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Abstract. The mining industry is one of the main sectors of the economy of
Kazakhstan. Today, the country produces many types of minerals, including coal,
oil, gas, copper, gold, iron ore and other metals. In general, the mining industry
is an important sector of the economy of Kazakhstan, and further development of
this industry can lead to increased economic growth and the creation of new jobs.

One of the main problems of the mining industry in Kazakhstan is the need
to improve technologies and environmental standards. Modern technologies are
being introduced in the mining industry. However, much remains to be done to
ensure the sustainable and safe development of the mining industry in Kazakhstan.

It can be said that the country’s mining industry is not yet fully covered by
innovative intelligent systems due to the scale and complexity of its operations.
Today, capital and human manual labor are required. Since the growth of the
mining industry has not changed for many years, we still find the same mines
in some regions of the country that use century-old processes and methods. Due
to the historically developed features, the mining and metallurgical complex of
the Republic of Kazakhstan, as a rule, is focused on the extraction of primary
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metals and the export of raw materials. As part of the implementation of the third
program of accelerated industrial and innovative development until 2030, the
mining and metallurgical complex was assigned the role of one of the locomotives
of the development of the republic’s economy, the main factor in the formation of
macroeconomic indicators. At the same time, the main task of the MMC industries
is to provide conditions for the structural restructuring of the national economy
and the creation of new knowledge—intensive industries of high-tech end products
that are competitive in world markets.
Keywords: mining, artificial intelligence, lathe, regulator, sensor
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Annoramus. Tay-keH eHepkociOi KaszakcTaH SKOHOMHKACHIHBIH HETI3T1
cajanmapblHbIH Oipi Oombim  TaObUTambl. bByriHri KyHI enmiMi3ne maijanb
Ka30alap/IbIH KOITereH TYpJiepi, COHBIH IMIiHAe KOMip, MyHal, ra3, MbIC, alThIH,
TeMip KeHi jkoHe Oacka Meranmap eHmipineni. JKammel, Tay-keH Kazakcran
SKOHOMHUKACKHIHBIH MaHBI3ABI Cajgachl OOJNBII TAOBUIAABI JKOHE OCHI CAJIaHBl ONaH
Opi TAaMBITY SKOHOMUKAIIBIK ©CIMHIH YJIFAIOBIHA )KOHE JKaHA )KYMBIC OPBIHIAPBIHBIH
KYPBUTYbIHA OKeIyl MYMKiH.

KazakcranHblH Tay-keH ©HepKociOiHAeri OacTel  MocenenepiaiH  Oipi
TEXHOJIOTHSIIAP MEH DKOJOTHSIIBIK CTAHAAPTTAP/II KAKCAPTY KAKETTUIIT OOJIBIIT
TaOpuiaapl. Tay-keH eHepkociOiHIe 3aMaHayd TEXHOJOTHsSJIAp CHTI3iMy YCTiHAe.
Anaiina, Kazakcranma Tay-KeH ©HEpKOCiOiHIH TYpaKTHI JKOHE Kayilci3 JaMybIH
KaMTaMachI3 €Ty VIIIiH 9Jli JIe KOT JKYMBIC iCTey Kepek.

Emimizgeri Tay-keH eHEpKociOli ©3 omnepanusIapbiHBIH —ayKbIMBl MEH
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KYpJenitirine OalaHBICTRI WHHOBAIMSUIBIK CMapT JKYHEeIepMeH oJi TOJBIK
KaMTBUIMaFaH JIeT aiTa ajambl3. Ka3ipri TaHaa KanuTaiabl )KoHe ajaM KOl KYIi
eHOerin kem KaxeT ereii. Tay-keH eHEpKOCiOiHIH epiieyl KaHIIaMa >KbUIAap
0olibl e3repMereHaiKTeH, 0i3 ol KyHTe JACHiH >KY3 JKBUIIBIK MPOLECTEp MEH
olicTepAl KOJIJaHATBIH KeHOip eniMi3iH aiiMakTapblHAH COJI Tay-KeHIIITepiH
Tabambi3. Tapuxu KanblnTackaH epekuienikTepre OaianbicThl Kazakcran
PecrniyOnukachIHbIH Tay-KeH METaJLTyprisl KEIICeH], 9/IeTTe, 0aCTalKbl METaIAap bl
OHJIIPYre JKOHE NIMKI3aT AKCIOPThIHA Oarmapiianrad. YIEMeNi WHJYCTPHUSIIBIK-
MHHOBAIMSUIBIK AamyablH 2030 >KbLaFa JCHIHIT yIIiHII OaraapiamMachiH iCKe
aceIpy HICHOEPiH/IE Tay-KeH-METaLTypIrusl KEIIeHIHe pecyOinKa SKOHOMUKACHIH
TaMBITYIBIH JIOKOMOTHUBTEPIHIH 0Oipi, MaKpOIKOHOMHKAIBIK KOPCETKIMITEPIi
KaJIBITITACTRIPYABIH HET13T1 pakTops! pesi oepinai. byn perre TMK canamapsrasia
0acTel MiHAETI — YITTHIK SKOHOMHKAHBI KYPBUIBIMIBIK KalTa Kypy YUIiH
KaFJalmapapl KaMTaMachl3 €Ty JKOHEe SJIEMJIIK HapbIKTapia Oocekere KadinerTi
JKOFaphl TEXHOJIOTHSUIBIK TYNKUTIKTI ©HIMHIH FBUIBIMIBI Ka)KETCIHETIH jKaHa
OHJIIPICTEPIH KYPY CaKTaabl.

Tyiiin ce3aep: Tay-KeH OHEPKACiOi, dKacaHIbl HHTEICKT, TOKAPJIBbIK CTAHOK,
peTTerim, JaT4uKk
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Kumy6aeBa A. — crapmmii npenojasarenb, EBpasuiickuii HalmoHanpHbIH yHUBepcuTeT M. JI.H.
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AnHoTanusi. ['opHoJ00BIBatOIasi MPOMBIIUICHHOCTh SIBJISETCS OJHOH W3
OCHOBHBIX oTpaciyiell skoHoMukHM Kazaxcrana. CeronHs B cTpaHe J100bIBaeTcst
MHOKECTBO BH/IOB IIOJIE3HBIX HCKOTAeMBIX, B TOM YHCII€ yroiib, He(QTh, ras,
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MeJIb, 30JI0TO, XKeJIe3Has pylla u Apyrue MeTailibl. B 1ieixom, ropHogoOsIBaromas
MIPOMBINIUICHHOCTh  SIBJISIETCS  BAXKHOW OTpacipio dKkoHOMHKH Kazaxcrana,
U JaibHEWIlee pa3BUTUE OTOM OTpPaciAd MOXKET MPUBECTH K YBEIUYCHUIO
SKOHOMHYECKOTO POCTa M CO3aHUIO HOBBIX Pa00OYUX MECT.

OnHoli M3 TNaBHBIX MPOOJIEM TOPHOAOOBIBAIONMICH MPOMBIIUICHHOCTH
Kazaxcrana siBisieTcss He0OXOJUMOCTP YIYUYIICHHUS TEXHOIOTHIA U YKOJIOTHUECKHIX
cTaHIapToB. B TOpHOI00RIBAIOIICH TPOMBIIIIIICHHOCTH BHEIPSIOTCS COBPEMEHHBIC
TexHonoruu. OJHAKO TMPEACTOMT €IIe MHOTOe CHAelarh Uit 00ecreYeHHs
YCTOWYMBOTO M 0€30TTaCHOTO Pa3BUTHS TOPHOMOOBIBAIOIIEH TTPOMBIIINIEHHOCTH B
Kazaxcrane.

MoXHO cKa3arb, YTO TOPHOIOOBIBAIOIIAS TIPOMBIIINIEHHOCTh CTPAHBI €Ille He
IMOJIHOCTBIO OXBa4€HA MHHOBAIIMOHHBIMU MHTCJIJICKTYaJIbHBIMU CUCTEMAMU M3-3a
MacmTaboB ¥ CI0XKHOCTH CBOMX oreparuii. CeroHs KanuTairy 1 4eJI0BEYeCKOMY
pydHOMY Tpyny Tpebyercs Oombmie. IlockombKy pOCT TOPHOIOOBIBAIOIICH
MIPOMBIIIUICHHOCTH HE MEHSUICS B TCUCHHE MHOTHX JIET, MBI BCE €IIe HaXOIUM
OJTHU W T€ K€ PYJIHHKH B HEKOTOPBIX PETMOHAX CTPaHBl, KOTOPHIE HCIOIB3YIOT
CTOJICTHHE TPOIECCHl W METOABl. B CBSI3M ¢ HCTOPUYECCKH CIOKUBITUMUCS
O0COOCHHOCTSIMU TOPHO-METaJUTyprudeckuil komruiekc PecrmyOnmku Kazaxcras,
KakK 1npaBuJio, OpUCHTHUPOBAH Ha ,ZIO6I>IT-Iy TIEPBUYHBIX METAJIJIOB U OKCIIOPT CBIPbHA.
B pamkax peanuzanuu TpeThed mporpaMMbl ()OPCHPOBAHHOTO HH]IYCTPUATBHO-
WHHOBAIIMOHHOTO pa3BUTHs 70 2030 rojia ropHO-MeTaUTyPrudeCKoMy KOMIJIEKCY
OTBOJIMJIACH POJIb OJIHOTO M3 JIOKOMOTHBOB Pa3BUTHS SKOHOMHKH PECITyOJIUKH,
OCHOBHOTO (akTopa (OpPMHUPOBaHHS MAKPOIKOHOMHUYECKHX ITOKa3aTeleH.
[Ipu »sToM maBHas 3amada otpacier MK — obecrneuenue yciaoBHH s
CTPYKTYPHOM NEpEeCcTPOMKU HALUMOHAJIBHON HSKOHOMUKH M CO3JaHUE HOBBIX
HAayKOEMKHX TPOM3BOACTB BBICOKOTEXHOJOTHYHOH KOHEYHOW MPOAYKIIHH,
KOHKprHTOCHOCO6HI)IX Ha MUPOBBIX PbIHKaX.

KuaroueBnle ciaoBa: ropHOmOOBIBAIONIAS POMBIIILIEHHOCTh, UCKYCCTBEHHBIH
HMHTEJUIEKT, TOKApHBIN CTAHOK, PETYIIATOP, JaTUUK

Kipicne

TexHUKaJIBIK MPOTPECCTIH MaHbBI3Abl OAFbITTApBIHBIH Oipi - KaHa dHEpTus
YHEMICWUTIH Oackapy IKyHenepiH o3ipiey XoHE KOJNJIAHBICTaFbl OHEPKACII
OOBEKTIJIepiH OCHl acleKTiZie JKaHFBIPTY. bByn ocipece Ka3ipri yaksITTa
SHEPreTUKAIBIK PEeCypcTapiblH YHEMi KbIMOarTayblHa OaiaHbBICTBI JeceK
Oouazipl. OHEPKACINTIK KYPBUIFBLIAP YIIIH KYPBUIFBIHBIH KOJAMCHI3 )KaFaainapia
YKYMBIC ICTEYiH CHUIIATTAWTBIH CEHIMIUIIK KOPCETKIIII JIe 6Te MaHbI3bl. OUTKEHI,
OHIPICTET] JoMT ecenTey >KaOaBIKTAPBIHBIH KOPIIaFaH OpTa TYPFBICKIHAH JKYMBIC
icTey mIapTTapbl eTe Kojaichi3. ByriHri TaHza Tay-KeH MeTajulyprus KelleHi
(TMK) Kazakcran PecnyOmukachl SKOHOMHKACBIHBIH MaHBI3bl CTPATETHSIIBIK
CeKTOpapbIHbIH Oipi 0okl TabbLIaabl. Ka3ipri yakeirra TMK yrecine XKIO-Hig
7% - naH acTaMbl, @HEPKACINTIK OHIIpic KesneMiHiH 19% - b, eHeyLI OHepKacin
eHiMiHIH 35% - man actambl THecimi. Cana xocinmopeiaapbiaa 300 MbIHHAH
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acTaM aJaM KYMBIC 1CTei11,0y11 pecmyONuKaHbIH KYMBICIICH KAMTBUIFaH >KaJIIbl
XaJIKbIHBIH IIamMaMeH 3,6% Kypaiael (Adpamsn, 2020).

Enimizne sxysere acwipbuibin xatkaH TMK-HbIH Yaemeni MHBECTHIHSAIBIK-
WHAYCTPHUSUIBIK AaMy CTPATErHsChl jKarJalblHIa >KOFapbl TEXHOJIOTHSUIBIK KOHE
FBUIBIMJIBI K@XKETCIHETIH OHIMJCpAiH (MallMHa jKacay, KYpbUIbIC HHIYCTPHUSCHI,
aBuaIUsl JKOHE KOpFaHbIC OHepKaciOi) »kaHa OHIIPICTepiH JaMbITy YIIiH
KoHCTpyKIMANBIK MaTeprangap MEH IIMKI3aTThl 0ac KeTKizymi pemi OesiHesni.
CoHIBIKTaH OpTa Mep3iMAi MEepPCIeKTHUBaAa KEUICHIl JaMBITYAbIH MaHbBI3IbI
MIHJIETI iIKi HAPBIKTBIH KAXKETTUTIKTEPIiH KaMTaMachl3 €TETiH JKOHE 3KCTIIOPTTHI
KEHEHTEeTiH KOChUIFaH KYHBI )KOFapbl OHIM ILIbIFapyFa OaraapiiaHFaH MEeTaJLTyprus
OHEPKACIOiHIH XKaHa KaiiTa OeriMIepiH Ke3eH-Ke3eHIMEeH KYPY OOJBIIT TaObLIa IbI.

3epTTeyniH MakKcaThbl — TOKApJBIK CTAHOKTBIH HETI3T KO3FaJIbIChIHBIH
ACHHXPOHJBI YII (a3anbl KO3FAITKBILBl YIIiH MHKPOIPOLECCOPIBIK Oackapy
JKYHeECiH o3ipiey, mapaMmeTpiepi yKcac KYPBUIFBUIAPABIH MapaMeTpIIepiHeH KeM
TYCHelTiH, Oipak KeiOip Karaiiapaa acklll TYCETiH apaMeTpIIepiH Kacay, Tay-
KEH OpBIHAAPBIHAAFbl KayinTi aliMakrapasl LUGPIaHIBIPHIN, aJaM IIbIFbIHbIHA
XKOJI OepMeid, anaTTap/blH aJlJIbIH ajbll, IFHU CAHABIK 0acKapy CTAaHOKTAPAbIH
KOMeriMeH Tay-KeH-IIaXTa Ka0AbIKTAPbIH Ke3 KeJIreH KepleH O0aKbLiayra
00J1aThIH KAIBIKTAaH 0acKAPBLJIATHIH IIAXTAJapFa ue 60Jy.

Onney OarnapiaMacbiHa OaliJIaHBICTBI, CAaHIBIK 0acKapy CTaHOKTAPBI
KaimMri craHokrapmad epekmeneHmipeni. CaHOBIK Oackapy CTaHOTHIHBIH
KOMeTIMEH KOINTereH KalblliTap MEH apMarypaiapbl jkacay HeMece aybICTHIpY,
COHJAW-aK MalllMHaJapAbl agaM KOJbIMEH >Kui Oanrtay KakeT emec OoJsiaibl.
Horwmwxkecinne, CBC craHokrapbl Oip ©HIMAI HeMmece IWIaFblH MapTHSIIAP/IbI
OHJIpyre, COHIAl-aK jkaHa OHIMAEPHI d3ipyieyre oTe BbIHFAMIbI, OyJ eHAipicTi
JalblHIAy LUKIIH KbICKAPTYFa JKOHE TEXHOJOTHSUIBIK KaOABIKTBIH KYHBIH
TOMEHJICTYTe KOMEKTEeCe/Ii. ABTOMATTAHIBIPYAbIH MIHACTTEP1 OHAIPICTIH KOFAPHI
THIMJUTITIH, XaOIBIKTBIH HETI3T1 TMapaMeTpiepiH >KoHe KayinTi (axTopiapsl
(raz, xenpeTyniH OOJMaybl) aBTOMATThl OaKbUIay apKbUIBI )KYMbBIC KayilCi3mirin
KaMTaMachI3 €Ty, *aOAbIKTap MEH MEePCOHANIBIH KayilTi dKYMBIC PEKUMIEPiIHIH
aJABIH ajy, aBTOMATTHl da0bu1 Oepy, OyrarTay, perrey >KoHE Oackapy OOJbII
TaObUTaIbl. ABTOMATTaHBIPYABIH KOFaphI NeHreitine OaitnansicTel CBC xyitenepi
OHIPICTIK «KUBITHABIKTAPIBI a3alTaIbl )KOHE TYIKUTIKTI HOTHXKEHI )KaKCapTaThIH
Oomnanel (Akcenos, 2020).

AJIBIHFAaH HITHIKeJIepAiH FBUIBIMH JKaHAJBIFBI: COHFBI  KBUIAAPHI
maxTaxapAa >KYMBICIIBIIAp YIIH KayilTi a3aiTeIN, OHIMIITIKTI apTThIpa aJlaThlH
©3liriHeH OacKapbUIaTbIH YIIy amaparrapbl MEH ©3/iriHeH 0acKapbulaTbiH
OyprblIay KOHIBIPFBUIAPBI CHSAKTHl ABTOMATTAHABIPBUIFAH Tay-KeH XyHenepi
KOJLJaHbLIa 0acTalbl.

YJKeH TepeHMIKTe Tay-KeH JKYMBICTAPBIHBIH KayillCi3MliriH KaMTaMachl3 €Ty,
KEH KEH OpBIHJAPbIH HWTEPYIiH KYpIeNi KIUMATTBHIK »OHE TeOMEXaHUKAJbIK
KargaliaapelHAa ayblp KON eHOEriH OoyiabipMay, >KYMBICIIBUIAPABI KayinTi
aiiMaKTaH mbIFapy — Oip Me3ringe cakray HeMece TIlTi apTThIPy Ke3iHe eHipic
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THIMIUTITI-OYpFBUTAY-Kapy JKYMBICTApbIHAA, THEY-TYCipy OIepanusuiapbiHia,
Tay-KeH MaccachlH TachIMaliay Ke3iHJe aBTOMATTAHIBIPY >KOHE KAIBIKTHIKTAH
TEJNEeBU3MSIIBIK OacKapy KyHelepiH urepy KaxeTTinirin taman ereai (LLleBwipés,
2019).

MyHpaii xarjaiinapaa Tay-KeH TEXHUKAChl ilIiHapa HEMEeCe TONBIK KYMBIC
ICTEUTIH Tay-KeH KOJIK KaObIKTapblH aBTOMATTAH/BIPY JOPEKECIH KaMTaMachI3
€TeTIH aBTOMATTAH/BIPBIIFAH JKOHE POOOTTAHIBIPBUIFAH TMaiajisl Kaz0amapabl
OHJIpY JKYHeepiH Kypy epeKIle MaHbI3Fa He, )KOHE XKYPri3yIlijep MeH olieparopiap
TOJIBIFBIMEH ABTOMATTBI TypJe OacKapy KalIbIKTaH JKY3€re achIpbLIybl KEpeK.
Tay-keH OpbIHIApBIH aBTOMATTHI TYple OacKapy KallbIKTaH KY3ere achIPbUIYbI
KOpCETUIreH. OHIMIUTIKTI apTTHIPYIBIH Kelleci KalaMbI-0apiIblK OTiepausiapibl
0ip, KalIbIKTaFbl XKep/ieH O0acKkapyra MYMKIHJIIK OepeTiH OChl TEXHOJIOTHSIAPIbI
Oipiktipy. Onap:

Kacaumer waTemektri (OKW) maiimamany: XKW enmipy mporecrepin
OHTAMJIaHABIPY, OHIM canachlH OaKblIay JKOHE BIKTUMAI IMpolieManapisl OomKay
YIUiH HaiJalaHbLTybl KEPEK.

AKBUIIBI TaTYUKTEP: OJApAbI Cy JEHIeli, TeMIeparypa, KbIChIM, Jipil CUSKTHI
opTypii mapamerpiepiai Oakpulay VIIiH TaiijamaHyra Oonaapl, Oyl MYMKiH
npobaemManapaIsl HeMece KayinTepi KepceTyi Kepek.

Bupryanapl KoHE KEHEHTUITeH MIBIHABIK: OYJl TEXHOJOTHsJIapAbl JKaHa
JKYMBICIIEUTapFa O11iM Oepy JKoHe ImaxTalapAarbl Kayilmci3aikTi KakcapTy YIIiH
KayinTi ykarnaniapasl MOJICIIb/ICY YIIiH naiaananyra 00omabl.

Marepuannap >KoHE HETi3ri oiicTep: MaKcaTbiHa OalIaHBICTHI KeJleCi Heri3ri
MIHJIETTED KY3ere achlpblUIaIbl:

— Tay — keH maxranapja aBTOMaTTTaHABIPbUIFAH JKa0bIKTapIbIH KOMET1IMEH
KeH 0aibITy KYMBICTapbIH XYPri3y;

— Ken OaiibiTy OapbichiHOa KEHJI HBICAHIAPABIH KYPBUIBIMBIH KapacThIpy
HKOHE 3epTTEY JKYMBICTAPBIH TAJIAAY;

— ABTOMATTTaH/BIPBUIFaH Tay — KeH KaOAbIKTapABIH KYPBUIBIM/BIK CYJI0aChIH
xKacay;

— TexHOJIOTHSUIIBIK MPOIECTI CaHBIK Oackapy OarmapiaMachbIMEH JKa0IbIKTay
XKoHe 0acKapy *KYHeCiHiH KayilcCi3/iriH CeHiM/li KaMTaMachI3 €TY;

— Matlab Oarmapnamanay opTachIHIA TEXHOJOTHSIBIK TPOIecTi Oackapy
KYHECIHIH MaTeMaTHKaJIbIK MOJICIIH KYPY;

TexHONOrusIbIK NapaMeTpiepai TYpaKTaHAbIPY >KYHECIHIH MaTeMaTHKaJbIK
MoJeni

Komnbrotepiik canapik 6ackapy (KCB) - Kypanmapra eHaipiires ajiblH ana
Oarnapiamananran KommbsioTepiik 6araapinaMaibikK Kypaiasl maiiagany apKbUTbl
CTaHOKTapAbl OacKapylbl, JXKbUDKBITYAbI KOHE IONAIKTI aBTOMATTAaHABIPATHIH
OHIIpiC dici.

CBC ognerte eHiipicTe MeETaUl JKOHE ILIacTMacca O6IIICKTePIH OHJICY
YIIiH KojiAaHbiaabl. MapmpyTtusatopiap, Tokapiblk cTaHokTap, Ppeseprik
CTaHOKTap, OYpFhUIap, TETiCTEYIlTepP, Cy WHKEKTOpPIaphl KOHE Jlazepiep - Oyl
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KapamaiibIM KecKill Kypangap, ojapmeH oreparusuiapabl CbC kemerimeH e
aBTOMAaTTaHJbIpyFa Oonajael. OHBI JOHEKEpIey MalluHalapbl, SJIEKTPOHIBI
KYpacThIpy MallMHAJIAPbI JKOHE KIill 0pay MaIIWHAIAPHI CUSKTHI MAIIMHAJIBIK EMEC
Kypasgap/asl 6ackapy yIIiH jae Konganyra oonaasl. CbC kxemeriMeH eHipiieTiH
opOip HbicaH onerTe G-code nen aranaThlH XaJbIKApalblK CTAaHAAPTTHI TUIIC
YKa3blIFaH apHAWbl KOMITBIOTEPITIK OaFaapiIaMaHbl allajibl, OJ1 MAllMHAHBI 0acKapy
onoreiiga (MCU), MamnMHara KOChLIFAH MHUKPOKOMITBIOTEP/IC CaKTajajbl JKOHE
onbl opbiHAaniasl. M-code Tini CBC onepaumsnapeinga G-code-men Oipre
KOJITaHbLIA b

G-code MalMHAHBIH KO3FAJBICBI MEH JKYMBICBIH Oackapca, M-code
OTIepaIsIHBIH CBIPTKBI KO3FaJbICTaphiH Oackapaznsl. CoHpmaii-ak, Oarmapiamana
MalllMHAHBIH HYCKaylapbl MEH IapameTpiiepi 0ap, MbIcalibl, MaTepuaisl oepy
KBUIIAMJIBIFBI, OPHAJIACY XKOHE Kypasl KOMIIOHEHTTEPiHIH aifHAIly KbIJITaM/IbIFbL.
[IpormecTiH anFamKkpl Ke3CHIHAC HWHXKECHEpJIEp aBTOMATTaHIBIPBUIFAH >koOaay
xyieciane (AXKIK) skacamarbiH O6JIKTIH ChI30achlH JKacaljbl, COMaH KeWiH
ce3banbl G komblHA aymapaabl. barmapiama MUKPOKOHTPOJLIEPTe JKYKTeNemdi
YKOHE MallliHa OIepaTrophl AYPHIC OpHANIACy MEH OHIMALIIKTI KaMTaMachl3 €Ty
YIIIH MIMKi3aTChI3 CHIHAKTAH OTKi3e/i. by KajaM eTe MaHBI3AbI, OUTKEeHI TYpBIC
eMec KbUTIaMIBIK HeMeCce OpHaIacy MalllmHAHBIH A2, O6JIIKTIH /e 3aKbIMIaTyblHa
okenyi MymkiH (AGpamos, 2017).

Jatiera 6onran kezne CbC mammHackr €3 O6armapiaMachliH iCKe KOCAIbI KOHE
TarnchelpManap/ibl HyCKayJapra coliKkec JQJIIKIEeH OpbIHAali bl TanceipManap ke3
KeJITeH HOPCEHI KaMTyhl MYMKiH-HOJJIeH OacTamn, NaiblHIaMaHbl Kecyre Hemece
Ke3 KeJIreH HOPCEeHi 0AachII HIbIFapyFa JeHiH.

Canpplk Oackapy MammHanapra OyHbIMIapasl KOJIMEH ©HACYAl Hemece
amaMHBIH OeJICeHII KATBICYBIH KaKeT ETIEeCTeH Te3IipeK J>KOHE MAKChl OeTKi
OHJICYMCH KacayFa MYMKIHIIK Oepeii.

I'maponvHamukanbslk — cemaparop - Oyl KoidMeH Oackapy — Ti30eriH
KOH(UTypanusay yilliH eTe Kypaesi 00bekT. COHIBIKTaH TOTCHIIE JKaFaanaapbl
QIIBIH ajJy YIIiH KOHTYpJaplbl ajjiblH-ajla KOH(QUTYypalusuiay/bl, COHIaH-aK
oJlap/bl TalIayllbl JKY3€re AachlpaTblH MaTeMaTHKAIbIK MOJENb KYpy KakKeT.
Metpan-150CG KbICHIM JIaTYHTI Ta3/IbIH JKYMbBIC KBICBIMBIH OaKbLIay YIIiH KaXKeT.

Backapy Ti30eri kenecimeidt kymbic icreiimi. backapy o0OBexTiciHIH
LIBIFBICHIHIAFEI JICHIeH MeJIiepi JIeHred NaTuyuriMeH OJIIIeHE i, OHbIH CUTHAJIbI
OpHATy MOHIMEH CaIBICTBIPBUTAIBI. OIIIIIEHTeH JKOHE OpHATy MOHJIEPiHIH
apachIHIaFbl allBIPMAIIBUIBIK PETTEY KaTeci Jemn atananbl (Anumoekosa, 2012).

Byn curnan (kare) PID perrerimiine tyceni. KatenikriH MoHiHe OaillaHbICTBI
PID perrerimtinen 6ackapy MeXaHHU3Mi ocep eTelli. ATKapyIIbl MEXaHU3M KHUITIK
TYPJCHAIPTilIiHeH, 3JEKTp JKETETiHeH >KoHe OacKkapy KiamaHblHAH TYpaJbl.
Backapy ocepi anekTp JKeTeriHiH aiHaly >XbUIIAMJIBIFBIH PETTEHTIH JKUITIK
TYPJCHAIPTiNIi apKbUIbl OTIIN, 2JEKTp KeTeri Oackapy KiamaHblHA dcep eTel,
an Oackapy KIJIaNaHbIHBIH [INWHICITIHIH KO3FaJIbIChl KYOBIPJIAFbl aFbIHHBIH
KBUITAM/JIBIFBIHA 3CEP eTEe/Il.
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CoHIBIKTaH MaTepUANJIBIK TeTe-TEHIIK TeHIEY1 Keleciaei:

fF6apm;1 (t) = V;:y(t) + VMHai(t) + Vras(t): (1)

MyHJa F - IIBIFbIH.

J Fy () = Vi (0, )

MyHna V- OipiHIIi OeMiKTeri Kyl KeleMi;
Ou yurin 6ackapy CTaHOTBIH JKYMBIC KaO1leTiH ecenTeimis:

KYmax = 1072+ Qmax - ﬁ, (3)

MYHIQ [ - CTaHOKTBIH MaKCUMAJIJIbI JKYMBIC KaOiieri,
max K

Qmax - OpTaHbBIH KOJEM/IIK IIBIFBIHBI, M3/CaF,

P - OpPTaHbIH THIFBI3ABIFBI, KI/M>, (4)

AP - cTaHOKTaFbl KbICBIMHBIH aybITKYbl, MI1a.

(5) dopmymanaH MIBIFBIHABI €CENTEHMI3:

K9
Q - max
max 102. & (4)
K9pax = K9s - © (5)

MyHJaFbl @ — CBHI3BIKTHI IIBIFBIH CHIATTaMachl (WIBIFBIH KO3 QULIHEHTIHIH
KJIalaH e3eriHiH JKargaiibiHa (YHKUMOHAIIBIK Toyenainiri). On GackapbliaThlH
mraMa mpoueci MeH KOpIIaraH OpTa arbIHbl apachblHAa KOl HeMmece a3 TiKenen
OaiinaHplc OOJIFaH Ke3[€ TEXHOIOTHSIIBIK Mpouectepai perreyre skapamasl. O
Kenecineil popMynaMeH aHbIKTaNaIbl:

®=0y+ m-h, (6)
MyHzia @ - CAIBICTBIPMAIIBI LIBIFBIH KOO()GUIMEHTI;
m - CUNIaTTaMaHbIH KUCHIKTHIFbI;
h — e3ex XKypici.
bi3 cranmapTTE MOHIIEP/II AJTaMBI3:

® =10,0183 + 0,9817-h (7)
Jlemek, MIbIFbIH:
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(0,0183+ 0,9817)-h-kds

Qmax = 102' \/g (8)

Knamanusiy cyasr oTkizy Kaodigeri (K9pay) = 200;

p (cy) =997 KF/M3;
AP = 0,65 Mna.

KecTe 1 ymr azanbl CTaHOKTHIH OHIMIUTITIHE HETI3MEITCH 63K MO3UIIHSICBIHBIH
e3repyl KOPCETIITCH:

Kecre 1. O3ex xkypiciHiH e3repyiHe 0aiIaHbICThI HIBIFBIHHBIH 03Tepyi

O3eKk Kypici, MM DHerus WBIFbIHEL, /CaF
0,1 13,9414
0,2 20,7982
0,3 31,0272
0,4 46,2872
0,5 69,0524
0,6 103,014
0,7 153,679
0,8 229,2622
0,9 342,0190
1 510,2324

Kecte 2 cynpIH HaKTBI KOJIEMiH eJIIIeyTe apHaJIFaH TapupIiIey KecTeci )Ka3blIFaH.

Kecte 2.Tapuprney kecteci (KeJIEMHEH JICHTeHTe)

H H/D

0,175 0,05 0,019 1,64 1,26 0,42
0,35 0,1 0,053 4,58 3,59 1,19
0,525 0,15 0,097 8,40 6,69 2,23
0,7 0,2 0,147 12,73 10,34 3,44
0,875 0,25 0,203 17,57 14,48 4,82
1,05 0,30 0,26 22,51 18,78 6,26
1,225 0,36 0,32 27,71 23,33 7,77
1,4 0,41 0,387 33,51 28,44 9,48
1,575 0,46 0,453 39,22 33,55 11,18
1,75 0,51 0,52 45,032 38,72 12,90
1,925 0,56 0,56 48,49 42,14 14,04

myHaa H - 6inik , M, D - tuamerp, m.
Opi Kapaii, eJIIICHIeH JICHIel MOHI OpHATBhUIFAH MOHMEH COMKECCI3IKTI
CCeNTEUTIH J>KOHE CTAHOKTBIH ©3eriHe Oakpliay opekeTiH xacaiteiH PID
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perreyuricine Tyceni. ©3ek XypiciHiH MoHI «Saturationy» OJOTBIMEH LIEKTEJeNi
( 1-cyper).

Block Parameters: Saturation >
14 seteration

E Limit input signal to the upper and lower saturation values.

Main | Signal Attributes

Upper limit:

Lower limit:

[o Iz

Treat as gain when lincarizing

Enable zero-crossing detection

] cancal rielp. Apply

Cyp. 1. Saturation 60Tl

Conan keiiin kesieM LookUp Table O10TbIHBIH KOMETIMEH KanuOpIiey Kecrecine
colikec AeHreire TypieHaipiieai (2-cyper):

i untitle -
. o x
] .
Iz e  Oiep windou i E
# ] 3 B kE
e T T g Table and brealpoints data for biocic unitied/1-D Lookup
= e Lok o g 45 #
<] @ | Breakpoints Column ] , 2 AB@@QA G =
f o 3
s . i
! 16 g
i 14
g - 2
H < H
K ~ :
08 =
~ :
Tt [ oot |
0 o
02 /
0
" RN
= e
- 3
.-

~ 7@ D) @ G

Cyp. 2. Look Up Table 6Griorsl yoHe OHBIH MapameTpiepi

Kontyp wMacmrabray kodddumueHTiMeH Kepi OalmaHBICTICH >KaObIIaabl
(meHTel maTunTi KYMBICHI, 3-CypeT):

Lo

=)
fosp—T

Cyp. 3. Perrey KOHTYpbI

Macmradray kodddunrentiMeH kepi OaiylaHbIC KOHTYPBIH kabazsl (HeHreit
naryuri, 4-cyper):
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:

T
—~J

Cyp. 4. 2-6emnikreri MyHaii IeHrelliH peTTey KOHTYPbI

Cyp. 5. KpICBIMIIBI peTTey KOHTYPBI

CBIPTKBI KbICHIM IIBIFBICTAFbl KBICHIMHAH aJTBIHAIBL.

Hotu:xenep

KouTtyp Monenbaepin nuHeapu3anusiay

OpOip KOHTYp CBI3BIKTHI €MeC, OUTKeHi 0oy, «KaHBIKTBIPY» (saturation)
CUSKTHI Onokrap Oap. KoHTyprmapmbl perTey YIIiH OJapbl JWHEapH3aIHsiiay
KakeT. CBI3BIKTBIK pETTeYy IMpoIeciHne OapiblK ImaMajiap OJIapIblH ecCemnTiK
MOHJIepiHeH a3 FaHa aybsITKunbl (YepemoBunbiH, 2016). JInHeapusamms KymbIc
HYKTECiHIH aifHajmackiHaa Teiop KaTapblH KEHEHTY apKBLIBI )KY3€Te aChIPBLIA B,
Hotmxecinne ChI3BIKTHIK eMeC TEHEY CHI3BIKTHIK TEHJIEYIMEH aybICTHIPBLIA B

y=kx+b ©)
y y=kx+b

> X

Cyp. 5. Jluneapuzaius MpoIeCcCiHiH rpapuKaIbiK KOPiHici
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k >koHe b TaObUIATBIH MOHIE CYHEHE OTBIPBIN KYMBIC HYKTECIH aHBIKTAHMBbI3.
y KoHe X (KYMBIC HYKTECiHIH MoHI OOWBIHINA) MOHI YHIiH K jkoHe b MoHIepiH
IIBIFBIHHBIH ©3€K JKYPiCiHe TOyen ik kecTecineH (11) aiaMbI3 (IIBIFBIH OIIIEMiH
M*/car-TaH M>/c-Ka aJlJIbIH ajia ayJapa OTBIPHII):

Vi = 0,019,x1 = 0,5,
v, = 0,028, x, = 0,6.

k=224 = 0,09, (10)
X2—X1
b= Vo — kxz = - 0,026, (11)

15 Tapupney kecTeciHeH y KoHe X MOHAEPIH aly apKbuIbl K skoHe b TabambI3:

x; = 51,632,y, = 1,75;
x, = 56,1916, y, = 1,925.

k =221 = 0,0383, (12)
Xo2—X1
b = yl - kxl = _0,22 (13)

ATBIHFaH JIEPEeKTepAl OpHBIHA KOSIMBI3 (6-CypeT):

B ) e B Ol —tE=—e—O

<
Ny

Cyp. 6. 6ackapy KOHTYPBIHBIH CBI3BIKTHI MOZEI1

ChI3BIKTEI MOJENiHIH eTneni npouecci rpadurinen PID perrerimin opnary
apKBLIBI 013 )KYHEHIH KaXKETTi KbUIIaM/IbIFbIHA KOJI XKeTKi3iK. ChI3bIK OipTiHeTI,
ceKipyci3 api OepiireH MoHTe Te3 )KeTill OTHIP. [ paduKTe CTAHOKTHIH KbUIIaMIBIKKA
Toyenaiik Kyii kepcerinren (Cyper 7).
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& Scope

File Teols View Simwulation Help

G- SQF@ B\ Q- ([0 FH#-

Samein based | Te10 000 |

Cyp. 7. CTaHOKTBIH CBI3BIKTBI MOJICIIIHIH OTIIE MPOIieci

- CTaHOKTHIH JICHI€HiH peTTey KOHTYPBIH JINHEApH3aIHsIay

1. leIFpIHAAPABIH HITOK KYPICIHE TOYENIUTITIH IMHEapU3aALHsLIIAY

k xoHe b MoHepiH Taly omnepanusiapbl Cy JICHICHIH peTTey Ti30eriHaeriaei
OpBIHAANIA/IbI, COHJBIKTAaH €CeNTey NPOIECiH TOMEHICTEMI3:

Kecre 3. IlIToK XYpiciHe ToyenailiriH JMHeapu3anusiay napaMmeTpiiepi
yl x1 y2 x2 k b
0,045 0,7 0,067 0,8 0,22 -0,109

2. J)KyMmbIc KeeMiHe TOyeINIUTIriH IHHeapu3anusiay
k >xoHe b mamanapsiH Taly Ccy IEHTeiH peTTey KOHTYpbIHA YKCac:

Kecte 4./leHreiiaiy KexeMine TOYENIUTITH THHEAPH3aALUsIIAY TTapaMeTpiepi
yl x1 y2 x2 k b
1,225 7,77 1,4 9,48 0,102 0,43

AJBIHFaH JIEpEeKTepAl OpHBIHA KOSIMBI3 (8-cyper):

@HDHW@*"@

Cyp. 8. perrey KOHTYPBIHBIH CBI3BIKTEI MOJIEII

[TapameTpiepaiH TYNKi MakcaTsl - OEpijireH TeMIeparypa peskuMi cakTajaaTblH
€H OHTaWJIbI KOAPPHUIUEHTTI TaHAAY.
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4 Scope

File Tools View Simulation Help

@-dOP® |- Q-0-|F&-

Sample based | T=10.000

Cyp. 9. Cy KOHTYPBIHBIH CHI3BIKTHI MOJICITIHIH OTIEI TpoIeci

- CTaHOKTaFbI KBICHIM/IBI PETTEY KOHTYPBIH JTMHEapU3ausiiay
1. DHeprus MIBIFBIHBIHBIH IITOK JKYPiCiHE TOYENIUTIriH INHEeapu3auusiay
k >xone b MoHzepin Taby oici Cy JeHrelin perTey Tiz0eriMen Oipaei:

Kecre 5.9Heprust MIBIFBIHBIHBIH ©3€K JKYPiCiHE TOYeIIUTIrH INHeapu3alusuiay napamMmeTpIepi
yl x1 y2 x2 k b
291 0,7 4,22 0,8 13,1 -6,26

2. KpICBIMHBIH 3HEPTHsl MOJIIIEPiHe TOYEIUIITiH JIHHeapu3anusay
k >xoHe b mamanapsin Taly cy IEHTeHiH peTTey KOHTYpbIHA YKCac:

Kecte 6.CTaHOK KBICBIMBIHBIH 32T MOJIIICPIHIH )KYPiCiHE TOYESNUIITHIH CHI3BIKTHIK TapaMeTpIiepi
yl x1 y2 x2 k b
1 1,891 1,3 2,447 55 -45850

ATBIHFaH JIepeKTepi opHbIHA KOosiMBbI3 (10-cyperT):

=

T
V

o —E{E—o 0

B o

Cyp. 10. Cemaparopaarsl KbICBIM/IbI 0acKapy Ti30€TiHIH CBI3BIKTHI MOICITI

11-cypeTTe KbICHIM KOHTYPBIHBIH OTIIEN MPOIECCi KOPCETIITeH.
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4] Scope

File Tools View Simulation Help

@-|BOP@® |- A-C-|F&-

Sample based |T-10.000

Cyp. 11. KpICBIM KOHTYPBIHBIH CHI3BIKTHI MOACIIHIH OTIIENI Ipoleci

Kecte 7. PID-perrerimrepain ko3¢ dunuenTrepi

PID-perrerimrepaiy koaddunnentrepi P I D
Cy IeHTeliiH peTTey KOHTYpPhI 4 0,01 0
MyHaii 1eHreiin peTTey KOHTYpbl 4 0,01 0
Cemnaparop/iarbl KbICBIMIbI OacKapy Ti30eri 10 0,01 0

Hemex, PID perrerim OenriieHreH MoHAEP [IEHTEWJIEpIH YCTam Typaisbl,
Oackapy OOBCKTICIHIH, SFHH CENapaTOPALIH TapamMeTpiH OaKpLIaiiabl >KOHE
Kepi OaiylaHbIC Ti30eri apKbUIbI JATYUKTEPACH albIHFAaH MOIIMETTEPi PETTel
OTHIpajbl. AJJBIMEH CYHBIKTBIKTBIH OCNTIICHIeH JCHITeHiH OpHATHIN, KeHiH
KJIaNIaHHBIH alllbUIBII, CYHBIKTHIKTBIH OTYI YIIIiH KOHTPOJUIEp CUTHAJ Oepe/i.

JENINSHE Y

[IpormecTi Moaenbaey HOTHXKECIHIAE 013 OTIENI MPOIECTIH YaKBITHIH ajJaMbI3.
CoHpaii-ak, METPOJIOTHSUIBIK CHITAaTTaMallapAbl TEKCEepy PEeXuMi YIIiH OakbLIay
CBI3BIFBIH KOCY TYPIiHJIe Hapa3bUIbIK TYBIHJaFaH Ke3lle NIBIFBIHHBIH OepiireH
MOHIH cakraynbl OafikaiimMbi3 (Breido, 2016). Anbmaran PID-perreriminig
KOd(DUIMEHTTEpiHEH JKYHEHIH IYPBIC XKYMBIC >Kacall, CenapaTopAarbl KbICBIM
MEH JICHTe! MOJIIepid OeNTiICHTeH OenTiae caKTam OTEIPFaHbIH Kepyre 00JIab.
Perrerim >XyMmbIC icTeN TYpFaH Ke3/e celapaTopaarbl KBICHIM MEH JCHTCHIIH
e3repyiHiH HUaeanasl KUCBHIFBI KopceTireH. KeIChIM oHE DHETHS KOHTYPBIHBIH
CBI3BIKTBI MOJICTIIHIH OTIeNi mporeci OepiireH MoHTe Te3 jkerinm oTeip. Onait
OoJsica, MpONOPUHUOHAIABI KOA(UIMEHTT] 63repTy apKbLIbl MiHCI3 peTTey rpadurin
aiyra Oonazapl. by €3 Ke3eriHje MpOIEecCTiH caraibl )KYpyiH KaMTaMachl3 eTe/i.

CaHmpIK KBUIIAMIBIK Ti30€TiHIH JHHAMHUKAJIBIK TIPOIECTEPIH MOIETBILY.
Typakrer xymeic pexuminge [ 3A, 3B, 3C ¢azansik TOKTapapl OpHATY
CUTHaAaphl Oip-OipiHe KaThICTBHI MEPHOATHIH YIITEH OipiHe aybICKaH YaKbITTHIH
CUHYCOWIANBI (PYHKIUSIIAPBl OOJBINT TaOBUIAABI, SFHH OJap CHUMMETPHSIIBI
KyHeni Kypaiasl. Onap (azaiblk TOKTapAbIH KHUUIITH KoHE (a3alblK TOKTapIbIH
aMIUTUTYIAachblH aHBIKTaWThIH Oencenni la >xoHe peakTwBTi Im TOKTapBIHBIH
JKYMBIC CHTHAJIJIAPhIH aHBIKTAWTBIH MOJIMETTEp HeETri3iHae OaraapiamMalibIK
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KOOpPJHMHATAJIBIK TYPJICHAIPTILI apKbUIbl KajblITacaigsl. TypiaeHaipy eki carbina
XKYy3ere achIpbuIabl. AJABIMEH €Ki (ha3ajbl CUTHAJ JKyHeci ecenTenesi:

[ =1 cos(w t)+ Iusin((olt) (14)
4=1,cos(o )+ I sin(o,t) (15)
coJlaH KeifiH (pazamap caHbl TYpICHIIpiei:

=1, (16)

L=+, 17)

L=-1-1, (18)

CoHFBI Ke3€H,I¢ allbIHFaH TallChbIpMalap/bl CAH/IbIK-aHaJOT THIK TYPJICHAIprilIke
HIBIFapy YIIiH HUPPIBIK KOATApFa TYPICHAIPY )KYy3ere achlpbuiabl. by Typrnenaipy
KecTelmik (DYyHKIUSUTAp/BIH KOMETIMEH Jie Ky3ere achipbuiaznbl. JKorapeina
aitreutrangapabig 6apnbirel ANSI C 6arnapnamanay timi men Keil Software - cx51
KOMIWJISITOPBIHBIH, KOMETIMEH >KY3ere achIpbUIIbl. barmapnamaHblH anropuTMi
JKOHE OHBIH OacTarlKbl MOTIiHI, COHJIal-aK KOMEKII OaraapiaMalnap/blH MTiHI
ocChbl xk00aa kentipiired. CaHIbIK-aHAJIOTTHIK TYPJICHIIPTiN OJIOTHI. AHAJIOTTHIK
curHan any yuiH Burr-Brown dac4815 caHabIK-aHAJIOTTBIK TYPJICHIIPTili
taHmanael. byn mapamens uHTEepdeiici Gap KOFapbl KBUIIAMABIKTHL 4
apHasbl 12 OUTTIK CaHJBIK aHAJIOTTHIK TYPJCHIIPTill, OHbIH ©3IHIK KyaThl a3,
TeMIeparypaHblH TOMEH Jpeidi koHe KipIiKTIpUIreH KepHey Ke3i 0ap.

CaHJBIK SKBUIIAMJIBIK Ti30CTiHIH JUHAMHUKAIBIK MPOLECTEPiH MOJCIbICY
9KCTIEPUMEHTTIH MaKCcaThl MUKPOKOHTPOJLJIEP AITOPUTMI KYPhUTFaH JTHHAMHUKAIBIK
Oackapy 3aHIApbIHBIH JYPBICTBIFBIH pacTay OOJBII TaOBUIAZBI MOJIENIbICY
MatLab opracbkiHia MUKPOTIPOIIECCOPHI YIIIH TPEHAKEP-OTIATUUKTIH KOMETIMEH
KBULIAMJIBIK Ti30€TiHIH allblK JKyHeciH Moneibjaey. Monenblai Kypy Ke3iHue
KeJieci OomKaMap xKacali bl

- KO3FaJTKBIII TYPAKTHI PEKUMJIC )KYMBIC 1CTSHII;

- OUTIKKE )XYKTeMe e3repMen/Ii.

Hakrel Oarmapnama >KYKTeNIi, TypakThl PeKUMIE KYMBIC iCTey VIIiH MOHJAEP
OPHATBUIIBI YKOHE IIIBIFBIC CUTHAJIBIHBIH CaHJIBIK MOHJIEP1 aJIbIH/IbI, COaH KeWiH oyiap
rpadUKaIbIK TYpre aybICThIPhUIIBL. byt Mosens OaFnapiiaMaHbIH dKYMBICHIH PACTaNIbI,
Oipak »YHeHiH »YMbICBIHBIH TONBIK KopiHicin Oepmeiini (Kopenkosa, 2018).

YKaObIK KbULIAMIBIK Ti30eTi )KyHeciH Moaenbaey. XKaObIK KyiHeHI MOJeIbIeY
ymin MATLAB wmaremarukanelk maketi KonpaHeuiasl the Math Works
¢upmaceiHaH Gackapy XyHeciHiH Mojelni Kypbulasl. MoaembaiH MiHe3-KYJIKbIH
Ta3a aHaJOITHIK XOHE IUCKPETTi (Ke3eHre 24 HYKTE) CalbICTBIPY Ke3iHe
SIIKaH/al albIPMaIIbUIBIK OalKalMalbl, COHJBIKTAH TEK aHAJIOTTHIK MOJEIh
oepineni. byn CAB - Tin Oykin Oackapy uHTEpdeiici caHAbIK KbUIIAMABIK Ti30eTiH
iCKe achIpyIIbIH HeEri3ri OarjapiiaMachiHlla IIAKBIPBUIFAH IIIKI Oarmapiamaja
Ky3ere acelpbUIafbl. Anamman Kopzay 0102el.  MuKponpoueccopiapra
HeTi3lenreH Kykenepae Oenrim Oip akaynap Hemece akayiap OOJybl MYMKiH.
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Meicanbl, XKakKblH KYIITI SJEKTPOMATHUTTIK Keaeprire OalIaHBICTBI Kasipri
yaKbITTa MHUKPOIIPOIIECCOp OHISHTIH akmaparTel Oip Oeuiri OypManaHysl
MYMKiH, OyJ1 Oackapy OarmapiiaMachIHBIH aJITOPUTMIH/E aKayJdbIKKa, COHIal-aK
MPOLIECCOPABIH LUKIIHE HEMECEe OHBIH «KaTBINl KalyblHa» oKelyl MyMKiH[14].
MyHBIH 69pi KOHTPOJUIEPiH )KYMBIC icTeMeyiHe oKemeli. ©1eTTe, MyHIai KYIITi
YKoHE OY3BLTyFa OKeIIEeTiH KeJeprijiep oeTe CHpeK Ke3aece i, Oipak erep KOHTPOJLIep
KeHOip omepauusiapabl KakChl PETTENICH TEXHUKAIBIK MPOLECTEe OpbIHAAcA,
OHJIa MYHJIall COTCI3MiK OYKiJ >KYHEHIH >KYMBICBIH/IA >KOCTapiiaHOaFraH TOKTAI
KallyFa »OHE SKOHOMMKAJIBIK IIBIFBIHAApFa oKeneni. KoHTpomnepain KyMbICBIH
KalllIbIHA KeNTipy MOpMEeHiH (reset) mporeccopra Oepy apKbUTbl KaJIbIHA
kenTtipyre Oonazabl. Kary saraaliblH aBTOMATTHI TYpJE TaHy jkoHe Reset curnanbsixn
Oepy ymin watchdog cxemacel konganbuiaasl (dosl»ykysermrin.) taiimep (WDT).
Conpaii-ak, kasipri 3amanrsl WDT TamncelpmacbiHa KOPEKTEHAIpY KepHEYiHiH
KayinTi e3repyiH OakpuIay yKoHE KPUTHUKAIBIK KEPHEYJICH TOMEH KepHEey Ke3iHIe
MPOLIECCOP/IbI KaIblHA KENTipy (9HTHEece OHBIH opeKeTi OomkaHOaybl MYMKiH)
KoHE KyaT Oepy Ke3iHJle MUKPOKOHTPOIIIepAi OacTanKbl KalIblHa KeITipy Kipei.
XKorapbia aranran 6apiblK TananTapabl opeinaay yuria Dallas Semiconductor -
ds1232 ¢upmachlHBIH €Ki MUKpPOCXEMachl KONJaHBUIIbI, 9P MUKPOKOHTPOJIIEpre
Oip. Bys YHIITIH epeKmeniri-opeKeTci3aiK yaKkbIThIH OpHAaTy MYMKIHIITI, COIaH
KeWiH KajimblHA KenTipy maiga Oonmaapl. byn tanceipma ummntiH TD mIbFbICH
apkpUTbl xKacanasl (Konmaes, 2011).

. TIMIE-OUT

D FIN AT %P MAX
Gy 2.5 ms 150 ms 2500 mas
Floag 2540 mes BN mas 1000 ms
Wi i mis 120 s 200N s

Cyp. 12. Anamman xopeay 6n02et scymuvicor DS1232 gannvina xenmipyoiy Kewicy yaxuimuit
benziney.

STROBE INPUT

AN I AmLES

LA
ETRCEE TR STHCHE

L L - e
TITTITT

Cyp. 13. DS1232 yakesIT Kigipici Auarpammacsl
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KbpmaamMapIK JaTYUTiH OpHATY MIapTTapblHA KOWBUIATHIH TaJIanTap

1. XKymeic ke3inme cencop OpHATHUIATHIH KO3FAITKBINI (prIaHeIiHiH eeMi
CBI3FBILLITAH TaHIATYbI Kepek 55, 85, 115, 165, 215, 265 MM xxone xka3bIKThIFbI 0,1
MM-JICH aclaybl KepeK.

2. JIaT4MKTIH HETi3Ti TakTaMeH OaillaHbIC JKeJici AKpaHJalFaH KabenbMeH
YKacaTyhl JKOHE METaJUT JKEeHJep MeH KYObIpIapFra CalbIHYbI KEpEK.

3. lllamamaH ThIC XKYKTeMENEpIiH ajblH aiy YIIiH JXYKTeMEJeri CeHCOp
COKKBIFa yIllbIpaMaysl kepeK. CeHcop OLTITiHe TEKTP KO3FaITKIIIBIHBIH O1TiriHe
TiKeJIel OpHaTyFa apHaJIFaH KOHYCTBIK TeCiK 0ap. AXKBIPATKBIIITH OCKITY CEHCOP
KOPITyChIH aifHaITyIaH KOpFay YIIIiH CEHCOPMEH Oipre KeTKi31JIeTiH MeMOpaHaIbIK
JUCKiHI KOJIJIaHy apKbLIbI Ky3ere ackipbuias! (Ilomos, 2010).

CTaHOKTBIH KYMBICHI alNTOPUTMi 14— cypeTTe KepceTinreH.

j5 ) HernmamMabeik

Bepiaren maHBIZEIH apTTRIPY

MoHHCH
SEOFADBI

s HreimgamMaeik
TMaHEIZETH
azaHTy

M= S EImmanM aBIKTEIH

| Henreii
EOFAPBL
TTADAMSTD ITEH

SHOFApPEL JeHIeHL
TVpaIsl 0adeLT

KB manMaEIKTEIH
ToMEeH JeHreil
Typansl JadeUL

IeHrei
TeMEeHI1
HnapaMeTpIeH

Cyp. 14. CTaHOKTBIH *KbUIIaM/IBIKBI YCTAI TYPY aITOPUTMI

Byn makamaga caHAbplk Oackapy CTaHOKTapAblH KYpBUIBIMAAPHI JKOHE e
OJIapABIH Ka3ipri yakbITTaFbl KaHa e3reprernesiep KapacThlpbulasl. byn Gemimae
Matlab 6armnapnamainay opTachIHIa, TEXHOJIOTHSUIBIK IPOIIECTi OacKapy KyHeciHiH
MaTeMaTHKaJIbIK MOAEIiH Kypbulabl. CaHIIbIK OacKapy MallnHanapra OyibIMaapst
KOJIMEH OHJIeY/li HeMece aJaMHbBIH OeJICeH[II KaThICyblH Ka)KeT eTIeCTEH Te3ipeK
JKOHE KaKChl OETKi OHAeyMeH kacay MyMKiHairi kapacteipbuiasl (LTU, 2013).

22



ISSN 1991-346X 3. 2024

KopsbIThIHABI

Makcar KapamnaibiM CTaHOKTapFa O0ip ce30eH ailiTKaH/1a MUBIH JKaHapTy. Jemex
CBC mammnacel - agaMm-mamuHa Oackapy uHTepdeiici penin arkapansi, CBC
XKYieci, cepBO KYPBUIFBICHI, MAIIMHAHBIH 631 )KOHE aHBIKTAy KYPBUIFBICHI CUSKTHI
KOMITOHEHTTEP/11 KaMTUTBIH O0ua iel. Orieparopiap OemeKTepIiH Oar1apiaMatbIK
KOJTapbl apKbUIbI INIUHACIBIIH alfHaIy JKUITITiH, JalbIHIaMaHbIH MINIHI MEH
OIIIIIEMIH ©3TepTy CHSIKTBI OHJEY MPOIIeCiHAe KAXKETTI omnepanusiapibpl KopceTy
YIIIH aBTOMAaTTaH/ABIPBUIFAH OHJIpic OarmapiaMalblK KYpaslblH IaiijamaHabl.
Copnan xeifin Oy koarap agam-mamuHa natepgetici apkpuibl CbC MammHaceiHa
enrizineni. CbC »kyieci Oyy akmaparThl ©HJACW[I JKOHE €CeNTei/i, COHBIMEH
Karap KypaJibl )KoHEe JaibIHIaMaHbl O6JIIeKTep Il TalbIHay OaFaapiIaMachiHbIH
TalanTapblHa COWKEC CaJBICTRIPMAIBI TYPJE JKBUDKBITYABI JKY3€re achlpy YIIiH
CEPBOMOTOPIBI OaCKapaJIbl, OChIIAMIIA OOIIEKTEeP Il OHACYl asKTalIbl.

Kazipri yakpITTa ¥FBIIBIM MEH TEXHHUKAHBIH KONTETeH JKeTICTiKTepi
JJIEKTPOHHWKAHBIH, J1aMyblHA OalimaHpICTBl. EHAI Onmuey TeXHHUKACHIHBIH,
«TexHUKAIBIK TaricbipMay OeiMiHe koOaTaHFaH JKyHere KOUbIIaThIH TajanTap,
OHBIH TIapaMeTpiiepi MeH cumarramanapbl Oap. TyciHmipme xa30aHbIH HETi3ri
0eiri KakeTTi ecenTeynep/i, MOTIHIEP/l XoHE OaraapiamMaliblK KaMTaMachl3
€Ty alTOPUTMIEPiH, JJeMEHTTep O0a3achblH TaHAayAbl, COTTI IW3aliH YIIiH
KKETTI CXeMaJbIK MIEHIIMIePIl TaHIay/Ibl )KoHE 0acKa HOTHIKENEep/ i KaMTHIBI.
«KoOaHBIH KayiIci3/iri )oHe AKOJOTHSUIBUIBIFBD) OOJIMIHE TOK KOHE KepHey
KO31H TaiijanaHy >KOHE TEXHHUKAJIBIK KbI3MET KOpCeTy Ke3iHAe ajaM eMipiHiH
Kayimci3miri Mocemnenepi KapacThIpbUIFaH. [ 'a3-aya KOCIaChIHBIH )KapbLTYbI Ke31H IS
00BEKTIHIHMEIIBICYFa TYPAKTBUIBIFBIH €CETTey, COHai-aK TOKapIIbIK CTAHOKTAFbI
KYMBIC OpPHBIHJAFbI LIy OEHreiin ecenrtey kentipineni. «Cranmaprray» Oeiimi
x)o0aiay OapbhIChIHAA CINTEMe JKacalFaH CTaHIapTTap Typalibl aklapar KUHayFa
apHanraH. JKobanay HOTIKeNepi KopCeTii.
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Abstract. With the rapid development of Internet technology and the rapid
spread of news content in recent times, the importance of extracting keywords from
text is increasing. The use of keywords related to such needs allows the reader
to easily and quickly access the necessary information. Keyword extraction is
an important research area in text processing, natural language processing, and
information retrieval. Due to the importance of the keyword and the difficulty of
manually tagging it, automatic keyword generation allows you to get significant
results. Keyword extraction, which is one of the sub-topics of natural language
processing, includes automatic indexing, automatic aggregation, automatic
classification, automatic clustering, and automatic filtering. In the fields of natural
language processing, artificial intelligence-based methods began to be used
in the early 2000s, thanks to machine learning and deep learning approaches.
There are many methods and algorithms proposed for keyword extraction. These
methods can be grouped under two main headings: supervised and unsupervised
approaches. Currently, machine learning and deep learning methods and natural
language processing research are limited to the Kazakh language. Since there is no
corpus representing the Kazakh language, there are no studies on the extraction of
keywords to date. This area requires more effort due to the significant increase in
the amount of online Kazakh content and the rarity of manually entered keywords
in existing electronic documents. This study provides an overview of machine
learning techniques and deep learning techniques for keyword extraction and
reviews important research.

Keywords: keyword extraction, natural language processing, machine learning,
deep learning, supervised method, unsupervised method.
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KUITTIK CO3IEPAI LIBIFAPYIA MAIINHAJIBIK )KOHE TEPEH
OKBITY 9AICTEPIH KOJIJAHY

AondynnaeBa Aiiman A6uOyaaaKkb3bl - PhD, ara okertymsr, Koxka Axmer Slcayn aTbIHIaFb!
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AnHoTanus. HTepHET TEXHOJOTHSCHIHBIH KAPKbIHBI ]AMYBIMECH )KOHE COHFbI
yaKbITTa JKaHAIBIKTAP Ma3MYHBIHBIH bUIJaM TapaJybIMEH MOTIHHEH KUITTIK
ce3lep/li MIbIFapy MaHBI3IBUIBIFBI apThill Kedemi. OchIHIAl KaKeTTUIIKTepre
0ailIaHBICTBl KUITTIK CO3/EPIi KOJJAHY OKbIpMaHFa KAaXKETTI akKiaparka OHai
YKOHE JKBUIIaM KOJ KETKi3yre MyMKiHIik Ooepeai. KinTrik cesai mbirapy MoTiHII
OHJICY/IeT], TaOUFH TiJII OHJCY/IET] KOHE aKIapaTThl 13/1eyeri MaHbI3/IbI 3ePTTCY
OarbIThl OOJIbIN TaObUIaABl. KUITTIK CO3M1H MaHbLI3ABLUILIFBIHA JKOHE OHBI KOJIMEH
OenriyieyiH KHBIH/BIFbIHA OalIaHBICTBI, KUITTIK CO37Ep/Al aBTOMATThI TYpJe
IIBIFAPY MaHBI3/Ibl HOTHXKEIIEP/Il allyFa MYMKiHJIK Oepesi. TaOuru TN OHISYIIH
KOCAJIKbl TaKBIPBIITAPLIHBIH Oipi OONBIN TaOBUIATBIH KUITTIK CO3/1 LIBIFapyFra
ABTOMATThl HWHJCKCTEY, AaBTOMATThl JKMHAKTay, AaBTOMATThl Kjaccuukaius,
aBTOMATTBhI KJacTepiey, aBTOMATThl Cy3riuiey Kipemi. TaOuru Tinai eHaey
cajlalapblH/la MallMHAIBIK OKBITY MEH TEpeH OKBITY TOCIUINEpiHIH apKachblHIa
JKacaHJlbl MHTEUIEKTKe HerizuenreH oxicrep 2000 sxpurmapaplH —OackiHia
Konanbla 6actapl. Kintcesi msirapy YIIiH YCHIHBUIFAH KOTITEI€H 9JIiICTEp MEH
anroputmiep Oap. by omicTepai eki HEri3ri TakbIpblll OOMBIHILIA TONTACTBHIPYFa
Oosajpl: OakbpLUIAaHATHIH XKOHE OakpUIaHOAWTBHIH Tocuidep. Kasipri Tama kaszak
Tl YIIiH MallMHAJIBIK OKBITY JKOHE TEPEH OKBITY SJicTepi »OHE TaOMFH Tili
eHJIey 3epTreyiiepi mekreyii. Ka3zak TimiH TaHbITaThIH KOPIyC OOJIMaraH bIKTaH,
OyriHri KyHre JeWiH KIITTIK ce3Aepii IubiFapy OOWBIHIIA 3epTTeyiep IKOK.
Byn cana onyaliH Ka3akilla KOHTEHT KOJIEMIiHIH alTapJbIKTall YJIFalOblHA JKOHE
KOJIJIAHBICTAFbI 3JICKTPOHJIBIK KY)KaTTapFa KOJIMEH OCpUITeH KUIT CO3JEpP/IiH CUPEK
OoiybiHa OaIaHBICTBI KOOIPEK KyII calyabl KaKeT eTeai. by 3eprreyae KUITTIK
ce3Jiep/li LIbIFapy/IbIH MAIMHAIBIK OKBITY 9JICTEpI KOHE TEPEH OKBITY diicTepi
TypaJibl )KaJIIbl aKnapaT OSpuIreH )KOHE MaHbI3/bl 3ePTTEYJIEP KapacThIPbUIFaH.

Tyiiin ce3mep: KINTTIK co3 WIBIFApy, TAOUFU TIII OHJACY, MAIINHAIIBIK OKBITY,
TEPEH OKBITY, OaKbLIATHIH JiC, OaKbLIIaHOAWTHIH JIiC.
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AHHOTauus. B CBI3M C OBICTPBIM pa3BUTHEM HWHTEPHET-TEXHOJIOTHH U
OBICTPBIM PACIIPOCTPAHEHUEM HOBOCTHOTO KOHTEHTA B ITOCIIETHEE BPEMS BAKHOCTh
M3BJICUCHUS KITFOYCBBIX CJIOB W3 TEKCTa BO3pacraeT. M CIojb30BaHHE KITHOUEBBIX
CJIOB, CBSI3aHHBIX C TAKUMH MTOTPEOHOCTSIMH, TIO3BOJISIET YUTATEIIO JIETKO ¥ OBICTPO
MOJIyYUTh JIOCTYIl K HeoOxomumon mHpopmarmu. V3BieueHue KIFOUYEBBIX CIIOB
— BakHasg 001aCTh UCCIEAOBAaHUN B o0macTu 0OpabOTKH TEKCTa, €CTECTBEHHOTO
sI3pIKAa W TIOWCKa WHpopManuu. V3-3a BaXKHOCTH KITFOYEBOTO CIIOBA U CIIOKHOCTH
€ro MapKHPOBKHU BPYUYHYIO aBTOMATHYECKAasl TEHEPAINs KITFOYESBBIX CJIOB ITO3BOJISET
MOJIyYUTh 3HAYUTENIbHBIC PE3yNIbTarhl. V3BjIcUeHHE KJIFOUEBBIX CJIOB, KOTOPOE
SIBIISIETCS OJHOW W3 TMOATeM OOpaOOTKM €CTeCTBEHHOTO $3bIKa, BKIIOYAET B
cebs aBTOMATMYECKOC WHACKCUPOBAaHUE, aBTOMATHUECKOE arperupoBaHUE,
ABTOMATHYECKYIO KJIaCCU(UKALIHIO, ABTOMAaTUYECKYIO KJIACTEPHU3aIIUIO,
aBTOMaTH4ecKylo ¢uibTpanuto. B obmactu 00paOOTKH €CTECTBEHHOTO S3bIKa
METO/Ibl Ha OCHOBE MCKYCCTBEHHOTO MHTEJJICKTA HauyajIl UCIIOIb30BaThCs B HAYaJIe
2000-x romoB Garomapsi MOAXOAaM MAINTHHHOTO O0YYICHHS U TITyOOKOTO OOYICHHSI.
J1J1s n3BIIEYEHUS KITFOUEBBIX CIIOB MTPEJIOKEHO MHOXKECTBO METOJIOB H aJITOPUTMOB.
DT MeTOoAbl MOXXHO CIPYIIUPOBATh TOA JBYMS OCHOBHBIMH 3aroJIOBKaMHU:
KOHTPOJIMPYEMbIE ¥ HEKOHTPOJHMPYEMbIE€ MONXOAbl. B HacTosmee BpeMs MeTOIbI
MAIIMHHOTO U TIIyOOKOTO 00y4YeHUsI, a TAK)KE MCCIEI0OBAHUS B 00IaCTH 00padOTKH
€CTECTBCHHOI'O SI3bIKa OIPAaHUYEHBI JIJISI Ka3aXCKOro si3bika. [10CKOJIBKY KopIyca,
MIPEICTABIISAIONIETO Ka3aXCKUH S3bIK, HE CYIIECTBYET, HCCIISIOBAHUS 10 BHIZICIIEHUIO
KIIFOUEBBIX CIIOB Ha CETOAHSIIHUA J€Hb OTCYTCTBYHOT. JTa 001acTh Tpedyer
0OJIbIIIC YCUITHN W3-32 3HAYUTEIBHOTO YBEIMUCHHS KOJIMYECTBA OHJIaH-Ka3aXCKOI0
KOHTEHTa W PEIKOCTH KITFOYEBBIX CJIOB, BBOJUMBIX BPYYHYIO B CYIIECTBYIOIIHX
AJIEKTPOHHBIX JOKYMEHTaX. B 3TOM ucciieoBaHUM MPEICTaBICH 0030p METOIOB
MAIIIMHHOTO 00YyYEHHS K METOIOB [IyOOKOT0 00yUEHHUS J1JIsl H3BJICUCHUS KITFOUEBhIX
CJIOB, a TAaK)KEe PACCMOTPEHBI BaYKHBIE HCCIISTIOBAHMS.

KuaroueBbie cjioBa: M3BIICUCHUE KIIFOYEBBIX CJIOB, 00pabOTKa €CTECTBEHHOI'O
sI3pIKa, MAIIMHHOE O0ydeHue, TyOoKoe OOydeHHEe, KOHTPOIMPYEMBIH METO/,
HEKOHTPOJIMPYEMBIN METO/I.
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Kipicne

WuTepHerTeri  akmaparThl  MIONY — KYHIENIKTI  eMipie  KOMIIBIOTEp
naijanaHyIibUIapel YIIH 9IETTerl opeKkeTke aiHanabl. KyH eTkeH caiibiH
aKnaparrap TOOBIHAA KaXETTI akKmaparka KoJI JKETKi3y KWBIHAal Tycyze.
WuTepHeTrTe KYH CallblH MBIHJIAFAH WHTEPHET IKAHAJIBIKTApPhl JKAPUSIIAHBII
OTBIPFAH/IBIKTAH, TUICTI KY)KaTThl THIMJII TYPAE Ay >KOHE KOPHITBIHABUIAY KUBIHFA
coranpl. CoHIBIKTaH Oenrini Oip BeO-OeTTIH HEeTi3ri Ma3MYHBIH KAMTaMachl3 €Ty
YIIH KIITTIK CO3J11 HEMECE HETI3ri Co3 TIPKECTEPIH IIbIFAPy dJIiCI KOJNIaHbLIa b,
KinTrik ce3nep/i mbrapy — KYXKaTThIH TaKbIPBIOBIH THICTI TYPJ/Ie KOPCETe anaThlH
KYy)KaTTaH Heri3ri TepMUHJEpJi, HEri3ri ce3 TIpKeCTepiH, Heri3ri Oemimaepii
HeMece KUITTIK cesaepli aHbikray mpoueci (Papagiannopoulou, E., Tsoumakas,
G., 2020). XaHamelk OenriiepiH >kacay, FBUIBIMH MaKajalapra KiIT ce3mepii
TaralbIHAAY KOHE KYKATTapAbl KOPBITBIHIBLIAY CHSKTHI KOINTETeH KYHIENIKTi
TarchlpManap KbIMOAaT ’oHe YaKbITThl KaXKeT eTeali. byt TarceipManap Herisri oist
CHUIATTaUTBIH €H KIlIKeHTail OeikTep OONBIN TaOBUIATBIH JYPBIC KUIT co3Iep/i
tabyra OaimanbicTel (H. Kilig, A. Cetin, 2023). KinT ce3mi mibirapy MOTiHI
OHJICYIIH MaHBI3IBI Oeiri 0ombm TadbuTambl. KomMeH KinT ce3mi MmbIFapy Kol
YaKBITTHI ajajibl, COHABIKTaH Tadburu Tinai enaey (Natural Language Processing
- NLP) camaceiHmarpl 3epTTEyIIiIep OCHI MPOIECTI aBTOMATTAHIBIPY SIiCTEepiH
JaibIHIayIbl 0acThl Ha3ap/a YCTarl OThI.

OpnebuerTepre Ke3 KYripTcek, TYHiHI Ce3 AereHiMi3;

* €H MaHBI3/IBl aKMapaTThl KaMTHTHIH TepMunzep (Kaur, et all, 2010),

* OKbIpMaHFa Ma3MYH TypaJibl )KHBIHTBIK aKnapar 0epeTiH TepMHUHICP KUHAFbI
(Liu, et.all, 2010),

* KY)KaTTBIH HETi3T'1 TaKbIpBINTapblH KaMTUTBIH co3ep (Kim, et all, 2013),

* MOTIHHIH HETI3Ti HJESICHIH HEMeCe TaKbIPHIOBIH KAMTUTBIH TEPMHHJIED
(Awajan, 2014),

* MOTIHJII OapbIHIIA aHBIK KOPCETETIH co3aep HeMece co3 TonTaps! (Birdevrim,
2018),

* KyKarTa TaJKbUIAaHATBIH HET13T1 TaKbIPBINTHI KaMTUTHIH opHekTep (Basaldella,
2018),

* KYKar Ma3MyHBIHBIH OapiiblK MaHBI3/Ibl ACTIEKTLIEepiH OUIIIpETiH ce3aep
(Papagiannopoulou, et all, 2020),

* MOTiH Ma3MyHEHI Typasl Moimet Oepetin cesnep (Kilig Unli, et all, 2023).

MorTinai eHIeY/IIH IIIKI TaKBIPBIITAPB MOTIHII KOPBITHIHABLIAY JKOHE MOTIH/II
CUNATTAUTBIH KUITTIK CO31epAl AaHbIKTay CHSKTBl KOCHIMIIAJapAbl KaMTHIBI.
MoTiHAepIiH MaFbIHACKHIH allly oHE OyJI MarblHAHbI OPEKETKe alHaIAbIpy TaOuFn
Tl OHJIEY callaChIHAAFBI 0acka Oip 3epTTey TaKbIpbIObI OONBIT TaObLTa MBI KinT
CO3Ii MIBIFAPy aKmapar i3ney Kyhenepi, CaHIbIK KiTalmxaHaHbI 13716y, BeO-Ma3MYHIbI
Oackapy, KyKarTapAbl KjacTepiey >KoHE MOTIHII KOPBITBIHIBUIAY CUSKTHI TAOUFU
TUIII OHICYMIH OpPTYpi KoimaHOamapelHIa KoimaHbUTFaH. KoameH OenrieHreH
HEMECe aBTOMATThI TYPJIe TAHIAJIFaH KUITTIK CO3 TONTAPhI Mak alaHyIIbIFa MOTIH
Ma3MYHBIHBIH KaJllbl WACSACHIH jKacay YIIIH KojnaHbutaabl. Herisri cesmep meH
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€3 TipKecTepl MOTIHHIH Ma3MYHBI Typalbl €H MaHBI3bl aKMaparThl KAMTHUTHIH
MOTIHHIH KYPBUIBIMIBIK OipIikTepi peTiHae KapacTeipeuiaabl KinTTik cesmep
MEH Ce3 TIpKEeCTepiH allyAbl aBTOMATTAaHJIBIPY MOCEIJIECIH MICNTy YIIiH €Ki HeTi3ri
TOCLIII @KBIpaTy KaXKeT: KIITTIK ce3 TipkeciH TaraibiHaay (keyphrase assignment)
XKoHe KINTTiK ce3 TipkeciH amy (keyphrase extraction). Kint ce3mi misirapyna
KY)KaTTarbl CO37ICP JKUUTIK MEH Y3BIHIBIK CHSKTHI CPEKIICTIKTepPre HEri3neNnreH
MaFrbIHAITBI OOJIBINT KOPIHETIH CO3AEP/Ii aHBIKTAY YIIiH Tangana el KinTTik ce3nepmi
TaralbIHAY Ke31H/IC KIJIT CO3/Iep TEPMUH/ICD CO3MITTHEH TaH1aTa bl JKOHE KYKaTTap
Ma3MYHBI HETI3IH/E JICKCHKAIBIK DIIEMEHTTEPre COWKEC KENeTiH ChIHBIITApFa
xikreneni. KinTrik ce3i msiFapy MOTIHHEH TiKeJel HEeri3ri aKmaparThl TaHayIbl
KaMmTuabl. EXi Tocin e MalTMHANBIK OKBITY 9/IiCTEPiH MaijaaHabl JKoHe HeTi3Ti
ce3 TipkecTepi 0ap OKbITY KyKaTTapsl KaxeT ereni (Nguyen, et all, 2007).

Byst 3epTTey KYMBICBIMBI3IBIH OapbICHIHAA KINT CO3/1 IIBIFAPYIBIH JdPTYPIi
o/licTepi MEH anropuUTMEpl 3epTTelreH. MaIlluHAIBIK OKBITY JKOHE TepeH
OKBITY SJIICTEpi Typallbl aKmapar Oepijeni, 6acka TiJepleri 3epTTeyaep Typabl
aNThUIA/BI, HETI3T1 TAKBIPBINITAD KOHE OCHI Calla/IaFbl OYPBIH 3ePTTENTEH dIicTep Il
KapacThIPaMbI3.

ojicTep MeH MaTepHaJaap

KinTrik cesnepai mIbIFapynblH MaIIWHAIBIK oicTepi. 3eprrey OapbIChIHIA
KIUITTIK CO3/ MIbIFapy/Ia MaIIHHAIBIK )KOHE TEPEH OKBITY dficTepiHe opedueTTepre
Tanmay okyprizingi. KinTTik cesmi mieiFapy MOTIHAI ©HIEyHIeri, TaOWFu Tijjmi
OHJICY/IET1 J)KOHE aKIapaTThl 13/Iey/IeTi MaHbI3/IbI 3ePTTEY OaFBITHI OOJBIT TAOBLIA B
KociOn mHpekcreymriiepMeH KilT ce3/eplli HAaKThl aHBIKTAJFaH CTaHAapTTapFa
JKOHE JKU1 KOJTAaHBUIATBIH CO3IIKTepre HeMece 0acKapbUIaThIH CO3IIKTEPre COUKeC
KOJIMEH IIBIFAPY KO YaKbITThI KAKET €Te/i, HKaIBIKThIPAIbl, KbIMOAT, CyOhEKTHBTI
YKOHE TPaKTUKAIBIK eMec. COHABIKTAaH KyXKaTTap/JaH KT ce3epl MIbIFapy YIIiH
ABTOMATTHI 9MIicTep KakeT. KinTTiK ce3/li mbiFapy — KYIKaTThIH HETi3ri Ma3MYHBIH
CUMATTall anaThlH MaHBI3Jbl CO3MEPAIH HEMece TEPMUHJACP/IH IMIAFbIH TOOBIH
aHBIKTaUTBHIH Kyieni nporecc. Siddigi S., Sharan A., (2015) xinrTik cesnepmi
IIBIFAPY TOCUIAEPiH 4 HET13T1 TaKbIPHINT OOWBIHINA TONITaFaH:

KinT cesgepai mmsIrapy smaicTepi

JIHHrBHCTHKAIBIK
axieTep
v
H
H
-

Bec KayBIMIBIK Sic:

Mepsingi smmimici
(TF),

Mepsini smimix-xepi

e i
IDF),
Ki-kare. Text Rank

CTaTHCTHKAIBIK
azicTep
H H
H H
- -
DICKTPOHIBIK, CO3IIK
seprrey (EDR).
IMTapcHHT,

Haiipe-Baiicc
Barrusr.

Aot HKacuapon: Mapeon
Wor T, %mex ]:EIHOPIIL]};
N-rpaugz. marnaHa (SVM)
PoS ymrici

T'ubpuari sgicrep
.
H
H
-

Y Tacinnid Gipiryi

Cypert 1. Kint ce3nepzi aBToMaTThl TYpAe aTyAblH KJIacCH(PUKaIUSCHI.
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o Jlunesucmuxanvix 20icmep: byn spictep ofeTTe epexere HETi3eNreH >KoHe
ceyleMiep MeH Ky>KaTTap bl TULTIK €peKIIeiKTepiHIH HeTi31 peTiHe maii1araHabl.
By ecenTey KapKbIHIBI KOHE JHHI'BHUCTUKAJIBIK JOMEH CapamnibiChbiHAH Oacka
JIOMEH OLTIMIH KaKeT eTeli. byt omictep HeTi3iHEeH coileMep MeH Ky)KaTTapaarsl
CO3NEpIiH TUIIK epeKIIeTKTepiH mnakaanaHaabl. JIMHIBUCTHUKAIBIK —ojlic—
JICKCUKAJIBIK TaJ/1ay, CHHTAKCUCTIK Tauaay — JUCKYPCTHIK Taiay, T.0. Kipe/i.

* Cmamucmuxansix 20icmep: CTaTUCTUKATIBIK OIICTEP 9JIETTE JIMHTBUCTUKAIBIK
KOPITyCKa >KOHE OCBHI KOPITyCTaH ajbIHFaH CTATUCTHKAJIBIK Oeiriiepre Herizaeneni.
OnapaslH €H alKbIH apTHIKIIBIIBIFEI - OJlap TIATE TOYeJCi3 KoHe OipAeH omicTi
OipHeme Tinjme KojimaHyra Oomazpl. KinTTik ce3mi MIBIFapy YIIIH €H JKHi
KOJIJITAaHBIJIATBIH CTAaTHCTUKAJIBIK OJICTep €603 JXKHUiNiri, TtepmMuH >xkuimiri (Term
Frequency-TF), Tepmun >xuiniri — kepi kyxat sxuiniri (Term Frequency-Inverse
Document Frequency-TF-IDF), cesnin Oipiryi sxoHe PAT-Tree anropurmaepi
00JIBII TaOBLTAEL.

* Mawunanvlx oxbimy 20icmep: MalllMHaNBIK OKBITY 9IiCTepl HETi3iHEH
OaKpITaHATBIH OKBITY OMIiCTEpiH TainamaHansl. bynm omictepae yiriHi yHpeHy
YIIiH OKY KY)KaTTapbl aJbIHAJbI, COlaH KEHiH MOJENb TeCTiJiey MOAYJl apKbLIbl
Tekcepineni. JKakcel HOTHXKEIepre KOJl )KeTKI3TeHHEH KeHiH 011 kaHa Ky’KarTapAaH
KT cesnepmi Taly yuriH KommaHsuiansl. by omic Haiiee baifec anroputmaepin
(Naive Bayes), Komnmay Bektopnblk MammHanapein (SVM), Kiacrepney
anroput™epia (K-Means, K-Medians) >xoHe KiKT€y aqTOPUTMIEPIH KaMTHUIBI.
JlerenmeH, OakbLIaHATBIH OKBITY OJicTepiHae O0i37¢ TaHOAlaHFaH KyXKaTTap
Oonybl kKepek. MyH/Iall Kopiyc OonMaraH jkar/iaiiia 0akblUiayChl3 )KOHE KapThulai
0aKblJIaHATBIH OKBITY 9/iCTEPi KOJIIaHbLIa b,

» [ubpuomi adicmep: Kintceszni mbirapyaslH Oacka ojicTepi HeTi3iHEH
JKOFaphla aTajFaH oficTepmi OipikTipedai HeMece Coe3IepaiH OpHaIacybIH,
Y3bIHJIBIFBIH, OpHAIACy MYMKIHJIITIH, CO3/ICP/IiH aliHaNIaChIHIAFbl [ UIIEPMOTIHIIK
oenriney Tim (HyperText Markup Language - HTML) tertepin *xoHe T.0. CUSKTHI
KeHOip MHTYUTHBTI aKknaparTel naiaananaas! (Abibullayeva A. A., 2023).

Kinmmix ce30epoi wvieapyoa Kor0aHbLIamvlH meper OKblny aiecopummoepi

TaOuru Tl OHJCYJE MOTIHII KOPBITHIHIbLIAY JKOHE IKIKTEY CHSKTHI
Macenenep/i Menryie TepeH OKBITY alTOPUTMEPI COTTI KOIIAHBUTBI Kesedi. Och
MakcaTTa MOTIHJIEPJCH TaKbIPBI ajy, KUITTIK CO3/EpIli aHBbIKTAy, CypaK-»Kayarl
JKYHECiH jKacay CHAKTBI MoceseliepAl LIemly YIIiH 0acka Tiinuepae 3epTreyiiep
Kyprizured. TepeH OKpITY - OYJI MamTuHAJIBIK OKBITYIABIH Oip TapMarbl. TepeH
OKBITY CaJlaChIH/Ia 931pPJICHTCH apXUTEKTypaIap/IblH CaHbl KOOCHII, KOJIIaHBICTAFbI
CTAaTUCTUKAIBIK KOHE TpaUKaIBIK OIICTEpJAeH TaOBICTHI HOTIKENIEpPre KO
KETKI3UITEH/IIKTEH, TEPEeH OKBITY 9JiCTepi OpTYpil Moceiesepii IMiemy YIIiH
KOJIJIaHbL1a 0acTafpl.  AFBUIIIBIH TITIH/IE )KOHE OacKa TUTIepe KifAT Co3aepIi amy
OOMBIHIIIA KONITEI'eH 3ePTTEYJIep KYPIi3UIreHIMEH, Ka3akK TUTIH/E KIITTIK Co3aepIi
HIBIFAPY MACEeJIeCi o1l KoyiFa anbiHFaHOaraH. Kaszak Tini yIIiH MalinHAIBIK OKBITY
JKOHE TEepPEH OKBITY OJIICTEpi JKOHE TaOWFW TNl OHACY 3epTTeyNiepl IICKTEYIIi.
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Kazax tiningeri MoTiHAEpIEH KUITTIK CO3Ep/Ii aTy YIIH TePEHAETII OKBITHUIATHIH
yiiri omi koK. JlereHMeH Kaszak TUTiHIH KYpbUIBIMABIK JKyHeciH 0acka TuigepMeH
CaNBICTHIPBII, OHBIH KEKE YKCACTBIKTAphl MEH albIPMaIIbUIBIKTapbIH KOPCETETIH
CaJBICTBHIPMAJIbI-TUIIONIOT USUIBIK OaFbITTa KONTETCH FBUTBIMU 3epTTEYIIep Oap.

JKakpiHIa TepeH OKBITY anropuTMiepi ¥3ak Keicka Mmep3imai kax (Long
Short-Term Memory-LSTM, exi OarbITThl y3aK Kblcka Mep3iMai xanuel (Bi-
LSTM), xoHBOIIOIMSUTBIK HeWpOHABIK kel (Convolutional neural network-CNN),
KalTanaHaTelH HEWPOHABIK >xesi Recurrent neural network-RNN) ceiiney/MoTiH,
KECKIH JKoHe OeliHe eHJiey[ie oTe jKaKChl HoTmxkenep Oepyne. Kinr cesni mbirapy
VIIIH YCBIHBUIFAH JJICTep Heri3iHeH Sequence-to-sequence momemi (Seq2Seq)
koxep/nexonep (Encoder/Decoder) KyphUIbIMBIH MaiiajaHy apKbLIbl MOCEJICHI
LIenryre ThIPBICTHL. Seq2Seq apXHUTEKTypachl MallMHANBIK aygapMma, KecKiHIi
TErTey, ce3iMIl Tanjay, >KaHaJIbIKTap TaKbIPBIOBIH IIbIFapy, HEri3ri ¢paszaHbl
LIBIFApy CHSKTBI KOINTETeH MaceseliepAe KolaHbulaAbl. Seq-toseq Moaenmi —
OipHernre KipicTeH OipHelle MIBIFBIC MIBIFAPBUIATBIH Ke3/le KoJmaHbuiaThiH RNN
Mofieni. 2-cyperte seq-to-seq RNN momeni kepcerinren (Lopyrev, et all, 2015).
Seq-to-seq mozeni exi RNN sxemicinen Typaapl. Onap Komep KoHE JCKOAep Jen
arajajpl.
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Cypert 2. Koaep/aekonep apXxuTeKTypachbIHbIH PETTLIIr]
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Katitananarsin HefiponapIk xemnini kamty (Coverage RNN) apxurexTypacsinaa
YT MaHBI3bBI MEXaHU3Mi JKOHE TPAHCKPHUIIIUS MeXaHu3Mi Oap KinT ce3mi
HmIpIFapy YWiH seq2seq ycelHBUIABI (Zhang, et all, 2018). CovRNN ynricinae
OacTankbl MOTIHIIK aKmapar ¢' BEKTOPBIMEH CaKTaJJIbl KOHE C' aJJIBIHFbBI LICHIY
KaJaMJIapblHAarsl OapiblK Hazap OelyiepliH KOCBIHABICHI apKbUIBI €CENTeNi.
KamTy MexaHM3Mi ajibIHFBI KaJaMHaH Imemy ¢a3acblHIAFbl MaHBI3IbUIBIK
YJIecTipiMiHIH KHUBIHTBIK cOMachl OONbIN TaObuTagsl. OX TOMEHAE KOpCETUITeH
(hopmya OOMBIHIIIA ecenTeeTi:

¢t =35 at (1)
Lo
Jexonep (n)
, d
vA g 4 d,
en— 1 N /'// Ve
: T ; €
. " AyMak
BEKTOPBI
é % dl Jexomepl

—» d
Korep v

Hexonepiep

Cyper 3. CovRNN mopeni

O3 3eprreynepinge Chen et al., (2018) Koppensuusuiblk KalTaiaHaThIH
Herponabik ke (Correlation RNN) gem aranareiH KT ce3epai reHepanusiiayra
apHaJIFaH >KaHa seq2seq AapXUTEKTYPachlH YCBIHIBI, OJ PEIUIMKALUS KOHE
KaMTy CYpakTapblH ILICIIyAiH €Ki oficiMeH OipHemle KiNT ce3aep apachlHIarbl
KOppeJsILUsHbl aHbIKTaiapl. by macenenepai memry ywin byn omic Oipaere
KUIT ce3lep apachlHAarbl KOPPESILUSHBI €Ki J)KOJIMEH TYycipeli; KaMTy BEKTOPBI
QJIBIHFBI KIUIT CO3JIH OoHE OacTanKpl MOTIHHIH JKWHAKTAJIFAaHBIH TYCIHY YIIiH
naianaHblIa Ibl, a1 0Ty MeXaHU3Mi Oip/iel MaFbIHAaHbI OUTIIPETiH KaliTalaHaThIH
€3 TIPKECTEPiH KOO KOHE KINT CO3AEplIeH KOCHIMILIA aKHmaparThl OOIasipMay
yiuiH Konpansutansl. Llomy Mexanu3Mi Hazap ayaapy MEXaHU3MiHE ©Te yKcac Aell
ecenTeNreH. 4-cyperre KepceTiireH Oyl apXuTeKTypa seq2seq YIriciH KeHenTeni
JKOHE KUIT Co3/11 reHepanusiiayaa 0ip-Ken KaTblHACTapbIH TYCIpei.
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Cypert 4. CorrRNN wmopnemi

CoHFBI YaKbITTa MOTIHZICPACT] KUITTIK CO3JEP/i aHBIKTAy VIIH Y3aK KbICKa
mep3imai xaa (LSTM) sxone YKaObik kaiitamay Oipmiri (Gated Repeating Unit-
GRU) apxutekrypanaps! Koianbuia 6actaasl. GRU sxone LSTM-j1e ysmibIK sxaibt
XKachIpblH KabarneH Oipre keneci ysambikka TackiManaanaasl. GRU komep xone
nexonep perinne naiinanansuiael. LSTM-CNN (Song et al., 2019) werisingeri
0acka KOPBITBIHIBUIAY alTOPUTMi X311 OHIMAUITIH >KakcapTy YIIiH d3ipIeH/Ii.
Konep epnekreri ce3nepai CNN kabarsl apKplIbl 0TKI3y apkbsuibl LSTM kipicine
xioepeni. backa 3eprreyne LSTM-CNN Herizingeri apxutekrypa (Meem et al.,
2019) KonaaHbUIIBI, CO3MEP/Il CHII3y BEKTOPIaphIHBIH OacTankel MoHAepi fastText
KOMETIMEH WMHHUIMAIM3alusIanbl. backa Oip Makanaja KUITTIK CO3Ii HIBbIFapy
YIIH Ka3aK TUTIHJETI ra3eT >KaHAJbIKTApbIHAH KYpaJiFaH JIEPEKTep >KUHAFbIHAH
kinT ce3nepai any ymin BERT xone BERT base-multilingual-uncased Tin ynricin
naiaanany apkpUibl asbiHbel (Abibullayeva, et all, 2022).

Haru:xeliep oHe o1apabl TAJIKBLIAY

Mopenbaep YIIiH KiNT co3[epAi IbIFapy apXUTEKTypachlH Oaranay IOJIiKTi
oJIIIIey YIIH ©Te MaHbI3AbL. JKaamel MoiMETTEp JKUBIHTHIFBIH KOJaHA OTHIPBII
Oaranay KIIT ce3lepii HIbFapy YIIiH 9JeOMeTKe KOCKaH OH YJICCIH OJIIICHI.
Kypbutran MojenbJepaiH JOJINH  enmeyaiH ecke Tycipy (recall), mammik
(accuracy), HakThUIBIK (precision) F-ymaii (F-score) Oaramay ojictepi Oap. By
KOpPCeTKIITepAiH OapiblFbl Imaracy marpuuackl (confusion matrix) apKbUIbI
ecenrengi. Harez oH (True Positive-TP) - kinTTik ce3 peTinae aypbic OenriieHreH
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cesnepain canbl, JXKanran oH (False Positive-FP) - kinT ce3ci3 ynri OoifbIHIIA KilT
ce3 periHze OenriieHreH cesnepiiH canbl, JKamran tepic (False Negative-FN)
- KiIT ce3 OonmMaca J1a, MOJENb KUIT €3 peTiHje OeNTiIeHreH CO3Iep/iH CaHbI,
xoHe Harpiz tepic (True Negative -TN) - KIITTIK emec ce3lep peTiHAe AyphIC
OenTiNeHreH Ce3AEp/iH CaHbl. 2-TEHJEYJe MOMCIBIIH JSIJIIK - AYPHIC OH JKOHE
Tepic OomKaMIapIpIH apaKaThIHACKIH OUTAIpei.

TP+TN

Accuracy = TP+FP+FN+TN (2)

HakThulblK - IWIBIHAWBI TO3WTHUBTEP/IH JKalIbl OH OODKamMaapra HaKThI
KaTBIHACHIH €CENTENI].

. TP
Precision = TPiFP 3)

Ecxke Tycipy - oH MoHAEPIiH AYpHIC OOIDKANATHIH apaKaTbIHACKIH €CeTTeH .

TP
Recall = o mw (4)

MogaenbaiH OHIMIUIITNIH Oarajiay YIIH JOJIIIK KOHE HAKTBUIBIK apaChIHAFbl
rapMOHHMKAJIBIK OpTaIla MOH OOJIBINT TabbLIaThiH F - ynaiiel esmeneti.

PrecisionxRecall

Flscore =2 X Precision+Recall (5)

Kecre 1 — Illaracy maTpunacsl

bonocamowt oy bonocamovr mepic
Haxmut oy Hare13 on (True Positive) JKanran tepic (False Negative)
Haxvmol mepic Karnran oy (False Positive) Harsbi3 tepic (True Negative)

MogenbaiH OHIMALIITIH [0 eJIley XoHe Oaranay MAaIIMHAJIBIK OKBITYIBIH
MHUCCHSCHl YIIIH ©Te MaHbI3Abl. Jlypbic TaHaanFaH KepceTKimTepal Oaranay
apKbUIBI YATiHI JKaKcapTy >KOHE IIBIHIBIKKA OapbIHILA KaKblH OopKamaap jkacay
YILIiH )KYMBIC iCT€y OHalbIpaK 0omajbl.

KopbIThIHABI

MorTiH imIiHeH eH KbICKaIlla aKnapaTThl )KbUIaM allyFa OO0JIaThIH KUITTI Ce37ep
OYTiHT1 KYHI AepeKTep KejeMi SKCIIOHCHIHMAJAbl TYpAE YIFaiFfaH Ke3ae HIeHIysi
KaXXeT eTeTiH MaHbI3Ibl Mocene Ooubin Tadbutanbl. Kinrcesni/¢pasansl meirapy
MOTIHJi MaFblHaFa KaTbICThl KONTEreH MICeNIeNep i MIenly YIIiH KOJAaHbLIa bl
Byt aknaparTsl aiy, TaKbIPBINTH KaJaraiay >KoHE KOPBITHIHABLUIAY MACEIJICIEPiHiH
KaJaMbl OOJIFaHBIMEH, JKaHAJBIKTAP MOTIHJEPi MEH FHUIBIMU MaKajajapra TYHiHi
ce3JIep/li TaraibIH/Iay MOCEIeNePiH/Ie ISy Il KaXKeT eTETIH HeTi3Ti Kar[ail OobIn
tabbutaapl. TyHiHAl cesznep MeH TyHiHAl (pazaigapiabl any YIIiH COHFBI KbUIIAPhI
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OPTYPAi 3epTTEYNIJIep VYChIHFAH OPTYPJl TOCUIAEpre IOy IKACalJbl HKOHE
TaJIaHaThIH MOTIHJIETI MaHBI3ABUIBIFBIHA Kapail YMITKep KT ce31epi MeH TYHiHIi
(dpazamapnel Oaranay YIIH OJeTT€ KOJIAAHBUIATHIH OPTYPIi MYMKIHIIKTEpIi
TaHJay METPHUKACHIHBIH KBICKAIlla CHTATTaMachl jkacaiabl. CayamHaMa >KYMBICHI
HETi3Ti caHarTapra OediHIli, MbIcalbl, OaKbLIAyIaFbl, OaKbUTAHOANTHIH, JKapThUIAl
0aKbITAHATHIH JKOHE TYHIH]II CO3MEPIi amyIblH CTATUCTHKAIBIK TOCIIIEP] dKOHE COT
caianapja JKacaJfaH Heri3ri )KYMBICTap XPOHOJIOTHUSUIIBIK TYPJIE Ti3IMICI/I.
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Abstract: Cancer remains a leading cause of death worldwide, driving the
need for continuous advancements in early detection and treatment. Deep learning,
a subset of artificial intelligence, has become a transformative tool in medical
image analysis, significantly improving cancer diagnosis. This study explores
various modalities used in lung cancer diagnosis, including medical imaging
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Annoranusi: Karepm icik Oykin omemzue eniMHIH Herisri ce6edi Ooibim
Kana Oepeni, OyJl epTe aHBIKTAy MEH eMJey[e Y3MAIKCi3 iirepijiey KaKeTTiNiriH
Tyablpanbl. TepeH OKBITY, KacaHIbl WHTEIUICKTTIH Oip Oediri, karepmi icik
JIMAaTHO3BIH eNIoyip JKakcapTa OTBIPBIN, MEJAUIUHAIBIK WUMHJDKII TalIayJ(bIH
TpaHcHOpMAIMSUTBIK ~ KypasiblHa alHalAbl. byJl 3epTTey OKIeHIH Karepii
ICITIH JMarHOCTHKANay/la KOJJIAHBUIATBIH OPTYPJIL OMICTEPJi, COHBIH IIIiHJE
MEIUIMHAIBIK OelHeney i (MbICaIbl, PaIUOJIOT U, TIATOJIOTHS ), TEHOMUKAHEI )KOHE
KIIMHUKAJIBIK JIEPEKTepAl 3epTTeiIi, op callaHbIH HAaKTHl MOCeJelepiH MICIIeTi.
¥ CBIHBUTFAH MYJIBTUMOIATBIBI CHHTE3ACNTeH TepeH HelpoHasK JKemi (MFDNN)
JMAarHOCTUKANBIK TJIKTI apTTHIPY YLIiH OCBI OPTYPIIi JepeKTep KO3ACPIH THIMII
Oipikripeni. CoHbIMEH KaTap, OJI OKIIEHIH Karepii iciriH JuarHocTUKanayna
CEHIMJIUTIKT] apTTBHIPYIBIH MYJIbTHMOAAIBIBI TOCUIIEPIHIH KYHIBUIBIFBIH KOPCETE
OTBIPHIT, KIMHUKAIBIK JIEPEKTEP MEH JJICKTPOHJBI MEIUIMHAIBIK Ka30amapiabl
Oipikripyre ©Oaca Ha3ap aymapajabl. KIMHUKaJbIK JKarnadiapia rKacaHJbl
MHTEJUIEKTKE KaTBICThI ATHKAJIBIK OWIap, COHAAN-aK BaluAalUs KaXESTTUIIrT MEH
HOPMATHUBTIK HYCKAyJ1ap TAIKbLIaHAbI.
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AHHOTAIUSI: PAK OCTAETCS BEAYyIIEH MPUUYUHONW CMEPTHOCTH BO BCEM MHPE,
4T0 00YCIIOBIMBACT HEOOXOAMMOCTh MTOCTOSHHOTO COBEPIICHCTBOBAHUS METOIOB
paHHEro BBISABICHHS M JieueHHs. [iyOokoe oOydeHue, SBISIOIICECS 4YacThiO
MCKYCCTBEHHOTO MHTEIIICKTa, CTAJI0 PEBOJIIOLMOHHBIM HHCTPYMEHTOM B aHAJIN3E
MEIUIMHCKUX W300paKeHH, 3HAUUTEIBHO YIyYINAOIIUM JUATHOCTUKY paka.
B aTOM mcclienoBaHNM pacCMaTPUBAIOTCS PA3IHMYHBIC METObI, UCTIONb3YeMbIC B
MUATHOCTUKE paka JIETKUX, BKIIIOYAs MEIUIIMHCKYIO BHU3Yyalu3aluio (Harpumep,
paanojioruro, HaTOHOFI/IIO), FCHOMUKY U KIMHHUYCCKHUE JaHHbIC, C Y4YCTOM
cnenuUUecKux 3aaad B Kaxjaoi oOmactu. [Ipemmaraemasi MynbTHMOoJalibHAsS
HeriponHas ceth Fusion Deep Neural Network (MFDNN) ad ¢ extuBHO 00beIUHSET
9TH pa3Hoo6pa3HLIe HNCTOYHUKHU JaHHBIX JJIA TIOBBINICHUA TOYHOCTU JTUATrHOCTHUKH.
Kpome Toro, B Heil 0co00e BHUMAaHHWE YICNSCTCS HHTETPAIMU KIMHUYCCKUX
JAHHBIX W DIICKTPOHHBIX MEJHMIIMHCKUX KapT, YTO JIEMOHCTPUPYET I[IEHHOCTh
MYJIBTUMOJIATIBHBIX MOJXOJOB JUIsl MOBBIIICHUS! HAJICKHOCTH JIUArHOCTHKH paka
nerkux. Takxke 0OCYXTAlOTCS ITUYECKUE CcOoOOpa)keHus, cBsizaHHble ¢ MU B
KITMHUYECKUX YCIOBHUSAX, HAPSAY C HEOOXOMUMOCTBIO BAIMAAINU U HOPMATHBHBIX
peKOMeH a1 .
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KiroueBble ¢JI0Ba: BLIABICHUE PpaKa KOXHU, MYJIbTUMOAAJIBHOC O6’I)CILI/IHCHI/IC
JIAHHBIX, WCKYCCTBCHHBIH HMHTEIUICKT, JIEPMATOCKOTIMUECKUE HW300paKCHHUS,
KIIMHUYCCKHUEC MCTAaJaHHBIC, TUCTOIMMATOJIOTMYCCKHUE OTYCThI, TOYHOCTh JHWArHocC-
THKH, aHAJHU3 MEAMIMHCKUX H300pa)KCHUH, MAIIMHHOE O0yYeHHE, TEXHOJIOTHU
37paBOOXPAHCHHS.

Introduction. Cancer remains a significant global health issue, with an
estimated 9.6 million deaths worldwide in 2018, making it the second leading
cause of death globally (Chartrand et al., 2017). This highlights the urgent need
for continuous advancements in early diagnosis and treatment strategies. Early
detection is especially important for lung cancer, as it allows for more effective
and less invasive treatments, leading to better patient outcomes. Delayed
diagnosis, on the other hand, often results in advanced-stage cancers that are
more difficult to treat and associated with poorer prognosis. In recent years, deep
learning, a subset of artificial intelligence (Al), has brought a paradigm shift in
cancer diagnosis, particularly in medical imaging. Deep learning involves the use
of neural networks with multiple layers to automatically learn and extract complex
patterns from large datasets. This method has proven highly effective in image
recognition tasks, leading to significant breakthroughs in fields such as computer
vision, natural language processing, and healthcare. Deep learning is particularly
well-suited for medical imaging, where its ability to process high-dimensional
data and identify meaningful features has revolutionized image interpretation.
Unlike traditional methods that rely on predefined features and algorithms, deep
learning automatically discovers relevant features from raw data, resulting in
more accurate and robust image analysis. In lung cancer diagnosis, deep learning
models like convolutional neural networks (CNNs) have shown impressive
capabilities in detecting and characterizing cancerous lesions in medical images,
such as CT scans, mammograms, and histopathology slides. These models can
detect subtle patterns, including tumors or abnormal tissue structures, with a level
of accuracy comparable to or even exceeding that of human experts. Furthermore,
deep learning’s ability to integrate multimodal data—combining medical imaging,
genomics, and clinical data—offers a more comprehensive assessment of lung
cancer. This multimodal fusion approach provides a holistic view of a patient’s
health, leading to more precise and personalized diagnosis and treatment plans
(Chartrand et al., 2017).

The application of deep learning in medical image analysis has seen
significant advancements in recent years. Yu et al. (2018) discussed how artificial
intelligence (Al), particularly deep learning, has become a critical tool in
healthcare, improving disease diagnosis and management. Similarly, Ker et al.
(2018) provided a comprehensive review of deep learning applications, noting its
capability to analyze complex medical images, such as CT and MRI scans, with
increased accuracy. He et al. (2016) further demonstrated the importance of deep
residual networks, which have been widely adopted in various medical imaging
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tasks due to their ability to mitigate the vanishing gradient problem. In speech
and acoustic modeling, Mohamed et al. (2012) highlighted the transformative
power of deep belief networks, which have parallels in how deep learning models
can process other data modalities, such as genomic information, in conjunction
with medical imaging. Chaunzwa et al. (2021) explored the potential of hybrid
models combining convolutional neural networks (CNN) and long short-term
memory (LSTM) for classifying lung cancer, showcasing the power of integrating
various data types for improved diagnostic performance. Miotto et al. (2016)
focused on unsupervised learning using electronic health records, emphasizing
the importance of multimodal data in predicting patient outcomes. Greenspan
et al. (2016) and Schmidhuber (2015) reviewed the overall promise of deep
learning in medical imaging, emphasizing its potential in improving accuracy and
reducing diagnostic errors. Dunnmon et al. (2018) highlighted CNNs’ ability to
classify chest radiographs, further demonstrating Al’s critical role in enhancing
radiological assessments [8]. Moreover, studies such as those by McKinney et al.
(2020) and Rajpurkar et al. (2017) demonstrated the near-human-level performance
of Al systems in tasks like breast cancer screening and pneumonia detection,
respectively, further solidifying the role of deep learning in clinical practice. These
contributions underscore the transformative impact of Al in improving medical
diagnostics across various fields.

Methods and materials. Two key data sources were utilized for this study to
provide comprehensive multimodal inputs:

1. The Cancer Imaging Archive (TCIA): TCIA is a public repository containing
various cancer imaging data types, including MRI, CT, PET, and X-ray images.
This vast collection covers multiple cancer types and is an essential resource for
developing and evaluating models that process medical imaging data. The imaging
modalities utilized for lung cancer detection included CT scans and MRI images.
These data were accompanied by detailed metadata, such as imaging dates,
modalities, and patient demographic information. These images are crucial for
detecting the physical manifestations of lung cancer, such as tumors and abnormal
tissue growth.

2. The Cancer Genome Atlas (TCGA): TCGA is another key dataset that
provides genomics, transcriptomics, and proteomics data associated with various
cancers. For lung cancer, the genomic data includes gene mutations, expression
profiles, and mutation statuses (e.g., KRAS, BRCA1). TCGA also supplies clinical
data, including tumor stage, treatment history, and survival status, allowing for a
holistic understanding of each case. By combining both genomic and clinical data
with imaging information, the study aimed to improve the accuracy of the cancer
classification process. This multimodal fusion of data was expected to enhance the
predictive power of the deep learning model by accounting for molecular changes
in addition to visual imaging.

Data Preparation. Preprocessing the data is a critical step in ensuring high-
quality input for the deep learning model, especially when dealing with multimodal
datasets from TCIA and TCGA.
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— Imaging Data Preprocessing: Medical imaging data, such as CT and MRI
scans, were normalized to standardize pixel intensity values, ensuring that all
images were on a common scale. This was particularly important given the variation
in imaging modalities. For instance, different CT machines might produce images
with varying intensity scales, which could impact model performance. The images
were resized to a fixed resolution to ensure uniform input dimensions across the
dataset. Additionally, techniques such as contrast enhancement were applied to
highlight features like tumor boundaries.

— Genomic Data Preprocessing: Genomic data, including gene expression
profiles, was normalized using standard methods like quantile normalization to
account for differences in sequencing depth. Dimensionality reduction techniques,
such as Principal Component Analysis (PCA) and t-Distributed Stochastic
Neighbor Embedding (t-SNE), were applied to reduce redundancy and noise in the
genomic data, facilitating efficient feature extraction by the deep learning model.

— Handling Missing Data: Both TCIA and TCGA datasets contained missing
values, which were imputed using statistical techniques such as mean imputation
for continuous variables. Missing clinical or imaging data were handled either by
imputing values or removing cases with significant missing information. Ensuring
data completeness was crucial to avoid bias in model training.

— Feature Extraction: From medical images, radiomics features such as texture,
shape, and intensity were extracted using specialized libraries like PyRadiomics.
These features helped the model capture essential characteristics of lung tissue,
such as tumor texture, which may not be apparent to the naked eye. Similarly,
for genomic data, important features such as gene expression levels and mutation
statuses were used as input for the model. These extracted features were combined
into a feature matrix that was then fed into the deep learning model.

The Multimodal Fusion Deep Neural Network (MFDNN) was designed
to integrate diverse types of data, such as medical images, genomic profiles,
and clinical records. The framework’s architecture is divided into several key
components:

— Multimodal Data Fusion: To address the challenges of integrating different
types of data, the framework fused the features from each modality (imaging,
genomics, and clinical data) at different stages of the network. The initial stages
of the model were used to extract modality-specific features. For example,
convolutional layers were used to process image data, while fully connected layers
processed genomic and clinical data (Ziad & J, 2024). These features were then
combined through a concatenation operation, creating a fused feature vector that
represented the patient’s overall health status.

— Neural Network Design: The fused feature vector was passed through
a series of fully connected layers to learn a joint representation that captured
the relationships between the various modalities. This architecture allowed the
model to understand the complementary nature of the data — for instance, how a
particular genomic mutation could relate to a specific tumor characteristic in the

42



ISSN 1991-346X 3. 2024

imaging data. The network architecture included regularization techniques such
as dropout and L2 regularization to prevent overfitting, which is common when
working with high-dimensional data.

— Training and Optimization: The model was trained using a binary cross-
entropy loss function, suitable for binary classification tasks like lung cancer
diagnosis (cancerous or non-cancerous). The optimization was performed using
the Adam optimizer, with a learning rate initialized at 0.001. Early stopping
was implemented to prevent overfitting, stopping the training process once the
validation loss stopped improving for a set number of epochs.

Hyperparameter Tuning. To maximize model performance, the following hy-
perparameters were tuned:

— Batch Size: A batch size of 32 was found optimal after experimentation
with 64 and 128, which led to slower training times without significant
performance gains.

— Learning Rate: The initial learning rate of 0.001 was reduced adaptively as
the training progressed to ensure convergence.

— Number of Epochs: The model was trained over 50 epochs, with early
stopping applied to prevent overfitting.

— Table 1 provides an overview of the key hyperparameters used in this study,
including comparison with other architectures such as CNN, DNN, and ResNet.

Results. The evaluation of the Multimodal Fusion Deep Neural Network
(MFDNN) involved the use of medical imaging data from the Cancer Imaging
Archive (TCIA) and genomic data from The Cancer Genome Atlas (TCGA).
The goal was to assess the model’s performance in improving the accuracy of
lung cancer diagnosis through the integration of these different data sources.
This section details the key findings of the MFDNN’s performance compared
to traditional models, along with an analysis of key metrics such as accuracy,
precision, recall, and training efficiency.

The overall classification accuracy of the MFDNN was recorded at 93.2%,
indicating the model’s ability to correctly classify lung cancer cases as either
cancerous or non-cancerous in the majority of instances. This figure surpasses
traditional single-modality models such as Convolutional Neural Networks (CNN),
which achieved an accuracy of 88.5%, and Deep Neural Networks (DNN), which
demonstrated an accuracy of 87.1%. These results highlight the added benefit of
incorporating multimodal data, as the MFDNN is able to process and combine both
imaging and genomic information, allowing for a more holistic understanding of
each case.

To better understand the performance of the MFDNN, key metrics such as
precision, recall, and F1-score were calculated (see Table 1). Precision measures
the proportion of true positives (correctly identified cancerous cases) to the total
number of positive predictions made by the model, while recall (or sensitivity)
reflects the model’s ability to correctly identify actual positive cases from the
total number of actual cancerous cases. These two metrics are combined in the
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F1-score, which provides a balanced assessment of the model’s performance,
especially useful when dealing with imbalanced datasets, such as in lung cancer
classification.

Table 1. Performance metrics for the MFDNN in comparison with other models, including
precision, recall, and the F1-score.

Model | Accuracy | Precision Recall Fl-Score
MEDNN 93.2% 89.7% 90.3% 90.0%
CNN 88.5% 84.2% 85.5% 84.8%
DNN 87.1% 82.6% 83.2% 82.9%
ResNet 89.0% 85.3% 86.7% 86.0%

The MFDNN achieved a precision of 89.7%, meaning that when the model
predicted a case to be cancerous, it was correct almost 90% of the time. This
is significantly higher than the precision achieved by CNN (84.2%) and DNN
(82.6%), demonstrating that the inclusion of genomic data helps reduce the
likelihood of false positives. Furthermore, the model’s recall was recorded at
90.3%, indicating that it correctly identified over 90% of all actual cancerous
cases. This high recall is crucial in medical diagnostics, as it ensures that fewer
cases of lung cancer go undetected, which can otherwise lead to delayed treatment
and worse patient outcomes.

The F1-score for the MFDNN was 90.0%, which is higher than the F1-scores
of both CNN (84.8%) and DNN (82.9%). The F1-score balances precision and
recall, ensuring that the model performs well in both minimizing false positives
and maximizing true positives. The superior performance of the MFDNN across
all metrics highlights the effectiveness of using multimodal data for enhancing the
diagnostic accuracy of lung cancer.

55 45
cases

True Positives

True Negatives False Positives False Negatives

Figure 1. Frequence of classification types
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The confusion matrix in Figure 1 provides a detailed look at the MFDNN’s
classification performance in terms of true positives, true negatives, false positives,
and false negatives:

— True Positives (TP): 450 cases

— True Negatives (TN): 430 cases

— False Positives (FP): 55 cases

— False Negatives (FN): 45 cases

This breakdown of results demonstrates the model’s strong ability to correctly
classify the majority of cases. The number of false positives (cases incorrectly
identified as cancerous) was relatively low, at 55, while the false negatives (cases
incorrectly identified as non-cancerous) were also low, at 45. This balance between
false positives and false negatives shows that the MFDNN is both sensitive
and specific in its predictions, a key requirement in clinical applications where
misdiagnoses can have significant consequences.

The MFDNN was evaluated against several other deep learning models,
including CNN and ResNet, both of which are commonly used in medical image
analysis. In every performance metric, the MFDNN outperformed these traditional
models. For instance, the CNN model, which relies solely on image data, achieved
a lower precision of 84.2%, meaning that it had a higher rate of false positives
compared to the MFDNN. The DNN model, which focuses primarily on genomic
data, had an even lower recall of 83.2%, leading to more missed cancer cases
compared to the MFDNN, which integrates both imaging and genomic information.
Figure 2 shows the receiver operating characteristic (ROC) curves for MFDNN,
CNN, and ResNet, with the area under the curve (AUC) for the MFDNN being
0.95, compared to CNN’s 0.87 and ResNet’s 0.89. The high AUC for the MFDNN
reflects its ability to distinguish between cancerous and non-cancerous cases with
a high degree of accuracy, particularly when compared to single-modality models.

AUC

0.87

0.89

0.05.

Figure 2. ROC Curve Comparison
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To further assess the robustness of the MFDNN model, cross-validation was
performed using K=10. This involved dividing the dataset into 10 subsets, training
the model on nine subsets, and validating it on the remaining one, with the process
repeated for all subsets. The average accuracy across all 10 folds was 92.8%,
with a standard deviation of 0.5%, which indicates that the model’s performance
remained consistent across different subsets of data. Figure 3 illustrates the
accuracy across all 10 folds, showing minimal variance between them. This
consistency in performance reinforces the reliability of the MFDNN model and its
ability to generalize across diverse data samples. Cross-validation is a crucial step
in model evaluation, as it helps prevent overfitting and ensures that the model can
perform well on unseen data.

Cross-Validation Accuracy Across Folds

93.4 +

93.2

93.0

92.8

Accuracy (%)

92.6 +

92.4

92.2

92.0

Figure 3: Cross-Validation Accuracy Across Folds

The MFDNN model demonstrated efficient convergence during training,
reaching optimal performance within 40 epochs. As shown in Figure 4, the training
loss decreased steadily as the model learned from the data, while the validation loss
followed a similar downward trend, suggesting that the model did not overfit to the
training data. Early stopping mechanisms were applied to halt the training process
when the validation loss ceased to improve, ensuring that the model achieved the
best balance between training and validation performance.

The total training time for the MFDNN was 3.5 hours, running on a single
NVIDIA V100 GPU. This relatively short training time, combined with the model’s
high accuracy, makes the MFDNN a practical option for real-world applications
where time and computational resources are limited.
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Training and Validation Loss Over Epochs
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Figure 4: Training and Validation Loss Over Epochs

Discussion. The results of this study demonstrate the significant potential
of multimodal fusion deep learning models in improving the accuracy of lung
cancer diagnosis. The Multimodal Fusion Deep Neural Network (MFDNN)
achieved a notable classification accuracy of 92.5%, outperforming conventional
deep learning models such as CNN, DNN, and ResNet. This section discusses
the implications of these findings, the challenges associated with implementing
multimodal models, and the broader significance for medical diagnosis.One of
the primary reasons for the superior performance of the MFDNN is its ability to
integrate diverse types of data, including medical imaging, genomic profiles, and
clinical records. Traditional models that rely solely on imaging data (e.g., CNN)
or genomic data (e.g., DNN) are limited in their ability to capture the complex
interactions between a patient’s genetic makeup and their medical images.
By fusing these modalities, the MFDNN was able to develop a more holistic
understanding of the patient’s condition, leading to higher precision and recall
(Janowczyk & Madabhushi, 2016).

Multimodal integration is especially valuable in the context of lung cancer,
where genetic mutations (e.g., KRAS, BRCALI) play a critical role in disease
progression. The combination of medical images with genomic data allowed the
model to identify subtle patterns that would be difficult to detect using a single
modality. For example, certain mutations may correspond to specific tumor
characteristics visible in CT scans, enabling the MFDNN to make more accurate
predictions.
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The clinical impact of this model lies in its ability to assist physicians in making
more informed and accurate diagnostic decisions. Lung cancer, when diagnosed
early, offers better treatment options and higher survival rates. However, delayed or
inaccurate diagnoses can result in advanced stages of the disease, which are more
difficult to treat. The high precision of the MFDNN model (87.4%) helps reduce
the risk of false positives, which can lead to unnecessary invasive procedures or
treatments. Equally important, the model’s high recall (86.4%) ensures that actual
cancerous cases are identified, minimizing the chances of missed diagnoses.

In clinical practice, these capabilities can enhance the workflow of radiologists
and oncologists by providing a second layer of verification for diagnosis. Al models
like the MFDNN could act as decision-support tools, flagging potential cancer
cases for further review and helping prioritize patients who need urgent attention.
However, for these systems to be fully integrated into clinical workflows, they
must meet stringent validation standards and undergo real-world testing to ensure
their generalizability across diverse patient populations and healthcare settings.

Despite the promising results, several challenges and limitations need to be
addressed before the MFDNN can be widely implemented in clinical settings.

1. Data Availability and Quality: One of the major challenges in developing
Al-based diagnostic models is the availability of high-quality, labeled data. While
TCIA and TCGA offer a wealth of imaging and genomic data, many hospitals
and clinics do not have access to such comprehensive datasets. Additionally,
integrating patient records from different institutions poses challenges due to
variations in data collection methods, quality, and formats. Ensuring consistency
in data is crucial for training reliable models.

2. Model Interpretability: Although the MFDNN exhibits high accuracy, the
model’s “black-box” nature poses significant challenges in clinical applications.
Physicians need to trust Al models, especially in critical fields like cancer diagnosis,
where the stakes are high. Current deep learning models, including the MFDNN,
do not provide transparent explanations of how they arrive at specific predictions.
This lack of interpretability could hinder clinical adoption. Efforts to develop
interpretable Al models, or at least provide feature attribution, are necessary to
ensure that clinicians can confidently use these tools.

3. Generalization Across Populations: The generalization of Al models to
diverse patient populations is another critical concern. Al models are often trained
on datasets that may not be fully representative of all patient demographics (e.g.,
ethnicity, age, or socioeconomic status). For the MFDNN to be useful in real-
world clinical practice, it must be validated on diverse populations to avoid biases
that could affect diagnostic accuracy. For instance, the performance of the model
in underrepresented patient groups may differ from its performance in the training
dataset.

4. Ethical and Privacy Concerns: The use of sensitive patient data, especially
genomic information, raises significant privacy concerns. Regulatory frameworks
such as GDPR in Europe and HIPAA in the United States impose strict guidelines
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on the use and sharing of medical data. Ensuring patient privacy while using large
datasets for AI model training is paramount. Moreover, Al-driven models must
adhere to ethical guidelines to prevent misuse of patient data and ensure equitable
access to advanced diagnostic tools.

Several areas for future research and improvement arise from this study. First,
addressing the interpretability of deep learning models is crucial for building trust in
Al systems. Future work could explore attention-based mechanisms or explainable
Al approaches to provide more transparent insights into how the MFDNN arrives
at its predictions. Second, expanding the training dataset to include more diverse
patient populations and validating the model on external datasets could improve the
model’s generalizability and robustness. Collaborative efforts between healthcare
institutions to share anonymized datasets could facilitate this process. Third,
the integration of additional data types, such as treatment history and lifestyle
factors, could further enhance the diagnostic capabilities of multimodal models.
Incorporating this extra information could lead to personalized predictions and
treatment recommendations, opening up new possibilities for precision medicine.
Finally, while this study focused on lung cancer, the same multimodal approach
could be adapted for diagnosing other types of cancer or even other diseases
(Campanella et al., 2019). Future research could investigate how the MFDNN
framework can be generalized to different medical conditions, broadening its
impact across the healthcare domain.

Conclusion. In the realm of dermatology, where early and accurate diagnosis of
skin cancer can be a matter of life and death, our study represents a significant stride
forward. Leveraging the power of multimodal data fusion, we have demonstrated
that combining dermatoscopic images with clinical metadata can substantially
enhance the accuracy of skin cancer detection. Our Al model, meticulously trained
and rigorously evaluated, showcased remarkable performance metrics. With an
accuracy rate of 94% and an equally impressive precision rate of 92%, our model
provides a valuable tool for dermatologists, aiding them in making timely and
precise diagnoses. Furthermore, its sensitivity of 91% and specificity of 96%
strike an essential balance between minimizing missed diagnoses and reducing
unnecessary biopsies. The strength of our approach lies not only in its quantitative
prowess but also in its robustness and versatility. Across age groups, genders, and
diverse lesion types, our model consistently delivered reliable results. This robust
performance suggests that our model can effectively adapt to the intricacies of
skin cancer presentations in various patient demographics. Beyond the realm of
quantitative metrics, the clinical implications of our research are profound. Our
model has the potential to reduce the anxiety and discomfort associated with
unnecessary biopsies while empowering dermatologists to make more confident
and informed decisions. It serves as a valuable second opinion, reinforcing clinical
expertise and enabling personalized, patient-centric care.

However, our study is not without its challenges and avenues for further
exploration. Addressing potential biases, enhancing model interpretability, and
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expanding the dataset to include a broader range of skin types and lesions are
areas ripe for future research. These endeavors will contribute to the continued
refinement and adoption of Al-driven dermatology.

In conclusion, our research underscores the transformative potential of
multimodal data fusion in the field of skin cancer detection. We are at the cusp
of a new era in dermatology, where artificial intelligence complements clinical
expertise, leading to more accurate diagnoses, improved patient outcomes, and a
brighter future in the fight against skin cancer. As we forge ahead, we are committed
to refining our models, addressing challenges, and advancing the frontiers of Al-
driven healthcare to benefit patients worldwide.
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Abstract: This paper is a comprehensive review of the El-Gamal cryptograph-
ic algorithm. The El-Gamal algorithm is a key algorithm in asymmetric encryption
widely used in modern cryptography. It is main advantages include a high level of
security due to the complexity of computing discrete logarithms and the ability to
be used in digital signatures for authentication and non-repudiation. However, the
El-Gamal algorithm is not without it is limitations. It is computational complexity
can be quite high, especially when dealing with large numbers, which can lead to
increased encryption and decryption times. Additionally, in some cases, the algo-
rithm may be vulnerable to attacks based on mathematical analyses of the struc-
ture of the finite field. Overall, the El-Gamal algorithm remains an important tool
in the field of cryptography, and it is application continues to expand across vari-
ous platforms and industries. Moreover, asymmetric cryptography also facilitates
the establishment of secure communication channels by using key exchange pro-
tocols, such as Diffie-Hellman, which allows two parties to agree upon a shared
secret key without revealing it to any eavesdroppers. This is crucial in ensuring
secure connections for various applications, including secure web browsing, on-
line banking, and secure email communication. However, for maximum efficiency
and security, it is necessary to consider both the advantages and limitations of this
method, and apply it in accordance with the specific needs and requirements of
each individual application. The paper details the mathematical foundations of
the algorithm, including the computation of discrete logarithms, finite field oper-
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ations, and cryptographic robustness evaluation. Encryption and digital signature
algorithms based on El-Gamal’s method are described. The advantages and disad-
vantages of the algorithm are analyzed, as well as its application in various fields
such as e-commerce, email and cryptocurrencies. The paper contains a descriptive
part explaining the concept of asymmetric cryptography and its advantages.
Keywords: cryptography, El-Gamal algorithm, discrete logarithm, finite field,
encryption, digital signature, e-commerce, e-mail, cryptocurrencies, asymmetric

cryptography.
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AnHortanus: byn makanana Onb-I"amManbIbIH KpUOTOTpaQUsUIBIK AITOPUTMIHE
KaH-)KaKThl LIOJTY )KacalbIHFaH. DJb-I'aManb aaropuTMi Kasipri kpunrorpadusia
KEeHIHEH KOJJIAHBUIATHIH HETi3r1 acCMMMETPHSUIBIK MU(pIIay alropuT™i OOJBII
TaObuiazpl. OHBIH HETI3TI  apTHIKIIBUIBIKTAphl  JTUCKPETTI  Jorapudmaepii
€CeNTeyNiH KypJeniirine OalIaHbICTBl KayillCI3MIKTIH IKOFapbl JE€HIeHiH,
COHJAll-aK ayTeHTU(HUKALMSIHEI KaMTaMachl3 €Ty YIIiH HUQPIbIK KontaHOana
naijanany MYMKIHJIITIH JKOHE JKacallFaH OpeKeTTepre KapChUIBIK OUIIIpyIiH
MYMKIiH eMeCTiriH KaMTu b1, Jlerenmen, Dib-1"amMans aaropuTMiHiH KeMITUTIKTEpi
ne KoK eMec. OHBIH ecelTey KYpAeNIiliri aiTapiablKTaid )KoFapsl 00Iybl MYMKIiH,
ocipece YIKEH CaHJapMeH JKYMbIC icTereHjie, Oy nepekrtepai mmdpray xxoHe
i Qpabl ey yakbITBIHBIH Y3aFbIpak 00aybIHa 9Keryi MyMKiH. COHBIMEH Karap,
KeiOip JKaFjailapaa ajaropuT™M COHFBI ©piC KYPBUIBIMBIHBIH MaTeMaTHKaJIbIK
TaljayjapblHa HETi3/eNreH malysuigapra Oeifim Oomybl MyMmKiH. TyTtacraii
anranna, Jnb-l'amane anroputmi Kpunrorpadus cagacblHAAFBI MaHBI3IbI Kypaj
OobIn Kana Oepe/ii ’KoHe OHBI KOJIJIaHy SpTYpIIi IuiardopMaiap MeH canaiapia
KeHeloiH skanracTeipyga. COHBIMEH Karap, aCHMMMETPHSUIBIK Kpunrorpadus
JAupou-Xemman CHAKTBI KUIT anMacy HpPOTOKOJJApbIH MNaijganaHy apKbUIbI
Kayirci3 0aiiyaHbIC apHaIapbIH KYPY/IbI )KEHUIIeTeI1, OYJ1 €Ki Taparka OpTakK KyIus
KUITTI THIHJIAyIBUIAPFA alllllaii-aK Kelicyine MyMKiHiK Oeperi. by kayincis BeO -
MapaKnIaHbl, OHJIAH OAaHKWHTTI )KOHE KayillCi3 AJIEKTPOH/IBIK MOIITa OAHITaHBICHIH
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KOca ajiFaHaa, 9pTypii KosganOanapra Kayincis KOChbUIbIMAAPAbl KAMTaMAaChI3 €Ty
YIIH 6Te MaHbI3/Abl. J[ereHMeH, THIMAUTIK MeH Kayilci3aiKTi OapbIHIIa apTTHIPY
YIIiH OYJT 9MiCTIH apTHIKIIBUIBIKTAPBI MEH IIEKTEYICPiH KapaCTHIPHIT, OHBI OCIT 1T
0ip KoIaHOAHBIH HAKThl KAKETTUNKTEpI MEH TajanTapblHa KOJJIaHY KaKeT.
Byn xymbicta Onb-I'amanb aaropuTMHIH MaTeMaTHUKANbIK HETi3[IepiH erKei-
TEKeHITi KapacThIpFaH, COHBIH 1MITHAE TUCKPETTI JorapudMaepai ecentey, COHFbI
epicTep/ieri onepanusiiap koHe KpUnTorpadusiblk OepikTikTi Oaranay omictepi
KapacThIpbUIFaH. Dnb-l'amanp omiciHe HerizmenreH mmdpray koHE TU(PITBIK
KOJITaHOa anropuTMJIepi cumarrtairaH. AJTOPUTMHIH — apTHIKIIBUIBIKTAPHI
MEH KEeMINUIIKTepl, COHJAl-aK OHbI AJIEKTPOHJBIK KOMMEPIIUS, SJICKTPOHJIBIK
MOIITa JKOHE KPHUNTOBAIIOTA CHSKTHI 9PTYpJl canajapia KoJJaHy TajJaHFaH.
Makanaga acUMMETPHUSUIBIK KpHUNTOrpadus TYKBIPHIMAAMAChlH >KOHE OHBIH
apTHIKIIBUIBIKTAPbl CUIIATTAJIFaH.

Tyiiin ce3aep: xpunrorpadus, Imb-I"amanb anropuT™i, TUCKPETTI Torapudm,
aKpIpIIbl  ©pic, MmUdpnay, TUPPIBIK KONTaHOA, AIIEKTPOHJIBIK KOMMEPIIHS,
AIIEKTPOH/IBIK MOIITa, KPUMITOBAIIOTA, ACHMMETPHSUIBIK KPUIITOTpadusl.
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AnHoTamusi. JlaHHas CTaThsd TPEACTABISIET COOOH KOMILIEKCHBIH 0030p
Kpunrorpaguaeckoro aiaroputma OIib-lamansa. Anroput™ Onb-lamans —
KITFOYEBOM aNTOPUTM aCHMMETPHUYHOTO MU(POBAHUS, IHPOKO HCIIOIB3YeMBbIH
B COBpeMEHHOH kpumnrorpaduu. K ero oCHOBHBIM MpEeNMyIIecTBaM OTHOCSTCS
BBICOKHI YPOBEHb O€30TIACHOCTH 3a CYET CIOKHOCTH BBIYHCICHUS JUCKPETHBIX
Jorapu(MOB W BO3MOXXHOCTH HCITOJIB30BaHUS B IU(PPOBBIX MOJIUCIX I
ayTeHTH(DUKAINY 1 He JoKazyeMocTH. OqHAKO alTOpuTM Dib-1'aMals He JHIIeH
orpaHWYeHUi. BprauciauTensHas CI0KHOCTh MOXKET OBITH JTOBOJBHO BBICOKOM,
0COOCHHO TTPH padboTe ¢ OONBIIUMHE YUCIIAMH, YTO MOYKET IMTPUBECTH K YBEITUICHUIO
BpeMeHHN mudpoBanug n Aemudposanns. Kpome TOro, B HEKOTOPBIX CIIydasix
aNTOPUTM MOXKET OBITh YA3BUM JUIS aTaK, OCHOBAaHHBIX Ha MaTeMaTHYECKOM
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aHaJIN3€ CTPYKTYpbl KOHEUHOro noiist. B menom anroputm Omnb-I'amans octaeTcs
BaKHBIM HHCTPYMEHTOM B 00JIaCTH KpUNITOrpaduu, ¥ €ro MpUMEHEHHE MPOA0IIKAET
pacimMpsTHCS Ha Pa3lIuYHbIX IUIaTGOpPMax U B pa3IMyHbIX oTpacisix. bomee Toro,
acMMMeTpHUYHAs KpurTorpadus Takxke odlieryaeT co3aanre 0e30MacHbIX KaHAIOB
CBSI3W C HCIOJb30BaHUEM IPOTOKOJIOB OOMEHa KiouaMH, Takux kak Huddu-
XennMman, KOTOPBIH IO3BOJISIET JIBYM CTOPOHAM COIJIacOBaTh OOMIMK CEKPETHBIN
KJII0Y, HE pacKphIBasl €ro nepexBardukaM. JTO UMEET pelIarollee 3HaYeHnue A
oOecriedeHnsl OE30MACHBIX COCTUHEHUHN ISl PA3IUUHBIX NPUIOKEHUH, BKIIOUas
0e30macHbI IPOCMOTP BEO-CTPaHML, OHIAHH-OAHKUHT U O€30MacHYIO CBS3b 110
3NIEKTPOHHOH mouTe. OIHAKO AJISI MAKCUMaJIbHOU 3 PEeKTHUBHOCTH U 0€301MacCHOCTH
HEOOXOIMMO YUUTHIBATh KaK MIPEUMYILECTBA, TaK U OTPAaHUUYCHHSI TOrO METOAa U
MPUMEHSTH €T0 B COOTBETCTBHUHU C KOHKPETHBIMU MOTPEOHOCTAMH U TPEOOBAaHUSAMU
Ka)JI0T0 OTAEIHLHOTO MPUIIOKEHUs. B craTbe mogpoOHO onrcaHbl MaTeMaTHIECKHE
OCHOBBI aJITOPUTMA, BKITIOUAs! BEIYMCIICHUE TUCKPETHBIX JIOTapu(pMOB, ONepauu
C KOHEYHBIMH MOJISIMHM M OLEHKY KpHnTorpaduieckol ycroiunBoctu. OnucaHbl
anroputMbl npoBaHus W UM(GPOBOM MNOANMKWCH Ha OCHOBE MeTona Oilb-
lamasis. AHaIM3UPYIOTCS NPEUMYIIECTBA M HEJOCTATKH aJrOpUTMa, a TaKxkKe
€ro MPUMEHEHHUE B Pa3IMYHBIX 00JACTAX, TAKMX KaK 3JCKTPOHHAS KOMMEpLHS,
UIEKTPOHHASI 110Y4Ta U KPUNTOBATMIOTHL. CTaThsl COAEPKHUT OMUCATEIBHYIO YacTh,
OOBSACHSIONIYIO KOHIETIINIO aCHMMETPUYHON KpUITOrpaduu 1 ee NperuMyIecTBa.

KiroueBbie cioBa: kpunrorpadus, aaroput™m Oib-I'amans, IHUCKpETHBIN
norapudmM, KoHeyHoe moje, ImudppoBaHue, UUPpPoOBas MOANUCH, HICKTPOHHAS
KOMMEPLHS, SJICKTPOHHAS [10YTa, KPUIITOBAIIOTHL, ACHMMETPUUHAs KpUITOrpadus.

Introduction. The El-Gamal encryption algorithm is an asymmetric encryption
algorithm for public-key cryptography based on Diffie-Hellman key exchange.
It was described by Taher El-Gamal in 1985 and is based on the complexity
of computing discrete logarithms in a finite field. The algorithm allows both
encryption and digital signatures and works on the principle of using different
keys for encryption and decryption, which is a fundamental concept in asymmetric
cryptography. The security of El-Gamal algorithm is based on the computational
complexity of the discrete logarithm problem, which makes it a robust choice for
modern cryptographic applications (Huang, Zhang, 2020).

El-Gamal algorithm belongs to the class of asymmetric cryptographic
algorithms, also known as public key algorithms. These algorithms use two
different but mathematically related key pairs: a public key, which can be publicly
available, and a secret key, which must be kept secret.

One of the key benefits of asymmetric algorithms such as El-Gamal is the
ability to securely distribute public keys, which allows secure communication
channels to be easily established between parties that previously had no sensitive
information. This is particularly useful in scenarios where parties are physically
distant from each other, such as e-commerce and email.

In addition to encryption, the El-Gamal algorithm can also be used to create
digital signatures that ensure the authenticity and non-negativity of messages.
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Digital signatures are widely used in a variety of applications, including legal
documents, financial transactions, and electronic voting systems.

Analyzing the use of the El-Gamal algorithm in areas such as cryptocurrencies,
e-commerce, and e-voting, its versatility and importance for modern cybersecurity
systems is highlighted. These examples confirm the practical relevance of the
algorithm and its ability to adapt to different security requirements.

El-Gamal’s algorithm is used in various fields such as:

E-commerce: to ensure the privacy of information in online payments.

Email: to encrypt emails and ensure their confidentiality.

Cryptocurrencies: Bitcoin and other cryptocurrencies use the El-Gamal
algorithm to create digital signatures to secure transactions.

Electronic Signature Systems: El-Gamal algorithm can be used to create legally
binding electronic signatures.

VPNs: El-Gamal algorithm can be used to provide privacy and authentication
in virtual private networks.

High crypto-resistant: The El-Gamal algorithm is considered crypto-resistant
because calculating the discrete logarithm is a difficult task.

Efficiency: El-Gamal algorithm is relatively easy to implement and has a high
speed of operation.

Flexibility: El-Gamal algorithm can be used for both encryption and digital
signatures.

There are disadvantages in EI-Gamal algorithm:

Key length: it requires the use of long length keys to provide sufficient
cryptographic strength, which may lead to performance degradation.

Attacks: there are various attacks on El-Gamal algorithm such as man-in-the-
middle attack and side-channel attack.

This paper performs an in-depth analysis of El-Gamal cryptographic
algorithm based on its mathematical principles, variety of applications and
future prospects. Highlighting the impact of quantum computing on El-Gamal’s
algorithm emphasizes the need to adapt and evolve the algorithm to maintain its
crypto-resistance in the future. The potential for threats and adaptation strategies
that can ensure the algorithm’s resilience in the era of quantum technologies are
explored.

Mathematical foundations of the algorithm. Highlighting defense strategies
against third-party attacks and data masking techniques provides an in-depth
understanding of the mechanisms that increase the resilience of the El-Gamal
algorithm against advanced threats. This research suggests ways to strengthen the
algorithm, making it more resilient to a variety of cyberattacks.

An examination of discrete logarithms reveals their key role in ensuring the
crypto-resistance of El-Gamal’s algorithm. A detailed analysis of these mathematical
structures allows us to understand how the complexity of their computation in
finite fields contributes significantly to the security of the algorithm. The study of
operations in finite fields demonstrates their importance in ensuring the integrity
and reliability of the cryptographic procedures used in the algorithm (Talaki, et
all, 2022).
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The El-Gamal algorithm operates in a finite field, which is a set of a finite
number of elements on which addition and multiplication operations are defined.
The elements of the field can be integers, polynomials, or other mathematical
objects.

The key mathematical concept used in the El-Gamal algorithm is the discrete
logarithm. The discrete logarithm of a number b on base a in a finite field GF(p)
is an integer x such that:

o™x=Db (D)

The computation of the discrete logarithm in a finite field is a hard problem,
which ensures the cryptographic robustness of the algorithm.

The generator g of a finite field GF(p) is chosen to operate the El-Gamal
algorithm. The generator is an element of the field whose order is (p-1). All
computations in the algorithm, such as degree, multiplication and division, are
performed in the finite field GF(p) modulo a prime number p.

A large prime number p is selected.

A generator g of the finite field GF(p) is selected.

Alice (the sender) chooses a random integer a and computes a:

A=g (2)
Bob (the receiver) chooses a random integer b and computes a:
B-g’ (3)

Alice and Bob publish their public keys 4 and B respectively, and keep the
secret keys a and b secret (Huang, Zhang,Yu, 2020).

Example of encryption with El-Gamal algorithm: Alice wants to send a message
M to Bob.

Alice chooses a random integer k. Alice calculates:

C,=g‘n C,=M*B* (4)

Alice sends Bob a pair (C,, C,).
Example decryption algorithm:
Bob, using his secret key b, computes:

M =C,(C") (5)

The computation of the discrete logarithm in a finite field is a hard problem,
which ensures the cryptographic strength of the algorithm (Feng, et all, 2022).
The use of finite fields in El-Gamal’s algorithm is based on algebraic structure
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theory and number theory. Finite fields have important algebraic properties such
as associativity, commutativity and the presence of inverse elements, which allows
computation while preserving the closedness of operations.

The choice of a finite field generator ensures that the generated sequence
of elements contains all non-zero eclements of the field, which is crucial for
cryptographic applications. This follows from Lagrange’s theorem on the order of
an element in a group and properties of cyclic groups (Zhao, et all, 2024).

The complexity of calculating discrete logarithms in finite fields, on which the
crypto-resistance of the El-Gamal algorithm is based, is confirmed by the results
in the field of computational complexity theory and number theory (Figure 1). The
problem of computing the discrete logarithm in a finite field belongs to the class
of complex problems for which no efficient solution algorithms have been found.
The best known algorithms have exponential time complexity, which makes them
practically inapplicable for large numbers (Zhao, Xu, Han, Ren, Wang, Chen, Liu,
2020).

The mathematical foundations of El-Gamal’s algorithm have a rigorous
scientific foundation in various parts of mathematics, including algebraic structure
theory, number theory, and computational complexity theory.

Graifc of discrete logarithms

== y = 5"x mod 23
=== b= 8 (mod 23)

Figure 1. Conceptual model of visualization of different aspects of El-Gamal algorithm.

The use of hash functions is based on their important cryptographic properties,
such as collision resistance and one-directionality. Collision resistance means
that it is virtually impossible to find two different messages with the same hash
value. One-directionality means that it is extremely difficult to recover the original
message from a known hash value.

The use of finite fields and the complexity of computing discrete logarithms
is justified by algebraic structure theory, number theory, and computational
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complexity theory, as described in the section on the mathematical foundations of
the encryption algorithm.

Results. The proof of correctness of the signature algorithm is based on the
following mathematical facts:

g(ak) * g(kH(M)) = g(k*(aﬂ'l(M))) (6)
(degree property in a finite field)

S, k=HM)—-a*S, (7
(by definition of S))

Substituting 2 into 1, we obtain:

g(sz*k+a*s1) _ gH(M) (8)

Elevating both parts to degree S , we have (g***k * g@3V)5! = g esh Q)
Given that A = g2, finally: (g5 * AS")S! = gH®M S * S]Sl (10)

If the signature (S, S,) is genuine, then v, = v,. Otherwise, if the signature
is incorrect, the equality is Not fulfilled with a high probability determined by
the persistence of the hash function (Jiang, et all, 2023). This mathematical
justification confirms the correctness of El-Gamal’s digital signature algorithm
and its cryptographic strength based on the complexity of computing discrete
logarithms and the properties of hash functions. Example of signing using the
algorithm: Alice wants to sign a message M. Alice computes the hash function
H(M) of the message. Alice chooses a random integer k.

Alice computes:

C =g n S, =k*H(M) + a*$, (11)

Alice signs the message with the pair (S, S,). Example of verification using
the algorithm:
Bob, using Alice’s public key A, calculates the following:

H'(M)=(S,-S,%/S, (12)

Bob compares H'(M) ¢ H(M). If they match, then Alice’s signature is correct
(ElGamal,1984).

Discussion. The El-Gamal algorithm continues to be relevant and widely used
due to its proven crypto-resistance and flexibility of use (ElGamal,1984). Further
research to improve its efficiency, security, and adaptation to new challenges will
keep it relevant in the field of cryptography and information security in the future.
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Several key assumptions were made during the study:

1. It is assumed that the attacker is limited to certain computational resources,
which may not correspond to reality given the continuous increase in computing
power, especially in the context of quantum computing.

2. The study is based on the assumption that the ElI-Gamal algorithm will be
implemented and applied without errors, which may not correspond to reality due
to potential vulnerabilities in software or hardware.

The use of El-Gamal’s algorithm as the basis for digital signatures in the
Bitcoin cryptocurrency has demonstrated the survivability and practical value of
this method (ElGamal,1984). The advent of blockchain and cryptocurrencies has
opened a new chapter in the application of asymmetric cryptography, where the
robustness and crypto-resistance of algorithms are critical.

Errors in the implementation of the El-Gamal algorithm can introduce
significant distortions in the evaluation of its crypto stability. The choice of
cryptographic parameters based on incorrect or outdated assumptions can lead to
erroneous conclusions regarding the security of the algorithm.

The use of empirical data and attack modeling can contain their own limitations
and sources of error related to the assumptions underlying these methods and the
accuracy of the experimental data itself.

Understanding and recognizing these limitations, assumptions, and potential
sources of error is critical to objectively evaluate the results of this study and their
applicability in the broader context of cryptographic technology development and
information security in the age of quantum computing.

The successful implementation of the El-Gamal algorithm in Bitcoin confirmed
its ability to provide the necessary level of security even in the context of distributed
computing systems and decentralized networks. This, has motivated further study
and improvement of this algorithm in the context of emerging technologies
(Huang, Zhang, Yu, 2020).

In the context of the robustness of El-Gamal’s algorithm to quantum attacks,
it is important to emphasize that its security is based on the discrete logarithm
problem, which is still challenging for quantum computing. Referring to the study
of El-Gamal (1984), we see that the cryptographic robustness of the algorithm is
actively used in various applications, including digital signatures and secure email
(Feng, Cui, Jiang, Li, 2022).

The paper also discusses the potential of El-Gamal algorithm in the context
of new challenges including quantum computing. Considering its application in
systems requiring a high level of security, such as cryptocurrencies and electronic
voting, its practical value and flexibility are emphasized (Duc, Dziembowski,
Faust, 2018).

The importance of protecting the algorithm from attacks through third-
party channels and the need to optimize the algorithm for different computing
environments is explored (Huang, et all, 2020). Research in this area shows that
the implementation of protection techniques such as data masking and computation
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randomization can significantly increase the resilience against these threats. The
present study focuses on analyzing the cryptographic resilience of the El-Gamal
algorithm in the context of existing and anticipated quantum threats. It should be
emphasized that the conclusions drawn from the analysis are applicable within the
specific set of conditions and parameters considered in this paper. Variations in the
conditions of changes in the algorithmic implementation, can have a significant
impact on the overall cryptostability picture.

Attempting to account for the future development of quantum technologies,
the speed of this development, and the potential emergence of new cryptanalysis
methods may change the resilience of the EI-Gamal algorithm to quantum attacks.
As a result of the rapid development of quantum technologies and the potential
impact on cryptanalysis methods, the experimental simulation performed provides
key key key scientific insights regarding the current vulnerability of the El-Gamal
algorithm and other widely used cryptographic algorithms.

The simulation showed that the El-Gamal algorithm exhibits some vulnerability
to the Shor attack, with the key decomposition time being significantly reduced
using the quantum algorithm compared to classical methods. Despite this, the
selection of algorithm parameters, such as key length, can significantly increase
the resistance to such attacks (Duc, Dziembowski,Faust,2018).

During the experiment, we obtained two curves (Figure 2): one shows how
the key decomposition time grows exponentially for classical methods, and the
other shows how it grows polynomially for Shor’s algorithm as the key length
increases. Despite the simplified nature of the model, such visualization will
help to demonstrate the importance of choosing the key length for ensuring
cryptocurrencies in the conditions of quantum computing development.

Comparison of key decomposition time by classical methods and Shor's algorithm

——{Classical decomposition
Decompaosition using Sheor's algorithm

Decomposition time
Q

108 /
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Key length

AeEdr Q=08 we 3 08 = 0048 3

Figure 2. Comparison of key decomposition time by classical methods and Shor’s algorithm.
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The results for RSA showed (Figure 3) a more pronounced vulnerability to
quantum attacks, especially to Shor’s algorithm, which can effectively decompose
the modulus N into simple multipliers, thereby jeopardizing the security of the
entire system. This emphasizes the need to move towards quantum-resistant
algorithms for systems using RSA.

% Figure 1 - a X

Comparison of factorization time for classical and quantum algorithms

—— Classical factorization time
Quantum factorization time
102 4
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Figure 3. Comparison of factorization time for classical and quantum algorithms.

The simulation showed that ECC is also vulnerable to threats from quantum
computing, but to a lesser extent than RSA. The effectiveness of Shor’s attack on
ECC depends on the size of the field used, with larger fields being able to slow
down the attack process but not eliminate the potential vulnerability completely.

The simulation study confirms that in the era of quantum computing, approaches
to the crypto-resistance of encryption algorithms need to be reconsidered. For
El-Gamal and other popular algorithms such as RSA and ECC, adaptation to
potential quantum threats is required, which may include increasing key sizes or
moving to new, quantum-resistant algorithms. The simulation results emphasize
the importance of continued research in post-quantum cryptography and the
development of new encryption methods that can withstand the capabilities of
quantum computing.

Currently, research in the field of application of the El-Gamal algorithm
covers such areas as improving its computational efficiency, adaptation to mobile
and resource-limited devices, as well as the development of protection against
potential threats in the form of quantum computing (Morales, Reyes Barranca,
Tinoco Varela, Flores, Espinosa Garcia, 2022). The possibilities of combining
the algorithm with other cryptographic primitives to create hybrid encryption and
authentication schemes are being considered.
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Despite the lack of focused studies of Kazakhstan scientists directly focused
on the El-Gamal algorithm, its use in cryptocurrencies and prospects for further
development make this algorithm a relevant object of study in the global scientific
community. Scientists of Kazakhstan specializing in the field of cryptography
and information security, of course, should also pay attention to the analysis and
improvement of this algorithm, given its growing importance in the context of new
technological developments.

The scientific community is actively researching to eliminate the shortcomings
and improve the efficiency of the El-Gamal algorithm (Feng, et all, 2020).

One of the major drawbacks is the need to use long keys to achieve the desired
level of security. The use of long encryption keys leads to performance degradation
and increased computational burden, especially in resource-constrained
environments.

Researchers in the field of cybersecurity are actively exploring various
approaches and improvements to address the key problems.

A comparison of El-Gamal algorithm with other asymmetric methods
emphasizes its unique properties and advantages. This analysis not only highlights
El-Gamal in the context of cryptographic theory, but also emphasizes its practical
value by demonstrating its flexibility and robustness.

Exponentiation and multiplication in finite fields to optimize computational
operations in the El-Gamal algorithm are actively considered. The use of specialized
arithmetic methods, pre-computation and parallel algorithms can significantly
increase the speed of cryptographic operations. To counter attacks through third-
party channels, exploiting information leaks through physical manifestations of
computations, methods of data masking, randomization of computations are being
developed. Application of such defense mechanisms increases the algorithm’s
resistance to this class of attacks. (Al-Zubaidie, Shyaa, 2023)

Given the potential threat of quantum computing to asymmetric cryptosystems,
ways of adapting the El-Gamal algorithm to quantum-resistant variants are
investigated. This may include using alternative mathematical problems that
are resistant to quantum attacks, or combining with other quantum-resistant
cryptographic primitives. This line of research has the essence of better adaptation
to quantum computing.

Optimized implementations of El-Gamal algorithm are being developed for
various applications such as embedded systems, Internet of Things, mobile devices
and cloud computing. These implementations take into account the specific
performance, power consumption and security requirements of the respective
environments (Morales, et all, 2022).

It should be noted that many of these approaches are under active research and
theoretical development. Their practical implementation and widespread adoption
will require further efforts to standardize, test, and ensure compatibility with
existing systems using the El-Gamal algorithm.
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The possibility of new types of attacks, such as third-party channel attacks
exploiting information leaks through physical manifestations of computation
(energy consumption, electromagnetic radiation, etc.) must be considered. The
development of countermeasures, such as data masking and the introduction of
computation randomization techniques, can increase resistance to this class of
attacks.

An important aspect is the proper choice of algorithm parameters such as field
size, generator selection, and key generation procedure. Non-compliance with the
parameter recommendations can lead to a serious weakening of crypto-resistance
and make the algorithm vulnerable to attacks. Parameter recommendations
should be analyzed and regularly updated to take into account the development of
computing power and new crypto-analytic techniques.

In addition to technical aspects, the use of the algorithm in different applications
and environments should be considered (Talaki, et all, 2022). For example, in the
context of cryptocurrencies and blockchain, attention should be paid to issues of
scalability, efficiency, and resistance to quantum attacks. For electronic voting
systems, strong authentication, validation and anti-manipulation procedures are
critical.

Conclusion. The El-Gamal algorithm has a strong place in modern cryptography
due to its rigorous mathematical foundations and proven cryptographic security.
Its security is based on the difficult computational problem of finding discrete
logarithms in finite fields, which belongs to the class of intractable problems
in computational complexity theory. The best-known algorithms for solving
this problem have exponential time complexity, which makes them practically
inapplicable for large key sizes.

A rigorous mathematical proof of the correctness of El-Gamal’s algorithm for
encrypting and creating digital signatures is based on fundamental results from
algebraic structure theory, number theory, and properties of cryptographic hash
functions. The proof relies on the law of degrees in finite fields, properties of the
order of elements and one-directionality of hash functions.

The results of the cryptanalysis show that with proper parameter selection
and implementation, El-Gamal’s algorithm provides a high level of resistance to
various types of attacks, including brute-force attacks, attacks through third-party
channels, and active man-in-the-middle attacks.

The flexibility of the EI-Gamal algorithm for both data encryption and digital
signatures has determined its widespread use in various fields such as e-commerce,
secure email, cryptocurrencies and electronic signature systems. The algorithm
has contributed significantly to the development of asymmetric public key
cryptosystems.

Despite having some limitations due to the need for long keys and vulnerability
to certain types of attacks, the El Gamal algorithm continues to be actively used
and developed due to the constant progress in cryptography. Further research is
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aimed at improving its efficiency, enhancing its crypto-resistance, and adapting it
to new challenges in information security.

The conclusion brings together the key findings of the study, emphasizing the
importance of the El-Gamal algorithm in modern cryptography and its potential to
adapt to future challenges. We outline directions for future research that will help
expand the understanding and application of the algorithm in new cryptographic
scenarios.

The ElI-Gamal algorithm can be considered one of the fundamental achievements
of modern cryptography, which gave impetus to the development of asymmetric
cryptographic systems and laid the foundation for ensuring confidentiality,
integrity and authenticity of data in the digital age.
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Abstract. Blockchain technology offers significant opportunities for data
protection, including decentralization, immutability, and security. However,
its drawbacks, such as scalability issues and high energy consumption, require
careful analysis. For effective use of blockchain in the field of data protection,
it is essential to consider both its advantages and limitations. In this article, we
examine the drawbacks of blockchain technology, with a particular focus on the
scalability issue. We will analyze various approaches to solving this problem and
thoroughly discuss the proposed solutions. Additionally, attention will be given
to the concept of multidimensional blockchain and its structural features. In
conclusion, we will present formulas and methods aimed at increasing transaction
speed, which will help to better understand how multidimensional blockchains can
serve as an effective solution for scalability.
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AHHOTAUUsi:  OJOKYCHH-TEXHOJIOTHSI  TPENOCTABISCT  3HAYUTEIbHBIC
BO3MOXKHOCTH  JUISi  3alUThl  JIAHHBIX,  BKJIOYas  JICHEHTPAIU3AIHIO,
HEMOJIJICNIBIBAEMOCTh M Oe3omacHOCTh. it 3pdekTUBHOr0 UCHOIB30BaHUS
OnokyeliHa B cdepe 3alIUThl JaHHBIX HEOOXOAMMO YYUTHIBATh Kak €ro
NPEeUMYILECTBA, TaK U orpanndeHus. OJIHAKO HEJOCTATKH, TAKUE KaK MPpoOIeMbl
¢ MacmTabupyeMOCTbIO M BBICOKHE DHEPro3aTpaThl, TPEOYIOT BHUMATEIBHOTO
ananu3a. B qaHHo# cTaThe MBI paccMaTpUBacM HEIOCTATKH TEXHOJIOTUH OJIOKYEHH,
C 0COOBIM aKIIGHTOM Ha MpoOiieMy MaclTadupyeMocTd. Mbl IpoaHaIH3HpyeM
pa3inuyHble MOAXOAbI K PEHICHUIO STOH MpoOieMbl W MOApoOHO pazdepem
MpeIoKeHHbIe crocoObl. Kpome Toro, BHUMaHue OyAeT yAeJIeHO KOHUEHIMU
MHOTOMEPHOI0 OJIOKYEHHa U ero CTPYKTYPHBIM 0cOOCHHOCTSIM. B 3axitouenue
MBI MPeACTaBUM (HOPMYJIBI M METOJIbI, HANIPABJICHHbBIC HAa YBEIMYCHUE CKOPOCTH
TpaH3aKIHid, YTO MO3BOJIUT JYYIIE MOHITh, KAK MHOTOMEPHBIC OJIOKYCHHBI MOTYT
cTaTh Y3QPEKTUBHBIM PEIICHHEM JJISi MaCIITaA0UPyEMOCTH.
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0e30MacHOCTb, CMapT-KOHTPAKT.
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Introduction

In the context of modern cybersecurity threats, data protection has become
a critical task for organizations. Blockchain technology, initially developed for
cryptocurrencies, offers innovative solutions for ensuring information security.
However, despite numerous advantages, there are also serious drawbacks that
must be considered.

Blockchain is one type of a broader class of data storage and synchronization
technologies known as Distributed Ledger Technology (DLT). A key feature of
all distributed ledger technologies is the absence of centralized control. Each
node in the distributed system (comprising accompanying software and the
ledger itself) makes entries in its version of the ledger independently of other
nodes and synchronizes with them within a peer-to-peer network. A distinctive
feature of blockchain as a type of distributed ledger is that records are linked in
an incremental chain of blocks using cryptographic algorithms, which is where its
name comes from (blockchain).

Thus, blockchain is a decentralized database in which all records are collected
into blocks and linked together using cryptography. In addition to the records (or
transactions) and the block identifier, each block includes the hash values of the
current and previous blocks. These hash values are the result of cryptographic
hash function calculations. Hash functions in blockchain, combined with its
distributed architecture, ensure the immutability and irreversibility of the entire
chain of blocks and transactions. (Barakova, 2024)

Blockchain technology is one of the most innovative and promising technologies,
but it does have some drawbacks. Nevertheless, it remains a significant and
promising technology that can solve many problems and provide considerable
benefits across various fields.

Main Drawbacks of Blockchain Technology

1. Scalability: Limited transaction processing speed, especially in one-
dimensional blockchains.

2. Energy Consumption: High energy usage, particularly in systems with Proof
of Work consensus mechanisms.

3. Development Complexity and Cost: Developing and implementing
blockchain solutions can be complicated and expensive.

4. Regulatory Issues: Uncertainty in legal regulations can create risks for
businesses.

5. Security: While blockchain is considered secure, it is not immune to attacks,
such as the 51% attack.

6. Privacy Concerns: Public blockchains may expose users’ personal data to risks.

Blockchain technology faces scalability challenges. As the network grows,
the number of transactions increases, which can lead to system slowdowns. For
example, the Bitcoin network can process a limited number of transactions per
second, making it less efficient for mass use. Scalability issues can also result in
longer transaction confirmation times and higher fees.(Cachin, 2017)
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The problems of scaling and information exchange between blockchains have
only been partially addressed. To scale blockchain-based solutions, sharding is
proposed; however, there is no theoretical description of how to construct such
a solution. The concept of sidechains is used for information exchange between
blockchains, allowing only two systems to connect and requiring a complete
overhaul of the underlying protocols.

Research Methodology

Drawbacks of blockchain, such as scalability and transaction speed, can be
addressed through several methods:

1. Sharding: Dividing the network into smaller segments, or “shards,” that can
process transactions in parallel, increasing overall throughput.

2. Layered Solutions: Implementing second-layer solutions, such as the
Lightning Network for Bitcoin or Plasma for Ethereum, allows transactions to be
processed off the main chain, significantly speeding them up.

3. Improved Consensus Algorithms: Transitioning to more efficient consensus
algorithms, such as Proof of Stake (PoS) or Delegated Proof of Stake (DPoS),
which require fewer computational resources and can process transactions more
quickly.

4. Smart Contract Optimization: Developing more efficient smart contracts
that require less computational resources and time to execute.

5. Data Compression: Using compression methods to reduce the volume of
data that needs to be stored and transmitted.

6. Block Size Increase: For some blockchains, increasing the block size can
help reduce the time between transactions, although this must be approached
carefully to avoid compromising decentralization.

7. Multidimensional Blockchain: Utilizing multiple parallel chains to process
transactions and data. This allows different types of operations to be handled
simultaneously, increasing overall performance and scalability while maintaining
decentralization.

Table 1. Comparative analysis of the methods mentioned for addressing blockchain drawbacks,
such as scalability and transaction speed

Ne | Type of methods Advantages Complexity

1 |Data segregation .

(Sharding)

Allows for parallel processing
of transactions, increasing overall
throughput.

o Efficiently utilizes resources,
as each shard can handle its
portion of the data

e Complexity of implementation
and the need for coordination
between shards.

e Security may be compromised if
there is not a good data distribution
scheme.

Layered Solutions

e Significantly speed up
transactions by processing them
off the main chain.

e Reduce the load on the main
chain, improving its performance

e Depend on the reliability of the
second layer and may be vulnerable
to certain attacks.

e Complexity of integrating and
maintaining multiple layers
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3 | Improved e More efficient algorithms, e Transitioning to new algorithms
Consensus such as PoS and DPoS, can may require significant changes in
Algorithms significantly reduce transaction infrastructure.

processing times. e Potential issues with
e Lower the costs of decentralization (e.g., in PoS).

computational resources and
energy consumption.

4 | Smart Contract o Efficient smart contracts can e A deep understanding of
Optimization reduce resource consumption and | programming and smart contract
accelerate their execution. architecture is required.
e Improve the overall e Optimization may limit
performance of the network. functionality.

5 | Data Compression |e Reduction in data volume, e Challenges in implementing
which speeds up transmission and | compression and potential data loss.
storage. ¢ Additional computational costs for
o Increased network efficiency. compressing and decompressing data..

6 | Increase in Block o Allows for processing more e Risk of deteriorating

Size transactions at once, reducing the | decentralization, as larger blocks
time between them. require more resources for storage
e FEase of implementation in and processing.
certain systems e May lead to increased data

transmission times.

7 |Multidimensional |e Processing different types of e High complexity of architecture

Blockchain operations simultaneously, which |and interaction between chains.
increases overall performance and | e Issues with security and data
scalability. consistency between chains.

e Maintains decentralization
while distributing the load.

Each of these methods has its strengths and weaknesses. The choice of the
appropriate solution depends on the specific requirements and goals of the system,
as well as the trade-offs you are willing to accept between performance, security,
and decentralization. (Garay 2015)

These methods will be used in combination to achieve the best results in
addressing scalability and transaction speed issues in blockchain.

Methods for addressing blockchain scalability issues can be used either
individually or in combination, depending on the specific needs and goals of
the project. To achieve the best results, it is often advisable to combine several
methods.

In our case, we will use a combined approach that includes increasing the block
size and implementing a multidimensional blockchain. This will significantly
enhance the efficiency and scalability of our system. The use of smart contracts will
optimize processes and reduce computational costs, while the multidimensional
blockchain will enable parallel processing of transactions and flexibility in data
management. This approach will allow us to adapt to changes in requirements and
workloads, ensuring high performance and reliability.

Multidimensional Blockchain
A multidimensional blockchain is an architecture that utilizes multiple parallel
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chains (or structures) for processing transactions and storing data. Each chain can
perform its specific function, allowing for efficient load distribution and increased
overall system performance. (Pass, 2017)

Key Characteristics:

1. Parallel Chains:

A multidimensional blockchain consists of several independent chains, each
capable of processing transactions and performing its operations. This significantly
increases the overall throughput of the network.

2. Specialization:

Each chain can be optimized for specific tasks (e.g., one for financial
transactions, another for data storage, or executing smart contracts). This allows
for more efficient resource utilization.

3. Cross-Chain Interaction:

Chains can interact with one another, enabling the exchange of data and
transactions. This requires protocols that ensure data security and consistency.

4.Flexibility and Adaptability:

The multidimensional architecture allows for easy addition of new chains as
the network grows and requirements change, providing scalability for the system.

5.Resilience and Security:

Distributing the load among various chains reduces the risk of centralization
and enhances the system’s resilience to attacks and failures.

Advantages

e Increased Performance: Parallel processing of transactions significantly
reduces confirmation times and enhances the overall speed of the system.

¢ Resource Optimization: Each chain can be tailored to specific tasks, allowing
for more efficient use of computational and network resources.

o Scalability: The ability to add new chains or modify existing ones provides
flexibility and resilience to changing conditions.

A multidimensional blockchain is an effective solution for modern scalability
and performance requirements of distributed systems. Its architecture allows
for adaptation to changes and process optimization, ensuring a high degree of
reliability and security.

Results and Discussion

A multidimensional blockchain consists of multiple blockchains, where all
blockchains, except the first, undergo a registration procedure in one of the existing
blockchains. Registration involves recording information about the genesis block
(the first block of the new blockchain) and the basic properties of the blockchain
in another blockchain. The concept of distributed ledger thus becomes dual: on
one hand, the multidimensional blockchain implements a distributed ledger, and
on the other hand, each blockchain within the multidimensional blockchain also
implements its own distributed ledger.( Reid, 2013)

Depending on the architecture, there are two operational modes for the
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multidimensional blockchain: block mode and state mode. A generalized
representation of the multidimensional blockchain is shown in Figure 1. Each
blockchain within the multidimensional blockchain implements a distributed
ledger. This assumption allows us to avoid delving into the specific functioning of
individual blockchains.

Registry 1 Registry 2 Registry 3
1 blockchain ._I— 2 blockchain 3 blockchain

909 9909 999

Registry 4 Registry 5 Registry 6

4 blockchain 5 blockchain 6 blockchain

Figure 1. Structure of the Multidimensional Blockchain

In Figure 1, the overall view of a multidimensional blockchain is presented,
integrating multiple blockchains into a single system. G—Genesis block, which
is the first block in a blockchain. This concept is preserved for blockchains within
a multidimensional blockchain. (Ben-Sasson, 2014) Genesis blocks are explicitly
registered in existing blockchains. In this context, the notion of a distributed ledger
can be understood in two ways:

1. Each one-dimensional blockchain within the multidimensional blockchain
implements a distributed ledger.

2. The entire system collectively represents a distributed ledger (hypothesis).

There are two ways to construct a multidimensional blockchain:

1. Block mode.

2. State mode.

In the case of a multidimensional blockchain, the genesis block is of the type
Registrar. Typically, it does not contain transactions, is generated by the system
creator, and exists solely to initiate the system’s operation. In a multidimensional
blockchain, the Registrar block defines the operational characteristics of the system.
The first genesis block is generated by the system creator. When it is necessary to
create a new blockchain within the current blockchain, a new Registrar block is
created, which is a legitimate block and can be generated by system users at any
time. After this, the functioning of the old blockchain continues in standard mode.
However, the generated Registrar block can now be used as the genesis block of a
new blockchain. In other words, all genesis blocks, except for the very first one, must
be placed into one of the existing chains of blocks. For an individual blockchain,
the fact of its “registration” using Registrar block 131 in another blockchain is
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completely transparent since it can subsequently operate independently, without
utilizing the functionality of the multidimensional blockchain.

Whenever scalability of the blockchain is discussed, the number of transactions
that the network can process per second is mentioned. However, many forget
that increasing throughput should not compromise network security or raise the
requirements for nodes wishing to support the network. These modifications can
reduce the number of independent transaction validators in the network, thereby
decreasing the level of decentralization.

The transaction throughput in Bitcoin can be easily calculated using the
formula:

Throughput = _Dsize (1)
Tsize'Btime

where

Bsize — block size in bytes,

Tsize — average transaction record size in the block,

Btime — average time between consecutive blocks in the blockchain.

It is evident that throughput can be improved by increasing the block size,
decreasing the size of the transaction record, or reducing the interval between
blocks. Reducing the size of transaction records is quite challenging. It is much
simpler to attempt the other two options. However, these actions will increase
the time taken to propagate blocks. Thus, the security and decentralization of the
network may be compromised.

To describe this, we will proceed to examine the mathematical model of a
multidimensional blockchain. Since blockchains create new states at varying
speeds, the following relationships assume that transactions were created during a
fixed-length time interval—referred to as a slot. For the most accurate formulation
of the mathematical model, the following relationships can be accepted:

sl = GC(Time(c: — 0+1)) (2)

Time (8. -8}

(k) = ((k,l),”_’T(k,j))U = £, T®D — (To(k.j), » Trgk,j)) (3)

sl

In other words, a slot is the largest time interval into which the time intervals
required to transition between states in all blockchains are evenly divided. As a
result, each transition between states in each blockchain occurs once every fixed
(whole) number of slots. That is:

I’ (6% TW) = TT"(a(k),T(k,j)) = { Q Y(...Y(Y(c(k),TO (k,)),...)
Tn (k,j))) oth erwise 4)
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In general form, a multidimensional blockchain can be represented as follows:

T =DEL T = {oV,...,0V} ADE,T)=PPE:,T).T) 5
P(X;,T) = E(E(...E(Z.,T,1),..)T,N)[E(Z:,T,k) = E'(II'(6"¥,T)) (6)
where

W — creates new blockchains,

P — state transition function,

E — state transition function for the k-th blockchain within its structure.

E’ — an auxiliary function that returns a multidimensional blockchain for a one-
dimensional blockchain and is used to avoid the use of the universal quantifier in
mathematical notation.

The state of a multidimensional blockchain at any given moment is the set of
states of all the individual blockchains within it. The state transition function ®
addresses two tasks: it applies transactions to the individual states of the blockchains
and creates new blockchains, that is, it initializes their first state (the genesis block).
Formally, it would be correct to use the addresses of the blockchains instead of
their numbers, but for simplicity, integer numbering is used.( Sompolinsky, 2013)

In general, a multidimensional blockchain operates as an analogue of a one-
dimensional blockchain, but it requires many independent distributed ledgers.

Conclusion

The scalability limitation in blockchain is most commonly observed in one-
dimensional blockchains, such as Bitcoin and Ethereum, where transaction
processing speed is constrained by a linear structure. In contrast, multidimensional
blockchains offer a more scalable solution compared to traditional one-dimensional
ones. Despite the complexities of implementation, multidimensional blockchains
present promising solutions for the modern digital world.

How Multidimensional Blockchain Addresses Scalability:

1. Transaction Parallelization: In multidimensional blockchains, it is possible
to process multiple transactions simultaneously, significantly increasing the
network’s throughput.

2. Flexible Data Structure: Multidimensional blocks can represent more complex
relationships between data, allowing for optimized storage and processing.

3. Avoidance of Bottlenecks: By utilizing various approaches, such as Directed
Acyclic Graph (DAG), bottlenecks associated with sequential transaction
processing can be avoided.

4. Network Protocols: Multidimensional blockchains can implement more
sophisticated network protocols, enabling better scalability based on load.

Thus, multidimensional blockchains can offer more effective solutions for
scalability compared to traditional one-dimensional blockchains.
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Abstract. The use of modern digital technologies, such as paperless document
management, automated information systems, blockchain, big data, artificial
intelligence (Al), etc., allows you to create high-performance decision-making
systems. In the course of the development of modern information technologies,
intensive digitalization is taking place in almost all spheres of human activity and
the introduction of artificial intelligence, which affects social problems within
society. In addition to the obvious advantages of using human intelligence in
the new digital world, there may be various situations, primarily related to the
digital society and the management decision-making process. Social problems
are investigated using artificial intelligence technologies in a digital society. The
article discusses the main aspects of social problems related to artificial intelligence
technologies, in addition, in order to solve social problems and identify semantic
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features of the knowledge base, an algorithm has been developed that provides
a clear picture of social aspects in the process of filling in the database, taking
into account the purpose of forming a thesaurus for a system of questions and
answers.
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WHTCHCHBHAsg LU(POBHU3aLMA IPAKTHUECKH BceX cdep dUeloBeYeCKOn
JEeSITEIHOCTA M BHEJPEHHE HCKYCCTBEHHOTO WHTEJUICKTA, YTO BIUSET Ha
couuanbHble MPOoOIeMbl BHYTpH 00mecTBa. [IoMMMO OYEBUAHBIX PEUMYLICCTB
HCIOJIb30BAHMS YEJIOBEUECKOrO0 HMHTEJJICKTa B HOBOM LU(GPOBOM MHUPE MOIYT
BO3HUKHYTH DPAa3JIMYHBIC CUTYaIlMH, TPEXKIE BCEro CBS3aHHBIE C IHUPPOBBIM
00IIeCTBOM M MPOLECCOM NPUHATHS yNpaBleHYecKuxX pemeHui. CounaabHbIe
MPOOIEMBI UCCIEIYIOTCS C TIOMOIIBIO TEXHOIOTUH MCKYCCTBEHHOTO MHTEIUIEKTA
B uuppoBoM obmecTBe. B cTarbe paccMaTpuBAIOTCS OCHOBHBIE ACHEKTHI
COLMAIbHBIX IPOOJIEM, CBI3aHHBIX C TEXHOJIOTMSIMU HCKYCCTBEHHOI'O MHTEIIJIEKTA,
KpOME TOTro, JUIsl PELICHHWs COLWANbHBIX 3a/Jad M BBIABICHHUS CMBICIOBBIX
0coOeHHOCTEH 0a3bl 3HAHWH pa3paboTaH aIrOPUTM, O0OCCIEUMBAIOIIUI YETKOE
MPECTABICHUE O COIUANBHBIX aCMEKTaX B MPOIecce 3aroiHeHne 0a3bl JaHHbBIX
C y4eToM Leiu GOpMUPOBaHUS Te3aypyca CUCTEMBI BOIIPOCOB U OTBETOB.

KiroueBble cjioBa: pelieHHE COLMAIbHBIX MPOOJIEM, HCKYCCTBEHHBIN
WHTEIJICKT, COIIMalbHBIC 3aJauH.

Introduction

This research is funded by the Science Committee of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (BR21882302 Kazakh
society in the context of digital transformation: prospects and risks).

Today, when information and communication technologies are developing
rapidly and the amount of data that can be collected and stored is growing,
effective deep learning is drawing attention to the use of large amounts of data.

Artificial intelligence (Al) has become commonplace in modern life, offering
the opportunity to solve social problems. This study examines how machine
learning can solve these problems, assesses its potential impact, and demonstrates
the moral consequences of using it. Exploring how technology and social issues
intersect demonstrates the revolutionary potential of machine learning, but also
highlights the need for ethical consideration when applying it to the common
good.

Artificial intelligence is a method of intelligent thinking that uses a computer,
a computer-controlled robot, or software in the same way as the human mind.
Artificial intelligence is achieved by studying the patterns of the human brain and
analyzing cognitive processes. As a result of these studies, intelligent software
and systems are being developed.

Artificial intelligence systems work by combining large amounts of data
with intelligent iterative processing algorithms (Nkambou, et al, 2018). This
combination allows you to learn from the patterns and features of the analyzed
data. Every time an Al system completes a data processing cycle, it checks and
measures its performance and uses the results to gain additional knowledge.

Artificial intelligence sciences and their own functions, such as machine
learning, focus on creating systems that learn and are developed through data
processing and analysis.
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Currently, most artificial intelligence programs are based on the study of not
only computer technology, but also other areas. Artificial intelligence is one of the
key elements of the era of technology convergence, which has a profound impact
on humans, culture, society and the environment. Since artificial intelligence is a
cognitive technology, its various aspects are closely related to the main activities
of people: education, science, culture and communication.

New technologies and approaches have emerged that support the development
of artificial intelligence. Machine learning and deep learning have become
available and provided new opportunities for creating intelligent and adaptive
systems that will receive large amounts of data from people and predict what will
happen next using mathematical optimization and statistical analysis methods
(Yudelson, et al, 2013). Machine learning is a common method of implementing
artificial intelligence, and deep learning is one of several machine learning
methods. Artificial intelligence is the broadest concept, and machine learning and
deep learning are tools for implementing artificial intelligence.

Artificial intelligence is currently being developed, which has relevant socio-
cultural implications and considers the social problems of the development and
application of artificial intelligence.

Algorithms have begun to play a crucial role in choosing not only information,
but also the decisions that people make. In scientific research, artificial intelligence
is central to the analysis and interpretation of data.

In 1937, Alan Turing, a Turing machine is a hypothetical mechanism capable of
generating any algorithm. The Turing hypothesis was less abstract with the launch
of the first programmable digital computer in the 1940s. And in the 1950s, when
research in the field of neurology showed that the brain is a neural network, and
A. Turing said that any type of computing can be represented digitally, scientists
moved on to create the first intelligent machines. Although their attempts mostly
failed due to a complete hardware and software malfunction, it is from this point
that the current history of artificial intelligence can be calculated. In addition, the
idea of artificial intelligence has had great social and cultural significance since
ancient times. It runs like a dotted line throughout human history in the form of
ideas about “artificially created”, “intelligent” creatures, machines or tools.

Today, artificial intelligence, including socio-cultural aspects, its development
and application at a specific stage, is becoming more and more intensive.

Artificial intelligence is also growing rapidly in everyday life and in
professional fields such as healthcare, education, research, communications,
transportation, art and more.

Artificial Intelligence Policy in Education

The passion for artificial intelligence (Al) education has spread throughout the
world. Until recently, artificial intelligence was considered a unique technology
used only by certain specialists (Motorina, Sytnik, 2020). However, this new
technology is now developing rapidly and is being actively used in many industries.
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Connectivity in our daily lives, especially after the outbreak of COVID-19, as
digital transformation in various sectors of society is evolving day by day. As the
influence of artificial intelligence grows, it is being seen not just as a technology,
but as another new methodology for solving problems.

According to this view, countries around the world are creating national
education systems to develop basic knowledge about artificial intelligence for
everyday life.

Currently, as the need for Al education, which is more general education in
nature than specialized vocational education, is growing, discussions are actively
underway about what content such Al education should include.

Our country is also working on the digitalization of universities, the introduction
of artificial intelligence and new technologies in higher education. It includes
the development and implementation of educational programs at universities and
research centers, as well as providing additional training and advanced training
for teachers and researchers. Several universities and research centers are engaged
in research and development in the field of artificial intelligence, and conditions
have been created for processing large amounts of data and teaching algorithms
for deep research. As for the effectiveness of the use of artificial intelligence in
education, artificial intelligence allows you to adapt educational materials and
methods to the individual needs of each student, automation and optimization,
interactive lessons thanks to artificial intelligence technology, etc.

In the field of education, artificial intelligence has the potential to reduce
barriers to learning, optimize methods to improve learning outcomes, and also
allows you to create new forms of independent learning, making the learning
process more adaptive.

Scope of application of Al in solving social problems

Today, the world is experiencing a period of rapid development of artificial
intelligence (AI). Advances in this field are leading to the creation of machines
capable of learning and performing cognitive tasks that previously could only be
performed by humans. Al is a key element of the era of technology convergence,
which has a profound impact on people, culture, society and the environment.
Since Al is a cognitive technology, its various aspects are closely related to the
main forms of human activity: education, science, culture and communications.
In fact, artificial intelligence is, first of all, a set of different technologies, methods
and tools. And new technologies have always influenced social development.
They change how people receive information, how they make decisions, and
form opinions. They are changing how people can participate in society and how
we perceive each other and society as a whole. As artificial intelligence continues
to penetrate into various aspects of society, its influence is increasing (Russel
S.J., Norvig P.,2020). The impact of Al is undeniable, from changing daily life
to reorganizing social structures. Al not only makes life easier for humanity, but
also saves time and effort. It helps you navigate traffic by analyzing real-time data
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and offering the fastest routes. It automates everyday chores such as vacuuming
or washing dishes, and frees up our time for more important activities. In fact, we
see Al becoming our capable ally in making our lives easier and better.

The potential of Al in solving social problems is huge. Its applications extend
to various fields, including health, the environment, and education (Tsvyk, et
al, 2019; Ranerup, et al, 2020). Using artificial intelligence, we can improve
efficiency, optimize resource allocation, and develop proactive strategies to solve
problems that were previously overwhelmed.

Social problem solving is an interdisciplinary field that explores how
individuals and groups approach and solve problems in social situations. Research
in this field covers psychology, sociology, education and related disciplines.
Solving social problems is often defined as the process of identifying and
implementing effective solutions to social problems or interpersonal problems.
Researchers usually identify several key components of solving social problems,
including problem definition, goal setting, alternative solutions, decision making,
and solution implementation. Cognitive processes play a crucial role in solving
social problems (Vassilakopoulou, et al, 2022). Research often focuses on how
people perceive and interpret social situations, as well as their ability to generate
and evaluate potential solutions. Research has revealed individual differences
in cognitive processes related to solving social problems, such as differences
in perspective perception, cognitive flexibility, and information processing.
There is considerable interest in the developmental aspects of solving social
problems, especially in children and adolescents. Research studies how problem-
solving skills develop over time, and the factors that influence this development.
Intervention programs often target children to improve their social problem
solving skills, which can contribute to improved interpersonal relationships and
academic success. With the increasing role of technology in social interactions,
some research focuses on how digital communication and social media influence
the solution of social problems (Basl, et al, 2019). The impact of online
communication on conflict resolution, cyberbullying, and the development of
digital social problem solving skills are areas of interest.

To develop a system for solving social problems, it is necessary to develop a
number of diagrams describing the structure and interrelationships between the
components of an intelligent system for solving a social problem. A precedent
in object modeling is a document describing a sequence of events related to an
executor (an external agent) who uses the system being created to complete the
required process. Use cases are descriptions or use cases of the system. A certain
process is described using a precedent. Based on the results of the analysis of use
cases, at the first stage of domain modeling, a diagram is created to determine
the requirements for the Use Case system (behavior scenarios). This diagram
allows you to create diagrams of the behavior of system objects. The use case
diagram illustrates the set of use cases of the system and the performers, as well
as the relationships between them. Use cases determine how performers interact

84



ISSN 1991-346X 3. 2024

with the software system. During this interaction, the executor generates events
transmitted to the system, which are requests to perform some operation.

The use case diagram contains:

- use cases of the system (use case);

- the actor.

The diagram reflects the interaction of use cases and actors. It reflects the
system requirements from the user’s point of view.

System use cases — description of system functions at a «high level». They
describe everything that happens within the system. Use cases illustrate how the
system can be used. They focus on what users want to get from the system. Each
use case represents a completed transaction between the user and the system.

An actor is anything that interacts with the system, transmits or receives
information from the system. An actor is a concept external to the system that
participates in a certain way in the process described by the precedent. They
describe everything that is outside the system. These are users of the system,
other systems interacting with the one being described, time. Each use case must
be initiated by an actor.

Intelligent system for solving a social problem

eglstmnon

/& %
Formation of

knowledge =

ﬂurmatlon (h & / Knowledge Base Expert
Quest/

Getting a \

recommendatio

Figure 1. Diagram of precedents for a system for solving a social problem

Algorithm for using an intelligent system to solve a social problem:

- The expert forms a knowledge base on social problems (Socio-economic
problems, Housing problems, Problems of self-development, Threat to one’s own
life and health, etc.)

- The user registers and creates a request.

- The system, based on the knowledge base, generates a response to the User
with recommendations.
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Understanding semantic features is necessary to analyze and describe the
meaning and relationships between words in a language (Pavlicek, et al,2019).
They provide a basis for the study of lexical semantics and contribute to a deeper
understanding of language and its structures.

Semantic features are components of concepts related to lexical units or
grammatical units.

There are main reasons for using semantic analysis: it expands vocabulary and
basic knowledge and helps to distinguish the meanings of words and concepts,
shows how similar and diverse they are.

Taking into account the purpose of forming a thesaurus for a question-and-
answer system in order to solve social problems and determine the semantic
features of the knowledge base, an algorithm has been developed that provides
an accurate reflection of social aspects in the process of filling in the database.
This algorithm allows you to effectively and accurately respond to social requests
and tasks (Figure 2).

Kaxue ssicn Gecnokonan
+ Joac 3 secsma?

E——

[Biswononiectas, namosorseca, MoOR I
- 10, 0 yrposaer, yrac,

Ipasnpaaet senosexa. Tak ka wosr s oUmT peaniy yrposy.

s Pemaxcans

(Crpeccosse cimyanan

1
1

Figure 2. The first page of the algorithm table, which serves as the basis for the formation of the
thesaurus and defines the structure of the knowledge base

A list of social issues important to users of the question-and-answer system
has been developed. Each question has several possible answers, taking into
account a variety of situations and user preferences (Figure 3).

86



ISSN 1991-346X

ABiCRIPIA A KYPATTII

HIpIC eaneP! KAHAGH? AV catte
Bneyme:

Figure 3. Social questions with possible answers for the question-and-answer system

Sequence diagrams have been developed. Sequence diagrams are used to refine
use case diagrams and describe the logic of use cases in more detail. Sequence
diagrams contain the objects that interact within the script, the messages they
exchange, and the results returned related to the messages.

Sequence diagram

J

User

Registration ——»

| Entering a question

o Issuing recommendations

Information system

— Knowledge Base Query —p!

- Answer from knowledge base

Knowledge base

Figure 4 - Sequence diagram of the social task solution system

Algorithm for using an intelligent system to solve a social problem:

* The user registers in the system.

* The user enters a question on a specific social issue in text form in Russian

or Kazakh.
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* The system generates a request to the knowledge base of social problems and
receives a response to the request.

» The system generates a response to the User with recommendations for
solving a specific social problem.

One of the most pressing social problems in the world is access to quality
education. Technology can bridge this gap by providing innovative solutions.
Thus, technology and innovation have the power to solve social problems and
promote positive change.

Conclusion

The role of artificial intelligence in solving complex social problems is
multifaceted and is constantly expanding. By understanding artificial intelligence
and using its potential, we can overcome difficulties more effectively. As artificial
intelligence develops, it is very important to adopt responsible and ethical
practices to ensure that its benefits are accessible to everyone. The adoption of
artificial intelligence as a tool for positive change holds the key to a brighter
future for the entire society. Artificial intelligence-changes people’s daily lives,
integrates into everyday social practice and forms a social world that does not
lose sight of social problems.
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Abstract. With the fast-paced expansion of social media on the Internet,
i.e. reviews, forums, blogs and social networking service, users and companies
are increasingly utilizing information in these platform to make decisions and
predictions. Nowadays, if a user wants to buy a consumption product, they are not
limited to seeking the opinions of their friends and family as they used to, as there
are a lot of reviews of products on the internet. Organizations may no longer need
to conduct surveys and focus groups to gather public opinion about their products
and services, as this information is now publicly accessible. Opinion analysis and
sentiment analysis from the domain of natural language processing are used to
extract valuable information from customer feedback about products or services.
The development of these technologies started in the 2000s.

Customer opinions are divided into two primary categories: non-comparative
opinions and comparative opinions.
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In this paper, we focus on investigating the process of comparative analysis and
identifying comparative sentences.

Keywords: comparative opinions, opinion analysis, sentimental analysis,
comparative opinion analysis, rule based methods, machine learning models.

©A.b. KacexeeBa, A.b. TorucoBa*, A.M. bakueBa, ’K.b. JlamamnieBa,
E.H. baiioakTbI
JLH. I'ymunes ateiagarel Eypasust yiTThiK yHUBEpCUTeTI, AcTaHa, Kazakcran
E-mail: togissovakerke@gmail.com

AKITAPATTBIK TEXHOJIOT'UAJTAPABI KOJTJAHY APKbIJIbI
CAJIBICTBIPMAJIBI HIKIPJIEPAI TAJLJAY

KacekeeBa Aiiciy BucenoBna — PhD, JL.H.I'ymuneB arbinmarst EYVY, AknaparTbi
TexHoJIorusap QakyabTeTi, AKIaparThlK sKyiienep kadenpachlHbIH ara OKBITYLIBICHI, AcTaHa,
Kazakcran. E-mail: aibike2903@gmail.com; ORCID ID: https://orcid.org/0000-0002-5547-0718;

Torucosa Axepke bakuroexosna—JI.H.I'ymunes arsinnarst EY Y, AKnaparThiK TEXHOIOTHSIAD
¢axynbreri, AKnaparThIK Kyhenep kadeapaceiabiy PhD nokropantsi, Acrana, Kasakcran, E-mail:
togissovakerke@gmail.com; ORCID ID: https://orcid.org/0009-0003-0976-3194;

bakueBa Aiirepum MyparoBua — T.¥.K, PhD, JLH.I'ymunes arsinmarsr EYY, AxnaparTsik
TexHoJIorusap QakyabTeTi, AKIaparThlK jKyiienep kadenpachlHbIH ara OKBITYLIBICHI, AcTaHa,
Kazakcran, E-mail: m_aigerim0707@mail.ru; ORCID ID: https://orcid.org/0000-0001-7186-6408;

JlamamesBa JKanap BeiioyroBna — PhD, JL.H.I'ymuner arbinmarsi EYY, AkmaparThiK
TexHoJorusap (akyinbreTi, AKNapaTThIK KyHenep KaeapachiHblH OKBITYIIBICHI, AcTaHa,
Kazakcran, E-mail: lamasheva_zhb@enu.kz; ORCID ID: https://orcid.org/0000-0002-9535-2636;

Baiioakrsl Epnas Hypaanyiasl — JILH.I'ymunes atsinnarst EYY, AknaparTbIK TeXHOIOTUSAIAD
¢axyabreri, AKnaparTeiK Kyiieraep kadeapacslHblH MarucTpanthl, Actana, Kasakcran, E-mail:
ernazbajbakty@gmail.com; ORCID ID: https://orcid.org/0009-0009-7493-6876.

AHHOTaNUsI. OJEYMETTIK IUIaThopMalapAblH HWHTEPHETTE  KapKBIHIBI
IaMybsl MEH KOOCIOIMEeH, IMKIpJIep Tayapiiap MEH KhI3METTEP.Ii TaHaayda IIemIiM
KaObLIIay TIpoIIeciHAe eneyii per atkapaabl. Kazipri TaHma, TYTBIHYIITBIIAP CATHII
aJdy jkacamac OYPBIH JKAKBIHIAPHIHBIH IMKIPICPIMEH NICKTEIMEH, HHTCPHET-
TYKEHACPIH CalTTapblHAa OpHAJTACTHIPBUIFAH Oacka KIUEHTTEPIiH IMKIpJIepiH
OeJICeH Tl TYpIe 3epTTeH/II.

YipIMaapra e3epiHiH Tayapiapbl MEH KbI3METTEPI TypasIbl KOFaMABIK TIKipIi
JKWHAY YIIIH JOCTYPJIi cayaTHaManapasl 0TKi3y KaKeT eMec, OUTKeH1 Oy akmapar
€HJI1 alTBIK Ke31epae KonkeTiMal. KmneHTTepaid mikipaepiHeH KYHIBI MOIMETTED
aJy YIIiH TaOWFW Tl @HACYiHEe HETi3[CNTeH IiKipJiep MEH CEHTUMEHTTI Tallaay
omicTepi KonmmaHbIanasl. by TexHomorusapasH gamysl 2000-106l SKBUTTAPIBIH
Oacwerama Oactamasl. TYTHIHYIIBI TKipiaepi caabICTRIPMAIIBI eMec TiKipiep (non-
comparative) )koHe CaJIbICTRIPMATHI TTiKipIep (comparative) O0JIBIT eKire OeTHe .

by makamaga 0i3 cambICTBIpMABI TIKIpAEpai Tanmay yAepici MEH cabic-
TBHIPMAJTBI COMIIEM/TI aHBIKTAY OOMBIHIIIA JKYPTi31ITeH KYMBICTapFa KOHLT OeeMis.

Tyiiin ce3mep: cadBICTBIPMANIBl  KOHCTPYKIMSUIAp, IMMKIpJIEpAi Tasmjay,
CEHTHMEHT TaJIay, CaIbICTRIPMAITHI MTKIPJIEP i TallIay, epexkere HeTi3eNTeH 9 1Iic,
MAaIIHHAIBIK OKBITY MOJIETbIEPI.
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AnHoTanusi. C poCTOM COLMAIbHBIX TIAT(OPM B HHTEPHETE OT3BIBBI UTPAIOT
KITFOUEBYIO POJIb B MPOIECCE MPUHATHUS PEIICHUN TIPU BHIOOPE TOBAPOB U YCIIYT.
B Hamm nHU, IpexIe YeM CIeNaTh MOKYIKY, TOTPEOUTEIN HE OTPAaHUYHBAIOTCS
MHEHHUEM OJTN3KHX, 8 AKTUBHO UCCIICTYFOT OT3BIBBI IPYTUX KIIMEHTOB, pa3MEIIEHHBIC
Ha caliTaX HHTEPHET-Mara3uHoB.

OpranuzanusM OOJIbIIe HE 00sI3aTEILHO MPOBOAUTH TPATUIIMOHHBIC OMPOCHI
it cOopa OOIIECTBEHHOIO MHEHHSI O CBOMX TOBapax M yCIyrax, IMOCKOJBKY
9Ta MH(GOPMAIHsI Terepb JOCTYITHA B OTKPBITBIX UCTOYHHMKAX. J[JIs1 W3BICUCHUS
[IEHHOTO aHaJKM3a U3 OT3bIBOB KJIIMEHTOB MPUMEHSIOTCS METOIbI aHATN3a MHCHHUN
Y CEHTHMEHTAJILHOTO aHaJIM3a, OCHOBAHHBIE Ha 00pa00TKE €CTECTBEHHOTO SI3bIKA.
PasButue >tux texunonoruii Hauanocsk B 2000-x romax.

OT3bIBbI KJIMCHTOB JICJATCSA HA JBE OCHOBHBIC TPYIIIbI: HECPABHUTCIIbHBIC
MHEHHs (non-comparative) M cpaBHUTENbHBIE MHEHHs (comparative). B aToii
CTaThe MBI COCPEIOTOUNMCS Ha MCCIICIOBAHHUHU MIPOTIecca CPABHUTEIILHOTO aHATTN3a
Y BBISIBJICHUU CPABHUTEIBHBIX TPEJIOKEHUH.

KaroueBble cjioBa: CpaBHUTENNbHBIE KOHCTPYKIIMM, AaHAJIU3 MHEHUH,
CEHTUMCHTAJIbHBIN aHAJIN3, aHAJIM3 CPABHUTEIBHBIX OT3BIBOB, METOJIbI HA OCHOBE
MPaBHUII, MOJICIIM MAIIIMHHOTO O0yYEHUSI.

BBenenne
KoMMeHTapuu 1 OT3BIBBI B HHTEPHETE CUHTAIOTCS HECTPYKTYPHUPOBAHHBIMHU
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TekctaMu. Ho 3Tu maHHBIe MOTYT OBITH IIeHHOH HH(pOpManueld. Benpb u3 konmuectsa
OT3BIBOB, OCTaBIICHHBIX MOTPEOUTETIEM, UEIOBEK ITOIydaeT HEOOXOMUMYIO IS
ce0st nH(OPMAIIMIO U UCTIOIB3YEeT e¢ MPU BIOOpE TOBapa.

AHamn3 HeoOpaboTaHHBIX JaHHBIX Ha OHJIAWH-TUIaTGOpMax IOMOTaeT
MOKYIAaTeJIsIM BBIOUPATh TOBApPbI, a MPOU3BOAUTEISIM TPOAYKIMU Pa3BUBATh
OW3HEeC, yBeNIWYUBaTh OOBEMBI TPOAAX, TOBBIIIATE TPUOBUTH W  OBITh
KOHKYPEHTOCTIOCOOHBIMU. Hampumep, MarasuHbl MPOCAT KaXJAOTO KIHWCHTA
OCTaBUTh CBOW OT3BIB, YTOOBI BBHISIBUTH HEIOCTATKH M IPEUMYIICCTBA CBOUX
MPOAYKTOB M YCIIYT, YIYUIIATH IPOIAXKH U MPUBJIEYH OOINBIIE KINEHTOB.

OT3BIBBI CTUMYJIMPYIOT YIYUIIICHHE Ka4eCTBA TPOAYKIIMH, YBEIHUYCHUE 00BEMOB
MOTpeONIeHUs] W TPUBIIEUYEHHWE HOBBIX KIMEHTOB. OHAKO, W3 OT3HIBOB HENH3S
OJTHO3HAYHO OMPEACIIUTD, SBISICTCS JTU TOBApP Ka4CCTBEHHBIM, ITOCKOIHKY MHEHUS
JIBYX Pa3HbBIX MOKyHaTeJei O TOM e MPOIyKTe MOTYT CyIIECTBEHHO OTJINYAThCS.
Hecmotps Ha 3T0, MOKymaTenn 0OBIYHO M3y4YalOT U CPABHUBAIOT HHTEPECYIONINE
WX TOBapbl WM YCIYTH C OT3bIBAMH U OILICHKAMH JAPYTUX IOJIb30BaTelied. DTO
MIOMOTAeT UM CJIeJIaTh 0CO3HaHHbIN BeIOOp. CornmacHo cratuctuke BrightLocal mo
JIOKaJIbHBIM OHJIalH-TIpofiakaM B 2024 roxy, 92 mpolieHTa ONpOIIEHHBIX YUTAIOT
0T3bIBHI, 84 mporeHTa u3 HUX rotoBbl UM MoBepATh (Local Consumer Review
Survey 2024).

MHeHUe 1 0T3bIBBI —3TO MOIIIHAS CHJIa, CIOCOOHAS U3MEHUTH HaIlle MBILIUICHHUE.
Hamm permenns, MpIciii, MHEHHUS M BBIOOP MOTYT H3MEHSTHCS TIOA BIHSHUEM
okpyxarotei cpeanl. Clie0BaTeNIbHO, BHIOUpPAs TOBAp WM YCIYTY, MbI 4acTO
oOpaiiaeM BHUMaHUE Ha MHEHHE JPYTHX U TIpUCITymuBaeMcs K ux coBeram (Liu,
2011).

OOBEKTHI UCCIIEIOBAaHMS aHAIM3a HACTPOCHUN U MHEHUH BKJIFOYAIOT 0030DHI,
OIIEHKH, OTHOIIEHHSI, MBICIIH U 3MOIUH Jfofe. CTpeMuTeNbHOe paciIupeHne 1
MPOrpecc ATUX HaNpaBICHUN ObLTU OOYCJIOBJICHBI YBEIUYCHHUEM 4YHCIIA CANTOB
OHJIAH-TIPOJIa)K W AKTUBHBIM POCTOM YHCJIa OHJIAWH-KIINEHTOB.

B peanbHO XM3HM BBICTABICHUE TIOJI0KUTEIBHBIX M OTPUIIATEIIbHBIX OLIEHOK,
a TaKXKe CpPaBHEHHUE OT3BIBOB SIBJSIETCS OOBIYHOW W CTaHAAPTHOW MPAKTHKON
npu npopaxe ToBapoB. HayuHbI TEpMHMH U1l 3TOH JEATEIBHOCTH — aHAIU3
HACTPOCHUH WK MEHT-aHAJIU3.

AHanmM3 HACTPOSCHWW W MHEHHS OTHOCHTCS K ONHOW W TOH ke 00jacTu
HCCIICAOBAHUS B 1IEJIOM, MHOT/A UCIIONB3YETCS KaK B3aUMO3aMCHIEMbIC TIOHATHSI.

CeHTHMEHT-aHallu3 JISTUT MHEHUS Ha TPH:

— TIOJIOKUTEIIBHBIC;

— OTpUIATEIILHBIC;

— HEeUTpajbHbIE.

AHanu3 MHEHHI — 3TO mpoiiecc (POPMUPOBAHHUS BBIBOJOB HA OCHOBE MHEHUI
JIIONEN.

OTu 1Be O0NacTH H3y4aloT HE TOJNBKO MHEHHS O TOBapax, yciayrax u
MIPOU3BOAUTEISAX TOBAPOB, HO TAK)KE MBICIIA M OTHOIICHHUE JIFOJICH K COOBITHUSAM
B oOmiecTBe. YNOMSHYTBIE OONACTH SBJISIOTCS Ba)KHOM 4YacThi0 00pabOTKH
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ectectBeHHOTO si3blka (NLP). OHM MIHUPOKO HCIONB3YIOTCS B HCCIEAOBaHUSIX
pBIHK2, KOHKYpPEHIIMH B cdepe MpoM3BOJICTBA TOBAPOB M YCIYI, MOHUTOPHHIE
counanbHeix cereit (Liu, 2012).

Marepuaibl 1 OCHOBHBIE METOIBI

JBaanare yeThIpe roAa Ha3a 3TH JBa HApaBJICHU CTaJIM OIHUM U3 Hanboee
OBICTPO Ppa3BUBAIONIMXCS HAMpPaBIEHUH B 007acCTH S3BIKOBOM 0OpabOTKH U
KOMIIBIOTEPHON JTMHTBUCTHKH. B mocnenHue rojpl aHaiu3 CEHTHMEHTAIbHOCTH
U MHEHHH TOJYYWJI IIAPOKOE PACHpPOCTPAHCHHWE B PA3IUYHBIX HANPaBICHHSIX
ctheprr obmecTBa. DTH WHCTPYMEHTHI IIMPOKO HCIONB3YIOTCS 1T 00paboTKH
MHEHHI, cOOpa MHEHUI M NPUHATHS pelieHnid Ha ocHoBe MHeHu# (Liu, 2011).

Knaccudukanus ananmsa maeHui. Bing Liu (2011) genuT ceHTUMEHT-aHATH3
Ha TPH YPOBHS:

1) noKyMeHT;

2) IpeIoKEeHUE;

3) 0OBEKT.

Ha ocHoBe BhIIeyKa3aHHBIX YpOBHEH, pa3paboranmHpix B Liu (2012),
Samaneh Abbasi Moghaddam (2013) B cBOel ucciie10BaTeIbCKON paboTe co3ai
KJIacCU(UKAIIMIO aHATM3a MHEHHIA:

— AHanu3 MHEHUIT Ha YpOBHE JIOKYMEHTA

— KiIaccupuKanys cyoObeKTHBHOCTH

— KJIacCH(pUKAINSI HACTPOCHUH
OLICHKA Ka4eCTBa U MOJIE3HOCTH 00PaTHOH CBSI3U
oOHapy)XeHHe cllama B BUJIe MHEHUH

— AHanu3 MHEHUS Ha YPOBHE NPE/IOKCHUS

— TIOWCK ¥ M3BJICYCHHE MHEHUI

— OTBETHI Ha BONIPOCH MHEHUH

— O0o0uIeHne MHEHUH

— V3Bnedyenre MHEHUI B CPAaBHUTENBHBIX MTPEITIOKESHHASIX

— AHanu3 MHEHHsI Ha ypOBHE (pa3.

— ACIEKTHO-OPUEHTUPOBAHHBIN aHAJIU3 MHEHUI

[ToMuMO TPSIMOTO  BBIPAKEHHS IOJIOKHUTEIBHOTO, OTPHIATENILHOTO WIIN
HEUTPaAJIbLHOTO MHEHUS O TOBape M €ro XapaKTepPUCTHKAaX, MOXHO OCTaBUTh
OT3BIB, CPABHHUB HECKOJHKO AHAJOTHYHBIX TOBAapOB. TakwWe OT3BIBBI HA3BIBAIOT
cpaBHuTenbHbIMUH MHeHUsMH (Jindal, et all 2006a). CpaBHUTENbHBIE MHEHUS
OTIIMYAIOTCS CEMAHTHYECKH W CHHTAKCHYECKH OT MpsIMbIX. OHHU TIO3BOJSIOT
OTIPEISNIUTh JTyUlllee WITH Xy/Illee Ha OCHOBE CPABHEHHUST OOBEKTOB.

Hanpumep, npensoxenue ¢ npsiMmbiM MHeHHEM — «KauecTBo 3Byka cMapTdona X
OTIIMYHOEY, B TO BPEMsI KaKk CPaBHUTEIHPHOE MHEHHE MOXKET OBITH C(HOPMYITHPOBAHO
tak: «KadectBo 3Byka cmaprdona X myume, yem y cmaprdoHa Y». B stom
CPaBHHUTEIFHOM TIPEVIOKEHUHN HE YKa3bIBae€TCs, YTO KaueCTBO 3ByKa cMapTdoHa
X xopoliee WM TI0X0e; OHO MPOCTO CPaBHHUBAET €T0 C JIPYTHM YCTPOMCTBOM.
W3-3a Takoro paznuuus CpaBHHUTEIbHBIE MHEHHUsS TPeOYIOT MpUMEHEeHHs Ooliee
pa3HooOpa3HbIX METOIOB aHAJIM3a.
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CpaBHeHUe SBIISETCS OTHUM W3 Hanboee HaIeKHBIX MeTOI0B olleHKH (Jindal,
et all, 2006 b). OnO TpencTaBIsIET cOOOW KONMMYESCTBEHHOE FIIM KAaYECTBEHHOE
COIOCTABJICHHE PA3TUYHBIX XapaKTEPUCTHK HECKOJIbKUX O0OBEKTOB.

W3BneueHne CpaBHUTEIbHBIX MHEHUM W3 MCTOYHHUKOB JAAHHBIX SBISIETCS
Ba)KHBIM IS psijia oTpacieid. Hanpumep, KoMmaHust MOXKET CTPEMUTHCS TIOTYIHTh
nHGOPMALIMIO O TOBape WM YCIyre Ha pPBhIHKE, CONOCTABUB €€ ¢ MPOLyKIMen
IpyTux notpedutenei n npoussoaureneit (Liu, 2011).

OTH NaHHBIE WIPAIOT 3HAYMMYIO pOJb B IPOLIECCE CPaBHEHHUS HPOIYKTOB
YIy4IleHHUs Ka4eCTBa TOBAPOB U YCIYT, IOBBIIICHHE KOHKYPEHTOCIOCOOHOCTH.

CpaBHHTENbHBIE MHEHUS (OPMHUPYIOTCS C HCIOJIB30BaHHEM KOHCTPYKLHUH
CPaBHEHHH, CPaBHHUTEIBHBIX MNPEIJIOKEHUH M KIIOUEBBIX CJOB, HMMEIOLINX
CPaBHHUTEIHHOE 3HAYCHHE.

[Ipenyioxenne, KOTOPOE BBIPAXKAET CBSI3b MEXIY AByMs MU Oosee 00beKTaMH,
YKa3blBas Ha UX CXOICTBA U Pa3IM4us, HA3bIBACTCS CPABHUTEIbHBIM.

CpaBHHTENbHAS KOHCTPYKLHUSI — HMEET CpaBHUTENbHOE conepkanue. Ero
COCTaBHBIMHU YaCTSIMU SIBJISIFOTCS:

1) 0OBEeKT cpaBHEHUS;

2) cTaHaapT CpaBHEHHUS;

3) cpaBHHUTEIbHBIN MTOKA3aTEeIh;

4) napamerp cpaBHenus (Eckenbauesa, 2016).

Nitin Jindal n Bing Liu (2006 b) rpynmupyetr cpaBHUTCIbHBIC MHCHHS Ha
YeThIpe KaTeropuu:

1) nepaBHoe cpaBHeHue: «KauecTBo 3Byka cmaprdona X myumie, 4em y
cMaptdona Y»;

2) SKBaTHBHBIM WM paBHbIM: «[u3aiiH cMapTdoHa X MOXOXK Ha AM3ANH
cMaptdona Y»;

3) cynepisATHBHBIM WIM JOMHHMpYIOIIMH: Hampumep, «KadecTBo 3Byka
cMapTdoHa X 3HAUUTEIBHO JIydlle, YeM y cMapTQoHa Y»;

4) He rpagyupyembiii (non-gradable): Hampumep, «cmaptdon X moctpoeH Ha
ornepaoHHOH cucreme Android, a cmapTdoH Y-Ha onepanuoHHoi cucteme i0OSy.

BrlsiBIIeHHME ¥ aHATM3 MHEHUS U3 KOHCTPYKITUH CO CPABHUTEILHBIM 3HAUCHHEM.
MHeHus KnaccupUIUPYIOTCS Ha HE CpaBHUTEbHbIE U cpaBHUTENbHBIE. OOpadoTKa
CPaBHUTEIbHBIX MHEHHUI TaKKe SIBISETCA OTPaciiblo 00pabOTKM €CTECTBEHHOIO
SI3BIKA, [ENIbI0 KOTOPOU SIBIISICTCSI M3BJICUCHUE U aHalU3 WH(POPMAIINH, TAKOH KakK
aHaJu3 He CPAaBHUTEIIbHBIC MHECHUSI.

W3BnedyeHne W aHanu3 CPaBHUTEIbHBIX MHEHUH. MHEHMsI JENATCS Ha He
CpaBHUTEIbHBIC U CpaBHUTENbHBIE. OOpaboTKa CPaBHUTEIBHBIX MHEHHH TaKKe
SIBJISICTCS HAITpaBJIeHHEM 00pabOTKH €CTECTBEHHOTO SI3bIKa, KOTOpast PoKycHpyercs
Ha MOJYYCHUH U aHalu3e WHPOPMALMU U3 CPABHUTEILHBIX OT3BIBOB, TAK XK€ KaK
13 OPSAMBIX OT3bIBOB.

V3pneyeHne W aHaNM3 CPAaBHHUTENBHBIX MHEHHUH HCHONB3YeT METOJABl U
WHCTPYMEHTBl 00pabOTKM JaHHBIX, MAIIMHHOTO OOY4YeHMs, HCKYCCTBEHHOTO
WHTEJUICKTA 1 KOMITBIOTEPHON JINHTBUCTUKH.
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B mporecce cpaBHeHHMS MHEHHI HCITONB3YIOTCS WHHOBAIIMOHHBIE HHCTPY-
MEHTBHI, OT TPAUIIMOHHBIX METOI0B, MOJieliei MammuHHOTo 00y4eHus (ML), Takux
kak Naive Bayes n Support Vector Machines, 10 CIOXHBIX CHCTEM TITyOOKOTO
oOyuenus (DL), Takux kak peKyppeHTHbIE HEHPOHHBIE CETH U S3BIKOBBIC MOJIEIIH,
OCHOBAHHBIEC Ha TPAaHC(POPMATOPHON apXUTEKTYpeE.

MeTonpl [Tl OTpeieNieHus] CPAaBHUTENBHBIX KOHCTPYKIIMH TPYIIIUPYIOTCS B 4
IPYIIIIbL:

1) MeToBI, OCHOBaHHBIC HA IPABUIIAX U CI0Bape (S3IKOBOE MPABUIIO M 00paszer]
1 Ha0Op KITFOUEBHIX CIIOB);

2) monenu ML (oOyuaet kinaccudukaropa Ha OCHOBE BEKTOPOB U IPU3HAKOB);

3) metoast DL (He#ipoHHAst ceTh /u1a 00ydeHUsT METKaM);

4) rubpuTHBIN MeTO/T (00BEIMHSET MPEUMYIIIECTBA BBIIICYKa3aHHBIX METOJIOB).

Meron, OCHOBaHHBII Ha mpaBWiaXx W cioBape (HaOOp KIIOYEBBIX CIIOB),
WCIIONIB3YET MPEABAPUTENHHO OTpEeNIEHHBIE MAa0MOHBI U KIIIOYEBBIE CIIOBA IS
KJ1acCU(UKAIMU MHCHH KaK MTOJIOKUTEIIbHBIX, OTPHUIIATEIBHBIX MITH HEHTPATbHBIX
(Kasekeyeva, u 1p., 2020).

O6paboTka CpaBHUTEIBHBIX MHEHUH C UCIIOIH30BAHUEM MAITMHHOTO 00y ICHHS
COCTOMT U3 5 CTaIHii:
cOOp TaHHBIX;
npeaBapuTenbHas 00padoTKa JaHHBIX;

— ompesieNieHUe PU3HAKOB;
MPUMEHEHHE AITOPUTMOB MAIIMHHOTO 00yUYCHHS;
000011IeHEe MHEHUIA.

Coop mauubix (Data collection). COOp TaHHBIX CYMTACTCS BAXKHBIM II1arOM BO
Bcex 00JIacTsIX MCCIeIOBaHUI U aHAIN3a JaHHBIX.

Metonpl cOopa HaHHBIX MOXHO KIacCH(UIIMPOBaTh Ha JBE OCHOBHBIE
KaTerOpHH:

1) mepBuUHEIE;

2) BTOPUYHBIE HCTOYHUKHA UHPOPMAIUH.

MeTtonbl cOOpa aHHBIX ACNSATCS HA JBE OCHOBHBIC T'PYIIBI: MEPBUYHBIC U
BTOPHYHBIE CPEJICTBA cOOpa JJAaHHBIX.

[lepBuuHbIe naHHBIE COOMPAIOTCS C MOMOIIBIO TAKUX METOIOB, KaK OIMPOCHI,
WHTEPBBIO, OKCHEPUMEHTHI WM TIpSMble HAOMIOAEHUS i1 KOHKPETHOTO
uccienoBanusi. CterneHb OOBEKTUBHOCTH JaHHBIX MpeoliagaeT B NEPBUYHBIX
JAaHHBIX, HO TpeOyeT BpeMeHH 1 OONbIIIX (PMHAHCOBBIX pecypcoB. Mcmonb30Banne
WCXOHBIX 0a3 JJaHHBIX MIOMOXKET BaM IOJyYUTh BHICOKOKAYECTBEHHBIC JaHHBIC,
KOTOpBIE TO3BOJSIT BaM IOJNyYUThb JIyUIIHE PE3YJIbTaThl, a TaKke JacT BaM
BO3MOKHOCTH JI00aBIIATH JIOTIOMHUTEIbHBIC JaHHBIE B CBOW HCCIIENOBATEIHCKUE
MPOLECCHI.

Bropuunsie maHHBIE coOuparoTcss u oOpabaThiBatoTCs ApyruMU. [laHHBIE U3
OITyOJINKOBaHHBIX OTKPBITHIX HMCTOYHUKOB, STH JIaHHBIC CUHTAIOTCS JaHHBIMHU
BTOPUYHBIM, KOTOpbIE OBUIM COOpaHbl KEM-TO APYTUM MO JAPYrodl NpuUYMHE U
MOTYT TaK)K€ MCIOJIb30BaThCs AL ApYyTrux Leneil. DT JaHHbIe 00eCIeunBaOT
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Ha0Op JaHHBIX IS MPOCKTHUPOBAHUS HCCIIEOBATEIHCKONH PabOThl U CpaBHEHUS
pe3yNIbTaTOB  TEepBOHAYANBHBIX  dkcriepuMeHToB  (HamedTaherdoost. Data
Collection Methods and Tools for Research).

MHeHUS U OT3bIBBI SBJISIOTCS TIEPBUYHBIMH JaHHBIMHU, €CJIA OHA COOMpaeTcs
HETNOCPECTBCHHO IS  KOHKPETHOTO  HccienoBaHusi. Hampumep, ecnn
MPOM3BOAUTENh MPOAYKTA MPOBOIUT OINPOCHl WM WHTEPBBIO IS TMONyYEHUS
OT3BIBOB OT KJINEHTOB O MPOAYKTE WIIH YCIyre, 00paTrHasi CBS3b ONPEJENIeTCs KaK
MEPBUYHBIC JTaHHBIE.

Ecnu oT3BIBBI TIONMy4Y€HBI W3 OTKPBITHIX HCTOYHWUKOB, COITMAIBHBIX CeTei
WIH IpyTUX paHee OMyOJMKOBAaHHBIX 0a3 JaHHBIX, OHU SIBISIOTCS BTOPUYHBIMU
naHHBIMU. Hampumep, HezaBHCHMas HCCIEIOBATENbCKas TPYIIa aHAIN3HPYET
MHEHHS MOKyInareield Mara3uHa Juis U3y4eHHs MOBEJCHHS TOKyTIaTeNeH.

OT3BIBBI OKyMaTede ToBapa — HEOOpaOOTaHHBIE HECTPYKTYPHPOBAHHBIE
JMaHHBIE, OIleHKa Mo mKaie (rating 1-5) — OTHOCATCA K CTPYKTYPHPOBAHHBIM
JTAHHBIM.

Metonbr cOopa oT3biBoB. Hambonee acTto MCONb3yeMble MOIIHBIE METOJbI
cOopa OT3BIBOB U3 OHJIAMH 0a3 JaHHBIX BKIIOUAIOT BeO-ckpanuHr u API.

WuctpymenTsl BeO-ckpanunra, Takue kak BeautifulSoup, Octoparse, Scrapy n
JpyTUE, MOYKHO HCIIONB30BATh JUIsl OBICTPOTO W3BJICYCHHS OT3BIBOB U 0030pOB C
CaiToB.

MHuorue onnaitH-TuTarGopmel ipenoctaBisioT APl ms goctyma k 0630pam u
or3siBaM. Hanpumep, Twitter API, Facebook Graph API.

[IpenBaputensHas oOpaboTka maHHbIX (Data pre-processing). TeKCT MOXKET
OBITh pa3Hoii (opMbl. TEKCTHI Ha €CTECTBEHHOM SI3BIKE YACTO ObIBAIOT HETIOIHBIMH,
COKpAILEHHBIMHU U COCTOAT M3 LIyMa, omHOOK. K TEKCTOBBIM IIymMam OTHOCSTCS
CrienanbHble CUMBOJBI, Tpobens, HTML Teru, opdorpadudeckne ommoOKH,
perucTp OyKB, CTOM-CIIOBa, CJEHT, cokpamieHus. lpeaBapurenbHas oOpaboTka
JAHHBIX pelIaeT Takue MPOoOIEMBI.

Jis pa3paboTKu METOK Mii CBOUCTB (features) v co3manus MoJIesId HEOOXOAMMO
oOpaOarbiBath nansble. [IpenBapurensHas 00paboTka BKIIOYaeT NpeoOpazoBaHne
HeoOpabOTaHHBIX TEKCTOBBIX IAaHHBIX B CTaHmapTHBIA (opmar (Singh, m mp.,
2019).

[Ipornecc mpenBapuTensHON 00paOOTKH JTaHHBIX BKIIFOYAET 3 JTara:

— YHCTKA JaHHBIX;

— 00paboTKa TaHHBIX;

— ompejesieHre MPU3HAKOB.

UucTka NaHHBIX — U3MEHUTH peructp, ynairenue HTML teroB u 3HakoB
MTYHKTYyaIluH, peAaKTHPOBAHUE CIICHTa, HCIIpaBiIeHNE ophorpaduiecKux OMmmooK,
yAaJieHHe CTOM-CJIOB.

OOpabotka — pazOueHHe TMpeJIOKeHUS Ha CJIOBA, TETHPOBAHHE YJICHOB
MPEIOKCHNUSI, JIEeMMATHU3allusl U CTEMMUHT, OIpe/eieHUe MMEHHBIX O0OBEKTOB,
pacumdposka adbopesuarypsl (Bird S. u np., 2019).

[Tony4yeHne nmpu3HAKOB MM CBOUCTB (features) — KOMIBIOTEP MIIM AJITOPUTMBI
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HE MOTYT YATaTh CUMBOJIBI, CIIOBA WJIH TIPEAJIOKEHUS, OHU MOTYT IIPUHUMATh TOJTb-
KO HaOOp JaHHBIX, COJICPIKALIHIIA JBOUYHBIC YHCIIA, B KAUECTBE BXOJIHBIX JIAHHBIX.

W3BneyeHne CBOMCTB U3 TEKCTA SIBISETCS] IPUOPUTETHBIM 3TAlloM B 00paboTke
€CTECTBEHHOTO S3bIKa JUIsI HW3MEHEHHUS HECTPYKTYPHPOBAHHBIX TEKCTOB B
uudpoBoii Gopmar, KOTOPBIA MOTYT HCIIOIB30BATh MOJICIIH MAIMHHOTO 00y YCHUSI.

[TomydyeHne mnpu3HAKOB W3 TEKCTa HAa3bIBAETCS BEKTOpH3aluei. MeTomsl,
ucronbp3yemble I monydeHns BekropoB: One-Hot Encoding, Bag of Words
(BoW), Term Frequency-Inverse Document Frequency (TF-IDF), Word
Embeddings (Word2Vec, GloVe, FastText), Word N-grams, Character N-grams,
Hashing Vectorizer, Document Embeddings (Doc2Vec, Sentence-BERT),
npenoOydeHHbIe MOJIEH TPaHC(HOPMEPOB.

aru npeaBapuTenbHONH 00paOOTKU MPeoOpa3yroT MYMHBIA TEKCT B (Gopmy,
COOTBETCTBYIOIIYIO ONPEACIICHHOMY LIa0JIOHY, H ONTHUMHU3UPYIOT HCIIOJIb30BAHUE
AITOPUTMOB MAITMHHOTO OOYYCHMS.

PaccmoTpuM MeTobl, KOTOpBIE B HACTOALIECE BPEMS IMPOKO UCTIONB3YIOTCS:

Class Sequential Rules — »To Momens kiaccudukaropa, OpUCHTHPOBAHHAS
Ha TpaBWia, KOTOpas OMHUCHIBACT IOCJIEAOBATCIBHOCTh COOBITHH, aJITOPHUTM
NEHCTBU, KOTOPBIE IPUBOMAT K KOHKPETHBIM PE3yabTaTaM N KIaCCU(DUIIUPYIOT
Ha KJIACCHI.

N. Jindal u B.Liu (2006 b) nyis onpeneneHusi CpaBHUTEIBHBIX MPEII0KEHUH
WCTIONTB30BAIH TPH TTO/IXO/1A:

1) Class Sequential Rules;

2) CSR u anropuT™Mbl MallIMHHOTO 00yYeHUs JJIs CO3/IaHUs KilacCU(UKaTOPa;

3) UcmoIp30BaIl HAOOP KITFOYEBEIX CIIOB.

ABTOpBI HCITONIB30BAII KOMOMHALIMIO TaKKX MeToA0B, Kak CSR u Naive Bayes
(NB), Support Vector Machines. I11a6mons! (pattern), orpeaeeHHbIE C TTOMOIIBIO
CSR, wucnonb3yroTcs B KayecTBe CBOMCTB. Omnpenensiii CcpaBHUTENbHbBIE
MIPEIIOKEHNS C TIOMOIIBIO KITFOUEBBIX CIIOB. [IpOIIEHT MOTHOTHI ONpeesieHns 110
KJII0YEBBLIM cJIoBaM cocTaBiisul 71%, a TounocTs 58 %.

CpaBHHMBas METOJIbl, pEajM30BaHHBIC B WCCIICOBAHUM, ABTOPHI TOIYYHIH
YCIENTHBIC Pe3yNbTaThl (TOYHOCTH 79% 1 monmHoTa 81%), HCTIONB3YsT METO, peau-
30BaHHbIN ¢ ucnonb3zoBanueM NB u CRS, a Taxxke npaBui U KIIOUEBHIX CIIOB.

Conditional Random Fields — 3T0 craTtucTrueckue MOAETH MAIIMHHOTO
0oOy4YeHHs, HCIIOJIb3yeMble B 00JIaCTH O0O0pPabOTKM €CTECTBEHHOIO S3bIKa JUIS
MIPOTHO3UPOBaHMS TocienoBaTenbHOCTel win cTpykryp. CRF mpennasHadeHs
JUIE MOJCTHPOBAHUST B3aWMO3aBHCHMOCTH MEXJY NEPEMEHHBIMH B IETOYKe
BBIBOJIA, YYUTHIBAs, YTO BXOJHBIC JAHHBIC M BHIXOJHBIC XaPaKTCPUCTHKU YaCTO
CBSI3aHBI IPYT C JIPYTOM.

Liu C. u gp. (2013) ucrons3oBanu MeTo/, OCHOBaHHBIN Ha mpaBmiax 1 CRF
JUTSL OTIPEJIEICHUSI CPABHUTENBHBIX MPEAIOKEHUN Ha KUTAHCKOM si3bIke. Meton,
OCHOBaHHBIM Ha IMpaBWJIaX, UMeJ 0oJiee BBHICOKHI MPOLEHT IOJHOTHI, & METOI,
ocHoBaHHKI Ha CSR, men 6osee BRICOKYIO TOYHOCTb.

B craree (Wang W. u np., 2017) ucnonszoBano CRF s ompenenenus
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MPEIOKEHU CpaBHEHHUS U3 TEKCTOB Ha KUTAWCKOM SI3bIKE, W YISJICHO OOJIbIle
BHUMaHHUs WM3BJICUCHUIO KOMIIOHEHTOB CPaBHEHHMs U3 TekcTa. K KOMIIOHEHTaM
cpaBaenust otHocsTcs: OE — oObekT cpaBHeHus, SE — craHmapt cpaBHEHUs,
CA — nmapametp, OP — xoHcTpyknus cpaBHeHus. Hampumep, «KauectBo xamepst
cmaprdona X syuie, yeM y tenedona Y», rae, X - SE, Y - OE, kauecTBO kamepbl
- CA, nyuue, ueM - OP.

Support Vector Machine (SVM) — ob6iamgaet psimioM BasKHBIX CBOWCTB, KOTOPBIC
JISJIAF0T €TO OJIHUM M3 CaMBIX MOMYJISPHBIX aJTOPUTMOB MAIIMHHOTO OOYYCHHS B
KJTacCHU(UKAINH TEKCTOBBIX JaHHBIX. OH 00JIee TOTHO peann3yeT KilacCu(PuKaIiuio
[0 CPaBHEHHUIO C JPYI'MMH aJrOPUTMaMU B MPHIOKEHHUSIX, COJEPIKAIINX
kpynmHOMacitadHble gannbie (Liu, 2011).

SVM — 3T0 KOHTPOJUPYEMbIH aJrOpuT™M OOYUEHHsS, KOTOPBIH BBIMOIHSICT
KIacCU(UKAIMIO JIAHHBIX TYTEM IIOMCKA ONTUMAJIbHOW THIEPIUIOCKOCTH B
MHOTOMepHOM npocTpancTse (Liu., 2011).

Pan wuccnemosareneit mokaszanu, uto SVM sBasercs HanbOoiee TOYHBIM
ANrOPUTMOM  KJIACCU(PUKAIIMK  TEKCTa. OTOT METOA  HCIIONB30Bajicsi B
uccienoBareiabckux paborax (Jindal, et all, 2006), (Dae Hoon Park, et
al.2012;Younis, 2020; Wang, u ap., 2015).

Naive Bayes — »3To mpocToifi © pacupOoCTpaHEHHBIH KJiacCH(HUKATOp
BEPOSITHOCTEN, OCHOBaHHBIM Ha Teopeme baiieca. IIpuumnHa, 1o KOTOpOH €ro
Ha3bIBAIOT «Naivy, 3aKIIF04aeTcsl B TOM, YTO 3TOT METO]] pacCMaTpHUBaeT CBOMCTBRA
KaK HE3aBHCHMbIC, YUUTHIBAsl METKY KJlacca, 4TOOBI MPe/ICKa3aTh METKY Kiacca.
WNnentudukanus CpaBHUTENBHBIX MPEUIOKEHUH C HCIIONBb30BaHHEM METoja
Hauenoro baiieca paccmarpuBanach B uccienoBarenbckux padorax (Jindal N.,
LiuB. 2006 b), (Dae Hoon Park u.np.2012), (Younis, 2020; Seon Yang u.11p.2009).

Jindal N. m Liu B. (2006b) ucnons3oBanu Naive Bayes coBMemas ¢ METOIO0M,
OCHOBaHHbIM Ha mpaBmiax. Dae Hoon Park wm.ap. (2012) mcnomb3oBanu amst
BBISIBJICHHSI CPAaBHUTENBHBIX KOHCTPYKITMH B HAYYHBIX CTATHAX.

Maximum Entropy Model (MEM) — 310 THIT BepOSATHOCTHOW MOJIEIH, ITUPOKO
WCIIONIb3yeMON B MAaIllMHHOM OOy4YeHHH M 00pabOTKE €CTeCTBEHHOI'O S3bIKA.
OH OCHOBaH Ha MPHUHIIMIIC MAaKCUMAaJIbHOM SHTPOINHU, KOTOPBIA HAIpaB/ieH Ha
MUHUMAaJIbHOE TPETIOI0KEHNUE O HEM3BECTHBIX BEPOSITHOCTSAX. DTOT METOJ| YaCTO
WCIIONB3YyeTCsI, KoTa TpeOyeTcss MUHUMaIIbHOE TIPOTHO3WPOBAaHNE JaHHBIX.

Seon Yang wu.ap. (2009) wucmonp3oBamud CpaBHUTECIBbHBIC KOHCTPYKIIUU
Y Ia0NOHBI TpeaioxkeHwid (marTtepHpl) W mertonsl MEM  BmecTe, d9TOOBI
MOJIyYUTh CPABHHUTEIIbHBIC MPEAIOKEHUS M3 TEKCTa Ha KOpeHCKOM s3bike. B
pe3ynbrare, TOUHOCTh cocTaBmuia 88.68%, monnota 88.40%, a F-mepa - 88.54%.
A wucmonp3oBaHMEe TONBKO Meroma MEM Tmokaszano Cleqyromniue pe3ylbTaThl:
TouHocTh = 78,17%, monuora = 63,34%, F-mMepa = 69,94%.

Random Forest (RF) — cambiif ruOKuil 1 IpOCTON B UCIIOIB30BAHUU KIIACCH-
(uKaTOp MAIIMHHOIO OOy4YEHUs, OCHOBAHHBIM Ha HACTPONKE THIIEpIIapaMEeTPOB
(hyper-parameter). B OoibIIMHCTBE CIly4aeB IIOKa3bIBACT OYEHb XOPOIIUE
pe3yabTaTHI.
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bnaronmapst yno6ctBy u mpocrore o0ydenusi, Random Forest cantaercs oqaum
13 HauboJiee YacTo MCIOJIb3yeMbIX allTOPUTMOB TPH PEIICHUH 3371a4 PErPEeCcCUU U
knaccudukanun. Pesynsrar Random Forest — 3To opreHTHpOBaHHBIE PE3yabTaThI
KaXIO0ro JiepeBa pemieHui. YeM Ooiblie JepeBbEB PEIIEHUH CYIIECTBYET B
monenu Random Forest, Tem 3¢ (ekTUBHEE BBINOIHAETCS MPOIECC 0000IIEHUs
(Younis U. u ap., 2020).

Younis U. u ap. (2020) crpynmupoBanu 13 000 oT3BIBOB (UETHIpE pa3HBIX
Ha0opa JIaHHBIX ), CPABHUBAIOIIUX J[BA TPOJIyKTa, B TPU KJlacca: MOJI0KHUTEIbHBIC,
OTpHUIaTeIbHBIC U HEUTPATbHBIE, & 3TH KIACCHI, B CBOIO 0YePelb, OBLIH pa3/eIeHbI
Ha JeBiATh Tpynn. s aHammsa coOpaHHBIX M 00pa0OTaHHBIX KOMMEHTapHEB
WCTIONTb30BAIMCHh MOJIENTH MAllIMHHOTO 00y4eHus, a uMeHHo Random Forest (RF),
Naive Bayes (NB), Logistic Regression (LR), Support Vector Machines (SVM),
K-Nearest Neighbors (KNN), Decision Trees (DT) u Gradient Boosting Machines
(GBM). B 3aBucumocTtu ot Habopa maHHbIX, RF mokazan HantydInue pe3ynbTaThl.
F-Mmepa nokazana pe3ynbsrarsl B fuano3one ot 90 10 99%.

Anroputm K-Nearest Neighbour (KNN) cumTaeTcss MeTOIOM MaIIMHHOTO
0Oy4eHHs, KOTOPBIA HCHONB3YeTCs MAJIsi pelleHusl 3ajad KiaccuDUKauu |
perpeccuu. OH monaraeTcs Ha U0 O TOM, YTO WICHTUYHBIE TOYKU JAHHBIX OYIyT
WMETh OJJMHAKOBBIE CBOMCTBA WJIM 3HAYCHHUSI.

B mponecce obyuenust monenu anroputm KNN cymmupyer Bce oOyuaromme
JaHHBIE B BHUJE CCHUIOK. B MpPOTHO3MPOBAHWM OH WCIONB3YeT BHIOpaHHBIN
MoKa3arenb PacCTOSHHS, TakKOM KaK EBKIWJOBO PACCTOSHHE, M BBIYUCISCT
pacCTOSTHUE MEX/y UCXOTHBIMHA TOYKAMH BBOJA M IPUMEPAMU O0yUEHUSI.

Younis U. u ap.(2020) npumennnu anroput™m KNN k 4 paznuaabiM Habopam
JaHHBIX, B pe3ynbTare F-mepa nokasana 3nauenue ot 63 1o 70% B 3aBUCHMOCTH
0T HaOOPOB JTAHHBIX.

B nccnenoBanusix, MpoBeACHHBIX B 001aCTH aHAJIN3a CPABHUTEIBHBIX MHEHHIA,
WCTIONTb30BaHUE KOMOWHAIINY JIBYX OCHOBHBIX METOZIOB, B YaCTHOCTH, OCHOBaHHBIX
Ha NpaBUJIax ¥ METOJOB MAIIMHHOTO OOYYEeHHs, ITOKA3aJI0 XOPOIINE MOKA3aTeIH.
AHanmu3 CpaBHHUTEIBHBIX MHEHUW TIPOBOIWICS HAa AHIJIMHCKOM, KHTaWCKOM,
KOpPEHCKOM sI3bIKaX W MPOBOJMTCS HAa JAPYIHX si3blkaX. Ha Ka3aXxCKoM sI3bIKe
HUMEIOTCS UCCIIeI0BATENbCKUE PaOOThl IO CEHTUMEHT-aHaJIu3y MPSIMbIX MHEHHN
Y OT3bIBa, OJTHAKO MCCIIEIOBAaHUI M0 aHAIN3Y CPaBHUTEIbHBIX MHEHHUW M OT3hIBA
MPAKTUYECKH HET.

3aki0ueHue

AHaaM3 CpPaBHUTEIbHBIX MHEHHH — 3TO OBICTPO pa3BUBAIOMIAsICS 00JIACTh
aHaJM3a €CTeCTBEHHOTI'O SI3bIKa, BasKHAS JIJIsl MHOTHX Pa3JInUHbIX cdep odliecTna.
[Tytem momcka m 00pabOTKM TaKWX MHEHWH MPOM3BOIWTENH W HCCIEAOBaTENN
TOBapoOB W YCIyr (OPMHUPYIOT TPEACTABICHUE O MPEINOYTCHUSX M MHEHHSIX
JIIONEN.

[TonBonst UTOTH, MOYKHO CKa3aTh, UTO MPOIECC — OT MTOMCKa, cOopa 1 00paboTKH
JAHHBIX 70 MoOJeNieil MallMHHOTO OOy4YeHHsI — MOKa3bIBACT CIOXKHOCTh aHaIu3a
CPaBHHUTEIbHBIX MHCHHI.
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OO6nacte TpPUMEHEHUS CPaBHUTEIBHBIX MHEHHH OOIIMpHA, 3arparuBas
pasnuyHble OONMACTH, TAaKWe Kak IMPOU3BOJICTBO TOBAPOB M YCIYTH, a TaKxke
YIpaBJICHUE OT3bIBAMU ITOTPEOUTENCH.

[Tyrem 00OpaOOTKH CPaBHUTEJIBHBIX OT3BIBOB MOTpEOUTENICH, TPOU3BOAUTEIN
ONITUMH3HUPYIOT pa3paboTKy NPOAYKLUH, TOTOBSIT KOHKYPEHTOCIIOCOOHBIE TOBAPHI
W YCIIYTH, TOBBIIIAIOT CIPOC Ha TOBAp.

Kak u B nmpyrux HampaBieHHsIX 0OpaOOTKM €CTECTBEHHOIO s3bIKa, B 3TOU
obnacti ecTb NpoOseMBbl. /IBYCMBICIEHHOCTh €CTECTBEHHOTO SI3bIKa, OMIMOKH,
pa3HooOpasue eCTeCTBEHHOTO SI3bIKa, KAY€CTBO TEKCTA U IIYM B JAHHBIX SIBISIOTCS
Oapbepamu, TPeOYIOIINMHU HCCICIOBAHUI.

B 3T01i cTaThe MBI pacCMOTpENH NMpoLecc 00padOTKH CPABHUTEIBHOIO MHEHHUS,
METObl U HWHCTPYMEHTBI, & TaKKe IMPOBEACHHBIC HCCIEAOBATEIbCKUE PAaOOTHI
[0 aHAJIM3y CPaBHUTEIHHOTO MHEHHUS Ha AHIVIMMCKOM, KOPEHCKOM, KHUTaiCKOM
SA3BIKAX.

B nanpHeimem Hare uccienoBanue OyeT HaIpaBIeHO HA U3YYEHUE METONOB
W aJITOPUTMOB JJIsl U3BJICUECHUS CPAaBHUTEIBHBIX KOHCTPYKIMH Ka3aXCKOTO SI3bIKA.
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Abstract. This article presents an improved method for accurate pupil detection,
the purpose of which is to increase the accuracy and efficiency of pupil localization
in real time using modifications of the traditional Hough transform. This method
includes additional ellipse matching and data rounding, which improves the overall
characteristics of the algorithm compared to classical approaches. The Hough
transform is traditionally used for shape detection, but its application can be
difficult due to the high computational complexity, especially in real-time image
processing conditions.

The initial stage of the algorithm involves using the minimum mean gray
method to approximate the inner edge of the pupil, which is a less computationally
expensive approach for initial localization. After that, the inner edge is extracted
and precisely localized using the center compensation method, which allows you to
accurately determine the position of the pupil in the image. To determine the location
of the outer boundary of the pupil, a rough localization is first performed based
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on approximate radius compensation. Then, using an algorithm for approximate
compensation of the center of the circle, the exact localization of the outer edge
is performed. This two-step approximation allows you to significantly reduce the
number of calculations required, reducing processing time without loss of accuracy.

The experimental results obtained during the study confirm that the proposed
method not only improves localization accuracy, but also significantly increases
productivity compared to traditional methods. Thus, this approach can be effectively
used in various applications requiring fast and accurate image processing, such as
biometric identification systems and various types of security systems where the
speed and reliability of image recognition are important.

Keywords: pupil localization, iris recognition, Hough transform, minimum
mean gray, center compensation.
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Annoranus. by makanana noctyp:rii Xad TypraeHaipyiHiH Mo UKAIHSIIAPBIH
naiianaHa OTHIPBIN, HAKTHI YaKbITTAFbl HYPJIbI KAOBIKTBIH JIOKAJTH3AIHSIAYIbIH
JIOIJITT MEH THIMJIUTITIH apTThIpyFa OarbITTaiFaH HYPIbl KAOBIKTHI aHBIKTAY/IbIH
KETULMIPIITEH JIONI 9JiCI YCHIHBUIFaH. ByJl oficke KIIACCHKANBIK TOCLIIEPMEH
CANBICTBIPFaH/Ia aJNTOPUTMHIH JKajlbl OHIMIUIITIH JKaKCcapTaThlH KOCKIMIIA
AIITUIICTIK (PUTHHT JKOHE JAepeKTepii JaeHrenekrey kipemi. Xad TtypieHmipyi
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JIOCTYPJl TYp/e MMIiHAI aHBIKTAy VIIH TaiIataHbuiajpl, Oipak OHBI KOJJIaHy
OHBIH OFapbl €cernTey Kypaeniiirine OailnaHpICTbl KUBIH OOTybl MYMKIH, ocipece
HAKThl YaKbITTaFbl KECKIH1 OHJICY OpTalapbIHa.

AnroputMHIH OacTanmkpl KaJaMbl KapamIbIKTBIH IITKi KHETiH JKyBIKTAy YIIiH
MUHUMAIIJIBI OpTallia CYp SIiCTi KOIAaHY/Ibl KAMTH/IBI, OYJ1 OaCTaIKbl JTOKAIN3aIUs
YIUiH ecenTey TYpFbICHIHAH ap3aHblpak omic. ComaH KeWiH iMIKi JKHEK ajbIHabl
YKOHE OPTAJIBIK KOMITEHCAITUS d/1iCi aPKBLIbI 191 JIOKAIM3alMsIaHa b, Oyl CypeTTe
KapamIbIKTBIH HAKTHl OPHBIH aHBIKTayFa MYMKIHIIK Oepemi. KapamrbIKTeIH CHIPTKBI
IIeKapachlH aHBIKTAy YIIiH aljbIMEH [IaMaMeH pPaJHyCThl ©Teyre HeTi3IeNreH
epecKe Jokanu3anus skacanaabl. ComaH KeliH, IaMaMeH MIeHOep OpTaIbIFbIHBIH
©TEeMaKbl aJITOPUTMIH TaijanaHa OTBIPBII, CHIPTKBI KHEKTiH J9J JOKAIU3aUSICHI
opbIHaNaabl. By eki carbUibl JKYBIKTAy JOJJIKTI JKOFANTIIall OHJICY YaKbIThIH
KBICKapTa OTBIPHITI, KAKETTI €CenTeyIIep CaHbIH Al TapIIbIKTal KBICKAPTYBl MYMKIH.

3epTTey HOTIDKECIHAE allblHFAH HKCICPUMEHTTIK HOTHIKEIICD YCHIHBUIFAH
oJIiC JIOKAJIM3ALUSHBIH JQJIIITH )KaKCAPThIN KaHa KOWMMaM, J9CTYpIi 9liCTepMEH
CaNBICTBIPFaH/Aa  OHIMIUIIKTI  aWTapiabIKTall  JKaKCapTaThIHBIH  pacTaubl.
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KYHenepiHiy opTypiii TYpiepi CUSKTBI KECKiH/1 KbUIIAM KOHE JIoJI OHACYAl KakKeT
eTeTiH 9PTYpJIi KoimaHbaxapia THiM/Ii KOJIaHbLTYbl MYMKIH.
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AnHoOTauusl. B JaHHOW cTarke TPENCTAaBICH YCOBEPLICHCTBOBAHHBIM
METOJl TOYHOTO OTpENeNCHHs 3payka, Lellb KOTOPOrO — IOBBICUTH TOYHOCTH
U 3PQPEKTUBHOCTh JIOKAIM3AMH 3payka B pEallbHOM BPEMEHH, HCIIONIb3Ys
MoardUKaUK TPaIULMOHHOTO Mpeodpa3oBaHus Xada. ITOT METOA BKIIOYAET B
ceOs1 TOMOTHUTENBHBIN MOA00P MO AIUIUIICY U OKPYIJIEHHE JaHHBIX, YTO [TO3BOJISET
YIAYYLIUTH OOIIUE XapaKTEPUCTHKH JITOPUTMa MO CPABHEHMIO C KIIACCHYECKHUMU
noaxonamu. IlpeoOpazoBanume Xada TpaJULMOHHO  HUCIOIB3YeTCS  JUIs
oOHapyxeHust HOopM, HO €r0 IPUMEHEHHE MOKET OBITh 3aTPYAHEHO U3-3a BHICOKOH
BBIYUCITUTEIBHON CIIOKHOCTH, OCOOCHHO B YCIIOBHSX 00paOOTKH M300paKeHUH B
pearbHOM BpEMEHHU.

HcxonHplil Tam anroputMa BKIIOYAET MCIOIb30BAHHE METO/Ia MUHUMAIBHOTO
CpelHEero ceporo s MPUOIM3UTENIBHOTO ONpENeseHHs] BHYTPEHHETO Kpas
3padka, 4To MPECTaBIsIeT COOOH MEHee 3aTPaTHBIHM 10 BBIYUCICHUSIM MOJXO IS
MepBOHAYANIBHON JIOKanu3anuu. [locie 3Toro BHyTpeHHUH Kpail W3BJieKaeTcsl u
TOYHO JIOKQJU3YEeTCs C MOMOIIBI0 METOJa KOMIIEHCAIIUU LIEHTPa, YTO TO3BOJISIET
TOYHO ONPEACINUTH TOJIOKCHUE 3pauka Ha uzoOpaxeHuu. /s ompeneneHus
MECTOTIOJIOKCHUSI BHELIHEH TpaHUIbl 3payka CHadaja NPOBOAUTCS Tpydas
JIOKaJM3alusi Ha OCHOBE NPUOIM3UTENILHOW KOMIIGHCAMM pajuyca. 3areM,
WCTIONIB3Ysl aJTOPUTM TPUONM3UTENFHON KOMIICHCALUM LEHTPa OKPYKHOCTH,
BBHIMONTHACTCS TOYHAs JIOKAIM3alUsl BHEIIHEro Kpas. OTO JByXdTaIllHOE
NpUOIIKEeHNE TIO3BOJISIET CYHIECTBEHHO YMEHBLIMTH KOJIMYECTBO HEOOXOTUMBIX
BBIYUCIICHHH, COKpalas BpeMsi 00paboTku 6e3 oTepH B TOYHOCTH.

OKCHepUMEHTaNIbHBIE pE3yNbTaThl, IOJYYCHHBIE B XOJE HCCIIEIOBAHUS,
MOATBEPKAAIOT, YTO TNPEIVIOKCHHBIH METOA HE TOJBbKO YIydllaeT TOYHOCTh
JIOKaJIM3alluH, HO ¥ 3HAYUTEIBHO MOBBIIIAET MPOU3BOJUTEIBHOCTD IO CPABHEHHIO
C TPaJMLMOHHBIMH MeTOoJaMH. TakuM 0o0pa3oM, JaHHBIH MOAXON MOXET OBITh
3 PEKTUBHO HCIONB30BaH B PA3IMUYHBIX NPHIOKECHUAX, TPeOYIOMMX OBICTpOH
U TOYHOM 0OpabOTKH HM300paKEHH, TaKWX KaK CHUCTEMbl OHMOMETpUYECKON
WACHTHU(GHUKALUH U Pa3IMYHbIC BUABI CUCTEM 0€30I1aCHOCTH, /1€ BaYKHA CKOPOCTh U
Ha/IC)KHOCTDH PACIO3HABaHUS N300paKEHHH.

KiioueBble ciioBa: nokaau3anus 3pavka, paclio3HaBaHKE Pagy KHOW 000JI0UKH,
npeoOpa3zoBanue Xaha, MUHIMAIBHOE CPEAHEE cepoe, KOMIICHCAIMSI LICHTPa.

BBenenune
Pacnio3HaBanue paayxkHOM OOOJOYKH Tia3a NPEACTABISET COOOW METOoJ
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WACHTHU(HKALMY, OCHOBaHHBIH Ha Owomerpuu. [lo cpaBHEeHHIO € ApyruMu
OMOMETPUYECKMMHU METOJaMH, TAKUMH KaK OTIECYATKH NaJbLEB M paclo3HaBaHUE
JIMLI, paclio3HaBaHUE Paay>KHOH OOOJOYKHM OTIAMYACTCS BBICOKOH TOYHOCTBIO U
Ha/ICKHOCTBIO Onarofapsi CBOeH YHHKaJbHOCTH, CTAOMIBHOCTH, 3alUILEHHOCTU
n OecKOHTAaKTHOCTH. [lo3TOMy 3Ta TEXHOJOrHMs CUYHMTAETCsI OMOMETPUYECKON
C BBICOKOH HCCIIEIOBATENILCKOM HEHHOCTBIO M IEPCHEKTHBAMH MPUMEHEHUS
(Daugman, 1993; Szymkowski, u ap., 2021; Cao, 2023; Talab, u ap., 2020; Singh,
u ap., 2020; Van Jaarsveldt, u mp., 2023).

Jlokanuzamust pagykKHOM OOOJOUKH SIBISICTCS Ba)KHBIM 3TalloM B IIpOLiEcce
pacrio3HaBaHus paLyKHoi 000m0uky. Ee 1ienbio siBisieTcsi onpeniesieHie BHy TPEHHUX
W BHEIIHUX TPaHUL PATY’)KHOM OOOJIOUKH, TOYHOE BBIACICHHUE OCOOCHHOCTEH
obnmacTu pagyXKd M 0OOecledeHHE TOYHOCTH KOIUPOBAHUS M COIOCTABICHUS
pe3ynsraToB. B mpakTHYeckoM NMPUMEHEHHMH JIOKAJIM3aLusl palyKHOH 000J0uKH
CTaJIKUBACTCS C TPYAHOCTSIMH M3-3a TAKUX (DAKTOPOB, KAK BOJIOCHI, BEKH, PECHHUIIBI
1 CBETOBBIC IISITHA, & TAKXKE U3-3a PA3MBITOTO BHEIITHETO Kpast pagyKku. TexHomorus
pacro3HaBaHusl paay>KHOH 000JIOUKH €IIe NMEET MHOKECTBO HeloCTaTKoB. TouHoe
MO3ULIMOHUPOBAHUE PALy’KHOH 0OOIOUKH UTPacT KIIOYEBYIO POJIb B M3BICUCHUN
XapaKTEPUCTHK, CBSI3aHHBIX C JIOKAIM3ALUEH, YTO 0COOCHHO BaXKHO JUISI TOYHOTO
KOAMPOBaHMS M COINOCTABICHUS pe3yabraroB. HeoOXoauMo TOYHO ONpEeAeiIuTh
XapaKTePUCTHKH OOJIACTH, B KOTOPOW HAaXOOUTCS pamykHas 000JI0UYKa, 4TOOBI
o0ecreunTh TOYHOCTh KOAMPOBAHMS M COMNOCTAaBICHHMS NpPU Paclo3HaBAHUU
panyxHoil o0omouku. OnpeneneHue MECTONONOXKEHUS PagyKHOW 000J0UKH
SBISICTCS. KPUTUYECKH BA)KHBIM ATAllOM B MPOLIECCE PACIIO3HABAHUS PaLy>KHOU
000JI0UKH.

K uncny kiaccHdeckux ajaropuTMOB JIOKAIM3ALUM  PAgYyKHOM 000JI0UKH
1a3a OTHOCSTCA JoKaiu3auus no [layrmany, JOKalu3alusi ¢ HCIOJIb30BAaHHEM
npeoOpazoBanus Xada (HT) u nokanuzauus no Yaitnacy (Malgheet, u ap., 2021;
Nanayakkara, 2020). CkopocCTb JTIOKaJIM3aI[iK aNropuTMa o JlayrMany orpaHuyeHa
JIMana3oHOM IOWCKa, KOTOPBIA OMpenessieTcs ero OKPYXHOCThIO. Brimonnenne
100aIbHOTO MTOUCKA N300PaKEHUH B 3TOM CITydae MOXKET TPUBECTH K 3HAYUTEIbHBIM
BBIYUCIUTEIBHBIM 3aTparaM. AJNTOPUTM JOKAIN3alUi Ha OCHOBE MTPeo0pa3oBaHus
Xaga npenbsBIsSeT BHICOKHE TPEOOBAaHMUs K KaueCTBY M300pa)KeHUs U TpeOyeT
YETKHUX KOHTYpOB Irpanull. B ciyuae pa3mbITHst H300paskeHHs TPH PUKCHPOBAHHOM
(okyce, TOUHOCTh ONPEACICHUS TPAHUI 3HAYUTEIBHO CHIKACTCH.

ANTOPUTM JIOKaIW3aluK Yaiijaca MpeAcTaBiseT coOOH METOA JIOKaTu3alun
pany)Hoil 000JIOYKH TIJ1a3a, OCHOBaHHBIA Ha mpeoOpasoBannn Xaga. Oba 3THX
anropuT™Ma TpeOyIOT CIOKHBIX BBIYMCICHUH, 3aHMMAIOT MHOTO BpPEMEHH U HE
MOTYT 3PPEKTHBHO PYHKITMOHUPOBATH NP HATUYHU (PAKTOPOB HHTEP(EPEHITHH,
TaKUX KaK PECHUIIBI U CBETOBBIC IISITHA.

B mocnemHue roasl MHOTHE YYEHBIE AaKTHBHO WCCIEIOBAIM aJITOPUTMBI
JIOKAIIM3alluu paaykHOH o0omouku rimaza (Gautam, u np., 2020; Jan, u ap., 2021).
AJTOpUTM JIOKaJIM3aLNH pasLy’KHOH 000I0YKH, OCHOBaHHBIN HA METIKOMACIITaOHOM
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morcke (SSS) (Min-Allah,. u np., 2021).

OTOT  alropuTM  CHHXKACT  «CJEMOTY» TIOMCKa C  HCHOJNb30BaHHUEM
npeoOpazoBanust Xada, ymMeHblIas IHana3oH IOHCKAa LEHTPOB BHYTPEHHEH W
BHEIIHEH OKPY>KHOCTEH, UTO yaydIIaeT IPOU3BOAUTEILHOCTD B pEalbHOM BpEMEHU
W TIOBBILIAET YCTOMUYMBOCTH K TMoMexaM. TeMm He MeHee, ero 3(QeKTHBHOCTH
B peaJbHOM BpeMeHH ocTaercsi HemocrarouHod. Kommanust Li omyOnmukoBana
ITOPUTM JIOKAJIM3alMK Paay>KHOH OOONOYKH IVla3a, OCHOBaHHBIM Ha 00JacTH
nntepeca (ROI) (Xiong, u ap., 2021).

Hns  ompeneneHdss — TpaHHMLl  Pagy)KHOM  OOOJNOYKH  MCIOJIB3YeTCs
YCOBEPLICHCTBOBaHHBIM anroput™ Jlayrmana, KOTOphI obOecreunBaeT Oosee
TOYHOE ONpeAeeHue rpanul kpyra. OqHako, HECMOTPSl Ha 3TO MPEUMYLIECTBO,
ITOPUTM XapaKTepU3yeTcs HU3KOU MPOU3BOAUTEIFHOCTBIO B PEKUME PEalbHOTO
BPEMEHHU. YCOBEPIICHCTBOBAHHBIH aJITOPUTM MO3MLMOHUPOBAHUS PaALYKHON
000JI0YKH, OCHOBaHHKIN Ha ontumu3alu pos yactull (PSO) (Wenyu , 2020).

OTOT aJrOpuTM ONpEHeNsIeT MECTONONOKEHHE BHYTPEHHMX M BHELIHHMX
KpaeB pagykKHOH 000J0UKU C Ucmoib30BanueM anroputma [PSO, uto mo3Bossier
JOCTUraTh XOPOLIMX PE3YyJIbTaTOB KaK B PEXHMME PEalbHOrO BPEMEHM, Tak M C
BBICOKOM TOYHOCTBIO ompezaeneHus: mecrononoxenus (Wang C. u ap., 2020).
OnHako MeToJ| YCTpaHEeHHMs LIymMa Iepel] BHEIIHEH JOKanu3aluel paryKHOH
000110uKN He sBIsieTcs HaAeKHbIM. C OBICTPBIM pa3BUTHEM HayKH M TEXHUKH
CBEPTOUYHBIC HEHPOHHBIE CETH Havyald MPHUMEHATHCS B 00JACTH paclo3HaBaHUS
n300paXeHUH C LEeIbI0 TMOBBIMICHUS TOYHOCTH M 3 dexTuBHOCTH. OOydyeHus
CBEPTOUYHBIX HEHPOHHBIX ceTeil TpeOyeT OoNbIIoro oobemMa 00yJaromuX JaHHbIX,
n Jo0aBlieHHE AaHHOTALMH BPYyYHYIO TpeOyeT 3HAUMTEIbHBIX BPEMEHHBIX U
SHEPTreTHYECKUX 3aTpar, 4To MoOykaaeT OOJIbIIEe YHCIIO YUYEHBIX HCCIEAOBAaTh
MeTob! yayumenus ¢ dexra nozunuonuposanus (AlRifaee, u ap., 2024; Sun, n
ap., 2022; Omelina, u np., 2021).

ANTOPUTM ONpEAETICHUSI TPaHMUL PATYKHOH OOOJIOYKH, OCHOBAaHHBIM Ha
KOMIICHCAIIUM BTOPUYHOTO KpYra, KOTOPBI HCHONB3yeT NPHOIN3UTEIBHYIO
KOMIICHCALMIO paAnyca U LIEHTpa AJIs ONIPEACITICHUS MECTOTIOJIOKECHHUS BHYTPEHHUX
W BHELIHMX KpPaeB Paay>KHOH OOONOYKH. XOTS 3TOT METO[ YAYYIIWJ TOYHOCTH
MO3ULIMOHUPOBAHUSI U TPOU3BOIUTEIBHOCTh B PEaJIbHOM BPEMEHH, OH BCE €IIe
CTaJIKMBACTCSl C OTPAHUYCHUSIMUA IIPU ChEMKE B HEONAromnpHsATHBIX YCIOBHAX
(Balasubramanian K.S. u gp., 2023).

B crpemienun Kk co3manuio OoJjiee TOYHOTO ajropuTMa JIOKaJu3aluu
pamyHOil 000J0YKM OBUI YCOBEPIICHCTBOBAH METOA M MPEIJIOKEH alTOPUTM
toynoro omnpeneneHust 3padka (DCC), ocHoBaHHBIM Ha npeoOpazoBanuu Xada
B COYECTAaHMHM C TMOATOHKOH IO 3JUTMUIICY M KPYTOBOM KOMIIEHCAlMEH JaHHBIX.
OKCHEPUMEHTBI TOKa3bIBAIOT, YTO 3TOT METO/, OCHOBAHHBIH Ha TPAaAMLHUOHHOM
npeoOpazoBannu Xada u yIydlIeHHBbIH ¢ TOMOIIBIO KBAAPaTUYHONW KOMIIEHCAINN
JAHHBIX, COXpPaHSET IepBOHAYalbHbIC NpPEUMYILECTBa NpeoOpaszoBaHus Xada,
3HAUUTETBHO COKpalas o0beM BBIUMCICHUN M Oecrone3Hoi uHdopmanuu. 310
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MO3BOJIICT MOBBICHTH TOYHOCTh JIOKAJIHM3AlMU B PEKUME PEATBHOTO BPEMCHH.
I'panuibl pamyKHOM OOOMOYKH MPECTABISIOT COOOM JiBe MPHONHU3UTEIHHO
KOHI[CHTPUUYECKUE OKPYKHOCTH, MOJOKEHHE KOTOPBIX OIMPEACTSICTCS OICHKOU
KOOpAMHAT IEHTpa M pajJdyca BHYTPEHHHUX W BHEIIHHX OKpYXHOCTed. B
TPaIUIIMOHHOM MpeoOpa3oBaHnn Xada Kaxaas TOuka Ha M300paKCHUU JO0JIKHA
paccMarpuBaThCs Kak IMOTEHIMATBHBIA IIEHTp OKpykHOCcTH. Kpome Toro,
KaXJ1asi TOUKa, 3HAUCHHE CEPOro KOTOPOH paBHO | (Hampumep, TOUKa HA TPaHUIIC
M300paXKEHUS MOCIIE ONMPEACTICHUS Kpasi), MPUHUMACTCS 38 TOUKY Ha OKPYKHOCTH.
OKpYXHOCTh OIpENeNsIeTcss Ha IUIOCKOCTH IapaMeTpoB ITyTeM HTEpaluud OT
MAJIOro pajnyca K OONbIIIOMY.

JIns pacmoioKeHHsT HECKONBKHX TOUeK Ha TIUIOCKOCTH X-Y HE0O0XOIUMO
CO3/1aTh TPEXMEPHYIO MIOCKOCTh X-Y-R, 4TOOBI OHH COOTBETCTBOBAIM HEKOTOPHIM
OKpPY>KHOCTSM Ha 3TOH IUIOCKOCTH. DTOT METOJ 3aHMMAaeT MHOTO BPEMEHH U
OTJIMYACTCS HU3KOH HAJISKHOCTBIO, TAK KaK Ha Pe3yJIbTaThI TOJITOHKHU BIUSIOT TAKHE
HECYIIECTBEHHBIC (JAKTOPHI, KAK OKPYKHOCTh 3padka M COCTOSHUE BEK M PECHHIL.
[TosTOMyY OBLT KMCMONB30BAH METO| MPUOIM3UTEILHOW KOMITCHCAIMU paauyca U
MPUOTM3UTENBHOW KOMITCHCAIIMH [IEHTPa B COYETaHHUU ¢ mpeodpasoBaHreM Xada
JUIS OTIPEJICTICHUST MECTOTONIOKEHHUSI BHYTPEHHUX U BHENTHUX KPAeB pPaayKHOU
000JIOUKH.

[pubau3uTe/bHASI KOMIIEHCALUSI PaAnyca

Jlokanu3arus paxykKHOH 00OOJIOUKH IJ1a3a BaKHA JUISl ONPEAEICHHS IIOCKOCTH
N300pakeHUs KIIOHUPOBAaHUS OKpYXHOCTH (TockocTr XY). Bee Toukn, BKirogast
IPaHUYHBIC TOYKU CO 3HAYCHUEM CEPOT0, PABHBIM 1, Ha M3BJICUEHHOM H300paKEHHN
Kpasi, 33/1a10TCS KaK OKPY>KHOCTH, P 3TOM To4Ka (X, Y) SBISETCS OHOM U3 TaKUX
Touek. Ecim Touka HaxXomuTcs Ha OKPYKHOCTH, OHA YIOBJIETBOPSET YPaBHEHHIO
okpykHOCTH (ypaBHeHHE 1).

2 2 _ .2
(x—x0)"+ @ —y)=r

rae:

X My - KOOPJMHATHI JIF000H TOYKU HA OKPYKHOCTH,

X, ¥ Y,- KOOPJMHATHI LICHTPa OKPYKHOCTH,

T - PaJnyC OKPYKHOCTH.

B wuccienoBaHuu JOKaIM3alMKU Kpask paay’KHOHW OOOJOYKH TJaza, LEHTP M
pagnyc OKPY>KHOCTH HCIOJIB3YIOTCS JIJISl ONPEACICHUs TPUOIMKESHHO HCaIbHOM
okpykHOCTH. OJIHAKO B pealbHbIX YCIOBHSIX TaKas OKPYKHOCTb SIBISICTCS
TOJILKO TPUOIU3UTEILHO HJICATbHON H3-32 HEOOJBIIUX OTKIOHCHUH B JIJIMHE
OKPYKHOCTH MEXK]y MPHOIMKEHHO UACATBHON U HeallbHON (HOpMOii Kpyra. DTo
OCOOCHHO aKTyalIbHO JJIsi BHEIIHETO Kpasi pajayXKHOH 00OJIOUKH, KOTOPBIH MOXET
HE COOTBETCTBOBATh WJICaTbHOMY Kpyry. EcCiM BHYTPEHHHUH M BHEUIHWH Kpas
paayXHOI 00OJIOYKH OIICHUWBAIOTCS KAaK WACANBHBIA KPYyT, HCKOTOPHIC TOYKH, HE
COOTBETCTBYIOIIIME ITON KaTeropuu, MOTYT OBITh yHyIIeHbl. Takum oOpa3oM, He
BCE TOYKH TI0 KPaIo PaJly’KHOU 000JIOUKHA MOTYT OBITh aJIeKBAaTHO 3a(hMKCUPOBAHBI
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Ha MPEeAIoIaraeéMoii OKpy>KHOCTH, YTO BeJIeT K OIIMOKaM B JIOKAIU3aIuu Kpas. J{ms
KOPPEKTUPOBKHU 3TOH MPOOIEMBI IPUMEHSIETCS METO/I KOMIICHCAIIUU PACCTOSHUS,
KOTOPBIH OTIpeAesIsieT MPUEeMIEMOCTh TOUKU Ha OKPYKHOCTH Ha OCHOBE CIISTYIOIINX
ycioBuii (ypaBHEHHE 2).

[(x = x0)* + (v —yo)? —1?| < ¢

rae

(X, y) - KOOpAMHATHI pacCMaTpPUBAEMOI TOYKH Ha KPalo paay>KHOH 000JI0UKH,

(X, Y,) - KOOPIMHATBI IEHTPA OKPY’KHOCTH,

T - paJyc OKpY>KHOCTH,

€ - IIOPOrOBOE 3HAYEHHE, KOTOPOE OIpENeNsieT OOIyCTUMOE OTKIOHEHHUE
OT WAEaJTbHOM OKPY)KHOCTH, YUYHMTBHIBAas HEMOJHYIO HACAIBHOCTb OKPY>KHOCTH
panyHOi 000JIOUKH.

Cunraercs, YTO TOUKA pacroiaracTcs Ha IpUOIU3UTENLHON OKPY>KHOCTH, €CITH
LIEHTP 3TOH OKPYKHOCTH onpeseneH Kak (x,, y,), X, e€ paauyc pasen 1 (Gautam
G. u ap., 2020). Komnencanuonnoe pacctosiuuu € (riae € > 0) ucmonb3yercs
JUTE KOPPEKTUPOBKH 33JaHHOTO pajuyca. DTOT METOA MO3BOJIsEeT 3(PPEKTHBHO
OIIPEAEISATh NPUOIN3NUTENbHBIE TPAHULBI OKPYKHOCTH, YTO OCOOEHHO BaXKHO NPHU
HAJIMYMU OTKJIIOHEHUH OT UeanbHOU GOpPMBI KpyTa.

[lpu ananm3e KpaeB pagyKHOM  OOOJOYKM  HPUMEHSETCS  METOJ
MPUOTU3UTENBHON KOMIICHCAIIMH Pauyca, KOTOPBIH MO3BOJSIET BKIFOUATh TOUKU
Kak B IIpeJesax Juana3oHa HIeaJbHOW OKPY)KHOCTH, TaK WM 3a €ro NpeneiamH,
€CJIM OHH JIEMOHCTPHPYIOT HEOOINbIoe yrimyOieHue. DTOT MOIX0]] CIIOCOOCTBYET
MaKCHMaJIbHOW KOHIICHTPALUK TOUYEK, PACIIONIOKEHHBIX Ha BHYTPEHHEM 1 BHELITHEM
Kpasix pagyXku. TakuMm oOpa3om, MeTol 00ecIeurBaeT MOBBIIICHHYIO TOYHOCTh
B OIPEJCIICHUU TPAHUI] PATYKHOW OOOJOUKH, MHHUMU3UPYS BIIMSIHHE TaKHX
(bakTOpOB, KaKk HEUAeaTbHas OKPYITIOCTh Py KU U IEPEKPHITHE €€ Kpas BEKOM.

Jlokamuzauus pany:xHoii o0osouxku. IlpexBapurenbHasi 00padorTka
U300paxkeHni

[lepen mnpuMeHeHHEM alroOpuT™Ma JUIS ONPEACICHHS MECTOIOJIOKEHUS
BHYTPCHHUX W BHEIIHUX KpaeB paIyKHOH OO00JIOYKH ObLIO HEO0OXOIUMO
CHHU3UTH paspelleHne H300paxxeHus pamykHoil obomouku. CoxpaHss mpHU 3TOM
XapaKTEepUCTHUKN KpaeB, YMEHBIIEHHE pa3pelieHuss W300pakeHUs paxyKHON
000J109KH B K pa3 MpUBOAMIO K COKpAIICHNI0 00beMa 00pabaThiBaeMbIX JTaHHBIX
10 1/k? ot ucxoaHoro 006bemMa JTaHHBIX.

Pucynok 1. CpaBHEHHE HCXOAHOTO H300paKeHHUS paly’KHOH 000JI0UKH 1 N300paKEHHS
pamy)HO# 000J0YKH C TOHMKCHHOM AUCKPETU3AINCH
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YMeHblIeHHE pa3pelieHust N300pakeHusT palyKHOH 000704k 0€3 CHIKeHHUS
BBIOOPKM CYILECTBEHHO CHHU3WJIO BBIYHUCIUTEIBHYIO CIIOXKHOCTH 00paboTKu
nzo0paxenus. Kpome TOro, CHmwXEHHE pa3pelIeHUs] I03BOJMIIO YAAJIHTh
3HAUUTEIIbHYIO YaCTh HHTEP(EPEHIMOHHON HH(OpMALNK, TAKOH KaK BHYTPEHHSIS
TEKCTypapaay>KHOH 000JI0UKH U PECHULIBI, YTO YMEHBIIHIIO KOJTMYECTBO MEILIAIOIINX
3JIEMEHTOB TPH MOCIEIYIOUIeH JIOKaTU3aluy U TTOBBICHIIO TouHOCTh. Ha puc. 1A
u 1b npencrapieHsl HCXOJHOE N300paKeHUE PayKHOM 000I0UKN U H300paskeHHE
pany’KHOI 000JI0UKH MOCIIe TOHWKEHUSI Pa3peLIeHHsI, COOTBETCTBEHHO.

Jlokaju3anusi BHyTPeHHEro Kpasi pagyKKu

[eomerpudeckn 3padyok H paaykHas o000JI0UKa TPEACTaBISIIOT  coOoMn
MPUOIU3UTENBHO KOHIEHTPHUUECKHE OKPYKHOCTH C 3aMETHOHM Pa3HULEH B YPOBHSIX
ceporo ILBeTa Ha MX rpanune. binaromaps deTkoil rpaHuie MEXIYy 3padykoM U
pamy’KHOI 000JIOYKOH 1 X B3aUMHOMY PAaCIIOIOKEHUIO, MOKHO MPEABAPUTEIBLHO
OIIPEICTUTh BHYTPEHHIOIO OKPY>KHOCTB M PAJHYC PalyKHOH 000JOUKH.

IlepBoHayajbHasK JIOKAJM3ALMS 3padyKa

AHanu3 ceporo H300paKCHUSI YEJOBEUECKOrO0 IJla3a IIOKa3bIBAaeT, YTO
pacrpefieiecHHe Ceporo ILBeTa B OOJacTH 3payka SBISETCS PaBHOMEPHBIM,
a 3HauCHHE CEpOoro LBETa Ype3BbIYAHO HHU3KUM. Mcrmonb3ysh ocoOeHHOCTH
PaBHOMEPHOTO paclpeelieHHsl CEporo LBeTa B 3padkax, KOTOPbIC OTIMYAIOTCS
OT OCTaJIbHBIX YacTed pamyKHOW 00OJOUYKH, JAJsI MEPBOHAYATIBHOM JIOKAaIU3aLuu
BHYTPEHHETO Kpasi paxyXHOH OOOJOUKM MPHUMEHSIETCS METOI MHHHMMAJIbHOTO
CpEIHEro 3HAUYCHMS Ceporo IIBETA.

TouHas JoKaaU3alUsi BHYyTPEHHEr0 Kpasi pagy:KHoii 000104KH

JU71si TOUHOM JTOKATM3aIiK BHY TPEHHETO Kpast pa Iy’KHOH 000JI0UKH UCTIONB3YeTCS
METO TPHOIM3UTENBHOW KOMIICHCAIMM IIEHTpa OKPY)KHOCTH B COYETAaHHU C
npeoOpazoBanneM Xada. B mporecce mpeoOpazoBanus Xada, eciid YMCIO
CTaTUCTUYECKUX T'PAHUYHBIX TOYEK HEBEJIMKO, a JHANa30H PaJlyCoB M LIEHTPOB
Mai, TpeOyeMble BBIYHCIUTEIBHBIC PECYpChl CHIDKAIOTCS, YTO OOecHedrBacT
Oonee TouHBIe pe3ynbrarhl. [ToaTOMYy H300pakeHHe Kpas 3payka CerMeHTHPYETCS
Ha OCHOBE IIGHTpa 3payka M paauyca TpyOOH JIOKaJM3alMH, YTO IO3BOJSET
3¢ (eKTHBHO YMEHBIIUTH O0BEM BBIYMCICHUI U TOBBICUTH MPOU3BOAUTEIHLHOCTh
aJITOPUTMA B PEIKMME PEalbHOTO BPEMEHH.

«EVHINER. .
ARVETTTTNAEN ¢
" an. Bl | 3\

it g

B

Pucynok 2. Jlokanuzanuus paay>KHO#H 000JI0UKH
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Pesynbrarhl 3KCIIEpUMEHTA

Jnst oueHKH 3(GEKTUBHOCTH U OBICTPOJACHCTBUS MPEIJIOKEHHOTO JITOPUTMa
DCC B peanbHOM BpeMEHH OBIJIO MPOBEACHO AKCIIEPUMEHTAIbHOE CPaBHEHHE
HECKOJIbKUX METOJIOB JIOKanu3anuu paayxuHoit odomouku (HT, SSS, IPSO),
YIOMSIHYTBIX BO BBEJCHUU. DKCIICPUMEHTBI BBIIOJIHSUIUCH B cpeie Matlab R2016a
Ha npoueccope Intel Core 175-4200H ¢ TakToBoii uactoroit 3.4 [T,

baza nannpix CASIA-Iris v4 BKIIOYAaeT IIECTh MOAMHOXKECTB € Oojee
yem 40 000 wm3o0pakeHUU paayKHOW 000JI0uKH, cocrosimux u3 Oonee 1200
peanbHbIX n300pakeHudt U 900 BUPTyalIbHBIX. DTH H300PaXKCHHS OCBEHIAOTCS
WHPPAKpPaCHBIM CBETOM WM CHHTE3HPYIOTCSI C TIOMOIIBIO KOMIBIOTEPa, YTO
COOTBETCTBYET TPeOOBAaHUSIM HAy4HbIX MccieroBanuil. basa manneix UBIRIS v2
COZICPKUT M300pakeHHMs, CACTaHHbIE MOOMIIBHON KaMepoi ¢ OoJiee peaTnCcTHIHBIM
YPOBHEM IITyMa, HacuuThIBaromue okosno 9 000 CHUMKOB.

st obecriedeHus] JOCTOBEPHOCTU PE3YJILTaTOB dKCIEPUMEHTa U3 obenx 0a3
JaHHBIX 0bU10 0T0OpaHo 900 n300paXKeHUH, ¥ B OOLLEH CII0KHOCTH IPOTECTUPOBAHO
600 n300pakeHU# pajyKHOU 000JIOUKH I1a3a.

Ha pucynke 3 mnpexncraBieH NpuMep pe3yinbTaToB JIOKAIU3aLUM IS TPex
anroputmoB (HT, S, IPS) no cpaBHEHHIO ¢ alrOPUTMOM, ONMCAHHBIM B JaHHOU
cratbe (DCC). Ha pucynke 3A nokazansl pe3yisrarsl anroputma HT, Ha pucyHke
306 — pe3ynbrarel anropurMa SSS, Ha pucyHke 3B — pesynbTarsl anroputMa [PSO,
a Ha pUcyHKe 3T — pesyabrarhl anroputma DCC. Jlokanu3aroHHbIe PEe3yIbTaThl
JIEMOHCTPUPYIOT, YTO HEBEPHBIC JIAHHBIC, TAKHE KaK PECHHIIbI, BEKH U CKYJIbI,
3QPEKTUBHO OTQHUIBTPOBBIBAIOTCS, W TPEIJIOKEHHBIH alropuT™M 0oOecreynBaeT
OoJiee TOUHYIO JIOKATH3ALHUIO.

a) 6) B) r)

Pucynok 3. A-T, moka3aHsl pe3yabTaThl JOKATU3AIUU C PA3THIHBIMHU AITOPUTMAMH

OTtu  M300pakeHMs  IOACBEUMBAIOTCS  MH(pPaKpacHbIM  CBETOM WM
CHUHTE3UPYIOTCA C TIOMOIIBIO KOMIIBIOTEPA, M MX THIIBI COOTBETCTBYIOT
norpedHOCTSIM HayuHbIX uccienosareneil. UBIRIS v2 ucnonb3yer MoOHIbHYIO
KaMmepy ¢ OoJiee peaTuCTHYHBIM YPOBHEM IITyMa, cosfaBasi okoso 9 000 cHUMKOB.
Uto0b1 00€CTIEeYNTh JOCTOBEPHOCTH PE3YIFTATOB IKCIIEPUMEHTA, U3 ABYX HAOOPOB
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MaHHBIX ObUTO OTOOpaHo 600 w300pakeHWi, W B OOIIEH CIONKHOCTH OBLIO
npotecTrpoBano 800 n300pakeHUH paTy’)KHOM 000IIOUKH TIIasa.

Ha pucynke 3 mpencrtaBieHbl pe3yiabTaThl JIOKAJIH3AaLMH C IOMOIIBIO TpeX
anroput™moB (HT, SSS, IPSO) B cpaBuenuu c anroputmom DCC. IlpeBocxoacTso
ITOPUTMa U3MEpPSIeTCs MyTeM CPaBHEHHS BHYTPEHHEH JIOKalW3allM{, BHEIIHEH
JIOKaNn3aluu, Kpardaimero BpemeHu (Tmin), HanGombimero Bpemenn (Tmax),
cpennero Bpemenu (Tmean) m koadduumenra ycnemnoctu (SR) pasnnanbix
QITOPUTMOB  JIOKasnM3auy. KospQHUUUEHT yCHemHOCTH OnpenensieTcs o
cienyromeit hopmyine:

SR Ns
N
rae
NS - KOJHMYECTBO YCICUIHO HAWJICHHBIX HPHUCOB, - O0OIIEe KOJIUYECTBO
n300paKeHuH.

Kaxnpie 10 n3o0paxenuii n3 800 ObUTH B3SITHI B BHJIE TPYIIIBI, U PE3YIBTATHI
JIOKaJIM3aluu KaKI0r0 ajlroputMa ObUIM MPOaHaIM3HPOBaHBI, KaK MOKAa3aHO B
tabnuue 1. Pesynsrarsl mokaspiBatot, 4to anroput DCC mpeBoCcXomuT Apyrue
QITOPUTMBI 10 BPEMEHHM M TOYHOCTH JIOKanu3anuu. Ha pucyHke 3 mokazaHo
o01ee BpeMsl JIOKaTU3aluy KaKJOH TPYNIBl M300paKEHUH MPHU HUCTIOJIIb30BAHUT
Pa3INYHBIX aJTOPUTMOB.

Ta6J'II/IL[a 1- Ananu3 PE3YABLTATOB MMOSULUOHUPOBAHUSA Ka)K0ro ajJropurma

Jloxanu3zanus paay:kHoii | Auroputm | Tmin [ Tmax (mc) | T mean (mc) | Ns/uzoop. | SR (%)
000J104KH (Mc)
Jloxanuzarst HT 1.484 |5.046 2.684 1853 92.57
BHYTPEHHETO Kpast SSS 0.361 |[1.563 0.757 1876 93.78
IPSO 0.178 10.175 0.138 1910 95.48
DCC 0.078 10.075 0.054 1984 99.08
Jloxamu3anust  BHemHero | HT 1.965 |8.341 5.286 1806 90.24
Kpast SSS 0.898 |3.845 2.556 1820 90.97
IPSO 0.235 10.258 0.231 1907 95.32
DCC 0.250 10.323 0.253 1962 98.11
TTonHas nokanmu3anus HT 3.965 |12.368 7.168 1806 90.22
SSS 1.392 |4.594 3.244 1820 90.96
IPSO 0.286 0.431 0.353 1903 95.03
DCC 0.217 10.368 0.297 1965 98.12
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Processing Time for Each Algorithm

10} HT (Inner Edge)

SSS (Inner Edge)

IPSO (Inner Edge)
DCC (Inner Edge)

HT (Outer Edge)

555 (Outer Edge)
IPSO (Outer Edge)
DCC (Outer Edge)

HT (Full Localization)
S5S (Full Localization)
IPSO (Full Localization)
DCC (Full Localization)

i
MJV V\l‘

Processing Time (ms)

N

o 25 50 75 100 125 150 175 200
Iris Figure Number

Pucynok 4 - Bpemst nokann3anuy Kakaoro alropuTMa

Pucynok 6 - Heymaunsie pe3ynbTraThl JOKATA3AIIH

Bpewms noxamuzanuum anroputma IPSO cocrasnger 0.3532142 cexynasl. Ero
MoKa3aTesb ycremHocTy jokanmuszamuu (SR) pasen 98,12%, uto mpeBocxoauT
MOKa3aTeNb YCHEIHOCTH JIOKanu3aluu mpeoOpazoBanus Xada (92,57%) u
crangaptaoro IPSO (95,32%). [lpu onpeneneHur MeCTOMONOXKEHUSI BHELIHETO
Kpas yYBEJIMYCHHE BPEMEHHM NO3WIHOHUPOBAHUS OOBSCHICTCS YBEIUUCHHEM
pacyeTHON BEIMYMHBI OATOHKH 3JIJIUIICA /7Sl BHIYMCIICHHS KOMIICHCAILIMM LICHTPA.
XoTa yBeNMUEHHE BPEMEHH MO3WIMOHUPOBAHUS sl KaKAOTO M300paskeHus
MPUBOJUT K IOBBIICHUIO TOYHOCTH ITO3MLIMOHUPOBAHHUS, BpPEMs IOBTOPHOMH
MIPOBEPKU HACTPOMKH MMapaMETPOB COKPAIIACTCS, YTO AEJAaeT aJITOPUTM B LEIOM
npuemwsieMbiM. Ha pucyHke 5 mpeactaBiieHbl HEKOTOPBIC 3KCIEPUMEHTAIbHBIC
pe3ynbraTsl paboThl anropuTMa. TeM He MEHEe, COXPaHSIOTCS Cilydyad HETOUYHOU
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nokanuzaumu. Ha pucyHke 6 IMOKa3aHbl J1Ba CHHMKAa paayKHOW OOOJOYKH U
Pe3yNIBTaThl UX JIOKAJTN3aH1, AEMOHCTPUPYIOIINE, YTO METO/ MIMEET OrpaHUYCHHUS
B YCJIOBUSIX TJIOXOHW ChbEMKHU M TPeOyeT NalbHEHIINX YTy IIeHHH.

3akiaouenue

B nanHO# craThe TpeaCcTaBIEH alTOPUTM OMNpEICNICHUS TPaHUI[ pagdyKHOMI
000JI0YKHM, OCHOBAaHHBIN Ha KBAJIPATUYHON KOMITEHCAIIUN OKPYXHOCTH. Ha srame
MIpeIBapUTEIbHON 00paboTKHN M300pakeHUe PaTyKHOW OOOIOUKH TIOBEpPraeTcs
YMEHBIIEHHOW JHCKPETH3AIlMH, YTO I03BOJISET YOAIUTh OOJBIIYI0 4YacTb
nH(pOpMAIMK O TIOMEXaX BHYTPH PaJyKHOW OOOJOYKH, TMOBBINIAS TOYHOCTH U
CBOEBPEMEHHOCTH OTIPE/ICTICHHSI MECTOTIONOKEHUS. J{71s1 BHYTpEHHEeH TOKaTu3aIiuu
BHYTPEHHUH Kpall oOmpeAenseTcss NPUOIU3UTEIFHO METOAOM MHHHMAaIbHOTO
CPeIHEr0 3HAa4YeHHUs Ceporo, a 3areM TOYHO - METOJOM MPHOIM3HUTEIBHON
KOMITEHCAIH OKpPYKHOCTHU. [Ipy BHEIIHEeH ToKamu3aiy BHEIIHUN Kpall cHavyaa
orpenensiercs TPyOO METOJOM MHHUMAIBHOTO CpPEIHEr0 3HAYeHUs Ceporo,
a 3aTeM YTOYHSETCS C IOMOIIBI0 TPUOIM3UTEIHFHOW KOPPEKIMH paamyca |
TOYHOTO OTIpE/CTICHHS] BHEIIHETO Kpask METOIOM IMPHUOIH3UTEIHHONH KOPPEKIHH
OKPY>KHOCTH.

AJNTOPUTM, OIMCAHHBIA B CTaTbe, OBLI MPOTECTHPOBAH HAa M300paKEHUSIX W3
0a3b1 nanabIX CASIA-Iris v4 1 6a361 qanabix UBIRIS v2 iris. OxcriepuMeHTa bHBIE
pe3yibTaThl MOKa3aJd, YTO BEPOSTHOCTh YCIENTHOW JIOKaTU3aI[Mi COCTaBJISeT
98,12%, a cpennee Bpems nokanuzauuu - 0,297 cexkynasl. IlpousBoguTenbHOCTh
Y TOYHOCTH MPEIaraeMoro ajJropuTMa B peaIbHOM BPEMEHH MTPEBOCXOIAT IPyTHE
anroput™bl. TeMHe MeHee, IUTs 1300paKeHUH pa Ty KHOH 000T0UKH, CHTHIX BIIOXHUX
YCIIOBUSIX, BO3HUKAIOT TMPOOJIEMBl M3-32 HEJNOCTaTKa WH(POPMAIUH, CBI3aHHOW
C TIOTepell 3peHUs WU 3arps3HeHHeM. XOTs JaHHBIA METOJ He obOecriedunBaeT
BBICOKOW TOYHOCTH JIOKQJIM3AIUUA PaAYyKHOH O0O0O0JII0OYKH B HEOIArompHSITHBIX
YCIIOBUSIX ChEMKH, OH JIEMOHCTPHPYET yIyUIlIEHHBIE PE3YNbTaThl 0 CPAaBHEHUIO
C IPYTHIMH aJITOPUTMaMU. B mambHEHIINX NCCIIeIOBaHUSX €CTh BO3SMOXKHOCTH ISt
JTATbHEHTIIETO COBEPIIICHCTBOBAHUS allTOPUTMA.
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Abstract. The article investigates the features of methods of human recognition
by face image and presents a comparative analysis of these methods. The purpose
of the article is to analyze the existing methods of human recognition by face
image, to study the existing approaches to the formation of digital models and
features of the algorithmization of recognition processes, to assess trends and
prospects for the development of a new method of face recognition. The identified
features of the recognition methods allowed us to build an information model
that displays the basic methods, the features of each method and the issues that
still remain unresolved. The main line of research focuses on describing the
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human face with points that can act as anchors for comparison and subsequent
development of a numerical model. The main features of human face detailing
for subsequent identity analysis are identified. A method describing the change of
motion of fixed points (anchors) by vectors passing along some analyzed area on
the face is proposed. As an example, a three-guide approach is presented, where
the observation is performed on three points sliding along the vectors. In the final
section on the results of the study, the authors highlight the basic aspects of the
developed method and present the results of a computer experiment analyzing
the motion of the point along the vectors. Further, the changes in the position
of the point during mimic reactions are considered and a digital model of the
area with the possibility of taking into account illumination is built. The result
processing operation is performed in less than 0.001s, which allows us to speak
about a positive result with minimization of time loss during calculations.

Key words: vector enumeration, face area model, basic algorithm, recognition
information model.
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AHHOTanmus. Makanajga ajaamJel  Oer OciHECIHEH TaHy OICTEpiHIH
EpEeKIIeTiKTepl KapacThIPbUIFaH KOHE OChI JJIICTEPJIIH CaJIBICThIPMAJIBI TaJI Ay bl
Oepinren. MakanaHblH MakcaTbl-OeTTI O€WHeNey apKbUIbl aJaMJibl TaHYIbIH
KOJIJIAHBICTAFbl QJIICTEPIH Tajjay, HUQPPILIK MOJSIbACPAl KaIBIITACTBHIPYIbIH
KOJNJAHBICTaFbl ~ TOCULACPIH  JKOHE TaHy IPOLECTepiH  alrOpUTMACYIIH
epeKIIeTiKTepiH 3epTTey, OeTTI TaHyAbIH >KaHa OJCiH jkacay YVIIIiH JaMy
TEHICHIUIAPbI MEH MepClieKTUBANIApbIH Oaranay. Tany omicTepiHiH aHbIKTaIFaH
epeKIIeNiKTepi Heri3ri omicTepi, opOip SAICTIH EpeKIIEeNIKTEepiH JKoHEe ol e
LICIIIMIH TammaraH Moceleseplli KOPCEeTeTiH aKmapaTThlK MOJENBII KypyFra
MYMKIHJIiK Oep/i. 3epTTey IiH HeTi3ri OarbIThl a/JAMHBIH OCT JJINETiH HYKTEJICPMEH
cunarTayra OarbITTaliFaH, OYJI CaHJBIK MOJIENbJI CAJBICTBIPY KOHE OJaH opi
JAMBITY 12 SKOPb PeJIiH aTkapa anajbl. ColKecTIKTI opi Kapai Tajijay YUIiH ajam
OeTiHiH erKeH-Terkeilyli Herisri epekmenikrepi aHbIKTangsl. berreri keitdip
TaJlJJaHaThIH aliMaK apKblIbl OTETIH BEKTOpJIap OOMbIHINA OCKITINIeH HYKTEIEePAiH
(SIKOpBJIEPIIIH) KO3FAJBICBIHBIH ~©3TE€pPYyiH CHINATTAWTBIH OJIC  YCBHIHBLIFaH.
Mpican peTiHae BeKTOpiap OOHBbIHIIA KBIDKUTBHIH YII HYKTE apKbLIbl OakKbLIay
KYPri3iieTiH yuml OaFbITTaFrbllITHl KOJAAHATBIH TACLT KENTIpiareH. 3eprrey
HOTHKeJIepl OOWBIHINA KOPBITHIHABI OeiliMae aBTOpJap J3IpJICHIeH OMICTiH
HETi3T1 acleKTijiepiH, COHJai-aKk HYKTEHIH BEKTOpiap OOWBIHIIA KO3FallbICHIH
Tanjgay apKbUIbl KOMIBIOTEPIiK KCIEPUMEHTTIH HOTHXKENEpiH YCBhIHAABL. Opi
Kapail MHUMHUKaJIbIK peakUusuIapbl Ke3iHJe HYKTEHIH OpHBIHIAFbl e3repicTep
KapacThIPbLIAJIbI KOHE JKAPBIKTAH/IBIPY bl €CEIKE ally MYMKIHITIMEH aliMaKThIH
UUGPIABIK MOJENi KypacTblpbliaabl. HoTrkeHi eHIey OnepanusiChiH OpbIHIAY
0,001 c-Tan a3 yakpIT iOIHIE JXY3€re achIpblUiajbl, OyI ecemnTeyyiep Ke3iHie
KYMCaJIaThlH YaKbITThl a3aiTyaa OH HOTHIKE ajlyFa MYMKIiHIK Oepexi.

Tyiiin ce3mep: BEKTOPJBIK caHay, OCT aiiMarbl MOJIENII, HETi3ri aJrOpUTM,
TaHyJIbIH aKIapaTThIK MOAEC, SKOPb, TYJIFaHbl COMKECTEHAIPY.
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AHHoTanus: B crarthe wMccae0BaHbl 0COOCHHOCTH METOIOB PacoO3HABAHHMS
YemoBeKa MO HW300PAKCHUIO JIMIA W TPEACTABICH CPABHUTCIBHBIA aHaIN3
9THX MeTOJ0B. llenpi0 cTaThbM SBISIETCSA AHANM3 CYIICCTBYIOIIUX METOM0B
pacro3HaBaHus YEIOBEKAa MO W300PAKCHHIO JIUIA, U3YUEHHIO CYIIECTBYIONMX
MOIX0A0B K  (OpMHpOBaHMIO HHU(POBBIX MoOJENeH H  OCOOCHHOCTEH
AITOPUTMHU3AIMH MTPOIICCCOB PACIIO3HABAHUSI, OIICHKA TCHACHIIUN W MEPCIICKTHB
pasBUTHS IS pa3pabOTKH HOBOTO METOJa Paclio3HABAHUS JIHIl. BBIIBICHHBIC
0COOEHHOCTH METO/IOB PACTTO3HABAHMUS MTO3BOJIMIIN MTOCTPOUTEH HH(POPMAITHOHHY O
MOJI€JIb, KOTOpast 0TOOpaxaeT 0a30BbIe METOIbI, 0COOCHHOCTH KaX/I0r0 METOIa U
BOTIPOCHI, KOTOPBIE BCE €II[e OCTAIOTCS HepemeHHbIMH. OCHOBHOE HAIPABICHHE
HCCIIEIOBAHUI COCPEOTOYCHO HA OMMCAHUU YEJOBEYCCKOTO JIUIA TOYKAMH,
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KOTOPBIE MOTYT BBICTYIATh SIKOPSIMH JUIsl CPAaBHEHUSI M ITOCJICAYIOMIEH pa3padoTKu
nudpoBoit  Momenu. OrmpeneneHsl OCHOBHBIE OCOOCHHOCTH JCTaTH3alldd
YeJIOBEUECKOT0 JHIla JUIsl MOCIEAYIOIEro aHaunu3a uiaeHTuuHocTH. Ilpennoxen
METOZ, ONIMCBHIBAIOLIMNM HM3MEHEHHE JABWKECHHUSA 3a(UKCHUPOBAHHBIX TOUYCK
(stkopeil) o BeKTOpaM, MPOXOAAIIUM 110 HEKOTOPOMY aHAIM3UPYEMOMY yYacTKy
Ha Jsinne. B kadecTBe mpuMepa NMpeacTaBieH MOAXOJ C MCIOJIb30BAHHUEM TpEX
HAMPaBJISIONINX, T/Ie HAOIIOCHUE TPOBOJUTCS 110 TPEM TOYKaM, CKOJIB3SIIIIUM TI0
BEeKTOpaM. B nToroBoM pazaerne rno pesynbsraTraM UCCIIEOBAHNS aBTOPHI OCBEINAIOT
0a30Bble aCHEKThl pa3pabOTaHHOIO METOHa, a TaKXKe IPHUBOIAT PE3yIbTaThl
KOMITBIOTEPHOTO JKCIIEpUMEHTA C aHAJIN30M JBHUKEHHMS TOUYKH I10 BEKTOPAM.
Hanee paccMaTpuBarOTCs M3MEHEHHSI O3ULIMU TOYKH TPU MUMHUYECKHX PEaKIUsIX
U cTpouTcs nudpoBast MOJIETh Y4acTKa ¢ BO3MOKHOCTBIO yU€Ta OCBEIIEHHOCTH.
Brimonnenue onepanun 00paboTKH pe3ynbraTa NpoBoanuTcs MeHee, uem 3a 0,001 ¢,
YTO [103BOJISIET TOBOPUTH O MOJIOKUTEIILHOM PE3yJIbTaTe ¢ MUHUMU3ALUEH II0Teph
BpPEMEHH NP pacyeTax.

KiroueBble ciioBa: nepe6op BEKTOPOB, MOAETb Y4acTKa Jinla, 6a30BbIi anro-
puUT™M, HHPOPMAIIOHHASI MOJIEIIb PACIIO3HABAHUS, IKOPb, UCHTU()UKAIIHS JIHII.

BBenenne. AKTyaJbHOCTh HCCIEJOBaHMS OOyCJOBJICHA TEM, YTO BCE
Oosibliee PacHpPOCTPAHEHHE TIOJYYAIOT CUCTEMbl WACHTU(UKAIMK YEIOBEKa I10
OMOMETPHUYECKIM ITOKA3aTeIsIM C CO3JaHneM IU(PPOBOH MOJEITH COOTBETCTBHS.
Pactymias yrposa reppopusma, COBEpIUICHCTBOBAHUE CHCTEM 3alIUThI COIUATLHON
M KPUTHYECKOH WHQPPACTPYKTYpPhl, BBIABUTAIOT TPeOOBaHMS MHUHHMHU3AIMN
TOYCK CpPaBHEHHS JIUI] Ha HM300paKEHUHM IPH OJIHOBPEMEHHOM IOBBIIICHUN
OTIEPaTUBHOCTH 00pabOTKH HH(POpMALIUH.

bruomerpuueckne CHCTEMBI OCHOBaHBI Ha aHAJIM3€ WHIUBHIYATbHBIX
XapakTepUCTUK. JIMIO KaKIO0ro 4enoBeKa WHIWBUAYAJIBHO, a CPaBHEHHE JIMIL
Ha HM300paKeHUSIX He TpeOyeT Kakoro-imbo xopororo obopymoBaHus. OmHako
HEOCTATKOM SIBJISIETCS TO, YTO CPaBHEHHE JIMI] HE JaeT aOCOIIOTHO TOYHOTO
OTBETa, YTO 3aCTaBIISICT IOATBEPkKAATh HMACHTU(UKALMIO JOTOJIHUTEILHBIMU
METO/IaMHU.

OcHoBHOIl TIpoOJIeMON pacro3HaBaHUS YeNOBEKa MO H300paKEHHIO JHIA
SBISIETCSl TIOCTPOCHME aIEeKBaTHOW IM(POBOH MOJETH COOTBETCTBHUS IO
MUHHMaJbHO BO3MOKHOMY KOJMUYECTBY TOueK. Takas 3ajada HE MMEET TOUYHOTO
AQHAJUTHYECKOTO PEIICHHUS, HO MOKET OBITh PelIeHa C MOMOIIBI0 MaTeMaTHYECKIX
MoJIeliei 1 aTalITUBHBIX aJITOPUTMOB. Bee yka3aHHOE OATBEPKIACT aKTyallbHOCTh
HCCIICIOBaHUS JAHHOW TEMBI.

Kparkuit 0030p nuTepaTypsl IO aHadW3y W METOJAaM pacllO3HABaHUS
YeloBeKa 10 M300pakeHHIo Jnia. YenmoBeueckoe JHUIO JUHAMHUYHO, TTOITOMY
CIIO)KHO CO3/1aTh HU(PPOBYIO MOJEIb COOTBETCTBHS, OTPAYKAIOLIYIO PSII AMOLMI
WIH MUKpOBbIpakeHH. OOBIMHO aHaNU3 BBIPAKCHHU JIMIA TMPOBOTUTCS C
HCTIOBb30BaHMEM H300pakeHIH BHICOKOTO Pa3peLICHUSs, YTO SABISETCS HACaIbHBIM
cirydaeM. YacTo u300pakeHHe JTUIA CIOKHO ONPENEIUTh Yepe3 HCIOIb30BaHNE
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HEJ0POTUX KaMep HAOIOICHU S T HeueTKUX CHUMKOB (Sharma, et al., 2022). Kak
ormeuaroT (Al Qudah et al. 2023), mpoBOAMIMCH UCCIETOBAHUS 110 OTIPEICTICHUIO
TOUYEK Ha JINIIC YeJI0BEKa, KOTOPBIC TIO3BOJISIOT ONPECIIUTh COOTBETCTBHE M300pa-
KeHHsI B ap(PEKTUBHBIX COCTOSHUAX. HO HIITE HEMHOTHE HCCIIeIOBaHUS OCTaHAB-
JIUBAJIMCh HAa TOYKAX, COCPEIAOTOYCHHBIX B 00JIACTH BOJIOC HA JIUIIE, IPUCYTCTBUS
OYKOB. B BiTOTE aBTOPHI COCPEIOTOUMIINCH HA MIECTH TOYKAX — JI0O, KOHYMUK HOCA,
IIEKH, POT, MOJO0POJIOK, T.€. yUacTKax, CBOOOTHBIX OT BOJIOC U OYKOB.

Hpyrue aBrops! (Viswanath Reddy, et al., 2021) cocpeaoToyminces Ha U3y4YeHUU
YepT JINIA, KaK YHUKATHHOTO OTOOpakeHUs sMorwmid. OmHAKO BBIAEIEHUE YepT
JUIA, CHOCOOCTBYIOUIMX OBICTPOMY M TOYHOMY pAaclio3HaBaHUIO 00pa3oB B
MOMEHT 3MOITHH, TPeOYIOT (PMKCHPOBAaHUS MHOXKECTBA TOUYEK, PACTIONOKEHHBIX 110
Bcemy Juily. [IpudeM 3Tu Touku OymyT pa3IMYHBIMU MPHU CYACTHE, YAUBJICHUU,
OTBpAIlICHUH, T1e4alid, THEBE U cTpaxe. lIpe/iokeHHbIe YKa3aHHBIMU aBTOpaMHU
METOJ[bl CETMEHTAIINH JINIAa Ha CEKTOPHI 10 BUIaM AMOLWN OIIEHWBAIOTCA Jaiee
0 TPATUITUOHHBIM aJITOPUTMaM UICHTU(UKALIUN JTUI] U TPEOYIOT 3HAYUTEIbHBIX
3arpar BpeMeHH.

B pabote uccnemopareneii (Wang, et al. 2022) npemnaraercs IOIXOJ K
ABTOMATH3MPOBAaHHOMY CpPaBHEHHWIO H300pa)keHHs JMna Mo BekTopam. Jlis
3TOrO MCIOIB3YIOTCS YeThIpe 0a30BBIX AJITOPUTMA: IO BEKTOPY HACHTH(UKALUN
B KOMILUIEKCE C BEPOSTHOCTHBIM JIMHEHHBIM JIUCKPHUMHHAHTHBIM aHAIU30M, I10
BEKTOPY BPEMEHHOH CETH, MHOTOYPOBHEBOMY BOCITPHATHIO M BEKTOPY MAITHHHOTO
o0yueHus1. Beicokast TO4HOCTH TaHHOTO ITOIX0/Ja MUHUMHU3UPYETCs Ype3BbIUaitHON
CJIO)KHOCTBIO BBIYHCIICHUH.

Leablo craTthy SIBISETCS aHAU3 CYNICCTBYIOIIMX METOAOB PaclO3HABAHUS
YelloBeKa 10 W300pPaKEHUIO JIMIA, H3YYCHHIO CYIIESCTBYIOIIUX IOIXO0/I0B
K (opMupoBaHHIO NHPPOBBHIX MoOAENEed W OCOOCHHOCTEH aJITOpPUTMH3AINN
MPOLIECCOB PACIIO3HABAHUS, OIICHKA TCHJCHIMA M IEPCICKTUB Pa3BUTHS IS
pa3paboTKH HOBOTO METO/1a PACIIO3HABAHMS JIHII.

Leablo cTateyu siBsieTcs pa3paboTKa OCHOB HOBOTO METO/A PacliO3HABAHUS
JIUI] TI0 U300paKeHUI0 Ha OCHOBE aHAlM3a COBPEMEHHBIX METOJOB M TIOAXO0B
K (opMupoBaHHIO MHPPOBBHIX MOAEIEH W OCOOCHHOCTEH aJITOpPUTMH3AINN
MPOLIECCOB UACHTU(DUKAIINHY JIHIIA YSIOBEKa M0 U300paKCHHUIO.

['unore3s! nuccneaoBaHMs:

H1 — cymecrtByromye METOAbl pacloO3HABAHMS YEJIOBEKA MO H300pa)KEHUIO
JUIA CTAaHOBSTCSA Ooyiee CIOXKHBIMH, OIHAKO 3ajadya MHHHMH3AIUM 3arpar
BPEMEHH OCTACTCsl HEPEUICHHOM;

H2 - xomuyecTBO TOYEK CcpaBHEHHUS AJIsi aHalu3a W300paKeHHs JIHLA
BO3pacCTacT;
H3 — wmaremarmyeckuii ammapaT NpoOLENypbl pPAaclO3HABAaHUS OCTAaeTCs

MPaKTHYECKH 0e3 N3MEHEHUI;

H4 — unenTrUKaLNIO JHIL 10 H300PAKESHUIO MOYKHO TIPOBECTH MOCETMEHTHO,
n3ydasi IBIKEHUE OTHON MJTM HECKOJIBKUX TOYEK IO BEKTOPaM B 3aBHCHUMOCTH OT
MUMHUYECKUX U3MEHEHNH.
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Mertonsl u Matepuansl. JlocTmkeHue menedl cTarbd BO3MOXKHO 3a CYET
WCTONB30BAaHUsI TAKUX METOAOB HCCIICAOBaHMSA, KaK: aHajlu3 M CHHTE3
CYIIECTBYIOIIMX METOIOB PACIIO3HABAHMSI, CPABHEHHS CYIIECCTBYIOLINX MOAXOI0B
K Paclo3HaBaHUIO YEJIOBEKa 10 M300PaKCHUIO JIMLA, PACYETHO-aHAIUTHIECKOTO
n rpaduyeckoro METOAOB Ul TNPEACTaBICHUS pPa3pabOTaHHOrO MoIxoda K
pacro3HaBaHMIO JIMIA, KOMIBIOTEPHOTO MOAEIHPOBAHUS C NPEIOCTaBICHHEM
1 (poBOH MOJIEIH.

Padora Opma BemonmneHa B HAO «Kazaxckuii  arpoTexHUYECKHUI
uccrienoBareabckuit  yHuBepcuter mMmeHun C. CeidymmHa». ABTOPBI CTaThu
ONUPAJINCh Ha CYLICCTBYIOIIME 3apyOeKHBIE Pa3pabOTKH, a TakKe H3y4eHHe
TEXHUYECKOTo perienus OuznecmeHoB Kazaxcrana « Verigramy 1o pacro3HaBaHHIO
n300paskeHNH TMLA Ha JOKYMEHTaX, KOTOpast ONepeIiIIv IT0100HBIE UCCIIEIOBAHNUS
kuTaiickux yaeHsix (Nguyen,. et al., 2019). OqHako, cieyeT OTMETUTh, YTO KpOMe
camita https://verigram.ai/ (Puc. 1), B Hay4HBIX MyOMUKAIUsAX JaHHAS pa3padboTka
HE MpeJcTaBlIcHA.

Oaiin Pesarysan Barnan Icropia 3aknascn Incroywenw Josiaxa
() | £} A-Powered eKYC Solutions:Ide X | + B

(= Cc o (=R ios://verigram.a] A © 0 0 ¢ & =

$ Verig ram Products Industries Resources Company Try free demo

Verify and onboard
your customers

Use Veerigram eKYC solutions and Biometric
software: Document Recognition, Face Matching,
Liveness Detection and more.

Easily integrate checks via SDKs or API. Flexible

customization, personalization and clear pricing
make us the best service for your team.

e

Pucynok 1. O01ast KoHIenus BepuUKaIMy M0Tb30BaTelIe 10 H300paKCHHUIO Ha caliTe

Verigram.

JlanHoe wmccienoBaHue Oa3MpyeTcss Ha aHalIM3e MyONHMKalui, CBSI3aHHBIX C
METO/IaMH pacIiO3HaBaHUsI YeIOBEUECKOro 00pasa o n3odpaxkenuro (oo, Buseo,
pUCYHOK). B mccienoBaHuM TakKe HMCIIOIB30BaHBI MaTepUaibl OQHUINATBHOTO
caiita mpoekTa «Verigram». B COBOKyMHOCTH Ha OCHOBE 3THX MaTepHaJIOB ObLI
MPOBE/ICH CPAaBHUTENIbHBIA aHAIM3 C BBIICICHHEM OCOOCHHOCTEH Ka)KIOTO W3
COBpPEMEHHBIX 0a30BBIX METOJOB PACIO3HaBaHHs JIMI N0 H300paxkeHuo. Ilo
WTOTaM CPABHUTEIBHOTO AHAJIU3a C HUCIOJIB30BAHUEM METOAA, OCHOBAHHOIO
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Ha JBWKCHUHU IO BeKTopaM. [Iporpammuas peanu3anusi MOJCNIN BBIIIOJHECHA B
MPUIIOKEHUH, CO3JaHHOM Ha SI3bIKe porpamMMupoBanus C++.

CymiecTByOIINE CUCTEMBI Paclio3HaBaHMUS JIULL 110 H300PaKEHHUIO HCIOIB3YIOT
MaTeMaTH4ecKkue OCHOBBI KackanoB Xaapa (Kar, 2020) w rtHcTOrpamMmbl
HampaBieHHBIX TpanueHToB (Nadikattu, et al., 2020). ba3ucom Takux METOAOB
SBIISTIOTCSI QYHKIMH, KOTOPBIE CO3aHbl BPYUYHYIO Ha OCHOBE aHAJIN3a MHOXKECTBA
n3o0pakeHuii. C HOMOLIbIO 3TUX METOIOB HEBO3MOXKHO aJ€KBaTHO CUHTE3UPOBATh
n3o0pakeHne, KOTOpoe OBUIO TOIY4YeHO NpH HeOIaronpusaTHBIX (akTopax
(3acBeueHo, 3aremHeHo, myap) (Lakshmanan, et al., 2023). B mocnemnue rombt
pa3BuTHE TIIYOOKOTO KOMITBIOTEPHOTO 00YYCHHS TTO3BOJIMIIO MTOBBICUTH TOYHOCTD
pacnoznaBanus aun. OpHako mpodieMa WACHTU(QHUKALMU JIML, KOTOpble Ha
CHMMKAaxX WJIM BHUJIEO IIPEICTABICHBI C MAJIEHBKUM pPa3pelleHHueM, H3MEHEHUIMUI
B MaciuTade, B 3aBUCMMOCTH OT MO3HMIMHU 4YeJOBeKa Ha (OTO, PasMBITHIX WIIN
3aKpBITHIX JUI] Ha GoTorpadum, ocTaeTcs HeperneHHol (Mamieva et al., 2023).

Cample mocienHue nyOnukanuyM Katackux yueHsix (Ju, et al, 2023)
[peJiaraloT MPOBOAUTH PACIO3HABAHHE JIHMIA C HMCIOJIb30BAHUEM OLICHOYHON
¢bynkuuy [aycca miis co3naHus reHeparopa TEIIOBbIX KapT, KOTOPbIE T03BOJISIOT
OoJiee TOYHO MCCIeOBaTh U300pakeHHe. M3yuenue nuia npoBOJUTCS 10 CIO0SM
C Y4eToM psla KpUTEpHUeB WM, MHade, sikoped. OgHaKo Takue SKOpsl HAI0T
M30BITOYHYIO HH(OPMALINIO, KPOME TOTO, 3HAUCHHS SIKOPEH TIPH MOJIOKUTEIbHBIX,
OTPHULATEIBHBIX W PABHOAYIIHBIX 3MOIMAX. [loATOMy BTOpBIM 3Tamom
pacrno3HaBaHHs MPH JAHHOM METOJE OCTAETCS DKCIIEpPTHAs OLIEHKA Pe3ylbTara.
Tem He MeHee paOOTHI ¢ U3yueHHEeM Ha0OpOB HaHHbIX, Takux kak WIDER FACE
n FDDB, mpomomkaroT HWCHOMB30BAThCS IS CO3MAHUS (DYHKIIUH OMHCAHUS
yenoseueckoro auna (Mamieva, et al., 2023). C GonpiinmMu HabOpamMH JaHHBIX
115 TiTyOoKoro 00ydeHus: padoTalOT CUCTEMbI paclio3HaBaHus 00pa30B Ha OCHOBE
nckyccrBenHoro wmHTeekTa (Nguyen et al., 2019). CnemyeT OTMETHTH, YTO
00BbEMBI AITOPUTMOB MAIIMHHOTO 00YyUYEHHSI TOCTOSHHO PACTYT, X BO3MOXXHOCTH
gepe3 ppeMBOPKH 1 ONOIMOTEKH PACIITUPSIIOTCS.

[To myTH co3qaHMs MOZIEIIH YEIOBEUECKOT0 3peHus mouuin yuensie (Palmer, etal.
2022) 13 merapTaMenTa ICUXOJIOTHH HAIlHOHAIBHOTO yHHBepcuTeTa CHHTaImypa.
Wx nmoaxox ¢ momonrsio 3D-penaepruHra H30IMpoBaTh 3aTeMHEHNE JIUIIA, a 3aTeM
CMOJICIIMPOBATh OCBELICHUE TAKMM 00pa30M, YTOObI YBUAEThH YEJIOBEUECKOE JTHIIO
T0J] pa3HBIMU YIJIAMH, ITO3BOJISIET HE TOJIBKO OTIIMYATH JIUIA OT APYIHX 00BEKTOB,
HO W TpoBecTH pacro3HaBaHue. CamMoO e pacro3HaBaHHE NPOBOTUTCS TIO
TOYKaM HaJ OpOBSMH, IO aCUMMETPHH, KOHTPACTHOMY M3MEHEHHIO OCBELICHUS
npu MUMHKE WiH dMoiusaM. Crenyer OTMETHTh, YTO METOJ MOACIUPOBAHUS
yenoBedeckoro 3penus He HoBBIN (Lewis & Ellis, 2003; Vijaya & Shafi, 2021),
OJTHAKO €r0 Pa3BHTHUE JIACT BAPUAHTHI PEIICHHUH IS MOCIEIYIOIIEro MPUMEHEHUS
B MAaIIMHHOM OOYyUYCHHH.

B pacnosHaBaHMM 4eNOBEUECKOTO JIMIA HCHOJIb3YIOTCS TAKXKE MOIAXOABI IO
aHaJIN3y [BETOBOTO CIEKTpa Ha OCHOBE THOPUIHOTO MO/1X0/1a, KOTOPBIH coueTaeT
B cebe HopMmaim3oBaHHBEI RGB u mpoctpanctBennsiii et YCbCr. (Hosni &

125



NE WS of the National Academy of Sciences of the Republic of Kazakhstan

Mengash, 2020), npuMeHeHHs TSl HISHTU(GUKAIIMY JIIa CKBO3HON 00ydaemMoi
CBEpPTOYHOW CeTH uid OOHApy)KeHHsS | PACIO3HAaBaHUS IIMI[ C MaTpuiei
TeOMETPUYECKOTO MPEe0O0pa3oBaHus ISl BHIPABHUBAHUS JIMIA C TMOCIEAYIOINM
pacriozaaBanueM (Zhang & Chi, 2020), ¢ akIieHTOM Ha JIOKaJTU3aIHI0 OPUECHTHPOB
nuna (Pan, et al., 2022).

CrnemyeT OTMETHTH, YTO M SKOPS WM TOYKH, Ha KOTOPBIX Oasupyercs
CPaBHHUTEIBHBIN TIPOIIECC PACIIO3HABAHMS JIMIA, U KapTa MPU3HAKOB, CITyKaras
JUIsL TOM K€ 1IeJM, B CBOEH OCHOBE HCIOJB3YET HCKYCCTBEHHBIM WHTEIUIEKT,
KOTOPBIM 10 TeHEpUPYEeMBIM aJTrOpUTMaM BEKTOPaMHU BBICTpauWBaeT HMU(POBYIO
moxenb auma (Chen, et al., 2021). HexoTopble anropuT™Mbl UCTIONB3YIOT B CBOCH
OCHOBE CBEpPTKY HECKOJBKHX YPOBHEH, KOTOpass B WTOTE MO3BOJSET MOIYyYHUTh
tounble manable (Gao, & Yang, 2021), HO UMEET CIOKHOCTH B MAaTEMAaTHUCCKUX
pacuerax M BHICOKHE BPEMEHHBIE 3aTpaThl.

Kpome TOro, HEKOTOpBIE OCHOBHBIE aJTOPUTMBI, TakWe Kak aJTOPUTM
MHOT033/Ia9HBIX KaCKaIHBIX CBEpTOYHBIX HeHpOoHHBIX ceTeit (MTCNN), He moryT
00HapYXUTh M UCTIPABUTH MPOOIEMBI N300paKeHHsI HECKOIBKUX JuI. OcOoOeHHO
dTa TpoOiieMa TPOSBISETCS, €CIHM H300paKCHHE TMPEACTABICHO B HHU3KOM
pa3pelieHny, a JIUIa PacloIoKeHbl o] pa3HbIMH yritaMu. [Ipeanoxennsiii (Guo,
et al. 2022) anropurm Multi-face-MTCNN m03BOJII€T MMOCTPOUTH MOJECIH JIHTIA
Jake TPU TEPEKPBITUU JIUI, HO TIPH 3TOM MPOW3BOAWTEIHHOCTH YITyYIAeTCs
TOJIbKO Ha 1,7%.

ANTOPUTMBI, OCHOBAaHHBIE Ha BHIOOPKE «BBI TOJIBKO OJUH pa3 MOCMOTPHUTE»
(YOLO) oOHapyXuBaeT cXOIHbIE YepThl M YaCTUYHO yKa3bIBaeT amonnu (Ayo, et
al., 2022), Ho He3HAUWTENTbHAs BHIOOPKA TECTUPOBAHUS HE JTA€T OCHOBAHHWH IS
OJTHO3HAYHOT'O OTBETA B OTHOIIEHUH €T0 3(h(PeKTHBHOCTH.

B nocnegnee Bpems TOJOOHBIE aITOPUTMBI peanu3yloTcs Kak BeO-
npunoxkeHus (Arora, et al., 2022). Dto 00ycrmoBieHO TeM, YTO MOJIH30BATEIh
MOXKET BBIOMpATh aJTOPUTM 00paOOTKH M300pakKeHHS COTIIACHO ITOCTABICHHBIM
3a/1aqaM, a TaKke BO3MOXKHOCTBIO JTIOCTYIA K Pa3IMYHBIM 0a3aM JJIsl CpaBHEHUS
MOJTyYEHHBIX pe3yabTaTtoB. OIHAKO IPAKTUYECKH BCE MEPEUUCICHHBIE alTOPUTMBI
OTIEpUPYIOT HAMpPABIEHUSMH, IO KOTOPBIM OCYIIECTBISIETCS ABM)KEHHE I10
BEKTOpaM, TIO3BOJISIONIEE OMUCATH JUII0 YeIIOBEKa C BOZMOKHBIMA MUMUYECKUMU
W3MEHEHUSMH W Ha OCHOBE CO3JaHHOW NH(POBOW MOAETH TIPOBECTH
WICHTU(DHUKAIIIO TI0 OTACIBHBIM TOUKaM.

Pesynprarel. CpaBHUTENbHAs XapaKTEPUCTHKA METOAOB PpacMo3HaBaHUS
YeloBeKka 10 M300pakeHWio Juna. Ha ocHOBe MPOBENEHHOTO aHailu3a
Hay4YHBIX MyOMWKalMi TpEeICTaBUM CPAaBHUTENBHYIO XapaKTEPUCTHKY METO/I0B
pacrno3HaBaHHs YelIoBeKa 1Mo u3odpakenuto juna (Tadm. 1).
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Tabm. 1— CpaBHHTeJ’IBHaS{ XapaKTEepUCTUKa METOAOB paCliO3HaBaHU s YEJIOBEKA 110 I/I306pa)KeHI/IIO

mna
Merox OCHOBHBIC Otpunarens- | basossrit Hpeﬂ—CTaBI/I—V
HBIE CTOPOHBI | aITOPUTM TeJI Hay4YHOH
pacro3HaBaHUs XapaKTePUCTUKI
MeToza peanuzanuu cpesbl
[Toctpoenue OmnpenensioTcs Touku | Beicokne JBIoKeHue 1o Al Qudah M.,
nudpoBoit HA JTUIIE YeIOBEeKa 3aTpaThl BEKTOpaM Mohamed A.,
MOZIETTH IUTSL COTIOCTABIICHUS BpEMEHH Ha Lutfi S.
COOTBETCTBUS BBIpOKEHHS JIUIA TP | 00paboTKy
n300pakeHust pa3muyHbEIX adhex- pe3ynbTaToB.
peasbHOMY THBHBIX COCTOSHHSAX.
YEJIOBEKY C M3yuatores mectsb
OTpakeHneM TOUEK — 700, KOHIHK
SMOILIMH 1 HOCa, LIIEKH, POT,
MHKPOBBIPKCHUH. | TOIOOPOJIOK.
N3yuenue CermeHranus Bricokue JIBuxenue 1o Viswanath
4epT JHIa 0 JIMIA Ha CEKTOPEI 3aTparsl BEKTOpaM Reddy D. A.,
YCTaHOBJIEHHBIM 10 BHJaM SMOIHUit BPEMEHH Ha Aswini
TOYKAM C C MOCIIe Y FOIICH 00paboTKy Reddy A.,
BbIJICJICHUE OLICHKOI N300paXkeHHs1 | pe3y/IbTaToB. Bindyashree
CEKTOpPOB 110 TPaJAULUOHHBIM C.A.
NICHTU(DUKALUH. QITOPUTMAaM HJICHTH-
(buKammu JuirL.
CpaBHeHHe HMcnone3yercs yetbipe | CloXKHOCTD JlBroxeHue 1o Wang Q.,
JIULL TI0 TOYKAM, 6a30BBIX ANTOPUTMA! pacy€ToB. BEKTOpaMm, Wang M.,
4yepes KOTophle 10 BEKTOPY UEHTHU- aJrOPUTMBbI Yang VY.,
CTPOSITCS BEeKTOpa | (DMKAIMHU C BEPOSIT- n1y0OKOTro Zhang X.
JUBUKCHUA HOCTHBIM JIMHEHHBIM MAaIIuHHOTO
BO3MOXXHOT'O JAUCKPUMHUHAHTHBIM O6yquH5{.
0TOOpaKEHHS AHAJIN30M, [0 BEKTOPY
9MOILIMOHAILHOTO | BPEMEHHOI ceTH,
COCTOSIHUSL. MHOTOYPOBHEBOMY
BOCIIPUATHUIO U
BEKTOPY MAIIMHHOIO
00y4eHUsL.
Mertox ¢ OyHKIMH A7 pac- [pensa- ANTOPUTMBI Nadikattu et
HCTIONB30BaHUEM YETOB CO3JAI0TCS putesbHas ITy6OKOTO al.,
KackasioB Xaapa BPYYHYIO Ha OCHOBE 06pabotka MAIIMHHOTO Kar K,
U THCTOTPAMM AHAJIM3a MHOXKECTBA MHOXECTEA o0yueHus1. Lakshmanan
HaIPaBIECHHBIX M300paKeHHii. n300pakeHuii etal.,
TAIHEHTOB. JUIst CO3/IaRHS Mamieva
(byHKIHIA. et al.
PacnosnaBanue W3yuenue muua npo- W306biTouHas | AJTOPUTMEL JuL.,
JHIA © BOJIUTCS T10 CJIOSIM C uHpopMmanms, | uckyccrsennoro | Kittler J.,
HCIOJIb30BAHUEM Y4€TOM paAlla KPUTEPH- | xoTOPYIO HMHTEJICKTA. RanaM. A,
OLIEHOYHOH ©B WJIH, HHAYC, IKOPEH. HEOOXOIUMO Yang W.,
dynkumy Taycca | BTOPBIM OTaNoM pac- | oy iouars u3 Feng Z.
JUTSL CO3TTAHHS TOSHABAHUA TP JAH- | 1) corop,

reseparopa
TEIIOBBIX KapT.

HOM METOAC OCTACTCA
OKCIIEPTHAsA OLICHKa
pesyibTara.
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Merog cpaBrenus | Mcnons3oBanue Ob6paboTtka ANTOPUTMEI Mamieva et
Ha OCHOBE HaOOpoB | HAOOPOB JTaHHBIX MaCCHBOB HCcKyccTBeHHOTO | al.,
JTaHHBIX. WIDER FACE u OO0NBIINX HWHTEJUIEKTA. Nguyen G.
FDDB. JTaHHBIX, et al.
MPUCYTCTBUE
HECTPYKTYpPH-
POBaHHBIX
JIAHHBIX.
MeTton Hcnons3oBanune Bricokue ANropuTMbl Palmer C. J.,
0TOOpaKEHUsI 3D-pennepunra ¢ mo- | 3arparsl uckyccrBenHoro | Goddard E.,
YeJI0BEYECKOr0 CJICAYIOIUM MOZEIH- | BPEMECHU Ha HUHTEJICKTa Clifford C.
B3IV TIPH poBaHHEM OCBelIeHHsT | 00paboTKy W. G,
pacro3HaBaHUH I0/1 Pa3HBIMU yITIAMH | pe3yJIbTaToB. Lewis &
JIMLIa YeI0BeKa. YeJI0BEUECKOIO JIMLA. Ellis,
Vijaya &
Shafi.
Merton aHanuza Hcnone3oBanue o0y- | Beicokue ANTOpUTMBI Hosni &
IIBETOBOT'O 4aeMOil CBEPTOYHOH 3aTpaThl ucKyccTBeHHOro | Mengash,
CIIEKTpa Ha OCHOBE | CETH Ul OOHapyxe- BPEMEHH Ha MHTEIUICKTA. Zhang & Chi,
THOPHUIHOTO HHS ¥ pacrio3HaBaHus | 0OpaboTKy Pan et al.,
MOJXO/a C LIBETAMH | JIMIL[ C MaTpHLEH reo- | pe3ynbsTaTos. Chen et al.,
RGB u YCbCr. METPUYECKOTO MPeod- Gao & Yang,
pa3oBaHus. Guo Q.,
Wang Z.,
FanD., WuH.,
Ayo et al.

Ha ocnHoBe mpezacraBieHHOW CpPaBHUTENHHOW TAOMUIIBI MOXXHO TIPEICTaBUTH
nHGOPMALIMOHHYIO MOJEIb METOJOJIOIHN PAacllO3HaBaHUS 4esIOBEeKa 10 M300pa-
XKeHuto uua. MadopmannonHas Mojenb, B JaHHOM Cllydyae, OTPakaeT MPaKTH-
YEeCKOE PELICHHUE BOIIPOCa 10 UCIIOJIb30BaHUIO PA3JIMUHBIX METOIOB PACIIO3HABAHNUS
B 3aBUCUMOCTH OT 3((EKTUBHOCTH NMPUMEHEHUs, @ TAK)KE IO3BOJISICT BBIACIUTH
OCHOBHBIE HepeIIeHHBIE MPOOIEMBbI KaXk10T0 n3 MeTonoB (Puc. 2).

Ba308bili aAfOPUTM OCHOBaH Ha NOCTPORHIMM
UMGPOBOI MOAENM MO BEKTOPaM

F/Iy6OKOrO MALIMHHOTO 0BYueHMA

MICNob308aHMe aNropUTMOB MCKYCCTBEHHOTO

nHTeNNeKTa

Touxa, Hanpasnenue,
BekTop

Vimutupyer
nepemeeHme Mexay
KNeTKamn HelipoceTn

uenosexa, KoTopbie

MOMHO CHMTaTb TOUKaMM

CuHTes noseaeHus ot
TOUKM KTOMKe

BpemeHn

MpoBAema: CIOKHOCTS pacieTos

PaCrio3HaBaHMe 4enoBeUEcKOro /A Mo U30EPaxeENUIo

Mpo6niema: BbICOKME 3aTpaTh

MpoBnema: Haamepran
uHbopmaLma

Puc. 2. UndopmaryionHast MogeIb METOOIOTUH PACIIO3HABAHHMS YeJIOBEKA 10 H300paKEHHIO

Jinga ¢ BbIACJICHUCM OCHOBHOM HepCIHeHHOfI HpO6J’IeMH KaXX10ro u3 ME€To/10B
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Kaxk BoiTekaeT u3 naopmarmonnoit mozenu (Puc. 2), ocHOBOM HeHTHPUKAITTT
JIUI] OCTAaeTCsl aHallu3 OMpPEJEICHHBIX TOYEK Ha YEJIOBEYECKOM JIUIE, KOTOPHIC
MO3BOJIAIOT JIaTh YTBEPAMTENBHBIA OTBET 00 WIASHTHYHOCTH. Jleranmmzarus
MoIOOHOTO TIOAXOAAa BO3MOXKHA C TIOMOIIBIO MaTEeMaTHYeCKOTO arapara,
OIHCHIBAIONIETO W3MEHEHWE JBIDKEHUS 3a()MKCHPOBAHHBIX TOYEK (sSKOpeil) 1o
BEKTOpaM, TPOXOISAIIMM MO HEKOTOPOMY aHAIM3HPYEeMOMY Y4YacTKy Ha JIHIIE.
[IpuHMMaeTcs, 94TO TOYKM JBUXKYTCS IO BEKTOPY B 3aJaHHOM HAIpaBICHUH B
3aBUCHMOCTH OT SMOIIMOHAJIBHOTO COCTOSIHHSI YeloBeka. Hampumep, 3170 MOXeT
OBITh JIBIDKEHHME MUMWYECKHUX WIIU JKEBaTEeNbHBIX MBI B kadecTBe mpumepa
TaKOTO IIONIXOJ/Ia TIPEJIaraeTcsi pacCMOTPETh IMOJIXOJl C HCIIOIB30BAaHUEM TpeX
HaIpPaBIISIONIUE, T HAOMOEHIE TIPOBOIUTCS IO TPEM TOYKAM, CKOJIB3SIIUM I10
BEKTOpaM.

Pa3paborka MeToma Tpex HaMpaBISIONIUX W TPEX TOYEK, KOTOPHIE IPHU
MUMUYECKUAX U3MEHEHHSIX MTEPEMEIAI0TCS [0 BEKTOPaM, JIJIsl paclio3HABAHUS JIUIIA
o u3zobpaxenuto. Paccmorpum NP-monHyto 3aady nepedopa BEKTOPOB, HAXOsS
T€ BEKTOPHI, KOTOpPhIE OyAYyT 3aJefiCTBOBaHBI B OTOOpPaKEHWH 3MOITMOHAIBLHOTO
COCTOSTHUS. DTO BBICTYIIUT MPHOPHUTETOM. B coctostHum Oe3 3MOIuii HeKoTopas
TOYKA HAXOAWTCA B MO3MIMM C,. [Ipy M3MEHEHMM MHMHUKH JMIa 3Ta TOYKA
MEPEXOMUT B MO3MIMIO ¢ . [IprucBanBaeM M3yvaeMbIM TOUKaM HEKOTOPBIA CTaTyc
a,—a, HapUMeP — YAEIbHbI BEC 110 Y4aCTHIO B OTPAKCHHH IMOLIHH.

N3noxkeHHOE MOYKHO MPEICTABHUTH CIESIYIONINM 00pa3oM:

ﬂ|&r>c_2>...c_" (1)
aj’a; a, an
OcHoBHasl TOYKa JJIsi HAOJIOICHUS — C OOJIBIIIUM YJICIbHBIM BECOM.
OmnpenenuM JeKCUKOrpaduIecKHi TOPs 0K TAKUX BEKTOPOB, 9TO yIIOPSJOUCHUE
BEKTOPOB I10 IIEPBOY KOMIIOHEHTE, €CJIM OHU PAaBHBI, TO I10 BTOPOU U T.A. bosbiinii
BEKTOp TOT — Y KOTOPOTO cTapiias KoMInoHeHTa Oosblie. Jlekcukorpaduaeckuit
MaKCUMaJIbHbIM BEKTOP VISl 3aJja4l OIPEIEIAETCs TAK:

0= (x0,x2, ..., x0 ()
o_[2

*1 = |a, (3)
e

x§ = [ @)
l a,
(b—Y5"1 g . xx?

%0 = [P ] (5)
! ak

[TepemeHHbIE B MO/IETTH ITPEICTABICHBI CIIETYIOIINM 00pa30M: BEKTOP IBHKEHUS
OIMCaH X, IJIe KaXJIOMY X COOTBETCTBYET TOYKa b Ha BEKTOpe ¢ HauOoIbInei
cTapmeil KoMImoHeHToH. B mTore nexcukorpadnyecknii MaKCUMalIbHBI BEKTOP
X’ 4epe3 MpU3My 3THX KOMIOHEHTOB — NEpEeMElIeHHEe TOYKH X B MOJOKEHHE
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X, B OJHYy W3 BO3MOXHBIX no3uuili mo Hampapistoweid. Crenyrowmuid mnocie
MaKCHUMAaJIbHOTO B JIEKCUKOTpaUueCKOM psiay OyJIeT BEKTOP, KOTOPBIN MOTydaeTCs
TaK: TOCJIEIHIO HEHYJIEBYIO TOYKY YMEHBIIAIOT Ha €JUHUILY, a CICAYIOIIYIO
YBEJIUYUBAIOT HA MAKCUMAJIBHO BO3MOKHYIO BEIUUUHY.

HecMoTpss Ha TO, 4TO JNeKCUKOrpaUUEeCKH MaKCUMalbHBIA BEKTOpP JaeT
ONMU3KKMIA K ONTHUMAlIbHOMY 3HAu€HHI0 BeC OOIIEro OTOOpaXkeHWs, LeseBas
GyHKIMSA 7S BEKTOPOB, JICKAIIUX HUKE, ueM ’, MOXKET ObITh OOJbINe, ueM
neneBas ¢yukiusa s . B atoMm mposiBiseTcs: crnienuuka MeI0YHCICHHOCTH.
To ecth, ecnu yOparh OAHY M3 HANpPaBISIONIUX, 33JaR0IUX (HOpMY TUIONIAIN
WCCIIeIOBAHMsI, JIBE JPYTHUX HAMPABISIONIAX MOTYT HUMETh IO TOYKaMm Ooliee
BBICOKHH yIENBHBIN BEC /Il OTOOpaKEHUS KaYeCTBEHHBIX XapaKTepucTuk. Eciun
MIPOUTH BCE JIEKCHUKOTPAUUECKU YIOPSIOYCHHBIE BEKTOPHI, TO MOXHO HAaWTH
Jydiiee 3HaYSHHUE, MMO3BOJISFOIIEE JaTh OTBET 00 HMJIEHTHYHOCTH W300paKeHHS
nuu. Ha Puc. 3 npencrasieHa nporpaMMHasi peajid3aius pelieHus 3ToN 3a1aui.

L = O X Kapta
®aiin  Kaprei Pexam Lser N Kowr Yan Kowr Mwé Tan
J N
|
|
L)
‘\‘1 /.‘
/
/ /
/ /
/ /
a) OToOpakeHre HEKOTOPO MUMUYECKON 0) Tpu HanpaBIAIOMINX, ONUCHIBAIOLINE ITY
MOBEPXHOCTH HA JIUIIE C YUYETOM OCBEICHUS MIOBEPXHOCTb B HCXOIHOM COCTOSIHUH

B) ®parmenT n3o0pakeHust U3 caiira Verigram

PI/ICyHOK 3. HporpaMMHas{ peanm3anus NOCTPOCHU MOJCIIN yJacTKa JIna: Ha4aJIbHOE COCTOSTHUE.
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Ha Bxoze (Puc. 3) paccmarpuBaercst TOUKa Ha JIUIIE YeTOBEKA, KOTOPAs MOKET
UMETh MOABMKHOCTH B 3aBHCHMOCTH OT SMOLIMOHAJIBHOTO COCTOSHHUS. Tarke
CYIIECTBYIOT JIBE€ TOUYKH, OTHOCHTEIBHO KOTOPBIX OCYILECTBIISICTCS IPUBSI3Ka ITOMN
MOJBMKHOW TOUKH, T.€. OTPAaHUUYCHHS, BBIIIE MIIM HIKE KOTOPBIX MOABMKHAS TOUKA
nepeMeraTbcs He MOXeT. Hampamisioniye Mmo3BOJSIOT MPOCIEANTh ABHKCHHE
3TOH TOYKM IO BEKTOpPaM M MOCTPOUTH HH(POBYIO MOAEIH MEPEMELICHHUS 3TOH
TOYKH C W3MEHEHHEM MHUMHKH HccieayeMoro ¢gparmenta nuua. Puc. 3 (a) u 2
(0) neMOHCTPUPYIOT MOJECTUPOBAHNE OAHOTO U3 YYaCTKOB YEJIOBEUECKOTO JIMLA,
HanboJsee MoIBEP>KEHHOTO MUMHUYECKOM akTUBHOCTH. PHc. 3 (B) miumiocTpupyer Ha
pUMepe U300pakeHMs], B3STOro U3 caiita Verigram, Kakasi 4acTh 4€JI0BEUECKOTO
JUIa paccMarpuBaeTcs B HccieqoBaHUM. Mopenb MO3BOJSIET PAacCMOTPETh
MPEeACTaBICHHBIN y4acTOK Ha n300paxkeHuu 3 (B) 00beMHo. ClieyeT OTMETHTD, YTO
BCE METOJbI TUCKPETHON ONTUMH3ALINH ITPH PELLICHUH 331291 OMTUCAHNS SMOLIMH T10
BEKTOpaM HallpaBJIeHbI Ha COKpallleHHe Tepedopa BapuaHToB pemeHust. s atoro
HEOOXOIUMO YIOCTOBEPUTHCS, YTO BCE ITH OTCEMBAEMbIC BAPHAHTHI HU B KaKOM
cllydae He AaJyT 3HaYCHHE 1IeJIeBOM (QYyHKIUH JTy4llle, YeM yxe noiaydennoe. s
3TOTO HUCIIOJIB3YETCsl MOHITHE OLCHKH MHOXKECTBA BApPHUAHTOB, T.C. HAXOXKICHHE
BEJIMYUHBI, UMEIOMICH pa3MepHOCTH LeieBol GpyHkuun. [Ipu sToM BapuanT 3TOrO
MOJMHOXKECTBA HE JOJDKCH HMMETh 3HAUCHMS LEIeBOM (YHKIMH Jydlle, 4eM
JaHHas olleHKa. Pe3ynbrar Takoro nepebopa BapHaHTOB MpecTaBieH Ha Puc. 4.

L = m] X Kapra

Qaiin  Kapter Pexmum LUeer N_Kowt Yan Kowtr Mwé Tun

a) OToOpakeHre H3MEHEHUH MUMUKH 0e3 0) ITocTpoenne Moaen U3MEHEHHSA IO
W3MCHEHHS YIVIa OCBEILICHHS HAIPAaBJISIOUIUM C YYE€TOM TOYKHU C HAHOOMBIINM
YZCIBHBIM BECOM
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Mosepxrocs

B) [ToBepxHOCTH 0TOOpaXKEHNSI MUMHICCKHX U3MEHEHUIA B TIpoliecce mepedopa BEKTOPOB
(TIepeBepHyTO /ISl BO3MOXKHOCTH PACCMOTPETh BEKTOPHI)

PI/ICyHOK 4. PeSyJ'II)TaT TMMOCTPOCHUA MOACIIN y4acCTKa JINAa: U3SMECHCHUE MHMHYECKON peaknuu.

MuHMMHU3aLuUs 3aTpaT BPEMEHH, KaK pelIeHHe OXHOW M3 mpolieM MeToxaa
noctpoeHus nudpoBoit Moaenu no Bekropam (cM. Puc. 4), pemaercst ¢ mOMOLIBIO
OyJleBCKOro mnporpaMmupoBaHusi. st 3TOro MCHoib3yercsi OOJbIIOE YHCIIO
METOZOB NPSMOrO IMOUCKA, PEaIM3yeMbIX C IOMOIIBIO MPOCTBHIX AJITOPUTMOB
nepebopa. Bce oHM MOX0KK HAa METOJI BETBEH U IPaHUL], TAK KaK B HUX IPOUCXOAUT
aHaJlu3 MOIMHOXKECTB B LEJISIX OTCEHBaHMSA. B maHHOM ciydae HMCIIONb3YyeTcs

YacTUYHBIA Buj OyneBckoil (opmbl. PaccMorpum (opmynbHOE MpeacTaBieHHue
TaKOTO MOX0/a:

L =}i-q¢ix; > max (6)
Z?:l aij xj < bi,i = 1,m (7)
x; € {0,1} (®)

B paccmorpennom ciydae cymiecTByeT 2" BapHAHTOB DEIICHUS, YacTb W3
KOTOpBIX fomyctuma. [Tpu 6onbuiom 7 mpuaéTcst IpoBEpsITh BCe m OrpaHHUuCHHIM,
KaxJ0e orpaHuyeHue — 3To Marpuna. [Ipomenypa mepebopa BEKTOPOB MOXKET
OBITH TPOBEJCHA M0 AATUTHBHOMY AJITOPHUTMY. Tak Kak BHYTPH MeETOAa BCeErna
OyzleT cpaBHEHHE C HEKOTOPBHIM HauOOJBIINM 3HAaueHHEM (Hampumep, OOJbIIni
yACTBHBI BEC), TO HEOOXOAMMO, YTOOBI MEPBOE PEKOPAHOE 3HAYCHHE OBLIO
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nocraroyHo OompmuM. [losTOMy TMepeMeHHble Ha BXOJe NMPeoOpa3oBBIBAIOT B
COOTBETCTBUHM C BO3pacTaHWeM (I 3a/Ja4d Ha MaKCUMYyM) KO3(QQHUIIMEHTOB
1eaeBor (DyHKITHH:

C1SC2SC3S“'SCn (9)

B stoM cnywae, HeoOXoOMMO coBepuIaTh HepedoOp € HYJIEBOTO BEKTOPA,
HaunHas cmpaBa (Puc.4 (B)). 3arem BBIOMpArOT TEpBBI BEKTOP CHHCKa W
MPOBEPSAIOT OIPAaHUUYEHHSI, €CIIH KAaKOe—TO U3 OTPAHUYCHUN HE BBIMOJIHIETCS, TO
COBEpILIAETCS IEPEXO K CIIEAYIOLIEMY BEKTOpPY U T. A. Eciin a5 Kakoro-to Bekropa
YAOBJIETBOPSIIOTCSl BCE OTPAHMYCHHS, TO TOACUMTHIBACTCS BEIMYMHA IIENICBON
¢byHKUIMHU 1 OHA 00BsBIsIeTCs pekopaoM. [locie aToro npouenypa npoBOIUTCS 110
BCEM HAITPABIISIONINM.

Obcyxnenue. llpeacraBneHHbli B CTarb€ CPAaBHUTENIBHBIA  aHAJIM3
METOZIOB PAClO3HABAHMUS YEJIOBEUECKOr0 JIMIA IO M300paKEHUIO I03BOJIMII
co3aarh MH()OPMAIIMOHHYIO MOJENb METOJO0JOTHH pAaCIO3HABAaHMS YEIOBEKa
mo m3o0paxkenuto nuna (Puc. 1), a B Tabm. 1 nmeranm3wpoBaTh MO3UTHBHBIE
W HETaTHBHBIX OCOOCHHOCTH CYIIECTBYIOIIMX METOAOB HIACHTU(PUKAINN
YeJI0BEYECKOTO JINLA.

IIpoBeneHHbIil CpaBHUTEILHBIA aHAJIU3 METOJO0B PACIO3HABAHUS IO3BOJIMII
000CHOBaTh yIIyONeHHEe METOAa HCCIIEOBAaHMUs YEJIOBEUECKOro JIMLA, C
IBIDKEHHEM 110 BeKTOopaM. bbula wuccienoBaHa AeMO BEpCUsl TEXHHUECKOTO
pemenust On3HecMeHoB Kazaxcrana « Verigramy 1o pacrio3HaBaHHIO H300paKeHU N
JIMIIa Ha JOKYMEHTaX, Ha OCHOBE KOTOPOW MPEATIOKEHBI MATEMaTHIECKHE OCHOBBI
JUISL Pa3BUTHUS M YIITyOJICHUS] TEXHOJIOTHH.

BrrsiBiieHHBIE 0COOCHHOCTH MO3BOIMIN YrIyOuTh uccienoBanus (Al Qudah,
et al., 2023) mo omMCcaHWIO TOYKAMH OTISIHHOTO CEKTOpa Ha JIHIE, YTO JaeT
BO3MO)XHOCTb HE MPHUBA3BIBATHECSA K ONPEACICHHBIM CEKTOpaM, a HM3y4aTh TOT
(¢parMeHT HM300pakeHHs, KOTOPbI Ha CHUMKE HPEACTABICH HanOoiee YeTKo.
[Mony4yenHble pe3ynbraThl cornacyrorces ¢ uccienoanusmu (Viswanath Reddy,
et al. 2021), mockonbKy MOATBEPKIAIOT 3PPEKTUBHOCTH pabOTHI MO CEKTOpaM,
JEeTaIN3upysd OCOOEHHOCTH SMOLIMOHAJIBHOIO H3MEHEHHUS JHUIa IO BEKTOpaM
C BO3MOXXHOCTBIO TMOCTPOCHHMS MOJEIH BCEro YYacTKa HCCIEJOBaHUsS. YdeT
OCBEIIEHHOCTH, TpencTaBieHHbi Ha Puc. 3 (a) u Puc. 4 (a) commacyercsa c
pabotamu rpynnbl uccienoBarened (Palmer et al. 2022), mOCKONBKY Takxke
MO3BOJISIET CMOJEIUPOBATh MOBEPXHOCTh HCCIICAOBAHMA TaKUM 00pa3oM, Kak
3TO MOXKHO TPEACTABUTH C TIOMOIIBIO YEIOBEYECKOTO 3PEHHS. DTO BO MHOTOM
MOATBEPXKIAeT pe3ynbTarsl pabot apyrux uccnenosareneii (Lewis & Ellis, 2003;
Vijaya & Shafi, 2021) ¢ TeM mpenMyIIecTBOM, YTO MPEACTABICHHBI MEXaHU3M
nepebopa JOCTAaTOYHO JIETKO peajn30BaTh C IOMOIIbI0 HCKYCCTBEHHOTO
MHTEJUIEKTA, 10100HO npeacTaBieHHoMy B padore (Chen, et al. 2021).

B mpencraBnennoit mogenu npu nepexone (Puc. 3 (0)) mo HampaBisIIOITUM
(Puc. 4 (06)) mmeercst ynpoIeHHe — UCCIEeNyeTCsi M3MEHEHUE OJHON TOYKH 10
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OJTHOM W3 HANpaBISIONINX, HO 10 BCEM 3aJaHHBIM BeKTOpaMm. Takoil moaxoj K
PEIICHUIO 32/1a91 UCTIOIB30BaH /IS N3YYCHHS BpEMEHHBIX 3aTParT JIsl IPOBEACHUS
onepauuil. IIpoBeneHnbie pacueTsl MOJEIH, IpeacTaBieHuble Ha Puc. 3 u Puc.
4 MO3BOJMIIM BBINIOJHUTH Bce onepauun Menee, yeM 3a 0,001c. Yenoeueckomy
Mo3ry HeoOxomumo mpubmu3utenbHo 200 Mc, 94TOOBI pacmo3HaTh SMOIMIO B
muMuke. [103ToMy epCrieKTHBHBIM HaNpaBISHUSIM JalbHEHIIIET0 HCCIeT0BaHUS
TEeMBbI OyJIeT MOJICIIMPOBAHNE U3MEHEHUS TTOJIOXKEHHUS IIPH AMOIIHSIX IPYTHUX TOUEK
Ha juue ¢ orpanuuyenuem B 200 mc.

3akmrouenne. COBEpIICHCTBOBAHME MAaTEMaTHYECKOro 0as3uca MeTOJI0B
pacro3HaBaHUs YeJIOBEKa 110 H300PaKEHUIO JIUIIA SBIIIETCS HEMPOCTOH 3a/1avei,
He Tepsmoliel akTyarbHOCTH. CBsi3aHO 3TO € TeM, 4YTO HH(OPMAIHOHHBIS
TEXHOJIOTUU TIO/IBEPKEHBI TIOCTOSIHHBIM ~HM3MEHEHHSIM, KOTOpbIe TpPEOYIOT
aJanTanyy alroOpUTMOB JIJIS pEIISHHsSI PUKIIATHBIX 33/1a4 C Y9eTOM MUHUMH3AITUN
3aTpaT BpPEeMEHU WIIH YMEHBIIICHUS CIIOXKHOCTH PacyeTOB.

B pabote mnpencraBieH CpaBHUTEIbHBIA aHAU3, HAa OCHOBE KOTOPOTO
paspaboTtaHa nH(OpPMAMOHHAS MOJETh METOAOJIOTHH PACIIO3HABAHUS YEIIOBEKa
1o m300pakeHuto Juia. Ha 3Toit OCHOBE Mpe/ICTaBIeH METO/T TPEX HATIPABISIOIIX
Y TpeX TOYEK, OJTHA U3 KOTOPBIX P MUMHYECKUX U3MEHECHHUSX ITePEMEIaeTCs 110
BEKTOpPaM. DTOT METOJ BXOAUT B IPYIILYy METOAOB, PEATH3YEMBIX IO allrOPUTMaM
NBWOKCHHSI TI0 BEKTOpaM, OIHAKO IIOJy4YeHHbIe NpenmMyIiectBa (oOpaboTka
pEe3yNBTAaTOB IO OJHOW TOYKE — | MC) TO3BOJISIOT TOBOPUTH O BO3MOKHOCTH
MOCIIEYIOMIeH peaTn3alui JTaHHOTO METOAa C MOMOIIbI0 HCKYCCTBEHHOTO
uHTeImekTa. Jlinst BeIOOpa mpmMepa OTOOpaskeHWsi CeKTopa Ha Jmie Obuia
WCIIONIb30BaHa JIEMO BEPCHS TEXHHUYECKOTO pellleHus On3HecMeHOB Ka3zaxcrana
«Verigramy. [lpunoxenue s MOJEIHPOBAHUS CO3/IaHO C TIOMOINBIO SI3bIKA
nporpamvupoBanust C++. llocraBneHHBle B pa0oTe THUMOTE3Bl IMONYYHIN
MpeIBapuTEeNbHOE TOATBEpKIeHue. JlanpHelme nccneoBaHns HaleJIeHbl Ha
TECTUPOBAHUHU MOJIEIH C TIEPCIIEKTHBOW PACIIUPEHUS YUCIIa HATIPABIISIONIUX.

«Hannasn nayunas cmamos no02omosnena 6 pamxax npoekma Ne AP23486538
«Hccnedosanue u paspabomka cucmemvbl PACNO3HABAHUA U300PAdCEHUN 6
BUOEONOMOKAX HA OCHOBE UCKYCCMBEHHO20 UHMENIeKmay no npozpavme 217
«Pazeumue nayxkuy, noonpoepamme 102 «I panmosoe gpunancuposanue HayuHvlx
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Abstract: Advancements in technology have generated an escalating demand
for robust mobile communication systems, highlighting the importance of wearable
applications in diverse sectors such as biomedicine, military, and rescue services.
This research underscores the crucial role of wearable antennas in addressing
this growing need, with a specific focus on their design and development for
applications within the Internet of Things (IoT). The primary objective is to
establish resilient communication links capable of operating across various
environments and weather conditions. Within this context, the investigation delves
into the utilization of microstrip Yagi-Uda antennas renowned for their directivity,
lightweight construction, low profile, and cost-effectiveness. The study introduces
the simulated and fabricated design of a wearable Microstrip Yagi-Uda antenna
optimized for operation at 2.45 GHz, applicable in health and rescue services. The
antenna was analyzed by applying jeans textile as a substrate material and reached
the return loss of -20.1 dB with an 8.5 dB gain. Jeans material as a substrate showed
appropriate results to be applied in a wearable antenna.
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AHHoTamus: TEXHOJOTHSUIBIK JKETICTIKTEp OWOMEIMIIMHA, OCKEPH JKOHE
Kellell KYTKapy KbI3METTepiH Koca allFaHja, OpTyplli CeKTopiapiaa KHiMre
OPHAJIACTBIPBUIATHIH KOJAaHOAIapAbIH MaHbI3AbUIBIFBIH KOPCETE OTBIPBII, CEHIM/I
ysuibl OaiylaHbIC XKYHenepiHe CYpaHBICTBIH apTyblHa okenni. byn 3eprrey och
ecill KeJie KaTKaH KaXeTTUIIKTI KaHaraTTaHAbIpyAa KHUIMIe OpHalacThIPbLIATHIH
TEKCTWIIJII aHTCHHAJIAP/IbIH HET13T1 POJIiH aTal KepCceTe/li, OJIap/IblH IU3aliHbl MCH
3artap untepHeTi (IoT) KochIMIIanapbIH 93ipIeyre epeKiie Ha3ap ayaapaabsl. Makcar
- OCBHIHJIall aHTEHHAHBI KOJJIaHA OTBIPBIN, Op TYPJi OpTaja KOHE aya-paiibiHia
TYpaKkThl OadIaHBIC apHANAPBIH KYPY. by 3epTTey >XKYMBICHIHAA KaparaibiM
TU3aiiHBIMEH, TOMEH MPOQUITIMEH XOHE YHeMIUTIriMeH epekiieneHeTin Aru-Yua
MHUKPOJKOJIAKThl aHTEHHACBhl KapacTelpbuiraH. JKoOamanran anteHHa 2,45 [T
KHUUTITIHAC KYMBIC )KacayFa apHaJIbIIT KOMIBIOTEPIIIK OarnapiaMaaa MOACIbICH I
JKOHE IIBbIHAWBI JAM3alHBl KYPACTBIPBUIBIN, HOTHXKECI YCHIHBULIBI. AHTCHHaHBI
Kobaray Ke3iHze HKIHHCA TEKCTHII CyOcTpar Marepuai peTiHae 3epTTein, 0acka
3epITey IKYMBICTAPBIMEH CaJbICTHIPbULABL. J[KHHCA CyOCTpaTThl aHTEHHACBHIH
xobOanay ke3inge 8,3 [1bu kymeity koaddunuentimer xone 2,45 'l xwuinmikre
-20,1 JIb kepi MIBIFBIHMEH JKaKChl OHIMJIUTIKKE KOJI YKETKI3II.

Tyiiin ce3aep: fru-Yma aHTeHHAchl, MUKPOXKOJAKTHI aHTCHHA, KHiMIe
OpHAJACTHIPBHUIATHIH TEKCTUIIB/II aHTCHHA.
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AHHOTanus. TexXHONOrH4YecKne NOCTHKEHHS BBI3BAJIM pacTyIlMi CIpoc Ha
Ha/Ie)KHbIE CUCTEMbI MOOMIIBHOW CBSI3M, OAYEPKUBAs BAXKHOCTh BCTPAUBAEMBIX B
OICkTy TPHIOKEHHH B Pa3MUUHBIX CEKTOPax, BKIIOYas OMOMETUIMHY, BOCHHBIC
W cracaTelbHble CIyXObl. B 3TOM HCClienoBaHMM TOMYEPKUBACTCS KIIFOYEBast
POJIb HOCUMBIX aHTEHH B YJIOBJICTBOPEHHHU STOH pacTylied moTpeOHOCTH, 0coboe
BHUMAHHUE YIENSAETCS MX MNPOCKTHPOBAHMIO W Pa3pabOTKe Ui MPUIOKCHHUN
Wnrepnera Bemed (IoT). Llens cocToMT B CO3/MaHUM YCTOWYMBBIX KaHAJIOB
CB3M B Pa3IMYHBIX Cpelax M TMOTOJHBIX YCIOBHUSX. B 3ToM uccrienoBaHuu
paccMarpuBalOTCsl MHUKPOIIOJIOCKOBbIE aHTEHHBbI Sru-Yna, M3BECTHBIE CBOEHU
HaNpaBJICHHOCTHIO, JIETKOW KOHCTPYKIHEH, HU3KUM MPOQUIIEM U SKOHOMUYHOCTEIO.
B uccnenoBanuu npeacrapieHa CMoJeIMPOBaHHAs U U3TOTOBJIEHHAsI KOHCTPYKLIUS
HOCHMMOW MUKPOIIOJIOCKOBOM aHTeHHbI SIru-Yma, paboratomieid Ha vacrore 2,45
[Tu. [lpu npoekTHpOBaHWUHM AaHTEHHBI MAaTepUalIOM IOJJIOKKH ObUT BbIOpaH
JDKUHCOBBIN TEKCTUIIb M CPABHUBAJICS C IPYTUMH HCCIIEA0BATEIbCKUMH Pa0OTaMH.
[Ipu mnpoekTupoBaHMM Oblla JOCTHIHYTa XOpOIIash MTPOU3BOAUTEILHOCTh C
koa¢ppunmentom ycunenus 8,3 /1bu u xosdduumentom orpaxenus -20,1 b na
yactore 2,45 I'T'.

KuaioueBble cjoBa: ru-Yma aHTeHHa, MHKPOIIOJIOCKOBAsST aHTCHHA,
BCTpaMBaeMasi TEKCTUIIbHAsI aHTEHHA.
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Introduction

Technological progress has heightened the need for dependable mobile
communication systems, making them essential not only for entertainment but also
for safety. Wireless technology, especially in the form of wearable devices, has
proven valuable in fields like biomedicine, the military, and rescue operations by
enabling efficient monitoring. loT-enabled wearable devices, which can be worn as
accessories, integrated into clothing, implanted in the body, or even tattooed on the
skin, have become increasingly popular due to their ability to connect to the internet,
gather data, and facilitate the exchange of information, which is crucial for making
informed decisions. These wearable IoT applications are generally classified into
four categories: healthcare, entertainment, security, and rescue (Dian, et al,2020).
Many of these devices operate in the Industrial Scientific Medical (ISM) frequency
bands, such as 902-928 MHz, 2.4-2.4835 GHz, and 5.725-5.875 GHz. However,
these bands are subject to specific limitations, like short-range operation or low
power output, to reduce interference and ensure coexistence in the spectrum
(Federal Communications Commission, REPORT AND ORDER AND FURTHER
NOTICE OF PROPOSED RULEMAKING.). This paper primarily aims to develop
and design a durable and reliable wearable antenna for various IoT applications.
The antenna must perform well in different scenarios, including security and rescue
operations, and maintain stable communication links in various environments and
weather conditions. Additionally, it should be seamlessly integrated into the user's
uniform and remain durable under different conditions. The wearable antenna
also needs to support multiple communication types and services, such as GPS
or satellite communication, which presents challenges regarding interoperability.
With the expansion of sensor networks and IoT technologies, many areas remain
unexplored. Therefore, given the current research gaps in wearable antennas for
IoT applications, there is a pressing need for in-depth studies to unlock the potential
contributions in this field. The development of reliable, high-performance wearable
antennas for [oT applications could lead to significant advancements in industries
such as healthcare, sports, and emergency services.

Literature review

According to a study by T. Islam and S. Ullah, wearable Body Area Networks
(BANs) have shown promise in various fields, including healthcare monitoring,
sports performance tracking, and entertainment (Islam, et al, 2019). The study
emphasizes the importance of developing wearable IoT devices using textile
materials that are both comfortable and functional. A recent study introduced a
wideband, low-profile, semi-flexible antenna designed for wearable biomedical
telemetry applications, offering high gain and efficiency at a 2.4 GHz operational
bandwidth. This antenna, constructed from a semi-flexible RT/Duroid 5880
material, measures 17x25x0.787mm and demonstrated a gain of 2.5 dBi with
93% efficiency, making it a strong candidate for compact wearable devices that
perform well on the human body (Nazari, et al, 2021). In recent years, significant
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research and development have been directed toward wearable antennas, which
hold great potential for various wireless communication applications, particularly
for wearable devices. Textile materials, with their low dielectric constant (around
1 to 2), help reduce surface wave losses and improve antenna bandwidth. A
microstrip patch antenna using jeans textile, sized 120x120mm, was designed to
operate at 2.45 GHz, achieving a return loss of -32.57 dB and a gain of 7.2 dBi
(Purohit, et al). Additionally, antenna parameters were enhanced by doubling the
Yagi antenna arrays, resulting in a -20dB return loss at 5.5GHz (Ismail, et al, 2012).
However, the antenna designed in (Purohit, et al)is large and susceptible to bending
issues. A miniaturized textile antenna would reduce bending, thus providing more
stable performance. A flexible Yagi-Uda patch antenna operating at 2.48GHz was
evaluated for bending effects, revealing that severe bending degrades performance,
though the antenna’s matching performance remains relatively robust under such
conditions (Jianying, et al, 2016). In reference (DelJean, et al, 2007), a novel
microstrip Yagi array antenna is presented, capable of achieving high gain with
minimal backside radiation across various applications, including the millimeter-
wave frequency spectrum. The antenna’s high front-to-back (F/B) ratio, up to 15 dB,
is attributed to the constructive interference between the printed Yagi arrays within
the design. Researchers have investigated various substrates to maintain antenna
efficiency and flexibility, considering factors like thickness and size. The antenna's
radiation pattern is also crucial for overcoming electromagnetic absorption by the
human body. While numerous antenna models have been proposed for applications
in healthcare, rescue, defense, and entertainment, there remains significant room
for further research (Hu L, et al, 2019). This literature review underscores the
importance of developing efficient wearable antennas suited for body-worn
devices by evaluating their performance with different substrate materials. The key
challenge is that wearable antenna' performance is significantly impacted by the
human body, necessitating designs that maintain efficiency and flexibility. Further
research is needed to explore the potential of wearable antennas for healthcare
applications and enhance their overall performance. However, one potential
drawback of the microstrip Yagi-Uda antenna is its narrow bandwidth and limited
radiation compared to other antennas. Additionally, the microstrip antenna may be
more sensitive to environmental factors, such as the proximity of the user’s body,
which can affect its performance. This paper proposes modeling a miniaturized
microstrip Yagi-Uda antenna to be embedded in wearable IoT applications for
rescue monitoring purposes. The antenna simulation is carried out using CST
Microwave Studio at 2.45 GHz.

To achieve this goal, the following tasks are outlined:

- Develop a new wearable microstrip Yagi-Uda antenna design using a jeans
textile substrate and simulate it with CST Microwave Studio Simulation Software.

- Achieve appropriate measurement results during antenna fabrication to validate
its performance.
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- Compare the simulation and fabrication results, evaluating the antenna's
performance in terms of its radiation pattern, gain, efficiency, and bandwidth.

Methods and materials

This paper outlines the design process of the microstrip Yagi-Uda antenna, which
is divided into three phases: calculating the geometrical parameters, simulating and
optimizing the model using CST Studio Suite, and finally fabricating the antenna
prototype. The key features of this antenna system include its smaller geometric
dimensions compared to traditional Yagi-Uda antennas, ease of manufacturing, and
planarity (Losher, et al, 2006: Nurzhaybayeva, 2022). As shown in Figure 1 below,
this Yagi-Uda antenna design incorporates both driven and parasitic elements. The
driven element is directly connected to the transmission line, receiving power from
the source. Parasitic elements, on the other hand, obtain energy through mutual
induction with either a driven element or another parasitic element (Daya, et al;
Tanti, et al, 2020). When a parasitic element is longer than the driven element, it
acts as a reflector, absorbing energy from the driven element and influencing signal
strength by reducing it in its direction while increasing it in the opposite direction.
In contrast, a parasitic element that is shorter than the driven element functions
as a director, typically added to amplify the field strength in its direction while
diminishing it in the opposite direction.

Wiz,

Lo» ‘ D,

t
t t
Lln i vg\? i gl
. 15
‘ Wn g'
o D
r [ Le R
s [LRR
L]
W

L
R, e i o Feed network

1
i
Lr ¢l

Figure 1 - The geometry of the proposed microstrip Yagi-Uda antenna

Patch of the antenna. Although various types of patches, such as rectangular,
circular, and triangular, exist, the rectangular patch was specifically selected for
the antenna. This choice was made because the rectangular patch offers a larger
physical area, resulting in higher bandwidth and easier fabrication compared to
other patch types (Kiourti, et al, 2016). In the construction of the reflector, directors,
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and driven element, copper is utilized as the manufacturing material. Copper, on
the other hand, is employed as the manufacturing material for the ground.

Substrate. Generally, for microstrip antennas the range of substrate’s dielectric
constants is in the range of 2.2<¢ <12. Here, as a wearable antenna, we have chosen
jeans textile, so the dielectric constant will be lower. Characteristics for the jeans
fabric are provided in Table 1 below.

Table 1. Non-conductive fabric characteristics

Non-conductive fabric The dielectric constant, € Loss tangent

Jeans 1.6 0.025

The design specifications of the proposed antenna are shown in Table 2 and the
geometry is provided in Figure 1. The antenna mainly consists of a driven element,
a reflector, and 2 directors aimed to be printed on jeans substrate material.

Table 2. Design specifications of the proposed antenna

Parameter Value
Operating frequency 2.45 GHz
Transmission line microstrip feed
Material of the patch copper

The thickness of the patch, h (mm) 0.035 mm
Material of the substrate jeans

The thickness of the substrate, h (mm) 0.52

Material of the ground copper

The thickness of the ground, h (mm) 0.035 mm

The textile Yagi-Uda antenna design co-exists, such as rectangular, circular,
and triangular prism a driven patch element, and a set of parasitically coupled
director and reflector patch elements. The driven element, denoted as D, is excited
by a microstrip feedline to achieve a 50 Ohm input impedance. This is achieved
by utilizing a small gap between the driven element and the reflector elements,
which are considered as a single element with a gap in the middle for feeding
purposes. Additionally, two director elements, labeled D1 and D2, are incorporated
to establish beam directionality and enhance antenna gain.

Calculation of the Patch dimensions.

The following equations given below (1-5) are used to identify the other
parameters of the substrate and patch

The width of the patch is given as:

c
= (1)
24, (Srz"'l)

Where, c is the velocity of light, f| is the resonant frequency and is relative
dielectric constant.
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In order to calculate the length, the effective dielectric constant of the substrate
should be determined:

(r+1) (er=1) h,-1
Eopf = =+ = [1+12.] 72 2)

The effective length is:

c

Lerr = ohies 3)

The equation of length extension, where the dimensions of the path along its
length have been extended on each by a distance, AL, which is a function of the
effective dielectric constant and the width-to-heigh ratio (W/h):

(gefft0. 3)(K+O 264) (4)
(geff—0. 258)(—+0 8)

AL = 0.412h

Because of the inherent narrow bandwidth of the resonant element, the length
is a critical parameter, and the above equations are used to obtain an accurate value
for the patch length L. The actual length of the patch is obtained:

L= Lesy — 2AL (5)

Calculation of Microstrip Line Feed

Then, the microstrip synthesis, H with characteristic impedance, Z, equals to 50
Ohm is generated using:

i =[] S ] m ) + 2 ()] ©)

Based on (6), the width of microstrip line feed, W, is computed as in the
following:

Wy = [(f - %)_1] « 1.60mm, (7)

Moreover, the length of microstrip line feed, L, is obtained through:

— ig
Lp=60x5 )
where
1 =—2<
9= Fxferers )
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Calculation of the Antenna ground dimension
The length of the ground plane is calculated using the following:

Ly =L+ 6h, (10)
moreover, the width of the ground plane is computed as shown below:

W, =W + 6h, (11)

To achieve optimal gain and favorable return loss, all the values in the design
were carefully selected. The spacing between elements, denoted as g, is set at
0. lkg. The width of the directors, W, and W, is slightly shorter than the width of
the driven element, W, by approximately 5% and 10% respectively. Conversely,
the width of the reflector, W, is 5% longer than the width of the driven element.
Through simulation, the length of the reflector and directors are determined to
be approximately one-fourth of their total width. These design choices aim to
maximize the performance of the antenna in terms of gain, while ensuring efficient
signal reflection and transmission properties.

Table 3. Calculated geometry of the microstrip Yagi antenna

Parameter list Dimensions (mm)
W, 53.7
W, 51
W, 48.33
W, 28.2
W, 12.45
L, 45.7
L, 12.75
L., 12.08
L, 14.1
L, 44.39

g 2.56

After all calculations of the parameters, the design of the wearable microstrip
patch antenna is modeled using CST Simulation software.

Results

Designing a microstrip patch antenna requires careful consideration and
evaluation of several critical parameters, including bandwidth, S-parameters,
VSWR, radiation pattern, and impedance. One of the main challenges in microstrip
antenna design is achieving a wide bandwidth and high efficiency. A narrow
bandwidth limits the antenna's ability to effectively capture signals, while low
efficiency results in poor overall performance. To overcome these challenges, the
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inset-fed edge technique is utilized, enabling an operating bandwidth greater than
200 MHz. This approach helps to broaden the antenna's bandwidth and enhance
its efficiency. Additionally, to further improve efficiency, the antenna is designed
with the aim of achieving a return loss (S11) of less than -10.000 dB in both the
simulation and fabrication phases. This goal is set to ensure optimal performance
and minimize any potential signal loss or degradation.

Figure 2 and 3 below shows the fabricated design of the textile Yagi-Uda antenna with a jeans
substrate. The Nano VNA analyzer is used to indicate the return loss of the antenna.

Figure 2 - Fabricated wearable Yagi-Uda antenna.

Figure 3 - Fabricated wearable Yagi-Uda antenna result at Nano VNA analyzer

These parameters below are obtained from the simulation results.

Reflection coefficient is also known as S, or return loss. It describes the loss
of the power in the signal reflected by a transmission line. Return loss is mainly
related to Standing wave ratio. For any microwave devices, the return loss should
be very minimum. The return loss must lie below -10dB, then the device yields
maximum output.
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Figure 4 - Simulated and experimental S, parameter results of Yagi-Uda antenna with jeans
substrate

From Figure 4, the simulated antenna with jeans substrate reached the return loss
of -20.1dB at 2.45 GHz, which is 98% of the power transmitted. In comparison, the
S11 parameter of the fabricated antenna is -10.84 dB.

Equation (12) states the relation between ratio of incident and reflected power.

pi
RL(dB):l 0l0g10 P_:‘ (12)

According to the simulation results of S11 parameter, it can be emphasized
that jeans material can be applied in the wearable antenna design and can achieve
satisfying results with minimum power loss.

From Figure 4 seen, the S11 parameter are presented in decibels over frequency.
A comparison of experimental and CST Microwave Studio full-wave numerical
solver results is shown. A slight downshift in frequency is observed for the measured
prototypes. This discrepancy is within the tolerance limits for the substrate and
foam permittivities.

Voltage standing wave ration (VSWR) is used to describe how well the antenna
impedance is matched with the connected transmission line. It specifies the total
efficiency of an antenna and how efficient the electromagnetic signals are transmitted
/ received in a particular frequency band. For better performance, VSWR must lie
between 1 and 2. It is a function of reflection coefficient; real and positive number.
The VSWR value for jeans substrate is 1.26. VSWR of the antenna is calculated
using equations (13) and reflection coefficient was calculated using equation (14).
Figure 5 below shows the reflection coefficient of the antenna with jeans substrates.
VSWR plays a crucial role in analyzing the performance of an antenna.
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1+|T)
VSWR = —
P (13)
5-1 "
I =—
It =5 (14)
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Figure 5 - VSWR of the simulated wearable microstrip Yagi-Uda antenna with jeans substrate.

The sketch drawn to represent the radiation properties of an antenna is called
Radiation pattern. It is plotted as a function of angular position and radial distance.
It describes the relative strength of the radiated field in multiple directions from
the antenna. It includes both reception and transmission patterns. For a wearable
antenna, which will embedded in the cloth, it is better to achieve circular polarization
in order to cover the human body at 360 degrees.

Farfield Gain Abs (Phi=0)

0

farfield (f=2.45) [1]
Phi= 0 ‘ v Phi=180

90 90

o
Main lob®magnitude = 8.52 dB
180 Main lobe direction = 180.0 deg.
Angular width (3 dB) = 65.9 deg.
Theta / Degree vs. dB Side lobe level = -24.3 dB

Figure 6 - The simulated two-dimensional radiation pattern of the microstrip Yagi antenna with
jeans substrate.

149



NE WS of the National Academy of Sciences of the Republic of Kazakhstan

Figure 6 shows farfield diagram from the simulation result for 2.45 GHz.

The antenna gain is calculated both in transmitting and receiving antenna. In
transmitting antenna, gain specifies how well the antenna converts input power into
waves transmitted in one particular direction. In receiving antenna, the operation
is vice versa how well the antenna converts the radio waves into electrical signal.
Microstrip Yagi-Uda antenna design with jeans substrate shows a gain of 8.5 dBi.

Po

G= oo * D, (15)

where, Po — output power in watts, Pin — input power in watts, D — directivity
in dB.

Directivity is one of the antenna parameters which measures the radiation
intensity in one particular direction. If the antenna is transmitting in all directions,
then it will have zero directivity. The directivity value obtained is 9.1 dB.

Discussion

Compared to the design presented in, where the Yagi-Uda antenna using an FR-4
substrate achieved a return loss of -11.17 dB with a gain of 6.89 dBi, the proposed
antenna design with a jeans substrate demonstrated superior performance, achieving
a return loss of -20.1 dB and a gain of 8.5 dBi at 2.45 GHz. The jeans-substrate
antenna also shows promising results in terms of directivity. As illustrated in Figure
6, the main beam is directed towards approximately 180°, which corresponds to the
end-fire direction. This improvement is achieved by adding directors and increasing
the ground plane to match the size of the substrate, providing a well-balanced and
reasonably sized antenna.

Conclusion

In conclusion, a wearable Yagi-Uda antenna operating at 2.45 GHz for use in
healthcare and rescue services has been successfully designed and evaluated. The
antenna's performance was assessed using jeans textile as the substrate material.
Simulation results showed a return loss of -20.1 dB and a gain of 8.5 dB, indicating
that jeans material is a suitable substrate for wearable antennas.

The proposed wearable microstrip Yagi-Uda antenna offers reliability and
high performance, which could lead to significant advancements across various
industries and applications, including healthcare, sports, and emergency services.
However, it is important to note that wearable systems are generally not used on
flat surfaces. The study highlighted that bending can alter the resonant length of the
antenna, leading to deviations in the resonant frequency. Additionally, factors such
as human body movements, material wetness, and specific absorption rate (SAR)
are critical and should be the focus of future research to prevent degradation of the
antenna's performance.
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Abstract. UAV-based systems have gained popularity in recent decades due to
their robustness in various commercial applications. Traditional fixed air quality
monitoring stations are large and immobile, which limits their functionality. These
drawbacks have been largely eliminated by affordable sensor modules integrated
with drones. Equipped with optical, multispectral, and hyperspectral cameras, as
well as gas analyzers, drones provide detailed data without the need for human
presence. These technologies find application in areas such as agriculture,
healthcare, and ecology, allowing for rapid problem detection, process control, and
emergency prevention. This paper presents a comprehensive and systematic review
of the commercial use of drones for air quality and environmental monitoring. The
collected data were classified by drone model, sensor type, and payload weight,
which is critical for their stability. Most studies used low-cost sensors depending
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on the available space on the drone. The review of existing publications highlights
the importance of further research and the diversity of drone applications for
environmental monitoring. This work highlights the importance of drones as a tool
for improving monitoring quality, data accuracy, and management decisions. In
today’s rapidly changing world, it is important to further develop new technologies
to optimize remote monitoring, which can lead to more sustainable management
of natural and urban resources. This work will help researchers and ecologists in
choosing appropriate drone payloads and optimal installation sites, as well as in
applying modern monitoring methods, which will be useful for developing effective
protocols and databases for environmental purposes.
Key words: UAV, UAP, drones, gas analyzers, multispectral cameras.
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AHHoTanus. ¥¥A HeriziHaeri Kyieraep COHFbl OHXBUIABIKTApIA SPTYpIIi
KOMMEPIHSUTBIK KOJaHOamapaarel CEHIMIUTITIHE OaiIaHBICTBl TAHBIMA OOJJIBL.
Aya canacbhlHbIH MOHUTOPHHTI IOCTYPJIi CTAllMOHAPIIBIK CTAHIUSIIAPHI YIIKSH KOHE
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KO3FaJlIMaibpl, OyJ1 oJapAblH (YHKIIMOHAJIBIFBIH IIEKTeWai. byn kemmrimikrep
HETI3IHeH JPOHIApMEeH OIpIKTIPUITeH KOJDKETIMII CEHCOPINIBIK  MOIYJIbIEP
apKbUIbl KOWUBUIABL. ONTHKAIBIK, MYJIBTUCIICKTPII JKOHE THIICPCICKTPAIbIbl
KaMepallapMeH, COHJai-ak Ta3 aHalu3aTopjapbIMEeH >KaOJbIKTAJIFaH JIPOHIAP
aJIaMHBIH KaThICYBIHCBI3 eKeH-TemKelnl Maimertep Oeperi. by TexHomorusnap
mpoOnemManap/Isl KbUIIaM aHbIKTayFa, MpOoIecTep/ai OakpliayFa >KOHE TOTEHINE
JKaFJaiap/IbIH ajIbIH alTyFa MYMKIH/IIK O€pEeTiH aybll IapyallbUIbIFbl, IEHCAYITBIK
cakKTay >KOHE 3KOJIOTHS CHSKTHI cajiajiap/a KoJaHbLiaabl. Byl )kyMbIC aya camachl
MEH KOpIIaraH OPTaHbBl MOHWTOPHHTICY VIIH JPOHAAPABl KOMMEPIUSIIBIK
naiganaHynsl KemeH Il KoHe KYHelni Typae KapacTelpazisl. JKWHamFaH akmapar
TYPaKTBUIBIK YIIiH MaHBI3ABI OONBIN TaOBIIATHIH JIPOH YATLIEpPi, CEHCOp TYpIepi
YKOHE Mak 1Akl )KYK caMarbl OoWbIHIIA JKikTenai. KenrereH seprreynep ApoHarsl
0oc opbIHFa OaliIaHBICTBI ap3aH CEHcOpJapAbl Nainananiel. KonmaHbICTarbl
YKapUSITaHBIMJIAPIbI IOy OJIaH 9Pi 3€PTTEYIIEP i H MAHBI3IBLTBIFbIH )KOHE KOPIIIaFaH
OpTaHbl OakpUIay VIMIH IPOHIAPABI KOJMAAHYIBIH OPTYPIUIriH KepceTemi. by
YKYMBIC JIPOHIAP/IbIH MOHUTOPUHT CaIlaChlH, JCPEKTEP/IIH AJITIH )KoHe OacKapy
memiMaepin Kadbuiiay Kypaibl PETiHJe MaHBI3ABUIBIFBIH KepceTei. KapKbiHbl
©3TepeTiH Ka3zipri omeMje TaOWFM JKOHE KallalbIK PeCcypcTapibl HEFYPIBIM
TYPaKThl OacKapyra OKeJCTiH KaIBIKTHIKTaH OaKpLIaydsl THIMIICY YIIIH XaHa
TEXHOJIOTUSIAPAbI OJIaH 9pi JAaMBITY MaHbI3Ibl. Bysl )KYMBIC 3epTTEyIIijiep MEH
AKOJIOTTApFa JIPOHJAP YIIH KOJAMIIBI )KYKTEP/Ii dKOHE THIMJII OPHATY OPBIHIAPBIH
TaHJay/1a, COHJai-aK KopIIaFaH OPTaHbl KOPFay MakKCcaThIH/Ia THIMJII XaTTamalap
MEH JIepeKKOpIapAbl J3ipiey YIIH maiimaiasl OolaThlH 3aMaHayd MOHHUTOPHHT
OIICTEepiH KOJTaHya KOMEKTECE/Il.
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AnHotamus. Cuctembl ¢ wucnonbzoBanueM bBIIJIA cranm nomymsapHeIMU
B IOCJIEAHUE JACCATWICTHs Onaromaps CBOCH HAaOeKHOCTH B Pa3IMYHbBIX
KoMMepueckux cepax. TpaauMOHHbIE CTAlMOHAPHBIE CTAHIIMM MOHUTOPWHIA
KauecTBa BO3IyXa UMEIOT OOJbIINE Pa3Mepbl U HEMOABMKHBI, YTO OTPAHUYUBACT
X (YHKUMOHAJIBHOCTh. DTH HEJOCTAaTKU B 3HAYMTEIBbHOW CTENEHH YCTPaHEHBI
C TMOMOIIBIO JOCTYIHBIX CEHCOPHBIX MOAYJEH, WHTETPHUPOBAHHBIX C JAPOHAMHU.
OcHalleHHbIE ONTHYECKUMH, MYJIBTUCIEKTPAJIbHBIMU M THMIIEPCHEKTPAIbHBIMU
KaMepaMH, a TaK)Ke Ta30BBIMU aHAJIN3aTOPaMH, JPOHBI 00ECIIEUNBAIOT TOITYYEeHNE
JETATN3UPOBAHHBIX JAaHHBIX 0€3 HEeOOXOJMMOCTH TMPHUCYTCTBHUS YeJIOBEKa. OJTH
TEXHOJIOTUM HAxXOJAT NMPUMEHEHHE B TaKWX OOJACTSIX, KaK CeJIbCKOe XO3AWCTBO,
3paBOOXPAaHEHUE W OKOJIOTHsSI, TIO3BOJISIT OBICTPO  BBIBISITH  MTPOOJIEMBI,
KOHTPOJIMPOBAaTh TMPOIECCHl M TPENOTBpAIlaTh Ype3BbIYaliHbIE CHUTYaIUH.
Hacrosiiias pabora npeacTapisieT co00i KOMIUIEKCHBIA U CUCTEMaTU3UPOBAHHBIN
0030p KOMMEpPYECKOrO HWCIOJIb30BAaHHUs JPOHOB JUII MOHUTOPWHIA KadecTBa
BO3/yXa M COCTOSHHSI OKpyKaromeil cpensl. CoOpannas uHpopmanus Obuia
KJaccu(UIMPOBaHa MO MOZAEISAM IPOHOB, THUIAM JAaTYUKOB M BECY IOJE3HOU
Harpy3Kd, YTO KPUTHYHO IJIS1 UX CTAaOMIBHOCTH. B OONMbIIMHCTBE HCCIeqOBaHUN
HCIOJB30BAIUCh  HEAOPOTME JATYMKKM B 3aBUCUMOCTH OT  JIOCTYITHOTO
mpocTpaHcTBa Ha ApoHe. O030p CyIIECTBYIOIIMX MyOIMKAlUi MOAYEpPKUBACT
Ba)XHOCTb JAJIbHEUIINX UCCIEIOBAHUN U pa3sHOOOpa3nue NPUMEHEHHSI IPOHOB ISl
9KOJIOTHYECKOTO MOHUTOpHHIa. OTa paboTa akUEHTHUPYET 3HAUUMOCTh JIPOHOB
KaKk MHCTPYMEHTA JJIs MOBBIIMICHUS KaueCTBAa MOHHMTOPWHIA, TOYHOCTH IAHHBIX
U YNpaBJIeHYECKUX pelleHuil. B ycnoBusx ObICTPOro M3MEHEHHs COBPEMEHHOTO
MHpa BakHA JalbHeimas pa3pab0oTKa HOBBIX TEXHOJOTHH I ONTHMH3AINN
JTUCTAaHIIMOHHOTO MOHUTOPHMHTA, YTO MOXET MPHUBECTH K 0ojee yCTOHYHBOMY
YIPaBICHUIO MPUPOIHBIMU U TOPOJICKUMH pecypcaMu. JTa paboTa OKaXeT TOMOIIIb
WCCIIeIOBATENsIM U JKOJIOTaM B BBIOOpE TMOAXOJSIIEH MOJE3HON Harpy3ku JUist
JIPOHOB 1 ONITHMAJIBHBIX MECT UX YCTAHOBKH, a TAK)KE B TPUMEHEHUHN COBPEMEHHBIX
METOJIOB MOHHMTOPHHIA, YTO OyIeT IMOoJie3HO IS pa3paboTKh 3()(EeKTHBHBIX
MIPOTOKOJIOB M 0a3 JaHHBIX AJIS1 SKOJIOTUUECKHX LIEICH.

KioueBsbie cioBa: BJIII (OecnimnoTHbie neratenbHble miaatdopmbl), BITITA
(OecuyoTHBIE JIeTaTebHbIC Aammaparsl), APOHBI, TA30aHANIMU3ATOPBI, MYJBTU-
CHEKTpPaJIbHBIE KAMEPBI.
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Paboma evinonnena npu gunancosoii. nododepoicke Komumema Hayku
Munucmepcmesa nayku u svicuieco obpazosanus Pecnyonuxu Kazaxcman (epanm
NoAP23488745 «Onepamuenas oyenka 3AcCONeHHOCU NOY8bl C HpUMEHeHUeM
MAOBLICOMHBIX  OECNUIOMHBIX Jlemamenvublx niamgopmy, Ne BR21881908
«Komnnexc aKonozuneckoeo  CONpoBodIcOeHusi 20pOOCKOU  a2iomepayuuy u
Noe BR24992908 «Cucmema noooepiicku acpomexHu4eckux Mmeponpusmuil 6
pacmenuesoocmee Ha 0Oaze KOMNIEKCd CPeOCmE8 MOHUMOPUHed U Memo0o08
uckyccmeenno2o unmeniekma (Agroscope)»).

Beenenne

B GosbmHCTBE KPYITHBIX TOPOIOB MUPa MOHHTOPHHT Ka9eCTBA BO3/[yXa M aHAITU3
OKpY’KaIoIIeH Cpe bl CTalld MPUBBIYHBIMYA 337[a4aMH. JTOT MPOIIECC BKITFOUALT KaK
KOJJMYECTBEHHYIO, TaK M KAUCCTBEHHYIO OIICHKY KOHIICHTPAIIUU 3arpsi3HSFOIIUX
BEIICCTB B PA3JIMUHBIX YCIOBHSIX B COOTBETCTBUH C HAIIMOHAJILHBIMH CTaHIapTaMH.
PacmipocTpanenue ommacHBIX 3arps3HUTENEH HapyIIaeT aTMoc(epHoe paBHOBECHE,
MPUBOJUT K 3a00JICBaHUSIM M HAHOCHT BpE]] SKOCHCTEMaM. 3arpsi3HEHHBIN BO3IyX
MIPEJICTABIISIET CEPHE3HYIO YTPO3Y JUIS 370POBbS JIIOACH M OKPY)KAIOIIEH Cpessl,
CIOCOOCTBYSI PaCIPOCTPAHEHUIO OOJIC3HEH.

HenaBaue mccienoBaHus MOATBEPININ BIMSHHUE 3arpPsA3HSIONINX BEHISCTB Ha
MecTHYI0 (utopy, hayHy U uctopuueckne 00bekThl. COBPEMEHHBIE PETUCTPATOPHI
JAHHBIX W MOHUTOPHI TOMOTAIOT BBISIBJIATH B3aUMOCBSI3M M IPEJCKA3bIBAThH
W3MEHEHHWs] B OKOJIOTMH M KIWMare. 3arps3HeHHe BO3Ayxa OOYyCIOBICHO
MHO)XECTBOM (DaKTOpOB, BKJIIOYasl KIMMATW4YeCKHE YCIIOBHS, Tororpaduio u
WCTOYHUKH 3arps3HEHUS, ¥ TPOJODKAET HApacTaTh ¢ KaKIbIM JTHeM. OKumaercs,
YTO ITO UCCIIEIOBAHKE ITOCITYKUT PYKOBOJICTBOM JJISI 9KOJIOTHYECKOTO MOHUTOPUHTA
00BEKTOB, 3arps3HSIOLINX OKPYKAIOILYIO CPEAY, C UCIIONb30BaHUEM OCCIIMIIOTHBIX
neraTeNbHbIX ammaparoB (bITJIA).

Becrimnornsie  nerarenbable  margopmbel  (BITJI), Takme xak BIJIA,
MPEOCTABISAIOT BO3MOKHOCTh TIPOBEIIEHUS JHUCTAHIIMOHHOTO MOHHTOPHHTA
Pa3INYHBIX OOBEKTOB M TEPPUTOPHI. J[JIst TOr0 OHM 00OPYAYIOTCS ONITHYECKUMH,
MYJIbTH-, THUIEP- CICKTPAIBHBIMH KaMepaMH, Tra30aHaIn3aropaMd U JPYTHUMU
pUOOpamMu, MTO3BOJISIIONTUMH COOMPATh MHPOPMAITHIO O COCTOSHUHA OOBEKTOB H
OKpY’KaroUIEN Cpebl.

C momomIpio OeCTIMIIOTHBIX JIETATENBbHBIX TUIATQOPM MOXKHO OCYIIECTBISATH
MOHHUTOPHUHT JIECHBIX MaCCHBOB, CEIIbCKOXO3IHCTBEHHBIX YTOAMH, CTPOUTEIHHBIX
00BEKTOB, TPYIHOJOCTYITHBIX MECT U APYTUX 00IaCTEH. DTO IMO3BOJISET OTIEPATHBHO
BBISIBIISITH ~ MPOOJIEMBI, KOHTPOJIHUPOBATh  BBITIOJIHEHHE PAa0OT, TMPUHAMATH
yIpaBleHYECKUE PELICHUS H IPEAOTBpAIlaTh Ype3BbIYaliHbIE CUTYaIHH.

Texnuueckne cpencTBa AWCTAHIIMOHHOTO MOHHTOPHWHTA C  TIOMOIIBIO
OCCITUIIOTHBIX JIETATENbHBIX IUIATPOPM MOTYT OBITH HCIOIB30BaHBI B Pa3IMIHBIX
00JTacTsX, TAKUX KaK SKOJOTHS, CEIbCKOE XO35IMCTBO, CTPOUTEIHCTBO, TPAHCIIOPT,
MOHHUTOPUHT TEXHHYECKHX cucTeM U Jip. (Mukhamediev et al., 2021)

OnmHUM M3 caMbIX TEPCIEKTHBHBIX HAMpaBICHHH B Pa3BUTHH TEXHUYECKHX
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CPeICTB JWCTAHIIMOHHOTO MOHUTOPHHTA C WCIIOJIb30BAaHUEM OECIHIOTHBIX
netarenbHbIX TwatTgopm (BJIIN) sBrseTcs nuHTETpanyst W MCIOIB30BAaHUE HOBBIX
TEXHUYECKUX peIIeHHH cOOpa OaHHBIX W METOAOB OOpaOOTKH TMOIydaeMbIX
JaHHBIX. BOT HEKOTOpHIE W3 HOBBIX HAIPABICHWH, KOTOPHIE MOXHO BBIJEIUTH!
MPUMEHEHUE alTOPUTMOB MalIMHHOTO OOyYCHHsS W UCKYCCTBEHHOT'O MHTEJUICKTA
JUIS aHajw3a TONYYeHHBIX IaHHBIX, pa3padoTka Oonee 3(P(PEKTUBHBIX CHCTEM
nepeaayy JaHHBIX, TAKUX KaK O€CTIPOBOIHBIE TEXHOJIOTHH CBSI3U HOBOTO ITOKOJICHUS
(manpumep, 5G), 4TO TMO3BOJSET MepelaBaTh JaHHBIE B PEaJbHOM BPEMEHH C
BBICOKOM IMPOITYCKHOW CITOCOOHOCTHIO, CO3aHNE KOMITAKTHBIX ¥ TOYHBIX JaTYUKOB,
BKJTIOUasi KAMEPhI BEICOKOTO pa3pereHus, HHpaKpacHble U MYJIBTHCIIEKTPaTbHbIC
CEHCOPBI, YBEIIMYCHHE JTUTENFHOCTH ToeTa U sHeproddpdextuBHocTH BJIIT 3a
CUET MPHUMEHEHUS JIETKUX MaTepHuajioB, YIYUIIEHHS aKKyMYJSTOPOB MIIH Jaxke
WCTIOJIb30BAHUS aJbTEPHATUBHBIX MCTOYHUKOB SHEPIHH, TAKUX KaK COJHEYHBIC
Oaraper, BO3MOXXHOCTh HMHTETPAMH OCCIUIOTHBIX JIETAaTCIBHBIX IUIATHOPM
C JpYyrdUMH THIAaMH JUCTAHIIMOHHBIX CPEJICTB MOHHUTOPWHIA, HAMpUMEp
CTaIlMOHAPHBIMH CEHCOPHBIMHU YCTPOHCTBAMH Ha 3eMIIE.

B wenom, wucnonb3oBanue bBJIII pans  AMCTAaHUMOHHOIO  MOHUTOPHUHIA
oOecrnieunBaeT OoJiee MMPOKHIA OXBAaT TEPPUTOPUH, BBICOKYIO TOUHOCTH JTAHHBIX U
OTIepPaTUBHYIO OOPaTHYIO CBS3b.

Kpartknii 0030p HeKOTOPBIX MyOINKALHIA, TOCBAIICHHBIX TAHHON TeMaTHKe.
BycnoBusaxakTuBHOropa3BuTHUs HayKU U TeXHUKUMH Ty cTpusi BITJIA nemoncTpupyer
CTPEMUTENIbHBIM POCT, YTO NMPUBOJUT K YBEIMUEHHUIO YucCia JIpoHOB. Bmecrte ¢
TeM, TpoOIeMbl, CBSI3aHHBIE C HCIIOJIh30BAHHEM APOHOB, CTAHOBATCS OOBEKTOM
BHUMAaHUS HccienoBareneid. J[poHbl ObUIM UCCIIE0BAaHbI B KAYECTBE HHCTPYMEHTA
11t MOHUTOPUHTA 3arpsi3HEHUS BO3yXa B okpyxaromieii cpeae (Chang, etal., 2018;
Chilinski etal., 2018). Cucrema MOHUTOPHHTA Ka9eCTBa BO3IyXa C UCIIOJIE30BAHUEM
BIUIA u Bu3yanbHbIM HaBeJcHHEM ObUTa pa3paboraHa aBropamu Yang et al.
(Yang et al., 2019). JlanHas cucTemMa MO3BOJSET OTCIEKNUBATH U MPOTHO3UPOBATH
pacnpezeneHne nHjekca kagectna Bozayxa (AQI) B mpocTpaHCTBEHHO-BPEMEHHOM
NepcreKkTuBe. ABTOPBI MCCIEN0BaHUN IporeMoHcTpupoBaiu, uyto BIIJIA moryr
MIPUMEHATHCS JUTS OTIPEACTICHISI KOHIICHTPAIINH 3aTr PSA3HSAIONTNX BEIIECTB B BO3IyXE
(Babaan, et al., 2018; Alvear at al., 2017). B cratbe Andrew Hamilton-Wright et al.
(Andrew Hamilton-Wright et al., 2017) paccmarpuBaetcs npumenenne BJIIT mos
MOHHUTOPUHTA OKPY)KalolIel cpe/ibl, BKIIIOUasi SKOJIOTHYEeCKHe U reorpaduieckue
WCCIIEZIOBaHUS, OXpaHy MPHUPOJIBI, CEThCKOE XO3SHCTBO M TEOAE3UI0, 00CYXKAAI0T
TexHuueckue xapakrepuctuku BJIII, ux npeumyinecTBa U OrpaHUYEHUs, a TAKKeE
MEPCIICKTUBbI PA3BUTHUS ATON TEXHOJOTHH B OymyiieM. Zahari et al. (Zahari, et al.,
2021) mpoBonuau 0630p MpUMeHEeHUs (GOTOTpaMMETPHH ¢ UCTIoab30BaHneM bJIIT
JUI. MOHUTOPHUHTA MPUOPEKHBIX M PEYHBIX TEPPUTOPUNA. ABTOpPBHI aHAIM3UPYIOT
TexHnyeckne BozMoxxHOcTH BJIII, meronmsl 00paOOTKH IMONyYEHHBIX ITaHHBIX H
MOTEHIIHAIbHBIE IPUMEHEHHS PEe3YJIbTaTOB NCCIIEIOBAHUH B PA3INYHBIX 00JIACTSIX,
TaKUX KaK I'e0JIOTHsl, THAPOIIOTHS H OXpaHa OKpyxaromiei cpeabl. B crarse Hodgson
et al. (Hodgson, et al., 2017) uccnenyercs ucrions3oBanue bJII1 st HabnroneHus u
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UCCIIEIOBAHMSI MOPCKOH (hayHBI. ABTOPBHI OLICHUBAIOT BEPOSATHOCTH OOHAPYKEHHS
pa3IMYHBIX BHJIOB MOPCKUX JKMBOTHBIX C momormipio BJIIT m paccmarpuBaror
NpPEeUMYIIecTBA 3TOr0 METOJa HAONIONCHHS IO CPABHEHUIO C TPaJUIMOHHBIMU
MeToaaMu uccienoBanus. B padore ot Zhang et al. (Zhang, etal., 2023) mpoBoxurcs
0030p COBpEMEHHBIX BO3MOXKHOCTEH AMCTAHIIMOHHOTO 30HMPOBAHUS C TOMOIIIBIO
BJII1. ABTOpBI aHANM3HMPYIOT pPA3IMYHBIC THIBI CEHCOPOB U 00OPYIOBAaHHS,
ucnonb3yeMbix Ha BJII, a Taxke nmpuMeHsieMble METOBI 0Opa0OTKH M aHaJIH3a
TIOTyYCHHBIX JaHHBIX, U TPEIIararoT NePCIIeKTUBBI PA3BUTHS ITOH TEXHOJIOTHU B
OymyIieMm.

Ot paboThl TPEACTABIAIOT cOOOW Wb HEOOJBIIYI0 YacTh OOLIMPHOTO
HAyYHOTO W TPAKTUYECKOTO OOCYKIEHHs TeMbl ucronb3oBanus bBJIIT s
JMCTAHIIMOHHOTO MOHUTOPHHTA. TeM He MeHee, OHH JIEMOHCTPUPYIOT 3HAUMMOCTh
9TOW TeMBI M pa3zHOOOpa3me €€ acleKTOB, a TaKKe MOTYEPKHBAIOT BAXKHOCTh
TadbHEHIINX UCCIIEIOBAHMUI 1 Pa3pabOTOK B ATOH 00IacTH.

MarepuaJjibl 4 METOAbI

Jlemamenvuvle annapamsl 012 mMonumopunza. 1Ipu pemieHN pa3IUYHbBIX
3aa4 MOHHUTOpPHHTA OKPYXAaloleH cpenpl BaKHBIM HEJOCTATKOM  SIBIISIETCS
KOJIMYECTBEHHAsT OrPaHUYEHHOCTh MPOCTPAHCTBEHHO-PACHIPEACICHHBIX JaHHbIX.
W3mepenus ¢ nomounpio BITJIA MOTyT MOBBICUTH MPOCTPAHCTBEHHOE Pa3pEIICHNE
U TO3BOJIAIOT C(HOPMHUPOBATH TPEXMEPHYIO KapTHHY paclpelesieHUs pa3IHnIHbIX
napamMeTpoB, MOTYyYUTh HHYOPMALIKIO O 3¢eMHOI TOBEPXHOCTH U BOAHOM TOJIIIE U3
TPYAHOIOCTYIHBIX MECT. B COOTBETCTBHHM C MPHUHATON KiIacCU(pHUKALUEH, Malble
BIJIA, Ha 0©a3ze KOTOpBIX MOXET OBITh OPraHW30BaH MOHUTOPHHI, AETSATCS Ha
TpYIIBI, IPeACcTaBIeHHbIC B Tabnuue 1.

Tabmuma 1 — OcHoBHBIE XapakTepucTukd Manbix BIIJIA B cooTBeTCTBHH ¢ Kiaccu(pUKanuei
AUVSI (Association for Unmanned Vehicle Systems International)

Banernas | [lanpHOCTh | BBIcOTa IIponomxuTenbHOCTh

Kareropus

Macca, KT | [oJieTa, KM | [ToJieTa, M | TIoJieTa, 9
Nano BITJIA <0,25 <1 100 <0,5
Micro BITJIA <5 <10 250 1
Mini BITJIA 5-150 <30 150 - 300 <2
Jlerkue BITJIA 25-150 10 - 30 3000 2-4
)r;[:;zlae BITJIA ¢ masoii JalbHOCTBIO 50250 30 -70 3000 3.6
Cpennue BITJIA 150-500 | 70-200 5000 6-10

[Ipumenenue nerkux u cpeanux BIIJIA B mpegenax ropoaa 3aTpyJHEHO U, B
LIEJIOM, BPSIII JIM ONIPABAAHO B CBSI3U C BEICOKOM CTOMMOCTBIO MTOJOOHBIX allaparos,
MOCKOJIbKY JUIsl OOJBIIMHCTBA BUJOB ONTHYECKOTO MOHUTOPHHIA M1 MOHUTOPUHIA
COCTOSIHUSL BO3AYILIHOM cpenbl BHoiaHE HocTaTodHo BIIJIA rpy30moabEMHOCTBIO
710 HECKOJIbKUX KHJIOTPaMMOB. B CBSI3M € 3TUM paccCMOTPUM HCHOJIB30BaHNE HAHO,
MUKpo U MuHU BIUJIA st opranuzanuu MoHUTOpUHra. K UX 4uClly OTHOCSATCS:
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MYJIBTUPOTOPHBIA HaHOAPOH BecoM MeHee 250 rpamMm, MyJIBTUPOTOPHBIN
YHHMBEPCAJIbHBIM MUHHU APOH BECOM J10 6 KT, MUHHU APOH KOHBEPTOIUIAH BECOM 10 15
kr. Kpome 3Toro, BO3MOXHO ITPUMEHEHHUE aNIapaToB Jierye Bo3ayXxa (auprKkaonei/
a’pOCTATOB).

Cucmema MOHUmMOPUH2a HA OCHOGE HAHOOPOHA.

OnHolt U3 BO3MOXKHBIX SIBJISETCS] CHCTEMa MOHUTOPUHTA Ha OCHOBE HAHOJPOHA,
BapraHT KOTOPOTO MOKa3aH Ha PUCYHKE 1.

Pucynok 1 — HanonpoH a1t MOHUTOpUHTA

TexHUYeCKHE XapaKTePUCTUKN HAHOAPOHA, MOTYT OBITh CIICTYFOIIMH:

[puémuux: pabouas gacrora 2,4 I'Tm mo3BosseT ympaBisTh OPOHOM Ha
PaCCTOSIHUH.

Pama: nzrotosnena u3 kapOoHa, 4TO JenaeT e€ JErko U MpOYHOH.

Pa3mMep pambl: AuamMeTp Mo 0CSIM MOTOPOB - 168 MM.

IoaéTHbII KOHTPOIIEP U PeryasiTop 000poToB: MakcuMasbHbBIN TOK - 40A,
4TO 00ECIeYrBaeT CTAaOUIHLHOE YIIPABICHUE U PETYITMPOBKY 000POTOB.

Kamepa u BHIeomepeIaTYnK: aHAIOrOBbIC, pabouas vyacrora - 5,8 [T, mist
nepeayy BUJICOCUTHAIA.

[ponemnepsbr: nuametp 100 MM, MOTYT OBITH KaK 2X, TaK U 3X JIOMIACTHBIE, YTO
BiHsAeT Ha 3Q(HEKTUBHOCTD U YIPABIIEMOCTh JIPOHA.

GNSS-monynb: wmynsru-cuctremubiii  (GPS  + GLONASS + Beidou),
o0ecrieurnBaeT TOUHYIO HABUTAIIHIO.

AHTeHHa: pabouas yacrora 5,8 ['T'1, kpyroBas nossipusanus JUisi CTaOUIbHON
CBSI3U.

Mortopsl: 1uametp 14 MM, ¢ 2750 oGopoTamu Ha BOJIBT.
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Bec: 249 rpamm, uTo nenaet ApoH JAETKUM U MAaHEBPECHHBIM.

Pa3bém cuitoBoii: MakCUMaTbHBIN TOK - 30A, 1JIS TOAKITFOYEHUS aKKyMYJISITOPA.

AKKYMYJISITOP: TUI - TUTUH-UOHHBIN, HOMUHAJILHOE HAINIpsDKEHUE - 14.8 BOJIBT,
éMrocTh - 2500 MA4Y, obecreuynBaeT MOCTATOYHYIO DHEPTHIO IUIS JTHTEIBHBIX
IOJIETOB.

Bpemsi onepaTUBHOIO pa3BepTbIBAHUS: 2 MUHYTBI, YTO ITO3BOJISET OBICTPO
MOATOTOBUTH APOH K MOJETY.

JIéTHBIE XapaKTepUCTHKH:

[IpomomxuTenbHOCTE TToNETa: 10 25 MUHYT (B nuamnaszoHe BeIcOoT 0 — 1000 m)

MakcumaibHas JaJIbHOCTh nonéra: 20 km

[Ipaktnueckunii notonok: 3000 m

MakcumaibHast ckopocTh: 120 km/4

Kpeiicepckas ckopocTb 1o Mapmpyty: 70 km/4

IIpenmyiecTBa MCHOIb30BaHUs OECIIMJIOTHBIX JIETATEJbHBIX INIAT(HOPM
(BILJIA) kaTeropvuu HaHO B JUCTAHIMOHHOM MOHUTOPHHIE:

YuuBepcaabHocTh: Hano bIIJIA, Becom wmenee 250 rpamm, oO0mamaroT
YHHBEPCAIbHOCTHIO B NPUMEHEHHH W MOTYT HCIIOJIb30BaThCs MPAKTHYECKH B
MOObIX MecTax C COOJIONEHHEM MPaBWII BBINOIHEHUS MOJETOB. DTO JenaeT
WX WJICATbHBIM BBIOOPOM JUII MOHHTOPHHTA B PA3IMYHBIX YCIIOBHSX, BKJIIOUas
TOPOJICKHE PAHOHBI, JIECHBIE MACCHUBBI, U TPYJHOAOCTYITHBIE MECTA.

MaHeBpeHHOCTb: HAaHOIPOHBI 00JIaAaI0T BEICOKOM MaHEBPEHHOCTBIO U MOTYT
JIETKO NMPOHUKATh B Y3KHE MTPOCTPAHCTBA. DTO OCOOEHHO BaYKHO JUII MOHUTOPUHTA
B TOPOJCKHX YCJIOBHSX, IJIe JOCTYIl K OObEKTaM MOXET ObITb OrpaHUYEH, WIH B
JIECHBIX paiioHax, rJe HeoOXOANMO HCCIIeI0BATh TPYAHOIOCTYITHBIE YYACTKH.

JKOHOMHMYHOCTB: HAHOAPOHBI TPEOYIOT MEHBILIE PHEPrUM JUIA TMONETa IO
CpaBHEHHIO ¢ 0oJiee KPYIHBIMHA MOJCIISIMH. DTO JIeJaeT uX 00Jiee SKOHOMUIHBIMHA
B MCIIOJIb30BAHHUH H TTO3BOJISIET MPOAIMTE BpeMst TTOJIETa Ha OHOM 3apsiie Oarapeu.
Kpome Toro, oHn o0bl4HO Oosiee IOCTYNHBI C (PUHAHCOBOM TOYKH 3PEHMS, UTO
JieTlaeT X MPHUBIIEKATEILHBIM BHIOOPOM ISl ITUPOKOTO KPyTa MOJIb30BaTeIeH.

Be3omacHocTh: B cilydyae aBapuu MajJeHbKUM APOH MPEACTABISET MEHBIIYIO
YIpo3y Ui OKPY>KAIOIIMX JIFoAEeH M uMmylnecTBa. VX JIErkuil BeC U KOMIIAKTHbIE
pasMepsl CHIXKAIOT MOTEHLIUANbHBIC MOBPEXKICHNUS M PUCKU Uil OC30MacHOCTH.
310 0COOCHHO BaXHO MHpU paboTe B T'yCTOHACENEHHBIX WIM OIPaHMYEHHBIX
MIPOCTPAHCTBAX, 7€ 0€30MACHOCTh OKPY/KAIOIINX ABJISETCS IPHOPUTETOM.

Takum o00pa3om, OecMIOTHBIE JeTaTelbHbIC MIATGOPMBI KaTErOPHUH HAHO
MIPEIOCTABISAIOT PAJ MPEUMYIIECTB, ACNAIONINX HX HACaJbHBIM BBIOOPOM ISt
MHOXECTBa 3a7ad JAMCTAHIMOHHOIO MOHUTOpHMHra. X yHuBepcambHOCTB,
MaHEBPEHHOCTb, HKOHOMHMYHOCTH M O€30MIaCHOCTh JEJNAIOT MX Ba)KHBIM
WHCTPYMEHTOM JUISI DPAa3IMYHBIX OTpacieil, BKJIIOYas CeIbCKOe XO3SHCTBO,
9KOJIOTHIO, TPAXKIAHCKYI0 000POHY U MHOTOE JIPYTOE.

OrpannyeHusi MCHOJbB30BaHMS OeCMMJIOTHBIX JeTaTeJdbHbIX IIAT(GopM
(BIIVIA) xaTeropuy HaHO NP AUCTAHIIMOHHOM MOHUTOPHMHIE:

OrpannveHHasi MoJie3HAsi HATPY3KAa: HAHOAPOHBI HMMEIOT OIPAaHUYEHHYIO
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CMOCOOHOCTh HECTH TMOJIE3HYI0 HArpy3Ky H3-3a MX KOMIIAKTHOTO pasMepa u
OTPaHWUYEHHON T'Py30MOABEMHOCTH. DTO OTPAaHMYUBACT KOJMYECTBO JIaTYHKOB
U JIpyroro 0oOOpYIOBaHWs, KOTOpoe MOXkeT ObITh ycTaHoBieHo Ha BILJIA. B
pe3yibTare, HaHOJAPOHBI MOTYT ObITh MeHee d((EKTUBHBI B BBHITOIHEHUH 3a7a4,
TpeOyIOIUX OOJBIIOT0 00heMa CEHCOPOB MITH 000PYA0BaHUS.

BerpoBble yciaoBuA: u3-3a CBOEH Maijod MacChl HaHOIPOHBI Oolee
YYBCTBUTENBHBI K BETPOBBIM YCIOBHSM, OCOOCHHO TIPY BBIITOJHEHUH TOJIETOB Ha
Oosbiue BeICOTHI. CHITBHBIE BETPHI MOT'YT 3HAYUTEILHO OBIUATH HAa CTA0MIIBHOCTh
u ynpasisieMocTs BITJIA, 9To MOKET YCTI0)KHHUTE BBITIOJTHEHUE 33]1ad MOHUTOPUHTA
Y TIOBBICUTB PHCK ITOTEPH KOHTPOIIS HAJl APOHOM.

XoTs HaAHOAPOHBI OONAMAIOT PSAIOM MPEUMYINECTB, ONHMCAHHBIX paHee,
STH OTPaHUYEHHUS BA)XKHO YYHUTHIBATH IMPH HMX HCIONb30BaHUH. [lmanmpoBanue
MoNETHBIX 3a7aHuii ¢ HaHo BIIJIA [OMWKHO y4YWTBIBaTH HMX OTrpaHUYEHHBIE
BO3MOXHOCTH, YTOOBI 00ecreunTh 0e30macHOCTh U 3()(EeKTUBHOCTH BHITIONTHEHUS
MOHHTOPHUHTOBBIX 3a/1a4.

Cucmema MOHUMOPUHZA HA OCHOGE MY/IbIMUPOMOPHO20 MUK OPOHA
MynetuporopHslii  BIIJIA B KOHCTpPYKLIMM TeKcakolTepa HpPEACTaBIEH Ha
pHUCYHKE 2.

Puc. 2 — yHPIBepC&HLHLIﬁ JAPOH JIs1 MOHUTOPHUHI'A HA OCHOBE I'€KCAKOIITEPa

B srtom cnyuae BIIJIA oGnamaeT clneayroOIMMH XapaKTEPUCTHKAMU,
OIHCaHHbIE B Ta0J. 2:

Tabn. 2 — XapakTeprCTHKN MYyIbTUPOTOPHBIH BITJTA

Banéruslii Bec 110 O6KT

Ilonesnas Harpyska MooxeT ObITh YCTAaHOBJIEH KOMITIEKC (DOTOXMMHUUYECKHUX JATYHKOB
(NO2, CO, NH3, CO2, VOCs, PM2.5, PM10), onTu4eckux,
AKYCTHYECKHX JIATYMKOB M MH(ppaKpacHas Kamepa.

Bpewms nonéra 10 30MuH
CkopocThb monéra 0- 50xkm/u
Banér/mocanka Beprukansno

161



NE WS of the National Academy of Sciences of the Republic of Kazakhstan

Bricora nonéra 2-1000m

Paboune yacToTh 433MTI', 900MTI'n, 1,21 T, 2,41'Tw, 5,81 T

CucremMbl CITyTHUKOBOTO GPS, TTIOHACC, BEIDOU, GALILEO

MO3UITHOHHPOBAHHS

Pasmep mumommanku mist 2x2M

B3JIETA/TIOCAKHU

Juametp no ocsaim 850Mm

JIBUTATENeH

KonnuecTBo aBuraresei 6

Tun nBurarenet OeckomnexropHble 3-x (azusie BLDC (brushless direct current)

VYrpasnenue MOJTyaBTOMATHUECKOE, aBTOMATHIECKOe (B3NET/IoCaIKa, TONET M0
MapiipyTy)

[Tnanuposanue mapuipyta | uepes [IK ¢ ucnonb3oBanuem Mmonema

TouHoCTH 1o 0,6Mm.

MTO3UIIUOHNPOBAHHS

[Tporpammuoe Ardupilot, QGroundControl

obecrieueHue

IIpeumyinecTBa MCNOJIb30BaHUA OeCHUWJIOTHBIX JIeTATeJbHBIX ILUIAT(GoOpPM
(BIIJIA) kaTeropyu MMHHM B TUCTAHIIMOHHOM MOHUTOPHUHIE:

YBequveHHAs TMoJie3HAsi HArpy3Ka: MHHH JPOHBI 0OOmajmaroT Oombiieit
TPY30II0IEMHOCTHIO U MOTYT HECTH 0oJiee CIOKHOE 00OpyIOBaHHME M OOJbIIEe
KOJIMYECTBO JTATIMKOB. DTO MO3BOJISET MOTydaTh OOJIee MOTHBIC U Pa3HOOOpa3HbIC
JaHHBIE, YTO OCOOSHHO BaYKHO IS BBITOITHEHMS 3a]1ad MOHUTOPHHTA B PAa3TUIHBIX
00JTacTsIX, BKITIOUAs CEIbCKOE XO3HCTBO, IKOJIIOTHIO U MHPPACTPYKTYPY.

Bosee numTesibHOe BpeMsl MOJeTa: MUHH JIPOHBI OOBIYHO MMEIOT OOJIBIIYIO
€MKOCTh Oarapeil, 4To MO3BOJISIET TUIAHWPOBATh JUTUTENBHBIC TTONETHBIE 3aIaHMs
n coOuparh JaHHBIC Ha OOJBIIUX PACCTOSHUAX Oe3 HEeOOXOMMMOCTH YaCThIX
nepe3apsaok. Jto jgenaeT X 3(PPEeKTHBHBIM WHCTPYMEHTOM JUISl BBITIONTHEHUS
JUTATENBHBIX MOHWTOPHHTOBBIX 3aJaHWid, TakuX Kak a’podoTocheMKa WIN
MaTPyIUPOBaHNE OONBIINX TEPPUTOPHH.

Bbicokasi cTaOWJIBHOCTB: MHHH JPOHBI 0OJee YCTOWYHMBBI K BETPOBBIM
YCIIOBUSIM B MOTYT JIeTaTh B OoJiee CIOKHBIX MOTOAHBIX YCIOBHAX 0Oe3 moreph
CTaOMIIPHOCTH WM YIIPABISIEMOCTH. JTO MO3BOJSET UM MPOBOIUTH MOHUTOPHHT
B Pa3NUYHBIX KIMMAaTHYECKUX YCIOBHSX M B HECTAOMIBHBIX aTMOC(EPHBIX
YCIIOBUSIX.

Hcnonp3oBanne muam BITJIA mpemoctaBiser 3HAYUTENBHBIE TTPEHMYIIECTBA
B JNHWCTAHIIMOHHOM MOHHTOPWHTE, TIO3BOJISA MPOBOIUTEL Oojiee A (heKTUBHBIC H
TTOJTHOIIEHHBIE OTIepaIlii, COOMpaTh 00Jiee pasHOOOpa3HbIE TAHHBIC U OCYIIECCTBIIAT
MOHHUTOPHWHT Ha OOJIBIINX PACCTOSHUAX B PA3TNYHBIX TOTOAHBIX YCIOBHSIX.

OrpaHuyeHusi MCNOJb30BaHUS O0€CNUJIOTHBIX JIETATEJAbHBIX IIAT(HOPM
(BIIJIA) kaTeropyu MMHHM B TUCTAHIIMOHHOM MOHUTOPHUHIE:

Xy’ke MaHEBPEHHOCTh: MUHU JIPOHBI OOBIYHO MEHEe MAHEBPEHHBI U UMEIOT
Oomee oOrpaHWYEHHbIE BO3MOXKHOCTH MAaHEBPHPOBAaHUS TI0 CpPaBHEHUIO HAHO
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JIpOHaMHU. DTO AETAET UX MEHEE TOIXOAIIMMH JUTs BBITIOJTHEHHN S 3a/1a4 MOHUTOPUHT A
B OTPaHUYEHHBIX WU CIOKHBIX MPOCTPAHCTBAX, TAKUX KaK FOPOJICKHE PAlOHBI C
IJIOTHOM 3aCTPOMKOMN MJIN JIECHBIE MAaCCHUBBI C T'YCTOW PAaCTUTENIBHOCTBIO.

Kpynnbiii pazmep 1715 HEKOTOPBIX MOJETHBIX 32JaHUI: pa3Mep MUHU IPOHOB
MOXET MPENSITCTBOBATH BBIIIOJHEHUIO HEKOTOPBIX MOJETHBIX 3aaHUi, 0COOCHHO
B CHUTyallUsX, KOrzna TpeOyeTcsl BBIIIOJHEHHE TOYHBIX MaHEBPOB WJIM paboTa B
OTpaHMUYEHHOM TNpOCTpaHCTBe. HampuMep, B IUIOTHO 3aCTPOEHHBIX TOPOACKHUX
paiioHax WM npu HeOOXOAUMOCTH 00IETa MPETATCTBUIA Ha MapLIpyTe.

TpeOoBanusi K paspelieHMsIM [JIs IOJETOB B Ipeaenax ropoga: st
BBINOJTHEHHUS OIETOB MUHU JPOHAMH B IIpeiesiaX ropojia TpeOyIoTcs crieianbHbIe
paspemieHust ¥ cepTU(UKaThl OT COOTBETCTBYIOIIMX OPraHOB YINpPaBJCHHUS
BO3AYIIHBIM JBM)KEHHUEM WM BJIacTel. DTO MOXKET CO3/1aBaTh JONOJHUTEIbHBIC
aIMIHHCTPATUBHBIE U IOPUINYECKHE CI0KHOCTH JUUIsl OPraHU3aly U MPOBEAECHUS
MOHHMTOPUHIOBBIX ONEPALU B TOPOACKUX yCIOBHSX.

OTH OrpaHWYEHHUs] CIIEAYET YYWTBIBaTh NPH IJIAHWUPOBAHWU M BBIMOJIHEHUHU
MOJETHBIX 3aJlaHUK ¢ OCCHUJIOTHBIMH JICTAaTeNbHBIMH IJIaTPOPMaMH KaTeropuu
MUHU B JHACTaHIIOHHOM MOHHUTOpUHre. [lpaBuibHOE IUTaHHpPOBaHWE U
YIpaBIeHHE MONETHBIMHM 3aJaHUsIMH TIOMOTYT MHHHMH3HPOBATH BO3MOXKHBIE
pucku 1 obecniednTh 3PEKTUBHOE BHIOIHEHNE 3371a4 MOHUTOPUHTA B PA3IMYHBIX
YCIIOBUSIX U Cpefax.

Cucmema MOHUMOPUHZA HA OCHOBE MUHU KOHEEPMONIAHA
YHUBEpCaNbHBIN JPOH JIi MOHUTOPHHTA Ha OCHOBE KOHBEPTOIUIAHA MOKa3aH
Ha puc. 3.

Puc. 3 — YHuBepcanbHBII APOH AT MOHUTOPHHTA Ha OCHOBE KOHBEPTOIIIaHA
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Tabmn. 3 — XapakTepucTUKH YHUBEPCATHLHOTO JPOHA JJIi MOHUTOPUHTa HA OCHOBE KOHBEPTOILJIaHA

Banétusrii Bec

10 15kr

[Tonesnas Harpyska

A) xommieke poroxumuueckux aarurkos (NO2, CO, NH3, CO2,
VOCs, PM2.5, PM10);

Bb) RGB kamepa ¢ nonHopa3smepHoii marpuueit 36Mn

B) rupocrabunmsuposanHslii noasec ¢ RGB kamepoii ¢ 1/2.8
CMOS cencopoM, 30-kpaTHBIM ONTHYECKUM YBEITUUECHUEM C
(GyHKIMEH pacrio3HaBaHU JIOEH M TPAHCIOPTHBIX CPEJICTB C
TIOMOIIBIO UCKYCCTBEHHOTO MHTEIUIEKTa, HH(PAKpaCHOM KaMepoit
¢ pazpenienuem 640x512 u nazepHbimM nanbHOMepoM 10 2000Mm.

Bpewms nonéra

110 3 yacoB

CxopocTb mosiéra

ot 0 km/a B pexxume VTOL (Vertical Takeoff and Landing), no
90KkM/4 B caMOJIETHOM PEKUME

Bsnér/mocanka

BeprukaipHo, 110 BepTOIETHOMY

Bricora monéra

0 —4800Mm, npu nosnHoii 3arpyske 10 3000m

Paboure yacToThI

900MI'm, 1,2I'Tn, 2,41 T, 5,81T1x

CucTtemsl CITYTHUKOBOI'O

GPS, TTTOHACC, BEIDOU, GALILEO

MO3UITHOHUPOBAHHS
Pasmep miomaaxu st 5x5m
B3JIETA/TIOCAKHU

Pa3max xpeiia 2500mm
KonnuecTBo nBurareneit 5

Tun nBurarenet ANEKTpUUIecKre OecKoIeKTopHBIE 3-X (azupie T BLDC
(Brushless Direct Current Motor)

MOJTyaBTOMATHYECKOE, aBTOMAaTHYUeCKoe (B3ET/mocaKa, moiéT mo
MappyTy)

gepes 1K ¢ ncronp3oBannem Mozema

VYnpagnenue

ITnannposanue Mapmpyra

TounocTk mo3uIMOHKpPOBaHUS | 10 0,6M.
IMporpammuoe obecrieuenne | Ardupilot, QGroundControl

IpeumymecrBa aponoB-kouBepTomaanoB VTOL (Vertical Takeoff and
Landing - BepTukanabHblii B3JIeT H IOCA/IKa):

BepTuxanabHblii B3J1eT U IOCAAKA: OJJHIM U3 OCHOBHBIX IIPEUMYIIIECTB IPOHOB
VTOL sBnsieTcss BEPTUKAIBHBIN B3JET W MOCAaKa. JTO TMO3BOJISIET B3JIETAaTh U
CaJUTHCS HA OTPAHMUYEHHBIX IIOMIAIKAX, TAKUX KAaK KPBIIIN 31aHNH, Y3KHE YIHUIIbI
WM HeOOJBIIHE TIONIA]IKH, T/Ie HET BOBMOYKHOCTH JUTSI JUTUTEIBHBIX pa30eroB wim
MOCaOYHBIX MOIoc. Takke BEpTUKAIBHEIN B3JICT U IMOCaKa aenatoT nponsl VTOL
MIPUTOAHBIMH 11 pabOTHl B TPYIAHOAOCTYITHBIX MECTax, IJie HEJOCTaTOYHO MecTa
JUTS CTAHJIAPTHBIX B3JIETHO-TIOCAOYHBIX MOJIOC.

JiuTenbHoe Bpems noJieta: 1pousl VTOL npennazHaueHs! U1 BBITTIOTHEHUS
JUTMTETIbHBIX TONETHBIX 3aJaHui Onaromaps Ooyiee BBICOKOH 3((PEKTHBHOCTH
B caMoJI€THOM pexuMe. [lociie BepTUKaNbHOTO B3JIETa OHU MEPEXOAST B
TOPU3OHTAIBHBINA CaMOJETHBIA PEXUM IMOJNETA, YTO IMO3BOJISIET UM 3KOHOMHUTH
SHEPrHI0 M yBEIWYMBATh AalbHOCTh monéra. Takum o6pazom, nponsl VTOL
MOAXOJAT JUIA TIPOBENCHUS JUIMTEIbHBIX TMOJETHBIX 3aJaHUN, TaKUX Kak
MaTpyIMPOBaHNE, MOHUTOPHUHT MITH a3p0(OTOCHEMKA OOIBIINX TEPPUTOPHIA.
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Cnocobnocts nponoB VTOL B3neTats ¥ caiuThCs TPH HYJIEBOH TOPU30HTATBHON
CKOPOCTH Ha OrPaHWYEHHYIO IUIOMAAKY W TPOBOAUTH UINTENBHBIE IOJIETHBIE
3aJJaHus JIeaeT UX 0COOEHHO IICHHBIMU BO MHOTHX 00JIacTsX.

Orpannvenus:

Hponsl VTOL moryT uMeTs Oombine rabapuThl ¥ BEC, YTO OTPAaHMYMBACT UX
HCIOJIBb30BAHNE B HEKOTOPBIX MOJETHBIX 3aJaHUSX.

TpeOyerca Oomee crnoxHOE 00OpYIOBaHME M TEXHHYCCKHE HABBIKM IS
00CITy>KUBaHUS ¥ TUJIOTUPOBAHUSL.

TpeOyercs crenmanabHOE pa3pelIeHUE AJIsl BHIIOJIHEHUS TOJIETOB B Ipeaenax
ropoja.

Cucmema MOHUmMOPUH2A HA OCHOBE OUPUIHICADTIA
YHUBepcanbHBIA JPOH AJIT MOHHUTOPWHTA HAa OCHOBE JHMPHKAOIS MMOKa3aH Ha
puc. 4:

Puc. 4 — MOHUTOPHHT C TIOMOIIBIO TUPHKAOIIs (YIPABIIEMOro a’3pocrara)

Tabm. 4 — XapaKTepI/ICTI/IKI/I YHUBEPCAJILHOI'O ApOHA JId MOHUTOPUHTA HAa OCHOBE I[I/IpI/I)Ka6J'[H

Bsnérnas macca KOHCTpYKLUH | 10 7 KT

JPIKAOIIST

ITonesnas narpyska 10 3xr A) xomruteke poroxumuueckux aatankos (NO2, CO, NH3, CO2,
VOCs, PM2.5, PM10);
B) akycTHueckue gaTauku
B) rupocrabunmsupoBannslii nogsec ¢ RGB kamepoii ¢ 10-tu
KpaTHBIM ontrdecknM ysennaenneM. Cencop CMOS 1/3”.
Tounocts nosunuonuposanus 0,01 rpanyca.
I') ndpakpacusiii nerexrop VOX 6e3 oxIaxIeHUs HA
THPOCTAOMIIN3UPOBAHHOM II0JIBECE.

Bpewms monéra 110 8 9yacoB

CxopocTb mosiéra 0-30xMm/a

Bsnér/mocanka BeprukansHo

Bericora nonéra: 0 - 5000m

Paboumne yacToTh! 900MTI'n, 1,2I'Tw, 2,41 T, 5,81 T'1x

CHUCTEMBI CITyTHUKOBOTO GPS, ITTOHACC, BEIDOU, GALILEO

MO3UIIMOHHPOBAHUS
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Pasmep miomanxu st TxTm

B371€Ta/IOCAAKN

T'aGaputs uinHa — 4000MM, quametp — 2000mm

KonnuecTBo aBuraresei 2

Hecymwii ra3 Tennit

Tun nBurareneit ANIEKTpUYIECKUe OecKoLIeKTOpHBIE 3-X (aszHbie Trn BLDC

Vipasnenue Pyunoe. Bo3MOKHOCTB TPOIOJIKUTEIBHOTO 3aBUCAHUS B OJJHOM
TOYKE.
Huskast BeTpoycTOHYMBOCTD

[penmymecTBa TUpPUKAOI:

Boabmasi  npogo/kuTeSbHOCT,  MOJ€TA:  aupwkabmu  obmagaror
CIOCOOHOCTBIO MPOBOJIUTH JUIMTENBbHBIE TONETHI Oiarogapsi cBoeil CriocOOHOCTH
MOAJIEPKUBATh TMONET 0€3 MOCTOSHHOTO PAacXOAOBaHMs JHEpruu. B ornnume
OT CaMOJETOB WM BEPTOJIETOB, KOTOPHIE TTOCTOSTHHO TPATAT SHEPTUIO B TOJIETE,
JTUPUKAOIA MOTYT HUCIOJIB30BaTh adpPOCTATHUCCKUN TOABEM IS JIUTUTEIBLHOIO
npeObIBaHMS B BO3IYXE.

Bo3Mo:kHOCTH NMPOU3BOANTHL CTATHYHBIE 3aMephl HA Pa3HbLIX BBICOTAX B
TeyeHHe CYTOK: JIMpmkabiau MOTYT JIETKO yAEP)KMBATh CTa0MIIBHYIO BBICOTY B
BO3lyX€, YTO MO3BOJIICT UM IPOU3BOJUTH CTATHYHBIC 3aMEpbl U HAOIIONEHUS Ha
pasHbIX BBICOTAaX B TEUEHHE CYTOK. JTO OCOOECHHO TOJE3HO IUISi MOHHUTOPHUHTA
W3MEHEHUH B OKpyXKalolled cpeae Ha PpasauyHbIX BBICOTAX, BKIIIOYAs
KIMMaTHYECKUE YCIIOBHS, aTMOC(HEpHOE JaBlICHNE, COCTOSHHE PACTUTEIBHOCTH 1
JpyTHe napameTphl.

OtcyrcTBHE HEO00XOAMMOCTH IOATOTOBJICHHOW ILIOIIAJAKHM IS B3JeTa
U mocaaku: Jupmkabmum MOTyT B3JeTaTb M CaAUThCS BEPTUKAIBHO 0e3
HEOOXOOMMOCTH CIICMAIbHO MOATOTOBICHHON MIIOMAAKY JUISl B3JIeTa U MOCAJKH,
YTO JIeNaeT UX YAOOHBIM U THOKUM CPEACTBOM TPAHCTIOPTHPOBKH M HAOIIONCHHUSI.
310 MO3BOMNSET UM paboTaTh B yHAJIEHHBIX MM HEIOCTYIHBIX TEPPUTOPHSX, I
OTCYTCTBYIOT a3pOJIPOMBI HWJIH a3POTIOPTHI.

[IpeumymiectBa agupwxkadneld npemailoT uX A(PQPEKTUBHBIM  CPEACTBOM
IUIl  TIPOBEACHUS PA3IM4YHBIX 3ajad, BKJIOYAas MOHHUTOPHUHI, HaOJoneHHe,
TPAHCIOPTUPOBKY M Jpyrue. BO3MOXHOCTb JUIMTEIBHBIX IOJIETOB, IPOBEICHUE
TOYHBIX 3aMEPOB Ha PAa3HbIX BHICOTaX M I'MOKOCTb B BBIOOpE MecTa B3jeTa U
MTOCAJIKA JIETAET UX OCOOCHHO IEHHBIMH B PA3IMYHBIX 00IACTAX TIPUMCHCHHUS.

OrpannveHus1 HCIOJb30BAHUA TUPHKaAOIeii:

Manast MAaHEeBPEHHOCTb U BbICOKasl CJI0KHOCTh YIpaBJIeHUsl: AUpHKaOnn
00NIaIal0T MEHBIIEH MaHEBPEHHOCThIO M 0oJiee CIOKHBIM YIIPABICHUEM IO
CPaBHEHHUIO C JPYTUMH THIIAMH BO3OYLIHBIX CYIOB, TAKMMH KaK CaMOJETHI MU
BepTOHéTBI. 9T0 OrpaHUYMBACT UX NPUMEHCHNUE B HCKOTOPBIX MONETHBIX 3aJaHHuAX,
ocobeHHO TaM, rae TpeOyercss TOYHOE M ObICTpOe HM3MEHEHHME HaIlpaBICHUS
JBYKCHUS.

Bobicokasi mapycHOCTh M HOABEPKEHHOCTh BJMSIHMIO NOTOAHBIX YCJIOBHIA:
M3-3a CBOCH KOHCTPYKITUU M OOJIBIION OOKOBOM TTOBEPXHOCTH, JUPHKAOIN Ooee
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MOABEPIKEHBI BO3/ICHCTBUIO BETPa M JAPYTHX MOTOJHBIX SIBICHHUH MO CPaBHEHHUIO
c Oosee THKENBIMU JIETATEIBHBIMM ammaparaMd. OTO co34aET 3aTpyJHCHHUS B
YIpaBJICHUH U CTAa0MIIM3aLMH JETAaTeIbHOIO arnapara B yCIOBHUIX CUIBHOTO BETPa
WK IPYTUX aTMOC(HEPHBIX SBICHUH, YTO OrPaHUYMBAET UX CIIOCOOHOCTh PaboTaTh
B Pa3HBIX KJIIMMATHYECKUX 30HAX U YCIOBHSIX.

Xors aupwkabnyd o0NafaloT PAAOM TNPEHMYIIECTB, BKIIOYasl JUIMTEIBHOE
BpeMs OJIETa U OTCYTCTBHE HEOOXOANMOCTH CIICLHAIBHOM IUTOIAAKY IS B3JIeTa
W TOCAJKH, UX OIPaHUYCHUS B MAHEBPECHHOCTH M TOABEPKEHHOCTH ITOTOIHBIM
YCIIOBHSIM CIIEIyeT YYWTBHIBATh NPU IUIAHWPOBAHWM M BBIMOJHEHHH MOJIETHBIX
3agaHuii. IIpoiBHHYTBIE CHCTEMBl YNPABICHUS M HABUTAMM MOTYT IIOMOYb
CHPABUTHCS ¢ HEKOTOPBIMH M3 3THX OTPAaHUYEHHH, OTHAKO B HEKOTOPBIX CIydasx
BBIOOP IPYroro TUIa BO3LYILIHOTO CyIHA MOXET ObITh O0Jiee MOAXOISIINM.

CpaBHuTenbHas TadaMLIa OCCIMIOTHBIX JIETATENbHBIX IUIAaT(opM A cUCTEM
MOHHUTOpPUHTA IPUBECHA B Ta0M. 5.

Tab6mn. 5 — CpaBaurensHas Tabmuma BITJIA

IIapamerpsl I'excaxonrep | Hano npon | JIupu:kadiabs | KonBepromian
Peructparmsa BITJIA Jla Her Her Ja
[IponomxuTensHOCTD Jlo 25 munyt | o 6 munyt | [lo 3 yacos Jlo 3 yacoB
[IPOBEJCHUS U3MEPEHUH 110
MapiipyTy
IIponomkxuTenbHOCTD Jo 35 munyt | o 10 munyt | bonee 8 wacos | [lo 50 munyT
MPOBE/ICHNS N3MEPEHHH B
OJIHOM TOYKE
MakcumanbHbli Bec mone3Hoi | 2 kuorpamma | 200 rpamMm 3 kuiorpaMma | 2 Kujiorpamma
Harpy3ku (Habopa JaT4ruKoOB)

MakcumaipHas BbICOTa 3 kunomerpa | 500 MeTpoB |5 KMJIOMETPOB | 3 KHIOMETpa
MPOBEJICHNUS N3MEpEeHHI

MaxkcumainpsHast CKOpOCTh 35 km/4 20 xm/4 8 kxM/4 50 km/4
BETpa MPH MPOBECHUH

TIOJIETOB

Bpewms oneparuBHOro 10 MuHyT 2 MUHYTbI 30 MuHYT 15 MunyT
pa3BepTHIBAHUS

MaxkcumalbsHasi CKOpOCTh 70 xm/4 70 km/49 30 km/4 90 km/4
CI0>KHOCTD BBIIIOJIHEHHUS Cpennsis Cpennss Huzkas Cpennss
3aITy CKa/TOCaKi

Manespennocts BITJIA Bericokast Bricoxkas Huskas Bricokas

Kamepuot u /lamuuxu

B cniyyae MOHMTOpHHTa 3¢ MHOI TOBEPXHOCTH, YCTAaHOBJICHHBIE Ha O€CIIMIIOTHBIX
netarenbHbIX ammaparax (bI1JIA) kamMepsl u 1aT9uKu OOBIYHO CITIOCOOHBI COOMPATh
JaHHBIC B ONTHYECKOM M HH(PAKpPaCHOM JAMaNa3oHax CIEKTpa. DT KaMephbl
00J1a1al0T PA3IUYHBIMU CHEKTPAIBHBIMH BO3MOXKHOCTSIMM M Pa3pellCHUEM, UTO
JieJlaeT UX MOAXOASLIMMU JUISl PA3IMUHBIX 3371a4 MOHUTOPUHIA, BKIIIOUAs! CEIbCKOE
XO03511ICTBO, SKOJIOIMYECKUI MOHUTOPUHT ¥ HHGPACTPYKTYPHBIH aHAIU3.
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CocrtaB kaMep M JaT4MKOB, ycTaHaBnuBaeMbIx Ha bBIIJIA, ompenensercs
3aJa4aMd MOHHUTOpHHTra. HekoTopele M3 COBPEMEHHBIX MYJIBTHUCIIEKTPAIbHBIX
KaMep, peHa3HauYeHHbIX 111 ycraHoBky Ha BITJIA npuBenensr B Taom. 6.

Tab6mn. 6 — CpaBHEHHE MYIBTUCTIEKTPATBHBIX KaMep, IpeIHa3HaueHHbIX T nHTerpamn ¢ BITJIA

Pa3IMYHbIX TUIIOB

. MicaSense -
HazBanue MicaSense Altum-PT RedEdge-P Parrot Sequoia | MS 600 Pro
Bremrnauii Bug
https:/www.
https://support. https://support. https:/www. aeromotus.com/
CchLika micasense.com/hc/ micasense.com/hc/ | parrot.com/en/ | product/ms600-
en-us en-us support pro-multispectral-
camera/
Bec 460 r 350r 721 282r
Tabapurieie 111 o g0x69em  [89x7.0x67em |22 X PIX28 100 74x520m
pa3mepsl cM
Hanpsienite | 55552 p 70B-252B 50B-60B [60B-30,0B
[ATaHKs
Hotpebsenat | 5 5 14 gy 5,5-10Br 12-15Bt 7-10Bt
MOII[HOCTb
3,2 MII mynsru-criex- | 1,6 MIT mynsTu-
TpaJIbHBIN AWANA30H, | CIEKTPAIbHBII 1 2MIT wymsri- | 1,2MIT sy
Paspemenne 12 MII manxpo-maTu- | AMana3oH, . .
N CIEKTPAIIbHBIN | CHEKTPAJIbHBIHA
ceHcopa YECKMH AMaNa3oH, 5,1 MII nanxpo- MATA3OH HATIA3OH
320 x 256 TeruioBoit MaTH4eCKui A A
nH(ppaKpacHsIit JIMaIa3oH
Cunuit Cunuit Ny
. . 3eneHblIi 6 moJoc,
3eneHblit 3eeHslii .
o . Kpachpiit HACTPanBaeMBbIX
Crexrpanbable | KpacHbrit KpacHprit . .
o o N . Kpacusiit Kpaii | npoussoaurenem
TIOJIOCHI KpacHbrii kpait KpacHbrii kpait 5 o
bmoxanii K- bnwxuunit UK- IHKHIH
JIHara3oH BO3MOXKHBIX
JTNana3oH JIMAIIa30H
12.4 MIT 5,1 MII N
. N (TmoGanpHBII 16 MI1
LBeToBoi (r100aITBHBII 3aTBOD,
N 3aTBOp, (posuuHT Her
BbIx011 RGB COIIACOBAHHBIN 1O .
COIVIACOBAHHBIN 110 | -IIATTEp)
BCEM I10J10CaM)
BCEM I10JI0CaM)
FLIR LWIR c Te-
IUIOBBIM HH(paKpac-
Thermal HPIM HSTYSCHHEM Her Her Her
7,5-13,5MkM ¢ panu-
OMETPUYECKON KaJIH-
OpoBKOit
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3 HacTpaBACMbIX 3 HacTpamBaeMbIX
y GPIO: TTopr USB 2.0 | 97105 Topr USB 2.0; | USB
Wnrepdeiicst - IMopt USB 2.0 s e Ethernet;
st WiFi, el WiFi
Ethernet WiFi; PWM
Ethernet
50° x 38° (MynbTH- 5 o
CHEKTpABHELA); 507 387 (MyIeTh- | (3 90 5010 |63.9° x 50.1°
o o CHEKTPabHBIH);
Vb1 0630pa | 46° x 35° (mauxpo- o o (MynbTH- (MynbTH-
. 44° x 38° (manxpo- . .
MAaTHYCCKHUi); . CIIEKTPANIBHBIN) | CICKTPaIbHBII)
o o .\ | MaTHYeCKHii).
48° x 39° (TermoBoii).
Mecto Kapra namstH KapTa [amMsTi KapTa maMsTH | KapTa ImamsaTi
XpaHCHHUS CFexpress CFexpress SD microSD

Bo mHorux cirydadax 4Jist MOHUTOPUHIA TCIIJIOBBIX UCTOYHUKOB HCIIOJIB3YIOTCA
TCIIOBU30PHI, IICPCUCHb KOTOPBIX IPHUBC/ICH B Tabmn. 7.

Tabn. 7 — CpaBHEHHE TEIUIOBU30POB, MPpEeIHA3HAUCHHBIX i nHTerpanun ¢ BITJIA pasnmudHbix

THIIOB
Hazpanue FLIR Vue Pro | FLIR Vue Pro R | FLIR Duo Pro R SYK30L

Bremrauii Bu

https://www. https://www.

https://www.flir. | https://www.flir.

flir.com/ foxtechfpv.com/
roducts/vue com/products/ com/support/ svk-301-ai-co
D - - yk-301-ai-co-
Cchuika u u vue-pro-r/? products/d .
pro-r/?vertical . ir-dual-sensor-
—suas& se vertical =suas& uo-pro-r/# imbal-camera
= g = ; g - .
4 segment =oem Overview
ment= oem html
Bec 92r 113r 325 9121
TN MEDLL 574 x4445x | 574 x4445%x | 85x81.3x68.5| 198x 128 x 122
avap ¢ pasmep 44 .45mm 44 45mm MM MM

Hanpsokenue nuranus | 4.8 B—6.0 B 48B-6,0B 5,5B-26,0B 15,0 B-60,0 B
Jlnamnazon padounx

-20...+50 -20...+50 -20...+50 -20...+60
TeMIIEparyp
Paspewuciine 640x512 640x512 640x512 640x512
TEIIOBH30pa
Paspeuierne Her Her 4K Full HD
OINTHYECKOTO CEHCopa
Onruueckuit ZOOM Her Her Her 30 xpaTHBIi
I'mpocTabum3zanus Her Her Her 3-x oceBas
MavLink; MavLink; MavLink; MavLink;
Wnrepdeticet USB; USB; USB; USB; Ethernet;
PWM. PWM. PWM. PWM.
Haspanue FLIR Vue Pro | FLIR Vue Pro R | FLIR Duo Pro R SYK30L
Paguomerpuyeckue Her Jla Her Her
HU3MEpeHHsT
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MeCTo XpareHus KapTa MaMsITH KapTa namsTu KapTa maMsITH apra namsn TF
P microSD microSD microSD P
JlansHOMEp Her Her Her Jlo 2000m
Pacno3naBanne
Her Her Her Ectp
00BEKTOB

Kpome cOopa maHHBIX onTHuYeckoro nuanazona crektpa BIIJIA moryt
OCHAI[AaTbCA KOMIUIEKCOM Ta30aHalM3aToOpoB, HW3MEPUTENEeH BIAKHOCTH U
TeMmeparypsl. VX nCnoap30BaHNe CyIIeCTBEHHO paciupseT BosMokHocTr bITIIA
Y TIO3BOJISICT MPOBOIUTE O0JIee TTyOOKHiA aHAIH3 OKPY KaIoIIei cpeasl H 00BEKTOB.

I'azoanajm3aTopsl: OeCIWIOTHBIC JIeTaTelIbHbIE MIATGOPMBI, OCHALICHHBIC
ra3oaHajn3aropaMy, MOTYT HCHOJNB30BaTbCsl M1 MOHUTOpPHHIa COCTaBa
arMocdepsl. OTO BaKHO JUIS BBISIBIICHHUS U KOHTPOJISI KOHIICHTPALUK Pa3InIHbIX
ra3oB, BKJIIOYAsl 3arpsi3HUTENH, TaKHe KaK JWOKCHJl yIIepoja, OKCHABI a3o0Ta,
B3BEIIEHHBIC YaCTHUIBI U T.J. Takue JaHHBIE MOTYT OBITh IMOJIE3HBI U OLEHKU
KauecTBa BO3[yXa, MOHUTOPHHIa BBIOPOCOB NPOMBIIUICHHBIX NPEANPUATHH, a
TaKXKe JJIs1 pAHHETO OOHAPY>KECHUSI ONIACHBIX CUTYalUi, TAKMX KaK YTEUKHU ra3a uin
MOXKaphbl.

H3mepuTesn BJIaKHOCTH W TeMIIEPATYPbl: H3MEPUTENM BIAXKHOCTH U
TEMIIEpaTypsl MOTYT OBITh IMOJIE3HBI U aHalIHW3a KIUMAaTUYeCKUX YCIOBHHA B
orpeneneHHoi obmactu. becnmnoTHbie eTarenbHbIe MIaT(GOPMbI, OCHANCHHBIE
TakUMHU I[pUOOpPaMu, MOTYT BBINOJHATE MOHMTOPHHI METEOPOJOIMUECKUX
MapaMeTpoB, BKJIFOYAs BIAKHOCTh BO3/yXa, TEMIIEPATYPY OKPY KAIOILEH Cpesl, a
TaKKe TeMIeparypy NOBEPXHOCTH 3eMJIU. DTU JaHHBIE MOTYT OBITh MOJIC3HBI IS
IIPOrHO3UPOBAHUS MTOTO/IBI, a TAKXKE JIJIS aHAIN3a KIMMATHYEeCKUX U3MEHEHUH U X
BIIMSTHUSI HA OKPYYKAIOIIYIO CPEy.

Pe3ynbrarsl u o0cy:kaeHue

Ilpumenenue ¢ paznuunvix odnacmsax. lIpuMeHeHNE TaAKUX JONOTHUTEIBHBIX
cercopoB u npubopoB Ha BIIJIA MoxeT ObITH MOJIE3HBIM BO MHOTHX OONACTSIX.
Hanpumep, B cenbckoM XO3SHCTBE 3TO MOXET INOMOYb B MOHHUTOPHUHIE U
OILIEHKE COCTOSIHHS TIOUBBI M pAacTEeHHUil, a Takke B ONTHUMM3AIMM IPOILECCOB
MOJIMBa U YNpAaBJICHUS YIOOpEeHHWSMHU. B 2KOJIOrMYecKHX HMCCIeJOBAaHHAX TaKHE
JaHHBIE MOTYT HCIIOJIB30BaTbCs IS MOHMTOPHUHIA COCTOSHUSL JKOCHCTEM U
BBISIBJIIGHUSI M3MEHEHMH B OKpyXarollel cpeie. B ropoickom miaHUpOBaHHH U
HHPPACTPYKTYPHBIX MPOEKTAX ATO MOXKET IIOMOYb B OLIEHKE KauecTBa BO3/AyXa U
MOHHUTOPUHTE aTMOC(HEPHBIX BEIOPOCOB.

Takum oOpazom, ocHamenne BIIJIA KoMIuiekcoM —ra3oaHalu3aropoB,
M3MEepHTENIeH BIaXKHOCTH U TEMIIePaTypPhl3HAYUTENFHO PACITUPSIET UX BOZMOKHOCTH
Y TIO3BOJISICT IMPOBOIUTE 00JIee IMONHBIN M TIIYOOKHH aHaIN3 OKPYKAIOIIECH CPeIIbI
1 00BEKTOB, UTO JenaeT ux Oonee F3PPEKTUBHBIMU B PEIICHUH PA3IMYHBIX 337134
JUCTAaHIIMOHHOTO MOHUTOPHUHTA.

Hnst o6paboTku nanHbix Ha Oopty BIIJIA uMcmonb3yloTcsl pa3iuyHbIC THIIBI
MUKPOKOHTPOJUIEPOB M OOPTOBBIX KOMITBIOTEPOB, CPEOU KOTOPBIX YIOMSHEM
wiargopmel Nucleo or xommanmm STM32 (Digi-Key Electronics, 2024),
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Arduino Mega 2560 (Arduino, 2024) u mukpoxommnsiotepsl Nvidia Jetson Nano,
obecrieunBaroiye 00paboTKy TTOTOKOBOTO BUJICO B pEaIbHOM MacliTade BpeMeH!
Ha Oopty BITJTA.

3akaouenue

BeciunotHbie nerarenpHBle TUIAT(GOPMBI  TIPEACTABISIOT COOOW MOIIHBII
WHCTPYMEHT JUIS JIUCTAaHIIMOHHOTO MOHHUTOPUHTa B Pa3IUYHBIX OOIaCTsX.
[Iupokwii CIEKTp TEXHUISCKUX BO3BMOXKHOCTEH M 00JIaCTel MPUMEHEHUS JIEIAI0T
HX HEOTHEMJIEMOM YacCThIO COBPECMCHHBIX CHUCTEM Ha6JHOIlCHI/ISI U KOHTPOJIA 3a
OKpyXKaromeil cpemoit, obecmeunBas >PQPEKTUBHOE peIIeHHE pa3HOOOpa3HBIX
3a/1ad B 00JIACTH HAYKW U MIPOMBIIIIIICHHOCTH.

B nHacrosmeit pabote caenmaH KpaTkuid 0030p pa3HBIX KIACCOB OECIHMIOTHBIX
JIETaTeNbHBIX ITAT(HOPM, PACCMOTPEHBI X TEXHHUYECKUE XaPaKTEPUCTHKH, TIPOBEICH
aHaJIM3 HUX NPCUMYIIECTB W HCIOCTATKOB. HpI/I HUX PACCMOTPCHUMU MbI AejIalin
AKICHT Ha UX HUCIIOJIb30BAaHUU B 3a/1a4€ MOHUTOPHHTA SKOJIOTHYECKOH 00CTaHOBKHU
B IIpeJieiaX TOPOJICKON arioMepanun. PaccMOTpeHbl Takke TEXHUUECKHUE CPECTBa
MOHHTOPHHTA, KOTOPBIMU MOTYT OBITH 000PY0BaHBI Pa3HBIE KIIACCHI OECITMIIOTHBIX
JIeTaTeNbHBIX TIATGOPM B 3aBUCHIMOCTH OT pelIaeMbIX 3ajad.

OnTuManbHbIe XapaKTEPUCTHKU JPOHOB 3aBHCAT OT KOHKPETHBIX 3ajiad,
KOTOpBIE KM HPEACTOUT BBINIOJIHATD. BI)I60p OINTUMAJIBHBIX XaPAKTECPUCTHUK
JPOHOB U HABECHOTO 00OPYIOBAHUS NIl KOHKPETHOU 3a/1a9H TIO3BOJIUT MOBBICUTH
3(h(PEeKTUBHOCTH MOHUTOPHHTA.

Hecmotpss Ha 1OBONBHO TOAPOOHBIN aHAIM3 TEXHWYECKHX CPENCTB
BO3IYIIHOIO MOHHUTOPHUHTA, IaHHON pabore, Kak ¥ JIFOOOH APYrod MpHCyIIn
CJIEAYIONIUE OTPAHUYCHHS: OTPAHUYHIIUCH PACCMOTPEHUEM JIHIINb BO3IYIIHBIX
OCCIUIOTHBIX CUCTEM, HE paccMarpuBaeM crienu(uyIecKue 3aj1aud MOHUTOPHHTA
U COOTBETCTBYIOIIETO OOOPYIOBAHMS HEOOXOAMMBIC JUTsI HHCTICKITUY WHKCHEPHBIX
COOpY>XEHHUH, HE pacCMaTPUBAJIMCh BOMPOCHI MJIaHUpoBaHusa Mapiipyta bJIA, He
AHAJIM3UPOBAIINCH BOIIPOCHI COBMECTHOTO HcIonb30Banus bJIA u HajgexxHOCTH, B
ToM uucie, pnornnuii BJIA.

Yacte 3THX BOIPOCOB TPOAHAIU3MPOBAHA B MPEABAYIIUX paboTax aBTOPOB
(Zaitseva et al., 2023; Mukhamediev et al., 2023; Mukhamediev et al., 2023).
OnHako OBICTPOMEHSIONTUICS CIEKTp BO3MOXHOCTeH bBJIA w moBbIIICHHE
WX WHTEJUICKTYyaJlbHOTO YpPOBHS TpeOyIOT IOBTOPHOTO aHalW3a YHOMSHYTHIX
BoNpocoB. B Oyaymimx paboTax Mbl INIaHUPYEM PACCMOTPETH 3371a9y dPPEKTHUBHOTO
MHOTOIIEIIEBOTO HCIONb30BaHust BJIA mpu COBOKYITHOCTH OrpaHMYCHUI, a TaKxke
MMpoaHaJIM3NPOBATH Hy6JII/IKaHI/IOHHI)IC TCHACHIIMU, KOTOPLIC MOXHO OTCJICOAUTH B
OTKPBITHIX UICTOYHUKAX HAyYHOH MH(OPMALIUH.
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Abstract. Detecting profanity is a critical task for creating effective content
moderation systems in today's digital age. However, when there is no annotated
material, this becomes especially difficult in resource-limited languages. This study
primarily focuses on the search for curse words in the Kazakh language, which
considered a low-resource language. To solve this problem, we created a new
tactic based on bidirectional long-term memory (BiLSTM) networks, which have
demonstrated surprising effectiveness in natural language processing tasks. Thanks
to the bidirectional component of the BILSTM architecture, we can capture both
long-term dependencies and contextual relationships in the input text. This allows
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you to better recognize profanity. To reduce the lack of annotated data in resource-
limited settings, we also apply transfer learning strategies.

We show the effectiveness of our proposed method with extensive experiments
on a Kazakh offensive language dataset, yielding state-of-the-art performance in
offensive language recognition in the low-resource Kazakh language. Furthermore,
we investigate the performance of our strategy using different model setups and
training approaches. The findings of this research provide valuable insights into
techniques for detecting offensive language in languages with limited resources
and pave the way for the development of more efficient content moderation systems
tailored to specific linguistic contexts.

Keywords: offensive language, machine learning, deep learning, natural
language processing, low resource language, and classification
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Annorauus. Kazipri mudprnblk mgoyipAe Fajgayar TIIAi CO3IAEPIi aHBIKTAY
Ma3MYHJIBI MOJEpaIlvsIayIblH THIMII JKYHeJlepiH KOCYy VIIH MaHBI3Ibl MiHAET
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OombIn TaObLTaAbL. JlereHMeH, JalbIH MeniMeTTep JIeperi KeTKUTIKCi3 O0JFaH Ke3/e
peCypchl TOMEH TUIIEPIC aHBIKTAY KYPri3y 61pmaMa KHBIH/BIKTAP TyABIPaIbL. byt
3ePTTEeY JKYMBIChI PECYPChI TOMCH Ka3aK TIJIHIH KOHTEKCTiHe Oanarar cesnepi
aHBIKTAy MOCEJICCiH TePEHIPEK KapacThIpaabl. bysr MoceseHi menry yiriH 013 Taburu
Tl OHJIEY TalChIpMaapbiHa YKAKChl HOTHKE KOPCETKEH €Ki OarbITThl Y3aK
Mep3imi kasl xkeminepine (BiLSTM) HerizmenreH »aHa MOICNbII YCBIHIBIK. bi3
FajayaT ce3nepi Qypbic TaHyFa MyMKiHIIK OepeTiH BILSTM apxuTekTypachIHbIH
€Kl JKaKTbl aCIIEKTICIH IMaigajaHbIIl Kipic MOTIHIHJIET1 KOHTEKCTIK KaThIHACTAPIbI
na, y3aK Mep3imai TdeJ'I,Z[IJ'IlKTep,Z[I e TTalijalaHaMbI3.

Bi3 ychiHFaH 9JICTIH THIMJIUIINIH KOPCETY YIIIH Ka3ak TUTIHIH Faayar ces3uepi
JIepeKTep KOpbI OOMBIHINA ayKbIMJIbI ChIHAKTAP JKYPri3aik. HoTmwkecinge pecypesl
TOMEH Ka3ak TUTiHAe Oeloern co3/li TaHy OOMBIHINA JKaKChl HOTHIKETIEp aJIbIH]IBI.
ConbIMeH Karap, 013 MpOIeccTiH Kajlail KYMBIC ICTEHTIHIH TYCiHY YIIIH OpTypii
JKATTBIFY TOCUIIEpl MEH yaTiepmi Oamraymsl 3eprreiiMi3. bimig 3eprreyiepimis
HaKThl TUIIIK XaFgainapra OeWiMJIeNreH Ma3MYHIbl MOJEpPAIlUsUIayIbIH THIMI
JKyHesnepin KypyFa Heri3 Oepeni. byran Koca, onap pecypcehl HIeKTeyl TUIIepAeri
KKETCi3 CO3MIK KOpAbl Kajail aHBIKTayFa OONATBIHBI Typajibl KYHJBI JEPEKTEp
oepeni.

Tyiiin ce3nep: Famayar Timi ce3aep, TaOWFU TUIAI OHICY, a3 PECypPCTHI Tid,
TEPEH OKBITY, MAIIMHAJBIK OKBITY KOHE KIIacCH(PHUKAIIUS.
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AHHoOTanus. BpIsBIeHHE HEHOPMATHBHOHN JIEKCUKH SBISETCS BayKHEMIIen
3aja4eid, Mo3BoJsItoNIel co3naBarh 3(h(EeKTUBHBIE CHCTEMbI MOACPALIMU KOHTCHTA
B COBpPEMEHHOH IuQpoBoii smoxe. Ho korga HeT aHHOTUPOBAHHOIO Marepuaa,
9TO CTaHOBHTCS OCOOCHHO CJIOKHBIM Ha SI3bIKaX C OIPaHMYCHHBIMH PECypCaMH.
JlaHHO€E Hcclle0BaHNEe B MIEPBYI0 OYEPEb 3aHUMAETCS IIOUCKOM pPYrarellbCTB Ha
Ka3aXCKOM SI3bIKE, KOTOPBIH CUNTACTCSI MATIOPECYPCHBIM SI3BIKOM. UTOOBI peLIUTH 3TY
mpo6ieMy, Mbl CO3ai HOBYIO TAKTHUKY, OCHOBAaHHYIO Ha CETSAX JOJITOBPEMEHHON
nByHampasieHHod mamatd  (BiLSTM), Kkoropele  IpoAeMOHCTPHPOBAIN
YAUBUTENBHYIO 3((GEKTUBHOCTh B 3ajadax OOpaOOTKH E€CTECTBEHHOTO S3bIKA.
Bbnaronaps aByHampaBleHHOMY KOMIOHEHTY apxuTekTypbl BiLSTM Mbl Moxem
(UKCHpOBaTh KakK JOITOCPOYHbIC 3aBUCHMOCTH, TaK M KOHTEKCTHBIC OTHOLICHUS
BO BXOJHOM TeKcTe. DJTO MO3BOJSET JIydlle paclo3HaBaTh HEHOPMAaTHBHYIO
JeKcuKy. UToObl yMEHBIINTh HEXBATKY aHHOTHPOBAHHBIX JAHHBIX B YCIOBHUSX C
OTpaHMYCHHBIMU PECYpCaMH, MbI TaKKe MPUMEHSEM CTpaTerud TpaHCPEepHOro
00y4eHUSI.

Mpl niokasbeiBaeM 3()(HEeKTHBHOCTD MPEASIOKEHHOTO HAMH METO/Ia C MOMOIIBIO
OOIIMPHBIX SKCIEPUMEHTOB C HAaOOpOM JaHHBIX Ka3aXCKOTO OCKOPOWUTEIBHOTO
SI3bIKa, YTO JAET CaMble COBPEMEHHBIC pE3YJIbTaTbl B  PACIO3HABAHUU
OCKOpOUTENFHON Peur Ha Ka3aXCKOM sI3bIKE C HU3KHM YPOBHEM pecypcoB. Kpome
TOTO, MBI HcclienyeM 3(PQEeKTUBHOCTh HAIllEH CTpaTeruu, UCIOJb3Ysl Pa3ndHbIC
HACTPOWKU MOJEJe W MOAXoAbl K 00ydeHuIo. Pe3ynbraTsl 3TOro mccienoBaHus
Jal0T LEHHYI0 WHPOPMAIMIO O METOAaX OOHApyKEHUs HEHOPMAaTHBHOM JIEKCUKU
Ha SI3bIKaX ¢ OrPaHUYCHHBIMH PECYPCaMH M OTKPBIBAIOT MyTh K pa3paboTke Ooiee
3(QPEKTUBHBIX CHCTEM MOJAEPALUHN KOHTEHTA, aJalTHPOBAHHBIX K KOHKPETHBIM
SI3bIKOBBIM KOHTEKCTAM.

Ki1roueBble cjioBa: 0cCKOpOUTEIbHAS JIEKCHKA, MAIMHHOE 00y4eHHe, TITy0oKoe
o0yueHne, 00paboTKa €CTECTBEHHOTO S3bIKa, SI3BIK C OTPAaHUYEHHBIMH PECypcaMu
U KJIaccu(UKaIus.

Beenenne

B nocnennue ronel modaibHas HHPOPMALIUS U HJIEH CTATH PaCIPOCTPAHSITHCS
ObICTpee Onarogaps MUPOKOMY HCIIOJIb30BAHUIO COIMANILHBIX CeTEH U MHTEPHET-
kaHajoB. OOpaboTKa TekcTa, aBTOMAaTU3aIus, 00paboTKa N300pakeHUN U pyTue
3aJlaudl BBITIONHSIOTCS C TIOMOIIBI0 MAIIMHHOTO OOy4YeHHs. XOTS 3Ta CChUIKa
MMeJia MHOXKECTBO MPEUMYIIECTB, OHAa TaKKe NpUBEia K CEepbe3HOW mpolieme:
MMOBCEMECTHOE PACIPOCTPAHECHUE pa3KHUTaHWsl HEHABUCTH U YHUYIKUTEIBHBIX
BBICKa3bIBaHUH B OHJIalTH-KOHTEHTE. OCKOPOUTEIIbHBIC BRIPAXKEHUSI MOTYT HE TOJIBKO
HAHECTH BpEJl OTJCIBHBIM JIMIaM U COOOIIECTBaM, HO TaKKe MPEMTCTBOBATH
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MO3UTUBHOMY HCIOJIb30BaHMIO oHnaiH-mardopm (Omapos, 2017). B pesynsrare
Ba)KHO CO3/IaTh HA/ICXKHBIC 1 2P EeKTUBHBIE CHCTEMBI 0OHAPYKCHHU ST HECHOPMATUBHON
JIEKCUKH ¥ KOHTPOJISL KOHTEHTA.

WccnenoBanusi, KOTOpble HIIYT OCKOPOHWTEIbHBIE BBIPAKEHHUS, B TMEPBYIO
ouepelb paccMaTpUBAlOT TaKUE€ S3bIKM, KaK aHIJIMACKWNA, WCIAHCKUNA U
(paHIy3cKkuil. DTH S3BIKH MOTYT WCIOIB30BaTh OOJBIIHE 00hEMBI pa3MEUEeHHBIX
JAHHBIX, YTO MO3BOJISET MCIIOJIB30BaTh CIOXKHBIE MOJEIN MAIIMHHOTO OOy4eHUs
JUTsSE OBICTPOTO BBISBIICHHSI OCKOopOHUTEnbHOTO KOoHTeHTa (Omapos, 2017). OgHako
9TO HE OTHOCHUTCS K fA3BIKAM C OTPaHWYEHHBIMH pPECypcaMu, I KOTOPBIX
OTCYTCTBHE aHHOTHPOBAaHHBIX JaHHBIX SBISETCS OJHUM W3 HanOoJiee BaKHBIX
npensaTcTBuid. OTpaHHYeHHbIE JTHHTBUCTHYECKHE PECYPCHI, TAKUE KaK SI3BIKOBBIE
MOJICTIM, AHHOTHPOBaHHbIE HAOOpBl JAHHBIX W MPEIBAPUTEIBHO OOyYCHHBIC
BHEJIPEHUS], OOBIYHO YKA3bIBAIOT Ha SI3BIKK C OTPaHUYEHHBIME pecypcamu (Gowers,
2023). JledermuT pecypcoB MpUBENT K TOMY, 94TO IO CHX IOp HE pa3paboTaHbI
3 PeKTUBHBIC METO/bI BBISBICHUSI HEHOPMATHBHOM JIEKCUKH, COOTBETCTBYIOIIHNE
XapaKTEPUCTHUKAM SI3BIKOB M OKPY)KAIOIIEMY UX KYJbTYPHOMY KOHTEKCTY.

B Hammx ucciienoBaHusX Mbl 0COOCHHO OOpalaeM BHUMaHUE Ha poOIeMy
pacro3HaBaHuUs 0CKOPOUTEIHLHON JICKCUKH B SI3bIKAX C OTPAHUYCHHBIMH PECYPCAMH.
W3-3a orpaHU4eHHOTO KOJIMYECTBA Pa3MEUEHHBIX JIAHHBIX U S3BIKOBBIX PECYpPCOB,
JNOCTYIHBIX U WCIOJNb30BaHMS, Ka3aXCKUH, TIOPKCKHN $I3bIK, Ha KOTOPOM B
OCHOBHOM TOBOPAT B KazaxcraHe v pHIIETAIONIIX TEPPUTOPHUSIX, CHUTACTCS I3BIKOM
¢ HM3KMM ypoBHeM pecypcoB (bunan, 2022). Hama nens — pa3paborarbh TOUHYIO
Y HAJIOKHYIO MOJIENbh OOHapy)KeHHs HEHOPMAaTHUBHOW JIEKCHKH. B sTOl Momemun
JIOJKHBI OBITH a/IEKBATHO YUTEHBI 0COOEHHOCTH COBPEMEHHOTO Ka3aXCKOTO SI3bIKa.

Jnist AOCTHKEHHUST STOH LIeTHM MBI TIpeJiaraeM HOBYIO CTPATETHI0, OCHOBAHHYIO
Ha JIBYHAIIPABIICHHBIX CETAX JOJITOBPEMEHHOM KpaTKocpouHoi mamsatu (BiLSTM).
[To cnoBam Anm (2023), 3T ceTH NPOJEMOHCTPHUPOBAIN 3aMETHOE MacTepCTBO
B BBITIOJTHEHNN DPa3HOOOPa3HBIX 33/IaHWH Ha €CTECTBEHHOM sI3bIKE. MBI MOXXeM
OoJiee MOJTHO TIOHSATH JIEXKAII[YI0O B OCHOBE CEMAaHTHKY Oiaromaps crocoOHOCTH
apxutekTypbl BILSTM ¢uxcupoBars Kak npsiMble, Tak 1 00paTHbIe KOHTEKCTHBIE
CBsSI3M BO BXOAHOM TekcTe (XyceiiH, 2021). Mcmonp3ys 3TO IBYHANpaBICHHOE
MOJICTTMPOBAaHUE, Hall TIOAXOJ HampaBieH Ha NOBbILEHHE 3(PPEKTHBHOCTU
oOHapy’KeH!s] HEHOPMATUBHOH JIEKCHKU Ha OETHOM pecypcaMy Ka3aXxCKOM SI3bIKE.

OnHaKo OJJHAM W3 OCHOBHBIX TIPETISITCTBUH JIJIs1 00y4eHHS MOJIEJICH Ha SI3bIKaX C
OTPaHWYCHHBIMH PECYypCaMH SBISAETCS OTCYTCTBHE Pa3MEUeHHBIX TaHHBIX. UTOOBI
YMEHBIINTH 3Ty MPOOJIEMy, B METO/IaX TpaHCPEpHOro oOyUEeHUS HCIIONB3YHOTCS
MPEABAPUTEILHO OOYYCHHBIC SI3BIKOBBIE MOJENH, KOTOpble ObUIM OOy4eHBl Ha
OopImMX HAOOpax MAaHHBIX M3 S3BIKOB C BBICOKMMH pecypcamu (Babu, 2022).
Janee Mbl XOTUM NPUMEHUTH 3HAHUS U3 SI3BIKOB C BBICOKMM YPOBHEM PECYpCOB,
YTOOBI YIYYIIUTh CIIOCOOHOCTH HAIllel MOJIeNn OOHapY)KHBaTh OCKOPOUTEIhHBIS
BBIPOKEHHS B KQ3aXCKOM SI3bIKE C HU3KUMH PECYPCaMu, Pe/IBAPUTEILHO HACTPOUB
9T MOZEIH Ha HEeOOBIIOM Habope JaHHBIX O HELEH3YPHOU JIEKCHKE.

B oaT10i cTaree MBI mpeAcTaBisieM 0030p MpeAjaraeMoro HaMu TOAXoJa C
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WCTIOJIb30BaHUEM HaOOpa JaHHBIX O HEHOPMATHBHOMN JICKCHKE Ha Ka3aXCKOM SI3bIKE.
MBI IPOBOIMM KOMIUICKCHBIE SKCIIEPUMEHTHI Ul OLEHKH BIHMSHUSI Pa3IMYHbBIX
KoH(QUTypaMii Mojenei, crTpareruii oOydeHHST W METOJOB TpaHC(HEPHOro
oOyudeHust Ha 3()(HEKTUBHOCTH OOHAPY>KEHHUsI HELIeH3ypHOH Jekcuku. Kpome Toro,
MBI MIPEACTABIAEM CPAaBHHUTEIbHBIA aHAIU3 HAIIero MOAX0Aa C COBPEMEHHBIMU
pe3ynbraTaMu pabOoTHITIO BBISIBICHHIO 0 CKOPOUTEIBHBIX I3IKOB [UIIMAJIOPECYPCHOTO
Ka3axCKOTO $I3bIKa, MOAYEPKUBAsl €ro MPEeBOCXOAHYI0 3()(EKTUBHOCTh B 3aaade
OIIpeIeNICHNs] OCKOPOUTENBHOTO SI3bIKa JJIs1 HU3KOPECYPCHOTO Ka3aXCKOTO SI3bIKa.

JluteparypHblii 0030p

O0ecnoKOEHHOCTh 110 MOBOAY BBICKA3bIBAHUM, Pa3zKHUTAIOLUIMX HEHABHCTH B
WuTepHeTe, M MX BO3MOXHBIX MAaryOHBIX MOCJIEACTBUH ISl Jitonedl U cooOmecTB
npuBeNa K TOMY, YTO B TOCJICAHUE TOJbl OBIO MPHJIOKEHO MHOTO YCHIIMH JUIst
BBISIBIICHUS BPEJIOHOCHBIX BhICKa3biBaHui (Asghar, 2021). Psa nuccnenoBanuii Obut
COCPEOTOUECH Ha cO31aHIH AP PEKTUBHBIX MOZEIICH OOHAPYKEHHS HEKeNaTeIbHBIX
BBICKA3bIBAHMIH, B OCHOBHOM Ha SI3bIKaX C JOCTaTOYHBIMHU pECypcamM, TaKUX
Kak aHDmickui, ucnanckuil u ¢panmysckuit (Ullah, 2023). Tem He Menee,
MO-NPEXXHEMY HEIOCTaTOYHO HCCIIEIOBAHUN O TPYAHOCTAX PAacHO3HABaHHUS
OCKOpOUTENBHBIX BBIPAKCHUH B SI3bIKaX C OrpaHUYCHHBIMH pecypcamu (Azzi,
2021). B aTrom 0030pe JuTepaTypbl MBI 0OpaIiaeMcsi K TEKyIIUM HCCIIeIOBaHUSIM
W TOAXOAM K BBISIBICHHIO HEXKENIaTeJbHOW JIEKCHUKH, yAenss 0co0oe BHHMaHHE
SI3bIKAM C OTPAaHMYCHHBIMHU PECYPCaMHU.

Cerb nByHanpasieHHol gonrospemenHoi mamsit (BiLSTM) u ee mepcrieKTHBbI
B PELICHUH MTPOOIEMBI PACIIO3HABAHUS OCKOPOUTEIBHBIX CJIOB HA TAKUX SI3bIKAX.

Co3nanve aHHOTUPOBAHHBIX HAOOPOB JAaHHBIX MMEET peLIaolee 3HaYCHUE
Ui o0ydeHHs W TECTHPOBaHUS MOJENEH, ONpeACIsIOINX HEHOPMATHBHYIO
JIeKcHKy. MHOTHE HCCNeOBaHUsl CO3AaM CBOM COOCTBEHHBIE HAOOPBI JAaHHBIX
JUIs1 pa3NAvHbIX 1aTdopM u s3pikoB. Hampumep, Fortuna et al. cobpanu 6onbiryio
KOJUICKIIMIO JaHHBIX O Pa3KUIaHUU HEHABUCTH M OCKOPOHMTENBHBIX BBIPAKEHHUSIX
Ha HECKOJIbKUX SA3bIKaX, BKITIOYAst aHITHHACKHM, UCTIAHCKHHA 1 UTaNbsHCKUH. (2018)
n3 Teurrepa (PeitHonmbac, 2011). Takue HAOOpPHI MAaHHBIX YHPOINAIOT OIEHKY U
CPaBHHUTEJIBHOE HUCCIIEIOBAHIE METOOB OOHAPYKEHHsSI HCHOPMAaTUBHOMN JIEKCHKH.

YroOsl 0becneynTh BCECTOPOHHEE CPAaBHEHHE JTUTEPATYPbI, MbI IIPEICTABIISIEM
tabmuiyy (Tabmuma 1), 00o0OIIarOIIyI0 COOTBETCTBYIONIUE HCCIEIOBAHUS TIO
UACHTH(PHUKALME OCKOPOUTENBHOTO S3bIKa, BKIJIIOYAS S3BIK, IPUMEHIEMBIH METOI,
HaOOp NaHHBIX U [TOKA3aTeNN OLCHKH.

Tabmuma 1. CpaBHeHHe THTEpaTypHI

Jlureparypa | fI3bIk Mertozbt HaGop mansbeix | Ouenka (mpoBepka)

Waulczyn Anruckuil | Jlorucruueckas MaTepuall u3 Accuracy (akKypaTHOCTB),

(Bnyuun) u SI3BIK perpeccus, Bukunennu Precision (tounocts), F1-

np. (2022) YBenuueHnue rpa- Score (F1- Onenka),
nueHTa, [myookue Recall (monHoTa)
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Djuric AHDckui | OYHKIMOHATBHBIA | HHPOpPMAIH Accuracy (akKKypaTHOCTB),
(xypra) 1 | A3BIK MOZXOX (H rpamM, | U3 COLMAIbHBIX | Precision (TouHocTs), F1-
ap. (2020) CHHTaKCHUeCKuii | CCTCH Score (F1- Ouenka),
Y30pBI) Recall (momHoTA)
Fortuna u lanucuckuii | Tpancdepnoe KOMMEHTapuHu Accuracy (akKypaTHOCTb),
Nunes (Pop- | s13bIK o0ydeHue, mpes- COLMAJIbHBIX Precision (tounocts), F1-
TyHa u Hy- BapUTEITbHO 00Y- cereit Score (F1- Omuenka),
Hbec), (2022) YEHHBIE PeaTn3alii Recall (monuota)
Chen (Yen) u | Kwuraiickuit | BILSTM KOMMEHTapuu Accuracy (akKypaTHOCTb),
np. (2023) SI3BIK U3 COLMANBHBIX | Precision (TouHocts), F1-
cerei Score (F1- Onenka),
Recall (momHoTa)
Nobata Anrmuckuii | Cetn BiLSTM, na | ConpansHble Accuracy (akKypaTHOCTB),
(Hobar) u ap. | s3bIK OCHOBaX BHHMaHUU | TPYIIIbI B Precision (trounocts), F1-
(2020) Hnreprere Score (F1- Onenka),
Recall (monHoTa)
Hassan Apabckuit Mognenu mns KOMMEHTapHUu Accuracy (akKypaTHOCTB),
(XacaH) u p. | A3BIK r1y6OKOro U3 coLUalbHBIX | Precision (tounocts), F1-
(2019) o0ydeHus cereii Score (F1- Ouenka),
Recall (momHoTa)
Imran S3pik ypny | DYHKIMOHATBHEIA | OTyONIMKOBaHHBIE | Accuracy (aKKypaTHOCTB),
(Umpan) u np. noaxon, CVM B TBuTTEpE Precision (tounocts), F1-
(2022) Score (F1- Ouenka),
Recall (momHoTa)
Choubey Xunau s3p1k | Monenu s KOMMEHTapuH Accuracy (akKKypaTHOCTB),
(Choubey) TyOOKOTO W3 COIManbHbIX | Precision (Tounocts), F1-
ap. (2023) o0yueHust cereit Score (F1- Ouenka),
Recall (momHoTa)
Jha (Ixka) u | Benranbckuii | BecrpauBaHue ciioB, | KOMMEHTapuu Accuracy (akKypaTHOCTb),
np. (2022) SI3BIK LSTM 13 conuanbHbIX | Precision (Tounocts), F1-
cereit Score (F1- Omnenka),
Recall (monuoTa)

Accuracy, precision, recall u F1-score — 3To camble momynasipHble OKa3aTeIH
ouieHKH. OO0111ast TOYHOCTH TPOTHO30B MOAEIH M POLIEHT CITy4aeB OCKOPOUTEIEHOTO
SI3bIKa, KOTOPbIE OBUIN IPaBUIIBLHO HACHTU(UIIMPOBAHEI CPEIH BCEX MPEICKAa3aHHbBIX
CllyyaeB OCKOPOMTENBHOTO TOBEICHHS, HA3BIBAIOTCS TOUHOCTBIO.

PeiiTunr, Taxke Ha3bIBAGMBI YYyBCTBHTEJIBHOCTBIO, NPEICTABISET COOOH
MPOLEHT NPaBHIBHO HMACHTHU(OUIUPOBAHHBIX OCKOPOMUTEIBHBIX SK3EMILIIPOB
B OTHOLICHWM BCeX (AKTHUECKUX OCKOPOHUTENBHBIX JK3eMIUIIpoB. UYToOBI
obecreunTh cOaNaHCUPOBAHHYIO OLIEHKY NPOU3BOIUTEIBHOCTH MOJENH, OLCHKA
F1 coueraet B cebe precision (momHOTY) u recall TO4HOCTS.

MarepuaJjibl 4 METOAbI

B sTOM paszzmene HCHONB3YIOTCS AByHANpPABICHHBIC CETH JIOJITOBPEMEHHON
crporoii namsati (BiLSTM), 4To0BI ONIpeenuTh HETOYHOCTh B TEKCTOBBIX JaHHBIX.
JLiist pereHust IUpPOKO pacpoCcTpaHeHHOH MpoOIeMbl HCHOPMATHBHOM JICKCHKH Ha
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OHJIAH-TITaT(OpMax MCIIOIB3YIOTCS BOBMOKHOCTH TITyOOKOT0 00yueHwus (Assyon,
2011). YuursiBasi ero crocoOHOCTb (UKCHPOBATh KaK MpsIMbIE, TaK U OOpaTHbIC
BpPEMEHHBIC 3aBUCUMOCTH, Obliia BeIOpaHa mozaenb BiLSTM, koropas pacmmpser
TpaIuIMOHHYIO cTPYKTYpy LSTM. OTa ciocoGHOCTh OKa3zanack 0COOEHHO BaKHON
JUIs1 TOHUMAHHSI SI3bIKOBOTO KOHTEKCTA.

HBa LSTM mnpencrasistior coOoil JIByHampaBiCHHBIH MeTox 00paboTku
nocaenoBarenbHocted LSTM. Kaxapiii LSTM npuHuMaeT BXOAHbIE JAaHHBIC B
MPSIMOM HalpaBJICHUH M BXOAHBIE aHHbIE B 00OpaTHOM HampasieHuu. e-BiLSTM
9acTO HCIONB3YETCs Ul BBISABICHUS CKPBITOW B3aUMOCBS3H MEXIY BXOAHBIMU
00BEKTaMHM M LIENEBBIMU 00bEKTaMH. DTO JENAeTCsl B JOMOIHEHHE K U3BICUCHHIO
uHpOpPMAIMM O JUIMHHO3aBUCHMOM BXOIHOH HOCJenOBaTelbHOCTH (An3yoH,
2011; JIptiB, 2017). Korma memo AOXOMUT IO MCIOJB30BAHHS SUYCCK IMAMSITH IS
JUTUTETILHOTO XPAHEHHUS JaHHBIX, & TAK)KE KOTZA AEJI0 JOXOIUT JI0 MCIOIb30BaHUs
JIBEPHOTO MEXaHW3Ma JJIsl YIpaBieHUs] HAyuYHBIMH JaHHBIMH, 3TO JIBa HamOoiee
Ba)KHBIX ACTIEKTa, KOTOPbIC HEOOXOANMO YUUTHIBATh B 3TOM JAECATHICTHH. J{BepHas
KOHCTPYKIHMSI JCHCTBYET Kak Oapbep, OrpaHnurBasi 00beM JAaHHBIX, K KOTOPBIM
MOXHO TIOJIyYUThb JIOCTYIl BMECTO TOro, 4ToObl XpaHUTh HX. [Ipomecc BbiOOpa
(GyHKIMHA (paKTHYECKH yYacTBYET B pa3padOTKe MEXaHNW3Ma yIpaBIeHUsI BOPOTaMHU
Ha HECKOJIBKUX YpoBHAX. LSTM — none3Hslil MeToj] MPOTHO3UPOBAHUS U OLEHKU
JAHHBIX BPEMEHHBIX psanoB. JtoT Bua RNN ommyaercs ot apyrux (Mub, 2017).
Hennas cTpykTypa 3al0keHa B apXHUTEKTypy ceTeBbix Momyined RNN u LSTM.
Monayns RNN cocTout Bcero U3 omHOro HeilpoHa, B ominuue ot Momyiast LSTM.
Knerka ucnons3yer Tpu Bopota: 3a0biBaHue, BBIBOA U BBOX (Avajan, 2017). puc.
Teno nuxina LSTM noka3zano Ha pucyHke 1. CuMBOIIBI, H300pasKeHHBIC HA PUCYHKE,
OyZlyT UCIIONIB30BATHCS B CIICAYIOIIEM YPAaBHEHUH.

G,

Puc. 1. Cucremnas cetb BILSTM
(Fig.1. Network of BILSTM)

PucyHok 2 TmOKa3bIBa€T CTPYKTYpY SYCHKH, COCTOSALIYI0O B OCHOBHOM
W3 BBIXOJHBIX, BXOAHBIX W 3a0BIBAIONIMX BOPOT. BOT HECKONBKO NpPUMEPOB
BBIUUCIIUTEIBHBIX CTPATE€ruid, KOTOPhIE MOXHO HCIIOIb30BaThb C STHUMU TpeMs
pa3HBIMH TUIIAMU BEHTHIICH:
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input (t) = o W;x (t) +V; h (t — 1) + b;) (1)

BrruncnutenbHBINH MEXaHU3M, UCIIOJIB3YyEMBIi BOPOTAMHU 3a0BIBaHNUS B SUYEHKE,
omrcaH B COOTHOIICHUHU (2). BeHTWIb omnpemenseTr, Kakue MaHHBIC B sUCHKe
JOJDKHBI OBITh YHUYTOXEHBI, U €T0 Beca, KOTOPBIE SBJISAIOTCS 3a0BITHIMH BECaMU
B YPaBHEHUH, SBJISIIOTCS €T0 COOCTBEHHBIMU Becamu. Takum obpazom, Wfu VI —
9TO 3a0BIThIC BECa BEHTHJICH.

forget (t) =0 (Wrx (£) + Vs h (t — 1) + by) )

Ypasuenue (1) omuchIBaeT MPOIECC BEIYUCICHIS BXOTHOTO 3JIEMEHTA B STUCHKE.
B mem h(t-1) — BeIXo npeapayIIen s9eiku, X(t) — BXO TEeKyIeH SYeHKH, G —
CHUMBOJI CHTMOBUIHOHN (YHKIINH, a Beca BXOIHBIX BopoT Wi n Vi.

C(t) =tanh(W,x (t) + V. h(t —1) + b,) 3)

(t) = forget (t) = C (t — 1) + input (t) * C (t) 4)

[Ipouenypsl oOHOBNeHUs omuchBaroTcs ypaBHeHusMu (3) u (4), roe (3)
00o03HauaeT OJIOK MaMsATH-KaHAUIATa, KOTOPBIA CO3/IaeT ajJbTepHATUBHbBIC JaHHBIC
oOHOBIIeHUS, a (4) 0003HaYaET NPOIECC OOHOBICHUS COCTOSHUS sSTUekKu. [laHHbBIC
OOHOBJICHUS O0BEINHSIOTCS ¢ MH(POPMAIUel U3 BEHTUIIS 3a0bIBAHUS ISl CO3AaHUS
HOBOTO cocTostHus, Tie Wc u Ve 0003HavyaloT Beca ajlbTepHATUBHOIO HOBOTO
cocrosiHus (a * 0003HavaeT mpousBeneHue Anamapa.)

output (t) = o(Wyx(t) + Vo h(t — 1) + by) (5)
h (t) = output (t) * tanh(C(t)) (6)

VYpaBuenus (5) u (6) OOBACHSAIOT TMPOIECC pacdeTa BBIXOJHOTO BEHTHIIS.
Ha mnepBoM srare CUIMOBMJHBIN CIIOH HMCIOJB3YETCS IS ONPEICIICHHs TOTO,
HAXOJIUTCS JIM KJIETKAa B BBIXOJHOM cocTosiHuH. [Ipumenenue ¢yHkimu tanh x
OOHOBJIGHHOMY cTarycy siueliku — Bropoi mar (bamamypyran, 2022). Ha tperbem
M TIOCJTEHEM IIare HEeoOXOMUMO YMHOXHUTHh TEKyIIee COCTOSHUE SYCHKH Ha
BbIxozie (t) jutst moyvenus h(t). Bec BerxomHoro BenTwiist nokaszan Vo. Heliponnas
cetb LSTM cocpenoTouena Ha paHee YIMOMSHYTOH saeiike. C MCIOIb30BaHUEM
9TON TOTOJIOTMM CTPOWTCS JIByHampasieHHas cetb LSTM. Jlamee cBoiicTBa
JMAHHBIX W3BJICKAIOTCS C HCIIOJNB30BAaHWEM JTOW ceTu. Tpamurmmonnbiii LSTM
peBOCXOaUT AByHanpaBieHHbH LSTM ¢ Touku 3peHns o0beMa KOHTEKCTHBIX
JaHHBIX, KOTOpble OH MoxeT u3Bieub (I'apyann, 2021). IIpsmble m oOparHbIe
BPEMEHHBIE PSIJIBI HCTIONIB3YIOTCS IS TPEIOCTaBIEHUS MH(OPMAIIUU O TTPOIIBIX U
OyayIHMX BPEMEHHBIX METKaX, UYTO MO3BOJISIET CETH OoJiee TOYHO MPOrHO3UPOBATH
BpeMeHHbIE psbl. [I0CKOMbKY MPAMOI CBA3M MEXAY NEPEAHUM U 33 JHUM CIIOSIMU
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HET, CTPYKTYPY MOKHO OXapaKTEepHU30BaTh KaK allMKJIN4ecKyto. Eciu BxoqHoii crnoit
BKJIIOYAET JIaHHbIC, PEe3YJbTaThl OOPATHOTO M MPSIMOTO CJIOEB OOBEIUHSIOTCS Ha
BBIXOHOM cJ10€ 1151 (pOopMHUpOBaHUs BEIXOIHBIX AaHHBIX. [locie Toro, Kak Kax bl
o0bekT 00paboTan nByHanpasieHHbIM LSTM 1 npomyiueH yepe3 MOIHOCBI3HBIN
CJIOH, BCE€ OOBEKTHI CMELIMBAIOTCS BMECTE C HCIIOIb30BAaHHUEM OOBEIMHEHHOTO
cioga. Ha puc. 2 m3oOpaxena 0a3oBasi apXuUTEKTypa Kak IBYyHAIIPaBICHHOIO
LSTM (BiLSTM), tak u HeiiponHo#t cetu LSTM. Ha puc. 2 noka3anbl OCHOBHBIE
KOHCTpYKUunHU HeHpoHHBIX ceteit LSTM u nsynanpasiennsix LSTM (BiLSTM).

Apxutekrypa LSTM Apxwurekrypa BILSTM

4 pesynbrat \ 4 pesynbraTt ke
[/ *\I (/ 'AD |/ *\‘ ‘,/ "‘\' ‘,/ _\} ( ‘\} y '-‘\] e 'M\‘
Ny . - @« @ A 4 . A 4 @
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I

f/ \| £ l/ \\ \'/ \\| “/"\’ \/' \\\ € \/‘\\
\ 4 . \ 4 L L \ 4 J .
_ BXOZHbIE aHHble /L BXOZIHblE laHHble J

Puc.2. Cucremusie cet LSTM u BiLSTM
(Fig.2. Networks of LSTM and BiLSTM)

Ha pucynke 2 noka3zano, kak anroputM BiLSTM no0aBnsieT 10momTHUTENbHBIN
ypoBenb LSTM, koTopblii MeHsieT HampaBiieHHE MoToka uH(popmanuu. [Ipore
TOBOpS, 3TO O3HAYAET, YTO JNOMOIHHUTENBHBIN ypoBeHb LSTM BBINONHSAET BXOAHYIO
MoCIeI0BaTeIbHOCTh B oOpaTHOM mopsinke. Ilocrme sToro s wmHTErpanuu
pesyneratoB 1ByX cinoeB LSTM wmcnonb3yloTcs pasiuyHbIE METOIBI, BKIIOYAs
CIIOKCHHUE, yCPEIHEHUE, 00bEANHEHNE U YMHOKEHHUE PE3YbTAaTOB. JTO TOBBILIACT
TOYHOCTH KOHTEKCTa, MPEIOCTABISIEMOrO ajlrOPUTMOM, M YBEIHYMBAeT 00beM
nHPOPMALMH, K KOTOPOH MOXKET MOIyYUTh AOCTYH ceTh. OH MOXKET HCIOIb30BaTh
JaHHBIE € TF000H CTOPOHBI M IPUHUMATH BXOJHbIE JaHHbIC B 000X HAIIPABJICHUSX,
B ommune OT oO0bryHOro LSTM. D10 Takke MONE3HBIH HMHCTPYMEHT JUIst
BOCIIPOU3BEACHUS JTIOOBIM CIIOCOOOM IOCIIEI0BATEIBHBIX CBSI3€H, CYIIECTBYIOIINX
MEX[Y CIIOBaMH U NPEAJIOKECHUAMHU B 000MX HAIPABJICHHSIX.

Pe3ynbrartbl u 00cykaenne

[Tpumenenue BILSTM st oOHapyKeHUs] OCKOPOUTENbHBIX BBIPAKEHUH OyaeT
UMETh 3HAYUTENBHBIA 3PQEKT BO MHOIMX OOJIACTAX, OCOOCHHO B yNpaBICHUU
IU(POBBIM COOOIIECTBOM 1 MOAEPALIMH COLMAIBHBIX ceTeil. OHON N3 OCHOBHBIX
npobneM 3THX IIaTGOPM SIBISETCS OIPOMHOE KOJMUYECTBO I10JIB30BATEIHCKOTO
KOHTEHTA, B KOTOPOM YacTO UCIOJIB3YIOTCSl YHUUMKUTEIbHbBIC, BPaXKACOHbIC WIIN
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STOBUTHIC BBIPAXEHUS. Takoil KOHTEHT HEOOXOAWMO MOAECPHPOBATH BPYUHYIO,
YTO SBISIETCS JAOPOTOCTOSIIINM, TPYAOEMKHUM M 4peBaro omuOkamu. bmaromaps
aBTOMAaTHYECKOW M MOCTOSIHHOW NMPOBEPKE KOHTEHTA Ha HAJIMYME HEHOPMAaTHUBHOM
JIEKCUKU Mojenb Ha ocHoBe BiLSTM MoxeT 3HauMTEeNbHO TIOBBICHTH
sddexruBHOCTE mpouenyp moaepauun (Xammn, 2020). OxasbsiBas momouib B
paHHEM BBISIBICHUM W YOAJCHUM TAKOro KOHTEHTa, VHTEpHET MOXXHO clenaTb
OoJiee MHKIJIIO3UBHBIM U 0€3011aCHBIM. DTOT METOJI TAKKE MOXKET OBbITh MOJIE3€H IS
JPYTUX OUQPPOBBIX IIaTPOPM, TI€ OLIEHKH U KOMMEHTApUH MOJIb30BaTesIeH 4acTo
OCTAIOTCSl HEMOATBEPXKICHHBIMH, TAKMX KaK HOBOCTHBIE MOPTaJbl M BeO-CaHTHI
ANEKTPOHHON KOMMEPIIHH.

B Tabnuue 2 npeacrasieHsl pe3yabTaThl pa3InuHbIX METOI0B MAIIMHHOTO
o0ydeHHsI B Tpex Kiaccax: 0OHapyKeHHE OCKOPOUTEIILHOTO SI3bIKA KaK
OCKOpPOUTENFHOTO0, OJIOKUTEIBHOTO U HEHTPAIBLHOTO.

Tabmuma 2. Pa3Hble METOABI MAITTHHOTO O00y4YeHNUS

Meronst XapaKTEPUCTUKH Acc. Prec. Recall |F1 AUC

Random Forest Statistical functions+TF-IDF | 0.8208 [0.2422 |0.7591 |0.3672 |0.8621
(cmy4aiiHBIH J1eC)

Statistical functions+TF- 0.8411 [0.2511 |0.6624 |0.3642 |0.8264

IDF +POS

Statistical features +TF- 0.1066 |0.0642 |0.8835 |0.1197 [0.5358

IDF+POS+LIWC

Statistical features +TF-IDF |0.9443 |0.9528 [0.202 |0.333 |0.6473
Decision tree Statistical features +TF- 0.9443 |0.8968 |0.2158 [0.349 |0.6396
(Ipeso pemennii) | IDF+POS

Statistical features +TF- 0.9443 |0.8813 |0.2209 [0.3533 |0.6275

IDF+POS+LIWC

Statistical features 1235 1235 1234 1235 1235

Statistical features +TF-IDF |0.9369 |1.0 0.0795 |0.1472 |0.9178
Radio frequency | Statistical features +TF- 0.9369 |1.0 0.0818 [0.1513 |0.9152

IDF+POS

Statistical features +TF- 0.9366 |1.0 0.0746 |0.1387 |0.915

IDF+POS+LIWC

Statistical features +TF-IDF [0.9336 |0.8425 |0.0398 |0.0759 |0.5848
K-Nearest Neigh- | Statistical features +TF- 0.9355 [0.8159 |0.0768 |0.1407 |0.6106

bors (K-bmmxkaii- | IDF+POS
1IMe COCeNn)

Statistical features +TF- 0.9352 |0.7038 [0.0944 |0.1664 |0.702

IDF+POS+LIWC

Statistical features +TF-IDF [0.9682 |0.8943 |0.6078 |0.7239 [0.9738
Naive Bayes Statistical features +TF- 0.9626 [0.807 |0.599 |0.6867 |0.9688
(Hausnsriit baitec) | IDF+POS

Statistical features +TF- 0.9544 |0.7305 [0.532 |0.6148 [0.9598

IDF+POS+LIWC

Statistical features +TF-IDF |0.9602 |0.9569 |0.4393 |0.603 |0.9758
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Logistic regression | Statistical features +TF- 0.9599 |0.9419 |0.4418 |0.6015 |0.9758
(Jloructuueckass | IDF+POS
perpeccust)
Statistical features +TF- 0.9408 |0.6648 [0.2805 |0.3945 [0.9337
IDF+POS+LIWC

Kpusbie AUC-ROC pansi HECKOJIBKMX aITOPUTMOB MAIIMHHOTO OOy4YeHHs
CPaBHUBAIOTCSI HA PUCYHKE 3. DTOT aJTOPUTM BKIIIOYACT B ce0sl IByHATIPABICHHYIO
CeTh JIONTOBPEMEHHOW KpaTKOBPEMEHHOH NaMsATH, KOTOopas Oblia W3y4yeHa JUis
JIBOMYHOM KIaccH(pUKAIMM HEHOPMATHBHOW JIGKCHKH. Pe3ynbraThl MOKa3bIBaIOT,
410 HccienoBarenbekuil kommieke BILSTM mocTturaer BBICOKMX Pe3yJbTaToB B
MEPBBIX CTPATEIrMYECKUX IIMOXAX.
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Puc.3. VI3MeHeHne KauecTBa pe3ybTaToB allfOPUTMOB KIIACCU(PHUKAIINT
(Fig.3. Changing the quality of classification algorithm results)

B aToM pa3nmene ByHampaBlieHHas CETh JIOJITOBPEMCHHON  MaMsTH
paccMaTpHuBaeTCs C Pa3HbBIX TOUEK 3PEHUS, BKIIFOYAsl €€ TOTESHIMAIbHOE IPUMEHEHHE
B PEAIBHBIX CICHAPHUAX, €€ MPECUMYINECTBA, HEJIOCTATKH W IEPCICKTHBBI Ha
Oyayliee B KauecTBE MOJACITH JUIsl MPOoOJieMbl OOHAPY)KECHUS HEHOPMATHBHOMN
JIEKCUKH.

Korna s1e510 TOXOAUT 710 BBISIBJICHUS HEHOPMATUBHOM JICKCUKH, Mojielib BILSTM
umeeT psin npeumyiiects (Mredula, 2022). Ero OCHOBHBIM TPEUMYIIECTBOM
SIBIIIETCSL  CIIOCOOHOCTh 00palaThiBaTh TOCIICIOBATEIBHOCTH JAHHBIX KaK B
MPSIMOM, TaK U B 0OpPaTHOM HAIpPaBJICHUH, YTO MO3BOJISIET €MY BBISIBIISITH CJIOKHBIC
3aKOHOMEPHOCTH M CBSI3M B JIaHHBIX. [lOCKOJIBKY BBISIBJICHUE HEHOPMATHUBHOMW
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JICKCUKA MOKET CHJIBHO Pa3jindaTbCsl B 3aBUCUMOCTH OT KOHTEKCTa M HIOAHCOB
WCTIOJIb30BAHUS SI3bIKA, STOT JBYHANPABJICHHBIH METOJ TMO3BOJSIET MOJENU
OXBaTUTh OOJIee MUPOKUI KOHTEKCT NCTIOIh30BaHNUS s13bIka (BenkarecBapiry, 2022).
B ornnume oT TpagIUIMOHHBIX MOJEJIe MAIMHHOTO OOYYEHHS, KOTOPhIE 3aBUCAT
oT (QyHKUHMH, co3MaHHBIX BpyuHYt0, BILSTM nMeeT BO3MOKHOCTh aBTOMAaTHYECKU
W3BJIEKAaTh COOTBETCTBYIOLIME (YHKIMH M3 AAHHBIX, YCTpaHsisd HEOOXOANMOCTH
TIIATENILHOTO MpoekTupoBanus (ynkuumii. bonee toro, momenu BiLSTM Goxee
ycroiunBbel ¥ 3()(EKTHBHBI NMPpH OOYYEHHH MAJIMHHBIX I1OCJIEAOBATEILHOCTEH,
MOCKOJIbKY OHU MEHEE ysS3BHMBI K MpoOiieMe NCUE3HOBEHUS IPaUeHTA.
[Ipeanaraemas moxpenbs BiLSTM anst oOHapykeHHsT HEHOPMATHUBHOM JIEKCUKU
UMEET Psii MPEUMYILIECTB, HO TAaKKE HMEET W OINpeJesieHHbIE HEIOCTaTKH.
JIByHampaBIeHHBIC CTPYKTYpBl MPEJOCTABISIOT BO3MOXKHOCTH II0Ka3aTh Kak
MPOILLIbIE, TAK U OyIylie KOHTEKCTHI, HO OHU TaK)Ke MOT'YT IOBBICUTH TPEOOBaHNUS
K 00paboTKe M YCIOXKHUTH MOJENb. B NpHIOKEHUSIX peanbHOrO BPEMEHH, T
CKOPOCTb HMMEET pellaroliee 3HaueHHe, 3TO MOXKET ObITh mpobieMarndHo. Bo-
BTOPBIX, PENPE3eHTaTUBHOCTh M KaueCTBO OOy4aroIMX JAaHHBIX OKAa3bIBAIOT
OonplIoe BIUSIHME Ha NPOM3BOIUTEIBHOCTH Monenu. Ecnmm pasHooOpasue
HE)XeJIaTEeTIbHBIX BBICKA3bIBAHUI B OOYy4YaIOIIMX JAHHBIX HE OTPAXKECHO IOJDKHBIM
00pazoM, MOJIeJIb MOXKET HEMpaBHJIBHO O0OOLINTH HEBHAMMBIC HdaHHbIE. Kpome
TOTO, BBIXOJIHBIC JJAHHBIC MOAEIHM UyBCTBUTEIIFHBI K THIIEPIapaMeTpaM, Mo3TOMY
JUIS1 TIOJTyYSHHST HAMJTYYIIHNX PE3yJIbTaTOB HE0OX0ANMa TIIATeIbHAasl HAaCTpOIKa.
BoiBoabI
B sTOoM HccnenoBaHuM paccMaTpUBAETCs pealln3alisl IByHAIIPABICHHBIX ceTel
JONTOBPEMEHHOM KpaTkoBpeMeHHoH namsit (BiLSTM) u ux npumeHnMocTs 1ist
3a7a4M OOHApy>KeHNsl HEHOPMAaTUBHOMN JIEKCUKU B TEKCTOBBIX JaHHbIX. braromaps
CBOEH MNPEBOCXOTHON CIOCOOHOCTH 00pabaThIBaTh BPEMEHHBIC 3aBHCHMOCTH U
OIIPENCIATh KaK MPOLUIbIM, Tak M OyIylIMid KOHTEKCT M3 MOCIEA0BaTeIbHOCTEH
naHHbIX MoJiesib BiLSTM Obuta mpu3HaHa MOIIIHBIM PEIIEHUEM TSl pACTIO3HABAHUS
OCKOpPOUTENBHBIX SI3BIKOBBIX MIAOJIOHOB. DTO OYCHb BaXKHO, YUUTHIBAS CIIOKHOCTD
1 TOHKOCTH SI3bIKA, KOTOPBIC BIMSIOT HA TO, CYUTACTCSI I TEKCT OCKOPOUTEIbHBIM.
B 3axmouenue, mnpeanaraemas napaaurma BiLSTM  gemonctpupyer
3HAUUTEJIbHbBIC EPCIICKTUBBI B PEIICHUH IIUPOKO PAcIpOCTPaHECHHOW MpoOieMbl
HEHOPMaTHUBHOMN JIKCHUKH Ha IU(PPOBBIX IU1aT(GopMax, HECMOTPSI HA COXPAHSIOLINECS
MPENSTCTBUS U BO3MOXXHOCTU Ui pa3BuTHA. OH JEMOHCTPHPYET, KaK MOAXObI
1yOoKOoro oOydeHust MOryT 3(Q(eKTHBHO MOHHMATH CIOKHOCTH UYEJIOBEYECKOTO
S3bIKa M MPEJOCTABIATh aBTOMaTHYECKHE OTBETHI Ha BOMPOCHI, BBIXOAALIME 32
PaMKH TPaJIUIMOHHBIX METOJOB. JTO UCCIIEIOBAaHHUE SIBJISICTCS BAXKHBIM LIaroM Ha
nyTy K ucnonb3oBannio UM anst cozganus Gonee Oe30mMacHbIX M MHKITIO3UBHBIX
cucreM 1HuppoBoit cBsa3u. Oxupgaercs, 4To HanbHEHIIMe pa3padOTKH B 3TOH
oOyracTi TpUBEAyT K pa3paboTke Ooree HaleKHBIX W 3(D(OEKTUBHBIX MOJENEH, a
TaKKe K HOBBIM B3IVIs,IaM Ha TOHUMAaHUE U MOJCIMPOBAHHUE HCIIOIb30BAHUS SI3bIKA
B U (POBBIX MEIHA.
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Abstract

In the modern world, effective management of electric grids is impossible without
achieving an energy balance between electricity production and consumption. The
stability of power grids directly depends on the ability of network operators to
accurately predict energy production, especially when it comes to photovoltaic
installations. These energy sources, which are actively integrated into electrical
networks, are influenced by many factors, including changeable weather conditions,
which makes the task of forecasting especially difficult.

As part of this study, an attempt was made to improve the accuracy of forecasting
the output power of a 20 kW photovoltaic system by collecting and analyzing data
on weather conditions and energy production for a typical year covering all four
seasons. Special attention was paid to the evaluation of two machine learning
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methods: long-term memory (LSTM) and multilayer perceptron (MLP), which
were chosen because of their potential in processing and analyzing time series of
data.

The results of the study demonstrate the high efficiency of both methods in
predicting the output power of photovoltaic systems, which opens up new
opportunities for improving the management of electric networks. The use of
LSTM and MLP makes it possible not only to accurately predict energy production,
but also helps to optimize network utilization, minimize losses and increase the
overall efficiency of the electric power system.

It is important to note that the success of these models depends on the quality
and volume of the data collected, as well as on the thorough preparation of the data
for analysis. The study highlights the importance of integrating advanced machine
learning technologies into the field of energy system management, offering practical
recommendations for energy companies and power grid operators.

Keywords: Solar power generation, LSTM, MLP, short term forecasting,
Machine learning
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KeJIIepiH THIMAL 6acKapy MYMKIiH eMec. DIIEKTp JKeIIepiHiH TYPaKTbUIBIFBI JKeli
oIIepaTopIIapbIHBIH YHEPT S OHTIPICIH 1o O0IDKay KadineTi acipece GOTOIMEeKTPITiK
KOHJBIPFBIJIApFa TiKeJed OailaHBICTBI. OJEKTp JKeNliJiepiHe OeJceHmi Typnue
OipikTipinren OyJ1 SHEprusl Ke3[epiHe KemnTereH (hakTopiap, COHBIH IMIiHAE aya-
padbIHBIH KYOBUTMAJIBI KaFmalmapsl ocep eremi, Oyl Ooipkay MIiHIETIH epeKIe
KUBIHJATa/bl.

Bynt 3eprrey Oapnblk TOPT MayChIMJIbI KAMTHTBIH SKBUIIAFbl aya-paidlbl MEH
SHEPTUs OHIpici Typanbl ACPEeKTepAl JKWHAY >KOHE Tanaay apkKeutel 20 kBT
(OTOAPNEKTPITIK JKYHEHIH HIBIFBIC KyaThIH OOJDKay JOIJIITIH apTThIPyFa THIPBICTHI.
MaruHajblK OKBITYIABIH €Ki 9/IiCiH OaFajayra epekile Ha3ap ayaapbUlbl: y3aK
Mep3imai xkazsl (LSTM) sxone xer kadarTel ieprentpod (MLP), onap nepexrepain
YaKBIT CEpUsIIapPbIH OHJIEY J)KOHE Taljlay dJeyeTiHe OaiIaHbICThl TAHJANIBL. 3epTTey
HOTHXKeJepi POTOAEKTPIIK KYHEeIep/iH WBIFbIC KyaThlH O0MKayaa eKi 9JiCTiH e
YKOFapbl THIMILTITH KepceTei, Oy NEKTp JKemijiepiH 0acKapyasl )KaKcapTyIbIH
*aHa MyMKiHgikrepin amazasl. LSTM sxone MLP naiinanany sHeprust eHaipicin
non OoJpKayFa FaHa eMec, COHBIMEH KaTap JKelliHiH KYKTEMECIH OHTalIaHABIpYFa,
IIBIFBIHAAP/IBI a3alTyFa JKOHE AJIEKTP KYWECIHIH Kbl THIMAUITIH apTThIpyFa
MYMKIHZIK Oepei.

Mogenbaepai KOJMAHYABIH COTTLTIT JKUHAIFAH JIEPEeKTEpIiH camackl MeH
KeJeMiHe, COHAal-aK J[epeKTepli TaljayFa MaibIHAAyIblH MYKHSAT OOIybIHA
OallIaHBICTBI €KEHIH €CKepy MaHbI3Abl. 3€pPTITEy 3HEPreTHUKAJIBIK KOMIAHHUSIIAP
MEH JJIEKTp OIepaTopyiapbl YILIiH IPAKTUKAJIBIK YCHIHBICTAD YCHIHA OTBIPHIII,
SHEPreTHKAJBIK JKyHenepiai Oackapy canachlHa MalIMHAIBIK OKBITYIIBIH O3bIK
TEXHOJIOTHSIIAPBIH O1PIKTIPYIIH MaHBI3ABUIBIFBIH KOPCETEII.
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AnHoTanusi. B coBpeMeHHOM Mupe 3(QQEKTHBHOE yNpaBiCHHE DICKTPH-
YECKHMMHU CEeTSIMU HEBO3MOXXHO 0€3 JIOCTM)KEHHsI JHEpreTHUeckoro OanaHca
MEXIYy TIPOU3BOJACTBOM U MOTpeOieHneM 3neKkTposHeprur. CraOWibHOCTH
paboThl  ANIEKTpOCETeH HampsIMyl0 3aBUCHT OT CIOCOOHOCTH OIEpaTopoB
CeTH TOYHO IPOTHO3MPOBATH IMPOM3BOACTBO HIHEPTUH, OCOOCHHO KOTJa peyb
uAeT 0 (OTOPNIEKTPUUYECKUX YCTAHOBKAX. DTH HCTOYHHKH JHEPrHH, aKTUBHO
WHTEIPUPYEMBIE B DJIEKTPUUECKUE CETH, IIOJABEPIKEHbI BIUSHUIO MHOXECTBA
(aKToOpoB, B TOM YHCJIC M M3MEHUYMBBIX TOTOJHBIX yCJIOBUH, YTO AeNaeT 3aiady
MIPOTHO3UPOBAHHS OCOOEHHO CIIOKHOM.

B pamkax maHHOTO HccrenoBaHUsl ObUIa TMPENNPUHATA TOMBITKA MOBBICHTH
TOYHOCTH MPOTHO3UPOBAHUS BBIXOJHON MOIIHOCTH (POTOAIEKTPUIESCKONW CUCTEMBI
MomHocThI0 20 KBT, coOpaB M aHaIM3upoOBaB JaHHBIC O MOTOAHBIX YCIOBHUSX U
IIPOU3BOJCTBE HHEPIUU 3a TUIMYHBIM I'0Jl, OXBAaTBIBAIOIINM BCE YETBIPE CE30HA.
Ocoboe BHHMaHHE OBLIO YAEICHO OLEHKE JIBYX METOIOB MAIIMHHOTO OOY4eHUS:
nonrocpounoit mamsati (LSTM) u MHorocnoitnoro nepcentpona (MLP), kotopsie
ObuTH BBIOpaHBI M3-32 MX MOTEHIMANA B 00pa0OTKe M aHaJH3€¢ BPEMEHHBIX PSIOB
JTaHHBIX.

Pesynbrarel  McciiemoBaHUS  JEMOHCTPHPYIOT —BBICOKYIO 3(QQEKTHBHOCTH
000MX METO/IOB B MPOTHO3UPOBAHMUHU BBIXOJHON MOIIHOCTH (DPOTOIIEKTPUUECCKHX
CUCTEM, YTO OTKPBIBAE€T HOBBIE BO3MOXKHOCTH JUI1 YIYYLICHWs YIIPABICHUS
anekTpuueckumu cetamu. McnonszoBanue LSTM u MLP mno3Bosnsier HE TOIBKO
TOYHO MTPOTHO3UPOBATH IPOU3BOJICTBO SHEPIUH, HO M CIOCOOCTBYET ONTUMHU3AINN
3arpy3KH CeTH, MUHMMH3AIMH TOTEPh M TOBBILICHUIO 00mIel 3¢ ¢GeKTHBHOCTH
JJIEKTPOIHEPreTUYECKOU CUCTEMBI.

BaxHO OTMETUTH, UTO YCIIEX IPUMEHEHMS ITUX MOJAEIEH 3aBUCUT OT Ka4yecTBa
n o0beMa COOpaHHBIX JaHHBIX, & TaKKE OT TIIATEIBHOCTH MOATOTOBKH JAHHBIX
K aHanusy. MccrnenoBaHUE IMONYEPKUBAET 3HAYUMOCTb MHTErPALiUU MEPENOBbIX
TEXHOJOTMH MAaIIMHHOTO O0yueHHs B cdepy YIpaBlIeHUS HSHEPreTHYCCKHUMU
CUCTEMaMU, Ipejaras IPaKTUYECKHE PEKOMEHJIALUUU JUIsi 3HEPreTHYECKUX
KOMIIAHUM U OIIEPATOPOB AJIEKTPOCETEM.

KuaroueBnie cioBa: comHeuHas sHepretuka, LSTM, MLP, kpaTkocpounoe
MPOTHO3UPOBaHKE, MAIMHHOE O0yUeHHE
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Introduction

In the modern world, when environmental and sustainable development issues
are becoming more and more relevant, energy efficiency and resource management
are gaining new importance. Balancing energy production and consumption is one
of the key aspects of ensuring the sustainability of electric power systems. With
the increasing share of renewable energy sources such as solar panels, accurate
forecasting of their production is becoming an important element of energy planning.
Thus, the development of accurate predictive models for energy systems capable
of adapting to the dynamics of changing conditions is of strategic importance. In
this context, this paper evaluates the effectiveness of various forecasting methods
such as LSTM and MLP by collecting data on weather conditions and the output
power of photovoltaic systems. These studies are essential to ensure the stability
and efficiency of power grids in a rapidly changing energy paradigm.

Related work

Modernresearch on solar radiation prediction and photovoltaic energy generation
uses a variety of approaches, including deep learning, portfolio theory integration,
machine learning and hybrid models. Let's consider the key works presented in this
literature review.

Lima and co-authors (2020) explore improving solar energy forecasting through
deep learning and portfolio theory integration. Their approach demonstrates how
modern data analysis techniques can optimize resource management and improve
forecast accuracy.

Jung and colleagues (2020) describe the use of recurrent neural networks with
long-term short-term memory (LSTM) to model time patterns in long-term power
forecasting for solar photovoltaic installations using the example of South Korea.
This highlights the importance of LSTM in processing time sequences to improve
prediction accuracy.

Gao and co-authors (2019) focus on forecasting next-day power generation for
large-scale photovoltaic installations based on weather classification using LSTM,
demonstrating how categorization of weather conditions can improve forecast
accuracy.

Wang and colleagues (2019) are comparing next-day photovoltaic power
prediction models based on deep neural networks, highlighting the potential and
benefits of deep learning in this area.

Jallal and co-authors (2020) are developing an artificial intelligence data-based
approach using endogenous inputs to predict global solar radiation, illustrating the
importance of adaptive data processing techniques to improve predictive models.

Kisi and his team (2020) apply innovative machine learning techniques to
estimate solar radiation in the Mediterranean climate using weather variables,
which highlights the importance of selecting appropriate algorithms for specific
climatic conditions.

Agbulut and colleagues (2021) compare various machine-learning algorithms
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for predicting daily global solar radiation, highlighting the importance of a
comprehensive comparison to determine the most effective method.

Alizamir and co-authors (2020) conducted a comparative study of several
machine-learning methods based on nonlinear regression to estimate solar radiation,
considering the cases of the regions of the USA and Turkey. This study highlights
the importance of choosing an appropriate algorithm based on geographical location
and climatic conditions to improve the accuracy of estimates.

Yu, Cao, and Zhu (2019) focused on short-term solar radiation forecasting using
LSTM in difficult weather conditions. Their work demonstrates how LSTM can
adapt to changing weather conditions, providing high prediction accuracy.

Aslam and his team (2019) investigated deep learning models for long-term
prediction of solar radiation, taking into account the installation of microgrids. A
comparison of various deep learning models in this context offers valuable insights
for choosing optimal forecasting methods in microgrid conditions.

Monjoly and co-authors (2017) presented a hybrid approach to hourly forecasting
of global solar radiation based on multi-decomposition methods. This technique
combines various algorithms to achieve more accurate and reliable forecasts,
demonstrating the potential of hybrid models in predicting solar radiation.

Berrizbeitia, Gago, and Muneer (2020) conducted a review and experimental
analysis of empirical models for estimating scattered solar radiation in the sky. Their
research highlights the importance of developing and adapting models specific to
different lighting conditions and atmospheric conditions.

These studies show a variety of methods and approaches in the field of solar
energy forecasting, from deep learning to machine learning and hybrid models,
highlighting their potential to improve accuracy and efficiency in a variety of
settings and contexts.

Methods

LSTM (Long Short-Term Memory) and MLP (Multilayer Perceptron) methods
are common machine learning approaches for solving forecasting problems,
including predicting photovoltaic power generation.

The article discusses two different machine learning models, Long Short-Term
Memory (LSTM) and Multilayer Perceptron (MLP), which are widely used to
solve forecasting problems, including forecasting photovoltaic energy generation.

LSTM is a specialized type of recurrent neural networks (RNNs) designed to
process data sequences and prevent the vanishing gradient problem, which is an
obstacle for traditional RNNs. A distinctive feature of LSTM is its ability to store
information for long periods of time, which makes it exceptionally suitable for
tasks related to time series, where long-term dependencies between data must be
taken into account. In the context of predicting photovoltaic energy generation,
LSTM models are able to analyze data on weather conditions and historical energy
production, identifying patterns that can be used to predict future generation.
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Input LSTM LSTM Output
Layer Block 1 Block 2 Layer

Figure 1. Conceptual LSTM Model Structure

The conceptual structure of the LSTM model presented in Figure 2 serves as the
basis for the development and understanding of methods for predicting solar energy
generation. Understanding the role of each component of the model helps engineers
and researchers effectively apply LSTM to optimize the operation of solar power
plants and ensure sustainable energy production from solar sources.

MLP, on the other hand, is a classical architecture of artificial neural networks
consisting of three or more layers: an input layer, several hidden layers and an
output layer. The layers are interconnected by weights that adapt during the learning
process. MLP is able to approximate almost any function, so it finds application in
a wide range of machine learning tasks, including regression and classification.
In photovoltaic power generation forecasting tasks, MLP can be used to create
models that predict power output based on weather conditions and other relevant
parameters.

Output Layer

Hidden Layer 2

Hidden Layer 1

Input Layer

Figure 2. Conceptual MLP Model Structure

The conceptual structure of the MLP model presented in Figure 1 is the basis
for the development and understanding of methods for predicting solar energy
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production. Understanding the role of each component of the model helps
researchers and practitioners effectively apply MLP to optimize the operation of
solar power plants and integrate solar energy into the energy system.

Both LSTM and MLP models offer different approaches to data processing and
analysis for forecasting. LSTM is ideal for tasks where time dependencies and long-
term memory are important, while MLP stands out for its flexibility and ability to
approximate complex relationships between input and output data, making both
models valuable tools in the arsenal of machine learning specialists.

Case study

As an example, information on the power of energy generated from solar panels
located in Germany in 2016 was used, as well as meteorological data from open
sources. In particular, we use two data sets:

Results and discussion

The correlation of solar power generation using the initial data parameters shown
below is shown in Figure 3. The greatest correlation in solar electricity production,
as shown in the figure, is temperature 0.5, the sign indicating the sunrise is 0.6, and
the UF index is 1.

An experiment was conducted using two models, that is, with all data (1) and
data with a high correlation(2).

Month 1 -0.0003 0.006 004 ). 01 0.01
Time (CET) [0S 1 -0.0003 -0.07 01 0.0002 0.07
Day 0.006 0.0003 1 0 E i 02 0.006 2 0.006

uw -0.04 0.07 0 .03 ). 1

0.006

sH 0 .0002 0.02

DE_solar_generation_actual 0.006

Day

Menth
Time (CET)

DE_solar_generation_actual

Figure 3. Correlation analysis

meteo = {s,sH,T,p,c,cl,tS,E,,P,U} (1)

meteo = (T, s, uv} 2)
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Table 1 shows a comparison of two types of neural networks: multilayer
perceptron (MLP) and long-term short-term memory (LSTM) based on five
indicators: Loss, Validation Loss, root of mean square error (RMSE), average
absolute error (MAE) and coefficient of determination (R2).

The multilayer perceptron (MLP) shows losses of 0.0003 and validation losses of
0.0005. The RMSE value for this model is 374.3, MAE is 308.1, and the coefficient
of determination (R2) is 0.83, which indicates a fairly high degree of compliance of
the predicted values with real data.

In turn, the LSTM model demonstrates lower losses: 0.0002 and validation
losses of 0.0003. The RMSE and MAE indicators are 267.2 and 212.8, respectively,
which is lower than that of MLP. The coefficient of determination for LSTM is
0.91, which indicates a more accurate prediction of the model compared to MLP.

Thus, according to the presented data, the LSTM model surpasses the MLP
model in all five estimated parameters. Lower values of losses and errors, as well
as a higher coefficient of determination in LSTM, indicate greater accuracy and
reliability of this model in predictive tasks.

Table 1. Comparison of models: MLP and LSTM

Model Loss Validation Loss |RMSE |MAE R?
MLP 0.0003 |0.0005 374.3 308.1 0.83
LSTM 0.0002 |0.0003 267.2 212.8 0.91
RMSE / Model
400 374.28
267 26
glﬂﬂ

Model

Figure 4. Comparison of models: MLP and LSTM

The visualization of the results was presented in the form of a bar chart (Figure
4), where each column corresponded to the RMSE of one of the models. It followed
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from the chart data that the LSTM model surpassed MLP, showing a lower RMSE
value of 267.26 versus 374.38 for MLP. These results indicate that the LSTM
model, with its ability to efficiently process and store information about long-term
dependencies, is better suited for analyzing and predicting data sequences, which
makes it the preferred choice in time series applications.

Table 2. Comparison of activation function: relu, sigmoid and tanh

Model Loss Validation Loss | RMSE MAE
relu 0.011 0.006 1286.15 807.979
Sigmoid 0.016 0.012 2427.929 1774.908
tahn 0.013 0.008 1653.537 1262.15

In this study, three activation functions are compared (Table 2): Real, sigmoid
and tanh, according to several key metrics. The table shows the results, including
Loss, Validation Loss, root of mean square error (RMSE) and mean absolute error
(MAE) for each of the activation functions. The following results are observed for
the ReLLU activation function: losses are 0.011, validation losses are 0.006, RMSE
is 1286.15, and MAE is 807.979. The sigmoid activation function shows losses at
0.016, validation losses at 0.012, RMSE is 2427.929, and MAE is 1774.908. In
the case of using the thanh activation function, losses are 0.013, validation losses
are 0.008, RMSE is 1653.537, and MAE is 1262.15. These data allow an analysis
of the effectiveness of various activation functions in in the context of the task for
which they were used, demonstrating the differences in their impact on the learning
process of the model.

— Mporxo3
—— QakT

Q6bem BblpaboTkk, MBT

12:00 00:00 12:00 00:00 12:00 00:00
Oct 21, 2016 Oct 22, 2016 Oct 23, 2016 Oct 24, 2016

lata 1 BpeMA

Figure 5. Forecast using LSTM model and solar power generation
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Nata 1 Bpems

Figure 6. Forecast using MLP model and solar power generation

Figure 5 and Figure 6 show a line diagram tracing two variables in a time
period covering the period from October 21, 2016 to October 23, 2016. The X-axis
labeled "date and time" represents the date and time, suggesting that data points
are drawn based on a specific time of day. The Y-axis labeled "production volume,
MW" indicates the amount of electricity generation in megawatts (MW). The blue
line represents the estimated electricity generation, and the red line represents the
actual solar power generation data. The interaction between predicted and actual
values can be used to assess the accuracy of forecasts and analyze the patterns of
electricity generation.

Discussion

The discussion of the results of this study opens up significant directions for
the development and improvement of forecasting systems for electricity generation
based on renewable sources. The use of the latest machine learning methods,
in particular LSTM (Long Short-Term Memory) networks, for the analysis and
forecasting of photovoltaic energy generation has shown their high efficiency.
The effectiveness of these methods is especially noticeable when working with
meteorological data that have a high correlation with energy production.

A key aspect highlighted in the study is the acute sensitivity of forecasts to
weather changes. This confirms the need to use accurate and relevant meteorological
data in modeling production processes in the field of renewable energy. The choice
of correlated meteorological data for training the model allows you to significantly
increase the accuracy of forecasts, which is confirmed by the standard error and the
coefficient of determination (R2) as a result of using the latest model.

Comparing the latest model with previous approaches shows a significant
improvement in forecasting accuracy. This indicates that the introduction of
algorithms capable of adapting to dynamic changes in weather data and energy
production can lead to a significant increase in forecasting efficiency. However, to
achieve the best results, it is critically important to select data with a high degree of
correlation and relevance.

To further improve the accuracy of predicting photovoltaic power generation,
the study highlights the importance of expanding the amount of training data and
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scenarios. This may include using a broader set of meteorological data, as well
as data on energy production over longer time periods. This approach will allow
the model to better adapt to different conditions and improve the ability to predict
energy production in a variety of weather conditions.

Conclusion

This study was developed using the LSTM machine learning method to solve
the problem of predicting electricity generation based on meteorological data from
open sources. The prediction of photovoltaic energy production showed an acute
sensitivity to weather changes. Various sets of meteorological data have been
used to increase the accuracy of forecasts for historical solar energy production in
renewable energy sources. The LSTM model with high correlation meteorological
data surpassed the LSTM with all meteorological data sets. In particular, for the
LSTM model with correlated meteorological data, RMSE 267.2, MAE 212.8
and R? was 0.91%. Using an LSTM model with correlated meteorological data is
effective, but for more accurate forecasting, it is necessary to increase the number
of training data and scenarios.
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Abstract. This research paper analyzes the efficiency of encoding hidden
information in audio files, considers its features and advantages over other methods
of hiding data, as well as the main methods of steganalysis. The main objective
of the study is to develop an algorithm for hiding information in audio files and
their software component. The task is to create a secure environment for hiding
data that prevents third parties from detecting confidential information. The work
includes steganography methods for hiding information. The characteristics and
disadvantages of various steganalysis methods are considered. The goal is to minimize
the size of the transferred file and hide it in the audio format. Particular attention is
paid to compatibility with the WAVE format. The software implementation of the
algorithm is made in the Java environment with a demonstration of the capabilities
of steganalysis on the NetBeans platform. The program contains functions for
steganalysis and encryption before its execution. All the mentioned algorithms and
methods of encoding information in steganography are studied in the context of
creating software solutions. The main objective of the study is to create a program
that meets user requests. The paper examines the problems of steganography and
steganalysis in audio files, and provides an overview of existing software for
hiding data in WAVE files. It is established that at present there is no software that
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fully meets the requirements of steganography in audio. Additional software for
steganographic hiding of files in WAVE format using the LSB method (Stegora
WaveHide package) is developed, and an algorithm for searching for hidden
information is implemented.

Keywords: stegoanalysis, sound, WAVE, spectral analysis, LSB.
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AHHOTaNuUs. by FEUTBIME j)KyMbICTa ayuodaniiiapiarel ®KacklpbIH aKIapaTThl
KOJITay THIMJILTITI TaJaHa bl, OHBIH EPEKIIEITIKTepl MEH JEPEKTEPIi KACHIPY/IbIH
Oacka oJicTepiHe KaparaHja apThIKIIbLIIBIKTAPhl, COHBIMEH KaTap CTeraHaJIM3/IiH
HETI3T1 o1icTepi KapacThIPBIUIAILL. 3EPTTEYAIH HET13T1 MaKcaThl ayauodaiiiiapaarsl
aKIapaTThl )KaChIPy aJTOPUTMIH JKOHE OJIAp/IbIH OaFaapiaMalbik Kypamaac Oeirin
acay OOJBIT TaObUTa bl Makcar - 0erie agamMaapIblH KYTHs aKIapaTThl TA0ybIHA
oIl OEpMEHTIH KayiIlci3 JepeKTepli kKachlpy OpTachiH xkacay. JKyMbIC aKnaparThl
Kacelpy YIIH cTeraHorpadusi oJiCTepiH KaMTHIbl. Op TYpii CcTeraHaiu3
OMICTEepiHIH cHIaTTaMajapbl MEH KEeMIIUTIKTepl KapacTeIpbUIamel. Makcar -
TachIMaJIAHATHIH (PaIIBIH OJIIIEMiH a3aiTy KoHE OHBI ayaro (hopMaTTa KachIpy.
WAVE mimriMiMeH yHJIECIMIAITIKKE epeKile Hazap aylapbUIagbl. AJTOPUTM/II
OarmapiaManblk  KamTamachls eTy NetBeans mnardopmaceiHna —creraHanms
MYMKIHJIKTEpiH KOpCeTy apKbpUIBl Java opTachblHOa JKy3ere achIpbLiajbl.
Barnapnamaia opblHay anblHIA CTEraHANN3 XKoHEe M piay GyHKIUsUIAph Oap.
Creranorpadusia akmaparTbl KOATAy[AbIH OapiIbIK aTajfaH alTOpPUTMIEpPI MEH
omictepi OarmapiIaMalbIK MENrMIepi Kypy KOHTEKCTIHIe 3epTTenei. 3epTTeyaiH
HETi3ri MakcaThl — TMaliallaHyIIBIHBIH KaKETTUTIKTEPiH KaHaraTTaHABIPAThIH
Oarmapiama Kypy. JKymbic ayauodainnapaarsl creranorpagus KoHEe CTeraHajn3
MocelieNiepil KapacTelpaisl, conbiMeH Katap WAVE ¢aiingapeinaarsl qepexrepi
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KAaChIpyFa apHAJIFaH KOJJIAaHBICTAFbl OaFaapiaMalibiK KaMTaMaChI3 eTY/IiH OTYbIH
yebiHa bl Kasipri yakpITTa I6I0bICTa cTeraHorpadus TanantTapbiHa TOJBIK JKayarl
OepeTiH OarmapiaMarblK KaMTaMachl3 €Ty JKOK eKeHi aHbIKTanmabl. LSB omicimen
(Stegora WaveHide naketi) WAVE ¢opmarsinaars! paitngapabsl creranorpadusiibiK
JKAachIpy YIIIH KOCBIMINA OaFaapiaMaiblk KAMTAMAaChl3 €Ty 93IpJCH/I, KaChIPhIH
aKnaparThl i3/Iey aITOPUTMI KY3Ere achIPbIIJIBL.

Tyiiin ce3mep: creroananmms, a61061c, WAVE, cniektpanai tanmay, LSB amici.
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AnHoTanusi. B nanHoil Hay4HO#l pabore ananmsupyercss 3()(EKTHBHOCTDH
KOAMPOBAHMS CKpPBITOM HWHpOpManmu B ayauodaiinax, paccMarpuBaioTcsi e€
OCOOCHHOCTH W IPENMYIIECTBA Mepes IPYTMMU CTIocO0aMu COKPBITHS JaHHBIX,
a TaKKe OCHOBHBIE METOIbl cTeroaHanu3a. OCHOBHas LENb HCCIEIOBAHUS
— pa3paboTKa anropuTMa Ajsl COKpBITHS MHpOpManuu B ayauodailmax u ux
MpOrpaMMHON cOCTaBisifoIled. 3amada — co3zxarb Oe30macHylo cpemy Juis
CKpPBITHSl JAHHBIX, KOTOpas NpeNoTBpalaeT oOHapyKeHHe KOH(UACHIMATbHON
WH(POPMAIMH TOCTOPOHHUMHE. PaboTa BKITIouaeT B cedst MeTO/IbI CTeraHorpaduu st
COKpPBITHSI HH(pOpMaIuK. PaccMOTpEHBI XapaKTepPUCTUKU U HEJIOCTATKH Pa3IMIHBIX
METONO0B cTeroaHanusa. Llens — muHMMEu3anus o0béma nepepaBaemoro (aiina
u ero ckpeithe B aynuodopmare. Oco0oe BHUMAHUE YIEIEHO COBMECTHUMOCTH C
¢dopmatom WAVE. IlporpaMmHasi peanuzanysi aJrOpuTMa BBINOJHEHA B cpele
Java ¢ nemoHcTpaumeil BO3MOKHOCTeH creroanaimu3a Ha ruiatrgopme NetBeans.
[IporpamMma comepUT (QyHKIMHU AJsl CTeroaHaiu3a M WH(POBaHHS TMEpes ero
BBITIOTHEHHEM. Bce ynoMsiHy ThIe anropuTMBbl M METOJIBI KOAMPOBAHUS HH(POPMALIUN
B cTeraHorpaduy HM3y4aroTcs B KOHTEKCTE CO3JaHMs MPOTPAMMHBIX PEIICHHH.
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OcHoBHas 3ajJada MCCICAOBAHUS — CO3JaHUE MPOTPAMMBI, YIOBJIECTBOPSIOIICH
3ampocaM mojb3oBareneid. Pabora paccmarpuBaeT mpoOnemsl creraHorpaduu u
cTeroanaiamnsa B aynuodaiiax, a Takke NPeroCTaBIsIeT 0030p CyIIECTBYIOIIETO
IO nmns cokpeitus maHHbIX B WAVE-(daiinax. YcTraHOBIEHO, YTO Ha JaHHBIN
MOMEHT HET MPOrpaMMHOIO OOECIEUYeHHUs, TOJHOCTBIO COOTBETCTBYIOLIECTO
TpeGoBaHmsIM cTeranorpaduu B ayauo. Paspaborano nomomuurenshHoe 10 ms
creraHorpaduueckoro cokpeitTus ¢aitnos B ¢popmare WAVE ¢ ncnonb3oBanuem
metona LSB (maker Stegora WaveHide), a Takke peanu3oBaH airoput™ JUis
MONCKA CKPBITOH MH(OPMALIUHL.

KuroueBble ciioBa: creroananus, 3syK, WAVE, criekrpanbHbIil aHanu3, METON
LSB.

KIPICIIE

AKnaparThl pyKcar eTiIMereH KOJI )KeTKI3yJeH KOpFay MaceJeci aaaM3aTThIH
TapuXbl OOMBIHA )KYy3ere achIpbUIBIN Keneni. Epre 3aManHbIH 031H1e OYIT apTThI
IICTTY/IiH €Ki HeTi3ri OarbIThl OONFaH, onap Kasipri KyHzae jae 0ap: kpunrtorpadus
x)oHe cTeraHorpadus. KpunrorpadusHbIH 0acThI MiH/ETI XKiOepinTeH xabapriaMaHbl
U QpIIey apKbLUIbI )KackIpy 00JICa, T cTeraHorpadus Ke3iH e )KachIpbIH XabapiaMa
CBIPT Ke3re KopiHOel Kama oepeti.

barnapnama creroaHanmsi jKy3ere achlpaThblH JKOHE CTErOaHAIHM3ICH OYpHIH
OHBI KOJTayFa MYMKIHJIIK OepeTiH apHaiibl (YHKIUAIApMEH >KaOIbIKTaIaIbl.
barmapnama Kypy KesiHgeri creraHorpadusi FhUIBIMBIHAAFBI aTallblll ©TKECH
OapibIK aNroOpUTMAED, dIiCTep, KOATANATHIH KYIHUs Xabapiaamap 3eprreneni. by
3epTTeynep/iH 0acThl MakcaThl aJaMJIapAblH CypaHBICBIHA CoWKec Oarmapriama
KYpy.

3eprrey KyMbICHI OapbIChIHIA JBIOBICTBIK (hainaapiablH —CTEeroaHalan3iHe
apHaJFaH MOJEJB/IIH HeTi3ri MIHIETI HHIUBUATIH KOPFAyIbl, KYIUSIIBIKTHI Tallam
€TETiH MOTIHIIK KYKaTTapblH ABIOBICTHIK (haiiiaa xaceipy. Tek TbIOBICTHIK (aiinaa
JKACBIPBINT KaHa KoWMal, OacTamKbl ABIOBICTHIK (ailyl enmemMi MeH KipiCTipuireH
IBIOBICTHIK, (hailsl enmeMiHiH Oipaeil OomyblH Kajgaramnay, erep JKidepymri Oenrisi
Oip oyeHi Oap ABIOBICTHIK (haliiFa KipicTipy €HTI3Tici Keice, KOATaNymnaH KeliH
Ol OyeHHIH JKEHINI OWHATBUTybIHA KEAEPTi TYABIPAThIH OapIlibIK Mocenenepi
xkoro. Kymus Kykartapabl JeIOBICTHIK (halnmel e3repTiell KipicTipymaiH caH
TYpai omicTepi O6ap OONFaHIBIKTaH, €H MaHBI3IBI )KOHE KEH TapayFaH dJicTepi
3eprren, imiHAe OapibIK TajanTapra cail aJropuTM Kypbuiael. OHBIMEH Koca
KipicTipeTiH XabapiaMaHBIH OpHAajacaThlH JKepi JBIOBICTHIK (aisl, COHABIKTaH
IBIOBICTRIK (hallIbIH Ja KaHAail Typae OOJIaThIHBIH KOPCETy YIIiH OapIbIK
CaH/IBIK KYPBUIFBLIApP KeJIepTici3 OWHAThUIATHIH OenTisi Oip opMaT TaHTadbIHIbL.
JIBIOBICTHIK (hopMaTTapIbIH OpacaH 30p TaHAAJIBIMBI 0ap OOJFAaHIIBIKTaH, OJIAP/IBIH
cTeraHorpadusra colikec KeJeTiH (opMarTapblH Tajljam, OHBIH IIIIHIE dCepiiri
MEH CEeHIMJIIJITi, CamalbUIBIFBl KOFaphl, TalanTapra COWKeCTiri OoWbIHIIA Oip
JBIOBICTHIK (hOPMAThI TAHIAIIHI.
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Creranorpaduss - Oyin MoOTiH, cypeT KoHE OelHe CHSKTBl KaObIH
TacylIbUIApbIHAAFel epekTepal medep Oypkemeney. CreraHorpadusi TepMHHI
IpeK TUTIHEH IIBIKKAH, ON <OKaOBIK ka3y» nereHii Ounmipeni. Creranorpadmus
— aKmaparThIK TEXHOJIOTHs cajlachlHOa KeHIHEH KoJjaHbUIaThiH onic (Bangera,
2017). Tapuxrta cteranorpadus omicrepine xabapapl Kesre KepiHOCHTIH cus
apKbUIBI KOSHHBIH KapHBbIHA JKacklpy HeMmece xabap Hemece TaTyHpOBKa HeMece
Xa0apmIbIHBIH OachklHA CypeT cajly YIIiH Ima0apMaHHBIH OachlH KBIPY CHSIKTHI
omicrep kipai (El-Khamy SE, 2017). Ocspuraiimia, creranorpagusi Kapadanbip
xa0aprnamMaHbIH ImIiHAE KOCHIMINA Xa0apislH Oap-)KOFBIH Kaly oJicTepiH
ycoriHaapl. Kapamnaiieiv xabapiama TachIMaliayibl CUTHAII PEeTiHae Oepinesi, o
MOTIH, ay/lHno, CypeT, OeiHe koHe T.0. OOMyBl MYMKIH, aJl eKiHIILTIK (KachIpBIH)
xabaprama KYKTenreH xabapiama perinae taraiipiHganaasl (Prasad LC, 2018).
Curnan OaiiKaylIblFa TaHBIIMAUTBIHAAHN €TiIl JKachIpblIabl, a1 0acTarKbl CUTHAI
(Taceimanmaymiel) KepinOeiTiH Typae esreprineni (Hashim, 2018). Conxbikran
creraHorpadusaga Oacranmkbl Xabapimama —e3repTiIMeiIi  JKOHE  IKaChIPBIH
xabapramMaHbIH 0Oyl OaKpUIAyIIbIFa KOPIHOCH I, OUTKEeHI O TaHIallFaH opTajia
enrizinren (Kundu N, 2017).

Aynmo creranorpagust Cover Audio + Kymust nepekrep = Stego-ayuo cursa
peTiHzme aHBIKTaNaabl. AyIro cTeraHorpadusiFa KOWbIIaThIH Herisri TamanTap: (1)
Kynus Aepekrep agaMaapra KaObuimaHOaysl kepek (Atoum, 2017); (2) xaceipy
MYMKIHITiH OapbhIHIa apTThIPy Kepek; jkoHe (3) jKaKChIpakK, JKaChIPBIH JIEPEKTEP
mmdprnanran 0omysl kepek. Lindpibik anemae HpIcaH1apAbIH €Ki TYPi KO IaHbUIAIbL:
JKACBIPBIH XabapiiaMaHbl OypKeMmeleyre apHallFaH CTero-OOBEeKTIIep peTiHme
np10bIc Hemece keckiH daiinnapsl (Chen K, 2018). [p0bic pparMenTiHiH eKilik
Ti30€riH a3jmam e3repTy apKbUIbl KYMHs JepeKTep OacTamkbl (UISIIKE SHIipisei.
Conrbl OipHemIe XbUIAa IBIOBICTBIK CUTHAIAAPAAH AEPEKTEPIl XKAChIPY KOHE amy
YILiH OpTYPIi Tociaaep 93ipieHai. O3ipaeHreH TOCUIIepAiH KOIIUIIrT KOTHUTHBTIK
MeJI/Iip JKOJIMEH XOCT CHTHaJIbIHA XabapiaMa/faepeKkTep KoCy YIIiH aAaMHBIH €CTy
xy#ecinin (HAS) xormumTuBTiK cumarramanapeiHa HerizgenreH. Jlepexrepai/
xabapnap/sl AbIOBICTHIK CUTHAJIAPFA JKACBIPY - KBI3BIKTBI 9pEKeT, OipaK COHBIMEH
Oipre KecKiHIepre )acblpyiaH KUbIHBIpaK, eliTkeHi HAS anamMHbIH Kepy xyiecine
(HVS) xaparania KeCKiHHIH HHTEHCUBTLIITiHIH IIIaMaJbl ©3repicTepiHe KaparaHaa
JBIOBICTBIH KITITipiM aybITKYyTapbiHa cediMTtai (Ali, 2018)

Ocpuraiima, Mmakcar - 0acTarkpl ayano AEpeKTep MEH SH I pifireH (a1 apacbiHia
eJieyci3 ailblpMallbIIBIKTap OONaThIH A eTil, KYITUs IePEKTEPl ayIno JepeKTepre
Oipikripy. Enrizinren Qaiinma ayauo Typaibl MaHBI3IbI aKapaT 0ap TaKbIPHII Oap.
Byn akmapar kon turizoeiini; meicansl, WAVE daiineiama, Oipinmn 44 Oaiit fle
TypaJibl aKIapaTThl KAMTHIBI )KOHE OCHI TAKBIPBITIKA Ke3 KeareH e3reptyinep WAVE
fle-ni 6y3amer (Mohamad, 2018). Kynus MamiMeTTep/1i 5KachIphIH TaChIMA 1Ay IIbIFa
Oypkemerney KachbIpblH TachIMaJIJaFbllIKa KaHAal na Oip »KarbIMCBI3 ©3repicTep
Kacamaybl KepeK, COHJIBIKTaH OHBIH TYMHYCKaJIbIFbI Oy3buIMaybl kepek (Mohajon,
2018). Ayauno creranorpadus kepinici anamubIH ecTy xyieci (HAS) mudpranran
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JepeKTep/i ayuo Jepekrepre OipiKTipy apKbUIbl OOIFaH e3repicTeplli Kepcere
QIMalTBIHIAN €Till KYH/bI/>KachbIpblH IIU(pIAHFaH JCPEKTEPi ayaHo JepeKTepre
OipikTipy Oombirn TaObUIAABI. AyAHO cTeraHorpadusiga COHFBI KbULIAPHI €H a3
Mmonzi 6ut (LSB), Tapary criekTpi >koHe KaHFBIPBIKTHI KachIpy TICIaepi a3ipaeH i
(Tan, 2019). Aynuo creranorpadususiy (Singh, 2014) oprypni creranorpadus
KoJIJTaHOaapbIH/Ia KOJIaHBUIATEIH HET13T1 KacHeTTepi: KYIUSIIBUIBIK, Oalikaimay,
KOFaPbI CHIMBIM/IBUIBIK, aHBIKTAY KHBIHJIBIFBI, JONAIK, aMaH KAy >KoHE KOepiHy.

Aymuo creranorpadusinarsl eq coHrbl yari (Chowdhury, 2016) GemiMinme
ayano creraHorpausHbIH aJMacThIpy TEXHHMKAChlHA KATbICTBI MOCEJICHI MICHIy
Tocini cumartanrad. Kayinci3niktin OipiHII AeHreiHae Xxadap sl mudpray yirH
RSA anroputwmi maiiganaHbianel, an Keneci JeHreWae mmudpiranrad xabapiaMa
ayano Aepekrepre koaranansl. Jlepexrepii KoaTay YIIiH TeHETHKAJIBIK aIrOPUTMIEe
HETi3/Ie]ITeH aybICTBIPY OJiCi KOJNJAHBLIAAbl. OJICTIH HETI3ri HIEsACHl - ayaro
cTeraHorpadUsHBIH KayilcCi3Airi MeH OepiKTiriH apTThIpy, eKi mudpIay smictemMmeci
XKY3€re achIpbUIaTBIH jKaHa Tocin yceHpUIFaH (Sinha, 2015). Hudpraynsixn
OipiHII IeHTeHiH/e MOTIHIIIK XabapliaMaHbl OJIAP/IbIH IMO3UITUSITBIK MOHI OOWBIHIIA
muQpIay YIIH yATiHI CORKECTEHIIPY aaropuTMi KOIIaHbuIbel. EXiHIN neHreiine
MO3UIMSUTBIK MOH/I KaKIakKilara eHrizy ymriH ogerreri LSB ofici KongaHBUIIBL.
MyHpnait koc mudpnay omici AepeKTep Kayilci3mirid THIMAI TypAe KamTamachi3
eTelli. MOTIHIIK MmHdpray, ayauo cTeraHorpadus XKoHE ayauo MHQpIayIbl
OipiKTipy apKbUIBI IepeKTepi *Kacbhlpy aaici yebibuiran (Bandyopadhyay, 2012).
bipinmi kagamaa TymHYCKa MOTiHIIK xabapiaMa e3repriiren Vigenére mudpnay
anropuT™i apkbuIbl mudprananel. Hludp morini exinmi kagamaa LSB xonrayst
apKbLIBI MyKaba np10obIickiHa eHaipiiesni. Corpraaa, ayauo ¢umm Blum Blum Shub
KaJFaH Ke3[JeHCOK caHnap TeHEepaTopblH MaijanaHy apKpUIbl TPaHCHO3ULMSIFA
YUIbIpaiabl.

MATEPUAJIJAP MEH HET'I3I'T OAICTEP

Creroananu3 MpOIECIH/ETI ABIOBICTHIK (aiiiFa XadapApl KOATAy YXOHE OHBI
JICKOATAy TPOLECCIHE COMKEeC KEeJICTIH KaKeTTi OarnapiaMalblk KamMTama Kypysbl
Herizneni. XKacanran OarnapiaMaiblK KAMTaMaHBIH HETi3iHe cTeraHorpadusHbIH
LSB anroputmi sxoHe aynuo (ainmapabiH eH Koraprbl ocepiiri 6ap WAVE
(dopmatbiHIaFel ayauo Qainnap KonmaHeiael. LSB omici agaMHBIH IneKTenreH
KaObUIAay MYIICNEPiHIH MYMKIHIIKTepiHe OaFbpITTaiaabl — ajaMaap TYC
MeH AbIObICTaFbl oTe a3 OypMmasiay MeH e3repTyiepal Oalikail anmmaiabl. Aun
TICEBAOKE3ICHCOK OUT KapanaibiM mp3 (aiimbIH apTKbI IylapbiHa KipicTipiice,
OHBI aHFapy eTe KublH. KapamaiibiM necteraHorpadusHblH TICLII MbIHAAAM:
eH OipiHmI Qailn KOHTeWHep caKTail anaThlH OapIlbIK epeKIle akKlapar eHTi3ije
aJIaThIH MYMKIH JKepiep/i Tady KaKeTTUTiri. Apbl Kapai xaOap Il IIBIFAPBIIT aJTBITT
OHBI CTaHJAapTTapra COWKECTITIH TeKcepy KakeT. bipiHmii ecenTi mienry yuriH
KOJIJIAaHBUIBITT OTBIpFaH (aiinm (opMaThiH KaKChl OUITeH JKeTKUTIKTI, ajl eKiHIIi
JKaFJail YIIiH CTaTUCTHKAIIBIK aHAJN3 apKbUIbI miemiie/i. Mbicaisl, erep Oenrii
Oip MOTiHAIK OeIIKTiI XKacklpy KaxkeT Oolca, OHAA JKiOepeTiH xabaprama Tex
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MOTIH/IK KyHae Oomaner: 52 nmateH Oenrici, 66 kupui Oenrici, albipy Oenrinepi
XKOHE KeHOip sKyMBICTHIK cuMBongap. CTaTHUCTHKAIBIK MiHe3neMenep Ke3aeHcoK
Ti30eKTeri OMTTep OpHajIacKaH MiHesaeMeneH Oenek Oonansl (Siddeq, 2015).

CreranorpadusHbIH HeTi3ri Mozeni TacsiMasgayuisl (aynuo dain), xabapiama
’KOHE KYIHSACO3/IeH Typasbl. TackiMalay sl Ien akaparTbl HeMece XabapiaMaHbl
XacelpaTelH (Gaiinapl aiitambi3. 1-Cyperre aynuo creraHorpadusiHblH Herisri
MoJIeNTi KepceTinren. Xabapiama — xioepyiln Kynusl KaJablpyFa i3eT OimmipreH
¢aiin. XKibepinerin xabapmama peTiHAE KapamailbiM MOTIH, CYpeT, ayuo >KoHE
Oacka na aiin Typriepi 6omybl MyMKiH. KyIust ce3 KinT peTiHje amblHAIbI, SFHU
XK10epyIIi HaKThI XxabapiiaMaHbl JEKO/ITAII, )KaChIPhIH (aiIbl aybl CEHIM/II 00ITyBI
yuriH (1-cyper).

»

Cyper 1. Creranorpadusuibik MOJeIIb

Mogaenbai Kypyaarbl HEri3ri KOWbUIFAaH TajamnTap:

— Kynus xabapiamaHbl aynuodaiiiFa Kacklpy jKOHE TOJIBIK KOHTEHHEP/IiH 00C
KOHTEHHEPJICH aifbIpMAaIbUIBIKCHI3 HTI3Y;

— MIBIKKAH TOJIBIK KOHTEHHEP/IET1 KYIUs XabapiaMaHbl TAHbII KOIJIbIH 0apJIbIK
Oenrini amanaapbH OapbIHINA JKOIO;

— CTeroaHaju3 Ke3iHJe, SIFHU TOJBIK KOHTEHHEpJCH KyIus xabapiamaHbl
JIEKOAITAY, IIBIFApy Ke31H Ie KipicTeri xabapiaMaMeH colikec 00y, IepeK KOFauTiay
(lossless method);

— xabapriama KIpICTIpUITeHHEH KEHIHrI JBIOBICTHIK (aiinga amamra Oeariii
IBIOBICTHIK IIyJTap HEMece KaHal fa Oip Oypmasiayiap/biH O0IMaybl,

Opra xacrarbl agam 100 ten 20 k['1p ke JeiiHri AaybICTBI €CTH aliajpl,
oitmma 30 I'mren 16k[1ke neitin. bymaH >xorapbl HE TOMEH ABIOBICTAp €CTLIE],
Oipak elnKaHaal aKyCTUKaJbIK MarbiHa OepMeriai. 16k II-TeH acaThiH JBIOBICTAP
aJlaMFa KOJIaiichI3, JKaFbIMCBI3 OOJBIN ecTiiei: 0acka KbICBIM Tycipelni, aybIpy,
©T€ KaTThl JIbIObICTAP aaMJibl 06JIMEICH HIBIFBIN KeTyre MOKOyp etemi. MyHnai
JKAFBIMCBI3 JIBIOBICTAFbI KY3€T KYPBUIFbLJIAPhI HET131CITCH — 6T€ KATThI JbIOBICTHIH
OipeHelle MUHYTBI Ke3-KEJITeH aJiaM/Ibl €CIHEH aJDKaCThIPaJibl, MYHIAM JKaFaania
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OipaeHe ToHay MyMKiHAITi 6omMaiabl. 30-40 ['-TeH TeMeH ABIOBICTap KETKITIKTI
aMIUTMTY/la Ke3iH/Je KYPBUIFbIIaH (KOJOHKAJaH) IIBIFBIT JKaTKaH Ipija peTiHae
KaObuIaHa el HakThIpak aifTkaHmail xkaii FaHa Jipis. OCBIHIIA TOMEH KOpIIaFaH
OPTAIIBIK JIBIOBICTAp/IbI aXKbIpaTa aJIMaWTBIHBI COHINANBIK, OYII JKeplie JBIOBICTHI
KaObUIAayFa aJaMHBIH Oacka ce3iM Mylenepi Kipicemi, MbIcalFa IbIOBICTHI
JIeHEMI30eH ce3eMis.

JBIOBICTBI Typa OOJFaHBIHIAN JKiOepy YIIiH OHBIH OapibIK KaObLITaHATHIH
10 T'u-ren 20 kI'm-ke nmelidri auama3oHBIH cakTam KajaFaH kaMmMaH OoJjiMac eni.
Teopus xy3iHAEe TOMEHTI XUUTIK JBIOBICTAPMEH CaHBIK jKaz0amapia enrkaHman
Macenenep TybIHIaMaiabl. Al ToxKipuOe Ky3iHAe OapiblK IeIbTa TEXHOIOTUIMEH
xyMbIc icTeiTiH ACT-HBIH OapibiFbl MoceNeNepIiH MOTeHINAIBl Ko3aepi 0ap.
MyHnait KypeUTFbUIIAp Kazip 99% Apl KaMTHIBI, SFHA MOCENEHIH TYBIHIAybl
OapIIBIK XKepe MYMKiH, IETeHMEH OTe Halllap KYPBUIFbLIap )KOKTHIH Kackl. TeMeHT1
KHULTIKTEPMEH JIBIOBIC OMHATYIIBIH KUBIH/IBIKTApPhI KOK CKSHJIIT1H alTyFa 00ajsl,
cebebi Oyi1 MocesenepMeH Kakchl KypacToippliran Oaracel 1$ nan acatein ACT
aitHanbIca el JKOFapFbl KHITIKTEpMEH OapibliFbl oTe KUbIH neHreine. ACT xoHe
CAT >xakcapTyablH KoHE KUBIHIATYIBIH OapibIFbl KOFAphl JKUUTIKTI HAKTHIPAK
xibepyre HerizgenreH. «OKoraprb» SKUUTIK AEM JTUCKPETTEYMEH CalbICTBIpyFa
KeJICTiH KUUTIKTep/Ii ailTaMbI3 — siFHU, 44,1 k[ 11 ke3inge on 7-10 k11 )KoHE KOFaphbl.
Tycivmipymri cyper peTiHfe 2-11i CypeT KeTipiiareH.

A A A
R e v

Cypert 2. YKorapFbl )KHIUTIKTI TUCKPETTEY.

Cyperre 44,1 xI'm xwuimikre mauckpertenreH 14kl >KHUTIK KOPCETiNTEH.
KepceTinreH HyKTelep CUTHAI aMIUTUTY/IAChIHBIH aJTbIHFaH Ke3Jiepi. CHHYCOUIaHbIH
Oip TTepuoapIHA MIaMaMeH YIII HYKTE KeJIeTiHI KopiHedl jKoHe OacTammKhl KUITIKTI
CHHYCOWIAa TYPIHIE KaIIbIHA KENTIpy VIIiH Oenrimi Oip ¢aHTa3sHsSHBI KOITAHY
kepek. Cunycommanbl CoolEdit Oarmapmamacel caimbl, xoHE o) (haHTa3HACHIH
KOPCETIN MOJIIMETTEp i KaiiTta KammbiHa kenTipai. dom ocel mpomecc ACT-te me
JKYpei, OHBIMEH KaJIBITIKA KeNTipyIi GuiasTp aifHambicanbl. CambICTRIPMAITBI TYPIC
TOMEH KHUUTIKTIH CHHYCOWIATaphl IIaMaMEH NalbIH JEM €CENTeCeK, JKOFapFhI
JKUUTIKTI KaJIITBIHA KeNTipydaiH canackl TodbiFbIMeH ACT TiH KaimbllKa KeATipyIi
¢dbyakmusacerHa Toyenmi. CoolEdit OarmaprmamackiHma eTe camaibl  KallbIIKa
KenTipymri GuiasTp 6ipak o Ja dKCTPEMAaIbl XKaFmaiaa KyH3ellicKe VITbIpanIbl
MBIcaiFa 3-11i cyperTte kopcetinrer 21 kI'Ir KuimikTe:
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Cypert 3. 21 "1 xxuinikreri curHa.

TepOemnicTepnin mimnmiHi (KOK CHI3BIKTAP) JAYPhIC eMeC eKeHI KOpiHil Typ, OFaH
Koca Oacramkpiia OonmaraH KacueTtep maiina Oomran. Ochbl jkaFnail sKOFapbl
JKUUTIKTI JABIOBICTAp/bl OWHATKAHJA Maia 0onaThlH Herisri macene. bipak, Oy
MOCeJIeHIH mienrimi Oap, »KoHEe O aWTapibIKTai KHBIH Mpolecc emec. bapibik
keiiinri ACT-tepie KaWTacaMIUIACY TEXHOJOTHSCHI (multirate) KoJiTaHBLIAIBI,
OHBIH MIHJICTI CaHJBIK KaJIblHA KENTIpydl OipHEIIe ece KOrapbl >KULIIKTI
JUCKPETTEyre MaijaliaHy JKoHE aliflaFbl YaKbITTa KOFApPFbl JKULIIKTI aHaJIOTTI
curHanra typienaipy. Ocbuiaiiiia, >KOFaprbl JKUITIKTI CHTHAIIAPABI TYPICHIIPY
eTe camanbl Ooyla ajaThlH CaHABIK (uiIbTpiepre >Kykreneni. CanaiabUIbIFbI
COHINIAJIBIK, OaFaibl KYPBUIFBLIAPIBI OYJT MOCENe TOIBIFBIMEH KOUbLTAIel — 19-20
k[ 11 feHiH KUITIKKE JCHIHT1 JBIOBICTHI OypMaliaysiapchi3 OMHATY OOJIBII TaObLIa b,
Kaiitacamruizey aca KpicOar eMec KypbUIFbLIapaa Jia KOJAAHbUIAbI, COHBIKTAH
OYJT MOCETIeHIH IIeITiMi KHBIH eMec et aiityra 6omasr. Ocbt ACTke ykcac 30$-603
Oarachl MaHaMBIHIAFbI KYPBUTFAp(IbIOBICTHIK KapTanap), 600$ aeiiHri My3bIKaIbIK
optanbikTap 10k -k JeiiHr )KUITIKTepAl Tamallia ofHaTasbl, 0ipa3 KubiHgay 14-
15 kI', »oHe OackamapblH aca KUbIHABIKIICH OMHaTabl. bysl KepceTkil ayeHIiH
KOJIZIaHyJIapFa TOJNBIFBIMEH KETKLTIKTI, ajl erep Oipeyre )KoFaphbl cara Kaxer 0oJca,
OHBI KACIMKOH KJIaccTarbl KYPbUIFbLIApFa )KYKTEHE I, OJIap/IbIH TEK Oarachl JKOFaphbl
eMec, oJIap carachl KaXKeTTi ACHIeH Ie OMIacThIPbLIFaH.

Dithering-ke kaiiTa opajcak, TMHAMHKAJIBIK JHAMa30Hbl Kanaiina 16 OurreH
naiaMeH acblpca 60JIaThIHBIH KapacThIpalbIK.

Dithering-HbpIH Heri3ri OWbl CHUTHAJNFa LIYJbl apalacTHIPHIN Kidepy Hemece
IBIOBICTBIK CUTHAJIBIH JAibIH IIYBIH KYIICUTY Hemece OoceHAeTy. bysl KBI3BIK
ectisice Jne, Oacka Imyjgapabl a3aWTy VIIIH JKOHE KBaHTTAyIblH KarbIMChI3
acepIIepiH )KOFAITY YIIiH 013 ©31Mi3iH 1yabl Kocambi3. Meican petinge CoolEdit
OarapiiaMachIHbIH 32 OMTTE KYMBIC ICTEY ay KaOuleTiH naiianaHaMbi3. 32 OUT
— 16 OuTke KaparaHaa 65 MbIH ece YJIKEH HaKThUIBIK, COJT cebenTi O131iH xaraiia
32 OUTTIK IBIOBICTEI OacTaKbl AaHAIOTTEI JLIOBIC JEI, ajl OHBIH 16 OUTIH CaHIBLIK
IBIOBIC Jien ecenteyre Oonazabl. CypeTTe sKoFaprbl jJeHreii Tek 1101b-re xkererin
TBHIHBIII JICHIeiIe Ka3blIFaH 32 OUTTIK JbIOBIC KOPCETUITeH — dyeH (4-111i Cyper).
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Cyper 4. 32 OUTTIK IBIOBIC.

byn 16 OurTik OBIOBICTAH oJiAcKaia THIHBII JUHAMUKAIBIK THATIA30HIBI
Kamtuasl (16 OuTTik KepcerimymiH 1 TemeHri OWTI OH JKaKTarbl IIKaJaHBIH 1
OeJtiriHe TeH), COHABIKTAH AepekTepai 16 OWTKe NeHiH MTOHTEIEKTECEK — TOJBIK
TUCKPETTENTEH CaHIBIK THIHBIIITHIKTEI aJ1aMbI3.

1 TemeH OWT AEHTeWiHeTi aK NIyasl Kocambis, onl -90ab (mamamMeH KBaHTTAy
mrynapbiHa cabikec) (Cyper 5).

Cypert 5. AK mrysl 6ap curHai.

ysr G6ap curHammapAbl aXbIparTy YIIH ojlapra TYPJICHAIPY KOJAAaHBLIAbL.
MyHpaaii TypiaeHIipyJaep HOTHXECIHAC AUCKPETTEYACT] >KOFapFbl KOHE TOMEHTI1
xinitikTep aikbiH kepineni. Cois cebenti 16 Outke TypraenuaipeMis (6-cyper) (Tex
OyTiH MoHIep FaHa MyMKiH: 0, 1, -1, ...):

Cyper 6. TypneHrexn curaai.
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ApalblK MOHJEpAi KaOBUIIAMTHIH KOK CBI3BIKTAp KaKETCi3, oy OafFmapiama
ABTOMATTHI TYP/IC €Ki HYKTE apachlH/1a KAIIbIKTBIKTBI MOJIEIIb/ICI€HI, aMITHIITYAaChl
xety HykTenepi Tek 0 xone 1). Kepin Typrannaii keiOip MoneMeTTep CakTalbIIl
KaJIFaH. bacTarksl cHTHAN JKOFaphl JIeHreiae Oosran xepae | MoHIH KaObuIan,
TeMmeHri neHredge 0 xaObuinaran. biz Oy npiObicThl -90nb yiikeH miymapmeH
ecTUTiH OonambI3. by xkepae naitnans! curnan tek -110ab ner kypaiinet. bizne 16
ourre -110 1b npIOBICTHI ki0epy Oap. Herisinge Oyjl JUHAMUKAJIBIK JHaria30HIbl
KEHEUTY/IIH cTaHmapTThl oxici. bipak OyJl KakeTci3 >KYMBIC OOJBINT TaOBLIAIBI,
TUCKPETTEY ITyJIaphl COJI ISHT e e KaTaIbl, ajl IIyJaH TOMEH CUTHAIIAPIEI XKioepy
JIOTUKAJIBIK YKaFbIHAH TYCIHIKCI3 TIPOIECC OOJIBIN TaObLIAIBI.

Shaped dithering kustHmAY 971ic 60BN Keneni. bys oicTiH OaFbITH aTlaMHBIH
JKOFApFbl JKUUTIKTI TBHIHBIII JABIOBICTApJa €CTH anMmay ceOeOiHeH IIyiIapIbiH
KOIIUTIK O6JIITiH OCHI )KaKKa Kibepy KaxeTTuiri. biz 4 Tomenri OuTTi KomganbI(2
OuT 11y) omiCcTi TOXKipUOEICH O6TKI3eMi3. byt ke3e ABIOBICTHI XKidepy THIM/IL, ce0edi
IIyJIapJIbIH JCHICHi [aMaMeH JBIOBICTHIH e3iHe TeH Oonbin kenemi -110xb. bi3
muckpertey mynapsiH 0,5 ToMenri outreH -931b, 4 Temenri Outke -84 nb neiin
KOTEpIiK, OcbuIaiiia auckperTey mynapbia-93ab nen-110ab re neliin ToMeHIETTIK.
Curnan/nry KaTelHAChl TOMEH/IE I, OipaK Ty KOFapFBDKULTIKTI aifMaKKa eCTIIMENTI
aliMaKKa KeIlTi, COHJIBIKTaH IIIbIH MOHIH/IE CUTHAJI/IIY KAThIHACHIH KOFapbLIATTHIK
JieT aiTyFra 0oa el byt mamMaMeH quckperTey nryaapbiHbiH 20 OUTTIK TLIOBICTAFbI
JEHTeHi. ByJT 9MiCTiH KaJIFBI3 MAPTHI — Ty YIITiH KATIKTIH 001ysl. 44,1 K[ 11 16106IC
TOMEHT1 KaTTBUIBIFBIHJIA IIY/bl CCTUIMEHTIH KUUTIKTET1 aiiMaKKa OpHaJACThIPyFa
MYMKiHAIK Oepemi. An 96 kI'1 ABIOBICTBI AWCKPETTECEK ajaMfa eCTIIMEWTIH
JKULTIK aliMarbIHBIH YJIKEH 00J1aThIHbI COHIIANBIK, shaped dithering omici OoiibIHIIIA
JBIOBICTHI TiNTEH 16 OuTTeH 24 OGUTKE aybICTHIpYFa OONaabI.

KowmmproTepiep MeH CaHABIK TEXHOJOTHSIAPIBIH JaMybl CAHABIK JIBIOBICTHI
OHJICY MEH jKa3yra YJIKGH MYMKiHAIKTep amirhl. CaHIbIK TYpre aiHaabIpy
amrmapartapbl MeH OaFjapliamapbl CaHChI3 Kell exmemaepre kerti. lllekciz kem
JIBIOBICKA3FBIII AMIapaTTaphl, MYJIBTTEPI, KONTETeH KUIOrPaMIbl JIbIOBIC OHICYTE
apHaJIFaH Ipoleccopiapbl 0ap YJIKeH aHAJIOIThl CTyAusIap Oip kyhemik OJIoKKa
CBINBIIN KETETIH BUPTYAJIIbl CTYAUSIIAPFA aybICY/IbI.

AHaNOrTH *Ka3y TETIKTIH «kKa3y» Jen OacbulybIMeH OacTajajibl )KOHE TETIKTIH
«TOKTaTy» TeTiriMmeH Texeneni. CaHAblK AbIObIC AuckperTi. Om OipiHeH KeliH
0ipi )KYpeTiH KeITereH ka3y/blH OemiKTepineH Typaabi(commaep). bip cexynara
YKa3bUIFaH COMIZIEp CaHbl COMITICY kulmiri 6omaapl. On [epiren ecenTeninesmi.
44100 I'm (CD ymrin cTaHaapT) JereH NBIOBICTHIK CUTHAN cekyHabiHa 44100 per
eJILICHIeHI Typasibl aknapar. CoMIuiey >Kuiliri a3 OojFaH cailblH, COFYpPIIBIM a3
JKUUTIK CTHEKTPi Ka3puTaabl. bacTankel AepeKKOPABIH COMIUIALY JKHLTITT JKOFaApBI
OoIrFaH caliblH, OHBIH carachkl MEH (aiii emmemi Je xorapbl 0onanbl. Tenedhonmen
celineckeH ke3ne coMmruiney kuimiri Tek 8000 I'm. OpTrama agaMHBIH KyJIaFbl
ecTyre KaOUIeTTi oHe KapamaibiM JBIOBICTBIK KYPBUIFBUIAD JKiOepe anaThiH
xuimik auana3zonsl yiriH 40 000 I sxerkimikri. Erep 32 xone 44,1 k1 sxuimikTi
JIBIOBICTAP/IBIH OMHAY CallachIH 1A allbIPMaIIbUIBIK Oap 00JIca, OHJIa COMILICY KU
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JKOFaphl OOJFaH CaiiblH, €Ki op TYpJi KHIUIKTIH apachHIAFbl aifblpMaIIbUIBIK
KYJTaKKa OlTiHOEWTIH 00mabl. YIIKeH KULTIKTET JBIOBICTHI JTUCKPETTEY ABIOBICTHI
HaKThIpaK OeifHenew i, Oipak OHBIMEH KOCa aJlaMHBIH KYJIaFblHAa €CTIIMEWTIH
IBIOBICTAP/IBI A2 OCWHENeW i, 0Nl KaXkKeTci3, JereHMEeH OyJl JBIOBICTap eCTiIeTiH
KHULTIKTET1 IBIOBICTApFa 9Cep €Tyl MYMKIiH, COHJIBIK CTYIHSITBIK JBIOBIC Ka3y KOFaphl
KHULUTIKTI TUCKPETTEY Aopexkecine eremi. KapamaibiM nb10bIc KYpbUTFbLIApH! 44,1
k[ 'I1 coMITIACY )KULTIKTI IBIOBICTHI OHATYFA apHATFaHBIKTaH, JBIOBIC XKa3y JaibiH
OoFaH/1a, OHBI KAJIBI OPTAK CTAaHJApTKa KaiTa konTaiael. 7-mmi Cyperre Sklmi-
TiK JIBIOBIC CUTHAJIBI KOPCETIITEH.
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Cyper 7. 8 k['I1 comMIIIIeY KUUTITIHACT] JBIOBIC.

Erep ne1061cThIH aca xorapsl emec 8 K11 TiK xKuiiri 6ap TypiHe Ha3ap aymapcax,
OHBIH TOJIKbIHJIAPbI KbIPJIbI OyphilTapMeH kejieai. Ce0eOl TOMKbIH/IbI O1pKaIbIIThI
€Ty VIIIH HaKTBUIBIK KaKeT Ooyliap el »oHe oJjIeKaiiga Kem COMIUIACP KaXKeT
Oonanpl, keneci cyperre 44,1 k' kepcerinrenzeii (8-Cyper).

Tenedonusga nbIOBICTBIH COMIUIACYAIH Kuimiri — 8 k['1, caHbIK OaijlaHbIC
xkyrenepinae commuiaey kuimiri 32 kI, CD oifnarkermrapma — 44,1 I,
TenekepceTiryne — 48 kl'm, cTyamsuiblK jka3zdama — 96 kI skoHE KOFaphIpaKx,
TeneOHBIK aBTOXaTIIbIIAp yiiH HeOapi 8 kI .

Comruiaey Kuimiri ska3da Ke3iHae KOHIBIPBUIATBIH OacTamKbl TapaMmerp.
Erep xa3z0ama OosraH (ailifplH COMILUIACY JKUUIIMIH e3repTce, OacTamkbl
JICPEKTIH carachl OHBIH JKUUIIH KOOCHTKEHIEC ©3repMeii/li, TOMEHICTKEH/IEe
camacel J1a ToMeHAewni. SIFau, erep 0i3 KEHET COMIUIALY KUUTITIH TOMEHICTCEK,
IBIOBIC camachl HAIIApIIalael, GaiiaerH emmemi azasapl. KeiliH, Kaiita comimey
JKUUTITH KeOeHTKeH Ke3ze, (aii esreMi yikeheai, Oipak camachl skakcapMaibl.
ConppIKTaH ka30aHbl €H MYMKIH KOFapFBI COMIIIIEY JKUITITIHE CaKTaFraH IyphIC.

Kemmiyiik  KojaHyblHa alllbIK OYTIHIT KYHAETl JbIOBICTBIK (paiiigapabiy
CTeroaHajM3iHe apHayFaH OarmapiamMaiap/IblH 0acThl KEMIILIIrT 00C KOHTeHHEepre
HEFYpJIBIM Kom xabapiama KOATay VIINiH, OHBIH afamMfa OeNTiuT JBIOBICTHIK
Kakajly HeMece Iy CHUsKThI Oypmasnaynapra okenin corybl (Christopoulos,2000).
Barmapnamana 6y Macesne TOMBIFBIMEH JKOMBUTFAH JIET aifTyFa 60omasl, 3-cyperre
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00C KOHTEHHEp MEH TOJBIK KOHTCHHEp apachlHAArbl albIpMAIIbUIBIK CIIEKTPIIK

TYp/ie KOPCETUITeH, SFHU aJaMHBIH KYJIaFblHA CCTIJICTIH IIyJap JKOK JIer alTyFa
OoJIaabl.
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Cypert 8. KonreitHepiepiH CEeKTPIIiK aHATH31

9-cyperre Typa 2-CypeTTeriicii KOHTEHHEpPIEpIiH CHEKTPIiK aHalu3aepi
KOPCETIITEH, TeK ABIOBIC KOJTAKIIACKIHBIH VIFAUTEUTYRI (-Te TEH.

Nt A M LA

Cypert 9. ¥nraiiTeunys! 0-re TeH KOHTEHHEpIepaiH CHEeKTPIiK KepiHici

10-cyperTe ABIOBICTBIH TIMTI COMJTIK JKHUUTITIH KOpe allaThlH MacmTadTa
KOPCETTIN TYpFaHBIH Oaifkalf amaMbI3. SIFHM JBIOBICTHIK CHTHaJIFa Oap
Oypmasaynapasl OChIIaH aHFapyFa O6omambl. MYHIAFel Ha3ap aygaparblH aitMak, 2
KaHAJIBI ABIOBICTAPABIH 00C KOHE TOIBIK KOHTEHHED apachliHAa Ke3-KeITeH KUK
OeiriHae albIPMAaITBUTBIK KOKTHIFBIHBIH OeNTici.
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Cyper 10. MakucManmpl YIFauThLTy

OpblHganFan 3epTey >KYMBICBIH, SIFHU JBIOBICTHIK (haiingap creroaHannziHe
apHaJIFaH aJIrOPUTMI Taljay sKacalblHAbl. Aynuo (aiigapra apHanFaH cTeraHo-
rpadusIIBbIK SICTEPIi iCKe achIpy YIIH KOHBIIATHIH KaIIbI (Kajayiibl) Tajaanrtap:

1) KoHTeitHep TyTacTHIFBIHBIH CAKTaIYhI;

2) QaiinmapapH xadapiama Oap jkoHE JKOK Ke3iH/Ie ecTy KaOlleTiHe acep eTmeyi;

3) @aiin KyIik TyFe30ay Kepek;

4) Kes-kenren OUTTI (paiimapMeH )KYMBIC iCTEY MYMKIH/IIT1;

5) KownTeitHep keneMiH aHBIKTay MYMKIH/IIT1;

6) KoHTeitHep KONTOMIBLIBIFHI.

XKanmbl eckepTynep peTiHe: 0apiabIKk TOMEH/IC aTalFaH OarapiaMalibik KaMTa-
Mache3 ety LSB akmaparThl xachIpy 9JIiCiH KOJIIaHa/Ibl; 0acka Jia 9licTepAl maima-
JIAaHATHIH OaFapraMalblK KAMTaMachl3 €Ty KeHiHeH TapanMarad (Knuth, 1997).

Kaszipri xkesgeri Oap OargapnaMaldblK KaMTaMachbl3

eTy.

DeepSound. DeepSound — epkiH TapaTbulaTbiH OaraapiamaiibIK

KaMTaMachl3 eTy, KoJaiibl nHTepdeliciMen, kongaitein popmarrapet WAVE, APE
, FLAC xone KoHabIpblUTFaH KoHBepTep. 2015 skbuT. THIHBIITHIKTA TYPATHIH ayAHO
(aiinga cyperTi xKachIpy Ke3iHge, 11-cyperTe KepiHin Typraniai, Gpaiti-koHTeitHep

ITYMCH TOJIbL 60J'Ia,I[I>I.
DeepSound 2.0

»

Hide Data Inside Audio Audio Converter

Add secret files.

O sdump

Sae )

09 M8

Dir
CAUsers\Fujitsu-PC\Desktop\despicable me

Secret files in C\Users\Fujitsu-PC\Desktop\despicable me\BxTump3:

Outputaudio il quality  © Low © Normal

@ tigh

& CUsers\ujsu-PO\Desktop\cespicable meltst ot

Free space for secret files  12M8,

| Size (MB) |

Output directory : CAUsers\Fujitsu-|

Cyper 11. DeepSound
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12-cyper — DeepSound (KofapbliaH) >KOHE TBHIHBIIITHIK (ailibl KeMeriMeH
’KacaJlFaH OCIMIIIOrpaMma (anirbr:

o R—————— - ——— (" i
Cyper 12. OcunnorpaMmmaarsl KepiHic

OcblaH KOPBITBIHABI XKacayFa Oosaabl, KYpbUIFaH aJTOPUTM KaHaal-na Oip
(haiin maibI3bIMEH TYPHIC )KYMBIC icTeMeli, ayauo (aiinra ajamMu ecTy KaoineTi
YIIIH eleyii e3repic eHri3eli, JeMeK, OJ CTeraHOTpa(HsIIbIK ayauo (ain yirH
omOe0arn menriM O0JIbI TaObIIMaN IbI.

Keneci 13-cyperte ocbl OarnapnamMaHblH wav CIIeKTpIiepi OciiHeeHTeH.

1 [wa] *s

B raoBanenas rpooyka %]
i =]

Creacesre s somponsaenewen [Tocsnnre ~

I

o
2851201 /49

T

Cyper 13. SilentEye 6armapiaMacbiHIaFbl Wav CIICKTpIIepi

Xiao Steganography. BMPxone WAV tunri daitngap yurin epkin
TapaThUIAThIH OaFaapiIaMabIK KaMmTaMachrs eTy. 2012 b1, OTe KeH Tagaay xacay
¢yukusicel 6ap (SHA, MDS5, MD4, MD2) xone anroputMaik mmgpiey(RC2,
RC4, DES). Aknapartsl xacblpy Ke3inie OypMmanay opekeri Oaiikamanpl. JleMek,
Oys1 OarmapiiaMaliblK KaMTaMachl3 €Ty Tafbl Jla aMOeOarn OOJbI TaObUIMAN/IbI.
1 4 -Cyper — Xiao Steganography.
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B8 iao Steganography 2.6.1 et

Add Files  B8y[7)

Extract Files [Sih,BE

&

Exit

ppiluyin] ¥
Developed by www.nakasoft.net
Venezuela

[hih

About

&

Cypert 14. XIAO Steganography

StegoStick beta. Op Typn tunrti daingapna aAepeKkTepl JKacepy
YIIiH epKiH TaparbllaThlH OargapiaMaliblk KaMTaMachl3 €Ty, OHBIH illiHjae
WAVE. 2013 xbu1. KonteiiHepaiH OapbIHIIa BIKTUMaJI MOJIIIEP] KOpPCeTiIMEen i,
cTeroxabapiaH/eIpy (aiyibiHa mynap naiaa oonrat. 15-cyper — StegoStick beta.

| # StegeStick = B
StegoStick
Readme

Hiding
UnHiding

Hide Fle | bide Message |
Secret File

C:Wsers\ILF502\Documeants| OF. svg

Help

=

License

Hiding Sucoessful

ﬂ Secret File is successfully hidden inta cover file with resultant file steg.png

|C\sers L FR02 D skten browse
Enter Password srssnane
- o

Cyper 15. StegoStick beta

JKaHFBIPBIK, KEHESHTUITCH CICKTP KOHE JKYITHIK KOATAY/IbIH HETi3r1 kKeTicrey-
HIUTIKTEpi oNapAbIH ayIno (aiiiFa nry KOCysbl, sSIFHE Oenrii OypmanaynapasiH agam
KyJIaFbIHA €CTUTyl MYMKIH, COHJIBIKTaH OYJI 9ICTep/AiH CEHIMILIIrT TOMEHICH I
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HeMece cypakTap Tyablpanbl. da3aiblK KoxTayga KyIus xadapiiamMa CerMeHTTIH
OipinamIi OediriHe KoATajdaThiH OOJFAHIBIKTaH OHBIH TOMEH JKBUIIAMIIBIFBI OHBIH
OacTbl kericmeymriniri Oonbin TaObuIagbl. ColikeciHiie Oy oIic aKmaparThiH
eJImeMi TOMeH OOoJIFaH Ke3/le FaHa KoaaHblIaael. by omicrepnin apacsiana EMb
QJITOPUTMI €H KaparabiM Kyrus xadapiiama KOATayJbIH TYpi OOJIbIN TaObLIAIBI.
EMB omici mApIOBICTHIK aiinFa yIIKeH Keliemje Xadapiama KipicTipe amambl, Ol
OmiCTiH malybUIIAYIIBIIAPAAH KOPFady IopeKeci JKETKUTIKTI XoHe Oyl omic
(aiinapH OacTanksl enIeMi e3repMeyine Kemaaik oepeni.

KOPBITbhIH/1bI

Xorapeima  aramFaH  TMakeTTepAi  TECTUIEy, omapAaelH - Oipme-Oipeyi
cTeraHorpadUsbIK ~ TONTaMaChIHAAFbl  aWTBUIFAH  Tajanrapra  CoHKec
KeNMeHTIHAIriH kepcerTi. barmapnamanap aynno ¢aitngapra ecrinerin Oypmanay
€HTi3e/1, HeMece OJIapMEH KYMBIC ICTEYIeH Oac TapTajbl.

CaHJipIK cTeraHorpadusiHbIH CaH/IbIK emec creranorpadusian
apTHIKIIBUTBIKTAPhI ©T€ KOTT. MbIcaliFa, CAaHIbIK CTeTaHOT padusiia KYITHs aKnapaTThl
KIpiCTiIpyiH >KbIIIaMABIFBI MeH cananbuiblFbl (10 OUTTIH Hemeyi jka3bUIaThIHbI)
HaKThl aWKBIHIAJBIN ImenriareH wmocene. OHBI  KOATAJNIATBIH KOHTEHHEPIiH
eJmIeMiHe OalIaHBICTBI €CenTep KYPTriy OOMBIHIIA HAKTHI aiiTyra Oomamasl. A,
CaHJIBIK eMeC CTeraHorpaUsHbIH apTHIKIIBUIBIKTAPBIHBIH a3 OOJYBIMEH KOca,
OHBIH KeMIITUTIKTEP1 e camMaKThl, MpIcaiFa: KipiCTIpireH KYIus XabapiaaMaHbI
KaObUIIAIl ayIIbl cOJT (paliiarsl KyIus xabapiaMaHbIH 0achl MEH COHBIH aXKbIpara
anMainpl, OyJI 3 Ke3eriHJle Heri3ri MakcaTbIMbI3 OOJFaHABIKTAaH, MYHIAl KaTe
ecenTeyiepre xoj 0epmeyimiz anbiK. Ochbulaiiia, CaHIbIK IbIOBICTHIK (aiigapabiy
CTeroaHaIM3iHe apHAJIFaH OaFaapiaMalblK KaMChI3IaHABIPYAbIH eH 0acThl OeiMi
CaHIBIK cTeraHorpadus 06JiMiH TaHIayIbl AHBIKTAIBIK.

Maxkanana creraHorpadus MeH aynuo (aiijjapia cTeroranjay Macelenepi
Kapanael KoHE Keneci HoTwkenep anbiHAB: WAVE  daiinmapeiaga akmapar
JKachIpy YIINIH apHaifaH Koijga Oap OarjapiiaMaliblK KaMTamachl3 €Tyre IOy
xacanblHbl. Ol Ka3ipri yakpiTTa aynuo (ainnapiaa creranorpadus taaantapbiH
KaHaFaTTaHABIPATHIH OargapiaMalblK KamMTaMachl3 €Ty JKOK C€KEHIH KOPCETTi.
LSB opiciHiH keMeriMeH creraHorpadusuibK kacblpyra apHanraH WAVE aynuno
(dopmartarsl (aiimapbiHa KOCBIMINIA TIporpamma d3ipiermi(maker Stegora
WaveHide). WAVE OGarnapnaMachl Ke3-KenreH OWTTI KOJNAAWAbI, JUCKpPETTEY
JKULITITiH, KOHTEHHEP/IiH KeJeMiH aHbIKTaiinbl. CoHaii-aK jKachIphIH JIEPEKTEPIiH
anropuTMiH Taly >Ky3ere achpbulabl. barmapimama OapiblK TajanTapra skayar
Oepeni, creraHorpadusUIbIK OaFmapiiaMaiblK KamTamachlis eryre xoHe WAVE
aymuo dopMaTTarsl AepeKTepAl sKachlpy YINH Haimaananburysl MyMKiH. CoHmaii-
aK, ocel )xymbicta WAVE (hopmarrarsl aynuo dainnapiarbl CTEroaHaan3 Maceseci
KapacTeIpbuiael. Kinm OUT TecTep Ti30eKTepiHiH HeTi3iHae ayano Qaimmapaarsl
cTeraHorpadUsyIbIK CalibIMIap/IbIH Oap->KOFBIH aHBIKTAY YIINIH ©3IHIIK 9/1icTeMe
YCBIHBUIABI. O3IpJIICHTeH 9MIICTEME CalbIMAAP/Abl aHBIKTayFa MYMKIHIIK Oepeni,
LSB- amroput™m kemerimeH xacamraH WAVE ayomo dalingapasin  kelOip
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Typaepinzeri ¢popmarsl. bomamakra aranFaH oficTeMenepi KeHEHTY, OHBIH ayIuo
¢aiinmapasiH 6apibIK TYpIepl YIIIH KeTiaipyi skocnapianyna. CanblcThIpMatbl
Tajay YIIiH )XKyMbICTa aynuo ¢aiigapaarsl CTeroaHAIN3 alTOPUTMI OenTii oj1ic
HET13iH/Ie iCKe achIPBUIIIBI, O KbICY alTOpUTMiHe HerizaenreH. CanpiMaapasl Taldy
YILiH apHaJIFaH OChI €Ki TOCUIEpre CalbICTHIPMAIbl TATIAY KAaChUIBIHBI. OJapIbIH
CaJIBICTBIPMAJIbI APTHIKIIBUIBIKTAPBl MEH KEMIIITIKTEP1 Ta0bU1ABI. OChI dKYMBICTBIH
oxaH opi nambITeuTysl - WAVE dopmarrars! aynuo ¢aitngaprarsl craHorpadusiia
o3ipiieHTeH OaFaapiiaMaiblK KAMTaMachl3 €Ty YIIH KETUIIIpy , aynno (aimmaprel
caNBIM/Iap/Ibl aHBIKTAy YIIiH oMOeOan omiciH a3ipiey. CoHpaii-ak, Oyl MoceneHi
OeitHe (aitnaap peTinae KapacTbIpy *KOCHapiIaHbII OTHIP.
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Abstract

Modern energy is at the crossroads of cutting-edge technologies that are
revolutionizing the way power systems are controlled, managed and optimized.
Leading the way in this process are [oT (Internet of Things), FPGAs (programmable
gate arrays), and microcontrollers, including powerful devices such as ESP32.
These technologies not only significantly improve the efficiency and reliability
of energy systems, but also open up new prospects for creating sustainable and
intelligent energy infrastructures.

In the Republic of Kazakhstan, energy systems are actively monitored and
optimized in order to ensure stable development and meet the growing energy
needs of society. The use of [oT technologies allows you to quickly collect data
on the operation of energy networks, analyze electricity consumption and predict
changes based on information from sensors installed in various network nodes.

The use of an FPGA provides high-speed processing of large amounts of data,
which is necessary for real-time monitoring and control in conditions of rapidly
changing load and dynamic energy processes. These capabilities help improve
system resiliency and prompt response to accidents or network anomalies that
occur. In this article, we will look at how IoT technologies, FPGAs, and a hybrid
approach to modeling using EWT-LSTM-RELM-IEWT, as well as
ESP32 microcontrollers, affect the development of the energy industry in the
Republic of Kazakhstan. We will analyze current and prospective solutions aimed
at optimizing energy systems and ensuring sustainable development of the national
energy sector in the face of modern challenges and requirements.
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AnHoramusi. Kasipri sHepretuka okyienepi Oackapy, Oakpuiay IKoHE
OHTAWJIAH/BIPY TACUIAEPIH TyOereisli e3repTeTiH O03bIK TEeXHOJOTHSIIAPIbIH
TOFBICBIHAA TYp. by ynepicte skerexuni penai loT (3arrap mnTepneri), [TJIMC
(OarmapiiamManaHaThIH JIOTHMKAIBIK HHTETPAAbl cxemanap) skone ESP32 cuskrol
KyaTThl KYPBUIFBLIApABI KOCa ajfaH/Ja MHUKPOKOHTpOJUIEpJiep aTkapaabl. by
TEXHOJIOTHSUIAD DSHEPreTHUKANBIK IKYHENepAiH THIMIUNIT MEH CeHIMIUIITIH
alTapibIKTail apTTHIPbIN KaHa KOMMai, TYPAaKThl KOHE aKbUIJbl SHEPTreTUKAIBIK
WHPPaKYPbUTBIM/BI KYPY/BIH KaHa MYMKIHIKTEpiH amabl.

Kazakcran PecrnyOnukacbiHga SHEPreTUKAJIBIK KYHenepai TypakThl Jamy/bl
KaMTaMachl3 €Ty JKOHE KOFaMHBIH OCII KeJie JKaTKaH dHEPrusi KaKeTTUIKTepiH
KaHaraTTaHbIPY YIIiH OelceH Il Typae OaKbuiay )KoHe OHTaHIaHABIPY KYPriziieni.
[oT TexHomOTHSIAPBIH TaiJasiaHy SHEpPrHs >KENiJICpiHIH JKYMBICHI Typajbl
JepeKTepAl JKbUILAAM JKUHAYFa, JIEKTP SHEPTUSCHIHBIH TYTHIHBUIYBIH TasayFra
KOHE OKEJIHIH OopTYpil HYKTENepiHAEC OpHATBUIFAH JaTYMKTEPIACH aJiblHFaH
aKnapar HeriziHze e3repicTepai OorKayFa MYMKIHIIK Oepeni.

[JIMC-Ti konmaHy YJKEH KeJieMJEri JACPEeKTEpli *KOFapbl KbLUIIAMIIBIKIICH
OHJICY/II KaMTamachl3 eTeii, OyJl Te3 ©3TrepeTiH JKYKTEeME MEH JMHAMUKAJIBIK
SHEPIreTUKAIBIK MPOLECTEP JKaFIaiblHAa HAKTBl YaKbIT PEKUMIHJE MOHUTOPHHT
XoHe OacKkapy YIIiH KaxeT. by MyMKiHIIKTep Ky HeH1H TYPaKThUIBIF bIH apTTHIPHIIL,
ararTap MEH elli aHOMaJIUsIIapbIHA KEJIeI Kayar Oepyre KOMEKTECe/Il.

byn wmakanama IoT texuomorusumaper, IIJIMC xome EWT-LSTM-
RELM-IEWT konnaHaTelH THOpPHATI MOJIENbJACY Tocui, coHmaii-ak ESP32
MUKpOKOHTpouiepnepinin ~ Kazakcrtan  PecnyOnukachlHBIH — 9HEPreTHKAIBIK
cayiachlHa KaJlaif ocep eTeTiHIr KapacThIpbuiaabl. bi3 Ka3ipri koHe OonalakTarsl
SHEPIreTUKAIBIK JKYHeJep/Al OHTaWIaHABIPYyFa >KOHE YITTBIK HSHEPreTHKAIbBIK
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CEKTOPIBIH TYPaKTbl JaMyblH KaMTaMachl3 eTyre OarbITTalFaH MIeHIiMIepal
TaJ1aiMBbI3.

Tyiin ce3mep: 3arrap muTepHeri (loT), OarmapmamanmaHaTbIH JIOTHKAJBIK
unTerpanapl cxemanap (IIJIMC), ESP32, smnupukanblk BEHBIET TYpICHAIPY
(EWT), y3ak kpicka mep3imi sxaasl (LSTM), perynspuzanusianFaH 3KCTpeMaIbl
okpiTy MammHackl (RELM), skeTinmipinreH SMIMPHUKAIBIK BEHBIET TYPICHIIpY
(IEWT).
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AnHoTtanusi. CoBpeMeHHasi SHepreTHKa HaXOAMTCSl Ha TIEPECEUCHUH TepeIo-
BBIX TEXHOJIOTUH, KOTOPBIE PEBOIIOLIMOHU3UPYIOT CIIOCOOBI yIIpaBIeHUsI, KOHTPOJIS
W ONITUMM3ALMHN SHEPreTHYECKUX CUCTeM. B aBaHrapze sToro mpoiecca HaXodsT-
cst loT (Mutepuer Beweit), [IJIMC (mporpammupyembie JOrHUECKAE MHTETPalb-
HBIE CXEMBlI) 1 MHUKPOKOHTPOJUIEPBI, BKJIIOYasi MOILIHBIC YCTPONCTBA, TAKHE Kak
ESP32. OTu TeXHOIOTHH HE TOJBKO 3HAYUTEIBHO MOBBIMLAIOT 3PGEKTUBHOCTD U
HAEKHOCTh SHEPIrEeTUYECKUX CUCTEM, HO U OTKPBIBAIOT HOBBIE MIEPCIIEKTUBBI 1151
CO3JaHMs YCTOWYMBON M MHTEIUICKTYaJIbHOW 3HEPreTHYECKON MHPPACTPYKTYPHI.

B Pecny6nuke Kazaxcran cuctemMbl 3HEprocHaOXeHUSI aKTUBHO KOHTPOJIHUPY-
IOTCSl 1 ONTHUMHU3HUPYIOTCS ISl 0OecIieueHus] CTa0MIBHOTO Pa3BUTHSI M YIOBJIET-
BOpPEHHSI PACTyIIMX 3HEPreTHYecKux norpedHocrell obmectBa. Mcmnons3oBanne
texHonoruit [oT mo3Bonsier omepatuBHO coOupaTh AaHHBIE O paboTe HEproce-
TEH, aHaJU3UPOBATH MOTPEOIICHUE IEKTPOIHEPTHH U MIPOrHO3UPOBATh M3MEHE-
HUS Ha OCHOBE HMH(OpPMAalWH, MOCTyMAIOMIEeH OT CEHCOPOB, YCTAHOBJICHHBIX B
pasnmuunbIX y3nax cetd. Mcnonb3oBanue [1JIMC obGecnieunBaeT BHICOKOCKOPOCT-
HyI0 00paboTKy OONBIINX 00bEMOB JaHHBIX, YTO HEOOXOAUMO I MOHUTOPHHTA
U yIPaBJICHUS B PEXKHUME PEaIbHOTO BPEMEHHU B YCJIOBHUSAX OBICTPO MEHSIOLICHCS
HArpy3KH U TUHAMAYECKUX DHEPreTHYECKUX MPOLECCOB. ITH BO3ZMOXKHOCTH MO-
MOTaIOT OBBICUTh YCTOMYMBOCTH CUCTEMBI M OTIEPATUBHO pearupoBarh Ha aBapuu
WM aHOMAJIUHU CETH.
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B nannoii craree Mbl paccMoTpuM, kak TexHonoruu loT, ITVIMC u rubpunnsiit
monxon K MomenupoBaHWio ¢ wucnonb3oBaHueM EWT-LSTM-RELM-IEWT,
a Takxke MHKpokoHTposuiepoB ESP32, BnusitoT Ha pa3BUTHE dHEpreTHdecKoit
orpaciu B Pecnybmuke Kazaxcran. Mpl mpoaHanm3upyeMm TeKyline |
MEePCIeKTUBHBIE PEIEeHHUs, HaNpaBiIeHHbIE Ha ONTHMM3AIMI0 IHEPreTHUeCKHX
CHCTEM M 00eCIeUeHNE YCTOMUNBOTO Pa3BUTHUS HALMOHAIBHOTO SHEPTETHYECKOTO
CEKTOpa B YCJIOBUSAX COBPEMEHHBIX BBI30BOB M TPEOOBaHUIA.

KiroueBbie ciioBa: Murepuer Bemieii (IoT), mporpammupyembie JTOTHYECKHE
naTerpanbHbie cxeMbl ([IJIMC), ESP32, smnupudeckoe BEeHBIET-Ipe0Opa30OBaHIE
(EWT), nonrocpounast kparkoBpemeHHass namsath (LSTM), perynspuzoBaHHast
JKcTpeManpHass MamuHa oOydeHus (RELM), ymydineHHOe sMImpUYecKoe
BeiBneT-mpeodpazopanne (IEWT)

Introductions

The electric power industry actively uses advanced information technologies
to improve the efficiency and sustainability of regional electric systems. This
review highlights the key work of leading scientists and engineers investigating
the applications of loT, FPGA, hybrid modeling EWT-LSTM-RELM-IEWT, and
ESP32 microcontrollers.

This paper provides a comprehensive analysis of advanced information
technologies and techniques aimed at improving the management, monitoring and
optimization of power supply systems. (Al-Fuqgaha, 2015). The authors emphasize
the importance of integrating various technologies to achieve high efficiency
and sustainability of energy networks in today’s rapidly changing industrial and
economic relations in the economic structure of the region.

Analysis of the use of modern IoT technologies in the above-mentioned
structures provides a fundamental understanding of the necessary monitoring and
control systems for the implementation of modern energy networks.

The use of FPGAs for high-performance computing in industry, including
energy applications (Amaris, 2017) also highlights the importance of high-
performance computing and speed in implementing complex control algorithms
and modeling in the energy sector.

Hybrid model for short-term load prediction based on EWT, LSTM-RELM-
IEWT (Wojcik, W., 2023). Typical [oT devices collect data from multiple sensors,
and can control multiple actuators depending on the target application (Gonzalez-
Gasca, 2021; Ghaffarian, 2021; Chen, 2019; Chen, 2019; Kurdahi, 2019; Liu,
2022; Li, 2020; Lopes, 2022). Data related to these sensors and actuators is
subject to some processing and is often supplemented with security features if the
date is confidential. After this simplified processing, data is usually transferred to
the cloud for further processing and analysis. The data transfer rate for loT areas,
such as industrial and construction monitoring, can be as high as

One of the key contributions to this area is made by the Multi-Resolution
Reconfigurable Transform (MRRT) algorithm, which explores the use of FPGAs
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for optimizing system performance (Mishra, 2021). FPGA (Field-Programmable
Gate Array) is a technology that allows you to significantly speed up the execution
of calculations due to parallel processing, which is especially important for real-
time tasks in the energy sector.

Another significant innovation is a new approach for predicting short-term
load based on deep learning and wavelet transform (Yang, 2020; Wang, 2020).
Deep Learning Overview of big data applications in smart networks. Link to
other works: examines methods for processing and analyzing large amounts of
data to improve the management and monitoring of power systems.

In this article, an loT-based monitoring system with recording functions for a
power system substation is developed and implemented. Due to the high reliability
and processing speed of the FPGA, this system uses a controller built into the
FPGA. The IoT platform also provides real-time remote visualization for system
operators. The purpose of this article is mainly to track the accident situation, which
was implemented and tested on a real power substation. The system combines the
functions of the Internet of Things platform with the needs of high-speed real-time
applications.

Internet of Things (IoT) in the electric power industry

IoT technology is being actively implemented in various industries, and the
electric power industry is no exception. In the Republic of Kazakhstan, IoT
provides new opportunities for monitoring and managing energy systems. Thanks
to sensors and smart devices connected to the network, you can constantly
monitor the condition of equipment, detect malfunctions in real time and prevent
emergencies. This can significantly improve the reliability and efficiency of power
systems.

FPGA technologies are also widely used in the power industry. They allow you
to implement high-performance computing tasks that are necessary for analyzing
and processing large amounts of data in real time. The use of FPGAs in power
system management systems improves accuracy and performance, which is
especially important for regulating and stabilizing power systems.

One of the promising areas in the development of information systems for the
electric power industry is a hybrid approach to modeling, which includes such
methods as empirical wavelet transform (EWT), long-term short-term memory
(LSTM), regularized extreme machine learning (RELM) and improved empirical
wavelet transform (IEWT).

EWT (Empirical Wavelet Transform): effectively separates complex signals into
different frequency components, which simplifies their analysis and processing.

LSTM (Long Short-Term Memory): is a type of recurrent neural network that
is able to remember long-term dependencies in data. This is particularly useful for
time series forecasting in the electric power industry.
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RELM (Regularized Extreme Learning Machine): provides high accuracy and
speed when training machine-learning models.

IEWT (Improved Empirical Wavelet Transform): An improved version of EWT
that allows you to more accurately select significant signal components.

Combining these methods into a single model allows you to achieve high
accuracy and reliability in predicting and analyzing data in power systems.

ESP32 microcontrollers are widely used in [oT projects due to their performance
and functionality. In the Republic of Kazakhstan, they are used to create smart
sensors and controllers that can monitor and control various parameters of power
systems in real time. ESP32S provide wireless connectivity, high computing
power, and energy efficiency, making them ideal for use in distributed monitoring
and control systems.

Level of loT Implementation in the Power Industry

Il Level of Implementation

Jlllll

Kazakhstan Russia Germany China Japan
Countries

(=)

S

Level of Implementation

N

(=]

The diagram is presented in two parts:

1.The level of IoT adoption in the electricpower industry:

* The USA, Germany and Japan occupy the leading positions with the level
of implementation of 9, 8 and 8, respectively.

» Kazakhstan and Russia are at a more initial stage, with implementation
levels 3 and 4 respectively.

 China is also actively developing loT in the electric power industry with an
implementation level of 7.

2 Proposed system and methods

2.1 System architecture

The developed power monitoring system is based on alternating current (AC)
and consists of a current transformer (TT), which is used to measure the power
consumption of machines. The measured data is collected and processed on an
Intel Altera DE1-SoC FPGA development board to calculate power consumption.
In addition, the system is able to establish Wi-Fi connections with Android phones
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and web servers to provide remote monitoring of machine power consumption.

In Fig. 1 shows the top-level architecture of the proposed FPGA-based power
monitoring system with IoT technology.

[ Energy Monitoring System] [Turkestan Region Monitoring]

Monitors region

A 4

loT Sensors [Turkestan Region DataJ

Collects data

v

[ FPGA MicrocontrallerJ

Processes data

| ESP8266 Network

Transmits data

Data Aggregator

Aggregates data

Cloud Storage

Stores data

v

[ Data Analytics Module ]

\

Analyzes data Provides insights Sends alerts

Hybrid Model: EWT, LSTM-RELM-IEWT] {User Interface] [Notification Service]

Figure 1 Proposed system architecture

A component diagram illustrating the updated architecture of an energy
monitoring project using loT with FPGA microcontrollers for the ESP8266 network
and a hybrid model (EWT, LSTM-RELM-IEWT) for predicting emergency
situations in the Turkestan region.
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Comparative Analysis of Forecasting Models
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2.2 Developing a sensor module

ATT s atransformer that is used to generate alternating current in the secondary
winding proportional to the alternating current in the primary winding. To provide
a connection between the current transformer and the FPGA board, the output of
the current transformer must meet the input requirements of the analog FPGA
inputs. Therefore, in the authors ‘ design, a load resistance circuit was connected
to the TT sensor to bring the signal into the range of 0-4 V DC, since the analog
reference voltage of the FPGA is 4 V DC. The principle of operation of the load
resistance circuit is shown in Fig. 2 . Resistor R/ and resistor R2 formed a voltage
divider to separate the 4 V supply voltage and create a 2 V DC bias that was
superimposed on the AC voltage of the load resistance circuit. The resulting signal
was a sinusoidal signal with a central value of 2 V and fluctuations in the range
from 0 to 4 V.

Voltage

[ J 1 \ DET-SacaVde 4| |
HE : | DE1Socmput_ ]

Load

Figure 2. Load resistance circuit principle
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Energy Consumption Over the Last 30 Days

Energy Consumption (MW)
]
s
—

The load resistance value (141.4 ohms) was calculated using (1) — (3) as
follows:

0.5V
R,=—1=, (1)
Izp
I
Izpz _P:' (2)
Ny
irlp: ‘\'ITIrms.-" (3)

Where R, is the load resistance, V. is the analog FPGA reference voltage / 2
i2p is the secondary peak I, current, ilp is the primary peak current, I rms sm_
RMS current, and N, , is the number of turns on the secondary side. In Fig. 3 shows
the load resistance circuit hardware.

DC 12V 6A

You|g9 LWWZY

Figure 3. Load Resistance Circuit BW AC 110V 220V to DC 12V 6A 72W Switch Power
Supply Driver for LED Strip
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Feature BW AC 110V 220V to DC 12V 6A 72W power supply driver for LED
strip

e Switching power supply, converts AC 110V/220V to DC 12V, 6A, 72W.

® Dual input voltage: 110V / 220V AC. There is a switch, please select the
correct voltage before using.

® Protection: shortage protection, overload protection, overvoltage protection:
115%-135%, output signal cut-off. Reset: Automatic reset or fuse.

® CE and RoHS safety compliance, high efficiency and stable performance.
® Wide input voltage range, stable and accurate output voltage. Excellent
power transformer for electronic equipment, LED lighting, home appliances, etc.

Original Signal with Noise Wavelet Filter

0 2 4 3 B 10 0 2 4 6 8 10
Median Filter Moving Average Filter

0 2 4 6 8 10 0 2 4 6 8 10
Kalman-like Filter (Savitzky-Golay)

0 2 4 6 8 10

Figure 4. The graphs show the various data filtering methods applied to the original noisy signal

2.3 Calculation of energy consumption

In Fig. 5 shows the protocol implemented for calculating power consumption.
The sampling rate of the system was defined as 10 kHz. The measured signal of the
TT sensor was used to calculate the power consumption, and the measured analog
signal in the range from 0 to 4 VDC corresponded to a current in the range from 0
to 20 A (SCR). The measured TT signal was converted to a digital signal using an
analog- to-digital converter (ADC) on the FPGA board. The power consumption
was calculated using (4) — (6) and eventually displayed on the Eclipse console.

P=240 4

rms

_ }Itoml N, _ |ltotal N2
Irms - I g: [rms - K g» Q)
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o = B[ - ) ]
o = [ [(e0 - )] 22

wherePis the design power, R, is the load resistance, V  is the digital 51gna1
converted by the ADC V, vr is the analog reference voltage of the FPGA, and n is

the number of samples.

Determining the
sampling rate

l

Calculating energy
consumption and
displaying it on a

web server

o

Figure 5. Power calculation workflow
2.4 Development of the Wi-Fi communication module

The most important module that provides remote interaction of the power
supply monitoring circuit with the Internet is the low-cost ESP8266 microchip
manufactured by Espressif Systems. The ESP8266 is a Wi-Fi device capable
of running standalone applications using the built-in computer processor with
a reduced instruction set (RISC) and built-in memory. The power consumption
monitoring system developed by the authors used the built-in transmission control
protocol/Internet Protocol (TCP/IP) protocol stack of the ESP8266 Wi-Fi module
to establish wireless communication between the FPGA and the cloud. The
switchboard of the ESP8266 Wi-Fi module was designed, which is shown in Fig. 6 .

Figure 6. Patch board for the ESP8266 Wi-Fi module
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The Wi-Fi module delivers and stores energy consumption data in the cloud,
allowing users to remotely monitor their energy consumption using Android-based
apps. The Android app and cloud used by the author’s power monitoring system
are Virtuino and ThingSpeak, respectively. The power consumption is presented
as a continuous line chart in real time, which is easily understandable. Examples
of the Virtuino interface and graphics in ThingSpeak are shown
in Fig. 6 and 7, respectively.

Al

MJI" ‘ I IJ h "r

mroemE

HH i

et [

4

,'JI\ \Mnllf‘ Ll Ml‘ﬂih “I .LH“.LU, Al “

=00

Figure 6. Screenshot of the web application interface-applications
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[ AMPERAGE [T Voltage
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Figure 7. Screenshot of ThingSpeak graphs
2.5 Performance assessment

The performance of the developed system was evaluated, where accuracy was
presented as a key performance indicator. Five different devices (loads) were used
to test the system. The instrument current was measured using a digital multimeter
(DMM) and an FPGA-based system. The readings of the digital multimeter and
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the system were compared. Accuracy in the authors context was determined by
absolute error, which illustrated the difference between the current measured
by a digital multimeter and an FPGA-based system. In Fig. 8 shows a complete
prototype of the system, which mainly consists of a TT sensor, a Wi-Fi module,
a load resistance circuit, and a DE1-SoC FPGA board. The FPGA board was
powered by an external 12 V DC connector.

2. Applying deep neural networks

In this paper, we propose and justify the use of static and dynamic artificial
neural networks with feedforward and recursive networks for identifying and
controlling low-order nonlinear systems with limited output. Network parameters
were configured using the dynamic back - propagation algorithm. The main
disadvantage of this approach was the assumption that these types of networks
were stable, and the models they created were manageable, observable, and
traceable.

A properly optimized cost function maps low-dimensional functions to the
output space. The time and effort spent on carefully selecting initialization weights
(among other things, using methods such as simulated annealing or genetic
algorithms), in fact, complicate and complicate the training of the network.
Moreover, contrary to assumptions, they make it difficult to generalize the
prepared structures to new data sets, since the best initial weights must be selected
separately for each new problem. Similarly, in recursive artificial neural networks,
the time dependence of network parameters calculated from previous arrays of
Weights leads to an increase in gradients or their disappearance in proportion to
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the number of previous time steps. Saturation of neurons in the hidden layer also
significantly increases the training time.

Recursive neural networks (RNNs) are modeled on the behavior in nature of
several cells with addressable memory (content-addressable memory), capable
of capturing the entire sequence of information presented in fragments. While
forward networks fire their neurons in the same direction, RNNs use strong

feedback U 2, H

2Y 2 Ui so that signals can flow asynchronously between nodes, even
when the node’s signal is delayed. The architecture of a simple RNN is similar to
that of an MLP, except for the presence of self-induction of neurons in the hidden
layer (s) (see Figure 6.2).

RNNs model nonlinear dynamical systems whose phase space dynamics are
determined by a significant number of locally stable nodes to which it is applied
[78]. Hidden nodes A = (Ad...., A?) and output nodes y = (yD,..., yA) are defined by
cycles among the equations:

hk:H(VVtthuk+ Whhhk—J +bh) Y= Wh}rhk+by G.1)

For k=1...N This indicates that the process is repeated for each time step k
from 1 to N, where N is the total number of time steps in the sequence.

Weight Matrices W: These are matrices that transform the input, hidden state,
and output within the network. They are crucial parameters that the network learns
during training.

Bias Vectors b: These are thresholds added to the weighted sum of inputs before
applying the activation function. They allow the model to better fit the data.

Hidden Layer Function H: This is an activation function that introduces non-
linearity into the model, allowing it to learn more complex representations. The
Hadamard operator mentioned refers to element-wise multiplication, often used in
the context of element-wise activation in neural networks.

During long-term context memorization, RNN gradients can become difficult
to remove because they use their feedbacks to remember the structure of recent
inputs (short-term memory versus long-term memory). Similarly, backward error
signals propagating over time can have high values (causing fluctuations in the
Weights) or disappear (making it difficult to determine slow variable weights) to
the extent that the time evolution of retrograde errors expotently depends on the
size of the Weights.

Consequently, LSTMs approximate long-term information with significant
delays, solving RNN algorithms faster.
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3.1. Block model of the Long Short-Term Memory( LSTM) structure:
a) simplified, b) detailed

For an LSTM cell with N memory units each time (for each time interval), the
evolution of their parameters is defined as follows:

(b= oWy + Wue g + Weepq + by)
ft =oc(Wufut+ Whfht — 1+ Wcfct — 1 + bif)
t = tanh(Wucut + Whcht — 1 + bc)
ct=ftOQct—-1+itOzt
ot = o (Wuout + Whoht — 1 + Wcoct + bio)
\ ht = ot (O tanh(ct)
( i, = a(Wyuy + Wyt _q + Wecpq + by)
ft =ac(Wufut+Whfht — 1+ Wcfct — 1+ bif)
t = tanh(Wucut + Whcht — 1 + bc)
ct=ftOQct—-1+it Ozt
ot = o(Wuout + Whoht — 1 + Wcoct + bio) (3.2)
\ ht = ot (© tanh(ct)

enter and square recursive arrays of weights, W_double-glazed windows
are weight vectors (English peephole weight vectors) from the cell to each of
the targets (see Figure 3.3), o defines sigmoid activation functions (used for
element correction), and the equations i, t and 6, mean entrance gates, forgettings,
respectively and output; z is the input to c’s cells c. The output of the cell center
of the Istm is ¢, and

(9 denotes the point following components of the vector. Initial conditions
for goals are initiated with large values at the beginning of training to ensure
long-term learning. The forget gate makes it easier to reset the LSTM state, while
peephole connections from cell to gate provide accurate learning over time.
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3. Results and discussion

1.1 Integration of IoT into power grid monitoring and management systems

The results of our study confirm that the integration of Internet of Things (IoT)
technologies significantly improves the efficiency and reliability of energy system
management. The use of IoT enables real-time data collection and analysis of
equipment health and power consumption, which significantly increases the ability
to predict and optimize network performance. Automated monitoring and control
systems based on IoT help to quickly respond to changes in load and prevent
accidents, which ultimately improves the stability and manageability of energy
systems.

1.2 Using FPGAs for high-performance computing

The study shows that programmable gate arrays (FPGAs) are an effective tool
for solving complex control and simulation problems in the energy sector. FPGAs
provide high-speed data processing and can be customized to meet the specific
requirements of power systems. This is especially important for implementing
control algorithms that require high performance and minimal latency, which
significantly improves the accuracy and reliability of energy calculations and load
forecasting.

1.3 Load forecasting using the EWT-LSTM-RELM-IEWT hybrid model

The hybrid EWT-LSTM-RELM-IEWT model developed by us demonstrates
high efficiency in predicting power system loads. Integration of the Empirical
Wavelet Transform (EWT), LSTM (Long short-term Memory), Regularized
Extreme learning machine (RELM), and Enhanced Empirical Wavelet Transform
(IEWT) allows you to take into account both time and frequency characteristics of
the data. This significantly improves the accuracy of forecasting even in conditions
of variable and complex energy consumption patterns, which is important for
optimizing operational decisions in energy networks.

Discussion of the results

The results of our research highlight the key role of innovative technologies
in the development of the modern electric power industry. The use of loT, FPGA
and advanced predictive models not only improves the efficiency of energy system
management, but also helps to reduce operating costs and increase the resilience of
networks to variable conditions. Further development and implementation of such
technologies will help improve operational processes in the energy industry and
ensure more reliable and efficient energy supply for consumers.

Conclusion
The introduction of advanced information technologies in the electric power
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industry has become an important step towards improving the efficiency and
sustainability of regional electric systems. In this paper, a comprehensive analysis
of advanced information technologies and techniques aimed at improving the
management, monitoring and optimization of power supply systems is carried
out. The authors emphasize the importance of integrating various technologies to
achieve high efficiency and sustainability of energy networks in today’s rapidly
changing industrial and economic relations in the economic structure of the region.

Analysis of the use of modern IoT technologies in the above structures provides
a fundamental understanding of the necessary monitoring and control systems
for the implementation of modern energy networks. The use of FPGAs for high-
performance computing in industry, including energy applications, highlights the
importance of high-performance computing and speed in implementing complex
control algorithms and simulations in the energy industry.

Hybrid model for predicting short-term load based on EWT, LSTM-RELM-
IEWT, IoT devices that collect data from multiple sensors can control multiple
actuators depending on the target application. Data related to these sensors and
actuators is subject to some processing and is often supplemented with security
features if the data is confidential. After simplified processing, data is usually
transferred to the cloud for further processing and analysis.

One of the key contributions to this field is made by the Multi-Resolution
Reconfigurable Transform (MPRT) algorithm, which explores the use of FPGAs
to optimize system performance. FPGA (Field-Programmable Gate Array) is a
technology that allows you to significantly speed up the execution of calculations
due to parallel processing, which is especially important for real-time tasks in the
energy sector. Another significant innovation is a new approach for predicting
short- term load based on deep learning and wavelet transform. Deep learning
and big data analysis in smart grids improve the management and monitoring of
energy systems. In this article, an loT-based monitoring system with recording
functions for a power system substation is developed and implemented. Due to the
high reliability and processing speed of the FPGA, this system uses a controller
built into the FPGA. The loT platform also provides real-time remote visualization
for system operators. The purpose of this article is to track emergency situations,
which was implemented and tested on a real power substation. The system
combines the functions of the Internet of Things platform with the needs of high-
speed real-time applications.

Hybrid models are a powerful tool for optimizing various aspects of power
systems, from forecasting energy consumption to managing production capacity
and predicting equipment failures. Their use makes it possible to increase the
accuracy of forecasts, increase the flexibility of systems and improve energy
management in conditions of uncertainty and variability of factors such as weather

or demand.
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