yBEINYUTh IUIONIAb
B3aUMOJIHCTBUS KPACUTENS C HAHOCTPYKTYpaMHu.

Pe3ysibTarsl un 00cyKaeHHE

Ha puc. 1 mpencTaBieHsl CIEKTPHI MOTIOUICHHS 00-
pasIoB 10 ¥ MOCJIe HOHHOTO 0OMEHa, MOCiIe HOHHOTO 00-
MEHa M TepMOOOPabOTKH, a TAKKE IMOCIC XUMHUYCCKOTO
TpaBJICHUs JJIsl YIAJICHUsl CJI0E€B TOJNIIUHON 2 U 5 MKM.
HcxogHoe cTeK0 NeMOHCTPUPYET HU3KOE MOTIIOLIEHHE
Matpuubl HIJAC crTekna Bo BceM BUJIUMOM JUala3oHe.
ITonoca nornomenust ¢ MakcumymoM mipu 310 HM cBsi3aHa
¢ nornomenreM HoHOB Ce3*, a KOPOTKOBOJIHOBOE ILIEYO0
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Puc. 1. Cnexrpsl nornommennst GAgBr HaTpreBo-IIMHK-
QITFOMOCHJIMKATHOTO CTEKJIA: HCXOMHOTO (KpuBasi /); mocie
HOHHOTO oOMeHa (kpuBas 2); mocjIe HOHHOTO 0OMeHa
M TIocienyromniei TepMoodpadotku (kpusas 3); mocie
TPAaBJICHHUS CII0EB 2 MKM (KpHBast 4) 1 5 MKM (KpuBas J)

Fig. 1. Absorption Spectra of GAgBr sodium-zinc-
aluminosilicate glass: initial (curve /); after ion exchange
(curve 2); after ion exchange and subsequent heat treatment
(curve 3); after etching of layers 2 um (curve 4) and 5 um
(curve )
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cooteercTByeT Cett [26, 27]. [Tocie nonHoro ooMeHa npo-
HUCXOAMT JJTMHHOBOJIHOBBIN CBUT Kpast YD MOIVIONIeHus 3a
CUeT BHEJIPEHHBIX B CTEKJIO HOHOB cepedpa. [Tocie nonno-
ro oOMeHa U TepMOOOpabOTKH 00pa3zel] XapaKTepHu3yeTcst
BBICOKMM TIOTJIOIICHUEM BO BCEM BUIMMOM JIHATIa30He, YTO
CBSI3aHO C 00pa30BaHMEM HAHOYACTHII TUTIA SIPO-000T0IKa
Ag—AgBr. [Tocne XUMHUYECKOTO TpaBIICHHUS aMIDTATY/IA M0-
mromenns B ooactr 600-800 HM CHMKAETCS BCIIEICTBUE
YMEHbIIECHHS TOJIIUHBI CII05, COAEPIKAIIET0 HAHOCTPYKTY-
pbl Ag—AgBr. Ha puc. 2 npezcrasnen npoduiib nokaszaresns
IPETIOMIICHHUS CTEKJIa TI0CTIe HOHHOTO OOMeHa. 3aMelleHue
MOHOB HaTPUsI HA MOHBI cepedpa MPUBOINT K YBEIMYCHUIO
TIOKazaTess MPEIOMIICHUsI CTEKIIa 3a CcUeT Ooee BHICOKOM
noJsipuzyeMoctu cepedpa [28]. [lyOruHa HOHOOOMEHHOTO
cinost cocraBuia 47 MkM. OTMETHM, 4TO 3P PEeKTUBHBIC
nokasarenu npenomienus s TE- u TM-mon coBnanu,
YTO TOBOPUT 00 OTCYTCTBHUH JIBYIydeHpesIOMIICHUS, U,
Kak CJEACTBHE, HANPSDKCHUH B UCCIEAYEMOM CTEKJIE TIPH
Nat—Ag" nonnoro oomena. B takom ciydae npoduib mo-
KazaTess MPeJIOMIICHNUS ONPEEIISIETCs TOJIBKO KOHIIEHTpa-
el noHoB cepedpa. PopMupOBaHNE HAHOYACTHI] B CII0E
C TPAJMECHTOM KOHLICHTPALUK cepedpa MOXKET IPUBOAUTD
K U3MEHEHHIO COOTHOILCHUS Pa3MepoB cepeOpsSHOro sapa
Y TJIOTEHU/IHON 00O0JIOUKH 110 ITyOUHE CIIosl.

Pentrenoga3zossiii ananus crekia GAgBr (puc. 3) ne-
MOHCTPUPYET HaJlnuue nojoc Ha 26°48', 31°, 44°24' 55°06/,
COOTBETCTBYIOIIMM HaHokpuctamiam AgBr [29, 30], u
rojiocy HaHodacTul cepedpa Ha 38° u 44°. Ilo dopmyne
[eppepa ObUTH paccYUTaHBl YCpEIHEHHBIE pa3Mephl: KpH-
cTayutoB Opommua cepedpa, 3HauCHUS KOTOPBIX COCTABIIIN
6 HM, 1 HaHOUYaCTHUI cepebpa B cTexiie GAgBr — 2 Hwm.

N3o6paxenne ckona (puc. 4) MOIYICHO C TOMOIIBIO
OIITHYECKOTO MHUKPOCKOTIIA U MTO3BOJISIET ONPEIEIUTD TOJ-
HMHY HOHOOOMeHHoro ciosi 6pomunHoro HIJAC creka,
koTopasi cocraBisierT 163 mxm. Takum 00pa3om, TONIIMHA
HMOHOOOMEHHOTO CJIOSI IT0CIIe TEPMOOOPaOOTKH IPEBbIIIACT
TOJIIMHY CJIOsI TIOCJIe MOHHOTO 0OMeHa NpUMepHO B 3 paza
3a cuer qudPy3un HOHOB cepedpa BIIyOb cTekia MpHu
TepMO0OpaboTKe.
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Puc. 2. llpodunp nokaszarens nperomseHus crexkina GAgBr
nocne noHHoro oomeHa (5 %AgNO3/95 % NaNOj; B Teuenue 2 )

Fig. 2. Refractive index profile of GAgBr glass after ion
exchange (5 %AgNO3/95 % NaNOs, 2 h)
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Puc. 3. Tudpaxrorpamma crekina GAgBr mocie HoHHOTO
obOMeHa 1 TepMo0OpaboTKH

Fig. 3. XRD patterns of GAgBr glass after ion exchange and
heat treatment

MOK o6nagaer moinocoi NOrIOMEHUs ¢ MAKCHMYMOM
B obmactu 450—470 um [31]. Kak moka3sIBalOT pe3yib-
TaThl 3kcniepuMenTa, MOK mpaxkTuuecku He B3auMozei-
CTBYeT ¢ M3IyueHHueM Oe3 (oTokaramusaropa (puc. 5, a).
Ortnomenne C/Cjy B 9TOM Clly4ae He YMEHBIIAETCS HIKE
0,97.

Ha puc. 5, b npencTaBieHbl CIIEKTPHI TOTIOMIEHUS BO-
nHoro pactBopa MOK ¢ o6pasnom crekina GAgBr 6e3
TpasieHus. C yBeIHYEHUEM JITUTEIbHOCTH YD obiyde-
HUSI yMEHBIIIAETCS HHTEHCUBHOCTH MOJIOCH! TTOTIOLICHUS
MOK. Bennuuna orsomenus C/Cy npu o6ayuenun MOK

-

Croit

C HAHOCTPYKTypPaMH
Ag—AgBr —  —

HemonuounuposanHoe
CTEKJIO

200 MmxMm

Puc. 4. 3o6paxenue cromna crexsia GAgBr ¢ Hanouactiamn
Ag—AgBr, chopMupoBaHHBIMH METOJJOM HOHHOTO OOMEHA U
MOCIIeIYoIeH TepMO0OPadOTKH
Fig. 4. Image of a GAgBr glass cleavage with Ag—AgBr

nanoparticles formed by ion exchange and subsequent heat
treatment
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Puc. 5. CnekTpbl NOMIOMIEHHUS BOJHOTO PACTBOPA METHIIOBOTO OPAH)KEBOTO KPACHUTENIS TTOCIIE YABTPadhUOIeTOBOro 00mydeHus (a) u ¢
obpazuom GAgBr, He moaBepTraBIIMMCS TPABJICHHUIO [0 ¥ MOCTE YIETpapHroaeToBoro oomy4deHus (b)

Fig. 5. Absorption spectra of an aqueous solution of methyl orange dye after ultraviolet irradiation (a) and with a GAgBr sample not
subjected to etching before and after ultraviolet irradiation (b)

3a nepBbie 14 MuH 00yueHus cocrapmia 0,75, a nanee —
0,23. Y® u BUIMMOE U3Iy4EHHUS MOTYT HOIVIOIMAThCA KAk
HaHOYACTHLIAMH cepebpa, Tak U HaHOKpHCTaIaMH Opo-
Muzaa cepedpa. B aTom ciyuae remepupyercst 6oibiioe
KOJINYECTBO AJIEKTPOHHO-IBIPOYHBIX Map. [Ipu 3ToM apIpKy,
c(OpMHUPOBaHHBIC B KPUCTAIUTIMUECKON 000I109Ke OpoMHIa
cepebpa, MOTYT OKHCISTH HOHBI OpOMa 10 aTOMapHOTO
cocrostaust. C 0HOM CTOPOHBL, onydeHHbIi Brl, a ¢ npy-
TOM CTOPOHBI JBIPKH, C(HOPMUPOBAHHBIC HA HAHOYACTUIIAX
cepebpa, MOTyT OKHCIATH MonieKyrry MOK [31].

Ha ¢ororpaduu kroBetsl (puc. 6) nokazaHo odeciise-
ynBaHue pactsopa ¢ MOK, BrI3BaHHOE ero aerpaganueit
nocne obnydeHus B TedeHue 31,5 MUH B IPUCYTCTBUH
obpasma GAgBr.

Puc. 6. ®oTO KIOBETHI ¢ BOIHBIM PACTBOPOM METHJIIOBOTO
opamxeBoro kpacuterns 10 (/) u nocine (2) obinyuenust ¢ GAgBTr.
B kroBete nocie obnydenus Haxoxurcst oopaserr GAgBr

Fig. 6. Photo of a cuvette with an aqueous solution of methyl
orange dye before (/) and after (2) irradiation with GAgBr. The
cuvette after irradiation contains a sample of GAgBr

dotokaranuzarop GAgBr obecuBeunBaeT pacTBop
MOK Ha 77 %. lerpagauus MOK B npucytctBun $oTo-
karanm3aropa n3 opomuaaoro HIIAC crekna nocne yznase-
HUSI TOHKUX TTOBEPXHOCTHBIX CJIOEB CTEKJIa TONIIMHAMH 2
U 5 MKM C TIOMOII[bIO XUMUYECKOT0 TPABJICHHS COCTaBHIIa
36 % u 15 % coorBercTBeHHO (pHc. 7). Hanbomnee BeposT-
Has IPUYMHA CHIDKEHHS (DOTOKATaMTHYECKOI aKTHBHOCTH
IIPY YOAJICHUU CJIOEB CTEKJIA — HAJIMYME TPEIIMHOBATOTO
CJIOS CTEKJIa Ha TIOBEPXHOCTH 00pa3moB. M3BecTHO, 4TO
XMMHUYECKOE TPABJICHNE IPUBOJNT K TIOBBIIICHUIO MEXaHH-
YECKOH MMPOYHOCTH CTEKIIA 32 CUET yAAJICHUS TPELIMHOBATO-
ro cios [32]. B cirydae uccienyemMsix 00pasIoB ynaaeHue
TPEIIMHOBATOTO CJI0sI CHIDKAET IUIONagb «padoueii» mo-
BEPXHOCTH CTEKJIa C HAaHOCTpyKTypamu Ag—AgBr, uTo Ha-

1,0 4
0,8
S 0,6 -
&) 6

- m ]

v 2
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JlnuTensHoCTh 00IyYeHns, MUH

Puc. 7. I'padux 3aBucumoct C/C(y METUIIOBOTO OPAHKEBOTO
kpacureins (/) u ¢ oopazuom GAgBr 110 (2) u iocine TpaBiIeHUs
cnost 2 MxM (3) u 5 MkM (4) Ha JuIMHE BOJHBI 465 HM
Fig. 7. C/C, plot of methyl orange dye (/) and with a GAgBr

sample before (2) and after etching of layers 2 pm (3) and 5 um
(4) at a wavelength of 465 nm
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Puc. 8. Cxema GpopMupoBanust HAHOCTPYKTYp Ag—AgBr: rcxomHOE CTEKI0 (a); Iocie HOHHOTO oOMeHa (b); mociie TepMooOpabOTKH
(c); mocne TpaBnenus (d)

Fig. 8. Scheme of the formation of Ag—AgBr nanostructures: initial glass (a); after ion exchange (b); after heat treatment (c); after
etching (d)

XOIUT CBOE OTPa)KCHHE B CHU)KCHUH CTCIICHHU JieTpalalliy
kpacutenst. CXeMaTH4HO BIMSHUEC XMMHYECKOTO TPaBIICHUS
Ha (OTOKATAITUTUYECKHE CBOMCTBA HAHOCTPYKTYP B HOHO-
OOMEHHBIX CIIOSIX CTEKJIa IpeAcTaBiIeHo Ha puc. 8. Cpean
JPYTHX BEPOSTHBIX NPUYUH, OKAa3bIBAIOLIMX BIUSHUE Ha
(oTOKaTaNUTHYECKHE CBOMCTBA HAHOCTPYKTYp Ag—AgBr,
CTOMUT OTMETHTh YMEHBILICHNE KOHIEHTPAIMH HAHOCTPYK-
Typ, a TAKoKe U3MEHSAIOLIeecs: COOTHOILIEHHE HOHOB cepedpa
n Opoma 110 nryOMHe CTeKIa.

3akJjroueHne

B pabore ucciienoBanbl CrieKTpaibHbIE CBOHCTBA HAHO-
cTpykTyp Ag—AgBr, chopMupoBaHHBIE METOIOM HOHHOI'O
oOMeHa U Toclietyonieii TepMooopadboTKi B OPOMHITHOM
HaTpPUEBO-IIMHK-AJIFOMOCHIIMKAaTHOM cTekJie. [TokazaHo, uto
HaHOCTPYKTYpbl Ag—AgBr 06:1a1a10T BBICOKHM IOIJIONIE-
HHEM BO BCEM BHAMMOM Jinarna3oHe. YCpeaHeHHbIH pazmep
KpHcTaiuioB AgBr 1 cepeOpsiHBIX HAHOYACTHIL COCTaBHII 6
1 2 HM COOTBETCTBEHHO.

[TokazaHa BbICOKas (hOTOKATAIUTHUECKAst aKTUBHOCTD
HaHOCTPYKTYp Ag—AgBr, copMIpOBaHHBIX B HOHOOOMEH-
HOM CJIO€ HATPUEBO-IIUHK-ATIOMOCHUINKAaTHOTO CTEKIIa —
Ha MpHUMepe Aerpagallii METUIOBOIO OPaHKEBOTO Kpa-
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curens. llomydeHo, 4to obimydeHue ynbTpadnoaeToBbIM
¥ BUANMBIM m3nmydeHusMu Ag—AgBr ¢oTokaranmmsaropa
TIPUBOINT K Jerpajantuu Kpacurens Ha 77 %. Jlerpamarus
KpacHTels B IPUCYTCTBUH (pOTOKaTaIM3aTopa U3 OpOMuU-
HOT'0 HaTPUEBO-IIMHK-AJIFOMOCHIMKATHOIO CTEKJIa IIPOUCXO0-
JUT MOCPEJCTBOM OKHCIIEHHS MOJEKY/Ibl KPacHTelNs JbIp-
KamH, chOPMUPOBAHHBIMHU TIPH 0OJIYYEHHH HAHOCTPYKTYP
Ag—AgBr. TIpu ynaneHun TOHKOTO MOBEPXHOCTHOTO CJIOS
CTEKJIa MOCPEACTBOM XMMUYECKOTO TPABJICHUS OTMEUEHO
CYLIECTBEHHOE CHU)KEHUE CTENEeHH JAerpajallid METUIO-
BOTO OpamHxeBoro kpacuress ¢ 77 % g0 15 % B cBsizu ¢
yAaJIeHHEM pelbe(HOTO U TPEUIMHOBATOTO CIIOS CTEKJIA,
YTO 00YCJIOBJICHO CHIDKEHHEM IUIOIAIN B3aNMOACHCTBHUS
KpacuTens ¢ HaHocTpykTypamu Ag—AgBr. Takum o6pa-
30M, HAaTPUEBO-I[MHK-ATIOMOCHIIMKATHOE CTEKIIO C HAaHO-
ctpykrypamu Ag—AgBr mokasano ce6st mepCcreKTHBHBIM
(hoToKaTaNM3aTOPOM, KOTOPBIH ITOTEHIIHATEHO MOXKET OBITH
UCIIOJIb30BaH B CUCTEMaX sl Pa3JIOKEHUs BOJbI HA BOJIO-
POX ¥ KUCTIOPOJ JUIA 33714 3eJICHOM 3HepreTuku. s yrou-
HEHHSI MEXaHU3MOB (POTOKATATUTUYECKOTO PA3JIOKEHHS
METHUJIOBOTO OPaH)KEBOT0 KPAaCUTENIS P B3aUMOECHCTBUN
¢ HaHoCcTpyKTypamu Ag—AgBr B cTekiie TpeOyrorcs alib-
HEHIMe 3KCIIEPUMEHTHI.
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AHHOTAIUA

IMpenmer ucciaenoBanms. Mojienu naMsATH 331a10T CEMaHTHKY MHOTOTIOTOYHBIX TIPOrPaMM, PabOTaOIIHX C pa3aessseMOi
naMAThi0. B HacTosmiee Bpems 3Ta 00J1acTh aKTHBHO Pa3BUBAETCs, CO3IAIOTCS HOBBIE MOJICIIU MAaMATH, BOCTPEOOBAHBI
HOBBIE Cpe/ICTBa (OPMATU3AIIH TAKHX MOJETICH, a TaKKe CIIOCOOBI M CPE/ICTBA I0Ka3aTeIbCTBA UX CBOUCTB. B pabore
paccmoTpeHa 3anada GopManbHON cnennduKauy MoJeneii MaMsITH B CHCTEMaX MHTEPAKTUBHOTO OKA3aTeIbCTBA
teopeM. Metoza. conp30BaH CEeMaHTUYECKUN TOMEH SI3bIKOB YaCTUYHO YIOPSAOUYCHHBIX MYIBTUMHOXKECTB HITH
SI3BIKOB TIOMCETOB. [IpeiokeH MeTo]] KOMUPOBKH CEMaHTHYECKOTO JIOMEHA ¢ TIOMOIIBI0 (DaKTOP-THUIIOB U 00CYKICHBI
€ro JIOCTOMHCTBA U HepocTarkn. OcHOBHBIE pe3yabTarhl. [IpencraBnena Oubmuoreka, pa3paboTaHHAs B CUCTEME
Coq, peanusyromas MpeaIoKESHHBIH MeToI. B paMkax OMOIMOTEKH yCTaHOBIICHA B3aUMOCBS3b S3BIKOB ITOMCETOB C
TPaJMLIMOHHON ONEPAIMOHHON CEMAaHTHKOM, 3aIaHHON B TEPMUHAX MMOMEUEHHBIX CHCTEM MEPEX0I0B. DTO MO3BOJIUIO
cneuuduuuposath B Coq MOJETH MaMsITH, TapaMEeTPU30BAHHBIC ONEPA[HOHHON CEMaHTUKOI CTPYKTYpBI JaHHBIX,
U, TaKUM 00pa3oM, pa3aesuTh ONpeaesICHUsI MOACTH NaMATH U CTPYKTYpbl JaHHBIX. [IpakTHyeckasi 3HAYUMOCTb.
Ipennoxennas 6ubIMOTEKA MOKET OBITH UCIIONB30BaHA IS (POPMATLHON crieru(UKaIy 1 JOKAa3aTeIbCTBA CBOUCTB
IIIPOKOTO KJlacca Mojieneld mamsti. UToObI mpoaeMOHCTPUPOBATh 9TO, B paboTe MpUBeAeHa (OpMAaIH3aIi HECKOIBKIX
0a30BBIX MOJIETICH, 2 IMEHHO, MOZICTICH TTOCIICIOBATEILHOI, TIPUYNHHON U KOHBEHEPHOI COITaCOBaHHOCTH.

KiioueBrble c10Ba
MOJICIIH TTAMSITH, SI3BIKH TOMCETOB, (pOpMalIbHAsI CEMaHTHKA, CHCTEMbI HHTEPAKTHBHOTO JI0KAa3aTelIbCTBA TEOPEM
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Abstract

Memory models define semantics of concurrent programs operating on shared memory. Theory of these models is an
active research topic. As new models emerge, the problem of providing a rigorous formal specification of these models
becomes relevant. In this paper we consider a problem of formalizing memory models in the interactive theorem proving
systems. We use semantic domain of pomset languages to formalize memory models. We propose an encoding of pomset
languages using quotient types and discuss advantages and shortcomings of this approach. We present a library developed
in the Coq proof assistant that implements the proposed approach. As a part of this library, we establish a connection
between pomset languages and operational semantics defined by labeled transition systems. With the help of this theory,
it becomes possible to define in Coq memory models parameterized by the operational semantics of an abstract datatype,
and thus to decouple the definition of a memory model from the definition of the datatype. The proposed library can be
used to develop formal machine-checked specifications of a wide class of memory models. In order to demonstrate its
applicability, we present specifications of several basic memory models: sequential, causal, and pipelined consistency.
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memory models, pomset languages, formal semantics, interactive theorem proving
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BBenenue

B nocnennee Bpemst MOTyqmIN IIHPOKOE PACIpOCTpa-
HEHHE MHOTOIIOTOYHBIE ¥ PACTIPEEIICHHBIC IPOTPaMMHBIE
cuctembl. COOTBETCTBEHHO, aKTyaJIbHON 3a7adeil sBiIs-
€TCs TOBBIIICHUE HAJEKHOCTH TaKUX CUCTEM. B cBsizu ¢
STHM aKTHBHO Pa3BUBAETCS TEOpHs Mozenei mamsartu [1]:
HOSIBIISIIOTCSL CHIEHU(HUKAIMK MOJIeIel MaMsTH TPOLECCOo-
pos, Harpumep, Intel [2], POWER [3], ARM [4], s13b1k0B
nporpammupoBanus C/C++ [5], Java [6, 7], LLVM [8],
JavaScript [9], a Takke Moesnel mamMaTH PacIpeaeIeHHbIX
cucteMm [10-12]. [TomoOHBIC crielpUKAIIUN H3BECTHEI
CBOEH CJIOKHOCTBIO, @ B JI0Ka3aTeIbCTBAX MX KIFOUEBBIX
CBOICTB «Ha Oymare» HepeIKo HaxXOJsATCs CyIeCTBEHHbIE
ommOku [13, 14]. TTo 310l mpuyrHE CTaHAAPTHOH MPAKTH-
KOW CTAaHOBUTCS (hOpMaTH3aUs JAHHBIX CIEHUPUKAINT
B MHTEPAKTUBHBIX CUCTEMAaX JOKa3aTelIbCTBA TEOPEM, Ta-
kux kak Coql, Isabelle?, Agda3. Dtu cucTeMbl O3BOJISIOT
chopMyIUpOBaTh MaTeMaTHYECKHE YTBEPIKACHHS U UX
JI0Ka3aTeNbCTBA Ha CHEeIUaIbHOM SI3BIKE, a 3aTeM aBTOMa-
THUYECKU TPOBEPUTH KOPPEKTHOCTh ITUX JI0KA3aTEIILCTB.
JlaHHbIe CUCTEMBI HCHONB3YIOTCS KaK JUIsl (hopMai3anum
MaTeMaTH9YecKux Teopuii [15], Tak u i pa3paboTKu Kop-
PEKTHOTO ITporpaMMHOro obecriedenust [16].

[Ipn popmManuzanuu CEMaHTUKH MHOTOIOTOYHBIX
IIPOrpaMM HCIIONB3YIOT JINOO TTOIXO/bI, OCHOBAaHHBIE Ha
OIIEPalIMOHHON CEeMaHTHKE C depemoBaHueM (interleaving
semantics), MO0 TOXOIBI HA OCHOBE TaK Ha3bIBAEMBIX
MoOeneli UCMUHHOU KOHKYpeHmHocmu (true concurrency),

I The Coq Proof Assistant (2021) [DnexTponHsIit pecypc].
Pesxxum moctyma: https://doi.org/10.5281/zenodo.4501022 (mara
oOpamenus: 21.03.2022).

2 Isabelle Proof Assistant [DnekTponHbIi pecypc]. Peskum jio-
cryna: https:/isabelle.in.tum.de/ (nata obpamenus: 21.03.2022).

3 Agda language reference [DnexkTpoHHBIN pecypc].
Pexxum pocryna: https://agda.readthedocs.io/ (nata obparie-
uust: 21.03.2022).

KyZa OOBIYHO OTHOCAT Takue (OpMalin3Mbl, KaK A3BIKH
YACTUYHO YMOPSIOYCHHBIX MYJIbTUMHOXKECTB (MU S3bI-
k1 momcetoB) [17, 18], Tpaccsl Manypkuesuya [19],
cTpyKTypbl coObITuil [20], cetu Ilerpu [21] u npyrue.
Oco6eHHOCTh MOJIeNeil HCTUHHON KOHKYPEHTHOCTH B TOM,
YTO OHH ITO3BOJISIIOT SIBHO BBIPA3UTh MPUYNHHO-CIICACTBEH-
HBIE CBSI3M MEKIY aTOMapHBIMU COOBITHUSIMH CHCTEMBI H
HE paccMaTrpuBaTh BCe BO3MOXHBIC YEPEAOBaHHUS Mapaj-
JIeTBHBIX MpolieccoB. brarogapst JaHHON 0COOEHHOCTH B
TEOPUH MOJIEJIEH ITaMSITH B ITOCIIEIHIE TO/bI BO3OOHOBHIICS
uHTEpec K 3TUM dopmanmMam [11, 22, 23]. OtmeTnM, 9T0
(hopmManu3Mbl aKTUBHO HCTOIB3YIOTCS TPH pa3paboTKe
MHCTPYMEHTOB BepU(HUKALMH MHOTOITOTOYHBIX MIPOTrPaMM
U JISKaT B OCHOBE U3BECTHON TEXHUKH ONTUMH3ALUH 101
Ha3BaHUEM pedyKyusi yacmuunslx nopsokos (partial order
reduction) [24, 25]. Tem He MeHee CyLIECTBYOLIHE PAOOTHI
1160 He hopManu3yIoT criennUKalul Mojieel B cucTe-
Max jokasarenberBa TeopeM [10, 11], mubo ucmonb3yoT
Jutsl popMaM3auy HeKJIacCUUeCKUe BapHaHThI MOJeNei
WMCTUHHOM KOHKYPEHTHOCTH [22], KOTOpbIE HE BCErAa Co-
XPaHAIOT UX CBOMCTBa, W HE MO3BOJISIIOT MCIOJIB30BaTh
M3BECTHBIE TEOPETHUECKNE PE3YIIBTAThl O MOJEIAX U UX
B3aMMOCBSI3HU [26—28].

Henp paboTsl — dopmamu3anus TCOPUN MOJEIEH Hc-
TUHHOW KOHKYPEHTHOCTH [26] B CHCTeMaX HHTEPAKTHBHOTO
JloKa3arelnbcTBa TeopeM. PaccMoTpena npobiema ¢op-
Maju3aluyd OJHOM U3 Mozesed UICTUHHOW KOHKYPEHTHO-
CTH — SI3bIKOB NoMceToB — B cucteMe Coq. [Ipeanoxen
METOJl KOJMPOBKH CEMaHTHYECKOrO JJOMEHA C ITOMOUIBIO
gaxmop-munos (quotient types) [29]. IlpencraBiena
Oubnuorekat, peanusyoias JaHHbIA METOI U pa3pado-
TaHHas ¢ ucronb3oBanueM pacmmperus SSReflect [30]
n OubmoTekn GpopMaTM30BaHHBIX MaTeMaTHYECKHX TEO-

4 BuOnMoTEKa OCTYIHA 110 aapecy [DIeKTPOHHBIN pecypc].
Pexxum noctyma: https://github.com/event-structures/event-struct
(mara obpamenus: 21.03.2022).
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E.A. MounceeHko, B.IN. MaawTtenH, A.B. Noakonaes, [.B. Ko3Hos

puiit Mathcomp!. Beimontaero o6cyxaeHue orpaHudeHui
MIPEATIOKEHHOTO METO/IA, MPEATIOKEHBI BO3MOXKHBIE MTYTH
HX IPEOIOICHUS.

B pamxkax pa3pabotraHHOW OMOIMOTEKH pacKphITa B3a-
HMMOCBSI3b JIOMEHA SI3BIKOB ITOMCETOB M TPaAMIHOHHBIX
OTIEpallMOHHBIX CEMAaHTHK, 3a/laHHBIX B TEPMHHAX MO-
MEUEHHBIX CHCTEM IIEPEX0J0B. DTO MO3BOJSET 331aBaTh
MOJIENIM TaMsATH, IapaMeTPU30BaHHBIE ONEPANMOHHOMN
CEeMaHTHKOH a0CTPaKTHOH CTPYKTypH!I JaHHBIX [ 10], 1 oTme-
JIMTH OTIPEZEIICHUS MOJICJIU MTAMSATH U CTPYKTYPbI JIaHHBIX.
B kauectBe mpumMepa npuBeaeHbl cenUpUKALNN TPEeX
0a30BbIX MOZIEJIeH NaMsTH, UMEIOLIUX BaYKHOE IPAKTHYE-
ckoe 3HaueHue [ 10]: mocnemoBaTe/IbHON COTIACOBAHHOCTH
(sequential consistency), IpUYMHHOI COTIACOBAHHOCTH
(causal consistency), 1 KOHBEHEPHOU COTIACOBAHHOCTH
(pipelined consistency). Ha ocHOBe mprMepoB clieinaH BbI-
BOJI, UTO IIUPOKHH KJIACC MOAEIEH, KOTOPbIE COXPAHSIOT
MIPOrpaMMHBIA TOPSAOK [1] M 3a7at0TCsl OTHOCUTENBHO
MIOCIIEIOBATEIBHON CTIeU(UKAINN CTPYKTYPbI JaHHBIX,
MOXET OBITh BBIPAXKEH B TEPMHHAX SI3bIKOB IOMCETOB, U
YTO KOJMPOBAHUE ITOMCETOB C MOMOIIBIO (DAaKTOP-TUIIOB
MOJIXOAMT ISl TIPENICTABIICHHS STHX MOJIENeil B cucTeMax
JIOKa3aTelIbCTBA TEOPEM.

Moue.]m naMsaTH U A3bIKH IIOMCETOB

®opmanbHas ceMaHTHKa MHOTOIIOTOYHOM MJIM pac-
MpeeJIeHHON MpoTrpaMMBbl, paboTalonIeil ¢ HEKOTOPBIMU
pa3menseMbIMH pPecypcaMu, ONPEesIeTCs MOACIBIO CO-
TJIACOBAHHOCTH. TPaMIIMOHHO MOJIENIA COTIAaCOBAHHOCTH
3a1al0Tes s abcTpakuuy pasaensieMoit mamstu [1], T. e.
WHIACKCUPOBAHHOI'O MHOXECTBA AYCCK MMaMATH. B stom
KOHTCKCTE MOJICITH COIIACOBAHHOCTH OOBIYHO HA3BIBAKOTCS
mooensimu namsamu (memory model). PaccMOTpUM MOIXOIBI
K opMaM3anuy MOJIeIel TaMsITH C TIOMOIIIBIO OTIepaIlH-
OHHBIX CEMAaHTHUK U SI3bIKOB [IOMCETOB.

OnepaunonHas ceMaHTHKA. TpaJlUIIMOHHBIM CIO-
coboM (hopMampHOTO OMHCAHMS MOBEACHUS MPOTPaMMEI
(B TOM UHMCIIC ¥ MOJICNH TIAMSITH) SIBIISICTCS UCTIONTE30BaHUE
ONEPALMOHHON CEMAaHTUKH, 3aJaHHOM B TEPMHUHAX IIOMeE-
YeHHBIX cucTeM nepexonoB [31]. Cucrema MoMedeHHBIX
MepexoioB ABJIsIETCA Tpoikoi X = (S, L, —), e S —
MHO€CTBO COCTOSHUMN;, L — MHOXXECTBO METOK; CHUM-
BOJI «—» — OTHOILIEHUE MePeX0ia U MHOKECTBO TPOEK

/
(1, s,s") € L x §%§, obo3HauaeMbIx Kak s — s'. s puxcn-
POBAHHOTI'O HAYAJBHOI'O COCTOSIHHMS S CUCTEMA NIEPEXO0B
HOpO)K)laeT SA3BIK, HpI/IHI/IMaeMI:Jﬁ B JAHHOM COCTOAHHUU

Lang(Z, s;), T. €. IOCIEA0BaTeIbHOCTb METOK /1, ..., [, € L,

Lo Lol I
TaKMX, 4TO CYIIECTBYET TPACCA S) —> 5| = 55 > I3 ... s,

B pamkax onepannoHHON CEMAHTHUKH [TOBEIEHNE MHO-
TOMOTOYHOM MPOrpamMMbl, COCTOSIICH U3 HECKOJIbKUX Ia-
paUIeTbHBIX MIPOIIECCOB, MOXKET OBITH ONPEIENIEHO KaK Mo-
OouepeIHOE UCTIOJHEHUE aTOMAPHBIX JEHCTBUN IPOLIECCOB.
Hampumep, Ha puc. | noka3aH npumep MHOTOMOTOYHOMN
MPOTPaMMBbl, COCTOAIIEH U3 YEThIPEX MOTOKOB, BBITIOIHSI-
IOIMX OTepalliy YTEHUs U 3alUCH B pasJiessieMble mepe-
MEHHBIE X U , a TAK)KE OJIUH U3 €€ BO3MOXKHBIX CLIEHAPHUEB

I Mathematical components [DekTponHbIi pecype]. Pexum
nocryna: https://github.com/math-comp/math-comp/ (nara o6pa-
menust: 21.03.2022).

rp=x

ry =y

ry =y

x:=1 yi=1
ryi=X

hWeWl—-t:Wl—-6:R1->6:R1—>4:R1—14:R1

Puc. 1. Ilpumep MHOTOIIOTOYHON TPOTPaAMMEI U €€
TIOCIIEI0BATENIFHO CONIACOBAHHOTO CIICHAPHS HCIOTHEHHS

Fig. 1. Example of the multithreaded program and its
sequentially consistent execution

WCTIONHEHMSL. DTOT CIICHAPHUH 3a/1aeTCsl TOCIIEeI0BATEIFHO-
CTBIO METOK Buja t:/, tae t € T — uaeHTU(UKATOp MOTOKA;
[ = W.(v)|R.(v) — MeTKka oIepaLyy: WIK ONEePaLy YTe-
HUS, WK ONCPALUU 3aIMCH 3HAYCHUS V B Pa3CisCMY0
MIEPEeMEHHYIO X.

MopieIb maMsTH, KOTOpasi JJOIMYCKACT TOJILKO CLICHAPUH
TIOBCJ/ICHHS, ITOTYYCHHBIC KaK PEe3y/IBTaT IMOCIICI0BATEIEHO-
TO ITOOYEPETHOTO UCTIONHCHHS HHCTPYKIUIA IPOIIECCOPOB,
HA3BIBACTCS MOOEIbI0 NOCIE008AMENbHOU CO2IACO8AHHO-
cmu [32]. Peasinzanus JTaHHOW MOJICITH B MHOTOTIOTOYHBIX
W pacIpee]ICHHBIX CHCTEMaX MPUBOANUT K 3HAYUTEIHHBIM
HaksmagHbM pacxonaMm [33]. [Totomy Ha ipakTHKe 9acTo ¥c-
TIONB3YI0TCS O0JIee crabble MOETH, TOMYCKAOIIHe OOITbIIe
BO3MOKHBIX CIIEHApHEB UCTIOTHEHHSI MPOrpaMmabl [34].

Harmpumep, B paMKax mMooenu nputuHHoO co21aco8an-
nocmu [10], KOTOpas OMUCHIBAET MOBEACHUE pacpeieieH-
HOW CHCTEMBI C 0OMEHOM COOOINEHHSIMHU, JIJIs TPOTPaMMBbI
Ha puc. | TomyckaeTcs TakKe CLIeHapUil MOBCACHUS, B
KOTOPOM TPETHUH U YSTBEPTHIA IOTOKU HAOIIOIAIOT OOHOB-
JICHHUE TICPEMCHHBIX X U ) B Pa3HOM Topsiike (puc. 2).

BusHo, 4TO HOTOK f3 CHauaja BBHINOIHAET OLEPALUI0
ureHns R, 1, a sarem — R0, B TO BpeMsi KaK IIOTOK /4 CHa-
Yaja BBITTOJTHICT Ryl, a 3areM R 0. [leno B TOM, 4TO MO-
JIeNTb IPUYUHHON COTIIACOBAHHOCTH OTIPEICIIIET MOPSI0K
«mpoucxoaut-10» (happens-before) xkak 00beTHEHNE TIPO-
TPaMMHOTO TIOpPsi/IKa BHYTPH IIOTOKOB U TIOpsIIKa oOMeHa
COOOIICHUSAMHU MEKIY [TOTOKAMH, a 3aTeM IPEINMHUCHIBACT,
YTO TOJIBKO OIl€paluun 3arnucu, CBA3aHHBIC OTHOIICHUEM
MPOUCXOIUT-TI0», JOJKHBI HAOIHOIAThCSI BCEMH MTOTOKA-
MH B OJMHAKOBOM nopsjixe. [lockonbKy OTOKN #; U ¢, HE
00MEHUBAIOTCA COOOLIEHUAMH, TO olepanuu 3anucu W, 1
1 W1 He yHOps0YeHBl OTHOLICHHEM «IIPOMCXOAUT-10» U
MOTYT HaOJIFoIaThCs APYTUMH TOTOKAMH B TPOU3BOIEHOM
TOPSIZIKE.

[ToBenenne mporpaMMbl B paMKax MOJEITH TPUIMHHON
COTTIACOBAaHHOCTH TAK)KE MOKHO OIIPEICIUTh B TEPMHUHAX
CHCTEMBI TIOMEUYCHHBIX MEPEX0/I0B, HAIPUMED, C TTOMO-
IIBI0 TaK HA3BIBAEMBIX 8eKmMopHbuix yacos (vector clock)
[34]. IIpobGnema 3akarouaeTcs B TOM, UTO JJIsI KOJAUPO-
BaHMS KaXJI0W MOJEIIH COTJIaCOBAHHOCTH HEOOXOIUMO
HCTIOJIB30BaTh Pa3IMUHbIC TEXHUKU U CTPYKTYPhI JAHHBIX,
Harpumep, Oydepsl oneparuii 3anucu, o4epein coooIe-
HUHW U T. I

SI3pikn moMceToB. UT0OKI 3a1aBaTh Pa3InIHbBIC MOJIC-
JIW TIAMSTH ICKJIApaTUBHO H SAMHOOOPA3HO, UCTIONB3YIOT-

hWeWld—-t:Wl—->6:R1—->6:R0—1:R1—1,:R0

Puc. 2. IlpuMep NpUUNHHO COITIACOBAHHOTO CLIEHAPUS
UCTIONTHEHUSI POTPaMMBbI

Fig. 2. Example of the causally consistent execution
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d)opmanvlsau,m A3bIKOB YaCTU4YHO ynopAaao4YeHHbIX MyJIbTUMHOXXECTB B CUCTEME COQ

Csl MOZIETIM Ha OCHOBE OTHOILCHMS YAaCTHYHOTO IOPsI/IKa,
3aJIaHHOTO HA aTOMapHbIX JelcTBUsIX cuctemsl [10, 35],
Harnpumep, sI3bIkU momceTos [17].

SI3bIKU TOMCETOB — 0000IIEHUE TOHITHS OOBIYHOTO
«TIOCIIEIOBATEIEHOTO SI3bIKA, T. €. MHOXKECTBA CJIOB HEKO-
Toporo andasuta. OO0OIICHNE 3aKTIOYACTCS B TIEPEXOIC OT
JUHEWHOTO TIOPsIIKa CHMBOJIOB B paMKaX CIIOBa K 4aCTHY-
HOMY TIOPSIIKY. B KOHTEKCTe mapanienbHbIX BRIYHCICHNAN
YaCTUYHBIN NOPSOK MPEJICTABIACT OJUH CLIEHAPUN HC-
MOJIHEHUS NapaljiesbHON nporpammsel. Hocurens nopsaxa
COCTOMT M3 COOBITUI — aTOMapHBIX IAroB BBHIYUCIICHUSI.
Kaxnomy coOBITHIO TPHCBAUBACTCS CEMAHTHYECKAsh METKA.
Ecinu coObiTue e) yHOPSAZA0YEHO C €5, T. €. e < e,, TO 10J1a-
raeTcs, 4To HOsBIEHUE COOBITUSA €, 3aBUCUT OT IOSABICHUS
e;. Ecnn He BepHO HU ¢ < e,, HU e, < ey, TOT1a COOBITHS €|
U e, M0JIaraloTCsl MapaieIbHBIMI, YTO 0003HaYaeTCs KaKk
€] = e,. DTO 03HAYAET, YTO COOBITHS MOTYT OBITH HCITOJIHE-
HBI TIOCJICIOBATEIFHBIM BEIYUCIUTEIEM B JTFOOOM TTOPSIIKE.

Ha puc. 3 mokasan npumep momcera. B marrOM momce-
T€ KaXKJIOMy COOBITHIO COOTBETCTBYET YHHUKAIbHAS METKA.
CoObitust ¢ MeTKamu ¢y @ Wl u 1, © W1 sBmsitorest ma-
pajuIenbHBIMH U 00a MPEANIECTBYIOT COOBITHIO C METKOM
131 R,1, xoTOpOE, B CBOIO 0YCPE/Ib, MPEALICCTBYET /3 : Ry 1.

dopmanbHO, TOMEYEHHOE YACTHYHO YIOPSJ0YEHHOE

MHOXECTBO — Tpoiika (E, A, <) clieyIomiero Buja:

— E — HocuTenb, U BIeMEHTHl MHOYKECTBA B KOHTEKCTE
JAHHOM paOOThI HA3BIBAIOTCS COOBLIMUAMU,

— A — ¢yHKOUA ¢ curHarypoir £ — L, oroOpakarommas
COOBITHUS B MemK,

— < — YaCTUYHBIN TOPATOK NPUYUHHO-CIe0CMBEHHOU
€65131 MEXTy COOBITHSMH.
3amuce Poset; 0003Ha4aeT MHOXKECTBO BCEX YACTUIHO

YIOPST0YEHHBIX MHOKECTB, TOMEYECHHBIX METKaMH THIIA L.
3aMeTHM, YTO UJACHTU()HUKATOPBI COOBITUI camu IO

ce0Oe HeBaXKHBI, a BAYKHBI JIMIIb MX METKH U MOPSIIOK MEXK-

ny Humu. Takum 00pa3om, ¢ MOMEYEHHBIMH YaCTHYHO

YIOPSIOYCHHBIMH MHOKECTBAMU Pa0OTAIOT IO MOJIYJIIO

TepeuMeHOBaHUsl COOBITHI MM, APYTHUMH CIIOBaMH, C

TOYHOCTBIO 10 n3oMopduima. Crenyronue onpeaeacHus

(hopMaTU3yIOT 3TH HIICH.

Hycre p, g € Poset;, u nana ¢yuxumsi /2 E, — E,.

BBenem crnenyromue cBoicTBa:

— ecmm Ay(f(e)) = A(e), To Gynem HaspBaTh TaKyro QyHK-
uuio coxpansroueis memxu (label preserving);

— ecn e <, e, Beuer f(ey) <, f(ey), To Oynem HasbI-
BaTh Takyr (QYHKIHIO coxpaHsioueil nopsook (order
preserving),

— ecim e <, e, TOIJia 1 TOIBKO Torna, Korza f(e) <, f(ey),
TO OyZeM Ha3bIBaTh TaKylo (QYHKIHUIO 8K1A0bIEAIOUEl
nopsoox (order embedding).

tl:le tz:Wyl

NS

:R1

l

t3 . Ryl
Puc. 3. Ilpumep nomcera
Fig. 3. Example of the pomset

OyHKIMS, COXpaHSIONas U METKH, U MOPSI0K, Ha3bl-
BaeTCst comomopghuzmom. bruekTuBHas QyHKIM, coxpa-
HSIOIIAsi METKH M BKJIa/IBIBAIOIAs MTOPSIOK HA3bIBACTCS
usomopghuzmom. bynem nucarb p = ¢, €CIii CyIIECTBYET
nzomophusM Mexay p u q. Kimaccol 5KBUBaICHTHOCTH
MIOMEYEHHBIX YaCTHYHBIX MOPSIKOB IO MOIYJIIO H30MOp-
¢u3ma HaswpIBatOTCA nomcemamu: Pomset; = Poset;/=.
Takum 00pa3oMm, 361K HOMCEnMo6 — MHOXKECTBO TIOMCETOB:
Pomlang; & P(Pomset;).

JInHeapu3zauus nmoMceToB. B npocTeiiiem ciayyae
SI3BIK TIOMCETOB P MOKHO CBSI3aTh C IO CJICJOBATCIIbHBIM
SI3BIKOM, PACCMOTPEB MHOXKECTBO JIMHEApHU3alMii YacTHY-
HBIX MOPSAKOB Lin(P), T. €. UX NOMOJHCHHUH JIO0 TOTHBIX
MOPSIIKOB. ByJieM rOBOPHTB, YTO MOMCET p nO2I0WAemcs
(subsumed by) q, aT0 0003Ha4aeTCs KaK p = ¢, eciu cytie-
CTBYeT OMEKTHBHBINM ToMOMOpP(hU3M U3 g B p. UHTynTHBHO
9TO O3HAYAET, YTO MHOXKECTBO p OoJiee YHOPSJOUYEHHO 110
CpaBHEHHIO ¢ q. SI3BIK P noznowaemcsa Q, 1.e. P E O, ecn
JUTSL KaXKJIOTO p € P cymecTByeT g € O, KOTOPHIi €ro moriio-
maeT (p E ¢). Torga momceT ¢ sBisieTcs TMHeapu3aIuel p,
T. €. ¢ € Lin(p), €cu OH SIBISAETCS TIOTHOCTHIO YIIOPSI0ICH-
HBIM U IIOTJIOHIACTCA p. MHO0XeCTBO HI/IHeapI/ISaHI/Iﬁ SA3bIKA
MIOMCETOB OIpe/iessieTCsl Kak 00beUHeHHE JINHeapu3a-
LII/Iﬁ BCCX MOMCCTOB, IMPUHAAJICIKAIINX JAHHOMY A3BIKY:
Lin(P) = UpepLin(p). Takum 00pa3oM, UMes OCIICI0Ba-
TEJIBHYIO CIEIM(HUKALNIO CTPYKTYPBI JaHHBIX X = (S, L, —)
C HayaJIbHbIM COCTOSIHHEM S € S, MOXKHO CKa3aTh, UTO SI3bIK
HOMCETOB P cOOTBeTCTBYeT X, eciu Lin(P) = Lang(Z, s).

Ha puc. 4 nokazan npumep JHMHEapHU3alndu ITOMCETa.
[TyHKTHPHBIMH CTpEJIKAMH IPOJEMOHCTPUPOBAH TOMO-
Mop¢u3M — QyHKIHA, 0TOOpakaroniasi COOBITHS MPABOTO
MIOMCETa B COOBITHS JIEBOTO IToMceTa. MOXXHO BUAETb,
YTO TIOMCET CJIEBA TTOJHOCTBIO YHOPSJO0UEH, a 0ToOpaxe-
HUE COOBITHI OMEKTHUBHO, COXPAHAET METKH U MOPSIOK.
CrenoBaresbHO, TOMCET CJIeBa JICHCTBUTEIBHO SIBIISICTCS
JIMHeapu3aluei momMcera crpasa.

Mopaeaun mamsaTu. Mojiens maMsTH 3a/1aeTcsl OTHO-
CHUTEJIBHO TIOCIIEA0BATEILHON CTPYKTYPBI JaHHBIX IIyTeM
ocyiabneHust TpeOOBaHNSI HA MHOXKECTBO JIMHEAPHU3ALMH
s3bIKa moMceToB. OOBIYHO TpeOyeTcst TONBKO CYIIECTBO-
BaHNE HEKOTOPOI! JIMHEAPHU3AINH, TPUHAUISKAIICH S3bIKY
CTPYKTYpBI JaHHBIX. Byem roBoputs, uTo 51361k P ce00um-
¢a K 36Ky O, 1 0003HagaeTcs 3To Kak P & Q, ecin st
KaXJI0r0 p € P cymiecTByeT g € Q, Takoii uto g £ p. Torma
TpeGoBaHKE O TOM, YTOOBI IS KAJKIOTO p € P CyIIecTBOBa-

Puc. 4. llpumep nuHeapu3anuu nomcera

Fig. 4. Example of the pomset linearization
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E.A. MounceeHko, B.IN. MaawTtenH, A.B. Noakonaes, [.B. Ko3Hos

Wl Wl f3:R.1 t4:R.1
t3 . Ryl t4 . Ryl

Puc. 5. [Ipumep OTHOLIEHUSI IPOTPAMMHOTO MOPsiKa

Fig. 5. Example of the program order

Ja IMHeapu3aLusl, TPHHAIeKaIas A3bIKy CHCTEMBI T1epe-
XOJIOB, BBIIVISIIUT clieytomuM oopazoM: P & Lang(Z, sg).

Hampumep, B onpeneneHun yxe ynoMsHyTONH MOAEIU
MOCJIeZI0BAaTENIEHOM COMTACOBAHHOCTH PaccMaTpPHUBAIOTCS
JIMHEAPU3aLUH TOJIBKO POSPAMMHO20 NOPSAOKA — TOPSI/IKa
BBINOJIHEHMS Onlepanuii BHyTpu notoka. [Tomcer cunraercs
MIOCJIEI0BATEIbHO-COMNIACOBAHHBIM, €CIIH CYILECTBYET XOTS
OBl ozlHA Takas JMHEApU3aLus, PUHAJICIKAIIAS S3bIKY
CTPYKTYPBI JaHHBIX.

PaccmoTpum momcet (puc. 5), KOTOPEIH 3a1aeT mpo-
rPaMMHBIN OPSAZO0K, COOTBETCTBYIOIIUMN POrpaMmMe, Ipu-
BeJeHHOH Ha puc. |. BuaHo, 4T0 mocienoBaTebHOCTD
METOK, [TOKa3aHHas Ha pHc. 1, ABIseTcs TUHeapu3auuei
JAHHOTO MOMCEeTa — IOCIE0BATeIFHOCTD YIIOPSAA04YeHa
COMIaCHO OTHOILIEHUIO NMPOTPaMMHOTIO0 nopsaaka. JlanHas
MOCJIE0BAaTEIbHOCTh METOK SIBIIAETCSI KOPPEKTHOMN € TOUKH
3peHust abCTpakyy paszernsieMoi mamsity. CienoBaresbHO,
MIPUBEJICHHBINA IOMCET — MOCIEJ0BAaTEIbHO COINIACOBAH.

Brimonnum ¢popmanmuzanuio B cucreme Coq MOHATHS
CHCTEMBI TIOMEUCHHBIX MIEPEXO0/I0B, SI3BIKOB IIOMCETOB U UX
B3anMOCB:3b. [lomydennas B pesynsrare OHOIMOTEKa MO-
3BOJISIET CTICIU(UIIMPOBATH MOAEITH TTAMSITH, KOTOPHIC BBI-
PaXKaroTCsl C TOMOUIBIO JTMHEAPU3ALNH SI3BIKOB TTOMCETOB.
[TpuBenem TeXHUYECKUE ACTAIN peATH3aUl ONOINOTEKN
U IPUMEPBI criennuKanuii MoaeseH maMsaTe, popMaIn3o-
BaHHBIX C €€ TIOMOIIIBIO.

(I)opMa.mBauym SAI3BIKOB IIOMCETOB B Coq

HecMoTpst Ha OTHOCHTEIIBHO MTPOCTOE ONpEesICHUE
SI3BIKOB TIOMCETOB, UX (opmanuzanus B cucreme Coq He
Tak TpuBHaJbHA. [IpobieMa 3akiouaeTcs B 0COOEHHOCTSIX
npesicTaBIeHNs! (PaKTOP-MHOXKECTB B MHTEHCHOHAIBHBIX Te-
OpHsIX TUTIOB [36], K KOTOPBIM OTHOCHTCSI M TEOPHSI THIIOB,
nexxamas B ocHoBe Coq. B cucreme Coq cymiecTByeT aBa
nozxoza K (hopmanuzannu Gakrop-MHOKECTB: C IPUMEHE-
HUEM cemoudos [37] u ¢ moMoleto gaxkmop-munos [38].

Cerong — THUI, OCHALIICHHBI OTHOIIEHUEM DKBUBA-
nentHoctu. B cucreme Coq peann3zoBaHa MoJIepiKKa I1e-
penUCHIBaHNS TEPMOB CETOU/I-THIIA 110 OTHOIICHHIO YKBH-
BaJICHTHOCTH. HemocTaTok moxxona — repenuchiBaHue
T10 OTHOIICHHIO SKBUBAJICHTHOCTH pabOTaeT CyIIeCTBEHHO
MeJUIEHHEE, YeM 0 BCTPOCHHOMY IPOTO3UINOHAIEHOMY
paBeHCTBY [39], 9TO MPUBOIUT K 3aMEIJICHUIO BPEMCHH
MIPOBEPKH JJOKA3aTEIbCTB.

@DakTop-TUI — TAKOH THII, B KOTOPOM KaKJblil Hace-
JISIFOLIMN €T0 TEPM COOTBETCTBYET EANHCTBEHHOMY KIIaccy
9KBUBAJICHTHOCTH, U, HA00OPOT, KaXIOMY KJIacCy DKBHBa-
JICHTHOCTH COOTBETCTBYET HEKOTOPBIN TepM (haKTOp-THIIA.
[Ipeumy1ecTBO HCIONB30BaHUS (DAKTOP-TUITOB — 3aj1a4a
TMIePENMCHIBAHUS 110 OTHOIICHHIO SKBUBAJICHTHOCTH MOXET
OBITH CBeJICHA K 3aJ1a4ye MEepPENrChIBAHUS 110 TIPOIO3UIHO-
HaJILHOMY PaBEHCTBY Ha COOTBETCTBYIOIIEM (DaKTOP-THIIE.
Takum 00pa3oM, MOKHO 000HTH MpoOIeMy MpOU3BOIHU-

TEJILHOCTH TIEPENUChIBAHMS 110 OTHOIICHHUIO SKBHUBAJICHT-

HOCTH.

K coxajieHuio, B MHTCHCUOHAIBHBIX TCOPHSIX THIIOB
HEBO3MOXKHO B OOIIIEM CITy4ae MMOCTPOUTH (PaKTOP-THIT IS
33IaHHOTO OTHOIICHUS dKBHBAJICHTHOCTH. OOOHUTH 3TO
OrpaHUYCHHIE MOJKHO, TOOABHB B CHUCTEMY aKCHOMEI, HE00-
XOIUMBIE [T TIOCTPOSHHS (PaKTOP-THITA, HO 3TO MIPUBEICT
K IOTEPU CBOMCTBA Kanonuunocmu. IlocneqHee o3Haqaer,
YTO BCE 3aMKHYTHIE TEPMbI MOTYT OBITh PEAYIIHPOBAHBI K
HOpMaJbHOU (hopme.

B pa6ore [29] npeacrasieHa 6ubdiaroTeka (4acth Ou-
omuoreku MathComp), o3BOJISIFOIIAs] B HEKOTOPBIX YacT-
HBIX CITydyasiX MOCTPOUTH (pakTop-Tun O6e3 100aBICHUS B
CHUCTEMY HOBBIX akcuoM. OTHIeM OTrpaHHYCHHUS, HE00-
XOIIUMBIC JUTSI KOHCTPYKTUBHOTO IMTOCTPOCHHS (PaKTOP-TH-
MIOB, W CIIOCOO aBTOPOB HACTOSIICH PabOTHI KOJUPOBKHU
TTOMEUCHHBIX OTHOIICHUH YaCTHYHOTO MOPSIKA, KOTOPHIH
MTO3BOJISICT YIOBICTBOPUTH 3TUM OTPAHUUYCHHUAM M TaKUM
00pa3oM OCTPOHTH (PAKTOP-THUII, COOTBETCTBYIOIINI TOM-
ceTam.

KoncrpykTuBHble ¢akTop THIIBI. PaccMOTpuUM TUI
T W OTHOILIEHUE DKBUBAJCHTHOCTHU HA 3TOM THIIE equ iV,
10 KOTOPOMY TpeOyeTCs MOCTPOUTH akTop-Tuil. JIJist KOH-
CTPYKTUBHOIO IMOCTPOCHUS (DAKTOP-THIIA HEOOXOIUMO BBI-
TIOJIHEHHE CIICYIOIINX YCIOBHH.

— Tun T gomkeH OBITH OCHAIICH 0nepamopom 6blbopa
xchoose. Hanuune naHHOTO Omeparopa Mmo3BoOJsieT
MTOCTPOUTH TEPM, 00JIATAFOIINI 3aJAHHBIM CBOHCTBOM,
nMes TOKa3aTeIbCTBO CYIIECTBOBAHUS TaKOTO TepMa.
Jpyrumu cioBamMu, JTaHHBIA OTIEPAaTOP UMEET CIEHYI0-
WA TUIT exists x : T, P x -> T.3amerum,
910 Coq OCHOBaH Ha MHTYHIIMOHHUCTCKOM [36], a HE
KJIACCHYECKON JIOTHKE, IOITOMY oreparop xchoose
HE MOXET 6BITB OIPEACIICH AJIs MPOU3BOJLHOTO THIIA
0e3 MCIIOIb30BaHMUS IOTIOTHUTEIBHBIX aKCHOM.

— OTHOIIeHHE PKBUBAJIIEHTHOCTH €U 1V JIOMKHO OBITh
pa3penmmo, T. €. OHO JAOJDKHO UMeTh T T => T ->
bool.

TakuMm 006pa3oM, 4TOOBI 3aKOIHUPOBATH MOMCETHI C
MTOMOIIBI0 (haKTOP-THITOB, HEOOXOIMMO CHaYala 3aKOIU-
pOBaTh BCe BO3MOKHBIC TIOMEUCHHBIC YaCTHYHO YIOPS-
JIOYCHHBIC MHOKECTBA THIIOM C OIEPaTopoM BEIOOpa, a
OTHOIIICHNE N30MOP(hH3Ma — pa3pernMbIM OTHOIIICHHEM.
J171s BBITIONHEHUS YCIIOBHUS HEOOXOAMMO HAJIOXKHUTH CYIIe-
CTBEHHOE OTPAaHHYCHHE U PACCMOTPETh TOJIBKO KOHEUHBIE
OTHOIICHUA YaCTUYHOI'O IMOpAIKaA.

KonupoBanue nomceToB. [[jist KogupoBaHus moMeveH-
HBIX OTHOIIEHUM YaCTUYHOTO nopsaaka UCIojJb30BaH TUIT
(yHKIMI ¢ KOHEUHBIM HOCHTENIEM A /;) B n3 6ubnanorexn

MathComp. @ynxums f: A ﬁ B otobpaxkaeT Bce 271eMEeHTHI

BHE KOHEUHOT0 HocuTensd A C A Ha HEKOTOpOe 3HAYEHUE

no ymonyauuio b € B: ¢ A = f(a) = b. Tun dysxumii

A ﬁ—> B yxe ocHaiieH oneparopoM BeIOopa (IIpy yCIIOBUH,
n

YTO THITBI A U B Takke OCHAIEHBI ONEPaTOpOM BHIOOpA).
TakuMm 00pa3oM, UCTIOIB30BAHKUE ITUX (PYHKIMN IS TIPE]I-
CTaBJICHUA MMOMCYCHHBIX YaCTUYHO YHOPAAOYCHHBIX MHO-
JKECTB MO3BOJIAICT YAOBJICTBOPUTH IEPBOC OIPaHUYUCHUC HA
MOCTPOCHUE KOHCTPYKTHBHBIX (haKTOP-THIIOB.

KoHeuHOe OTHOIIICHHE YaCTUYHOTO MOPSIKA KOIUPYeT-
Csl C TIOMOIIBIO (PYHKIIMU C KOHCYHBIM HOCHTEIIEM CIICIYIO-
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M 00pazom. JIJist OTHOIIEHUSI YaCTUYHOTO TOPSIJIKa < ero
MOKPBITHE < OMpeensieTcs Kak: x <y £ x <y AfAzx<z<y.
OtHomienue R Ha3bIBACTCS MPePUKC-KOHEUHbIM, €CITN JUTS
m000ro x MHOXKECTBO {V|(y, X) € R} xoHeuHO. [Ipedukc-
KOHEYHO€ OTHoleHue R < X X X MOXXHO MPEACTaBUTH C
roMoIbio QyHKIHU f 1 X E P(X), Takoii, uTo y € f(¥) &

< (¥, x) € R. ]In9 KOHEYHOTO OTHOIIEHUS YaCTUYHOTO
TIOPsIJIKa ero MOKPBITHE SIBJISAETCS NPe(QUKC-KOHEYHBIM, U,
CJIE/IOBATENILHO, MOXKET OBITH IPECTABICHO C MOMOIIBIO
nogoOHo# (ynkimy. Takoe npeacraBieHUEe TakKe OKa3bl-
BaeTCs YIOOHO MPU KOTUPOBAHUU OTICPAIIMOHHON CeMaH-
TUKU U TOCTPOCHUS YaCTUYHO YIIOPSIOUCHHOTO MHOMKE-
CTBa ITyTeM J00aBICHNS HOBOTO COOBITHS Ha KaXKIOM IIIare.

Bonee nerampHO, IS TPEACTABICHHUS YacCTUIHO
YIOPSATOYEHHOTO MHOXKECTBA MCIOJIB3yeTCs (QyHKIUA
f1E— L xP(E). lanaas QpyHKIUSI CTABUT B COOTBETCTBHE
COGHITHIO € napy (/, €), tne / — metka, a € € £ — KoHeu-
HOE MHOXKECTBO HEMOCPEICTBEHHBIX IIPEKOB COOBITHS €.
Bce anemMeHTBl BHE HOCUTENS (PYHKIIMK OTOOpaXKaloTCs B
3HAYCHHUE 110 YMOTYAHHIO, KOTOPOE sBIsIETCs mapoii (L, @),
rae L sBisieTcs BhIIEICHHON METKOM, 0003Havaromei He-
ornpezeneHHbIl aneMenT. Ha dyHkuuio f HakimansiBaeTcs
JIOTIONTHUTEIIFHOEC OTPAHWYCHHE: OTHOMICHHUE, HHITYIIHPY-
eMoe JaHHOH (YHKIHEH, TOKHO OBITh allMKINYHEIM.
Taxum 06pa3om, rapaHTHPYETCS, YTO PePICKCHBHO-TPAH-
3UTHBHOE 3aMBIKaHHE 3TOTO OTHOIICHHUS ACHCTBUTEIHHO
SIBIISICTCSI OTHOIIICHUEM YaCTHIHOTO TIOPS/IKA.

O6o3HauuM Kak [poset E L Tum, KOGUPYIOIUAHA TO-
MEUCHHBIC YaCTUYHO YIIOPSI0UYEHHBIE MHOYKECTBA C TH-
noM E ¥ TUTIOM METOK L OTMCaHHBIM BBIIIE CIIOCOOOM.
PaccmoTpuM 1Ba OTHOLIEHUS YaCTUYHOTO MOPSIKA — P,
2 Iposet E L v pynkuuto h: E — E. Tak kKak p ¥ ¢ KOHCYHBI,
TO MOYKHO OTIPEJIENUTh pa3pelluMbli IpeuKaT, KOTOPBIA
MIpoOBepsieT, YTO GPYHKUHUS /1 yIOBICTBOPSET CBOMCTBAM
m3oMopdmsMa. boree Toro, moka3sBaeTCs, 9TO CYIIECTBYET
TOJIFKO KOHEYHOE YHCIIO H30MOP(HHU3MOB MEXKITY Tapoit p U
q. Takum 06pa3oM, ¢ TIOMOIIBIO KBAaHTOPA CYIICCTBOBAHMUS
10 KOHEYHOMY MHOYKECTBY MOYKHO TTPOBEPHTH, CYIIECTBYET
JIU H30MOPQH3M MEXIY p M ¢ — TIOCTPOUTH Pa3peIInMoe
OTHOIIeHNE n3oMop(dr3Ma =. DTO MO3BOJSAET YIOBICTBO-
PUTH BTOpOE OTPaHUYEHUE HA MMOCTPOCHUE KOHCTPYKTHB-
HBIX (akTop-TunoB. HakoHen, Tum nmomceToB pomset E L
orpezenseTcs B3sTHeM (aKTOP-THUIIA 10 OTHOILCHUIO M30-
Mopdusma =.

Urto0Obl hopMaIM30BaTh B3aUMOCBSI3b S3bIKOB IIOMCETOB
C CUCTE€MaMU ITOMEUEHHBIX MEPEX0/I0B, TAKIKE ONpeAesIeT-
Csl MHOKECTBO JIMHEApU3AIHH sI3bIKA IIOMCETOB. 11151 3TOTO
BBOAWTCS OTHOIICHHWE MOTJIOMICHUS p = ¢ Ha moMceTax.
JlokaspIBaeTcs, YTO JAaHHOE OTHOIICHHE 00pa3yeT YacTHd-
HBI TIOPSIOK. 3aMETHM, 9TO 3TO JTOKAa3aTeIhCTBO CYyIIIe-
CTBEHHO OIMPAETCS Ha [iBa CIACAYIOMIX (hakTa. Bo-TiepBhIX,
TTOMCETHI KOHEYHHI (B IPOTUBHOM CiTydae, p E g n ¢ E p He
BJICYET p = ¢. Bo-BTOPBIX, OTHONICHHUE TOTVIOMICHUS 3a/1a-
HO Ha THUIIE IOMCETOB pomset E L, a He THIle OTHOLIEHUMN
YaCTHYHOTO TopsiaKa /poset E L (MHaye p = g HE BieYeT
p = q). llpu xonupoBanuu B Coq JMHEapH3aIiy MpeaCTaB-
JISIFOTCS KaK CITUCKH METOK, YTO MO3BOJISIET CPa3y UCIOIb30-
BaTh UX B KOHTEKCTE CUCTEM MEPEXO0B U MOCIEA0BaTENb-
HBIX SI3BIKOB. 3aTeM MHO)KECTBa JIMHEAPH3AIM TTOMCeTa
U sI3BIKA TIOMCETOB 33/Ial0TCS KaK MPEAUKAThl Ha CITUCKAaX
METOK THIa L TPH MOMOIIN OTHOIICHUS MOTIOIICHHS.

Takum 06pa3zoM, ¢ MOMOIIBIO (hOpMATTH3ALIH B3aUMOC-
BSI3H SI3BIKOB IIOMCETOB M OIIEPALIMOHHBIX CEMaHTHK B J1aJIb-
HeWIIeM CTaHOBUTCS BO3MOXHBIM 33/1aTh CHIELU(HUKALHIO
MOJICITH TTaMSTH B TSPMHUHAX JTHHEAPU3AIHIA TTIOMCECTOB.

Orpanuyenus. Kak yxe ynoMuHanoch, Ha JaHHBIN
MOMEHT IpeIIOKeHHAs ONOIHOTEKa TIOACPKIUBACT TOIBKO
KOHEYHBIC TTIOMCETH. TeM He MEeHee 3aMEeTHM, UTO ITapall-
JeabHAs CEeMaHTHKA MPOTPAMMBI BCE €I[e MOXET OBITh
BBIpa)KeHa KaKk 0€CKOHEYHOE MHOXKECTBO (S3bIK) KOHEYHBIX
MIOMCETOB, aHaJOIMYHO TOMY, KaK B MOCIEI0BATEIIbHOM
cllyyae CEMaHTHKa MOXKET OBbITh BhIpakeHa OCCKOHEUHBIM
SA3BIKOM KOHEUYHBIX cJ0B. Kpome Toro, Hcrnonb3oBaHue
KOHEYHBIX TIOMCETOB J0CTATOYHO ISl JI0Ka3aTesIbCTBA
ceolicms bezonacHocmu TIPOTPAMMEIL (safety properties)
[40]. Tem HEe MeHee, HHOTHA OBIBACT HYKHO TaKXKe pac-
CMaTpUBaTh OCCKOHCYHBIC TIOMCETHI, HAlIPUMeEp, IS JI0-
Ka3aTeIbCTBA COUCME Jicugyyecmu TIPorpaMMel (liveness
properties) [41].

O06oiiTi orpaHUYEeHIE Ha KOHEYHOCTH TIOMCETOB MOYKHO
[IEHOH TOTepH KAHOHUYHOCTH, C TIOMOIIBIO T00aBICHUS B
CHCTEMY HOBBIX aKCHMOM. B "acTHOCTH, MOXHO BOCIIOJb-
30Barbest Onbnuorexoit MathComp-Analysis [42], npemo-
CTaBJISIONICH HEKOTOPBIC JIEMMBI JIJIsl pabOThI C KJIACCH-
yeckoii sjorukoii B Coq. JlanHas Gubinoreka qo0aBisieT
B CHCTEMY HECKOJIBKO aKCHOM KJIaCCHYECKOH JIOTHKH, B
TOM YHCIIE!

— AKCUOMY KOHCIPYKMUBHO2O HEONPeOesIeHHO20 ONUCAHUSL
(constructive indefinite description), KoTOpas 1Mo3BOIS-
€T TIOCTPOUTH TepM, 00TaTATOIINNA 3aTaHHBIM CBOM-
CTBOM, MMesl TOKAa3aTeIhCTBO CYIIECCTBOBAHUS TAKOTO
TepMa; IPYTUMH CIIOBaMH, TaHHAsI aKCHOMa TI03BOJISIET
OCHACTHUTH MPOHU3BONIBHBIN THII OTIEPAaTOPOM BEIOOpA
exists x : T, P x -> T;

— aKkcuomy Npono3UYUOHANbHOU IKCMEHCUOHANbHO-
cmu, KOTOpast MO3BOJISIET BBIBECTH PABEHCTBO JIBYX
YTBEPIKICHHUH M3 [0KA3aTeIbCTBA UX DKBUBAJICHTHO-
ctu. bonee GpopmanbHO naHHAs akcMOMa UMEET THII
forall (P Q : Prop), (P <> Q)-> P = Q.
ITo reopeme uakonecky [43] 9Tu 1Be aKCHOMBI Blie-

KYT 3aKOH UCKTIIOUEHHO20 Mpembe20 8 UHMOPpMamueHo

gopme (excluded middle informative), KOTOPBII ©UMEET THUTT

forall (P : Prop), {P} + ~{P}.C nomompsto
9TOTO 3aKOHA I10 JIF0OOMY OTHOIIIEHHIO MOKHO TTOCTPOHTH
€ro pa3pelMbli aHAJIOT.

TakuMm 06pa3oM, UCTIONB3YS JaHHBIC 3aKOHBI KIIaCCHYe-
CKOI1 JIOTHIKH, TUIT OECKOHEYHBIX IIOMEUEHHBIX OTHOIICHUH
YaCTUYHOTO MOPSIJIKA MOXKHO OCHACTHTh ONIEPATOPOM BHIOO-
pa ¥ 3a7aTh Ha HEM Pa3pelIrMoe OTHOLIEHUE H30MOphHU3-
Ma, a 3aTeM MOCTPOUTH (HAKTOP-THII JIJIsI IPE/ICTABICHHS
0€CKOHEYHBIX ITOMCETOB.

Crnenuduxkanus Moaeseii naMaTu

Mopnens namsTH 3a/1a€T CEMaHTUKY MHOT'OITOTOYHBIX
NpOTrpamMM, OMEPUPYIOLIUX C pa3ielsieMON CTPYKTYpOi
nanHbIX. [loBegeHue pa3aensieMoil CTPYKTYpbl TaHHBIX U
OT/AEJBHBIX IOTOKOB YaCTO 3a1aCTCS «IOCIICI0BATEIHHOI»
cemanTukoii [10, 11], B TepMIUHAX TTOMEYCHHBIX CHCTEM
nepexonoB. OmpeneneHne MOIETH MaMsATH B TEPMUHAX
SI3BIKOB TTOMCETOB, TAKIM 00pa30M, CBSI3BIBACT SI3BIK ITOM-
CETOB C IOCIEI0BATCIbHBIMIY) CHCTEMaMH MEPEX00B
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CTPYKTYPbI TaHHBIX U OTAENIbHBIX MOTOKOB MPHU MOMOIIH
TIOHSTHS JINHEAPU3ALUHU TIOMCETOB.

dopmanuzanus sS3bIKOB IOMCETOB U UX B3aUMOCBSI3H
C CHUCTEMaMU MEPEXO0B B paMKaxX MPEIIOKCHHOW Ou-
OMMOTEKH MO3BOJIsIET crenuduuposars B Coq Momenn
MAMSTH B TAaKOM CTHIIE. YTOOBI IPOIEMOHCTPUPOBATH IIPH-
MEHHMOCTH OMOTMOTEKH IS pelIeHus TaHHOHN 3a7adu,
MIPUBEAEM PUMEPHI CIICIIM(PHUKAITII HECKOIBKUX MOIeIen
maMsITH, a UMEHHO MOJIEIIH 10C/1e008amMeNbHOlU CO2NLACO-
BAHHOCMU, NPUYUHHOU CO2NACOBAHHOCMU N KOHBEUepHOU
coenacosannocmu. JlaHHbIe MOJIEH OTIPEENIEHbI COTTIACHO
pabore [10].

Crnennduxanmusa cTpyKkTypbl JaHHBbIX. [Tocnenosa-
TeJIbHAs Crenu(UKAIAN TUTIA JAHHBIX 33aeTCsI KaK TIOMe-
YeHHasi CHCTeMa NepexooB Xy = (Sp, L, B») C BBIJICJICH-

HBIM Ha4aJIbHBIM COCTOSIHHEM d|y € Sp. [ crienudukannm
«CTPOTUX» MOJIeNeH, HapUMep MOZECIH TTOCIIEI0BATENb-
HOI1 COIIaCOBAaHHOCTH, JIOCTATOYHO 3aJ1aTh TOJIBKO CUCTEMY
HIepPEeXo/10B M HaYaJIbHOE cocTosiHKe. boiee crnabble Monenu
(MozeNb MPUYMHHOI COIIaCOBAHHOCTH ), O-Pa3HOMY TpaK-
TYIOT OIIepaIli¥ 3allUCU U YTCHUS B CTPYKTYpPE JAHHBIX,
M03TOMY JUIsl CHEIM(UKALMK 3TUX MOJeIeld HeoOxou-
MO 3a7aTh JIOTIOJHUTEIFHBIC OTPAHIUYCHUS HA CTPYKTYPY
JTAaHHBIX.

CyIIecTBYIOT pa3UYHbIC CIIOCOOB POPMATBHO OIIpe-
JEITUTH OTIEPAIIMH 3aIFCH M YTCHHUS B CTPYKType JaHHBIX
[10, 11, 35]. JomycTum, 9TO Ha MHOXXECTBE METOK 3a7aHa
CMPYKMYypa KOMMYHUKayuu, KOTOpast MOZICITPYET Tepenady
UH(POPMAIUK B CTPYKTYPE JaHHBIX M IMO3BOJISICT BHIBECTH
olpeziesieHNe MOJJMHOXECTBA ONepalunii 3a1uc 1 orepa-
uuid yreHus. JlanHas CTpYKTypa 3a/aeTcsi OTHOLUICHUEM
AvrIl,tne Ac L ule L. Bynem roBOpUTh, YTO MOMCET p
yeaoicaem omuouernue kommynuxayuu, p € COM(L), ecnu
BBINOJTHSACTCS CJICYIOIIEe YCIIOBHE!

Ve.Je ... e, {Me)), ..., Me,)} FMe) A Vie, <e.

JanHOE yCIIOBHE TapaHTHPYET, YTO MOSBICHHE B TIOM-
CeTe p COOBITHS e C METKOU A(e) AOIKHO OBITH 000CHO-
BaHO HAJINYHEM MPEALICCTBYIOMINX € COOBITHH e ... e,
¢ MeTKaMH M(ey), ..., A(e,) HAXOISIIMMUCS B OTHOUIEHUH
KOMMYHHUKAIHHU C A(e).

IIpeanonoxxuM, 4YTO A3BIK CUCTEMBI MEPEXOI0B
Lang(Zp, sy) yBaxaeT OTHOLICHHE KOMMYHHKAIIUH.

Metka w € L cunutaeTcs onepauueit 3anucu w € W,
€CJIM CYLIECTBYIOT METKU A C L 1 MeTKa r € L, Takue 4To
weAuAtrr.Metka r € L cuntaercs onepainuei YTeHus
r € R, eciu cymiecTByloT MeTku A C L, Takue uto A + 7.
YactuyHo ompenencHHas (pyHKIUA K BO3BpAIIaeT THII
METKH:

R, [ e R\W
W, le W\R
RW,le WNR

1, uHaue.

k() =

[Tpumem, 9T0 Ha METKAX 3a/IJaHO OTHOIIICHNE KOH(IUKTA
#. [onoxuM, 9TO HEKOH(IUKTYIOIINE METKA KOMMYTHPY-
0T, T. €. JIJIs1 000U mapsl a, b € L, Takoit uto —(a#b), u mist
JIFOOBIX CTPOK u, v € L* CripaBeIBO CICIYOMICE:

uabv € Lang(Zp, dy) < ubav € Lang (Zp, dy).

Hampumep, paccMoTpuM crieiiuUKaIui pa3aeisiMoi
namsTH — 0a30BOTO TUIA JTaHHBIX, TSI KOTOPOTO TPaJIu-
IUOHHO 3aJIal0TCsl Mojeu namsaTi. CucrtemMa mepexoIoB
BBITVISITAT CICYIOIINM 00pa3oM:

m'=mlx — v] ()

Wy (W t)
m——m'

(R ad).

CocTosiHHEe CHCTEMBI IIEPEX0I0B — OTOOpaKeHNE 13
azpeca NMEpEeMEHHOH B ee 3HaUCHHE, KOTOPOE MOJIEIH-
pyercst pyHKIHMEH ¢ KOHEIHBIM HOCUTEIEM m: A ﬁ—> V.

n

OTHoLIEHUE KOMMYHUKaIlUN (‘-IaCTO Ha3bIBACMOC «4uTa-
eT-I/I3») 1 OTHOLICHUC KOH(i)J'II/IKTa 3aJIaHbl 110 CJICAYIOIHUM
ImpaBujiaM:

Wyt Ry Wy # Wy, Wy #Rv,.

IMporpammusblii mopsiiok. [y Toro 4ToObl MOENIN-
pOBaTh MOTOKH NapajlIeIbHOW MPOrpaMMBbl, BO-IIEPBHIX,
MoJIaraeTcst, 4To crenn@uKanus MOTOKOB TaKKe 3aJlaHa
KaK CHCTeMa IOMEYEHHBIX ITEPEX0/10B HaJl TeM )K€ MHOXe-
CTBOM METOK, YTO H y CTIeHH(HUKAINN CTPYKTYPBHI TaHHBIX
2r=0Sp L, —>) Bo-BTOpBIX, MHOXECTBO METOK JIOTIOTHHU-
TEJBHO I/IHI[CKCI/IpyeTCH MHOXECTBOM HJICHTH()UKATOPOB
notokoB 7, T. e. mapa (¢, /) obo3HadaeT, 4To MOTOK £ € T
BBITIOJTHSET OIEPAINIO C METKOH /. PaccMoTpum momceT p
HaJi MHO)KECTBOM MeTok T' X L: p € Pomset;. O603Ha4uM
Kak T ¥ A (DyHKIIMH, BO3BpAIIAIOIIUe HICHTH()UKATOP TIO-
TOKa U METKY OIEPaLlMU COOTBETCTBEHHO.

Ha momceTe p MOXHO 3aJlaThb OTHOLICHHE YKBUBA-
JICHTHOCTH, CBSI3bIBAIOIEe COOBITHS U3 OJHOTO MOTOKA:
e} = .5 2 1(eq) = 1(e,). Ilepeceuenue oTHOMIEHUH Ya-
CTUYHOIO HOPAAKA p U =, 00pa3yeT YaCTUUHBIH MOPAIOK,
U, CIIEZI0BATENIbHO, TOMCET. DTOT MOPSATOK HA3BIBACTCS
nPOSPAMMHBIM NOPAOKOM, COOTBETCTBYIOIIUH TOMCET
0603HauuM Kak po(p). Ilycts t € T — unentuduxaTop
noroka. Torga MOXXHO pacCMOTPETh CyXKEHHE MTOMCETa
P Ha KJIacC 3KBUBAJIEHTHOCTH f [0 OTHOIIEHHUIO =, 000-
3HAUUM €ro Kak p,. ITOT IIOMCET COOTBETCTBYET IIOTOKY
¢ uaeHtuukatopoM 7. [l Bcex paccMaTpuUBaeMBbIX Ja-
aee Moenel morpedyeM, YToObl Ul KaXI0ro ¢ IIOMCET
P, IpUHAJJIEKAT A3bIKY X7 U HEKOTOPOro HAa4aJIbHOIO
COCTOSIHHA Sy € St

VteT. 3sqge Xy p, € Lang(Zy, s¢).

3aMeTuM, 4TO 3TO BJICUET K TOMY, UTO p, AOJKEH OBITH
MOJTHOCTBIO YIOPSI0UeH. DTO CBOMCTBO MO3BOJISIET CBSI3ATh
IMOMCET C TIOCJIC0BATEILHON CEMaHTUKOM, 3aJa0IIEH 110~
BEJICHUE ITOTOKOB.

Mogeanb nocjie1oBaTe/IbHOI COINIACOBAHHOCTH TIpel-
MUCBIBAET, YTO PE3YJbTAT KaXJA0Ir0 CLIEHAPHS UCIIOIHEHUS
MPOTPaMMBI MOT OBITh OOBSICHCH KaK pe3yNIbTaT IMoode-
PEIHOTO BBITTONHECHHS HHCTPYKIUH MOTOKOB. [pyrumu
CIIOBaMH, JIJIs KAYKIOTO CIIEHAPHSI UCTIOTHEHUS IPOTPaMMbI
JIOJDKEH CYIIECTBOBATH CIIOCOO MOITHOCTBIO YIIOPSIOYHTH
COOBITHS TAHHOTO CLEHAPHUS, COXPAHSISA MPOrpaMMHBII
TTOPSITIOK.

O6o03naunm kak SegCst(Zp, d;) S3BIK TIOMCETOB, KO-
TOpbIE SIBJISIIOTCS MOCJIEA0BATEILHO COTJIACOBAHHBIMH
OTHOCHUTENILHO CTPYKTYPBI JaHHBIX X C HaYaJIbHBIM CO-
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crosiHueM d,. Ilomcer p sBasieTcs nocredosamenvro co-
2/1aC06aHHBIM, €CIIU BBIIOIHACTCS CIEMYIOLIEE YCIOBHE:

p € SegCst(Xp, dy) = {po(p)} © Lang(Zp, dj).

Moaesb NPUYHHHON COTIIACOBAHHOCTH OTIPEICIIICTCS
Ooee CIIOXKHBIM 00pa30M C MTOMOIIBIO TIOPSIIKA «IIPOHC-
xomuT-10» (happens-before), KOTOPBIil OKEH BKIIOYATH
MPOTpaMMHBIN mopsinok. TpeOyercs, 9ToObI BCe MOTOKH
HaOTI0IANIN OTIepaIiK 3aIHCH, YIIOPSI0YCHHBIE OTHOIIIe-
HHUEM IIPOMCXONT-0%», COINIACHO 3TOMY MOPSIKY. B pam-
Kax MOJIEJTH TIOCJIEI0BAaTEIbHON COITACOBAaHHOCTH KaXK10€
coObITHE 00J1a/JaeT 3HAHHEM TOJIBKO O MPEIIECTBYIOMINX
COOBITHSIX U3 CBOETO ITOTOKA, @ TAKIKE O MPEANISCTBYIOIINX
ollepanysxX 3alMucH U3 IPYTUX TTOTOKOB.

UroOsl hopmann3oBaTh OIpeaeIeHre IPHIHHHON CO-
[JIACOBAaHHOCTH, BBEJEM IOHATHE TpePUKCa COOBITHS U
nepeMapKupoBKkH momMcera. OTpaHWYeHNE TTOMCETa Ha
mpeUKC COOBITHS TTO3BONSIET PACCMATPHUBATh TOJIBKO TE
COOBITHS, KOTOPBIE MPOUCXOAMIIN 10 TaHHOTO COOBITHS.
[lepemapkupoBKa MoMcCeTa MO3BOJISAET H3MEHUTh METKH
orepanuii YTeHUs B JPYTHX MOTOKaX, YTOOBI OTPa3UTh TOT
(axt, uTo MOTOK 00J1aJaET 3HAHUEM TOJILKO 00 Orepanusx
3aIvcH.

[Ipedukc coOBITHS € OTHOCUTEIBHO MTOMCETa p TO
MHOXKeCTBO [e] £ {e'|e’ < e}. 3anmch pj,) 0603HaUALT CyKe-
HHeE p Ha rpedukc coowiTus e. [lycts f: L — L 310 pyHKImsS
Ha MeTkax. Torjga nmepeMapKMpoBKa IIOMCETa p OIpeJie-
msierest Kak f(p) = (E,, 1, f© A, <,). Bynem rosoputs, 4to
¢byuknus 1 L — L obnamaet cieayomuMu CBOHCTBaMHU:
— coxpansiem mun onepayuii, €CI Kq,(€) = K,(e);

— coxpatisem omHoulerue KOHPIUKMA, €CIu ey fy, e, <

e #, e
— coxpausaem mMemku no Mooyio NOOMHOHICECMEA cOObI-

muil €, eciin e & € BIedeT Ay, (e) = A(e).

O0603HaunM Kak Relab(€) MHOXKECTBO (QyHKIIHUH, KOTO-
pbI€ YIOBIETBOPSIIOT BCEM 3THM YCIOBHSM OTHOCHTEIILHO
MOAMHOKECTBA COObITHI E. [ moToka ¢ € T 0003HAYMM
Kak Rp# MHOKECTBO OIlepaliil YTeHuH, IpruHaIekKAIINX
JPYTUM ITOTOKaM:

R £ {eeE|t(e) #1 Ax(e) = R}.

Omnpenennm nocpenctsoM HB(Xp, djy) sI3BIK TIOMCETOB,
KOTOPBIA COACPKUT BCE BO3MO)KHBIC BaPHAHTHI OTHOIIIC-
HUS «IIPOUCXOTUT-I0%» OTHOCHTEIBHO CTPYKTYPHI JaHHBIX
Y, ¥ HA4aJbHOTO cOCTOAHMA d. IloMceT ¢ mpuHaIIeKUT
3TOMY SI3BIKY, €CJIM JIJIsl KaXKI0TO COObITHS ¢ € E ¢ CyxKeHne
MOMCeTa ¢ Ha MPEPHUKC COOBITUS € MOKET ObITh JTMHEAPH-
3MPOBAHO K TMOCIIEIOBATEIILHOCTH, PUHA ISKAIIEH S3bIKY
CTPYKTYPBI JAHHBIX, 10 MOAYJIIO IEPEMAPKHUPOBKH HEKOTO-
PBIX OICpaIHii YTCHUS U3 JPYTUX MOTOKOB:

q € HB(Zp, dy) 2 Ve € E,. 3f € Relab(R,77®).
{f(q[e])} © Lang(zDa dO)

ITomcerT p sIBIsICTCS MPpUUUHHO-CONACOBAHHBIM, €CITH
cymectByeT g € HB(Z)), d|y), Takoii uTo ¢ £ po(p):

JZAS Causalet(ZD, do) e {po(p)} L-)]"[B(ZD, do)

Moneab KOHBeHePHO COTIacOBAHHOCTH OCITA0IACT
MOJICITh ITOCJICIOBATEIEHON cortacoBaHHOCTH. Tpedyercs,

4TOOBI BCE MOTOKU HAOJIONAIN B OJJMHAKOBOM TOPSAKE
TOJIBKO T€ ONEpPalUU 3aMUCH, KOTOPbIE YIOPSIOYEHBI OT-
HOIIICHHEM IPOTPAMMHOTO TOpPs/IKA (a HE OTHOIICHHEM
IPOUCXOIUT-IION ).

IToMceT p ABISIETCS KOHBEEPHO-CO2NACO8AHHBIM, SCITH
IUIST K&KJOTO TIOTOKA CYIIECTBYET JIMHEApPU3alus IPo-
TPaMMHOTO TOPS/IKA, TPUHAISIKAIICH A3BIKYy CTPYKTYPHI
JTAHHBIX, 10 MOYITIO TIEpEMapKUPOBKH HEKOTOPHIX OTIepa-
U YTEHUS U3 IPYyTUX TOTOKOB:

p € PipeCst(Zp, dy) £ Vit € T. 3f € Relab(R,7).
wop))} © Lang(Zp, dj).

BeiBoabl U orpannyenus. [Ipu momomu paspado-
TaHHOH OMONMMOTEKU OBLIN (HOpMaTH30BaHbI TpHU 0a30BbIe
MOJIETT KOHCUCTEHTHOCTH. KpoMe nmepeunciieHHbIX BhIIIe
MoJieNieil maMsTH, 0XKUIACTCS, YTO JIpyTue MOJENIH, KOTO-
pBIe BBIpaXKaroTcs B TEPMUHAX JIMHEapU3aluii TOMCETOB U
COXPAHSIOT MPOrPAMMHBIH TOPSIOK [ 1], TakikKe MOTYT OBITh
(hopman30BaHbI C TOMOLIBIO pa3padOTaHHON OMOINOTEKH.
OTOT Kacc MoJeiel BKIIIOYAET B TOM YHCJIE Pa3IHYHbIC
BapHUAHTBI MOOeNU NOCIe008AMENbHOU CO2NACOBAHHOCTIU
(causal consistency) [10] u modenu coeracosanHocmu 6
KoHeunom cueme (eventual consistency) [11].

OTMeTHM, 9TO HE BCE CTPYKTYPHI TaHHBIX MOTYT HMETh
MOCJIeAOBATENbHYIO crenupukanuo. B xauecTBe mpu-
Mepa B pabore [35] mpuBeneHa CTpyKTypa OOMEHHHUKA
(exchanger), koTOpast MO3BOJISIET ABYM IIOTOKaM aTOMapHO
0OMeHSTHCs napoy 3HadeHui. Ha raHHbIit MOMEHT 110/100-
HBIE CTPYKTYPbI JaHHBIX HE MOTYT OBITh CIIELU(PHUIIIPOBA-
HBI C IIOMOIIBI0 OHOIMOTEKH.

Kpowme Toro, He Bce MOJIENTN COXPAHSIIOT MPOrpaMMHBIH
nopsaok [9]. K Takum MozesisiM OTHOCSATCSI MOIEITH MaMSITH
HEKOTOpBIX IpoueccopoB, Hanpumep ARMVS [3], u Heko-
TOpBIC TIPOJBUHYTHIC MOACIH /IS S3BIKOB ITPOTPAMMHEPO-
BaHI, HapuMep Monenb Weaksetmo [22] u momens PwP
[23]. B Oymymiem OyneT HHTEpeCHO pacIiIupuTh OHOIoTe-
Ky, YTOOBI TaKXKe TIOKPHITH OOIIee MIMPOKHHA KJIACC MOJEIICH.

Casi3aHHbIe PadOTHI

Crenudukaym Mozeneil maMsITH, apaMeTpU30BaHHbIC
ONEePalMOHHON CEMaHTUKON CTPYKTYpPbI JaHHBIX, OBLIH
mpeacTaBieHsl B padorax [10, 11, 44]. Hu ogHa u3 31X
pabot He paccMaTpuBaeT 3ajady (GpopMaTH3anuu JaHHBIX
MOJISIH IIaMSTH B CUCTEMaxX JI0Ka3aTeIbCTBA TCOPEM.

B pa6ore [35] aBTOpBI NpeacTaBHIN METO Jist (op-
Maju3aluy MOJEJIEH NaMATU U NapaJlIeNIbHbIX CTPYKTYP
JAHHBIX, ¥ BEpU(DUIUPOBATIH HEKOTOPbIC CreH(HUKAINN
B cucreme Coq. B atoii padote Takxke, Kak U B pa3zpado-
TaHHOH B HacToseld pabore OUOIMOTEKE, MOIICPKU-
BAIOTCS TOJBKO MOJICIIH, COXPAHSIOMINE TPOrPaMMHBIH
nopsiiok. [IpencraBieHHbBI METOI OCHOBAaH Ha HMCIOJb-
30BaHHU MHOJICECME SpaAPo8 CyeHapues UCHOTHE s KaK
CEeMaHTHYeCKOro JoMeHa. CeMaHTHKa CTPYKTYPbI JaHHBIX
3amaeTcs Kak Habop OTpaHWYICHNH Ha MHOXKECTBO TpadoB.
JloCTOMHCTBOM JaHHOT'O METOJA SBISETCS TO, YTO OH IO-
3BOJIsIET (HOPMATM30BaTh CTPYKTYPBI IaHHBIX, KOTOpBIE HE
UMEIOT II0CIIe0BaTeIbHON crieuduKauy, HanpuMep,
CTpyKTyphl oOMeHHMKa (exchanger). OTinuune npesio-
JKEHHOM B HacTosIei paboTe OMOINOTEKH — B3aMOCBSI3b
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cnenuuKanuii B TepMUHAX I'padoB U ONEpaluOHHBIX
CEeMaHTHK He (hOPMaITU3YIOTCS.

B pabote 11t cienmdukaniy Mojiesiel naMsTH UCTIONb-
3yeTCsl JOMEH A3BIKOB TOMCETOB, YTO MO3BOJSAET MPHUME-
HUTbH U3BECTHBIE TEOpEeTUYECKUEe pe3ynbTarsl [17, 18, 28]
K OTIpeNIeICHNsIM Mojieniel maMaTu. Takxke, 10 MHEHHIO
aBTOPOB, B JAHHOW paboTe BIIEPBBIC PEANTN30BAaH METOJ
TMIPE/ICTABICHUSI IOMCETOB Ha OCHOBE HCIIOIb30BAaHUS KOH-
CTPYKTHUBHBIX (haKTOP-THUIIOB.

3akiarouenne

B pabote npeacrasieH MeTOA KOTUPOBAHUS CEMaHTHU-
YECKOT0 JOMEHA A3BIKOB KOHEYHBIX TTOMCETOB C UCIOJIb-
30BaHMEM KOHCTPYKTHBHBIX (paKTOP-THUIIOB M OnOIHO-
Teka st cucteMsl Coq, peanusyrolas JaHHBIH METON.
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Abstract

The importance of wearing a mask in public places came to light when the COVID-19 pandemic has started due to the
coronavirus. To strictly control the spread of the virus, wearing a mask is mandatory to avoid getting the virus through
others or spreading the virus to others if we are carrying it. Since it’s not possible to check each individual in public
places whether he/she is wearing a mask, this paper proposed a face mask detection using Deep Learning (DL) and
Convolutional Neural Network (CNN) techniques. A cloud-based approach that adopted DL is used to identify the
persons violating the rules. The dataset used in the work is collected from various studies, such as Prajnasb/observations
and Kaggle’s Face Mask Detection Dataset that contains images of people wearing and not wearing masks. The faces in
the images will be detected and cropped with the help of a trained face detector which will be used for checking whether
the face in the image is wearing a mask or not. Face mask detection is done with the help of CNN. The input image is
fed into the CNN and the output is binary format, whether person wearing or not wearing a mask. The work uses Max
Pooling and Average Pooling layers of CNN. The outcome of the work shows that the proposed method achieves 98 %
of accuracy using Max Pooling which is better than the currently available works.
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V. Komal Venugopal, M. Lalith, T. Arun Kumar, J. Jayashree, J. Vijayashre

AHHOTaNMA

Ba)KHOCTD HOIICHHS MACKH B OOIIECTBEHHBIX MECTAX CTajla OYCBH/IHA, KOTJIa N3-32 KOPOHABHPYCA Havallach IaHIEMHUS
COVID-19. JInst cTpororo KOHTPOJS 3a paclpoCTpaHEHHEM BHpPyca HOUICHHE MAacKH SBISETCS 00S3aTeIbHBIM.
B o0miecTBeHHBIX MeCTaX HET BO3MOKHOCTH MPOBEPUTH KaXKIOTO YeJIOBeKa Ha HOMICHHEe MackH. [Ipenioken crocob
oOHapyKeHHsI MacCK! Ha JIMIe YeJIOBeKa C ITOMOIIBI0 METOIOB INIyOOKOro 0Oy4eHHUsI M CBEPTOYHBIX HEHPOHHBIX
cereit (Convolutional Neural Network, CNN). O61auHblif 110/1X0]] OCHOBaH Ha NIyOOKOM OOYyYeHUU M HCIOJIB3YeTCsl
JUISL BBISABJICHUS JIWL], HAPpYLIAIOUIUX IIpaBuiIa. Ha6op JAaHHBIX, Hp”MeHeHHin’I B pa60Te, 3aMMCTBOBaH U3 HAYYHBIX
uccieioBaHni, Taknx kak Prajnasb/observations u Ha6op nanubix Kaggle Face Mask Detection. [lanublie comepixar
M300pakeHNs JroJel B Mackax U 0e3 HuX. JIluma Ha n300pakeHUAX OOHAPYKUBAIOTCSA M BBIACISAIOTCS C TTOMOIIBIO
CIICIMAIBHOTO 00y4eHHOro JeTeKTopa Jini. OOHapyKeHHe Macki OCYILIECTBICHO ¢ MOMOIIbI0 feTekTopa 1 CNN.
BxoaHOE H300pakeHIe HATIPABIIAETCS B CETh, 4 BBIXOHBIC JAHHBIC TPEICTABIISIIOTCS B IBOMYHOM (hOpMaTe HE3aBHCHMO
OT TOro, 0OHapyKeHa Macka wiH HeT. B pabore ucnons3oBans! cion CNN Max Pooling n Average Pooling. Pesynbsrar
HCCIIEZIOBAHUS TIPENIOKCHHOTO METO/ia T0Ka3all, YTO METOJ MO3BOJISIET JOCTHYb 98 % TOYHOCTH Ha MaKCHMalbHOM
00BbeMe TECTOBBIX M300paXkeHHI.

Kurouesblie ciioBa

cBeptounble HeiiporHbie ceT, CNN, PyTorch, rmy6okoe o0yuenue, o0nako

Cecpliaka s nurupoBannsi: Koman Benyronan B., Jlamur M., Apyn Kymap T., [xasmpu [1., Bumpkasmpu /1. O6nagnas
HHTEIUICKTyaJIbHasl CHCTeMa MOHUTOPUHTA JUIsl OOHAPYKEHHs HapyIIeHHI HOIEHHUS MACKU U BBIIAYH ITPEIy Pk ICHIN

// HayuHO-TeXHUYECKHUH BECTHUK HH()OPMAIIMOHHBIX TEXHOJIOTHI, MexaHukH 1 onTuku. 2022. T. 22, Ne 3. C. 528-537
(nHa aHn. 513.). doi: 10.17586/2226-1494-2022-22-3-528-537

Introduction

The COVID-19 pandemic has created a major impact on
the world in many ways such as affecting the economy and
also stopped people for many days who has to travel from
one place to another place. Since the virus transmits from
one person to another through expired air, the speed of the
transmission is increasing rapidly [1]. Having the need to
stop the spread of the virus, which is increasing day by day,
many governments all across the world have imposed lock
down, and they allow people to come out only to buy daily
essentials. But there also exists a high risk of coming out
from the houses at the contaminated zones since the spread
of the virus is very high in those zones [2]. To prevent the
spread of the virus, many countries have imposed strict
rules about wearing a mask in public places. Since all the
people cannot be proctored individually to check whether
they are wearing a mask or not, with the help of artificial
intelligence we can get an analysis about the places where
most of the people are not wearing masks with the help of
deep CNN. This model can be implemented in real time
cameras of Closed Circuit Television (CCTV), and there
are no restrictions since everything is cloudified and can
run anywhere because there is no platform dependency in
any step.

DL models are used recently to learn the features of the
dataset which help in handling the large amount of data
that we get from different sources. It is almost impossible
to classify this data using normal Machine Learning
Algorithms. The classical Machine Learning Algorithms
learn the data by parsing it which leads to poor accuracy
when we have diverse and huge data. In case of this type,
DL helps by creating an artificial neural network that learns
from previous experiences without getting programmed
explicitly [3]. DL procedure creates its own decisions
and doesn’t depend only on the data provided. There are
different types of DL techniques available: multi-layer
perception, Recurrent Neural Networks, CNN, and Modular
Neural Networks which have their use-cases.

CNN is the popular class in Learning for its ability to
understand visual imagery. CNN have been a revolution

on the computer vision domain. Initially, there were some
image processing techniques but they were not able to
generate a state-of-the-art result. Whenever CNN have
been introduced, they have started producing state-of-the-
art results [4]. A specified kernel is placed on the image
matrix, and a new convolution matrix is formed from the
combination of these two matrices. Pooling is applied
on the newly formed matrix that helps in reducing the
dimensions of the image so that the image processing gets
done quicker than the previous one. In this paper, we use
Max and Average Pooling layers in CNN and compare
them with the results. Max Pooling is done by using the
maximum pixel value when Kernel and Average Pooling
takes the average pixel value. The image gets flattened
after pooling and gets classified. This process gets repeated
for a certain number of epochs for all the images. The
complexity and size of DL models are drastically increasing
to achieve state-of-the-art results. New model architectures
are constantly being developed with millions and billions
of learnable parameters in the model. Recently, OpenAl
company has developed GPT-3 which consists of 175
billion parameters, and it has achieved state-of-the-art
results at many tasks [5]. In the real-world scenarios, where
we need to deploy these huge models, we might face issues
such as storage, hardware requirements, etc., since these
models require a lot of storage and advanced hardware for
faster inference. We have used Knowledge distillation to
reduce the size of the model by having a lesser number of
parameters when compared to the original model; we are
reducing the original model size by 40 % of the originally
trained model such that the inference becomes 60 % faster
and with the same accuracy as the Teacher model. The
remainder of the paper is organized as follows.

We discuss the various studies done on the facemask
detection using different algorithms in the recent years
along with the results obtained. Later we give an overview
of CNN Architecture; a dataset was used and it shows
the working of our model with the detailed architecture
diagram. Then we explain the metrics used to evaluate
the performance of the model and compare the results to
find the best accurate model. And finally, we outline the
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advantages of using the Cloud Architecture, the future
scope of this work concluding the paper.

Literature review

In this section, the studies of different algorithms
used in the currently available works are discussed. Fu
et al. [3] proposed a fast detection framework /DSSD
(Deconvolution Single Shot Detector). The work uses VOC
and COCO datasets to evaluate the performance of their
own model. They used pretrained ILSVRC CLS-LOC
dataset for experimental evaluation. The work achieves
overall 82 % of accuracy which is not efficient for proving
the achievements. However, the work achieves training
process in a less amount of time. Therefore, the time
complexity of the training process is reduced compared
to other works. CNN is the popular class in Learning for
its ability to understand visual imagery. CNN have been a
revolution on the computer vision domain. Initially, there
were some image processing techniques as they were not
able to generate a state-of-the-art result; but when CNN
have been introduced, they have started producing state-of-
the-art results. Lin et al. [4] proposed an object detection
technique based on feature pyramids. A specified Kernel is
placed on the image matrix and a new convolution matrix
is formed from the combination of these two matrices.
Pooling is applied on the newly formed matrix that helps
in reducing the dimensions of the image so that the image
processing gets done quicker than the previous one. The
work uses COCO dataset for the evaluation of the proposed
model. Author concludes that the Feature Pyramid Network
is efficient for applying feature extraction based on CNN
model. However, the training process is very difficult which
leads to increased cost and time. Farfade et al. [6] describe
the concept of extracting the faces from the given images,
and it has been well explained in this paper. There has been
specified how to extract the region of interest (in this case,
it is the face of the person in the image), and we get the
coordinates of the face in the image. The computational
power required to train this model is very high, so it cannot
be done in a CPU since there are many calculations to be
done in parallel to save time; but computing with the help
of CPU consumes a lot of time whereas while using a GPU
it can be done very fast when compared to computational
time using a CPU due to its parallel processing capability.
Chen et al. [7] had compared the results between SVM,
DNN, CNN, and CNN using transfer learning, and the
CNN model with transfer learning and generated better
results when compared to other models. Geoffrey et al. [8]
proposed a Knowledge distillation model that is considered
as a single model based on compression technique. Authors
have suggested that the combination of difference machine
learning algorithms to build a prediction is an inefficient
approach that makes the process slow. Even though, the
idea is quite different and useful, but the method cannot
guarantee the better performance in terms of accuracy and
time.

From the literature studies, all model focused only on
the complexity of training which do not guarantee the
better performance. We also observed that the robust Cloud
Solution for the face-mask-detection is not available in the

current scenario. The models used for identification are not
so accurate. In this paper, we use Max and Average Pooling
layers in CNN and compare them with the results. Max
Pooling is done by using the maximum pixel value when
Kernel and Average Pooling takes the average pixel value.
The image gets flattened after pooling and gets classified.
This process gets repeated for a certain number of epochs
for all the images. We also adopted the approach proposed
by Knowledge distillation [9] and compared the results for
Max Pooling and Min Pooling of the Teacher model, and
used the most accurate result in the Student model.

Proposed methodology

To build a prediction model, all the resources are created
that are required for the flow of the process initially. Dataset
details are given in the next section. The main objective
of the paper is to improve the accuracy with reduced
processing time. Amazon Web Services (AWS) are offered
by Amazon with a wide range of services that are required
for the end-to-end setup for any online application. AWS
Lamda will help in executions of certain tasks and needs to
be run after particular process completes its execution. In
this model, we use the AWS Lambda resource which will
help in running an event after it found any changes in the
specified AWS Simple Cloud Storage (AWS S3) location.
Amazon Elastic Compute Cloud (AWS EC2) instance is a
remote machine that can act as the server and is used to run
all the scripts and maintain the MYSQL database. AWS S3
is a remote storage resource that helps in storing the videos
and images of the violators and processing them to the
server. Amazon Simple Notification Service (AWS SNS)
helps in transferring mails and alerts to the subscribed users
from AWS Lambda. AWS Identitity access management
(IAM) is used in creating login username and password
for different users. We need to attach the permissions
required for the operations to that user. These permissions
are attached as a json code which is called a policy. As a
first part of the work, a role is created in AWS [AM with
the policy attached to it, having all the access permissions
for the two AWS S3 buckets, AWS Lambda, AWS EC2,
and AWS SNS. The login credentials are generated from
Security Credentials in [AM and the same role can be used
across every stage of the process. We can communicate to
AWS cloud by configuring the AWS credentials in AWS
EC2 within the default profile. An SNS subscription has
to be created which will mail to the email-id provided
after AWS Lambda is invoked. In this proposed model,
the OpenCV records the video of the surroundings every
4 hours. The video is then uploaded into the first AWS S3
bucket by configuring the AWS Access credentials using
the Python Boto3 package having the city name as the
prefix in the S3 bucket. We can process multiple videos
from multiple locations that get forwarded to a folder in S3
bucket having the zip code of the location as a folder name
[9]. Now AWS Lambda has to be set up to get data from
AWS S3 and dump the data into an Amazon EC2 instance.
AWS Lambda will apply SSH to the EC2 instance using
the Python Paramiko library and copy the files from AWS
S3 to the folder in EC2 instance. After copying the data,
AWS Lambda will trigger a Python script that will run the
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— SNS +— S3
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Fig. 1. Architecture for Sending Mails of Violator Images

CNN model and identify the images of persons not wearing
the masks. The images are then pushed into an MYSQL
Database from the EC2 instance. When the image is pushed
into MYSQL Database, it also gets pushed into the AWS
S3 location. The push into the AWS S3 location will trigger
an AWS Lambda function that will send the image of the
violator (as in Fig. 1) to the mailing address mentioned in
the AWS SNS Subscription.

Data set details

The dataset used in this paper is collected from
different online resources available which included data
from Kaggle’s Face Mask Detection Dataset and Prajnasb/
observarion dataset. There are two classes in this problem:
people wearing masks and people not wearing masks.
To avoid the problem of over fitting, the images were
collected almost equal in number. The total number of
images contained in the dataset is 7553 [10]. The number
of images of the people who are wearing masks is 3725 and

>
.
=

the number of images of the people who are not wearing
masks is 3828. Prajbnasb dataset is helpful in the work to
identify the facial features of person. This dataset consist
of 1376 images: 690 of these with wearing mask and
686 — without wearing mask. Many features like nose,
eyes, mouth, eye brows and many others are located using
facial landmarks of the dataset. Sample images for dataset
without mask and images for without mask are shown in
Fig. 2 and 3.

In Fig. 2, facial landmarks are used to automatically
gather the location of facial features such as chin, nose, and
mouth. Fig. 2 represents the images of faces in different
views and the system shows “no mask detection”. If all
features such as nose, mouth, and chin are visible, then the
system detects “no mask”.

Fig. 3 shows the faces of people who worn mask in
different positions. In Fig. 3, a, ¢, the mask fits perfectly.
Improperly worn mask images are shown in Fig. 3, b, d. If

Fig. 2. Sample images belonging to dataset without mask
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Fig. 3. Sample images belonging to data set with mask

any of the three features visible, then the system detects that
the mask not worn properly.

Training the CNN Model

In this work, we have used DL Knowledge distillation
and OpenCV library. The live video is captured by the
cameras such as CCTV, and OpenCV accesses the live
video. Then the video is split to different frames per second
and the frames are fed to the pre-trained model that is
implemented in this paper for inference to predict whether
the person in the frame wears a mask or not. The result is
highlighted in the video itself; the number of people in the
frame might be more than 1. The frames are cropped in such
a way that the faces of the people in the frame are detected
using a pre-trained face detection model which gives us the
coordinates of the face in the frame. The model to detect the
face mask is trained in this work. We used CNN architecture
to build the model as it is more suitable for vision tasks.

The CNN architecture in this work in Fig. 4 is made up
of Convolutional and Max Pooling layers. To reduce the
over-fitting in this model we have used some regularization
techniques such as dropout which makes sure that no
particular neuron plays a major role in the model while
inferencing. First, the input image is pre-processed by using
some augmentation techniques, and later it is converted to
numeric matrices of 3 dimensions where each dimension
contains the intensity values of red, green and blue in the

Convolution
Layer 1

Input Image

Max Pooling

Convolution

Layer n

Fully Connected
Neural Network

pixel. Then these values are fed into the model as input.
Second, the input values pass through the Convolutional
layer where a filter of (3, 3) used, and padding and a stride
of value 1 are applied on the input. Padding is applied to
prevent the loss of information at the corners of the image
so that the prediction might not be accurate if it misses
some information. A ReLU activation function is used after
the Convolutional layer. The inputs are passed to the ReLU
activation function and then to Max Pooling layers where
the dimension of the input gets reduced. A (3, 3) Kernel is
used in Max Pooling, the dimension gets reduced and the
important information is only preserved in the surrounding
pixels. Then after passing the input data through a few
Convolutional and Max Pooling layers, it is flattened and
passed through a fully connected linear layer and then
through a sigmoid layer where we get the output probability
of the neuron. If the probability is above 0.5, then the
person in the frame is wearing a mask; if it is less than
0.5, then the person in the frame is not wearing a mask.
Since this comes under the binary classification problem,
a binary cross-entropy loss is used here and the optimizer
used for updating the weights is the Adam optimizer. 98 %
of accuracy is observed using the Max Pooling in the CNN
Architecture as shown in Fig. 5.

The CNN model using the Average Pooling has
produced an accuracy of 97 % in detecting the facemasks.

Convolution

Layer 2

Convolution

Layer 3

Output Layer

Fig. 4. CNN Architecture for Max Pooling
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Input Image

Average Pooling

Average Pooling

Fig. 5. CNN Architecture for Average Pooling

So, the Max Pooling was found to give the best results due
to which it is used as Teacher model in the Knowledge
distillation which is discussed in the next section.

Knowledge distillation

This model uses 6 convolutional and 3 dense layers
containing a large number of trainable parameters. In this
case, the inferencing becomes difficult because the input
frames are continuously fed into the model and the output
should be generated spontaneously [11]. But if we use
such a large model trained, the inference becomes difficult,
so we have used Knowledge distillation to overcome
this problem. The model trained above is considered as
Teacher model and the Student model consisting of lesser
parameters than the trained Teacher model. The latter is
trained using the training data for 50 epochs where the loss
function in the Student model differs from the Teacher
model. The loss function in the Student model is the sum
of loss functions on hard labels and the loss on soft labels,
which are the normalized probability distribution of the
Teacher model output logits, calculated using temperature-
based Softmax function. The parameters are shown in
Table.

In the training, the temperature controls the peak
distribution of the normalized probabilities. The peak
values will become more peak and the least values will
reduce further by applying temperature to the Softmax
function. The parameters which are not learnable and
defined manually are called hyperparameters. During
the training, the learnable parameters get updated every
iteration but there are no fixed values for hyperparameters.
The hyperparameters, set while training the DL model,
are the learning rate that is used in the optimizer, in the
number of epochs the model is trained, in the batch size
of the data while training, and in the activation functions
used [11]. These hyperparameter values are experimental,
so we have experimented with different values and finalized
a model which achieves better accuracy with less over

fitting. The temperature value in the Softmax function
during Knowledge distillation is also a hyperparameter that
varies from 0 to 1.

Saving and Loading Model

The model is trained with hyperparameters which
produce better results. When the model is used in real-
world scenarios, we can’t train the model every time on
the device. So, we are saving the model in such a format so
that it can be loaded whenever it is required. The weights
freeze after the training and then are saved into a particular
format such as h5 or pt based on the framework the model
is trained on. In this case, we have used PyTorch for data
augmentation and model training, then saving the model.
When the model is used in a flask web framework, the
model is loaded into the RAM when the service is started,
this saves a lot of time [12]. The saved model can easily
be transferred to the devices for inference. It can also be
deployed in edge devices such as smartphones and [oT
devices.

Alert Simulation

An MYSQL trigger is a setup on a mask table that
will alter the count on the city table for the zip code of the
image. This data helps to find statistics and to analyze the
data for finding the most vulnerable locations and giving
alerts. The MYSQL table structure is as follows.

— mask (id, image, zipcode)
— city (zipcode, phone number, count)

Once the count is updated, the Python script will check
if the count is greater than 500; and if it returns true, then
the message is sent to the phone number in the city table
using the Sinch API credentials. The architecture for
sending SMS is given in Fig. 6.

Results and discussion

We considered Precision, Recall, Fl-score, and
Accuracy as the metrics to evaluate the performance of
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Table. Sequential order of layers in network with output shape, number of parameters used

Layer (type) Output Shape Param #
conv2d 1 (Conv2D) (None, 76, 76, 64) 4864
batch_normalization 1 (None, 76, 76, 64) 256
conv2d 2 (Conv2D) (None, 72, 72, 64) 102464
max_pooling2d 1 (MaxPooling2D) (None, 36, 36, 64) 0
batch_normalization 2 (None, 36, 36, 64) 256
dropout_1 (Dropout) (None, 36, 36, 64) 0
conv2d 3 (Conv2D) (None, 32, 32, 128) 204928
batch_normalization 3 (None, 32, 32, 128) 512
conv2d 4 (Conv2D) (None, 28, 28, 128) 409728
max_pooling2d 2 (MaxPooling2D) (None, 14, 14, 128) 0
batch normalization 4 (None, 14, 14, 128) 512
dropout_2 (Dropout) (None, 14, 14, 128) 0
conv2d 5 (Conv2D) (None, 10, 10, 256) 819456
batch normalization 5 (None, 10, 10, 256) 1024
conv2d 6 (Conv2D) (None, 6, 6, 256) 1638656
max_pooling2d 3 (MaxPooling2D) (None, 3, 3, 256) 0
batch_normalization 6 (None, 3, 3, 256) 1024
dropout_3 (Dropout) (None, 3, 3, 256) 0
flatten 1 (Flatten) (None, 2304) 0
dense 1 (Dense) (None, 256) 590080
batch_normalization 7 (None, 256) 1024
dropout_4 (Dropout) (None, 256) 0
dense 2 (Dense) (None, 60) 15420
batch_normalization 8 (None, 60) 240
dropout_5 (Dropout) (None, 60) 0
dense 3 (Dense) (None, 1) 232

l copy mask-less
images to dir
Copy Images to MYSQL Trigger
Call Python Script with zipcode as a column : Users > 1000?

m " python _’MQSQL ey P python

l Call sinch API
Send Message

© — sinch

Fig. 6. Sending SMS if violations limit is reached in a location
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the model in both the training and the testing phases. The
values of metrics can be generated using these formulae as
follows, where “TP” stands for True Positives; “FP” stands
for False Positives; “TN” stands for True Negatives; and
“FN” stands for False Negatives.

TP
TP + FP
TP
TP+ FN
TP+ TN
TP+ TN + FP + FN
2 x Precision x Recall

Precision =

Recall =

Accuracy =

F1 — Score = —
Precision + Recall

The proposed mode is applied on Kaggle’s dataset and
Prajnasb dataset. After training and obtaining the results on
the test set, the best performing model is considered as the
Teacher model after the Knowledge distillation [13—18].
The recall is observed 67 % using Max pooling and 57 %
by Average Pooling for with-mask data whereas the recall
is found to be same in both the cases for without-mask data.
Precision is found to be the same in both cases for with-
mask data; whereas the precision is 98 % by Max Pooling,
and 97 % by using Average Pooling for without-mask
data. Fl-score is observed as 80 % using Max Pooling
and 73 % using the Average Pooling for with-mask data;
whereas it is 98 % for Max Pooling and 98 % for Average
Pooling for without-mask data. Comparing both data sets,
it is observed that Max Pooling is giving better results
compared to Average Pooling by 1 % with Precision, 10 %
with Recall. On average, Max Pooling is giving better
F1-Score compared to the Average Pooling by 4 %. We
also observed 1 % more accuracy using the Max Pooling.
Hence, we found the Max Pooling is giving better results
when compared to Average Pooling in all the metrics.
Hence, the Student model is trained with the help of the
Teacher model which in this case is the model built with
Max Pooling as the pooling layer in the CNN architecture.
Fig. 7, a shows the performance of pooling layer with mask
label and Fig. 7, b shows the performance of pooling layer
without mask label.

The inferencing will be continuously happening on
the model as it is a video and the frames are constantly
fed to the model for inference [19—-24]. The model should
predict the results faster as well as accurately as shown
in Fig. 8. To maintain this tradeoff, the complexity of the
model should not be too high and the accuracy of the model
should also be taken care [25-28]. Knowledge distillation
can be applied to our model to create a Student model
which is smaller in size and it is also as accurate as of
the Teacher model. After creating a Student model, the
weights of the model are saved and can be used in different
applications.

We have observed the increase in the accuracy from the
Student model as the epochs are progressed, and finally the
Student model gave 98 % accuracy after the Knowledge
distillation for the Teacher model using the Max Pooling
layer.

Performance, %
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Precision Recall F1-score Accuracy
m Max Pooling = Average Pooling = Student
Max Pooling
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E 70
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Fig. 7. Performance of merging layers for a label: with a mask
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Fig. 8. Training and Validation loss for Student model

Conclusion

In summary, we propose a lightweight model for face
mask detection using Knowledge distillation. The need
to increase awareness about wearing masks is increasing
rapidly, and to make the rules stricter, the government is
imposing fines to people who are violating the rules for not
wearing a mask [15]. This cloud-based approach makes the
job a lot easier and provides timely alerts and notifications
that help in identifying the danger zones and take necessary
precautions by implementing lock-down in those areas and
so forth [16]. The same architecture can be implemented to
identify the people who are sick and coughing in the public
places using the respective machine learning models and
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create a secure environment for the public [17]. The work
achieves an accuracy of 98 % using Max Pooling layer in
predicting the mask-less people, and there is a scope for
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Abstract

In blockchain, ensuring integrity of data when updating distributed ledgers is a challenging and very fundamental
process. Most of blockchain networks use Merkle tree to verify the authenticity of data received from other peers on
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light nodes. In this article, we prove that our model provides better performance and less required computations than
Merkle tree while maintaining the same security level.
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AHHOTAIUA

B Gnokueiine obecneueHre EJIOCTHOCTU AaHHBIX IPH OOHOBICHUH PACIPEICIICHHBIX PEECTPOB SBIACTCS CIOKHBIM U
(yHIaMEHTAIFHBIM IPOLECCOM. BOJIBIMHCTBO ceTell OIOKYCHHOB ISl MPOBEPKHU IMOJTMHHOCTH JaHHBIX, TIOYyYSHHBIX
OT IPYTHX OJHOPAHTOBBIX Y3JIOB B CETH, UCIIONB3YIOT epeBo Mepkia. Co3nanue nepeBa Mepkita Uit Ka)Ioro 0JI0Ka B
CETH M COCTABJICHUE BETBH JIepeBa JAJIs KaXKJIOTO 3alpoca Ha MPOBEPKY TPAH3AKIINH SBISCTCS TPYIOSMKUM MIPOLIECCOM,
TpeOyrommmM OoNbIINX BEUUCIEHUIT. KpoMme Toro, oTipaBKa 3THX JaHHBIX [0 CETH TCHEPHUPYET OONBIION TpaduK.
B pabore npenioxkeH OOHOBJICHHBI MEXaHU3M, HCIIOIB3YIONUI HHKPEMEHTHYIO XCII-I[CTIOYKY C BEPOSITHOCTHBIM
(UIBTPOM TSI TIPOBEPKH JaHHBIX OJ0Ka, MPEAOCTABICHHS JI0KA3aTeIbCTBA [IEIOCTHOCTH JaHHBIX U 3()(HEKTHBHOTO
OOHOBIIEHUS JIETKUX y3/10B OiokyeitHa. Jloka3aHo, 4TO MpeUIoKeHHasi MOJelb obecrneunBaeT 6oee BBICOKYIO
MIPOU3BOIUTEIBHOCTh U TPeOyeT MEHbIIE BBIYMCICHUN, YeM AepeBO Mepkiia, COXpaHss MPHU 3TOM TOT )K€ YPOBEHb
0e30IacHOCTH.

© Maalla M.A., Bezzateev S.V., 2022
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Introduction

Blockchain is a peer-to-peer network that manages a
distributed ledger and commits to some consensus protocol.
It is considered as a promising and successful technology.
In addition to its main importance in digital payment
processing and money transfers, it has many applications
as in supply chains, digital voting, immutable data backup,
medical recordkeeping, and many other fields.

In its simple definition, blockchain is a way to
encapsulate data in blocks where these blocks are linked
through hash values to create an immutable chain of blocks
which is very fundamental concept in blockchain to keep
the data authentic without any possibility of updating or
manipulating the already added blocks to the blockchain.
Fig. 1 shows basic structure of blockchain, each block (n)
in the blockchain consists of its hash (n#) and the hash of
the previous block (n — 1). In this way, every block hash
is used in the next block header which leads to creating a
chain of linked blocks.

This chain of hashes gives a way to verify the integrity
of the blockchain by recalculating the hash for a block
and comparing with the hash value in the block, then
using this value to validate the next block. Therefore, any
change in any block will lead to wrong hash value which
in turn causes the verification process to fail for all the
following blocks. This model maintains the integrity of the
blockchain and provides an immutable distributed ledger
system. In order to verify the data of blocks, which are
basically transactions, blockchain relies on Merkle tree
to verify all transactions existed in the block body using
Merkle root hash which is stored in the block header [1].

The success of the blockchain concept is connected
with the financial success of Bitcoin. Therefore, we will
consider Bitcoin as our case study to explain blockchain
structure in more detail and understand why Merkle tree is
fundamental in blockchain. Fig. 2 demonstrates Bitcoin’s

detailed structure and how Merkle tree is constructed from
all transactions in a block to produce Merkle root which is
used to fully verify these transactions.

In Fig. 2, T is timestamp of the block which indicates
the exact moment in which the block has been mined and
validated by blockchain network; N is the nonce of the
block which is a number added by miners to meet difficulty
level restriction; V is the blockchain version number; diff'is
the difficulty target for the block; and H, is the hash value
of transaction x.

We will study Merkle tree model in blockchain and
the process of verifying blocks transactions, and we will
introduce our proposed model which replaces Merkle tree
and provides a more efficient mechanism that requires less
time and fewer computations for the verification process.

Hash chain

The idea of hash chains was first proposed by
Lamport to facilitate safeguarding of one time password
schemes (OTPs) when the attacker is able to eavesdrop
on communications. Since then it has been employed in
a wide range of applications, mainly in blockchain. Fig. 3
shows its concept.

We generate a chain of hashes s/ (with j natural number
> 0) by using a hash function 4. Every element s* from the
hash chain is computed by applying hash function % on the
previous element s #-1; then we use these outputs in inverse
way [2].

One of the most famous and used type of hash chain
is binary hash chain or Merkle tree [3]. It is used in many
applications including blockchain [4—6], health care [7, §],
financial transactions [9-11], cloud computing [12, 13]
and smart grid [14]. Many modified versions of Merkle
tree have been introduced to provide better performance.
Modified Merkle tree versions have been proposed to
provide better time and space [12, 13, 15—17]. All these

-
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—_—
Merkle Root

\ 4

Hash

Hash

Fig. 1. Blockchain basic structure
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Fig. 2. Bitcoin’s detailed structure

50 h(s9) = ! h(st) = 52 h(s/) = 571 Merkle tree presenting all transactions and identifying by

Merkle root.
generate Fig. 4 shows how to construct Merkle tree for a certain
T block. Initially, all transactions inside the block are hashed
using cryptographic hash function, for instance SHA256
Fig. 3. Hash chain basic concept as in Bitcoin [1]. After that, every two consecutive hash

values are concatenated and then hashed using the same
researches show that Merkle tree plays key role in many  hash function forming their parents.

applications, and many modifications has been made to The same process is performed to the next consecutive
match the variety of these applications. hashes and repeated until it becomes a single hash value
Merkle tree construction which is called Merkle root. (If there is an odd number

In blockchain, every block contains a list of transactions.  of transactions, last transaction is doubled and its hash
Merkle tree is constructed over these transactions providing ~ is concatenated with itself). Finally, the Merkle root is
a model to verify integrity of these transactions and that  stored in the block header and distributed to all peers in
they are in correct order. Therefore, every block has itsown  blockchain network.

HABCDEFGH

Hyp Hep Hgr Hey

o | L] (o] (o) [ ] [ ] o] [

I R IR N N B B

\TJ n )| [THTJ {T [TJ T\

Fig. 4. Construction of binary Merkle tree
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Merkle tree verification

In blockchain networks that used the concept of light
nodes which don’t store the whole blockchain locally,
they just store headers of the blocks. Therefore, they can’t
verify the authenticity of some transactions by themselves;
they have to rely on other trusted full nodes to provide the
required data to the verification process.

Fig. 5 shows the process of verification on a certain
transaction in a block. Merkle tree allows peers to verify
a specific transaction without downloading the whole
block data. When a user wants to verify a transaction, he
calculates its hash (the black box in Fig. 5), and then he
doesn’t require the whole Merkle tree, it requires only some
hash values from the tree (Merkle branch) in order to be
able to verify the integrity of the transaction, as shown in
the blue boxes in Fig. 5 for transaction Tp,.

Merkle tree analysis

In our analysis we study time complexity and space
requirements for binary Merkle tree to demonstrate the cost
of computing the Merkle tree and the required operations
to verify block data through Merkle branch.

Let’s consider a block with 7 transactions. Binary
Merkle tree for this block has the following attributes:

— The number of leaves is 7.

— The number of internal Leaves is 7— 1.
— The total number of nodes is n =27 — 1.
— The height for 7 nodes is 7 = log,(n).

Consider Merkle tree performance and issue analysis:
1. Construction time complexity

To construct Merkle tree for » nodes, we simply
need to calculate n hash values. Therefore, the

construction time complexity is O(n).

2. Adding new node time complexity
To add a new node Merkle tree for » node, we
simply have to recalculate hashes from leaves to root on
the right side of tree since the insertion process appends
new node to the last node of the tree; so we just need

h hash value to be recalculated since /4 is the height of

the tree. Therefore, the construction time complexity
is log,(n).

3. Verification time complexity

Verification of the block integrity using Merkle
tree requires rebuilding the whole tree again by
computing the hash of every transaction in the block
and constructing Merkle tree to reach Merkle root;
then comparing the computed value with the Merkle
root value in the block header (which is considered as
reference value). If two values are equal, then the block
data is valid, otherwise, it’s not valid. This process
requires » hash calls. Therefore, the full verification’s
complexity is O(n).

We don’t need the whole Merkle tree to verify
the integrity of a certain transaction in a block; we
just need several hashes to do so. It’s enough to have
number of hashes equal to the tree height. Therefore,
the verification time complexity is O(4) which is
O(logy(n)).

4. Space complexity

To store Merkle tree for » nodes, we simply need to
store n hash values. Therefore, the space complexity is
O(n), which is considered a large space.

5. Merkle tree issues

There are some disadvantages in Merkle tree which
make it not optimal simulation for blockchain:

— The cost of Merkle tree construction is high, especially
when we have a lot of transactions in block (in average,
1626 transactions per block in Bitcoin process during
October 2021)!.

— Blockchain networks don’t store Merkle tree. Therefore,
full nodes have to construct it and provide Merkle
branch every time transaction verification is requested.

I Blockchain Explorer — Search the Blockchain | BTC | ETH
| BCH, October 2021. https://www.blockchain.com/charts/n-
transactions-per-block (accessed: 01.11.2021).

ERRESRN

= = = =] =

Fig. 5. Verification on transaction “7p”
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Moreover, it’s time consuming to rebuild it again for

every request.

— It creates unnecessary network traffic because it’s
required to transfer Merkle branch to verify one
transaction. L network accesses are required to verify
one block transactions. If we assume that m users are
requesting the verification the same block, then it causes
enormous number of network access. Therefore, the
complexity of verifying one block (one Merkle tree) is
O(mLlog,n) that affects network performance.

As a result, Merkle tree has many significant features
that make it fundamental for blockchain. However, it has
costly data structure and it needs a lot of resources to be
constructed. It doesn’t require the whole hash tree to be
downloaded in order to verify a block of data, instead
it requires just a few hash values (Merkle branch) to be
able to verify data authenticity, but still, it takes time and
resources and needs computing these hashes and also cause
unnecessary network traffic. Therefore, we need more
efficient mechanism to verify data integrity and authenticity
which require less computing and time complexity.

Probabilistic filter

Probabilistic filters are high-speed, space-efficient data
structures that support approximate membership tests with
a one-sided error. These filters can claim that a given entry
is definitely not represented in a set of entries or might
be represented in the set. Therefore, negative responses
are conclusive, whereas positive responses incur a small
false-positive probability (it might sometimes indicate that
an entry is a member of the represented set although it is
not). One of the most famous filters is Bloom filter which
is represented with m bit array.

Some of Bloom filter properties are:

— It allows for membership check in constant space and
time.

— Very infrequently it will give a false-positive answer,
implies it will say YES if the answer is NO (probably
in the set).

— It will never give false-negative answer, implies it will
never say NO ifthe answer is YES (definitely notin the set).

— Basic Bloom filter supports two operations: test and
add.

— It has constant time complexity for both adding items
and asking whether a key is present or not.

— You can’t remove an item from a Bloom filter.

— It also requires much less space compared to the number
of items you need to store and check.

We can insert an element in this filter by inserting 1
into k slots in the bit array by & hash functions. When we
want to check if a certain element is member in this filter
or not, we must check all & slots if they have 1 value; if
not, it means that this element is definitely not a member
of the filter.

Fig. 6 shows an example of a Bloom filter with
m = 18 bit array and k = 3 hash functions, representing the
set {x, y, z}. The colored arrows show the positions in the
bit array that each set element is mapped to. The element w
is not in the set {x, y, z} because it hashes to one bit-array
position containing 0.

{x. .2}

[o[tfJoJ1t[1JoJoJoJofJoJtJof1]OoJO[L]0O

w

Fig. 6. Bloom filter presentation

Let fis the false-positive rate; » is the number of
inserted items; & is the number of hash functions; and m
is the number of bits in the filter. The following equation
determines the false-positive rate as a function of other
three parameters [18].

nhk\k
s=(1-en. (1
The following equation determines the optimal number
of hash functions:
m
k, —In2. 2)

opt
@ n

The following equation determines the array size in bits
for a given input () and desired false-positive rate:

nlnf

(In2)*

We should carefully choose these parameters to
optimize the desired Bloom filter. We can get a very low
false-positive rate that can be neglected.

1. Construction
Building cost for a Bloom filter for a block with
L transactions is O(Lk), we can consider O(k) = O(1)
because £ is nearly constant.
2. Verification
Verifying cost for a Bloom filter for a transaction in
a block is O(k), because we only need to check £ bits
in an array.
3. Space
We just need m bits to store a Bloom filter.

3)

Incremental hash chain

We proposed to use incremental hash chain to replace
Merkle tree by providing more efficient approach to verify
integrity of data which consume less time and computation
power than Merkle tree.

Construction

Block is consisted of many transactions, and in order to
construct an incremental hash chain for these transactions
in order to verify that these transactions are correct and in
the same order, we will start incrementally building our
hash chain from the first transaction until the last one.

Let a block has L transactions; 7; presents the
transaction with index i; H(7T;) is the hash value of
transaction 7;. To calculate the hash value for 7;, we need
the transaction concatenated with the hash of previous
transaction (except the first transaction), and it’s given by
equation

H(T)); i=1

HO =\ mer, ymy 1 <i<Lf @)
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The last hash value of equation (4) is the root of the
incremental hash value; we call it Incremental Hash Root
(INR). This value will be stored in the block header and
transmitted to all nodes to be used in the verification
process.

Definition 1. THR for a certain block contains L
transactions in the incremental hash value of the last
transaction of that block, and it’s given by the following
equation

IHR = H(T).

Equation (4) demonstrates that all transactions are
linked together incrementally, and any change to the data
or order of transactions will lead to a wrong IHR.

Total hash function calls in a block contain L
transactions, i.e. exactly L calls. Therefore, construction
time complexity is O(L), while we need 2.—1 calls in
binary Merkle tree. Our approach downsizes computation
time to half, so it uses more efficient mechanism and saves
power and time.

Verification

In our proposed approach we can verify the block data
by recomputing IHR again. This process provides overall
verification for block data. But when it comes to verify a
single transaction in a block, we cannot use our approach
to achieve that. Our approach is missing one significant
feature that Merkle tree provides, it has partial verification.
Therefore, we integrate incremental hash with Bloom filter
to achieve this feature.

Incremental Hash Chain Bloom Filter-based

Merkle tree is costly data structure, and it requires a lot
of computations when a blockchain requests a transaction
in a block from a full node. The full node should build a
Merkle tree for this block and send the transaction with the
Merkle branch to the light node. Moreover, this process
will be repeated for every single transaction in a block
that required a lot of computations and network traffic. We
proposed a new mechanism using Incremental Hash Chain
Bloom filter-based to verify transactions.

Miner node side

Mining nodes are only responsible for creating blocks
to add to the blockchain, let’s consider a miner builds
a new block containing L transactions. He starts with
computing hash values for the transactions using equation
(4) to generate IHR to be added to the block header. In
our approach, it’s required to build the Bloom filter for
this block by inserting the hash values of the transactions
into the filter array, then to compute the hash value of the
constructed Bloom filter (let’s call this value BFH) and to
add the resulting hash value to the block header to be used
later by light nodes in the verification process for checking
the integrity of received Bloom filter from a full node.

Full node side

In our approach, block header contains IHR and BFH.
When a full node receives a new block from a miner, it
will recompute the hash values for all transactions in the
block to verify IHR value in the block header; then it will
construct Bloom filter for the block and compute hash value
for it and compare it with BFH value existing in the block

header; and at last recompute the block hash to verify the
block data.

When a light node requests a transaction, the full node
sends the transaction data, the previous transaction hash,
and the Bloom filter.

Light node side

A light node requests a transaction and receives
the response from a full node. The response contains:
transaction data, previous transaction hash and Bloom
filter. The light node computes the hash for the Bloom
filter and compares it with the BFH in the block header. If
they don’t match, the node rejects the transaction; if they
match, then the node computes the hash of the transaction
using equation (4) and gets the transaction hash. After that
it checks if this hash value exists in the received filter: if it
exists — the transaction is valid and verified, else the light
node rejects the transaction.

Considerations

The main problem of our approach is that we rely on
Probabilistic filter, which doesn’t give us a deterministic
result; but if we build our filter carefully with choosing the
perfect parameters for the filter, we can get a very small
false-positive probability which we can neglect.

By using the equations (1), (2) and (3), let us consider
Bitcoin where in October 20211, in average, there were
1626 transactions per block. As for Ethereum, there were
about 74 transactions in a block (during 2021). Let’s say
we want to present 2000 transaction in a Bloom filter
(m =2000), and we choose the size of the filter as 10 Kbit
(n =10 Kbit) and, applying the previous equations, we can
find the results as shown in Fig. 7, a.

a
False positive probability vs Filter size

1072

_.
o
&

False positive probability

10—10
0.55 27 487 7.03 9.19

Filter size, Kbit
b

11.36  13.52

z False positive probability vs Number of hash functions
< 10"

£

2

a

2 107

2

2,

2 109

= 107 5 9 13 17 21

Number of hash functions, k

Fig. 7. Probability of false alarm depending on: filter size (a);
the number of hash functions ()

I Blockchain Explorer — Search the Blockchain | BTC | ETH
| BCH, October 2021. https://www.blockchain.com/charts/n-
transactions-per-block (accessed: 01.11.2021).
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Table. Comparison between binary Merkle tree and our proposed incremental hash chain model

Feature Binary Merkle tree Our approach
Construction cost O(n) O(L) for IHR
O(KL) for Bloom filter
Verification of a transaction O(log,n) O(K)
Verification of all transactions O(nlog,n) O(L)
Space cost O(L)

The false-positive probability is p = 0.000000982 using
8 hash functions (k = 8), which is considered as neglected
value.

We can see from (Fig. 7, a, b) that we can tune the
number of hash functions used in Bloom filter and tune
the size of the filter according to the size of the input, and
we can get very small value for p which is neglected; also
we can have dependence on the Bloom filter to verify the
partial verification for a transaction in a block.

Analysis

Our proposed solution is much faster than binary
Merkle tree as demonstrated in Table, it downsizes required
computation resources to half. We need 2.1 hash calls
to construct binary Merkle tree while we only need L
calls in our solution; it saves more time and computing
power. When it comes to verification process, our approach
provides better performance in overall verification when
we want to verify block data integrity. Moreover, when
it comes to partial verification, our approach gives better
performance using O(K) calls to verify a single transaction
using Bloom filter.

The big difference in our approach is that we need to
build Bloom filter and send it to the light nodes which
require transaction verification from this block. But this
difficulty replaces the need to compute Merkle branch for
every transaction request which is a very cost operation
to do. But in our approach we just need to build the filter
once and use it with all light nodes which gives better
performance and computing size when we are dealing with
blocks having big number of transactions (thousands), like
Bitcoin does.

Collision resistance probability

One of the most import properties in any cryptographic
hash mechanism is its resistance to collision which means
getting the same hash value for two different inputs. When
we want to choose a suitable and secure hash function to
be used in our solution, we should consider its collision
resistance. Let H is a hash function with m bits output.

According to Birthday Paradox [19, 20], the expected hash
collision with 50 % probability is accrued when we reach
\27 outputs, for example. If we consider SHA256, since it
is used in Bitcoin, we face collision with 50 % probability
after getting 2128 outputs. This means that after getting 2128
hash values, we would start to get collisions in our system
with 50 % probability. Therefore, we should consider the
blockchain hash usage rate to be able to predict the required
m-bit output hash function.

By studying Bitcoin as the first and the most used
blockchain network, we find that in average Bitcoin minors
generate = 291 hashes per year!, so we need 237 years with
the same computing platform and power consumption.
Therefore, we can safely consider that SHA256 is suitable
to our system.

Disadvantage

In case there is a false-positive value in the Bloom filter,
we cannot figure out where is the problem. In that case we
have to request the whole block data (all transactions) from
a full node, recompute the IHR and compare it with the
IHR in the block header to check the integrity of the whole
block data. All that requires a lot of computations and gives
a bad performance. However, many recent researches prove
that the false-positive probability is negligible [21], and
a Bloom filter research with free zones is required [22].
Therefore, we can say that the probability is negligible.

Conclusion

In this article, we introduce a new approach to replace
binary Merkle tree in blockchain by proposing more
efficient model using incremental hash chain Bloom filter-
based. Our solution consumes less computing power than
binary Merkle tree. Moreover, it needs less time and space
to construct the model and verify the integrity of blockchain
data. We compare our mode with binary Merkle tree and
prove that our model is more efficient in every aspect.

I Blockchain Explorer — Search the Blockchain | BTC | ETH
| BCH, October 2021. https://www.blockchain.com/charts/n-
transactions-per-block (accessed: 01.11.2021).
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AHHOTANUSA

IpenmeTt nccaenoBanms. Vccienosana npobiema pacro3HaBaHus JIUI B Mackax. [IokazaHo, 4To pa3HOOOpa3HbIEe 1O
(dopme, TEKCType U LIBETY pealIbHble MACKU CO3JAI0T IIPOOJIEMBI ISl COBPEMEHHBIX CHCTEM PAcIiO3HABAHHS N300payKeHHIt
auy. OiHa U3 TaKKUX MPUYNH — OTCYTCTBHE HEOOXOUMbIX peabHbIX HA00poB 00y4aronux faHHbIX. Co3aaHue HOBBIX
JAaHHBIX Ha 0a3e MPOCTBIX METOAOB (OPMHUPOBAHMS MACOK HA M300paXKCHUAX JIUI MOXKET PELIUTh 3Ty Mpoliemy.
Meron. Ilpeanoxen opurnHaIbHBINA METO, BKIIOYAIONINI TeHEPAMIO PA3IUYHBIX THUIIOB, ()OPM U LIBETOB MACOK
HETIOCPE/ICTBEHHO Ha OPUTHHAIBHON TEKCType m300paxenuil num. [Ipu 3ToM yduThIBanoch (GOpMHPOBaHNE MAcOK
Ha JINIAxX OTACNBHBIX JIOAEH, JINIIaX B IPYHIIOBBIX (DOTO M B CIIEHAX C MOTOKaMU mofieil. OCHOBHbBIE pe3yJbTaThl.
Ha ocnoBe 100 opurnnansueix usodpaxennit jmn u3 6a3sl «CUHK Face Sketch Database» co3nana tecroBas 6asa,
KoTopas BKJIro4aeT B ceOs 6osee 20 000 m300paskeHUH JTUIL ¢ MACKaMH, JTOCTYITHBIX JUIS MCIIOJIb30BaHUs. BhITIOIHEHBI
9KCHEPHUMEHTBI 110 PACIIO3HABAHMIO JIUII TECTOBOI 0a3bl B paMKaX pean30BaHHBIX YETBIPEX CHCTEM: TPEX COBPEMEHHBIX
Ha 0a3e «rry0okoro oOy4eHHs» U OJIHOH JAeTePMUHUPOBAHHON — Ha 6a3e KocuHyc-npeodpazoBanus. OueHeHa
PE3yNbTaTUBHOCTb 3TUX CUCTEM, HHTEPIPETUPOBAHBI MOyUEeHHBIE PE3YNbTaThl PACIIO3HABAHNUS JIUI] B MAacKax U
OTMEYEHB! MACKH, KOTOPBIE ObLTH MPoOaeMoii 1 BBIOpaHHBIX cucTeM. [IpakTuyeckas 3HaYUMMOCTD. [IpeioxKeHHbIH
METOJl TeHEepaIH MACOK MOXET OBITh MCIIOIB30BaH A CO3/MaHHs 0a3 JaHHBIX M TECTOBBIX 0a3 M300paxeHuit ¢
MackaMu. [lomydeHHbIe pe3yasTaTsl OyayT IMOJIe3HbI HCCIe0BaTeIIsIM U CIEIHAINCcTaM B 00acTi 00pabOTKY 1 aHaIn3a
HN300paskKeHUIH.
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Abstract

The problem of masked face recognition is investigated. It is shown that real masks of various shapes, textures and
colors have become a problem for state-of-the-art face recognition systems. A reason for this is the lack of the necessary
real training datasets. Creation of new data based on simple methods of forming masks on face images could solve this
problem. An original method is proposed including the generation of various types, shapes, and colors of masks directly
on the original texture of face images. The formation of the masks on the faces of individuals, on faces in group photos,
and in scenes with streams of people was taken into account. Based on 100 original face images from the CUHK Face
Sketch Database, a test database was created that includes more than 20,000 masked faces images which available
for use. Experiments were carried out to recognize faces from the test database within the implemented four systems,
among which three are state-of-the-art systems based on “deep learning” and one is deterministic system based on the
cosine-transform. The performance of these systems was evaluated, the obtained results of masked face recognition were
interpreted, and the masks that were a problem for selected four systems were noted. The proposed mask generation
method can be used to create corpora and test databases of images with masks. The obtained results will be useful to
researchers and specialists in the field of image processing and analysis.

Keywords
masks generation, face images recognition, facial anthropometry, neural networks, feature extractor, cosine similarity
metric, minimum distance criterion

Acknowledgements
The work was supported by the RFBR project No. 20-04-60529-viruses, and also partially under the budget topic No.
FFZF-2022-0005.

For citation: Kukharev G.A., Ryumina E.V., Shulgin N.A. Method for generating masks on face images and systems for
their recognition. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22,

no. 3, pp. 547-558 (in Russian). doi: 10.17586/2226-1494-2022-22-3-547-558

BBenenune

Jlvna mroeii B METUITMHCKUX (THTHEHUYECKUX ) MacKax
¢ 2019 roga cranu peajJbHOCTHIO Halllel MOBCEIHEBHON
*KU3HH, Boueauieil B anoxy «COVIDy» nangemuu. Ilpu
9TOM KOHTPOITb HOIICHUS MAaCOK OCTAeTCs HeOOXOIMMOMH
TIPOIETy PO B OOIIECTBEHHBIX MECTAaX.

3amaga KOHTPOJISI HATMYHsI METUITUTHCKON (TUTHCHU-
YeCcKOi) MacKy Ha JIUIaX CcTaja MePBBIM CePhE3HBIM BBI-
30BOM W TpoOsieMoit s ee pemennd. Eme 3amonro 1o
«COVID» nangemMun Ha 3Ty npoOieMy oOpaThiIn BHIMA-
nue B Kuraiickoit Axkagemru Hayk [1], mockoapKy Macku
B Kutae mucnonp3oBanu s 3alUTHI JTIOAEH OT AbIMA U
rapu arMocgepHoro Bo3ayxa. M, eciu 111 MEAUIIUHCKIX
(rurueHnYecKuX — OCBIX M CBETJBIX) MAaCOK Ha JIUIAX
aHdac dTa 3aj1a4a pemanach OTHOCUTEIBHO JIETKO, TO JIJIs
3aMacKUPOBAHHBIX JIUII B PEATEHBIX CUTYALUSIX U YCIOBHUIX
(«Masked Faces in the Wild» [1]) mowuck pemnrenuii qoctu-
rajucs O4eHb TPYIHO. DTH pPEIICHUs OMUPAIHCh Ha cOOp
1 CO3[aHHE CIICNHAIbHBIX TECTOBBIX 0a3 M300pakeHUH
JIUI] B MacKax W MPOBEICHNUE MHOXECCTBA MCCIICTOBAHIM,
YUHUTBHIBAIOMINX CHEIU(UKY U XapaKTePUCTUKN TaKUX U30-
Opaxenwii [2]. KpoMe 3a1a4u KOHTPOJIST HATUYHS 3aITUT-
HOM MacKu Ha JIUIaX, CYIIEeCTBYET 3a/1a4a Pacro3HaABAHUS
nzoopaxenunit nunl (PMJI) B Mmackax. Pemenuto 3amau PUJI
B TIOCJICJTHEE BPEMsI TAKXKE YACIACTCs OOJIbIIOC BHUMA-
nue [3].

OTMeTHM, YTO CTaHIAPTHBIC THTHCHUYCCKUE CBET-
JIO-TOJTyObIe MEIUIIMHCKUE MaCKH — HE CIUHCTBEHHOC
CPEACTBO MHIWBUAYAIBHON 3aIUThI. J{JIs 1esieit 3anuThl
JIIONTM aKTUBHO HCITONB3YIOT U TKAHEBBIC MaCKU. TKaHEBEIC
MAaCKH{ MOTYT OBITh Pa3HOW TEKCTYPHI, POPMBI U IIBETOBON
ramMmbl (OJTHOTOHOBOM MJTH MHOTOTOHOBOW), ¢ QR-komamu
1 HAJIMTUCAMH, 8 TAKXKE C H300paKESHISIMU MO PA3TIIIHbBIX
JKUBOTHBIX ¥ TOJIOB NTHII. VICONBp30BaHNE TaKUX MacOK
CTaJ0 MPOOJIEMO¥ Isi COBPEMEHHBIX CHCTEM HaOro/Ie-
HUS U CHCTEM KOHTPOJS JOCTyma (Hampumep, B METPO,
a’poroprax u JPyrux 00bEKTax MacCCOBOTO HAXOXKICHHUS

Jroziei), MOCTPOCHHBIX Ha 0a3e METOJ0B MAIIMHHOTO 00y~
YCHHS U, B TOM YHUCIIC METOAOB TITyOOKOTO OOYYCHUS.

Jis co3maHus HaIeKHBIX CHCTEM KOHTPOJIS HATHUHS
3amuTHEIX Macok u PMJI B HuX, ObIH cOOpaHBl HOBBIE
Ha0OpPBI M300pakeHUH NIl B Mackax M 0a3bl ¢ HCKycC-
CTBeHHBIMHU Mackamu [4]. Hampumep, Ha miatdopmax
MaskTheFace! u AIZOOTech/FaceMaskDetection? «ma-
CKHN BI)I6I/IpaJ'[I/ICB>) 13 CTICHHUAJIbHOI'O PETIO3UTOPUA MACOK U
OyKBaJIbHO «IIPUCTPANBAINCH K HIDKHEH 007IacTH JInuIa —
OT nepruopOUTaIbHON 00JaCTH 10 KOHIA MOA00PO/IKA.

B omnnume oT n300paKeHuit NI B MEIUIIMHCKUX TH-
THCHUYCCKUX MacKax, JIUIA C PealbHBIMU IBETHBIMU TEK-
CTYPHBIMU MacCKaMU IPAKTUYCCKU HE PACIO3HABAIIUCH B
paHHUX cHucTeMax Tirybokoro oOyderHwms. [Ipu 3ToM Xyxe
BCETO PacIlO3HABAJUCh JIHIA C MAaCKaMU YEPHOTO, CH-
HE-4epHOT0-CEePOro, TEMHO-CEPOT0 U KPACHOTO I[BETOB, Ma-
CKH C M300pakKeHUSIMH KUBOTHBIX U TTHII, 3aKPHIBAIOIINE
BCIO HIDKHIOIO 9acTh Jmma. O6 3TOM CBHIETENBCTBYET OT-
geT NIST [5]. Kpome 3TuX TUTIOB MacoK, TaKXe He BCeraa
pacno3HaBaJIvCh JMla B IPO3pAaYHbIX 3AIIUTHLIX MaCKax U
MIMTaxX Ha EPUOPOUTAIBHON 00IAaCTH, YTO BOSHUKAIIO U3~
3a MX OTpaXKalolIeH 3aCBETKU PUEMHOM (oToarnmaparyps.

Heas u conepxanue padoThl

PazHooOpazue BapHaHTOB UCTIONb3YEMBIX Ha MPAKTUKE
MacoK, MPUBEIN K TOMY, uTo B Bompocax PNJI B mackax
BCE €ILI€ HET €IMHOIO0 MHEHMS], PELIEHUH U PEKOMEH 1AL .
HWcxonst u3 aTorO0, B HAacTOSIIIEH paboTe OyayT pacCMOTPEHBI
MacKH TOJILKO Ha JiMnax aHdac v B CLIEHAPHSX, UCTIOJb3Y-
eMBIX B CHCTEMax KOHTPOJIsI AoCTyna (ocTym K GpuHaH-

I MaskTheFace [Omexrponnstii pecypc]. Pexxum moctyma:
https://sites.google.com/view/masktheface/home/ (nara oGparme-
Hust: 20.03.2022).

2A1Z00Tech/FaceMaskDetection [DaeKTpOHHBIN pe-
cypc]. Pexxum goctyma: https://github.com/AIZOOTech/
FaceMaskDetection/actions/ (nara obpamenus: 20.03.2022).
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COBBIM pecypcaMm, 3aKpbIThIM Jab0opaTopHsiM, KOHTPOJIb
MACCAKUPOIIOTOKA B a9POMOPTaX U BOK3aIax U, HAKOHEII,
KOHTPOJIb TIOTOKA TYPUCTOB ¥ OC)KCHIIEB Ha IMOTPAHUYIHBIX
myHKTax [6]). JIromgm, y9acTByIOIIHE B ATUX CIICHAPHSIX,
XOTSIT, YTOOBI «CHCTEMA WX Y3HATIA» U, TOATOMY TTOJIOKEHHE
THLL aH(AaC SBISIETCS UTS STHX JFOACH HEe TOBKO MOTHBHPO-
BaHHBIM, HO W HEOOXOAUMBIM IS (POPMAITBHO MPABIIIBHOTO
WHTEPAKTHBA C CHCTEMOI KOHTPOJIS JOCTYTIA.

[pemioxen MeTo1 reHepaly pa3iniHbIX (GOpM, TUTIOB
U I[BETOB MAacOK M METOJ UX pa3MemnieHus/GpopMupoBa-
HUS Ha JIMLAX, KOTOPBIA peannu3yeTcs HeMOCPEACTBEHHO
Ha OpPUTHMHAJIBHOW TeKCType u3o0pakeHui nuu. Takoi
croco0 pean3aliy CO3/aeT BHICOKYIO PEATMCTUYHOCTD
MTOJIO’KCHUS U OPTaHUYHOCTh HAXOXKICHHSI MACOK Ha JIMIIAX.
[Ipu 3TOM Macku Jerko (GOPMHUPYIOTCS KaK HA OTACITBHBIX
MTOPTPETaxX JIFOICH U BBIICIICHHBIX KaJIpOB BHJCO, TaK U Ha
TPYTIIOBBIX (JOTO U JIUIAX B CIIEHAX C IIOTOKAMH JIFOICH.

Koppektroe pa3memnienue/popmMupoBaHre MacoK Ha
JUIAX OCHOBAHO Ha KIIOYEBBIX TOYKAX JHUIA, KOTOPHIE
BBIYHCIIAIOTCS B OHJIAIH-PEKUME, M UCTIONB3YEMbBIX MHE-
MOHHYECKUX Mozeeii Macok. [TpeaiokeH bl MeTo op-
MHPOBAaHHSA MacOK HE 3aBHCHM OT pa3MepoB HM300paxe-
HUW-OpUTMHAIIOB, ()EHOTHIIA JIUIL U (pOHA N300paKEHHUS, &
TaKXke OT TOYHOTO TOJIOKEHHS JIUI aHdac. MeTon MoxeT
MPUMEHSTHCS C BUAUMBIMH OTKJIOHCHUSIMH OT IOJIOXKE-
Hus Jun aHdac. DTU OTKIOHEHUS MOTYT BBIPAKAThCS B
TUIOCKOM M NIPOCTPAHCTBEHHOM MOBOPOTAX JIML, KOTOPBIE
0OBIYHO TIPUCYTCTBYIOT Ha TPYIIITOBBIX CHUMKAX H CIICHAX
¢ moTokamu Jroneit. [IpuMeHenne MeToxa BO3MOXKHO CO
MHOTHUMH W3BECTHBIMHU 0a3aMy M300paskeHHH JIHII.

OTMeTHM, 9TO METOA He TpeOyeT MCIIONb30BaAHUSA
CIETIMATBHBIX PETIO3UTOPHEB MACOK U IIPUMEHSET N300pa-
sKeHus 6 popMm Macok, 10 opurnHaIbHBIX IIBETHBIX TKAHE-
BBIX TEKCTYp U 15 TeKCTyp THUMOBBIX Macok (15 mrammos
Macok). TekcTypa reHeprupyeMbIX MACOK 00pa3yeTcsl myTeM
3aMEHbI W NepecTaHoBKH KoMIToHeHT (R, G u B) 1iBeTHo#
OPUTHHAILHOW TKAHCBOW TEKCTYPBI, IPYTHMU KOMITOHCH-
tamu R, G 1 B — U3 mramMnoB Macok, U3 Ipyroi 1BeTHOM
TKaHEBOW TEKCTYPHI.

B paborte npeacTaBieHbI BAPHAHTHI CTCHEPHPOBAHHBIX
TaKuM 00pa30M MAacoK Ha JTUIaX, KOTOPbIe MPAKTHICCKU
HEe OTINYaroTcs oT peanbHBIX Macok (REAL MASKS) u
3HAYUTENBHO TPEBOCXOMAT MOACIbHBIC MACKH (HAIpHU-
Mep, «medatabie Macku» [5] wm SIMULATED MASKS
[7]). B kauecTBe MCXOMHBIX H300paKEHUH-OPUTHHAIOB HC-
MOJIb30BaHbI, Kak pumep, 100 n3o0paxennii nuil u3 6a3nl
«CUHK Face Sketch Database» (CUFS)!. Ha ux ocHoBe
creHepupoBano 6osee 20 000 r300paskeHHMIA JIUI] B MacKax
Pa3IMYHbBIX TUIOB, GOPM, TEKCTYPBI U 1BeTa2. BBIOIHEHBI
SKCIIEPUMEHTHI 110 pacrio3HaBanuto auil u3 6a3el CUFS B
paMKax 4eThIpeX CHCTEM, Cpelld KOTOPBIX TPH — COBpe-
MCHHEIC Ha 0a3¢ ITyOOKOTo OOYYCHISI U OTHA — JICTCPMH-
HUpOBaHHAs Ha 0a3e KocuHyc-mipeodpa3oBanms. OneHeHa
PE3YIBTaTUBHOCTE BRIOPAHHBIX CHCTEM, HHTEPIIPETHPOBA-

I CUHK Face Sketch Database (CUFS) [QnekTpoHHBIit pe-
cypc]. http://mmlab.ie.cuhk.edu.hk/archive/facesketch.html (mara
obpamienus: 20.03.2022).

2 Basa n3o0paxeHnii YPOHTAILHBIX JIUI[ B MACKaX [ DJIEKTPOH-
Hblid pecypc]. https://hci.nw.ru/ru/pages/masked-frontal-faces
(mara obpamenus: 13.04.2022).

HbI MTOJTYYCHHBIC PE3YJIbTAaThbl paCliO3HaBaHUsA JIMI B MaCKax
1 OTMCYCHBI MAaCKH, KOTOPLIC ObLIH HpOGJ’IeMOﬁ JJIs1 BCEX
CUCTEM.

Ilocnexnue qoCTHIKEHHUS
M0 PacNo3HABAHUIO H300PasKeHUIT JINI B MacKax
Ha 0a3e Iy6oKoro o0y4yeHus

CpaBHHUTENBHBIN aHAN3 HOBBIX PEIICHUN MPOOIEMBI
PUJI B Mmackax ObUT paccMOTpPEeH Ha KOH(EPEHIINH 1O KOM-
netotrepHoMy 3pennto (The International Conference on
Computer Vision — 2021 [8, 9]). Oprannzatops! koH(e-
PEHIMH MOIYYHIINA COTHH 3a5BOK Ha y4acTHE, YTO MOITBEP-
JIIIO aKTyaJIbHOCTh M HEOOXOIMMOCTh MONCKA PELICHUI
npobiemer PUJI B mackax. IlpeacraBum Kpatkue pe3yib-
TaThl PACCMOTPEHHOTO aHAJIHM3a U HAWIYUIINX PELICHUH
npo6nembr PHJL.

Otmertnm, uTo npu pemeHun npoodmaems! PUJI 6e3 ma-
COK CJIOKHJIACh YETKasl TeHJICHIIHS MCIIOIb30BAHUSA METO-
J0B ryookoro oOyuenus [10], KoTopble TakKe MpUMEHs-
torcst it PUJI B mackax [11]. Pemenne mpodnemsr PIJT
B/0€3 MAacOK COCTOUT U3 JIByX OCHOBHBIX KOMIIOHEHTOB.
[lepBbIM KOMIIOHEHTOM SIBIISIETCS AETEKTOP JIUL], UX CPaB-
HEHHE TpecTaBiIcHo B padote [2]. MccmenoBanue moka-
3ano, uyto RetinaFace [12] my4me ocTanpHBIX paboTaeT
Ha N300paKeHNUSIX JIMI B MAacKax B PEaIbHBIX CUTYalUsIX U
yCIOBUAX. BTOpOIl KOMIIOHEHT — 3KCTPAKTOP MPU3HAKOB
U COOTBETCTBYIONIAs [UISI HETO IIpe/BapuTeIbHast o0pa-
00TKa (HampuMep, BEIPAaBHUBAHUE JIMI], HOPMATU3AIUS
n3o0paxenuii v T. 11.). VI3 [11] mpocnexxuBaroTcst 1Ba Hau-
6oJee MOMYNIAPHBIX SKCTPAKTOpa: HA OCHOBE CeMeHCTBa
ResNet [13] u VGG-16 [14]. DT 1 mogo0HbIE IKCTPAKTO-
PBI IIPU3HAKOB MTPEABAPUTEIILHO 00YYalOTCsl Ha KPYITHBIX
Ha0opax JAaHHBIX N300paKEHHUH JIUI U MIPETO0CTABISIOTCS
B OTKPBITHIN IOCTYI, HanlpuMep, B Onbimorekax DeepFace
[15], Keras-VGGFace? u gp. YuursiBas BbIILECKA3aHHOE
B HacTosmIel paboTe B KauecTBE HEHPOCETEBBIX CHCTEM
MCIOJIb30BaHbl 3KCTPaKTOpbI Npu3HakoB: ArgFace, ResNet
n VGG-16 [12-14].

Meton renepanuu u pa3menienusi/gpopmMupoBanust
MAaCOK Ha M300paKeHUH JIII JIKoIeil

Ha nepBom (mpesBapuTEIbHOM) dTAlE U3 UCXOTHOM
CIICHBI IETEKTHPYETCS M BBIACIAETCS JINIO YEJIOBEKa, a
Jlajee Ha HEeM OMpPEJeNIioTCs KOOPIUHATEl aHTPOIOMe-
TpUUYECKUX To4eK Juna. OmnpeneneHne KOOpANHAT OCHO-
BaHO Ha aITOPUTMAaX, PACCMOTPEHHBIX B padorax [16, 17].
[TporpammHast peanu3anus alropuTMOB IIPEACTABICHA,
Hanpumep, B 6ubauorekax OpenCV4 u DIibS. TIpumep
MOJTyYCHHBIX 68-1 aHTPOMOMETPUYECKUX TOUEK MOKa3aH
Ha pHC. 1, a. 3nech U nanee UCHONIb3YIOTCS H300paskeHUs
ymn n3 6a3sl CUFS. U3 ucxonHoro Habopa B 68 koopauHar

3 Keras-vggface [Dnextponnsiii pecype]. Pexnm nocryma:
https://github.com/rcmalli/keras-vggface (mara oOpameHus:
20.03.2022).

4 OpenCV [DnextponHbIil pecype]. Pexxum noctyma: https:/
opencv.org/ (mara oopamenus: 20.03.2022).

5 Dlib [Dnektpounsiii pecypc]. Pesxum poctyma: http://
dlib.net/face_landmark_detection.py.html (nara oGpamienus:
20.03.2022).
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Puc. 1. inen MeTona reHepalny MacoK Ha 00JIaCTH JINIA: HCXOAHOE N300pakeHHE JIUI] ¢ KITIOYEeBBIMU TOUKaMu (a); 20 KIF0YeBbIX
TOYEK, ONPEACIAIONINX TPAaHHULBI KOHTYpa MAcoK (b); MIEeCTh KOHTYPOB MAcOK, MOJYYEHHBIX IO BHIOPAHHBIM KJIFOUYEBBIM TOYKaM (c¢)

Fig. 1. 1deas for the mechanism of the masks appearance in the face area: initial face images with keypoints (a); 20 keypoints
defining the border of the mask contour (b); six contours of masks coming from selected keypoints (c)

AHTPOIIOMETPUYECKHIX TOYEK HCIONIb30BaHO TOIBKO 20 Ko-
OpJMHAT: TP U3 HUX HA JINHUM CUMMETPUH HOca (C HOMe-
pamu 29-31) u 17 — ¢ HOMepamu 1—17, OXBaThIBAFOITUMHU
oBas sinna. 20 KIF0UYEBBIX TOYEK ITOKa3aHbl Ha puc. 1, b.

BepxHsist yacTh KOHTYpa KaKA0H (OpMUPYeMOi MacKu
orpejiensieTcss BBIOpaHHOM KOOPIMHATON HA JIMHUU CHUM-
METPHH HOCA M ABYMs KOOPIUHATAMH C JIEBOW U MPaBOi
CTOpOHBI oBama juma. OcraBmIrecs KOOPAUHATHL OBaja
JIUIIA ONPEICIIAIOT HIDKHIOKO YacTh KOHTYpa (OpMUPYEeMO
MAacKH.

[IlecTs BapHaHTOB KOHTYPOB MacCOK MOKa3aHbI Ha
puc. 1, c. Kaxxaplii KOHTYp MacOK MOXHO MHEMOHHUYE-
CKH OMHUCATh CIASAYIOUIUMH IIeNoYKaMu Touek: {29, 3—15,
29%; {29, 2-16, 29}; {30, 2-16, 30}; {30, 1-17, 30}; {31,
1-17,31}; {30, 2-16, 30}. [1pu aToMm 3amuck Tuna «3—15»
BKJIIOYAET BCE MPOMEXKYTOUYHbIE TOUKH OBaja JMLa — OT
HavanbHOM (3) mo koHeuHoi (15). Mcmonb3ys Takyro MHE-
MOHHYECKYIO MOJIeNIb, MOXKHO JIETKO O0TOOPa3HTh KOHTYD
(dhopmupyeMOii MaCKH B IPSIMOYTOIBHON «MaTpUYHON CH-
CTeMe KOOPIMHATHBIX OCEil», B KOTOPOH: Ha4aslo KOOpIu-
HAT HAXOAWTCS B JIEBOM BEPXHEM YTIIy; BEPTHKAIBHAS OCh

HYMEpYeTCsl CBepXy BHU3; a TOPU3OHTAIIbHASI OCh — ClIeBa
HarpaBo. Takasi cucTemMa KOOpAMHATHBIX OCEH COOTBET-
CTBYET CTOJIOIIAM M CTPOKaM IHKCEJIOB Ha JHLax aHgac,
YTO MO3BOJISIET IIPOCTO M TOYHO CPOPMHUPOBATH HA HEM HE
TOJIBKO KOHTYP MacKH, HO U caMy Macky.

[Ipouecc popmupoBaHUS MacKH Ha JIUIIE TPEICTABICH

Ha pUC. 2 U BKIIFOYACT CIICAYFOLINE ITAIIbL:

— oIpeeNeHIe MPaHuII IOk MACKH 10 YETBIPEM KITIoYe-
BBIM TOYKaM: IlepBas — Ha TOpPOMHKE HOCA TI0 JINHUH
CHUMMETPHH JIMLA, BTOpasi — Ha HIOKHEH Touke 1mon0o-
pOJIKa ¥ IBE TOUKH Ha OXBaTe OBaJIa I10 JIMHUH KO3EJIKa
yxa (puc. 2, a);

— 3aMelleHHE OIS MACKH aBTOMATHYECKU CTeHEPHPOBaH-
HOU TEKCTYPOI MacKu ¢ 0TOOpaKCHHUEM Ha Hel pedpa u
TeHH (BO3HMKAIOIIEH Tpyu OOKOBOM OCBEIICHHH JINIIA),
a TaKKe pa3MelIeHe KII0UeBbIX TOUYEK NCXOJHOM MHe-
MOHHMYECKOH MOJICJIN JUIsl IPOBEPKH BO3MOKHOCTH pas-
meneHus popmupyemoit macku (puc. 2, b);

— IPOPHCOBKA KOHTYpa MAcKH, JJIs1 OTOOpa)keHHs o0ia-
cTeil Jinna, BEIXOIAIINX 32 BHEIIHUE TPaHMUIIBI MACKH,
U YKPBITBIX TEKCTYpOii (puc. 2, ¢);

Puc. 2. TIporiecc GopMUPOBaHUSI MACKH: OTIPEICICHNE TPAHMII TTOJIS JUTS MAcKH (a); 3aMelIeHue 00IacTH OIS TEKCTYPOi MacKH,
oToOpaxkeHne pedpa U TeHel MacKH, a Tak)Ke pa3MelleHHe TOYeK KOHTypa Macku (b); mpopHCOBKa KOHTYpa GpopMupyemMoii MackH (¢);
BOCCTaHOBJICHHE ITUKCEJIOB M300PAKEHUH JIUL, YKPBITBIX TEKCTYPOii (d—f)

Fig. 2. The process of mask formation: determination of the field boundaries for the mask (a); replacing the field area with the mask
texture, displaying the edge and shadows of the mask as well as placing the points of the mask outline (b); drawing the contour of the
mask being formed (c); restoration of face images pixels covered with a texture (d—)
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— BOCCTAHOBJICHUE TEX IHMKCEJIOB M300paKeHUH JINIL,
KOTOPBIE YKPBITHI TEKCTYPOM, BHIXO/ISIIIECH 32 BHEIIIHUE
rpaHuIBl KOHTYpa Macku. [Ipu aTom camo BoccTaHOB-
JICHHWE TIMKCEJIOB Peaju3yeTcsl Kak 3aMeHa 3HaYeHUH
ITUKCEJIOB TEKCTYPBI HA 3HAYCHNUS ITUKCEIOB HCXOAHOTO
n300pakeHwit ul (puc. 2, d—f).

B mpemyiaraeMoM pemeHn# pacyeT KOOpAWHAT MHKCe-
JIOB BBITIOJIHAETCS 110 METOY OTPEACICHUS MOT0KEHUS
TOYKH OTHOCHUTEILHO MHOTOYTOJIbHHKA. B ocHOBe MeTo-
na nexut aaroput™ 112 «Position of point relative to
polygon» [18]. ITociie ero mpoBepKH U YTOUHSHHS OH OBLIT
MPEACTaBIEH B OTEUECTBEHHBIX COOPHUKAX aIrOPUTMOB B
sizpikax AJITOJI [19] u beticuk [20]. CooTBeTcTBYIOIIAs
npouenypa Ha sizbike nakera MATLAB, peanusyromast
yKa3aHHBII alIrOpUTM, ITpecTaBieHa B padote [21].

Paccmorpum ciyuaid, koraa B 1OJ€ TPAHUIl MAacKH
(puc. 2, a) pacnonoxeH MHOTOYTOJIbHUK — KOHTYp Ma-
cku (puc. 2, ¢). B aToM cirydae ucnoiap3yoTcs ITHKCEIbl,
HaxoJAAIIUeCs B MOJE TPAHUIl MACKH, HO HE BXOJAIINC
B ee KOHTyp. VMcxXonHble 1aHHBIE Ui pacueTa KOOpau-
HaT UHTEPECYIOUINX MUKCEI0B — KOOPAMHATHI KOHTypa
MacKH, TpeCTaBICHHbIC B (hopMe MHEMOHHYECKON MO-
nenu. Becy HaOop mpocMaTpuBaeMbIX KOOPAWHAT MHKCE-
JIOB ompenenseTcss rabapuTHBIMU pa3MepaMy MoJid Ma-
cku. [IpocMaTpuBas MUKceNbl B MPSIMOYTONIbHON ceTke
(OT J1eBOTO BEPXHETO YIVIa IO HWYKHETO IIPaBOro yIJia MoJs
MacKn), HailJleM Bce KOOPAMHATHI TUKCEIIOB, YI0BIETBOPS-
IOIINE YCIIOBHIO perraeMoit 3a1aun. Hanmpumep, mosie ma-
CKH B TIPEJICTABICHHOM CIlydae Ha puc. 1, a nmeeT pa3mep
89 x 114 mKcenoB, IpH pa3Mepe UCXOTHOTO N300paKESHHS
250 % 200. A 4mcno BOCCTaHABINBAEMbIX ITHKCEIOB CO-
crasnseT 3307 u3 mpocmoTpeHHbIX 10 146.

Ilepeiinem k aTanmy BOCCTaHOBIIEHUS IUKCENIOB. HYucio
3aMeH TUKceNnoB npu 3ToM Oynet paBHo 3307. IIpomecc
BOCCTaHOBIJICHHS (110 (aKTy 3aMeHBbl) MUKCEIOB JIMIIA
NpPEACTaBJICH B MOCJEI0BATEIBHOCTU CKPUHIIOTOB Ha
puc. 2, d—f.

B pamxkax mpeniaraemoro mertonaa (GhOpMHpPOBAHHS
MacoOK MOKHO MU3MEHSTHh TEKCTYPY M I[BETa Macok, (hoH
TOpTpeTa M KOXH JINIa, a Takke PopMy Macok (B cooT-
BETCTBHM C MHEMOHHYECKOH MOZEIbI0), THI MacoK (He-
MIpO3pavHbIe, MIPO3PAvYHbIC, C 3aKPHITON 00JACThIO TIIa3
MIPO3PAYHBIM IIUTKOM) M TOJIO)KEHNE MAacOK B HIKHEH
obmactu numa. M300pakeHUS TUIl B MacKe MOTYT OBITH
NIPEACTaBICHbI HE TOJBKO B HCXOTHOM (hopmare (Hanpumep,
RGB), Ho 1 B mr00BIX Apyrux msatu popmarax (RBG, GRB,
GBR, BRG, BGR), ocHOBaHHBIX Ha MepeCcTaHOBKaX KOMIIO-
HeHT R, G u B. D10 no3Bossier B 6 pa3 pacuimpurh 1BETO-
BYIO raMMY OTJIEJIBHO M300pa)KEHHH JIMI U MacOK, a TAKKe
n300pakeHHs JINI] B MACKax IPH OHOM M TOM ke Habope
HCXOJHBIX M300pakeHni 06e3 Macok — T. €. DTAJIOHOB.

Ha puc. 3 npencraBineHbl HEKOTOPbIE BapUaHTHI THIIA
MacokK, X (hOpMBI, TEKCTyp M IBETA, a TAK)KE BapUAHTHI
pa3IMYHOI BETOBOI TaMMBbI KOXH JUI U (poHa. boree
HOJIHBINA HA0Op MAcOK MpeJICTaBIeH o aapecy!.

OTMeTHM TaKKe, 9TO IPH HEOOIBIINX NIOCKUX U NPO-
CMpAHCMEEHHbIX NOGOPOMAX UYa B paMKax MaTPUUHON

1 Baza u306pakeHuil PPOHTAIBHBIX JIHI] B MACKaX [ DIEKTPOH-
Hblid pecypc]. https://hci.nw.ru/ru/pages/masked-frontal-faces
(mara obpamenus: 13.04.2022).

CHCTEMbI KOOP/AMHAT, KOHTYPbI MAaCOK M caM¥ Macku (op-
MUPYIOTCS 0€3 UCKaKeHuil (puc. 4).

Ha puc. 5 npeacrasneHsl M300paXKeHUs JIUI TPU
MJIOCKUX M IPOCTPAHCTBEHHBIX MTOBOPOTAaX B MacKax
(SIMULATED MASKS) u3 6a3 ganubIx [7, 22].

[Ipn cpaBHeHMHM H300pa’keHWH JUI] B MackKax
(puc. 4-5), BUIHO, YTO TPENIOKEHHBIN B HACTOAIICH pa-
60Te MeTOox reHepali MacoK KOPPEKTHO M CTPOTO MO
OBaJly JIMIA pasMeNlaeT MaCKU B OTJIMYMH OT APYrux state-
of-the-art meTomOB.

B npemaraemyto 0a3zy BKIFOYEHBI H300paKeHHUS JIUIL
B Mackax € pa3MbITOW WM CIVIAXKEHHOM TEKCTYpOU JIULa,
a TaKKe C HaJOXEHHBIM Ha HUX IIyMoM. [lomyueHHbIe
N300paKeHNs] IMUTUPYIOT peallbHbIE YCIIOBHS IOy YECHHS
MCXOJHBIX JIAHHBIX B YCJIOBHSX YJAJCHHOCTH OT KaMephl,
JIOKIISL M/WJTH CHETa B paMKaxX CHCTEM YJIMYHOTO HaOIrome-
HYsL. DaKTUYECKH, MOTyYCHBI N300paKCHHMS JIUI B MacKax
MIPY TIOJTHOCTBIO MCKa)XKEHHOH obnactu yuma. OTMeTnm,
4TO B paboTe MPEeACTaBIsAeT HHTEPEC TOIBKO 00IACTh JINIIA,
HE YKpBITasi MaCKO, HO OHA TaK)Ke HE COOTBETCTBYET aHa-
JOTUYHON 00JIACTH HA JIMIIE HTAJOHA M3-32 U3MEHEHUS
OPHUTHMHAJBHBIX 3HAUYCHUI MUKCEIOB MIPU CIVIAXKUBAHUU U
3alIyMJICHUU OTKPBITHIX OOnacTel juna. 3aMeTUM, 4TO
B CYNIECTBYIOMIMX 0a3axX JaHHBIX M300paKeHUM JIHI B
MackKax BpsiJl I MOXKHO BCTPETHTh Takue Habopsl o0yda-
IOLIUX U TECTOBBIX JJAHHBIX.

HeTepMHHHPOBaHHaﬂ CHCTEeMA, HCITOJIb30BaAHHas
B IKCIIEPUMEHTE

Belmie 651710 0OTMEYEHO, YTO COBPEMEHHBIE CHCTEMBI
PNIJI peanusyrorcs Ha MeToAax IiyOokoro oOydeHwus.
Onnaxo amst PUJI nprMeHnMBI ¥ IPOCThIE CUCTEMBI HA OCHO-
B€ JIETePMUHUPOBAaHHBIX MeTO10B. Kitacc mpocThIx cuctem
(Simple Face Recognition Systems, Simple FaReS) npen-
craiieH B MoHOTpaduu [23]. B HacTosmiei padote MoIeh
JICTEPMUHUPOBAHHOIN CUCTEMBI UMEET CIIeIYIOIINIl BU:

GUFS(100/1/NUM){2DDCT: M x N — P x P/zigzag} *
x [KMP/L1/rank=1], (1)

rae GUFS(100/1/NUM) — 6a3a uzoopaxeruii sy GUFS,
Biurrogarormas 100 stamoHoB (1o 1 sTamoHy Ha Kjacc) U
NUM TecTOBBIX H300paKSHHI NIl B Mackax (IIPH 3TOM
NUM kpatuo 100); 2DDCT: M x N — P x P/zigzag} —
610K 00pabOTKN M300pasKEHHH JIHIL: H300pakeHUE pa3Me-
poMm M x N moaBepraeTcsi IByMEpHOMY KOCHHYC-TIPe00-
pa30BaHUIO, C BHIOOPOM MMPU3HAKOB METOIOM «ZigZagy» 0
P nuaronaisM CIEKTpajbHOM MaTpulbl pasmepom P x P
M OOILIMM YHCJIOM MPHU3HAKOB, paBHbIM (P(P + 1)/2)-1);
[KMP/L1/rank=1] — knaccudukarop: peaausyeT mpo-
Heaypy KiacCH(pHUKAUHU 110 KPUTEPUI0 MHHUMAIBLHOTO
paccrosiHus, ¢ MeTpukoil L1 u panrom 1.

Ota mpocTas sl pealu3anuu cUcTeMa IoKasana
caMyIo BBICOKYIO pe3ynbraTuBHOCTH PMJI B Mackax mo
cpaBHeHmIo ¢ npyrumu Simple FaReS [22]. Pesynbrar
KOHTPOJIFHOH MpoBepkH pacnozHaBanus 14 X 100 m3o0pa-
JKeHni nur B Mackax rpu 100 sTanoHax mpencTaBiIeH Ha
puc. 6. B coorBercTBrn ¢ hopmysnoii (1), NUM cocrout u3
1400 uzo6paxkenuit, P x P> 15 x 15, a yucjio mpu3HaKkoB
st P =15 cocrasuio 119.
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Puc. 3. TIpuMepsl THITA MACOK, X (OPMBI, TEKCTYP U [[BETA, & TAK)KE BAPHAHTHI H3MEHEHHsI IIBETOBOI TaMMbI KOXKHU JIUI U (HOHA
H300paKeHUsI

Fig. 3. Examples of textures, colors, shapes, and types of masks as well as options for changing the color scheme of the skin of faces
and the background of the image
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Exarepuna bepe3oBckas — Beyllasi HOBOCTEI NEPBOro KaHana: https://www.instagram.com/katya_berezovskaya_/

Puc. 4. Pezynbrar HOpMHUPOBAHKS MACOK IIPH INIOCKUX M MIPOCTPAHCTBEHHBIX TOBOPOTAX JIULI, B TOM YHCIIC U Ha JIMLAX U3
BUACO(ANITOB: THHUU pedpa Ha MackaX OTOOpaKaIOT CTEIICHb OTKIOHECHUS JIUII OT IMO3UINH aH(ac

Fig. 4. The result of the formation of masks for flat and spatial rotations of faces including faces from video files: edge lines on the
masks show the degree of deviation of faces from the full-face position

Puc. 5. I300paskeHust AT IPH IUIOCKUX M IPOCTPAHCTBEHHBIX IIOBOPOTAX B MacKax M3 6a3 qaHHEIX [7, 22]

Fig. 5. Masked faces images for flat and spatial rotations of faces from databases [7, 22]

<——Pa3nan Tekerypa Macok— .|  PasHbie popysi Olym = Tsa serona
3T3-71°HH| H MOHOLIBET MacoK 40 %| 3amymaenms

100 1T 2 3 5

7a b 8 | 9 | 13 14

100 % >
Bcee 1400 MJI B mackax ObLIH pacrio3HaHBI [IPABIUIFHO H COOTHECEHBI K CBOHMM KjlaccaM

Puc. 6. Pe3ynbrar KOHTPOJILHOM MpoBepKHU pacrno3HaBanus 100% 14 u300pa)KeHuil JHIl B MacKax

Fig. 6. The result of the reference check of the recognition of 1400 images of masked faces

HeﬁpOCCTeBLlB CUCTEMbI, UCITOJIb30BAHHBbIC
B KCIIEPUMEHTE

B neiipocereBbix cucremax PUJI B Mackax Mcnonb30-
BaH neTexTop Jmi RetinaFace. DxcnepuMeHTHI poBee-
HBI C TIOMOIIBIO TPEX 3KCTPAKTOPOB npu3HakoB ArgFace
(ma 6a3ze ResNet-34, npencraBieHHOM B OMOIHMOTEKE
DeepFace), ResNet-50 u VGG-16 u3 oubmuoreku Keras-

VGGFace). Ha BX0o1 9KCTpakTOpbI IPHHUMAIOT H300paxe-
HUS JIUIL, TIPUBE/ICHHBIC K KBA/IpaTHOMY pa3pesxkeHuto. J{is
COXpPaHEHHUs NMPOMOPIHUIl JTUIa HEAOCTAIOIINE THKCEIIBI
3aIoIHSIOTCS HyJIsIMHA. KpoMme Toro, JUIsi KaXJI0To JKC-
TpPaKTOpa MPU3HAKOB TpeOyeTCsl CBOS peABapUTEIbHAsL
obpabotka. Tak, nins ArgFace BeimonHseTcs TMHEHHAS
HOpMaJM3alus MUKCEI0B N300pakeHU! NIl U IpHUBe-
nIeHue ero k paspemenuto 128 x 128. Jlnsa ResNet-50 u

Hay4HO-TeXHNYECKN BECTHUK MHDOPMALMOHHbBIX TEXHONOMUIA, MEXaHUKM 1 oNTukn, 2022, Tom 22, N2 3
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VGG-16 npoBoauTCS KaHAJIbHASI HOPMaJIN3aIHsl TUKCEI0B
(ueHTpHpOBaHKE) N300PKEHNH JIUIL U TIOJyYEHHUE pa3pe-
menus 224 x 224. B xauecTBe Kiaccu(pHUKaTOpa UCIOJb-
30BaH KPUTEPUIl MHHUMAJIBHOTO PACCTOSHUS C METPUKOI
KOCHHYCHOTO TTO/I00HS.

JKcnepruMeHTaIbHbIEe Pe3yIbTaThl

B Tabnuie npuBeneHsl 9KCIEPUMEHTAIBHBIE PE3YIib-
TaThl, MOJYYEHHBIE C TIOMOIIBIO IPEVIOKEHHBIX CUCTEM
PWJI B mackax, rie Ha3BaHHUSA HEHPOCETEBBIX CUCTEM CO-
OTBETCTBYIOT IIPUMEHSIEMBIM B HUX KCTPAKTOPOB IMPH-
3HaKoB. B kauecTBe mokasaresns pe3ynbratuBHoctu PUJI
B MacKax BBIMIOJHEHA OLIEHKA BEPHO MACHTU(PHUIIMPOBAH-
HBIX OTHOCHTEIHHO OOIIEro YMCIia MCIIONb30BaHHBIX Te-
CTOBBIX M300pakeHUH nuil. [y skcriepuMeHTa u3 Oosee
20 000 creHepupOBaHHBIX W300PAKECHUH JIMI] B MacKax
6b1710 oTOOpano 16 000.

Bp160p maHHBIX Macok o0ycioBieH (akTaMu, OTMe-
YEHHBIMU MCCIIEAO0BATEI MU NIpU peuieHun 3anad PMJI
JUTS. HEKOTOPBIX THUTIOB, ()OPM U LBETA MACOK [5], BKITFOUast
npo0sieMy 3alryMIIEHHOCTH N300paskeHUH JINLL, yaJIeHHO-
CTH JIMLIA OT KaMepbl, U UCIOJIb30BaHUs MOMYISILAIN JIUL] B
MacKax.

CreHepupoBaHHBIC N300pakeHUS JTUI] MOKHO pas3ze-
JIUTH HA TPYTIIIEI CICTYIOMIM 00pa3oMm:

1) MOHOXpOMHBIE MacKH 0e0To, KpaCHOTO, CepPOro, uep-
HOTO, a TaK)Ke YePHO-CHHETO [IBETOB, MEAUIIMHCKUE 1
LBETHBIC TEKCTYPHBIE;

2) muna B mackax (m. 1) ¢ nanoxxkenuem myma 40 % ot
MaKCHMAaJIbHOM SIPKOCTH n300pakeHuii [23];

3) nuna B Mackax (. 1) ¢ umMuTanueil yjaieHHOCTH OT
Kamepsl [23];

4) muua B Mackax (1. 1) ¢ komOnHanueil n3MeHeHuH 110
mm. 2 u 3;

5) paznudHBIe TPeoOpa3oBaHMs N300pAKEHNH JINI] B Ma-
cKax (nme-uaeHTU(UKAIN, C)KaTHe, CABUT U PaCTsDKe-
HHUE C Pa3ITUIHON CTereHbio [23]);

6) nmuna B MacKax pasMYHBIX I[BETOB, TEKCTYpP, B TOM
YHCIIe C MOPJAMU JKUBOTHBIX;

7) nmuna B Mackax (1. 5) ¢ mepecTaHOBKOW KOMIIOHEHT
(R, G, B) — Bcero 6 rpym.

Pe3ynbraThl SKCIIEPUMEHTOB MMOKa3aJH, UYTO JIeTep-
MUHHpOBaHHas cuctema Simple FaReS 3nauntensHO
MPEBOCXOJUT MO Pe3yJIbTaraM HeWpOCEeTEeBbIE CUCTEMBI.
He3naunrtenpHbli crajx TOYHOCTH HaliionaeTcs Npu
KOMOMHUPOBAHUY JIByX TpaHcopmanuii (I1ym 1 UMH-
Tanus yIaJeHHOCTH OT KaMephl) H300pakeHNH JTHIl B
Mackax. boiee cymecTBeHHBIN craj, HaOMOMaeTcs mMpu
MPUMEHEHNN JIe-UICHTH()UKAINN K H300PaXECHUAM JIHIL
B Mackax: TouHocTs PMJI coctaBuma 84 %, uro Ha 10 %
MEHBIIIE, YeM TOYHOCTh HelipoceTeBoil cuctemsl ArgFace.
O¢ddexruBHOCTh AeTepMUHUPOBaHHON cuctembl PUJT B
Mackax 0COOCHHO SIBHO BH/IHA HA NCKa)KEHHBIX M300paxe-
HUsIX Jul (Tpancdopmarn Homep 8—10), yto oOycioBe-
HO UCIIOJIb30BaHUEM ITPOCTPAHCTBA IIPU3HAKOB HA OCHOBE
KOCHHYC-TIpe00pa3oBaHusi, KOTOPOE HE TaK 3HAYUTEIHHO
(B omm4ne OT SIPKOCTHBIX MPU3HAKOB) pearupyer Ha Hc-
KaXXCHHS U IIYMOBBIC M3MEHEHHS TEKCTYPBI H300pake-
Hui . Kpome Toro, B IpOCTpaHCTBE NMPHU3HAKOB KOCH-
HyC-TIpeoOpa3oBaHus Mepa moJo0us HU300paKeHMI JTUIT
MEKIy NpU3HAKaMH OpPUTHHAJIA U JIMIa C MACKOM, BBIIIE,

Tabnuya. Pe3ynbrarbl paclo3HaBaHUS N300paKCHUIA JINLL, OJIyYCHHbIE B PAMKaX UCIOJIb30BAaHHBIX CHCTEM

Table. Results of the masked face recognition obtained using the proposed systems

Yueio Tounocts, %
Homep Tun macku/Tpancopmanum H306§i:.4):(leHHﬁ Simple ArgFace | ResNet-30 | VGG-16
FaReS
1 benas macka 100 100 90 95 89
2 Kpacnas macka 100 100 93 89 86
3 Cepas macka 100 100 90 90 90
4 Yepnas macka 100 100 94 95 78
5 UYepHo-cuHsis Macka 100 100 89 95 82
6 TexcTypHast Mmacka 100 100 91 95 98
7 MenumnuHcKas Macka 100 100 89 98 95
8 ywm (Tun macku HOMep 1-7) 700 100 4 6 9
9 Wmuranus ynaneHHOCTH OT KaMepsl (TUI MAacKd HOMEp 700 100 6 28 10
1-7)
10 KomOunarust H3MEeHEeHHit 1o TpaHchopManusam HoMmep 8 U 700 99 1 1 2
9 (Tun Macku Homep 1-7)
11 Je-nnentudukanms 2000 84 94 85 85
12 Paznu4Hble TEKCTYpHBIE MACKU 1600 100 95 98 98
13 IlepecTaHOBKM KOMIOHEHT 9600 100 91 97 96
14 CpeHsist TOYHOCTB 110 BCEeM BUJIaM Pe0Opa3oBaHUi C M30- — 96 26 30 27
OpakeHUMH JIMI] B Mackax (Tpancopmannn Homep 8—11)
15 CpenHsist TOYHOCTB 10 BCceM rpymnmnam (Homepa 1-13) — 99 71 75 71

554

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



["A. Kyxapes, E.B. PiomuHa, H.A. LLynbrux

YeM B NMPOCTPAHCTBE MCXOAHBIX JIAHHBIX (IPKOCTh MHUKCE-
7I0B). JIaHHBI pe3y/IbTaT MOIOKUTEIBHO BIUSIET Ha paboTy
KJlaccuuKaTopa B ACTEPMHUHUPOBAHHON cucteme. DTO
TIOATBEPKIACT pHC. 7, HA KOTOPOM ITPEACTaBICHBI PE3YIlb-
TaThl OIICHKN Mep MOA00HS «CBOETO M300payKeHUs! JINIIA»
(puc. 7, a) m «ayxoro uzobpaxeHus numna» (puc. 7, b) c
TpeMsI BUaMA U300paXeHUH B OETBIX MacKax ¢ MCKaKeH-
HOH TeKkcTypoi. Mepa momgo6us BEIYUCICHA KaK B3aUM-
Has (a3oBast KOPPEISIKs B TPOCTPAHCTBE UCXOMAHBIX (SIP-
kocTHbIX) npu3HakoB (Cross Phase Correlation of Image,
CPCI) u nmpusHakoB kocuHyc-npeoOpazoBanus (Cross
Phase Correlation of Feature, CPCF), a Takxe paccTostHus
(Distance) B mpocTpaHCTBe MTPU3HAKOB KOCHHYC-TIpeoOpa-
30BaHUs. AHAJOTWYHBIC PE3YyJIbTaThl ¢ IPUMEPAMH H 00b-
SICHEHUSIMH Takoro 3¢ ¢ekra nmosydensl B padbore [24].

Ha ocHoBanmm anannsa HEHPOCETEBBIX CHCTEM 3aMe-
THM, YTO JIy4Ileil CHCTEMOM 110 CpeHel pe3yabTaTuBHO-
ctu PMJI mo Bcem rpynnamM TE€CTOBBIX JAHHBIX SIBISET-
cst ResNet-50, octanbHbIE CHCTEMBI YCTYTAIOT € JINIITH
Ha 4 %. Ilpu 3TOM, onuMpasch Ha PE3yJbTaThl CHCTEMBbI
ResNet-50, BuIHO, YTO HU OFHA W3 MPEICTABICHHBIX TH-
MoB Macok He pacro3HaeTcst Ha 100 %. Xyxe Bcero pac-
MIO3HAIOTCS MAaCKU KPAacHOTO M CEPOro IBETOB (TOYHOCTH

cocraBuia He 6onee 90 %). OTMeTHM, 4TO HelpoceTeBbIe
CHUCTEMBI COBEPILICHHO HE pabOTOCIIOCOOHBI B CITydasX,
KOTJIa M300pa’KeHHUsI JIUII B MACKaX UMCIOT Pa3MBITYIO U
CINIAKCHHYFO TEKCTYPY JIHIA, & TAKKE HAIOKCHHBIN Ha HIX
myM. PUJI ¢ uckaxeHHOM TEKCTYpOil JI1la B paMKax CBep-
TOYHBIX HEHPOCETEH MPUBOAUT K OYCHb HU3KOMY pe3yib-
TaTy W3-3a UCTIONB30BAaHMS B HUX CBEPTOYHBIX (PHIIBTPOB.
OTKJIHMK CBEPTOYHBIX (PMIIBTPOB B KOHEUHBIX PE3yIbTaTax
CBEPTKHU MPUBOAXT K COBEPIICHHO APYTHM MUHUMAKCHBIM
PCHICHUAM U HE TOJIBKO IO 3HAYCHUAM, HO U IO HUX I10JI0-
JKCHUIO — BIUIOTH 0 XaOTHYCCKOT'O UX MPECACTABJICHUA HA
BbIXOZe HeilpoceTu. [IoCKONIbKY «Xaoc» HECPAaBHUM CO
3HAYEHUSIMU, TIOJTYYEHHBIMU 1O dTajoHaM, 3aaada PUJT ¢
MCKaKCHHOM TEKCTYPOIl JIHIIa HE MOXKET ObITh TIOJTHOCTBIO
pellieHa B paMKaX CBEPTOYHBIX HeMpoceTer. Jta mpodiema
HEHPOCETEBBIX CHCTEM MOKET OBITh YACTUYHO PEIIcHa TIPU
MPUMEHEHUH TIPEIIIOKCHHOTO METOo/Ia TeHEPAI[TH MacOK
Ha M300pakeHUH JHI Jronel. Vcnoap30BaHNe NTaHHOTO
METO/Ia ITO3BOJIUT CO3JaTh HEOOXOAMMbIC 00BbEMBI 00yYa-
IOIINX JaHHBIX Ha YK€ M3BECTHBIX Habopax JaHHBIX (Ha-
npumep, VGG-Face [25]) nis nooOydeHnss COBPEMEHHBIX
9KCTPAKTOPOB IIPU3HAKOB HAa OCHOBE cemelicTBa ResNet u
VGG-16.

White mask Scalling Noising Composite
CPCF =0,96527 CPCF =0,9642 CPCF =0,96573 CPCF =0,92753
CPCI=0,882 CPCI = 0,0442 CPCI = 0,0886 CPCI=0,0309

ORIGINAL

Distance = 60

Scalling

CPCF = 0,83996
CPCI=0,0291

ORIGINAL Distance = 180

gt 2

Distance = 60

Distance = 115

Distance = 92

Noising Composite
CPCF =0,3347 CPCF =0,83731
CPCI=0,0189 CPCI = 10,0287
Distance = 166 Distance = 176

Puc. 7. OueHkn nogo6ust Mexay cBoMM (a) 1 uyxuM (b) n300pakeHNsIMHU JIHLA U TPEMsI BUIaMU M300paskeHUI JIUIL B HCKAKEHHBIX
Mackax

Fig. 7. Estimates of similarity between one’s own (a) and another’s (b) face images and three types of images of faces in distorted
masks
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3akJjoueHne

HccnenoBana npobieMa pacro3HaBaHus H300paeHU i
JIMI] B MacKaxX MPHU YCIOBHH, YTO 3TH MAaCKH HaJIOKCHBI
HAa OPUTHHAIBLHBIC H300paKEHUS JIUII U, TAKAM 00pa3oM,
craroBsaTcs nomuenbHbiME (SIMULATED MASKS) o o1-
HomeHuIo K peanbHbM MackaM (REAL MASKS) na nmmax
moneit. [Toka3aHo, 9To HEOOXOAUMOCTE BEITIOTHEHHUS ATOTO
WCCIICIOBAaHUS CBSI3aHA, BO-TIEPBEIX, C PAa3HOOOPA3HeEM TH-
OB, GOPM, TEKCTYPHI H IIBETA PEATbHBIX MAcOK, UCTIONb-
3yEeMBIX JUII THTHEHIMYECKOH 3aIUTHI JINII, i, BO-BTOPBIX, C
OTCYTCTBHEM COOTBETCTBYIOIIUX 3TUM MacKaM pealbHBIX
HabopoB oOyuaronux AaHHbIX. OTMEUYeHO, 4YTo 00a ITH
(dakra cozganu npobiaemMbl sl pacro3HaBaHus U300pa-
JKCHUH JIUII B MTOJJOOHBIX MacKaxX B paMKax COBPEMEHHBIX
HEHPOCETEBBIX CHCTEM.

Kak oguH M3 BapuaHTOB PEIICHUS ATOM MPOOICMEI,
MIPEIIOKEH METO] TeHEPAIl MACOK Ha OpUTHHATbHBIC
M300pakeHUs JIUIL Jitoxeld. MeTo BKITIOYaeT TeHEepaIiio
1 pa3MelIeHUe Ha JIUIaxX pa3IHIHbIX THIIOB MacoK (MeIH-
IWHCKUX, [IBETHBIX TEKCTYPHBIX U MIPO3PAYHBIX) — KaK Ha
OT/ICBHBIX IOPTPETax, Tak M Ha TPYMIIOBBIX (POTO U JTUIIAX
B CLICHAX ¢ IoTokamu jronei. ITokazano, 4To KOppeKTHOE
pa3MelneHne MacoK Ha M300paXeHUH JIUIa OCHOBAHO Ha
KJIFOYCBBIX TOYKaX JIMIA, BBIYHUCIACMBIX B OHHaﬁH-pe)KPIMe,
HCTIOJIb30BaHIMKM MHEMOHHUYCCKUX MOJICIICH MAaCOK U peajiu-
3anuu mnporecca (GOPMHUPOBAHUS MACOK HETIOCPEICTBEHHO
Ha TEKCType U300pakeHuid Jiuil. [Ipu 3TOM IpeIOKSHHBIN
METOJI HE 3aBHCHM OT Pa3MEpPOB M300paKCHUIT-OpUTHHA-
JIOB ¥ UX (PEHOTHIIA, a TAK)KE TOYHOTO TTOJIOKCHUS JIHIL

Jluteparypa

1. GeS, LilJ, YeQ., Luo Z. Detecting masked faces in the wild with
LLE-CNNs // Proc. of the 30t IEEE Conference on Computer Vision
and Pattern Recognition (CVPR). 2017. P. 426-434. https://doi.
org/10.1109/CVPR.2017.53

2. Ryumina E., Ryumin D., Ivanko D., Karpov A. A novel method for
protective face mask detection using convolutional neural networks
and image histograms // International Archives of the Photogrammetry
Remote Sensing and Spatial Information Sciences. 2021. V. XLIV-2/
W1-2021. P. 177-182. https://doi.org/10.5194/isprs-archives-XLIV-
2-W1-2021-177-2021

3. Kocynun K.3., KaprioB A.A. MeTo/b! ayIMOBU3YyalIbHOTO pacio3Ha-
BaHUsI JIFoZiel B Mackax (003opHas ctarhs) // HayuHo-TexHHUeCKnit
BECTHUK HH(OPMALIMOHHBIX TEXHOJIOTHI, MEXaHUKU U ONTHKHU. 2022.
T. 22. Ne 3. (B mevarn).

4. Hsu G.-S.J., Wu H.-Y., Tsai C.-H., Yanushkevich S., Gavrilova M.
Masked face recognition from synthesis to reality // IEEE Access.
2022. V. 10. P. 37938-37952. https://doi.org/10.1109/
ACCESS.2022.3160828

5. Ngan M.L., Grother P. J., Hanaoka K.K. Ongoing Face Recognition
Vendor Test (FRVT) Part 6A: Face recognition accuracy with masks
using pre-COVID-19 algorithms: NISTIR 8311 / National Institute
of Standards and Technology U.S. Department of Commerce. 2020.
58 p. https://doi.org/10.6028/NIST.IR.8311

6. Gorodnichy D., Yanushkevich S., Shmerko V. Automated border
control: Problem formalization // Proc. of the IEEE Symposium on
Computational Intelligence in Biometrics and Identity. 2014. P. 118—
125. https://doi.org/10.1109/CIBIM.2014.7015452

7. Huang B., Wang Z., Wang G., Jiang K., He Z., Zou H., Zou Q.
Masked face recognition datasets and validation // Proc. of the 18t
IEEE/CVF International Conference on Computer Vision. 2021.
P. 1487-1491. https://doi.org/10.1109/ICCVW54120.2021.00172

8. Dengl.,GuolJ., An X., Zhu Z., Zafeiriou S. Masked face recognition
challenge: The insightface track report // Proc. of the 18t IEEE/CVF

AH®AC, 4T0 MO3BOJISIET UCTIOIb30BATh MPEIT0KEHHBII
METOJ/I CO MHOT'MMH M3BECTHBIMU 0a3aMM M300paskeHUH
miL. [IpeacraBieHbl BAPHAHTHI CTEHEPUPOBAHHBIX MACOK,
KOTOpBIC MPAKTUICCKU HE OTIIMYAIOTCS OT PEaTbHBIX MaCcOK
(REAL MASKS) 1 3HaYUTETEHO IPEBOCXOIAT MONACTEHBIC
Macku (Harmpumep, «redatrapie Mmackm» wi SIMULATED
MASKS). B kagecTBe MCXOIHBIX H300paKCHUI-OPHUTH-
HaJIOB MCIOJIb30BaHbI, Kak mpumep, 100 nzobpaxeHuit
qu w3 6a3el CUFS. Ha ux ocHOBe creHepupoBaHo Oomee
20 000 n3ob6pakeHuii Il B MackaxX. BBITIOTHEHBI dKCTIe-
PHMEHTBI [0 PACIIO3HABAHMIO JIUI] U3 ATOW 0a3bl B paMKax
YeThIpEX CHCTEM: JIETEPMUHHPOBAHHOW CHCTEMBI C JKC-
TPaKTOPOM IPHU3HAKOB Ha 0a3e KOCHHYC-IIPeoOpa3oBaHus U
KJIacCCU(UKATOPOM IT0 MUHHMYMY PACCTOSHHS C METPUKOH
L1; Tpex HelpoceTeBbIX CHCTEM, OTIIMYAIONIUECS IKCTPAK-
Topamu npusHakoB: ArgFace, ResNet-50 u VGG-16 — B
KauecTBe KIacCu(pUKaTopa UCTIONb3YeTCsS KPUTSPU MIUHHU-
MAaIJIbHOTO PACcCTOSHHSA C METPUKON KOCHHYCHOTO MTOI00HS.
IIpemnoskeHHBI METO/ TeHEPAIINA MaCOK MOXKET OBITh
WCTIONB30BaH I CO3IaHMs HAOOPOB JaHHBIX U TECTOBBIX
6a3 n300pakeHnit auIl ¢ Mackamu. IIpu 3ToM Hrcmonb3ye-
MbI€ DKCTPAKTOPBI MPU3HAKOB B HEHPOCETEBBIX CHUCTEMAX
pacro3HaBaHus M300payKEHHUH JIUI] MOTYT OBITh JOOOYYEHBI
Ha HOBBIX CTC€HEPUPOBAHHBIX KOPIyCaX, YTO IMO3BOJIUT
YaCTHYHO PEUINTH CYIIECTBYIOILIHE MPOOIEMBbl pacro3Ha-
BaHMs Ha OCHOBE Heipocereil. McciaenoBaHHbIe CHCTEMBI
B JIaJIbHEUIIIEM MOTYT OBITh HUCIIOJIb30BAHBI B JIOKATBHBIX
1 TIOTOKOBBIX CHCTEMaX KOHTpOI Aoctymna. Pabora Oymet
TIOJIe3HA UCCIICAOBATENSM U CTICIIHANCTaM B 00J1acTH 00-
paboTKH U aHATH3a N300PAKECHHUHN JIUI] C MACKAMH.
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Abstract

Improving the efficiency of communication of deaf and hard of hearing people by processing sign language using
artificial intelligence is an important task both socially and technologically. One of the ways to solve this problem is
a fairly cheap and accessible marker method. The method is based on the registration of electromyographic (EMG)
muscle signals using bracelets worn on the arm. To improve the quality of recognition of gestures recorded by the marker
method, a modification of the marker method is proposed — duplication of EMG sensors in combination with a low-
frame machine learning approach. We experimentally study the possibilities of improving the quality of processing of
sign language by duplicating EMG sensors as well as by reducing the volume of the dataset required for training machine
learning tools. In the latter case, we compare several technologies of the few-shot approach. Our experiments show that
training with few-shot neural nets on 56k samples we can achieve better results than training on random forest with 160k
samples. The use of a minimum number of sensors in combination with few-shot signal processing techniques provides
the possibility of organizing quick and cost-effective interaction with people with hearing and speech disabilities.
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sign language processing, few-shot machine learning, bracelets, marker methods
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AHHOTaNMA

Ipeamer ucciaenoBanus. [Topsimenne 3pGEKTHUBHOCTH KOMMYHHUKAIUN TIYyXUX M CIA0OCHBIIIANINX JTIOIEH
ImyTeM 00pabOTKM KECTOBOTO SI3bIKA CPEJICTBAMU MCKYCCTBEHHOTO MHTEJIIEKTA — BaXKHAS 3a/1a4a B COI[HATBLHOM H B
TEXHOJIOTHUECKOM IITaHax. OMHUM M3 HApPaBICHUN PELISHUs] ATOH NMPOOIEeMBbI SBISIETCS IPUMEHEHUE JOCTaTOYHO
JIEIIeBOT0 U JJOCTYITHOTO MapKepHoro Merona. Meroa. MeTo; OCHOBaH Ha PErUCTPALMH JIEKTPOMHOTpahuuecKux
CUTHAJIOB MBI, PETUCTPUPYEMBIX C ITOMOIIbIO OpaciieTa, HaJleBaeMoro Ha pyKy. [l MOBBIIICHUs KadecTBa
pacrio3HaBaHUs KECTOB IIPUMEHACTCA MO)II/I(bHKaLII/Iﬂ MapKEpHOro METoO/1a, CYIIHOCTb KOTOPOI'0 COCTOUT B }lyGJ'll/lpOBaHI/Il/l
JIATYUKOB AJIEKTPOMUOrpA(pUIECKUX CUIHAJIOB B COYETAHUU C MAJIOKAJAPOBBIM MOIXOA0M MAIIMHHOIO O0yuYCHHS.
OcHOBHBIE pe3yIbTaThl. DKCIIEPUMEHTAIBHO M3y4eHbl BO3MOKHOCTH MOBBIIICHUS KauecTBa 00pabOTKU KECTOBOTO
SI3BIKA 3@ CUET JyONMpOBaHUS HIEKTPOMHOTPAadHISCKUX AATINKOB M YMEHBIIECHNs Habopa NaHHBIX, HEOOXOIHMMOTO
JUIS. MaIITMHHOTO 00y4YeHus. BRIMONHEHO cpaBHEHHE HECKOJIIBKUX TEXHOJIOTHI MaJoKaJIpoBOro moaxona. [lokasaHo,
YTO IpH 00yYeHUHN MaJIOKaJAPOBBIX HEHPOHHBIX ceTeil Ha Habope maHHEIX o0bemMoM 56 000 0Opa3moB MOXKHO
JOCTHYB JTYYIINX PEe3yNbTaToB, YeM IpU 00y4YEeHUH KiIaccu(pHUKAaTOpa THIIA «CIy4alHBIH Jiec» Ha HabOpe JaHHBIX
oobeMoM 160 000 obpasior. [IpakTHyeckass 3HAYUMOCTD. VCrob30BaHNE MUHUMAIBHOTO KOJHYECTBA JTaTYUKOB
3ICKTPOMHOrpaUICCKIUX CUTHAIOB B COUCTAHHH C MaJIOKaJPOBBIMH METOJAaMH HX 00paboTKu obecrieunBacT
BO3MO)KHOCTb OPTaHHM3aI[M1 OBICTPOTO ¥ SKOHOMUYHOT'O B3aUMOJIEHCTBHUS C JIIOJbMU C HAPYIIECHUSIMU CITyXa U Peun.

KiroueBsie ciioBa
00paboTKa KECTOBOTO A3bIKa, MAJIOKAAPOBOE MALIMHHOE 00yUeHHE, OpacieThl, MapKepHbIE METOIbI

baaronapuocTu
Pabora noxnepxana @enepansHoii mporpammoit «IIpuopuret 2030».

Ceblika aas nurupoBanus: Hloskormmic [®., CrpoxoB [[.A., Kasanues /I.B., Batesan A.C., AcagynaeB A.A.,
Tommnos U.B., Hlansito A.A., ['ycaposa H.®. IToBbimenue 3¢ GeKTHBHOCTH 00paOOTKH KECTOBOTO SI3BIKA TIOCPEICTBOM
MaJI0Ka/IpOBOT0 MalIMHHOTO 00y4eHust / Hay4HO-TeXHUYECKHil BECTHUK HH()OPMAIIMOHHBIX TEXHOJIOT Ui, MEXaHUKU U

orruku. 2022. T. 22, Ne 3. C. 559566 (na anrm. s13.). doi: 10.17586/2226-1494-2022-22-3-559-566

Introduction

According to the World Health Organization, practically
or completely deaf and dumb people make up more than
5 % of the world’s population. Improving communication
efficiency with people with hearing and speech disabilities
is one of the most important goals of real-world applications
of Intelligent Techniques (IT) and Artificial intelligence
(AI). This problem becomes especially important in the
context of medical care for patients with hearing and
speech disabilities, when medical personnel needs to obtain
the most prompt and accurate information about the status
of a potentially infected or already ill person.

The main means of communication for the deaf and
hearing-impaired people is Sign Language (SL), which,
apparently, most medical personnel do not know. Therefore,
there is a great need for the development and widespread
introduction into medical practice of IT tools for SL
processing, that is, computer SL interpretation systems
that convert a sequence of gestures (sign speech) into text
in a spoken language.

There are two ways to recognize gestures using
technical means: markerless and marker [1-3]. Markerless
methods use video cameras and infrared transmitters that
allow tracking movements, with subsequent processing of
the video stream. Marker methods use sensors recording
the electromyographic (EMG) signals of muscles which
correspond to the performance of certain gestures. These
are either special gloves or devices on the wrists, such as
bracelets. The marker method is fundamentally simpler
than markerless one, and for reasons of user friendliness

and affordability, they have taken a leading position in the
market in recent years [4—6]. A typical scenario for using
the marker method for medical needs is as follows. The
patient (a native speaker of SL) puts a specialized bracelet
[7] on his forearm and spells the words in his usual way;
each gesture is classified by means of Al. The resulting
sequential set of tokens is converted into text using NLP
and then displayed on the screen of the doctor’s mobile
phone or converted into audio speech.

However, in real practice, the execution of this scenario
encounters a number of difficulties. First, the EMG signal
corresponding to the same gesture depends significantly
on the individual characteristics of the person’s forearm,
such as the presence of fatty tissue, sweat and hair, as well
as on the position of the sensor on it [8]. Second, SL is
context sensitive, i.e., the result of token recognition and
their interpretation will depend on the nationality of the
speaker, on the communication situation, etc. As a result,
when processing SL by means of Al, there are uncertainties
arising both at the stage of signal pickup and at the stage
of converting a sequence of tokens into a coherent text.
It significantly reduces the efficiency of SL processing or
even makes it impossible, which is especially important for
organizing full-fledged communication in the provision of
emergency medical care.

Our contribution to the solution of this problem is
twofold. We experimentally study the possibilities of
improving the quality of processing of SL by duplicating
EMG sensors, as well as by reducing the volume of the
dataset required for training Al tools. In the latter case, we
compare several technologies of the few-shot approach [9].
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Background and Related Works

The problem of increasing robustness in the marker-
based SL processing is constantly in the field of view
of researchers. In recent years, various approaches have
been proposed for this purpose, including ensemble neural
network learning [10], multiple-agent voting [11], bilinear
models [12], spectral decomposition and common modes
analysis [13], back propagation neural networks [14],
building of fuzzy matrix model [15], and support vector
machines [8]. In general, the listed approaches rely heavily
on the availability of a large amount of training data.

A number of studies focus on working with small input
data. In these cases, it is suggested to use information
fusion based on convolutional neural networks [16],
transfer learning [17], and data augmentation schemes
[18]. But, as mentioned in the review [19], the robustness
of marker-based SL processing remains underexplored. In
this regard, the few-shot learning approach as a variant of
domain adaptation with the goal of inferring the required
output based on just one or a few training examples should
be highlighted. For example, the work [20] shows that the
few-shot learning approach quickly generalizes after seeing
very few examples from each class. Namely, for 5 classes
sampled from whole set of labels and 5 examples extracted
sampled from each of those 5 classes, the classification
accuracy of 73—86 % was obtained depending on a specific
problem statement.

There are two main approaches to fulfill few-shot
learning — optimization-based and metric-based. The first
approach [21, 22] uses gradient descent-based methods
as the optimization process in the meta-learning, sharing
knowledge across all tasks. Metric-based methods [23, 24]
classify samples based on the distance between them; they
require less computing resources compared to optimization-
based. In general, though the few-shot methods are claimed
for the classification of datasets containing a small number
of examples in each class, their high accuracy is achieved
only on large datasets such as American SL [25], and it
drops sharply with a decrease in the size of the dataset
(74.7 % for Flemish SL corpus [26] and even less, up to
48.6 % [27]).

The influence of the sensors position and configuration
on the EMG signal is stated in a number of works [8,
28-30]. For example, placing sensors on the flexor carpi
radialis, flexor carpi ulnaris, extensor digitorum communis
and extensor carpi ulnaris significantly (several times)
changes the amplitude of the EMG signal as well as its
shape for the same gesture [30]. According to [28], the
sensor position on the flexor carpi ulnaris muscle has a
critical contribution to the authentication performance
of the EMG signal. Obviously, in the conditions of real
medical practice, it is not possible to position the sensors
on the patient’s arm, taking into account the location of
specific muscles. In this regard, it is proposed to use a set
of sensors covering the entire arm of the patient to a certain
extent and to process the averaged signal. The work [31]
even proposes a distributed signal pickup using a sensitive
sleeve. Much more technological and economical is the
simultaneous use of several widespread sensors such as
[7]. However, the study of the influence of the number of

sensors on the efficiency of processing SL by the marker
method has not been presented in the literature.

Thus, the task of the article is to compare the
effectiveness of SL processing methods depending
on the amount of data available (few-shot method vs.
traditional random forest method) and on the number of
simultaneously used EMG sensors.

Materials and Methods

Traditional few-shot learning techniques fulfill
classification within a subset of classes named episode
(usually of 2—-10 classes in each episode). In the case of
SL processing, one needs on-line classification within the
entire alphabet of gestures. To eliminate this contradiction,
we have proposed a modification of the few-shot method
presented in Fig. 1.

To make few-shot learning model applicable to the
given task, we propose a range of modifications, our
contribution is three fold.

1) Standard approach to teaching where we have access to
training examples and information about to which class
each sample belongs to. We propose a new distance
based training pipeline by few-shot architecture with
an output dimension equal to the number of classes.
During each training step our method learns to output
probability for each class in dataset.

2) (top image) Traditional few-shot learning used when
there are a large number of classes and a small number
of examples within each class. The dataset is divided
into episodes, consisting of examples (train) shots and
queries (test) shots. Based on examples, the model
“remembers” how each class looks like and, when
receiving some queries (test) shots, it is able to carry
out a classification. The task of the few shot learning
model in this setting is to learn to distinguish different
classes by building separable representation of each
class in episode and compare test examples with built
representation. Formally, we have function, f,, with
learnable parameters ¢ and some squared Euclidean
distance d between outputs of this function:

fo: RP — RM.,

RP is the D-dimensional feature vector, R™ is
M-dimensional representation vector. Our neural
networks produce a distribution over classes, p,,, for
an inputs sample x based on a Softmax function over
distances between representations, built for each class:

exp(—d(fy(x), 1))
%GXP(fd(ﬁp(X), D))

Pyl =kix) =

¢, corresponds to a prototype of a class k, similarly.

In our experiment, we have selected computationally
inexpensive metric-based models, presented in the
Background and Related Works section, being the most
common in the field, namely, Matching Networks [32]
and Prototypical Networks [24]. We used a typical
implementation of the random forest classifier from the
scikit-learn1 package, all parameters are set by default.
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Fig. 1. Different approaches to model training

For investigations, we used a putEMG dataset [33]
containing the EMG signal records of the corresponding
hand gesture. The dataset includes records of 8 basic
gestures performed by 44 volunteers. The total size of the
dataset was 160,000 rows with a fairly even distribution
across classes (Fig. 2).

To take the data, 3 Myo Thalmic bracelets [7] were
used which were sequentially attached to the arm: the first
one was approximately 1/4 of the forearm length from
the elbow, each with a shift of approximately 1/5 of the
forearm length. For our experiments, we used data from
30 volunteers and formed the following sub-datasets from
them: 3 datasets containing data from each bracelet (1, 2,

20000 7

10000 1

0-

1 3 5 7

Fig. 2. Distribution of dataset elements by classes

and 3); 3 datasets containing data for pairs of bracelets
(1 and 2, 2 and 3, 1 and 3); 1 dataset containing data for
all three bracelets. Each of the constructed sub-datasets
was grouped into 7 classes into new datasets, from which
400 rows were taken. As a result, each of the 7 classes
contains 30 instances of 400 rows each, of which data for
20 volunteers were used to create a sup-porting set, and the
remaining 10 were used to create queries.

Results

The results of the experiment are presented in the
Fig. 3. The Fig. 3, a, b use notation typical for few-shot
methods, namely: ‘k-way’ is the number of classes; ‘n-shot’
is the number of samples elicited from each class; and Q
is the number of examples per class. In all figures, as an
y axis value, we use a measure of the effectiveness of the
classification of gestures CA (categorical efficiency), i.e.,
the frequency of the correct class definition, indicated,
respectively, for each bracelet or their combination (e.g.,
CAL1 stands for categorical efficiency acquired using only
the first bracelet, CA12 stands for categorical efficiency
acquired using the first and the second one, and so forth).
Fig. 3, ¢ shows the value of accuracy (y axis) obtained by
a Random Forest classifier at the optimal number of splits.

Discussion

To compare achieved results, it is better to use Fig. 3,
since they offer a visual approach. First of all, we should
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Fig. 3. ProtoNets results (a); Matching Networks results (5); Random Forest results (c).

k-way is the number of classes; n-shot is the number of samples elicited from each class; Q is the number of examples per class
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notice that using the few-shots methods resulted in a better
ability to distinguish samples in comparison to the random
forest algorithm, see Fig. 3, c. Secondly, we found out that
the difference between various combinations of bracelets
does not have the significant impact on the result of a
classification. We were not able to establish any kind of
correlation between used bracelet (or their combinations)
and the calculated metric. Considering those two facts,
we concluded that it is more suitable to use the few-shot
approach and that there is no major impact on a result
depending on used bracelets.

Conclusion

In our paper, we explored various scenarios for model
training. We tested the range of few-shot models, with
different settings for few datasets and their combinations.
We carried out the grid search over the hyper-parameters
of a few-shot model for dataset; we adjusted the different
values of LR and the optimizer: n-shot, k-way, q-queries.
Results are presented in Fig. 3, a, b. Our results show that
training with few-shot neural nets on 56k samples we can
achieve better results than training on random forest with
160k samples, see Fig. 3, c.

References

1. Agrawal S.C., Jalal A.S., Tripathi R.K. A survey on manual and non-
manual sign language recognition for isolated and continuous sign.
International Journal of Applied Pattern Recognition, 2016, vol. 3,
no. 2, pp. 99-134. https://doi.org/10.1504/ijapr.2016.079048

2. Bragg D., Koller O., Bellard M., Berke L., Boudrealt P., Braffort A.,
Caselli N., Huenerfauth M., Kacorri H., Verhoef T., Vogler C.,
Morris M.R. Sign language recognition, generation, and translation:
An interdisciplinary perspective. Proc. of the 215 International ACM
SIGACCESS Conference on Computers and Accessibility (ASSETS),
2019, pp. 16-31. https://doi.org/10.1145/3308561.3353774

3. Kamal SM., Chen Y., Li S., Shi X., Zheng J. Technical approaches
to Chinese sign language processing: A review. /[EEE Access, 2019,
vol. 7, pp. 96926-96935. https://doi.org/10.1109/
ACCESS.2019.2929174

4. O’Connor T.F., Fach M.E., Miller R., Root S.E., Mercier P.P.,
Lipomi D.J. The Language of Glove: Wireless gesture decoder with
low-power and stretchable hybrid electronics. PLoS ONE, 2017,
vol. 12, no. 7, pp. e0179766. https://doi.org/10.1371/journal.
pone.0179766

5. SongY., LeeS., ChoiY., Han S., Won H., Sung T.-H., Choi Y., Bae J.
Design framework for a seamless smart glove using a digital knitting
system. Fashion and Textiles, 2021, vol. 8, no. 1, pp. 6. https://doi.
org/10.1186/540691-020-00237-2

6. ZhouZ.,Chen K., Li X., Zhang S., Wu Y., Zhou Y., Meng K., Sun C.,
He Q., Fan W,, Fan E., Lin Z., Tan X., Deng W., Yang J., Chen J.
Sign-to-speech translation using machine-learning-assisted stretchable
sensor arrays. Nature Electronics, 2020, vol. 3, no. 9, pp. 571-578.
https://doi.org/10.1038/s41928-020-0428-6

7. Bernhardt P. Myo SDK Beta 7. Available at: https://developerblog.
myo.com/myo-sdk-beta-7/ (accessed:10.02.2022).

8. Abreu J.G., Teixeira J.M., Figueiredo L.S., Teichrieb V. Evaluating
sign language recognition using the Myo armband. Proc. of the 18"
Symposium on Virtual and Augmented Reality (SVR), 2016, pp. 64—
70. https://doi.org/10.1109/SVR.2016.21

9. Wang Y., Yao Q., Kwok J., Ni L.M. Generalizing from a few
examples: A survey on few-shot learning. ACM Computing Surveys,
2020, vol. 53, no. 3, pp. 63. https://dl.acm.org/doi/10.1145/3386252

10. Wang F., Zhao S., Zhou X., Li C., Li M., Zeng Z. An recognition—
verification mechanism for real-time Chinese sign language
recognition based on multi-information fusion. Sensors (Basel), 2019,
vol. 19, no. 11, pp. 2495. https://doi.org/10.3390/s19112495

Our results show that increasing the number of features
via combining different datasets does not significantly
increase the accuracy of the model. In our opinion, this
behavior is primarily associated with an increase in the
dataset noise after the dataset combination. The noisiness of
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neural networks. The lack of strong patterns in the data
obtained from the different band also affects the accuracy
of neural networks.

Finally, combining datasets increase the dimension of
the input data. For a single dataset, the sample size is (8, 20,
20), which equals to 3200 features characterizing a certain
action. In the case of combining datasets the sample size
is (24, 20, and 20), the number of features is 9600, this
makes model training more complicated and requires using
complex deep learning techniques. Using deep models has
its draw-backs in speed of inference, slowing down the
inference can affect the quality of the tool application in
real-time cases.

Thus, the use of a minimum number of sensors in
combination with few-shot signal processing techniques
provides the possibility of organizing quick and cost-
effective interaction with people with hearing and speech
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Abstract

The paper reports a method for compressed representation of matrix data on the principles of quantum theory. The method
is formalized as complex-valued matrix factorization based on standard singular value decomposition. The developed
approach establishes a bridge between standard methods of semantic data analysis and quantum models of cognition
and decision. According to the quantum theory, real-valued observable quantities are generated by wavefunctions being
complex-valued vectors in multidimensional Hilbert-space. Wavefunctions are defined as superpositions of basis vectors
encoding composition of semantic factors. Basis vectors are found by singular value decomposition of the initial data
matrix transformed to a real-valued amplitude form. Phase-dependent superposition amplitudes are found to optimize
approximation of the source data. The resulting model represents the observed real-valued data as generated from a
small number of basis wavefunctions superposed with complex-valued coefficients. The method is tested for random
matrices of sizes from 3 x 3 to 12 x 12 and dimensionality of latent Hilbert-space from 2 to 4. The best approximation
is achieved by encoding latent factors in normalized complex-valued amplitude vectors interpreted as wavefunctions
generating the data. In terms of approximation fitness, the developed method surpasses standard truncated SVD of
the same dimensionality. The mean advantage over the considered range of parameters is 22 %. The method permits
cognitive interpretation in accord with the existing quantum models of cognition and decision. The method can be
integrated in the algorithms of semantic data analysis including natural language processing. In these tasks, the obtained
improvement of approximation translates to the increased precision of similarity measures, principal component analysis,
advantage in classification, and document ranking methods. Integration with quantum models of cognition and decision
is expected to boost methods of artificial intelligence and machine learning improving imitation of natural thinking.
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AHHOTALUA

IIpenmer uccaegoBanms. [IpencTaBiieH MeTO CXKATOTO MPEICTABICHUS MAaTPUYHBIX JIAHHBIX HA NPUHIMIAX
KBaHTOBOI TeopuHu. /laHHBIC UMCIOT BHJ TaOJIHIIBI YHCICHHBIX 3HAYCHUI HAOOpa BEJIMUYUH B PsJIC IKCIICPUMCHTOB.
MeTton hopmanu3oBaH B BuJ¢ (aKTOPU3ALNN JAHHBIX HA OCHOBE CHHTYJISIPHOTO pa3jiokKeHHs, 0000IEHHOTO Ha
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10JIe KOMIUIEKCHBIX 4Hces. PaccMoTpeHa BO3MOXKHOCTh MHTEPIPETALMH pa3pabOTaHHOTO METOJa B COOTBETCTBHU
C IPUHIMIIAMH KBAHTOBOM KOTHUTUBUCTUKH. MeToA. B COOTBETCTBHHM C KBAHTOBOW TEOpHUEH, ACHCTBUTEIbHBIC
BEJIMYMHBI B MCXOJHBIX JAHHBIX MOPOXKIAIOTCA BOJHOBBIMU (DYHKIMSAMH B BHJE KOMIUIEKCHO3HAYHBIX BEKTOPOB B
MHOTOMEPHOM THIIEOEPTOBOM MPOCTPAHCTBE. BONMHOBBIE (DYHKIMI OIPEAEISIIOTCS CyTEPIO3UIIAMH Oa3UCHBIX BEKTOPOB,
MIPEACTABIAIOMINMU KOMITO3UIHIO CEMaHTHIeCKUX (aKTOpoB. ba3ucHbIE BeKTOpa pacCUUTHIBAIOTCS C MTOMOIIBIO
CHHTYIISIPHOTO Pa3JIOKSHNUSI MaTPHIIBI HCXOJHBIX JaHHBIX, TPUBEICHHON K aMIUIUTYAHOH (opme. KommiekcHo3HaTHbIE
K03 HUIUEHTEI Pa3IOKEHHS OTIPEASIISIOTCS 10 YCIOBUIO HAMITYYIIIeH allpOKCUMAINH HCXOHBIX JaHHBIX. OCHOBHbIE
pe3yasTaThl. MeTos anpoOupoBaH Ha CIydailHO CreHEpHPOBAHHBIX MaTpHIAX pa3MepoM oT 3 X 3 mo 12 x 12 n
Pa3MepHOCTSIX CKaTOro TMiIbO0epTOBa MPOCTpaHcTBa oT 2 10 4. Hawmmy4miast TOUHOCT NMPUOIVKEHUSI TOCTUIaeTCs IPU
UCIIOJIb30BAaHUU B KAUECTBE 3JIEMEHTOB PA3JIOKEHNUsT HOPMUPOBAHHBIX KOMIUICKCHO3HAYHBIX BEKTOPOB, BBIIIOJIHAOIINX
POJTb MOPOXKAAIOINX BOIHOBBIX (DyHKIMIL. [TomyueHHass TOUHOCTB BO BCEX CIIy4dasiX MPEBOCXOIUT TOUHOCTh MPHOIMKEHHS
CTaH/IapTHBIM METOJIOM yCEUEHHOTO CHHTYISPHOTO pasziokenus. CpenHee MOBBIILIEHHE TOYHOCTH HA UCCIIET0BAaHHOM
HHTEpBaJie mapaMeTpoB cocTaBuio 22 %. MeTox momyckaeT KOTHUTHBHYIO HHTEPIPETAIHI0, COBMECTUMYIO C
KBAaHTOBBIMU MOJICIISIMH TIOBEJCHUS U NMpHHATHA perneHnid. [IpakTuyeckass 3HaYnMocTh. [IpeacTaBieHHbI MeTO
MIPUMEHHM B 33j1adyax CEMaHTHYECKOTO aHaM3a JAaHHBIX, BKIIOYas 33/1a4l 00pabOTKH €CTEeCTBEHHOrO s3bIKa. B aTnx
MIPYIOKEHUSIX MTOTYYEHHBIH pe3ysIbTaT MOXKET OBITh HCIIOIB30BaH JUIsl ITOBBIMICHUS! TOYHOCTH BBIIEICHUS TIIaBHBIX
CMBICJIOBBIX KOMIIOHEHT, COBEPILIEHCTBOBAHUS METO/IOB KJIACCU(HKALMH U PAHKUPOBAHUS TEKCTOBBIX JOKYMEHTOB.
B03MOXHOCTh KOTHUTHBHOM MHTEPIIPETAMU U (hopMan3aiys B popMe MaTPUIHOTO Pa3IOKEeHHsT OTKPBIBACT MO/IXO/IbI
K JajbHEHIIeMy HUCTIOJIb30BAHUIO MOZI€el KBAHTOBOW KOTHUTUBUCTUKHU B 3a/1auaX aHann3a JaHHbIX. Oxkupaercs,
YTO BCTPaMBaHNWE KBAHTOBOH JIOTMKH Ha OCHOBE KOMIIJIEKCHO3HAYHOTO BEPOSITHOCTHOTO MCUHCICHHS B allTOPHTMBI
MAIIMHHOTO 00ydeHnsI ¥ MCKYyCCTBEHHOTO MHTEIUIEKTa MO3BOJIUT UMUTHPOBATh PabOTy €CTECTBEHHBIX KOTHUTHBHBIX

CUCTCM.
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Introduction

Most of the existing methods of data science represent
features of the analyzed data by real numbers. Recent
progress in cognitive-behavioral modeling, however,
calls into question the appropriateness of this choice.
Namely, quantum models of human behavior show the
advantage of encoding cognitive factors by complex-
valued amplitudes related to the observable quantities by
quantum-theoretic Born’s rule. The resulting probabilistic
structure captures regularities of human behavior better
than classical probability, making progress in problems
challenging classical approaches [1-5]. When data
originate from human behavior (e.g., for texts in natural
language, social and economic statistics), complex-valued
quantum-probabilistic structure is then expected to improve
performance of the existing methods of analysis.

In this paper we focus on a Singular Value
Decomposition (SVD) used to approximate a two-
dimensional array of data as a product of smaller size
matrices encoding “semantic” structure behind the observed
data. Using real-valued calculus by default, this procedure
is a mathematical core of latent semantic analysis of natural
language [6—8]. As motivated above, we turn SVD from
classical to complex-valued structure, while keeping its
basic matrix-factorization idea.

Stage 1: real-valued amplitude-wise SVD

Source data have a form of a real-valued matrix P
with M rows and N columns. Rows of matrix P stand
for M target features that can have two outcomes, say 0

and 1. Columns are N > M experiments in which these
features are observed. Real positive element P[i, j] = p;;
is the probability of observing feature i in experiment j,
normalized such that total probability of all features in each
experiment is unity:

M
Pl = 2py=1. (1)
i=1

Vector p; can be interpreted as a probabilistic profile of
the observed features in experiment j. Normalized matrix
P is then converted to the amplitude matrix A by element-
wise square root
so that the probability vectors p; are transformed to the real-
valued amplitude column forming matrix A.

Next, matrix A is approximated by a product

A=U x A XV, 3)

where U, A and V; are truncated versions of the real-
valued matrices obtained from standard SVD shown in
Fig. 1. Namely, matrix U; consists of K < M orthogonal
columns, V{ consists of K orthogonal rows, and A;
are the corresponding eigenvalues. Decomposition (3)
approximates initial amplitude matrix A optimally in the
least-squares sense [6, 9].

Return to the probabilities is realized by element-wise
squaring of the approximated amplitudes A2 inverting the
relation (2). The result is different from the approximation
P obtained from standard SVD applied directly to the
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Fig. 1. Amplitude-wise singular value decomposition. First, normalized source probability data P (1) are converted by element-wise
square root (2) to positive real amplitudes A. This matrix is approximated by standard SVD truncated to K largest eigenvalues (3).
Shown is the case N=6, M=4, K=2

source data and truncated to the same dimension K. The
latter approximates the source data more accurately, as
measured by the Frobenius norm ||-||:

dsyp = ||P — P|| <[P - A% “4)
This measure is used to estimate the advantage of the
developed method in section “Testing”.

Stage 2: Complex-valued factorization

Advantage over the standard SVD (4) is achieved by
extending the domain of the amplitude matrix A to complex
numbers. Observable probabilities are then generated from
a complex-valued matrix ¥ by element-wise application of
the Born’s rule generalizing square-root relation (2)

Pop =P py=lv )
Matrix ¥ is factorized in the product
¥Y=U,xC, (6)

where Uy is the same as in (3), while matrix C consists of N
complex-valued column vectors |cj) of length K as shown
in Fig. 2.

Column vectors of ¥ are superpositions

As required by (1), these vectors are normalized as

<‘I’j|\|’j> = <cj‘cj> =1, (®)
where row vector (-| is conjugate (Hermitian) transpose
of |') in quantum-theoretic bra-ket notation. Accordingly,
vectors |\|lj> play the role of wavefunctions generating
probabilistic profiles p; in each of N experiments.

As in quantum physics [10], K mutually orthogonal
real-valued columns |u;) of matrix U, are interpreted as
stationary cognitive states of the (behavioral) system
that generated the data. They function as an incomplete
set of basis vectors in M-dimensional Hilbert-space
H,, accommodating wavefunctions |\|1_,-). K-dimensional
subspace Hy they span is a complex-valued version of a
low-dimensional semantic space used in latent semantic
analysis [6—8]. Normalized vectors |cj> in this space are
cognitive wavefunctions representing behavioral data in
compressed “semantic” form.

Stage 3: Finding the coefficients

Coefficient matrix C in (6) is sought to obtain the
wavefunction matrix ¥ that would reproduce source data
P in the best possible way. Namely,

C = argmin||P — P )

CXpHa

< where P, is the matrix of explained probabilities
W) =Ule)=Yc;lu). (7) generated by element-wise Born’s rule (5), and ||| is the
/ = Frobenius (Hilbert-Schmidt) matrix norm. Definition (9)
U C b 4 Peyp
lu;) [uz) ler) [e2) lex) 1) [w2) lwn) P P2 P~
U U pPu P2 Piv
Cii Ci2 Cin | P21
X =
Ck1 Ck2 CKN
Uy U P PuN
Real basis Complex-valued Complex-valued Explained
vectors coefficients amplitudes probabilities

Fig. 2. Scheme of the complex-valued matrix factorization (6). Real-valued basis vectors |u;) obtained from amplitude-wise truncated
SVD (Fig. 1) are superposed with N complex-valued coefficient vectors |c;) forming the matrix C of shape K x N. This produces
N wavefunctions |\|lj> (7) generating the explained probabilities P, via the Born’s rule (5). Coefficients C are set to minimize the
Frobenius distance between explained and actual probability matrices. As in Fig. 1, shown is the case N=6, M=4,K=2
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prescribes to find N complex-valued vectors |cj> of length K
satisfying normalization (8). Each component c;; is encoded
by magnitude » and phase @, both being real numbers,
whereas phase of one ¢;; in every |¢;) is set to zero due to
insensitivity of the observable probabilities to the global
phase factor. In total, this results in

2N(K-1) (10)
real-valued parameters sought to minimize distance
between the explained and actual data (9). This problem
is addressed by standard numerical optimization methods.
We used the Nelder-Mead algorithm from SciPy library
[11] applied for N independent optimization problems of
2(K — 1) dimensions for each vector |c;).

Testing

This section summarizes approbation of the developed
algorithm. The first test validates normalization of the
complex-valued vectors in (7) and (8), supporting their
interpretation as wavefunctions of data. Tests 2 and 3
quantify improvement of the data approximation achieved
by the developed method relative to its real-valued version
and the standard SVD.

Test 1: normalization

Normalization of coefficients ¢;; in (7) is due
to interpretation of vectors \cj) as wavefunctions of
experimental data in K-dimensional latent space. This
choice is verified by lifting restriction (8) and allowing
vectors |cj) to have arbitrary lengths

) an

Compared to (10), this adds one additional parameter
for each of N vectors |cj), so that the total number of
optimization variables becomes N(2K — 1). Histogram of
the resulting values (11) from 2000 optimized vectors is
shown in Fig. 3. The mean and standard deviation of this
statistics

r;=1.002 +0.016 (12)

400 1
.
2
S 2001
0-
0.96 1.00 1.04
7

Fig. 3. Distribution of 2000 coefficient vector lengths (11)
obtained in complex-valued decomposition of random data with
shape N =6, M= 4, and truncation to K = 2 basis dimensions.
Heights of the bars show the number of the values falling in the
corresponding bins. The mean value is sharply peaked at unity
(12) in agreement with normalization (8)

indicate that in agreement with quantum-theoretic reason
normalization (8) simplifies representation without
degrading its accuracy.

Test 2: real-complex difference for the same
algorithm

This test quantifies how generalization to complex
numbers improves quality of the approximation obtained
from the same form of matrix decomposition. Namely,
complex-valued algorithm shown in Fig. 2 is compared
with its performance when the coefficient matrix C in
optimization (9) is limited to real numbers. In this latter
case, real-valued amplitude matrix W approximates the
source data with Frobenius distance

2
dreal = ”P - \PRH

analogous to (4). This value is compared with the distance
obtained from the complex-valued version of an algorithm

dcomplex = ”P - ‘\Il|2|| (13)
by relative improvement
drea B dcom ex
R, = (14)

dreal

This quantity is measured for truncation numbers K
ranging from 2 to 4 and sizes N and M of the source data
matrix P ranging from K + 1 to K + 8. In each set (K, N, M),
independent optimizations producing d;., and dgompjex Were
performed for 100 randomly generated matrices P.

The resulting values (14) are shown in Fig. 4. The
largest improvements are achieved for the smallest N and M
close to K. For each K, decreasing of R; as a function of M
is due to an increasing number of features addressed by the
same number of the optimized phase factors. Averaging of
Ry over all N and M for K =2, 3, 4 produces mean relative
improvements of 41 %, 56 %, and 75 %, respectively.
To compare, the mean difference between the sides of
inequality (4) over the same range of parameters is 6 %.

Test 3: quantum-probabilistic decomposition and
standard truncated SVD

In this test, the quantum-probabilistic scheme shown
in Fig. 2 is compared with the standard truncated SVD.
The corresponding distances (13) and (4) are compared by
relative improvement

_ dSVD - dcomplex
=

15

dSVD ( )

Identically to the previous one, this test is performed
for K =2, 3, 4 and sizes of source data N and M ranging
from K + 1 to K + 8. The obtained color maps, analogous to
shown in Fig. 4, indicate that improvement (15) is largely
independent on N. Therefore, these data are shown in Fig. 5
as functions of M for each K. As in the test 2, the largest
improvements are observed for the number of features
M= K + 1 reaching ~80 % for K = 4. Average improvement
overall K=2,3,4is(R,) =22 %.

Test 3 is significant in two aspects. First, it shows the
advantage over widely used baseline method of semantic
data analysis. Test 2, in contrast, compares the developed
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Fig. 4. Advantage in approximation fitness achieved by complex-valued decomposition (Fig. 2) over its real-valued version. Color
maps show relative improvement (14) for K = 2, 3, 4 with the number of experiments N (horizontal axis) and the number of features
M (vertical axis) ranging from K + 1 to K + 8 in each case

M-K

Fig. 5. Relative improvement (15) quantifying the advantage of
the developed algorithm over the standard SVD approximation
truncated to the same number of latent factors K

algorithm with its real-valued version realized specifically
to explicate the difference brought in by using complex
numbers. The resulting improvement shown in Fig. 4 is
then explainable by the larger number of parameters in the
complex-valued version, adding the new (phase) degrees
of freedom.

Results of test 3 are not explained by this argument.
For K =2, for example, the total numbers of parameters in
both algorithms are equal: matrix C (Fig. 2) and the product
A¢ x V;in standard SVD (Fig. 1) have the same number of
parameters 2N (10). Higher approximation fitness in this
case is then due to more efficient use of these parameters
by the developed algorithm. Analogous advantage of the
quantum-probabilistic approach is observed for the Hilbert-
space model of semantics of natural language [12].

Discussion

Although the quantum-probabilistic structure was
previously used mostly to model of human-generated
(behavioral) data, the obtained result shows its advantage

even for the pseudo-random matrices taken for testing
above. In this case, the obtained model works in “as if”
mode, suggesting a cognitive structure of a living agent
that might generate the considered data. This process is
the essence of an “intentional stance”, virtually endowing
behavior with human-like subjectness [13].

Formally, the obtained improvement in accuracy is due
to phase degrees of freedom allowing account of non-linear
composition of probabilistic factors by linear superposition
of the basis wavefunctions. Analogous to similar method
[14], this aligns with previous results showing that this
“interference effect” is necessary for modeling of data
not restricted to rational Boolean logic [15]. Within the
intentional stance, interference accounts for regularities
of semantic composition, central in modeling of natural
language, information retrieval, and artificial intelligence
in general [16-23]. The obtained result connects these
methods to classical LSA and its successors [24, 25].
In this perspective, phase degrees of freedom account
for subjectivity of meaning non-predetermined by the
input data, thereby allowing modeling of alternative
interpretations of the same factuality.

Conclusion

The obtained result shows the benefit of turning from
real- to complex-valued calculus in the baseline method of
data analysis. Better approximation of data with the same
number of parameters reveals fundamental advantage of
quantum-theoretic calculus for compressed representation
of information. This advantage can be projected to other
methods of data analysis, processing of natural language,
and algorithms of artificial intelligence. Analogous to LSA
and SVD considered here, these areas can harness the
advantage of the Hilbert-space probability structure.
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Abstract

Deaf people have hearing loss from mild to very severe. Such people have difficulty processing language information
both with and without hearing aids. Deaf people who do not use hearing aids use sign language in their everyday
conversations. At the same time, it is difficult for general people to communicate with the deaf, so in order to
communicate with the deaf they must know sign language. There are two sign languages in Indonesia, namely SIBI
(Indonesian Sign Language System) and BISINDO (Indonesian Sign Language). To help with communication between
deaf and normal people, we developed a model using the one-handed SIBI method as an example, and then further
developed it using the one-handed and two-handed BISINDO. The main function of the method is the recognition of
basic letters, words, sentences and numbers using a Raspberry Pi single-board computer and a camera which are designed
to detect the movements of language gestures. With the help of a special program, images are translated into text on the
monitor screen. The method used is image processing and machine learning using the Python programming language
and Convolutional Neural Network techniques. The device prototype issues a warning to repeat the sign language if the
translation fails, and delete the translation if it doesn’t match the database. The prototype of the device requires further
development providing its flexibility: to provide reading of dynamic movements, facial expressions, to provide translation
of words not included in the existing database. You need to add a database other than SIBI, such as BISINDO, or sign
languages from other regions or countries.

Keywords
CNN, deaf people, droidcam, image processing, machine learning, Python, Raspberry Pi, SIBI, sign language,
smartphone camera, webcam

Acknowledgements

This work was supported by a research grant TIER 1, H917.

The researchers thank all those who contributed to the preparation of the work, especially the UMS (Muhammadiyya
University Surakarta) Electrical and Electronics Engineering Curriculum and Tun Hussein Onn Malaysia (UTHM)
Electrical Engineering Curriculum, Research Management. We thank the Center, which contributed to the implementation
and testing of this study.

For citation: Fadlilah U., Prasetyo R.A.R., Mahamad A.K., Handaga B., Saon S., Sudarmilah E. Modelling of basic
Indonesian Sign Language translator based on Raspberry Pi technology. Scientific and Technical Journal of Information
Technologies, Mechanics and Optics, 2022, vol. 22, no. 3, pp. 574-584. doi: 10.17586/2226-1494-2022-22-3-574-584

© Fadlilah U., Prasetyo R.A.R., Mahamad A.K., Handaga B., Saon S., Sudarmilah E., 2022

574

Hay4HO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



U. Fadlilah, R.A.R. Prasetyo, A.K. Mahamad, B. Handaga, S. Saon, E. Sudarmilah

YK 004.89
MogesnpoBanue 0a30BOro nepeBoAYHKa HHIOHE3UHCKOIO SI3bIKA KECTOB
HA OIHOIIATHOM KomnbloTepe Raspberry Pi

Yvu @apamnal™, Pagen Agpuan Paduu Ilpacerso2, A6n Kagup Maxaman3,
Bauna Xanpara4, lllapuga Caon’, Iuna Cynapmuiat

1.24.6 Yunpepcurer Myxammanus Cypaxapra, Cypakapra, 57169, Unmonesus
1.3,5 Vausepcurer Ty Xyceitn Oun Manaiizus, Baty [laxar, [xoxop, 86400, Manaiizus

L uf138@ums.ac.id™?, https://orcid.org/0000-0002-2261-3663

2 adrian.raflip@gmail.com, https://orcid.org/0000-0001-8747-9437

3 kadir@uthm.edu.my, https://orcid.org/0000-0002-3985-6549

4 bana.handaga@ums.ac.id, https://orcid.org/0000-0001-6797-6233

5 sharifa@uthm.edu.my, https://orcid.org/0000-0003-2706-3258

6 Endah.Sudarmilah@ums.ac.id, https://orcid.org/0000-0002-9244-4762

AHHOTaNMsA

I'myxue M0au MMEIOT MOTePIo ClIyXa OT JIErKoi (GopMbl 10 OYeHb TsKenoil. Takue JIIoAu UCIBITHIBAIOT TPYAHOCTH
npu 00paboTKe A3BIKOBON MH(pOpMANNHU, KaK CO CIIyXOBBIMHU ammapaTami, Tak U 0e3 Hux. [nmyxue monu, KOTopele
He TPUMEHSIOT CIYXOBBIE allaparhl, B CBOMX IMOBCEIHEBHBIX PAa3roBOpax MCIONB3YIOT S3BIK jKeCTOB. B TO xe
BpeMs 3I0POBBIM JIIOISIM TPYAHO OOIMIATHCS € TIYXHUMHU, TIO3TOMY JUIS OOLIEHUSI OHU JOJDKHBI 3HATh A3BIK KECTOB.
B Mnpnone3nn cymecTByeT /1Ba )KECTOBBIX sI3bIKa, a nMeHHO Indonesian Sign Language System (SIBI) u Indonesian
Sign Language (BISINDO). Pazpa6orana Mozes A7t TOMOIIM B OOIIEHHN MEX/Ty IITyXHMH H 3JOPOBBIMH JIIOJbMH.
Mopens paccMOTpeHa Ha NMpUMEpe HCIIOIb30BaHMs ogHOpy4YHOro Metona SIBI u mopaboTaHa ¢ ucnoiabp30BaHHEM
onHopy4dHoro u aBypyunoro BISINDO. OcHoBHas GyHKIUS METOAa — paclo3HaBaHHE OCHOBHBIX OyKB, CJIOB,
Hpe/UIOKeHNH U P C TOMOIIBIO OHOIIATHOTO KoMibioTepa Raspberry Pi n kamepbl, KoTopbIe IpeiHa3HaYeHbI s
0OHapy»KeHUs JBHKEHHH SA3bIKOBBIX keCTOB. [lomyueHHbIe H300paxkeHns IEPEBOJSTCS B TEKCT HA SKPaHEe MOHUTOPA C
TIOMOIIIBIO CIIEUATBHON MporpamMMBbl. Mcronb3yeMblil METO]] 3aKII09aeTCst B 00paboTKe N300paKEHUH H MAITHHHOM
00y4eHHH C HCTIOIB30BAHUEM S3bIKa IporpaMMupoBanus Python u TexHuKkH cBepTOUHOIT HeliponHOH cetu. [IpoToTum
YCTpPOHCTBa BBIAET NPEIyTPexkIeHIE O HEOOXOANMOCTH ITOBTOPHUTS SI3BIK JKECTOB, €CJIM MIEPEBO HE YAANICS, U YIAIUTh
NIepeBO/I, €CIIN OH HE COOTBETCTBYET 0a3e maHHBIX. [IporoTnn ycrpoiicTBa TpeOyeT JONOIHHUTEIBHBIX HCCISIOBAHIN
JUts obecriedyeHHsT THOKOCTH NMPH CUYNTHIBAHUY AMHAMHUYECKUX JIBHOKCHHMH, BHIPAXKEHHH JINI, ¥ NIepeBOjia CIOB, HE
BKJIIOYEHHBIX B CYIIECTBYIOUIYIO 0a3y AaHHbIX. Takxke TpeOyercs: pacmnpeHue 6a3bl JaHHBIX, OTIIMYHON OT sI3bIKa
sectoB SIBI, Hanpumep, BISINDO, nnu s35IK0B jK€CTOB U3 APYTUX PETHMOHOB MM CTPaH.

KnroueBnie ciioBa
CNN, niyxue Jtoau, Apou-kaMmepa, oopadoTka n3odpaxeHuii, MammHuoe oOyuenue, Python, Raspberry Pi, SIBI, si3b1x
JKECTOB, Kamepa cMapT(oHa, Bed-kamepa

baaronapHocTu

Pa6ota noxneprkana uccnegosarensckuM rpanrom TIER 1, H917.

HccnenoBatenu Omaromapsr BceX, KTO BHEC CBOM BKJIAJ B TIOATOTOBKY paboThl, 0COOCHHO B y4eOHBIE POTPaAMMBI 110
anekTpoTexHrke u annekTponnke UMS (YauBepcurer Myxammanust CypakapTa) U 110 JIEKTPOTEXHUKE YHUBEPCHTETA
Tyn Xyceitn Onn Manaiizus (UTHM), ynpasnenne nccnenosanusamu. braronapum LienTp, KoTOpEIi criocoGcTBOBAI
peasi3aluy ¥ TECTUPOBAHHIO STOTO HCCIIEI0BAHHS.

Ceblika aias uutupoBanusi: ®aymna V., [Ipacerso P.A.P., Maxaman A K., Xannara b., Caon 1., Cynapmuna 3.
MonenupoBaHue 0a30BOT0 MEPEBOAUMKA HHIOHE3UHCKOTO SI3bIKA JKECTOB Ha OJHOIUIATHOM KoMIbioTepe Raspberry Pi
// HayuHO-TeXHUUECKHUI BECTHUK HH()OPMAIIMOHHBIX TEXHOJOTHIA, MexaHuKH 1 onTtuku. 2022. T. 22, Ne 3. C. 574-584
(nHa aHnL. 513.). doi: 10.17586/2226-1494-2022-22-3-574-584

Introduction

Deaf people have hearing loss ranging from easy to
very hard. Furthermore, deaf people have obstacles in
processing language information through their hearing
with or without using hearing tools. His hearing is quite
successful in processing language information if the deaf
person uses a hearing aid [1-7]. In fact, sign language
is one of the most popular communication techniques in
deaf communication [8]. At the same time, Sign Language
Recognition is a breakthrough for helping deaf-mute people
[9-20]. The results of the study [21] said that based on
data analysis, it is known that there are still many people
who do not know what sign language is and some people
already know what sign language is but still do not know
how to communicate with other people. Yet sign language
needs to be learned to support communication between

the deaf and normal people. Based on this, there must be
an intermediary media to be a solution to the problem, for
example, sign language translator using Raspberry Pi.

Literature Review

Many ways have been taken to create a communication
aid medium between deaf people and ordinary people,
for example, by developing a prototype that translates
words into sign language. The technologies such as the
Python programming language, Natural Language Tool Kit,
etc. had been used for developed Pakistan Sign Language
(PSL) prototype [22]. The study about sign language also
provides a literature review to highlight existing technology
work being carried out around the world, for example,
using deep learning [23-32]. Another way is to change
from sign language to writing or conversation by utilizing

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3

975



Modelling of basic Indonesian Sign Language translator based on Raspberry Pi technology

human gesture, especially hand gesture recognition
technology and image processing [33—44]. The technology
has the potential for application in sign language. But,
the challenge or obstacle of this technology is achieving
the accuracy of readings in various conditions, such as
achieving an accurate and robust system remain, hand
occlusion, transformation, database scalability, differential
background illumination, position control, self-location,
high computation costs, etc. [37, 45]. Meanwhile, to train
the model on spatial features, usually use the inception
model which is a deep Convolutional Neural Network
(CNN) method to carry out basic things in bridging the
communication gap in sign language recognition [23, 46—
48]. By using technologies such as image processing,
databases, and the Python programming language, we can
create a communication aid that translates sign language
into written form [22, 41]. Then, using the camera as an
image sensor to extract sign language data, it is processed
by the Raspberry Pi microprocessor module, and the results
are displayed on the monitor screen [41, 49]. In Indonesia
there are various sign languages, the main ones being
Indonesian Sign Language System (SIBI) and Indonesian
Sign Language (BISINDO). However, not all deaf people
in Indonesia use the sign language; some prefer or are
forced to communicate orally. Many other deaf people
are considered linguistically isolated, living in rural areas
where there is no opportunity to meet other deaf people.
Meanwhile, BISINDO sign language is used in urban
centers by tens and even hundreds of thousands of deaf
people throughout the archipelago [36, 50-53]. However,
in this project, we only take a few examples of the sign
language used in SIBI (using one hand), before using
BISINDO in the next project that is more flexible. The
author hopes that this prototype can be a testing device for
communication between the deaf and the ordinary people in
their communicating using sign language, in this case SIBI
method is a model in hand gestures.

Method

The sign language used for this experiment is the
SIBI method. It can be seen that the SIBI sign language
movements captured by the camera will be entered into a
gesture database with a certain number of movements to
create a CNN movement model. The camera captures input
in the form of a photo in 2 dimensions of sign language
movement, then it is processed using a Python algorithm
and CNN technique, so that it can classify the movements
made by the user when using sign language. The model
is tested using an identifier that can display the results in
the form of a translation of the sign language movements
captured by the camera. The sequence of how this tool
works starts from taking pictures, creating a gesture
database, creating a CNN model, reading the model, and
displaying the results. The processed photo database is
converted into a model file which is used by the main
program as sign recognition data to produce the display
of letters, numbers, or words on the monitor screen so that
ordinary people who do not understand sign language can
know the meaning of sign language hand gestures. For
all of those workflows, some software and methods are

required, such as Anaconda and Python programming [10].
Python is the main programming language in making sign
language translation software. Background subtraction
technology with calibration in translating sign language
is implemented using Python programming. The details
of how Python is used in this work begins with compiling
scripts in Python programming to make objects or images
other than the objects, or objects used to disappear in
order to separate the object from the background. Data
retrieval and software testing require several Python
packages or libraries according to their specifications which
are installed through the Anaconda Python distribution
software so that the program runs more smoothly. The
Background subtraction method is very influential on the
change in lighting conditions of images that are processed
in translation. Therefore, a calibration feature is needed to
reset the processed image using frames from the previous
sign language motion capture as a reference. This method
can be implemented with the help of the OpenCV Package
which is able to process image data captured by the camera
and process the information in it [37]. In addition, machine
learning methods using CNN are also explored in this
project to process information data that can recognize
two-dimensional objects [54]. The object is captured from
hand tracking, a method where the program recognizes
the hand that is in an identification area, and if the hand
movement is recognized by the program, the area will
follow the movement of the hand [55]. This study uses sign
language as the object. Sign language is the language used
by people who can’t hear or are deaf. In Indonesia, there are
two types of sign language, namely, BISINDO and SIBIL.
BISINDO, or Indonesian Sign Language, is one of the sign
languages that apply in Indonesia which is natural and can
be easily used in the daily interactions of the deaf. SIBI is
one of the sign language systems adopted from American
Sign Language (ASL). The SIBI sign language has been
formalized by the government and is often used in special
schools and television broadcasting in Indonesia.

There have been studies that have helped the
development of sign language in Indonesia, one of which
is the BISINDO community website in Surakarta [51].
Actually, the next project in this research is to build a
smartphone application to translate BISINDO. Fig. 1 shows
the difference between BISINDO and SIBI. SIBI uses one
hand in all alphabets and in a number of sign languages
while BISINDO uses not only one hand. So, maybe the
level of difficulty in BISINDO tends to be higher than
SIBI hand gestures. This project first uses SIBI as a sign
language model before developing BISINDO application
using Android smartphone in the next project.

Results and Discussion

The sequence in data collection is in accordance with
the research flow diagram in Fig. 2. The program starts by
creating a photo database folder from sign language, then
retrieve the database followed by basic database modeling.
After that, we test the model (algorithm testing) of the hand
movement whether it matches the expected sign language.
If not yet, then retrieve again to photo database, but if it is
suitable, immediately proceed to the next testing to read
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Abjad dalam

BISINDO

Fig. 1. Two types of sign language: BISINDO! (a), SIBI2 (b)

Abjad dalam

SIBI

I Available at: https://www.klobility.id/post/perbedaan-bisindo-dan-sibi (accessed: 14.02.2022).
2 Available at: https://ekoslbkuncupmas.wordpress.com/2015/03/30/belajar-sibi/ (accessed: 14.02.2022).
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Fig. 2. Research flow

the sign language movement, translate it to 2D black &
white frame and then match it with suitable model to get
the translated language. If the translation results do not
match, then look back at the hand movement model in the
database. If the translation results are suitable, proceed with
analyzing the data and then creating the right script to run
the program repeatedly before completing the program flow
until display the outcomes in text form.

In data collection and software testing, several Python
packages or libraries are needed so that the program can
run smoothly. The packages or libraries used are installed
through the Python Anaconda distribution software. This
data collection uses a sample of letters A, B, C, numbers
0, 1, 2, and the words NAMA (NAME), SAYA (I), KAMU
(YOU). Each data sample is taken using two different types
of cameras, namely a webcam camera installed on a laptop,
and a smartphone camera using the DroidCam application
(Fig. 3, a). This testing tool uses two cameras, namely a
laptop webcam camera with 0.31 MP specifications and
a resolution of 640 x 480 and a smartphone camera with
12 MP specifications and 1080 x 720 resolution and a
laptop with an Intel I3 processor specification with 4 GB
RAM.

The reading data on the hand signal model (having
been made) is done in real time using the CNN technique
which can detect and recognize objects in an image.
Furthermore, it is necessary to test the final stage in
collecting accuracy data, because the reading results will
be used to communicate. If the reading is not accurate,
it is necessary to add a database and create a new model
from training data and validation data so that the accuracy
increases.

In the test data from taking pictures two types of
cameras used (laptop webcam and smartphone camera),
like in Fig. 3, b. The reading results are in the form of
two states: Good and Not Good. Good is a reading that
produces a clear background subtraction image and no
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Fig. 3. DroidCam software (a); Results of the background subtraction of laptop and smartphone cameras (b)

pixels that obscure hand shapes, this parameter is good for
database modeling and model testing. False Acceptance
Rate (FAR) can be calculated as

The number of false acceptances

FAR x 100 % .

* The number of identification attempts

Not Good is a reading that is the opposite of a Good
state. Based on the experimental data, the number of
identification attempts was 78 times and the number of
incorrect receipts was 33 (“Not Good”). Then the FAR
value will be the value 42.3 % and the error value remains
very large.

In Fig. 4, a, the right side shows the results of the
background subtraction process using a high resolution
camera that looks like the shape of a human hand in a
smartphone. Meanwhile, on the left there are still many
pixels that the program cannot read due to the small
resolution in laptop. Therefore, for the high level of
accuracy of the database model training, the authors use
a smartphone camera. The 2D photo database includes
data taken from the camera and directly processed using
the Background subtraction method through Python
programming which produces black & white photos
which then stored in a folder that was created beforehand.
There are two types of data taken, namely training data

and validation data. Training data is the data used to create
a new model, while validation data is the data used to
validate data generated by machine learning training using
Python algorithms that focus on code readability so that
the model formed is not too biased or hyperparameter. The
total number of photo data made in this study is 35,100
photos. In the training data folder, there are 600 photos;
it is more than the photo data in the validation data folder
containing 300 photos in total. So the total photo data
in each movement includes 900 photos. The data were
used for the creation of CNN training and the creation of
a reading model. Meanwhile, the validation data folder is
used to validate the results of the model that has been made.

In Fig. 4, a, a folder presents letters A—Z, numbers 0-9,
and the words NAMA, SAYA, and KAMU. While Fig. 4, b
shows the contents of the number 0 folder as an example
of the contents of each photo database folder according to
Table. The reading data on the hand model that has been
made is done in real time and it is necessary to test the final
stage of data collection for its accuracy, because the results
of the reading will be used to communicate. If the reading
is inaccurate, it is necessary to add databases and create
new models to increase the accuracy.

Graph in Fig. 5, b is the result of the model training in
the training data folder Database which contains photos
of the results of the background subtraction of each hand

Fig. 4. Database folder (a); Database photo ()
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Fig. 5. Results of the model training: CNN Training accuracy chart (@), CNN Training loss (b)

movement totaling 600 pieces of each type of movement
using CNN technique and Python programming. The
validation result of the training model created by machine
learning using CNN with image as input. The combination
of CNN and Python programming is easier and faster in
machine learning research. In this study, the value of each
graph always changes as the epoch changes, in the sense
that the epoch language means an event at a certain time.

For example, if there are 600 images to be trained into a
CNN, with a batch size of 10, it will take 10 iterations to
get 1 epoch (in 1 epoch, every weights on CNN will be
changed 10 times as well).

The accuracy (value and the loss value) are inversely
proportional to each other: the higher the accuracy value,
like in Table, the smaller the loss or loss value, like in the
total accuracy percentage divided to data total:

Table. Reading Accuracy Values

Author’s Other Hand Author’s Other Hand
People’s | Reading People’s | Reading
Hand Total Hand Total
. Hand Data for - Accuracy, . Hand Data for - Accuracy,
Data | Reading . Reading o Data Reading . Reading o
Reading Deaf % Reading Deaf %
Data, L Error Data, L. Error
. Data, Disability, . Data Disability,
Times . . Times . .
Times Times Times Times
0 10 5 5 5 75 K 10 5 5 5 75
1 10 5 5 7 65 L 10 5 5 80
2 10 5 5 4 80 M 10 5 5 9 55
3 10 5 5 5 75 N 10 5 5 10 50
4 10 5 5 8 60 o 10 5 5 7 65
5 10 5 5 4 80 P 10 5 5 6 70
6 10 5 5 8 60 Q 10 5 5 4 80
7 10 5 5 8 60 R 10 5 5 5 75
8 10 5 5 5 75 S 10 5 5 5 75
9 10 5 5 4 80 T 10 5 5 9 55
A 10 5 5 9 55 U 10 5 5 6 70
B 10 5 5 9 55 \4 10 5 5 6 70
C 10 5 5 7 65 w 10 5 5 8 60
D 10 5 5 5 75 X 10 5 5 6 70
E 10 5 5 8 60 Y 10 5 5 4 80
F 10 5 5 9 55 Z 10 5 5 5 75
G 10 5 5 4 80 NAMA 10 5 5 4 80
H 10 5 5 4 80 KAMU 10 5 5 7 65
| 10 5 5 4 80 SAYA 10 5 5 8 60
J 10 5 5 6 70 TOTAL 390 195 195 241 2695
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SMARTPHONE

Fig. 7. Testing with deaf people

Percentage of Average Accuracy =
 XReading data — } error
> Reading data

x 100 %.

The results of calculating the Percentage of Average
Accuracy give the value 69.1 %.

When data reading is done, every program successfully
recognizes and retrieves data ten times to find the accuracy
of comparisons from the models that have been made from
the database folder. The reading is done using one’s own
hands 10 times, then five times of one person and five times
of one deaf person. The number of identification attempts
is A+ B+ Cis equal to 780. Thus, FRR (False Recognition
Rate) can be known from

FRR The ration of the number of false recognitions
= X
The number of identification attempts

x 100 % = % 100 %.

A+B+C

Calculation results for FRR give the value 30.9 %. FRR
was less than FAR after testing with smartphone cameras
on 3 people. So, the more data models, the lower the error
rate, because the application must be trained by the data
models first before launching to translate sign language
hand gesture to text. In Fig. 6, a, the examiner is running a
reading program using a smartphone camera, but it can be
seen in Fig. 6, b that there is an error in reading the letter N
which should be the letter A.

Fig. 6, ¢ shows the deletion of the wrong letter, namely
N. In Fig. 6, d it can be seen the addition of the letter A and
T to complete the word “SIG”. In the display window there
is also an indicator of the number of Frames displayed Per
Second (FPS), information on the function of the ‘r’ button
for calibration, and information on the function of the ‘p’
button for returning to the initial display. There is also a
small window display that is the result of the background

subtraction process from reading in the blue box area.
There are differences in readings that affect the level of
accuracy, so added a feature to delete letters, numbers or
words if there are errors in reading hand movements.

In Fig. 7, the test is carried out with the deaf that
translates the sign language gestures of the letters A, L,
V, I, and N that are the name of the person. The problem
when working on and testing this tool is when the photo
database is taken because the amount of data taken is very
large, so that some of the photos taken contain noise. This
is especially related to hardware specifications, the laptop
being used, data retrieval and running tests with system
operating conditions that are not smooth. However, the
testers were able to anticipate these problems by using a
laptop with a higher specification and increasing the light
for clean shots. A computer should be used with minimum
specification of an Intel I3 processor, 4 GB RAM, and a
12 MP camera.

Conclusion

Based on the results of research and testing that have
been carried out, the following conclusions can be drawn.
1. Before taking the photo database, we recommend

to prepare a folder structure model according to the

number of database types and use compatible camera.

The camera specifications may affect readings even

if there is an image calibration feature. The better the

camera specifications, the clearer the resulting image
for the database. The better the use of cameras and
the number of models generated from CNN training,
the better the computer specifications needed for the
program to run smoothly. The computer used to run
this program should have a minimum specification of
an Intel 13 processor, 4GB RAM, and a 12 MP camera.
2. The modeling and reading of sign language gestures in
this study were assisted by the Python programming
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11.

language using packages designed to run Image
Processing, Machine Learning, and CNN. The more
data models, the lower the error rate, because the
application is trained with the data models first before
launching.

This tool can read the SIBI method sign language from
letters A—Z, numbers 0-9, and the words NAME, ME,
YOU with different levels of accuracy, so there is a
feature to delete the wrong letters, numbers, or words.
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AHHOTALUA

Ipeamer uccaenoBanus. lcciegoBaHna BO3MOXKXHOCTh MOBBINICHUS HAJAC)KHOCTH aBTOMATHYECKOW CHCTEMBI
pacrio3HaBaHHs KaK OTIEJIbHBIX KECTOB, TaK U JKECTOBOTO SI3bIKa, 33 CYCT UCIIOIB30BaHMS HanOonee HHHOPMATHBHBIX
NMPOCTPAHCTBEHHO-BPEMEHHBIX BHU3yalbHBIX Npu3HakoB. Metoa. [IpencTaBieHHBI METOJl aBTOMAaTHYECKOTO
pacro3HaBaHus )KECTOBOI HH(GOPMAIIMU OCHOBAH HA MHTETPAILHON HEHPOCETEBON MOJEIH, KOTOpas aHATH3HPYET
MPOCTPAHCTBEHHO-BPEMEHHBIE BU3yasbHble Mpu3HaKkU: 2D n 3D paccTosiHUS OT JIula 10 PyKH; VIO IepeceueHHs
JIHIA U PyKH; KOHOUTYPaLUIO PYKH; TEHISPHYIO U BO3PACTHY0 HH(popMaLuio o aukrope. [t ussiedenus nHdopMaim
0 KOHUTypaluu pyku pazpaboTaHa HelipoceTeBas MOAETb Ha OCHOBE apxXHTeKTypsl 3DResNet-18 mis momyuenus
TeHJICPHOW M BO3pacTHON mH(popManuu. B MeTon BCTpOCHBI HEUPOCETEBBIE MOJIEIH M3 MIPOTPAMMHOM TIaT()OPMBI
Deepface. OcHoBHBIE pe3yabTarhl. [Ipe/toKeHHBI METO] arpoOUPOBaH Ha JTAHHBIX MHOTOMOJIAIBHOTO KOpITyca
JJIEMEHTOB KeCTOBOTO si3bika TheRuSLan, pe3ynsraThl KOTOPOTO JOCTUTAIOT TOYHOCTH PACIIO3HABAHHS KECTOB
91,14 %. IpakTHYecKasi 3HAYUMOCTb. Pe3ybTaThl NCCICIOBAHNS TIO3BOJISIOT TIOBBICUTh TOYHOCTh U POOACTHOCTD
HE TOJIBKO MAIIMHHOTO CYypJIONIEPEBO/Ia, HO U €CTECTBEHHOCTh YEJIOBEKO-MAIIMHHOTO B3aUMOICHCTBHS B LICJIOM.
Tony4eHHble pe3y/bTaThl MOTYT HAWTH MPUMEHEHHUE B chepax COIMaIbHOro 00CTy)KMBaHHUS MEIUILIMHBI M 00pa30BaHus,
B pOOOTOTEXHHKE U B LICHTPaX 00CIyXKMBaHH HACETICHUS.
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MeTton MHOroMmoaasnbHOro MallMHHOIo Cypaonepesoaa A1 eCTECTBEHHOMO YeI0BEKO-MaLLUMHHOIO B3aMMOOENCTBUS

Abstract

This paper aims to investigate the possibility of robustness enhancement as applied to an automatic system for isolated
signs and sign languages recognition, through the use of the most informative spatiotemporal visual features. The authors
present a method for the automatic recognition of gestural information, based on an integrated neural network model,
which analyses spatiotemporal visual features: 2D and 3D distances between the palm and the face; the area of the hand
and the face intersection; hand configuration; the gender and the age of signers. A 3DResNet-18-based neural network
model for hand configuration data extraction was elaborated. Deepface software platform neural network models were
embedded in the method in order to extract gender and age-related data. The proposed method was tested on the data
from the multimodal corpus of sign language elements TheRuSLan, with the accuracy of 91.14 %. The results of this
investigation not only improve the accuracy and robustness of machine sign language translation, but also enhance the
naturalness of human-machine interaction in general. Besides that, the results have application in various fields of social
services, medicine, education and robotics, as well as different public service centers.
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BBenenune

MSBCCTHO, YTO MHBAJIUABI 11O CIIYXY OrpaHUYCHBI B BO3-
MOXXHOCTSX TP OOLIEHHUH CO CIBIIIANMMHE JIIOJIbMH, a IPH
00pallleHNU B Pa3IMYHbIE TOCYAAPCTBEHHBIC YUPEKACHHS
UM HMHOT/Ia TPEA0CTABISIIOTCS CYypIOIIePEBOUHKH, BO3-
MOYKHOCTH KOTOPBIX HEIOCTATOYHBI Ha MpaKTHKe. CorTacHo
JaHHBIM BceMUpHOM opraHusaiyu 31paBooxpatHenus!, na
2021 rox B Mupe npuMepHo 466 MitH genosek (0oxee 5 %
OT OOIIEro KOMMYeCcTBa HACEICHHUS 3¢MHOTO ITapa, U3 HUX
34 MITH I€TH) CTPaJaloT MOJHOW TITyXOTOH WM MCTIBITHI-
BafOT MPOOJIEMBI CO ciyxoM. Kpome Toro, Kaxablil TpeTHit
YeJIOBeK B BO3pacTe crapiue 65 JeT CTaJKUBaeTCs C Mpo-
0J1IeMOi CHU)KEHUSI KauecTBa CIyXa U, COIVIACHO OLICHKaM, K
2050 roxy Gomee 2 Mipy YeI0BeK Oy/LyT CTpaiaTh IIyXOTOMH
WJIN UCTIBITHIBATH MPOOJIEMBI co cityxoM. [1o aToii npuunne
HEoOXO0MMO Pa3BUTHE HOBBIX MHTEIUIEKTYaIbHBIX TEXHO-
soruit (cucteM) 3pPeKTHBHOr0 aBTOMATHUECKOTO MAIlINH-
HOTO CypZOIepeBoa Ui OpraHu3aliid €CTECTBEHHOTO U
YHHUBEPCAIBHOTO YEIOBEKO-MAIIMHHOTO B3aUMOICHCTBHS.

OnvH U3 OCHOBHBIX KPUTCPUEB YCIICUITHON OpraHm3a-
IIY YeJI0BEKO-MAITMHHOTO B3aumMonencTsus [1] — ecre-
CTBEHHOCTh KOMMYHHKaNuu [2]. B uneansHOM ciydae
B3aMMO/ICIICTBUE YEJIOBEKA ¢ MAlIMHOW B TEPMHUHAX MO-
JIAIBHOCTH HE JIOJDKHO OTJIMYATHCS OT MEXKIMYHOCTHOM
KOMMYHHKallH. I'maBHOE OoTIIMUME COBPEMECHHBIX UHTEJI-
JICKTYaJIbHBIX CUCTEM — IMPUMCHCHUEC croco0o0B KOMMY-
HUKAIUH, XapaKTEePHBIX JJIsl OOLICHHSI MEX]y JIOJbMHU.
Heotbemnemoii coctapisitoleil ecTeCTBEHHON KOMMYHU-
KallM CIy’)XaT HeBepOaJibHbIE CPECTBA B3aUMOJICHCTBUS
(B 9acTHOCTH, S3BIK Tela U xkecTHKy/sinus) [3]. Tak Hampu-
Mep, TIpU TTOMOIIHX JKECTOB MOYKHO B3aMMOJIEHCTBOBATh C
HWHTEIUICKTYaIbHON MH(OPMAIIMOHHON CHCTEMOH Ha HEKO-
TOPOM PACCTOSHHUH U B YCIOBHUAX CHIBHBIX (DOHOBBIX IITY-
MOB, KOT/Ia 3By4aIas pedb MaiodddexrusHa [4]. 3ameTm,
YTO B HACTOSIIEE BPEMs ITOJHOIICHHBIX aBTOMAaTHYECKHUX
CHCTEM MaIIMHHOTO Cyp/IONIEpEeBO/ia He CYIIECTBYET. JTO

I Tnyxora u moteps ciyxa [DnekTpoHHbIi pecypce]. Pexnm
nocryna: http://www.who.int/mediacentre/factsheets/fs300/ru/,
cBOOOAHBIN. SI3. pyc. (mara obpamenus: 22.03.2022).

00yCJIOBICHO psioM (DaKTOPOB TEXHUYECKOTO XapakTepa
(BU3yaJIBHBIC IIYMBI, OKKITFO3HU, U3MCHCHHE OCBCIICHHO-
CTH), HEIOCTaTOYHOCTHIO OTIMCAHNSI TPAMMATHKH ¥ CEMaH-
THUKH KECTOBBIX A3b1K0B (OKS1) mist 3amau uHTEpIpeTanum
JKECTOB, a TaKXKe (haKTOpaMH, KOTOPhIe HAIIPSMYIO CBS3aHBI
¢ muKTOpoM. Tak TreHIepHbIe W BO3PACTHBIC XapaKTePUCTHU-
KH OTAEIHHO B3STOTO JUKTOPA MOTYT BIHMATH HA Pa3Mephl
JaI0HeH, yIaneHHOCTh PyK OT Tela, PACCTOSHUE MEXKIY
AKTUBHOH U IaCCUBHOMU PYyKOH M CKOPOCTb IIPE/ICTABICHHUS
Pa3HOOOPA3HBIX JIEKCHUCCKUX JKECTOBBIX SIUHMIL HITH Kila-
y3. JlaHHbBIC BIUSHUSI TCHICPHBIX M BO3PACTHBIX ACIICKTOB
Ha HeBepOalbHOE MOBEJCHHE IIMPOKO OMKCAHO B FeHJIEP-
HOM TUHTBUCTHUKE [5, 6], HeBepOanpHO# cemuoTuke [7]
U TICUXOJIOTHH [8], HO TaKue BIHSIHUS IMPAKTHICCKU HE
YYTCHBI B KOHTEKCTE MAIIHHHOTO CYPIOIICPEBOIa U HM-
IJICMEHTAINY Pa3INYHBIX METOIOB MU(YPOBOH 00padOTKH
M300pakeHUH, KOMIIBIOTEPHOTO 3pEHIS M HEHPOCETEBBIX
Mozenei. B pesynbraTe MOXXHO cenaTb BBIBOJ O TOM,
YTO 3a/ada MaIIHHHOTO CYPIOIEePEeBOa — KOMIUIEKCHOE
MEXIUCIUTUIMHAPHOE HCCIIe0BaHUE U TpeOyeT MPHH-
[UITAAJIBHO HOBBIX HAYYHO-TEXHHUYECCKHX PE3YyJbTATOB,
KOTOpBIC TIO3BOJIAT MAaKCUMaJIbHO 3(PPEKTUBHO pacCIO3Ha-
BaTh OTICIBHBIC JKECTHI, a TAKKe deMeHThI JKS ¢ yueTom
WHTEJUICKTYalIbHOTO aHaJIM3a IeHACPHBIX M BO3PACTHBIX
XapaKTePUCTUK JUKTOPA.

ens paboThl — pa3paboTKa U MPUMEHECHUE HOBOTO
METO/Ia aBTOMaTHYECKOTO M3BJICUCHHS Hanboiee nHPOp-
MAaTHUBHBIX IIPOCTPAHCTBEHHO-BPEMEHHBIX BU3YaTbHBIX
MIPU3HAKOB (XapaKTEPUCTUK) U3 JIEKCHICCKUX JKECTOBBIX
€/IMHUII WK KJIay3 Ha OCHOBE TIPEIBApUTEIHHBIX 3HAHUH O
TeHICPHO-BO3PACTHBIX XapaKTEPUCTHKAX TUKTOpa. MeTon
MOKET HAUTH MTPUMEHEHHUE I aBTOMaTHYECKOTO PacIio3-
HABaHUS OTICIbHBIX PYYHBIX KECTOB U 3jeMeHTOB K5
(MaIIMHHBIA CypIOTIepeBO).

IIpeamer ucciaenoBanus

C IOMOIIIBIO )KECTOB H SI3bIKA TeJIa YEIOBEK MOXKET I1e-
penaBaTh CBOM MBICIIH, YyBCTBa, a TaKKe dSMOLUH. Takue
crmocoObI OOIIEeHNS OMpPeAeAIoTCS Kak HeBepOaapHas
KOMMyHHKanus. B nmuarsncruxe JK5 npuHATO ONMMCHIBATH
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JKECTBI IIPH TIOMOIIY KOHEYHOTOo Habopa nuddepeHnnans-
HBIX TIpu3HaKoB [9, 10]: xoudurypamms pyku [11], mecto
BBINOJHEHUS JKecTa (JIOKAIN3AIMN) U XapaKTep UCIIOIHe-
nust [12, 13]. Kondurypamus pyku 3a1aeT onpeiesIeHHY O
OpHEHTALNIO JaJd0HU, KOHQUTYypalHuio U HalpaBICHHE
nanbies [14, 15]. Uadopmanus o MecTe BBITIOIHEHUS Ke-
CTa — pEJIEBAHTHA, JIOKAJIN3AIUs BCEX KECTOB OOBIYHO
noctosiHHa [4]. MOXKHO cJienarh BBIBOJ, YTO MCIIOTHEHHE
71100010 7KeCTa B MOJIHON MEpE CBA3aHO C €T0 CTATUYECKUM
WM JUHAMHUYECKUM XapakTepoM. OTMETHM, 4TO JUII CTa-
TUYECKHX JKECTOB XapaKTepHa YCTOWYMBOCTH MpHU3HAKA
JIOKaJIU3allliu, TOra Kak IpU UCIIOJTHEHNH TUHAMUYECKIX
JKECTOB JIOKAJIN3aLUsl U KOHOUTYpanns U3MEHSIOTCS BO
BpemenH [16]. JIpyroii n3BecTHbIN pakT — BO BpeMs BOC-
MIPOM3BEACHUS XKecTa JUKTOPOM o0Iiee TOHNMMaHUE CKIla-
JIBIBACTCSI U3 MHOXKECTBA JABWKCHHH PYKH (OZHOpPYUYHBIE
JKECTHI) WIIN PYK (IBYpy4HBIe *ecThl) [17, 18]. Bee omm-
CaHHBIE 0COOCHHOCTH I0Ka3a ’KECTOB AUKTOPOM JIOJIKHBI
YUHUTBIBaThCA TP MAIIHHHOM cypaomnepesoze. Hacrosmas
paboTa MOCBAIIEHa HHTEIUIEKTYaIbHOMY aHAJIN3Y BIMSHUSA
JONOJIHUTEIBHBIX (haKTOPOB (FEHAEPHBIX U BO3PACTHBIX
XapaKTePUCTHUK AUKTOPA) Ha HA/IC)KHOCTh AaBTOMATHUYECKIX
CHCTEM Paclo3HaBaHMs KaK OTAEIbHBIX )KeCTOB, Tak 1 KS1.

JlaHHOE HccienoBaHue MPEACTABIAET MPOJOIKEHIE
CYILIECTBYIOIIUX HccaenoBanuii [1, 3,4, 16, 19, 20] aBTo-
POB HacTosIIEel padOThI B TAKUX 00IACTSIX, KaK MAaIIMHHBINA
CypAONEpPEeBO, MOBBIIIEHHE KaueCTBa MEXIJIMUYHOCTHOMN
KOMMYHHKAIN ¥ YeJI0BEKO-MaIIMHHOE B3aNMO/ICHCTBHE.

Onucanue MeToaa

CoBpeMeHHbIE METO/bl aBTOMAaTHYECKOTO Pacro3Ha-
BaHMS JKeCTOBOM nHpopmannu [21-24] Ha ocHOBe MHTe-
rpaibHBIX HelpoceTeBbix moaeneit (End-to-End, E2E)
MOTYT yCTYTIaTh 110 CKOPOCTH 0a30BBIM momxonam [3, 16],
HO CYIIECTBEHHO IIPEBOCXOJNTH NX B TOUHOCTH. B cBs3n
¢ 3TuM B pabote [20] ObuT peacTaBIeH COOCTBEHHBIHN

MHoromMoganbHbIn kKopnyc XS

tTeKCTOBaﬂ pa3MeTKka

Habop BU3yanbHbIX NPUMUTUBOB

O6yuyeHune HenpoceTeBbIX ]7

TekcToBas runoTesa

METOJI MHOTOMO/IAJIbHOTO BHUJICOAHANIN3A JABIKEHUHN pyK
JUISL aBTOMaTHYECKOT0 paclo3HaBaHUSI PYyUHBIX JKECTOB
u snemeHnToB JKA Ha ocHoBe monenu E2Ev1. OcHoBHas
ujaest METo/Ia 3aKirovajjach B aHaJN3e HHPOPMATHBHBIX
MIPOCTPAHCTBEHHO-BPEMEHHBIX BU3YaIIbHBIX XapaKTepH-
CTHK K€CTa B OINPE/CICHHBI MOMEHT BPEMEHHU C TIOMO-
IO TIPEIBAPUTENFHO 00YICHHON HEHPOCETEBOM MOICITH
¢ nmonroil KpatkoBpemeHHO# mamaTeio (Long Short-Term
Memory, LSTM) [25].

B nacrosimieii pabote npennoxkeHbl CIeyoIIIe yayd-
IICHUS METOAA:

— PpacHIMpeH CIHUCOK U3 MH(OPMATHBHBIX IPOCTPAHCTBEH-

HO-BPEMEHHBIX BU3YaJIbHbIX XapaKTEPUCTHK JKECTa;
— IpuUMeHeHa HelipoceTeBas Mozens E2Ev2 s pacnos-

HaBaHUs KOH(QUTrypanui pyk aukropa (BMecto 2D cBep-

To4HOU HeipoceTn). DyHKIMOHABHAS CXeMa METoa

ToKa3aHa Ha puc. 1.

Heiipoceresast monens LSTM ananm3upyeT mpocTpaH-
CTBEHHO-BPEMEHHBIE BU3yaJIbHBIC XapPAKTEPHCTHKH JKECTa:
1) sopmanmzoBanHbx 2D u 3D paccrostHmiA OT JIMa 10
PYKH (30Ha apTUKYISIUH KecTa); 2) HOpMaJIH30BaHHON
2D momazay nepecedeHus Inna U pyku (B ciaydae oTCyT-
CTBUSI [IEPECEUCHNS, IIONIA b Hy/IeBast); 3) KOHPUTYypaluu
PyKH (IpescTaBasAeTCs YUCIOBBIM 3HaUeHHEM Kiacca oT 0
10 22); 4) renyiepHas XapakTepUCTHKa O AUKTOpE; 5) BO3-
pacTHas XapakTepucTuka o fuKkrope. s permenns 3a1aqau
MaIIMHHOH KilacCH(UKALNN TEHIACPHBIX ¥ BO3PACTHBIX
XapaKTEePUCTHK JUKTOpa MCHOIb30BaHbl HEHPOCETEBBIC
Moyienu! U3 mporpaMMHO# IaTGOPMBI ¢ OTKPBITHIM HCXOJI-
HBIM KoztoM Deepface [26]. Takum 00pa3om, B OTIIHYHE OT
MeTtona [20] kK CIiCKy BU3yaIbHBIX XapaKTePUCTHK T100aB-
JIeHa TeH/IepHast HHPOPMALUSI O TUKTOPE, TPEACTABICHHASN
YUCJIOBBIM 3HaYeHHeM Kiacca (0 — MmyxuuHa, | — xeH-

1 Deepface Models [Dnexrponnsiii pecypc]. Pexxnm mocryma:
https://github.com/serengil/deepface/tree/master/deepface, cBo-
GomubIi. SI3. aHm. (rara obpamenus: 23.03.2022).
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Fig. 1. Functional diagram of the method of multimodal video analysis of hand movements for recognizing isolated hand gestures
and sign language elements
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LIMHA), a TaKXKe Bo3pacTHast nHpopmanus — ot 0 1o 100
neT. B pe3ynbrare HOBBIM cMCOK M3 WH(OPMaTUBHBIX
IIPOCTPAHCTBEHHO-BPEMEHHBIX BU3yalIbHBIX XapaKTepu-
CTHK JKECTa pacIIupsiercs ¢ 3 10 5 MyHKTOB.

Ha puc. 2 noka3aH HarisiAHBIA NPUMEP U3MEHEHUS
KOH(UTYpalK PyKH B 3aBHCUMOCTH OT I10JIa ¥ BO3pacTa
JUISL OTHOTO M TOTO XK€ JTUHAMHUUYECKoro kecta. M3 puc. 2
BUJIHO, YTO OJJMH U TOT 7K€ JMHAMUYECKHI KeCT MOKa3bIBa-
€TCsl IO-Pa3HOMY TPEMsI AUKTOpaMU. MOXXHO 3aMETHTb, YTO
YKEHIIMHBI TIOKA3bIBAIOT CXOXKHE KOHDUTYpALUK PYKHU, IPU
OTOM HUX OTJIIMYHA BUAHBI B pa3BOPOTE PYKH U ITOJIOKECHUU
aJIbICB. B 1o BpPEMs KaK MY’KYMHA MOKAa3bIBaCT COBCPILICH-
HO OTJIMYHBIE OT JIMKTOPOB JKEHCKOTO T10J1a KOH(UTypanuu
pyku. Takum 0Opazom, BOZHHKAET HEOOXOMMOCTH B yueTe
TeHJICpHO M BO3PacTHOM MH(POPMALMHN TP MHOTOMOZAJIb-
HOM BHJCOAHAJIN3€E JBI)KEHUH PYK Ul Paclio3HABaHUS
M30JMPOBAHHBIX KECTOB PYK M d1eMeHTOB K.

[To cpaBHEeHMIO ¢ HccnenoBaHueM B [20] KOTHYECTBEH-
HBI TMOKa3aTe’hb (TOYHOCTH) MPOIecca pacrmo3HaBaHU

KOH(UTYpalyii pyK JIMKTOpa yJIy4llleH 3a CUeT npejyiarae-
MOH apXHUTeKTyphl HeifpoceTeBoii monenu E2Ev2 (puc. 3).

Apxurekrypa E2Ev2 nonydaer Ha BX0J MOCJI€10Ba-
TENBHOCTH U300paXeHUH (KOH(QUTYpAIlUH PYK JUKTOpA) C
paspemienneM 192 x 192 nukcenoB u ymHOM B 30 kaapoB
(Sequence Length). Jlanee mponcXoanuT U3BICUCHUE KapT
MIPU3HAKOB PAa3MEPHOCTHIO 512 X 6 X 6 W3 KaXI0TO HU30-
OpaskeHus MOIyYSHHON MTOCIIEJ0BATEILHOCTHU C TIOMOIIBIO
3D ceeprounoro ciaos (3D Conv) u MOAU(UIIUPOBAHHBIX
ocrarouHbix 05okoB (Residual Blocks monenu ResNet-18),
BKJTFOYAIOIINX MOIY/IM BHUMaHus (Squeeze-and-Attention,
SA). B cBoro ouepens cioii moaseioopku (Global Average
Polling) npeoOpa3yer kapThl MIPU3HAKOB U3 pa3MEpHO-
ctu 512 x 6 X 6 B OJHOMEpHbIE BEKTOpa Pa3MEPHOCTHIO
30 x 512. Dropout — meTof perynspu3aluu HeHpoceTy,
MPEIOTBPALIAIONINHN ITepeoOyueHne ceTn. B 3akimrouennn
HeipoceTeBas Moznens LSTM oOpabarbiBaeT mosryueHHbIE
OIIHOMEPHBIC BEKTOPA 1 BBIIACT PE3YyJIbTaT B BUJC PACIIO3-
HaBaHMsI KOHPUTYpauii pyK AUKTOPA.

Puc. 2. TIpumepsl BUICOKAAPOB TT0KA3a OIHOTO U TOTO XKE IMHAMUYECKOI0 JKECTa TPeMs JUKTOPaMHU: KEHIINHA B Bo3pacTe 34 yer
(110 IPOTHO3y MOJIENH paclio3HaBaHMs Bo3pacTa) (a); skeHmuHa (21 rox) (b); myxunna (21 rox) (¢)

Fig. 2. Examples of video frames showing the same dynamic gesture by three speakers: woman, 34 y.o. (as predicted by the age
recognition model) (a); woman, 21 y.o. (b); man, 21 y.o. (¢)
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Sequence_Length x 1 x 192 x 192

v

[ 3D Conv (Sequence_Length x 32 x 96 x 96) ]
v

[ SA-Residual Block x 2 (Sequence_Length x 32 x 96 x 96) ]
v

[ SA-Residual Block x 2 (Sequence_Length x 64 x 48 x 48) J
v

[ SA-Residual Block x 2 (Sequence_Length x 128 x 24 x 24) ]
v

[ SA-Residual Block x 2 (Sequence_Length x 256 x 12 x 12) ]
v

[ SA-Residual Block x 2 (Sequence_Length x 512 x 6 x 6) ]
v

[ Global Average Pooling (Sequence_Length x 512) J
v

[ Dropout, p = 0,35 ]
v

[ LSTM + Dropout, p = 0,25 (Sequence_Length x 512) ]
v

[ LSTM + Dropout, p = 0,15 (256) ]
v

[ FC + Softmax (23) ]

Puc. 3. Apxutexrypa HeiipocereBoit monenun E2Ev2
JUISL PACTIO3HABAHKS KOH(DUTYpaLii pyK AUKTOpa
Fig. 3. E2Ev2 architecture of a neural network model
for recognizing speaker’s hand configurations

Bce BuneonocnenoBaTebHOCTH, KOTOPBIE TOCTYMNAIOT
Ha BXOJ IpezcTaBieHHON apxutekTypsl E2Ev2, pazousa-
I0TCSI HA CETMEHTHI, cocTosime n3 30 KaJpoB ¥ YaCTHYHBIM
niepekpeitueM B 40 % (12 xagpos). B ciyuasx, korna ka-
JIPOB HEAOCTAaTOYHO (KOHEI[ BHICOIOCIEIOBATEIFHOCTH),
TO HEZIOCTAIOIIHE Ka/IPbI 3aMOIHSIOTCS TIOCICIHIM KaIpOM.
Taxke A7 yMEHBIICHHS BBIYHCINTENBHBIX 3aTpaT BCE
LIBETHBIE N300payKeHNS TIPE0OPa3yIOTCs B TPaJallii CEPOro
U HopManm3ytoTcs 10 192 % 192 nukcenos. YBennueHue
00I1Iero KOHTpacTa H300PaKEHU I JOCTUTACTCSI ITyTEM BbI-
PaBHUBAHMS [HCTOrPAMMBI IPKOCTH MUKCEIIOB!.

Bo3moxHBIN puck nepeoOydeHus: HelpoceTeBoi Mo-
penu E2Ev2 MuHuMM3UpyeTCs 3a CUET mpolecca ayr-
MeHTanuu qaHHbEIX MixUp (mpumensiercs Toimpko K 60 %
n3o0paxxeHnit u ux Merkam) [27, 28]. INapamerp oObenn-

I Random Equalize [Dnekrponublii pecypc]. Pexxum gocryma:
https://pytorch.org/vision/stable/generated/torchvision.transforms.
RandomEqualize.html, cBo6oaubIii. S3. aHrI. (1aTa oOparieHus:
26.03.2022).

HEHUSI JIBYX N300pa)KeHUI 1 OMHAPHBIX BEKTOPOB NX METOK
(xytaccoB kKoHUTrypanuii pyk) namensercs ot 30 1o 70 %,
NP COOJIOICHHH YCIIOBHS HYJIEBOH ITPO3PaYHOCTH IS T'e-
HepHupyeMoro n3obpaxenus (cymma cerna pasHa 100 %).
C Maremaru4eckoi Touku 3penus, nporecc MixUp MoxeT
OBITH TIPE/ICTABIICH B BUJIE:

)NC:)\.X)C1+(1—7\.)><)C2,
y=Axy; +(1-21) Xy,

e X ¥ 'y — CTeHEpUpPOBAaHHOE HOBOE N300paKEHNE 1 BEK-
TOp METOK; A — TTapaMeTp 0ObeTUHECHUS ABYX U300paxKe-
HUH W11 OMHAPHBIX BEKTOPOB; X| U X, — IIEPBOE U BTOPOE
UCXOJIHBIE ClTydaifHble N300pakeHus; Y| U Y, — TEPBbIH
U BTOPOH MCXOJHbIE OMHApPHBIE BEKTOPA METOK, KOTOPbIE
BCErJa COOTBETCTBYIOT BHIOPAHHBIM CIIy4allHBIM H300pa-
JKEHUSIM X| U X,.

OtmeTrM, 9to it ocTaBmmxcs 40 % OMHAPHBIX BEKTO-
POB METOK, KOTOpBIE HE IOIaIN B BHIOOPKY IS Mpoliecca
ayrMeHTanuu JaHHbiXx MixUp, npuMeHsieTcsl TeXHUKa UX
crnaxusanus (Label Smoothing, LS)2, npencrasnennast
B BHUJIE:

y=1-o)xy' +wk,

TJIe 0. — TapaMeTp CTENEeHH CIIIa)KUBaHMsI ONHAPHOTO BEK-
TOpa METOK; Y’ — WCXOJHBIH OMHApHBII BEKTOP METOK;
K — xonm4aecTBO Ki1accoB (KOHGUTYpaIHii pyK IAKTOPA).

B pesynbrare ¢opmupyercsi HOBBIH BEKTOP pa3MepHO-
CTBIO, PABHOU KOJHMYECTBY KOHPUTYpAIWA PyK JUKTOpa
(B manHOM cirydae Bcero 23 KOHQHUTyparuu), B KOTOPOM
3HAaUE€HUE, paBHOE eAMHULE, 3ameHsieTcs Ha 0,75, a Bce
ocTtaBmecs 22 HyleBbIX 3Ha4eHns — Ha 0,25.

JL1s1 HemocpeACTBEHHOTO Ipoliecca U3BICUCHUS BU-
3yaJIbHBIX TPU3HAKOB M3 W300paKeHUH ¢ KOHUTyparu-
SIMU PYK JAMKTOpa MCIOJb30BaHA 0Oy4YeHHas C HYINS MO-
JudurpoBaHHas HeHpoceTeBas MOAEIb C APXUTEKTYPOi
3DResNet-183, B koTOpyro ObLI J00ABIEH MOIY/IbL BHUMA-
Hust SA [29] u oTkITIOUCH TOCTenHuit cioit. Takum oOpa-
30M, KaXX/I[blil CETMEHT BUJICONOCIIEA0BATEIILHOCTH COCTOUT
13 Habopa BU3yaJbHBIX IPU3HAKOB, PA3MEPHOCTH KOTOPBIX
paBHa 30 x 512, rae 30 — 3T0 JyIMHA MOCIEA0BATEIbLHOCTH
KaJpOB CErMEHTa, a 512 — KOJIM4YeCTBO M3BICUCHHBIX BU-
3yaJIbHBIX ITPH3HAKOB.

V3BneueHHbIC BU3yalbHBIC TIPU3HAKH SBISIOTCS BXOJ-
HBIMH JaHHBIMH JJI1 HelpocereBoit mogenn LSTM. B
CBOIO ouepeib, nonHocBs3HbIi ¢i10it (Fully Connected, FC)
BMecTe ¢ QyHKuueil akruBanny (Softmax) ¢ konn4ecTBoM
HEWpPOHOB, paBHbIX 23, popMUPYET BEKTOP BEPOSITHOCTHBIX
3HA4YEHHH, CyMMa KOTOpBIX paBHa 1. MHaekc npaBHIbHO
Npe/ICKa3aHHON KOH(GUTYpalK PYKH TUKTOPa UMEET Hau-
Ooutbliee BEPOSATHOCTHOE 3HAYCHUE.

3aMeTuM, 4TO BCE MpEACTaBICHHbIC 3HAUCHUS apXu-
TEeKTYpHI HelipoceTeBor monenu E2Ev2, HeoOxonmmbie

2 Label Smoothing [Dnexrponustit pecypc]. Pesxnm noctyma:
https://paperswithcode.com/method/label-smoothing, cBOGOTHBIH.
S13. anrn. (mata obpamenus: 26.03.2022).

3 3D ResNet [Dnektponnsiii pecypc]. Pexum gocryma:
https://pytorch.org/hub/facebookresearch pytorchvideo resnet,
cBOOOAHBIN. SI3. aHr. (nara obpamenus: 26.03.2022).
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T e 00y4eHUs1, MOJOOpaHbl HA OCHOBE AMITMPUYCCKHIX
IKCIIEPUMEHTOB.

IKCNepPUMeHThI U Pe3yJIbTAThI

Mertoz ¢ npeCTaBICHHBIMU YIYUIICHUSIMU ObLIT arpo-
OupoBaH Ha naHHBIX (18 OHOPYUYHBIX JKECTOB, MO aHa-
soruu ¢ [20]) ©3 MHOTOMOIAIILHOTO KOPITyCa 3JIEMEHTOB
pycckoro XK TheRuSLan [30, 31]. TIpouecc oOydeHus
npousBoamiics Ha 11 guKTOpax, a TeCTUpOBaHWE — Ha
MY’>XKYMHE W JKeHIIUHE. B ponn muraHnpoBiinka ckopo-
ctu oOyueHus ucnoib3osan Cosine Annealing ¢ xonmoz-
HeIM nepesarryckoM (Cosine Annealing Warm Restarts,
Cosine WR)!, 3Ha4eHHs KOTOPOr0 BapbUPOBAIUCH OT
0,0001 mo 0,001. I'paduk M3MepeHNE CKOPOCTH OOyICHHS
(Ir, oTH. en.) HelipoceTeBOI MOIETN OTHOCHUTEIFHO KO-
YecTBa 310X, IPE/ICTaBICH Ha puc. 4.

W3 puc. 4 BUAHO, YTO MAaKCUMaJIbHOE KOJIMYECTBO
amo0x ycrtaHosieHo B 3HaueHue 100. Ecnu Ha mpoTskeHun
10 srox yiydiieHue rmokasarelisi TO4HOCTH He Haluona-
JIOCh, TO MTPOLIECC MAITMHHOTO 00YYEHUs OCTaHABJINBAJICS,
Y TOTJA JIy4YIIUM CUHMTAJICS pe3yJIbTart, OJTy4YeHHbIN 3a BCe
BpeMsi 00ydYeHUsI HeMPOCETEeBOW MOJIEITH.

[Iporpammuas peann3anyst METo/a BEIITOITHEHA Ha SI3bI-
ke mporpammuposanus Python v.3.9. JInsg MammHHOTO 00-
YUCHHMSI UCTIOIb30BaHa MIaT(hopMa ¢ OTKPHITHIM HCXOIHBIM
xomoM PyTorch v.1.11.0 B cBsI3Ke ¢ ee pacIIMpeHUEM B BUJIE
moxymsa TorchVision v.0.12.0.

CpaBHeHHUe mpemiokeHHoH apxutekTypsl E2Ev2 u
00y4eHHOI Ha €€ OCHOBE HEHPOCETEBON MOMENH IS pac-
M03HaBaHUsI KOHQUTYpaLUil pyK TUKTOpa MPOUCXOIHT C
paHee o0y4eHHBIMH apxuTekTypamu 2D moneneii cBeprod-
HBIX HelipoceTtel (Tabi. 1), KoTopble ObUIN MPECTaBICHBI
B pabore [24].

JlJ1s MHOrOMO/IaJIbHOTO MAIlIMHHOTO CYpJOIepeBo/a
HCIIoIb30BaHa MryOokas Helipocets LSTM, apxutekTypa u

I Cosine Annealing Warm Restarts [DiekTpoHHBIN pecypc].
Pesxxum noctyna: https://pytorch.org/docs/stable/generated/torch.
optim.Ir_scheduler.CosineAnnealingWarmRestarts.html, cBo6os-
HBIU. SI3. anm. (nara obpamenus: 26.03.2022).
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Puc. 4. Tpaduk m3menenus ckopoctu odyuenus (/r)
HeHpOoCeTeBON MOJIETIH OTHOCUTEIIBHO KOJIMYECTBA JT0X

Fig. 4. Graph of the learning rate (/r) of a neural network model
versus the number of epochs

mporiecc 00y9IeHusI KOTOPOi TOAPOOHO OMUCAHEI B paboTe
[20]. Ha Bxox Hefipocetn LSTM HampaBiieH BEKTOpP TpHU-
3HAKOB, COCTOSIIMN U3 5 MPOCTPaHCTBEHHO-BPEMEHHBIX
BU3YaJIbHBIX XapaKTEPUCTHUK xKecToB. OObeIMHEHHE XapaK-
TEPUCTHUK B OJIMH BEKTOP OCYILIECTBIICH MyTEM IIPOCTOH MX
KOHKaTeHaluu. B 1adi. 2 npeacraBiieHbl CpaBHUTEIBHBIC
pe3ynbTaThl HTOTOBOTO TIpoliecca pacro3HaBanus 18 ox-
HOPYYHBIX kecToB pycckoro JKS n3 MHOroMoJaibHOTO
koprryca TheRuSLan [30, 31].

CpaBHEHHE TIPE/ICTaBICHHOTO METOAa MHOTOMOAAIb-
HOTO BHJICOAHAIIN3a JIBIKCHNH PYK AJIs1 aBTOMAaTH4ECKOTO
pacro3HaBaHUs PYIHBIX )KECTOB | neMeHToB JKS ¢ onn-
carHpIMH yiydrneHmsiMy (E2Ev2) mponsBeneHo ¢ peannso-
BaHHBIMU paHee Metonamu [20], a IMEHHO: TeHETHYECKUM
nmporpamMMupoBanreM Ha ocHoBe rpadoB (RGGP); moneneii
anmuntudeckoro pacnpenenenus (EDS); mHoronorouHoi
pekyppeHTHO# HeipoceTbio (MRNN); pexyppenTHoit 3D
cBepro4Hoii HelipoceTbio (R3DCNN); MHOroMepHBIM Me-
TOJIOM Ha OCHOBE CBEPTOYHBIX Helipocerei (MultiD-CNN)
U IIepBOI Bepcrel MPeIoKEHHOTO METO/Ja Ha OCHOBE
MHTErpaibHbIX HelipoceTeBbix Moneneit E2EvI.

Tabnuya 1. CpaBHEHHE TOYHOCTH PACTIO3HABAHMS KOH(UIYpaLUid pyK A1 pa3iIM4HbIX aDXUTEKTYpP HEHPOCETEBbIX MOJENeH

Table 1. Comparison of hand configuration recognition accuracy for different architectures of neural network models

Pasmep BxobIx u30Gpakenuii HetipocereBas apxuTekTypa Ccblka To4nocts, %

(1MpHHa X BbICOTA X TIIyOUHA)
224 x 224 x 3 EfficientNetB0 70,32
224 x 224 x 3 MobileNetV2 72,47
224 x 224 x 3 VGG19 73,19
299 x 299 x 3 InceptionV3 75,92
224 x 224 x 3 ResNet152V2 76,11
224 x 224 x 3 DenseNet169 [24] 76,54
299 x 299 x 3 Xception 80,03
299 x 299 x 3 InceptionResNetV2 81,44
331 x331x3 NASNetLarge 84,44
528 x 528 x 3 EfficientNetB7 87,01
192 x 192 x 1 [pennoxennas apxutexrypa E2Ev2 (puc. 3) — 94,78

90 Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3
S Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



A.A. AkcéHos, N.A. Karvpos, [.A. PloMuH

Tabnuya 2. CpaBHUTENbHAS TAOINIIa METOJIOB PACIIO3HABAHUS KECTOB

Table 2. Comparative table of gesture recognition methods

MCTO[[ pacrio3HaBaHUs MOIIa.IH)HOCTI/I BHUJICOJaHHBIX Cchblika TO'-IHOCTI), %
Restricted Graph-Based Genetic Programming (RGGP) RGB 69,74
Kapra rmyOunb! 53,07
— - RGB + xapTta riryOuHbI 74,28
Elliptical Density Shape Model (EDS) 77,43
Multi-Stream Recurrent Neural Network (MRNN) RGB 68,23
Kapra rmyOuns! [20] 73,54
79,98
Recurrent 3D Convolutional Neural Network (R3DCNN) 84,67
I\C/Ilillin)-Dimensional Convolutional Neural Networks (MultiD- RGB + kapra riyGHib! 8738
E2Evl 88,92
[pennoxennsiii merox (E2Ev2) — 91,14

W3 Tadn. 1 u 2 cienyet, 4To 3a CUET PACUIMPEHHOTO
crucKa U3 MH(QOPMATUBHBIX MTPOCTPAHCTBEHHO-BPEMEH-
HBIX BU3YaJIbHBIX XapaKTEPUCTHK KeCTa MOXKHO TTOJIYYHUTh
YBEJIMYECHUE TOYHOCTH PACIIO3HABAHHS KECTOB.

3akiarouenne

B pabote momydeHsI pe3ynsTaThl, KOTOPbIE MOTYT HAUTH
HIMPOKOE MPUMEHEHHUE B 00JACTIX HayYHOH U COIUATIBHOIM
JESITEBHOCTH, a TAKXKE B cpepax COIHaTBLHOIO 00CTYKH-
BaHMUs1, MEANIMHBI, 00pa30BaHus, POOOTOTEXHUKH, B IICH-
Tpax 0OCITyKMBaHHs HACEICHUS U ISl B3aUMOICHCTBHUS C
JIOABMHU B Pa3IMYHbIX YPE3BbIUANHBIX cuTyanusax. Kpome
TOTO, 32 TOCJIeIHUE TOABl Bce OoJiee MIMPOKOE pacipo-
CTpaHEHHE HAaXOAAT aCCHCTHBHBIC M COI[MAIbHBIE POOOTEHI,
OpPUEHTHPOBAHHBIE HA BBINOJIHEHUE ONPENEICHHBIX MpU-
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KJIaJIHBIX 3a/1a4, @ TAK)KE €CTECTBEHHOTO YeJIOBEKO-MallINH-
HOTro B3auMojJeilcTBUs. 1 B3aUMOACHCTBUSA C TAKUMHU
poOOTaMK KITACCUYCCKUX MPaQUISCKUX U CEHCOPHBIX MOJTh-
30BaTeNILCKUX UHTEPPEHCOB HeMoCcTaTouHO. [ToMrMoO HIUX,
HEOOXOIMMBI HHTYUTHBHBIC H €CTCCTBCHHBIC IS YCIIOBEKA
nHTepdeiich (HampuMep, Ha OCHOBE JKECTOBOH MOIAIb-
HOCTH). B CBOIO ouepenb, HHTEIUICKTYaIbHBIN aHAN3 U
OLIEHKA Ba)KHOCTH BJIMSHUS T€HJIEPHBIX U BO3PACTHBIX Xa-
PaKTEPUCTUK TUKTOPA HA MALLIMHHBIN CYpIONIEPEBO [T03BO-
JISAT MaKCUMAIIBHO 3((EKTHBHO PACIO3HABATH OT/CIIEHBIC
JKECTBI PYK, @ TAKXKE IEMEHThI KECTOBBIX S13bIKOB.
[Ipennoxxennas Heiipocerenas mozaenb E2Ev2 umeer
3HAYUTENbHBI WHHOBAIIMOHHBINM TIOTEHIUAI, TaK KaK 1MO-
3BOJISICT MOBBICUTH TOYHOCTh U POOACTHOCTh MAIIMHHOTO
CYpAOIEPEBO/IA U, B CBOXO 04EPElb, €CTECTBEHHOCTb YEIIO-
BEKO-MallIMHHOT'O B3aUMOJIEHCTBUS B LIEJIOM.
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Abstract

In current digital climate, education sector is evolving as the computer technology advances. Education is being digitized:
online classes, online examination methods are conducted, etc. During examination, students are assessed by their
answers having given for the question set by a teacher. Today many tools are available to assess the performance of a
student using multi choice questions tools which provide instant evaluation, but there are available very limited and
operational tools where subjective type answer of students are evaluated. This paper presents a web-based application
to address this challenge. It automates the process of subjective answers checking and generates results through
using natural language processing methods, like keyword matching semantic, lexical analysis and cosine similarity.
Experiments show that appreciated by the teacher result and the system estimation does not have much difference which
signifies that the system evaluates answers with a 97 % accuracy. The presented system not only reduces manpower
but also eliminates the traditional method of conducting exclusively subjective exams using paper documents. It also
eliminates the delays in the paper checking, result generation process. The cases of information leak are being reduced
and the objectivity of the assessment is being increased.
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AHHOTAIUA

B coBpemeHHOM IIU(POBOM MPOCTPAHCTBE pa3BUTHE 00pa30BaHUS CBSI3aHO C MPOABMIKEHHEM KOMITBIOTEPHBIX
texHonoruit. [Ipoucxoqut nudposusanus 00pa3oBaHUs: MPOBOASTCS OHIAWH-KIACCH, OHJIAH-IK3aMEeHBI U T. 1.
B nepuon npoBeeHust sx3aMeHa yJalpecs OLeHUBAIOTCs [1€1aroroM o OTBETaM Ha 3a/1aHHble Borpockl. Ha HacTosumit
MOMEHT JIOCTYITHO MHOKE€CTBO MHCTPYMEHTOB OLIEHKH YCIEBAEMOCTH Y4Yallerocs ¢ MCIOIb30BaHUEM BOIPOCOB C
HECKOJIbKUMHU BapHaHTaMH OTBETOB. Takoit momxom o0ecrieynBacT MTHOBEHHYHO OIICHKY, OJTHAKO HHCTPYMEHTOB, TAFOIIHX
BO3MOYKHOCTB OLICHKU CYOBEKTHBHBIX OTBETOB YUAI[MXCS €Ille He0CTaToqHo. B paboTe npeicraBieHo BeO-MpHIoKeHne
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JUTsL peliieHust 5Toi npobiempl. [TpuiioxkeHre N03BOJISeT aBTOMATH3HPOBATH MPOLIECC NPOBEPKH CyObEKTHBHBIX OTBETOB
U TEHEPUPOBATh PE3YJIBTAThI C IPUMEHCHHEM METO/I0B 00Pa0OTKH €CTECTBEHHOTO SI3bIKA, TAKHX KaK CEMaHTHUECKOEC
COIIOCTaBJICHHE KIIOUEBBIX CIIOB, JICKCHUECKUIl aHAM3 M KOCHHYCHOE CXOJCTBO. DKCIICPHUMEHTAJIbHBIC PE3YJIbTAThI
TI0Ka3aJii, YTO OTBETHI, OIICHEHHbIE MEJaroraMu, U MpeUIOKeHHAs CHCTeMa JatoT Onuskue pesynbrarbl. [TomyueHHas
TOYHOCTH OTBETOB cocTaBmiIa 97 %. IIpencTaBieHHas cucTeMa He TOJIBKO COKpalaeT pabouee Bpemsi, HO U IO3BOJISET
YCTPaHUTh TPAJULHOHHBIA METOJ IPOBEACHUS HCKIIOYUTEIBHO CYObEKTHBHBIX K3aMEHOB C MCIOJIb30BaHHEM
OyMaKHBIX JJOKyMEHTOB. B pe3ynbrare cokpariaercs BpeMsi HOIydeHHs Pe3yJIbTaToB M BPEMsl [IPOBEPKU. YMEHBILIACTCSI
yTedka HH)OPMAIUH 1 TOBBIIACTCS 0ObEKTHBHOCTh OL[CHKH.

KiioueBrble c1oBa
KOCHHYCHOE CXOJICTBO, U3BJICUCHHE HH(OPMAIIHH, COTIOCTABICHUE KITOUEBBIX CIIOB, 00pab0TKa €CTECTBEHHOTO S3bIKA

Cceplaka st nuTupoBanusi: Munakmu Anypar T., [Ipagun b.M., Bumaka M. Be6-npunoxxenne s ObicTpoit
OLIGHKH CYOBEKTHUBHBIX OTBETOB C HCIHOJb30BaHHEM 00PaOOTKH €CTECTBEHHOIo s3bika // HayuHo-TeXxHH4YecKuit
BECTHHUK MH()OPMALMOHHBIX TEXHOJIOIUi, MexaHuku u ontuku. 2022. T. 22, Ne 3. C. 594-599 (na auri. 53.). doi:

10.17586/2226-1494-2022-22-3-594-599

Introduction

In digital Era, most of the educational institutes conduct
online examination in the form of multi choice questions
using some tools/applications. Some of these tools/
applications are also capable to accept subjective answers
which need to be manually evaluated by a teacher since
these tools are not trained enough to provide an accurate
result for subjective type questions.

An example of an existing model that uses Natural
Language Processing (NLP) [1-4] is Paper Pater. The
application is designed to analyze the text and predict the
plagiarism of the submitted text. It even helps improve
the text grammatically using certain machine learning
algorithms. E-rater Scoring Engine is a grading system
that provides a grade for the essays submitted by students
using NLP. Passage ranking system is used to rank a set of
passages based on its relevance to a certain topic. N-gram
and Support Vector Machines models are used for ranking
these passages. Another example is Machine Reading
and Comprehension (MRC) model; it retrieves the most
relevant passage based on the question. These systems
are good at parsing the textual data and they produce the
required results. In literature, the system is found using
Knowledge extraction [5], feature identification [6] and
deep learning techniques [7] in Question Answer Matching
[8-13].

Methods and Materials

The web based application system uses NLP to analyze
the descriptive answers provided by a student as well
as by the teacher. Fig. 1 shows the system architecture
of Web-based Application for revolutionary assessment
where student and teacher are two main users in addition to
admin/superuser. Students and teacher can perform various
activities as clearly depicted in pictorial representation.
All the data once received will be stored in the MongoDB
database and can be retrieved using Python to perform the
further operations.

Web based application system includes revolutionary
assessment and instant evaluation of following modules:
Login Module, Preprocessing Module, Information
Extraction, Score Generation.

Login module

This module is used for authentication purpose of the
participants: superuser, teacher and student. Each person

has his/her unique ID and password to login and work in
the system after the system authenticates the user; after that
the user can further access all the functionalities of the role.

1. Teacher login

The teacher is validated by using his/her unique ID and
password. Once validation is done, the teacher gets logged
in to his/her dashboard. Teacher has to define the character
set for his model answers in order to exclude them during
preprocessing. The teacher can set document where he/
she can add questions and answers into the database. The
teacher can also view results of all students and of each
student separately as well as each subject individually. The
key feature of the system is that the teacher can only view
the answers of the student but cannot modify the answer.
The questions will appear in the exam for the students and
the answers stored in the database will be used as the model
answer for comparison with the student’s answers.

2. Student login

Student can login into the system by using his/her
unique PRN number and password. After authentication
the student gets logged in to the system and can see his/
her dashboard. The students can view their previous test
results but a student cannot view the current result until
he/she has passed any test. To pass the test the student
has to click the “Take test” option, select the subject from

Fig. 1. Activity Diagram for Web Based Application System for
Revolutionize Assessment and Instant Evaluation
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the dropdown menu and then click on starting the test. As
soon as the student has passed his/her test, the test results
are automatically submitted into the database. And after
completion of the test there is a feedback form for every
student to which the superuser has access. The feedback
form also gets stored into the database. The students can
view their results once they are announced.

3. Superuser login

The superuser is an admin who handles all the database
issues, failures, user registrations and any errors. He/she
is responsible for the maintenance of the system and can
respond to any kind of issues. The superuser has access to
the feedback given by the students after passing the test.

Preprocessing module

During preprocessing, the sentence tokenization and
work tokenization is applied to the descriptive answer of
student and teacher as shown in Fig. 2. RAKE is Rapid
Automatic Keyword Extraction algorithm available
in Natural Language Toolkit (NLTK), the purpose of
this algorithm is to determine key phrases in text using
frequency of word and coexistence of words with other
words. The individual tokens are parsed to eliminate the
stop and repeated words, and keywords are extracted at
this stage. The keyword matching of teacher and students
is also performed here.

Information Extraction

Information extraction plays a significant role in
NLP since only important keywords are considered after
the irrelevant information is removed and keywords are
ranked. The important and relevant keywords in descriptive
answers of student and teacher are identified and matched
using cosine similarity at this stage. Cosine similarity
[14-15] is the evaluation measure to get the similarity
between two documents. There exists a motivation behind
selection of cosine similarity measure, it gives a ranking to
documents corresponding to a given keywords irrespective
of the size of the document. The larger the cosine angle,
the less similarity exists between two documents, and vice
versa. The cosine similarity is calculated for each answer
proposed by the student. Following equation is used to
calculate the cosine similarity between the teacher’s answer
and the student’s answer.

Dot product (teacher, student)

Cosine Similarity =
Y= lteacher|| * ||student|

The final result is calculated by aggregating these
values which will then be converted into percentile. Cosine
similarity is used to compare the answers of teacher and

3
PROCESS DATA USING INFORMATION EXTRACTION
RAKE-NLTK
SPLIT INTO : NORMALIZ::TIOt:V
SENTENSES remove punctuation,
lowercase)
EXTRACT PERFORM I
KEYWORDS STEMMING
GET RANKED ANSWER MATCHING
PHRASES (cosine similarity)
DATABASE -
t

Fig. 2. Natural language processing modules or revolutionary
assessment and instant evaluation

student in general. If the student’s answer has obtained
the maximum marks, it means that its cosine similarity
was low.

Score generation

The score of each student is shown to them in the
form of pictorial representation, i.e., a graph. The graph
represents the total percentage of the accuracy of the
student’s answers in comparison with the teacher’s answers.
Both the teacher and the student can view their result for
a particular subject and also view the marks allotted for
individual question.

Results and discussions

Test has been conducted in the college premises in
two subjects: Machine Learning and Cloud Computing.
In total, five questions were given for each subject, with
five marks each. The result is generated in the form of a
percentile score. Manual checking of the answers is done
by the college professors to compare the results. Table 1
shows that the answers assessed by the teachers and
the answers assessed by the system doesn’t have much
variation. This result of comparison shows that the system
evaluates answers with a great accuracy. Table 2 depicts the
percentile score which is generated for individual question
as well. Proposed system provides the accuracy of 97 % on
the mentioned subjects.

Following screenshots represent the entire web portal
created in order to revolutionize the traditional system of
taking an exam using pen and paper.

Student registration

Fig. 3, a shows the student registration webpage. The
student is required to do the registration before attending

Table 1. Results comparison, %

Results System generated results for subjects Teacher provided results for subjects
Machine Learning Cloud Computing Machine Learning Cloud Computing
1 72.09 85.63 74.23 84.23
2 65.21 73.84 67.15 74.36
3 32.83 47.82 38.56 46.67
4 54.36 63.45 57.67 68.14
5 82.91 90.80 87.16 89.83
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Table 2. Question wise results

Question Total marks Percentage obtained, %
What is Machine learning? 5 42.5
Mention the difference between Data Mining and Machine learning? 5 422
What is ‘Over-fitting” in Machine learning? 5 21.0
How can you avoid over-fitting? 5 18.9
What is ‘Training set’ and ‘Test set’? 5 14.3

the exam. The Unique ID, i.e., the issued by the university
PRN number, is used as the username.

Student login

After a student logs in, he/she is directed to the
dashboard from where he/she can access several
functionalities such as view profile, take test, view result
and logout. The dashboard consists of some valuable
information for the student such as time management,
guidelines for the examination, etc. The student can even
view his/her profile as shown in Fig. 3, b.

Take test

Once the student has successfully logged in to the
system, he/she can now take test. In order to start the test
as shown in Fig. 4, a, the student has to read carefully the
instructions and to choose the subject. The time allotted for
the exam is half an hour and, once the test is submitted, the
student is directed to the feedback section where he/she is
asked if he/she is satisfied with the new way of giving the
subjective examinations and if he/she liked the procedure
and feel that the entire system is developed properly.

View results

The student can view his/her results once they have
been declared. The results won’t be visible if the student

Online Test: Machine Learning

Questin 2

Menvion the @ fferesce berween Data Mining ond Machie learnng?

didn’t show up for the exam. The student can view the
result of the individual subject as well as of the individual
questions. Pictorial representations are used in order to
make it easy for the student to view and understand the
results as shown in Fig. 4, b.

Teacher registration and login

Fig. 5, a shows teacher’s login page where the teacher
also registers in the system using a Unique ID and, after
login, is directed to the Dashboard where he/she can access
functionalities such as view profile, set document, view
results and logout.

Set document and view results

Fig. 5, b shows the teacher document setting webpage.
The teacher needs to specify the model file that the system
evaluates with the students file. Once all the students have
appeared for the examination, the teacher can view the
overall results of the students.

Superuser and additional features

The superuser has the functionality of viewing the
feedback of the students in order to improve the system
as shown in Fig. 6. The system generates a false message
whenever it discovers an invalid username and password
pair.

Overall Percentege

Cloud Compating scere

Fig. 4. Student’s webpage: test (a), results (b)
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Fig. 5. Webpage: teacher’s login (a), teacher document settings ()

FEEDBACK

How visudlly appecling is our website? Very Good
How would you rate the examination experience overall > Very 6ocd
How mach did you like the overal feel of the GUI? Very Geod
How would you rate the ease of access 1o all the furctionalities? Very Good
How much appealing what this new way of gwing the exam? Very Good

Fig. 6. Feedback webpage

Conclusion

The result is generated in the percentile form and is
represented in the form of a graph. The proposed system
also shows the individual marks allotted for each question
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AHHOTaNMA

Ha ocHOBe IpUHIMIOB CTPYKTYPHO-HH(GOPMAMOHHOTO aHAIN3a 00CTaHOBKM 00OCHOBAHBI MMyTH MOCTPOCHUS
CHUCTEMBI NMPOCTPAHCTBEHHO PacCHpe/eICHHBIX HHPOPMAIMOHHBIX CEHCOPOB C (QYHKIHMSIMH PEKOHQUTYpaIrun
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Abstract

Based on the principles of structural information analysis of the situation, the ways to build a system of spatially
distributed information sensors with functions of reconfiguring the structure and changing the composition in accordance
with monitoring tasks and conditions are justified. Using the method of indeterminate Lagrange multipliers, a procedure
has been developed for rationally selecting the configuration of a sensor system to achieve stability and reliability of
control over a given area of space. Experimental estimates of the determining location accuracy of objects in spatially
distributed passive radar systems are obtained when azimuth-angular direction finders and signal detectors are used as
information sensors. Regularities of accuracy increase due to selection of number and positions of information sensors
are revealed.

Keywords
environment monitoring, information sensor system, standard error of object location determination, recurrence linear
filtering of parameters
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BBenenue

VHTEeHCHBHOE pa3BUTHE TEXHOJOTUH CO3MaHUS 00B-
€KTOB, XapaKTepU3yeMbIX MaJIbIMH YPOBHIMH (HOHOBOU
KOHTPACTHOCTH, @ TaK)Ke PaliOdIEKTPOHHBIX CPEACTB CO
CTPYKTYPHOH M SHEPTETUYCCKON CKPBITHOCTHIO PaOOTHI
[1, 2] onpexensieT NOTPEOHOCTH COBEPILICHCTBOBAHUS CH-
CTeM MOHMUTOpHHTA [2]. BBUY BO3MOXXHOIO HapyIIeHUs
YCTOHYMBOCTH MPOLIEAYp OOHAPYKEHHS U paclio3HaBaHUs
00BEKTOB, 00YCIIOBIEHHOTO HECTAOMIIBHOCTBIO ITPOSIBIICHUS
1 HN3KOW TOYHOCTHIO OLICHKH JIEMACKUPYIOUIUX MPHU3HA-
KOB OTJICIbHBIMH MH()OPMAIIMOHHBIMU ceHcopami [3, 4],
HEOO0XOIMMO HapaliuBaTh WH(QOPMALMOHHEIE PECYpPCHI
MOHHUTOPHHTA 32 CUYET CTPYKTYPHO-MH(POPMAIIIOHHOTO
aHaim3a 00OCTaHOBKH [5, 6].

CyTb CTPYKTYPHO-UH(OPMAIIMOHHOTO aHaIn3a 00cTa-
HOBKH 3aKJIF0YaeTCsl B CONNIACOBAHHOM NPUMEHEHUH IPyII-
bl IPOCTPAHCTBEHHO PACIIPE/ICNICHHBIX HH()OPMaIIMOHHBIX
CEHCOPOB C OOIIHMM IICHTPOM cOopa, 00paboTKH HHPOpMa-
LUK ¥ YIIPABJICHUS ISl OLIGHKU MEPEMEHHBIX TIPU3HAKOB
0OBEKTOB C LEIBIO ONPEICNICHNs] UX THIIA (Ha3HAUYCHHS) U
JMHAMUYECKHX COCTOSIHUN B MaciTade BpeMeHH, OJIM3KOM
K peanbHOMy [6]. CHcTeMa MOHUTOPUHIA OPraHU3yeTCs
ITyTEM CO3aHMsI KaHAJIOB NH(POPMAIMOHHOTO B3aMMOICH-
CTBHSI ¢ QYHKIMSAMH TIepenadn JoObIBaeMOoii HHPOPMAIIUT
JUTSA TIEHTPAIHM30BaHHON 00paboTKN 1 0000mIeH s, a TakK-
e JIOBEJICHUSI KOMaHJ yNpaBlICHUA HHPOPMALNOHHBIM
CEHCOpaM.

Ha nH(popMaIoHHbIe CEHCOPBI BO3JIAraroTCs 3a/1a4H
OOHapY)KEHHUSI U HAXOXKICHUS KOJINYECTBEHHON MeEpBI Jie-
MaCKHPYIOIIUX IIPH3HAKOB, COAEPIKAIMXCS B ITapaMeTpax
MIPUHUMAEMBIX CHTHAJIOB. B cucremax akTUBHOH pajuo-
JIOKAIMH JIEMAcKUPYIOIINE NMPU3HAKH OOBEKTOB BBISBIIS-
IOTCSI IO pe3ynbTaTaM 00pabOTKU CUTHAJIOB, OTPAKEHHBIX
pasMOoNIOKaMOHHBIMH LENISIMH, a B CHCTEMax MacCUBHON
PaMONIOKallK — I10 Pe3yAbTaTaM OOHAPYKEHHUS U OLICHKN
YaCTOTHO-BPEMEHHBIX ITapaMETPOB COOCTBEHHBIX M3ITy4e-
Huit 00bexToB [7]. Ha ocHOBe KOMIITIEKCHOM 00paboTKH

JIEMaCKHPYIOIIMX IPU3HAKOB B PA3HECEHHBIX TOUKaX IPO-
CTpPaHCTBa B CHCTEMaX IMaCCUBHOM paMoIOKalnK OIpesie-
JISICTCS. MECTOTIONIOKEHHE 00BEKTOB [8].

Hasnure MHOXeCTBa HHPOPMALIIOHHBIX CEHCOPOB TO-
3BOJISIET U3MEHSITH COCTAB M BBITIOJIHATH PEKOH(UTYPALHIO
CTPYKTYpPBI CHCTEMbI MOHUTOPHHTA 33 CYET aKTHBH3ALUH
CEHCOPOB, KOTOPHIC B TEKYIIHH MOMCHT BPEMEHH Xapak-
TEPU3YIOTCS HAWUTYYIIUMHU BO3MOXXHOCTSIMH BBISBIICHUS
JIEMACKHAPYIOMIUX MPU3HAKOB [5] 0OBEKTOB B KOHTPOJIH-
pyeMoii 30He.

KommnnekcHast 06paboTka JaHHBIX, MOCTYHAIOIINX
OT Pa3IMYHBIX CEHCOPOB, 00YCIOBINBAET CHHEPreTHYE-
ckue 3ddexrsr npupocTa 3PGHEKTUBHOCTH MOHUTOPHHTA
00CTaHOBKHM OTHOCHUTEIBHO TOKa3aresie, TOCTHKUMBIX
py 00BbETMHEHUH PE3yJIbTaToB (PyHKIIMOHUPOBAHHS OT-
JICJIbHBIX MH(OPMAIlMOHHBIX CEHCOPOB. B wactHOCTH, B
CUCTEMax MacCHBHON paJUOJIOKally 332 CYET U3MEPEHHS
HalpaBJIeHUH WM BPEMEHH NPHUX0/a CUTHAIOB B pa3He-
CEHHBIX TOYKaX IMPOCTPAHCTBA OCYIICCTBISICTCS OI[CHKA
MECTOMOIOKEHIS TIEPEAaTINKOB [5, 6]. st ompeneneHus
MO3ULMN U3Tyyareaei Mo u3MepeHUsIM HalpaBJIEHUH NPH-
XOfa curHaia TpebyeTcs MPUMEHATh MPOCTPAHCTBECHHO
pacrpe/ieleHHbIe CHCTEMBI C MUHUMAIBHBIM KOMIUIEKTOM
n3 N = 2 CEHCOpOB; MPH OlleHKE KOOPAUHAT OOBEKTOB TIO
HU3MCPCHUAM BpPECMEHU MPUXOJa CUT'HAJIOB B PA3JIMYHBIX
TOYKaX MPOCTPAHCTBA HEOOXOIMMO 3a/IeiCTBOBATH HE Me-
Hee N =3 cencopos [8].

Koopaunarel 00bekTa HHBApUAHTHBI K U3MEHEHHSIM
(hOHOBOH KOHTPACTHOCTH JIEMAaCKHPYIOIIUX MPHU3HAKOB
[5, 7]. OHH O3BOJIAIOT TPOBOAUTH NIPOCTPAHCTBEHHYIO
CEJICKIIMIO U3JTyYaTelieil, 9To, B CBOKO o4Yepe/ib, oOecedn-
BaeT CHIDKEHHUE OIMMOOK yCTaHOBJICHUS TPUHAIICKHOCTH
Pa3TUYHBIX CUTHAJIOB C MEPEKPHIBAIOIINMHACS IO 3HAYE-
HUSM YaCTOTHO-BPEMEHHBIMH MapaMeTpaMi OTJEIHHBIM
HCTOYHMKAM U CIIOCOOCTBYET MOBBIIICHUIO TOCTOBEPHOCTH
pacro3HaBaHus (KIacCH(PHUKANN) 00BEKTOB.

B nacrosmeit pabote onpeneneHs! MyTH MOCTPOCHUS
MPOCTPAHCTBEHHO pacClpe/ie]IeHHONH CUCTeMbl HH(pOpMa-
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LIUOHHBIX CCHCOPOB B COOTBETCTBHU C MPHHITUIIAME CTPYK-
TypHO-MH(OPMALMOHHOTO aHain3a 00cTaHoBkH [4, 5].
[onmy4eHs! SKCTIEpUMEHTAIBHBIC 3HAYCHUS CPEITHCKBAIPA-
truecknx omubok (CKO) oneHuBaHUS KOOpAMHAT 00B-
€KTOB TP M3MCHEHUH HAIIPABICHUN W BPEMEHH MPUXOIa
CHTHAJIOB B PA3IIMYHBIX TOYKAX MPOCTPAHCTBA, U HCCIIEHO-
BaHBI BO3MOXKHOCTH TIOBBIIIICHAS TOYHOCTH BBITTOTHACMBIX
M3MEHEeHHH B 30HE MOHHUTOPHHTA 32 CUET BHIOOpA YHCIa U
MO3UIMH MH)OPMAIIMOHHBIX CEHCOPOB.

Iens paboTel — 000OCHOBaHUE MPOIEIYPHI paIio-
HAJIbHOTO BBIOOPA KOH(GUTYpAIH CHCTEMBI JIJIs1 KOHTPOJIS
YCTAHOBJICHHOM 30HBI MPOCTPAHCTBA U paCIpeCICHUS
UH(POPMAIMOHHBIX CEHCOPOB B COOTBETCTBUH C YCIOBHSIMHU
1 33J1a9aMU MOHUTOPUHTa 0OCTaHOBKH.

OobocHoBaHMe MyTeill MOCTPOEHHUS MPOCTPAHCTBEHHO
pacnpe/eeHHON cHCTeMbl MOHUTOPHHIA 00CTAHOBKH

Juist moHOMacIiTabHOTO M HaJIe)KHOTO KOHTPOJIS 00-
CT@HOBKH, JJOCTHKUMOTO ITPU PALHOHAIEHOM pa3MeICHUH
MH(QOPMAIIMOHHBIX CEHCOPOB B NMPOCTPAHCTBE UCXOMS M3
YCIIOBUI HAMITYUIIIETO UCIIOJIL30BAHKS PeCypca, COCTaB U
CTPYKTYpPY CHCTEMbI MOHUTOPUHTA TPeOyeTCsl BLIOUPATH B
COOTBETCTBHHU CO CICAYIOIIUMHU TTOJIOKECHHSIMHU.

1. CooTBercTBHE CHCTEMbI MOHUTOPUHTA IEJISIM M 3a/1a-
yaM aHajau3a 00CTaHOBKU M OICHKH JHHAMHYECKUX
COCTOSIHUI KOHTPOJIMPYEMBIX OOBEKTOB, UTO ITO3BOJIUT
copmupoBarh Ha 0a3e MPOCTPAHCTBEHHO pacrpe/e-
JICHHBIX MH()OPMAIMOHHBIX CEHCOPOB eanHOE HH(DOP-
MalMOHHOE MPOCTPAHCTBO B 30HE OTBETCTBEHHOCTH.

2. OTKpBITOCTH CHCTEMBI HH(OPMAIIMOHHBIX CEHCOPOB C
BO3MOYKHOCTSIMHU HapallMBaHMs €e COCTaBa U M3MEHe-
HUSI MECTOIOJIOKEHHSI KOMITOHEHTOB, ITPHUBIEKAEMBIX
JUTsL BBITIOJIHEHHMS 11€IeBbIX (PYHKIIMH MOHUTOPUHTA B
TEKYIIMI MOMEHT BPEMEHH, COIIACHO TPEOOBAHUSIM K
JIOCTOBEPHOCTH, TOJIHOTE U ONEPATUBHOCTU aHAIH3a
00CTaHOBKHU.

3. Peanm3aryst MHOTOKOHTYPHOTO TpoIiecca JOOBIBaHUS
1 00paboTKH HH(OPMAITUU C BOZMOXKHOCTSIMH IIEHTpa-
JIN30BAHHOTO yIPaBJieHHs: HH)OPMAIIMOHHBIMHU CEHCO-
pamu B COYETAaHUM C MX aBTOHOMHOI paboToii [5, 6].

4. OOecrieyeHUE HEMTPEPBIBHOCTH MPOIECCOB T0OBIBAHMUS
1 00paboTKy MH(OPMALIUH JJIsI TIOCTOSTHHOT'O KOHTPOJIS
32 COCTOSIHUEM M M3MEHEHUSIMH 0OCTaHOBKH HE3aBUCH-
MO OT BPEMEHHBIX IUKIIOB ()YHKIMOHUPOBAHUS 00bEK-
TOB [4, 5].

OcHOBHBIMU (paKkTOpaMu, MOBHIMIAIOIUAME 3P dek-
THUBHOCTh MOHUTOPUHTA OOCTAHOBKHU C MPUMEHEHUEM
MPOCTPAHCTBEHHO PACIpPE/eIeHHON crucTeMbl nHMOP-
MAaIMOHHBIX CEHCOPOB SIBJISIIOTCS: BBICOKHE BEPOSTHOCT-
HO-BpEMEHHBIE MMOKa3aTean OOHapyKeHHUs 00bEKTOB,
JIOCTH>KUMBIE BCJIE/ICTBHE BHIOOPA KOMILIEKTa HH(OpMAIIX-
OHHBIX CEHCOPOB, IJIsI KOTOPBIX B TCKYIIUE MOMEHTLI BpE-
MEHH CKJIaJIbIBAIOTCSl Harbosee OJaronpusiTHbIE yCIOBUS
¢dynxunonuposanust; Massie CKO orieHKH XapakTepucTHK
JIEMacCKUPYIOIIUX MPU3HAKOB 0OBEKTOB, 00YCIIOBICHHBIE
pannoHaIBFHBIM BBIOOPOM YHCIIA U TIO3UIMH Pa3MEIeHUs
CEHCOPOB U3 MHOXKECTBA 00JIAAFONINX BO3MOMXKHOCTSIMH
npuemMa U 00pabOTKH CUTHAJIOB; HEMPEPHIBHOCTL HAOIIO-
JIeHHsI 32 00bEKTAMHU BBHy BO3MOKHOCTEH BKIIOUCHUS
B CHCTEMY MOHHUTOPHHIA HOBBIX MH(OPMALIMOHHBIX CEH-

COpPOB NpU MaJOW CTENEHH yXyAIIEHUs KauecTBa Mpue-
Ma CHTHAJIOB 3a CYET BO3JEHCTBUS HEIpPeIHAMEPEHHBIX
(cmy4aiHbBIX ) TOMEX, K YUCITYy KOTOPBIX OTHOCSITCS MAaCKH-
pyloIine BTOpUYHbBIE U3ITyUCHHUS B PaIMOKaHaax ¢ (irok-
Tyupyromumu napamerpamu [9, 10], uaaycrpuanbable U
aTMoc(epHbIe paAHOIIyMbl, a TaKXKe MpeJHaMEPEHHBIX
(OpraHM30BaHHBIX) TIOMEX, CIIENNAIBFHO CO3/IaBAEMBIX /IS
3aIUTH KOHTPOIUPYEMBIX 00BeKTOB [1, 6].

PaccmoTpum cucTeMy MOHUTOPHMHIA B BHJE COBOKYII-
HOCTH 13 N MH(OPMAIMOHHBIX CEHCOPOB, MECTOIOJIO-
JKEHHE KOTOPBIX B OPTOTOHAJIBHON CHCTEME KOOPAMHAT
XapakTepu3yeTcst HabopoM BEKTOpoB r, = [r,; 0,17, rue
r, = |r,| — paccTosHue 10 n-r0 CEHCOPa OTHOCHUTENBHO
LIEHTpa CUCTeMbI KOOpAMHAT; 0, = argr,, — yIJIoBOe I0JIO0-
JKEHHE 1-T0 CEHCOpPa OTHOCHUTENIBHO OIOPHOrO HaIpaBie-
HUs, n = 1, ..., N; cumBoioM «7» 0003HA4YEHA OTIepaITis
TPAHCTIOHNPOBAHMSL.

[Toxa3zarenem mpocTpaHCTBEHHOW M30MPATEIBHOCTH
IpueMa, HOCTYMAIOIIEro ¢ HarpasieHus O = argr, rae r —
BEKTOp KOOpIWHAT 00BeKTa, MHPOPMALIUSI O KOTOPOM 3a-

KJIFOUEHA B CUTHAJIE, 1-M CEHCOpoM, 1 = 1, ..., N, sBIsIeTCs
dbyHKIIS
_ ‘}" B I",,| _ .
fO0—=0)=exp|-——|,n=1,...,N;

rl‘l

HaJIMYMe UHJIEKCA «7» O3HAuaeT, YTO CBOIcTBa M30Mpa-
TENBHOIO MPHUEMa CUTHAJIOB 3aBUCAT OT MECTOIMOIOKECHUS
ceHcopa.

Jyist mocTpoeHHs IIPOCTPAHCTBEHHO PacIpeieIeHHOM
CHUCTEMBl MOHUTOPHHTA B COOTBETCTBUH C NMPUHIUIIAMH
CTPYKTYPHO-HH(POPMALIMOHHOTO aHaIN3a 00CTAaHOBKH
JUTS KaKA0TO MH()OPMAMOHHOTO CEHCOpa YCTaHaBIMBa-
eTCsl IMHAMUYECKUI KO3 PHUINECHT UCIONb30BAHUS d,,,
n=1, ..., N. MakcumaJbHbl€ 3HAaYEHUs TUHAMHYECKUX
K03(GUIMEHTOB a,, n =1, ..., N, IpH OPOTOBBIX YPOBHSX
IMPUHHUMACMBbIX CUT'HAJIOB, 3a/1aBACMbIX YyBCTBUTCIIbHO-
CTBIO alIapaTrypbl MOHUTOPUHIA, ONPEAEIISIOTCS TaJIbHO-
CTBIO JICHCTBHUSI MH(POPMAIIMOHHBIX CEHCOpPOB. B vacTHO-
CTH, IPUMEHUTEIBHO K KOMIIOHEHTaM CUCTEMBI ITACCHBHOM
pazuoIoKaii MaKCHUMalIbHbIE 3HAYSHUST TUHAMHYECKUX
KO3(QPUIIEHTOB XapaKTePH3YIOT AICKTPOMArHUTHYIO 10-
CTYIHOCTb UCTOYHHUKOB paJMOU3ITydeHuil [1, 6] B mo3umusx
r,, n=1, ..., N; IX 3Hau€HUs 3aBUCAT OT IPOCTPAHCTBEH-
HOHM CTPYKTYpbI KaHaJa, EKTPOPU3NUECKUX TapaMeTpOB
cpexsl pacipoctparerus [7, 9, 10] 1 9acTOTHI CHTHATIOB.

I'panuIa 30HBI MOHUTOPUHTA ONpesenseTcs GpyHKuneit

N
RO)= Ta,/,0-6,) (M

3a cueT U3MeHeHHs1 Habopa 1 3HAYCHUI AMHAMUYECKUX
k03 ULUEHTOB a,, n =1, ..., N, B TeKylL1i MOMEHT Bpe-
MEHHU B COOTBETCTBHH CO CKJIQJIBIBAIOIIECHCST 00CTaHOBKOM
7 TEKYIIMMH 33/1a4aM{ MOHUTOPHHTA BEITTOTHSAETCS PEKOH-
(urypanusi mpoCTpaHCTBEHHO PACHIPEICIICHHON CUCTEMBI.
Cwmemnienne rpaunbl (1) MOXKET OCYIIECTBIATHCS 3a CUET
U3MEHEHns ynucna N U KOopAauHar ', n = 1, ..., N, ceHco-
poOB U, Kak cneactue, Gpynkumii /(0 —6,),n=1, ..., N.

Hpezleano JOCTHXKHMaA 1Jiomaab 30HBI, B KOTOpOﬁ
OCYILECTBIISICTCS MOHUTOPUHT OOCTAHOBKH CUCTEMOM M3
N nHopMaIMOHHBIX CEHCOPOB, PACIIONOXKEHHBIX B TOUYKAX
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C KOOpAMHATaMHU I, n = 1, ..., N, HaXOAUTCA U3 yCIIO-
BUS MAaKCUMU3AIUU 110 MHOXKECTBY KOd(P(UIUEHTOB a,,
n=1, ..., N, byHkuun

N N
a(0) = Zl Zlancnp(ﬂ)a ; 2
n=1p=

rae

Cop(0)=/,(0-6,)1,0-06,),n=1,...,N, 3)

— (YHKIIS COBMECTHOM IPOCTPAHCTBEHHON 30U paTeIIh-
HOCTH IIPUEMA CUTHAJIOB 00BEKTOB MOHUTOPUHTA #-M U P-M
UH(POPMAIMOHHBIMHU ceHcopamu, 1, p =1, ..., N.

OyHKIUA (2) XapakTepusyeT YCIOBHUS TOCTYIHOCTH
JUTs TIpueMa 1 00pabOTKU CUTHAJIOB OOBEKTOB, TUCIIOIH-
pyeMbIX B 30H€ ¢ rpanunei (1), 1t mapHbIX coyeTaHuH
n3 N ceHcopoB. [IpuMeHHTENBFHO K cUCTEMaM MacCUBHOM
paxvoIOKaIMY ITPY MAaKCUMH3aLUH QyHKIUH (2) ycTaHaB-
JMBaeTcs o0yacTh MpocTpaHcTBa ¢ rpanuuei (1), roe me-
CTOIIOJIOKEHNE OOBEKTOB OIPEIEISIETCS ¢ NCTIONb30BAHNEM
MHUHHMMAJIBHOTO KOMIUIEKTa HH(OPMAIIMOHHBIX CEHCOPOB
(N = 2). B cucremax akTHBHOH pagnoioKaruy u3 N = 2
CEHCOPOB 3a CUeT MaKCUMH3aIuH (PpyHKIMH (2) HAXOIAUTCS
00acTh MPOCTPAHCTBA, B MPeEIeNax KOTOPO MOHUTOPHUHT
MOXET MPOBOJIUTHCS C KOJUIEKTUBHOW MIeHTU(UKAIUEH
HaOmronenuit [11].

Juis QyHKUMOHUPOBAHUSI CUCTEMbl MOHUTOPUHTA B
YCIIOBUSIX TTIOMEX, CO3/IaBaeMbIX M MCTOYHHMKaMH, TpeOy-
eTCsl I3BMEHHUTH 30Hy KOHTPOJIS, TPaHMIIA KOTOPOI 3a1aeTcs
¢dynkuumeit (1), npu Makcnmuzanuu GyHKOuA (2).

[To mpuposie BOSHUKHOBEHUS TOMEXH MTOAPA3IEIISIOTCS
Ha J1Ba kyacca [1]: HempeqHaMepeHHbIe TIOMEXH, CO3/1a-
BaeMbIC CTOPOHHUMH MCTOYHHKAMH JIEKTPOMArHUTHOTO
m3mydenus [2, 10] B pe3yabprare HapyIIeHHUs 3JISKTpoMar-
HUTHOHM COBMECTUMOCTH ¢ HH(OPMALIMOHHBIMH CEHCOPaMHU
CHCTEMBI MOHUTOPHHIA; IPETHAMEPEHHBIE IOMEXH, CIICIIU-
QJIbHO OPraHU30BaHHbIE JJIsl HAPYILICHNUS Pa0OThI CHCTEMBI
MOHHMTOPHHIA 32 CYET yXyALICHUs YCIOBUIl puema u 00-
paboTKH cUrHAIOB MH(MOPMAIIMOHHBIMH CEHCOPAMH U Tie-
peladn JaHHBIX O JEMACKHPYIOIIUX MPU3HAKaX 00BEKTOB,
BBISIBIICHHBIX OTAEJIBHBIMU CEHCOpPaMH, B LIEHTp cOopa 1
00paboTkn HHGOPMALNH [yl KOMIUIEKCHOTO aHanm3a [1].

JlecTpyKTHBHOE BIMSIHHE IIOMEX Ha CUCTEMY MOHH-
TOPHHTA MOXKET HPOSABIATHECS B (JOPME SHEPreTHUECKOTO
TI0IABJICHNS TIPUEMHBIX YCTPOMCTB ITyTEM CO3/1aHHs Ha UX
BXOJIaX MaJIbIX OTHOHIEHUI CHUTHAJI-TIOMEXa, UCKII0Yalo-
IIMX BBISIBICHUE IEMACKUPYIOIINX MPU3HAKOB ¢ Tpedye-
MBIM KaueCTBOM) a Tak)Ke HaBs3bIBaHHE JIe3MH(pOpMaLUN
3a CYeT UMUTAIINY JIOKHBIX HCTOUHHUKOB [ 1, 6].

3aaIuM KpUTEPUi yCTAaHOBIICHHUS TPAHHIIBI 30HBI MO-
HUTOPUHIA CUCTEMOM ypaBHEHUI

a(6y) — max;

IR(©,)| = &, m=1, ..., M,

(4.1)
(4.2)

e 0, — HampapJIeHue LEHTPAIbHON JTMHUM CeKTOpa YIJIOB
HaOIIOAEHHUS; 0, — IIPEeIbHO JOIIyCTUMBbIE YPOBHH IIO-
MeX, IIPH KOTOPBIX COoXpaHsercs Tpedyemas 3ppeKTHB-
HOCTb MOHUTOPUHI'A; 0, — HalpaBlIeHUs, U1 KOTOPBIX 3a-
JIAI0TCS TPAHUIIBI 30HBI MOHUTOPHHTA C YUETOM IPEICITbHO
JIOIYCTUMBIX YpOBHEH nomex, m =1, ..., M.

VYpaBuenue (4.1) npeacrapiseT coOOH 1EICBYIO QyHK-
IIUIO TTIOCTPOCHHS CHCTEMBbl MOHUTOPHHTA, a ypaBHEHHE
(4.2) — ycraHaBnMBaeT BHEIIHUE CHCTEMHBIE OrpaHUye-
HUS HAa YCIIOBUS BBHITIOJHEHUS 3a]a4 MOHHUTOPUHTA MIPU
HAJIMYAA TTOMEX.

CoBMecTHOE BEHITIOTHEHUE YCIIOBHIA, 3a/1aBACMBIX ypaB-
HeHmsMa (4.1) u (4.2), MOXeT OBITh JOCTUTHYTO 3a CUET
BBIOOPa BECOBBIX KO PHUIINEHTOB MH()OPMATMOHHBIX CEH-
copoB a,, n=1, ..., N, c I[pUMEHEHHEM METO/Ia Heolpesie-
JIEHHBIX MHOHTeNeH Jlarpamxka [12].

Kondurypanust cucTeMbl yCTaHaBIMBACTCS MYyTEM
3aJaHusd KoopauHaT N MH(QOPMAalMOHHBIX CEHCOPOB I,
n=1, ..., N, OCyIIECTBISIIONINX MOHUTOPHUHT B 00JIACTH
npocTpaHcTBa ¢ rpanunei (1). BzauMmHoe pacnonoxenue
CEHCOpPOB IpH (POPMHUPOBAHUH NPOCTPAHCTBEHHO pac-
MPEACICHHON CUCTEMBI HAXOAUTCS C UCIOJIH30BAHHEM
kputepus (4.1) A 30HBI MOHUTOPHHTA, OTPEIeIIIeMOit
xoadunuentamu a,, n =1, ..., N, B (1). Pacnpenenenue
WHPOPMAIIMOHHBIX CEHCOPOB B MPOCTPAHCTBE B COOTBET-
CTBHH C 33/1a4aMHU M YCIOBHUSMH MOHUTOPHHTA 3aKJIO-
4aeTcs B HAXOXJICHUH 3HAUYCHUH TUX KOI(D(DUIIMEHTOB,
IpU KOTOPBIX ¢ ydeToM (2) u (3) g HanpasieHuit 0,
m=1,..., M, BeimonusieTcs kputepuii (4.2).

I'panuna obmactu MoHuTOpHHra (1) ycraHaBauBaeTcst
npu (pUKCUPOBAHHOM YHCIIE W MHOXKECTBE JIOIYCTHMBIX
3HAYEeHUH KOOpAMHAT ¥, n =1, ..., N, ceHcopos. IToTomy
YCIIOBHAsI ONITUMM3ALIUS CUCTEMbl MOHUTOPUHTA 110 KPH-
Tepuio (4.1) skBUBaNCHTHA 0E3yCIOBHOW ONTHMU3AIUN
B3aMMHOTO PaCIHOJIOKEHUS WH(POPMAIIMOHHBIX CEHCOPOB,
obecneunBaromeii HanbOomnpIIee 3HaYeHNe QyHKINHU (2) B
TpeOyeMBIX HaIpaBICHUIX.

ITpu >TOoM BecoBble KOI(PPHUIINEHTH CEHCOPOB 4,
n=1, ..., N, yioBieTBopstomue Kputepuo (4.1), J0IKHBI
obecrieunBaTh MUHUMYM (DYHKIHMOHAJIA

N N M _ N
O = Z Z anSnpap + Z ;"m an(em - en)an’ (5)
n=1p=1 m=0 n=1

rae A, — HEU3BECTHble MHOXUTenau Jlarpanxa,

1 2n
Snp :Z_J Cnp(e)dea n,p= 13 LR N’ (6)
T o

— ycpeaHeHHoe 3HaueHne GyHKIHH (3) B KPyroBOM CEK-
Tope 0030pa, BHIMOIHAEMOE ISl HaXOXKIeHUs Koo huim-
€HTOB a,, n =1, ..., N, Ip1 apuOPHOI HEONPEAEIEHHOCTH
HaIpaBJICHUH PUXO0a CUTHAIOB 0OBEKTOB MOHUTOPHHTA.

Munummsanus GyHKIHoHaNa (5) KBUBAJICHTa HAXO0-
JKJICHUIO MUTHUMAJIBHOTO a0COTIOTHOTO 3HAYCHHS TTOKA3aTe-
7151 (2), yCpeTHEHHOTO B CEKTOpaX YIIIOB MOHUTOPHHTA, TIPU
ycnoBud, uTo pyHkmms (1), onpenersronas CeKTop yIioB,
KOHTPOJHMPYEMBIH CHCTEMOH MH(OPMAITMOHHBIX CEHCOPOB,
IpUHKUMAET 3HaueHus a,, B M HanpasiaeHusx (0,,, ¢,,),
m =1, ..., M, npu HEeM3MEHHOM 3Ha4eHHH PyHKIKH (6).

[IpupaBHUBas HyJIIO NMEPBYIO Bapualuio (5) mo mnepe-
MeHHOH a,, n =1, ..., N, Honyuum

M _. N 1
a,=-— Z A‘m Z Spnfl‘y(em - en)’ (7)
m=0 p=1

1 o
re S, — SJIEMEHTbI MaTPHLIbL, HOPMHUpPYEMOii B pe3yIbra-
Te 0OpaleHs MaTPHLIB ¢ eMeHTamu S, 1, p =1, ..., N.
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[oncrapnss (7) B ypaBHeHHE cuCTeMBI (4.1), momTydum
CUCTEMY JIMHCHHBIX alreOpandecKux ypaBHEHUH pa3Mme-
poM M x M OTHOCUTENBHO HEONPEACICHHBIX MHOKUTENIEH
Jlarpanxa

M N N ! ~
2 2 XS0 =008 1u(0 = 0,0k =~y
q=0 n=1p=1 (8)
m=1,.... M
B pesynbrare noncraHoBKH KOpHEH im, m=1, .., M,

CHCTEMBI IMHEHHBIX anredpandeckux ypaBHeHUH (8) B (7)
HaliieM qTuHaMIdeckue K03 QHUIIMEeHTH NCIOIb30BaHUS
MH(OPMALMOHHBIX CEHCOPOB d,,, = 1, ..., N, ycTaHaBIu-
BaIOIIME TPAHHILy 30HBI MOHUTOPHHTA (1) IPH BBITOIHEHUN
kputepus (4.1).

[Ipu GyHKIIMOHUPOBAHUH MTPOCTPAHCTBEHHO pacipe-
JICIICHHOM CHCTEMbI MOHUTOpPHUHTA ¢ 30HOH (1) neicTByIOT
JIOCTAaTOYHO CJIOKHBIC M MPOTHBOPEYHBEIC 3aKOHOMEPHO-
CTH, CBSI3BIBAIOIINC YCIOBUS BHCIIHCH CpPEIbI, TCXHHYC-
CKHE XapaKTePUCTUKH CCHCOPOB, 3(h(HhEeKTUBHOCTH pele-
HUS OTJCNBHBIX 33a7a4d 00paboTKK HH(OpMAIINH, a TaKKe
Pe3YNBTUPYIONTYI0 3P PEKTHBHOCTF MOHUTOPHHTA. [IpH
W3MEHEHUH XapaKTePUCTUK CEHCOPOB MEHSIOTCS (PaKTo-
pBI, BiHsionue Ha 3Q(GEeKTHBHOCTD PEIICHUS YaCTHBIX
nH()OPMAITMOHHBIX 33]1a4 M OTJEIBHBIX ATAIOB 00Pa0OTKHI
HH(OPMALIUK B TTOJIOKHUTEIBHOM M OTPHIIATEILHOM TUIaHAX.
B pe3ynbTare MOBBIMICHUS 9yYBCTBUTESILHOCTH ariaparypbl
MOHHUTOPHHTA, C OJJHON CTOPOHBI, YIy4IIACTCsS SHEPIeTH-
YecKas IOCTYITHOCTh OOBEKTOB, a C JIPyroil — BO3pacTaeT
YHUCIIO UCTOYHUKOB HETPEIHAMEPCHHBIX TTOMEX, BO3/ICH-
CTBYIOIIMX HA WH(POPMAIIMOHHBIC CEHCOPHI [6]. YKa3aHHBIC
(aKTOpBI OTHOBPEMEHHO CIOCOOCTBYIOT BO3PAaCTaHUIO
BEpPOSITHOCTHO-BPEMEHHEIX MTOKa3aTele oOHapyKCHUS

180

270

OT/ICNIbHBIX OOBEKTOB M YBEJIMYCHUIO BPEMEHU 00pa0OTKH
noTokoB HH(popMamu [4, 13] nin cHmkeHuo S HeKTHB-
HOCTH Pa3JIeJICHUs] U WACHTH(UKAIMN CUTHAIIOB Pa3iIny-
HBIX UCTOUYHUKOB [10, 11].

Just cuctems! u3 N HHPOPMaMOHHBIX CEHCOPOB, pac-
HOJIOKEHHBIX PABHOMEPHO HA OKPYKHOCTH PaJidyca ¥ IpH
YTIIOBOM PAaCCTOSHHUHM JIPYT OT Jpyra 271/N, OCyIeCTBISETCS
OITHOBPEMEHHBII KPyTroBO# 0030p MPOCTPAHCTBA B IIOCKO-
CTH a3UMYyTa C UCIOJIb30BAHNEM N30TPOIHBIX aHTeHH. [1pn
OIpe/IeIeHNH TPAHMIIBI 30HBI MOHUTOPHHIA B YPaBHEHHSIX
(1), (3), (5), (8) ucnonszyrorcs pynkuuu £,(0 —0,) = £,(0),
n=1,...,N.

Ha pucyHke, a npeincraBlieHbl HOpMUPOBaHHbBIE Ha
MaKCHMalbHble 3HAUeHHd R, = max R(0) yrmosble

0e[0;27]
pacrpeacicHs 30H, KOHTPOJIUPYEMbIX CUCTEMAMH MOHU-

topunra u3 N =5 u N = 15 nHpOpMaMOHHBIX CEHCOPOB.
Hamnpasnenne neHTpaabHON JIMHUM CEKTOPA YIIIOB HAOMIO-
nenus ¢y = 90°. 3uauennus Ryu a,, n=1, ..., N, BiGpabt
TaKUM 00pa3oM, 4TOOBI CUTHAJIBI OOBEKTOB, PACIIOIOKEH-
HBIX B 30HE ¢ TpaHutei (1), Obuth SHepTeTHYECKH JOCTYII-
HBI JUIS1 IPUEeMa KaKAbIM ceHcopoM. IIpu 3ToM paccTostHue
R ax JUTA KQXKIOW CHCTEMBI M3MEHSETCS POIIOPLIMOHATIBHO
COOTHOIIICHHIO MEX]Ty YHCIOM IPUMEHSAEMBIX CEHCOPOB B
CTeTeHH, IPUMEpHO paBHOii 0,5.

Ha pucynke, b npuBesieHbl HODMUPOBaHHBIC YTJIOBBIC
pacmpeneneHus odaacTell MpoCTPaHCTBA, 0OCIyXKUBae-
MBIX CHCT€MaMU MOHHUTOPHMHIA IIPH OTPaHUYEHUU OTHO-
CUTEJbHOW JaIbHOCTHU JIeUCTBUS B M = 2 HampaBiIeHUsIX
o o, =0,1, m=1, 2. Ina cucremsl u3 N = 5 ceHCOpOB
3amanbl HanpasiieHus 0, = 13° u 6, = 167°; pabouas 30Ha
CUCTEMBI MOHUTOpPUHTA U3 N = 15 CEHCOpOB OrpaHUYEeHA
MyTeM YCTaHOBICHHUS 3HaueHu# o, = 0,1, m =1, 2, npn
0,=30°u 6, =150°.

180

270

Pucynox. HopmupoBaHHble 00J1aCTH, KOHTpOJIUpYyeMble cucTeMaMu U3 N = 5 (yHKTUpHast 1uHust) 1 N = 15 (criommHas JMHus)
MH(OPMALMOHHBIX CEHCOPOB 0e3 orpaHu4eHuii (a), ¥ IPH yCTAHOBJICHUU OTPAaHWYEHHI Ha AaIbHOCTD AeiicTBus B M = 2
HarpasieHusx (b)

Figure. Normalized areas controlled by systems of N =5 (dashed line) and N = 15 (solid line) information sensors without
restrictions (a) and when setting range limits in M = 2 directions ()
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W3 cpaBHEHMs 3aBUCHMOCTEH, MPHUBEICHHBIX HA PUCYH-
Ke, CIeAyeT, 4TO OrPaHUYeHus o, m = 1, 2, 00yciloBIUBa-
10T BO3pacTaHue ceKTopa 0030pa MPOCTPAHCTBA CUCTEMO
n3 N =15 cencopos B 1,1 pa3a npu yMEHbIIEHUH JAIbHO-
cTH felicTBus B HanpasiaeHuu 0, = 90° Ha 15 %. B cexrope
yrioB 0 € [180°, 360°] mosBnstOTCS 00IACTH YHEPTETH-
YECKOW JIOCTYITHOCTH OOBEKTOB, YIaJICHHBIX OT IIEHTpa
CHCTEMBI Ha paccTosiHue, He npesbimatoniee 0,65R ...
B cucreme u3 N = 5 ceHCOpOB cekTop 0030pa mpocTpaH-
cTBa B HanpasieHuu 0, = 90° ysenuuusaercs B 1,15 pasza
NPY QHAIOTMYHOM COKPAILIEHUH JTAJIbHOCTH JACHCTBHS; pac-
CTOSIHUE, Ha KOTOPOM KOHTPOJIUPYIOTCS 0OBEKTHI B CEKTOpE
yrioB 0 € [180°, 360°], yenuuuBaeTcst B 1,52 pasa.

B 1ienom 3a cyer pekoHPUTrypauu CHCTEMBI JUIsl HC-
KITIOUCHHMS] HAlPaBJICHUH Ha HCTOYHUKH NOMEX, HapyIla-
IOMIHMX paboTy MH()OPMAIIMOHHBIX CEHCOPOB, 30HA OTBET-
CTBEHHOCTH CHCTEMBI MOHUTOpHHTA cyxaercs. [llupuna
CEKTOPHOTO TpoBana GyHKIUH (1) 3aBUCUT OT YHCIa U
MJIOTHOCTH pa3MeIieHus WH(POPMAIMOHHBIX CEHCOPOB,
KOJINYECTBA, YIIIOBBIX KOOPJMHAT UCTOYHUKOB M YPOBHEH
nomex. J{ns coxpanenust popmbl dynkiuu (1) Tpedyercs
MHHHUMH3HMPOBATh €€ YPOBHU B HAIIPABICHUSX, OTIIMUHBIX
OT MOJIOKEHUH JIOKAIBbHBIX MAKCUMYMOB.

Pacmmpenue cexTopa MOHUTOPHHTA BO3MOYKHO 3a CUET
pekoH(HUTypanyK CUCTEMBI C H3MEHEHHEM MEeCTOIOJI0-
JKEHUs CEHCOPOB I', n =1, ..., N, a TakKe yBeIHYEHUs
yucia MHPOpPMaMOHHBIX ceHcopoB. Kak mokaszano B [14],
HanOOJIBIIAs TUIOIIA b HOKPHITHS 30HBI MOHUTOPHHTA PH
OrpaHMYEHHOM YHCIIe HH()OPMAMOHHBIX CEHCOPOB (N > 5)
JIOCTHTAETCs 33 CUET UX Pa3MEIlEHHs IO COTOBOMY TIPHH-
LUIy — B BEPIIMHAX PAaBHOCTOPOHHETO IMSTHYTOJILHUKA,
LIEHTP KOTOPOTO COBMAJAET C IEHTPOM KOHTPOIMPYEMOI
obmactu. [Tpu atrom CKO O11eHKH MECTOIOIOKEHHUST HCTOY-
HUKa PaJUOU3ITYYeHUs] TPUAHTYISIIIMOHHBIM CIIOCOOOM
BO3pAacTaeT MPONOPIMOHAIBHO JAIBHOCTH 10 00bEeKTa BO
BTOPOH CTEINECHHU M yOBIBACT 110 MEPE YBEIMYCHUSI PaccTo-
STHUSI MEK/1y MH(POPMALMOHHBIMU ceHcopamHu. B pasHocrt-
HO-JJAJIBHOMEPHON CHCTEMe MECTOOIpeIeNIeHIe TOUHOCTH
OLICHKU KOOPJMHAT IIeJIel CHIYKACTCS 10 Mepe YBEITMUYCHUS
OTHOIICHHS AAJTBHOCTH K PACCTOSHHUIO MEKIY CEHCOPaMHU
BO BTOpOH cTenenu [8].

Ouenka 3(ppeKTUBHOCTH IPUMEHEHUs1
NMPOCTPAHCTBEHHO pacnpeieeHHOI
cHcTeMbl HH(POPMAaNHOHHBIX CEHCOPOB
JIJIS MOHUTOPHHTA 00CTAHOBKH

D heKTUBHOCTh MPUMEHEHHUS IPOCTPAHCTBEHHO Pac-
MpeJIeNICHHBIX HH(OPMAIIMOHHBIX CEHCOPOB 110 CPABHEHHUIO
C OTHOIIO3WIMOHHBIME cpencTBamu [ 1, 6] oOycnoBieHa
pacupeHremM BO3MOKHOCTEH MOHUTOPHHTA 38 CUET I10-
JYyYEHUS] HOBBIX MMPHU3HAKOB OOBEKTOB MPU KOMIUIEKCHOMN
00pabOTKe JaHHBIX OT Pa3IMYHBIX HCTOYHUKOB. KoMIutekT
MACCUBHBIX MHPOPMAIIMOHHBIX CEHCOPOB, OXBAYCHHBIX
CIUHBIM KOHTYPOM YIPAaBICHHS ¢ KaHaJaMH Iepeaadu
uH(pOpMaIMHY JUIS LIEHTPAIM30BaHHOI 00paboTKH, 00a-
JaeT QYHKIUSIMH OTPECIICHHS] KOOPAHHAT HCTOYHUKOB
CUTHAJIOB.

Jist KonmudecTBEHHOH O1eHKH 3()()EeKTHUBHOCTH MOHU-
TOpPHUHTa 00CTAHOBKU HAWJICHBI SKCIIEPUMEHTAIILHbIC 3HA-
yenust CKO ompe/eneHus: MECTOMON0KEH S HCTOUHHKOB

M3JTyYCHUH B AMana3oHe KOPOTKHUX BOJIH IPOCTPAHCTBEHHO
pacnpeeeHHbIMU CHCTEMaMH, B KOTOPBIX HH(POPMAIHOH-
HBIMH CEHCOpPaMH BBICTYTIAJIN: a3MMYTaJIbHO-YIJIOMECTHBIC
TIEJICHTaTOPBI, OCYIIECTBIISIIONINE CHHXPOHHBIC H3MEPEHUS
HalpaBJIeHUH IPUXO0/a CUTHANIOB B N = 2 TOYKaX MpOCTpaH-
CTBa TI0 KOMaHJIaM YIIpaBJICHUS ¢ IEHTpa cOopa u obpa-
60TKM MH(pOpPMANNN; TPUEMHUKH-U3MEPUTENN BPEMEHH
MIPUXO0/Ia CUTHAJIOB, PACHIOIOKEHHBIE B N = 5—6 MO3UIHIAX
U IIPOrPaMMHO-YIIPaBIIsieMbIE 110 KaHaJIaM HH(GOPMaLNOH-
HO-TEJICKOMMYHHKAIIMOHHOM ceTH [15].

MecrononoxeHnue 00beKTOB IIPH CHHXPOHHOM T1€JICH-
TOBaHHH OLICHUBAJIOCH TPHAHTYIISILIMOHHBIM (YTIIOMEPHBIM)
Croco0OM M OXapaKTepHU30BaHbl KOOPAMHATAMH TOUYEK I1e-
pecedeHus JIyueil B HalpaBJIEHUSIX MPUXO/a CUTHAJIOB B
no3uuuu npuema [8]. [o uamepeHHOMY BpeMEHU NPUXO1a
CUTHAJIOB C TIOMOIIBIO ITPOCTPAHCTBEHHO Pa3HECEHHBIMU
MIPUEMHHUKAMHU OIIEHUBAJINCH X 33/I€PKKN B PA3ITUIHBIX
TOYKaxX MPOCTPaHCTBA. B cOOTBETCTBHM € pa3HOCTHO-AANb-
HOMEPHBIM CTI0CO00M [8] TOCTPOCHBI JTMHUHN TTOJIOKESHUH
00BEKTOB OTHOCHUTENIBHO TO3UIINI IPHEMHHUKOB U BBIYHC-
JICHBI KOOPJMHATBI ITyTEM HaXOXKICHUSI TOUKU NIEPECEUCHNS
STUX JIMHUH.

B TpuaHrymAnuoHHONH CHUCTEME MECTOONPEAECICHUS
MIPUMEHEHBI a3UMYTaJIbHO-YIJIOMECTHBIC TIEJICHraTOPhI C
KOJIBIIEBBIMH PELIETKaMH 13 16 HECUMMETPUYHBIX BEpPTHU-
KaJIbHBIX aKTHBHBIX BHOPATOPOB BBHICOTOI 2,5 M. 3a cuer Ka-
JTMOPOBKH aHTEHHO-(DMICPHBIX TPAKTOB ITPH HACTPOIKE Ha
YacTOTy MEJIEHIyEMOro CUTHAJIA ¥ CHHXPOHHU3AINH PajIno-
MIPUEMHBIX YCTPOUCTB IPH KOTEPEHTHOM ITpreMe (a3oBast
HEN/ICHTUIHOCTD KQHAJIOB IIEJICHraTOPOB He MpeBbImana 3°,
aMIUTHTYIHas HEWACHTUYHOCTE COCTaBmia He Oomee 2 %o,
IIPY 3TOM MHCTPYMEHTAJbHAs MOTPEIIHOCTD U3MEPEHHUS
YIJIOBBIX KOOpAWHAT moiydeHa B mpenenax 0°30'0" [10].

IIpu npoBeneHUM U3MEPEHUN B JIETHUM NEPUOJ Ie-
JIeHraTopbl ObLIM pa3MellleHbl B pailoHax ¢ reorpaduye-
ckuMH KoopauHatamu 51°36'57,9" c.m. 39°06'43" B.1.
n 60°24'57" c.m. 30°28'45" B.1. Ha ynanenuu 1000 xm;
B OCEHHE-3UMHUH IEepUOJI U3MEPEHHUSI ITPOBENIEHBI MPH
pa3MelIeHUH TeJICHIaTopoB B pailoHaX ¢ KOOpAHMHATA-
mu 51°36'57,9" c.m. 39°06'43" B.1. m 47°14'24" c.m.
39°42'36" B.x. ipu 6a3e yrimomepHO# cucteMsl 500 kM.
I'eomerprueckue GakTopbl yIIIOMEPHBIX CHCTEM, BHIOpAH-
HBIC U3 YCIIOBUS AocTivkeHns HanMeHbeii CKO omenox
KOOpIUHAT H3iIydaTeneii [8§] B 30He MOHHTOpPUHTA C Tpa-
Huuei (1), yrnonerBopsromeit kpureputo (4.1), xapax-
TEPU30BAINCh MAKCUMAaJIbHBIM 3HAYCHUEM YIVIa TPHX0/Ia
CUTHAJIOB B a3UMyTajJbHOHN miockocTd 30° U yaaneHuem
UX UCTOYHHUKOB OT LeHTpa 0a3bl oT 200 kM 10 6500 kM.

B 1a6n. 1 npusenenst CKO onpenenenus mectonono-
JKEHUST PaJJOCTaHINI MeTeOMH(OpMaLUi a3pOIPOMHBIX
cerel B JeTHUH nieprof. Ha paguocTaHusx HCIoiib30Ba-
HBI CUTHAJIB C aMILTUTYAHON MOAYJISIHMENH W IpOrpaMm-
HOW TIepecTpoikoi pabodeii 9acToThl. BEIOOp yKa3aHHBIX
HNCTOYHUKOB PaJNON3IydeHUI 00yCIOBICH BO3ZMOXKHO-
CTSAMH CEJICKIINM CHUTHAJIOB HA COBIAJAIOIINX YacTOTaX B
COOTBETCTBUU C BPEMEHHBIM PETIAMEHTOM paboThI, 4TO
M03BOJISIET KOPPeKTHO oneHuBaTh CKO BBIMONHAEMBIX
U3MEPEHUIN KOOPAMHAT.

W3 ananu3a pesynbratoB Tabm. 1 crnemyert, 4To TOYHOCTh
BBITIOJTHSEMbBIX M3MEPEHHI 3aBUCHUT HE TOJBKO OT YaCTOTHI
CUTHAJIA, HO M TEOMETPUYECKOTr0 (hakTopa yrIoMepHOH
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Tabnuya 1. TOYHOCTH OMpeeNIeHHs MECTOMOIOKEHHS 0OBEKTOB B JICTHHI TIEPHO/T

Table 1. Accuracy of objects location in summer period

VYnanenne oobekra CKO omenkn
Howmep T'eorpaduueckue Junana3oH pabounx
OT LeHTpa 0a3bl KOOPIMHAT 00BEKTa
obObekra KOOpPJIMHATBI 00BbEKTA . 4acToT oObekra, K
YTIIOMEPHOM CHCTEMBI, KM (% oT nanpHOCTH)
1500-4500 65,1
1.1 51°32'00" c.u1. 46°00'00" B.11. 500 4500-18000 51,7
18000-30000 44,9
15004500 24,5
1.2 54°43'00" c.o1. 20°30'00" B.11. 1000 4500-18000 2,9
18000-30000 2,4
15004500 37,2
1.3 56°76'07" c.u1. 60°5227" B.x1. 1600 4500-18000 33
1800030000 2,2
1500-4500 14,5
1.4 55°01'00" c.ux. 82°13'00" B.1. 2900 4500-18000 5,3
18000-30000 4,6
15004500 14,2
1.5 51°4926" c.m. 107°36'27" B.A. 4700 4500-18000 5,2
18000-30000 4,6
1500—-4500 *
1.6 48°29'00" c.um1. 135°04'00" B.1. 6500 4500-18000 6,7
1800030000 —

HpuMeanue. «*y — YCi10BHUsA paCIpoOCTPpaHECHWS CUTHAJIOB B AUAIIa30HE YaCTOT HE MO3BOJIAIOT OCYHICCTBIIAThL UX IMTPUEM B TOYKaAX pas-
MEUICHUS MEJICHIaTOPOB; «—» — OLUEHKHU MECTOIIOJIOXKEHUS 00BEKTOB BBIMOJIHSAIOTCS C aHOMAJIbHBIMU OH_II/I6KaMI/I, O6yCJ'IOBJ'IeHHLIMI/I
MPOCTPAaHCTBEHHO-KOPPEIIMPOBAHHBIMU IMTOMEXaMU CTOPOHHUX UCTOYHHUKOB U HE YCTPAHSACMbIMU ITIPU BLIGOpe KOH(l)I/IpraIII/II/I 30HBI 110

kpureputo (4.1).

CHCTEMBI — OT MECTOIOJIOXKEHHSI 00BEKTa B 30HE MOHUTO-
punra. Ilpu nccnenoBaHuy 3aKOHOMEPHOCTEN U3MEHEHUS
CKO ms pa3nuyHOTO MPOCTPAHCTBEHHOTO TTONOKCHHS
Y4YTEM, YTO 3aBUCUMOCTH ANHAMUYECKUX KO3(PHUIINEHTOB
HCIIOJIB30BaHMS CEHCOPOB a,, n =1, ..., N, OT 4acTOTBHI
CHUT'HAJIOB, UBMCHAIOT I'PaHUIbl 30HBI MOHUTOPUHI'A B Ya-
CTUYHBIX y4acTKax JHara3oHa 4yactoT. [1o Mepe mpuoimxe-
Hust K rpanune (1) reomerpuueckuii GpakTop yriioMmepHoit
CUCTEMBI [8] CHMIKAETCS, YTO BJICUET 3a COOOM mpormop-
LIMOHAJIbHOE BO3pACTaHME MOTPEIIHOCTEN OMpesesIeHIs
MECTOIIOJIOKEHHSI OOBEKTOB.

CymiectBernasie CKO omeHOK KoopnwHAT 00BEKTa
Ne 1.1 cBsi3aHBI ¢ HE3HAUUTEIBHBIM YJaJICHUEM OT IIEHTpa
0a3bl yIJIOMEPHOI CHUCTEMBI. YTJIBI MPUXO/a CUTHAJIOB K
TIEJICHraTopaM MaJlbl, M TeOMETPUYECKHH (pakTop yriomep-
HOM CHCTEMBI, 00paTHO MPOIIOPIIMOHATBHBIN NX 3HAYCHHUM
[8], maxxe B HampaBIeHUH HOPMAIH K 0a3e TeIEHTOBaHUS
noctarouHo Benuk [10, 16].

[MorpemHocTh OLIeHUBAHUSI KOOpAUHAT 00bekTa Ne 1.2
B nuama3one 9actoT oT 1500 mo 4500 k'L, cocraBistomnias
24,5 % oT AaNbHOCTH, TIPEBBIIIACT 3HAYCHHS, TOCTIKHMbIE
B auanazoHax dactoT oT 4500 no 18000 xI'w u ot 18000
70 30000 xI'n B 8,45 paza u 10,2 pa3a cOOTBETCTBEHHO.
[TokasaTenyu TOUHOCTH OIpEACICHUs] KOOPIUHAT 00bEKTa
Ne 1.3 B yKka3aHHBIX IHara3oHax 4acTOT pa3indyaroTcs B
11,3 paza u 16,9 paza. [Ipu paznuauu yganeHnii 00beKTOB
Ne 1.2 m Ne 1.3 oT nenTpa 6a3bl yIIIOMEepHOW CHCTEMEI B
1,6 paza CKO ux MecToomnpeneneHus B THarna3oHe 9acToT
ot 1500 mo 4500 xI'r pasnuyarorcs B 1,52 pasa, a B aua-
ma3oHax 60Hee BBICOKHUX YaCTOT U3MCPECHUA BBIITOJTHAIOTCA
MPaKTUYECKH C OJMHAKOBOWH TOYHOCTHIO. KoopauHarel

HUCTOYHUKOB panunounsnyueHuid Ne 1.4 u Ne 1.5, pacnosno-
JKEHHbIE Ha NAJIbHOCTAX, pasiuyaromuxcs B 1,62 pasa,
ompenensoTcs mpakTudecku ¢ onmHakoBeIME CKO.
[TorpemHOCTh OLIEHKH MECTONOIMKEHUI 00bekTa Ne 1.6
B amama3one gactotT oT 4500 no 18000 kI’ cocTaBmseT
7,5 % OT MaNnbHOCTH U MPEBOCXOTUT 3HAYCHHUS, TIOTYUCH-
Hble 1711 UCTOUHUKOB Ne 1.4 u Ne 1.5, B 1,26 u 1,28 paza
BCJIEJICTBHE CMEIICHUS HAIPABICHUS MPUXOAA CUTHAJIA B
a3UMYTaJIbHOH MIOCKOCTH K MAaKCUMAJBHO JIOIyCTUMOMY
3HaYeHUI0. [Ipy MoCTyIUIeHNH CUTHAIIOB 110/ OJIM3KUMH 110
3HaUeHUAM yriami, He npesbiiatonmmu 30°, CKO onenok
KOOpAWHAT 00BEKTOB, KaK TIOKa3aHo B [§], BO3pacTaet mpo-
TTOPIIOHAIEHO OTHOMICHHUIO TAIEHOCTHU IO HUX BO BTOPOU
CTeTIeHH K 0a3e YIIIOMEpPHON CHCTEMBI.

B yrmomepnoii cucreme ¢ 6a3oit 1000 kM Ha ganb-
HoctH OT 1000 mo 1500 kM ompeneneHne MECTOIOI0Ke-
HUS UCTOYHUKOB PAJMOU3IYYCHUH B AMANa30HE YaCTOT
1500-4500 xI'y Bemmonusercs ¢ CKO, mpesblmmaronieit
MOTPEIIHOCTh, XapaKTEPHYIO IS [Uama3oHa 4acToT OT
18000 no 30000 xI'u, B 10,2-16,2 paza. Ha ganbHOCTSIX
ot 3000 1o 4700 km paznuure CKO BBIMONHSIEMBIX U3-
MepeHuil cocrasnger 3,1 pasa. B nuama3one yacTtoT ot
18000 no 30000 xI'u morpemHoCcTh OLEHKU KOOPIUHAT
00BEKTOB Bo3pacTaet B 1,55 pa3a OTHOCHTEIIFHO 3HAUCHHH,
MOJIy4eHHBIX B auana3one yactot oT 4500 go 18000 xI'm
[10].

B Tabmn. 2 mpusenenst CKO o1ieHOK MeCTOMOI0KEHHUS
WCTOYHHKOB CUTHAJIOB PAIHOCTaHINN METCONH(POPMALINT
A3POIPOMHBIX CETEl ¢ AMILIUTYIHOM MOAYJIALIMEN U MPO-
rpaMMHOM MEPECTPOUKON paboUeii YaCTOThI B OCCHHE-3UM-
HUW NEPUOI.
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Tabnuya 2. TOUHOCTB OIPEIEICHUs] MECTOIOJIOKEHUS! OObEKTOB B OCEHHE-3UMHUH MEePHO

Table 2. Accuracy of objects location in autumn-winter period

Vnanenue oObekTa CKO omeHkHn
Howmep Teorpaduueckue Jnana3oH pabounx
oT 1eHTpa 6a3bl KOOp/IMHAT 00bEKTa
o0beKTa KOOpJIMHATHI 00bEKTa . 4acToT 00bekTa, K11
YIIIOMEPHOM CUCTEMBI, KM (% oT nanpHOCTH)
15004500 12,7
2.1 51°32'00" c.m. 46°00'00” B.1. 4500—-18000 5,5
18000-30000 42
15004500 —
2.2 53°12'00" ¢.m. 45°00'00” B.1. 4500-18000 2.8
18000-30000 *
15004500 —
2.3 53°12'00" ¢.m1. 50°06'00” B.1. 4500—-18000 3,8
18000-30000 *
1500-4500 *
2.4 51°46'00" c.m. 55°06'00" B.1. 1400 4500—-18000 43
18000-30000 *
15004500 *
2.5 56°76'07" c.m. 60°5227" B.11. 1700 4500-18000 7,5
18000-30000 *

Upwweltaﬂue. «Fp — yCI0oBUA paclipoOCTpaHCHUA CUTHAJIOB B IWAIIa30HEC YaCTOT HC MO3BOJIAIOT OCYHICCTBIIATE UX IPUCM
B TOUYKaxX pasMCIICHUS NIEJICHIaTOPOB; «——>» — OLHCHKU MECTOIIOJI0KCHHUA 00BEKTOB BBIIOJIHSIOTCS ¢ aHOMAJILHBEIMU OLITHO-
KaMHu, 06y0J'IOBJ'ICHHLIMI/I MMPOCTPAHCTBECHHO-KOPPEINPOBAHHBIMHA ITOMEXaMH CTOPOHHUX UCTOYHUKOB U HE YCTPAHACMbIMU

IpY BBIOOpE KOH(HUTYPALIH 30HBI IO KpUTEpHIo (4.1).

Kax crniemyer n3 ta0m. 2, B yriioMepHo# cucteMe ¢ 6a30it
500 kM CKO o1ieHKH KOOpAWHAT 0OBEKTOB HA PACCTOSHUH
110 500 kM B muamna3zonax gactot ot 1500 1o 4500 xI'a u ot
4500 mo 18000 kI pazmugatorcs B 2,3 pasa; B AHana3oHe
gactoT oT 18000 mo 30000 kI'11 mOrpenIHOCTh MECTOOTIpe-
Jenenus Bozpactaet B 1,55 paza [10].

IIporpamMHO-ynpaBiasgeMble U3MEPUTEIN BPEMEHHU
NPUXO0JIa CUTHAJIOB MPEJICTABISIOT COOOW JMana3oHHbIe
IPUEMHBIE YCTPONUCTBA C MPOTrPaMMHBIM 00€CIIeUeHUEM,
MO3BOJISIIOIIMM OCYIIECTBISITH MHOTOIOJIB30BATEIbCKOE
yIpaBJIeHUE TPAHCUBEPAMU M PECHBEPAMH C IIOMOUIBIO
yAaJICHHBIX KOMITBIOTEPOB, MOJKIIOYCHHBIX K HHpOpMa-
LIMOHHO-TEJICKOMMYHHUKAIIMOHHOM CETH, HapUMep, depes3
cepsep WebSDR [15].

B npouecce monuTOpuHra 00CTaHOBKH AMCTaHIIMOH-
Has PeryJIHpoOBKa MapaMeTpoB MPUEMHHUKOB, 00aato-
X OTHO3HAYHO MACHTH(PHUINpPYyEeMbIMH anpecamu [P —
Internet Protocol, ocymectrisnace no nporokony TCP/
IP — Transmission Control Protocol/Internet Protocol.
CHUHXpOHHU3ALUS U3MEPEHHUI B CHCTEME MOHUTOPHUHTa
BBITIOJIHCHA Ha OCHOBC YCTAHOBJICHUA TOYHOT'O BPEMCHU
OTBETa yJalleHHOTO cepBepa. Bpemst 3aepkku curnasia
Ka)XJI0TO IPUEMHHUKa-U3MEPHUTEIISI B CETH OIPEAEIICHO T10
pe3ysbTaTaM 30HUpoBaHus yaaineHHoro [P-aapeca crerm-
QJIBHBIM «9X0-CHUTHAJIOM», TIPEJICTABIISIOIINM COOOH TTakeT
ICMP — Internet Control Message Protocol. IIpu sTom
YUYTCHBI OIIMOKN CHHXPOHHU3AINH, 3aBUCAIINE OT MapIil-
pyta npoxoxnaenusa nakera ICMP, aTto nmeer 3HadeHne
Ut 00pabOTKU pe3yabTaTOB MHOTOKPATHBIX H3MEPEHUN
KOOPIMHAT 0OBEKTOB.

Jnist aHanmM3a 4acTOTHO-BPEMEHHBIX MapaMeTPOB CHI-
HaJIOB, IPUHUMACMBIX KaXXIbIM I/IH(i)OpMaI_[I/IOHHI)IM CCH-
COpOM, U UX 00pabOTKM B MHTEpPECAX OLEHKH KOOPIHHAT

00BEKTOB B CHCTEME MOHUTOPHHTa TIPUMEHCHBI TIPOTpPaMM-
Hble makeThl THa LabVIEW, MATLAB/Simulink m GNU
RADIO.

ITo pesynpraram 3KCHEPUMEHTAJIBHBIX UCCIIEIOBaHUI
YCTaHOBIJIEHO, YTO OIEHKA MECTOIOJIIOKEHUS HCTOUHNKA
curHanoB auanazona ot 4500 go 18000 kI’ ¢ reorpa-
(uueckumu xoopauHatamu 52°31'00" c.r. 2°42'00" 3.1.
MIPH UCIIOJIb30BAaHUHU KOMIUIEKTa U3 N = 6 MPUESMHHUKOB,
pa3MelIeHHbIX Ha najibHOCTIX 10 1000 KM, MOXET OBITH
BeinojgHeHa ¢ CKO, nexameii B npenenax 12-25,1 k.
[orpernrHOCTH MECTOONPEACTICHNUS H3ITydaTeieil ¢ reorpa-
(uaeckumu koopauaaTamu 39°09'00" c.ir. 116°04'00” B.1.
u 39°54'00” c.mr. 116°24'00" B.1. cuctemort u3 N =5 u3-
MepuTeneil BpeMeHH MPUX0/a CUTHAIOB, HAXOSIITUXCS Ha
yaanenun 1500-6000 kwm, cocrasisiror 104,1-143,9 kM u
101,3-153 xm. [Ipu yBenuueHNH 4rcia U3MEPUTEITBHBIX
npueMHHUKOB 110 N = 6 CKO o11eHOK KOOPIMHAT 3THX 00b-
€KTOB CHIKAIOTCS 10 88,9 kM 1 92,8 kM.

Pazmirune CKO o11eHOK KOOpAMHAT HCTOYHUKOB PajTi-
OM3ITyYCHHI 00YCIOBICHO N3MCHEHUEM YIaJICHUN TPHEM-
HHUKOB M TUIOTHOCTH X Pa3MEIICHHS B 30HAX MOHUTOPHUHIA.
3a cueT U3MCHEHUS YKCIa U MECTOIOIOKCHHS TIPUCMHU-
KOB-U3MEPUTEIICH BBITOIHCHA PEKOH(PUTYPAIHS CUCTEMBI
MOHUTOPUHTA, TPH KOTOPOW YMCHBIICHBI (IFOKTyaI[uU
JYYEBBIX TPACKTOPUH U 3aMupaHus ((PeIIMHTH) CUTHAJIOB.
B pesynprare momydeHa yCTOHYHNBOCTE MPHEMa CUTHAIOB
U TIOCTIKCHHE BBICOKMX OTHOIICHUH CUTHAJ-IITYM IPH HX
obpaborke [10].

[Tpu GMU3KUX O 3HAYCHUSAM ITOKA3aTeIX TOYHOCTH
M3MEPEHHS] BpEMEHH MPHUXO0Ja CUTHAJIOB B ITyHKTHI TPHU-
ema CKO or1ieHKH MECTOTOIOXKEHHSI 00BEKTOB NU3MEHEHBI
MPOIOPIIMOHATIFHO YAAJICHHUIO OT IICHTPa U3MEPUTEIbHOMN
6a3sr [8].
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O60CHOBaHWE NyTeEN NOCTPOEHUS U OLEeHKA 3P PEKTUBHOCTN. ..

YnpasneHue KOMIIOHEHTaMH IIPOCTPAaHCTBEHHO pacIpe-
JIeTIEHHOM CHCTEMBI MOHUTOPHHTa MOKHO OCYILIECTBIISIT C
IIPUMEHEHHUEM AJITOPUTMOB CTPYKTYPHOI! U ITapameTpuye-
CKOH aJjanTaiuy U peKyppeHTHON JINHSHHON (QUIBTpariun
Pe3yABTaToOB N3MEPEHHH MapaMeTPOB CHUTHAJIOB, HCXO/IS U3
TpeOoBaHUH K A3PPEKTUBHOCTH BHITOIHCHHS 33a1ad MOHH-
TOPUHTA OOCTAaHOBKH TIPH BHIOPAHHOM MECTOIIOJIOKCHHUN
WH(POPMALIMOHHBIX CEHCOPOB.

3akaouenune

Ha ocHoOBe MpUHIMIIOB CTPYKTYpPHO-MH(POPMAIIMOHHOTO
aHanM3a 00CTaHOBKM 0OOCHOBAHBI ITyTH ITOCTPOCHUS H
TIOJTyYeHBI OLEHKHU 3(()EKTUBHOCTH IPUMEHEHHS CHCTEMBbI
MIPOCTPAHCTBEHHO PACIIPEIEICHHBIX HH()OPMAITHOHHBIX
CEHCOPOB ¢ (PYHKIHUSIMU PEeKOH(GUTYpAIH CTPYKTYPHI U
HN3MEHEHHUs COCTaBa B COOTBETCTBUU C 3a/la4aMU U ycC-
JIOBUSIMHU MOHHTOPUHTIA. C ucnoyib30BaHUEM METoaa HE-
onpeneseHHbIX MHOXHTeNeH Jlarpanxka pazpaboTana mpo-
Heypa palroHaIbHOTO BbIOOpa KOH(GUTYpaIlUK CHCTEMBI
CEHCOPOB JUIsI KOHTPOJIS 3aJIaHHOM 30HBI MPOCTPAHCTBA.
[TocTpoenue cucteMbl MOHUTOPHHTA C OXBAaTOM 3aJlaH-
HOIl 30HBI 3aKJIF0YAETCsl B O€3yCIOBHON ONTHMH3AIUN
B3aMMHOTI'0 PACIIOJIOKEHUSI NH(POPMAaMOHHBIX CEHCOPOB.
BriOpanHble TO3UINY 71 pa3MEIICHNS CEHCOPOB TOJKHBI
00ECIIeunTh 32 CUET YCTAHOBJICHUS ANHAMHUYECKUX KOI(-
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OTIpEICIICHHS] MECTOTIONIOKEHUSI 0OBEKTOB B MIPOCTPaH-
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Kaiuu, QyHKIHOHUPYIONUINX B JUATIa30HE KOPOTKUX BOJIH.
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BbIsBIIEHBI 3aKOHOMEPHOCTH CHHKEHHS CPETHEKBAIpa-
THYECKUX OMINOOK OIIEHOK MECTOIOJIOKEHNST 0OBEKTOB 32
CUeT BBIOOPA YHCITA U TIO3UIIH HHPOPMAITMOHHBIX CEHCO-
POB a1 0OecTeueH sl yCTONYNBOCTH MTPUEMa CUTHAJIOB U
MPUPOCTa TOUHOCTU OLIEHUBAHMS HAIIPABICHHS 1 BPEMEHH
UX MPUXOJIA B PA3IMYHbIE TOYKH TPOCTPAHCTBA BCIIC/ICTBUE
MaJlblX HEPreTHYEeCKUX MOTeph Ha Tpaccax pacripocTpa-
HEHUSI.
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Abstract

The article proposes a new method of monitoring the infiltration processes developing inside the body of hydraulic
structures. The method is based on the use of DAS (distributed acoustic sensing) fiber-optic technology which provides
high spatial continuity of hydraulic structure seismoacoustic field analysis; digital twin infiltration dynamics and efficient
signal processing methods based on machine learning. As a distributed sensor of the object’s seismoacoustic field, a DAS
system is used the fiber-optic sensor of which is installed inside the body of the structure according to the principle of
maximum coverage. The infiltration activity inside the structure body is estimated based on the analysis of an infiltration
flows ensemble which are detected and classified by machine learning (ML) methods. These infiltration flows are sources
of seismoacoustic emission and are therefore confidently detected by the DAS system. A digital twin of the infiltration
dynamics based on the equations of mathematical physics is used as the normal basis for estimating the current state of
fluid activity in the body of the structure. The risk of a structure failure under the influence of the observed infiltration
flow is estimated within the framework of the proposed formal method based on the digital twin data. Based on the
analysis of Data Set, consisting of real signals of infiltration processes, the high efficiency of detection and classification
of this type of signals with the special ML-classifier included in the monitoring system is proved. A digital twin model
of the infiltration processes dynamics in the body of a hydraulic structure is proposed. On the basis of the digital twin
model, a method for estimating the risk of damage to the body of a hydraulic structure, which may occur as a result of the
observed infiltration activity, is proposed. The method of controlling infiltration processes inside hydraulic structures can
be used to monitor the operational condition of almost any hydraulic structures, including those in the cryolithic zone.

Keywords
DAS, infiltration process, machine learning, classification, hydraulic structures, tailings monitoring, dam monitoring,
SVM, digital twin, cryolithozone, Darcy’s equation
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AHHOTAIUS

Ipeamet ucciaenoBanus. [IpennoxeH HOBBIH METO MOHUTOPUHTA HH(UIBTPALMOHHBIX TIPOLECCOB, PA3BUBAIOIIIUXCS
BHYTPH T€Ja TUAPOTEXHUUECKUX COOPYKEHHI. MeTo 0CHOBaH Ha MCMONb30BAHUHN ONTOBOJIOKOHHON TEXHOIOTHU
DAS (distributed acoustic sensing). JlaHHas TeXHOJOTHS 00ECIEUNBAET BHICOKYIO TIPOCTPAHCTBEHHYIO CILIONTHOCTH
aHaJIM3a CeHCMOaKyCTHYECKOTO MOJII COOPYKEHHUS; NU(POBOTO NBOHHNKA AMHAMUKH HHQUIBTPAIMOHHBIX

© Timofeev A.V., Groznov D.I., 2022

61 O Hay4HO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



A.V. Timofeev, D.l. Groznov

nporeccoB ¥ 9PpHEKTUBHBIX METOJ0B 00pabOTKM CHTHAJIOB, OCHOBAHHBIX Ha MamIMHHOM oOy4yenuu (machine
learning — ML). MeToa. B kauecTBe pacrpe/ielieHHOro ceHcopa CeliCMOaKyCTHYECKOro ToJIsl 00beKTa HCIOIb30BaHa
DAS-cucrema, onTOBOJTOKOHHBIN CEHCOP KOTOPOH MHCTAIIMPOBAH BHYTPHU Tela COOPYKEHHS MO MPHUHIIHILY
MaKCHMaJIbHOTO oxBaTa. MHUIBTpanmoHHAas aKTHBHOCTh BHYTPH TeJla COOPYKEHHS OLEHEHA 10 COBOKYNHOCTH
O0HapyXEHHBIX U KIaCCH(HUIUPOBAHHBIX METOAMU MAIIMHHOTO 00ydeHMs! HH(UIBTPAMOHHBIX TIOTOKOB, KOTOPHIE
SBIISIIOTCSI NCTOYHUKAMH CEHCMOAKyCTHYECKOH IMHICCHN U TIOITOMY YBEPEHHO NeTeKTHpyIoTcsi DAS-cucremoi.
udposoit TBOWHUK TUHAMUKN MHQWIGTPAIHOHHBIX IIPOIECCOB, OCHOBAHHBII Ha ypaBHEHMSIX MaTeMaTH4eCKOH
(U3KKH, UCIIONB30BaH B KaYeCTBE HOPMAJIBLHOM 0a3bl IPH OIEHKE TEKYIEro COCTOSHUS aKTHMBHOCTH (DIIOHMIOB
B TeJIe COOPYXKEeHHUs. PUCK pa3pylIeHUs] COOPYKEHHs IO/l BO3JeiiCTBHEM MHMIBTPALIMOHHOTO OTOKA OI[CHEH B
paMKax MpeIoKeHHOro, (OopMaIbHOTr0 METO/1a, OCHOBAHHOIO Ha MOJIYYEHHBIX JaHHBIX u(ppPOBOro JABOWHHKA.
OcHoBHBIE pe3yJbTaThl. Ha ocHoBaHnn aHanmu3a 6a3bl JAHHBIX CUTHAJIOB, COCTOAIIEH M3 pealbHBIX CUTHAJIOB
MH(UIBTPAMOHHBIX MPOIIECCOB, JOKa3aHa BHICOKAs 3 (EKTHBHOCTD AETEKIINH M KIaCCU(HUKAIINN CUTHATIOB JAHHOTO
Turna mpu nomommu ML-kmaccudukaropa, BXOASIIETO B COCTaB CUCTeMbI MOHUTOpHUHTA. [Ipemnoxen mudpoBoii ABOMHUK
JUHAMUKU WHQWIBTPAIIMOHHBIX IIPOIECCOB B TeJle THAPOCOOpYKeHHs. Ha ocHOBe MCIIONB30BaHMs STOH MOJENN
MIPE/UTOXKEH METO OIIEHKH PUCKA MOBPEX/CHUS Tela IHIPOTEXHUISCKOTO COOPYKEHUsI, KOTOPOE MOXET IIPOU30HTH
B pe3yibTaTe peajn3oBaBleiics HHOUIBTPAMOHHOH akTHBHOCTH. [IpakTHYeckast 3HAYNMOCTH. MeTo KOHTPOJIS
MHQUIBTPALOHHBIX IPOIECCOB BHYTPU I'MAPOTEXHUUECKNX COOPYIKEHHI MOXKET OBITh HCIIOJIb30BaH JUIsi MOHUTOPHHTA
ONEPATUBHOI'O COCTOAHUS IMPAKTUYECKH J'l}OGbIX TUAPOTEXHUYCCKUX COOpy)KeHI/If/’I, B TOM YUCJIE B KPUOJIUTO30HE.

KnroueBnie ciioBa
DAS, nHQuibTpaMoHHbIH NpoLece, MallMHHOe 00y4YeHne, KiaccuuKanus, ruIpoTeXHHYECKOe COOPYKEHHUE,
MOHHUTOPUHT XBOCTOXPAHHJIHII, MOHUTOPHHT 1amM0, SVM, 1ndpoBoii [BOIHUK, KpUOINTO30Ha, ypaBHeHue Jlapcu

Ccpuika aast uurtupoBanusi: Tumodees A.B., I'poznos JI.11. MoHHTOPHHT HHOUIBTPALMOHHBIX MPOLECCOB B
THAPOTEXHUIECKNX COOPYKEHHSX C UCMOIb30BaHUEM PACTIPEeIeNIeHHOTO aKyCTHIeCKoro cencopa // Hayuno-Texauueckuit
BECTHHK WH(POPMALMOHHBIX TEXHOJIOTH, MeXaHUKH U onTHkH. 2022. T. 22, Ne 3. C. 610-622 (Ha aHr1. 53.). doi:
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Introduction

The task of early detection of infiltration processes
places intensification and formation of enlarged filtration
jets (pipes) is one of the central tasks in the set of hydraulic
structures monitoring [1]. The importance of intensity
control of infiltration processes is due to the practice of
operation of hydraulic structures which indicates that
in most cases the cause of accidents is the impact of
uncontrolled filtration flow in the foundation and in the
body of the hydraulic structure (for example — in the
body of the embankment dam). Due to climate change,
the problem of timely detection of localized infiltration
activity has become more important for hydraulic structures
located in the cryolithic zone. For example, it is fair for
numerous tailings dams. Tailings storage facility is a
hydraulic structure designed to store mineral processing
waste (tailings). Tailings come to the tailings pond in
the form of slurry. There is a widespread opinion among
hydraulic engineering specialists that a significant part of
emergency situations at hydrostructures, in particular in
the body of embankment dams, could be avoided if the
relevant services had adequate, timely information about
infiltration processes that take place in the body and in the
foundation of hydrostructures [1, 2]. Of course, an adequate
response to changes in the status of infiltration activity in
the body of a hydraulic structure is possible only if there is
an objective methodology designed to promptly assess the
risk of destruction of a bulk hydraulic structure under the
influence of infiltration processes occurring in its body. The
present work is devoted to creating the foundation for such
a methodology based on the data of continuous control of
infiltration processes in the hydraulic structure body.

Filtration (infiltration) is the movement of fluids (liquid,
gas, or carbonated liquid) in a porous medium [3]. In
hydraulic engineering, water is considered as a fluid, and

the media formed from soils, fractured rocks, concrete and
other porous materials is considered as a porous medium.
Since the porous structure has a fundamentally stochastic
structure, hydraulic engineering considers the averaged
parameters of filtration properties of the porous medium,
in particular, filtration rate, filtration head, head gradient,
filtration coefficient, and others. All these characteristics,
to one extent or another, characterize the intensity of
infiltration processes. It is assumed that during filtration
the fluid moves inside the porous body, gradually filling
all the space available to it: pores and soil particles. In this
case, the fluid flow through any site should be equal to its
real flow rate. De facto it is assumed that real fluid flow in
pores of ground is replaced by some “fictitious™ filtration
flow of the same fluid continuously filling volumes.

Fig. 1 shows in schematic form three variants of
infiltration activity state in the body of tailings dam
embankment. The Fig. 1, a corresponds to the normal
situation: infiltration process is represented in the form of
local jets of small diameter which develop significantly
below the level of the calculated depression curve. The
Fig. 1, b corresponds to the situation when the intensity
of the infiltration process increases to pre-critical: the
thickness of jets becomes larger and their location may
be above the calculated depression curve, and the actual
depression curve rises. The Fig. 1, ¢ illustrates a critical
case: infiltration jets integrated into a large “tube” (micro-
river), the dam is at critical risk. Here the depression curve
has risen to a critical level; in fact, almost the entire body
of the dam is covered by the infiltration process.

The existing methods of controlling infiltration
processes are based on the use of point measurements
which were obtained by means of piezometers placed at
certain points of the body of the hydraulic structure and
forming a piezometric network. However, this method
has significant disadvantages, the main of which is the

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3

611



Monitoring of infiltration processes in hydraulic structures using distributed acoustic sensing technology

Normal micro-pipes
(filtration streams)

Normal depression curve

%,

Exaggerated depression curve

e e e e e e e e e

Dangerous piping
of erosion genesis

....--.--..

The critical depression curve

G

Fig. 1. Stages of infiltration process progression inside the dam body: normal situation (a); infiltration increasing, pre-critical
situation (b); maximum infiltration process development, critical situation (c)

impossibility of controlling infiltration in areas that are not
within the control zone of the piezometric network. The
fact is that the practice of operation of bulk tailings dams in
the cryolithic zone has shown that intensive fluid infiltration
can take place in very narrow in diameter areas of the dam
body. In some cases, the intensification of infiltration occurs
literally in the areas of 1-2 m in size, while the piezometer
placement step is usually significantly higher (literally by
orders of magnitude) than this value.

In order to level out this disadvantage of the tailings
monitoring system, it is reasonable to use sensor networks
with greater coverage continuity. At the same time, to
reduce the piezometric network step is extremely costly
from the economic point of view. Under these conditions,
the use of fiber-optic sensor technologies of DAS
(distributed acoustic sensing, [4—8]), which are used either
as a supplement to the conventional piezometer network
or instead of it, looks attractive. The fiber-optic sensor
DAS monitoring system is placed inside the dam body
in such a way as to maximize the area of seismoacoustic
emission field control of the dam body. Particular attention,
in this case, is paid to critical areas the location of which
is determined at the stage of structural design. Since
infiltration processes, due to their own physical nature,

are quite powerful seismoacoustic emission sources

(SES), DAS monitoring system allows you to effectively

monitor the places of occurrence and development of SES

of this type inside the dam body for rapid assessment of
their power and size, as well as to assess the intensity of
infiltration processes in general. The DAS monitoring
system can monitor almost the entire body of the dam if

the fiber-optic sensor is properly installed. Fig. 2 shows a

schematic representation of the DAS monitoring system

installation in the body of a bulk tailings dam. Here FOS —
fiber-optic sensor located inside the dam body.

In this paper, the focus is on the infiltration processes
monitoring in the tailings dam embankment body, so the
examples and illustrations will refer to this particular
case. At the same time, the proposed methodology of
control is universal and therefore can be used to control
the infiltration dynamics of hydraulic structures of other
types.

The contribution of this paper is given below.

— A digital twin of the infiltration processes dynamics in
the body of the hydro-technical monitoring structure is
proposed.

— On the basis of this model, a method of risk assessment
of a hydraulic structure failure under the infiltration
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Fig. 2. Installation scheme of DAS monitoring system in the
tailings dam body.
Here C\F-OTDR is Coherent/Phase-Sensitive Optical Time
Domain Reflectometer

process dynamics, which was promptly observed by
means of DAS systems, is proposed.

— We propose a ML-classifier (machine learning based
classifier) designed for selection (detection and
classification) of infiltration activities based on their
seismoacoustic signatures and which functions on the
basis of the original feature space. High efficiency
of this ML-classifier is proved by its testing on the
specialized Data Set. In particular, the performance of
the ML-classifier in the situation when seismoacoustic
signals from the target infiltration assets are received in
the mixture with seismoacoustic signals of non-target
nature is proved.

Related Work

In recent years, interest in the use of DAS systems
for monitoring hydraulic structures has increased: several
companies offer DAS as a component of the monitoring
system of hydraulic structures, including tailings. We are
talking about the companies “Silixa”, “Field Electronics”,
“Terral5”, “Luna Innovations”, which in 2020 acquired the
oldest player in the DAS market the company “OptaSense”,
and “Institute of Mine Seismology”. At the same time, there
are relatively few scientific publications on this topic. The
exceptions are the papers [9—13].

The paper [9] provides general information about
fiber-optic monitoring, gives a brief overview of related
technologies. The disadvantages of this work include the
lack of a description of the mathematical support of the
system which makes it impossible to assess its capabilities.
The methods of sensor installation presented in the text
of this article seem to be very controversial, because
they involve placing the sensor not in the body of the
building, but on its surface. A very informative review
[10] is devoted to the use of DAS systems for monitoring

infiltration processes in hydraulic structures within the
Ambient Noise Interferometry (ANI) methodology [14].
In contrast to [9], the sensor installation scheme presented
in this paper is more plausible and corresponds to the
principle of maximum coverage. This paper focuses not
only on DAS technology, but also on other fiber-optic
techniques, including fiber-optic technology for temperature
measurement based on the use of Brillouin—-Mandelstam
radiation and Distributes Strain Sensing. The focus is on
the use of ANI with DAS measurements to obtain a 3D
image of the dike body. It is known that ANI makes use of
naturally occurring and anthropogenic background noise to
calculate seismic velocities and hence image the subsurface
[14]. Here the idea is used that the background seismic
noise passes through the subsurface of the structure in the
same way as the signal emitted by an active (artificial)
sounding source. Therefore, by studying the propagation
of signals from background seismoacoustic sources, it is
possible to obtain the same information that can be obtained
from active sounding. DAS is used as a sensing system. In
[10] the use of a digital twin of the infiltration processes
dynamics in the body of the structure is not mentioned,
also there is no information on how the built 3D model
of the dam body will be used to assess the current state of
the structure (no risk assessment methodology is given).
Also there is no information about the effectiveness of
mathematical support of the system in solving the problem
of selection (detection and identification) of target signals
from infiltration processes. It should be remembered
that the target signals can be quite weak and are always
received in a mixture with interfering signals. Therefore,
the methods for solving the problem of selection of these
signals are very important. In fact, almost the entire paper
[10] is devoted to the peculiarities of cross-channel data
processing of the DAS system, which is implemented to
estimate local sound propagation velocities in the dam
body, as well as the details of building a 3D image of the
dam body. Work [11] is a brief comparative review of
technical capabilities of monitoring hardware, including
DAS. In [12], in addition to general technical information
about OptaSense DAS interrogator, an adequate scheme of
sensor installation in the dam body is proposed.

In contrast to the papers mentioned above, the method
proposed in the present work to include DAS system in
the monitoring loop of infiltration processes of a hydraulic
structure body has a system basis. In this case, the data
coming from DAS system is analyzed in order to directly
assess the risk of structural failure which brings a deviation
of the observed infiltration processes from the norm. The
norm is defined by the parameters of the digital twin which
describes the normal dynamics of infiltration processes.
In addition, this paper details a new technique for highly
efficient infiltration signals recognition. This technology
is based on machine learning and is designed to recognize
signals from infiltration processes in the body of the
structure under conditions where signals are received by
the DAS system in a mixture with non-target signals of a
different nature and which should not be taken into account
in the risk analysis.
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Objectives and Method

The objectives of this work are:

— Creation of a digital twin model of infiltration processes
(DTIP) developing inside the hydraulic structure body.

— Development of a methodology designed for operational
assessment of the damage risk of hydraulic structures
under the influence of infiltration processes developing
within the structure body. The methodology is based
on the simultaneous use of DTIP and operational fluid
migration monitoring data in the hydraulic structure
body. These data are obtained through the use of the
DAS monitoring system.

— Development of ML-classifier based on the use of
original feature space and modern methods of machine
learning to solve the problem of infiltration activity
signal detection and classification.

Let’s denote:

— X < R3 is a set of coordinate points of a hydraulic
structure;

— h(x) = (h(<x>)), h(<x>,), h(<x>3)) is the vector of the
fluid head at the point x € .X;

— Vh(x) = 6h(x)’ ah(x)’ Oh(x)

Ox oy 0z
h(x);

— K(x) = (k(x), k,(x), k,(x)) is three-dimensional vector
of permeability coefficients which characterizes the
volumetric permeability of the porous medium at the
point X.

The movement of groundwater, according to the laws
of fundamental continuum mechanics, obeys the Darcy’s
equation [14], which can be written in the following form:

is fluid head gradient

v(x) = —K(x)-VTh(x),

where v(x) is the fluid filtration rate at point x. From
the concepts of hydraulics, it is easy to obtain the basic
differential equation for the steady-state fluid flow:

K(x)Hy'(x) =0, (1

where Hy(x) is hessian fluid head h(x). Equation (1) is
solved numerically, and the result is an estimate of the
piezometric head function h£(x) and gradient estimation
hZ(x) in the form of VEh(x). From Darcy’s equation we get:

VIEX(x) == K(x)(VER(X))T. 2)

Equation (2) describes the procedure of obtaining a
numerical estimate v(E)(x) for the infiltration rate at the point
x. In fact, (2) is the mathematical basis of the DTIP. Based
on (2), uniformly over the entire body of the structure,
a map of normal infiltration flow rates is calculated;
this is used as the basis for assessing the current state
of infiltration activity. In fact, DTIP is the following set:

DTIP = {vE)(x)|x € X}.

DTIP is determined as a result of numerical modeling
of infiltration processes in the hydraulic structure body
using one of the platforms for multiphysics modeling of
hydrodynamic processes by finite element method, taking
into account stress and strain in the ground. Such modeling
can be implemented, for example, on the PLAXIS
platform!.

The principle of DAS system functioning, otherwise
called C\F-OTDR system, [4—-8] involves measuring the
distributed strain rate of the optical fiber of the fiber optic
cable which is caused by oscillatory pressure changes on
the sensor surface. This oscillatory pressure is associated
either with the impact of seismoacoustic waves or with the
impact of a fluid that flows over the surface of the fiber
optic cable [6]. The mechanism of fluid impact on the
sensor surface is schematically shown in Fig. 3.

Numerous observations, some of which are described
in this paper, have shown that the effect of the fluid on the
fiber-optic sensor is oscillatory in nature. It is important
that the period duration of the dominant harmonic of these
oscillations does not exceed the value of 3—5 s. On the
other hand, tests [6] showed a linear dependence between
the DAS strain gradient and the fluid pressure gradient for
short periods of oscillations (less than 10 s). According to
the principle of its device [5—9], the DAS system is able
to measure some scalar parameter which informatively
characterizes the generalized deformation rate of the
optical sensor (averaged over a certain time interval, 7).
Based on the above, the estimate v(®(x) of the real fluid
infiltration rate, measured at point x with the DAS system,
is approximated by the following linear relationship:

VIR(x) = D) D(X|T) . (3)
I PLAXIS Geotechnical Analysis Software: URL: https://

www.bentley.com/en/products/brands/plaxis (accessed:
19.01.2022).

> /Fluid infiltration

Micro-friction and micro-pressure
points on the sensor surface

/ Fluid infiltration

Fiber optic sensor

Fig. 3. Fluid impact on the surface of the fiber optic sensor

614

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2022, Tom 22, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 3



A.V. Timofeev, D.l. Groznov

Here ®() is a scalar calibration function that depends
on the type of soil p, which is determined as a result of in-
situ experiments.

For an arbitrary point x € X, let us represent the value
of the relative deviation of the infiltration rate from the
calculated value in the following form

App(x) = 100-(vE)(x) — vIR(x))/VEN(X) .

Let’s denote: Agp¥ — matrix of relative mismatches
vB)(x) and v®(x) all over X,

VX € X:Apo(X) = App(X).

According to the essence of the strength calculation
inherent in the design of the hydraulic structure, the most
stable state of the structure corresponds to the situation
when Vx € X:Agp(x) = 0. Thus, if in all x € X the value of
Agp(x) = 0, then the infiltration processes in the structure
body are not out of control and therefore the risk of
destruction of the structure, due to the impact of infiltration
processes, is considered to be minimal. Conversely, the
more the value Agp(x) differs from zero, the higher the
risk of infiltration processes getting out of control at least
at point x € X.

At the stage of hydraulic structure calculation, a scalar
loss function L(A|x) is determined, which indicates a
potential damage that the structure will incur in the event
of infiltration failure of this structure body at point x € X,
at the value of the relative deviation of the infiltration
processes rate from the calculated value by A (measured
in percent). The L(A|x) function can be assigned by expert
methods or determined as a result of strength calculations.
In the simplest case, the loss function L(A|x) can have a
point type and take values from a finite score set of small
power (no more than 10). Also at the stage of calculation,
the function p(A(x)) is determined which describes an
approximate value of the probability density for the event
oy “the relative deviation of the infiltration process rate
from the calculated value by the value A(x) (%)”. Since
in practice the density function p(A(x)) is unknown, for
the purpose of risk assessment it is reasonable to use an
approximation of this function, for example, “nuclear”:
p*(A(x)). This approximation has the following properties:
p*(x) is a continuous bell-shaped function, positive over
the whole definition area, p*(x) = p*(—x), [(p*(x))2dx < o,

e

Sup| p*(x)| < oo, Tp*(x) = 1. All these conditions are
X
% )

2
satisfied by the classical Gaussoid: p;*(x) = ﬁexp(—;).
T

In addition, consider the value P(A(x)|a,) — the probability
of the event w: “the occurrence of a fracture zone at point
x if the value of the relative deviation of the infiltration
process rate from the calculated value equal A(x) (%)”. In
the general case, P(A(X)|a,) increases monotonically with
the growth of |A(x)|, and the nature of the monotonicity
is determined by the strength properties of the hydraulic
structure body at point x. Practically, the following
approximation is appropriate: P(A(Xx)|a,) = 1 — a.(A(x) +
a,)"! (Fig. 4). The value of the parameter a, determines the
rate of increase of P(A(xX)|a,) and depends on the hydraulic

The hydraulic structure (dam) damage
at point x probability P(A(X)|a,)

0.8} e i

P(AX)|ay)

0. 1 1 I
0 10 20

Relative devations A of the infiltration rate
from the normal value, %

Fig. 4. Function P(A(X)|a,)

permeability and strength of the structure material in the
vicinity of point x.

Consider the assessment of the risk of hydraulic
structure failure under the influence of infiltration
processes, which develop in the structure body under the
observed matrix Agp¥, in the following form:

R(App) = iPAx)-L(AER(x»-pG*(AER(x»dx +

4
+ )I( P(x)x(Agr(X)|p, C) P(A(X)|a,)dx . @

In (4) the following notations are used:

App(x)<p, 0

— parameters p (threshold) and C (penalty for exceeding
the threshold) are selected as a result of numerical
modeling of infiltration processes in the hydraulic
structure body, in the process of DTIP creation;

— P (x) is the probability of detection by the monitoring
system of the infiltration process that develops at
point x. In fact, we are talking about the detection
of precursors of the creation of conditions for the
beginning of a destructive process at point x. The
method for estimating this parameter is given in the
next section of the article.

In (4), component [P .(x)-L(Agg(X))-ps*(Agg(x))dx

corresponds to the congervative (stable) scenario of the
infiltration processes dynamics in the hydraulic structure
body. Within this scenario, possible deviations of infiltration
rate from the calculated values are steadily rare, and the
risks of destruction of the structure are manageable. On the
other hand, component [P (x)x(Agr(X)|p, C)-P(A(X)|a,)dx

corresponds to the radicﬁl scenario of infiltration processes
development. Within this scenario, due to latent defects
of the hydraulic structure body material in the point x,
infiltration processes begin to develop sharply intensively
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and with high probability deviate from their calculated
values. As latent defects in a bulk tailings dam, for
example, large ice aggregates can be considered which
are often placed in the dam body during the construction
phase under cryolithozone conditions. In the process of
climate change, gradually, these inclusions begin to melt
leading to the formation of voids and loosening of the dam
body. Thus, conditions are created for sharp intensification
of infiltration processes which can lead to the destruction
of the dam. Since the number of DAS system channels is
finite, expression (4) should be modified as follows:

Ri(Apg) = ,EK PAA)-LAAYPGHAY +

+ kZKP (AA(Alp, O)P(Alay).

Here k is the channel index of the DAS system; K is the
set of indexes of the channels of this system; and A, is the
value of the parameter Agp(x;) from (3) at the point x;, of
the location of the k-th channel of the system.

Since the risk function is designed to estimate the
deviation degree of the current state of a hydraulic structure
from the normal one, which corresponds to the value
R(0), the decision about exceeding the current risk of the
permissible value is made in the following case:

ln(w) > A
Ri(0)

Here A is the scalar threshold selected according to the
results of numerical simulation within DTIP, individually
for each hydraulic structure.

Infiltration signal classification and P.(x) estimation

The most important part of the hydraulic structure
monitoring data processing system is a subsystem for
automatic classification of the SES type whose signal
was received by DAS system. This is important because
when forming the estimate v(®)(x) in (3), the monitoring
system must take into account signals from infiltration-
type SES only that are always received by DAS system in
superposition with signals of noise signals (signals from
non-target SES’s). In the case of using a DAS system,
each of its channels receives data about the state of the
seismoacoustic field of the hydrostructure body at the
location of this channel. Let’s consider the case when
the task of detecting target SES sources is solved in each
channel independently, and cross-channel, integral data
processing is performed already at the following stages of
processing. In this case, a stream of raw data coming from
the &-th channel of the system is processed on the basis of a
sequence of time intervals Ty(3) = (¢5, t£), tE=1t5+38,i>0
of equal length 5, sometimes called “windows”. A time
window T(8) is characterized by a pair (¢5, #,£), where #;5
is the moment of the beginning of the time interval, and 7,2
is the moment of its termination.

To reduce the unwieldiness of the record, let us
assume that 77(J) consists of 6 samples. Each time interval
Ty(d) in the k-th channel corresponds to a set of channel
measurements M(7%(3)) (raw data), M(7(8)) € A which were

obtained during this interval in this channel and which
characterize the dynamics of the seismoacoustic field at
point x;. Here A is the set of all possible realizations of
MT(d)). Let the set I1 = {mi = 1, ..., N} contain all target
SES types, including the background class. The task is to
construct a classifier D such that

A BT, Vi>0:n = DOT(S))) e I 5)

As indicated earlier, the background class (class of
generalized noises and non-target SES belongs to the set I1.
Therefore, the classification problem (5) implicitly includes
the problem of detecting the target SES. When building a
classifier D using machine learning methods, the choice
of feature space F plays a special role. When forming F,
initially, we considered a set consisting of more than 40
features. At subsequent stages, this set was reasonably
narrowed down by selecting the most informative features.
Several methods were used including three so-called
“filtering” methods: chi-square, Pearson correlation and
analysis of variance (ANOVA), as well as adaptive method
of backward elimination. As a result, the following set /) of
features was obtained:

So= E[AL [, STV, H, (M), 1, E¥(A(D), [ 43D, s7%(A3(D)).

Here
— AMe ACR <\>, is p-th component of A;

— E[\]= §<x>p5—1;
— [M = max(<2>,) — min(<A>):
P )
— ST0) = (SB[ — <)251)0
— H, (M) is histogram of A with m bins;

— A,(I) is autocorrelation function of the A, / € (0, 9) is
shift;
— 1, is radius correlation of A;

— E*A (D) = I>Z A(DG =)l
>r),
— (D)l = n;a:X(Ax(l)) - ln;in(Ax(l));
— st*(Ay (D) = ([; (E*(Ay (D) = A (D)6 — 1, — 17105,

In numerical studies it was assumed that m = 20. The
features f, are defined in the corresponding feature space
F, consisting of real vectors of length 27.

To train and test the classification algorithm, we used a
Data Set collected at several different test sites, at different
times of the year. This Data Set included three-second
samples of fluid dynamics signals of the following types:
— Class 0: small underground river, name: “River Flow

Sound”, 509 samples, Fig. 5;

— Class 1: noise of melting snow infiltration, name:

“Melting Snow Flow Sound”, 1059 samples, Fig. 6;
— Class 2: noise from an underground drainage pipeline,

name: “Pipe Flow Sound”, 339 samples, Fig. 7;

— Class 3: background seismoacoustic noise, name:

“Background sound”, 1168 samples, Fig. 8.

Fig. 6-9 show a typical histogram, autocorrelation
function, and waterfall diagram for classes 0-3.
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Fig. 5. Typical histogram (a), autocorrelation function (b), and waterfall diagram (c) for class 0, “River Flow Sound”

As can be seen from the behavior of the autocorrelation
functions of signals of different classes, they all have an
oscillatory nature. Moreover, the period of the dominant
harmonic of these oscillations does not exceed the value
of 3-5s.

Since the dimensionality of feature space F is relatively
small, and the signals in Data Set have a relatively large
ry, value, the samples of the same class will relatively
“smoothly” differ from each other by the metric of feature
space. Under these conditions, it is logical to use as
a D-classifier a conventional and very computationally
economical multi-class SVM (MC-SVM) [15]. During
training, in order to ensure control of the generalization
ability of the classifiers, the standard Cross Validation
scheme was used, in the LOO (leave-one-out) variant. For
the MC SVM classifier, given the multiclass formulation of
the problem, a one-vs-rest strategy was used.

The results of the numerical studies are summarized
in Tables 1 and 2. The main information is contained

in Table 1. Here we accumulate the results which were
shown on the test Data Set by classifiers based on MC
SVM. A standard set of metrics was used to evaluate the
classification results: precision, recall, and fl-score. The
“support” column contains the number of samples of each
class that were used in the test. Table 2 shows the so-called
confusion matrix obtained as a result of the numerical
experiment. The quality metrics of Table 1 indicates a
very high quality of infiltration event classification. On
the other hand, the confusion matrix (Table 2) shows
that only the River Flow class causes small problems in
classification: several samples from other classes were
mistakenly assigned to this class. This is due to the fact
that this infiltration class is quite close in its physical
nature to other infiltration classes. Importantly, the vast
majority of classification errors were due to confusion
within the infiltration classes. All these classes are target
classes for the monitoring system; the main thing is that the
system classifier should be able to qualitatively distinguish
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Fig. 6. Typical histogram (a), autocorrelation function (b), and waterfall diagram (c) for class 1, “Melting Snow Flow Sound”

Table 1. The basic metrics values on the test Data Set

SES class name Precision Recall fl-score Support
River Flow 0.96 1.00 0.98 128
Melting Snow Flow 1.00 0.99 0.99 276
Pipe Flow 1.00 0.99 0.99 75
Background 1.00 1.00 1.00 290
Table 2. Confusion matrix

SES class River Flow Melting Snow Flow Pipe Flow Background
River Flow 128 0 0 0
Melting Snow Flow 4 272 0 0

Pipe Flow 0 74 0
Background 1 0 0 289
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Fig. 7. Typical histogram (a), autocorrelation function (b), and waterfall diagram (c) for class 2, “Pipe Flow Sound”

the signals of this type, distinguishing them from the
background or noise signals. Only one error represents
confusion with a non-target (non-infiltration) class
(background). This is a very qualitative result. In general,
the classification results are close to perfect. Thus, it is
shown: the DAS system detects and classifies infiltration
SES very well. It is logical to use the class-averaged f1-
score as an estimate of the P (x) value from (4).

Engineering aspects of DAS system installation on a
hydraulic facility

The main problem that arises when installing a fiber-
optic monitoring system for a hydraulic structure is the
installation of the fiber-optic sensor in the body of the
hydraulic structure. The principle of installation is simple:
as much coverage as possible of the structure’s body
volume in critical areas. Critical areas are determined at

the stage of design of a structure and, as a rule, are located
in the areas below the calculated plane of depression
(which in the 2D case is called the depression curve). The
depression plane is the geometric location of the points
of the upper boundary line of the infiltration processes
flow in the case of conservative (normal) scenario. Fig. 9
shows a possible way of installing a fiber-optic sensor
in the body of the tailings dam. The sensor stacking step
depends on the sensitivity of the DAS system and for target
SES’s is approximately 5 m. In order to maximize the
seismoacoustic field control of the hydraulic structure dam,
the sensor is placed inside the dam body volume according
to the principle of maximum coverage.

Discussion

The monitoring method considered in this article, on
the one hand, allows with high reliability and continuity
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to control sufficiently long (perimeter 5-20 km and more)
facilities, and on the other hand — indicates the way to

—
,*"«

P

1

Fig. 9. Installation of a fiber-optic sensor in a tailings dam body

monitor effective use of data for formal risk analysis of the
operation of a particular object. The use of a digital twin of
the infiltration activity inside the object body allows us to
determine threshold values in risk management procedures,
and the application of AI/ML methods for signal source
type classification, with high reliability (this property is
proved by materials of this work) to distinguish only target
signals, caused by infiltration activities. Of course, the
ideal solution to the monitoring task would be the use of a
highly sensitive high-density piezometric network which
would evenly (solidly) cover the entire body of the object.
But such a solution is practically unavailable, due to the
enormous cost of both the piezometer-type sensor network
installation in the body of the structure and the high cost
of owning this network. The fact is that point sensors will
require constant service, including repairs, replacement
of batteries, monitoring of communication channels, and
periodic status checks of hundreds of point sensors to ensure
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that literally every sensor is compliant with the instrument
certificate. In these conditions, DAS monitoring system,
slightly inferior in sensitivity and accuracy piezometric
network, looks extremely promising and a compromise
solution if we compare alternative systems in the criteria
space of “price-quality-functionality”. The sensor of a
DAS system does not require maintenance and remains
operational for decades, only the system interrogator needs
service. But this device is manufactured in accordance
with the highest standards of communication equipment
and it is able to function for 5-6 years or more in harsh
climatic conditions, almost without maintenance. An
additional bonus of using the DAS monitoring system
is its extreme unpretentiousness: authors of the article
have experience of non-stop, trouble-free operation of
the interrogator for 6 years, and the temperature in the
room where the interrogator was located reached +40 °C in
summer and dropped to —25 °C in winter. These qualities are
especially valuable when monitoring objects located in the
cryolithozone, for example, for tailings dams with bulk dams.
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Abstract

Waveguide structures have got popularity because of its extensive application in radar system of naval ships and aircrafts.
Waveguide models provide high probability of small target detection and reduce rate of false target detection. There
are a large number of studies on the waveguide slotted in the wide wall. Researches concerning the narrow wall of the
waveguide are much less known. An edge slotted waveguide antenna array based on semicircular end of inclined slots
radiating waveguide is proposed. Length of the inclined slot is extended to the adjacent broad wall with semicircular
cutting. This extended length increases the resonant length and hence higher gain is obtained. Semicircular cutting at the
end of the slot reduces cross-polarization component hence side lobe level obtained are low. Narrow wall inclined slotted
waveguide is analyzed and designed to operate in X-band. The radiating slots are etched and rotated alternatively on the
broadened top plate with semicircular cutting into the adjacent walls. This technique deletes the radial component of the
propagating wave and adds the axial component of the propagating wave. Semicircular cutting increases the resonant
length and enhances the gain of the antenna. Designed waveguide structure provides high gain, and cross-polarization
component is minimized. Gain of 26 dB is obtained from the simulation results obtained in HFSS (High frequency
Software Simulation) and side lobe level obtained is around 20 dB while hardware design provides the gain of 24.5 dB
measured on VNA (Vector Network Analyzer) keeping the side lobe level minimum.
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slotted waveguide, gain, radiation pattern, return loss, inclined slots, X-band frequency, narrow wall
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BEPOSITHOCTh OOHAPY)KEHMsI MEJIKHMX LeJIel M CHU)KAIOT BEPOSITHOCTh OOHApyKeHHMs JIOKHBIX neneil. CyniecTByer
60JIbIIIOE YHCIIO UCCIIEIOBAHUM 110 ITMPOKOH CTEHKE IIeIeBOro BoJIHOBOA. McenenoBanusl, Kacalomuecs y3Koi CTEHKH
BOJIHOBOJIA, M3BECTHBI MHOTO MeHbIlIe. B pabore mpesokeHa KpaeBasi BOJIHOBO/IHAS 1leNeBasi aHTEHHasl peleTka Ha
OCHOBE MOTYKPYIIIOTO KOHIIA HAKITOHHBIX IMIENIEBLIX H3IyJarolInX BOTHOBOAOB. JIMHa HAKJIOHHOH MPOpPE3H pacHIupeHa
JI0 TIPUJIETAIOILEH IMPOKOM CTEHKHU NOITYKpPYIVION BBIPE3KHU. YBEJINUEHHAs JUIMHA TOBBIIIAET PE30HAHCHYIO JUIHHY. Takum
o0pa3oM jocturaercs 6onee BeIcokoe ycmiienue. [lomykpyriast BeIpe3Kka B KOHIIE IEIH YMEHBIIAET COCTaBIISIONIYIO
KPOCC-TIOJISIPH3AlNH, TOATOMY TTOTy4aeMbIii ypOBEHb OOKOBBIX JIEIECTKOB HI3KHMIL. [Ipoanan3npoBaHn 1 CipoeKTHpOBaH
Y3KOCTEHHBI HAaKJIIOHHBII IIeJIeBON BOJIHOBOJ JUIs paboThl B X-auanasone. V3mydaromue mesin BHIOIHEHBI U
MI00YEPE/IHO TIOBEPHYTHI HA YIIUPEHHOI BEpXHEH IIACTHHE C TIOMYKPYIVIOH BPE3Koil B COCeTHUE CTEHKU. DTOT METOJ
HO3BOJISACT YIAJIATh PaJHalIbHYI0 COCTABIISIOLLYI0 PACIIPOCTPAHSIONIEICS BOJIHBI M JOOABIIAET OCEBYIO COCTABIAIOLLYIO
pacrpocTpanstomieiics BoaHbl. [Toykpyias Hape3ka yBeInuMBaeT Pe30HAHCHYIO [UIMHY M YBEJIMYNBAeT KO3hULHeHT
yCHJICHUS aHTeHHbI. Pa3paboTaHHas BOTHOBOJHAS CTPYKTypa oOecreuynBaeT BHICOKUN KOI(PPHUINUEHT yCHICHHS, a
KPOCCIIOSIPU3AIOHHAs COCTABIAIOMAs CBEICHA K MUHUMYMY. B pe3ynbrare BEICOKOYAaCTOTHOTO MPOrPaAaMMHOTO
monermposanust (High frequency Software Simulation, HFSS) nomyweno ycunenne 26 1b, ypoBeHb GOKOBBIX JE€HIECTKOB
cocrasmi okoiio 20 1b. VceenoBanue peanbHOM KOHCTPYKITHS MOZENHN obectieurio yeuienne 24,5 nb, mMepeHHoe Ha
BeKTOpHOM aHanm3arope nene (Vector Network Analyzer, VNA) nipu coxpaHeHNH MUHUMAJIBHOTO YPOBHSI OOKOBBIX
JIETIECTKOB.

KiioueBnle ci0Ba
IEJICBOM BOJIHOBOJ, KO3(D(MHUIIMEHT YCHIICHHS, TUarpaMMa HalpaBJICHHOCTH, 0OpaTHbIC MOTEPH, HAKIOHHBIC IICITH,
yacToTa X-JMana3oHa, y3Kas CTeHKa

Baarogapuoctn

ABTOpEI OrarogapsaT TexHudeckuii kammyc Kancexkap MymOaiickoro yHuBepcurera 1 YaHAUTapXCKUI YHUBEPCUTET 3a
NPEIOCTABICHHE MOJIEPKKU HHPPACTPYKTYPhI M CO3/IaHHE JTa00PATOPHHU ISl IIPOBEACHHUS SKCIEPUMEHTOB. MBI Takxke
xotenu Obl mobnaronapuTh mpodeccopa Paxyna Xagace 3a moMomib B IpeIoCTaBICHAN 000PYI0BAHUS.

Ccepuaka pis nutupoBanus: Puss I1., Amyrtom T. KoHCTpyKIUs BOTHOBOAHOM aHTEHHBI C MIPOPE3SIMU TSI MOPCKOM
panuonoKannoHHON cucTeMsl // HaydHo-TeXHHIeCKui BeCTHUK HH(OPMAIIMOHHBIX TEXHOJIOTHH, MEXaHUKH ¥ ONTHKH.
2022. T. 22, Ne 3. C. 623—633 (na anni. s13.). doi: 10.17586/2226-1494-2022-22-3-623-633

Introduction

Waveguides are being utilized to transmit the
electromagnetic energy via waveguides to detect the target
and the target location. Waveguides are considered to be
compact and robust to tolerate the roll of aircrafts and
ships [1]. Waveguides are made in workshop from copper
metal 1.25 mm thick. Waveguide slots can be made in
both broad and narrow wall of the waveguide. Different
shapes and position of slots produce varying effects in
the output radiation pattern and their characteristics in
terms of gain and side lobe levels [2]. WR90 waveguide
is chosen for use in X-band applications like submarines
and aircrafts. Waveguide antennas generally employ array
of slots to produce high gain and to get high probability
of correct target detection. Choice of etching the slot in
either broad wall or narrow wall depends on the researcher
and manufacturer as on the requirement of the application
[3]. A good waveguide array should have very low cross-
polarization component and low side lobe levels so that
the false target detection rate decreases. High frequency
software simulation (HFSS) is used as a tool to detect the
effectiveness of the designed waveguide and the various
radiation parameters. Radiation parameters like lobe gain,
far field, near field, return loss 3D radiation pattern are
analyzed in the HFSS version 15.0 [4]. To give an effective
output, the design should be employed with the aim of
increasing the radiation in the direction of the target and
reducing the radiation in the direction other than target
as shown in Fig. 1. It helps increasing the main lobe and
reducting side lobe of waveguide.

Two components which are responsible for the high side
lobe levels are effective aperture offset of the waveguide
and the component of the cross-polarization of the antenna.

To work efficiently as a radar antenna, waveguide must
have some characteristics; for example, the radiated energy
must be focused on the target, or radiated return energy
from the target only must be taken into account [5]. It
should have high gain and low side lobes because the
energy radiated from the side lobes increases the loss and
reduces the gain. The causes of side lobes are the offset of
the waveguide structure aperture and cross-polarization
component. HFSS is used to simulate the designed
structure, and results are obtained for the return loss gain,
far field and near field radiation pattern [6].

Related work

Slotted waveguide narrow wall antenna was simulated
[7] and, after analyzing the radiation pattern in CST
simulation software, they found that when two waveguides
with 32 slots in narrow wall were combined, the combined
structure would have 64 slots. The authors designed three
such narrow wall waveguides and combined the waveguide
with and without flange connectors. The simulation of

Elevation

z =
‘NN\ .
~«~ Sidelobes

-
Gain

Fig. 1. Radiation pattern suitable for waveguide
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these three structures was performed in CST simulation
software and their radiation characteristics were analyzed.
The maximum they could achieve by combining two
waveguides with total 64 slots was 23 dB. They analyzed
the effect of flange connector on the radiation pattern and
found that the gain increases by combining two waveguides
but the impact of flange connector causes side lobe level
of the waveguide to increase. This is not suitable for the
waveguide since it increases the false detection rate of the
target primary antenna in which etching of 64 slots was
developed and its radiation pattern and slot parameters are
analyzed [8]. Secondary, waveguide is structured with 32
slots and two such structures are attached together to get
the complete structure. Third one was formulated using
trimmed flange connector and the design was simulated
which shows that the maximum gain with low side lobe
is achieved in case of the first designed structure. Second
structure shows the good increment in gain but side lobe
levels are also raised due to flange connector. Trimmed
flange connector provides low gain and high side lobes
[9]. The maximum gain achieved using flange connector
was 23 dB.

Researchers [10] formulated a waveguide with slots
etched in the broad wall and attached a reflector to get
the higher gain. They etched 16 slots in the broad wall
of the waveguide and a reflector was used along with the
waveguide structure. This arrangement was simulated
in HFSS with transmitted TE10 electromagnetic wave
through broad wall slotted WR90 waveguide structure.
They analyzed radiation pattern in simulation software and
achieved the gain of 22.5 dB. The structure is simulated
for the frequency of 9.4 GHz and the adding horizontal
polarization increased the reflector gain to 22.5 dB [11].
The structure was simulated with and without reflector
and found that the use of reflector increases the gain of the
waveguide but the gain side lobe level also increases. The
gain of the waveguide without reflector was calculated as
16 dB [12], by incorporating reflector gain increases to
22.5 dB.

Researcher [13] worked on the Planar Structure
of the waveguide and formulated several branch feed
waveguide structures and calculated weight of the element
by incorporating Taylor aperture. They compared the
calculated and simulated results. They calculated the
gain in the Taylor’s aperture in E plane by transmitting
electromagnetic wave at 9.37 GHz [14]. The designed
waveguide along with the branch feed waveguide was
simulated in the Microwave CST Software and its return
loss, radiation pattern, far field and near field patterns
are analyzed; the gain of 25 dB was achieved [15]. They
represented the feed current of the designed structure in
simulation and showed that as the feed point is moved
away from the center of the structure, surface current starts
decreasing [16].

Contributions

A thorough examination of the manuscripts discussed
in the preceding section shows that the vast majority of
authors have primarily concentrated on the broad wall of
the antenna and neglected the advantage of narrow walls

of the waveguide. In this research, narrow wall side of the
antenna is analyzed for array of slots. The contribution to
the research article is as follows.

We present a new design model for the waveguide
having slots in the narrow wall of the waveguide.
Waveguide is analyzed for various array and slot
inclinations. The simulation was performed in HFSS.

Hardware model of the waveguide was manufactured
and tested in the laboratory on VNA (Vector Network
Analyzer) to verify and compare the simulation results.

Gain and side lobe level of the designed waveguide was
estimated for both simulation model and hardware model.

The performance of the designed model was compared
with the latest findings by the researchers and their
proposed models.

Finally, advantages and disadvantages of the designed
model are compared with the previously proposed models.

No extra component is incorporated in the waveguide
structure to achieve higher gain to keep the structure less
complex, durable and robust to cope with the roll of the
ship and aircraft.

Mathematical Model

In the designed structure, WR90 waveguide is used
with slots etched in the narrow wall side of the waveguide.
Three structures are designed with two groups of four and
ten slots with the help of HFSS. The slots initially remain
vertical and are simulated in the software, but these vertical
slots run parallel to the current flow because these vertical
slots do not interrupt the current flow, the structure does
not radiate and practically very low gain is obtained. Then
slots are etched in the horizontal direction and structure is
analyzed by transmitting electromagnetic wave at 9 GHz.
Horizontal slots alter the current flow but it increases the
side lobe level which leads to the detection of false target
hence inclination of 45 degree is used for the slots [17].

These inclinations are kept opposite to each other for
the nearby slots in order to cancel the one component
as shown in Fig. 2 and to get the maximum gain for the
other component. Slot parameters are calculated using
the structure shown in Fig. 3 and equations shown are
employed to get the slot parameters resonant length which
is calculated as 14.35 mm.

These slots are extended from the top broad wall to the
bottom broad wall. Slots are further extended by 2 mm
in the broad walls by etching slots in semicircular shape.

Fig. 2. Inclined slots in narrow wall with semicircular
cutting: inclined slot (a); admittance of the slot where G is the
conductance and /B is the susceptance (b)
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Table. Parameters for simulation

Parameters Specification
X-band Frequency, GHz 9
Slot size, mm 16.67
Slot width, mm 2.4
Gap between the slots, mm 24.35
Distance of last slot from, mm 12.18
Inclination of the slot, deg 45

These semicircular shaped slots increase radiation by
altering the current flow, thereby increasing the gain of the
antenna in desired direction while reducing the gain in the
side lobes of the antenna. Width of the slot is calculated as
2.4 mm and spacing between the nearby slots is calculated
as 24.35 mm. Waveguide is short circuited at one end and
the gain is calculated at the 90°. The distance of the first
slot from the short-circuited end is calculated as 12.18 mm.
The structure is designed using copper metal plate with
the thickness of 1.25 mm. In the first designed structure
slots are etched in the one of the narrow wall sides of the
antenna.

The structure is simulated in the Ansys HFSS, the
electric field component is assumed to be vertical, and the
perfect E is assumed for the entire structure. Frequency
range is selected for X-band ranging from 8 to 12 GHz as
specified in Table. The model is simulated in HFSS and
the gain of the antenna, far field and near field radiation
pattern and return loss are analyzed. Return loss is found
to be greater than 10 dB and gain of 16 dB is achieved for
the frequency of around 90°. The side lobe levels are at 10
dB level. Frequency is increased with the step of 0.2. In
Fig. 3 Yin is the input admittance, L is the inductance, Y is
the admittance, d is the slot distance.

FEo LTX . Fo .
Hy =—— Bsin— e-iPz Hz = j——cos—eiP=
Anfi a 2nfu a
. Eo X Eo  mx .
Jx = —j——Bcos—e-iBz Jz =——Bsin—-e¢ iz
21fiL a 21fiL a
L=2g/4
a8
€ >< > Simmm?
Yin L L d

Fig. 3. Calculation of parameters for waveguide

Where Hx is magnetic field intensity in x direction;
Hz is magnetic field intensity in z direction; L is resonant
length = 0.465X; B is propogation constant; £o is maximum
amplitude of electromagnetic wave; B is magnetic flux
density; f'is frequency of electromagnetic wave; a is width
of the waveguide; Ag is guided wavelength in waveguide;
p is permiability of the medium; J is current density; j is
unit vector in the direction of propogation; z is z axis
direction; x is x axis direction.

Simulated and Designed Structure

Waveguide structure designed in this research and
analysis is less complex as compared to the structure
designed by the researchers earlier for high gain and low
side lobes. No additional component is incorporated in the
waveguide structure which makes waveguide structure
robust and less complex as shown in Fig. 4. This type of
waveguide structure is very well suited for aircrafts, ships
& submarines to tolerate the roll of aircraft or ship.

If slots are cut into the walls, current flow is affected
more or less depending on the location of a slot. Slots B
and C cause little disruption to current distribution and
produce less or no radiation. Slots 4 and D create barriers
for current flow hence radiation occurs. Working of slot
can be explained using Babinet’s Principle. It relates the
radiated fields and impedance of slot antenna to that of the
field of a dipole antenna. The fields of the slot antenna are
the same as in the dipole antenna but the field components
are interchanged. As vertical slots alter the current flow,
the higher radiation is obtained for vertical slots but with
the gain cross-polarization component also increases
simultaneously. Hence, an inclination of 45° is given to the
slots so that the altered current will have two components: a
vertical and a horizontal. Inclination of the adjacent slots is
kept opposite to each other so that vertical component gets
cancelled and horizontal component gets added and helps
in achieving high gain.

Side lobes are undesirable. They are produced due
to the diffraction effects in the air. Diffraction occurs in
the antenna array due to sharp edges. When the edges
end abruptly, diffraction effects are produced. One can
minimize these effects by softening edges of the antenna
array. Hence, in the designed model, slots are extended with

Fig. 4. Typical slots over rectangular waveguide:

A — horizontal slot in narrow wall; B — vertical slot in narrow
wall; C — horizontal slot in broad wall; D — vertical slot in broad
wall
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semicircular cutting. These semicircular cutting softens
the edges and minimizes diffraction effects. This reduction
in diffraction effects results in reduction of the cross-
polarization component of electromagnetic wave. Hence,
average power distributed in all the directions decreases
and gain in the desired direction of the target increases.
Gain G of the waveguide is calculated using the formula

G=E,.D,

where D is directivity of the antenna; E, is the antenna
efficiency. The formula for directivity is shown here as
denominator component which represents the average
power radiated over all the directions. The expression is the
ratio of the peak value of the radiated power to the average
power radiated over all the directions. Thus, with decrease
in the average power distributed over all the directions, the
gain of the antenna increases. Directivity D of the antenna is

1
D=

m2n

N { (f) [F(0, @)

where 0 is azimuth angle; ¢ is elevation angle; F is
normalized radiation pattern.

By adding semicircular radius cutting of 1.2 mm
to the slot, diffraction is reduced. Hence, average
power distributed over all the directions is reduced. As
denominator component decreases, directivity increases.
Improved directivity helps in achieving high gain. To
achieve high gain for the antenna array, the directivity
should be increased and it can be increased by increasing
the effective area of the array given by the expression.

)\‘2
Ae= (—)D,
4n

where Ae is effective area of the array; A is wavelength.

In the designed structure, slots are extended to the broad
walls increasing the resonant length of the antenna. This
increase in the length increases effective area of the array
which helps to improve directivity of the antenna. Improved
directivity results in higher gain of the designed slotted
waveguide. These expressions allow us to estimate the
increase in the amplification of the fundamental radiation
and the suppression of its cross-polarization component.
Rodrigi Keinj Enjio [2] designed a slotted waveguide
using a WR90 waveguide with inclined slots in narrow
wall having 12 slots (without semicircular cutting in the
end of the slots) and achieved gain of 16 dB with cross-
polarization component of around 13 dB and side lobe
level of —21.9 dB.

The expression for the effective area of array helps in
discrediting the surface with initial conditions:

1) Gain> 16 dB

2) Polarization: Horizontal

3) Frequency =9 GHz

4) Scanning beam should be narrow in azimuth plane and
wider in elevation plane to compensate the roll of the
ship.

To have a narrow beam in azimuth plane and wider
beam in elevation plane horizontal polarization is required.

Slots are etched in the narrow wall to get the horizontal
polarization. For fundamental TE10 mode, longitudinal
slots etched in the broad wall generate vertical polarization.
Transverse slots etched in narrow wall produce horizontal
polarization.

Designed model is very well suited for the application
involving TE10 mode of the electromagnetic wave
propagation. Slots are designed for three waveguides in
such a way that the induced current flows from the top
wall of the waveguide to narrow wall of the waveguide
vertically, and the slots are etched in one of the narrow
walls. These slots alter the current flow and result in
radiation into the air. Radiated power by the slot is a
function of angle phi by which the slot is rotated. In this
design, the slot is rotated at the angle of 45°, therefore
radiated power will be function of sin45°. Radiation
from the z component of waveguide will be responsible
for output gain and radiation characteristics, whereas x
component will get distributed and results in cancelling
out the radiation. Waveguide is fed by a coaxial feed
from one end, and other end is short circuited. The last
slot is at a distance of A/4 from the short-circuited end
of the waveguide whereas distance between the slots is
M2. Calculated slot distance is 24.35 mm and the last slot
distance from the short-circuited end is 12.18 mm. Width
of the slot is calculated as 2.4 mm. Pencil type of beam is
obtained from this waveguide structure.

Waveguide structure is designed using a copper plate
with thickness of 1.25 mm, the length of the designed
waveguide is 22.86 mm and the width of the waveguide is
10.16 mm as shown in Fig. 5. The hardware is designed for
the array of 10 slots and one end of the waveguide is short
circuited by the copper plate and the other end is closed
by epoxy with coaxial feed to transmit X-band frequency
ranging from 8 to 12 GHz and analyzed on VNA.

A bridge circuit is used to transmit and receive the
electromagnetic waves in TE10 mode of operation and to
analyze the co- and cross-polarization component of the
wave. The designed structure shown in Fig. 6 is simulated
as well as tested on hardware for the 10 slots array but only
for the four- and two-slot structure simulation is carried out.
Results of the 10-slot array model are compared for both

Fig. 5. Designed waveguide with 10 inclined slot
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Fig. 6. Designed waveguide with semicircular slots in broad
wall

simulation and hardware model. Slots are etched using
CNC machine with precise measurement in the workshop.
The designed hardware model is tested in the laboratory
on VNA machine.

Results and Discussion

Simulation is carried out for the structures designed
for two & ten slots. Simulation results obtained for the
structure show that the designed waveguide radiates at 9
GHz and the radiation gain obtained is 18 dB with side
lobe level of 15 dB. Here side lobe levels are quite high.
This should be reduced by increasing the array gain of the
structure to the optimum level.

As the number of slots is increased, gain of the
waveguide increases due to array of slots as shown in
Fig. 7; they all radiate and transmit electromagnetic waves
towards the target. The maximum gain obtained for the
narrow wall slotted waveguide with two inclined slots
without semicircular cutting extending to the broad wall is
10 dB. This number of slots also causes cross-polarization
component of the waveguide to increase. Cross-polarization
component increases the side lobe levels which cause
polarization of the radiated energy and this is not suitable
for the waveguide operating as radar antenna in ships,
aircrafts or submarines.

Simulation is carried out for 10-slot structures of
the waveguide. Return loss, gain and side lobed levels
are calculated. Co-polarization & cross-polarization
components are determined by simulating the structure with
last slot at a distance of 12.18 mm from the short-circuited
end of the waveguide as shown in Fig. 8.

VA

Fig. 7. HFSS simulation for two inclined slots in the waveguide

20
o[ ' \\_/
S -20
40
8 10 12

Frequency, GHz

Fig. 8. HFSS result for gain of two inclined slots in narrow wall
(without semicircular cutting)

The length of the slots is extended into the broad walls
of the waveguide in both upper and bottom plate which
increases the resonant length of the antenna. The length
without extension is 14.35 mm, and after extension slot
length increases to 16.35 mm which helps in achieving
higher gain as shown in Fig. 9. Semicircular cutting in the
broad walls also keeps the cross-polarization component
low. With low cross-polarization component the side lobe
levels are also low. This makes it possible to get the high
gain keeping side lobe level at minimum.

With 10 slots HFSS shows good result for the gain.
Simulation results for the co-polarization & cross-
polarization components show gain of 26 dB and cross-
polarization component — around 20 dB as shown in
Fig. 10. The beam is obtained in X—Z plane at 90 for the
wave propagating with the frequency of around 9 GHz.

Maximum gain obtained for 10 slots without
semicircular cutting extended to the broad wall is 13 dB.
Radar is an important component of modern navigation
and radar antennas. It needs to be designed for the exact
specifications. Antennas used on ships need to be of high
gain with tightly controlled beam width. Antenna should
be robust, compact, and resistant to the effects of roll and
motion. Designed slotted waveguide antenna matches
all these criteria. Fig. 11 shows the simulation results
obtained for the gain of the waveguide antenna without
semicircular cutting. The maximum gain achieved is 13 dB
at resonant frequency of 9 GHz, whereas Fig. 12 shows the
simulation results obtained for the waveguide antenna with
semicircular cutting. The maximum co-polarization gain
achieved is 26 dB. This value is almost double to the gain
obtained without semicircular cutting.

Fig. 9. Waveguide designed for ten slots
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Simulation results are compared with the hardware
results measured using VNA as shown in Fig. 12. Hardware
20 prepared according to the designed and simulated
structure in the workshop is tested in the laboratory for
1 —_— the X-band frequency from 8 to 12 GHz using a bridge
circuit which allows both input and output wave to pass

0 through it without interfering. VNA provides insight of

the microwave waveguide. It helps in analyzing cross-

2 polarization component, side lobe level, gain in the
direction of target, and voltage standing wave ratio of the

20 waveguide. Results obtained from vector network analyzer

for X-band frequency, ranging from 8 to 12 GHz for TE10
mode of operation, are compared with the simulation
results obtained from ANSYS HFSS.
HFSS results for the simulation and calculated results
0 100 200 on vector network analyzer shown in Fig. 13 are compared.
Theta, deg The simulation results seemed to be promising after
comparison with the actual hardware results. Simulation
results show the maximum gain of 26 dB with side lobe
=== Cross-polarization level of around 20 dB for the designed waveguide array of
10 slots. Hardware results obtained from vector network
analyzer give the maximum gain of 24.5 dB with the side
lobe level of 18 dB. The results prove that the designed
structure provides optimum gain for the structure which
can be effectively utilized in the aircraft, maritime radar,
= \ having robust and compact model with low side lobe level.
0 : : : , Horn antenna is used for receiving the signal transmitted
\ by the waveguide antenna. With the help of horn antenna,
receiving signal gain and radiation pattern for co- and
-20 cross-polarization is calculated. Slots etched in WR90
waveguide are extended in broad wall by 2 mm and the
40 shape of these extended slots is kept semicircular in order to
get the higher gain and reduced co-polarization component.
8 10 12 We could achieve higher gain in comparison with previous
research made work by researchers [1] where authors
could achieve gain of 23 dB by adding two waveguides
Flg 11. HFSS result for ten inclined slots in narrow wall Wlth the help of a ﬂange connector. Each Waveguide has
without semicircular cutting 32 slots and the combined structure has total 64 slots. The

e (Co0-polarization

Fig. 10. HFSS simulation result for two inclined slots in narrow
wall (with semicircular cutting)

20

Frequency, GHz

0 100 200
Theta, deg

Co-polarization

e CrOSs-polarization

Fig. 12. HFSS result for 10 inclined slots in narrow wall (with
semi-circular cutting) Fig. 13. Hardware model analysis experimental setup
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Fig. 14. Gain measurement using bridge circuit

construction looks bulky, has increased complexity and
decreased reliability to employ it effectively in aircrafts or
submarines.

Semicircular shape of these slots increases radiation
by altering the current flow, thereby increasing the gain
of the antenna in desired direction, while reducing the
gain in the side lobes of the antenna. Radar system needs
the antenna with highly directional characteristics having
high gain in the direction of the target location and small
amount of energy should be radiated in all other directions.
Radiation pattern of the antenna in Fig. 15 above shows
evidence of the goal achievement. Main lobe of the antenna
shows the gain of around 26 dB while side lobes are below
20 dB. Width of the slot is calculated as 2.4 mm and
spacing between the nearby slots is calculated as 24.35 mm.
Waveguide is short circuited at one end and the gain is
calculated at the 90°. The distance of the first slot from the
short-circuited end is calculated as 12.18 mm.

The structure is designed using copper metal plate with
the thickness of 1.25 mm. In the first designed structure,
slots are etched in the one of the narrow wall side of
the antenna. 2 mm of length is extended in the inclined
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slot which causes it to extend in the broad side wall of
the waveguide. This increase in the inclined slot length
increases resonant length and helps in achieving higher
gain, and semicircular shape keeps the cross-polarization
component low and reduced side lobe levels. Fig. 16 shows
3D radiation pattern in HFSS.

Fig. 17 shows hardware model experimental result
for co-polarization and cross-polarization gain. Slotted
waveguide narrow wall antenna was designed and
simulated by researchers in [1]. After simulating the
radiation pattern in CST simulation software, they found
that by adding two waveguides with 32 slots in narrow wall
the combined structure will have 64 slots. They designed
three narrow wall waveguides and combined the waveguide
with and without flange connectors. The authors simulated
these three structures in CST simulation software and
analyzed their radiation characteristics. The maximum
they could achieve by combining two waveguides with
total 64 slots was 23 dB. They analyzed the effect of flange
connector on the radiation pattern and observed that the
gain increases by adding two waveguides but the impact of
flange connector causes side lobe level to increase.

Electromagnetic field distribution of the designed
waveguide using HFSS is shown in Fig. 18. The HFSS
system of electrodynamics modeling is used effectively
to get the E-Field and H-Field distribution. The gain of
the waveguide is increased which is not suitable for the
waveguide as it increases the false detection rate of the
target. Primary antenna was designed by etching 64 slots
and its radiation pattern was analyzed. The use of flange
connector makes the system bulky, less robust and also
complex in terms of installation and maintenance as
compared to the designed structure. Designed waveguide
structure does not include any extra component like flange
connector or reflector which makes the designed waveguide
compact, robust, and can ecasily tolerate the roll of the
aircraft or ship. Gain of 26 dB in simulation and gain of
24.5 dB in hardware is achieved with side lobe level of
20 dB in simulation and 18 dB for the hardware model. It
seems to be better than the designed slotted narrow wall
waveguide of the researchers in [1]. The designed structure

Radiation Pattern 1

—-180

Fig. 15. Radiation pattern in HFSS
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-23.221
-26.364
-29.507
—32.650
-35.793

Fig. 16. 3D radiation pattern in HFSS

shows multiple advantages as compared to the previous
simulations presented and the models proposed.
Researchers had proposed a waveguide with slots
etched in the broad wall and added a reflector to get the
higher gain. They made 16 slots in the broad wall of
the waveguide and a reflector was used along with the
waveguide structure. This arrangement was simulated
in HFSS. The authors transmitted TE10 electromagnetic
wave through broad wall of the slotted WR90 waveguide
structure. They found radiation pattern in simulation
software and got the gain of 22.5 dB. The structure was
simulated for the frequency of 9.4 GHz and the polarization
utilized was horizontal. By adding the reflector, gain was
increased to 22.5 dB. They simulated the structure with
and without reflector and found that the use of reflector
increases the gain of the waveguide but, along with
the gain, side lobe level also increases. The gain of the
waveguide without reflector was calculated as 16 dB and
by incorporating reflector gain increases to 22.5 dB. The
designed structure shows the good gain as compared to the
slotted waveguide without using reflector which makes
the arrangement complex and costly as well. The design
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6.8170
6.3921
5.9672
5.5423

5.1173
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Fig. 17. Hardware model experimental result for co-gain &
cross-polarization gain

structure provides cost effective way to achieve higher
gain and reduce the probability of false target detection [3].

Researchers [4] worked on the Planar Structure
of the waveguide and formulated several branch feed
waveguide structures and calculated weight of the element
by incorporating Taylor’s aperture. They compared the
calculated and simulated results. They calculated the
gain in the Taylor’s aperture in E plane by transmitting
electromagnetic wave of 9.37 GHz [4]. The designed
waveguide, along with the branch feed waveguide, was
simulated in the Microwave CST Software and its return
loss, radiation pattern, far field and near field patterns are
analyzed; the gain of 25 dB was achieved. They represented
the feed current of the designed structure in simulation
and showed that as the feed point is moved away from the
center of the structure then surface current starts decreasing.

Ny

Fig. 18. Software simulation model of electromagnetic fields (using HFSS)
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Fig. 19. Gain measurement for the hardware

The designed simulated structure is fabricated in the
workshop and tested in the laboratory for the evaluation
of the simulation results. The designed slotted waveguide
is tested for the gain and cross-polarization component by
using a VNA.
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Horn antenna is used for receiving the signal transmitted
by the waveguide antenna as shown in Fig. 19. With the
help of horn antenna receiving signal gain and radiation
pattern for co- and cross-polarization is calculated. Slots
etched in WR90 waveguide are extended in broad wall by
2 mm and shape of these extended slots is kept semicircular
in order to get the higher gain and reduced co-polarization
component.

We could achieve higher gain in comparison with
previous research work by researchers [1] who could
achieve gain of 23 dB by adding two waveguides with the
help of a flange connector, each waveguide having 32 slot
and combined structure have total 64 slots. This makes it
bulky, increases its complexity and decreases reliability to
employ it effectively in aircrafts or submarines.

Conclusion

Simulation results for the designed models of 2 and
10 inclined slots in the narrow wall of the waveguide
antenna provide the gain of 18 dB and 26 dB respectively.
The result is better as compared to the proposed models
by earlier researchers. Advantage of the designed model
is that it does not incorporate any additional device like
reflector or flange connector which makes the structure
robust and increases its reliability. The designed structure
is cost-effective and less complex, so it can be effectively
used as a radar antenna for aircrafts and ships. Hardware
model analysis provides the gain of 24.5 dB and verifies
the simulation results.
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