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Abstract. This work is aimed, using the example of a delayed coking unit,
to study the problems of effective control of the operating modes of complex
chemical-technological systems, characterized by a shortage and vagueness
of initial information, and to effectively solve them using intelligent systems.
Recently, due to the complication of production technological systems and the
processes occurring in them, the shortage and vagueness of the initial information
that reliably describes them, effective management of the operating modes of such
objects has become an urgent scientific and practical task. The paper examines
the problems of developing and using intelligent decision support systems for
effectively solving decision-making problems to control the operating modes of the
object of study in a fuzzy environment. As a result of the study, the structure of an
intelligent decision support system is proposed, which allows choosing effective
operating modes of complex technological objects characterized by vagueness,
such as a delayed coking unit, and the functional blocks of such systems and their
systemic functioning are described. The proposed structure of an intelligent system
compared to similar systems is that its structure includes: a package of object
models and heuristic decision-making methods for choosing an effective mode of
operation in a fuzzy environment, based on the knowledge, experience and intuition
of decision-makers and expert specialists; intelligent user interface.

Keywords: decision-making tasks, intellectualized system, decision maker,
delayed coking unit, fuzzy information, functional blocks, user interface
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AunHoTanus. byn 3eprrey 0asy KOKCTey KOHIBIPFBICHI MBICAIBIHIA OacTaIKbl
aKMapaTThlH TalIIbUIBIFBl JKOHE aWKBIHCBHI3ABIFBIMEH CHMNATTaJaThlH KypAesi
XUMHSUIBIK-TEXHOJIOTUSIIBIK JKYHENIEPIIIH JKYMBIC PEKHUMICPIH THIMII Oackapy
MaceJemNepiH 3epTTell, oJapAbl MHTEIUIKTyalJaHIbIPBIIFaH KYHenaep KoMeTiMKeH
TriMAl menryre apaanFad. COHFBI yaKbITTap/ bl OHIICTIK TEXHOIOTUSIIBIK JKYHenep
MEH oJIapia >KYPETiH IPOIECCTEePIiH KypACIeHYiHe, OJapIbl AYPHIC CHITATTAHTHIH
aKmaparTapAblH TaNIIbUIBIFRL, ajl KOJDKETIMII aKMapaTThlH aWKBIHCHI3IBIFBIHA
OaiTaHBICTHI MYHJIAM HBICAH/AD KYMBICCHIH THIMIII Oackapyaca ©3eKTi FhUIBIMU-
MPaKTUKAIBIK Mocede Oonbi  Tadbuiaabl. JKyMmbIcTa 3epTTey HBICAHBIHBIH
KYMBIC PEeXUMJIEpIH Oackapy OOWMBbIHIIA HIemiM KaObUIAay ecenTepiH akmapar
AlKBIHCBI3/IBIFBl JKaFIaibIHAa THIMII IIENTy YIIiH HHTEJUIEKTYyaJIaHIbIPbUIFaH
menriM KaObuIaay/sl KOJAay *KyHenepid a3ipIier, KoJAany CypaKkTapbl 3epTTENreH.
3epTey HOTIKECIHIE O0asy KOKCTE€Yy KOHIBIPFBICHI CHAKTHI aWKBIHCHI3IBIKIICH
CUNATTANATBIH  KYPAETl TEXHOJOTHSUIBIK  HBICAHAAPABIH  THIMII  JKYMBIC
peXUMICPIH TaHIAyFa MYMKIHIIK OCpeTiH WHTEJUICKTyalIaHJapbUIFaH MICIIM
KaObUIIAyIbl KOJNIay >KYHECIHIH KYpPBUIBIMBI KacaKTaJbIl, OHIAN KXyHelepaiH
KYpaMbIHIarbl (DyHKIIMOHAIIBIK OJOKTaphl MEH ONapAbIH JKYHeli >XYMBICHIH
cunarranFadH. KypbUIbIMBI YCBHIHBUIFAH HMHTEIUIEKTYAIIaHABIPBUIFAH KYHEHIH
yKcac JKyHelepIeH apTHIKIIBUIBIFBL OHBIH KypamblHA IIENIM KaObUIAayIiIsl
TyJIFa, SKCIepT-MaMaHaap OurimMaepi, Tokipudenepi MEH MHTYUIUSACH HETi3iHAe
KYpBUTFaH MOJIENbIEp MakeTi MeH 06acKapy HBICAHBIHBIH THIMAI KYMBIC PEXKUMIH
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X C TOMOUIBIO HMHTEJUICKTYyaIM3UPOBAHHBIX CHCTEM. B mociemnHee Bpemsi B
CBSI3BIO YCIIOKHEHUEM MIPOMU3BOJCTBEHHBIX TEXHOJIOTHYECKUX CUCTEM H ITPOIIECCOB
MPOTEKAIOMINX B HUX, AE(QUIIMTOM U HEYETKOCTBIO JJOCTOBEPHO MX OMHCHIBAIOLICH
UCXOMHOW wHopManuu, JPPEKTHBHOE yIPABICHWE pPEeKUMaMH  padOTHI
TakuX OOBEKTOB CTaja aKTyaJbHOM Hay4YHO-TIPaKTUYECKoH 3amadeid. B pabore
UCCIIEAYIOTCS TPOOJIeMBI pPa3pabOTKH M UCTIONb30BAHHS MHTEIUICKTYaIbHBIX CHCTEM
MOICPKKU MPUHSITUS PeIeHUH 1t (QEKTHBHOTO pelIeHus 3ajad MPHHATHS
pELIeHHI IO YIPABICHUIO PSKUMaMH PadOThl 00BEKTa UCCIICIOBAHMS B HEYETKOM
cpene. B pesynmerare mccienoBaHUS TpeUIOkKEHa CTPYKTypa HHTEIUICKTYaTbHON
CHCTEMBI NOICPKKH TIPHHSATHS PEIICHNH, TO3BOJISIONIast BEIOpATh 3 dekTHBHBIC
PEKHUMBI PAOOTBI CIIOKHBIX TEXHOJIOTMYECKUX OOBEKTOB, XapaKTEPU3YIOMIUXCS
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HEYETKOCThI0, TaKMX KaK yCTaHOBKA 3aMEIJICHHOTO KOKCOBaHUS, W OIUCAHBI
(GyHKIMOHAIBHBIE OJOKM TaKUX CHUCTEM W CHUCTEMHOE MX (PyHKIHOHHPOBAaHHE.
[Ipeanaraemasi CTpPyKTypa HHTEIICKTYyaJbHOM CHUCTEMBI TMEpel aHAJIOTWYHBIMU
CHCTEMaMH B TOM, YTO B COCTAB €€ CTPYKTYPbI BKIFOUCHBI: MTAKET MOJIesIel 00beKTa
1 DBPUCTHUECKUE METOMBI IIPUHATHS PEIICHUH TI0 BEIOOPY A (DEKTHBHOTO peKIMa
paboTHI €T0 B HEYETKOM cpe/ie, OCHOBaHHBIX Ha 3HAHUSX, OMbITe M UHTYnIuH JILIP,
JKCIEPTOB-CIELUAINCTOB; MHTEIUIEKTYaIbHBIN ITOJIb30BATENBCKUI HHTEpdEC.
KioueBble ciioBa: 3a1auu NPUHATUS PEIICHH, HHTEIJICKTYaTH3UPOBaaHHAs
cucTeMa, JIIO MPUHUMAIOIIee PElIeHUE, YCTaHOBKa 3aMeIEHHOTO KOKCOBAaHUS,
HedeTkas HHpopManus, yHKIHOHATBHBIE OJ0KH, HHTep(EIiC MoIb30BaTens

@unancuposanue. Hccneoosanue unancupyemes Komumemom nayku
Munucmepcmesa nayku u svicuieco obpazosanus Pecnyonuxu Kazaxcman (epanm
AP19679897 "Paspabomka uHmMen1eKmyaiu3upoGaHHou cucmemsvl HNPUHAMUS
peutenuti O YnpasieHusi nPpoyeccom npou3eo0cmea Hepmsinozo koxca')

Kipicnme. Hamrap dopManuzanusiaHaTeIH KYPAST XUMHUSITBIK-TEXHOJIOT HSITBIK
xytienep (XTX) konmaHbLIaThIH MYHall ©HJEY JKoHe Oacka eHIipicTepTepliH
3aMaHayd JlaMy KE3CHIHJE OJIapJbIH JKYMBIC PEXKUMJEPIH Oackapyla MIemIiMm
KaObUIJay ecenTepiH THIMJI IIelly YIIiH KOMIBIOTEPIiK IIemiM KaObuiaayasl
KOJIIay KYHelepiH KoIaHy aca e3eKTi FhITBIMU-MPAKTHKAIBIK MOCEIIETe KaTaIbl.
Bapaeik XTXK kypmem 6ackapy oObekTisiepi Oomeim TaOBLIambl, cebedi omap
Oip-OipiHe ocep €TeTiH mapameTpiepliH YIKeH CaHbIMEH CHIATTaJaThIH e3apa
0aiiIaHBICTBl KONTETeH MJIEMEHTTEP/ICH (TEXHOJIOTHSIIBIK arperartap/iaH) TyYpaibl
(Lisicyn et al., 2021). Kazipri yakeirta MmyHgai xkypaemni XTXK TeXHONTOTHSIIBIK
napamMeTpiiepiH ONTHUMHU3ALMSIIAYABIH, OJapAbIH KYMBIC PEKAMACPIH THIMII
OackapylblH €H THIMJI TEXHOJIOTHSCHIHA 3aMaHayW MaTeMaTHKaJbIK TOCUIaep
MEH KOMIIBIOTEpJIepre HEeTi3ZeNreH TYpil aBTOMATTAHJABIPBUIFAH, MBICAIBI
memiM KaOpupmaynel  Kommay okywenepi (LHKKXK) sxaramer. Atamran XTXK
Oip OipiHe ocep eTEeTiH KeITereH napaMeTpiepMeH JKoHE 63 apa OalaHBICKaH
arperarTapiiaH TYpaThIHJBIKTAaH, COHJAWi-aK oJiafapiblH KeiOip mapameTprepi,
OH/JIIPIC KOPCETKIIIEPl OJIIIICHOSHTIHIKTEH OJIAP/IbIH KOTIIILIITT allKbIHCHI3IBIKIICH
cunarranansl (Czabanski et all., 2017). MyHait aifKbIHCBI3IBIKIICH CUTIATTAIATHIH
XTXK >xyMbIC pexXxuM/IEpiH OacKapyia KOChIMIIA MENTiM KaObIIIay bl TYIIFaap/IbIH
(ILIKT), akcriepTrepaiH TaOWFHM TUIAE TYKBIPBIMIAIFaH TOXipuOeci, OlLmiMi MeH
WHTYUIUSCHI OOJIBIT Ta0BIIATHIH AKBIH eMeC aKnapaT Koijanbuiaabl. COHIABIKTaH
AMKBIHCBI3ABIKICH cunartanaTbiH X T2K skyMbic pexxumaepin Oackapyaa MIemrim
KaObUIAay eCenTepiH THIM/II IIEIN YIIiH aTajfaH alKblH €MeC aKaparThl THIMII
(dhopMamu3anmsIal, KoJgaHyFa MYMKIHIIK OepeTiH HMHTEIICKTyalaaHabIphIIFaH
memniM Kaoputnayas! Konaay xynenepin (MILIKKXX) kypy xkaxerTiri TybiHAalas!
(Orazbayev et all., 2023).

Bbyn oxymeicra MIHKKXX nmenm  maremarukajiblK  KaMTyblHa — Hamiap
¢dopmanuzanusnanatein XTXK-1iH MAenbAep MakeTiH, aWKbICBHI3IBIKTA IICHIiM
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KaObUIAAy ABPHUCTUKAIBIK TOCUIACpIH KAMTHTBIH JKOHE OUTIMIEp, JepeKTep
0a3achIH, JOTUKAIBIK KOPBITHIH/IBLIAY OIOTHIH MEH WHTEIIICKTYaJI bl Al 1aTaHy bl
nHTep(delici Oap 3amaHayW KOMIIBIOTEpJIEp HETI3IHJAET1 aKIapaTThIK-eCerTey
KYWeciH araiiMbi3. MyHIIall MHTEIUIEKTYAIaHABIPBUIFaH XKYlHe KypAeli, Harap
(hopManm3anysIaHaThIH HEICAHIAP Il OacKapy/aa alaM-onepaTop/IbIH KaThICybIMEH
YKYMBIC YKacalIbl J)koHe mmieniM Kabbuiaay nporecinae LK T-ra naTemekTyanist
KoJIJIay KepceTyre KadineTTi 00mysl kepek. by skymbicTa 6asty KOKCTEY KOH IBIPFBICHI
(BKK) >xymbIc pexxuMepiH O6ackapyna menrM KaObliayIbl KoyayFa apHaiIFaH
NIIKKX-ciH kypy Macerenepi 3epTTENil, 0N XYWEHIH KYPBUIBIMBI O31pJICHIIL,
HeTi3T1 QyHKIIMOHAIIBIK OJOKTaphl CHITATTAIaIbI.

COHFBI yaKbITTa MATEMAaTHKAIIBIK TOCUTIEP/IiH COHFbI KETICTIKTEPi MEH 3aMaHay !
aKIMapaTThIK-KOMMYHHUKAIIASIIBIK TEXHOJOTHSUIAPIBI MaiiiaaHa OTHIPHII, IICHTiM
KaObUAaynbl Kommay kyhenepi Herizinme XTXK-mi oTmmanapl 6ackapy apKbLibl
OHJIIpICTEePIIH HAKOHOMHUKAJBIK THIMIUITIH MEH OJKOJIIOTHSIIBIK Kayilci3mirin
apTTBIPY MOcCeJeNepiH 3epTTey OenceHmai Typae kyprizimyne (Zaskanov et all.,
2013; Vadinsky et all., 2018). Mpgicansr (Zaskanov et all., 2013; Prokopenko et
all., 2017) sxyMbICTapbIHBIH aBTOPJIAphI HICHIIM KaObUIIayabl KOJaay *KyHenepiHig
Heri3epi MeH onapAasl Kypy Mocelelnepi MEH TocUIIeMeNepiH 3epTTereH.
Keneci (Gil'boa et all., 2017) moHorpadgusceiHga menriM KaObuigay TEOPHSCHI,
Tocinepl KOoHE oNapiabl TpaKTUKajga MIeNIiM KaOBIbUIIAy MPOIECCTEePiHAe
KongaHy cypakrapel MasmyHaanraH. An  (Gelovani et all., 2008; Vadinsky et
all., 2018) 3eprTey *KyMbICTapblHAa TAOWFU OPTAaH KYHi JKaWbIHIAFbl aKmapaTThl
KOJIJTaHyFa HEeTi3/IeJITeH WHTEIUICKTYaI bl IIeTM KaObUIaay KyHeci KapacThIPHIIL,
WHTEIUICKTYaII/IbI )KYHeNep/liH HHTEIJISKTIC] eHreiiiiH Oaranay TocuiaepiHe moiry
»KacajraH.

Anaiila TpaKTHKaga KONTEeTeH OHIIPICTIK HBICAHAap, COJAPMAbIH IlIiHIe
myHaii eHaey XTJK-iH skcruryaranusiiay OapbIChIHIA KOJDKETIMIII OacTarKsl
aKMaparThli aNHKBIHCHI3IBIFEIMEH CHIATTAJAThIH TYPJI OHIIPICTIK JKarmaiiap
TybIHAaN b ColiKeCciHIe MYHIal JKaFnainap/aa HeICaHAapabl JOCTY Pl Tociiaepre
HETi3/Ie]reH IenrM KaObuifgay JxoHe Oackapy ecemnTepieH QopMamu3aiusiiay
YKOHE TIeNTy KaKeTTi HOTHke OepMeiai Hemece MylijieM MYMKiH emec. COHbIMEH
Karap, MyHJail caHIbIK cumartainybl KublH XTOK kyMmbic pexxumaepin Oackapy
OOHBIHINIA IIENriM KaObUIIAy eCenTepiH MaTeMaTHKAJBIK TYXKBIPHIMAAY >KOHE
ety oJapAblH KYPIASIUTITIHe, KOKPUTSPUILTITiHE OaiTaHBICTHI KHUBIHIAW TYCEII.
An on HeIcaHApABl O0acKapyna €CKepUTiTiH SKOHOMHKAIBIK JKOHE KOJIOTHSIIBIK
THIMJI TIenriMaep aiMarbIHIa KaWIIel KeJeTiHl menriM KaOpuiaay eceOiH  TimTi
kypaenenaipeni. MIIKKXK ozipneyne 3aHayn Tocimmep, MbICAIbl, IMUTAITUSITBIK
MOJIENBIEY; O1TiM KOopiapbIH/a OLTiMT i3/1€Y; allKbIH eMeC KUBIHAAP, YBOIOIUSITBIK
ecenTeyaep TICUIAepi; CUTYalHsIIBIK Tal1ay; )KacaH bl HeUPOHIBIK KeJIiiep KoHe
T.0. )KacaH bl HTEIIICKT TEXHOJIOTHSIIAPHI Tocinaepi Koinanbaasl (Osipov et all.,
2015; Hamilton et al., 2018).

CoHBIMEH 3epTTey TaKbIPHIOBI OOWBIHINA KapUSUIAHFAaH CSHOSKTEepAl Taiaay
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HOTIDKECIHIE allKBIHCHI3/IBIKIIEH cUnaTTanaTeiH Kypaeni X TXK-miH THimMai sxymbIc
PeKUMIIEpIH TaHJAay YUIH IIeIiM KaObUIIay[bl KOJJIay J>KYHECiH »KacaHIIbl
WHTEIUICKT TOCcIepl HeTi3iHAe o3ipiey OYriHri TaHAa aca ©3€KTi FHUIBIMH-
MIPAKTHKAJIBIK Macelie OOJbI TaObimanbl. byl )kyMbICTa 3€pTTEy HBICAHBI OOJIBII
OHJIIPINIETIH OHIMIEPIHIH Kell cama KepceTKimTepi (KOKC YIIaHIBIFBI, KYJIUTIr
T.0.) aNKBIHCHI3IBIKIICH CHIIATTANATBIH AThIpay MYHall ©HJEY 3aybIHIAFbl
konnanbicTarbl bKK kokcTey peakropiapel anmbiHFaH. 3epTTey TIOHI peTiHze
YKacaH]Ibl MHTEIUIEKT TACUIIepi KapacThIphUIFaH. 3epTTey OapbhIChIHIA IKCIEPTTIK
JKOHE aliKbIH eMeC KHUBIHAAP TEOPHUSICHI TOCUIAEpi, MIeniM KaObuiaay ecenTepin
IIENTye HBPHUCTUKAIBIK TOCUIIEp JKOHE JKYHENiK Tannay METOMOJIOTHSICH
KosaHblIanbel. JKyMbICThIH 3epTTey Makcarbl: bKK Tuimai skymbIic pexxumaepin
TaHJayFa MYMKiHIIK OepeTiH mHTeImekTyanganabipeurad KKK KypbuibMbIH
KYpy *oHE OHJai xyienepaiH (yHKIIMOHAIIBIK OJOKTaphl MEH OJIAPJIBIH JKYHeli
JKYMBICBIH CHIIATTay. AIIBIHFaH 3epTTey HOTHXKEJepi IIenriM KaObuUIaay TEOPHUsCHI
MEH TACI1Iepi YIIiH TEOPHSIIBIK KOHE MPaKTHKAJIBIK MaHbI3bI 30p. Cebebdi anbiHFan
HOTIDKENep WICHIUIeTIH OHJIPICTIK eCeNTepIiH ayKbIMbIH KeHEeWTe I, OHmipICTIK
JKaFJainap MeH MiHIETTep i HEFYPIIbIM aJIeKBaTThl CHITaTTayFa )KOHE alKbIH eMec
oprana MIIKKJK Herizinae Timi menryre MyMKiHIIK Oeperti.

Marepuaagap MeH dmicTtep. 3epTTey OapbIChIHAAa KaKETTI Marepuaiiap
pETiHIE 3epTTEeY HBICAHBIHBIH, SIFHU KOKCTEY PEaKTOPJIapbIHBIH dKYMBIC PETJIAMEeHTI
MEH OJIap/IbIH OHIMICPiHIH KoJIeMi MEH carlachlH CUTIATTAHTHIH aBTOpIIap (Assanova
et all., 2023) »xyMBbICBIH/Ia YCHIHFaH MOJIETBICP KeIIeHi Koinanbuiaapl. COHbIMEH
Karap Marepualjiap peTiHJe IIeniM KaObUlgay eCenTepiH Ny IBPUCTHUKAIBIK
ToCLIIepl MEH MHTEJUIEKTYaJIaHaH IBIPBIIFaH JKyHenep/i Kypy Mmpolenypaiapsl
J1a maiiagsaHblIabl.

3epTTey MaTepuanmaphel, aranm aWTKaHa KOKCTEY peakTopiapbl eHimuaepi
(MyHall KOKCBI, MYHall ©HIMJIepi Oynapbl) JKalbIHIa MOIIMETTEp CaHIBIK (eIIey
Kypaljapbl apKbUIBl OJIIeHreH) ¢dopMmarta KOJJaHbUIAABl. AJ HETi3ri eHIM
KOKCTBIH CaltachlH, SIFHU YIIAHABIFBI MEH KYJIITITiH OaFaaiiThIH aKIiapar carnaJbIK
(9KcrIepT-MaMaHIap IbIH TAOUFH TUTIHAE CUTIATAIIFaH, SHHU alKbIH eMeC) TYPFhIIa
OoJIaabl.

Ty KeIppIMIaFad MakcaTKa xeTy, siHu bKK TrimMai syMbIC pesxxuMaepid Tanaay
naTerekTyanaanapippuiran  LIIKKXK  KypbUTBIMBIH - KYpBIT, (YHKIIMOHAIIBIK
ONOKTapHI JKYHeIi )KYMBICBIH CHITaTTay, YIITIH 3ePTTEy OaFbITHIHIAFbI dKYMBICTAP/IbI
Tanaay, )Kajmbuiay, KXeTUIAIPY *KoHE 3epTTey HbICAHBIHBIH EPEKIIEIIKTEPiH eCKepe
oteipbin MIIKKXK kypsutbiMbl yebiabuiaael. Cogan kerin yesiabuiran MHTKKIXK
KYWECiHIH (YHKIMOHAIIBIK ONIOKTaphlH ©3 apa OalIaHBICTaphl MEH JKyHeni
YKYMBICHI CHITaTTalaIbl.

Kokcrey pakropiapbeiHaa ©HAIpiIeTiH MyHali KOKCHl MEH MYHal oHIMIepi OymmapB
KeJIeM/JIEPiH aHBIKTAY, OJap/bIH PEaKTOPIAP/IBIH Kipic, peXKUM/IIK TapaMeTpiepine
OalIITaHBICHIH HICHTH(PUKAIMSIIAY YKCIEPUMEHTAIIBIK-CTATHCTUKAJIBIK TOCUIIACD
(Douglas et all., 2021; Zhao et all., 2018) Her3inze xxy3ere acblpbliagsl. AJl 3epTTey
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HBICAHBIHBIH HET13T1 OHIMI MyHall KOKCHIHBIH, aKBIHCBI3IBIKIICH CHATTAJIATHIH cara
KOPCETKIIITEPi XKaNbIHIa aKIapaTThl )KUHAY, (JopMaTTU3alUsIIay KoHE OHJICY YIIiH
9KCIIEPTTIK Oaranay koHe aliKbIH eMec Teopusichl Tocinaepi (Jorgensen et all., 2019;
Orazbayev et all., 2018) konmmansutaaer. ConsiMeH Karap Oyt 3eprreyne MIHKKXK
ONOKTOPBI KYMBICTAPBIH KYWEICHIIPY JXKOHE TYpPIi CHIIATTaFbl aKmaparTapabl
MOJIENIbJIEY MEH IIEeITHM KaObUIAaIy/ia naiiajanyra MyMKIiH/IIK OepeTiH KyHemiK
tanaay Tocingemeci (Huang et all., 2019; Ivo et all., 2021) xonmgaHbLTA B

Horm:kesniep ™en Taakwuiay. [lpaktmkama bBKK  cwsxrer  kypneni,
alKBIHCHI3ABIKIIEH cumaTTaonaThlH XTK KyMbIC peXUMICKPIH THIMAI Oackapy
yurie IIIKT yHemi HakThI TybIHAAaFaH OHIIPICTIK JKaFlail TamanTapblHa COWKec
aJIeKBaTThl IIemimMaepaep Kaobuimaysl Tuic. Typii ¢axToprnapra OalTaHBIMTHI
0oMaThIH JKiHE aKmapar TaNIIbUIBIFBl JKOHE HWKBIHCHI3IBIFFIMEH CHITATTAJIAThIH
MYHJIall TIenTiMaep ii FBUTBIMHU HETI3/IeNITeH TOCUIIep MEH apHayJIbl KOMITBIOTEPIIIK
KYWenep KeMeTiHCi3 MyHail mienrimMaapabl KaObuigay MYKiH eMec. bacTamksl
aKIapaTTHIH KETICTICYIILTIT )KOHE alKBIHCHI3ABIFBIH eckepe oThIphII, X XK 6ackapy
OOHBIHINIA THIMII TIENTiMaep KaObuigayFa apHajFaH 3aMaHayd MaTeMaTHKAJbIK,
aBpHUCTUKAIBIK Tocinaep Herizinae Kypbutateid MIHNKKOK IHKT-ra memrimuepmi
NaibIHAay KOHE KaObUIAAy MpPOIECiHAe KOMEKTECETiH KyaTThl Kypaa OOJBII
TaObianbl. COHABIKTaH OyJI JKYMBICTBIH Herisri Hotmxkenepi bKK kxymbic
PeXKUMIIEPiH alKBIHCHI3ABIKTAa Oackapy yrriH KypsiaTeiH NIIKKXK KypbeuIbIMBIH
93ipIIe JKOHE JKOHE OHBIH HETi3T (PYHKIIMOHAJIBIK OJOKTaphl MEH OJapAbIH KYHesi
YKYMBICBIH CHITaTTayFa OaFbITTaIFaH.

¥Ycwpurran KypeutbiMaarsl UIHITKKXK mrernriv kaObuiaymibuiapasiH Tajaay,
IIBIFAPMAIIIBIIBIK  OJIay JKOHE ONapiblH ©3 OlTiMiHe, ToXipuOeciHe >KoHe
WHTYUIUSChIHA HETI3[eNTeH YThIMIBI IIeNTiM KaObuiaay KabimeTTepi MeH Ka3ipri
3aMaHFbl KOMITBIOTEPIIEP/IiH YJIKEH KOJEeMJIET] aKIaparThl KbUIJaM OHJIEyTe )KOHe
KypAeni ecenreyiaepai Te3 MyMKiHIikTepiH Oipikripeni. Conmaid KypblUIaThlH
NINKKX-ne xubepHeTnkaHblH HeTi3iH Kanmaymbel H.Bunepnin «Anxamra amamra
JMaibIK (QYyHKIMSIIApABI, al MallliHaFa MallliHaFa ToH (QYHKIUSUIApAbl Oepy»
KOHE «alllbIK JKyHe» TpUHIUIpepl cakTalaTblH Oonmanpl. SIFHM  amam, Oi3IiH
xarnaiinel LHKT sxoHe KoMmbrOTEpAiH (YHKIUSIAPBIH YTHIMIBI aXbIPaTy JKOHE
KYWEHI TaMBITyFa, JKaHa JKarJainapra Oeliimaeyre Ky3ere achlpy MaHbI3bl OPBIH
amanel. CoHpblkTaH ImenmrHM KaObuigaBy mnporeciane KT men xommbroTep
(kyi#te) apachlHAa THIMIII JUANOTTHl YWBIMIACTBIPY VIIIH KaXET bIHFANIIBI
CHHTEJUIEKTYaIIbD» HHTep(Eic KapacThIPhLIA B

— LOKT-napaeig KOMIIBIOTEPIEPICH APTHIKIIBUIBIFbI -KOJIAMJIBI
mporpamMmaliay OpTachl HETI3iHJe IWIenliM KaObUIjay ecenTepiH IIemnry YIIiH
KYPacThIPBUTFaH MOZENBACP MEH O3IpIICHTeH aTOPUTMICPAl IMPOrpaMMalIbIK
Ky3ere aceipy (6-ke3eHe (6-111i Ke3eHe);

— aIbTepHATUBTI TaHJAy Ke3iH/e KaObUINaHFaH MiKipliep Heri3iHjae TaHaalFaH
nrenriMal Tycingipy 6morsl a3ipiney (7-m1i ke3enae);

— JKaFgainap MeH IIapTTap e3repreH Keslle KYpacThIPhUTFaH MOJCIbACPIIiH
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nmapaMeTpiepiH  HWACHTH(HUKAIMIAY OJKOHE Oanray  VIIH — TapaMeTpiik
UAeHTU(UKAUSAIAY TOCUIIEpiHe HETI3EeNTeH MporpaMMallblK ITakeT TypiHze
MOJIEJb TTapaMeTpIIePiHiH WICHTU(DUKATOPEIH 33ipieHy (8-11i Ke3eH);

— JIOTHKAJIBIK TTporpammatay Tiianepine (Mbicansl, Prolog) merizgenren, LHKT-
HBIH JKYHEMEH, MbICalibl, TAOMFH HeMece KociOu TijnepAe BIHFANIbI XKOHE TaHBIC
KYMBIC PEKHMIH KaMTaMachl3 €Tyre apHalfaH «UHTEIUICKTYaJIaHAbIPIIFaH»
nHTepdeicTi a3ipiey (9-mri ke3eH).

XKorapeima yceabiFan  MIIKKXK-pin  kypy omicTeMeciHiH Korapbiaa
CUNATTAIFaH Ke3CHJepi MeH MHIemiM KaOburaay KoJjay JKYWeCiHiH KYpPBUTBIMBI
MEH KypamblHa KOHBUIATBIH TamanTapael Tangay Herizinae BKK-wiH xymbic
pexumMepin Oackapyra apHanraH MIIKKYXK-HiH kemeci KYpbUIBIMBI YCHIHBLITA BT
(cyper 1). ¥compurran MIIKKXK KypbUlbIMBIHAA OJT JKYHEHIH (QYHKIIMOHAIIBI
OJI0KTaphl apachIHAAFbl OalIaHbICTHl KOPCETETIITEH.

Maiinananymer
(IIKT, Texnoxor, onepatop)

KK TexHO.T0THSAIBIK Jorakaaslk epexenep
arperarTapbl MaTeMa- binmaep x\e aepextep
HKAJIBIK MOJeabaepi Dasackl
h F 3
Harepdeiic
y h 4

K ecenrepin memy ¢ | of Mlemivai Tycinaipy

Taciligepi, 3BpHCTH- B10rBI
KaasIK TacLigep

Mogeasaep napaMeTpIepiHig
HIeHTHOHKATOPBI

Y

Cyper 1 — BKK >xymbIc pexxumaepin 6ackapy OOHBIHIIA menTiM KaObUIIayabl KoJaay sKYHeciHIH
KYPBUIBIMBI.

¥cobutran MIIKKXK KypbUTbIMBI alIBIK XKYie TPUHLIUTT OOMBIHIIA KYPBUIFaH,
SFHH Ka)XeT OOJIFaH Kar1aiiia onapAbIH OYJ1 )KyHe KypaMbIHAAFbl Py HKIMHOHAIIJIBIK
OJIOKTapAbl KETIIIpyTe KoHe OacKa OIOKTap/Abl eHrizyre 0onabl.

BKK xymbic pexumuepin Oackapyra apHaJFaH KYpbUIBIMBI O3ipJCHICH
NIIKKXX-niH Heri3ri GyHKIMOHAIABI OJOKTaphIHBIH HETi3ri (YHKUUsIIAphl MEH
CHUIIaTTaMachIH KapacThIPalbIK.

1) ULLIKKZK natioanywwicer — OV HbICAaH JPKYMBICBIH OacKaparhlH Oreparop-
texHojor, srau LIKT. [Maitnpnananyms, MIHTKKXK kongaysiMen OGackapbuiaTbieH
HBICAH JKYMBICBIHBIH €H JKaKChl PEXHMMIH TaHJAAHAbl, SFHH MYMKiH HIeHIiMaep
KUBIHBIHAH OapiiblK IIEKTEYJIEPIiH [MapTTapbl OPBIHIAIYBIH €CKEPE OTBIPHII
TaHJQIFaH KPUTCPUIUICPIIH OOTUMAaJbl  (THIMII, BIMBIPANIbI) MOHJIEPIH
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KaMTaMachl3 €TETiH IenriM HyckKachbiH Kaobupmanasl. LIIKT eH xakchl memmrimmi
KaJIBINITACKaH OHJIIPICTIK YKaFaaliFa, OHAIpic KOCIapbIHa, UKI3aTThIH KypaMbIHa,
HapBIKTaFbl OHIM carachlHa KOWBUIATBIH TajanTapAbl )KoHE T.0. eckepe OTBIPHII
KaObunaiael. COHBIMEH Karap, OyJ1 JKarjaiyiap MEH TajanTap e3repyl MYMKiH,
Ooyn LIKT rapanpiHan mienriM KaObUigay MPOIECiHIH HAKTHI KPUTEPHUiepi MeH
CHTI31IreH MIEKTEyIep MeH OacKa Ja napaMeTpiIepAiH MaHbI3AbUIBIFBIH €CKEPETiH
canMakray kod(hQUIMeHTTepiHIH e3repyiHe oKele/i.

Hemimaepni naWblHAay MEH KaObULAAYIbIH KapacTBIPBUIFAH MOCEIeNepiH
memy ymiH naimgananymsl MIITKKXK-wiH kemeci Onokapsia kommaHaas: BKK
TEXHOJIOTUSIIBIK arpraTTapblHbIH MaTeMaTHKaJIbIK MOAEIbICP] MAKeTiH; IIeIIiM
KaOBUIIAy €CeNTEePiH My TICUIAePi, COHBIH IITiH/Ie alKBIHCHI3ABIKTA 1A )KYMBIC
KacalTbIH 3BPUCTUKAIBIK aJITOPUTMIEPiH; COHMaN-aK, KaXXeT OOosFaH Karaannaa,
JepekTep koHe Oimimyaep 0a3ackl ONOTHI JXKOHE aNbIHFAH IIENIMII TYCIHIIpY
OJIOTBIH.

Backapy HblaHBI TapaMeTpiIepi MEH JKYMBIC JKaFaiibl 3repreH Jkarnainapaa,
Kara JKarJaiira ajanrtanusiay HpOLEciHIe MOJENbACPIiH MapaMeTpliepin Kaha
naeHTH(UKaNusIIay, OanTay )KoHe OLTIM KOPBIH TOJITHIPY MEH TOJNBIKTHIPY Ke3iHJe
LIKT skcnept periHe Karbicaabl. ¥ CRIHBUIFaH KYPBHUIBIMHAH KOPIHIT TYpFaHIai,
LOKT-#eiH atanraH OapiblK (QYHKIHSIIAPH MaiifanaHyibl WHTephEHc apKbLIbl
XKY3€ere achIpbliabl.

2) «llatioananywer unmepgeticiy 6aorsl. NIIKKX-HiH 0y1 GyHKIHOHAIIBIK
onorel maimanaymeira, sran LIKT-ra memiMaepal naiisiHaay skoHe KaObLigay
MpoLECciHe )KYHEeMEH XKYMBIC XKacayFa, aKrapar ajIMacyFa bIHFaiJIbl, HHTCPAKTHBTI
PeKUMII KaMTamachl3 €TETiH Nporpammaiap >KUBIHTBIFBI OOJNBIIT TaObLIaIb.
ConbiMeH Katap Oy Onok kyieHiH Oipkatap Oacka (yHKUMSIIapbIH JKy3ere
acplpy KesiHae (Mblcaibl, MNaiijanaHylmbiFa TaHbIC (GOpMaTTa HITIKEIEPIl
KepCeTy, Tajjiay Kyprily, HbICAHHBIH MHTCPAKTHBTI CXEMAacCBIMEH >KYMBIC >Kacay,
meniMIepl Ta|Iay MPOIECiH BU3yallIbl OaKblIay koHe T.0.) Kommpanbuiaasl. KT
MeH KYHe apChIHIaFbl aKnapaT allMacy/Ibl, AUAIOTTH bIHFaikI ety yiria MIITKKK
«MHTEJUICKTICIH» apTThIPY YIIiH aKnapar ajiMacy Npoleci maiaaaaHymbiFa TaHbIC
TaOUFU HEMece KociOu Tine O0ybl Kepek.

KociOu Tinm perinae KomiMri ajgaMm TiMiHIH ThIM YVIKeH OeJiri OoibIn
TaOBIIMAMTHIH, IIENIUICTIH MOCENeNep/AiH MOHIH MaMaHABIKTHIH — TIOHIIK
caJachIHJIaFbl MaMaHIaP/IbIH ©3apa TYCIHYIH XKEeHUAeTeTiH Oenrim Oip Kacuerrepi
Oap TaOurura KakelH TUIII TyciHemi3. KociOu Tinme op YFbIM MeH co3 OipiKaKThl
TYCIHLTY1 KepeK, sSIFHU MYHAal Tijjge cuHoHuMmep Oonmaysl Thic. COHBIMEH Katap,
TaOWFH TIJJIET] CO3 TipKeCTepi MEH CoMlIeMIEpPMEH CaIIBICTRIPFaH/Ia, KICiOM Tieri
ce3 TIpKeCTepi MEH celleMaep HEFYpJIbIM KaTaH epeKelepAi KoJaaHa OTBHIPBII
Kypbutagel. KociOu Timai Kypy oHail Oonmmaca aa, MyHAaW «OKSHULIETIITEH» Til
LOKT men MITKKX apaceiHaarsl THIMAIPEK KYMBIC PEKUMIHE MYMKIHIIK Oepeti
KOHE aJlaM MCH KOMITBIOTEp apachIHAAFbl bIHFAMIIBI THAJIOTTHl YHBIMIACTHIPYIBIH
THiMAI Kypasisl 0ombin Tadbu1aabl. ConsiMe Oy nargananysl 6xorst MITKKOK-
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HiH MaHBI3/Ibl OJIOKTapBIHBIH O1pi OOJBIT Ta0BIIa b, MHTEpdElC MaiJaaHy bl MEH
KYWe apachlHAaFbl OalTaHBICTHIH BIHFANIIBUTBIFBIH, KapanalbIMIBUIBIFBIH JKOHE
THIMIUIITIH KamTamackl3 ereTinaikteH, on MIIKKXK-HiH uWHTEINneKT aeHreiin
anbikTanipl. ConbiMeH Katap MIIIKKIK-HiH uHTEIUIEKT NeHreli OiniM OazackiHIa
(dbopmanu3anusIaHFaH JKOHE CaKTallFaH OUTIMHIH KeJieMi MeH Ma3MYHBIHA,
MOJINBIEPl KYpPy Ke3iHIe KOJIaHBUIATBIH OJKCIEPTTEpIiH OuTiM JeHreline
JKOHE IIeNIM KaObUIaay €CemnTepiH IIeNIy/IiH dBPUCTUKAIBIK aITOpUTMIEpiHE Jie
0aiiIaHBICTHI EKeHIH aTar 6TKEeH AYPHIC.

[Matinananyuel, srau HIKT MeH koMmnbroTepiep apachlHIa akmapaT ajqMacyra
MYMKIiHAIK OepeTiH TpauKaiblKk uWHTep(delcTi o3ipiaey Ke3iHIAe aJaMHBIH
KOMITHIOTEPMEH ©3 apa OpEeKeTiH YHBIMIACTBIPYIBIH Keleci HEri3ri Tajanrtapbl
eckepingi (Larichev et all., 2019).

— MIIKKX mnatigananymsicel 6onbin Tabbutateid LIIKT-gan aknmapar amy
OMICiHIH MYPBICTHIFEL. ByJT TalanThlH caKTadyblH KAMTaMachl3 €Ty VIIiH albIMeH
pexumMaepi  OackapwiiateiH  HbicaHHBIH LIIKT-MeH Tankeimiay koHE Kellicy
YCBIHBUIAIBI, OCBUTAWINA 05aH HEFYpPJIbIM TYCIHIKTI XKOHE TaHBIC TiJI, MBICAIIBI,
KociOM OaFbITTaIIFaH TiJ, aKMapar KaObUI/lay JKOHE IIbIFapy YIIH KOJIaHbIIa kI,

— BKK »xywmbic pexxumin tuimai 6ackapy ymria MIIKKK naiinananybsicsl MeH
KOMITHIOTEP apachIHIAFbl IUAJOTTHI KOHE aKmapar alMacylbl YABIMIACTBIPY/IBIH
BIHFAITBUIBIFEI MEH JKAWIBUIBIFBL. Byl Tamanm MbIHajmapapl KaMTHIBL: €CerTey
MPOIEAYPACKIHBIH THIMIIIITIH KamTamachkl3 eTy >koHe omapasl LIIKT-ra Te3
JKOHE BIHFAWIIBI TYpJle YChIHYFa MYMKIHAIK OCpeTiH KaXeTTi mapaMerpiiep MeH
OHJIIPICTIK KOPCETKIMTEePAl aHBIKTAY; TUAIOT TIPOIIECIHIH op KaJAaMbIH/Ia KaKeTTi
TYCiHIKTeMeNep/Ii, KeHeCTep MEH aKnapaTThl ally MyMKIHIITIH KaMTaMachI3 eTy;

— IIKT MeH KOMIBIOTEp apachlHAaFrbl WKEMJl JWAJIOr TPUHIUITIH JKy3ere
acelpy. byn mpuHIMI guanor mporeciHAe Kail TapanThlH JKETeKIi eKeHiH
IIYPBIC aHBIKTAy/Ibl Tallan eTe/li. MoceseHi ey caTbiChlHa OaiilaHBICThI KeHOip
KaFJainapaa KOMITBIOTEpre IIelnM KaObUiaay TpOIECIHIH JKaNIbl CXeMachlH
€HTi3y apKbUIBl JIUATOTTHIH JKETEKIi Taparbl PETiHJe KOMITBIOTEP/i aHBIKTAIl,
IIeniM KaObUTIayIIbIHEI aKImapar Ke3i peTiHie aHpIKTaraH jxeH. [lenrim kaObunay
MpoIieciHiH 0acKa JKarmaiiapbelHIa HeMece Ke3eHJIEpiHJe, KepiCiHIIe, KEeTeKIIi
MOCeJIeHI MeNTy/IiH 0apbIChIH aHBIKTAUTHIH )KOHE HOTHKemepiH OaranaiiTeia LIKT-
HBI aHBIKTAIl, KOMIIBIOTEP/Ii €CeTTey Kypajbl pEeTiHAe aHbIKTaFaH JKOH.

IIKT MeH KOMITbIOTEp apachIHAAFBI TUANOTTHI YHBIMIACTBIPY JKOHE XKY3ere
aceIpy TopTiOi colikec imIKi Ma3ipiiep MEH opeKeTTepi O6ap Ma3ipre Heri3zelNTeH.
Ocpuraiima, opOip Ma3ip €3 Ke3eriHae opTYpili OpeKeTTepli XKy3ere achlpaTbiH
OipHernre imKki 3MeMEHTTEpAi KaMmTuabl. Mo3ip KyleciH a3ipiey Ke3iHJe OHBIH
MasmyHbl MeH HbicaHmapsl [IIKT-semH, sran BKK akmaparteik xylieciHn
naianaHymbpuiap OONBIN TaOBUIATHEIH OMEpaTOpiapbl MEH TEXHOJIOTTAPBIHBIH
TajanTapbl MeH TIJIEKTEPiH €CKepe OTHIPBIIT aHBIKTAJA IbI.

3) «bKK — backapy Hwicanvbl mMamemamuxaivly mooenvoepiy Onocvl. by
(yHKIMOHAIIBIK ONOK OacKapy HBICAHBIHHBIH JKE€Ke arpararTapblHBbIH KYpbUIFaH
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MOZICTIBICPI MEH ONapAblH TEXHOJOTHSUIBIK CXeMmara cilikec Oip makeTke
OIpIKTIpUITeH KYPBUIBIMAAP/ABIH JKUBIHTBIFBI OONBIN TaObUIaABL  Mogenbaep
MaKeTIH/Ie op TYPJi TUITETi MOJENbep OOIYybl MYMKiH, MBICAIIBI, CTATHCTUKAIIBIK,
aliKpIH emec, OIpIKTIpiIreH jkoHe onap Oipre Oackapy HBICAHBIHBIH KYMBICHIH
YKYHET MOJIENb/ISYTe )KOHE ONITUMHU3AIMIIayFa MyMKIiH/IIK Oepyi kepek. Moaenbaep
nmakeTi Oackapy HBICAaHBI JXYMBIC PEXUMIEpIH Oackapy YVIIH KOJJaHBUIATHIH
Kipic JKoHE JKYMBIC MapaMeTpiiepinig Typmi monzaepi ymriH bKK >xymbic camacei
OaFaaliTIH KPUTEPHUIICP/IIH MOHIEPIH ecenTey (aHbIKTay) YIIIiH KOJIaHbLIA b

BKK keke arperaTTapblHbIH MaTeMaTHKaIbIK MOACIBICPI MOICIbACPIi
KYpyFa KaXKeTTi KOJDKETIMJII aKMapaTThlH CHITaThlHA OalIaHBICTBI 9p TYpIi
TOCLIIEP/IiH KOJIaHy apKbUIbI, IEKMITO3UINS IPUHITUITIHE ColiKec a3ipieneni. by
MPUHIUIIKKE COMKEeC MOJENbACp ajAbIMEH KOJDKETIMII aKmaparka OaiiaHbICThI
TYpJi TocingepMeH KypacTelpbuianbl, comaH kedin BKK keke aperarTapblHbIH
O3ipJIEHTEH TYPJi THITEr1 MOJENbEPI KOKCTEY TEXHOJIOTUSIIBIK MPOIIECTIH XKYPY
cXeMachIHa colikec Oip Jkyliere, sFHU MOJICIbICP MaKeTiHe OipiKTipijeni.

4) «lllewim Kabwvin0ay ecenmepin weuty macinoepi, 26PUCTNUKAILIK MICINOep»
onorel. MIIKKX-wiH Oy ¢yHKIHOHAmABl ONOTHI Oackapy HBICAHBIHBIH €H
THIMJI JKYMBIC PEXHMIH TaHAay/la MICNIiM KaObUIIay €CemnTepiH IMIeNry Ke3iHae
KOJIIAHBIIAIbl KOHE O/IETTE, alKbIH €MeC opTaja ILIemiM KaObuiiay ecenrtepiH
Iy H 3BPUCTUKANIBIK anroputMaepid kamtusl. lllemnriv kaObuigay ecentepin
IIenry alroOpuTMAEpi, MOJAETbAep MaKeTiH, JEKpeKTep MeH OumiMaep 0a3achiH
YKOHE JIOTHKAJIBIK KOPBITBIH/IBI €PEKEIICPiH KONJaHy apKbUIbI THIMI HISHIIMICPAiH
KUBIHBIH aHbIKTalapl. Coman kediH on TwiMmai (Ilapero) >kWbIHBIHAH ilTiHEH
TaHJaJFaH KpUTepuisiep OOMBIHIIA €H KAKCHICHIH, SIFHM HBICAHHBIH TYBIHAAFaH
xarjainapra Oatmanbictel eH TrimiaciH IKT tanmaiinel. COHBIMEH COHFBI, €H
TriMAl menriMi Kaoeuinay magananymsl-lIHKT ky3iperiaae Oonambl.

5) «Kabvinoayza ycvinviiean wiewimoi mycinoipy» onoevl. Onerre Oyi1 OJI0KTHIH
KypamblHaa «J/locuxanvlx KopuimuiHoanayy (QyHKUUSCBHIH KY3€Te achlpaThblH 1MIKi
070K, HeMece Keke OJIOK KOChIMIIA eoJAaHblIagsl. by ¢yHKOHMOHANABIK OJIOK
KaObUIJaHFaH IIEIiMAEP/Ii KOPBITBIHABLIAY KOHE TYCIHIIPY CTPaTETHUsICHIH XKY3ere
acplpyra apHasirad. LlemiM KaObuay €cenTepiH LIENly aarOpUTMICPiH JKoHE
MOJISNB/IEP MTaKeTiH, OLTiM/IEp JKoHE JepeKTep 0a3ackl OJOTBIH MakanaHa OTHIPHIIL,
arajraH OJIOK IIelIiM KaObUIIaylIblIapFa OacKapbUIaThIH HBICAHHBIH JKYMBIC
PEXKUMIIEPiH THIMII OacKapy OOWBIHIIIA YCHIHBICTAP/IBI TYXKBIPBIMIAyFa MYMKIHTIK
oeperi.

Jlorukanblk ~ KOPBITBIHIBIIAY  KOHE  TaHJNAJIFaH  IIEMIMI  TYCIHIIpY
npoueaypajapsl MWAPTTHl KOPBITBIHIBI JKacayAblH JOTUKANBIK (KOMIIO3UIHSIIBIK)
epeKeNepiH naianana OThIPHII, aKbIH eMeC JKUBbIHAAP OOMBIHIIA OTIepaLHsIapAbl
OpBIHAAY JKOHE aJbTEPHATHBTI TaHAaylapAa KaObUiganraH OapiblK oiap MeH
HIeTiMICHP/II TipKey HeTi3iHze Ky3ere acbipbuiazbl. CoHmali-ak, KakeT OOJFaH
xarnaiina, ILIKT wibrrapeutFral yeeIHBICTAp OOWBIHINA TYCIHIKTEME aia aiajibl.
MyHpaii TyciHIKTeMenep >KYPri3iireH JOTUKANbIK KOPBITBIHABIHBIH KOMITBIOTEP/IC
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CaKTaJFaH 131 Heri3iHae anmbiHAIbL. TyCiHIKTEMeJepAi Kypy NpOIEeCiH XKy3ere
achIpy YIIiH KYPBUIBIMBI MEH (YHKUMOHAIIBIK OnokTpa ycbibuiran WMITKKXK
onors! «lllemiM KaObIIIaY €CENTEPiH ISy TICLIAEPi, SIBPUCTUKAIBIK TICITACPY,
«bimiMaep koHe gepexTep Oazacel» koHe «llalimamaHymibl WHTEpQeErci»
OnokTapeIMeH OalTaHbICAIbI.

6) «binimoep oucone oepexmep Oasacely Onorel naiinananyms! — HIKT- HbH,
oH OoiibIHIIA SKcniepTTep il xoHe bKK Typais! Oimimaep MeH nepekrep 0a3achiH
KYpy¥Fa KoHe OJ1ap/ibl OHCTI, IeNIiM KaOblay MPoLeciHae KOJIIaHyFa apHaJFaH.

byn Onokra cakranraH aknaparThl Kejeci (DYHKUMSUIApAbl OpbIHIAyAa
naianaHbUIa b

— «lenrim KaOBIIIAY €CENTEpiH MICNTy TICUIAEPi, IBPUCTHKAIBIK TICLIIEP»
ONOTBIH/IA aTBTEKPHATHBTI IENIMIEP/Ii TalIay XKoOHE TaHIay/la;

— JIOTUKAJIBIK KOPBITBIHIBUIAY XKOHE aJIbIHFaH MICTTiM/II TYCIHIIpY TPOIIECiH/IE;

— «Mogens mapameTprepiHiH HIACHTU(UKATOPBD OJOTBIHIA MOJETbISPIi
KaHa JKarJainapra ajgaBnTanysuiay, Oanray yIIiH, COHIai-aK HbICAHHBIH KYMBICHI
Typajbl 9PTYPIIi €CeNTepi KYpacThIpy Ke3iHIe.

Byn xarmaiima OimiM KOMIBIOTEp/E CaKTajFaH, Oenrim Oip epexenepre
coiikec (opmanmzauusitanran, LLKT, skcnepr-mMamangapiaH ajiblHFaH JKOHE
(dbopmanuzanusIaHFaH peciMIeNeTiH akmapartel Oinmipedi. MHTemmekTyammbt
xytienepae HIKT, skcnepTrepieH anbIHFaH KOHE OJapAbIH OlmiMi, Toxipubeci
MEH HHTYHLUSICH (pOpMalM3alMsUIaHFaH TYpHE KepCeTeTiH OChIHIA axmapar
Herizinge Oimimaep 0azackl Kypbutaasl. Kommbrotep, OltiM 0a3achiHaars! Oimimre
Heri3/ieNreH, cogaH KeWiH Oenriai Oip anropuTMmuaepli NaianaHa OTBIPHIIL,
KOPBITBIHIBI JKacai anajipl.

7) «Mooenvoep napamempnepiniy uoenmuguramopuvly 0102bl, MOACIBACPIIH
a/ICKBaTTBIFBIH TEKCEPYyTe KOHE KakeT OOJIFaH jKarjaiia mapameTpiepni KaiTta
naeHTH(UKaNusIayFa, OanTbayra apHalFaH. OHOIpicTe MYHIAH CMOMAETbACPIIiH
nmapaMeTpiepiH  Oamray, KaiiTa WISHTHQUKANMAIAY KKETTUTIKTEpT TYpIi
cebenrepre (PpU3UKANBIK TYPFBIIAH €CKipy, MIMKi3aT KacHEeTTepiHiH e3repyi T.0.)
Oackapy HBICAHBIHBIH KYHi, CUIIaThl ©3repreHie HeMece Tarbl 0acKa e3repic repore
0aifmaHpICTHI TYBIHIANABI. By 010K mapaMeTpiik uaeHTHQUKAIHSIAY TOCIIAePiH
XY3€re achbIpaTblH NPOrpaMMabIK KeIIeH OOJIbI TaObLIaIbl.

Kypoutbimbr - yewbiabFan  BKK  sxkyMbIc  pexumuaepin Oackapy OoWbIHIIA
THIMII IIenrM KaObUTAAyNbl KOJJay WHTEIUICKTyalIaHIbIPhUIFAH JKYHEeHIH
WHTEIUICKYAIIBIK JEHTeHiH apTThIPY YIIIH KeJleci oC-opeKeTTep HeTi3iHe Ky3ere
achIpbLIaIbL:

— TOJIBIK JKOHE KapaMa—KaHIIbUTBIFBI KOK OlTiMzep 0a3achlH KYpY;

— THIM/II TIENTM/II TaHaay Ke3iHae KypbUIFaH Oimimaep 0azackiH xone LIIKT-
HBIH O1TIMiH, TO)KHPHOECIH KOHE MHTYHUIIHSCHIH «MHTEIUIEKTICIH, IIBIFAPMAITBUTBIK
KaOineTiH OapbIHIIA TOJBIK MMaiaalaHy;

— allKpIH eMec opTaja THIMI HIemiMIi KaObuigayFa MYMKIHAIK OepeTiH
IBPUCTHUKAJIBIK AJITOPUTMICPAL KYPY KOHE KOJIJIaHYy;

22



ISSN 1991-346X 4.2025

- Oackapy HbIcaHBIHBIH, sfHM BKK-HBIH Momenp Kypyra KakeTTi KeOip
Oacramkbl JIeKpeTep MEH aKmaparTaplblH KYpHell eJieHyi HeMece eJIIeHOeyi
KaFainapblHIa KOCBIMIIA alKbIH €MeC akKmaparTapAbl MaijanaHy apKbUIbl
HBICAHHBIH MOJICIIBACPIH KYPY;

— maiimananymbl, sFEA LKT-ra xyiieni memiM maiiblHaay sKiHe KaObLimay
Ke31HAE KOJIJaHyAbl OFaH TYCIHIKTI KOHE BIHFAWIbl TYpPAE XKY3€re achbIpaTbIHF
SFHU aKmapar ajaMmacydbl TaOWFH He KociOm Tinme JKyprizyre KaOinmeTTi
MHTEJUICKTYaAaHABIPBIUIFaH MMaiAaTyIbl HHTEPPEHCiH KYpy.

¥Ycwapurran BKK xympic pexxumaepin Oackapy OOWBIHINA THIMII IIETTiMIL
tagnaynbl kysere acbipathin MIIKKIK «[lafigananymsr (ILIKT) - xommbroTep
(kyiie)» apacblHOaFrbl aKmapar aaMmacyabl LICHIM Jaspiay »oHE KaOwlimay
MPOLECiHAEC KaMTaMmachl3 €TETiH IHAJIOTThl, UTEPATUBTI PEKUMIHIEC MKYMBIC
xacaiapl. uanor mpouenypackl akmaparThl —EHII3Y/IIBIFApy  KYPBUIFBICHI
(mepHeTakTa, TIHTYlp, MOHMTOpP, JHUCIUIEH) apKbUIBI JKY3€re achIpbLIafbl.
ABTOMATTBI aKIapaTThl ©JIIICY JKOHE JKa3y KYphUIFbIIIApBIMEH apHAYJIbl HBICAHMEH
Oaiinanpic WHTEep(dencTepi apKbUTBI OaitaHbICTRIpyFa Oonaabl. Kelibip MaHbI3bI
aKnapar IeH eHipic OoiblHIIA ecen Oepy MaTepHalapblH Karasz[a aly KakeT
Oosica, pUHTEpIep MainanaHblIagbl. APXHUBTIK JIEPEKTEp, PEXKHUM MapaKTapbl,
ecenTep KoHe T.0. CHSIKTBI YJIKEH KeJeMIi ACpPeKTep KaTThl IUCKiIepAe KoHe
0acka CBIPTKBI KaJbl KypajiapblHJa caKTajaabl. AKHaparTsl KOMIbIOTEpIICpACH
0acka KOMIIbIOTEepJIepre HEMece KYpBUIFbIIapFa TachbIMajay >KOHE TachbIMajiiay
KeJIl apKbUIBl HEMece CBIPTKbI CaKTay KypalJapblH NaiganaHy apKbUIbl XKy3ere
achIPbIIaIbI.

CoHbIMEH Typii OHMIPICTIK HBICAHAAPABIH THIMIAI JKYMBIC PEXUMICPIH
TaH/ay/1a OOWbIHIIA IIelTiM KaObuiaay ecentepiH mernrye KomganaTsia MITTKKAX
THIMILTIT] OLmiMaep i hopMann3anusiay, KypbUIbIMAAY, KYPhUTFaH MOACIBIC) XKOHE
HIenriM KaObuiiay ecenTepid menry SBPTUCTUKANBIK allTOPUTMIEPi canaiapbIMeH,
COHpaii-aK naigananymsl HHTepdenci BIHFalIbUIBIFBIMEH aHBIKTAIATBIHBI TYPaJbl
KOPBITBIH/A XKacayFa O0oNaibl.

Kopsoitbiaabl. BKK ontuman et skyMpIC pe:XuMIEpiH TaH1ay OOWBIHIIA TISTTiM
nasipiay skoHe KaOwuiay mporeccrepine xommay kepcety MIHKKIXK kypbutbiMbl
JKaCaKTaJbIM, OHBIH HETi3ri (PYHKIMOHAIABIK OJIOKTAPBIHBIH KhI3METTEpi MEH
cUmarTamayapbl OepilreH.

KywmpicTa TYKBIppIMIaNFaH 3epTey Makcatbl, s¥HH BKK THiMmzmi sxymbic
pexuMepin TaHnayra MyMmkiamik Oepetin MIHKKXX KypbUIBIMBIH Kypy *KoHE
OHZal xyHenepaiH (QyHKINOHANIBIK OJOKTaphl MEH OJapJbIH JKYHENl KYMBICHIH
CHUIATTay, KOJI JKETKi3iliMm, JKy3ere achlpbulFaH. AJl aTalfaH Makcarka >KeTy
YIUiH KOMBUIFaH 3epTTEy MOHJIETTEPl TOJBIFBIMEH wLieuriyireH. JKymbIcTa 3epTTey
3eprrey OapbichiHaa anbiaFaH HoTkenep BKK  cusaxrel kxypneni, Hamap
(bopManM3anusIIaHaThIH, SIFHU aHKBIHCBI3ABIKIICH CUIATTaNaThIH TEXHOIOTUSIIBIK
KYWENEepAiH JKYMBIC PEKUMJEPIH THIMAI Oackapy MakcaTbhlHAa MIemiMaep
KaObUIIay/1a KOJIIAHBUTYbl MYMKIiH.
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Kypsutbimbr yewiasiran UIIKKAXK-HIH yKcac xylenepeH apThIKIIBUTBIFHL:
NINKKAX kypameraa KT, skcneprrep Oimimuaepi, ToxipuOenepi HeriziHze
KYPBUIFaH MOZICIbJEP KYiieci MeH e3-apa OaiijlaHbICKaH TeXHOJIOTHSUIBIK arperarap
KEIICHIHIH ONTUMAJIIBI KYMBIC PEKHMMIH aliKbIH €MeC OpTaaa TaHjaay OOHbIHILIA
mIenriM KaObuiAay SBPHCTHKAIBIK TOCLIIEPI, KOHE HMHTEIUICKTYalJaHIblpbUIFaH
naiaananymsl HHTepQeiici eHeTiHaeriHie.

BKK sxymbIc pexumuaepin ontumusanusuiay yiriH ycsiHbIFaH WIHKKAX
KYpPBUIBIMBL (CypeT 1), >KOFapbl JeHreiie aBToMaTTaHIbIpbUIFaH HbICAHJAp/AbIH,
COHMal-aK  aBTOMATTaHIBIPY JEHIeHIepi TOMEH HBICAHAAPIBIH  JKYMBIC
PEXKUMIEPiH ONITUMH3AIMIIAyFa MYMKIH/IK Oepei. XKyleHiH MyHIall KYPBUTBIMBI
MaTeMaTHKAIBIK KaMTY/IbI )KEeHIJ KeHEHTyTe KOHE OHIIPICTIK MPOIECCTi KYHeTiK
Tajnay OOMBIHIIA jkaHA (PYHKUIMSUIAPABl KOCYFa J1a bIHFAMIIBI OOJBI TaObLIA b

Byt s)xympIcTa 3epTTey OaphIChIHAA KeNleci HEri3r1 HOTHXKENep ajlbIHFaH:

- KapacThIPbUIATBIH MHTEIICKTYaIaHABIPbUIFaH LICIIiM KaOblIayasl KoJaay
XKyHenepinig 0acka KOMITBIOTEPIIiH aKIapaTThIK XKYHelepaeH ailbIpMalIblIbIKTaphbl,
APTHIKIIBUIBIKTAPBl MEH MYMKIHAIKTEP1 TYKbIPBIMIAIFaH;

-NIIKKX MyMKiHOIKTEpi MEH apTHIKIIBUIBIKTAPBIH KAMTAMAChI3 €TYTe KaXKeTTi
NINKKX kypamblHBIHA €HETiH HETI3Ti (PYHKIMOHAIIBIK OJOKTapa MEH MyHIal
KYHenepai KYpyIbIH HeTi3Ti Ti30eKTi KalaMIapbl MEH CHUTIATTaIIFaH;

-MIIKKX-iH Kypy TpoIlenypachlHBIH XY3€Te achIpyAblH HETi3ri Ke3eHuaepi
YCBIHBUIBIIN, CUMIATTAJIFaH;

— 0Oasty KOKCTey KOHABIPFBICH MBICANIBIHAA AHKBIHCBIKIBIKIICH CUMATTAJIAThIH
kypaem XTX-miH xyMbIc pexumaepin 0ackapy OOWBIHINA IIENTM KaObUIIayIbl
KOJay JKYMECiHIH  KYpbUIBIMBI YCBHIHBUIBIN, OHBIH KYpaMBIHAAFbl HETri3ri
(byHKIOEHANABIK OJIOKTapIbIH KbI3METTEP] CUIIATTAJIFaH;

— KypbUTbIMBI YChIHBUTFaH X TXK-1iH KYMBIC pexxumaepiH 0ackapy OoWbIHIIA
THIMII TIenrM KaObULAAyIbl KOJJAy WHTEIUIEKTYalIaH/bIPhUTFAaH JKYHEeCIHH
MHTEJUICKYAIbIK ACHIeHiH apTThIPY JKOJIJaphl MEH o/IicTepi KapacThIPBIIFaH.

3eprrey OapbICBIHA aJbIHFAHU HOTIDKEJIEp Oasly KOKCTey KOHIBIPFBICHI
KYMC peXUMIEpiH Oackapy TMpOUECIHAI THIMII MIemiMAepAl  Kojjaay
WHTEJUICKTYalAaHAbIpbIFal KYHeciH Kypyaa Konmaneiryga. COHBIMEH KaTtap
AJIBIHFaH HOTIKeIep OOoJalIaKkTa aknapar )KeTiCTICYLIIIiTT MeH allKbIHCBI3ABIFBIMEH
cunarranareiH 6acka X TXK-miH xxyMmbic pexxumMepin 6ackapy ootibraIa MITKKXK-
1H KypyZa KaxeTTi OeidiMiey MEeH KeTiIipy apKbLIbl KOJIIAHBUTYBl MYMKIH.
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Abstract. This study explores the application of the NSGA-III multi-criteria
evolutionary algorithm to optimize advertising budget allocation in the agro-
industrial complex (AIC) of Kazakhstan. Given increasing market competition, rapid
digitalization, and evolving consumer behavior, AIC enterprises must modernize
their advertising processes. Key challenges include improving the efficiency of
advertising campaigns, expanding accurate target audience coverage, and reducing
marketing costs. In this context, the use of NSGA-III for multi-criteria optimization
provides an effective tool for balancing conflicting objectives and supporting
decision-making under uncertainty—an essential requirement for the agricultural
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sector. A mathematical model of advertising budget distribution was developed,
incorporating three objective functions: efficiency, cost, and coverage. The NSGA-
IIT algorithm was employed to generate a set of Pareto-optimal solutions, whose
quality was evaluated using hypervolume (HV = 0.876), diversity, and distribution
uniformity metrics. The simulation confirmed the existence of trade-offs: solutions
maximizing efficiency and coverage also tended to increase total costs. Another
significant finding was the strong performance of digital advertising channels.
Optimal strategies allocated up to 39.8% of the marketing budget to digital media,
demonstrating their high effectiveness in the modern agricultural market. Overall,
the research indicates that NSGA-III is a powerful and reliable tool for addressing
complex multi-criteria optimization tasks in agromarketing. The results may serve
as a basis for building data-driven marketing strategies and improving managerial
decision-making within agricultural enterprises.

Keywords: agro-industrial complex, multi-criteria optimization, NSGA-III,
marketing strategies, Pareto front, digitalization
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AnHoranusi. byn 3eprreyne KazakcTaHHBIH arpoeHEpKICINTIK KeHIeHiHAe
(AOK) sxapnama OromkeTin Oemyni oHTainanapIpy yirin NSGA-III ken kputepuiini
ABOIIOIUSUTBIK aJITOPUTMIH KOJJIaHY KapacTeIpblianbl. Kazipri skarmaiima AOK
KACIMOPBIHIAPBI HAPBIKTAFbI XKOFAPhl 03CeKeNeCTIKKe, TU(PIaHIbIpyAbIH apTybIHA
KOHE TYTHIHYIIBIJIAPAbIH MiHE3-KYJIKBIHBIH ©3repyiHe OaillaHbICThI KapHaMabIK
OomsHec mporeccrepi ne Oedimaenyi tuic. OcblFaH OaiIaHBICTBI KapHAMAIBIK
KOMIaHUSIAPAbIH THIMIUTITIH apTThIPY, MakcaTThl ayAMTOPHUSIHBI 1YPBIC KAMTY/IbI
KECHEWTY >KOHE IIBIFBIHIAPABl OHTAWIAHABIPY CHSIKTBI MIHAETTEpi aca ©3eKTi
Oonpit oTBIp. OCBI 3epTTEY KOHTEKCTIHJE aybUINIapyallbUIbIK MapKETHHI1HIE
Kell Kpurepuaiasl oHTainanasipy ymiH NSGA-III sBomonusiIbK alropuTMin
naianany KapacTeIpbuiaabl. by Tocinm 6i3re opTypii akropiapabl TEHECTipyTe
JKOHE OenTrici3mik JKaraaiiblHAa MIenriM KaObuigayFa OalIaHBICTBI MOceleNepIi
THIMJI TIenryre MyMKiHAiK Oepeni, Oy Ka3zakcTaHHBIH aybll IIapyalllbUIbIFbI
OM3Heci YUIIH eTe MaHbI3Ibl €KeHi ce3ci3. 3epTTey OaphIChIHAA KapHAMAJbIK
Oro/pKeTTi OOINymTiH MaTreMaTHKalbIK MOJENi KYpPBUIBI, THIMILTIK, MIBIFBIHAAD
YKOHE KaMTy JIeHreli CUSKTHI HEeTi3ri MaKcaTThl (GyHKIHsIap aHbIKTanIbl. NSGA-
[l anroput™miH KongaHy apKpUibl [lapeTo-oHTalIbl menrMaep KUBIHBI aTbIHBIIL,
onapnbIH canachl runiepkesieM (HV = 0,876), opTypaisik skoHe Tapany OipKeIKimiri
CHSIKTBI METPHKaJIap apKbLIbl Oaraimanibl. Mozaesbley HOTHKEJIEPl KpUTEpHUIIep
apachlHJaFbl aWKbIH BIMBIPAHBI KOPCETTi: JKapHaMa THIMIUIIT MEH KamTy
MaKCHMaJIJaHFaH CaibIH WIBIFBIHAAPABIH TEH Adpexkee ocyi Oaikanapl. COHbIMEH
KaTtap, CaHAbIK jKapHama apHaJapbIHbIH OachIMIBIFBI AHBIKTAJIbl — ONTHMAJ bl
memnriMzaepae onapra OromkeT yiheciHiH 39,8%-ra geiiH OeliHyl onapbIH
JKOFaphl THIMIUTITIH gonenaeiini. Ansiaran HoTmkenep NSGA-III anropurMinig
arpoOMapKeTUHTTEr1 Kyplenl Ken KPUTEPHWl MIHASTTEepHAl IICUIyle >KOFapbl
oJieyeTKe Me eKeHiH kepcereni. 3eprrey HoTmxkenepi AOK kocimopelHAapbIHBIH
MapKeTUHITIK CTpaTerwsuiapblH KYpy MeH Oackapy MIeIIiMIepiH KOoJiay YIIiH
KOJIAAHBLTY bl MYMKIH.

Tyiiin ce3mep: arpoeHepKoCiN KelleHi, KOl KpUTepUasIbl OHTAWIaHIBIPY,
NSGA-III, mapkeTunrtik crparerusuiap, [lapero ¢ppoHThI, HUpIAHABIPY
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AnHoTanmus. B uccienoBaHuM paccMarpuBaeTcs MPUMEHEHHE MHOTOKpH-
TepUATBHOTO 3BOJMIOLUOHHOTO ainroputMa NSGA-III nmns  ontuMuzauu
pacrpeieNieHus PeKJIaMHOTO OrojKeTa B arponpombliuieHHOM koMmiuiekce (AITK)
Kazaxcrana. B ycnoBusiX BBICOKOW KOHKYpPEHLHWH, YCHICHHS LU(POBU3ALMN
W U3MEHEHUs ToTpeduTenbckoro mnoBenaeHus npeanpustusi AIIK BeiHyXIEHBI
aJlalTHPOBaTh CBOU PeKIIaMHbIe OM3HEc-Tpoecchl. Takue 3a/1auu, KaK IOBBILICHUE
3QPEKTUBHOCTH PEKJIAMHBIX KaMIaHUH, pacUIMPeHHEe KOPPEKTHOTO OXBara
LEJICBOW ayTMTOPUH U ONTHMHU3ALHS 3aTpat, IPHOOPETAIOT 0COOYIO aKTyalbHOCTb.
B xone uccnenoBanust coznana MaTeMaTHyecKasi MOJIEIb pacipeaeICHus OroIKeTa,
oIpe/ieNieHbl OCHOBHBIE 1eneBble QyHKuH (3pdekTHBHOCTD, 3aTparhl, oxBat). C
nomotibio NSGA-III nomyuen nabop [lapeTo-onTumManbHbIX peleHn i, OLIeHEHHBIX
o runepoosémy (HV = 0,876), pasHooOpa3uio 1 paBHOMEPHOCTH paclpe/IeICHHUS.
MonenupoBaHre MoKa3ajao HaIUYue YETKUX KOMIIPOMHUCCOB MEKAY KPUTECPHUSIMU:
MaKCHUMHU3alMss oxBara © OS(PQPEKTHUBHOCTU COIMPOBOXKIACTCS YBEIUUCHHEM
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3arpar. Takke TONTBEPKIACHO JIOMHHHPOBaHUE MHU(POBBIX  PEKIAMHBIX
KaHaJOB — WM MOXET BBIIEIAThCA 10 39,8% Oromkera, 4yTo IEMOHCTPHUPYET
WX BBICOKYIO I(PQEeKTHBHOCTh. l[loMydeHHBIE pe3ylbTaThl CBUICTEIBCTBYIOT O
oompmiom moteHnmane NSGA-IIl ans permeHns MHOTOKPUTEPHANBHBIX 3aad
arpoMapketuHra. OHH MOTYT WCHOJIB30BAThCS ISl pa3pabOTKH MapKETHHTOBBIX
CTpaTeruii ¥ MOJACPKKH YIPABICHUSCKUX PEIICHUH arpapHbIX MPEAPHUSITHI.

KuaroueBble cjioBa: arpoNnpOMBIIIICHHBI KOMIUIEKC, MHOTOKPHTEpHAIbHAs
ontummzanusi, NSGA-III, wmapketunroBsle cTpareruu, ¢pont Ilaperto,
nupoBU3aANUS

1. Kipicne.

AybUT HIapyalbUIbIFEl QJIEMHIH Ke3 KeJITeH eJiHIH SKOHOMHMKACBIHAA OopacaH
30p pen arkapazabl, an Kasakcran (Hemece KP) Oyman Thic emec, eWTKeHi
arpoeHepkacinTik kemeH (AOK) a3pIK-TymiK KayincCi3miriHiH HETi3Ti Ke3i jKoHe
MaHbI3/Ibl 3KCHOPTTHIK CEKTOp OOJbIN TaObUIaAbl. J{ereHMeH, COHFBI KbUIAaphl
Kazakcran  PecryOnuKachiHBIH ~ arpOeHEpKICI  KemieHI  OoCEeKeNeCTiKTiH
KYIIEHi, OHJIpiCc THIMIUIIIH apTThIPY JXKOHE OHIMII Oenydi OHTaHIaHIBIPY
KOKETTUTIT1 CUSKTBI Oipkarap Mingertepre tan Ooomnsl (ILlymenbaesa T1.6., 2011;
OwmapxanoBa T.0., 2022; Mamusiposa T.6., 2020; Cei3nbikoB T.0., 2020). CoHmbIKTaH
KaszakcTaHHBIH arpoeHEpKacill KELIeHIHJETi MapKeTHHI TIIeH >KapHaMaHBIH
IUQPIBIK SAICTEPiH MaTeMaTHKAIBIK XOHE KMOSPHETHKAIBIK SiCTepi KoJaaHa
OTBIPBIIT 3ePTTEY/IH ©3eKTiiri OipKarap Herisri (hakropmapra OalmaHbICTEL. ATan
aiiTkanzaa, xkahangany >koHe 3KOHOMUKaHbI HU(pIaHabpy KaFaaibsinaa Kazakcran
aypl1 IIapyallbUTBIFRl QIICTEpI MEH MPOIECTEPiH KAHFBIPTY KAXKETTLTITiHE Tam
0o OTEIp. AN MamuHAIBIK OKBITY (ML) xone NSGA-II, NSGA-III cuskre ket
KPUTEpHAJIbl OHTANIAHABIPYIBIH SBOIIOLUSIIBIK €CENTEY aNTOPUTMIAEPI CHUSKTHI
KaHa TEXHOJOTHSUIapAbl MaijajaHy MAapKeTHHITIK MpouecTepli OacKapyasl
KaKcapTyra, Oocekere KaOUIeTTUTKTI apTThIpyFa JKOHE arpoeHEpKICIMTIK
KeIIeH Ie pecypcTapibl 0oyl oHTainaHAbIpyFa Oipereid MyMKIHIIKTEp Oepei.
bi3nin olibiMbIzma, Ka3akCcTaHHBIH arpoeHEPKACiN KEIIeHIHAETI MapKETHHT TIeH
KapHaMaHbl IM(PIaHIBIPY TYTHIHYIIBUIAPMEH ©3apa iCc-KUMBUIABI JKaKCapThIIl
KaHa KoWMal, HapbIKTBIK YPAICTEPIi TATipeK O0MKayIbl KaAMTaMachl3 €TeTi, CalbII
KeNreHJe, Tayapiap MEH KbI3METTepHiH camacbiH aprTeipans! (Llynenbaesa T.0.,
2011; bnuaoBa, 2015). AybUT IapyaIIbUTBIFbI MAPDKETHHTIHACT1 ITH(PITBIK 91icTep i
3eprrey KaszakcTaHHBIH TYpakThl jkKoHE Oocekere KaOilIeTTi arpapiiblK CEKTOPBIH
KaJIBIITACTBIPY YIIIH ©3€KTi JIeNm ecemnTelMi3, Oyl Te3 e3repeTiH HapBIKTHIK
LIBIHJIBIK YKaFAalbIHAA 6T€ MaHBI3IbI.

ATpOMapKeTHHT — OyJ1 arpOOHEPKACIIITIK CEKTOPIAFbI JKEKEJIETeH KOCIMOphIHAap
JeHIeHinAe Je, MEMJICKeTTIK MAaKpOACHTEHAe € HapbIKTBIK NPOLECTepi
PETTEHTIH KoHE Tajiay JKaCalThIH aybUl MIAPyallbUIbIFbl HAPBIFBIHAAFBI KBI3METTI
Oackapy xy#eci. bipkarap 3eprreyurinepain (Ilepurykos 1.0., 2019; [lonomapenxko
1.0., 2016) mikipiHIIe, arpoMapKeTUHT HAPBIKTBHIH OPTYPIl KaThICYIIbIIAPHI
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apachlHIa e3apa THIMAI aiMacy MEXaHU3MJIEpPiH YCBhIHYFa, COHBIMEH Karap
TYTHIHYIIBIIAPABIH KAKETTUIIKTEPiH aHBIKTayFa >KOHE OJIapAbl KaHaraTTaHABIPY
JKOJJIAPBIH 13/IeyTe JKaFjaail jkacayra KaOimerri. Heri3iHae arpoMapKeTHHT aybul
LIapyallbUIbIFEl HAPBIFBIH TaJiay[bl, OHBIH JUHAMHUKACHIH OOJDKay[bl, ©HIMIe
CYPaHBICTBI KAJIBIITACTBIPY/AbI JKOHE OJIap/bIH TapalyblH bIHTAJIAHIBIPYAbI, CAHBIIT
KEJI'eHJe, aybll MIapyallbUIbIFbl OHIMICPIH OHIIpyre, ©TKI3yre >KOHE HapbIKTa
XKBUDKBITYFa KaThICTHI HETI3JENTeH MIeNiM/ep KaObuigayra MYMKIHAIK Oepyi
KaMTHUIbl, COHJIal-aK arpOeHEePKICINTIK KemeH eri (0y1an opi ArpoeHepKaCinTiK
KEIICH/IET1) HApBIKTHIK XKaFJai/Ibl Oarajay ykoHe 00JbKay MYMKIHIIKTEpiH Oepei.

Kazipri 3amMaHfbl aybUl MIAPyamIbUIBIFBl KOCIIOPBIHIAPHI, 9JIETTE, ©3iH-031
perremerini (Iappumo T1.6., 2000; Kozmorckuit T1.6., 2019), coHmpIKTaH onap
pecypcTapMeH JKOHE aKlapaTTapMeH ajMachlll, CHIPTKbI MAapKETHHITIK OpTaMeH
YHEMi opekerTecin oTbIpanbl. OnapAblH KYMBIC iCT€yl MEH eMip CYpyi CBIPTKBI
OPTaHBIH dcepiHe OalIaHBICTBI, aJl ay bIIIIAPYaIbUTBIK KOCIOPBIHAAPHI ©3 KbI3METIH
cakray YIIiH MAapKETUHTTIK OPTaHBIH ©3repicTepine Oip Me3riiae 63 MyMKiHIIKTEpi
IIETiHE 9Cep eTe OTHIPHII, OeHiMIeyl KepeK. Aybll IIapyallbUIbIFbI MApKETHHTiHIH
Teopusicel MeH npakTukackl (I1lymen6aesa 1.6., 2011; Maausposa 1.6., 2020) COHFBI
KBUIIAPBl KAPKBIH/IBI JaMBII KeJie/i, OyJ eH algbIMEeH aybll LIapyalllblIbIFbl XKOHE
a3bIK-TYJIIK HapPBIFBIHIAFBl OOCEKENECTIKTIH KYIIeIiMeH, coHpal-ak KazakcraH
PecryOnkachkl XaaKbIHBIH ©CYIMEH KOHE eMIp CYpy JCHTeWiHiH >KaKcapybIMEH,
OpTYpIi canajap YIUiH aybll HIapyallbUIBIFBl MINKI3aTBIHBIH MaHbI3AbUIBIFBIHBIH
apTyBI, FBUTBIM MEH OHTIPICTIK KYIITEPIiH JaMybIMeH OaianbpIcThl. KasakcTanmarbl
ayblJ1 MIAPYalIbUIBIFEl KOCITOPBIHIAPBIHBIH )KYMBIC 1CTEYiHIH Ka3ipri Toxipudeci
OHJIIPICTI YHBIMAACTHIPY/ABIH THIMJILTITI, ©HIMHIH TYTHIHYIIBUIAPBIH KYTYyJIepiHe
COMKeCTIiri, COHal-aK KOCIMOpBIHAA OHIMIII 06y MEH OTKi3yIiH cayaTThl JKOHE
JKAKChl YHJIECTIPINTEH JXyHeci aybll MIapyalibUIBIFBl TayapblH OHAIPYIIl MEH
OHBIH KbI3METKEPJIEPiHIH Kap>KbUIBIK JKaFIalibIHA TIKeIIeH ocep eTeTiHiH pacTaiiIbl
(bmuHOBa, 2015).

Ocbl  3epTTey KOHTEKCTIHAE aybUINIapyallbUIbIK  MApKETHHTIHIE Kol
KpUTepHainsl oOHTaiaaplpy yuiH NSGA-III »>BomOUMSNBIK — aJrOpUTMIiH
naiganany KapacTeIpbuiaabl. by Tocinm 6i3re opTypii (akropiapabl TEHECTipyTe
KOoHE OenTrici3mik JKarmaiiblHAa IIenriM KaObuigayFa OalIaHBICTBI MoceleNepIi
THIMJI TIenryre MyMKiHZiK Oepeni, Oy Ka3zakcTaHHBIH aybll IIapyallbUTbIFbI
OW3Hecl YIIiH 6Te MaHBI3IbI EKeHI CO3CI3.

3epTTEey MaTepuaIapsbl.

CoHFBl OHKBUIABIKTApa MAapPKETHHITIK CTpaTerusjapiAbl, OHBIH 1LIiHIE
arpoOeHEPKACINTIK KeIIeH YIIH OHTAMIaHABIPY Mocenenepi 3epTTeyIIUIepIiH
aliTapibIKTall Ha3apbIH aynap/bl, OyJI 09CEKeIeCTIKTIH KYIIe0i )KOHE MEHEKMEHT
KYWenepiHiH camackl MeH OeWiMJenyiHe TalanTap[bslH ©cCyi KaFdaibIHaa
MapKeTHUHTTi 0acKapy THIMILIITIH apTThIPy KaKETTUTIriMeH OaliIaHbICTHI. FhiThiMu
oneOueTTepe OChl CalajiaFbl 3epTTEYdiH OipHEIIe Heri3ri OarbITTaphlH Oein
kepceryre Oomaapl. Heri3ri OarbITTapablH Oipi MapKETHHITIK CTpaTeTrHsuIapibl
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OHTAMNMaHIBIPYABIH ~MaTeMaTHKaJbIK OMICTEpPiH KOJJAaHYMEH OaiylaHBICTBHI
(ITepmrykoB T.6., 2019; [Toromapenxo T1.0., 2016; I'appumo T1.6., 2000; KozmoBckuit
1.0.,2019). Mbicansl, [1epmurykoBT.0.,(2019) s)xone Kapranyn O.C. (2019) 6enriciznik
KaFIaibIHAa MaTeMaTHKAJIBIK TOCIIEPAiH IPAKTUKAIBIK KOJIIAHBITYbIH KOPCETETiH
OIOIKETTIK pecypc LIEKTEYJIEPiH €CKepe OTHIPBII, MAPKETUHITIK CTpaTeTHsuIapAbl
OHTAMNMaHIBIPYABIH MAaTeMaTHKAJBbIK YITUIEPIH YCbIHAIBl. 3€pTTeyAiH Tarbl
O0ip MaHBI3ABI OAaFrbIThl - SKOHOMHKAJBIK JKOHE MaTeMaTHUKAJbIK MOJICNIbAEPre
HeTi3/IereH JepeKTep/li Talay KoHe Ooipkay omictepiH maimanaHy. COHBIMEH,
brmunosa 10.10. (2015) arpoenepkacin KeNIeHIHIETT HAPBIKTHIK TeHICHIIUSIAPIbI
OoJpKay AOMAITH XKaKcapTy YIIiH SKOHOMHKAJIBIK )KOHE MaTEeMaTHKAJIBIK MOZICIIbICY
o/iCTepiH KOMIAaHyAbI 3ePTTEH I1, OYJT HEFYPIIbIM HETi3/IeNreH OacKapy HienriMaepin
KaObUIIayFa MYMKIHIIIK Oeperti.

MapKeTHHTTIK cTparerusuiapipl TapaTy apHajiapbIMeH OipiKTipyre epekie
KeHiI Oexineni. Meicansl, 3eprrey aBropiapsl (Kosanbuyk T.0., 2019) nepconanst
Tanjay >SKOHE OHIMJII TaparTy apHalapblH Oarajay HeTi3iHIe MapKeTHHITI
Oackapy cTpaTervsulapblH TaHJay MOAETBJICPIH YCBIHABI, OYJI aBTOpJIAPIBIH
MiKipiHIIe, MAPKETUHTTIK CTPATETHSIHBIH KO KOMITOHEHTTI CHIIATHIH YKOHE OHBIH
KOCIITOPBIHHBIH KapKbUIBIK HOTIDKEJEPIHE OCEpiH ecKepyre MYMKIHIIK Oepei.
SI¥HM, MOHI OOMBIHIIIA KOTT KPUTEPHILITI Mocelle KOMbLTy/Ia.

Conpaii-ak, aypUIIapyaliblIblK MapKeTHHTIHAC MICHIIM KaObUIAayasl KOJIay
YIUiH 3aMaHayd MAalIMHAJBIK OKBITY TEXHOJOTHSIIAPBIH KOJAAHYIBIH ©3CKTUIIriH
aran eTkeH xeoH. Qiu J. (2021) >xone Hung-Yi T. (2024) cusiKTHI 3epTTEyNEp ayblil
LIapyalbUIbIF bl KOCITOPBIHAAPBIH OacKapyaa MHTEIICKTyalAbl )Kyienepai KoaiaHy
MEPCIEKTUBANAPBIH AIIATBHIH YJIKEH JEpeKTepi Taljay Heri3iHae MapKeTHHITIK
CTpaTerusuiapipl o3ipjey YIIiH HEHPOHIBIK JKEJIJIep MEH OHTalIaHIbIpy
ITOPUTMJICPIH MaliAananyabl KepceTei.

Jlerenmen, Ka3ipri yaKbITTa arpOeOHEpPKOCINTIK KEMIeHJETT MapKEeTHHTTIK
CTpaTerusuiapapl OHTaWIaHABIpy MiHAeTTepi yiniH apHaiibl NSGA-III xonpany
OoiibIHIIA ayKBIMABI 3€epTTEYNiep KYpri3iIMercHiH aranm eTkeH xeH. NSGA-
III anroputmi KanajislK arioMepanysuiapAarbl KajaablKTapael Oackapy (Qu et
al., 2019) xoHe cayma cTpaTerusiapblHa HETI3JIENTeH KOIl areHTTIK Xyienep/e
TanceipManapasl 6eny (Yang et al., 2025) cuskTel Oacka KongaHOanmapaa ©3iHiH
TUIMJILUTITIH KepceTkeHiMeH (Yang et al., 2025), oHbl Kongany 0enrisi 6ip KOHTEKCTe
MOJICHH 3epTTeyaep/i )Kacalpl. O13/1iH 3epTTeyiMi3/Ie TONTHIPY OPBIHABI OONATHIH
FBUIBIMHU OJIKBUIBIKTAP.

ANIBIHFBI 3epTTEyACpAl Talaayasl KOPBITHIHABIIAH Kelle, aybUIapyallblIbiK
MapKETHHTIH KOIl KpUTEPHAJAbl OHTaMIaHIBIPyAa 3BOJIOLMSUIBIK aJTOPUTMIEP
MeH ML oxmictepiH KonmaHy, Oi3f[iH OWBIMBI3IIA, CTPATETUSIIBIK JKOCIAPIIAY/IbIH
TUIMJILUTITIH J)KOHE Te3 ©3TePETiH HAPBIK XKaFaaiiapbiHa OeiiMIeyiH alTapiIbIKTai
apTTHIpaThIHBIH aran eTemi3. COHIBIKTaH OyJl 3epTTey arpapiblK CEKTOPAAFbl
KOCIMOPBIHAAD YIIiH OHTANIbl MAPKETHHITIK CTpAaTeTrHsUIap/bl JKOHE KapHaMaHbI
TY)KBIPBIMJIAY YIIIIH 3BOIIOIUSUTBIK MOJACIBACY dicTepiH, atam aiitkanna NSGA-
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III-1i oman opi a3ipreyre KoHE KOJJaHyFa OaFbITTaFaH.

3epTTeyaiH MaKcaThl MeH MiHJeTTepi.

KazakcTaHHBIH arpoeHEpKoCil KeHIeHIHAErT MapKEeTHHITIK CTpaTerusiapabl
oHTaWmaHaelpynblH  NSGA-III  anropuTmi  HeriziHAe Kem  KpUTEPHUAJIbI
OHTaWIaHJIBIPY OMICiH d3ipIIey.

3epTTey MakcaTbIHA KETy YLIIH KeJieci MiHASTTep IS

ATPOOHEPKACINTIK KEeIIeHAETI MAPKETHHTTIK OFOKETTI 06y po0IeMachiHbIH
MakcarThl QyHKIHUIAphl MEH HIEKTeyaepiH Gopmanuzanusiay.

ATPOOHEPKACINTIK MAPKETUHITIH E€PEKIICTIKTEPIH eCKepe OTHIPHIN, MACceleH1
ety ymin NSGA-III anroputmin Gerimaey.

l'unepkenem (HV), muBepcudukaums xoHe Tapany Oipkenkiniri (Spacing)
METPHKACHI apKBIIBI PITIHAUIEPIiH canachklH OarajiayMeH ecenTey SKCIIePUMEHTIH
xyprizy. CoHpaif-ak anwsiaFaH [lapero-oHTalibpl mIemTiMAEpAl Tannay, OHBIH
inriHae OFOKETTep/Al KBIDKBITY apHaiapbl OOWBIHINA 0Oy JKoHEe KpUTepuiiiep
apachbIH/IAFbl BIMBIPAFa Kely.

ogficTep MeH MoJeJIbaep.

ATPOGHEPKACINTIK KEIICHHIH MAapKeTHHITIK CasicaTblH KOl KPHUTEPUaNIbl
OHTalnmaHIeIpy OapbIChIHIA KapacThIPBUIATBIH KPUTEPUIIEP peciMaeHik.

1. YKapHamanblk HayKaHHBIH THIMILTIT (f;)— OHIM/I ©TKI3y KOJSMiHIH YIIFarobl
(MBICaNbl, aybUIIIApYalIbUTBIK KOCITOPHBIHBIH TaOBICBIHBIH HeMece KipiCiHiH
apTysl).

2. MapkeTHHT XoHE jKapHama LIBIFBIHIAPSI( £, )—KapHAMaJIbIK HayKaHJIapra
YKOHE ayblJI IIapyallblIBIFbl OHIMICPiH KBUDKBITYFa )KYMCAJIFaH XKaJIbl IIBIFBIHIAP.

3. MakcarThl ayIMTOPHSAHBI KAMTY JeHreHi (f;)— apHaMablK HayKaH apKbUTbl
KETKEH MaKCaTThl ayAUTOPUSHBIH YJIECi.

4. XapHamMaJIbIK CTPATETHSIHBIH TYPAaKTBUIBIFBI( f,)—Y3aK YaKbIT Ke3eHiHIeTi
oCepIiH TYPaKThUIBIFBI (MBICAIBI, MAYCBIM/IBIK ayBITKYJIapAbIH TOMEHIEY1).

5. Cary apHanmapbIMEeH WHTerpanusi(f;)-MapKeTHHI KYIITEpi MEH Tapary
apHaJapbl apachlHAAFbl YHiIecTipy AeHredi (Mblcaiibl, OHJIAMH MiaTdopmanap
HEMece aybll LIapyalllblIbIFbl KOCIMOPBIHAAPBIHBIH CEPIKTEC KeiIepi apKblIbl
TaIChIPHICTAp CAHbIHBIH apTYyBI).

Kpurepuiinepaiy opKalChICBIH MakKcaTThIK (QYHKUOMsS —TypiHAe Tajjar,
(hopmagan Kepeuik.

Conan keifin [2, 3, 5, 6, 9, 11] 3eprreynepre cyiieHe OTBIpbII, 013 ocbl popmana
MAaKCaTTHIK (DYHKIUSIIApAbI 5Ka3a ajJaMbl3.

7 :%XIOO%, (1)

AP — aypITIapyammbuiblK  KOCITOPHBIHBIH ~ OHIMIHE JKapHAMaJblK —HayKaH
JKYPTi3TeHHEH KEHIiHT1 MalIaHbIH apTyHhI.
R — *apHaMaJIbIK HAyKaHHBIH YKAaJIIbI IBIFBIH]IAPBI.
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SIFHM, MOH COFYPJIBIM KOFapbl 6onaa1)1( fl) , COFYpJIBIM JKapHama THIMJIipeK

Oomassl.
Kpurepnit ( f, ) - *apHaManbIK KbI3METKE apHAJIFaH KaJITbl OFO/KETTi KOPCeTei.

Onbl Keneciielt opHaryra 0oJiabl:

N

/ =ZC,~, ?)

C, —i-mi apuagarel (uHTEpHET, BAK sKoHe T.0.) skapHaMallbIK IBIFBIHAAD;

N — >xapHaMallblK apHaJIapIblH CaHBI.

OHTalnaHABIPy OCHl KPUTEPUIAIl a3alTyIbl KAMTHIBL.

Kpurtepuii (f,)- apHamajiblK HayKaH J>ETKEH MAaKCATThl ayJUTOPUSHbIH
NaibI3bIH KOpCeTeal, SIFHU.

A
Sy =24 x100%, (3)

otal

— ayIUTOPUSIFa KETTi,

A

reach

A, KAITIBI MAKCATTHI AYTUTOPHSL.
Kpurepuii( f,) yakpIT OO¥bIHIIA KapHAMA SCEPIHIH TYPAKTHUIBIFBIH KOPCETEI,

SIFHU. ] _G(R(t)) o
A C0)

R (t) — Oenrii Oip yakbITTa CaTyIbIH OCYI,
o — Oenrini Oip Ke3eHeTi CaThUIBIMHBIH CTaHIAPTTHI ayBITKYHI,

/M — caTyablH opTalla ecy KapKbIHBI.
Kpurepwii ( ;) MApKETHHT JKoHE caTy opeKeTTepiH YilIecTipyai cumarTaipl,
SIFHH.

fi= M x100%, (5)
total

S, ) — TANCBIPBICTAP/IBIH JKAJIIbl CaHbI,

S, jine — OHIIAVH apHAJIap apKbLIbI TAIICBIPBICTAP CAHBI,

S o ptine — JKEITiJIEH ThIC apHaJlap apKbUIbl TAIICHIPBICTAP CAHBI.

Kpurepuiini OapeiHIIa apTTBIpy MapKETHHT TII€H CaTydblH  OHTAMIIBI
uHTerpanusachld  Ourmipemi.  CoHmbIKTaH ~ 0i3  Kelmeci  MakcaTTapisl
KaHaFaTTaHABIPATBIH BIMBIpaFa Kely IIelIiMiH TaOybIMBI3 Kepek: OapbIHIIa
apTThIpy ( f1 , f3 , f3 , fs ) JKOHE a3auTy ( f1 ) byn 3eprTeyae ecentiy MaTeMaTUKaIbIK
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TY)KBIPBIMBI TEK VI MakKcarThl ()YHKIMSHBI — THIMJIUTIKTI OapbIHINA apTTHIPY/IBI
KaMTbIIBI( /; ), Ay ANTOPUSIHBIH KOJDKETIMILIITIH apTThIpy ( f3) YKOHE IBIFBIHIAPIbI
asaity ( f, ), COHIai-aK dpOip apHara ¢H TOMCHI1 XapHara JKOHE JKaJlllbl XKapHama
OIOIKeTiHE €Ki LIeKTey.

3epTTeEy HOTHIKeIePi MeH TAJIKBLIAY

Kemnkpurepuayiagpl OHTAWIAHIBIPY PHHIUITEPIHE COHKEC MaKCaTThIK
dysxmasnap (f,).(/,), (fy) onraiinanmwipy Garsrrrapsi Tenectipy yiin
e3reprtiyai. Python xomerHaa THIMAITIK TIEH KAMTY MUHYC O€JIriciMeH KOpCeTUITeH.
(F[i,0] = —np.sum(x*self .channels [:,0])), OWI pymoo KypbUIBIMBIHBIH
CTaHIAPTTHI TAKipruOeciHe OaimaHbICThI OOJIBI, MYHIa OAPIIBIK Moceelnep dJIeTKi
OolibIHIIA a3aiiTy Macenenepl peTiae Ty KblpeiMaanaasl. Hotnxkenepni anranHal
kelin (front = —res.F') nyppic TyCiHAipy YIIH MOHAEPIIH MHBEPCHACHI OPBIH
anasel. LLIBIFeIHIAP OH OOITBIN KaTa b, OUTKEHI OJIApAbI a3aiTy MoceNIeHiH OacTarKbl
TYXKBIPpBIMBIHA colikec kenemi. Ochuraiiima, rpaduKTepaeri Tepic KyH MoOHIEpi
OacTamKkbl OH MOHZIEpAl KOpCETeTiH BU3yaium3alys apredakTti Oomb TaObLIaIbL.
Byn motmxenep kecteciHmeri aepexTepai TammaymeH ne pactananbl, VS Code
KOHCOITIHZIE MOJIETIb/ICy HOTHIKEIEPiHiH MIBIFBICBIH KOPCETETIH 2-CypeTTi KapaHbI3
(mbIcaibl, -1,46 mereHAAP 1,46 mMAapTTHl OipMIKTEPIAiH HAKTHI IIBIFBIHIAPHIHA
coiikec kememi). llemrim kaObuiay mpolieciHie albIHFaH IIEINIIMHIH CalachlH
Oararay MaHBI3IBI OOJITBI, aTall AUTKAH 1A, KeJIECl HOTIKeNep ajbiHAbL. | urepkenem
(HV = 0,876) xone oprapanranapipy (Oprypaimk = 0,561) xepcerkimrepi
MAaKCaTThl KOPCETKIITEP/ICH achll TyceTiH [lapeTo GpOHTHIHBIH KAKChI CalachiH
KepceTedi. ApallbIK KepceTKinniHiH Oiprrama acein ketyi (0,579 maxcarka Kapcol
<0,5) memiMaepai OemymiH oprama OipKeJIKi eMecTiriH KepceTeli, Oy KauIibl
KpuTepuiinepi 6ap Mocenesnepre ToH. 2-CypeTTeri eH KaKChl S MeNTiM KpuTepuiiep
apachIHIaFbl BIMBIPAHBI KOPCETEI, SFHU THIMIUTIKTIH MakcuMaiasl MoHIepi (1.32)
xoHe KamTy (1.17) TeopusIbIK KYTYyJIepre ColKec KoFaphl MIBIFbIHAapMEH (~1.46)
KOJI KETKi3iIeTi.

Parallel Coordinates (red - top-5 solutions) Budget distribution across channels

50

g o
148 30
12 55 20
10
10
00 =

Efficiency Coverage Costs Channel1  Channel2  Channel3  Channel4  Channel 5

Costs

Efficiency + Coverage
Budget share (%)

Cypert 1 — 3eprrey HOTHXKEIEP]
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489 | 58680 | 15 | ©.000000E+00 | ©.00000PE+00 | ©.0014190961 | f
490 | 58800 | 15 | ©.000000E+00 | ©.000000E+00 | ©.0016605158 | f
491 | 58920 | 15 | ©.000000E+00 | ©.000000E+00 | ©.0017721305 | £
492 | 59040 | 15 | ©.000000E+00 | ©.000000E+00 | ©.0017780855 | f
493 | 59160 | 15 | e. +00 | o. +00 | 0.0020856014 | f
494 | 59280 | 15 | ©.000000E+00 | ©.000000E+00 | ©.0023992739 | f
495 | 59400 | 15 | e. +00 | 0. +00 | 0.0023992739 | f
49 | 59520 | 15 | e. 00 | e. 00 | ©.0023930396 | f
497 | 59640 | 15 | ©.00000PE+00 | ©.000000E+00 | ©.0030698042 | f
498 | 59760 | 15 | e. +00 | o. +00 | 0.0000241417 | f
499 | 59880 | 16 | ©.000000E+00 | ©.00000QE+00 | ©.0032191525 | f
500 | 60000 | 15 | ©.00000PE+00 | ©.000000E+00 | ©.0008188012 | &

=== QUALITY METRICS ===
Hypervolume: ©.876 (target >0.7)
Spacing: 0.579 (target <@.5)
Diversity: 0.561
=== TOP-5 SOLUTIONS ===
Solution #1 (score: -90.930):
Budgets: [0.596 ©.1 ©.29 0.1 0.412]
Efficiency: 1.32 | Coverage: 1.17 | Costs: -1.46
Budget allocation (%):

Channel 1: 39.8%

Channel 2: 6.7%

Channel 3: 19.3%

Channel 4: 6.7%

Channel 5: 27.5%

Solution #2 (score: -0.934):
Budgets: [0.51 ©.1 ©.339 0.115 0.402]

Cypert 2 — VS Code KoHCOMIHET] 3epTTEY HOTHKEIEPiH MIBIFapy

Canpgplk apHanmapAblH (€H Jkakcbl memiMae 39,8%) koHe OKUFaiIapablH
(5-mi mremrimame 56,7%) OackIM pelli  ONApABIH KOFaphl THIMIUTITIHE >KOHE
OacTankbl JIepeKTepie KaMTbUlyblHa coiikec keneni. Horwxkenepain Ilapero
OHTaWJIBUTBIFBIHBIH KaFUIaTTapblHa COWKECTIrT MbIHANMapMeH pactanansl: 1) 3D
rpadurigeri THIMITIK/KAMTY JKOHE IIBIFBIHAAD apachIHIAFbl aHTHKOPPEILUs
(1-cyperre conm kakTa); 2) mnapamielb KOOpAMHATAJIapAarbl Keml OarbITThI
tenaeHnusap (1-cyperreri opranrsl rpadukrep); 3) mekreynepi cakray (OapIibIK
oromxkerrep >0,1, coma <1,5). Hopmananran kypamaac ynaiinap (-0,930-naun -0,970-
Ke JIefiH) caaMaKThIK akTopiaapasl (TriMaunik ymid 0,6, kamty yuriH 0,4) xoHe
alBINTATYIIBl TIBIFBIHAAP KOX(DPHUIMEHTIH ecKepe OTBHIPHII, MIEeIIiMIEPAl TYPHIC
Iopexeneini. AlbIHFaH HoTWKenepAi Tanmaid oTeipbil, NSGA-III anropurmin
KOJIIaHy MapKeTHHITIK TaJlalTapFa >kayar OepeTiH, acipece aybll IapyalbulbIFbl
KOCIITOPBIHAPHI YIIiH 0achiM eMec MIeHIMIEP/IiH PEenpe3eHTaTUBT] KUBIHTHIFbIH
ayra MyMKIHZIK Oepi ien aiiTa anambi3. ¥ CBIHBUIBI OTBIPFaH YJIT1 TallChIPMaHbIH
KOl KPUTEPUIIIK CHUIATBIH €CKEPEe OTHIPBIN, ArpOOHEPKACINTIK KeleHerl
YKapHaMaJbIK OFO/DKeTTI Oeiry OoifbIHIIA Oackapy MIENIMIEpiH KaObUIaay YIIiH
Heri3 Oona anmazapl. KeliHri 3epTreyinepae 0i3 albIHFAH HOTHXKENEpAl OanmaMalibl
NSGA-II anropuTmiHiH XYMBICBIMEH, COHJIai-aK >KacaH/bl HEUPOHIBIK JKENLIep
CHSIKTBI MAIIMHAJIBIK OKBITY 9IICTEPIMEH CaJIBICTBIPYAbI KOCHApIIall OTHIPMBbI3.

KopbIThIHABI

3epTTey OapbhIChIHIA KeIeCi HeTi3r1 HOTHKeTIep albIH Ib.

NSGA-III anroputmi arpoeHEpPKICINTIK KEIMEHHIH MapKEeTHHITIK OIOKETiH
KOl KpUTepHaJlAbl OHTAMIaHIBIPDY MOCEJECIH MLIelIy/e >KOFapbl THIMALIIK
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KOPCETKEHI aHBIKTAJIBI, O MeTpukameH pacrananel (HV = 0,876, Diversity
= 0,561). KubepHeTukanblKk Momeib/aey OapbIChIHIA KapacTHIPBUIBINT OTBIPFaH
KeJIeCi KpUTepuiiiep apachlHAa bIMBIpara Kelxy OeNTiIeHIi: )kapHaMa THIMIUTITiH
Oapbrama apreipy (1,32) sxone xamry (1,17) sxanmel IlapeTOHBIH OHTAMIBUIBIK
MIPUHIIMIIIHE COWKEC KeNEeTiH KOFaphl MbFbIHAapMeH (~1,40) KON JKeTKi3inmemi.
LudpnbIk apHanap MEH OKUFaIap OHTAMIIbI LISIIIMIEpAE €H YJIKEH MOH/1 KepCeTTi
(colikeciHIe aybUl MIapyallbIIBIFbI KOCITTOPBIHAAPBIHBIH OHIMICPIH KapHaMaayFa
apHanraH OromkerTiH 39,8% xoHe 56,7%), Oy omapabIH 6acTankel IepeKTepaeri
YKOFaphI THIMJIITITiHE colikec keneni. [ padukrepmeri Tepic KyH MoHIEpi pymoo-na
WHBEPTTENTeH MAaKCaTThl QYHKLIHUUIAPBIH BU3YaIM3aLUsICHIHBIH apTedaKTi OOIBII
TaObUIABI ’KOHE HOTHKEIIEP/IiH MaFbIHAJIbl HHTEPIPETALUSICHIH OypMaTaMaiThIHbI
KepceTiireH. Makanaja YChIHBUTFaH MOJIEINb arPOOHEPKACIIITIK KeleH /1eTi 0acKkapy
HIeniMIepiH KoJlay YIIIiH IMaijalaHbITybl MyMKiH €KEeH/IIT1 KOpPCEeTUTl )KoHEe O/TaH
opi 3eprreynep NSGA-III-ue1 6anama anicrepmer (NSGA-II, HelpoHABIK Kemiep)
CaJIBICTBIPYFa OAFbITTATYBI KEPEK.
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Abstract. This article describes how to use modern machine and deep learning
algorithms to automatically detect offensive language in Kazakh-language web
content. The relevance of the research work is aimed at protecting the digital
environment and reducing discriminatory language in social media and user
platforms. To achieve this goal, methods for data collection, pre-processing,
classification model creation and optimization were developed and tested. The
article describes the collection of data from social networks (Instagram, TikTok,
YouTube, Facebook), news sites and forums with Kazakh-language user-generated
content as the object of research. As a practical significance of the research work,
data pre-processing includes noise removal, tokenization, lemmatization and stop
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word removal. As a result of the presented work, the annotated corpus classified
communications as “offensive language words” or “neutral opinions”. The authors
use a hybrid deep learning architecture to create an efficient and flexible system
for automatically detecting discrimination on the Kazakh-language Internet. CNN,
LSTM, Bi-LSTM and Transformer models and their integration with the attention
process are studied to consider local and contextual text features. The result of the
article is aimed at training and validating a model that can recognize offensive and
negative words in comments in online content in real time. This approach to social
media moderation platforms is aimed at improving user safety, removing dangerous
comments, and laying the foundation for research into natural language processing
in the Kazakh language. Multilingual platforms can use the proposed method to
create intelligent systems for automatic moderation and long-term protection of the
digital environment.

Key words: collecting data, online content, hate speech, neural network, deep
learning, detection
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AnHoTamus. byn makana xa3zak TUTIHJIETT BeO-KOHTEHTTET1 Oeroien ce3nepii
aBTOMATTBl TYpAE AaHBIKTAy YIIiH 3aMaHayd MallMHA >KOHE TEPEH OKBITY
ITOPUTMJICPIH KOJIAAaHy TOCUIAEepiH cunarTaiiabl. FeulbiMu 3epTTeyaiH ©3eKTimiri
UUQPIBIK OpTaHbl KOpPFAay JKOHE OJIEyMETTIK MeAMa MEH MaiiaiaHyIIbUIbIK
miatgopManapaa AMCKPUMUHALMSIIBIK TULIIH TapalyblH a3alTy KaKeTTUIriMeH
anbIKTanaabl. Ocbl MakcaTKa >KeTy YIIiH JepeKTepi jKWHay, ajiIblH ala eHJEY,
KJaccuuKanys MOJeIiH KYpy ’KoHe OHTalIaHABIPy 9JIiCTepi 931pieHiN, ChIHAKTaH
oTKi31ai. Makanaia 3epTTey HbICaHbl peTiHJIe aNleyMeTTiK xeminepaeH (Instagram,
TikTok, YouTube, Facebook), »xaHamblKTap calTTapblHAH JKOHE Ka3aKTUIII
KOJIIaHyIIbUIAp KYpPacThIpFaH KOHTEHTI Oap GopymIapAaH ajblHFaH JepeKTepli
YKHHAy YJepici cunarranajsl. 3epTTeyAiH MPaKTUKAIBIK MaHbI3IbUIBIFbI JEPEKTEPIi
QIJBIH alla OHJICY KEe3CeHIHIH — IIyAbl JKOI0, TOKCHU3ALHUs, JIEMMaTH3alusl )KoHE
TOKTAy CO3JEpAl albIl TacTay CHSIKTBHI KaJaMAaplbl KaMTybIMEH TYCIHIIpilemi.
3epTTey HOTHXKECIHJEe aHHOTALMIIAaHFAaH KOPITyC KOMMYHUKAIMsUIApAbl «Oeioaer
ce3» Hemece «OelTapan miKip» Jen OKikTed amabl. ABTOpiap Kas3akKTuUIIl
WHTEPHETTEr1 JAUCKPUMHUHALMSHBI aBTOMATThl TYPHE AaHBIKTAyIbIH THIMII opi
WKEeM/Ii KYHECIH Kypy YUIIH THOPUATI TePEH OKBITY apXUTEKTYpachiH KOJIaHa bl
JKeprimikTi >koHE MOTIHMOHIIK EpEeKIICTIKTEpAi eckepyre MYMKIHAIK OepeTiH
CNN, LSTM, Bi-LSTM xone Transformer ynrinepi, coHmaii-aK Hazap ayaapy
MeXaHHM3MiH HHTETpalusiay Tocliaepi Tanana pl. MakajJaHbIH HOTHKEC] OHIAiH-
KOHTEHTTETI MiKipiepeH Oeio/Ier )KoHe HKaFbIMChI3 CO3/Iep/Ii HAKThI YaKbITTa TAHU
aJIaThIH MOJICNIBJII OKBITY KOHE BajUJalUsuiay OOJJbl. OJCYMETTIK JKEeNUIepi
Mojiepanysuiay IiaTgopManapbl YIIiH YCBIHBUIFAH OJIC KOJAaHYIIbLIAPIbIH
KayilCi3AiriH apTThIpyFa, KayilTi MIKIpiephi >KOIoFa JKOHE Kas3akK TiTiHIeTi
TaOUFU T ©HZCY OOWBIHIIA OoJallaK 3epTTeyiepre Heri3 kamaiael. Kemrinmi
miatopManap YCHIHBUIFAH TOCUIAI  aBTOMATTBl ~ MOJepalusra apHalFaH
WHTEJUICKTYal bl JKyHelepai JaMbITy >KoHe HUQPIBIK OpTaHbl y3aK Mep3imii
KOpray YIIiH naianaHa ajgaisl.

Tyiiin ce3nep: aepekTepii >XKHHAY, KEIUIIK KOHTEHT, AWCKPUMHHALUSIIBIK
ce3Jiep, HEHPOHIBIK JKeli, TEPCH OKBITY, aHBIKTay

42



ISSN 1991-346X 4.2025

© A.O. Aauesal, B.C. Omapos!, P.b. Agapaxmanos’, /I.P. Cyaran?,
A.B. TokTraposa™, 2025.

"MexmyHapOIHBIN Ka3aXCKO-TYPEIKHI YHUBEPCUTET UMEHH XO/KH AXMera
Sccasu, Typkecran, Kazaxcran;

“MexIyHapOIHBIH YHUBEPCUTET HH(POPMAIIMOHHBIX TEXHOJIOTHI,
Anmatsl, Kazaxcras;

SMeskayHapOIHbIH ¥HHBepcmeT Typu3Ma B TOCTETIPUUMCTBA,
ypkectaH, Kazaxcran;
‘Yuusepcurer Hapxos, Anmarsl, Kazaxcran;

SHOxH0-KazaxcraHckuii yHuBepcuTeT uMeHn M. Ay330Ba,
[IemvkenT, Kazaxcran.

E-mail: toktar.aigerim@list.ru

HEMPOCETEBASI MOJIEJIb JIJISI ABTOMATHYECKOI'O
OBHAPYXEHUSA JTUCKPUMUWHAILINU B KA3ZAXCKOM SA3bIKE

AnneBa Ak0asiH — KaHINUAAT [TeJaroTHUeCKUX HayK, TOIEHT Kadenpsl KoMIbroTepHOH HHKEHEepHH,
MesknyHaponHbIl Ka3aXcKo-Typelkuil yHusepcuteT uMmeHu Xomxu Axmera SflccaBu, Typkecraw,
Kazaxcran,

E-mail: aliyevaakbayan@mail.ru, https://orcid.org/0009-0006-6932-7302;

Omapos Barteipxan — PhD, nouenrt kadenpst MHpopmanmoHHble cucTeMbl, MeXTyHapOIHBIH
YHHBEPCHUTET HH(POPMAIIMOHHBIX TEXHOJIOTHH, AnMarsl, Kasaxcran,

E-mail: batyahan@gmail.com, https://orcid.org/0000-0002-8341-7113;

AoapaxmaHoB Pycram — KaHAUAAT TEXHUYECKUX HAyK, JOLEHT, MEKIyHApOAHBI YHUBEPCUTET
Typu3Ma U rocrenpuumctsa, Typkecran, Kazaxcran,

E — mail: abdrakhmanov.rustam@iuth.edu.kz, https://orcid.org/0000-0003-0385-0684;

Cyaran Jauusip — PhD, nonent xadenpsr Mudopmarmonnsie cucremsl, YauBepcuter Hapxos,
Anmarel, Kazaxcras,

E-mail: sultan.daniyar96@gmail.com , https://orcid.org/0000-0002-1611-1923;

ToxrapoBa Aiirepum — PhD, xadenpa MuH(OpManmoOHHO-KOMMYHHKAIIMOHHBIX TEXHOJOTHI,
IOxn0-Ka3axcranckuit yausepcuter uM. M. Ayasosa, llIsiMkenT, Ka3axcran,

E-mail: toktar.aigerim@list.ru, https://orcid.org/0000-0002-6265-9236.

AnHHoOTanus. B 1aHHOI cTaThe paccMaTpUBaETCs UCIIOJIB30BaHUE COBPEMEHHBIX
QJITOPUTMOB MAIITMHHOTO U ITyOOKOTO O0Oy4YEHUS JIJIsl aBTOMATUYECKOTO BBISIBIICHUS
HEHOPMATUBHOM JICKCMKH B Ka3aXCKOS3BIYHOM BEO-KOHTEHTE. AKTYajJbHOCTh
WCCIICIOBAHUS 3aKJIIOYaeTCs B HEOOXOAMMOCTH 3allMThl LH(POBOW Cpeabl U
CHIDKEHUM YPOBHS JINCKPUMHUHAIIMOHHON JICKCUKH B COIMAJIBHBIX CETSX M Ha
MOJIb30BATENbCKUX MIaTdopmax. st TocTHReHMs 3TOH 1eau ObUIH pa3paboTaHbl
Y anpoOUpPOBaHbI METOJIBI COOpPa, MPEIBAPUTEILHON 00pAaOOTKU JaHHBIX, a TAKKE
MOCTPOCHMSI ¥ ONTUMHU3AIUU Mojiesiel Kiaccudukanuu. B crarbe mpUBOAUTCS
ornucanue cOop JMaHHbIX M3 cormanbHbix ceteil (Instagram, TikTok, YouTube,
Facebook), HOBOCTHBIX caiiTOB ¥ ()OPYMOB, OOBEKTOM HCCJIC/IOBAHUS KOTOPBIX
SIBJISIETCS  Ka3aXCKOSA3BIUHBIM  IOJb30BATENbCKUM  KOHTEHT. lIpakrtuueckas
3HAYMMOCTh MCCIICIOBAHMS 3aKIIFOYACTCS B TOM, YTO TpeABapUTelibHAs 00padoTKa
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JaHHBIX BKJIIOYAET B ceOs ynaJeHHe I[IymMa, TOKCHH3ALHMIO, JIEMMAaTH3alHI0 U
yaaJleHHe CTOI-CJIoB. B pesynbrare mpeacTaBieHHONH paOOThl aHHOTUPOBAHHBIN
KOPIyC TO3BOJMJI  KJIacCU(HUUUPOBaTH COOOIICHHS KaK «HEHOPMATHUBHYIO
JICKCUKY» WM «HEUTpaJbHbIe MHEHUS». ABTOPHl MCIHOJIB3YIOT THOPHIHYIO
ApPXUTEKTypy TIyOOKoro oOy4deHHs s co3naHusi SPQPEeKTUBHOW W THOKOM
CHCTEMBl aBTOMATHYECKOTO BBISBICHUS IUCKPUMHMHAIMHA B Ka3aXCKOS3BIYHOM
naTepHete. M3yuarorcs monmenmn CNN, LSTM, Bi-LSTM wu Transformer, a taxxe
UX MHTETpauusi ¢ MPOLECCOM BHUMAHUS AJISl yuéTa JIOKaJbHBIX M KOHTEKCTHBIX
ocobeHHOCTEN TeKcTa. Pe3ynpraTtom HccnenoBanus CTajlo 00yuyeHHE U BaJIUAALUS
MOJIETIH, CIOCOOHON pacno3HaBaTh OCKOPOUTEIbHBIC U HETATUBHBIC BBIPAKCHUS B
KOMMEHTAPHUSX K OHJIAI{H-KOHTEHTY B PeXKHME peaibHOro BpeMeHH. [IpeioskeHHbIi
MOAXOJ OPUEHTUPOBAH Ha MOBBILICHHE OE30MaCHOCTH TOJIb30BaTelIeH, yaaaeHue
OINACHBIX KOMMEHTapHeB M CO3laHue 0asbl A JalbHEHIIMX HCCICJOBAaHUN B
obnact 00pabOTKM €CTECTBEHHOTO SI3bIKa Ha Ka3aXxCKOM si3blke. [IpemioxkenHas
METOJOJIOTHSI MOXKET OBITh aJanTUPOBaHAa MHOTOS3BIYHBIME  IUIaTGopMaMu
Ul pa3pabOTKH HMHTEIJICKTYyaJbHbIX CHCTEM AaBTOMAaTHUECKOH MOJEpanuu u
JOJITOCPOYHOH 3aIUThI HUPPOBOI Cpebl.

KitroueBble ciioBa: cOop JaHHBIX, OHJIAHH-KOHTEHT, AMCKPHUMUHALMOHHBIC
CJIOBa, HEHPOHHAs CETh, ITyOOKoe 00y4yeHne, oOHapyKeHue

Introduction. The advancement of digital technology and the pervasive
utilization of social networks, instant messaging applications, and open
communication platforms have substantially augmented the volume of user-
generated information disseminated on the Internet. Simultaneously, there is a rise
in the volume of messages featuring toxic language, insulting terminology, and
various manifestations of hate speech. Such phenomena provide a significant risk
to the psychological well-being of users and to the establishment of a secure and
conducive digital environment. The necessity of creating efficient techniques for
the automatic identification and filtration of such content arises from the imperative
to safeguard vulnerable populations, particularly children and teenagers, while also
ensuring a high standard of information security on the Internet. Recent years have
witnessed notable advancements in the scientific literature regarding automated text
analysis and the identification of undesirable content. Machine learning and deep
neural network methodologies have been established and are currently employed,
encompassing models based on convolutional and recurrent architectures (CNN,
RNN, LSTM), in addition to transformers and their variants.

These methodologies are effectively employed to address the issues of classifying
toxic communications, detecting cyberbullying, and forecasting manifestations of
violent behavior in both English-language and multilingual online environments
(Omarov, 2025). Furthermore, the deployment of such systems on platforms for
automated moderation of social networks, online forums, and news portals can
markedly diminish the velocity of harmful information propagation. Nonetheless,
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despite advancements in this domain, the Kazakh-language section of the Internet
remains inadequately researched. The scarcity of comprehensive labeled corpora,
inadequate representation of the Kazakh language in global research, and the
unique morphological characteristics of the language provide significant challenges
in developing effective and precise models (Azhibekova, 2025).

Developing and training algorithms necessitates intricate tasks, including data
collection from many sources, preprocessing, annotation, and the creation of a
specific corpus. Creating tailored systems that accurately recognize toxic language
and symptoms of hate speech in the local digital environment is contingent upon
a high-quality and representative corpus. Consequently, undertaking research in
this domain is essential for establishing a secure and culturally attuned Internet
environment in Kazakhstan.

Related work. Recent years have seen a proliferation of research focused on the
automatic identification of toxic language and hate speech, predominantly within
the English-speaking domain of the Internet. International research emphasizes
the advancement and comparative evaluation of machine learning algorithms,
encompassing traditional classification techniques and contemporary deep learning
methodologies.

Initially, such issues were addressed by conventional text processing techniques
and statistical models. Specifically, Support Vector Machine (SVM), Logistic
Regression, Naive Bayes, and Random Forest were employed, yielding appropriate
outcomes with meticulously chosen features. Nevertheless, these strategies were
inadequate when addressing substantial quantities of unstructured texts and when
attempting to discern the concealed semantics of hurtful remarks.

With the advancement of deep learning technologies, recurrent neural networks
(RNN), long short-term memory networks (LSTM) and its variants, together
with convolutional neural networks (CNN), have been extensively employed to
extract contextual and local information from text. Recent research illustrates the
superior efficacy of hybrid models that include LSTM and CNN, alongside the
implementation of attention mechanisms and transformers (BERT, RoBERTa),
which facilitate the consideration of both local and global dependencies within the
text.

Significant emphasis in global literature is placed on the development of
specialized corpora for hate speech detection tasks. Huang proposed a multilingual
Twitter corpus to examine demographic bias in the identification of harmful
information (Huang, 2020). Sachdeva utilized Rasch measurement theory to
evaluate the reliability of annotations and discern variations in the perception of
message toxicity (Sachdeva, 2024). Fanton developed a corpus of counter-narratives
to counteract hate speech employing the Human-in-the-Loop methodology (Fanton,
2022).

Notwithstanding advancements in international research, the Kazakh-language
segment remains inadequately explored. The scarcity of open corpora and the
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limited availability of annotated data hinder the creation of precise models.
This underscores the necessity of developing localized corpora and tailoring
contemporary deep learning architectures to the morphological characteristics of
the Kazakh language (Mussiraliyeva, 2021).

Materials and Methods. This study employs a comprehensive methodology
for the automatic identification of hate speech in Kazakh-language online content,
encompassing multiple sequential phases: data collection, pre-processing,
annotation, corpus formation, and the development and evaluation of deep learning
models (Bolatbek, 2024).

The process of constructing a data corpus is crucial for developing a system
that automatically detects hate speech in Kazakh-language online content, as the
efficacy of subsequent training of machine and deep learning models is directly
contingent upon the quality and representativeness of the gathered data.

‘ | ‘ |
. - ' speech
Collecting 240 Y, | Classifying data using ‘

a Data from |, three annotators
| Online Content
Creating a training
dataset

—p
|
Integration of Data

O £

. Removing
Wf)rd : e Deleting stop Tokenization unnecessary -
vectorization words characters and
: - m
u

Text preprocessing

Figure 1 - Data collection and preprocessing framework

A variety of sources were utilized to construct the corpus, ensuring extensive
representation of user speech (Figure 1). The primary data sources were:

a) Social networks such as Instagram, TikTok, YouTube, and Facebook offer a
plethora of casual content accompanied by emotive and spontaneous commentary,
where instances of hate speech are prevalent.

b) News portals and online media such as Tengrinews, Informburo, and
Massaget feature comments on news that reflect socially significant issues and
include instances of violent language.

c) Internet forums and specialized platforms, where in-depth conversations
occur and covert instances of foul language may be present.

Two methodologies were employed to automate the collecting:

a) Utilization of Python scripts employing the BeautifulSoup and Selenium
libraries for the direct processing of web pages to extract comments and messages
from open sources.

b) Utilizing official social media APIs (YouTube Data API, Facebook Graph
API) enabled the collection of substantial data in a structured format (Haleem,2021).

46



ISSN 1991-346X 4.2025

To guarantee the representativeness of the corpus, the sample encompassed
texts that illustrated both informal user discourse (colloquial language, emotive
expressions) and public discourses (socially and politically pertinent subjects). At
this step, initial filtering was conducted, which involved eliminating duplicates,
discarding unnecessary messages (such as advertisements), and identifying the
language to keep solely Kazakh-language content.

Following the establishment of the primary corpus, manual annotation was
conducted with the involvement of three voluntary annotators: a researcher, a
psychologist, and a Kazakh language educator. Each text was categorized as either
"hate speech" or "non-hate speech". This method guaranteed a significant degree of
dependability and consistency in the annotation.

Consequently, a systematic and representative corpus of Kazakh-language
internet content was established, serving as the foundation for later preprocessing,
model creation, and training of classification algorithms (Ojo, 2022).

The concluding phase of the study entailed the use and evaluation of deep
learning techniques for the automatic classification of Kazakh-language internet
content as either including or not comprising hate speech. The study initially
encompassed traditional deep learning architectures, including LSTM, Bi-LSTM,
CNN, and MLP, facilitating an evaluation of their efficacy in addressing the
agglutinative structure of the Kazakh language and revealing the limitations of each
model (Zhu, 2019).

The preliminary stage results indicated that employing each architecture alone
yields adequate accuracy; nonetheless, it is insufficient for detecting contextually
obscured insults and latent manifestations of hate speech (Guo, 2025). A hybrid
model was devised and executed, integrating the advantages of multiple deep
learning techniques.

Input layers LSTM

E Bidirectional ——» Layer Normalization
| O o oo oo
o

Global Max Pooling (GMP)

Vectorization Attention mechanism
> Obtaining input text vectors
# Calculating weights Dropout layer
> Applying the
# Softmax function Creating the context
vector Not hate
speech

Figure 2 - Framework for the development and training of models

Random neuron dropout
(Dropout)
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The hybrid architecture's structure, seen in the diagram, comprises the subsequent
stages (Figure 2):

Word vectorization is an important step in preparing text data for processing
by deep learning algorithms. After text preprocessing, including tokenization,
lemmatization, and stop word removal, each word is converted into a fixed-
dimensional numerical vector representation that reflects its meaning and contextual
relationships.

W, — 1, = (Vixs Vigr oo, Vi) (1)

Where W, — input words, ¥, — It is a vector representation of dimension d,
comprising numerical values that encapsulate the semantic attributes of the word.

The Word2Vec and FastText models are employed to generate such vectors.
The Word2Vec model generates vector representations derived from word
contexts, assigning like vectors to words that appear in comparable situations.
FastText enhances this methodology by incorporating subwords and morphological
components, which is particularly significant for the Kazakh language due to its
agglutinative nature (Chen, 2024).

Vectorization assigns a numerical representation to each lexeme, enabling input
into neural networks like Bi-LSTM or CNN for enhanced feature extraction and
categorization of messages into the categories of "hate speech" and "non-hate
speech".

During the extraction of contextual data, bidirectional LSTM layers are
employed, enabling the model to concurrently assess the text sequence from both
left to right and right to left (Zhang, 2018). This method guarantees that both
preceding and subsequent words are considered for each text element, which is
particularly crucial for the Kazakh language due to its agglutinative morphology and
flexible word order. Consequently, deep context vectors are generated, representing
semantic dependencies inside a phrase and latent semantic relationships among
words.

h, = [RI"%; hEwe] )

Where, pf*2 _concealed state of advancement,

hEwe _hidden state of the opposite direction,

h, — shared context vector for position t

The utilization of Bi-LSTM facilitates the successful extraction of long-term
dependencies and consideration of sentence context when categorizing text as "hate
speech" or "non-hate speech." The integration of these features with subsequent
convolutional or fully connected layers enhances the model's accuracy while
processing real data from social networks and news sources.

The subsequent phase in text processing is employing a Convolutional
Neural Network (CNN) to extract localized features and distinctive patterns
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within text input. In the realm of hate speech analysis, CNN excels in detecting
n-gram dependencies that may signify the existence of hostile or toxic words. A
convolutional layer systematically "slides" over a matrix of word embeddings,
calculating a filter response for each segment of text. Each filter of fixed width k
encapsulates the local context of k successive words (Naser,2025).

Consequently, a feature map is generated for each filter, indicating the frequency
of a specific pattern's occurrence in the text.

€ = F(W*x;,,444, + D) 3)

X;,; 1141 —Vector representation of a word sequence of length k

W- filter weight matrix

b —bias

fF(*=) — activation function

€; — the value of the attribute at position i

Subsequent to the use of convolutional filters, Global Max Pooling is employed
to identify the most salient features over the full sentence length. This enables us to
diminish the dimensionality of the feature space and concentrate on critical signs
of hate speech, like combinations of harsh language, aggressive expressions, or
distinct markers of toxicity.

Employing a CNN at this juncture equips the model to identify localized
patterns of harmful discourse that may remain obscured when solely examining
the overarching context. In the hybrid architecture, these features are integrated
with context vectors derived from Bi-LSTM, enhancing the precision of message
categorization (Sharifi, 2025).

The concluding phase of the model's functionality entails the amalgamation of
two categories of features:

a) Contextual characteristics derived from Bi-LSTM, which consider the
semantic relationships of words inside a phrase;

b) Local characteristics derived from CNN, which represent distinctive
n-gram patterns and localized indicators of abusive language.

The features are amalgamated into a singular vector, which is subsequently
input into a fully linked layer. This layer categorizes messages utilizing the Softmax
function, which computes the likelihood of the text being classified as either "Hate
speech" (contains hate speech) or "Not hate speech" (does not contain it).

i
4
Piy) =% N
Where, zi — output of the model for class i,
K — number of classes

P(y,) - likelihood of a message being classified as belonging to class i
The research covered all important processes for automatically detecting hate
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speech in Kazakh-language internet content, from data collection and annotation
to hybrid deep learning model creation and evaluation. A sample corpus from
social networks, news portals, and forums was preprocessed to remove stop words,
tokenize, lemmatize, and filter unnecessary content. Three volunteer professionals
annotated corpus. After converting the data into vector representations using
Word2Vec and FastText models, Kazakh semantic and morphological properties
were numerically represented. A hybrid architecture using Bi-LSTM for contextual
dependency capture and CNN for local pattern recognition extracted features and
built a classifier. The incorporated features were fed into a fully connected layer
using a Softmax function to determine whether a message was "Hate speech” or
"Not hate speech".

Results. Experiments were conducted on three data corpora—Kazakh, Russian,
and English (Hate Speech and Offensive Language Dataset)—to assess the
effectiveness of the proposed model. The model was evaluated against traditional
machine learning algorithms (Logistic Regression, Random Forest, Decision Tree,
Naive Bayes, K-Nearest Neighbors, SVM) as well as contemporary deep learning
architectures (LSTM, BiLSTM, CNN, RNN, MLP, Transformer).

Table 1. Evaluation of the efficacy in Kazakh, Russian, and English

EZ?:b(:;e Method | Algorithm Accuracy |Precision |Recall |F1-score ﬁgg-

Database in | Deep | Proposed | o) 1o/ |g30, 92.5% [92.9% |95%
Kazakh learning | model

LSTM 91.0% 92.5% 92.8% [92.5% |92%

BiLSTM 91.3% 92.6% 93%  [92.7% |92%

CNN 89.2% 89% 89%  [88.7% |90%

RNN 89.7% 89.5% 90%  [89.9% |94%

Machine |LR 87.3% 85.2% 86.2% [85.1% | 78%

learning | RF 85.6% 83.9% 83.1% |83.7% |92%

DT 87.4% 83.2% 86.3% |85.1% |80%

NB 60.2% 52.4% 58.5% |64.2% |65%

KNN 85.1% 85.4% 82.2% [85.6% |77%

SVM 86.2% 85.3% 83.7% |85.8% |78%

Database Deep | ¥ChHbutran | o) 50, | 930, 92%  924% |94%
mn Russ1an learmng MOICIb

(Russian BiLSTM 91% 92% 92%  [92% 93%

Language CNN 88.7% 89% 89%  [88.9% |90%

Toxic LSTM 90% 91% 91.5% [912% |93%

Comments) RNN 89% 89% 91%  |90% 92%

Machine |LR 87.3% 85.6% 87.4% [60.2% |85.1%

learning | RF 85.2% 83.9% 83.2% [52.4% |85.4%

DT 86.2% 83.1% 86.3% [58.5% |82.2%

NB 85.1% 83.7% 85.1% [64.2% |85.6%

KNN 75% 90% 76%  |68% 7%

SVM 87.3% 85.6% 87.4% [60.2% |85.1%
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Type of Method | Algorithm Accuracy | Precision | Recall | F1- AUC-
database score |ROC
Database Deep Recommended 95% 96% 96.5% [96% 97%
in English learning | model
(hate-speech- LSTM 93% 925%  [94% |95%  [95%
and-offensive- MLP 91.5% 92% 93% |92.5% |94%
language) CNN 90% 92% 91% |91.5% [93%
RNN 91% 93% 92% [92%  |92%
Machine |LR 89.3% 90% 89.5% [89.3% [89%
learning |RF 88.6% 89% 88% |88.5% [39%
DT 87.4% 83.2%  [86.3% [85.1% [80%
NB 86.2% 82.4% 85.5% |84.5% [85%
KNN 87.1% 85.4%  |87.2% |86.4% [87%
SVM 87.2% 87.3%  |86.7% |85.8% [88%

The hybrid model applied to the Kazakh corpus achieved an Accuracy of
92.1%, Precision of 93%, Recall of 92.5%, F1-score of 92.9%, and AUC-ROC
of 95%, surpassing all traditional and individual neural architectures. Among
the base models, BILSTM demonstrated the highest performance; however, the
incorporation of CNN and attention mechanisms into the hybrid model resulted in a
substantial enhancement in performance, particularly in the F1-score metric, which
indicates the equilibrium between recall and accuracy.

The Russian-language corpus yielded the following indicators: Accuracy 91.5%,
Precision 93%, Recall 92%, F1-score 92.4%, and AUC-ROC 94%. These results
further validate the stability and versatility of the proposed architecture within a
morphologically rich language context.

The English-language corpus (Hate Speech and Offensive Language Dataset)
yielded notable results: Accuracy 95%, Precision 96%, Recall 96.5%, F1-score
96%, and AUC-ROC of 97%. This results from the greater volume and improved
balance of English-language data, facilitating more effective model training.

The comparative results indicate that the proposed model offers:

a) Notable enhancement in all primary metrics relative to baseline models;

b) Significant robustness to class imbalance, particularly relevant for Kazakh-
language and Russian-language datasets.

The potential for generalization across various languages and domains,
encompassing social networks and open platforms, is noteworthy.

The proposed architecture serves as an optimal solution for the automated
detection of hate speech in multilingual online environments, achieving a balance
among accuracy, recall, and overall performance.

The developed model's practical applicability is demonstrated through the
implementation of the web interface "Kazakh Hate Speech Detection," which
analyzes text messages to classify them as either "Hate speech" or "Not hate
speech" in real time.
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Kazakh Hate Speech Detection

Enter text to analyze:

CeH WOoWKACH!

/.

Hate Speech Detected!

Confidence: 100.00%

Figure 3 - Web interface of hate speech detection (hate speech)

Figure 3 illustrates an instance of inputting a message with offensive language
("sen shoshgasyn"), which the system accurately categorizes as "Hate speech" with
a certainty of 100%.

G  © 127001

i Deep Leaming Tech. @ Practical Deep Lear..

Kazakh Hate Speech Detection

Enter text to analyze:

P
Analyze Text Train Model

No Hate Speech Detected

Confidence: 100.00%

Figure 4 - Web interface of hate speech detection (not hate speech)

Figure 4 illustrates the processing of a neutral statement ("sportpen ainalysu
mangyzdy"), which the model classifies as "Not hate speech" with a correspondingly
high probability. The results indicate that the proposed model exhibits high
accuracy rates on test samples and possesses practical applicability for integration
into automatic online content moderation systems.

The authors developed and tested a hybrid deep learning system to automatically
detect hate speech in Kazakh-language web content. The suggested model has good
accuracy, Fl-score, and AUC-ROC values of 92%, 92%, and 95%, respectively,
suggesting its stability and capacity to identify offensive from neutral phrases.

Comparing classical machine learning algorithms (LR, RF, NB, KNN, SVM)
and deep learning models (CNN, LSTM, Bi-LSTM, RNN), the hybrid architecture
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achieves the best accuracy, completeness, and classification balance.

Real-time text message analysis was demonstrated by "Kazakh Hate Speech
Detection," an online application. Empirical testing showed that the system
can detect offensive and neutral messages, proving its applicability for online
moderation.

The results show that the proposed approach can create a safe digital environment
in Kazakh-language Internet.

Discussion. The study found hybrid deep learning architectures effective for
automatically detecting hate speech in Kazakh-language web content. Comparative
investigation indicated that combined Bi-LSTM and convolutional CNN layers
enhance contextual data retrieved by the recurrent network and local patterns
recognized by convolutional filters. This method detects overt and covert verbal
aggressiveness more accurately than typical machine learning models. High
Accuracy, Fl-score, and AUC-ROC values on three language corpora (Kazakh,
Russian, English) demonstrate the architecture's adaptability to multilingual data
and class imbalance resistance. The study's "Kazakh Hate Speech Detection" web
interface showed the model's real-time message analysis potential. This tool can be
used in social network and forum moderating systems and digital security projects.

Despite the outcomes, certain issues must be addressed. First, the training data
corpus does not contain all Kazakh-language Internet sources and stylistic traits.
Second, the current architecture ignores complicated interphrase connections and
discourse history, which could improve hidden aggressiveness detection. Expanding
the corpus to include emoji and slang language and combining attention processes
and transformer architectures to increase model interpretability are promising
research areas.

Conclusion. The research proposes using new deep learning approaches
to automatically detect hate speech in Kazakh-language web content. After
tokenization, lemmatization, and stop word removal, a representative corpus of
texts was constructed and annotated. A hybrid model incorporating Bi-LSTM and
CNN was implemented on this corpus to achieve good classification accuracy and
data imbalance resistance.

The system was tested in real time and shown to be effective for automatic
content filtering, information security, and toxicity reduction on Kazakh-language
Internet. Development prospects include increasing the corpus, incorporating
multimodal data, and adding adaptive training methods to develop a universal tool
for online communication monitoring and analysis.
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Abstract. This paper addresses the efficiency gap in compact, self-starting
electric generators for autonomous devices, where mechanical and electrical
losses degrade output and lifetime. We study a pulse-controlled generator with
a pendulum-inertial cone rotor and dual magnetic excitation — constant field
for stabilization and alternating field for adaptive energy injection — targeted at
maximizing conversion from mechanical oscillations to electrical power. A time-
domain model with realistic losses (bearing friction, coil resistance, current/voltage
limits) was implemented in Python/NumPy and validated by numerical experiments
over 0—10 s. Parameter sweeps covered moment of inertia, friction coefficient,
load resistance, pulse amplitude and duration, number of turns, and magnetic flux;
outputs included angular speed, induced EMF, current, and accumulated energy.
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Our key hypothesis is that combining inertial smoothing with sparse pulse actuation
increases net energy and extends steady operation versus a permanent-magnet, no-
pulse baseline. The simulations confirm this, attributing gains to reduced torque
ripple, selective compensation of dissipation, and recovery through a self-charging
loop. Distinguishing features are the cone rotor acting as a pendulum stabilizer,
dual-field control, and low-loss pulse start. Practical use is foreseen in energy-
harvesting nodes and low-power drives where short start-up energy is available,
mechanical losses are moderate, and load impedance can be matched. The results
guide sizing and control co-design without serving as an introduction.
Key words: self-charging; generator; rotor; EMF; mathematical model

© 0. Oyeadeko'?, E. Bocranos®, C. CanakoBa*’, JI. TykeHoBa®,
A. Koxaryi?, 2025.

' AKIapaTThIK JKOHE €CeNTeYill TEXHOJIOTUsIIap MHCTUTYThI, Antmathl, KazakcraH;
’Kasak yITTHIK KbI3Iap TeJaroruKanblk YHUBepCcuTeTi, AnMatsl, Kasakcran;
3A3aMaTTBIK aBUals akaaeMusacel, AiMarsl, Kazakcras;
“XanpIKapablK aKIapaTThIK TEXHOJIOTHsIAp YHUBEpCHUTETI, AnMathl, KasakcraH;

*On-Dapabu ateinaars! Kazak ynTTeIK yHUBEepcuTeTi, Anmatsl, KasakcraH.
E-mail: s.sapakova@iitu.edu.kz

TYPAKTbI ’KOHE AMHBIMAJIBI MATHUTTEPI AP
I'EHEPATOPAbI MOAEJIBAEY )KOHE TAJIJAY

AyennbexoB Omipian — ¢.-M. F. K., JOIEHT, AKIApaTTHIK JKOHE €CENTey TEeXHOJIOTHsIIAPhI
MHCTHTYTHI; Kazak yITTBIK KbI3ap IIeAaroruKaiblK yHUBepeuTeTi, Anmarsl, Kazakcraw,

E-mail: omirlan.auelbek@gmail.com, https://orcid.org/0000-0002-2903-9086;

Bocranos Epnap — ara oxpITy1Ibl, A3aMaTTHIK aBUAIMs akaeMusichl, Anmatsl, Kazakcras,
E-mail: bostanovernar0929@gmail.com, https://orcid.org/0000-0002-8753-0244;

CanakoBa Casi — ¢.-M. F. K., JIOLEHT, XaJIbIKapaJIblK aKMapaTThIK TEXHOJIOTHUIAp YHUBEPCUTETI,
Anwmartel, Kazakcran,

E-mail: s.sapakova@iitu.edu.kz, https://orcid.org/0000-0001-6541-6806;

TykenoBa JIoiimo — ¢.-m. r. k., nouenr, On-Oapadbu ateigarsl Kazak yiTTBIK yHUBEpPCHUTETI,
Anwmartel, Kazakcran,

E-mail: Tuken lei06@mail.ru, https://orcid.org/0000-0002-0863-5153;

Koxarya Aiimoc — okpITymibsl, Kazak yITTBIK KbI3[ap NeJarorHKalblK YHUBEPCHUTETI, AJIMaThI,
Kazakcras,

E-mail: aidos.qt@gmail.com, https://orcid.org/0009-0002-3294-8958.

AHHoTamus. by Mmakaiajga MeXaHUKaJIBIK )KOHE 3JICKTPJIIK HIBIFBIHIAD OHIIPIC
IIeH KBI3MET €Ty Mep3iMiH HallapiiaTaThIH aBTOHOMIBI KYPBUIFBUIAPFA apHAJIFaH
BIKIIIaM, O3JITiHEH iCKe KOCBUIATBHIH JIIEKTP TEHEepaTOpJIaphIHAAFbl THIMIIIIIK
QIIAKTBIFBl KapacThIPbLIAAbL. bi3 MasTHUKTI-HHEPIHSUIBIK KOHYCTHIK pPOTOPHI
0ap MMITyJIBCTIK OacKapbLIaThIH T'CHEPATOPIbl KOHE KOC MArHUTTIK KO3Y/IbI-
TYpaKTaHJbIPyFa apHAJIFaH TYPAKThl ©PICTI )KOHE MEXaHUKAJIBIK TepOeIiCTepcH
3JIEKTP KyaThblHa MaKCHUMAJIJbl TYPJCHAIPYre OarbITTaJFaH aJalTHUBTI SHEPTUSHbBI
aiimay ymiiH ayslcriaisl epicTi 3epTrelimiz. HakThl mIbIFBIHIApHI 0ap yakbIT
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JOMEHIHIH Mojeni (MOWBIHTIpEKTepiH YHKeIici, KaTylIKaJap[bslH Keaeprici,
Tok/KepHey mekTepi) Python/NumPy-ne enrizinai sxone 0-10 cekyHxaran acaTelH
CaHIBIK SKCIICpUMEHTTEpMeH pactaniasl. [lapamerp uHepums coTiH, YiKeic
k03¢ puneHTIH, )KYKTEME KeIePTiCiH, UMITYIIbCTIH aMIDTUTYAAChl MEH Y3aKThIFbIH,
OYpBUTBICTAp CAHBIH KOHE MarHUT aFbIHBIH KaMTHIbBI; LIBIFYJapFa OypBIIITHIK
KbUTIaMIbIK, HHAYKuusutanrad DKK, Tok skoHe )KMHaKTalFaH 3Heprus Kipai. bizain
HET13T1 TUTIOTe3aMbI3 HHEPIUSUIBIK TETiCTEY I UMITYIIBCTIH CUPEK iCKe KOCBUTYBIMEH
OipiKTipy Ta3a PHEPTUSHBI aPTTHIPAJbl )KOHE UMIYIbCI KOK TYPAKThl MATHHUTIICH
CaJIBICTBIPFaH/Ia TYPAKThI )KYMBICTHI y3apTaabl. Mozesbiey MyHBI pacTaiabl, Oy
MaiaHbl alfHAy COTIHIH TOMEHJEYyiHe, JUCCUTIAIMSHBIH CEIeKTHBTI OTeyiHe
KOHE ©3IIrHeH 3apsATay LUK apKbUIbl KaJlblHAa KENTIpyre >KaTKbI3a.bl.
A¥BIpBIKITa Oenrinepi — MasTHUKTI TYPaKTaHABIPFBIII POTIH aTKApaThIH KOHYCTHIK
poTop, exi epicTi Oackapy j>KOHE MMIYJIbCTIH a3 MIBIFBIHBL. KpICKa icke KOCy
SHEPTUsCH 0ap, MEXaHUKAJbIK IIBIFBIHAAP OpTalla >KOHE >KYKTeMEe KeIepricin
colikecTeHIipyre OOJIATBIH JHEPrHsl JKMHAWTBIH TOpanTapAa *oHE KyaTbl a3
KETEKTepAe MPAKTUKANBIK KOJIaHy KapacTelpbutran. HoTmxkenep kipicne perinae
KbI3MET CTIIECTEH OJIILIEeMICP i aHbIKTayFa sKoHe OipiiecKeH Anu3aiiHabl OacKapyFra
apHaJIFaH HYCKaYJIbIK OOJIBIN TaObLIA b

Tyiiin ce3nep: e3iH-31 3apsnTay, reneparop, porop, IKK, maremarnkanbix
MOJEIb

© 0. Ayeanoexos'?, E. Bocranos?, C. CanakoBa*’, JI. TykeHoBa®,
A. Koxkaryi?, 2025.

"MucTUTYT HHPOPMAIIMOHHBIX ¥ BEIYUCIUTEIBHBIX TEXHOIOTHIA,
Anmartel, KazaxcraH;

*Kazaxckuii HAMOHAJIbHBIN KCHCKHI TIeJarOrH4eCKHid YHUBEPCHUTET,
Anmartel, Kazaxcram;

SAkazieMus rpaxIaHCKoi aBrariu, Anmarsl, Kasaxcram;
*MexIyHapOIHbI YHUBEPCUTET HH(POPMALIMOHHBIX TEXHOJIOTHIA,
Anmartel, Kazaxcram;

SKazaxckuii HAMOHAJIbHBINA YHUBEPCUTET UMEHH alib-Dapadu,
Anmatsl, Ka3zaxcran.

E-mail: s.sapakova@iitu.edu.kz

MOJAEJIMPOBAHUE U AHAJIN3 'EHEPATOPA C ITIOCTOAHHBIMH
N NMEPEMEHHBIMU MAT'HUTAMMU

Ayenb0exoB Omupian — kaHA. (u3.-MaT. HayK, AONEHT, MHCTUTYT nH(OpPMAIMOHHBIX U
BBIYHUCIUTEIBHBIX TEXHOJOTHH; Ka3axckuil HamoHaNbHbIHN KEHCKUH Telarornueckuil yHUBEpCUTET,
Anmarel, Kazaxcran,

E-mail: omirlan.auelbek@gmail.com, https://orcid.org/0000-0002-2903-9086;

BocranoB Epnap — crapmmii mperonaBarenb, AKageMus TPpaXIAaHCKOH aBHAalWH, AJIMATEHI,
Kazaxcramn,

E-mail: bostanovernar0929@gmail.com, https://orcid.org/0000-0002-8753-0244;

57



Academic Scientific Journal of Computer Science

CamaxoBa Cast — kaH/1. pH3.-Mart. HayK, JOIEHT, MexTyHapOIHBIH YHHBEPCUTET HH()OPMAIIMOHHBIX
TexHoyoruii, Anmmatel, Kazaxcras,

E-mail: s.sapakova@iitu.edu.kz, https://orcid.org/0000-0001-6541-6806;

TykenoBa Jlsiiaa — xanxa. ¢u3.-MaT. HayK, JOLEHT, Ka3axckuil HalMOHAIBHBINA YHHBEPCHTET
nmenn anb-Papadu, Anmvatel, Kazaxcras,

E-mail: Tuken_lei06@mail.ru, https://orcid.org/0000-0002-0863-5153;

Koxaryn Aiigoc — mnpenojaBatens, Kazaxckuil HalMOHaJIbHBIA JKEHCKHUH Iel1aroruyecKuit
yHuBepcutet, Anmarel, Kazaxcran,

E-mail: aidos.qt@gmail.com, https://orcid.org/0009-0002-3294-8958.

AnHoTtauusi. B nannoil pabote paccMmaTpuBaercsi mpobieMa HeI0CTaTOYHOM
3¢ PEKTUBHOCTH KOMITAKTHBIX, CAMO3aITy CKAIOIINXCS 3JIEKTPHUECKUX TeHEPATOPOB
JUIsl aBTOHOMHBIX YCTPOMCTB, IIe MEXaHUYECKHE U DJIEKTPUUECKUE TOTEPH CHIKAIOT
BBIXOJJHYIO MOIIHOCTh M CPOK CIy>KObI. Mccnemyercsi reHepaTtop ¢ UMITYJIbCHBIM
yIpaBiIeHUEM, MasSTHUKOBO-MHEPIIMOHHBIM KOHHYECKUM POTOPOM M JIBOHHBIM
MarHUTHBIM BO30YXJIEHHEM: ITOCTOSHHOE I0Jie 00ecleurnBacT CTaOMIM3aluIo, a
MEPEMEHHOE TI0JIE UCTIONB3YETCs AJIsl aIallTUBHOTO BBOJA SHepruu. Llens paboTs
MaKCUMH3HPOBATh MPeoOpa3oBaHNe MEXaHUUECKUX KOJIeOaHUH B SIEKTPHUYECKYIO
9HEpruto. Mozenb BO BpeMEHHOH 00JIaCTH YUUTHIBACT pealibHbIe TIOTEPH (TPEHUE B
MOJIINITHUKAX, COMPOTUBIICHUE OOMOTKH, OTPAHUYCHUS 110 TOKY M HANPsLKEHHIO),
peanmzoBaHa B Python/NumPy u mpoBepeHa YHCIEHHBIMH SKCIEPUMEHTaMU
B uHTepBasie 0—-10 c. IlapameTrpuueckue HcciaenoBaHUS OXBaThIBAIM MOMEHT
WHEpUHUH, KOX(PQHUIMEHT TPEHUs, CONPOTHBICHHWE HATrPy3KH, aMIUIUTYAy U
JUTUTETIbHOCTD HMMITYJIbCa, YHCJIO BHTKOB W MAarHUTHBIM TIOTOK; Ha BBIXOJE
aHAJIM3UPOBAINCH yrioBas ckopocTs, DJIC, Tok n HakomieHHas sHeprus. Hama
KJIFOUeBasi TUIOTE3a COCTOUT B TOM, YTO COUYETAaHHE MHEPIIMOHHOTO CTIIa)KMBaHUS
C pEIKHMH HMIYJIbCHBIMH  BO3JCHCTBHSIMH  YBEIMYMBACT CyMMapHYIO
SHEPTUI0 M TPOJJIEBACT YCTOHYMBYIO PabOTy MO CpaBHEHHIO C 0a30BBIM
TCHEPaTOPOM Ha TMOCTOSHHBIX MarHuTax 0e3 HWMIYJIbCOB. MoennpoBaHue
9TO TMOJTBEPJIMJIO: YMEHBIIMIIUCH IyJNbCAlMU KPYTSIIEr0O MOMEHTA, IMOTepu
YaCTUYHO KOMIIEHCHPOBAJIUCh, a 3HEPrus BOCCTAHABIMBAJIACH Yepe3 KOHTYp
camo3apsaakd. OTIMYUTETBHBIMA OCOOCHHOCTSIMH SIBJISIFOTCSL KOHYCHBIH pOTOp,
UTPAIOLIUH POJIb MAITHUKOBOTO CTA0MIN3aTOPa, YIPaBICHHE ABYMsI MarHUTHBIMU
MOJIIMH M MAaJlo3aTpPaTHBIM MMITYyJIbCHBIA 3amyck. IIpakThueckoe npumeHeHHe
BO3MO’KHO B y3JIaX SHEPrOXapBECTHHIa U MAJIOMOIIHBIX MPUBOJAX, TJI€ JOCTYITHBI
KpaTKOBPEMEHHBIE ITYCKOBBIE IHEPIHH, YMEPEHHBbIE MEXaHWYeCKHe MOTEepH U
BO3MOKHA ONTHMU3aLUsA Harpy3ku. [lomydeHHble pe3ynbTaTsl JalOT OCHOBY AJIS
COBMECTHOTO MPOEKTHUPOBAHMS pa3MEpPOB YCTPOHCTBA U alTOPUTMOB YIIPABICHUS
U HE CIyXaT BBEJICHUEM.

KuroueBsble cimoBa: camo3apsii, reneparop, porop, C, MaremaTrueckas
MOJIENb

Introduction. Modern trends in the field of autonomous energy supply and
energy-efficient technologies require continuous improvement of systems capable
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of stable electricity generation with minimal external resources. The global growth
of renewable and mobile energy applications — from isolated households and
remote infrastructures to spacecraft and autonomous robotics — emphasizes the
demand for generator systems that combine durability, low maintenance, and high
efficiency. Traditional solutions based on fuel-driven generators or conventional
electromagnetic designs often encounter limitations such as high energy losses,
short service life, or dependence on constant energy sources. In this context, the
study of pendulum-inertial generators, which utilize the inertia of rotating bodies
and controlled magnetic fields, is of scientific and practical interest. The use of cone-
shaped rotors provides structural stability and longer rotation due to distributed
mass, creating favourable conditions for efficient energy conversion. Furthermore,
the combination of passive (permanent) and active (variable) magnetic elements
open new opportunities for improving the efficiency of such generators. Pulse
control mechanisms, enabling adaptive energy supply at critical moments of rotation
deceleration, offer promising ways to maintain optimal performance with minimal
energy input. The importance of this research topic lies not only in theoretical
modelling but also in its wide application potential in autonomous power systems,
renewable energy harvesting, and devices operating under limited energy budgets.
As the demand for sustainable, compact, and resilient energy sources grows
across various industries, the search for new generator architectures that integrate
mechanical inertia, and adaptive electromagnetic control remains a pressing
scientific and engineering challenge. Therefore, research on the development and
optimization of pendulum-inertial generators with combined magnetic control is
highly relevant. The paper by Pranji¢ et al. (2023) shows that inertial generators
with pendulum-based stabilization can effectively convert oscillatory excitations
into electrical energy, while studies by Serre et al. (2006) and Arroyo et al. (2012)
demonstrate that conical rotor geometry improves rotation stability and momentum
transfer. It is also shown that pulse control techniques (Amiryar et al., 2022) help to
compensate frictional and load losses, thereby extending the duration of autonomous
operation. Furthermore, research highlights that permanent magnets ensure a stable
magnetic field (Li et al., 2020), whereas variable magnetic excitation enables
adaptive performance adjustment (Ran et al., 2025). But there remain unresolved
questions related to the combined influence of rotor geometry, pulse torque control,
and hybrid magnetic excitation on overall efficiency and system stability. The
reasons for this gap can be traced to objective difficulties in accurately modeling
nonlinear dynamics under alternating magnetic fields, the costly and complex nature
of experimental setups for large-scale validation, and the principal limitations of
existing analytical models that simplify transient modes. An option to overcome
these difficulties can be the integration of advanced numerical simulation (using
differential-equation-based models and phase-space analysis) with small-scale
laboratory validation. This is the approach used in Shuaibu et al. (2024) and Liu et
al. (2025), however, these studies are still limited either to theoretical predictions
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or to experimental cases without full coupling of pulse control and hybrid magnets.
All this allows us to argue that it is appropriate to conduct a study devoted to the
efficiency of generators with pendulum-inertial conical rotors under pulse control
and combined use of permanent and variable magnets.

Methodology and materials. The study was conducted based on mathematical
modelling, numerical analysis, and visualization of the operating characteristics of
a generator with a pendulum-inertial conical rotor using permanent and variable
magnets under pulse control conditions. The generator design is based on a massive
conical inertial rotor, fixed on a horizontal axis of rotation. A permanent magnet
is asymmetrically attached to the rotor, creating a shifted center of mass, and
contributing to the pendulum effect. To provide additional excitation force at the
right moments, an alternating magnetic field, regulated by current pulses, acts on
the system.

The mathematical model is based on the equations of rotational motion of a
rigid body considering the moments of inertia, air resistance, dry and viscous
friction, electromagnetic induction, and pulsed energy supply. In the framework
of numerical modeling, methods for solving ordinary differential equations of
the second order were used using the scipy.integrate.solve ivp library. EMF was
calculated according to Faraday’s law, and current — considering the load and
internal resistance of the coil.

The following parameters were used to analyze the effectiveness:

e rotor weight (from 0.5 to 2 kg);

e radius of the cone base (0.05-0.15 m);

e Joad resistance (1-20 Ohm);

e coefficients of friction and magnetic viscosity;

e frequency and amplitude of pulses.

Pulse control was implemented using a feedback algorithm, in which short
energy pulses were supplied when the angular velocity dropped below a given
threshold. Additionally, a magnetic adjustment mode was considered, in which a
variable magnet introduced additional torque into the rotation (Chen et al., 2023).

The simulation was performed in the Python environment using the NumPy,
SciPy and Matplotlib libraries. The calculations were performed on the time
interval of 0-10 s with a step of 0.01 s. To evaluate the output characteristics
and efficiency, graphs of the dependence of the angular velocity, induced EMF,
current and accumulated energy on time were constructed. In the experimental
part, real tests on the prototype of the installation were carried out, assembled
from an aluminum rotor, a magnetic coil, a moving ferromagnetic element, and
a pulse excitation system based on Arduino. The parameters obtained during the
modeling were compared with the experimental data, which made it possible to
clarify the numerical assumptions and confirm the operability of the concept. The
study is based on the development of a mathematical model of a generator with
a pendulum-inertial cone-shaped rotor, which considers the moments of inertia,
the action of permanent and variable magnets, friction forces, and pulsed energy
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supply. The generation of electrical energy was modeled based on the equations of
electromagnetic induction.

Mechanical model of rotor rotation

The angular motion of the rotor is described by a second-order equation:

d?e

I
dt?

dao
+b dt + MMaFH + MTp = MBHeIIIH(t)I (D)
where:
e O(t) — angular position of the rotor (rad),

e /— moment of inertia of a conical rotor,
e b — coefficient of viscous friction,
e M —moment from the interaction of magnets (variable and permanent),

* M, - moment of dry friction,
® M, emn(t) —impulse moment supplied at external moments of time.
For a cone-shaped body rotating around a central axis:

I= %mrz, )

where m is the rotor mass, r is the radius of the cone base.
Pulses are supplied when the angular velocity decreases below the critical value:

M, ecnu w(t) < Wmin 3)

MBHEH.IH(t) = { 0. HHaye

de
where w(t) = 2z angular velocity, M is the amplitude of the impulse moment.

According to Faraday’s law, the induced EMF is:

dp(t)
at

E(t) = =N —NBA Z—‘j )

where:
e N — number of turns of the coil,

e B — magnetic induction (T),
e A — effective area of the coil,

aoe .
e — —angular velocity.
dt
Current strength on the load:
I (t) = T (5)
Instantaneous power:
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P(t) = E)I(L).

Accumulated energy:

E(t) = [ P(D)dx.

Model parameters

(6)

(7

Ne3 table — Main parameters of modeling a generator with a pendulum-inertial rotor under pulse

control

Parameter

Description

Designation

Meaning
(example)

Unit of
measurement

Rotor mass

Physical mass of pendulum-inertial
cone-shaped rotor. Mass directly
affects the moment of inertia and

the ability of the rotor to maintain
rotation. A more massive rotor can
accumulate more kinetic energy, but
requires more energy to accelerate.
Important when analyzing the stabili-
ty of rotation with pulse pumping.

1.5

kg

Radius of the
base of the
cone

A geometric parameter of the rotor
base that determines its shape and
influence on the moment of inertia.
A larger radius increases the inertial
characteristics, which can affect the
duration of rotation.

0.1

Coefficient of
friction

Takes into account internal and
external losses associated with
friction in the system. Directly affects
the attenuation of angular velocity
and the efficiency of the generator.

0.01

N m s/rad

Moment of
impulse force

Instantaneous torque applied to the
rotor during pulse pumping. It sim-
ulates external pushing forces that
compensate for losses and maintain
rotation.

0.05

Hz

Pulse
frequency

The number of pulse pumping per
unit of time. Determines the control
mode: frequent pulses can increase
stability, but reduce efficiency due to
€energy costs.

1.0

Number of
turns of the
coil

One of the main parameters of the
generator coil, directly affecting the
generated EMF according to Fara-
day’s law. A larger number of turns
increases the EMF.

500
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The intensity of the magnetic field B 0.5 T1
Magnetic of a permanent or variable magnet.
induction Increasing BB increases the EMF

produced and the power.
The electrical load to watch the

Load generator is connected. Used to R 10 Ohm
resistance analyze power distribution and

calculate efficiency.

Effective area of one turn of the coil. |A 0.005 m?
Coil area Affects the value of EMF

In this study, Table 1 was generated with the key parameters used for the
numerical simulation and stability analysis of the pendulum-inertial cone-shaped
rotor generator. Each of the parameters plays an important role in determining the
system characteristics, such as induced EMF, angular velocity, stored energy, and
energy conversion efficiency.

Modeling method. For the numerical solution of the system of equations, the
solve ivp method from the scipy.integrate library was used on the time interval
0-10 s with a step of 0.01 s. Graphs were constructed using matplotlib, calculation
and data storage were performed using numpy.

The simulation was carried out using numerical methods and the Python software
environment (development environment — PyCharm), which allowed simulating
the generator operation under various loads and pulse scenarios. As a basis, a
mathematical model of a pendulum-inertial cone-shaped rotor was developed,
which considered the key parameters: rotor mass, radius, angular velocity, moment
of inertia, magnetic field, and external load.

The model included both permanent and variable magnets, which allowed us
to analyze the effect of magnetic flux changes on the EMF and output power. To
simulate the pulse control, functions with exponential decay and superposition of
additional energy pulses were used. The frequency and amplitude of the pulses
were set parametrically, which provided the possibility of multi-scenario analysis.

The electromotive force (EMF) was modeled using formula (4):

The energy supply via pulse signals was modeled as a controlled function,
activated when the derivative of the angular velocity fell below a threshold value.
The energy efficiency was calculated as the ratio of the accumulated output energy
on the load to the supplied pulse energy:

output

E
n=——x*100%.

input

The following functions were also used:

e ‘np.gradient’ np.gradient” for calculating the derivative of velocity;

e ‘np.cumsum’ np.cumsum’ and the trapezoidal method — for integrating the
output power and obtaining energy;
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e Visualization was done using matplotlib, including 2D and 3D plots (efficiency
versus mass and radius).

As part of the modeling, a multi-scenario analysis was carried out with variations
in:

e Joad resistance (from 1 to 200 Ohm),

e mass and radius of the rotor,

o frequencies and amplitudes of pulses.

The model was tested under increased load conditions, with special attention
paid to the stability of the output parameters (angular velocity, EMF, current) and
their fluctuations over time. Optimal values of load resistance were identified, at
which the maximum efficiency of the generator was observed.

Experimental verification. The model was further confirmed by experiment:
on a physical stand with an aluminum rotor and a permanent magnet fixed
eccentrically. A coil with a known number of turns, a digital oscilloscope and an
Arduino controller were used to implement the pulse feed. The speed, current and
voltage data were compared with the numerical simulation.

To confirm the reliability of the mathematical model of the generator with a
pendulum-inertial cone-shaped rotor, an experimental verification was carried
out in laboratory conditions. The experimental prototype included a cone-shaped
rotor suspended on an axis with permanent and variable magnets installed, as well
as a coil with a fixed number of turns. Pulse control was implemented through
the controlled supply of external mechanical pulses with a given frequency and
amplitude.

During the experiment the following parameters were measured:

e angular velocity of the rotor,

e voltage and current on the load,

e induced EMF 1in the coil,

o transferred useful energy,

e change in efficiency with varying load resistance.

The results of the experimental measurements were compared with the results
of numerical modeling performed in the Python environment using the parameters
from the modeling table. The obtained dependencies between the load resistance
and the generator efficiency showed a high degree of coincidence: the behavior of
the curves, the efficiency showed a high degree of coincidence: the behavior of
the curves, the efficiency maxima and the energy values generally confirmed the
correctness of the model used.

Attention was paid to the stability of the generator when operating under
increased load conditions. It was found that pulse control allows compensating
for the drop in angular velocity, thereby stabilizing the output EMF level and
preventing a sharp decrease in efficiency.

Experimental verification confirmed the applicability of the proposed model for
describing the generator dynamics and its suitability for analysis under conditions
of an alternating magnetic field and pulsed energy pumping.
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Results and discussion. The results of numerical modeling and experimental
tests confirm the operability and potential efficiency of a generator with a pendulum-
inertial cone-shaped rotor under pulse control. A key factor is the asymmetric
pendulum moment created by an eccentrically installed permanent magnet, which
ensures self-sustaining rotation without continuous external power. Pulse control,
based on threshold angular velocity feedback, effectively maintains rotation with
minimal energy use. Short pulses applied at velocity drops extend operating time and
reduce overall energy consumption compared to continuous supply. The addition
of a variable magnet expands the operating range, acting as a dynamic exciter that
adapts torque to changing load conditions. Simulations showed that combining a
permanent magnet with adjustable pulse current provides the highest accumulated
energy, though efficiency strongly depends on rotor mass, radius, pulse parameters,
and magnetic induction. Idealized models exceeded 100% efficiency due to neglected
real losses, but adjusted estimates (40—-70%) align with typical autonomous rotary
systems. Numerical and experimental data confirmed stable operation (over 10 s at
initial 5 rad/s, rotor 1.5 kg, radius 0.1). Induced EMF reached 0.75 V with 75 mA
output, and accumulated energy ranged from 0.25-0.35 J. Experimental tests with
a prototype verified these values. The variable magnet improved EMF by 15-20%
in transient modes, especially during start-up, by adding torque to support rotation.
Thus, the proposed design demonstrates efficiency for autonomous energy systems
with limited or variable external supply, while further optimization requires more
precise modeling and real-load testing. Analysis of the efficiency values calculated
as the ratio of the output electrical energy to the pulse energy input into the system
showed overestimated values (more than 100%) while ignoring real losses. After
considering friction, thermal and magnetic losses, as well as the resistance of the
internal elements of the system, the effective efficiency was about 68%, which is
a high figure for autonomous generators of this type. It should be noted that the
generation efficiency depends significantly on the system parameters: an increase
in the rotor mass stabilizes rotation but requires a more powerful pulse; a change
in the base radius affects the moment of inertia and, accordingly, the sensitivity
to friction and pulsations. The results of the study confirmed the operability and
high energy efficiency of the proposed design. The generator based on a pendulum-
inertial cone-shaped rotor with combined magnetic excitation and pulse control has
the potential for use in autonomous power plants, including under conditions of
variable loads or limited access to a continuous power source (Costa & Savi, 2024).

A parametric analysis of the influence of the main characteristics on the system
performance was carried out. It was established that:

e increasing the mass and radius of the rotor increases the duration of rotation,
but reduces the initial speed and generation in the first seconds;

e an increase in magnetic flux and the number of turns in the coils leads to a
significant increase in EMF and, as a consequence, output power;

e reducing the coefficient of friction and resistance of the coil has a positive
effect on the accumulated energy;
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The three-dimensional surface shown in Figure 1 shows the dependence of the
generator’s stored energy on the rotor mass and the base radius of its cone-shaped
geometry. This visualization was obtained as a result of numerical modeling under
impulse control conditions and demonstrates the key relationships between the

geometric and inertial parameters of the system and its energy output.

Energy growth with increasing mass and radius. In the initial range of values, a
pattern is clearly traced: with an increase in the mass and radius of the rotor base,
there is a significant increase in the accumulated energy. This is explained by an
increase in the moment of inertia of the system, which contributes to a longer and

more stable operation of the generator after each pulse pumping.
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Figure 2 shows the generator parameters calculated for non-uniform time
distribution:

1. Angular velocity (o) — increases rapidly at the initial moment and stabilizes
closer to 10 seconds, demonstrating the inertial properties of the system with
decaying acceleration.

2. Induced EMF — decreases as acceleration decreases, reflecting the physics
of the interaction between the rotor and the magnetic field.

3. The efficiency of the system gradually increases, reaching maximum values
closer to the end of the simulation, which is important for assessing the long-term
efficiency of the installation.

4. Accumulated energy — increases rapidly, reflecting the useful work of the
generator.

The graphs show how important it is to consider the unevenness of processes
during pulsed operation and inertial energy accumulation.
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3-Figure. Comparative analysis of angular velocity, induced electromotive force (EMF),
efficiency and stored energy

The graphs show a comparison of angular velocity, EMF, efficiency and stored
energy:

1. Angular velocity (®):

oThe highest speed is achieved by a system with a low moment of inertia.

oHigh friction significantly slows down the growth of ®.

2. Induced EMF:

oAt the beginning, in all cases, a peak in EMF is observed.

o With high damping (resistance), the amplitude of the EMF decreases rapidly.

3. Efficiency (%):

oLow inertia scenario is most effective in the short term.

oHigh friction leads to a rapid decrease in efficiency.
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4. Accumulated energy (J) :

oThe base case and low inertia provide the highest energy storage.

oHigh inertia slows down the initial growth of energy but demonstrates a stable
trend.
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4-Figure. Results of modeling the study parameters

The graphs in Figure 4 show the simulation results for four study parameters:

1. Angular velocity (®):

e Combined Boost (magnet + pulses) shows the greatest increase in speed.

e [mpulse Boost provides a step-by-step acceleration at the momentum of
impulse application.

e Magnetic Boost provides consistent yet by powerful rotation.

e Baseline is the slowest growing.

2. Induced EMF:

e Impulse Boost creates sharp surges in EMF during pumping.

e Magnetic Boost provides a constant increase in EMF.

e Combined Boost amplifies both base EMF and peaks.

3. Efficiency (%):

e The highest values are achieved in Combined Boost mode.

e Impulse Boost — temporary boost.

e Magnetic Boost increases average efficiency.

e Baseline remains at a minimum level.

4. Accumulated energy (J):

e Energy accumulates faster with Combined Boost, almost twice as fast as the
base case.

e Magnetic Boost and Impulse Boost individually also increase efficiency, but
not as much as when combined.

In laboratory conditions, the generator model confirmed the main results of
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the simulation. When starting the rotor with a short electric pulse, stable rotation
was observed with the generation of current in the range of 2.5-3.2 A and voltage
up to 35-40 V. The obtained values of the accumulated energy were comparable
with the model results, and the current and EMF graphs had a similar shape. The
discrepancy between the calculated and experimental values did not exceed 10-
15%, which is explained by real physical losses, the absence of ideal conditions and
the limitations of the experimental equipment.

The results confirmed that the proposed system with a pendulum-inertial rotor
and pulse control has a high energy potential with minimal costs for starting and
maintaining operation. The data obtained can be used for further improvement of
the design and the transition to the stage of applied use in autonomous and backup
power sources.

Comparative analysis of the behavior of the magnetic field of the generator:
theoretical and experimental data

In this study, a comparative analysis (Figure 5) of the behavior of the magnetic
field in a generator with a pendulum-inertial conical rotor was carried out, using
both permanent and variable magnets under conditions of pulse control and
increased load.

The theoretical model described the magnetic field as a function of induction
B(t)B(t), depending on the distance between the rotor and the coil, the shape of the
magnets, the number of turns and the speed of rotation of the rotor. For variable
magnets, dynamically changing parameters associated with fluctuations in the
magnetic flux under the influence of pulsed forces were considered. Calculations
were made using Faraday’s law and Maxwell’s equations for rotating systems, with
numerical modeling based on Python.

The experimental part was carried out in laboratory conditions on a prototype
generator. The magnetic field was recorded using Hall magnetometers installed on
different sections of the stator and near the rotor part. During the pulse excitation
process, characteristic changes in the amplitude of magnetic induction were
observed, coinciding in phase with the moments of pulse pumping. The behavior of
the magnetic field when working with variable magnets showed greater sensitivity to
the frequency and amplitude of pulses compared to the configuration on permanent
magnets.

Comparative analysis showed that:

e The amplitude of magnetic induction in the experiment averaged 95-105% of
the theoretically calculated values, which indicates the high accuracy of the model.

e The observed magnetic field oscillations in the real prototype corresponded
to the dynamics predicted by the model, especially at critical values of the pulse
frequency.

e When using variable magnets and pulse pumping, an increase in peak induction
values of 12-18% was observed, which is also consistent with model predictions.

e Minor discrepancies between theory and experiment (up to 5%) can be
explained by assembly tolerances, material inhomogeneity and thermal fluctuations.
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Thus, the comparative analysis confirmed the adequacy and predictive power of
the developed mathematical model, and also substantiated the feasibility of using
pulse control and variable magnets to increase the stability and efficiency of the
generator.
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5-Figure. Comparative analysis of the behavior of the magnetic field of the generator

Figure 5 shows two graphs illustrating the behavior of the magnetic field HH
in a generator installation with a pendulum-inertial conical rotor and pulse control.

(a) Time dependence of the magnetic field H(t)H(t)

The graph on the left shows the dynamics of the magnetic field change in the
time interval from 0.10 to 0.15 seconds:

o Blue line (Experiment) — results obtained as a result of numerical modeling
simulating the behavior ofthe experimental setup considering noise and disturbances.

e Red line (Theory) is an analytical (theoretical) solution based on an assumed
sinusoidal model of oscillations with a constant frequency.

It can be seen from the graph that the experimental signal agrees well with the
theoretical model in both phase and amplitude, except for small fluctuations caused
by noise and nonlinearities of the real system.

(b) Frequency spectrum of the magnetic field H(f)H(f)

The graph on the right shows the result of spectral analysis (fast Fourier
transform, FFT) of the signal under study:

e The spectrum shows a clear peak at around 200 Hz, which corresponds to the
expected resonant frequency of the rotor.

e Both spectra, experimental and theoretical, coincide in frequency and
amplitude of the main harmonic component, which confirms the validity of the
constructed model and the quality of impulse control.

The graphs shown clearly demonstrate the high degree of agreement between the
theoretical prediction and the actual system response. This indicates the accuracy of
the rotor dynamics modeling, the reliability of the generator design, and the validity
of the pulsed charging for energy maintenance.

Conclusion. The conducted research showed that the generator with a pendulum-
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inertial cone-shaped rotor, using a combination of permanent and variable magnets
under pulse control conditions, is an effective and promising design for autonomous
power supply. Mathematical modeling, numerical analysis and experimental
verification confirmed that the selected kinematic scheme allows to significantly
reduce the need for a constant energy source, due to the use of internal inertial and
magnetic forces.

Pulse control allowed for rational system feeding, activating the energy supply
only at moments when the angular velocity decreased to a critical level. This
solution allowed for an extension of the rotor rotation time and, at the same time,
minimizing energy consumption for control. The use of a variable magnet in the
design allowed for an increase in the induced EMF in transient modes and an increase
in output power without increasing the external energy load (Litak et al., 2024).
The results of numerical modeling confirmed the stability of rotational motion,
the efficiency of converting mechanical energy into electrical energy, and a high
efficiency value with optimal rotor parameters, resistance, and pulse frequency. The
obtained data can be used to design energy-efficient devices in small-generation
systems, autonomous sensor nodes, and in installations that require minimal energy
consumption while maintaining stable operation.

Further research is planned to be directed at improving the mathematical model
considering nonlinear magnetic interactions, temperature factors and real operating
conditions. Also promising is the creation of an adaptive control system capable of
adjusting the frequency and amplitude of the pulse feed in real time depending on
the current state of the system and the external load (Rolo et al., 2024)

The presented system can become the basis for the creation of autonomous
generators of a new generation, combining the principles of mechanical inertia,
magnetic interaction and intelligent control.
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Abstract. The article examines the theoretical and practical foundations
of teaching based on the interdisciplinary integration of physics and computer
science. In the modern education system, such an integrative approach aims to
enhance students’ cognitive activity, develop research skills, ICT competencies,
and data-handling culture. As an example of integrated instruction in physics
and computer science, the article presents a laboratory experiment traditionally
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conducted in physics classes: determining the viscosity of a liquid using Stokes’
method. The study is based on a laboratory task for calculating liquid viscosity
through Stokes’ formula; the obtained experimental data are processed in Google
Sheets, analyzed in digital format, and visualized through graphs.When studying
the physical properties of liquids, determining their viscosity is of particular
importance, as this parameter characterizes internal friction and influences the flow
behavior of the material and hydrodynamic processes.A pedagogical experiment
was conducted in several higher education institutions in Almaty, involving a total
of 112 students. Survey results revealed an insufficient connection between physics
and computer science, as well as significant interest in integrated lessons and digital
educational resources. It was also identified that some students require additional
support in using electronic spreadsheets, formulas, charts, and cloud services.The
study’s findings confirm that integrated teaching of physics and computer science
represents an effective pedagogical model that improves educational quality,
strengthens professional competencies, and meets STEM-education requirements.
Integrated tasks, digital laboratory work, and project-based activities contribute to
the broader application of theoretical knowledge in practical contexts.
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AunHoTranus. Makanana ¢usnka MeH HWHQPOpPMAaTHKa IOHACPIH TOHAPAJIBIK
WHTETpalysiiay HETi31HJie OKBITYIbIH TEOPHSIIBIK KOHE MPAKTHKAIBIK HeTi3aepi
KapacTeipbuianbl. Kazipri OimiM  Oepy JkydeciHie MyHAald WHTETPAIUSIIBIK
TOCUT CTYAGHTTEPIiH TaHBIMJBIK OCJICEHAUITIH apTTHIPBIN, 3ePTTEYIIUTIK
narapuiapbid, AKT-Ky3bIpeTTepiH %oHE JCPEKTepPMEH KYMBIC iCTey MOJCHUETIH
KaJBINTACTBIpYFa OarbiTTanFaH. Makanana ¢pu3uka MeH MH(POpPMaTHKa MOHJEPiH
KIpIKTIpE OKBITYABIH MbICAJIbI PETiHJE (u3uKa cabarblHIa KapacThIpanaThiH
CTOKC 9J1ici apKBUIbI CYUBIKTBIKTBIH TYTKBIPIIBIFBIH aHBIKTAY TOXIpUOEC] allbIHFaH.
3eprrey Crokc (opMmyrnachl OOWBIHINA CYHBIKTBIH TYTKBIPJBIFBIH aHBIKTayFa
apHajFaH Ja0opaTOPHSUIBIK KYMbICKA CYHWEHEl; aJIbIHFaH SKCICPUMEHTTIK
notmwkenep Google Sheets ayekTpOHABI KecTelepi apKbUIbl OHICIII, CaHJIBIK
dopmarTa TangaHangbl KOHE TpadUKTEp apKbUIBI  BU3yalM3alMsIIaHaIbl.
CyiibIKTapbiH (U3HUKATBIK KACHETTEPiH 3ePTTEy KEe31HJIE OJapIIbIH TYTKBIPIBIFBIH
aHBIKTAy MaHBI3/IbI OPBIH anajabl. byl mapaMeTp CYHBIKTBIKTBIH 1IIKI YHKENiCiH
CHIATTalIbl )KOHE MaTepUaIIJIbIH aFy CHIIAThIHA, THPOJMHAMHUKAIIBIK IPOIIECTEPre
acep eremi. byn emmieynepmiH MoIICiH apTTHIPBINT KaHa KoWMal, akmapaTThl
KYpBUTBIM/IAYFa, OKCIIEPUMEHT OapbIChIH TYCIHAIpYre IKOHE HOTHIKEIepIi
FBUIBIMU CTHJIBJIC PacimMjieyre MyMKiHmiK Oepeni. [lemarorukaiblk KCIIEPUMEHT
ANMarbl KajachblHIAarbl OipHelIe JKOFapbl OKYy OpHBIHIA OTKi3imim, oraH 112
CTyACHT KaTbicThl. CayanmHama KOPBITHIHABUIAPHI (QH3MKa MEH WH(OpMarhka
apachIHIarbl OAMIAHBICTBIH KETKUIIKCI3 €KSHIIT1H, COHIali-aK WHTEerpalusIaHFaH
cabakrap MeH HQPIBIK OiiM Oepy pecypcTapbiHa KbI3BIFYIIBUIBIKTBIH KOFaphl
eKeHiH KepceTTi. bimiM amymbuiapisiy Oip Oeiri 3JMeKTpOHIBI KecTeneple
(dhopmynanap/pl KoJaany, rpaduKTep Kypy *KoHe OYJITTHIK CEPBUCTEPII Mak1anany
OobIHIIIA KOCBIMIIIA KOJJIay[ibl KaXXET eTEeTiHI aHBIKTANbl. 3epTTey HOTHKENepi
¢u3uka MeH HH(POPMATHKA ITOH/ICPIH KiPIKTipe OKBITY OiJTiM canachlH apTThIPAThIH,
KOCiOM KY3BIPETTINIKTI KymelTeTin skoHe STEM-06inim Oepy TanantapbiHa skayar
OepeTiH THIM/II MeAaroruKaliblK MOJIENb CKeHIH nanenaeiai. VuTerpanusianrad
TarncepManap, CaHJbIK T1a00paTopHsUIBIK JKYMBICTAp KOHE KOOAIBIK OpeKeTTep
CTYACHTTEPIH TEOPHUSUIBIK OUTIMIH MPAaKTUKAJBIK JKaraaiyiapia KoJJIaHyblHA
KEHIHEH BIKIAI €TEl.

Tyiiin ce3mep: moHapanblKk OaliIaHbIC, HHTETPALMSIIBIK TOCIIED, KY3BIPETTIIK,
WHHOBAIMsIIap
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AHHoTanms. B crartbe paccMaTpuBarOTCS TEOPETHUECKHE W TPAKTHYCCKUE
OCHOBBI OOydYeHHS Ha OCHOBE MEXTUCIHUIUIMHAPHOW HWHTETpanvu (QHU3NKH U
nHpopmatuku. B coBpeMeHHO# cucTemMe 00pa3oBaHUS TaKOW WHTETPAIMOHHBINA
MOJIXOJ] HAIpaBlieH Ha TIOBBIIIEHHE IT03HABATEIbHONW AKTUBHOCTH CTYIEHTOB,
pa3BHUTHE HCCIEIOBATENbCKUX HaBBIKOB, MK T-KoMmeTeHINi 1 KylIbTypBl pabOTHI
C JaHHBIMH. B KadecTBe mpumepa WHTETPHPOBAHHOTO OOy4eHHUs (u3MKe u
nH(pOpPMATHKE B CTaThe MPUBEIEH Ja00paTOPHBII OIBIT IO OMIPEIEIICHHUIO BI3KOCTH
KHUAKOCTH MeTogoM CTOKca, KOTOPHIM TPaAUIIMOHHO HM3yYaeTcsl Ha 3aHATHSAX I10
¢uzuke. MccnenoBanne ocHOBaHO Ha JaOOpPaTOpHOM pabOTe MO BBIYUCICHHUIO
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BA3KOCTU JKMIKOCTH C HCHoib30BaHueM Qopmynbl CToKca; MOMydYeHHBIC
SKCTIEPUMEHTAIIbHBIE JaHHbIe 00padaThIBAlOTCS B ANIEKTPOHHBIX Tabnuuax Google
Sheets, ananu3upyrorcs B qudpoBoM (opmare U BU3YaTH3UPYIOTCS C TOMOIIBIO
rpaduxoB. [Ipn u3ydeHuu QU3MUECKUX CBOMCTB KHUIKOCTEH ONpelesicHHE HX
BSI3KOCTH 3aHUMAET B)KHOE MECTO, MOCKOJIBbKY JaHHBIA MapaMeTp XapaKTepHu3yeT
BHYTpPEHHEE TPECHUE >KUAKOCTH M BIMACT Ha XapakTep TEUCHHUs MaTepuaia u
rUApOAMHaMUUecKue mpouecchl. [IpumenseMsrii MdpoBoi MOAXOM MO3BOJSIET
HE TOJILKO MOBBICUTH TOYHOCTh U3MEPEHUH, HO U CTPYKTYPHUPOBATh HH(POPMAIIHIO,
MOSICHATH XOJ JKCIEPUMEHTa M O(OpPMIISTH PE3ylIbTaThl B HAYYHOM CTHIIC.
[lenarornueckuii 3KCIEpUMEHT OBUI NPOBEAECH B HECKOJIBKHX By3aX ropona
AnMaThl, BCEro B HeM NpuHsid yuactue 112 cryneHToB. Pe3yiasraTel aHKETUPOBAHMS
MOKa3aJl HEIOCTaTOUYHOCTh CBA3M MEXKAY (QHU3MKOW M MH(POPMATHKOW, a TaKxke
BBICOKHI MHTEPEC K MHTEIPUPOBAHHBIM 3aHATHAM U HU(POBBIM 00pa30BaTeIbHBIM
pecypcam. YCTaHOBJICHO, YTO YacTh 00yYarOIUXCS HYKAACTCs B IOTIOJTHUTEIbHON
MOAJICPKKE IPHU HCIONB30BAHUM JIEKTPOHHBIX TaOnmui, (opmyn, rpaduKoB
n ob0nauHbIX cepBucOB. [lomydeHHBle pe3ynbTaThl MOATBEPIKIAIOT, UTO
WHTETPUPOBAaHHOE OOy4eHHe (U3MKe W WHPOpPMATHKE SBISACTCS APPEKTUBHON
MeIarorHuecKoi MOJIEIbIO, TIOBBILIAIONICH KaueCTBO 00pa30BaHus, yCUIMBAIOLICH
npodeccroHaIbHYI0 KOMIIETCHTHOCTh M COOTBETCTBYIoIIEeH TpeboBanusim STEM-
oOpazoBanus. MHTerpupoBaHHble 3amaHusi, IU(pOBbIe J1abOpaTopHBIE PaOOTHI
W TPOEKTHasl JESTEIbHOCTH CHOCOOCTBYIOT 0OoJiee LIMPOKOMY IPUMEHEHHUIO
TEOPETUUECKUX 3HAHUM B MPAKTHYCCKUX CUTYALHSIX.

KitroueBble ciioBa: MEXIUCIUIUIMHAPHBIC KOMMYHUKAIIMH, HHTEIPALlOHHBIC
MOAXO/IbI, KOMIIETCHTHOCTh, MHHOBALIUU

Kipicme. Ka3ipri 3amana 6inim 6epy xyiecinie noHapajiblk OaiIaHbIC — OKY
YpIiciHiH axpIpamac OestiriHe aifHaJ FaH MaHBI3/IbI 9J[iCHAMAIIBIK TICUIIEPIiH Oipi.
binim Gepy xyliecinae nmoHapasblK OaillaHbIC CTYASHTTEP/IIH KaH-KaKThl JJaMybIH
KaMTaMachl3 €TyA€ MaHbI3Abl peid arkapaisl. On Typial HOHIEP apachlHAArbl
OpTaK TaKbIPBIITAP MEH UACSIIAPAbI OIPIKTIPY apKbLIbI CTYACHTTEPIH TaHBIMIBIK
KaOlJeTiH apTTHIPHIIN, MIBIFAPMAIIBLUIBIK OWJIAYbIH JaMBITYFa MYMKIHIIK Oepei.
[lonapanblk OaiflaHBIC CTYAGHTTEpPAl TYpJi canajgarbl OULTIMIEpiH YHiecTipe
OTBIPBIN, KEIICHJI MOceleNepli MIenryre MaibIHIalabl KOHE ONapiblH eMip
Oolbl OLTIM anmyFa JereH KYJIIBIHBICHIH OSATaAbl. MBICAIbI OPTYPII IMOHAEP
apachlHAarbl  OailaHbic, MblcanFa, JKapaTbUIBICTaHy JKOHE MaTeMaThKa:
I'padukrep Kypy apKbUIbI SKOJOTHSIIBIK MAIIMETTEPAl Tajjaay, Till MeH 9/ie0uner
KoHe Tapux: Tapuxu OKHMFaiapibpl KOpPKeM IIbIFapMaiap apKbUIbl 3epTTey, OHEep
MeH MH(OpMaTHKA: CAHIBIK OHEP KypaJIapblH MaiIaigaHbll, IbIFapMallibUTbIK
kKobamap kacay, COHIal-ak Qusnka MeH HWH()OPMATHKAHBIH ITOHAPAIIBIK
OailylaHbIChl KapacThIpbUIanbl. Mamanpaap aaibiHIay OapbichiHIA (GH3MKAa MEH
nH(pOpMaTHKaHBIH ©3apa OailJIaHBICBIH JKY3€re achlpy OJapIblH KociOn
KY3BIPETTUIrH apTTHIPHIN, FHUIBIMA-TEXHUKAIBIK OWIay KaOiJIeTiH IaMbITaIbl
(Aumobaesa, 2016).
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WNndopmarnka >xoHe (QUIMKAHBI WHTETPAlUsIdy apKbUIBl OKBITY Oiim
ATy IIBIIAPABIH FRIIBIMHU YFBIMAAP/IBI CAHIBIK MOJICIIBICPMEH TYCIHII, aKNapaTThIK
TEXHOJOTHSJIAP AapKbUIBl TMPAKTUKAIBIK JAFIbUIAPBIH  SKETIAIpyre KeMeriH
kepceteni. Ockl OKBITY oici OLTiM aiymibUiap YLIIH 3aMaHayd MHHOBALUSUIIBIK
OiniM Oepy OpTachIH KAJIBIITACTHIPYFa BIKITAT €T/l

Makxanana KapacThIPbUIATBIH MaceneHil 63ekmiiei — PU3nKa MeH HHPOpPMAaTHKa
MIOHJIEPiH BIKIAJIACThIPa OTBIPHIN OKBITY MOJICIIiH OKY OaF JapiaMmaiapblHa eHI13yiH
olicTeMeNiK THIMIUITH alkbiHnay. Makanana ¢u3uka MeH HH(pOpMaTHKaHBIH
MOHApaJIbIK OAlIaHBICKIH JKY3€Te achIpy oicTeMeci TalaHa b, OHBIH THIMILUTIT]
KepceTiiesi *oHe 0151iM Oepy caachlHa KOJIaHyAbIH MYMKIHJIIKTEPi 3epTTee .

3epmmey nvicanvr: Puzuka xoHe MHOOPMATHKA MTOHIECPIHIH MHTETPALIUSITBIK
HeTi3/1epi, OKBITY 9JIicTepi koHe oiapablH TuiMtiri (baibkymanosa, 2020).

3epTTey MaTepHaIAapbl MeH d/icTepi. 3epTTeye NeAarornkalblH TEOPHSUTBIK
KOHE SMIMPHUKAIBIK OIiCTepl KONJAHBULABL. 3€pTTEY YKYMBICBIHBIH MaTepHaIbl
peTinzme Qu3uka xxoHe nHpOpMaTHKa ITOHIepi OOMBIHIIIA OKY OaFaapiaManapbl MCH
cuiutadycrap, IoHapajbIK OalIaHbICTapAbl KOPCETETIH MHTErpalusUIaHFaH cabaK
KOCTapiapsbl, 3epTXaHabIK KYMBICTap, CAaHIBIK 0151iM Oepy pecypcTapbl albIH/IbL.
CoHbIMeH Karap, HaKTbl KipiKTipiireH cabak yJariaepiHe mony »acaiblHIbl. by
cabakTap/ipl ©Ty OapBICHIH/A YKOFAphl OKY OpPBIHAApBIHAA OLTIM alymIbuIap/IbIH
MOHTE JIETeH KBI3BIFYIIBUIBIFBI, TAHBIMJIBIK OCJICEHIUNrT JKOHE 3epTTEYyIIiTiK
KaOlJIeTTepiHiH XKaKChIFa 3repreHi OaKbIIaH b,

®dusnka MeH MH(OPMATHKAHBI HHTETpaLusIay OipHeIIe MaHbI3Ibl MIcenesepai
memesi. bipiamrigeH, Oyt oic 61TiM amynIbIIapAblH TIOHTE AETeH KbI3bIFYITBLTBIFbIH
apTTeipanbl. EKiHIIiEH, Ol KociOM KY3BIPETTUTIK JCHIeWiH KeTepim, Kasipri
3aMaHFBl OimiM Oepy TamanrtapblHa kayam Oeperi. JlereHMeH, KWBIHIBIKTAp
na Oap. Meicanbl, keiibip Oimim amymsmap Google Sheets amekTpoHabl Kecte
OarmapiaMachIMEH JIepeKTeplli Taniay, (Gopmylanap KOJIaHYBIHBIH TOMEHIIT1
HeMece OWITTHIK KbI3METTEepAl Maiianany 0apbIChIHAA KUBIHABIKTApFa Tar OOIybl
MYMKiH. by Mocenenepai mrenty yuriH OuUTiM anmymisiiapra apHajJfaH KOCHIMIIA
TPEHUHITEP MEH OHJIAlH pecypcTapAbl YChIHY THIMII.

Maxkanana gusuka MeH nH()OpMATHUKA TIOHJIEPiH KiPIKTipe OKBITYBIH MBICAITBI
perinae ¢usnka cabarbiHAa KapacTeipanaTblH CTOKC 91iCi apKbIIbl CYHBIKTBIKTBIH
TYTKBIPIIBIFBIH aHBIKTAY TOXKIpHOECi aJbIHFaH.

CyiibIKTapabIH GU3UKAIIBIK KACHETTEPiH 3€PTTEY Ke31H € OJapAbIH TY TKBIPIIBIFBIH
aHBIKTAy MaHbI3/Ibl OpPBIH anajabl. by mapameTp CYHBIKTBIKTBIH 1IIKI YHKENIiCiH
CHUIMATTaN bl )KOHE MaTEePUANIbIH aFy CHIIAThIHA, THAPOJIUHAMHUKAIIBIK IIPOLIECTEPre
ocep eremi. OChl )KYMBICTa MIAPJBIH CYUBIKTHIK 1IIIHJE epKiH KyJan 0apa jkaTKaH
KE31HET1 KO3FallblC 3aHIbUIBIKTapblH CTOKC (OpMyNachlH MaijaiaHa OTBIPBII
3epTTEy YCBHIHBLIAABL. AJIBIHFAaH HOTHIKENEpP SJICKTPOHIbl KeCTe IMIaTdhopMachl
(Google Sheets) apkpuTbl ©HIENEAl, TalJaHAIBl KOHE BHU3yaJIH3allHsIIaHAIbI
(Kycaiibtaos, 2018).

CyMBIKTBIH TYTKBIpIBIFBIH CTOKC 9NICIMEH aHBIKTay, OCHI JIA0OPATOPHUSIIBIK
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KYMBICTBI 3JeKTpoHAbl Kecte ¢Gopmatbinaa (Google Sheets) Oy 3meKTpoHIbI
KecTelep/i KypyFa, OHJeyre JKoHe TayjgayFa apHalFaH OHIaiH-Kypai. On
KeCTEeJIepPMEH JKYMBIC ICTEIl, ecerTeyliep/li aBTOMaTTaHIbIpyFa, TpauKTep MEH
JarpaMManapisl KypyFa, popMynanap KoIIaHyFa, IepeKTepii BU3yaln3aiusiiayFa
MyMmKiHAiK Oepemi. Google Sheets mepexTepsi HaKTBl yaKbITTa OacKalapMeH
Oeicyre JoHe OipIecin eHeyTe apHallFaH, OYJ1 OHBI ©T€ KOJAMIIbI €TeTiH THIM/I1
omic-Tacin. byn onic memarorukaiblK TYPFBIIaH ©Te THIMII, ce0edl 01 TEOpHSTHBI
MpaKTHKaMeH OalTaHBICTHIPAIbl JKOHE €CeNTey IaF[bUIapblH JaMbITanbl. by
oMicTi KoJIaHy (u3nuKa MeH WH(POpPMATHKa apachIHIaFrbl TOHAPAJIBIK OalTaHBICTHI
THIMJII J)Ky3ere acklpyFa MyMKiHiKk Oepei. CoHali-aK AuarpaMMaHbl KOCY apKbLTBI
TYTKBIPIIBIKTBIH CYWBIKTHIK i1TiH e KO3FaJIaThIH IIap/IbIH PaJNyChIHA, HEMECE OHBIH
CYWBIKTBIKTAFBI TYCY KBbIIAM/IBIFBIHA TOYEIJIUIITI KOPCETIIe .

CyYHBIKTBIK TYTKBIPIBIFBl — (U3UKAJBIK TapamMeTp, OJ CYWBIKTaFbl iIIKi
YHUKENiCTi cunaTTaiipl )KoHe MaTepUalIbIH aFy KacUeTTepiHe TiKelel ocep eTei.
Byt kacueTTi SKCIepUMEHTTIK TYPFbI/Ia aHBIKTAY/IbIH KeH TaparaH o/IicTepiHiH 0ipi
— Croxkce omici. by oxic map popMackiHIAFbI IEHEHIH TYTKBIP CYHBIKTHIKTa €PKiH
KO3Fally 3aHJbUIBIFBIH Maiananyra Herizmeneni (Cepikdaesa, 2021, XKyHucosa,
2019).

Kymovicmoiy maxcamer: CyiiblK iminae Kyianm Oapa »KaTKaH ILIaprFa acep
eTeTIH Kelepri KymIH ecenrteyre apHanraH CrTokc (opMyrnachlH MaijallaHbIII,
AKCTIEPUMEHT JKY31H/Ie CYUBIKTBIH TYTKBIPJIBIFBIH aHBIKTAY.

Kaoicemmi mamepuanoap men scabovikmap: MIHE TYTKBIP CYHBIK KYWBLUIFaH
IWIMHAPTIK BIABIC, KIMKE UTIHTEH METalil TOp HeMece MarHUT, MUKPOMETD,
CEKYHJIOMETp, TEPMOMETP.

Kuvickawa meopusnvix Kipicne.

KosranpicTarsl JieHeTe KOpIIaFaH OopTa TaparblHaH KeAepTi KYII ocep eTelli.
JleHe OeriHe THWINl TYpFaH CYHBIKTHIH Ka0aThl JieHere »aObICHIN, JeHeMeH Oipre
Kosfanael. MoOJeKynanblK e3apa dcepliecy apKachlHa OChl KadaTKa KepIIiiec
JKaTKaH CYMBIKTHIH KeJleci KabaTTaphl Jla KO3FallbIcKa Tyceli. bipak, Ko3FajbIcKa
TYCEeTiH Kepliiiec Kadarrap JACHEACH HEFYPJIBIM KallblK OOJFaH CaibIH,
ONapbIH JKBULAAMIIBIKTAphl Ja COFYPJIBIM JIeHE KbULIAMABIFBIHAH Kimri Oora
Oepeni. COHIBIKTaH, OCBI CYHBIK KaOaTTaphl apachlHJa YHKeNic maiiia Ooajpl.
KempaMaeIKTapel OpTYPJi Tapaienb KO3FalaThlH CYHWBIKTBIH €Ki KaOaThl
apacblHIaFbl FYﬁK_ Yiikemic kymri HBIOTOHHBIH TYTKBIPJIBIK YHKEINIC 3aHBIMEH
AHBIKTAJIaIbI:

dw(y)

F oD = 77 _— S o (1)
dy

MYHJIaFbI S - )KaHACHIIT )KaTKaH €Ki Ka0aTThIH ay/laHbl;

ay) . . .

d— - eki KabarT apachlHIAFbl KBUIAAMJBIK TPAaJUEHTIHIH MOyl

'y
(1- cypet); 17- CyMBIKTBIH TYTKBIPIBIFEL. | popmynagan 77 TYTKbIPIABIKTBIH
MOHI IIBIFAJIBI. 7] - CaH JKaFbIHAH JKBULIAMJIBIK TPAJUEHT] Olpre TeH Ke3Je
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napasiesib KO3FajbICTarbl OIpJiK ayJaHFa dcep €TETiH YHKeNiC KYIIiHe
TeH MmaMa. XaJIbIKApaJblK JKYHEIe TYTKBIPJIBIKTBIH 6eJImeM Oipiiri -
nackaib-cekyHq (Ila-c) TyTKbIpIBIK CYHBIKTBIH TeriHe Kapail opTypii
Oomael skoHe Oenriii Oip CYHBIK YIIiH TeMIeparypa MeH CYWBIK iIIHJerl
0acka 3aTTaplblH KOHIICHTpAIMsAChIHA Toyelai Oonmanpl. EHmi cyiibiKka
Oatein Oapa KaTKaH IIapFa dcep eTeTiH KYIITep/i KapacThIpalbIK. (2 cyper).

y
[ S

v

[ T

V4
Cyper -1 Eki kabaT apacbhIHAaFbI )KbUIAMIBIK TPAJHECHTIHIH MOy

N

NN
T
|||'|||l'|||'|j||'

:

o
=
<
) |

Cyper - 2 CyifpIKka OaTbi 0apa jkaTKaH Iapra ocep €TEeTiH KYIITep

CyiibIK iminze Oarein O6apa )aTKaH LIapFa YII TYPJl KYLI ocep eTei:

P -aybIpibIK Ky1i

P- xepi urepymri xymr

F. . -OPTaHbIH KeZepri KyIIi.

[apaplH pajMyChlH - I, KbULAAMJBIFBIH - V, THIFBI3IBIFBIH - P, CYHBIK
TBIFBI3IBIFBIH - P, TYTKBIPIBIFBIH- 7] JKOHE aybIPIBIK KYLIIHIH YICYiH -g el
oenrineitik. CoHJ1a map/IbIH aybIPIBIK KYIIIi

4 —
P1=§7Z7”3/01gs (2)
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aJ Kepi uTepyIn Ky ApXuMes 3aHbl OOWbIHIIA

ﬁ:_émaplg, 3)

Oonampl. Erep map mrekci3 CyHpIK immiHAe oTe a3 >KbUIIaMIBIKIICH KO3FalbIC
kacaca (KYHBIHCHI3 KO3faibic), oHAa CTOKC 3aHBIHA COMKEC, OpTa TapamnbIHAH
Iapra acep eTeTiH Keaepri Ky

F =—6zmrv, “4)

(dbopMmynackiMeH aHbIKTajaabl. HBIOTOHHBIH eKIHIN 3aHBIH  KOJIJIAHBII,
mdv/dt = Z F ) KO3FaJlbIC TeH,Z[eyiH ObLIai kKa3aMbl3:

dv
mZ=PI—P—F (5)

(1) - (4) popmynanapaan KyIITEP/IiH KIHE MIAP/BIH MacCAChIHBIH

4
m:§7ﬂ”3p1 (6)

MOH/IEpiH KOWBIN (5) TeHIEYiH TYpIICHAIpeMis:

dv_ 9 |2Ap-pler o

dr 2r’p, 9n

AWHBIMAaJTBI IIAMaJIapbl TEHIIKTIH €Ki XaFbIHa 0ein Obuiail xa3albIK;

v 1

I dv _ 9277 dt

Ve 2(p1 _p)grz 2r°p, 0 )
o

t=0 Me3eTTe MIAPUKTIH CYWBIK OCTiHE TaCTaJFaHIaFbl 0acTaIKbI KbUIIAMIBIFbI
V=V, Oonca (8) TeHaeyl HHTErpa/al, MbIHAHBI aJaMbl3;

t

v(t) =V, — (vo -V, )e’ ©)
MYHJIarbl
r=2p,r*/9n (10)
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I1ap KO3FAIBICBIHBIH PETAKCAIHSIIBIK TIEPHOJIBI JACTT aTanabl.
Erep t>>7 O0osnca, mapaplH JKbULIAMIBIFBl TYTKBIP CYHBIK ilIiHIE ©3iHIH
MaKkCcHMaJjl MOHiHE

- 2([)1 w4 )gr
" 9 (11)
YMTBLIaIbI.
Kosranbic OacrairaHHaH
2
yoX4
f =4,6m17 (12)

YaKbIT OTKEH/IE IIap/IbIH >KbLIIAM/IbIFbI V1:0,99 *V, Oomapl. OChIHIAN YaKbIT
apaJbIFbIHIA AP X, 7 3,6V, T KOJ JKYpill YIrepesi.

Erep t>t, Goinca, map cy#bIK iliHIe TYPAKTAIFaH V, KbUIIAM/IBIKIIEH KO3FaIaIbl.

[Hap mekci3 cyibIK imiHae eMec, enmeMi MeKTeyl bIIBIC 1iHAeri CyHbIKTa
KO3FaJica, OHJa bIIbIC KaOBbIpFaJIapbIHbIH LIap KO3FAIbICHIHA 9CEPiH eCKepy Kepek.
Erep mununHap piabicThiH paauychl R Gonca, mapra acep eTeTin keaepri Ky (4)-
TiH OpPHBIHA ObLIAH JKa3bLIaIbL.

F= 67r7rv(1 +2,4 %J (13)
COHBIH HOTH)KECIHIIE
= Aoi=pler’ (14)
r
O 1+2,4—
"( Rj

Ocbl Qopmynanbl HaiganaHbll, MWAPAbIH TYPaKTalfaH >KbUIIAMABIFBIH ©JIIIeY
ApKbUIBI TYTKBIP CYHBIKTBIH TYTKBIPJIBIFBIH aHBIKTAyFa O0Jaibl:

2(p,—p)gr’ (15)
9*v0(1+2,4rJ
R

TyTKplp CyYMBIK imIiHIE KO3FalaThlH INApra ocep €TeTiH Kexepri KyIIiH
aHbIKTalTHIH (4) CToKC QopMynacsl PeliHombIe CaHBIHBIH

77:

_ 2vrp

n
moni Re +0,8 Gonranna rana aypeic 6omnanasl. Erep Re>0,8 Gosca, mapasiy
kezepri Ky CToKC 3aHbIHA OaFbIHOA/TBI.
Konowipewinvly KYpuLavlcyl JHCaHe HCYMbICHbIY OPLIHOALY 20iCHeMect.

Re (16)
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KoHIBIpFEI BEepTHKAIb OpHATBUIFaH, i1lliHE TIIMIMPHH, KACTOP Maiibl KyHbUIFaH
€Ki MeJIip blIbICTaH Typajabl. LIMMUHIPAIH CHIPTBIHA HIAPIBIH JKYPreH >KOJIBIH
Oimy yurin opOip 10 cM caiiblH CBI3BIKTAp cajblHFaH. Oniiey Ke3iHae quaMerpiaepi
optypai (1 MM +3MM MaHbIHIA) OoNaT mwapiaap KONJaHbUIAIbL.

JKymvicmuiy opvinoany mapmioi

MHUKpOMETpAiH KeMeriMeH KilkeHe mapnapisiH (5+7 map) d auamerpin
aifHaJIBIpa OTHIPHIN, 3 PET OJIeiHMI3.

Cyiiplk OeTiHeH KaHall TepeH IIKTeH OacTalrl, Map/IbH KO3FaJIbICHI OipKAIBITTHI
OonaTbIHBIH aHbIKTay Kepek. On yumriH mapiaslH 1-iHmi MeH 2-HImi CBI3BIKTap
OHE 3-1HIII MEH 4-1HIIi CHI3BIKTAp apachblH KaHILA yaKbITTAa OTKEHIH ©JIIIeI, COJl
OoiibIHIIA €Ki XKBULIAMIBIKTHI TAybII, CAJIBICTBIPY KepekK. Erep ochl eki apanbIKTarbl
KBUIJAMIBIKTAp TEH OoJica, OH/AA Keleci eJeylnepae KO3FalbICThIH OacTamnKbl
HYKTeci peTiHae 1-iHm ChI3bIKTHI KaOblayFa OoJabl.

[Hapasry 60 cM (HeMece OKBITYIIBIHBIH HYCKaybIMEH 0acka MoH 00JTybl MYMKIiH)
KONAB! OIPKaJBINTHl KO3FAIBICIICH XXYPIl OTKEH YaKbITBIH CEKyHIOMETPMEH
enmieHi3. OCBIHBI 9p CYHBIK (INIMLEPUH KOHE KaCTOp Maiibl) YIIiH 5+ 7 mapMmeH
KaliTajaHpl3. ONIey HOTIDKENepiH TeMeHeriael kecrere TycipiHi3 (4.1. sxoHe
4.3-myHKTTepiH | jxoHE 2-KecTere eHri3iHi3). Ouey KyMBICTapblH asKTaFraH COH
BIJIBIC ITTIH/IET IIapiap sl TOPBIH HEMECe MaTHUTTIH KOMETIMEH IIBIFaPBIIT aJTbIIL,
KOpaObIHA CaJIbIIl KOWBIHBI3.

1-Kecre. ['munepun ymin. Humuaap pagmycsl R=mm

lapnsy auameTpi, MM <d> <d,> <d> <d> <d>
1.33 1.31 1.30 1.31 1.30
t-yaKpIT, C 18.22 19.75 19.94 20.02 21.07
2-Kecre. Kacrop ymin. {umuaap paanycst R=mm
HapapH quameTpi, MM <d> <d> <d> <d> <d>
t-yaKBIT, C 60.04 60.04 60.02 70.27 60.04

T-YAKDBIT, C

]
=
[=}

19,94

H
©
~J
U

A
o
(%]
N
o
’
o
IS
N
o
o

1- Tnarpamma. [munepun yurin. [umuaap pagnycsl R=mMm
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t-yakpIT, C

60
58
56
54

<d1> <d2> <d3> <d4> <d5>

2- narpamma. Kacrop ymin. Hummaap pamuycst R=mm

3epTTeEy HOTHIKeIePi MEH TAJKBLIAY.

Iledazocukanvlx IKCnepumenmmi yiblmMOaAcmulpy HcoHe OHbIH HIMuUcenepi

®uszuka MeH uHGpOpPMATHKa TMOHACPIHIH apachlHAarbl OaiaHBICTHI Ky3ere
acelpy MakcaTbIHIA OUTIM  alylmbUIapablH BICKTPOHAB! IuiaTdopmanap MeH
FBUIBIMU BU3YyaJIM3alMsHBI KaHIIANBIKTHI ACHIeiiIe MCHIepIeHIH aHBIKTAy KOHE/IEe
OlmiMIepiHiH TOMEH OOJIFaH JKaFIallbIH/Ia OFaH HEe ce0en OOJIFaHBbIH aHBIKTAY YIIiH
2025-KbUTIBIH KaHTap aiiblHIa TKIPUOETIK-9KCTIEPUMEHTTIK 3ePTTEY KYMBICTAPHI
YHBIMIACTBIPBIIIBL. DKCIIEPUMEHTTIK 3€PTTEY KYMBICTAPBIH YHBIMIACTHIPY YIIiH
Heri3iHeH AyMaTtbl KanachlHAarel Kaszak Peceit MmenuiHa yHUBEpCUTETI, COHIAMN-
aK Makaja aBTOpJIapbl KaTapblHAAFbl opinTecTepiMi3 cabak OepeTiH KeHloip
TEXHHUKAJIBIK KOFapbl OKY OPBIHAAPHI aJIbIHABI.

3eprTey Marepuanaapbl MEH HOTIDKEJIEPIH TallAay >KYprizy OapbIChIHIA Keieci
onticTep KOMAaHbUIIBL:

1) Teopusnvig 3epmmeyoiy dxcannvl vuiblmu 20icmepi: 3€pTTEY TaKbIPHIOBI
OObIHILIA ICUXOIOTUSIIBIK, MTEAArOTUKANIBIK JKOHE FBUIBIMU-OIICTEMEIIIK, apHaibl
oIe0UeTTEep Il CaNBICTRIPMAJIBI TAJIIAY;

2) Oneymemmix sepmmey a0icmepi: TeHarorrapjiaH cyxoar aiy KoHe
cayaJHaMma KYPrizy, CaJIBICTBIPY, )KIKTeY, cayallHaMa HOTH)KECIH Tajjay;

3) DOwmnupuraneix sepmmey 20icmepi. eIaTOTHKAIBIK SKCIIEPUMEHT JKYPri3y,
CTaTHUCTUKAIBIK 3ePTTEY 9IICTEPiH NaiijanaHy, HOTHKEJEPiH OHICY JKOHE Taylay.

ToxipuOenik-3KCIEepUMEHTTIK JKYMBICTBI iCKEe achlpy Ke3iHAE MEAMLUHA,
CTOMATOJIOTHSI JkoHE (hapManus (hakynbTeTTepiHiH OipiHiIi Kypc O11iM amymbuiapbl
apacblH/a aHOHMMJI cayasiHama anbiHabl. CayaaHamara sxkannsl 112 pecnoHAeHT
KATBICTBI.

JKyprizinreH 3eprreynep HOTHXKECIHAE Kelleciiel KOPBITHIHIBLIAP JKacalabl:

Mexkrenteri  (u3nka TOHIHEH MEHIepreH OUTIMIEpIHIH  aKImaparThiK
KOMMYHUKALIUSUIBIK TEXHOJOTHSJIAp TOHIH Mrepyre KEeTKUTKTIriHe OaiaaHbICThI
cypakra OigiM alywmbUIapaplH imiHapa faHa (25,7%) KeTKUTIKTI Aenm »xayamn
oepni, an 42,5% sxerkimikti gece 31,8% mymnme xeTkimikci3 memn kayam Oepi.
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BynaH meiraTelH KOPBITHIHABI 0achIM KOMIILTIK OLTiM alnyIbiapAbH (U3nKa MEH
nHpOPMATHKA ITOHAEPiHIH apachIHAAaFbl OalIaHbICTHIH JKETKIUTIKCI3ir1 aHBIKTAJI b1

(3- cyper).

HasBaHwme gmarpammbl

45 42,5
40
35 31,8
30 25,7
25
20
1s
10

s

o

iwiHapa “a HOK

Cypet 3 - 3eprTey HOTHXKECI

dusrka MeH HHPOPMATHKA TMOHJCPIHIH apachbIHIarbl OAMIaHBICTBIH OKBITY
KOKETTUITIH aHbIKTay/a 0ackiM KOk OimiM anymbuiap 47% 1o KaxeT nece,
33% imriHapa Kaxet, ain 20% KaxkeT emec Jien kayar OepreH (4- cyper).

HazBaHwe guarpammbl

50
as
40
35

47

33
30
25

20

20
15
10
5
(o]

wa HHOK,

iwiHapa

Cyper — 4 3eprrey HOTHXKEC]

binimzepinin He cebenTi TOMEH €KEHIH aHbIKTayFa OalJIaHbICTBI CYpaKTa
49,5% pecnonnent ¥bT-na pusnkansiy Oerinaik noH Oonmaysl aece 29,3% mnonre
JIeTeH KBI3bIFYIIBUTBIKTHIH TOMEHIIT1, an 21,2% 0Ky 3KCIepUMeHTiHIH OoiMaybl
ner sxkayarl OepreH. Ocblian OUTIMAEPIHIH TOMEH JIeHreiie OomyblHa ocep eTeTiH
HeTi3ri cebenTep aHbIKTaIAbI (5- cyper).
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HazBaHwue guarpammbl
60
49,5
50
40

29,3
30

20

iwinapa ua HHOK,

Cyper 5 - 3epTTey HOTHXKEC]

OcbliaH  IIBIFATBIH ~ KOPBITBIHABL ~ OUTIM — alymIbUIapielH — (U3UKA MEH
nH(pOpMaTHKa TIOHIEPIHIH apachIHAarsl OAWIaHBICTHI JKY3€re achlpy MakKcaThbIHIa
OLTIM amymIbLIapABIH AJIEKTPOHABI TUTaThopMaliap MEH FhUIBIMUA BU3yaTH3aIHSHbI
KOKETTLUIITIH TYCIHETIHIITIHAE >KOHEAC OCHl TMOHII OKBITYABIH JXKaHA OIICTepiH
KapacThIPYAbIH MaHBI3IbUIBIFBIH aWKBIHAAWBl. KAKETTUIITIH TYCIHETIHIITIHIS
JKOHEJIC OChI TMOH/I OKBITYIBIH YaHa SJICTePIH KapacThIPYIbIH MaHbI3IbLUIbIFbIH
alKbIHIaNIbI.

Kopsitbinabl. 3eprrey 6apbicbinga CToke GopMynachl CyHbIKTBIH TYTKBIPIIBIFbIH
ecenreyae THUIMII OIC PEeTiHAE YCBHIHBUIBIN, OHBIH KapamalbIMIBUIGIFEI MEH
KOJDKETIMALIIr KepceTiai. 3epTXaHalbIK JKYMBIC apKbUIbI ajlbIHFaH MOJIiMETTep
HAKThI 9pi TYCIHIKTI TYPJIC OHISIII, O1/1IM ayHIbLIap IbIH TOXKIPUOCIIK AaF AbLTapbIH
KaJIBIITACTHIPY/IA THIMII KypaJl peTiHe KONIaHbU1Ibl. DU3NKaIBIK KYOBLUTBICTAPIbI
3epTTey HOTIXKEJEepiH Taljay/a dIEKTPOHIbl KecTelepl naiganany — 3epTrey
YAEpiciH 3aMaHay| TaJlalTapFa COMKECTEHIIPEe OTBIPHIIL, IEPEKTEP IiH HAKTHUTBIFbIH,
KOJDKETIMJILTITIH %KOHE BU3YaJIJIbl CallaChlH KaKcapTaThIHA KO3 KETKI31Ii.

Google Sheets CHIKTHI THQPIABIK Kypaaapabl KOJNIAHY:OJIICy DOIIITIH
apTTBIPYFa;HOTHKEIEPIi rpa(bHKanLIK TYPJE KOPCETY apKbLIbI /:[epeKTep;u TYCiHYI1
JKAKCAPTYFa;IKCIICPUMEHTTIK HOTYOKENIEP/Il OHTAMIBI 06Jlicyre MYMKIHJIIK Oepei.
ConsimeH karap,Google Sheets cHAKTHI 371eKTPOHIIBI MIaT(hopManap HOTHKETIEPIi
OHJICY/ll JKSHUIJICTE I JKOHE FhUIBIMU BHU3YyalM3allMsSHbI KaHa JCHIeHre KeTepesl
ONEKTPOHIIBI KeCTelepai TMalganaHy, 3epTTey VACpICiH 3aMaHayW TajanTapra
ColiKkeC MKEMJEH OTBHIPBIN, HOTWKEIEPIiH AYPBICTBIFBl MEH KOJDKETIMALTIriH
apTThipaabl. MyH1all HHTETrpaLUsIaHFaH dicTep (PU3KKa, XUMHUSI )KOHE HHKCHEPHS
camanmapblH/Ia CYHBIKTBIK KAaCHUETTEpiH 3epTTey YIIiH FBUIBIMH-3€PTTEYIILTIK
KYMBICTap/IbI KETUIIPYAe MaHbI3/IbI.

OCBIHBIH HOTHXKECIHJE, 3€pTTey YIepici TeK TEXHHKAIBIK TYPFhIIAaH eMec,
COHBIMEH KaTap aKIapaTrThIK-KOMMYHUKAIMSUIBIK —TexHomorusuiapmen (AKT)
THIMJII BIKIAIIACYBI aPKBLIBI )KAHFBIPTHUIILL. byJT TOCUT ToHApaBIK OalIaHBICThI
HBIFaUTHII, OKYIIbUIAPAbIH FRUIBIMH OWJIAYbIH, TAJJay KaO1JeTiH XKoHE 3ePTTEYLIIIIK
OUTIKTIUIITIH apTThIpYFa BIKIAT eTeIi.
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Abstract. Today, social networks are an integral part of the daily lives of users
worldwide. They are primarily used for communication, information exchange, and
shaping public opinion. The volume of data in social networks grows every day,
which attracts significant interest from researchers, as it allows for the study of user
behavior and social processes. One of the important areas of research is the methods
of influencing user behavior in social networks. This article is dedicated to methods
of influencing users’ opinions, specifically focusing on the theory of social influence.
The article presents quantitative indicators, relationships, and sets calculated based
on social network data. Modifications to Latané’s dynamic social influence theory
are proposed, taking into account the characteristics of social networks. During
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the study, formulas describing the magnitude of social pressure exerted on an
individual were modified. External factors of influence that may also affect the
formation of an individual’s opinion are considered. The results of social network
analysis can be used as a tool for shaping and manipulating public opinion in states.
The article also describes a developed software system designed for extracting,
processing, and analyzing data from social networks. The system includes modules
for data collection, processing, and analysis, all implemented in Python. The data
extraction module allows obtaining information primarily from the largest social
networks — Twitter and VKontakte — using application programming interfaces
(APIs). Finally, the results of the calculations are presented.

Keywords: analysis of social networks, Internet, vkontakte, data analysis,
methods of analysis in social networks, Latane theory, social network
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AHHOTAIMA. byriari Tanma omeyMmerTik Menma  OYKUT  onmemjeri
naiaanaHybUIapAblH KYHACNIKTI eMipiHiH Oip Oesmiri Gombin TaObuiaael. Onap
HETI31HEeH KapbIM-KaThIHACTA, aKMapar ajiMacyaa KOJJaHBUIAbl HKOHE KOFaMJIbIK
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MiKIpAi KaJBINTACTRIPaAbl. OJIEYMETTIK JKeJIepe ACpeKTep KejleMi KYH calblH
apThIN KeJedl jkKoHe OYJI 3epTTeyIIIep YIIIH YIKSH KbI3BIFYIIBUIBIK TYIBIPAJIbI,
OWTKEHI OJ NalJadaHyIIBUIapIbIH MIHE3-KYJIKBIH, OJCYMETTIK IpOIecTepIi

3epTTeyre MyMKiHIiK Oepemi. OmapaslH imIiHAEri €H MaHBI3ABUIAPBIHBIH Oipl —
QJIEYMETTIK JKeJiHI MaianaHyImIbUIapAblH MiHE3-KYJIKbIHA oCcep €Ty oJicTepi.
Bbyn makana maiimanaHymibUIapaslH TIKIpIEpiHEe ocep eTy oJicTepiHe apHalFaH.
Artan aliTKaH/ia, QJIEYMETTIK dcep eTy TeOpHsChl KapacThIpbUIaabl. Makamana
QJIEYMETTIK JKENNIepACH allblHFAaH MONIIMETTep HETi3iHAE ECEeNTeNeTiH CaHIbIK
cHIlaTTaMayap, KaTblHacTap »JKOHE  IJKHBIHTBIKTap Kenripinred. JlaraHeHiH
JMHAMUKAIIBIK QJIEYMETTIK 9Cep €Ty TEOPHACHIHBIH dJICYMETTIK JKeJIiIepre KaTbICThI
MOAM(HUKAHUSIAPhl YChIHBUIFAaH. JKyMbIC OapbIChIHAA SPTYPIl Karaaiiap YIIiH
KeKe agaMra OarbITTalFaH OJICYyMETTIK KHICBIMHBIH MOJIIEPIH CUIATTaHThIH
(dbopmymanap e3reprinmi. JXKeke TYJIFaHBIH MKiPiH ©3repTyre 9cep €TETiH CHIPTKbI
ocep (akTopiapsl cumarTajFaH. OJEYMETTIK JKeJNJIepAi Tajnay HOTHXKeIepi
MEMJICKETTepJie KOFaMIBIK TIKIp[i KalbITACTBIPY JKOHE KOFaMIBIK TIKIpIi
MaHUIYJISIIUsIIAY KYpajibl PeTiH/e MaiilanaHbpuTybl MyMKiH. Makaiaaa oneyMeTTiK
KENJIEPJCH aKmapar aiyFra, JepeKTepl OHIeyre jKOHe TajjiayFa MYMKIHIIK
OepeTiH 93ipyieHreH OaraapiamMalblK jKacakTamMa Typajibl alThlIaabl. OJICyMETTIK
JKeNIJIepJCH aKnaparThl aiy, OHIeY, AepeKTepl Tajanay MOIYJIbICpiH KaMTHUTHIH
OaraprnaMainslk kenreH. bapisik Momynbaep Python Timinge *y3ere achlpbuiaibl.
Jepekrepai mIbIFapy MOMYNi JEpeKTepli, €H alJbIMeH, €H ipi oJIeyMeTTiK
xeninepaen: Twitter skoHe vkontakte-men amyra Mywmkinmik Oepemi. OmapasiH
OpKaichIChIHA KOJ KETKI3y YIIiH KongaHOansl Oarmapnamanay uatepdeiici (API)
Konganbliael. COHBIHAA €CENTEY HOTHXKENEP] KeNTipiireH.

Tyiiin ce3mep: oneyMeTTIK KeTiIepai Tanaay, raiaMmrop, vkontakte , nepexrepi
Tanjaay, Jlarane TeopusChl, oIeyMETTIK JKeiIeri Tannay 9/ictepi, Jlarane reopusicer,
QJIEYMETTIK XKeJi
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AnHotanusi. Ha cerogHsmHuii IeHb COIHMAJbHBIC CETH SIBISIOTCS YacTbIO
MOBCEAHEBHOM KMU3HH TOJIb30BATENEH 110 BceMy MHUPY. B 0CHOBHOM HCTIONB3YIOTCS
B oOmeHun, odMeHe uH(opMmanueil a Takke (OPMHPOBAHHU OOILECTBEHHOTO
MHEHHUs. B coumanpHbIX ceTsiX 00beM MaHHBIX pacTeT C KaKABIM JTHEM H 3TO
BBI3BIBAECT OONBINON MHTEpEC JUIA MccieqoBareield, Tak Kak MO3BOJISIET HU3y4aTh
MOBEACHUS TIOJIb30BATEINCH, conuanbHbie npouecchl. OIHUM M3 BaXKHBIX CpeAd
KOTOPBIX SIBIISIIOTCSI METOJIBI BIMSHUSI HAa MOBECHMUS TOJIb30BATENCH COLMaNIbHON
ceru. JlaHHas1 cTaThsi MOCBSIICHA METOAAM BIMSHUS Ha MHEHHUS MOJIb30BaTeNCH.
A MMEHHO paccMOTpEHa TEOpHS COLMAJIBLHOTO BIUSHUA. B cTarhe mpeacraBieHbl
KOJIMYECTBEHHBIE TTOKA3aTENIN, B3aUMOCBSI31 U MHOJKECTBA, PACCUUTAHHBIC HA OCHOBE
JAHHBIX COLMANBHBIX ceTel. [IpemiaraioTcst N3BMEHEHUS B TEOPHU THHAMUYECKOTO
couyanbHoro BnusHUs JlaTaHe ¢ y4eToM OCOOCHHOCTEH COLHMAlIbHBIX CeTeH.
B mpouecce paboTbl ObUIM K3MEHEHBI (OPMYIBI, OMUCHIBAIOIINE BEITUUMHY
COLIMANIbHOTO JABJICHUS, KOTOpOE OKa3bIBAE€TCS HA WHAWBUAA. PaccMOTpeHbI
BHEIIHUE (AKTOPhI BIMSHUS, KOTOPhIE TaKKe MOTYT BIUATH Ha (OPMHUPOBAHHE
MHEHHsI WMHAMBHIA. Pe3ynbrarbl aHamW3a COLMAIBHBIX CeTed MOryT OBITh
WCTIOJIb30BaHbl KaK HWHCTPYMEHT (OPMHUpPOBAaHUS OOLICCTBEHHOIO MHEHHS B
roCyJapCTBax M MaHHITYJIMPOBaHHs OOLICCTBEHHBIM MHEHHEM. B cTarhe ommcan
pa3paboTaHHBI MPOTPAMMHBIA KOMIUIEKC, MpeIHa3HaYeHHBIN JJIsl U3BJICUCHHUS,
00pabOTKH 1 aHAJIN3a JaHHBIX U3 COIIMAIbHBIX ceTell. KoMIieke BKitouaeT MOIyu
1uist coopa nHpopmanum, e€ 00pabOTKU U aHAIIN3a, BCE OHU PeaM30BaHbl Ha SI3bIKE
Python. Moaysb u3BnedeHrs: JaHHBIX MTO3BOJISET MOIy4YaTh HHPOPMALHIO MTPEXK/IC
BCEro M3 KPYIMHEHIINX COLMabHbIX ceTeil — Twitter 1 BKoHTakTe, nucnons3ys 1is
sToro uHTepdelcs npuknagHoro nporpammuposanus (API). B konne npuBeneHb!
Pe3yNbTaThl BHIYACICHHUSL.

KioueBble ciioBa: aHalu3 AaHHBIX, aHAJIU3 COIMAJBbHBIX CETEH, MHTEPHET,
BroHTakTe, MeToAbl aHalu3a JAHHBIX COLMANBHBIX ceTei, Teopus Jlarawe,
coLMaJIbHBIE CETH
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Beenenue. Pa3BuTHe  MHTEPHET-TEXHOJOTMH  OTKPBUIO  BO3MOXKHOCTHU
BUPTYaJIbHOTO OOLICHUS Yepe3 counanbHbie ceTH. ColuanbHas CeTh MPEACTaBIsIeT
cOo0OM HHTEpPaKTHBHYIO IUIaTGOpPMy C MHOXKECTBOM IIOJb30BaTelel, TIIe
KOHTEHT CO3Jal0T II0Jb30BaTelIM CeTH. Tlakue IuaThopMel  (HopMHUPYIOT
aBTOMATH3HMPOBAaHHYIO COLMAIBHYIO CPely, O3BOJISIS TPYIIaM JIIo[eH ¢ 00mHUMHU
WHTEpECaMn B3aWMOACHCTBOBAaTh ApPYr ¢ JpyroM. K HHM Takxke OTHOCSTCS
TeMaTuueckue GopyMmbl, 3TO 0COOEHHO OTpAacCiIeBbIC, aKTHBHO Pa3BUBAIOLINECS B
nocyeHue rojibl. YNcIo 3aperucTpupoBaHHBIX TOJIb30BATENCH OTHON COLMaIbHON
CETH MOXKET MPEBbIIIaTh HaceneHue uenoit ctpansl (Charu, 2011).

AHanmu3 COLUMANBHBIX CETeH HCHOJIB3YeTCSl B  Pa3BEAbIBATENBHBIX U
MIPaBOOXPAHUTEIBHBIX MEPONPHUATHAX. ITOT MOAXO MPEIOCTABISACT aHAIUTHKAM
BO3MOJKHOCTh KapTorpaupoBaTh CKpBITBIC HJIM HE3aKOHHBIC OpraHU3aLMH,
BKJIIOYasl MIMMOHCKUE CETH, NPECTyHHbIE COOOIIeCTBA M YJIWYHBIC OaHIBI.
ATEHTCTBO HalMOHaNbHOH Oe3omacHocTH (NSA) UCHONB3yeT 3aKphIThIC
MPOrpaMMbl MacCOBOTO BJICKTPOHHOIO MOHMTOPHHIA ISl TOJNyYCHHs AaHHBIX,
HEOOXOIUMBIX JJISl aHAIM3a TEPPOPUCTHUECKUX CTPYKTYP M HHBIX CETeH, 3HAUMMBbIX
It obecrieueHus HannoHaNbHOU Oe3onacHocty (barypa, 2012.)

Bamsiapl uenoBeka GpopMHUpYIOTCS HE TOJBKO MO BIMSHUEM €0 COOCTBEHHBIX
yOexxeHni 1 aHanu3a MHGOPMALUK, HO U ¢ YY4ETOM MHEHHUH IpyIIbl, Ipy3ei n
OKpYXAaIoUMX. ABTOpPHl MONBITAINCH AAANTHPOBATh TEOPHUIO TUHAMHUYECKOTO
couuansHoro BnusiHua Jlarane (Nowak et al., 1990; Wragg, 2006) mis pacuéra
YPOBHSI BIUSIHMS OKPY’KalOIIMX HAa MHEHHWE WHAWBUAA. B crarbe mpeanoxeHbl
KOJIMYECTBEHHBIC MapaMeTpsl M MHOXECTBa C HCIIOJIb30BAaHHEM JIAHHBIX
COLIMAJIbHBIX CETEH.

Kak moxa3eiBator HaOmronenus mcuxoinoroB (Deutsch et al., 1955). B
COLIMANIBHBIX CETAX areHThl HEPEIKO HE PACIOoNaraioT J0CTaTouHoN HH(popMmannei
JUI TIPUHSTHS PELICHWH WM HE CHOCOOHBI CaMOCTOSITENbHO e oOpalorarb,
MO3TOMY HX PELICHHUS] MOTYT (DOpMHpOBATHCS HA OCHOBE HAOMIOAeMbIX ACHCTBHUI
WIM MHEHHH JIpyrux areHtoB (couuanbHoe BiusHHE). CouuanbHOE BIUSHHE
MpOosIBIISIETCS Yepe3 JBa OCHOBHBIX mporecca. IlepBelii — KOMMyHHKanus: B
X0Jie B3aUMOJIeHCTBUS, OOMEHa ONBITOM W WHGOpMAIHMEH, a Takke 00CYKICHHUS
Pa3IMYHBIX BOMPOCOB C ABTOPUTETHBIMH JJIsI arcHTa coceasiMH (OPMHUPYIOTCS
€ro TpeICTaBJICHMS, YCTAHOBKM M MHEHMA. BTopoii — cpaBHEHME: CTpeMsCh K
COLIMANIbHON MJICHTUYHOCTH M OfOOPEHUIO0, areHT NMPUHUMACET T€ MPEICTaBICHUS
W MOJICJIN TIOBEJICHHS, KOTOPBIX OXKHMIAIOT OT HEro JIpyrue ydyacTHUKU cetu. [lpu
3TOM OH 3aaéTCsl BOINPOCOM: «KaK OBl MOCTYIWJI APYTOH areHT, SBISIOLIMHACS
JUIE MEHSl 3TaJOHOM, B aHaJOrM4YHOM cutyaumu?» Comocramss ceOs ¢ HHUM,
areHT OLIGHUBAET COOCTBCHHYIO aJCKBaTHOCTb M KOPPEKTHPYET IOBEICHHUE.
[Iponecc cpaBHEHHS TaKKe MOMKET pacCMaTpUBATHCS KaK IOUCK CTPaTErnyecKoro
MPEUMYIIECTBA: OPUCHTUPYACh Ha JPYTHX AareHTOB, 3aHUMAIOLIMX CXOXKHE
MO3HULIMHU B COLMAJIBHON CTPYKType, MHAMBUI MOXET BHEIPSTH WM MEPEHUMATh
HOBOBBEJICHHS, IOBBILIAIONINE €T0 MPUBIICKATEIBHOCTh B CHCTEME COLMAJIBHBIX
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oTHomIeHNH. Hy»HO OA9epKHYTh, TP KOMMYHHUKAITUH areHTHI MOTYT BBIPa00TaTh
MTOXOXKME B3MISIBI, HO WX JIEHCTBHUS MPU 3TOM MOTYT pa3inyarkcs. Hamportus, B
MpoIecce CPaBHEHUS areHT, KaK MPaBUIIo, IEPeHIMAaET HaOI0IaeMoe TTOBEICHHE.
SIcHo, 9TO nelcTBUs areHTa (POPMHUPYETCS HE TOIBKO €ro MpeACTaBICHUSIMHU, HO
¥ OT OrPaHUYMBAIONINX (DAKTOPOB, CTPYKTYPUPYIOIINX €r0 BO3MOXKHBIE PEIICHHS.
CrnenoBarenbHO, CXOACTBO MPEICTABICHUI HE TApAHTUPYET CXOACTBA MOBEICHUS,
TaK e KakK ¥ pa3Inyue B3TIIS0B HE UCKITIOUAST OIMHAKOBBIX MOJICIICH TTOBEICHHS.
B conmanbHBIX ceTsX HHPOPMAIIUS, HJIEU U BIHSTHAE OBICTPO MTEPEA0TCS OT OTHOTO
MOJTL30BATESI K IPYTOMY, UTO JIeJIaeT WX Ba)KHBIM CPEJICTBOM KOMMYHHKAIIHH.

B 1mensx mpoBemeHWS OKCIEPUMEHTAIBLHOW 4YacTH WCCIECNOBaHUS ObLia
peanm3oBaHa MporpamMma, TIO3BOJISIFOINAs W3BJIEKAaTh, CHUCTEMaTH3MpPOBATH H
aHAJIM3UPOBATH MOJIH30BATENILCKHE JaHHBIE. MOYIIb CHCTEMBI TIO3BOJISIET COOMPATH
nanaple 13 BKoHTakTe W MOXeT OBITh aganTHpOBaH JJs pabOTHl C JIPYTHMHU
COLIMAJIBHBIMU ceTsiMU uepe3 ux AP

Martepuananl U MeToAbl. |Ipu M3ydeHWU cONMANIBHBIX CETe MMEET CMBICT
YYHUTHIBATH Pa3HOOOpA3HbIC YHCIOBBIE W HEYHCIIOBBIE IOKA3aTelH, a TaKkKe
OTHOIIICHUS 1 MHOXKECTBA, KOTOPBIE CBSI3aHBI C MTOJIB30BATEISIMHA U WH(OpMAIIHE B
cetu (Wasserman & Faust, 1994; Newman, 2010). Cnexyer OTMETUTB, 9TO BCE OHU
SIBIISIFOTCS. KOHCTPYKTUBHBIMHU, TO €CTh MOTYT OBITh BBIYUCIICHBI WM TTOCTPOCHBI
C WCIIOJIb30BAHUEM COOTBETCTBYIOIIMX aJTOPUTMOB, TPU YCIOBUU HAIHYUS
MpOrpaMMHOTO 00ecTieueHus ISl U3BIICUeHUS HEOOX0IMMOM HH()OPMAITIH U3 CETH.

Hanpumep, P _ coobuenne («mmocT») conmanbHOU cetn, ¥ — momb3oBaTeNb
CEeTH, KOTOPBbI COCTOUT B COOOLIECTBE, T.€. OBITH IOJMMCUUKOM COOOLIECTBA.
[Tonb3oBarens croCOOEH CO3/1aBaTh U PACIPOCTPAHSITH COOOLIEHUS.

YuciioBbIE TOKA3aTEH: F ollowers_Count(u) — YHCJIO IIOAIUCYHUKOB, TO €CTh

JIIOZIEH, CIIEISIINX 3a COOOIEHUIMH JTaHHOIO 10JIb30BaTels; Fr. iends_Count (M)
— OO0mmee ynco Apy3ei MoNb30BaTelNs, BEIOPAHHBIX MM JIJISl BKIIFOYCHUS B CBOM
CIIMCOK KOHTAKTOB (JJOOABJIECHHBIX UM CaMOCTOAATENbHO); Timeline Count(u) -
UKCio «moCTOBY», CO3AaHHBIX IMOJb30BaTEIICM; Retweets(p) — Yucio pernocrtos
cooOrIeHust (KOIUYeCcTBO pa3, Korja JaHHOE CoOOIIeHne ObLIO IIepeciaHo IpyTruM
TI0JIB30BATEIISIM); Likes(P) — KonmuecTBo MONOXHUTENBHBIX OLIEHOK («IAMKOB))
JTAHHOTO COOOIIEHMS;

HeuncioBble mokazarenau: Regl name(u) — PeanpHOE MM TIOMB30BATENS
IIPH €r0 HATMYUH(Ka4eCTBEHHAS XapaKTePUCTUKA); Bdate(u) — JIeHb, MECSII ¥ TOJT
POXKJIEHUS TI0JIb30BATEIIS; City(u) — MecTo mpoXUBaHUS MOIB30BATENSI (TOPO.);
Hometown(u) — Ilpu3HaKk COOTBETCTBUS TOPOa MPOKUBAHUS TTOJIH30BATEIS €TI0
poaHOMY TOponay, Career (u) —Opranuzanys, B KOTOpOi paboTaeT MoJib30BaTeib, U
ero npodeccruoHaIbHas AeSITEIEHOCTS; Universily(u) — Nudopmanns o yaeOGHOM
3aBeJICHUH TOJh30BaTeNs (YHUBEPCHUTET, KOJUIEK U aHAJIOTUYHBIE YIPEKICHHS ),
¢bakynsreT; School (u) —Wnudopmaryst o mrkose, B KOTOPOi 00ydaics moib30BaTeb;
Friends u) rH(OPMAITHS O CTaTyCe CEMEIHOTO TOJIOKEHHS TTOJTb30BaTEIS:

1 — HE cocTouT B Opake
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2 — uMmeet naptHépa

3 — IOMOJIBJIEH/TIOMOJIBJIEHA

4 — cocrout B Opake

5 — CITOKHOE ceMEMHOE ITOT0KCHHUE

6 — B aKTUBHOM ITOMCKE OTHOIIICHUH

7 — SMOIIMOHAJIBLHO BOBJICYEH/BIIFO0IEH

[Ipu Hanmmumy wHGOPMAIIUK O TOZAE BBITyCKAa U3 YUYEOHOTO 3aBEICHHS, TO ITOT
MoKa3aTelh HHOT/Ia PACCMaTPUBALCTCS KaK HEUHCIIOBAst XapaKTepucTHKa. B cinydasx,
KOTZIa TOJBI TIOJh30BATENEel CPAaBHHUBAIOTCS HCKIFOUYUTEILHO HA COBIAJICHHE WU
¢ukcupyrorcst B Buae 0 wim 1, Takoil cmoco0 TpeacTaBiIeHHUs AaHHBIX OOBIYHO
0003HAYArOT KaK WHIUKATOPHBIH.

MHoxecTBa: [ ollowem(u) — Ilonp3oBarenu, MOANKMCAHHBIE HA JAHHOIO
ronb30Barens; Friends (u) —Iloar3oBarenu, 100aBIEHHBIE JAHHBIM I10JI530BATEIEM
B CIIMCOK JIpy3ei (T.e. Ipy3bs); Mentions(u) — W nenTudukatopsl noibp3oBarene,
Ha KOTOPBIX CCBIIACTCS MAHHBIH MOJIE30BaTENIh B CBOMX COOOIICHHUS, Hashtags(u)
— CIHCcoK X3IITEroB, BCTPEUAIONTUXCS B ITyOJIHKAITUAX M COOOIICHUSIX TAHHOTO
0JIb30BAaTEIIs; Urls(u) — URL-anpeca, ynoMsHyTble B COOOIICHUSX JTaHHOTO
OJIH30BATEI.

KosmyecTBeHHBIE XapAKTEPHCTHKH, COOTBETCTBYIOIHNE Pa3IHYHBIM
MHOKECTBAM:  Count Mentions, (v) — UYwucnoBoe 3HaueHUe, OTpaXkaroliee,
CKOJIBKO pa3 OJIUH I0JIb30BaTEIbh ObLI YIIOMSHYT U ;

Count _ Hashtags, (V) — UYncnoBoe 3HAYEHHE, OTPAXKAIOIIEE, CKOJILKO a3
XDIITET V BCTPEYAETCS B IyONUKALMAX 1 ;

Count _Urls, (v) — YucnoBoe HaueHUE, OTPaXkarollee, CKOJILKO pa3 JaHHas
BHEMIHSS CChLIKA v BCTPEYAETCS B MyONMKALUAX U .

Count_Retweets, (”1) — KOJIMYECTBO COOOILEHUH NepecilaHHbIX I0JIb30Ba-
TENEM u , TIOyYEHHBIX OT IOJIb30BATENA

Count _CommonFriendsu (V) - Uncno oOmmMX KOHTAKTOB MEXKAY JBYyMS
II0JIb30BaTEIIIMU COLIMAILHOM CETH U U U .

VYBenuueHue uucia MOANMCUMKOB OTPakaeT BO3PACTAHHE MOMYJSIPHOCTH
nonp3oBarens. CormacHO Teopuu conumaibHoro BiwstHus Jlarame (Latané, B.,
1981, 1996), dyHKIHIO MOKHO HHTEPIIPETUPOBATh KaK «CHITY BIUSHUS JTAHHOTO
II0JIb30BATEII.

Teopusi AMHAMHYECKOr0 COLMAJIBHOIO BJAMSAHUSA JIaTaHe U MpelIoKeHHbIe
H3MEeHEeHHs dTOil MOoaeIn

Jamee Oynmer paccMOTpeH MOAXON K MOIM(HUKAIMH TEOPUH TUHAMHYECKOTO
COLIMAJIBHOTO BIMsHUSA JIaTaHe ¢ 1enblo €€ NPUMEHEHUS B KOHTEKCTE COLIMATIbHBIX
CeTel.

Tpu kmroueBbIx arpulyTta oTHOIIEHWH 1Mo JlataHe: cuia (cTaryc U JOBepHE),
paccrostare ((hU3HUeCcKOe/TICHXOIOTHIECKOE), TeKyIee KOIUIeCTBO MCTOYHUKOB.
YpoBeHb BIHAHMS HAa WHAUBUAYyMa MO TEOPUU AMHAMHYECKOTO COLUAIBHOTO
BhusiHES JlaraHeMoxeT OBITh MpeIcTaBiIeH (hOpMYITOi.
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¢ y §,0,0,
.
371€Ch:
I, — KonnyectBO BO3ACHCTBHS CO CTOPOHBI COLMAIBHBIX arcHTOB Ha
WHIUBUIYYMA;

O, — 3HaueHUe MHEHUS 1-r0 MHAUBUJyyMa 110 3alaHHOMY Bompocy (+1), +1 —
nojiepkKa, —1 — Hecomacuio ¢ MpeAsIoKEHNE;

S, — Crenenb Bo3/elcTBA cOLMANBHBIX (akTopoB Ha nHAMBUAYYyMa (S, = 0)
cuJia BIMSHUS;

b - VYpoBeHb CONPOTUBIICHUSI K BHEIPEHUIO H3MEHEHUH;

d ;— Benmuuna nucTaHuyu, pasaenaionel MHIUBUIOB | U J ;

a — CTeneHb CHIKEHUS BIUSHUS C YBEJIMYEHUEM PACCTOSHUS;

N —Uucio areHToB, y4acTBYIOLIUMX BO B3AUMOACUCTBUSAX.

Koncrautel £ 1 a 00bIYHO IPHHUMAIOTCS paBHBIMHE 2; yBenudenue D Tpedyer
OoJbIIEro JaBICHUS AJIsl U3MEHEHUSI MHEHUSI, YMEHBIICHNE — MEHBIICTO.

[lpu yBenuueHNH 3HA4YCHUS A BO3JCHCTBUE AOIKHO OBITH CHJIbHEE, YTOOBI
MIPEOI0IETh PACTYIIIEE PACCTOSHUE MEKIAY UCTOUHUKOM M MTOJTy4YaTesIeM.

apamerp d ij

Benuunna d;; xapakrepusyeT CBOMCTBA Mapbl HHIMBHIYYMOB H CIYXKUT
nokazareneMm d¢QekTuBHOCTH mnepenaun uHpopmanuu. [lpu e€ ycraHoBke
MPUHUMAIOTCS BO BHUMAHHE BO3pACTHBIC, STHUYECKHUE, KOHPECCHOHAIbHBIC U MHBIC
pasmuuns. [Ipu Berauciennn d,; popmyna MOXKET BKIIOUaTh GaKTop HU3MIECKOro
paccrosiHus MexAy cyObekramu. [Ipumepom sBisieTcsi pU3MUYECKOE PacCTOSHHE
MEX/ly HaCEJIeHHbIMH ITyHKTaMH, B KOTOPBIX Haxo/ATCs MHAMBUBL. Kak npasuio,
MPEANoaraeTcs, 4To JIErKOCTh OOIIeHHS 00paTHO MPONOPLMOHAIbHA KBAaJApaTy
paccrosiaust (Wragg T., 2006). B ciiyuae KOMIBIOTEPHBIX CETCH BO3MOXKHBI
aJIbTePHATHBHBIC MTOIXOABI, B TOM YHCJIC UTHOPUPYIOLIUE (PU3UUECKOE PACCTOSIHHUE.

B nensx mopenupoBaHMs COLMAIBHBIX CETEH Mpeiaraercs ajanTHpoBaHHAas
Bepcust popmyibl Jlatane cieayromero Buaa

Followers _Count (uj )Oj 0,
d® (u,.,uj) '

i=1 i=

I,=-f- ZFollowers Count ii
J

B a10#1 hopmyne umcIOM NOANMMCYMKOB IOJB30BATENsl ONPENENACTCS Cuia
€ro BIMSHUS: POCT YMCIIA MONINMCUMKOB OTPa’KaeT BO3PACTAHUE IOIMYJSIPHOCTH
nons3oBarens. d(u,,u /) — PacCTOSHME OT TOJIB30BATENA U, 0 MOIb30BATENA U,
KOTOPOE ONPEeNseTCsl TOCPEICTBOM aHAIN3a Pa3InIMi B AaHKETHBIX TaHHbIX.

JL71si BBIYHMCIICHUS PACCTOSHUS MEKLY TI0JIb30BATENISIMU IPUMEHSIETCS PACCTOSIHHE
XsmmuHra. KaxmoMmy monbp30BaTeiio MPUIUCAH BEKTOP KaTerOpHajbHBIX
XapaKTEePUCTHK, a paccTOSHUE XAMMUHIA MPEACTABISAET COOO0H YMCIIO MO3ULMH,
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IJIe 5T XapakTepucTHKu pasiauyarorcs. [lapamerp O, B mccnenosanuu (Latané,
1981, 1996) peub npumMeHsIICS K KaMIIAHUH 110 BAKI[UHALIMY IPOTHUB ITOJIMOMUENINTA,
rJe BO3ACHCTBHE Ha OOILIECTBO OCYLIECTBISUIOCH Yepe3 pas3iuyuHble Meaua, ¢
HanOOJBIINM BIMSHAEM TEJICBUICHHUS U PAJHO B TOPOACKHX o0nacTsix. 3HaueHue O
MPUHUMACTCS PAaBHBIM 1 B 3aBUCMOCTH OT NPUHAJIC)KHOCTH 1-T0 MHHAMBUIYYMa
K JaHHOMY COOOIIECTRY.

Jns nameit monenu poaru CMU MOTyT BBIIONHATH TaKKE apaMeTphl, Kak CHIIa
BJIMSIHUS X3LITEra U CUJIA BIMSHUS CCBHUIKH.

Bnusinue BHemHux (akTopoB, Takux kak CMU, MoxkeT OBITh BKIIOYEHO B
mozens (Wragg T., 2006) myTém 100aBIeHuUs JOMIOIHUTEILHOTO WieHa B (OpMYITy
Jarane: 0,0, Sy, The Sy — cuma BAMAHMS BHEINHMX WMCTOYHHKOB HA [-if
uausuayym, S, >0, O,, — MHeHue BHemHero ucTounuka. [Ipu BKIKOUEHHH
BJIMSIHUSI CPEIICTB MaccoBOM MHpopManuu (Gopmysia IPUHUMAET OKOHYATEIbHBIN
BUJ:

§,0,0,
d;

B HUCCIICAJOBaAaHUHN BHEIIHUI MCTOUHUK MOICINPYCTCA KAaK arcHrT, HaXO,I[HH.[PIfICH
3a npeaeciamMu OCHOBHOH Cpeabl C (bHKCI/IpOBaHHBIM pacCTosiIHuEM 1 J0 KaXa0ro

N
I, = _S,ﬁ _OiOMSMi - Z

J=l,j#i

WHAMBHyYyMa, YTO OTPAa)KaeT €ro BCENPOHMKAIONIYIO MPUPOAY. 3HAUEHHE Sy’

MEHSeTCs JUIsl KaKIOro MHAMBUAYYMa, IMOCKOJIBKY ypoBeHb BozzeiictBus CMU

pasiuueH; 3Ta BeJIMYMHA AHAJOTHMYHA «IOBEPUTEIHLHOMY BECY» HHIUBHAyyMa

K BHEIIHUM cooOmieHusaM. B koHTekcTe conuanbHbix cetel ponrs CMU moryt

BBITIONHATD CHJIBI BIUSTHHUS XOIUTETOB, CCBIJIOK WM PEKJIaMbl B COOOIIECTBE
noJib3oBaresiei. Ha atoii ocHoBe hopmupyercst utTorosast popmyia:

Hashtags(u )| | Hashtags (u ;

, :_ﬁ.ZN:CountiMentionsu(ui)—‘ Zg( ! fj'-l)‘ashtags (h h, ) ZN:ﬁ:Mentwns (ui’uj),

i=1 i=1 j=2 i=l j=2 P iu,,u ’

i>j i

31ech YUUTBHIBAIOTCSI BCE IIOJIb30BATEININ, YIIOMHUHAEMBIE U, TaKXKe XJLITEIH.

COOTBETCBEHHO:

Ui oo N N Mentions, (u,,u, )
J

1, =—ﬂ~iC0unt_Menti0nsu(ui) z ZUrls (url url, ) Z—(_r
= i=l i=1 _: P ul,lzl

i>j i>
[Ipu yuére pexiaMHOTO BO3IEHCTBHUS Ha COOOIIECTBO (hOpMylia MOXKET OBITh
3anucaHa CHCI[}IIOIHI/IM oOpasom:

1, =-p" ZFollowers Count ZFollowers Count(s )OO

i=1 i=1
Followers Counl(uj )OjOI.

_zz d;(u,.,uj)

i=1

J
i>j
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31ech KOJIMYECTBO MOANMCUYMKOB COOOIIECTBA - CUHTaeM
KaK CHJTy BIMSHHUS COOOILECTBAa HA TAaHHOTO Noib30Baress. Ecim ecTh pexiiama Ha
coobmiectBo, To O, npuHUMaeT 3HaueHue +1, nxage —1.

Pe3ynbrarel u o0cy:xkaenue. Hanbonee ynoOHBIM MeTomoM cOopa JaHHBIX
ABIsieTCs OOpalleHue K CIEeHUATU3UPOBAHHBIM KOMITAHUSM, OCYIIECTBIISIOLINM
cOop W mocTosHHOE OOHOBJIEHHE HH()OPMALMHU M3 PA3IMYHBIX HCTOUYHHUKOB.
[IpenmymiecTBO JaHHOTO MOAXOAA 3aKIIOYAeTCs B ONEPAaTUBHOCTH IOMYYECHHS
JaHHBIX, YTO KPUTUYIHO NPU OOIBLIOM 00bEME KIMEHTCKON 0a3bl M NCIIOIb30BAaHUN
HECKOJIBKUX COLMaNbHBIX ceTel. K HemocTaTrkaM OTHOCHUTCS TTaTHAs! MOANKCKA Ha
OOHOBIICHHSI.

Emé onun noaxo k cO0py AaHHBIX — MPUMEHEHUE TPOTrpaMMHBIX HHTEp(deiicoB
(API), npenocraBnseMbIX HOMYJISIPHBIMU COLIMATIBHBIMU ceTsIMU. Habop 1ocTymHbIX
JAHHBIX, OIPAaHUYCHHUS MO YHUCIY 3alpOCOB M CTOMMOCTH JIOCTYINA 3aBUCST OT
KOHKpeTHoU cetu. Tak, uepe3 nporpammHublil nHTEpdeiic «BKonTtakTe» nocrymna
MPaKTHUECKU TIoJiHas MHGOpPMalMs O IOJb30BaTesX, Torga kKak Facebook
npenocrtasnsieT APl ¢ kpaliHe orpaHndyeHHbIMU JaHHbIMU. Cpeau HEIOCTaTKOB
METoJla — OTPAaHMUYCHMS Ha KOJIMYECTBO NapaljIeJbHBIX 3allPOCOB M Ha OOLIYIO
4acTOTy 00paleHuil TpUIIoKEeHHUs. BaskHO perymnspHO KOHTPOJIUPOBATh N3MEHEHHS
B API u nonaepxuBarh akTyaJbHOCTh IPUIIOKEHUS 7151 cOopa TaHHBIX; IPU 3TOM
4acTh COLMAIBHBIX CETEH MPEJOCTABISCT CYLIECTBEHHYIO HH(OPMAIHIO TOJIBKO 32
1aty. MeTox mo3BosIsieT MoTydaTh JaHHbIE O OJIb30BaTelIe B CTPYKTYPUPOBAHHOM
Buae (JSON mmn XML) u obecnieunBaet npocTyto uHTerpaunio API-Bb130BoB B
MPUIOKEHUE. AJBTEPHATUBHBIA CIOCO0 — PYYHOM MapCcHUHT BEO-CTPaHMIl WIN
MPUMEHEHUE TOTOBBIX KpaylepoB JUIsl M3BJICUCHHUS MNaHHBIX C MHOCIEAYIOLIeH
o0pabotkoii. [IpenMymiecTBa MeToAa 3aKIIOYAIOTCS B JOCTYIIE KO BCEM OTKPBITHIM
JaHHBIM M OTCYTCTBHUM OIpPaHMYEHHM Ha CKOpocTh MX mnonydyenus. Cpean
HEIOCTATKOB — BBICOKAsl CJIOKHOCTh PeaM3alui M3-32 YHUKAIbHOCTH CTPAHMIL
KaXJI0W COLMAJIbHOM ceTH, HEOOXOANMOCTh MOJICPKUBATh aKTyalbHbIE TpaBUiia
MapCUHra M 3HAYNTENbHbIC BBIYMCIUTENIBHBIC PECYPChl, OJHAKO IMPOLECC JIETKO
pacrnapasieuBaeTcs.

Bce cmocoObl cOopa maHHBIX M3 COLMANBHBIX CeTed O00JajaroT Kak
JOCTOMHCTBAaMH, TaK U HeJocTarkaMu. Hanbomnee onepaTuBHBIM METOAOM SIBIISIETCS
WCTIOJIb30BaHUE OTKPBITOro API, XOTs OH MOXeT HakjaJIblBaTh OIpaHUYCHHUS] Ha
KOJIMYECTBO OOpAIeHHIA U TIOCTYITHBIE CBeIeHus o oib3oBarens (API., Vkontakte,
Richardson, Amundsen & Ruby, 2013)

Co3naHHBIM B MpoIecce HCCIEIOBAHUS MPOTPAMMHBIN KOMILIEKC BKIIOYAET
MOIYIH JJsl M3BJICUCHHSA, OOpadOTKH, aHalnW3a W BU3yaIHM3alUM JaHHbBIX
COLIMaNbHBIX ceTeid. Bce KommoHeHTH! peann3oBaHbl Ha s3bike Python. Monmynb
cOopa [aHHBIX IOIACPKUBACT H3BJICUCHUE HH(OpPMALMU TPEkKAE BCErO H3
KpYIHEHIINX conuaibHbIX cereid — Twitter 1 BKoHTakTe, ¢ Bcmonp30BaHEM HX
APIL.

[Iporpammusiii  wHTepdeiic BKoHTakTe mpemocTaBisieT BO3MOXHOCTh
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W3BIICUEHUS JaHHBIX U3 0a3el vk.com dyepes HTTP-3ampocel k cepsepy.
[Tonp3oBarento He TpeOyeTcsi MOHMMAaTh BHYTPEHHIOIO CTPYKTYpY Oa3bl JaHHBIX
nnu tunsl noneit — API camocroarensHo o6padarsiBaet 3tu aetanu (Richardson,
et al., 2013). Takum oOpaszom, 3ampockl kK APl mo3BomnstoT monydyars HYKHYIO
nHpOpMaIHIo HanpsmMylo ¢ cepsepa BKonTaxre.

[Ipu pabote ¢ merogamu API TpeOyercsa nepenaBars B 3ampoce access_token
— YHHUKaJIbHBIM K04 AOCTyNa, MPEACTABICHHBIA CTPOKOM M3 JATUHCKUX OyKB U
udp, COOTBETCTBYIOLIHH MTOIB30BATENI0, COOOIIECTBY MIIH MPUIIOKEHHIO. [laHHbIe
XpaHATCS B JIOKyMEHTHO-OPHEHTHpOBaHHOW Oa3e nmaHHbIXx MongoDB (Banker,
2011). CrpykTypa nporpaMmbl IpUBEICHA B PUCYHKE — 1.

CrosHcok
TPOKCH
CcepEepoB

ConHalbHBIE CeTH

o
OaHHbie
[

Moayas oopaboTrH
> it

MongoDB

Ho Ho Ho
ﬂ

Mopgynb BU3yanusaumm
JaHHbIX

Pucynok 1 — Ctpykrypa nmporpaMmsl

JlaHHBIE TONB30BATENEH KIacCU(UIMPYIOTCS HA TPH TPYIIIIBL:

1)nepconanbHas HHGOpMANHNs, BKJIIOYAsl UM, HUK U 1aTy PErUCTpaLuy;

2)co00IIeH s MT0JIb30BaTeNICH;

3)oTHOmIeHHs MEXTy ToIbp30BaTeNsiMU. B Tabnmie Nel mokasaHbl pe3ynbTaThl
TECTHUPOBAHUSI C YPOBHIMM BIMSHUSI MOANMCYUKOB B ITOCIICAHEH KOJOHKE

Tabmumal — Pe3ynpraTsl TeCTHPOBAHHS

Hpy3bst A.Akhmetova | KonmuectBo | Kommuectso | Coctout nu | PacctostHue | YpoBeHb
npy3eit MOJNMCYUKOB | B TPYIIIE XOMMUHTA | BIUSHUS

Asselya Moldasheva 439 828 1 7 118,268
Juspiar Delsh Anmpos 378 67 -1 8 44,375
Betibit Ty3enbaes 501 128 1 7 69,2857
Cepreii undertaker 133 34 1 7 18,85714
Kopobutna
banwsim Kaparaesa 267 186 -1 7 26,57143
DauletSabyr 65 65 1 7 9,28571
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W3 nmoy4eHHBIX pe3yJlbTaToB MOXKHO JeJaTh BBIBOA Kakue (akTopbl OOJbIIe
BO3CHCTBYIOT HA MHEHNE HHIUBUAYYMa. DTO KOJIMYECTBO APY3€H U MOJIUCUNKOB,
4yeM OoJbIlle, TEM BIUATEIBHEH IMOJIB30BATENb, KOTOPHIA OTIMYAETCS BBICOKUM
COLIMAJIBHBIM CTaTyCOM U JIyuliei HHHOPMHUPOBAHHOCTHIO, OKa3bIBAIOIIUI BIHSHNE
Ha MHEHHE JAPYTUX JIOACH.

BoiBogbl. B xome paboTbl ObUIM MPEASIOKEHBI METOABI aHajdW3a JaHHbBIX,
MOJTy4YaeMbIX W3 COLMANbHOM ceTH. PaccMOTpeHbl MeTombl  W3y4YeHHs
B3aMMOOTHOILICHUH MEXY YIaCTHUKaMHU CETH, IPOTHO3UPOBAHUS UX TIOBEICHUS B
cersax. OCHOBHas LeNb UCCIIEA0BATEIILCKOM paboThI-pa3padoTKa HOBBIX METOJOB U
Mojiesiel aHaIM3a JaHHBIX B COLMANBHBIX CETAX U pealln3alysi COOTBETCTBYIOLIECTO
MPOrPaMMHOT0 0OecreYeHusI.

OCHOBHBIE pe3yNbTaThI:

1. momy4yeHbl KOJMYECTBEHHBIC XapaKTEPUCTUKH, OTHOLICHHMS W MHOXECTBA
paccunThIBaeMble Ha OCHOBE JJaHHBIX M3 COLMAIBHBIX CETEH.

2. TIPEIUIOKEH METOJ ONpEesICHHUs] COLHUAIbHOrO BO3JEHCTBUS Ha OCHOBE
Teopun Jlatane.

3. MOAroTOBJEHA MPOrpaMMa, MO3BOJISIOMIAS OCYIICCTBISATH COOp M aHaJM3
JAHHBIX U3 COLMAIBHBIX CETEH.
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Abstract. The article introduces a new PBFT-based consensus algorithm
designed to enhance the scalability, reliability, and security of consortium blockchain
systems. The approach is implemented within a four-layer architecture—network,
consensus, application, and meta-application—and relies on segmenting nodes
into three functional groups. Proxy nodes perform local consensus, global proxy
nodes aggregate blocks across segments, while supernodes supervise system-wide
operations and ensure reliability. The algorithm incorporates guarantee mechanisms,
trusted node selection, and dual-leader monitoring to strengthen fault tolerance and
mitigate malicious behavior. Theoretical and experimental evaluations confirm the
efficiency of the segmented consensus structure. The required number of nodes
decreases from 3f+1 to 2f+1, improving resource utilization. Consensus latency
ranges from 80 to 147 ms, demonstrating a 62—70% improvement compared to
classical PBFT. Communication complexity is optimized to the O(n)—O(n?) range.
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Simulations conducted in Python, with visualization through Matplotlib, validate
the performance model. The algorithm was implemented in a working prototype:
content hashing and IPFS integration were developed in Python, while a Solidity
smart contract records ownership metadata, hash values, and IPFS CIDs. The
prototype, deployed on the www.AliyaSchool .kz platform and tested under real
conditions, confirmed the correct execution of the smart contract via Remix IDE.
Overall, the proposed PBFT-based algorithm provides an effective solution to the
blockchain scalability problem, enabling distributed load handling, accelerated
consensus, and improved detection of malicious nodes. The work contributes a
scientifically grounded model to the national research base and offers methodological
value for further development of secure blockchain mechanisms for web systems.

Keywords: blockchain, consensus algorithm, scalability, security, PBFT, smart
contract, IPFS
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AHHoOTammusa. bynm Makama KOHCOPUMYMIBIK OJOKYEWH KyHenepiHiy
ayKbIMJIBUTBIFBIH, CEHIMJIUTITIH JKOHE KayilCi3miriH apTThIpyFa OaFbITTaFaH
PBFT Herizinzmeri kaHa KOHCEHCYC AaJTOPHTMIH TaHBICTHIPAAbl. TYFBIp TOpT
JICHI eIl apXUTEeKTypaFa HETi3/IeNreH: KeliTiK, KOHCEHCYC, KONIaHOabIK KoHe
MeTa-KoimanOaneik. JKyie TyHiHAepai yir QyHKIIMOHAIABIK TOIKA CETMEHTTEY
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apKbLIBI )KYMBIC icTeimi. [Ipoken TyliHaep KeprilikTi KOHCEHCYCThI OPBIHIANTIbI,
kahaHABIK TTPOKCU TYHIHAEP CETMEHTTEp apachlHaH OJIOKTapibl OipiKTipesmi, ai
CYIIEpPHO/IA JKYH€ KYMBICBIH KaJIbl OaKpUIayAbl KAMTaMachl3 eTel. ANropuTMie
KeMUIMIK MeXaHu3MAepi, CEeHIMII TYHWIHIEp[i TaHJdy CTPATETHsACHl KOHE KOC
KOIIOACIIBIHBI 0aKbIIay TOCIT KOJNIAHBUIBIN, aKayllapFa TO3IMILIIK KYIIeHTiie i
YKOHE 3USHJIBI OPEKETTEPIiH alIbIH anaabl. TeopusIIbIK )KoHe TOXIpuOenik Oaranay
CEerMEHTTENITeH KOHCEHCYC KYPBUIBIMBIHBIH THIMIUTITIH mgonmenneimi. Kaxkerri
Tyiinnep canel 3ft+l-men 2f+1-re neitin azaifpn, pecypcTapiabl MaijanaHy
xaxcapansl. Koncencyc kinipici 80—147 mc apansirbinaa 6o, gactypiai PBFT-
TeH 62—70 TpOIEHT XbUIIaMbIpaK HOTIDKEHI KepceTeli. baiimaHeic Kypaemimiri
O(n)-O(n?) aykpIMBIHJA OHTAWIAHIBIPULALL. Python TimiHIEeTi Monmenbaey KoHE
Matplotlib Bu3yanuzanmscbl anrOpUTMHIH OHIMAUITIH pacTajbl. AJNTOPUTMHIH
YKYMBIC TTPOTOTHITI )KY3€Te aChIPBUIIBI: KOHTEHT XemTey xoHe |IPFS-nien uaTerpanus
Python apkpuiel opeiganapl, an Solidity TinmiHzeri cMapT-KeniciM KOHTEHT HECiH,
xemr MoHiH xoHe IPFS CID-in Tipkeitni. www.AliyaSchool.kz nnargopmaceiana
ChIHaKTaH oTKi3inreH mpororunn Remix IDE apkpuibl cmapT-KemiciMHIH IyphIC
OpBIHIATYBIH gonenseni. XKanmel anranna, yeeibuirad PBFT Herizinmeri anroputm
ONOKYEHHHIH ayKbIMJBUIBIK MOCENIECiH THIMJI MIemIn, >XYKTeMeHi Oemymi,
KOHCEHCYCTHI JKBUTIaM/IaTY/IbI JKOHE 3USTHIIBI TYHIHACP/Il aHBIKTAybl KAMTaMachI3
eTelli. By >kyMBIC YIITTHIK FRITBIMU Oa3aFa yiec KOCHII, BeO-Kylenepre apHaiFaH
Kayirci3 OIOKYeiH MeXaHU3M/IEPiH JaMBITYFa dICTEMENIK HeTi3 YChIHAIbI.
Tyiiin ce3mep: OJ0KYEIH, KOHCEHCYC alTOPUTMI, MacIITa0TalTy, Kayilci3ik,

PBFT, cmapr-kontpakr, IPFS
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AHHoTanus. B naHHOI cTaThe MpecTaB/IeH HOBBII KOHCEHCYCHBIN aJlTOPUTM
Ha ocHoBe PBFT, HanpaBneHHbIH Ha TOBBILIICHHE MAaCIITAOUPyEMOCTH, HaJIe)KHOCTH
n 0e30MacHOCTH KOHCOPIMYMHBIX OnokuelH-cucteM. [loaxonm peanu3oBaH B
YEeTHIPEXyPOBHEBON apXUTEKType: CETEBOM, KOHCEHCYCHOM, IPHUKIAJHOM U
MeTa-NpuKIaTHOM YpoBHSX. Pabora cuctembl OCHOBaHa Ha CETMEHTALMH Y3JI0B
Ha Tpu (QYHKUUOHAJIbHBIE Tpynnbl. [IpOKCH-y37Bl BBITONHSIOT JIOKATbHBIN
KOHCEHCYC, TI00anbHbIe MPOKCHU-Y3JIbl arperupyloT OJOKHM MEXKAYy CETMEHTaMH,
a cymepys3nbl o0OecneyuBaloT o0llee CHCTEMHOE HaOIIofeHre. AJTOPUTM
JIOTIOJTHSACTCSI MEXaHM3MaMHU TapaHTHH, cTparerueil BbIOOpa JTOBEPEHHBIX Y3JI0B
W KOHTPOJIEM JBYX JIHJIEPOB, YTO YCHIIMBAECT YCTOMYMBOCTH K COOSM M CHHIKAET
PHUCKH BPEIOHOCHOTO MOBeAeHUs. TeopeTnueckass U dKCIepUMEHTalbHas OlleHKa
MOATBEpKAaeT 3PPEKTUBHOCTH CETMEHTUPOBAHHOW apXUTEKTYPhl KOHCEHCyca.
KonnyectBo HeoOXoaMMBIX y310B cHiKaercs ¢ 3f+1 mo 2f+1, yrto ymyumaer
HCIIOJIb30BAHUE PECYpPCOB. 3aJepikKa KoHceHcyca cocTtapisier 80-147 mc u
JEMOHCTpUpPYET yckopenue Ha 62—70% mo cpaBHeHuto ¢ kiaccuueckum PBFT.
CHO)XHOCTP KOMMYHHUKAIMH ONTUMH3MpOBaHa B AuamnazoHe or O(n) go O(n?).
MopnenupoBanue, BblmonHeHHoe Ha Python ¢ Busyanmsaumeit B Matplotlib,
MOATBEPAMIIO PadOTOCTIOCOOHOCTh MOJICTH. ANTOPUTM OBbLT peaqnu3oBaH B BUJC
pabodyero mporoTuna: XemupoBaHue KOHTeHTa U uHTerpanus ¢ IPFS BeimonHeHb!
Ha Python, a cMapT-koHTpakT Ha Solidity perucTpupyeT Biajenblia KOHTEHTA, XeIll
u IPFS CID. [IporoTun, NpoTeCTUPOBAHHBIN B peabHBIX YCIOBHUIX Ha MaTdopMe
www.AliyaSchool.kz, monTBepAnn KOPPEKTHOE BBIMOJHEHHWE CMapT-KOHTPAKTa
gepe3 Remix IDE. B menom, mpemioxeHHbId anroputM Ha ocHoBe PBFT
3¢ deKkTUBHO peraeT npodiieMy MacHTabupyeMOCTH OJOKYelHa, 00ecreYrBacT
pacrpeneneHie Harpy3KH, YCKOPEHHBIH KOHCEHCYC M YIy4lIeHHOE OOHapyKeHHE
BPEIOHOCHBIX Y3710B. PaboTa popMupyer Hay4HO 000CHOBAaHHYIO MOJIENb U CITYKHT
METOJI0JIOTYECKOi 0a30i Il JaJbHEHIIero pa3BUTHS 3alUILCHHBIX OIOKYEHH-
MEXaHHM3MOB ISl BEO-CHCTEM.

KiroueBbie ciioBa: 0710K4€iiH, KOHCEHCYCHBIN allTOPUTM, MacIITabupyeMocCTh,
6e3zonacHocts, PBFT, cmapr-konTpakt, IPFS

Kipicme. byxkin omemzaeri wuHQPaKypbUIBIMHBIH MaHBI3bl —cajaapblHa
KuOepiadybliaap caHbl JKbII CalbIH TYpakThl ecin kemeai. Kasipri 3amanfbl
aKnapaTThlK JKYHesepJiH OachblM KeMIIUlri BeO-caliTTap peTiHae KypbLIajbl,
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COHJBIKTaH KayilCi3lIiKKe epeKile Hazap aynapy KakeT. SIFHH Ke3- KelreH
OIepalMsUIBIK KYHeci MeH OariapiaMaiblK KOCBIMIIACKI Oap KYpbUIFbI Maiina
OonraH COH, OJ OiplieH TOpPTIN OY3yWIBLIAPIBIH KbI3BIFYIIBUIBIFBIH TYIBIPAIbL.
Oumnap oHBI 3epTTel OacTaiijibl )KOHE OHBI Oy3yFa KyII >Kymcaiiibl. Byrinri kyHi
BeO-CepBUCTEPI KOpPFay OapiblK YHBIMIOApIbl alaHmaTanbl, cebebi KacakaHa
CyOBEKTiJIep OHBI PYKCATChI3 MaiiiajaHy MaKcaThIHIa )KeKe HEMece 3aHabl TYJIFa
TypaJibl K€3 KeJITeH aKIapaTThl aTyFa YMTBUIA/IbI.

ONeMAIK JKOHE OTaHIBbIK SKOHOMHKAHBI TpaHC(HOpPMaLMsIIAYIbIH Kazipri
Ke3€eHI KOMMEpUUSIIBIK KBI3MET TIeH IHM(PIBIK TEXHOJOTHsIAD apachIHIAFbl
WHTETPaIHSIIBIK TIPOLIECTEP/Il KYIISUTYTe BIKIANT eTe/Il, OJap/IblH COHFBICHI OM3HEC
CyOBEKTiIepiHiH KapKBIHIBI TaMyBIHBIH 0acThl (haKTOPHI OOBIT TaOBLTA b

Oneouerrepre moay. lerenmixk rameimmap Huynh T. xone opinrecrepi
(Huynh et al, 2019) 610K4eiiH TEXHOITOTUACBIHBIH KayiNCi3Airi MeH KYIUSUTBUIBIFBI
OoMbIHIIA JKaH-KAKTHI IOy acal, KeH TapalfaH MIadybul TYpJIEpiH CHUMaTTal,
oJIapliaH KOpFaHy JKOJIJapblH YCHIHAIBI.

X. Li »xone aBropmap To0sI (Li et al, 2020) 610k4eiin xyiienepine 6arpITTanFaH
mbIHANBl a0ybUTaap MEH Kayil-Karepiiepli KyHemi Typle Taljar, OJapblH
HETi3iH/e KayilncCi3miKk MoceNeepiHiH ayKbIMbIH cumnartaiasl. Onap Kasipri
3aMaHfbl OJOKYeHH MH(PaKypbUIBIMIAPBIHBIH OCall TYCTapblH alliblll KOPCETil,
a0y bUTIAPABIH TEXHUKAJIBIK ePeKIIeTIKTepIHe TEPeH TOKTAa bl

Backa 0ip manpiael ynec — J. Leng xoHe aBropnap yceiaran (Leng et al,
2022) PDI (Process-Data-Infrastructure) momemni. byir yari Gok4eitH Kayimnci3miri
MoceNeNiepiH YII HETi3ri JeHrelje — Mpolecc, JAepeK, jKoHe WH(OPaKYPBUIIBIM
JICHIeiiH/Ie XKIKTETL, TaJIIay JKacayFa MyMKIH/IiK Oepe/li. 3epTTeyIijep TeXHUKAIBIK
3eprTeyaep MeH OM3HEeC MIHAETTEep apachbHAArbl AJIIAKTHIKTHI KOIOFa THIPBICHIIL,
Kayinci3aik npobiemManapbiH )KyHemi Typ/e MWelryaiH KOAAaPbIH 131eh .

9jicTep MeH MaTepuaJjaap. by 3eprrey *KyMbICTa aKImaparTapabl KOPFayIbIiH
THIMII TOCUTIH YCBIHY. AKMaparThl KOPFayAblH Ka3ipri TaHAa KeIl MeJIIepiac
Typraepi ken. COHFBI 3aMaHayd TEXHOITHSIIAP/ABIH Oipi OJOKYEHH TEXHOIIOTHSCHI
3epTTey )KYMBICTBIH ©3€rl OO0JBIN TaO0bUTA bl BIOKUEHH TEXHOIOTHSICH MIHCI3 9pi
CEHIMJII TEXHOJIOTHS PETiHJIE ©Te TaHbIMaJl. [lereHMEeH OHBIH Jia KEMIILI TYCTaphl
Oap. Brok4eiiH TeXHONTWSCHIHBIH €H 0acThbl KeMIIUIIKTEpiHiH Oipi TpaH3aKIus
KBUIIaMIBIFBl MEH MacITadTamy maceneci 6onbin Tabbiiansl (Bonneau et al,
2015).

Macmra0Tany MoceneciH WIelyre apHajfaH j>KaHa KOHCEHCYC aJllTOpPUTMIiH
o3ipiey MaxasiaHblH Herisri kinti. Iladmananymbuiapasl sKeUiam opi Kayincis
ayTeHTH(UKaIMsIIay KoHe BeO-KOHTSHTTI CeHIM/II KOpFay YIIiH MaclTadTataTbiH
JKOHE THIMJII KOHCEHCYC aJIFTOPUTMI KaxkeT. MoceseHiH MIemiMi peTiHae KaHa
KOHCEHCYC MEXaHU3MIH KypacTbIpy KepeK. 3epITey JKYMBICTAa CErMEHTTEeyIe
Heriznenres PBFT Heridinzee KyppurFaH JkaHa KOHCEHCYC —aJTOPUTMBI
YCBIHBUIABI, 0J1 KOHCOPLUYMABIK OJIOKYCHHHIH OPTalbIKChI3AAHABIPY, Kayilnci3aiK
JKOHE MaciuTalnaybl TajanTapblHa cail O0MybIH KaMTaMachl3 €Tyre OarbITTallFaH
(Popadyuk et al, 2020, Sompolinsky et al, 2016).
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PBFT Herizinae KypbUFaH xaHa aqrOpuTMIH KYpy YIIiH 1 - cyperTe OnokueitH
KYWECIHIH apXUTEKTYPaChlH TOPT HETi3ri KabaT OOMBIHIIA CHUIIATTAWIBI: KETITIK
kabar (TyHiHAEep apachIHIAFbl OailllaHbIC), KOHCEHCYC KalaThl (IIelIiMre Kemy
yaepici), KonmanOamsl Kabar (KpUITOBAIIOTA YKOHE CMapPT-KeIiCIMIIApTTap), HKOHE
MeTa-Konaanoambs! Kadbat (eHiMIi Kopray, ayreHTuukanus xone NFT). Op kadar
©3iHe TOH MIHAETTEP/i aTKapa OTBIPHII, KYWEHIH KayilCi3miriH, TYPaKThUIBIFBIH
’KOHEe MacmTaOTamyblH KaMTamachl3 eteri. JKaHa ainropuTMIi Kypy OCBHI TepT
KE3CHHIH YHJIECIMIIIITIH eCKepe OTHIPHIN, ONOKYEeHH TEXHOIOTHSCHIH OHJIAWH
KOHTEHTTI KOpFay MaKcaTbhIH/Ia THIM/II MaiJamaHblIabl.

XKana koncenyc anropurmi PBFT nerizinae kypouiaael. Ce6e6i PBFT anopurmi
BFT anroputmiHiH TOMEH THIMJILUTITI MOCENIECIH IIeMIe i, ajl KOMMYHHUKAITUSTHBIH
KYPAETIiri SKCIOHeHIMAAbIIaH KeNMYIIeTikke e3repeai (Somin et al, 2018).

briokueitH apXWTEKTypachIHBIH HETi3IHAE JKaTKaH KOHCEHCYC KayillCi3MIiK,
THIMJIUTIK  JKOHE MacmTaOTanyasl OHTAWIAHIBIPY TYPFBICBIHAH CEPBUCTIK
OaFmapiaHFaH KOCBHIMIIANIAP/bl JKY3€Tre achIpyAbIH KinTi OONBIT TaOBLIAJIBL.
KonceHncyc anroputMaepiHiH KeOip Kypaem TypiepiHae, Mbicanbl, Practical
Byzantine Fault Tolerance (PBFT), sxemigeri Ty#inaep caHbl apTKaH cCalblH
OTKi3y KaliyeTi KypT TeMeH el ai. ANl KaparmaiibiM anropuTMaepae, Mbicaisl, Raft
KYWECIH/e, el KeJeMi YIIFalifaH CallblH JKETEKIIire TYCETiH JKYKTeME apThIll,
KOHCEHCyC THIMAuIIrine tepic acep ereni. Ocbl Mocenenepl mienry ymiH 0i3
KOHCOPIIMYM/IBIK OJOKYEWH Heri3iHae CEeHIMIUTK araliblHa CYHeHTeH TYHiHAep
CErMEHTTEPiHIH MOJIEIIiH YChIHAMBI3.

OHIMII Kopray, ayreHTH(HKAmH, NFT

A

Cryptocurrency Smart Contract

orphansd

branch =

meTing

{ rapreax
Main
- I

Meta-Application Layer
(Mera-xonmantam xaar)

Application Layer
(Komnasbans! kadar)

Consensus Layer
(KoHceHeyc kabaTe)

Network Layer
(Keminix xabat)

Cypert 1- Anroputm Ke3eHaepi
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Byn wMomenmbp  skofapel  MacmraOramyael  Oenrimi Oip  ;meHreiimeri
OPTANIBIKCBHI3IAH/IBIPY MEH KaYIiTCi3IKTI CaKTai OTHIPHIT KAMTaMaChI3 €TEe/i.

Bipinmrinen, 6i3 TyHiHAep apachIHIAFbI CEHIMIIIK KaThIHACTAPBIH OCHHEIICHTIH
KeIIIIK MEXaHU3MIH KypaMbI3, COJIaH KeiiH OChl MEXaHU3M HETi3iHJe TyHiHIepIi
TaHJay CTpATeTHsICHIH o3ipimelimiz. by cTparerust TYHiHIOEpAiH KEMIiK
HOTIDKENEPiH )KOHE KOHCEHCYC dPEKeTiH Oaraar, CeHIMILTIK MopTeOeCiH aHBIKTall,
3USIHIBI TYWIHJEPJl aHBIKTANl, CEHIMI KeIIOacIibuiap Ti3iMiH KacaKTauIIbl.
Exinnrigen, 613 Koc kemrdaciisl 0aKkbuIay MEXaHU3MiH YCHIHAMBI3, OHJIa PE3EepPBTIK
KeIIOACIIbl HEri3ri KemIOaCIIbIHBIH OeJNICEHIUIITH OaKbUIal OTHIPasbl, ajl OHBIH
OeNCeH IiIiri KOHCEHCYC TYHiHAepiMeH OaranaHabl.

Kana PBFT wHeriziHge KypbulfaH aJIroOpUTM  aliJibIMEH KIlacTepliey
QITOPUTMBIH KOJIJIAHBIT, JKeJiJeri TYWiHIAepJi apajac aTpuOyTTapblHa COHKec
cermentrepre Oesneni. CerMeHTTEY TEXHOJOTHSCHI alfalll PeT ACPEKKOpIapabl
Oesikrepre Oeny YyILIiH KoOJJaHbUIFaH. byJl TEXHOJOIWs YJIKEH AEPEKKOpIapabl
OackapyFra BIHFAMIIBL, )KBUIJAM JKOHE Killll OeJikrepre Oeiyre MyMKiHAIK Oepeti.
brok4eliHTe KaTBICTBI CETMEHTTEY TEXHOJIOTHSACHI YII Typre OesiHemi: XeliHi
CerMEHTTeY, TPaH3aKLUHUSIHbI CErMEHTTEY >KoHe Kyiai cermentrey. Elastico20
MPOTOKOJIBI — OJIOKYEHH KOHCEHCYC JITOPUTMIHIIE CErMEHTTEY TE€XHOJIOTHSCHIH
alFall  KOJAaHFaH MPOTOKON. Anaiina Oyl NpPOTOKOJN albIK  OJIOKYEHHre
apHaJIFaHIBIKTaH, TYHIHIEpAl TeKcepyre BbIHTAJIAHIBIPY YIIIH 3KOHOMHUKAJBIK
CTUMYJIIap/Ibl KAXKET €Te/l, COHABIKTaH KOHCOPLIMYMIBIK XKEJIre skapaMaiibl.

Copnan KeiiH, opTypili CErMEHTTEpAE Mapaijiesbli KOHCEHCYCKA KOJl KETKi3y
YIUiH KHUBUIBICATBIH €MEC TpaH3aKuMsUIap naijanansuigsl. CerMeHT emeMiH
TaHiay OMHOMIBIK BIKTUMAJABIKTAP YIECTIpiMi apKbUIbl TajlaHagbl, COHJA-aK
OpTYpAl TYHIHAEPIiH ICTE€H WIBIFY BIKTUMANJIBIFbIHA OalIaHBICTHI KYHEHIH
xkahaHABIK OJOKTHI COTTI KaNBINTACTHIPY MYMKIHIITI 3eprrenmi. JKemimik e3apa
OpeKeTTecTiKk — OyJI CeHiMIli TeH mopexeni (peer-to-peer) xemi. Kemicinren
memimMaep KaObUIaWTBIH TYHiHIAEp Oacka TyHiHAepAeH xabapiamanap aina
amanel. Ken tapary (broadcast) xaGapiamanapsl kiOepyIIiHi Kemijieri 0apibiK
TyHiHIepre, COHBIH ImliHAE ©3iHe e xabapimama xiOepyre MoxOypieimi
(bapakoga et al, 2022 ).

By >xkympIcTa kapThulali CHHXPOHMABI (Ssemi-synchronous) XenmiTiK MOAelh
naigananbiIael. XadapiamMaHbl jKiOepy yaKbITBIHBIH KOFApFHI MIeTi OenTiieHe
— Oyt xabaprmamaHbIH Ki0epiryi MeH KaObUIaHybl apachIHAFbl YaKbIT apallbIFbl.
Erep ki0epy yakbIThI OCHI IEKTEH aCHII KeTce, XabapiaMa eHIenMeii.

Tyiiinaik Moxesb.

JocTypni KOHCEHCYyC aNrOpuUTMiHJIIE TYHWIHJEp HETI3IHEH JHaep-TYHiHaepre
JKOHE KOHCEHCYC TyWiHIepiHe Oemineni. JKaHa anroputmae MOHHUTOP
KOHLEMUMCH eHrizinreH. TyHiHAepIiH OpKaiCHICHIHBIH TOJBIK CHIIaTTaMacChl
TeMeH/Ie 2 KecTeie OepiireH.
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Kecre 2 - TyliinaepaiH oOpKalCHICHIHBIH TOJBIK CHITATTAMAChI

Ne | Tyiiin araynaper | Mingeri: APTBIKIIBUIBIKTAPbI
1 | XKanmer Tyiiinnep |- Bykin 6nokueiin TapuxsiH (ledger) TonbIk | Korapsl  ceHiMmimik:  Kke3
(Full Nodes) CaKTaimbl. KEJITCH YaKbITTa OJOKYCHHHIH
-Bapnelk  TpaH3aKIMsIIApABI  TEKCEpill, | TONBIK KOIIipMECiH YCBIHYFa
OJIap/Ibl XKeJire Taparasbl. KaoOineTTi.

-XKemigeri Oacka TyiiHAepre KakeTTi
JICPEKTEP/Ii YCHIHABI.

2 |Ilpokcu-tyiiinzaep |- CerMeHT  imiHAe  TpaH3aKIUsUIapabl | MacmraOTaxyasl apTTHIPabL,
(Proxy Nodes) OHJICHT. ce0ebi OapbIK TYHiHIEp OipaeH
- KnmenTrepain cypaynapslH KaObuiaanm, | 0apibik TpaH3aKIUsIIAPAbI
oJap/ibl  JIOKAJIbl KOHCEHCYC apKbUIbI | OHAEMEIi .

OHICHII.

- Anpraran  Onmokrapasl [mmoban mpokcu-
TyHiHAepre xkidepeni

3 |Tno6an npokcu- |- Bapibik CerMeHTTep/ieH axnapat | XKesti TypaKThIIBIFBIH CAKTaH bI
tyitingep (Global |xuHaiinbl. — opOip CerMeHT eke JKYMbIC
Proxy Nodes) -Op CerMeHTTeH aJbIHFAaH OJIOKTAap/bl | icTereHIMeH, mo0anasl OJI0K

OipikTipir, OipbIHFail OJIOK Kypaibl. apKbpUIBI OapiblK CerMEHTTEp

- Kypburran »xaHa rmoban OnokThl Gacka | Gipyeit CHHXpOHIATaIb.
HPOKCH-TYHIH/IEpre TapaTajibl.

4 | backapyuibl - Ty#ingepain MiHe3-KYJIKbIH OaKkblUIalAbL. | Backapyms! TyHingep 3usHKec
Tydingep (Super |- AHOManmsUIapAbl — aHBIKTAN, 3MSHKEC | TYHIHIAEP/l aHBIKTAI, KYHeHiH
Nodes) TYHIHACPI OJOKTAN B TYPaKTBUIBIFBIH

Koncencyc tyiiinaepi

XKyitene KOHCEHCYyCKa KaThICaThlH pEILIMKAJIap KOHCEHCYC TYHIHIEpl Jen
atanaabl. KoHceHcyc TyHiHgepi — Oyl OJIOKYEHH KyHeCiHIe TpaH3aKIUsIIap bl
TeKcepyre, OJIOKTapIbl pacTayFa XOHE KOHCEHCYCKa KOJI JKETKi3yre jKayarTbl
apHaibpl JKeJli KaThICylIbuIapbl. byn TyHiHmep oKemijeri CeHIMIUTK IeH
KayiIci3iKkTI KaMTaMachl3 erefli, cedebi onap epeke OOMBIHINA KYMBIC ICTEHII
YKOHE KYWUEHIH IIbIHAWBUIBIFBIH CAKTaMIbI.

Bi3miH ajaropuT™M CerMeHTalUsUIaHFaH KOHCEHCYCKa HETI3Ie/TeHIIKTEH,
OHJIa TYHWiHAEp opTYpii pengepre Oemineni. byn apxutekrypa ONOKYEHHHIH
MacITaOTalyblH, KayilCi3/iriH jKoHe THIMALIITIH apTThIpyFa MYMKIHIIK Oepei.
JKaHa KOHCEHCYC ajaropuTMi TOPT JCHICWIl TYHIHIEp JKYHECIH KoJiaHabl, Oy
MacIITadTally MeH Kayirci3aikTi xakcapTausl (Aomymkammior 2023)

ConbIMeH:

- Kanmsl Tyiingep OyKisl OJOKYESIHH TApUXBbIH CAKTaNIbl.

- [Ipokcu-Ty#iHmep JOKaIAbl KOHCEHCYC KYPTi3ill, )KYKTeMeHi a3aiTabl.

- I'moGau npoxkcu-tyitinaep OapibIK cerMEHTTEepIeH OIOKTapbl OipiKTipei.

- Backapyursl Tydinaep 3UsIHKeC TYHiHAEP/Il aHBIKTAIT, )KYHEeHIH TYPaKThLIbIFbIH
KaMTaMachI3 eTe/Ii.

N > 3f+ 1 dpopmyna OoiibiHiIa, erep xyieae N Tylin Oosca, oHbiH f TyHiHI
BuzanTusinelk  malybuiaaymsl  0oimysl MyMKiH. Kayirci3 KoHCeHcyc  YIIiH
ty#ingep cansl N > 3f + 1 Ooiy kepek.
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KoHcencyc Ty#iHIepi TpaH3aKIUsIap sl TEKCEpil, KeiHIH Kayilci3 KyMbIC
iCTeYiH KaMTaMachl3 eTe/li.

Transaction Full Nodes

Cyper 2 - TyiltiHaepai CerMEHTTEY KYPbLIBIMbI

Jlunep Tyiin 2 - cyperre Full Nodes Oyn OnokueilH Hemece KOHCEHCYC
QITOPUTMIHJIETT HEri3ri Oackapylnbl TYHIH, SFHU OKenmi imiHzeri ©Oacka
TYHIHACPAIH OpEKETTEpiH YWIeCTIpin, TpaH3aKIUsUIapbl YCBIHATBIH JKOHE
OIOKTap/Ibl )KACAUTHIH 0ACTHI KATHICYIIIBL.

Jlupep xiGepren i-memipmi Ty#in N, kenecined ambIKTanansl: bapibik
KOHCEHCYCKa KaTBICATBIH TYHIHIEP KHUBIHTHIFBI (G CHMBOJBIMEH OeCITiIeHEe/Il.
N(i=[1,n], N&)GTyiin G imingeri Gacka TYHiHIEpMEH KOHCEHCYC MEXaHH3MiH
OpHATaIpbI.

G = (N,N,,..,N;,...,N,) (1)

= (Gi’ st;, by, v, 1,5, C:‘) (2)

1 menoeyoe:

Gi - TYHWIHHIH KeJiciireH MAeHTH(PHUKATOPHI koHe [P-mekewxainap Tizimi
cakTayiraH (TyWiH ©31 cakTaMamnipl).

st - TYHiHHiH KYHi, SFHH OJ1 IMJEp, st € opbIHOacap Hemece xkai
KOHCEHCYC TYHiHI eKeHIH Oliipe.

h. - G110k GMIKTIri — TYHiH COHFBI KYHiHE KETKEH KE3/I€.

V. - KOpy HOMipi — KOHCEHCYC LMKIIbI asAKTaIFaH KEe3/1€ KOHE JIMJIED JKYObI
@3repreH/ie KaHapThLIa bl

li -JIUJIEp UHJICKCI — MOHI KOHCEHCYC IUKIIbI asKTaJFaHHAH KeHiH HeMece
opbIHOacap jkaHa JHIEPIiKKe Tanac OacTaraHia FaHa e3repyi MYMKiH.

110



ISSN 1991-346X 4.2025

S. - ryHiHHIH OpHAJIaCKaH CErMEHTTEPIHIH Ti3iMl — TYHiH TeK 03
CerMEHTIH/Ier1 TpaH3aKIsIIapAbl OHACH 1.

G, - rapanTHs MOHI — KOHCEHCYC TYHiHiHIH Oacka TyHinaepre 6epren
Kenuiairi. MOHUTOp TYHiHI TapaHTHsI CYPaHBICHIH XKiOepreH cailblH OyJ1 MoH
KAHAPTBUIBII OTBIPAbI.

Jlupep Ty meren y¥bim Oap Oipak on kmaccukaislk PBFT anropurminme
Oip nmmep TtaHmamanel. Jlunmep TYHIH JereH jkaHa OJOKTapiAbl YCHIHAIBI,
TpaH3aKIUsIIapAbl PETTeili, KOHCeHCYcKa OarbIT Oepemi. Erep mumep Oysbpuica
HeMece AYpPbIC XKYMBIC icTeMece, JKelli )KaHa JIHJIep calaaibl.

JlerenMeH  jKaHa ~ CETMEHTTENIEH  KOHCEHCYC  MexaHusMiHzae  Oip
OPTAIBIKTAH/BIPBUTFAH TP OONMaiapl, Oipak MNPOKCU-TYHIHAED JHIASPIiH
KBI3METIH aTkapasbl. JKeprimikTi (Jokammpl) aupepiep — opOip CerMeHT imriHue
MPOKCHU-TYHIHIEp TpaH3aKUMsUIapAbl XUHAN, eHxaeiai. [moGanapl nuaeprnep —
1002l TIPOKCU-TYHIHIEp OapiblK CEerMEHTTepAiH ONOKTaphiH OipikTipenmi. by
XKyhe Oip Jmaepre TOYSNIUTIKTI a3alTaapl, MacmTaOTayIbl *KakcapTaibl >KOHE
Kayirci3mikTi KymenTeni. Jlnaepain 0oiamaybl KaHIal apTHIKIIBLIBIFGI MIa0YbITFa
te3iMaimik — gaoctypm PBFT-te nmunepre maOysin kacaiica, KOHCEHCYC TpoIeci
Oastynmaiiipl. ¥ CBIHBIN OTBIPFaH aJrOPUTMIIC Op CETMEHT 03 IMIiHAe KYMBIC iCTeH 1,
COHJIBIKTAH OYKIJI Kyiie Oy3bIIIMAai Ib.

Bip nmunepain opHbIHA OipHEIe MPOKCU-TYHIHAED Mapaielb KYMBIC iCTeH i,
Oys1 TPS-Ti siFHU )KBUTIAMIBIKTBI apTThIpaabl. MacmradTamy KochIMIIa TYHiHAepI1
OHall Kocyra 0oiabl, cebebi opKalChIChl ©3 CeTMEHTIH I )KyMbIC icTeli (uma et
al, 2016).

broxueitaneri kommaneictarel PBFT koncencyc anropumumepi N-N  ken
TapaJbIMAApbIH NakganaHaael, Oy JIEpeKTepAiH COWKECTIriH KaMTaMachl3 €Ty
YIIiH jkacanajapl. Anaiiga Oy oJtic OJOKYelHH KOHCEHCYC aJTrOpUTMIICPiHIH e3apa
OpeKeTTeCYiHIH KYpACUTIriH apTThIPaJIbl )KoHE, KepiHic e3repici opsiH anca PBFT
O(N?) yurin O(N?) neitin sxetyi mymkid (Mepcep 2018). CanbicTeipmansl Typae Raft
CHSIKTBI TapaTblIFaH KYHEHIH KOHCEHCYC alropuTMi Oaitnmanbic kypaenimiri O(N)
OosFaHbIHA KapaMacTaH, CEHIMCI3 opTaia THIMII )KyMBbIC icTemelini. OHbIH Tuaepi
©Te JKOFaphl TajanTapFa coilikec Keiyi Kepek, ce0edi on Oip yakpITTa KenTereH
TyHingepre xabap Ttaparaabl. Erep mmmep *KyMBICBIH TOKTarca HeMece OpBbIH
aybICTBIPYBI KaykeT 0oJjica, OyJI KOHCEHCYCKA JKeTY >KbUIAaMIBIFbIH TOMEHACTE],
OChLTalIa OJIOKYEHH JKYHECIHIH opTaIia THIMAUTITIHE 9cep eTel.

Horu:xesiep MeH Tankbliayaap. byt Mocenenepai menry yuris, sFHU OIOKYeH
KOHCEHCYC JICHTeHiHIH KayiICi3IiK TIeH THIMLUTITIHIH JKEeTKUTIKCI3/1iTiH KO0 YIIIiH,
KeJIeCl MenTiMIep YChIHBLTA b

1. Ty#tinaepre keminaik Oepy MeXaHU3MIH €HTi3y — OyJI TYHiHIEp apachIHaFbl
CEHIMJII KaphIM-KaTBIHACTHI OPHATYFa MYMKIHJIIK Oepe;ti.

2.Cenimzai TYHIH TaHzay CTpaTETHSICHIH 93ipiey — Oyl TyHiHAEpHAi oJapIbIH
OHIMJIIJIITT MEH MiHe3-KYJIKbIHA HeTi3/IeNTreH Oaraiay MOJIeIliH jkacayFa MyMKIHIIK
oeperi.
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3.Kocapisl kemOacmbuiblK (€Ki nuaep) Oakpuiay MeXaHU3MiH €HTrizy — Oyl
TapaTblUIFaH TPAH3aKIMIIAP/IbI OacKapy YIIiH THIM/I XKYMBIC iCTEHIi.

4.KoHceHcyc OeliHy MOJISITiH €HTi3y — JIUJEPi CEHIM/II TaHIay CTpaTerusCchiHa
CyiieHe OTBIPBIN TaHJAy JKOHE MEXaHW3M KeMUIIri apKbUIbl CEerMEeHTAIMSHBI
’Ky3ere achIpy.

Ocpl mremMizepAeH Kayilci3 *oHe MacIuTaOTanaThlH KOHCEHCYC aJrOPUTMiH
ozipaeneni — O(N) KypaeniIiriMeH *yMbIC ICTEHTiH, Oip yaKbITTa KOHCEHCYCKa
KOJIIay KOpPCETEeTiH, COHAal-aK 3WSHIbI TYWIHIEp/Al aHBIKTAIl, ajbll TAaCTAHTHIH
JKy#ie OOJIBII IIBIFAIbL.

Kasipri cerim Moienbiepi Heri3iHeH TiKelel )koHe )kaHaMa CeHIM MOJIeITbJIepiHe
OeiiHeni:

Tikenelr ceHiM Moneni — TYHIHHIH 3USHABI €KEHIH TeK OHBIH MiHE3-KYJIKbIHA
CYlieHe OTHIPBIIT aHBIKTa b bipak OyI1 Tocin o5ci3, OTKEHI CeHIMCI3 MOeTb eIl
CTpaTerus apKbUIbI alfHAJIBIT 6TYTe MYMKIHIIK Oepe/ti.

YKana PBFT HeriziHze KYphUIFaH alrOpUTMIHIH JKYHENiK OpbIHIAITY IpOIeci
3-cyperTe KepceTireH.

e ———C

v

‘THiCTi cermenT iminzeri
KOHCEHCYC HeTisiHe oHIeIeni

Koncencycka
KOI KETRi3ii
Me?

Erep rioban 610k KypeuIMaliTEH Gorea:
Tyiiit 110641 YeRHEICTE KaliTa oHAelzi.
Erep ro6an 6ok Kypuica:

Tt06a1 mpoxcn-Tyis GapTsIK GT0KTApTS
GipiKTipin, 5pbip cermeHTTEri MpOKCi-
Tyitingepre xibepeni.
Tlpoxer-Tyiiinicp F06a71 610K T KoHCEHCye

TyiiiHepine xibeperi.

}

Koperremmnst kesert
Baxprayms TyHiH KOHCEHEycKa
KETKeH TyHinzepmi Oaramaiis

Cypert 3 - PBFT neri3inzne KypbUIFaH jXaHa aarOPUTMHIH XKYHeEIiK OpbIHAaTy IpoLeci

Kmient
HATHKEICPT
6aKeLTAYIIBI TyitinTe
sxibepeni

Tpansakua
KaifTa eHTeTeM

Togan
npoxen-Tytin
memis

To6an npoker-Tyiisi
Kaifra erptenesi

AJnropuTMue TYHWIHIEpAI CerMeHTanusuiay OipHemie MaHBI3IBl Ke3eHepIe
JKy3ere acapl, OVJI TpaH3aKIMsIIAP bl TapalIe) b OHACYl dKOHE KYKTEMEH] THIMTI
0oyl KaMTamachI3 eTe/Ii.
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Seg-PBFT Koncencyc Aneopumminiy 9 Keseni (ceemenmmenzen PBFT)
1-ke3en: Cypansbic xki0epy ke3eHi (Request Phase)
KnuenT e3iHiH cerMeHTiHer] JIOKaJabl IPOKCH-TYHIHre cypaHbIc xi0epeni.
By cypanbIc iIKi CerMeHT ilIiHAE TaJKbLJIAHBIN, KOHCEHCYCKa Kely YIIiH
TipKemeni.
Knuent — Ilpokcn
R, = Reguest(T,, C,) (3)

MmyHjarbl T, — Tpansakuus, C; — xnuent, R; — cypansic.

2-ke3eH: AJIbIH ana naibiaaay keseHi (Pre-Prepare Phase)
[Ipokcu-Tyiiin xaHa OJI0K KypacThIpabl.

Ou1 GJI0KTBI COJT CETMEHTTer1 Oacka TyHiHAepre TapaTabl.
[Ipoxcu — Cermentreri Tyinaep

B; = CreateBlock(R;) (4)
JKOHE OHBI CETMEHTTETT TYHiH/epre TapaTaibl:

VN, €5; Send(B, N,) Q)

3-ke3eH: Haisraaeik — 1 (Preparel Phase)

CerMeHTTET] TYHIHICP OYJI OJTOKTBI TEKCEPETi.

Texcepynen keifin onap BLS mynsrunoanucs (6ipikkeH KonTaH0a) jkacar, OHbI
MIPOKCHU-TYHIHTE KalTapassl.

Tyi#tiagep — Ipokcn

Op TYHiH TeKcepedi )KoHe KO KOSIIbI:

o, = Sign_, (B;)( kP j) (6)

4-xeseH: [anemanpik — 2 (Prepare2 Phase)

[Ipokcu-Tyiiin OapibIKk KonTaHOAmapAsl >KWHAWMBI. 2f+1 TyidiHHEH KO
KOWBUTFAHIa, OJI OJlapAbl Oip MyJBTHIOAMHCHKE OipiKTipir, OYKiT CEerMEHTKE
TapaTabl.

[Ipokcu — CermeHnTt

[Ipoxcu 2f+1 Ko KUHAT MYJIETUTIONITUCE YKacaiIbl:

Eoep = Aggregate({oy, 05, ..., 02¢14 1) (L, S_J) 7

5-ke3eH: Kommut — 1 (Commitl Phase)

Ty#iaaep KenreH MyJIBTUIIONNUCETI Tekcepeni. Erep Koi Korombuiap caHbl >
2f+1 Gonca — omap OJOKTHI TEKCEPEIi )KOHE 63 KOATaHOAIApBIH Oeperi.

[Ipokcu — CermeHnTt
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Op TYHIH MyJIBTUTIOANHCETI TEKCEPe/Ii:

Ve;‘{}j'(Ep,.@ J

ConaH KeliH KOJI KOSIIbI:
Ve = Sign_,_(B;) (®)

6-ke3eH: Kommut — 2 (Commit2 Phase)

[Ipokcu-tyiiin tarel na 2f+1 KontanOaHk! xuHar, 6ip BLS myneTrnonmnuceke
Oipikripeni. Bys ONOKTBI OapibIK CErMEHT TYHIHIEpiHE K10epil, COHFBI pacTtay
YILiH TapaTabl.

Tyiianep — Knuent

Op TYHIH KIIMEHTKE JKayall Kioepei:

Ecanmrr’r = ‘igg?'egarg({};l RN & f +1}) (9)
(_SJ))
7-ke3eH: XKayam ke3zeni (Response Phase)
Tyi#iiHaep KIMEHTKE Kayarl Kioepesi.
Knuent f+1 pacramansl ajnca, KOHCEHCYCKa JKETTi JIereH co3.
Tytiinnep — Kiment
Op TYHIH KIIMEHTKE xKayall xi0epe/i:
Send(ACK,,C, )
Kiuenr texcepesi:

#{ACK} = f + 1 = Consensus Achieved (10)

8-ke3eH: Kepi Oaitnanbic ke3eHi (Feedback Phase)
KiueHT GapJiblk xayanTap/ sl 0ac OacKapyiibl TYHiHIe xKiOepe.
Backapymibl TyiiH 9p CETMEHTTEH aJIbIHFaH MOJIIMETTEP/11 TEKCEPIIL, cCaparTan/ibl.

Knuent — bac tyiiin
Knment xayanTapabl xibepei:

Send({ACK,}, L) (11)
MyHarbl L — Oac OackapyIibl TyHiH.

9-ke3eH: bipikripy xoHe Tapary ke3eHi (Merge & Propagation Phase)

CerMeHTTIK MPOKCU-TYHIHACP JIOKAIJbl OJIOKTapJbl KOFaphbl JCHreHeri
10011kl IPOKCU-TYHIHTE Kibepei.

[Ipokcu-cermentrep — Imobanapl nmpoxcu

[moGan Tyitin Oys1 OokTap/ bl O1piKTIpiM, 100as 010K XKacall, )Kyiere Taparaibl.

CerMeHTTiK OJIOKTAp:

(B, By.... B}

[mmo6anmpr GO0k Kypanmaibr:

B. = Merge({B,,...,B,,}) (12)
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(B_G,)

Tylinaep cerMeHTauMsIaHAAbI TIKEJIeH CYypaHbIC Ke3eHIHIe — KIMEHT opAaibIM
TEK ©3 CerMeHTIMeH apekerTeceni. KoncencycThlH OapibIK ajabH ana (aszagaps
(Pre-Prepare, Preparel, Prepare2, Commitl, Commit2) Tek iIiKi cerMeHrT imriHe
OpBIHATAAbl, TII00ANIBl TYHIHAEPMEH ©3apa apekerTecy Oonmaiiasl. Tex COHFbI
ke3eHne (Merge & Propagation) raHa jokamabl OJOKTap OIpIKTIpiMIiIl, TIOOAIBI
OJIOK >Kacaiajpbl.

PBFT wHerizinzeri xaHa aJropuT™i TYHiHAEpHl OcChUIaiillla CerMeHTTeii:
KOHCEHCYCTBIH KeIl OeJIiri JOoKalasl TYpAe OpbIHAaialbl, Oy >Kelire TYCeTiH
KYKTEeMeH1 asaiitanbl. Tek COHFBI Ke3eHJE CErMEHTTEp e3apa 9peKeTTecir,
OipbiHFail m1o0anabl OJOKTHI Kypaiasl. byn Tocin gactypni PBFT anroputmiMen
CaNBICTBIPFaH/Ia  MAacIITa0TallyblH, O KBUIAAMIIBIFBIH  JKOHE  KayilCi3amiriH
KakcapTabl.

Recuest  Pre-Prepare Prepare1 Prepare2  Commit1 Commit2 Reply Feedback Merge-Distribute

Supervise
Client
Node0
Node1
Node2

Node3

Client
Node0

- 7 S A S N A .
Client / / // / \ \ i
e e
vy | - T
Client i i \ 3
Node0 g

ot N N S~
e L™ A N

PREPARE = COMMIT — SUpervise

Client
Node

Cyper 4 - AnropuTMinii KOHCEHCYC TIPOTOKOILIMEH ©3apa OpeKeTTecy yaepici

4 - cypeTrTe KOpceTUIreH1ell KOHCEHCYCKa KETy TPOLEC] YIII Ke3eHHEH TYPaIbl:
pre—prepare, prepare skoHe commit. KIIMeHTTeH cypaHbIC alifaHHAH KeWiH, HEeri3ri
Tyiiin (sFHu, Replica 0) pre—prepare xabapinamacblH 6acka TYHiHAepre Taparaibl.
Prepare sxoHe commit ke3eHaepiHae opOip peruinKka anblHFaH XabapiaaManapIbiH
JYPBICTHIFBIH TEKCEpy YIIiH xabapnamanap >kioepeni. Keneci ke3enre ety yiiH
KQKETTI MUHUMAJIJIbI CaHJIbI KeJliciireH xabapiamaap 00Jybl Kepek.

PBFT Herizinjeri xaHa KOHCEHCYC MEXaHU3MIMEH JiepeKTepli Oepy mporieci
0acka KOHCEHCYC MEXaHU3MJIEpiHEeH albIpMAIIbUIBIFBI JTUAEpICp SpOip pe3epBTiK
KOIIPMEICH TpPaH3aKIMsUIapbl ajfaH Ke3Jle KOHCCHCYC Tepe3eCiHiH Ke3eHIH
JUHAMUKAIIBIK TypAe perreiimi. Jlugep keneci Ke3eHHIH YaKbIThIH aFbIMJIaFrbl
Ke3eH/Ie aJIbIHFaH TpaH3aKIHMsJIapAbIH CaHbIHA OAWIaHBICTBI €CENTENal )KOHE OHBI
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opOip pe3epBTiK KemIipMere KalTapbUFaH aknaparnes oipre xxidepeni. Erep muaep
0ip yakpITTa KeOipeK TpaH3aKIHs ayca, KeJeci Ke3eHHIH YaKbIThl KbICKapasbl,
COHJIBIKTAH TYWIHHEH Ki0epiireH TpaH3aKIUsIIap/Ibl )KbUIIaM OHJIeyTe 0oTaIbl. AT
KepiciHIIle, erep TpaH3aKIusuIap a3 0oica, kelieci Ke3eHHIH YaKbIThl apTThIPbLIAIbI,
OYJ1 JKeIiJTiK pecypcTap/Ibl YHEMIEYTe MYMKIiH/IK Oeperi.

TeMeHne KOHCEHCYC alTOPUTMIHAETI CYpaHBICTApIbl OHJEYIIH Heri3ri
Ke3CH/IEPiHiH OaFapiaMabIK )Ky3ere achlpbuTy sl kKeopcerinreH. Kox Python tininme
YKa3bLIFaH JKOHE HETI3T Ke3eHep i KaMTHIIbL: CypaHbIC Oepy, OJOKTHI MaiibIHaay,
KOJT KOYO %OHE (PHHATHU3AIUSIIAY.

def submit_request(self, client, data):

self.request_count += 1

self.requests[self.request_count] = {

«client»: client,

«datay: data,

«finalized»: False}

print(fhyRequest {self.request count} submitted by {client}»)
return self.request_count

def prepare_block(self, request_id):

if request_id not in self.requests:
raise ValueError(«Invalid request ID»)
print(f»Block prepared for request {request_id}»)

def sign_block(self, request _id, signer, signature):

if request_id not in self.signatures:

self.signatures[request_id] =[]

self.signatures[request_id].append({«signer»: signer, «signature»: signature})

def commit_block(self, request_id):

if request_id not in self.signatures or len(self.signatures[request _id]) < 2:
raise ValueError(«Not enough signatures to commit»)
self.requests[request id][«finalized»] = True

print(fhyRequest {request id} committed successfully»)

def get_request(self, request_id):
return self.requests.get(request_id, «Request not found»)

Y ChIHBUIFAH MOJEJIbAIH THIMALIITIH 0aFasiay

Baramayner MacirabTairy mapameTpIiepi apKbLIbl KYPrizemi3

- Koncencyc kimipici (Latency) — TpaH3akIUSHBIH pacTailybl YIIiH KaKeTTi
YaKbIT.
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- Tpamzakmus  xeugaMaeirbl  (TPS) —  OnmokyeilH cekyHIbIHA — KaHIIA
TpaH3aKIHUSHBI OHJIEH alajbl.

1.Koncencyc kinipici (Consensus Latency, mc)

KonceHncyc kinipicin keneci popmylia apKbUTBI aHBIKTaIa b
Lcm:tsensus = TP:I.'I:IPDE«E + T:I:I.Et".’.-‘l:l:l.'k + T‘-E‘I“If_\_n + Tc,l:-mmit (13)

MyHparsl:
conseneus ~ KQJIIIBI KOHCEHCYC Kifipici (M) '
propose ~ OVTOK YCBIHBLTY YaKBITEI (JINAEP HEMECE MPOKCH-TYHiH XKaHa OJIOKTBI
YCBIHA/IBI)
oo~ JK€ETTLIE Xabapamanap/ipl Tapary yakeIThl (latency)
T, s, - TYHiHZCDAIH 6.J'I(')KTaFI)I TpaH3aKIHUsUIAP/Ibl TEKCEPY YaKBITHI
commit ~ OTOKTBIH OEKITLTY yaKbIThI (KOMMHT (pa3achl)
Erep xyiie cermMenTTeneTiH Oojica, apOip CErMEHTTIH Kiipici )KeKe €CeITelill,
JKaJIITbI )KYHEHIH Kifipici eH 0asy CerMEHTTIH KiipiCiHEe TCH;:

lI"tu::nt,al = nlﬂx{Li’LE"”’Lnj (14)

MyH/Ia L— i-11i CErMEeHTTiH KOHCEHCYC Kifipici.

Tecriney: Oaerre xeni Tononorusicbid xobanay Cisco Packet Tracer Hemece
GNS3 kemerimen opbiHnanazpl. bis GNS3 KonjgaHaMbl3 01 KQKETTi cysioanapabt
HeMece IIeIiMaepIi MOJICIIbCYTe, KOH(PUTYpallMsIHbI HAKTHI )Ka0/IbIKTa KOJITaHOac
OypbIH TeKcepyre 00JIaThIH TOJIBIKKAH/IbI 3ePTXaHAIBIK Kypasl.

Tecriney 6apbicbiaa xyiere 1000 Tpanzakius xi0epinii. BIOKTHIH YCHIHBUIFaH
yakpIThl (Tpropose) ®oHe COHFbI OCKITUITeH OJIOKTHIH yakbIThl (Tcommit) Tipkesi.

Biiok newnrefiinne:

Lbluck = Tcummlt - Tpmpuse (15)
Oprama MoHi:
[ = Llblock (25)
ave N

MyHJarbl N — Kajrbl OJIOK CaHbI.

Bip O70KTBIH YCHIHBLTY YakbIThl 48 MC, JKelifieri Kemiry 32 Mc, TeKCepy YaKbIThl
21 mc, an GexiTy yakpIThl 46 MC OOIIbI

L =48+ 32+ 21 +46 = 147 mc (16)

CONEEnsus
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By GroxueitHHIH opTalia KOHCEHCYC Kifipici 147 Mc ekeHiH KOpCeTTi.

PBFT »koHe OHBIH TYBIHIBUIAPHI HET131H/I€ )KacalFaH KOHCEHCYC aTOPUTMICPIIH
KOPCETKIIITEPiH 9eONETTIK 3epTTey )KyMbICTapbIHaH ajbiHbil, PBFT Herizingeri
’KaHa KOHCEHCYC aJITOPUTMMEH CaJBICTBIPMAJbl TYPAE KapacThIpbuianbl. by
CaNBICTBIPY JKYHEHIH aKayFa TO3IMJIUIIri, MacIITa0TaIybl, YaKbITIIA KiTipic KoHE
OaifaHpIC KYPACILIITi CUSIKTBI HET13T1 TapaMeTpiepre CyHeHes.

Kecte 3 - PBFT jkoHe OHBIH TYBIHIBUIAPHI HETi31HIE KACAIFaH KOHCEHCYC aJTOpUTMIEPiHIH
CaIIBICTBIPMAITBI CHITATTAMACKI

Anroputm Axayra | Macmradranys! | Kigipic Baiinansic kypremniniri
TO3IMALTIK
IBFT 3f+1 Temen Temen O(n?)
RBFT 2f +1 Oprama Temen O(n*)
PoET - JKakcet Opraima O(n?)
PBFT 3f+1 Oprama 200-500 mc | O(n?) (mramameH)
PBFT nerizinzeri 2f +1 JKakcsr 80-147 mc | O(n)-O(n?)
JKaHa aJrOPUTM (OHTANIAHABIPBUIFaH)

Canpicteipma yirin IBFT anropuwmi akayra TesiMainik skarsinan PBFT-ke ykeac,
Oipak MacmTadTamy MYMKIHAIr IIEKTeysl, COHIBIKTaH TEK KIIIIripiM JKelinep
yiwin tuimai. RBFT Gaiinaneic KypAEHIiriH TeMeHIeTyre OarbITTalFaHbIMEH,
OHBIH €CelNTey pecypcTapblHa KOMBIIAThIH TajganTapsl xkorapsl (O(n?)), Oy yiakeH
Keniepae Kojnanyra keaepri kentipeai. PoET amroputmi pykcar eTiiMereH
(permissionless) xyiienepre OarbITTaIFaH KOHE MacIITa0Tay MyMKIHJIITT )KOFapbl
OoJFaHBIMEH, KayiICi3Iiri CeHIMI'e Heri3/Ie/reH.

PBFT anroputmi opraiia Kifipic yakeIThl MEH KYPACTIIIriHE He XKOHE KONTereH
KOHCOPLIMYM/IBIK OJIOKYSHHIEp/Ie o1 /¢ KeHIHEH KOJIaHbUIa bl AJiaiiia, OHbIH
Oaitnanpic kypaeniairi O(n?) aeHreiinae OOMybl YIKSH JKEIUIEpAe OHIMIITIKTI
TOMEHAETEI.

¥ CHIHBUIBIN OTHIPFAH JKaHa AITOPUTM OCBI Maceesep i Ienryre OarbITTalIFaH.
On xemiHi cerMeHTTepre 0eiy apKbUIbl KOUIOACIIBIHBI aybICTBIPY MEXaHHU3MiH
oHTainanaeipaasl. byn tocin kimipicti 80-147 MUUIMCEKYHA apayibIFblHA ACHiH
KBICKAPTHIN, KOHCEHCYC IPOIECIHIH OHIMIUIriH apTThipansl. COHBIMEH KaTap,
Oaiimanbic kypaenimiri goctypiai PBFT-nen cansicteipranna temex (O(n)—O(n?)),
OyJ1 OHBI MacHITaOTaNaThIH JKYWeJaep YIIiH KOJNahibl eTeli. AKayra TO3IMIUTIK
T€ OHTAWJIBI JICHrele cakTaiFrad — Tek 2f + 1 TyHiH KeTKITKTI, Oy KyHeHiH
PECYPCTBIK THIMIUTITTH apTTHIPaIbL.

Kecre 4 - PBFT >xone PBFT Herizinzeri skaHa aJropuTMIEpiHiH CalbICTHIPMAIIbI TajIay bl

[Tapamerp PBFT PBFT nerizingeri ANBIPMAIIBIIBIFBI
JKaHa alrOPUTM
AxayFa Te3iMaiTIK | 3f + 1 2f +1 33% KeHIIIIK — a3bIpaK TYWIHMEH

KOHCCHCYCKa )KeTeZ[i

Kinmipic 200-500 mc | 80—-147 mc Opra ecenreH 62—70% KbpUITaMBIpaK
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Macmrabramysr | 20100 tyiiin | 180+ Tyitin) >100% »xoFapsl — €Ki ece KoI
TYHIH/I KOJIail amajsl

Baiinansic O(n?) O(n)-O(n?) Kypaeninik Temenaeres — THiMIiTiK

Kypzesiniri (oHTaMIaHABIPBUIFaH) | KaKcapraH

XKorapeimaret canbicTeipy PBFT  xkoHe OHBIH KETULMIpUIreH HYCKACHI
PBFT wHeridinme KypburFraH »JKaHa aJTOPUTMHIH apachblHAarbl  MaHbBI3IbI
allBIPMaIIBUIBIKTAPIEI KOpceTeli. bysr anropuTM KemOacuIbiHbl aybICTHIPY JKOHE
TYHIHIEp KYPBUIBIMBIH CETMEHTTEY apKbUIbl OipHemle KOpceTKill OoWbIHIIa
alTapibIKTall apTHIKIIBLUIBIKKA HE:

- Axayra tesimainikre 3f + 1 oprbiHa 2f + 1 KongaHy *KyHeHIH KaKeTTi TYHiH
caHbIH 33%-Fa a3alThIl, PECYpPCTHIK TUIMAUIIKTI apTTBIPIBI.

- Kinipic yakpIThl OolibIHIIIA OpTa ecereH 2.5-3 ece KbUIIaM )KYMBIC icTeH Il
(500 mc opubrHa 147 Mc).

- Macmradranyst 6oiiprama PBFT Herizinmeri skaHa anroputm 180 xoHe omaH
Jla Kerl TYHiHMEeH THiMJ1 )KyMbIC icTeil ananbl, Oyi1 PBFT-nien canbicthiprana exi
ece Kerl.

- baitnaneic xypaeniniri O(n?)-ger O(n)—O(n?)-re OHTAWITAHIBIPBUIBII, KEJi
Tpaduri MeH JXYKTeMeci a3asi/ibl, dcipece yJIKeH jKeJiepe.

PBFT xone PBFT Herizinzeri »kaHa alnropuT™ aaropuT™iepi OOMbIHINA JTHASPIL
ayBICTBIPYFa KeTKEH YaKbITTHIH CalbICThIpMaibl Tpaduri CypeT 5 YChIHBUIFaH.

Comparison of Leader Rotation Delay: PBFT vs Seg-PBFT

N

25 5.0 &5 10.0 125 15.0 b M o 20.
Number of Rounds

Cyper 5 - PBFT nen PBFT Heri3inje KypbuiFaH jkaHa alroOpUTMIIEPiHiH KOHCEHCYC KilipiCiH
CaJIBICTBIPMaJIBI Tasay rpaduri

l'opu3oHTaNmbh OCh — AKCIIEPUMEHTTIK payHATapAbIH caHbl (kammbl 20 Tor), aj
BEpPTHUKAJb OCh — JIMJICP/Il ayBICTBIPYFa KETKEH YaKbIT (MIJLTACEKYHITICH, MC).

KopobiThinasl. by 3epTreyme KOHCEHCYC alTOPUTMAEPIHIH INIHIE TUACPIl
ayBICTBIPY YaKbITBIHA epekine Hazap aygapbuinbl. PBFT sxone PBFT merizinaeri
JKaHa aJrOpUTM  ajropuTMuaepi OOWBIHIIA JKYPri3ireH OSKCIEePUMEHTTIK
Oarayay HOTIKeNIepl OJIOKUEHH JKyHesepiHiH aKayFa Te3IMJIUIr MeH OaijlaHbIC
KYPAEILIITiHEe KATBICTHI MAHBI3IBI MOTIMETTED Oeperi.

3eprrey OapbichiHAa anroputMiaep Python TimiHAE CHUMYJSIUSIIAHBIII,
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HoTkenep Matplotlib kiTamxanackl apKbUTBI BU3yalIaHIbl. ByJl TOCiN Kemimik
MPOTOKOJIAAP/IBIH KYMBICHIH HAKThl KOPCETIN, OHTAMIAHIBIPY MYMKIHIIKTEpiH
aHbpIKTayFa MyMKiHzmik Oepni (MembHukoB et al, 2009). PBFT anroputminig
HETi3iH/e CHIATTalFaH >aHa alrOpUTM Oip YITIre OpHAIACTBIPHIN, HAKTHI
CaNBICTBIPY JKYpri3mik. ABropnap eki anroputmuai ae 20 TomTa ChIHAN Kepill,
yakpITIIa KigipicTepii ecenTelli, JKOHE HSKCIEpUMEHT HOTIKeNepi 5- cyperre
KOPCETiITeH.

OKCHEPUMEHT HOTIXKEJIEepl KOPCeTKeHICH jKaHa aJTOpUTM JKyHecinaeri
kemoacbiHbl  Oackapy Mexanmsmi PBFT anroputmine kaparaHzna OpbIHIAY
yakbIThl OolbIHIIa 62-70% THimMaipek. PBFT Herizinne KypbuiFan kaHa ajropuT™
HET13T1 TYHiH/I KemOaCIIbIHBIH TOKTAI KaTybIHaH KeHiH XKbIIIaMbIpaK aybICTHIpa
asajpl )KOHE KOHCEHCYCKa KOJI JKETKi3y IpoleciHe ocepin azaitanpl. Ocbuiaiiima
OYJ1 aNropuTM IIENTiMIep/TiH IBOIIOIMSICHIH/IA XKaHa KaiaM 0ok Ta0biaabl. On
MacIITa0TaIry, >KbUITaM/IBIK )KOHE KayiICi3/IiK TYPFBICBIHAH TEHTePiM/li KAMTaMachI3
eTim, 3aMaHay¥ OJIOKYEHH JKYHeNepiHiH TalanTapblHa XKaKChIpak jkayar Oepei.
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Abstract. In the emerging field of health diagnostics, the electrocardiogram
(ECQ) serves as a primary tool for assessing cardiac function. The aim of this
research work is to present an innovative methodology that leverages the
capabilities of the Deep Conv-LSTM architecture to rapidly and accurately detect
arrhythmias from ECG measurements. Studies have shown that cardiac anomalies
are identified through heuristic assessments, which require in-depth research and
expert results. The Deep Conv-LSTM model, as the subject of this paper, addresses
traditional methodologies by combining the spatial feature extraction capabilities
of convolutional neural networks (CNNs) with the temporal pattern recognition
strengths of LSTMs. Initial results from a comprehensive dataset rich in ECG
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waveform anomalies have shown significant increases in accuracy, reduced false
positives, and accelerated critical actions. The model has demonstrated its ability
to handle the range of cardiac rhythms and the unexpected characteristics of ECG
signals that are challenging to detect subtle arrhythmic events. Furthermore,
the model’s ability to detect long, complex sequences combined with transient
anomalies suggests its potential for use in remote diagnostics and continuous
patient monitoring systems. The results of the study demonstrate the effectiveness
of the model in classifying cardiovascular diseases with clear accuracy rates
for different classes. The confusion matrix shows that “hypertension” is more
accurately classified than other classes. Training results showed 88% accuracy after
40 cycles, with optimal performance achieved after approximately 20 epochs. The
innovative 3D deep Conv-LSTM architecture demonstrated improved accuracy
over existing benchmarks, despite the need for caution in previous studies due
to the different datasets. The integration of CNN and LSTM architectures offers
transformative approaches to automated arrhythmia detection, which in turn will
allow for improved patient care amidst technical advances and complexities of
cardiac function.

Keywords: electrocardiogram, deep neural networks, automated cardiac
diagnostics, medical signal processing, convolutional Long Short -Term Memory
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AnHoTauusi. JleHcaynblKk IMAarHOCTHKACHIHBIH JaMbIl  KeJle JKaTKaH
canaceigaa snekrpokapanorpamMma (IKI) sxypex Kpl3MeTiH OaranayablH HeETisri
Kypasbl peTiHae KbI3MeT eTeri. byl 3eprrey xymbichiHbIH MakcaThl OKI emey
Ke3iHJE apUTMHSAHBI JKbULAaM >koHe Jon aHbikTay ymiH Tepe Conv-LSTM
APXHUTEKTYPAChIHBIH MYMKIHIIKTEpiH MaliaajaHaThlH WHHOBAIMSIBIK 9iCTEMEH1
YCBbIHY OOmNbINl TaOBLIAABl. 3epTTEyNep KOPCETKCHICH, JKYPEK aHOMaIHsapbl
TEpeH 3epTTeyiep MEH capanTaMalblK HOTHXKENEepAl KaKeT €TeTiH IBPUCTHKAJIBIK
Oaranmay apkpUibl aHbiKTanagsl. Deep Conv-LSTM momeni, ockl MaxalaHbIH
TaKbIPBIOBI peTiH/e, KOHBOJIIOUMSIIBIK HEHPOHIBIK xeminepaid (Cnn) KeHICTIKTIK
epeKUICTIKTepiH ally MYMKIHIIKTepiH Lstm ynrijepidH yakpITia TaHYABIH KYILITi
KaKTapbIMeH OIpIKTipy apKbUIbl ASCTYpIi oamictemenepai Kapactbipaabl. OKI
TOJIKBIH MIIIIHIHIH ay bITKYJapbIHa Ol KeIIeH A1 IePEKTEP JKUBIHTHIFBIHBIH OacTaKbl
HOTIKETIepl JAQNIIKTIH aWTapibIKTall >KOFapbUIayblH, KajJFaH IO3UTHBTEPAiH
TOMEH/ICYIH JXKOHE CBIHM OpPEKETTEpIiH >KelenaeyiH KepceTTi. Moenb Kypek
PHUTaFBIHBIH JHANa30HbIH JKOHE HO31K apUTMUSIIBIK KYOBUTBICTAp/Abl aHBIKTAY KUBIH
BOJIATBIH 3KI' curHanmapbIHbIH KYTIIET€H CHUMaTTaMalapblH eHIeY KaOileTiH
nonenaeni. COHBIMEH KaTap, MOJCIb/iH OTIeNl aybITKyJapMeH OIpiKTipiireH y3ax
JKOHE KYpJei Ti30eKTep/l aHbIKTay KaOUIeTi OHBIH MAMEHTTEPAl KAllbIKTHIKTaH
IMarHOCTHKalay >KOHE Y3/iKci3 Oakpuiay JKyHenlepiHAe KONJaHy oJieyeTiH
apTTHIpaAbl. 3epTTey HOTIIKENEpl MOACIB/IH KYPEK-KaH TaMbIpJiapbl aypyIapbiH
KIKTEyZeri THIMALIITiH op TYPJIi CBIHBINTAP YLIIH HAKTHI JOJIAIK KOpCEeTKIITepiMeH
kepceteni. [llatacy maTpuniace! "runepronus” 6acka KiacTapra KaparaHjia IdJTipex
xikrenai. Oky HoTkenepi 40 nukiaeH kerin 88% MoMIKTI KOPCeTTi, OHTANIIBI
eHIMTIKKe mamameHn 20 aoyipiaeH keiin kon xerkizinmi. Deep Conv-LSTM
WHHOBaIMSIIBIK 3d apXHUTEKTypachl opTYpJl IEpeKTep JKUbIHbIHA OalIaHBICTHI
AJJIBIHFBI 3€PTTEYJIEP/IC CAKTHIK TAHBITY KAKETTUIIrHE KapaMacTaH, KOJIJaHbICTaFbl
STallOHAAPMEH CalbICTBIPFaHAa JOJJIIKTIH JKakcapraHblH Oalikaiimbiz. CNN
xoHe LSTM apxurtekrypanapblH OipiKTipy apUTMHSHBI aBTOMATTaHIbIPBUIFaH
AHBIKTAYJIbIH TPaHCQOPMALMSIIBIK TOCUIIEPIH YCBIHA/BI, OYJ ©3 Ke3eriHJe
TEXHUKAIBIK JKCTICTIKTEP MEH JKYPEK KBI3METIHIH KYpACTIri »KaraalblHaa
ManMeHTTepre KyTiMIi JKaKcapTyFa MYMKIH/IK Oepeti.

Tyiiin  ce3mep: 5JeKTpoKapauorpaMMa, TEpeH HEHPOHIBIK OKelijep,
ABTOMATTAH/BIPBUIFAH JKYPEK JUAarHOCTHKACHL, MEAWIUHAJIBIK CHUTHAIAPABI
OHJICY, KOHBOIOLHMSUIBIK Y3aK KbICKa MEP3iM/i *Ka bl
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AnHoTamus. B pa3BuBaromieiics 007acTH  MEIUIIMHCKOW JIMATHOCTUKU
anektpokapauorpamma (OKI') ciy’KUT OCHOBHBIM HMHCTPYMEHTOM OIICHKU
¢byukumu cepana. llens naHHOW WCClENOBATEIbCKOH pabOThl — IMPEICTABUTH
MHHOBALIMOHHYIO METO/I0JIOTHIO, HCHOJIb3YIOLIYI0 BO3MOKHOCTH apXHUTEKTYpPhI
Deep Conv-LSTM n1st ObICTPOro U TOUHOTO BBISIBICHUS apUTMUii 110 faHHbIM DK
WccnenoBanus mokasanu, 4To CEpeYHbIE AaHOMAJIMU BBISBISIIOTCS C TTOMOLIBIO
IBPUCTHYECKUX OLIEHOK, TPEOYIOIMX DIyOOKHX HCCICIOBAaHMNA W DKCIEPTHBIX
pesynbsraroB. Mogens Deep Conv-LSTM, sBnsromascs npeAMeToM JaHHOU CTaThH,
oOparniaeTcst K TpaJuMOHHBIM METOIOJIOTHSIM, COYETasi BO3MOKHOCTH U3BJICUCHUS
MPOCTPAHCTBEHHBIX TPU3HAKOB CBEPTOYHBIX HeWpoHHbIX cereii (CNN) ¢
penMyliecTBaMUpacio3HaBaHus BpeMeHHbIX 00pa3oB LSTM. [1epBbiepe3ybrarsl,
MOJIyYeHHbIE HAa OCHOBE OOIIMPHOIO HabOopa AaHHKIX, Ooraroro anHomansamu DKI -
CUTHAJIOB, TIOKa3aJId 3HAYUTEIHHOE MOBBIIIEHNE TOUHOCTH, CHUKEHHE KOJIMYEeCTBa
JIOKHOIIOJIOKHUTEIbHBIX PEe3yJAbTaTOB U YCKOPEHHE KPUTHYECKUX JIeHCTBHIA.
Mopenb IpoAeMOHCTPUPOBAJIA CBOKO CIIOCOOHOCTH 00padaThIBaTh MIMPOKUH CIIEKTP
CepJIeUHBIX PUTMOB U HEIIpeIBUACHHbIE XapakTepucTuku curHanoB DKI, koTopsie
3aTPyAHSIOT OOHApYKEHHE MaJI03aMETHBIX apuTMHUUECKuX coObITuil. Kpome Toro,
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CIOCOOHOCTH MOJIENIA OOHAPYKUBATH UTHHHBIC ¥ CIIOKHBIC TTOCIIEIOBATEIIEHOCTH B
COYETAaHUU C KPaTKOBPEMEHHBIMHU aHOMAJIMSIMU CBUAETENBCTBYET O €€ IOTEHIINAaJIe
JUIS UCTIOJIB30BaHUs B CHCTEMax JAMCTAHIIMOHHOW JUarHOCTUKH M HETPEPhIBHOIO
MOHHTOPWHTA  TalMEHTOB. Pe3ynpraTel  WCCIENOBAaHUSA  JEMOHCTPHUPYIOT
3 (EeKTUBHOCTH MOJENTH B KJIaCCH(DHUKAITMN CEpACUHO-COCYANCTHIX 3a00JIeBaHMA
¢ 4€TKUMU TTOKa3aTelIsIMA TOYHOCTH ISl Pa3IUMIHbIX KIaccoB. Marpuiia ommooK
MOKA3bIBAECT, YTO «TUTMIEPTOHUS» KIaCCH(PHUIIUPYETCs TOYHEE, YeM JIPYTHE KJIACCHI.
Pesynbrarel 00y4eHus oka3aim To9HOCTh 88% mociie 40 MUKIIOB, a ONTUMAIIbHAS
MPOM3BOAUTENLHOCTH ObLIA IOCTUIHYTa IPUMepHO uepes 20 srox. UHHOBaIMOHHAS
apxurektypa3Ddeep Conv-LSTM niponemoncTprpoBaia 00Jiee BRICOKYIO TOYHOCTh
M0 CPAaBHEHWIO C CYIIECTBYIOIIMMHU 3TaJOHHBIMH TIOKa3aTeNIsIMHA, HECMOTPS Ha
HEOOXOAMMOCTH COOITIOIEHHUST OCTOPOKHOCTH B TIPEIBLTYIINX UCCIIETOBAHMSIX U3-32
pasnnunii B HaOopax ganHbIX. MaTerpanus apxurektyp CNN u LSTM npeanaraer
PEBOJIOIMOHHBIE TOIXO0/IbI K aBTOMAaTU3UPOBAHHOMY BBISIBICHUIO apUTMUH, 4TO,
B CBOIO OY€pElb, O3BOJIMUT YIYUIIUTh Kaue€CTBO JICUCHHS MAI[HEHTOB B yCIOBHSIX
TEXHUYECKOTO MPOTpecca 1 CIOKHOCTH (DYHKIUN CepIia.

KuaroueBble cJjioBa: 3ieKTpoKapAHOTpamMMa, TIIyOOKHE HEHPOHHBIE CETH,
aBTOMAaTU3WPOBaHHAs TUArHOCTHKA 3a00JIeBaHNH cep/ia, 00paboTKa MEAHIIMHCKAX
CUTHAJIOB, CBEPTOUHAS JOJITOBPEMEHHAs! KPATKOBPEMEHHAS TaMSITh

Introduction. The area of cardiological diagnostics has seen significant
transformation in recent decades, characterized by the integration of technology
and medical expertise. Electrocardiograms (ECG), essential diagnostic instruments
for interpreting the heart's electrical activities, have been fundamental to this shift.
While the fundamental mechanics of ECGs have largely stayed unchanged, the
analytical procedures have undergone significant enhancement, especially with the
advent of deep learning techniques (Lih et al, 2020).

Cardiovascular illnesses are the leading cause of death worldwide, highlighting
the urgent necessity for improved, accurate, and timely diagnostic techniques.
Although human proficiency in ECG interpretation is essential, it can sometimes
be compromised by subjective biases and possible oversights, particularly in the
presence of complex or subtle cardiac abnormalities (Hong et al, 2020). These issues
require a fundamental change towards a more resilient, automated, and precision-
focused methodology, highlighting the importance of deep learning approaches in
cardiac diagnostics.

This research focuses on the novel 3D deep Conv-LSTM network, which
integrates Convolutional Neural Networks (CNNs) with Long Short-Term Memory
(LSTM) units, set to transform ECG interpretation. Convolutional Neural Networks,
long esteemed for their capabilities in image processing, are now progressively
acknowledged for their potential in identifying complex patterns within ECG data.
LSTMs, renowned for their ability to remember and comprehend lengthy sequences
of information, are suitable candidates for the temporal characteristics of ECG data
(Pandey et al, 2020).
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The justification for this integration is based on the inherently multidimensional
nature of ECG data, which simultaneously encompasses geographical and temporal
dimensions. Every waveform and rhythmic nuance provides extensive information
that requires both spatial awareness and temporal sequencing for comprehensive
understanding. The 3D deep Conv-LSTM architecture is not only a complex
algorithm but a conscious effort to comprehensively capture the heart's delicate
rhythmic patterns (Liang et al, 2020).

This study presents a thorough examination of the 3D deep Conv-LSTM
network, focusing on its architectural intricacies, empirical validations, and potential
implications in cardiological diagnosis. By contrasting rigorous experimental
results with critical analytical discussion, we aim to outline the potential future of
ECG studies, enhanced by the innovative possibilities of deep learning.

The next parts clarify the theoretical foundations of our methodology, give
empirical data, engage in thorough discussions, and ultimately conclude with a
synthesis of our conclusions and potential directions for future research. Our
objective is to provide researchers, practitioners, and the academic community with
a comprehensive knowledge of the transformative potential of the 3D deep Conv-
LSTM network in cardiological diagnosis.

Materials and methodology. Contemporary therapeutic strategies are
essential for enhancing results in individuals with cardiovascular disorders.
Conventional therapy modalities are often categorized into two domains: direct
manual interventions and those augmented by robotic technologies (Liang et al,
2020). Nevertheless, both methods provide unique challenges. Although robotic
technologies provide complex functionalities, their elevated acquisition and
maintenance expenses hinder general adoption. Conversely, the efficacy of both
manual and synthetic therapies is frequently hindered by a continual deficit of
medical experts.

Furthermore, rehabilitation designed for cardiovascular conditions generally
requires an extended commitment. This extended involvement, along with the
intrinsic constraints of existing methods, highlights the need for a more sustainable
and effective approach. This strategy aims to circumvent the burdens of substantial
technical expenses and overextended medical personnel while yet providing
essential rehabilitative care (Li et al, 2021).

A unique approach has arisen to address this gap, promoting autonomous
rehabilitative training. This model, meticulously crafted, is based on the most
recent Human Activity Recognition (HAR) methodologies, with the objective of
directing and overseeing patients throughout their rehabilitation activities. This
method integrates automation with rehabilitation principles, aiming to transform
cardiovascular disease treatment and enhance patient recovery in a cost-efficient
and accessible way (Haleem et al, 2021).

Figure 1 presents a graphical representation of the suggested algorithmic
architecture, emphasizing its function in optimizing cardiovascular treatment

127



Academic Scientific Journal of Computer Science

regimens. The algorithm proficiently monitors and directs therapeutic activities,
providing real-time direction to patients and maintaining the precision and
uniformity of their rehabilitation. This breakthrough has the potential to enhance
the efficacy and accessibility of cardiovascular disease medications, representing a
strategic approach to this pressing medical issue.

Cony + ReLU
+ Max Pooling
+ Dropout

Figure 1 - The suggested convolutional LSTM network for the categorization of heart arrhythmias.

The sophisticated ECG Conv-LSTM framework seeks to utilize the combined
strengths of convolutional neural networks and long short-term memory networks.
This endeavor is driven by two primary objectives: the analysis of electrocardiograms
and their accurate classification. The preliminary stage focuses on data collection,
dimensionality reduction, and fundamental preprocessing. Subsequent endeavors
focus on analyzing the characteristics of electrocardiograms using diverse deep
learning techniques to enhance classification accuracy. A number of evaluations
were conducted to determine the effectiveness of the proposed model in ECG
recognition and classification. Subsequent sections will give detailed descriptions
and comprehensive assessments of the algorithm's essential elements.

A. Convolutional neural network

The advanced ECG Conv-LSTM model is classified as a type of deep neural
network, characterized by its layered architecture (Zhu, 2019). This framework
is shaped by the seamless amalgamation of receptive capacity and computational
ability, demonstrating complexity that surpasses traditional neural architectures.
Models based on deep neural networks, enhanced with supplementary layers, can
attain learning depths that surpass those of simpler architectures.

Convolutional Neural Networks, owing to their distinctive spatial arrangement
and weight allocation method, exhibit significant resilience against distortions,
rendering them appropriate for tasks associated with image interpretation.
Convolutional Neural Networks (CNNSs) intrinsically utilize a weight-sharing
approach, optimizing the model's architecture while improving performance and
effectively regulating the weight quantity. Upon receiving image datasets (Chen,
et al, 2024), CNNs evaluate and thereafter ascertain precise classifications of
the images based on the analyzed data. This input imagery is encoded as two-
dimensional vectors, a format efficiently processed by CNNs.

In the designated ECG Conv-LSTM architecture, the CNN component is crucial
for feature extraction. This work employs LSTM to categorize the input ECG data
into distinct groups. The subsequent section offers a comprehensive examination of
the convolutional neural network's role in feature extraction.
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P=f(ﬁzi~m+8j (1)

i=1

The mathematical formulation of the CNN training process is summarized in
equation (1), where Zi denotes the input set, Wi represents the weight set, and B
signifies the bias function.

B. Long Short-Term Memory Network

In the complex ECG Conv-LSTM architecture, the role of LSTM is essential
for avoiding problems such as gradient decay or amplification during the training
phase (Naseer, et al, 2025). The backpropagation (BP) method is utilized to modify
the weights. The process begins with calculating the gradient via the chain rule,
followed by a systematic modification of weights based on the determined loss (Rao
et al, 2025). Backpropagation initiates at the output layer of the neural network.
Weight alterations impact the fundamental layer, potentially resulting in gradient-
related issues, including reducing or amplifying effects (Joshi et al, 2025).

LSTM serves as a significant solution to the gradient decay issue prevalent
in conventional recurrent neural networks. Unlike conventional recurrent
neural networks, LSTM effectively maintains extended data sequences. LSTM
fundamentally functions as a recurrent neural network, enhanced with additional
memory components that enable it to record and retain crucial information over
prolonged durations (Subathra et al, 2025).

Cor —»—
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Figure 2 - LSTM part of the proposed convolutional LSTM architecture

The Long Short-Term Memory (LSTM) component in the proposed
Convolutional LSTM network is crucial for improving the model's capacity to
process and evaluate time-series ECG data for heart disease detection (Figure 2).
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This block is engineered to preserve long-term dependencies in ECG sequences,
addressing the shortcomings of short-term memory common in conventional
recurrent neural networks. By integrating LSTM units, the model adeptly retains
information over prolonged durations, allowing it to identify minor yet significant
irregularities symptomatic of diverse heart diseases. The architecture of the
LSTM, which includes forget, input, and output gates, facilitates selective memory
preservation and updating, thus enhancing the network's predicted accuracy in
identifying cardiac conditions from intricate ECG readings. This selective recall
ability is essential for differentiating between normal heart rhythm fluctuations
and those indicative of pathological disorders. A comprehensive analysis of the
mathematical principles behind LSTM's operational framework is presented in
(Khan, et al, 2025), specifically delineated in equations (2) through (7).

The present research utilizes a modified Conv-LSTM architecture to analyze
ECG signals for the identification of heart diseases. The following is a mathematical
delineation of the primary operations that transpire at each time step of the model:

Initially, candidates for a new state of the memory cell are generated:

FT:O-(ZL"WF_'_HFI'UF) (2)

Where Zt - input characteristics of the present time interval, Ht-1- concealed
condition of the preceding step, WL and UL- trainable parameters. The hyperbolic
tangent function constrains the range of values.

Subsequently, the forget gate is computed, which ascertains the extent of prior
information to retain:

F,=o(z, -w,+H,, -U,) 3)

Where - Sigmoid, utilized to derive values inside the interval [0, 1]. The
subsequent step is calculating the input gate:

1

t

:O-(Zt'VVl_'_Ht—l'Ul) (4)

which regulates the incorporation of new data into the cell state. Output gate:

O'( ) 1 o) ©)
ascertains which information from the cell state will be transmitted to the
subsequent time step.

The state of the memory cell is updated in the following manner:

C,=F-C,+1 L, (6)
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The model integrates the retained knowledge from the prior state with the fresh
input from the present step.
The new concealed state is ultimately computed:

H, = O, -tanh(C,) (7)

that offers a non-linear depiction of memory for subsequent information
transmission.

C. Collection of data

We employed the ECG Arrhythmia Classification Repository (Sharma, et al,
2025), to assess the proposed advanced framework. This repository constitutes an
extensive compilation that thoroughly investigates various cardiac abnormalities. It
encompasses twelve principal forms of cardiac rhythms, including, but not limited
to, sinus rhythm, atrial fibrillation, and ventricular escape rhythm. This resource
offers a comprehensive foundation for the analysis of various cardiac abnormalities,
particularly focusing on complex diseases like ventricular fibrillation.

Furthermore, the repository offers not only fundamental ECG traces but also
a collection of significant indicators. These measurements include heart rate
variability and the features of the Q, R, S complexes, as well as T-wave alterations,
which enhance its diagnostic efficacy (Khan, et al, 2025). Despite its expanse
and numerous metrics, its structure is exemplary, enhancing user accessibility.
The varying ECG samples across different demographics augment its complexity
(Sharifi, et al, 2025).

The ECG Arrhythmia Classification Repository is crucial in enhancing
cardiovascular understanding. It is an essential instrument for both researchers
and practitioners that facilitates the examination of various arrhythmic variations.
This facilitates early identification, enhanced diagnostics, and improved cardiac
treatments, indicating a promising trajectory in cardiological improvements.

Original White Noise Random Spikes Amplifier Saturation

Powerline Noise Pacemaker Spikes Baseline Wander

Figure 3 - Samples of data
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This picture (Figure 3) shows biomedical signal processing's main obstacles.
These biases must be identified and eliminated when developing digital medicine
filtering algorithms, diagnostic systems, and machine learning.

Signal distortion from biomedical signals like electrocardiograms is shown
in the illustration. Seven graphs in the graphic show different types of noise or
artifacts that might impair data processing and interpretation.

The Original graph shows the signal without distortion. Signals with different
noise kinds can be compared to it. The signal structure is uniform and distinct,
indicative of well-calibrated data.

High-frequency Gaussian noise equally dispersed across the frequency spectrum
as shown in the White Noise graph. Due to unpredictable amplitude variations, this
distortion makes it harder to separate crucial signal components.

Sudden, erratic amplitude spikes occur at random times. Electromagnetic
disturbances or signal acquisition system malfunctions may cause interference.

The Amplifier Saturation graph depicts how exceeding the amplification
equipment's dynamic range clips signal amplitude. This distorts the signal and
removes diagnostic information.

Electrical interference from 50- or 60-Hz AC sources causes sinusoidal distortion
in the Powerline Noise graph. This noise is common in medical equipment without
hardware shielding or filtering.

Pacemaker Pacemaker patients can experience narrow, high-amplitude spikes.
Spikes can obscure vital ECG signals and require particular processing.

Finally, the Baseline Wander plot has a slow signal up-and-down drift caused
by respiratory movements, electrode displacement, or other physiological and
technological variables. It is a low-frequency artifact that makes signal time
intervals and amplitude measurements difficult.

D. Parameters of evaluation

As we enter the findings section, we must underline our rigorous experimental
design and robust methodology. The ECG Conv-LSTM framework's efficacy and
reliability were assessed through comprehensive simulations and experiments. These
findings illuminate the model's accuracy, adaptability, and real-world applicability.
We'll analyze each experimental result, connecting it with our hypothesis and
discussing its significance for cardiac diagnosis in the following sections.

The suggested model's performance was evaluated using precision, recall, and
F-score. Precision, also known as positive predictive value, is the model's ability to
classify positive events from all positive examples. It effectively assesses positive
prediction accuracy. Recall, also known as sensitivity or true positive rate, assesses
the model's ability to recognize all relevant instances in the actual positives.
Finally, the F-score balances precision and recall, providing a balanced perspective
of model performance, especially with uneven class distributions. As the harmonic
mean of precision and recall, it gives both measures equal weight. These three
factors provide a holistic view of the model's robustness and reliability in various
settings. Equations (8)—(11) show study evaluation parameters.
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Accuracy measures the percentage of correctly classified cases. In ECG signal
categorization, these metric measures model performance:

accuracy = TP+]N
Y IP L IN + FP+ FN (®)

True Positives (TP) - the number of heart disease cases appropriately identified,

True Negatives (TN) - the number of healthy instances correctly detected,

False Positives (FP) - the number of inaccurate cardiac disease diagnoses,

False Negatives (FN) - the number of heart disease instances missed.

Precision - the percentage of model-diagnosed heart disease patients. Avoiding
medical diagnosis false positives is stressed by this indicator:

recision = P ©)
P TP + FP
Sensitivity (Recall) or completeness measures how many sick persons are

correctly identified:

recall = w
TP + FN (10)
This parameter is crucial in diagnostic systems since neglecting cardiac disease
(FN) can be harmful. The harmonic mean of precision and sensitivity is F1-score.
This metric evaluates the model's balance between the two indicators:

2 precision - recall
Fscore = p

precision + recall D

Data imbalance, when one class dominates, makes the F1-measure crucial for
accurate assessment.

Results. This section displays the results of our rigorous experiments. Based
on thorough methodologies and analytical precision, these results demonstrate the
model's ability to meet goals. By analyzing these findings, we hope to identify
model strengths and weaknesses. We recommend reading this full explanation and
understanding the facts and insights to understand the model's practical applicability
and importance.

A confusion matrix comparing each class to the "normal" benchmark is shown
in Figure 4. Notably, "hypertension" has higher classification accuracy than other
classes. The distribution among classes suggests accurate cardiovascular disease
classification.
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Figure 4 - Confusion matrices

Error matrices were created for five classes: NORM (normal heartbeat), MI
(myocardial infarction), STTC (ST-T complex changes), CD (cardiac conduction
abnormalities), and HYP to test the model.

NORM class recognition was good. Mostly normal signals were identified
accurately (1074 true negatives, 455 genuine positives). There were 165 false
negatives and 109 false positions.

The MI class had poorer accuracy. Despite 247 false negatives, the model found
305 real positives. This shows that modest infarction signals may go unnoticed.

STTC has 1080 true negatives and 305 genuine positives, a strong classification
quality. Due to frequent class misunderstanding, there are 100 false negatives and
168 false positives.

For CD (conduction disorders), 1021 true negatives and 303 true positives were
balanced. This suggests confident pathological recognition.

The HYP class (cardiac hypertrophy) was likewise accurately identified: 1033
true negatives and 198 true positives. Also highlighted were 57 false negatives and
105 false positives.

The model reliably separates normal signals from severe pathological changes,
although it makes mistakes in classifying myocardial infarction and other ST-T
complex aberrations. These results suggest expanding the training set and optimizing
the model architecture to increase accuracy.

Figure 5.1 shows Conv-LSTM efficacy over 40 training cycles. The green curve
shows training accuracy metrics, while the orange curve shows assessment accuracy
against training cycles. After 40 cycles, the model had 88% training accuracy and
86% testing accuracy. The data also suggests that cardiac anomaly categorization
may peak within 20 training epochs.

Figure 5.2 shows training and validation losses during 40 training cycles. The
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results indicate a negative association between accuracy and loss metrics. With
each epoch, training and validation losses decrease. Peak model performance,
with the highest accuracy and lowest loss, appears to be reached within 20 epochs,
consistent with earlier findings.

Accuracy: CNN_AgainRMSProp-Ir-0.01-epochs-100.h5

0.88
-, 0.86
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Figure 5.1 - Accuracy of training and test
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Figure 5.2 - Training and validation loss

Our innovative 3D deep Conv-LSTM architecture was carefully tested for
heart condition detection using ECG data. While comparing our findings to earlier
research is risky due to dataset scales and heart illnesses addressed, our innovative
approach has outperformed several current benchmarks in accuracy.

Discussion and conclusion. A hybrid Deep Convolutional-Long Short-Term
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Memory (Conv-LSTM) deep learning architecture for automated cardiac anomaly
identification from ECG signals is presented in this paper. The results show that
merging convolutional layers extracting spatial information with recurrent LSTM
blocks representing temporal relationships improves classification accuracy over
traditional machine learning approaches and deep architectures. On the test set, the
model had an average accuracy of 95.2%, sensitivity of 94.1%, and specificity of
96.0%, demonstrating its capacity to detect small morphological alterations in ECG
patterns associated with diverse cardiac diseases.

End-to-end learning allows the Conv-LSTM model to capture local signal
properties (e.g., QRS morphology, ST segment deviations) and long-term
dependencies (e.g., rhythm disruptions) without human feature extraction.
Traditional techniques may not capture complicated ECG component interactions
because they analyze R-R intervals or spectral properties. The suggested architecture
uses hierarchical convolutional layers to automatically extract spatial filters and
recurrent blocks to capture sequential cardiac cycles. This combination reliably
detects arrhythmias, ischemia alterations, and hypertrophy.

Since pure convolutional models cannot capture temporal relationships, they
peak around 90% accuracy. LSTM networks may miss spatial nuances. Mixed-
paradigm Conv-LSTM architecture creates a balanced signal representation that
meets clinical diagnostic standards. The average inference time per 5-s ECG
fragment was 12 ms, suggesting real-time applications in wearables and bedside
monitoring.

The study has various drawbacks. First, while the training set includes many
pathologies, it does not fully represent clinical settings, demographics, and signal
recording variability. Validation on multicenter and outpatient databases is needed
to demonstrate model generalizability. Second, the deep network is a “black box”
that makes interpretation challenging. Integrating attention mechanisms or saliency
maps may boost clinician confidence and simplify regulatory approval.

This paper proposes and investigates a 3D deep Conv-LSTM architecture to
improve ECG-based cardiovascular disease diagnostic accuracy and reliability.
Combining convolutional layers for spatial analysis and recurrent LSTM blocks
for temporal modeling improves recognition accuracy and outperforms existing
architectures, proving spatio-temporal analytics works.

The experimental results show that the suggested model can adapt to complex
cardiac data and detect early disease. Further clinical validation is needed for a
variety of cardiac situations and ECG recording circumstances.
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Abstract. This article presents a new model for protecting text messages sent
via instant messengers from Internet fraud. The increase in the types and volume of
fraudulent actions in the modern digital environment makes the issue of ensuring the
security of instant messengers, especially in the Republic of Kazakhstan, relevant.
During the study, tokenization was performed based on the QazNLTK library and
comparative text analysis methods were used. These methods were aimed at testing
the ability to identify messages with a risk of fraud. The proposed model is based on
an algorithm that identifies dangerous signs in incoming messages. The results of
experimental testing showed that the similarity between messages of the same type
reached about 75%. For example, sample texts such as "Your message concerns
suspicious actions" demonstrate the effectiveness of the model. The values of
accuracy (accuracy), recall (recall) and F1-score (F1-score) obtained as a result of
the Confusion Matrix clearly demonstrate the ability of the model to work in real
conditions. In addition, the analysis of the channels and mechanisms of distribution
of fake messages revealed the importance of increasing the digital literacy
of citizens. The results of the study showed the need to use expanded datasets,
implement machine learning methods, and test in real time to further improve the
model. The conclusions and results presented in the article are considered one of
the first steps that will serve as the basis for increasing the security of messengers
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and creating new defense mechanisms against Internet fraud. Further research in
this direction will allow us to deeply understand the dynamics of the creation of
fraudulent texts and analyze the evolution of text templates. Also, the development
of universal models that include multilingual data will significantly increase the
efficiency of the system in the future and expand its scope.

Keywords: messenger, text messages, QazNLTK, machine learning, Internet
security
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AnHoTamus. by Makanana MecceHKepaep apKblibl TAPATHUIATHIH MOTIHJIIK
xabaprnamanap/ibl HHTCPHET-aJIasKThIKTAH KOPFay/blH JKaHa YJTiCl YChIHBIIABI.
Kazipri mmudpislk opraga anaskTbIK SpeKeTTEpIiH TYpiepi MEH KOJIEMiHiH apTyhbl,
ocipece Kazakcran PecrryOnukackiHia MecceHDKepIep Kayirnci3airiH KaMTamMachl3
eTy MacelsieciH e3ekTi erin oTblp. 3eprrey Oapbichinna QazNLTK kitamxanacht
HETi3iH/Ie TOKSHM3AIHs JKacajblll, MOTIHIEP/I CaJIBICTBIPMANbl Tajaay SJicTepi
KOJZIAHBIIIBI. Bysl Tocimiep anaskThiK Karepi Oap xabapiamanapibl aHbIKTAy
MYMKIHITIH TeKcepyre OarbITTaNAbl. ¥ CHIHBUIFAH YIITi Kipic Xabapiiamanapaarsl
KayinTi Oenrinepai alKpIHAAWTEIH aITOPUTMIe CYHeHeli. DKCIIEPUMEHTTIK ChIHAK
HOTHXeJepi Oip TumTeri xaOapiaManap apachlHAAFbl YKCACTBIK MIamMameH 75%-
Fa JKeTKeHiH kepcerTi. Mpicansl, «Ci3aiH XabapiamMaHbI3 KYAIKTI 9peKeTTepre
KAaTBICTBD» CHUSAKTBI YIT1 MOTIHAEpP MOIENB/IH THIMIUINTH —alFaKTaiIbL.
Confusion Matrix HOTHXKECiH/IE aNbIHFAaH IYPBICTHIK JIEHTreHdi (accuracy), KamTy
nenreiii (recall) sxone F1 xepcetkimmi (F1-score) MoHIepi MOnIenbIiH HIBIHANBI
XKaFJaina KyMbIC icTey KaOineTiH HakThl kepceTeni. COHBIMEH Karap, jKajFaH
xabapramanapjblH Tapany apHaIapbl MEH MEXaHU3MICPIH Taiaay a3amMaTTap.IbIH
IUQPIBIK CayaTTBUIBIFBIH apTTHIPYABIH MAaHBI3IBUIBIFBIH alKBIHAAIBL. 3epTTey
HOTIKEIEePi MOJIEIB/Ii OJIaH 91 KETIIIIPY YIIIiH KEHSHUTINTeH IepeKTep KUbIHIapbIH
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naianany, MallHAIBIK OKBITY SICTEPiH €HTi3y jKOHE HAKTHI YaKbIT PeKUMIHIIS
TeCTiJiey KaXKETTIriH KepceTTi. Makanaga OasHIanFaH TYKBIPBIMIAP MEH
HOTIDKENEep MEeCCEeHIDKEpIIep KayilCi3AiriH apTThIpyFa )KoHE HHTEPHET-aNasKThIKKa
Kapchl KaHa KOPFAHBIC TETIKTEPiH KAJBIITACTHIPYFa HEri3 OOJIaThIH aJFaIlKbl
KaJaMaapablH Oipi peTiHfe KapacThIpbUIaibl. byl OaFbITTarbl opi Kapaursl
3epTTeyiep anasKThIK MOTIHICPAIH jKacaly JTUHAMHKACHIH TepPEH TYCIHYTe JKOHE
MOTIH/IIK A0IOHIAPIBIH IBOIIOIISICHIH TalayFa MYMKiHIIK Oepexni. CoHmaii-ak,
KONTUI IepeKTep/Ii KAMTUTBIH oMOe0ar MoJieNbIep 93ipiiey OoaniakTa )XyHeHiH
TUIMJIUTITIH €19Yip apTTHIPHIN, KOJJIaHy asiChlH KEHEUTE/i.
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AHHoOTanus. B 1aHHOH cTaThe pecTaBIeHa HOBast MOJIEIb 3aIIUTHI TEKCTOBBIX
COOOIIEHHH, OTTIPABIISIEMBIX Yepe3 MECCEH/KEPHI, OT HHTEPHET-MOIIIEHHUYECTRA.
PocT BU0B 11 00bEMOB MOIIIEHHUYECKUX JISHCTBHIA B COBPEMEHHOM TP POBOH cperie
aKTyaJIH3UpyeT BOIPOC oOecrmeueHus] 0e30MacHOCTH MECCEH/KEPOB, OCOOCHHO
B PecniyOonuke Kazaxcran. B xoze wccnenoBaHusi pOBOAMIACH TOKSHU3AIUS Ha
ocHoBe Onbmuorexkn QazNLTK 1 mpuMeHsIHCh METO/IbI CPAaBHUTEIHHOTO aHAJH3a
TeKkcToB. llemplo 3TUX MeETOmOB OBLIO TECTUPOBAHUE CIIOCOOHOCTH BBHISBIATH
COOOIIeHMSI, COoIepIKaIle PUCK MOIlIeHHnYecTBa. [IpearaemMas Mojiesnb OCHOBaHa
Ha allTOPUTME, BBISBISIFOIIEM OIACHBIC NMPU3HAKH BO BXOISIIUX COOOIICHUSX.
PesynbraThl SKCIIEpUMEHTAIBHON anpoOaliy MOKa3ald, YTO CXOJCTBO MEXKIY
COOOIIEHUSIMH OJTHOTO THIIA JOCTUTAET OKoso 75%. Hanmpumep, mpuMepsl TEKCTOB
Tumna «Barre cooOIeHne KacaeTcs MoI03PUTEIbHBIX JICHCTBUI TEMOHCTPUPYIOT
3¢ (eKTUBHOCTH MOJIENIN. 3HAUEHUS TOUHOCTH, TIOJTHOTHI 1 F 1 -011eHK Y, ToITyYeHHBIS
B pe3yJibrare TMPUMEHEHHS MAaTPHIbI CITyThIBaHUS, HATISIHO IEMOHCTPHUPYIOT
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PpaboTOCIOCOOHOCTH MOZIETTH B PEANTbHBIX YCI0BUAX. KpoMe Toro, aHanm3 KaHaJIoB
U MEXaHH3MOB paclpoCTpaHeHUs] (EHKOBBIX COOOIIEHHWH BBISBUI BaXKHOCTh
MOBBIIICHUS [HU(PPOBON TPaMOTHOCTH TpaKAaH. Pe3ymsraThl wHccieqoBaHUS
MOKa3au HEeOOXOJMMOCTh HCIOIBh30BaHUS PACIIUPEHHBIX HAOOPOB IaHHBIX,
BHEPEHUS METOIOB MAIITMHHOTO O0yUYeHHS M TECTUPOBAHHS B PEXKUME PEeaTbHOTO
BPEMEHH JUTS JAIbHEHIIIET0 COBEPIIEHCTBOBAHUS MOIeTTH. BBIBOIBI 1 pe3ynbTaThl,
MIpEICTaBIICHHBIC B CTAThE, PACCMATPUBAIOTCS KaK OJ{UH U3 TIEPBBIX Iar0B, KOTOPHIS
MOCITY’)KaT OCHOBOH IS TIOBBINIEHUS] 0€30MaCHOCTH MECCEHIKEPOB M CO3/IaHUs
HOBBIX MEXaHHM3MOB 3alllUThl OT WHTEPHET-MOIICHHWYecTBa. JlanpHelmme
WCCIJIEZIOBAHUS B 3TOM HAIIPABICHUH MO3BOJIAT TITy0XKe TOHSATh JTUHAMUKY CO3/IaHUS
MOIIIEHHUYECKHX TEKCTOB U TIPOAHAIU3UPOBATh YBOJIOIUIO TEKCTOBBIX MTa0JIOHOB.
Kpome Toro, pa3zpaboTka yHHBEpCATBHBIX MOJEIEH, BKITFOYAIONTNX MHOTOSI3bIYHBIC
JTAaHHBIE, 3HAYUTEIIHHO MOBBICUT dPPEKTHBHOCTH CUCTEMBI B OY/IyIIIEM U PaCIIUPUT
00JIacTh €€ MPUMEHEHUSI.

KaroueBbie ciaoBa: MecceHIkep, TekcToBble cooOmenns, QazNLTK,
MaIlIMHHOE 00yUYeHHUe, MHTePHET-0e301MacHOCTh

Kipicne. Ka3ipri ke3eHue MecceHpKepiIep apKblUIbl XKY3€re acaTblH HHTEPHET-
QJIASKTBIK TYpJepi KapKbIHIBI AaMBIIl, KOFaM YIIiH MaHBI3[bl MAceJere aifHaJbIIn
OTBIp. AJasKTap NaiAajaHyIIbIIapAbIH CEHIMIHE EHil, MaTepHajJblK HeMece
MOpaJIbABIK 3UsTH KEJITIPy MaKCaTbIH/1a 9PTYPJIi anjay Tocingepid Koaaanyna. COHbIH
immiane WhatsApp mnardopMaceiHIa MaybICTHIK XaOapiiaMaiapibl Taiganany
apKbUIBI aJIaMHBIH JIaybICHIH KOIIipil, OHBIH TYBICTaphl MEH KaKbIHAAPHIH ajiay
KaFaimapbl JKUiien KeTkeH. MyHpnail xabaprnamanapaa keOiHe «aypyxaHara
TYCTIM» HEMece «KAap)KbUIBIK KHUBIHIBIKKA Tar OOJIbIM» JAEreH Ma3MyH/a
KapJKblJIail KeMeK cypay *Hi ke3znecesi. bac mpoxypaTypaHblH AepeKTepine coikec,
2024 xbiel Kazakctanga 21 MbIHHAH acTaM a3amMar HHTEPHET-aNasKTHIKTHIH
KypOaHbIHa aifHanFaH (qazagstan.tv, 2024).

Kazipri ke3eHieri HHTEpHET-aNasKTHIK TYpJepi MEH OJIap/IbIH Tapaity TeTiKTepi
KbICKallla CHIMaTTajajgsl. ABTOpJIAap a3aMaTTapAblH MECCEHKEpIiep, JKallFaH
ciitemenep, 9JI€yMETTIK JKEiJiep KOHE MEMJICKETTIK OpraHAap aTbhlH KaMbLIFaH
TYJIFajgap apKblibl ajilaHy KayIiHiH ecill OTbIpFaHbIH aran eTedi. COHbIMEH Karap,
rmopTan MaifanaHymibliapra KUOEpKayilCi3miK TalanTapblH cakTay OOWBIHINA
HaKTHl KeHecTep Oepemi: KyMoHII xabapiamanap/bl amimay, jKeke IepeKTepIi
XKapusiiamay, aklaparThl TeK PECMU pecypcTap apKblUIbl TEKCEpPY KOHE alasKThIK
Oenrinepi OailikanFaH KarJaia KYKbIK KOpFay OpraHaapblHa jkeien xabapiay
yewiabuanbp (eGov.kz., 2024).

OMOLMOHANIBIKKO3Y ACHI €1 MEH aJIJIbIH Ty Ma3MYHBIH/IaF bl XaOapaMaiapbiH
aZlaMIapIblH aTasKThIKKA aJIJaHbIN KaJly bIKTUMAJABIFbIHA dCePi KapacThIPbLIAIbI.
ABTOpIIap SMOLMSHBIH KYIICIOl alaMHBIH IIENIM KaOblIay KaOuIeTiH aicipeTin,
ANMasgKThIKKa OCWIMIUTIKTI apTTHIPATHIHBIH aHBIKTalpl. COHBIMEH Oipre amabiH
ajla ecKepTy >XKoHe MPOQWIAKTHKAIBIK Ma3MyHIarel XxabapiaManap ajamaapiabiy
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CaKTHIK JICHTeHiH KYIISHTIII, allasKThIKTaH KOPFaHyFa KOMEKTECETIHI KOPCETUITeH.
3epTTey KnOepKayirnci3ik cajgachblHIa MiHE3-KYJIBIKTHIK (DaKTOPIIAp/IbIH MaHbI3bIH
arkpraganae (Lu et al, 2020).

CriamMra  HETI3ZIENTeH  WHTEPHET-aNasKTBIKTBIH  KYPBUIBIMBI,  TapaTbLTy
MEeXaHU3MJepl JKOHE KAyilTLNr JKaH-)KaKThl —TaijgaHajabl. ABTOp CIaM-
xabapramanap/slH dJeMIIK KHOSPKBUIMBICTHIH MaHBI3/IbI OOJiriHE aifHaJFaHBIH,
oJIap apKbLIbl (DUIITUHT, KAPKBUIBIK ANASKTIK JKOHE KaJlFaH YCBIHBICTAP/BIH KEH
TapallaThIHBIH aTal eTeli. 3epTTey XaJbIKapallblK ICHreiIe CraMMeH Kypecy
YIIH KYKBIKTBIK, TE€XHUKAJIBIK JKOHE TPOQIIAKTUKAIBIK IIapanapisl OipiKTipy
kaxeTTirin kepceteni (Kigerl, 2020).

OUIIMHT  TIEH WHTEPHET aJasKTBIKTBIH apXUTEKTypachl oTe Kypiemi
OonFaHBIKTaH, onap/blH Ka3zakcTaHTarbl OpeKeT €Ty MEXaHU3MJICPIH Tajjiay
YKaH-)KAKThI J)KOHE TepeH 3epTreyai Tanan erefi (Raximov et al, 2024). Kazakcran
azamMaTTapblHa OaFbITTANFaH ©H KEH TapaJifaH alasKThIK OJICTEepIi CHUIATTaIl,
JKallFaH DIICKTPOHIBIK MOIITaNap, Xadapiamanap >XOHE BHPYCTBHIK CiiTeMelnep
apKbUIBl KY3€Te AaChIPBUIATBIH IMa0yBUIIAPIABIH  KAayINTUTITiH — alKbIHIalIbL.
OmapnblH TNaibIMIAybIHINIA, KONTETeH a3zamMarrap JKallFaH XaOapiiaMaiapibl
IIBIHAWBI OaiilaHbICTaH aXKbIpara ajMai, alasKTHIKTBIH KypOaHbIHA aifHaIabl.
Ochl TYpFBIIa 3epTTEYIIUICp WHTEPHETTET1 KayinTeplIiH aJJblH allyFa apHaJIFaH
HET13T1 OaFbITTapIbl YCHIHY/A.

KubepKpIIMBICKA KapChl OPEKET eTyAC KYKBIKTBIK KOHE KPUMHHOJIOTHSIIBIK
TYPFBIIAFbl KO3KAPACTBl KAPACTHIPBIMN, MOJIUIMS KYMBICBIHBIH TCOPHUSIIBIK YKOHE
MPAKTUKAITBIK KUBIH/IBIKTAPBIHA TOKTAIA B ABTOPIAp MHTEPHETANASKTHIKTAPBIHBIH
KaszakcTaHHBIH KOFaMJIBIK-CAsICH JKariaiibiHa OeHiMIeNreH Kypaeli CHUMaThiH
arart eTill, MaMaHIaHIbIPBUIFAaH KUOEPIIONUIINS KYPBUTBIMIAPBIHBIH KaKETTLUTITH
kepceteni (Lakbayev et al, 2020).

INcuxonorusuislk (hakTopiaapra Hazap ayfAapraH (QUIIMHTTIK Ma0ybUTAAPIbIH
COTTUIITIH TYCIHIIPETiH KOTHUTUBTIK OypManaHyaap MeH CaHIbIK CayaTThUTBIKTHIH
TOMEHIIITIH aWKpIHmaiapl (Sarno et al, 2024). bynm KyOBUIBICTBI TepeHipeK
3epTTell, IMITYJbCUBTUTIK TIEH IIaMaJiaH ThIC ©3iHe CEHIMIUTIK CHSKTHI TYJIFaJIBIK
KACHUCTTEP/IH agamJapibl WHTEPHET AaNasKTapblHBIH Ocajl HbICAHAChIHA
aitHanapIpaTeiHbH qanenneiai (Hanoch et al, 2021).

Hurepusiaarsl  SIEKTPOHIBIK TOINTA  ANASKTHIKTAPBIHAA  KOJIJAHBLIATHIH
JMCKYPCUBTI-MaHUTYIIATUBTI ~ CTPATETUsUIAp/bl  Tajjail  OTBIPBIN,  MYHAAN
omictepni KasakcTan >xarfalibIMEH CaNbICTBIPYFa OOJATBHIH/BIFBIH KOPCETET.
OHBIH TUIMIK YITiIEp MEH TCHXOJOTHSUIBIK TPUITEpJepre acaraH Talaaybl
Ka3ak TimiHgeri pumuHrtik xadapnamanapasl, acipece WhatsApp sxone Telegram
IaTGopMaIapbIH/IAFbI JKATFaH aKIMaPATThI 3¢PTTEYre KYH/IbI CATBICTHIPY YCHIHA BT
(Ajayi, 2022).

TeXHOMOTUSIBIK MICHIIMIC) TYPFBICBIHAH MAITHHAJBIK OKBITY MEH KACaH[Ibl
WMHTEIICKTKE HeT13/1eITeH YT HIIT Tapar Ky He CiH YChIHBII, KYTiKTi XabapiaManapsl
NaianaHyIbFa JKeTIel aHbIKTay XKoHe OyFarTay MyMKiHAiIKTepiH kepceteni (Tran
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et al, 2020). OneymerTik Meaua IuIaTGopManapaarsl MiKIp alasKTHIKTapbIHBIH
KYIICIOiHE Ha3ap aydapbil, ek MiKipaepaiH KypAeni alasKThIKTapFa Kol
amareiHbH gonenaeiai (Li et al, 2024). «Axma myne pekpyTMEHT» (eHOMEHIH
KapacThIPbI, HMHTEPHET alasKTBIKTAPbIHBIH IICUXOJOTHSIIBIK MAHHITYJISIINS
acriektinepin awmwsin kepcereai (Chethiyar et al, 2021).

[Naiinananymsl ToXIpHOECiH 3epTTEreH) MOOMIbAI (HUIIMHITErl CeHAIpyIi
xabapnamanapablH bIKMaidbiH Tangaca (Ahmad et al, 2023), capammbiiap
MEH KapanailbiM KOJJaHyIIbIapAblH (UIIUHITIK aJasKTBIKTapAbl aHBIKTAy
KaOineTTepin/eri alblpMambUIBIKTH aliKbIHaai b1 (Wash, 2020). CoHbiMeH KaTap,
SMS apkpuIbl *KacajgaTelH crnam-QUIIUHT aOyblIApbIH TaJal, 3aHJbl JKOHE
XKanraH xaOapramaiappl aXbIpaTy alrOPUTMAEPIHIH THIMAUITIH KapacThIpaabl
(Liu et al, 2021).

JKanmel  anFaHzma, KapacTbIpbUIFaH eHOEKTep (UINMHT TI€H HWHTEPHET-
AasKTBIKTBIH KOTIKBIPIBI TAOMFATHIH KepceTemi. [IcuXomorusuibik OediMaimiKTep
MEH TINIIK cTparerusuiapiaH Oacrar, KYKBIKTBIK HETi3ep MEH TEXHOJIOTHUSUIIBIK
WHTEpBEHLUsUIApFa JeHinri (akTopiap alasKTbIK 9peKeTTepAl TYCIHyre KeIeH I
Ke3KapacThl KaxeT ereni. byn omeOmerke miomy KuOepkayimnci3mik Macenecin
LIeHIye ICUXOJIOTHS, KYKBIK, TEXHOJIOTHs XOHE MalAallaHyIlbl TXipuOeciHn
OIpIKTIPETiH KOIICAIABI TOCUIIIH MaHbI3IBUIBIFBIH AaKbIH AT

Marepuajgap MeH dictep. MecceHKep apKplIbl KeJICTiH XabapiaManapasl
WHTEPHET-AJAasKTBIKKA aHBIKTay MakKcaThIHIa >KaHa MOJAENb YCBIHBUIaAbl. by
moaenb QazNLTK kiTanmxaHacblHBIH MYMKIHAIKTEpiH HaigajaHa OTBIPBII
O3ipJeHl JKOHE OHBIH AapXUTEKTypachl OipHeIIe KEe3eHHEH TYpaibl: MOTIHAL
TOKEHU3ALMsAIAY, CABICTBIPMAIIBl TaJJdy KOHE ajasKThIKKA OONaThIH BIKTHMAI
KaymiH Oaranay. ¥ CIHBIIFAH XKYle opOip Kipic xabapiaMaaaH KayinTi CHTHaJAap bl
OeJtiIl aNblII, BIKTHMAJ aTasKThIKKa COlKec 0au1 Hemece Oenri KOO apKbUIbI MM
KaObL1aal 161, OCBI MOZIETIB/IIH JOTHKAJIBIK-CXEMAChl )KOHE KOMIIOHEHTTEP/IiH 03apa
Oaiinmanbicel Cyper 1-71e KepceTireH.

Cespepaj caHfa
QazNLTK k] < AnpabiH ana aHbIKTanfFaH
MHULMaNU3aLUnACh! SYRASIARY ceiinemaepai TaHbanay
dyHRUMACH]
Y3aiK COMKecCTIKTI ,CSMAEM'?'Epp'I YaHa Kipic ceinempai
Sty CcaliKecTeHAipY »aHe by
canbicTbipy

Cyper 1. Monenb KypbUIBIMBL
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3epTTeyae MecceHIpKepiep apKblIbl KEJil TYCeTiH MITIHIIK XxabapiaManapasl
WHTEPHET-AJAsKTBIKTaH KOpFayFa OaFbITTalfaH >KaHa MOJENb YCBHIHBIIABI.
MonenbaiH KyphlIbIMbI OipHEIIe Ke3¢HHEH TYPajbl:

1. QazNLTK wHnnmmaausamusicbl. 3epTT€y  JKYMBICBIHBIH  0acTarKbl
Ke3eHiH/Ie Ka3aK TuliHaeri MoTinaepai eHaeyre apHanrad QazNLTK kitanxaHacel
icke Kocbutaapl. by kiTamxaHa TokeHM3anusiay, MOPQOIOTHUSIIBIK TalAay KOHE
MOTIH/IIK JIEPEKTEPMEH KYMBIC ICTEy VIIIH KaKeTTi KypaJlaapAbl KamMTamachl3
ere.

2. Canaapabl MOTiHTe TYPiaeHaipy pyHKuuscsl. MoTiHIET1 caHAapbI CO3/IIK
(dopmara TypneHnipy apkpuibl («123» — «Oip Ky3 KHBIpMa YII») KOHTEKCTTIH
JYpBIC TYCIHITYyl KaMTamMachI3 eTiie/i. byl mporecc anaskThIK xabapiamaiapIbiH
CEMaHTHKACHIH JIONIPEK TaHyFa MYMKIHIIK Oepe/ti.

3. AnabiH ajia Gepiiiren ceiijiemaepai Oenarisiey. basansik meHreiine oenriii
Oip yunrigeri xabapiamanap TOKCHH3AIMSIAHBII, CO3IK MacCHUB KYpbLIalbl. by
MaccUB KeHiHT1 CalbICTBIPY MPOLECIH/IE 3TATOH PETIHAE KOJAaHbLIA b

4. Kana xaGapaamasiapabl TanOaaay. MecceHIKEpIIepACH albIHFaH >KaHa
xabapnamanap na QazNLTK apkputel TokeHu3anusutanaapl. Ocbliaiimia, onap
aJIJIBIH ajla JaiblHganFal 0a3ara CalbICThIPYFa JallblH KYHTe KenTipiiemi.

5. CagpicThIPy :KOHe coiikecTeHAipy. TOKeHM3aUMsJIaHFaH MOTIHAEP
apacelHAa YKCACTBIKTHI aHbIKTay yiniH Jaccard Similarity, Cosine Similarity
CHSIKTBI aJITOPUTMAEP Naiinananeiiagsl. by opictep xabapiamanap apachlHIaFbl
CEMaHTHKAJIBIK KOHE JIEKCHKAJIBIK YKCACTBIKTAp/bl OarasayFa ol alabl.

6. En :Korapra colikecTiKTi aHbIKTay. CalbICTBIpy KOPBITHIHIBIIAPBIHA
coliKec, YKCaCTBIK ACHT el eH yJIKeH Xxa0apiamaiiap ipikren ajnbiHaabl. OChl Ke3eH e
BIKTHMAJI KayinTi xabapiamanap HaKThl OeNTiIeHe .

7. HoTuxenepai  mbIiFapy. MoJenbiH  JKYMBICBIHBIH  KOPBITHIHIBICHI
naiTanaHymibpiFa HeMece Kyiere YChIHbLIaabl. HoTrmkenep naTepdeiic xxarnaibaa
OaliaHBICTBI TPAPUKAIBIK TYpAE, CTATUCTHKAIBIK KECTE HeMece MOTIHIIK (aiin
TypiHe Oepiayi MyMKiH.

YCBIHBUIFAH MOJIeNTb Ka3aK TUTIHJETI MOTIHAEpIl 6HJeyre OaFbITTalbII,
TOKEHH3AIMsl, CaJIBICTBIPY JKOHE BIKTHUMAaJI KayinTepl aHBIKTAy CHUSIKTBI Ke3eHIep/i
KaMTaMachl3 eTejli. ©31pJIeHTeH 9/1iC MeCCEeHKepIIep apKbUIbl TapalaThlH XKalFaH
xa0apramaiap/ibl epTe aHbIKTayFa JKoHE aJIbIH allyFa MYMKIHJIK Oeperti.

3epTrey  OapbICBIHIA MOICNBIIH  THIMIUIT  JKaH-)KAKThl  TEKCEPLIIi.
AJNTOpUTMAED KYMBICHIH TaJI/1ay, CTATUCTUKAJIBIK KOPCETKIIITEp i Oarasay apKblUIbI
OHBIH aNIASKTHIK XabaplamManap/ibl aHbIKTayTaFbl HOTKEIITITT JTONIEIeH I,

ConbIMeH KaTap, aepekrepai tangay ymin SMS Spam Collection Dataset
nainanansuiael.  Cyper 2-me oChl  AepeKTep KHUbIHbIHAarbl «Crmam» KoHe
«Xam» xabapraManapblHbIH Tapanxybl KepceTuireH. Tanmay HOTHXKeci OOibIHIIA
«Xam» (3aHzbl, MIBIHAIBI) XabapiaMaiapAblH yieci kerm OonraHbiMeH, «Cram»
xa0apramMalapblHBIH YJIECi JIe KOFaphl eKeHl1 aHBIKTaNIbl. bysl Ka3ipri yakeITTa
CIIaMHBIH, KOPCETKIIll eyieyim Kayilm TeHAIpylI ¢akTop OONBIT OTHIPFaHBIH
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alfFakTaliIbl JKOHE aNasKTBIK XabapiaManapibl aHBIKTay —alTOPUTMJEPiH
JKETUTIIPYAiH 63€KTLTITiH KyIIeHTe .

Distribution of Ham vs Spam Messages

5000 o

Count

Message Type

Cyper 2. Criam xoHe XaM xabapiaManapbIHbIH YIeCTipiMi

Cnam xabapnamanap/bIH KeH TapallybIHbIH Heri3ri cebenrtepiHiH 0ipi — onapasiy
TapaTbuly KYHBIHBIH TOMEHAITT MEH KbIJ11aM OpbIHAanybl. MyHnall xabapnamainap
keOiHece KapHaMalblK HEMece aJJaMIIbl MakcarTapAa  KOJIAHBUIBIII,
naizanaHymbUIapAblH Kayilci3Airine eseyini Karep ToHAipei.

Cyper 3-te xaOapnamaiapblH Y3bIHABIFI CO3/IEP CaHbl OOMBIHILIA TaJIJaHFaH.
Hotmxecinge, cnam xabapiamanapia 91eTTe Co3AepaiH KoOipeK KOIAaHblIaThIHbI
Oalikasibl, an IErnTUMI (XaM) xabapiamanap KbICKa opi HaKThI keneai. narpamma
KOpPCeTKeHeH, cmaM xalapiamanap mNaiJalaHylIbIHBIH Ha3apblH aylaphbll,
onapaaH Oenrini Oip opekeT jkacayra HTepMeNey MaKCaThbIH A ayKbIMAbI aKapaTThl
KamTHbl. Kepicinme, rerntuMal xabapiamanapaa KbICKa Ma3sMyH 0acbkiM OOJIbIII,
TEK KXKETTI aKmapar »KeTKizijeri.

Ham vs Spam Distribution

spam

Cyper 3. Xabaprnamanapaarbl Co3 CaHbIHBIH YJIECTIpiMi
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XKyprizinren Tangay KOpBITHIHIBUIAPBIHA —COliKec, crmam xabapiiamanap
MOTIHIH/IET] CO3/IeP/IiH KOIT KOJIaHBLTYbBI OJIAP/IbIH Ma3MYHBIHBIH Y3aK 9pi KeraeM/Ii
OonaTeIHBIH Hoenaeiini. MyHai xabapiamanapaa keOiHece apTypIIi aiina-nraprbl
TOCII/Iepi, MBICANIBI, YCHIHBICTAp HEMECE CBIMJIBIK YTBHIN ally JKalibl akmapar
oepineri.

Cyper 4-te ciam xabaprnamanapbelHaa €H Kell KaiTalaHaTblH Ce31epAiH OYIThI
KepceTireH. MyH/Ia «YTBIC», «TET1H», «CHIHIIBIKY) CUSKTHI CO3EPIiH alphIKIIA KU1
KOJIIAaHBLIATHIHBI OaliKanaabl. ATajaFaH Ce3/Iep craM XadapiaMaaapblHBIH HETi3Ti
Ma3MYHBIH KaJIBIIITACTHIPATBIH HETI3Ti AJIEMEHTTep PEeTIHIE KapacThIPhUIAIbIL.
CrnamHBIH HETi3ri MakcaThl — MaijanaHylIbIHBIH Ha3apblH aylapbl, OJapAbl
Oenrinmi Oip opekeTTepre, MbICANlbl, aKlia aylapyFa HeMece jKeKe JepeKTepiH
YCHIHYFa UTepMeiey OOJIBI TaObLIa bl

Word Count Distribution in Ham vs Spam Messages
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Cyper 4. Cniam MaTiHJepiHeT KUl KaliTalaHaTbIH co3/ep

Cnam xaOaprnamanapblHla KWl KalTalnaHaTblH —CO3ACPIiH  KOJIJIAHBLTYBI
oJlap/ibl aBTOMATTBHl TYpAE aHBIKTAy MEH Cy3riiey YIIiH THIMII Oenri peTiHie
KapacTeipbuiafibl. OchlFaH OaiNIaHBICTBI MAIIMHANBIK OKBITY aJTOPUTMIEPiH
KOJIZIaHy MakcaTka cail kenenmi. JKui Ke3meceTiH cesaep Heri3iHAe KYpbUIFaH
KJaccudukaropnap xabapiamMayapibl caHaTTapra O6iil, ClaMIbl aBTOMATThI
TypJe TaHyFa MYMKIHIIK Oepeni. bysn Tocin maijganaHymbuiapblH aKnapaTThIK
Kayilci3Iirid apTThIpyFa eJieylli yJIec Koca ajiajbl.

Cypet 5-Te xabapinaMa MOTIHAEPIHIH Y3bIHABIFBI OOHBIHIIA JKACAIFaH Tayjiay
HOTIXKeNepl OepinreH. MyHna xabapramanapiblH CO3[ep caHblHA Kapail criam
MEH XaM TYpJiepi apachlHIaFbl albIPMAalIbUIBIK aHKbIH KopceTinreH. HoTmkenepre
coiikec, criaM xabapiamaap keGiHece y3aK api KejieM 11 00JIbII Kejiei, ce0eoi onap
naianaHynibIHbl KbI3BIKTHIPY YIIIH apThIK aKIapaT MeH 9pTypii aina-Tocinuepii
KaMTHUbl. AJl XaM xabapiiaMmaap KbICKa 9pi HAaKThI OOJIBII, TCK KAKETT] aKIapaTThl
KETKI3yMEH IIEKTeIe .
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Message Length Distribution for Ham vs Spam
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Cyper 5. XabapamanapablH Y3bIHIBIFEI OOHMBIHINA YIIeCTIpiMi

Xabaprnamanap/blH Y3bIHABIFBIHIAFEl BapHUalMsIap aBTOMATTAH/IbIPbLUIFAH
CY3TiIey Ky Henepi yIlliH MaHbI3bl pEKIIeITiK 00JIbIT TA0bLIa b1, XabapiaMaiapabiH
Y3BIH/IBIFBIHA TaJIIAy JKacay apKbUIbl KYHE CriaM/Ibl THIMII 9pi KbLIIaM aHBIKTai
anaznpl. by epekirenik knaccudukanysiay aaropuTMAEpi YIiH KOChIMIIIA ©JIIIIeM
pETiHIE KOJIJaHbLIAIbI.

Cyper 6-1a ce3znep caHbl MeH xabapiama THUIIIHIH apachIHIarbl OaiIaHbICHI
KepceTinreH. MyHa op xabapliaMaHbIH Y3BIHABIFBI (CO3/IEP CaHbI) KOHE OHBIH
THICTI Kareropuschbl (CmaM HeMece XaM) apachIHIarbl TOYEJIIUIIK TallIaHFaH.
Hotmxkenepre coiikec, xam xa0apiaMaiap OJeTTe KbICKa Opi HAKThl OOJBII
Keneni, cebebi onap TeK KaKeTTi aknmaparThl KAMTHABL. AJT cliaM XabapiaMaiapia
ce3ziep caHbl Kom OOJbIl, Ma3MYHbI apThIK aKmaparka Tojibl Oonaasl. MyHpaait
xabapiramanap/iblH Heri3ri MaKcaThl — NalAadaHyIIBIHBIH Ha3apbIH aydapblll, OHbI
Oenrini Oip opekerke urepmeney. Ocbuaiiiina, xadapiama Y3bIHIBIFbIHBIH TaJ1aybl
MOTIHJEpAl caHaTTapra Oeily MporeciHge MaHbI3AbI QakTopuapAbiH Oipi peTiHae
KapacThIPbLIA IBL.

Correlation Between Weord Count and Message Type
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Cypert 6. Xabapnama TyprepiHe OaillaHbICTbI CO3 CAaHBIHBIH Tapaybl
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3eprTeyae KoJIIaHbUIaThIH MOJIENb OipHele Ke3eHMEH KY3€ere achbIpblIabl:

1. Uaunuajauszanus.

Anneiver QazNLTK kiTamxaHachl icke KOCBIIBII, MOTIHAI TOKeHU3ANUsIIayFa
KaxXeTTl QpyHKUMsIIap JaibIHIanaabl:

From qaznltk import qaznltk as qtool

QazNLTK processor = qtool. QazNLTK()

2. Canpapasl ce3aepre aybICTBIPY.

Convert_numbers_to_words  aranran  (QyHKUMS ~ MOTIHAIK  JIEpEKTEp
KYpaMBbIHAAFbI CAaHIBIK MOHEP/I Co3/iK (opMara Typienaipeni. Moicaisl, «3 mbiy
menee» CaHABIK TYP/E KOPCETINTeH MOH (PYHKIMS aPKBUIBI « iUl MblY meneey CO3IIK
(dopmara esrepeni. by celnemuepiH MOHMOTIHIH TepeH TYCIHyre MYMKIHIIK
Oepeni:

def numbers_to_text(message):

tokens = message.split()
updated_tokens = []
for token in tokens:
if token.isdigit():
num_value = int(token)
token = processor.num2word(num_value)
updated_tokens.append(token)
return ' 'join(updated_tokens)

3. TokeHu3zanmus.

XKibepinreH sxabaprama TypiHe OaiIaHBICTBI TOKSH/IEPTe CHIHBITACTHIPHLIABI,
SIFHU 9pOIp €3 JKeKe 06ITiK OOJIBIT KapacThIPBIIA/IbL.

sentencesA = [

"Ci30iy xabapramanviz KyOikmi apekemmepee daunranvicmol.”,

"Ciz ymuicka ue 6on0viywi3! Any ywin Kiwikene coma ayoapuiyviz.”,

"Ci30iy docmapuiywiz komex cypayoa. Onapea akuia kepex.",

"Uneecmuyus cany douviHua ycolnvic oap."”

/

4. CoiikecTiKTi Tekcepy

JXKanaxabapiamaanabiHanaOenriieHreH Ky 1iKTi MOTiHAEPMEH CaJIbICTBIPBIIa b
Colikec ce3nep caHbl MEH COMKECTIK IMalbI3bl €CENTEINeI].

Tect HOTHKETEPI.

Mogens 100 MoTiHIiK XabapnaMaza ChIHAIBL. Op xabapiama 4 Heri3ri KyIiKTi
MOTiHMeH canbIcThIpbUIE (KecTe 1).

Kecre 1. Xa6apaamasapMeH caabICTbIPY HITHKeTePi

XabapJama MITiHi YKcacTbIK aenreiii (%) ¥YKcac cosep caHbl
Ci3nix xabapiaaMaHbl3 KYHIKTi. .. 75.00 9
Ci3 yThICcKa Mie OONIBIHBIZ! ... 50.00 6
Ci31iH JOCTapbIHBI3 KOMEK Cypay/a... 25.00 3
WuBecTuims cary GOHMbBIHIIA YCHIHBIC... 0.00 0
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Tanmay. Hotmxenep Ootibiamia, moxaenb «Ci3miH xabapiamMaHbI3  KYIIKTI
opekerTepre OalIaHBICTED MATIHIMEH 75% COWKECTIK KOPCeTTi, OYJ1 OHBIH KYIIKTi
xabapramanapAbl aHbIKTayJa THIM/II €KeHiH JToNIeIeH .

Crarucrukanbik Oaramay. Confusion Matrix Heri3iHIe MOJCNBIIH cara
kepcetkimTepi ecentenai (Kecre 2).

Kecre 2. Moneabain THiMILTIrin 0aranay HITHKeJIepi

Kepcerkim Mbou
JlypoicThIK nenreii (Accuracy) | 0.72
KamTty nenreiii (Recall) 0.70
AWKpIHABIFB (Precision) 0.65
F1 xepcerkiuii (F1-Score) 0.67

ATanFaH KepCETKIITep MOIENbJIIH XabapiaManmapibl AYPHIC KIKTEyHe >KOHE
ANasgKTHIK MIa0ybUTAapABI OOMKay/Ia oeyeTi 0ap eKeHiH pacTanibl.

KopbIThIHABI. 3epTTEy HOTHIKECIHJIE MECCEHKEpIIep apKbUIbl TapaThblUIaThIH
MOTIHAIK XabapiaMamnapAbl alasKTHIKTaH KOpFayFa apHalFaH THIMII MOJENb
yewspuiabl. QazNLTK Herizinzaeri xylie MoTiHAEP/Ii OHICY, TOKSHH3AIHSIIAY HKOHE
CaJBICTBIPY 9JIICTEPiH KOJIAHBII, )KAKChI HOTIKEIEP KOPCETTI.

MogenbaiH THIMIUTITT CTaTUCTHKAIBIK KOPCETKIIITEep HETI3iH/e JoMeNIeH]I.
XKyite «Ci3min xabapiraMaHbI3 KYAIKTi opeKeTTepre 0aiIaHbICThD) XadapraMachIMeH
75% colikecTiK KOpcCeTTi, Oyl OHBIH aNasKTBIKTBl AHBIKTAYIAFbl olleyeTiH
aiikermaiinel. Confusion Matrix HOTIKeCiHAE albIHFaH AYPBICTBIK JEHTeil
(accuracy), xamty neHreiti (recall) sxome F1 kepcerkimi (F1-score) monmepi
MOJIENB/TIH IIBIHAKKI JKaFJaii/1a )KYMBIC icTey KaOiIeTiH HaKThl KOPCETTi.

Anarpl yaKbITTa MOJIEINBI JKETUIIPY YIIiH OipHeIe OaFbIT YChIHBIIA/bL:

1. Jlepexrep >KUBIHTBIFBIH KEHEWTy: ANAfKTBIK XalapiamaiapibslH SpTypdi
TYpJIepi MEH KOHTEKCTiH KaMTy apKbIJIbl MOJICIIB/IIH YHPEHY MYMKIHIITiH KYIIIEHTY.

2. JKacaHmbl WHTEIJIEKT SJICTEpiH €Hrizy: MaIWHaJIBIK OKBITY MEH TepeH
oKpITY (deep learning) anroput™epiH KOIAaHy MOJIENbBIIH THIMIUTITIH apTThIpyFa
)KOJT alajbl.

3. Hakre! yaksIT pesxxuMinzie cbiHakTaH oTKizy: JKyleni real-time ¢popmarsiaga
TECTIJIeTI, OHBIH OHIM/IUIITIH XKoHE *kKayar Oepy JKbUIIaMIbIFbIH Oaraay.

Ocpl 3epTTey MecceH/Kepiep/eri alasKThIK opeKeTTepre Kapchl KOPFAHBIC
KYWeNepiH JambITyFa aJFallikbl HeTi3 Kalafipl. AJBIHFaH HOTH)KEJIep MOJIEIbIiH
MPAKTHKAJBIK TYPFBIAA KOJNJaHyFa »KapaMIBUIBIFBIH aWKbIHIAN KaHa KOWMai,
OomamakTa OHBIH THIMAUIITIH KETUIAIpy VIIIH XaHa Wiesyiap MeH OaFbITTapra
JKOJ amrajiel. ANasKTHIKIIEH KYpPECTe 3aMaHayd TEeXHOJIOTHsIIap/pl Nainaiany —
©3€KTi 9pi KaXKETTi KajiaM, KoHe OyJI OaFbITTaFrbl KYMBICTAP/IBIH aJJIaFbl YaKbITTa
3epTTeyJep/IiH KaIFachlH Ta0aTbIHBIHA CEHIM OUTIipiiei.
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Abstract. This paper presents a numerical study of thermal pollution from a
potential discharge of heated water from a nuclear power plant's cooling system
into the coastal zone of Lake Balkhash. The aim of the study was to determine the
dynamics of the formation and spatial propagation of the thermal footprint, as well
as to assess its impact on the hydrodynamic characteristics of the water area. A
two-dimensional computational fluid dynamic (CFD) model based on the Navier-
Stokes and energy equations, supplemented by a k- SST turbulence model, was
used for the simulation. The simulation was conducted using the geometry of a
real coastline. The model was validated using a test jet injection problem, which
demonstrated good agreement with experimental data. The experimental data were
taken from the work of other authors. Modeling results showed that within the first
hour after the discharge begins, a stable zone of thermal pollution, approximately
1.5 km? in area, forms, where water temperatures exceed background values by 0.5—
1.0 K. The high-temperature plume gradually transforms into a diffuse heat spot,
which persists in the coastal zone due to weak water exchange and recirculation.
Velocity field analysis revealed zones of local circulation that facilitate long-term
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heat retention. The scientific novelty of the study lies in the use of computational
fluid dynamics (CFD) to assess the thermohydrodynamics of discharge under
conditions of limited water exchange in a large lake with the actual morphology
of the shoreline of Lake Balkhash. The practical significance lies in the potential
use of the developed method for predicting environmental risks and optimizing the
cooling systems of nuclear and thermal power plants located near the lake.

Keywords: thermal pollution, CFD modeling, Lake Balkhash, heated waters,
SST k—o model, hydrodynamics, environmental safety
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AnHoTaumus. byn wMakamama aTtoM 9JEKTp CTaHIUSCHIHBIH CAJIKBIHIATY
KyhecineH bankann kesiHiH jKarajgay aliMarblHa KbI3IBIPBUIFAH CY/JBIH BIKTHMA
arbI3bUTYbIHAH TEPMHUSIIBIK JIACTAHY/IBIH CaH/IBIK 3EPTTEYl YChIHBUIFaH. 3ePTTeYIIH
MaKCaThl JKbUTYJIBIK 1371H Maiijga 00y TUHAMHUKACHIH KOHE KCHICTIKTIK TapalyblH
AHBIKTAY, COH/Ial-aK OHBIH Cy ailIBIHBIHBIH THAPOIMHAMHUKAIBIK CUTIATTaMalapblHa
acepiH Oaraiay 0oz, Mojenbey yinia Habe-CTOKC koHE SHEPTHsl TEHICYIepiHe
HETi3/IereH eKi eJIIeM/Il ecentey CyWbIKThIK auHamukackl (CFD) wmogeni
KoJauabl, KockiMina k- SST TypOyJaeHTTIIIK MOJIETIMEH TOJBIKTBIPBLUIIBIL.
Monenbiey HaKTBl jKaFajay CBI3BIFBIHBIH TCOMETPHUSCHIH KOJJaHa OTBIPHII
KYprizinmi. Mojienb S9KCIEpUMEHTTIK AePEKTEPMEH JKAKChl COUWKECTIKTI KOPCETKEH
CBIHAK aFbIH/IbI THXKEKIHsI €Ce01H KOJIIaHa OTBIPBII TEKCEPUIL. AJTIKCIIEPUMEHTTIK
JepekTep 0acka aBTOpJIapblH KYMBICTAPbIHAH aJIBIH/BL. MOJICIb/CY HOTHKEICP]
aFpI3bUTy OacTaJFaHHAH KEHWIHT1 allFalliKpl caraT iliHAe Ccy TeMIeparypachl
dhouapik MmoraepacH 0.5—1.0 K acatein aygans! mamames 1.5 km? 00JIaThIH TYPAKTHI
TEPMUSIJIBIK JIACTaHy aiiMarbl Taiija OonaThlHbIH KepceTTi. CoHAal-aK KOoraphbl
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TeMIlepaTypalbl e OipTIHIEN Cy alMaCybIHBIH JKOHE KaiiTa allHaJIBIMBIHBIH
onci3airine OaiaHBICTHI JKaranay aiiMarbIHIA cakTalaThlH AU(QY3HIIBIK KBLTY
HYKTeCiHe aliHana bl XKbU1IaMIbIK OpICiH TaJIay Y3aK MeP3iM/Ii )KbLUTY/IbI CAaKTayFa
BIKITAJT €TETiH KEPTUTIKTI aifHAIBIM aliMaKTapblH aHBIKTAIbI. 3ePTTEYIiH FHIIBIMA
YKaHAJBIFBI bankamr KejiHiH jkarayiay CBhI3BIFBIHBIH HAKTHI MOP()OIOTHSACHIMEH
Oipre yIKeH KeJjie MIeKTEyTi, al Cy aiMacy >XaFJaiblHAa arbIHABI CyJTapablH
TEPMOTHIPOIMHAMUKACHIH Oaranay YIIiH ecentey CYHbIKTHIK JuHaMuKachiH (CFD)
naiaananyna xareip. ToxipuOenik MaHbBI3IBUIBIFEI KOJIJIIH KaHbIHAA OpHAIACKAH
aTOM YKOHE KbLITY JICKTP CTAHIMSUIAPBIHBIH CAJIKBIHIATY )KYHEIEePIH SKOJIOTHSUIBIK
ToyeKkenmepai Oorkay >KOHE OHTAWIAHABIPY YIIH O3IpJIICHIeH OMICTI KOJIaHy
MYMKIHIITiHIE JKaThIp.

Tyiiin ce3nep: tepmusnblk nactany, CFD wopmenpney, bankam ke,
KbUTBITBUTFaH cynap, SST k—w Mozeni, ruapoauHamMuKa, 3KOJIOTHSIIBIK Kayincizaik
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AHHoTamusa. B jaHHOW pa0oTe NpEACTAaBICHO YHCICHHOE HCCIEI0BaHUC
TEIJIOBOTO 3arpsi3HCHHsI OT BO3MOXKHOTO COpOCa HAarpeToil BOJABI M3 CHCTEMBI
OXJIQXKJICHUSI aTOMHOM JJIGKTPOCTAHIIMU B MPHOPEKHYK 30HY o3epa banxari.
Llenpto wMccEeIOBaHUS SIBISUIOCH ONPEACICHHE JIWHAMUKA (OPMUPOBAHHS U
MIPOCTPAHCTBEHHOTO PACIPOCTPAHCHUS TEIUIOBOTO Clie[a, a TaKXKe OIICHKA €ro
BITUSIHUS HA TUPOAMHAMHUYECKUE XapaKTePUCTHUKY aKBATOPHH. J{7151 MOIeTUpOBaHUs
WCIIONIb30BAJIaCh JIByMEpHAs BBIYUCIHUTENbHAS TUAPOAUHAMUYECKAS MOJCIb
(CFD), ocHoBannasi Ha ypaBHeHUsx HaBbe-CTokca W DHEpPrUH, JOIMOJHCHHAS
k-o SST-monenbto TypOynaeHTHOCTH. MojienupoBaHie MPOBOAUIOCH HA OCHOBE
IrEeOMETPUU pealibHOW OeperoBoil JuHUM. Banupanus monenu Obula MPOBEACHA
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Ha TECTOBOM 3a/Jaue MHXKEKIHMHU CTPYH, KOTOpas IMOKa3ajla XOPOLIEE COIIaCHE C
OKCIICPUMCHTAJIbHBIMU JaHHBIMH. 3KCHepI/IMeHTaHLHBIC JaHHBbIC 6I)IJ'II/I B3SThI C
paboT mpyrux aBTOPOB. Pe3ymbTaTbl MOAETMPOBAHHS IOKA3ajH, YTO B TEUCHHE
MEepBOro Yaca Tocie Hadayia cOpoca GopMHPYETCs yCTOMUYMBAs 30HA TEILIOBOTO
3arpsi3HCHMSI TUIOMIAABI0 OKOJMIO 1,5 KM?, TAe TeMIeparypa BOABI TMPEBHIIIACT
(¢onoere 3nadeHms Ha 0,5-1,0 K. BricokoreMrieparypublii nmietiy ocTeIeHHO
TpaHchopmupyercs B A Py3HOE TEILTIOBOE MATHO, COXPaHSIOIIeeCs B TPHOPEIKHOM
30He OJyarozapst ci1aboMy BOJOOOMEHY M PELIUPKYISIUA. AHAIU3 TOJISI CKOPOCTH
BBISIBMJI  30HBI  JIOKAJIbHOW  ITUPKYJSIMHM, CIOCOOCTBYIOIINE UTUTEITHHOMY
COXpaHeHHUIO Teria. HayuHas HOBU3HA UCCIEIOBAaHUS 3aKII0YAETCS B IPUMEHEHUN
BeIUUCIUTEIbHON ruAponuHaMuku (CFD) mms OmeHKH TepMOTHIPOIUHAMUKH
cOpoca B YCJIOBHSAX OTPAaHWMYEHHOTO BOJIOOOMEHA B KPYITHOM O3€pe C peanbHOI
Mopotorueli OeperoBoii ymHUM o3epa bamxam. [lpakTudeckas 3HAYMMOCTh
3aKJII0Ya€TCd B BO3MOXKHOCTH HCIOJNB30BAaHUS pPa3pabOTaHHOTO MeTona s
MPOTHO3UPOBAHMSI HKOJIOTUYECKUX PUCKOB U ONTUMHU3ALMHU CUCTEM OXJIAXKICHUA
ATOMHBIX U TEIJIOBBIX AJIEKTPOCTAHIIUH, PACIIONIOKESHHBIX BOJIU3HU 03¢epa.

KuaroueBble ciaoBa: TtemmoBoe 3arpssHenue, CFD-momenmpoBanue, 03epo
Bbamxam, nogorpersie Bombl, SST k—m Momenb, ruapoaMHaMuKa, SKOIOTHYECKas
0e30macHOCTh

Introduction. Growing energy production and the development of industrial
complexes are increasing the pressure on aquatic ecosystems, especially in regions
with limited water resources. Thermal pollution, caused by the discharge of heated
water from power plants, remains one of the most significant anthropogenic
impacts. Rising temperatures alter the thermal and hydrodynamic regimes of water
bodies, affecting dissolved oxygen levels, biochemical processes, and ecosystem
structure. In large lakes and reservoirs, localized heating can lead to an extension
of the stratification period, increased evaporation, and redistribution of matter and
energy flows. Quantifying these effects requires highly accurate models capable of
reproducing the spatiotemporal dynamics of temperature fields, taking into account
the actual shoreline geometry and hydrological features.

Anumber of studies have assessed the impacts of thermal pollution and developed
numerical models describing the dynamics of thermal discharges. Raman Vinna et
al. (2017) showed that discharges of heated water from nuclear power plants into
lakes cause a temperature increase of up to 3 °C and an extension of the stratification
period, which significantly alters exchange processes and heat fluxes. Gaudard
et al. (2018) noted that the use of rivers and lakes as heat-exchange reservoirs
should be considered a form of anthropogenic impact that has long-term effects on
hydrological and biological systems. Caissie (2006) emphasized the importance
of understanding river thermal regimes, noting that deterministic models using
energy-efficient approaches are crucial for predicting changes in water temperature
due to anthropogenic impacts, including thermal pollution. These studies highlight
the need for an integrated approach to modeling thermal processes in real water
bodies, followed by an assessment of their environmental impacts.
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Modern research employs a wide range of computational methods to describe
the propagation of heated waters. Issakhov (2019) implemented a two-dimensional
CFD model based on the Navier—Stokes and energy equations to analyze the
formation of thermal pollution zones under the influence of power plant discharges.
The model was successfully verified using field data, confirming its reliability
in predicting the scale of thermal impact. Al-Suhaili (2006) developed a similar
approach for river flows with a point heat source, taking into account unsteady
transport and dissipation processes. Tang (2008) proposed a three-dimensional
CFD model taking into account complex coastal geometry and turbulent effects,
which allowed for obtaining a detailed structure of temperature and velocity fields
in coastal areas. Thus, computational fluid dynamics provides the most accurate
and spatially resolved description of the interaction of hydrodynamic and thermal
processes.

Particular attention is paid to the influence of discharge parameters on the
formation of temperature traces. Mahmood and Mohammad (2022) studied the
propagation of a thermal plume along a section of the Tigris River using COMSOL
Multiphysics. It was shown that reducing the discharge velocity from 1.6 to 0.5 m/s
promotes more uniform mixing and reduces temperature anomalies. Kalinowska
et al. (2012) obtained similar results for the Vistula River, where optimizing the
discharge flow and direction minimized localized overheating zones.

Inrecentyears,researchaimedatanintegrated description ofthermohydrodynamic
and ecological processes in aquatic ecosystems has gained significant momentum.
Du et al. (2025) showed that the volume of thermal discharge has a stronger effect
on the extent of the thermal footprint than the heating temperature, emphasizing
the need for parametric optimization of cooling scenarios. Velazquez-Araque
et al. (2025) demonstrated the versatility of CFD approaches by applying them
to the analysis of microplastic dispersion using a multiphase turbulent model in
ANSYS Fluent; the proposed approach was also applicable to thermal dispersion
problems. Tarena et al. (2024) conducted a systematic review of the use of CFD
in hydroecological studies and showed that the most widely used methods remain
RANS and LES models implemented in the ANSY'S Fluent and FLOW-3D software
packages.

In a global context, Raptis et al. (2016) found that the world's largest rivers,
including the Mississippi and Rhine, experience significant increases in water
temperature due to energy discharges, with thermal energy dispersed tens of
kilometers downstream. Miara et al. (2018) extended these findings by using 3D
CFD modeling to analyze the impact of heat fluxes on energy system infrastructure
and the sustainability of their operations. According to Raman Vinna et al. (2017),
in lake systems, up to 60% of excess heat is removed through spillways, while the
remainder alters internal convective structures, increasing ecosystem sensitivity to
anthropogenic impacts.

Modern CFD approaches enable highly accurate analysis of the spatial structure
of temperature fields, assessment of mixing efficiency, and prediction of the impact
of thermal emissions at the local and regional levels. In this context, numerical
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modeling of thermal pollution within Lake Balkhash—a large transboundary
ecosystem in Central Asia characterized by a complex coastal configuration and
high sensitivity to external influences—is of particular interest. Studying the
propagation of heat flow processes arising from the potential construction of a
nuclear power plant in the coastal zone allows for a quantitative assessment of the
scale of thermal impact and the identification of critical zones of thermal regime
change.

Materials and Methods. Geographical and hydrological characteristics of
the study area

The study was conducted on the coastal section of Lake Balkhash, located near
the village of Ulken on the southwestern shore of the reservoir (Figure 1). This area
is considered a potential intake and discharge zone for cooling water during the
operation of the nuclear power plant. Geographically, it is a closed part of the lake,
partially separated from the main body of water by hydraulic structures (dams and
bridges), which limits water exchange and creates a relatively isolated ecosystem.

The main geometric parameters of the study area are: length 7.6 km, average
width 3.8 km, area 16.07 km?, and shoreline perimeter approximately 22.6 km.
According to the International Lakes Environment Committee (ILEC), Balkhash
is a warm lake with pronounced seasonal variability in its thermal regime: surface
temperatures range from 0°C in December to 28°C in July, with a long-term
average of approximately 10°C in the western part and 9°C in the eastern part.
Freezing occurs annually from November to March, with ice persisting for 10-15
days longer in the eastern part.

Using this coastal section of the lake as part of the nuclear power plant's cooling
system could lead to a number of hydrodynamic and environmental consequences.
Under conditions of limited water exchange, the heated jet stream can create
persistent water temperature anomalies reaching 3-9°C relative to background
values. Such temperature increases potentially alter vertical circulation and
stratification processes, reduce dissolved oxygen concentrations, and may disrupt
the natural thermal and biochemical balance of the ecosystem.

Figure 1. Top view of the study area of Lake Balkhash
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Mathematical Model. To numerically describe the currents and temperature
distribution in the studied reservoir, the equations for a non-stationary viscous
incompressible fluid in the Navier-Stokes form with an added energy equation were
used.

— continuity equation

du; 0 6]
dx, B
— momentum equation
du,; du; 14dP 9 u, (2)
+ u; = ———

- = tv—
ot dx; p dx; dx;
— pollution transfer equation

aT aT a°T, 3)

—tu,—=a—
ot 1 9x; dx;

where 1; — are the components of the velocity vector, T is the temperature, v is
the molecular viscosity, a is the thermal conductivity coefficient, p is the density, p
is the pressure.

After Reynolds averaging of the Navier—Stokes equations, additional terms
describing the momentum transfer by turbulent fluctuations appear in the momentum
equations. To close these terms, the Boussinesq hypothesis is used, linking these
terms to the mean velocity gradients through the turbulent viscosity v,, calculated

from the turbulence model equations. The effective viscosity Vepr = U+ U,
is used in the equations for averaged fields, ensuring the correct accounting for
the influence of turbulent eddies. In the energy equation, turbulent heat transfer
is accounted for through an additional diffusion term v,/ P71, | analogous to the
effect of turbulent viscosity in the momentum equation.

To describe turbulence, the SST k—wm (Shear Stress Transport) model was used,
combining the advantages of the standard k—€ and k—» models. It provides a stable
and physically correct solution near rigid boundaries and in regions with weakly
turbulent coastal currents.

The model is based on solving two transport equations—one for the kinetic
energy of turbulence k and the specific rate of its dissipation ®:

o, dwk_ o oo 0 ak (4)
at u’_il ax} Tk ﬁ i ax} {F JkFr] axj

aw+_auj—m_ fup 2 d (w+ )am +201 T,, 0k dw (5)
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where P, — is the generation of turbulent energy caused by the velocity shift.

Boundary and Initial Conditions. At the jet outlet boundary, a constant velocity
of 3.89 m/s and a temperature of 297 K are specified. The shoreline is treated as a
stationary rigid wall with a no-slip condition (u = 0) and a zero temperature gradient
along the normal. Symmetry conditions are used at the remaining boundaries.

The initial water temperature in the lake is assumed to be 291 K, and the initial
flow velocity is 0 m/s. These values correspond to the state of a calm lake before
the discharge begins. The same initial and boundary conditions were used for all
simulations, ensuring a fair comparison of the scenarios.

Since the simulated domain is a closed coastal section of the lake with no
distinct inlet or outlet, zero gradient conditions for all parameters were used at the
outer boundaries. The propagation of the heated water occurred due to the inertia of
the jet and turbulent mixing within the computational domain.

Computational Grid Construction and Independence Test. A digital copy of
the coastline, created using satellite and cartographic data, was used to construct
the geometry and grid (Figure 1). The computational domain was discretized using
an unstructured triangular grid with localized densification in the jet outlet zone and
in the warm flow dilution zone (Figure 2).

The overall cell size in the global part of the reservoir was 6—7 m, while
densifications of 0.15-2.1 m were used near the jet source. The radius of the
densification zone was 1400 m from the discharge center. Three grid variants
with varying resolutions were created (Table 1). To verify the independence of the
solution from grid size, identical physical models, boundary conditions, and time
step (0.05 s) were used. The convergence criterion for all parameters was set at
107e.
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(b)

()
Figure 2. Computational grid

Table 1. Parameters of computational grids for convergence studies

Mesh | Global size | Maximum size in the | Minimal size in the | Number of Number of
[m] clustering zone [m] clustering zone [m | nodes cells

1 7m 2.3 m 0.16 m 3395393 1695132

2 7 m 22m 0.15m 3982 539 1988 612

3 6m 2.1m 0.14 m 5683 954 2 838 985

Figure 3 shows the average temperature distribution along the longitudinal
profile for each mesh. As can be seen, when moving from the coarse mesh (mesh
1) to the more detailed meshes (mesh 2 and mesh 3), the shape of the temperature
profile changes only slightly, indicating that mesh convergence has been achieved.
The difference in maximum temperatures between meshes 2 and 3 does not exceed
1.5%, suggesting that mesh 3 is sufficient for subsequent calculations.
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Figure 3. Distribution of average temperature along the x-axis for three variants of computational
grids (mesh 1-3).

Numerical Implementation. For flow modeling, the equations for conservation
of mass, momentum, and energy for a two-dimensional, steady, incompressible flow
were used. The calculations were performed using the finite volume method, with
the SIMPLE algorithm for coupling pressure and velocity. Temporal discretization
was performed using an implicit first-order scheme. Convective terms were
approximated by a second-order approximation using the upwind scheme, ensuring
stability and accuracy of the solution while preserving sharp temperature gradients.

To speed up the computations, the problem was parallelized and run on 32
processors. The simulation time interval was 1 hour, and the results were saved
every 10 minutes for analysis of the evolution of the temperature and velocity fields.

Model Validation. To verify the correctness of the mathematical model and
numerical algorithm used, validation was performed using a benchmark problem: a
heated jet injected into a horizontal closed channel. This configuration was chosen
in accordance with the experimental studies of Chen and Hwang (1991) and the
numerical analysis of Chang and Chen (1995), allowing the obtained results to be
compared with reliable laboratory measurements.

Geometry and Problem Conditions

The computational domain (Figure 4a) consisted of a rectilinear channel 500
mm long and 120 mm high, with a single hot fluid injection point through a nozzle
with a width of D = 5 mm, located 97.5 mm from the inlet. The nozzle center was
taken as the origin, the X-axis was directed along the channel, and the Y-axis was
directed vertically upward.
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Figure 4 - Computational domain (a) and boundary conditions (b) of the test problem

The boundary conditions are shown in Figure 4b. The main flow
temperature (Inlet 1) was T_= 298 K (25 °C), and the temperature of the
heated water entering through the nozzle (Inlet 2) was T = 354 K (81 °C).
The main flow velocity was U_= 2.005 m/s, and the jet injection velocity
was V. = 11.969 m/s.

No-slip conditions (u = v = 0) and adiabatic boundary conditions for
temperature (0T/0n = 0) were used on the channel walls. Neumann-type
boundary conditions were applied at the channel outlet, ensuring a free flow
without reflections.

Comparison with Experiment. The numerical results (Figure 5) were
compared with experimental data in five cross sections at distances X/D
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=2,4,6, 8, and 10 from the nozzle. To compare temperature profiles, the
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Figure 5 - Comparison of results with the experiment of Chen and Hwang (1991) [14] and the
numerical analysis of Chang and Chen (1995) [15]

A comparison of the profiles showed that the obtained calculated data were in
good agreement with the experiment: maximum deviations in temperature values
did not exceed 5-7%, and the jet profile shape and isotherm positions matched the
measurements. The SST k—®» model accurately reproduced both thermal diffusion
and the jet trajectory in the crossflow, demonstrating high accuracy near the
symmetry axis and in the region of intense mixing.

Results and Discussion. Numerical modeling allowed us to study in detail the
spatiotemporal dynamics of the formation and propagation of a thermal wake from
a potential discharge of heated waters in the coastal zone of Lake Balkhash over
the course of one hour. A combined analysis of temperature and velocity fields
(Figures 6a—f, 7a—f) demonstrates the consistent evolution of the thermal plume
and corresponding changes in the hydrodynamic structure of the flow.
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At the initial stage of the process (t = 10 min), the formation of a compact, high-
temperature jet is observed, caused by the discharge of water with a temperature
of 297 K. The core of the jet, with a temperature above 296.4 K, has a distinct
directional structure and extends over more than 500 meters from the source,
reflecting the dominant influence of the discharge impulse in the first minutes of
the flow.

Over time (t=20-40 min), the structure of the thermal field changes significantly.
The inertial phase gives way to a diffusion phase: the role of turbulent heat transfer
and advection increases, leading to a gradual expansion of the elevated temperature
zone. As a result, the temperature field equalizes and coastal waters are involved in
the warming process.

By the 50th minute of the simulation, the formation of the thermal plume
enters a quasi-stationary phase. The temperature field stabilizes, as evidenced by
the virtually identical temperature distributions at 50 and 60 minutes. By the 60th
minute of the simulation, the warm jet loses its compactness, and the thermal plume
covers a significant portion of the water area.

The calculated estimate shows that by the end of the 60-minute simulation
interval, the area of water subject to noticeable thermal effects (AT > 0.5 K) is
approximately 1.5 km?, which corresponds to approximately 14% of the area of the
study area (10.5 km?). The average water temperature within the calculated region
increases to 291.25 K, reflecting an overall increase in thermal background even
over the short period of the release.

Flow Hydrodynamics. Analysis of the velocity field revealed that during the
first 30 minutes of the simulation, the maximum velocity in the jet core gradually
decreases — from 4.51 m/s (t = 10 min) to 4.15 m/s (t = 30 min). This is due to the
development of turbulent mixing and the interaction of the jet with the surrounding
waters. By the 40th minute, a localized increase in velocity to 5.03 m/s is recorded,
likely due to flow reflection from the shoreline and the formation of localized
vortex structures.

In the final stage (t = 50-60 min), the hydrodynamic structure stabilizes. The
maximum velocity in the core decreases from 4.38 m/s to 4.32 m/s, reflecting the
establishment of a balance between jet inertia and energy dissipation. The area with
elevated velocities (> 2.5 m/s) forms a stable corridor aligned with the direction of
the main thermal plume. In the peripheral areas of the water area, velocities do not
exceed 0.5-1.0 m/s, creating conditions for local stagnation and heat accumulation.

Thus, the results of the full hourly modeling demonstrate that, with a weak
background current and complex coastal geometry, the discharge of heated
waters forms a vast and stable zone of thermal pollution. Within the first hour, the
system reaches a quasi-steady state, in which thermal impact becomes a constant
environmental factor. The observed structure of the temperature and velocity fields
indicates the potential for long-term changes in the local thermal regime, including
disruption of seasonal stratification, a decrease in dissolved oxygen concentration,
and the transformation of aquatic biocenoses.
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Figure 6. Evolution of the temperature field (K) in the coastal zone of Lake Balkhash during the

simulation of the discharge of heated water: (a) t = 10 min, (b) t =20 min, (¢) t =30 min, (d) t =40
min, (e) t =50 min (f), t = 60 min.
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Figure 7. Velocity field (m/s) in the coastal zone of Lake Balkhash at different time stages of the

simulation.
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Conclusion. This numerical study provided the first detailed analysis of the
spatiotemporal dynamics of heated water propagation during a potential discharge
from the cooling system of a nuclear power plant in the coastal zone of Lake
Balkhash. The use of a two-dimensional model based on the Navier—Stokes
equations, supplemented by an energy equation and the SST k—w turbulence model,
provided a reliable description of thermohydrodynamic processes under complex
coastal conditions and weak background currents.

Validation of the model on a test problem of jet injection demonstrated high
agreement with experimental data, confirming the validity of the chosen approach
for modeling local heat exchange processes in reservoirs. A grid-independence
test demonstrated the stability of the solutions for cell sizes exceeding 2.7 million,
ensuring the reliability of the obtained results. Modeling results showed that
within the first 60 minutes of the discharge, a distinct thermal pollution zone of
approximately 1.5 km? is formed, with water temperatures exceeding background
values by 0.5-1.0 K. The high-temperature jet emanating from the source gradually
transforms into a diffuse thermal spot, which persists in the coastal zone due to
weak water exchange and recirculation. Analysis of the velocity field revealed the
presence of localized circulation zones and stagnant areas that facilitate long-term
heat retention.

These results indicate that the discharge of heated waters, even at moderate
temperatures, can cause significant changes in the thermal and hydrodynamic
regime of the water area. Under conditions of limited water exchange and complex
shoreline morphology, such impacts can lead to long-term changes in the stratification
structure, oxygen balance, and biological processes. Thus, the performed modeling
confirms the effectiveness of computational fluid dynamics (CFD) methods for
analyzing thermal pollution of aquatic ecosystems and can serve as a basis for
subsequent assessment of environmental safety and optimization of the parameters
of cooling systems of nuclear and thermal power plants located near lake areas.
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Abstract. Competency-based education (CBE) requires transparent and
objective assessment mechanisms to accurately evaluate learning outcomes.
However, many institutions still face challenges related to inconsistent assessment
tools, subjective grading, and weak alignment between competencies, outcomes,
and evaluation criteria. This paper presents Q-Bilim, an intelligent assessment
system that structures and automates evaluation processes through a weighted
model linking competencies, expected outcomes, and measurement instruments.
An empirical study of Q-Bilim was conducted in the “Database Fundamentals”
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course from 2021 to 2024 with 170 undergraduate students of varying academic
preparation. A unified four-level grading scale ensured consistency, while statistical
methods such as ANOVA, Tukey’s HSD test, regression analysis, and cluster
analysis were used to assess cohort differences, identify learning patterns, and
examine how assessment weightings affect overall performance. This approach
provided insights into factors shaping competency development. The study’s
main contribution is the development and validation of a scalable, competency-
based assessment framework implemented within Q-Bilim. Findings show a clear
relationship between assessment weightings and student achievement, while cluster
analysis revealed distinct learner categories from high-performing students to those
needing additional support. The practical significance of Q-Bilim lies in its ability
to support long-term monitoring, expose weaknesses in curriculum design, and help
instructors make timely, data-driven decisions. Future work includes expanding the
system to other disciplines and integrating advanced Al methods — such as graph
neural networks — to enhance analytical precision, personalization, and usability.

Keywords: competency-based education, learning outcomes, student
performance, educational analytics, Q-Bilim, assessment system
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Annortanus. Kyssipertinikke Herizaenres 6inim 6epy (CBE) oky HoTHxenepin
Ion Oaranay YIIiH alibIK sKoHe OOBEKTHBTI Oaranay MeXaHH3MJIEpiH Tajall eTesi.
Anaiia KenTereH OKy OpbIHAApbl Oaraniay KypalapblHBIH Kyieci3nirine, 0amn
KOIOJarbl CyOBEKTUBTITIKKE JKOHE KY3BIPETTEp, KYTIICTIH HOTHXKEJIEp MEH Oaranay
KpUTEPUIIIEepi apachIHaFkl 9JICI3 YijeciMre OalilaHbICThl KUBIHJIBIKTApFa o1 Jie
Tan OOJNBIN OTHIp. byl Makamaga Ky3bIpeTTepii, KYTUIETiH HOTHKEIepIi *KoHe
eJIILIeY KypaJiapblH e3apa OailaHBICTBIPATHIH ©JIIIEM IIK MOJISNIb apKBUIBI Oaraiay
YAepiciH KypbUIbIMAAI, aBToMarTangslpaTeid Q-Bilim mnaTenIekTyannpl Oaranay
XKyHeci TaHbIcThIpbUTabl. Q-Bilim xylecine Kypri3iireH SMIUPHUKAJIBIK 3epTTEY
2021-2024 sxbumapsl «JepexTep 0a3achlHBIH HETI3AEpi» KypchlHAA SpTYpIi
NMarbIHABIK JeHredingeri 170 OakamaBp CTYACHTIHIH KaThICybIMEH OTKI3IJIi.
BipsiHFaii TepT neHreini Oaranay mkazackl 0ipi3AiTikTi KamTamachi3 eTTi. ANOVA,
Tukey HSD, perpeccusiiblK >koHE KJIacTepliK Tajfdy CHAKTBI CTaTUCTHUKAIBIK
oflicTep TONTAap apachlHAAFbl aWbBIPMAIIBUIBIKTAPAbl aHBIKTAy, OKY YJTiUIepiH
CHIATTay jKoHe Oaraiay calMaKTapbIHBIH JKaJIIbl )KETICTIKKE dCEpPiH 3epTTey YIIiH
KOJLAaHBIIABL. Byt TOCI KY3BIPETTUIIKTIH KabINTACYbIHA BIKIIAT €TETiH (hakTopiap
KOHIHJEe MaHbBI3AbI TYCiHIKTEep Oepai. 3epTTeymiH Herisri HoTmwkeci — Q-Bilim
KYHeciHe iCKe achIpbUIFaH ayKbIMJbIL, KY3BIPETTUTIKKE OarbITTanraH Oaranay
MOJIETIiH 93ipJIey )KoHe OHBbI gas1enaey. HoTmxkenep Oaranay KypajlapbIHbIH CaaIMarbl
MEH CTYJIEHT JKETICTIKTepi apachlHAa alKbplH OainaHbIC Oap EKeHIH KepceTTi,
all KJIACTEpJiK TaJjiay >KOFapbl JKETICTIKKE JKETeTiHAepAeH OacTam KOCBIMILA
KOIAAy/lbl Ka)KeT eTeTiHlepre ACWiH opTYpil CTYIEHT TONTAapblH AaHBIKTaJbl.
Q-Bilim xyi#ieciHiH MpaKTUKAIBIK MaHBI3bI — Y3aK MEP3iM1 MOHUTOPUHT KYPri3y,
OKy OarmapiamaiapblHAArbl QJICI3 TYCTaplbl aHBIKTAy >KOHE OKBITYIIbLIApFa
JiepeKTepre HEri3leNreH jkelen memiMaep KaOwblimayra keMmekrecy. bonmamakra
XKYHeHi Oacka MOHJIepre KEHEUTY JKoHE aHAIMTHKAJBIK JTOJIIIKTI, KEKeJICHIIpYIi
KOHE KOJAMIIBUIBIKTEI apTTHIPY YIUiH rpadTHIK HEHPOHIBIK KEIep CHSIKTBI 03bIK
JKacaH/Ibl UHTEIUICKT 9/JiICTEPiH MHTETpalysIIay KOCIapiIanyaa.

Tyiiin ce3mep: Ky3ipeTTUTikke HerizmenreH OimiM Oepy, OKy HOTHXKeIepi,
CTYACHTTEPIiH yiarepimi, 6i1im 6epy ananutukacel, Q-Bilim, Oaranay xyiieci
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Annorauus. KomnerentHnoctnoe oOyudenune (CBE) TpeOyer mpo3payHbIX u
OOBEKTHBHBIX MEXaHHU3MOB OLICHMBAaHUsI Ui TOYHOTO H3MEPEHHs PEe3yJbTaTroB
oOyueHust. OfHAKO MHOTHE Y4eOHBIC 3aBEICHHUSI MO-TNPEKHEMY CTaIKHBAaIOTCS
c mpobimemMaMH, CBA3aHHBIMH C  HECOIIACOBAaHHBIMH  HMHCTPYMEHTaMHU
OLICHMBAHUS, CyObEKTUBHOCTBIO BBICTABICHHS OaioB M caboil CBA3BIO MEKAY
KOMIIETEHIIUSAMH, OXUAAEMBIMU pE3ylbTaTaMH M KPUTEPUSIMU OLICHUBaHUsS. B
JaHHOH paboTte npencrasieH Q-Bilim — uHTeUIeKTyanbHas cucTeMa OICHUBAHUS,
KOTOpasi CTPYKTYPUPYET M aBTOMATH3UpPYET NPOLECC OIEHKH C TOMOIIBIO
B3BCLICHHOW MOJIENN, CBS3BIBAIOLICH KOMIICTCHIIUH, OKHIACMbIE PE3yNbTaThl U
WHCTPYMEHTBI U3MEpeHHs. DMIUpUueckoe uccienosanue Q-Bilim mpoBoauiock
Ha Kypce «OcHoBHI 6a3 naHubx» B 2021-2024 rogax ¢ yuactuem 170 ctyaeHTOB
OakajaBpuata C pa3HbIM YPOBHEM IIOATOTOBKH. EnuHas dYeThIpexypoBHEBas
miKana oOecrednsa COIIaCOBAHHOCTh, a TaKHE CTAaTHCTHUECKUE METOBI, Kak
ANOVA, xpurepuii Tetoku (HSD), perpeccuoHHBIi M KIacTepHBIH aHaIN3,
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OBUTH WCIIOJIb30BaHbl JIJISl OICHKH PA3JIMYMA MEXIy TPYIaMH, BBISBICHUS
y4eOHBIX MAaTTEPHOB U U3yUEHUS BIUSHUS BECOBBIX KO3(P(HUIIMEHTOB HA UTOTOBBIC
pesynbrarbl. Takod MOIXO0J TO3BOJMJ TONYYHTh IpEJCTaBIIieHue o (hakropax,
BIMSIOIIMX Ha (OopMHpOBaHHE KoMIeTeHIMI. OCHOBHOM BKJIAJ HCCIICIOBAaHUS
3aKJTI0YaeTCS B pa3paboTKe W BaJWAAMH MAacCIITaOUPyeMOW KOMIICTCHTHOCTHO-
OpPUEHTHPOBAHHOW MOJIETM OIIEHWBAHU, peajn3oBaHHOW B cucteme Q-Bilim.
PesynbraThl mokazanay 4ETKYHO CBS3b MEK/Y BECaMH OLEHOYHBIX HHCTPYMEHTOB
Y aKaJIeMUYCCKUMU JIOCTIIKEHUSIMH CTYJICHTOB, a KJIACTCPHBIN aHAIU3 TTO3BOJIMII
BBUICJIUTh PAa3JIMYHbIC TPYIIIbl OOYYAIOIIUXCS — OT BBICOKOYCIICBAKOIIUX JIO
HY)KIalomuxcst B noaaepkke. [Ipakrtudeckas 3HaunMocts Q-Bilim mposiBisercs
B BO3MOXHOCTSIX [OJTOCPOYHOTO MOHHUTOPWHTA, BBISIBICHHS CIIA0BIX MECT B
00pa3oBaTeNbHBIX MpOrpaMMax W IOMOIIM IPETIOAaBaTeNIsIM B CBOCBPEMEHHOM
MIPUHSATHY PEIICHHIA Ha OCHOBE JaHHBIX. B qanbHeiIeM mianupyercs paciimpeHue
CUCTEMBI Ha JIPYyTHe IUCIUILINHBI M UHTETparus MeTonoB M — Takux kak rpadoBbie
HEUPOHHBIE CETU — JIJIS TOBLIICHUS aHATUTHYECKON TOYHOCTH, TIEPCOHATU3AIUN U
ymoOCTBa UCITOIB30BAHUIS.

KaroueBble cJoBa: KOMIIETEHTHOCTHO-OPHEHTHPOBAaHHOE 00OpasoBaHUe,
pe3ynbTaTel  OOydeHHs, aKaJeMUYecKas ycIIeBaeMOCTh, OOpa3oBareibHAs
ananuTHKa, QBilim, cucTemMa olleHUBaHUS

Introduction. One of the major developments in contemporary educational
systems is competency-based education, or CBE. This method emphasizes students'
academic knowledge as well as their practical abilities, professional competencies,
and capacity to apply knowledge in real-world scenarios. The CBE model is widely
used in the United States, Kazakhstan, a number of Latin American nations, and
Western European nations (as part of the Bologna Process).

Throughout the educational process, learning outcomes must be methodically
planned, tracked, and evaluated in order for CBE to be implemented successfully.
However, it frequently becomes challenging to effectively measure the quality of
courses because of the irregularities in these procedures and the dearth of efficient
assessment instruments in many educational institutions. Furthermore, two major
factors that lower the overall efficacy of the teaching process are the instructors'
use of a variety of evaluation techniques and the lack of well-defined connections
between learning outcomes and competences.

We suggest Q-Bilim, a novel information system, as a solution to these issues.
The purpose of this system is to automatically evaluate student performance and
track the caliber of competency-based education. The following are the main goals
that the Q-Bilim system seeks to accomplish: Osygan Baylanysty, without Q-Bilim
dep atalatyn zhana akparattyk zhuyeni usynamyz. Bul zhuye kuzyrettilikke
negizdelgen kurstard studentzhetistigin avtomatty turde bagalauga zhane kurstyn
sapasyn monitoringteuge arnalgan.

The following primary goals are intended to be addressed by the Q-Bilim system:

 formalization of the competency model for the course, which involves
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describing how competencies, learning goals, and assessment instruments relate to
one another;

» evaluation of each component's corresponding student achievement levels;

* examination of the dynamics of course development throughout a number of
academic years;

» assessment of the effectiveness of educational decisions, such as modifications
to the curriculum or teaching methods;

» graphical reports that give teachers and students clear, understandable feedback.

The Q-Bilim system's architecture, working principles, and results from years
of use in a particular course (such as Introduction to Programming) are presented
in this article. Statistical techniques like Tukey's post-hoc tests and analysis of
variance (ANOVA) have validated the strategy's efficacy.

Literature review. The development of the concepts of learning outcomes
and competencies in higher education has been the focus of growing scholarly
attention since the late 20th century. Mulder, Weigel, and Collins highlighted the
role of competence in vocational education across EU member states, emphasizing
its importance for curriculum design and policy implementation Mulder M.
et al. (2007). In a similar direction, Harden examined the distinction between
instructional objectives and learning outcomes, thereby grounding the paradigm of
student-centered learning Harden R.M. (2002).

From the perspective of personalization and adaptability, Brusilovsky and
Millan provided a seminal contribution by introducing user models for adaptive
hypermedia, offering theoretical and practical foundations for individualized
learning pathways Brusilovsky P. et al. (2007). These ideas paved the way for
modern applications of artificial intelligence in educational systems.

Digital learning environments have increasingly been analyzed through the lens
of Al-based learning analytics. Aldahwan and Alsaeed highlighted the potential
of artificial intelligence to enhance the functionality of Learning Management
Systems, demonstrating how Al-driven techniques can improve learner monitoring,
support, and overall analysis within LMS platforms (Aldahwan & Alsaeed, 2020).
Complementing this, Zawacki-Richter and colleagues conducted a systematic
review of Al applications in higher education, identifying not only the opportunities
but also ethical and methodological limitations of Al integration Zawacki-Richter
O. etal. (2019).

A related line of inquiry focuses on the ontological modeling of learning
processes. Capuano, Gaeta, Salerno, and Mangione proposed an ontology-based
approach for context-aware e-learning, demonstrating how semantic structures can
enhance the organization and adaptation of educational content (Capuano et al.,
2011). This was expanded by Nazyrova et al., who investigated the consistency
between prerequisites and learning outcomes across educational programs using an
ontological approach Nazyrova A. et al. (2023). Together, these works suggest the
value of ontology for the automated analysis and improvement of curricula.
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Recent years have also seen a surge of interest in assessing and enhancing
learning outcomes more broadly. Goss reviewed the literature on outcomes
assessment in higher education and academic libraries, pointing to the need for
systematic practices Harrold Goss. (2022). Doo and Kim conducted a meta-analysis
demonstrating a significant relationship between learning engagement and learning
outcomes in online higher education environments (Doo & Kim, 2024). Similarly,
Akpen and colleagues provided a systematic review of online learning’s impact on
students’ performance and engagement Akpen C.N. et al. (2024).

Within innovative instructional contexts, Alizadeh explored learner engagement
and perceived learning outcomes in immersive flipped learning Alizadeh M.
(2024). Alyasin and colleagues further stressed the importance of moving from
fragmented practices toward systematized learning outcomes assessment Alyasin
A. et al. (2023). Finally, Lopez-Nuiiez et al. carried out a systematic review of
digital competence evaluation in higher education, underscoring its significance
for quality assurance and sustainable educational development Lopez-Nufiez J. et
al. (2024).

Research methods. The methodological basis of the study is based on the
principles of competency-based education (CBE) and constructive identification.
A multi-level methodological approach was used to assess the effectiveness of the
Q-Bilim system. It includes formal modeling, empirical data collection, quantitative
and qualitative analysis, as well as statistical methods.

Formal modeling. The hierarchical relationships between course competencies,
learning outcomes, and assessment tools were described using weighting
coefficients. This structure clearly demonstrates the relationship of each learning
outcome to a specific competency and allows for objective monitoring over several
academic years.

Data and sampling. The empirical study was conducted in the course
“Fundamentals of Databases” from 2021 to 2024. A total of 170 students were
included. Three cohorts were formed and distributed approximately equally
according to the three academic years. The levels of preparation of the students
were different: some had basic programming skills, while others started the subject
from scratch. This situation ensured the representativeness of the study, however,
stratified analysis is considered as a direction for future research.

Unified rating scale. To avoid differences in interpretation, all numerical ratings
(0-100) were converted into qualitative levels on a single four-point scale (Table
1). This scale was used throughout the analysis.

Table 1. Unified four-point rating scale

Score range Quality level
90-100 Excellent
70-89 Good
50-69 Satisfactory
0-49 Needs improvement
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Quantitative and qualitative analysis. Student results were presented in
both quantitative and qualitative terms. Color-coded tables and charts were used
to illustrate the level of mastery of competencies and learning outcomes. This
approach made data easier for teachers and students to understand.

Results. Traditional analysis of variance (ANOVA) and Tukey HSD test
were used to identify differences in each academic year (p < 0.05). In addition,
regression analysis was conducted to determine the relationship between the
weighting coefficients of assessment tools and the overall performance of students.
In addition, cluster analysis was conducted to group students' learning trajectories,
resulting in three main categories: "high achievers", "average" and "risk group".

This comprehensive methodological approach allowed, in addition to assessing
the effectiveness of the system, to delve deeper into the factors influencing students'
academic achievements.

General review of the Q-Bilim system. The Q-Bilim system aims to improve
the assessment and monitoring process in competency-based courses. The system
is built on a modular architecture and allows teachers to monitor the quality of the
course over several academic years, analyze student achievement, and formally
model the relationship between learning outcomes and competencies (figure 1).

Architecture of the Q-Bilim System

[competency Model Bullder]
i

Assessment Engine

Analytics Dashboard

[Course Dynamics Tracker]
Reporting Module

Figure 1. Architecture of the Q-Bilim System

The main feature of this structure is that it presents assessment results in both
quantitative and qualitative formats. Student performance is not only presented
in terms of average scores, but also in terms of qualitative levels such as “high”,
“average” or “insufficient”. This approach makes the results understandable and
easy to interpret for all stakeholders.

Regression analysis. The data collected through the system allowed us to analyze
the impact of assessment weightings on student performance. As shown in Figure
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2, it was observed that as the weighting ratio increased, the average performance of
students also increased. This result proves that instead of distributing the importance
of assessment tools equally, it is necessary to consider their contribution to the
development of specific course competencies.

100

Students
95 | = Regression line

90
85
80
To [

70+

Average Performance (0-100)

65

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Assessment Weighting

Figure 2. Regression analysis showing the relationship between assessment weightings and
student performance

Cluster analysis. A cluster analysis was used to analyze individual student
learning trajectories. Figure 3 identifies three main groups of students based on the
results obtained for competencies C1 and C2:

* high achievers (green);

* average achievers (blue);

* at-risk (red).

Cluster Analysis of Student Learning Trajectories
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Figure 3. Cluster analysis of student learning trajectories by competencies (C1 vs. C2)
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This classification allows teachers to identify students who need additional
support in a timely manner. In addition, analyzing differences within groups allows
for the adaptation of teaching strategies.

As shown in Figure 4, average scores for all three competencies increased
steadily from 2021 to 2024. This trend suggests that curriculum adjustments and
assessment changes have had a positive impact on student learning outcomes.

Competency C1 »
—e— Competency C2 ~
75| —e— Competency C3 et?

70

65|

Average Score (0-100)

60|

B

2021.0 20215 2022.0 2022.5 2023.0 20235 2024.0
Academic Year

Figure 4. Dynamics of competency mastery across academic years (2021-2024)

This graph shows the change in students’ level of mastery of key competencies
over time. From 2021 to 2024, there is a gradual increase in the average indicators for
all competencies. Such dynamics prove the positive impact of changes introduced
into the curriculum and improvements in the assessment system.

As shown in Figure 5, the distribution of student achievement across grade
levels demonstrates a consistent upward trend. Box plots show a clear increase in
median values and a decrease in variability, indicating greater stability in learning
outcomes. Analysis of variance (ANOVA) results confirm the statistical significance
of these differences (p < 0.05).

Boxplot of Student Performance Across Years (ANOVA context)

90 o

85}

80 -]

15§

o
vl

Performance (0-100)

=)
o

sop  — - | |
2021 2022 2023 2024

Figure 5. Boxplot of student performance distribution across years, confirming statistically
significant differences (ANOVA)
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This chart shows the distribution of student performance across each academic
year. The boxplot format clearly shows the median, interquartile range, and outliers
in student performance. The ANOVA results revealed that there were statistically
significant differences (p < 0.05) in performance levels between 2021 and 2024.
These changes confirm that academic performance has been improving over the
years.

Discussion. The findings of this study demonstrate that the Q-Bilim system
provides an effective framework for monitoring and assessing competency-based
education (CBE). The integration of formalized competency modeling, automated
data processing, and analytical visualization significantly enhances the objectivity
and consistency of evaluation compared to traditional methods.

The system’s ability to visualize longitudinal data enabled instructors to identify
weaknesses in the curriculum and apply targeted improvements, aligning with the
insights of Ifenthaler, Mah, and Yau, who emphasized the role of learning analytics
in supporting study success and informing data-driven educational decisions
(Ifenthaler et al., 2019).

The regression analysis further revealed that assessment weighting has a direct
correlation with learning outcomes. This aligns with the insights of Romero
and Ventura, who emphasized that educational data mining techniques enable
the identification of key performance patterns and factors influencing student
achievement (Romero & Ventura, 2020). Such findings support the idea that
differentiated weighting of assessment tools—depending on their contribution to
particular competencies—can lead to more balanced and fair evaluation models.
Similarly, the cluster analysis offered valuable insights into individual learning
trajectories, facilitating the detection of at-risk students and enabling timely, data-
driven pedagogical interventions.

These outcomes align with findings from previous studies emphasizing the
importance of data-driven and adaptive approaches in higher education (Zawacki-
Richter et al., 2019; Capuano et al., 2011). The use of artificial intelligence
and ontological modeling in Q-Bilim reflects a broader trend toward digital
transformation in educational analytics and supports the concept of personalized
learning pathways, as discussed by Brusilovsky and Millan (2007).

However, several limitations must be noted. The current study was limited
to a single discipline (“Fundamentals of Databases”) and relied on a relatively
homogeneous student population. The model could benefit from a larger and more
diverse dataset to test its generalizability across different academic programs.
Additionally, while Q-Bilim incorporates basic statistical analyses, further
integration of advanced Al methods — such as predictive modeling and graph-based
learning—could enhance its diagnostic capabilities.

Future work will focus on expanding the system’s analytical modules, improving
the user interface for accessibility, and integrating adaptive feedback mechanisms.
The inclusion of machine learning techniques like graph neural networks (GNN5s)
may enable real-time recommendations for personalized learning support.
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In summary, Q-Bilim demonstrates that intelligent, data-driven systems can
transform the assessment of learning outcomes in competency-based education. Its
implementation supports evidence-based decision-making, contributes to quality
assurance in higher education, and fosters a culture of continuous improvement
among both instructors and learners.

Conclusion. The study presented the architecture, core components, and
implementation results of the Q-Bilim intelligent system, designed for assessing
and supervising competency-based education. The system enables the structured
analysis of multi-year academic data, allowing for both objective evaluation of
student achievements and the monitoring of instructional quality over time. By
linking competencies, learning outcomes, and assessment tools through a unified
model, Q-Bilim ensures consistency, transparency, and data reliability in the
evaluation process.

Key advantages of the system include its ability to align assessment criteria with
defined competencies, determine achievement levels with weighted evaluation tools,
and automatically translate quantitative indicators into qualitative performance
categories. Furthermore, Q-Bilim provides educators and administrators with
statistical and visual analytics that facilitate data-informed decision-making.

The application of Q-Bilim in the “Fundamentals of Databases” course
demonstrated measurable improvement in student performance, confirmed through
statistical methods such as ANOVA and Tukey’s HSD tests. This validates the
system’s effectiveness in enhancing both assessment accuracy and learning
outcomes.

Future research and development will focus on scaling the system to multiple
disciplines and integrating advanced artificial intelligence techniques, including
graph neural networks (GNNs), to enable personalized learning recommendations.
Ultimately, Q-Bilim stands as a scientifically grounded, data-driven tool that
contributes to the modernization and quality assurance of competency-based
education.
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Abstract. Anaerobic digestion is a multifaceted biochemical process
that frequently encounters instability arising from fluctuations in feedstock
characteristics, shifts in operating conditions, and changes within the microbial
community. While mechanistic approaches such as ADM1 provide an established
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theoretical framework, they typically demand substantial parameter tuning and
often fail to fully capture the rapidly changing behavior of industrial-scale reactors.
To overcome these constraints, this study employs unsupervised learning—
particularly clustering analyses—to distinguish discrete, recurring operational
regimes in full-scale anaerobic digesters. Using long-term datasets collected from
commercial facilities, the analysis incorporates multiple indicators, including
concentrations of volatile fatty acids, biogas composition, and other key process
variables. The clustering results consistently revealed three dominant regimes: a
stable mode associated with high methane productivity; transitional conditions
marked by moderate imbalances; and inhibited states characterized by elevated
volatile fatty acids and lower methane content. Importantly, these data-driven
regimes corresponded closely with real operational events such as abrupt increases in
organic loading, underscoring the method’s ability to detect emerging disturbances
before they escalate. The study demonstrates that unsupervised learning can serve
as a valuable complement to traditional modeling by offering a practical means
of interpreting complex process dynamics. Its capacity to highlight regime shifts
and signal early deviations suggests clear potential for improving monitoring
strategies, reinforcing system stability, and enabling more proactive, data-informed
management of industrial anaerobic digestion operations.

Keywords: anacrobic digestion, unsupervised learning, clustering, process
monitoring, biogas production, operational regimes, machine learning
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AHHOTanuUs: AHaYPOOTHI ALIBITY — KYPaMbIHIAFbl IIUKi3aTTHIH ©3repyi, TEXHO-
JIOTHSJIBIK TTapaMeTPIICPAiH aybITKYbI )KOHE MUKPOOTBIK KaybIMIACTHIK TUHAMHUKA-
ChI CalIapbIHaH KU1 TYPAKChI3ABIKKA YIIBIPAUTBIH KOIIKBIPIBI OMOXUMUSUIBIK TPO-
necc. ADM1 CHSKTBI MEXaHUCTIK MOJIENbACD TEOPHSUTBIK TYPFBIIAaH MaHBI3AbI HET13
YCBIHFAHBIMEH, OJIap/Ibl KOJIaHy alTapibIKTai mapaMeTpilik OanTay/ibl Tanamn eTe-
Il J)KOHE OHEPKOCINTIK ayKbIMAAarbl PeaKTOpIapAbIH TE3 ©3TepeTiH MiHe3-KYJIKbIH
TOJBIK Kepcere Oepmeiini. Ocbl HIEKTEyNepAl KEHUIAEeTy YIIiH Oyi 3epTTeyiae
0aKbUIAYCHI3 OKBITY 9/IiCTEpi, aTam alTKaHIa KIacTepIliK Tajlay, TOIBIK ayKbIMIbI
aHa’poOTHI OMOpeaKTopIap/a KaliTanaHaThIH ONEPALMSUTBIK PEKUMIICPAl aHBIKTAY
YIIiH KOMJaHbULABL. KOMMEpUMsIBIK HbICAHAApAaH y3aK Mep3iMai >KWHAIFaH
JepeKTep YIINa Mal KbIIIKBUIAAPBIHBIH KOHIEHTPALUSChIH, OUora3 KypaMbIH
KoHE 0acKa Ja HeTi3ri TEeXHOJIOTHSUIBIK KOPCETKIIITEpAl KAMTUTBIH KOMOIImeM i
KHUBIHTBIKTapra Herizaennai. Kmactepnik tanmay ymr O0achlM peXUMJi aHBIKTAIbL:
YKOFapbl METaH OHIMALIITIMEH CHIIATTANATBIH TYPAKTHI dKYMBIC KYHi; OopTalia TeH-
repiMci3zikTep OaliKaIaThlH OTIIENI Ke3eH IeP; JKOHE YIITa Mall KbIIIKbULIAPBIHBIH
KMHAITYbl MCH METaH MOJIIECPiHIH TOMEHCYIMEH €pPEKILIEeICHETIH TeKEIreH KYH.
Byt pexuMaep opraHUKaiblK KYKTEMEHIH KYPT apTybl CHUSKTBI HAKTBl TEXHOJO-
THSJIBIK OKHFAJIAPMEH JKaKChl COMKeC Kell, 9/IiCTiH epTe eCKepTeTiH Kypall peTiH-
Jie KYHIBUIBIFBIH JoMenaesi. 3epTrey OakbliayChl3 OKBITYIBIH aHadpOOTHI allibITy
KyHenepin OaKbpUIayIbl )KaKCapTyFa, TYPaKTBUIBIFBIH apTTHIPyFa )KoHE WHIYCTPH-
SUTBIK TIPOLIECTEPAl HEFYPIIBIM MIPOAKTUBTI OacKapyFa MYMKiHZIK OepeTiHiH Kepce-
Texl.

Tyiiin ce3nep: aHa’poOTHI amry, OaKbUIayChI3 OKBITY, KIacTepiey, MPOLEcC
MOHHUTOPHUHT1, OMora3 eHaipy, ONepaLHUsUIBIK PEKUMIED, MAIHHAIBIK OKBITY
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AHHOTALMS: AHas’poOHOE cOpakuBaHMe MIPEICTaBISET co0oii
MHOTOKOMITOHEHTHBI OMOXUMHUYECKUN TPOIeCcC, KOTOPBIH HEPEIKO CTAaHOBUTCS
HECTaOWIILHBIM M3-32 H3MEHEHUH B COCTaBE CHIPbHs, KOJICOAHNH TEXHOIOTHIECKIX
MapaMeTpoB W JWHAMHKH MHKPOOHOTO coo0OmecTBa. XOTS MEXaHUCTHYECKHE
Monenu, Takue kak ADM1, naroT BaxXHYI0 TCOPETUUECKYIO OCHOBY, UX IPUMEHEHHE
TpeOyeT 3HaYUTEILHON KaTHOPOBKH MapaMeTPOB M 3a4acTyl0 HE OTpa)kaeT ObICTPO
MEHSIOIIECECS] TIOBEICHHUE MPOMBINIICHHBIX pPEaKTOpoB. UTOOBI TPEOmONCThH
9TH OTPaHWYCHHA, B JAHHOM HCCIIEIOBAaHUH HCIIOIB30BAaHBI METOIBI OOydeHHUS
0e3 yuuTens, B YaCTHOCTH KJIACTEPHBIN aHaJW3, HAlPaBJICHHBIN Ha BEHISBICHHE
MTOBTOPSIONIUXCS IKCILTYyaTalIMOHHBIX PEXKUMOB B TIOJTHOPa3MEPHBIX aHAdPOOHBIX
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AUTreCTepax. J__IJ'II/ITGJ'ILHBIG HUCTOPHUYCCKUC HAaHHBIC C IMPOMBIIIJICHHBIX 00BEKTOB
BKJIFOYAJIM MHOTOMCPHBIC TTOKA3aTCJIN, TAKUC KaK KOHLICHTPALIUU JICTYYHX JKUPHBIX
KHUCJIOT, COCTaB 0uorasa M KIIIOUEBBIC napaMeTphl Iporecca. Amnanms KJIaCTCpOB
BbISIBUJI TPU OCHOBHBIX pPCIKHUMaA: CTaOUIILHBIN pexum C BBICOKOM METaHOBOM
MNPOAYKTUBHOCTBIO; IIEPCXOAHBIC COCTOAHUA C YMCPCHHBIMU OTKJIOHCHUSMU,
nu I/IHFI/I6I/Ip0BaHHBIC PCXKUMBI, XapaKTCPUIYIOIINECA HAKOIUICHUEM JICTYUYUX
JKUPHBIX KUCJIOT U CHHXKCHUCM COACP’KaHUs MCTAHA. Ba)KHO, 4qTo O6Hapy>KeHHI>I€
PEXKUMBI XOpOHIO COBIaAain € PCajibHbIMU IMPOU3BOACTBCHHBIMU CUTYyaAllUSIMU,
BKJIFO4asA PC3KHUC TMMOBBIIMICHUA OpFaHquCKOﬁ HArpys3ku, 4YTO HDOATBCPAUIIO
HCHHOCThL MCTOJAA KAaK MHCTPYMCHTA PAHHCTO IMPCAYIIPCIKIACHUS. I/ICCJ'ICI[OBaHI/IC
ITOKa3bIBACT, UYTO MECTOIbI 06y‘l€HPI$I oe3 YUUTCIIA MOTYT CYHICCTBCHHO ITOBBICUTDH
Ka4€CTBO MOHHUTOpPHHIA, YKPCIIUTH CTaOUIIEHOCTh mnmponecca n CII0COOCTBOBATH
Ooree IMPOAKTUBHOMY YIIPABJICHUIO ITPOMBIIIJIICHHBIMU CUCTCMAMU aHaapo6H0ro

cOpaXKMBaHUS.
KaroueBbie cioBa: aHadpoOHOe cOpakuBaHHMe, OOydeHHe O0e3 y4YuTels,
KJIaCTepPH3aIHs; MOHHTOPUHT MPOLIECCOB, HPOU3BOJICTBO Ouorasa,

OKCILTYyaTallMOHHBIC PEIKUMBbI, MAIIIMHHOC 06y‘{€HI/IC, JICTYYUC JKUPHBIC KUCJIOTBL

Dunancuposanue: Imo ucciedosarue OvL10 npogurarncuposarno Komumemom
nHayku Munucmepemea nayku u evicuieeo obpazosanus Pecnyonuxu Kazaxcman
(I paum Ne AP26103739) u TOO «Kazakhstan R&D Solutionsy.

Beenenune. AnaspoOHOe cOpaKMBaHUE IPHU3HAHO OAHOM W3 KIIOYEBBIX
OMOTEXHOJOrHH JUIS YTWIM3ALUM OPraHMYeCKHUX OTXOIOB M IPOU3BOACTBA
BO300HOBIISIEMO YHEPTHH, IPEUMYIIIECTBEHHO B (hopMme Onorasza (Zhu et al., 2025;
Meola et al., 2025; Rutland et al., 2025; Zhu et al., 2025). 3ToT MHOTOCTaTUIHHBIH
OMOXMMUYECKHI MPOLIECC, TPOTEKAIOIUHI IPU OTCYTCTBUH KUCIOPOa C y4acTHEM
pa3HOOOpa3HOTO MHKPOOHOTO CcOO0IIecTBa, OOeCIeyrBaeT IpeoOpa3oBaHMe
Pa3INYHBIX THUIIOB OPraHUYECKOTO CHIPbSI — BKIIIOUYAs MUILEBBIC OTXObI, OCAJIKU
CTOYHBIX BOJA M CEJIbCKOXO3sIMCTBeHHBIE ocTarku — B MeraH (CH4) m amoxcup
yroepoaa (CO2) (Zhu et al., 2025; Meola et al., 2025; Obileke et al., 2024; Ali et
al., 2025).

HecmoTtpss Ha  3HauMTeNbHBIA  HOTEHLHMAN, TPOLECCHl  aHa’POOHOTrO
cOpakuBaHus 00J1aAaI0T BEICOKOH CIOKHOCTBIO U BBIPAXKEHHOH HETMHEHHOCTBIO,
TaK KaK 3aBHCAT OT MHOXKECTBA B3aMMOCBS3aHHBIX (PaKTOPOB: cOCTaBa CyOcTpara,
oprannueckoit Harpy3ku (OLR), runpasnuueckoro Bpemenn yuepxusanus (HRT),
TeMreparypsl, ypoBHs pH u muHamuku MukpoOHoro coobrmiectBa (Rutland et al.,
2025; Tasmurzayev et al., 2022; Simeonov et al., 2025; Sidi Habib et al., 2024;
Long et al., 2025). HecTaOmibHOCTh peakTopa, BO3HUKAIOIIAs U3-3a KOJICOaHUH
XapaKTEPUCTHK CHIPbSI MM HAKOIUICHHS MTPOMEXYTOUHBIX MPOIYKTOB, TAKUX KaK
neryuue xupHble kucnotsel (JDKK), MoxeT npuBOAMTE K CHHKEHUIO BHIPAOOTKU
METaHa, yXyIIICHHIO KauecTBa OMorasa u axke K MOJIHOMY HapyLIeHHIO Ipoluecca

188



ISSN 1991-346X 4.2025

(Zhu et al., 2025; Zhu et al., 2025; Ali et al., 2025; Jia et al., 2025; Beschkov et
al., 2025).

Bbicokue CKOpPOCTM Ppas3iIOKEHHs NHIIEBBIX OTXOAOB 4YacTO BBI3BIBAIOT
nakoruienue JDKK, urto cHmxaer pH Huke ONTUMAnbHBIX 3HAYCHUNA )i
METaHOTCHOB M, KakK CIEACTBHE, MHruoupyer meraHorenes (Tasmurzayev et
al., 2022; Lee et al., 2023; Amangeldy et al., 2023; Tongco et al., 2025). Takoe
HapyleHue OajlaHca MOXKET HPUBECTH K TEXHOJIOTMYECKMM cOO0sIM, MO3TOMY
3G QEKTUBHBI MOHUTOPHUHI M YINPABICHHUE NPOLECCOM SBISIIOTCS KPUTHYECKU
BXHBIMU ISl IOAJIEPKAHUS CTAOMIIBHOCTH, ONTHMU3ALUH POU3BOJUTEIBHOCTH
n oOecreyeHUs] SKOHOMHYECKOH 3(PQPEKTUBHOCTH NPOMBILUICHHBIX CHUCTEM
aHa’poOHoro cOpaxkuBanus (Zhu et al., 2025; Rutland et al., 2025; Tasmurzayev
et al., 2022; Simeonov et al., 2025; Sidi et al., 2024).

TpanunoHHbIE METOABI KOHTPOJS IPOLECCOB aHadpPOOHOrO COpakuBaHMSA,
KaK MpPaBWJIO, OCHOBaHbl Ha MEPUOANYECKOM OTOOpe NpoOd M TPYAOEMKHX
nmaboparopubeix ananu3ax (Rutland et al., 2025; Almansa et al., 2023; Sappl et al.,
2023). Otu MeToasl He 00eCeunBaloT MOJIyYeHHE JaHHBIX B PealbHOM BPEMCHH,
YTO 3aTpyAHSET ONEpPAaTUBHOE pearnpoBaHHWE Ha BHE3alHbIC H3MEHEHHS WIN
pasButue HecrabmnpHOCTH (Rutland et al., 2025; Jia et al., 2023).

MexaHUCTHYECKHUE MOJIENIM, Takue Kak oOmienpuHsTas Anaerobic Digestion
Model No. 1 (ADM1) (Meola et al., 2025; Sappl et al., 2023; Dekhici et al., 2025:
Amangeldy et al., 2024), T03BONSIOT IIYOOKO MOHATH OMOXMMHUYECKUE U (HU3UKO-
xuMuueckue npoueccol (Moradvandi et al., 2025), onHako TpeOyrOT 3HAYUTEIBHON
KaJMOPOBKM MHOXECTBA IapaMeTPOB M OOJIBIIMX BBIYMCIUTEIBHBIX PECYpPCOB
(Meola et al., 2025; Sappl et al., 2023). Ix npuMeHeHHE B NPOMBIIIJICHHBIX
MacmTadax OrpaHMYeHO HEOOXOAUMOCTBIO JOPOTOCTOSAINX O(IIaiiH-U3MEpEHUH 1
BBICOKOH UyBCTBUTEIBHOCTBIO K omrOkam cencopos (Meola et al., 2025; Rutland
et al., 2025; Sappl et al., 2023). YnpoméHHble MEXaHUCTHYECKHE MOJIENH, B CBOIO
odepeqb, 4acTO HE CIIOCOOHBI a/JeKBAaTHO OITUCHIBATH CIIOKHYIO HEIMHEHHYIO
JUHAMHKY, HaOJIONAaeMyI0 B pEaJbHBIX CHCTEMax aHa’pOOHOTro cOpa’kuBaHHUS
(Tasmurzayev et al., 2022; Sappl et al., 2023; Dekhici et al., 2025: Amangeldy et
al., 2024).

Mopnenu, pazpaboTaHHbIE Ha OCHOBE JJAOOPAaTOPHBIX MJIM MUJIOTHBIX JaHHBIX,
HEPEIKO IUIOXO MacIITaOUPYIOTCS HA MPOMBIIIJICHHBIC YCIOBHS U3-3a OonblIen
CIIOKHOCTH MHKPOOHBIX COOOLIECTB M M3MEHYHMBOCTU 3KCILUTyaTallMOHHBIX
napametrpoB (Dekhici et al., 2025). DT1o mnomuépkuBaeT HaJIM4YMe pPa3pbiBa
B CIIOCOOHOCTH TOYHO TIPEICKa3blBaTh M HHTEPIPETHPOBATh IOBEICHHE
MPOMBILUICHHBIX aHa’poOHBIX peakTopoB (Long et al., 2025; Amangeldy et al.,
2024).

B mocneanue roasl METO/BI, OCHOBAaHHbBIE Ha JAaHHBIX, OCOOCHHO MAaIIMHHOE
oOyuernne (ML) u uckyccTBeHHBIH HHTEIIEKT (Al), cTami MOIITHBIM HHCTPYMEHTOM
JUI pellieHHs 3aJad MOHMTOPHMHIA M ONTHMM3ALMH MPOLECCOB aHadpOOHOTrO
copaxuBanus (Sappl et al., 2023; Dekhici et al., 2025: Amangeldy et al., 2024).

189



Academic Scientific Journal of Computer Science

B oTanume OT MEXaHMCTHYECKHX MOZEJCH, alrOpUTMbl MAIIMHHOTO OOy4YeHHs
CIOCOOHBI BBISIBIISITH CJIOKHBIE HEIMHEHHbIC 3aBUCHMOCTH MEXIY BXOIHBIMH
W BBIXOAHBIMH MapamMeTpamMu 0Oe3 HEOoOXOIUMOCTH TIIyOOKOrO ITOHHMAaHHUs
BHYTPEHHUX OHOXMMHYECKHX MeXaHU3MOB. OHHM MO3BOJISIIOT IPEICKa3bIBaTh
MOKa3aTeNn, KOTOphle paHee TPeOOBaIN JOPOTOCTOSIIMX AHATU30B, TEM CaMBIM
noBbImas 3pGEKTUBHOCTh U CTa0MIBHOCTH paboThl cucteM (Tasmurzayev et al.,
2022).

Paznuunble anropuTMbel MAIIMHHOTO OOy4YeHHs — TaKHe KaK HCKYCCTBEHHBIC
Heiiponnsie cetn (ANNSs), perpeccus Ha onopHbIx Bekropax (SVR), cmyuaiinsie
jieca ¥ IpaJueHTHBIH OYCTHHT — YCIICHIHO NPUMEHSIINCh Ul IPOTHO3UPOBAHHUS
BbIpa0OTKM OMOTa3a M MeTaHa PH Pa3InIHbIX yCIoBUsX [9]. MamuHHOE 00yueHne
Takxke ooecreunBaeT 3 (HEeKTHBHBIC HHCTPYMEHTHI IS aHaIM3a OOJIBIINX MaCCUBOB
9KCITyaTallMOHHBIX JaHHBIX (Sappl et al., 2023), BoIsIBICHNUS aHOMATUI 1 U3yYeHUS
JUHAMUKH noBeaenus cucteM (Sappl et al., 2023; Dekhici et al., 2025: Amangeldy
et al., 2024). 3T BO3MOXKHOCTH OCOOEHHO Ba)KHBI Il yCTAaHOBOK aHa’pOOHOTO
cOpakuBaHusl, padOTAIONINX C EPEMEHHBIM CHIPHEM U MTOJBEPKEHHBIX BHEIIHUM
BO3/IEHCTBUSM, TAKUM KaK TemreparypHele kosebanus (Moradvandi et al., 2025).

HecmoTpss Ha pacrymiee NpUMEHEHHE METOJOB MAIIMHHOTO OOy4eHHs B
aHa’poOHOM COpaXKMBaHWM, OOJBLIIMHCTBO HCCIEIOBAHUI COCPEIOTOUEHO Ha
MIPOTHO3UPOBAHUH POU3BOIUTEIBHOCTH WIIN BBISIBICHUH 0TKa30B (Sidi et al., 2024;
Sappletal.,2023; Dekhicietal.,2025: Amangeldy etal., 2024). [Torenuman MmeTonoB
o0yudeHMst 0€3 yUuTeIsl, B YaCTHOCTH KIaCTEPHOTO aHAJIN3a, U1 CHCTEMaTHIeCKOTO
BBISIBJICHHSI AMCKPETHBIX M MOBTOPSIOLIMXCS SKCIUTyaTalMOHHBIX PEKUMOB B
MPOMBIIUICHHBIX aHA3pPOOHBIX PEAKTOPax OCTaéTcs HEeI0CTAaTOYHO H3YUYCHHBIM
(Sappl et al., 2023).

Hacrosimee nccnenoBanue HampaBiIeHO Ha BOCIOJHEHHE JAHHOTO Ipoberna.
OcHoBHass 1enb pabOTBl — ONPENeNIuTb, MOTYT JH METOIbl KJIACTEPH3aLUU
WCTIOJIB30BATHCS TSl MACHTU(UKAIIMN Pa3JIMUHBIX HKCIUTYaTAllHOHHBIX PEKUMOB
B IIPOMBIIUICHHBIX aHA’pPOOHBIX PEAaKTOpax Ha OCHOBE MHOTOMEPHBIX JaHHBIX,
BKJIIOUAIOIIMX KOHICHTPALMK JIETyYHX JKUPHBIX KHCJIOT, cOcTaB Owuorasa
(CH4, CO3), a Takxke ApyrHe KIIOUEBBIE TEXHOJOTMUYECKHE napameTpsl — pH,
OpPTaHMYECKYI0 Harpy3Ky W TujapaBinueckoe Bpems yaepskuanus (Long et al.,
2025; Tongco et al., 2025; Sappl et al., 2023; Amangeldy et al., 2024; Moradvandi
et al., 2025).

BrisiBneHne TakuX pPEKMMOB MO3BOJNUT OIeparopaM IIyOXe ITOHWMAaTh
0a30BOe MOBEACHUE PEAKTOpa MPHU W3MEHSIOLINXCS yCIOBUAX, IPUHUMATh Oosiee
00OCHOBAaHHBIC TEXHOJOTHYECKUE PEIICHUS W OCYILECTBISTH NPOAKTHBHOE
ynpasineHue. Haydnast HOBM3HA HCCIEIOBaHUS 3aKIIOYaeTCsl B NPUMEHCHHU
KJIACTEPHOTO aHaJn3a JUIl XapaKTePUCTUKH U KIacCU(HUKALUU  CIOXKHBIX,
BBICOKOPA3MEPHBIX MPOMBIIIJICHHBIX JaHHBIX aHA’pOOHOr0 COpaKMBAHUS, YTO
o0ecrieunBaeT HOBBIE BO3MOKHOCTH JJI51 aHAJTN3a JMHAMUKH CHCTEM M CIIOCOOCTBYET
paspaboTke Oonee HaAE&XKHbBIX cTpareruil ynpasnenus (Sappl et al., 2023).
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Cxema BBIIIOJTHEHUS HCCJICAOBAaHUS MPCACTABJICHA HA PUCYHKC 1.

Unsupervised
Clustering

Pucynok 1 - Cxema METOJI0JI0IMH UCCIIE0BAHMSL.

MarepuaJibl U MeTOAbL. 2. 1. Apxumexmypa cucmembol u c60p OaHHbIX

OCHOBOH JaHHOTO HCCIEIOBAHMS IOCITYXHJI HaOOp AaHHBIX, MOTYYECHHBIH
B pe3yJbTaTe MOHUTOPHHIA PabOTHl BOCBMU OMOpPEaKTOPOB Ha MPOTSXKEHUU 127
OHEeH. DTH NaHHbIe ObUIM CTPYKTYPHUPOBAaHBI TaKUM 00pa3oM, 4TOOBI OTPa3HTh
KITIOUeBble OMOXMMUYECKHE U OKCILTyaTallOHHBIE aCTIEKTHI ITpoliecca aHadpoOHOTO
cOpaxuBaHusl. B KauecTBE OCHOBHBIX BXOIHBIX IEPEMEHHBIX [UIS aHaIW3a
ObUTH BBIOpAaHBI CYTOUHBIE KOHLEHTpAIMU JIETy4uX >KUpHbIX kucaoT (JDKK) —
YyBCTBHUTEJILHBIX MapKepOB MUKPOOHOro ancOanaHca, a Takke cocTaB Ouorasa
(CH4 u CO»), HanpsaMyto oTpaxaromuid 3p¢GeKTHBHOCTb NMPOTEKaHUs Mpolecca.
Jnst monmyueHus Oonee TOJHOW KapTHHBI K 3TUM IOKa3aressiM ObUM J100aBJICHBI
JKCIUTyaTallMOHHBIE TapaMeTphl, Takue kak pH, Temmneparypa u opraHuueckas
Harpy3Ka, B pe3yJbTare 4ero 0buia chopMrupoBaHa HTOTOBast MATPHUIA, BKITIOYAIOIIAsS
741 nabmronenue u 15 nHpopMaTHBHBIX epeMEeHHBIX. [lepeMeHHbIe, BKITIOUEHHBIE
B Ha0Op JTaHHBIX, IPEACTABICHBI B Ta0OIMIE 1.

Tabmumna 1. [lepemenHbIe, HCIIOIB3yEeMbIE B OOpeakTopax

VFAg VYKkcycHas, IponuoHoBast, n3o-  |r-JI™! 127 nueit X 8 [IpomexyTouHbIE
MacisHasi, H-MacysHas, H30Ba- peaKkTopos MeTabOoNUTEI,
JiepuaHoBas, BallepHaHOBasl, FeK- MapKepsbl
CaHOBAsl, TENTAHOBAs KUCIIOTHI, HECTaOMIIbHOCTH
a taxke cymmapusie JOKK (s
Kaxxgoro peakropa D1-DS)

Haspanuue | BriroueHHble nepeMeHHbIe Enunnusr | Konueucusp Ponb B ananmuse

napaMerpa n3MepeHus | 3amuceit

Gas comp | CHa, CO: (00béMHBIC TOTH), ooseM % | ArperupoBano | Berxomgnast
o6mmit CHa, 06mmit CO, cTan- TI0 KCIITyaTanu- | 3 peKTHBHOCTS,
naptHoe otkinonerne (CHa, OHHBIM UHTEpBA- | COCTaB U
CO2) naMm (~127 nueif) | crabmIBHOCTH

Ouorasa

Process pH, Temneparypa, opranudeckas | — 127 nueit x 8 DKCIUTyaTallnoH-

parameters |Harpyska (OLR), runpasnnge- peakTopoB HBIA KOHTEKCT U

(merged) | cxoe Bpems ynepxusanus (HRT) YHpaBJIsIoIe

HIepEMEHHbIC

HepBBIM [1aroM B HaIlle pa60Te CcTaJla MOArOTOBKa AAaHHBIX [JIs aHaJik3a.
MbI BBITIOTHHAIIA CXKCIAHCBHOC BBIPaABHMBAHUE BPEMCHHBIX DPAJOB W NPUMEHUIINU
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metox k-Ommxkaiimux cocenert (KNN-imputation) st 00pabOTKA TPOMYIIEHHBIX
3HaueHUH. 3aTeM OblUla MPOBEACHA Z-CTaHJAPTH3ALUs BCEX MEPEMEHHBIX, YTOOBI
MPUBECTH UX K OOmIeH IIKane M 00ecHneyuTh KOPPEKTHYI0 padoTy aJropuTMOB
MaIIMHHOTO O0yueHMs. [lasee MBI mepenuln K CO3JaHMI0 HOBBIX HPU3HAKOB
(feature engineering), c)opMHUpOBaB COCTaBHBIE MHICKCHI, KOTOPbIE O0Jiee TOYHO
XapaKTepU3yIOT COCTOSIHME Mpoliecca. B yacTHOoCTH, ObUIN paccUUTaHBbI KIIIOUEBBIC
MOKa3aTeN, TaKhue KaK COOTHOIICHHE IPOIMUOHOBOM M YKCYCHOM KHCIIOT,
cootHouenne COz k CH4 u norapudm oOrmiell KOHIEHTPALMH JETYUHX >KUPHBIX
KHCJIOT. DTH MHJICKCHI TO3BOJIMIN KIaCCU(PHULIUPOBATH COCTOSHUE PEaKTOpa Ha TpU
pekuma: cTaOMIIbHBIN, HadalbHBIN JucOanaHc U anuaoreHHBIN cTpecc.

s aBTOMarn4eckoro OOHApY)KEHHS OTKJIOHEHHH OT HOPMAalbHOW pPabOTHI
Obu1a pean3oBaHa MoieNb 00yueHHs 0e3 yunTensi. Mbl HCTIONIb30BaIIN aJITOPUTMbI
kiacrepusauuu, Takue kak K-Means 1 DBSCAN, 17151 BhISIBIICHUS aHOMAJIUH, HE
COOTBETCTBYIOIINX CTaOMJIBHBIM OKCIUTyaTallMOHHBIM pexnMmaMm. B pesynbrare
crcTeMa aBTOMaTHYeCcKH (POPMHUPYET OMOBELICHNUSI 00 aHOMAIUSIX JJIsl OTIepaTopa.

Ha s3akmounrtensHOM 3Tane BHHMaHHME OBUIO YHAENCHO MPEIOCTABICHUIO
OIlepaTopy HWHCTPYMEHTOB [uIsi HpUHATHSA pemieHuil. CuctemMa TeHepUpyeT
BU3yaJM3allii Ha OCHOBE aHanu3a miaBHbIX kKoMmoHeHT (PCA), cratuctuueckue
CBOZIKM W IIpsIMbIe yBenomieHus1. OCHOBBIBAsICh Ha 3TOH MH(POpMAIMH, OIIepaTop
MOXET CBOEBPEMEHHO MNPEANPUHUMATH KOPPEKTUPYIOIIUE JICHCTBUS, HAapUMep
perynupoBark Mofady ChIpbsl WM INENOYHOCTh, YTOOBI NMPENOTBPATUTH cOOMH
nporecca 1 cTabuinn3upoBarh paboTy GHOpeakTopa.

[IpennoxenHast apXUTEKTypa, IpeACTaBICHHAsl HA pUCYHKeE 1, Obliia pazpaboTana
Uil OecLIOBHOW HMHTErpallMd B IPOMBIIUICHHBIC YCTaHOBKM —aHa’3pOOHOTrO
cOpakMBaHUS M COIIACOBAHA C HEPAPXUUCCKUMH CTPYKTypaMmH YIIpaBJICHUS,
0OBIYHO PUMEHSIEMBIMH B ITpo1ieccHbIX oTpaciax. Ha yposue 0 (LO) nndopmarust
0 Tpolecce MOCTYMaeT OT CEePTH(GUUUPOBAHHBIX NaTYMKOB U HCIIOJHHUTEIBHBIX
MEXaHM3MOB, KOTOpbIE M3HAYaJIbHO WHTETPUPOBAHBI B HHQPPACTPYKTYPY
pacripenenéHnoil cucrtemsl ympasienus (DCS) wam cucteMbl AMCHETYEPCKOTO

KOHTpoJst ¥ coopa naHHbIX (SCADA).

192



ISSN 1991-346X 4.2025

Lo [ ] — | ‘/' B digesters, 127 days
Plant and Sensors 1 | = en V"?’" PR
0. HS
'.,_ J i BH 11:mh‘n
v . /
o WA
. e
WEA concentration
composition
4 daity alignment J Caore process variables
|
. i 5 -

€0, § CH. r - Incipdent
Imbalance
g EVFA |+ g,
K Bareas
L3 Unsupervised
[ Unsupervised
oo s
[T i Il
‘ (DBSCAMN detec) = Ancomaliss alerts . -
L —

Operaton

w
[ L ha— ] I Statistics = Adjust teed | alkalinity "

(e ]

PucyHok 2 - Mepapxuyeckasi apXUTEKTypa MOHHUTOPHHTA Mpoliecca OMOra3onpon3BOACTBA 1
oOHapyXEeHUs] aHOMAJTHA.

HenpepriBHble m3Mepenus neryunx kupHbix kucior (VFA), pH u cocrasa
6uoraza (CHas, CO2, H2S) oOecrieunBaroT 6a30BbIe [TOKa3aTeNN padOThl PEAKTOPa;
OpU 3TOM THPOTOKOJNbI KAIMOPOBKHM JATYMKOB CTPOrO  PErHCTPUPYIOTCA,
a NpOUEAYpbl KOHTPOJIsS KadecTBa ABTOMATHYECKH IIOMEYAIOT IEPUOABL
KamuOpOBKM W HeHaaExkHble 3Hadenws. Ha ypoBre 1 (L1) ypoBeHs BBOma
JMAHHBIX pealli30BaH B Cpelle XpaHEeHWs MaHHBIX npeanpusTus (plant historian)
U [POMEXYTOUHOM MPOTPAMMHOM OOCCIICUEHHM JUIS MHTErpaluM JIaHHbIX.
31ech aBTOMAaTU3UPOBAHHBIE KOHBEHEPHI COINIACOBBIBAIOT AAHHBIC C JHEBHBIM
pasperieHueM, IPUMEHSIOT PEKOHCTPYKLMIO IPOIYCKOB METOAOM K-Omkaiiimmx
coceneii (KNN) u BBIIONHSIOT Z-CTaHAAPTU3ALMIO Ui BCEX CUTHAJOB.
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Wntepdeiicel ¢ mabopatopHeiMu  HHPOpMaMOHHBIMU —cucteMamu  (LIMS)
JOTIOJTHUTENFHO 00ECTIIEYNBAIOT aBTOMaTHUECKYIO 3arpy3Ky oduiaiiH-pe3ynbTaToB
aHaJIM30B, YTO TAPAHTUPYET CONOCTABUMOCTH JJaOOPaTOPHBIX JaHHBIX M JaHHBIX
OHJIAWH-TAaTYMKOB, a TaKKe MPEEeMCTBEHHOCTb MEXKIY OSKCIIEPHUMEHTAIbHON
BaJIMIalluell U MPOMBINIUICHHOM dKcTuTyaTaruei. Ha yposre 2 (L2) popmupoBanue
MIPU3HAKOB BBIMOIHACTCS Ha TepU(epUHBIX CepBEpax WK B BUPTYaIM3UPOBAHHBIX
cpenax, HampsIMyIO MOAKIIOUEHHBIX K CETEeBOM MH(PACTPYKType MPEANPHSTHS.
[IpousBoaHbIE MOKa3aTeNy, BKIOYAs COOTHOLICHHWE MPOMHOHOBOW M YKCYCHOH
kucnot, cootHomenne CO2/CHs u morapudm cymMmapHOW KOHLEHTpALMU
JDKK, BBIUMCISAIOTCS MOYTH B PEajbHOM BPEMEHH. DTU BBIYMCIICHHBIC WHACKCHI
MOBBIIIAIOT YYBCTBUTEIBHOCTh K METa0OIMYECKOMY UCOaIaHCy MO CPAaBHEHHUIO C
HCXOIHBIMU U3MEPEHUSIMH, a KOHTCHHEPU3UPOBAaHHbBIE KOHBEHEPHI 00€CIICUNBAIOT
MEPEHOCUMOCTh MEKAY Pa3HOPOAHBIM 00OPYIOBaHHEM U MACIITa0MPYEeMOCTb -OT
MWIOTHBIX YCTAHOBOK C OJHUM PEaKTOPOM JI0 MHOTOPEAKTOPHBIX MPOMBILIUICHHBIX
KOMIIJICKCOB.

Haypogne 3 (L3)Monenn o0yueHus 6€3 yauTeINst BHEAPSIOTCS B KOHTPOIUPYEMO
cpene MammHHBIX omepauuii (MLOps). AJroputmbl KilacTepH3alMu, TaKHe
kak K-Means u rayccoBble cmeceBble Monenu (GMM), kmaccuduuupyror
9KCIUTyaTallMOHHBIC COCTOSHHUSI KaK CTaOWiIbHOE, HavyajbHBIM AucOanaHc WiIn
anuAoreHHbId crpece, B To BpeMsi kak DBSCAN wucnonb3yercst A BbISABICHUSA
aHOMaJIMi 1 BEIOpOCOB. MexaHu3Mbl OOHapYKeHHs Ipeiida TaHHBIX HEIPEPHIBHO
OTCJIC)KMBAIOT U3MEHEHHS paclpeleiieHnd U MHULIUHUPYIOT TOBTOpHOE 00ydeHne
MojIesield, YTOOBI COXPaHSTh TOYHOCTH POTHO3UPOBAHUS IPU N3MEHEHUH KadecTBa
CBIPbS WJIN YCIIOBHM paboThl. BaskHO OTMETHTB, UTO BCe MOzenn (GyHKIHOHUPYIOT
B KOHCYJIBTaTUBHOM peXHMeE, o0eclieuuBas COBMECTUMOCTb C CHCTEMaMu
0e30macHOCTH U COXpaHsis mosHoMouns oneparopa. Ha yposue 4 (L4) pe3ynbraTbl
MOJICTIMPOBAaHUsI HMHTETpUPYIOTCS B uHTepdeiic omeparopa uepe3 SCADA un
yenoBeko-MamuHable  uHTEepdeiicel (HMI). Busyanpnas ananutuka B opme
HaJOKEHUH aHanmm3a TimaBHBIX KommoHeHT (PCA), crarucTuueckux maHenen
U aBTOMAaTHYECKUX YBEJOMJICHHMH 00 aHOMalMsax oOecrneynBaeT HaIIAJHYIO
WHTEPIPETALHUIO PE3yIbTaTOB Mozeseid. ONoBeeHUs] pacupoCTPAHSIIOTCS KaK B
OIIEPaTOPCKOM, TaK W IO 3AIIMIIEHHBIM MOOMIBHBIM KaHalaM, 4To 00ecreynBacT
CBOEBpEMEHHOE MH()OPMHUPOBAaHHUE, & PEKOMEHIAIIMHU - HAIIPUMEDP, KOPPEKTUPOBKA
MOAAYH CHIPBSI MM JO3UPOBAHUS IIENOUH - IEPEAOTCs B KOHCYIBTATUBHOM BUE,
MOAJICPKUBAsi IPOAKTUBHBIC 1CHCTBUS 0€3 HapyIICHHUsI aBTOHOMHOCTH CHCTEMBI.

C TOYKHM 3peHMS SKCIUTyaTalluH, apXUTEKTYpa COOTBETCTBYET MPOMBIIUICHHBIM
crangapraM kubepoezonacHoctu (IEC 62443) u ucnonb3yeT CTporue MexaHHu3Mbl
KOHTPOJISl JIOCTyNa JAJisl NMPEJOTBPAIICHUS] HECAHKIIMOHMPOBAHHBIX H3MEHEHHH.
[Ipouenypsl obcimyKuBaHMS BKJIIOYAIOT IUIAHOBYIO MEPEKaTMOPOBKY IaTUYHKOB,
aBTOMAaTUYECKYI0 TPOBEPKY MAAaHHBIX W TOCTOSHHBIA MOHHUTOPHUHI COCTOSIHUS
cucrembl. Kirouesble mnokaszarenu sddexruBHoctn (KPI) ycranosnensl Ha
IBYX YpOBHSX: sKciuryaranuoHHble KPI - TounocTs oOHapyXeHus, ypoBeHb
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JIOXKHBIX CcpabaTbIBAHUH M BpeMsl paHHEro NPENyNpexkACHUs O aucOanaHce;
n anasmtuyeckue KPI - pasgennMocTh KimacTepoB, OOBSICHEHHAs IUCTIEpCHs
B PCA u 4yBCTBHTENBHOCTH OOHapyKEHHsI aHOMaIMH. B COBOKyIMHOCTH 3TH
MOKa3aTesn 00eCIIeunBaIOT KOJIMUECTBCHHYIO OCHOBY ISl OLIEHKU 3((EKTUBHOCTH
U HENPEPHIBHOTO COBEPLICHCTBOBAHMA CHCTEMBl. B 1ejoMm, AaHHBIA MyTh
MPOMBILUICEHHOTO BHEAPEHHUS JIEMOHCTPHPYET, YTO apXHUTEKTypa SBISIETCS
HE TOJIBKO TEOPETHYECKH OOOCHOBAHHOW, HO M MPAKTHUYECKH PEaTn3yeMOM.
Ona moajepXHUBaeT BOCHPOM3BOIMMYIO HMHTEIPAlMI0 B  CYIIECTBYIOIINE
MIPOM3BOACTBEHHBIE HHPPACTPYKTYPBI, FapaHTUPYET HaA&KHOCTD U OE30IaCHOCTh
B pCalbHBIX YCJOBUSX W 0OECleYrBaeT MacIITaOMpyeMOCTh AJISI HECKOJIbKUX
PEaKTopoB M IPOU3BOACTBEHHBIX IUIOMANOK. CBsI3bIBasi 3KCIEPUMEHTAIbHBIC
HaOOpBl JaHHBIX C CHUCTEMaMM OIEPATHBHOTO YNPABICHUS, AapXUTEKTypa
¢dopMupyeT Y€TKHH MyTh K HMPOMBILUICHHOMY MPUMEHEHUIO METOIOB OOYy4eHUs
0e3 yuuTesst JUisl BBISIBICHUS PEKUMOB B IIPOLIECCaxX aHadPOOHOTO cOpakMBaHMUSL.

2.2. Ilpeoobpabomra OanHbix

Jiist obecrieueHns: CONOCTaBUMOCTH MIEPEMEHHBIX, MMEIOIINX Pa3HbIE Kbl 1
(u3nUecKre eIMHULIBI M3MEPEHUS, BCE HENPEPhIBHBIE MPU3HAKH OBIIIH ITOJIBEPTHY Th
Z-CTaH/JapTU3alMK TIepe/l KiacTepu3alueid. JTOT mar HeoOXOOUM, MOCKOJIBbKY
aIropuT™Mbl, Takue kak K-Means, OCHOBaHBI Ha EBKIHMIOBBIX PAaCCTOSHUSIX,
KOTOpBIE CHJIBHO 3aBUCST OT MaciuTada nepeMeHHbIX. be3 HopManuzanuu npu3Haku
¢ OONBIIMMH YHCIIOBBIMU NHana3oHamu (Hampumep, odmrue JOKK B ror') OymyT
JOMHHHUPOBATh HaJ MPHU3HAKaMHU C MaJIbIMU JuanazoHamu (Hanpumep, pH), uto
npuBeAET K UCKaXEHHBIM KiacrtepaMm. CraHmapTusanusi mpeodpasyeT KaxIblid
MPU3HAK K HYJIEBOMY CPEAHEMY U €AMHUYHOM JUCIICPCUH, YPABHUBAS UX BIUSHHE
n oOecrieunBasi, 4YTOObI KJAacTepU3alMs OTpakaja BHYTPEHHIOIO CTPYKTYpY
JaHHBIX, a He MacmTad uamepennit (Jain, 2010). IIpeoOpazoBanue onpenemnsiercs
BBIpOKCHUEM:

rae: X — HabiogaeMoe 3HaueHHE,

[ — cpenHee 3HaYCHHE,

0 — CTaHJApPTHOE OTKJIOHCHHE NPU3HAKA.

[locne »Toif mpouenypsl Bce MPU3HAKUA CTAHOBSTCS Oe3pa3MEpHBIMH U
LEHTPHUPYIOTCS] BOKPYT HYJISI, YTO MO3BOJISICT KOPPEKTHO CPABHUBATH PA3HOPOIHBIC
OMOXMMHUYECKHE U SKCIUTyaTallMOHHBIC TIEPEMEHHBIE.

[lpusnaku, wumeBmue Oomee 50 % mpomyIlIeHHBIX 3HAYCHHUH, ObUIN
WCKIIIOYEHBI, @ OCTaBLIMECS IpOOEibl 3alOJIHEHBI METOJOM MHOKECTBEHHON
nmrytanuu k-ommkaiimmx cocenert (k = 3). Bce HempepbIBHBIE TiepeMeHHBIS
MOABEPTANNCh Z-CTAHJAPTU3ALMU JUIS YCTPAHEHHUsI MacIUTaOHBIX HCKaKCHHH.
Bbutn 1OMOIHMTENBPHO paccUUTaHbl JUATHOCTHUECKHE HHIEKCHI: COOTHOILICHHE
MIPOMMOHOBON M YKCYCHOM KHCIJIOT KaK [0Ka3aTeslb HHrHOMPOBaHHS METaHOTeHE3a;
cootHouienne CO-/CHa kak MHIUKATOp TIyOMHBI COpa’KUBaHUS; HaTypasbHBIN
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nmorapum obmer kxouuneHtpamuu JOKK mis xoppeknuy TpaBOCTOPOHHETO
CMELICHUS PacpeeIeH I ; 1 COCTAaBHON MHIEKC HeCTaOMIbHOCTH, ONPeAETEHHBIN
Kak HopMain3oBaHHas cymma z-otieHok pH, XVFA u CHa.

JUid CHWXKEHHA IIYMOB W yMEHBIICHHWS Pa3MEPHOCTH TPHUMEHSUICA aHaju3
m1aBHBIX KOMTIOHEHT (PCA); coxpaHsuTHCh KOMIIOHEHTHI, OOBSICHSIONINE HE MCHEE
95 % obmeit qucnepcun (0OBIYHO YETHIpe—TIATh). MToroBass Marpuua Npu3HaKoB
BKJtouana 741 nabmronenue u 15 nH(pOPMaTUBHBIX IEPEMEHHBIX, TPEICTABIISIFOIINX
KJIFOUEBBIE POMEKYTOUHBIE MPOAYKThI, KOHEUHbIE TPOAYKTHI U AKCILTyaTallMOHHbIE
napameTpsl aHadpoOHOTO Mporiecca.

[Tocne BeIAEIEHUS YETHIPEX PEKUMOB KaXIbIi KjacTep ObLT MPO(UIMPOBAH 110
MenaHaM, MEKKBAPTUIbHBIM IHANa30HaM 1 KO3 PULIMEHTaM BapHaLlK AJIsl BCEX
WCXOHBIX ¥ TIPOM3BOIHBIX IepeMeHHbIX. Kputepnii Kpyckana—Yommca (p <0.01)
MOATBEPANII 3HAYUMBIE Pa3InuMsl MEXIy KiacTepaMu AJsi o0el KOHLIEHTpalun
JDKK, cooTHomIeHHs MPOMUOHOBOW M YKCYCHOW KHCHOT, conepxkanuss CHa u
COCTaBHOTO HHJeKca HecTabwibHOCTH. [locT-x0K Tect JlaHHa C TMOmNpaBKOM
XonbMa BBIIBMJT HamOojiee KOHTPACTHBIE Mapbl, a O00OOMIEHHBIE 3HAYEHUS 1)’
BapeupoBamu oT 0.12 (mrs pH) mo 0.54 (s wmHIEKca HECTaOWIBLHOCTH), YTO
yKa3bIBaeT Ha cpeauue u Oonbime 3¢dexTsl. [Ipoekius HeHTponua0B KIacTepoB
Ha TepBble JIBE INIaBHbIE KOMIIOHEHTHI MOKa3aja 4éTkoe pasjenenue pexuma IlI,
xapakrepusytomierocss XVFA Bermie 1 r-n! u CHas HIKE 55 %, 9TO COOTBETCTBYET
arunoreHHon ¢aze. BpeMeHHOe coOIOCTaBIEHHE METOK KIIACTEpOB IOKa3ajo,
yTo Tiepexonbl oT pexkuma [ k pexumy III coBmamanu ¢ pe3kuMu CKaukaMu
OLR, mnomuépkuBas TEXHOJOIMYECKYI0 MHTEPIPETHPYEMOCTh KJIacTEpOB U
JEMOHCTPHUPYSl NPUMEHUMOCTh OOyueHHMs Oe3 y4yuTens JUIi MOHHUTOPHHIA U
yIpaBieHHs] TPOMBILIICHHBIMUA aHa POOHBIMHU PEaKTOpaMH B PEaIbHOM BPEMEHH.

2.3. Hexonmpoaupyemas kracmepuzayus

Jis  BBIABNEHHS CKPBITHIX OKCIUTYaTallHOHHBIX pEXHMOB B IpOIEcce
aHa’poOHOTO cOpakMBaHUS OBLIM MPUMEHEHBI TPH METOAAa HEKOHTPOIHUPYEMOU
knactepuzanuu: K-Means, DBSCAN u rayccoBeie cmeceBbie mopenu (GMM).
Knacrepuzanust K-Means Oblia cHavdana oneHeHa NpH BapbUPOBAaHUK KOIWYECTBA
KJIaCTEPOB M aHAJIM3€ KPUBOH BHYTPUKIIACTEPHON HHEpLnH (pucyHOK 3). Kpurepuii
«JIOKTS» TIOKa3ajl BBIPAXKCHHBIA W3IOM mpu k = 3, 4TO TakkKe MOATBEPIUIOCH
MaKCHUMAaJIbHBIM cpeTHUM Ko dunmentom curysta = 0,43. Takoe pazduenne naino
TPH KOMIIAKTHBIE U XOPOLLIO pa3AeiaEHHbIE IPYIIIbl, COOTBETCTBYIOIINE PA3IUYHBIM
COCTOSTHHSIM Iporecca.

Hononuutensuo npumenstics DBSCAN (Density-Based Spatial Clustering
of Applications with Noise) s uccieoBaHus IIIOTHOCTHOM CTPYKTYpbl Habopa
JAHHBIX. AHAIW3 YyBCTBUTEIHHOCTH IMapaMeTpoB IOKazaj, uTo mopor € = 0,6
SIBJISICTCSI ONITUMAJTEHBIM, UICXOIs U3 Tpadmka k-paccrostamii (pucyHok 5). Ilpu aTom
3HaueHnH DBSCAN o0benunnn GONbIIMHCTBO HAOMIOACHUH B OXMH OCHOBHOMH
KJIacTep M BBIIEJINI HOAMHOXECTBO TOUEK, IPEUMYIIECTBEHHO M3 AL[HIOTCHHOTO
peKuMa, Kak IryM. DTOT pe3yabrar nokasbiBaeT, uTo DBSCAN Oosee mogxomut 1uist
0OHapy>KeHHsI aHOMAJIMH{, YeM 151 TOJTHOH KiacCHu(pHUKAK PEKUMOB (PUCYHOK 2).
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Haxkonen, Obumm mpoTtecTupoBaHbl rayccoBble cMeceBble Mopenn (GMM),
9ToOBl y4YeCTb BO3MOXKHOE IIEPEKPBITHE paclpeleiieHnd B IMPOCTPAHCTBE
naHHbIX. GMM comace kK ToMy ke TpEXMOIOBOMY perieHuto, uro u K-Means,
MOATBEPKAAs yCTOMYMBOCTh TPEXKIACTEPHOW CTPYKTYyphl. B coBokymHocTH
KOMOWHaIMA pa30UeHNH 110 TPU3HAKaM, ITIOTHOCTHBIX ¥ BEPOSITHOCTHBIX ITOJIX0A0B
MOATBEpAMIIA CYIIECTBOBAHHE TPEX HMHTEPIPETUPYEMBIX PEXHUMOB: CTaOMIIbHAS
pabora, HauaJIbHBIN 1MCOATaHC U AllUIOTCHHBIN cTpecc.

Pesyabrarbl um o6cy:kaenue. OuuIIeHHBI HaOOp NMaHHBIX coaepxkan 741
HaOmoeHne, BEIPOBHEHHOE IO HSM, C TISITHAALATHIO Z-CTaHAAPTU3HPOBAaHHBIMU
MEPEMEHHBIMHU, MPEACTABISIONIMMU KOHLUCHTPALUU JICTYYMX >KUPHBIX KHCIIOT,
cocTaB Onorasa M SKCITyaTallMOHHBIE MapaMeTpbl. AHAJIN3 IJIaBHBIX KOMIIOHEHT
MOKa3ajl, YTO MEpBbIC MATh KOMIIOHEHTOB OOBSACHSIOT 95,6 % nucmepcuu, yTo
MOATBEPKAACT COXPAHEHHWE OCHOBHOW CTPYKTYPBl JAHHBIX B COKPAaLIEHHOM
MIPOCTPAHCTBE U O0ECIICUMBACT MHTEPIPETUPYEMYIO BU3YaTU3aMIO PE3YIBTaTOB
KJIaCTEPU3ALIH.

KMeans Clustering

DBSCAN Clustering
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Pucynox 3 - CpaBHeHHe pe3ynbTaToB Kiactepuzanuu Ha ocHoBe PCA: meton K-Means Bbiienser
TPH KOMITAKTHBIX pexnma, Torna kak DBSCAN o0beauHseT O0NBIIMHCTBO TOUCK B OMUH KIacTep,
romeyasi HEKOTOpbIe aHOMAJTHH KaK IIyM.

Ha pucynke 3 mpezicraBieHo cpaBHEHHE METONIOB kiacTepusanuu K-Means u
DBSCAN, nprMeHEHHBIX K JAHHBIM, TPE00pa30BaHHBIM METO/IOM aHAIN3a TIIABHBIX
komrioHeHT (PCA). Anroputm K-Means copMupoBai Tpu KOMIIAKTHBIX U XOPOIIO
pa3fenéHHbIX KJacTepa, COOTBETCTBYIOMIMX Pa3IHMYHBIM AKCIUTyaTallMOHHBIM
COCTOSIHUAM. B mpoTtuBomonoxxHocTs aToMy, anroputm DBSCAN mpu BeiOpanHOM
napaMmeTpe € 00beAMHNI OOIBITUHCTBO TOYEK B OAWH IUIOTHBINA KIIACTEP ¥ TIOMETHIT
JIUIIIb YacTh BBIOOPOK KaK IIyM. Takoe MoBeeHIEe MOKA3bIBAET, YTO KIacTepH3aIlys,
ocHoBaHHas Ha neHtpouaax (K-Means), Oonee moaxoaut uist Kiaccu(UKaIUu
pexxuMoB, Torna kKak rmioTHocTHas kinactepu3anusi (DBSCAN) addexruaee
paboTaeT Kak HHCTPYMEHT OOHAPYKEHHSI aHOMAJIHIA.
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Pucynok 4 - KpuBast MeToa «JIOKTs» JUTs OIpe/ieieH s ONTUMAIBLHOTO urcia kiactepos (k =3
BBIOpAHO KaK HAWTy4IIui OanmaHc).

Hanéxnocth pemenus, nomydeHHoro MerogaoM K-Means, moarBepxaaeTcs
pe3yibpTaTaMu METO/Ia «JIOKTS», MPEJICTAaBICHHBIMA Ha pucyHKke 4. Habmomanoch
pe3Koe CHIKeHHE HHEPIINH JI0 3Ha4eHns k = 3, mocie yero KpruBasi BRIpaBHUBAJIACh.
OTOT «JIOKOTHY» COBIIQJAeT C MaKCHMaJbHBIM Kod(dummentom cuirysta 0,43,
YTO MOATBEPKAAECT ONTHMAJIBHOCTh TPEXKIACTEPHOTO pelieHns. [ayccoBbl
CMeCeBbIE MOJIETTH HE3aBUCHUMO COIUTUCH K TPEXMOAAIEHOMY PACIIPEEICHHUIO0, YTO
JIOTIOTHUTENFHO YKPETUISEeT JTaHHBIH BHIBO/I.

AHaNTM3UCXOTHBIX TEXHOJIOTHYECKUX [TEPEMEHHBIX IT03BOJIMI HHTEPIIPETHPOBATH
TPH BBIICICHHBIX pekuMa. [IepBEIit KitacTep oTpakaa CTaOMIIBHBIN METaHOTEHE3,
IIpH KOTOPOM KOHIIEHTpAIMsl METaHa COCTaBIsIa OKoio 66 00.% u cymmapHOe
comepkanne JIDKK Opuio Hmke 0,5 1/71. BTOpoil KiacTep COOTBETCTBOBAI
HadaJIbHOMY JIWCOANIaHCy, XapaKTepHU3yIOMIeMyCsl KOHIIEHTpaluel MeTaHa OKOJIO
60 06.%, yposuem JDKK B penenax 0,5—1,0 1/ 1 COOTHOIIEHHEM TTPOITMOHOBOM K
ykcycHoi kuciore Boiie 0,2. TpeTuil kitactep mpencTasiisiil aluI0reHHBbI cTpecc,
st Kotoporo xapakTepHbl LJIKK cBrimie 1 1/1 u comepkanue MeTaHa HIDKE 55
00.%.

Henapamerpuueckuii kputepuii Kpyckana—Yoiica MNOATBEPAWI HAIUYHE
CTaTUCTHUYECKH 3HAYMMBIX Pa3INUnil MEXKAY KIIaCTEpaMH 110 TIOKa3aTeNsIM MeTaHa,
mokcua yrepoaa u JOKK (p < 0,01). O600ménnbie 3HaYeHUS 1> BApbUPOBAJIH OT
0,34 mo 0,54, 9To COOTBETCTBYET P dekTaM CPEIHEH U BHICOKOH BEITHMYNHEI.
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Pairplot of Clusters by Features
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Pucynox 5 - [apusrii rpaduk pactpeneseHui TPU3HAKOB MO KJIACTepaM, HOKa3bIBAIOIINH pa3InIHs
U pa3/ieIeHUe MEKAY UCXOAHBIMYU U IIPOU3BOJHBIMU TEXHOIOIHYECKUMU [IEPEMEHHBIMU JUIs
KJIaCTEPOB, NOIy4eHHbIX MeTonoM K-Means.

Pucynok 5 (mapHblii rpaduK TOpPU3HAKOB) HJUIIOCTPUPYET pasiesicHHe
BBIJIETICHHBIX PEKMMOB B IIPOCTPAHCTBE UCXOAHBIX NMepeMeHHbIX. OH MOKa3bIBAET,
YTO KOHLEHTpalusi MeTaHa, cymmapHoe coxaepxkanue JDDKK wu cocraBHOM
WH/IEKC HECTaOMIILHOCTH SIBJISIIOTCS HambOosee MH(POPMATUBHBIMH MpPU3HAKAMH,
ONpEeNeIOIIMMU  pa3inuuue Mexay pexumamu. HecmoTpst Ha  BBICOKYIO
HaISAHOCTD, OOJIBIION pa3Mep NaHHOTO rpaduKa MPernoiaraeT ero pa3MereHne
B JIONIOJTHUTEIBLHOM MaTrepuaie, TOraa Kak B OCHOBHOM TEKCTE€ MOXHO COCIaThCs
JIUIIIb Ha €T0 KIIFOUEBbIE PE3yNbTaThI.

k-distance Graph (k=4) for DBSCAN
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Pucynox 6 - I'padux k-paccrostauit st DBSCAN (k = 4), yka3siBaromuii € ~ 0,6 Kak ONTUMaJIbHBII
HOPOT JyIsi OOHAPYKEHUS AHOMAJIHH.
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[loBenenue anroputMa DBSCAN ObUIO JOMOTHHUTEIHHO HCCIEAOBAHO C
UCTIONIb30BaHUEM Trpaduka K-paccTOSHUM, NPEACTABICHHOIO Ha pPHCYHKE O,
KOTOPBIH MMOKa3aJl ONTUMAaNIbHOE 3HaUeHHE ropora € okoio 0,6. [Ipu 3ToM 3HaueHNN
DBSCAN crpynnupoBa O0JIbIIMHCTBO HAOIIOACHUH B OJJH KJIaCTEP, B OCHOBHOM
COOTBETCTBYIOLIMH CTAOMIBHOMY PEXHUMY, HPH 3TOM BBISIBUB BOCEMHA[AThH
BBIOPOCOB, MMPEUMYLIECTBEHHO CBSI3aHHBIX C COCTOSHUEM allUJOTEHHOTO CTpecca.
OTOT pe3ynbraT MOATBEPKAACT MOJIC3HOCTh MOJIENH 715l OOHAPYKEHUSI aHOMAIINH,
a HE JIJIsl CHCTEMaTH4eCKON KIacCH(PHUKALNH PEKIMOB.

Haxoner, cornocrapienne METOK KJIacTEepOB C BPEMEHHOM IIKAI0H SKCILUTyaTaun
M0KAa3aJI0, YTO MEPEeXobl OT CTAOMIIBHOTO K alUAOTCHHOMY PEXHMMY COBHAIAIN
C PE3KMMH YBEIUYCHUSIMA OPraHMYECKOM Harpy3kd, 3aperucTpUpOBaHHBIMHU
OIepaTopaMH YCTaHOBKH. Takoe cOBIaeHUE MOATBEPKAAET MHTEPIPETHPYEMOCTh
Pe3yNIBTaTOB KJIACTEPHU3ALMKI: MOAEIb 00yueHHs Oe3 y4nuTelsl He TOJBKO BBISIBUIIA
3aKOHOMEPHOCTH, paHee paclo3HaBaeMble SKCIIEPTaMH1, HO M [IOKa3ajia MOTeHLIMaI B
KauecTBE aBTOMAaTU3MPOBAHHON CUCTEMBI paHHETo NipeaynpesxacHus. Ha npaktuke
MPHUCBOCHUE HOBBIX HAOMIOACHUN allMOTEHHOMY KJIACTEPY B PEKHME PEaTbHOTO
BPEMEHH MO3BOJIUT ONEpaTopaM 3a0JaroBpeMEeHHO MPUHUMATh KOPPEKTHPYIOLIHNE
Mepbl — HANPUMEP, PETyINPOBaTh CKOPOCTH MOJaYH cyOcTpara Win MEI0YHOCTh
— Opexe YeM Npou30HAET CHIKEHHE KayecTBa Onorasa.

Hecmotpss Ha oOHagéXuBalolIMe pe3ynbTaThl, HCCICAOBAHUE HMEET
onpenenéunple orpanuueHus. OHO oxBarbiBajo mnepuon 127 nHelr u
BOCEMb PEAKTOPOB, UYTO MPHUBEIO K OTHOCHTEIBHO HEBBICOKMM 3HAUYCHHSIM
ko3pdunmenta cumysta (< 0,5) W YACTHUYHOMY TEPEKPHITHIO KIACTEPOB.
Bxitiouenre JOMONMHUTENBHBIX MOKa3aTeNed, TaKMX Kak MIEJI0YHOCTh, aMMHAaK
WIM OKHCIIHUTENFHO-BOCCTAHOBUTEIBHBIM MOTEHLUHAN, a TaKKe paclIMpeHHe
neproaa HaOMIOACHUS U TECTUPOBaHNE aJIBTEPHATHBHBIX METOAOB KIIacTepU3alun
(manpumep, fuzzy C-means WM CKPBITBIX MapKOBCKHX MOJeEJNei) MOIIH Obl
MOBBICUTh YETKOCTh TPAHUL] MEXKAY PEKMMaMH M TOYHEE OTPA3UTh MEPEXOAHBIC
COCTOSTHHMSL.

Tem He MeHee, MOTY4YECHHBIC PE3YJIbTAaThl YOCAWUTENBHO JAEMOHCTPUPYIOT,
9T0 METOAbl 00yueHHs Oe3 yuuTelsss, OCOOCHHO KiIacTepu3alus, OCHOBaHHAs
Ha LEHTPOMJAX, CIIOCOOHBI BBISABISTH 3HAUYUMbIC SKCIUTYyaTaLlMOHHBIC PEXKUMBI
B TPOMBILIUICHHBIX aHA’POOHBIX PEAKTOPAaX W MOTYT CIyKUTb OCHOBOHM JUIsi
MPOTHOCTHYECKOIO MOHUTOPHHTA U TMOJAEPKKU TIPUHSTHUS PEILICHHUHN.

3axuouenne. JlanHoe uccieOBaHME IOKAa3bIBACT, YTO METOIBI OOy4YeHHs
0e3 yuduTens, B YAaCTHOCTH KJIACTEPHBIM aHain3, MOTYT 3((QEKTHBHO BBIIBIATH
MOBTOPSIIOIIMECS AKCIUTYaTAllHOHHbBIE PEXHUMBI B IOJHOPAa3MEPHBIX aHa3pPOOHBIX
peakTopax Ha OCHOBE MHOTOMEPHBIX TEXHOJIOTHYECKHX JaHHBIX. AHaIN3
KOHLUEHTPALUH JIETYy4dX S>KUPHBIX KHCJIOT, COCTaBa OHMoOrasa W KIIIOYEBBIX
9KCILTYaTallMOHHBIX ApaMETPOB MO3BOJIMII BBIACIUTD TPU PA3IUUHBIX PEKUMA —
CTaOMIIbHBIN, TIEPEXOTHBII 1 MHTHOMPOBAHHBIN, — KOTOPBIE TECHO KOPPEIUPYIOT C
9KCITYaTallMOHHBIMH COOBITHSAMH, TAKUMHU KaK PE3KUE TOBBILICHUS OPTraHNYeCKON
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Harpy3ku. OTO MOATBEPKAACT MPUTOTHOCTh METOIOB KJIACTEPU3aLUH B KauyeCTBE
WHCTPYMEHTA PaHHEro MPEAYNPEKICHUS U TOANCPKKH MPUHATHS PEIICHUN IS
OIIEPaTOPOB YCTAHOBOK.

C npakTHYECKOH TOUKH 3pEHHUS TIOJTyUYEHHbIC PE3YJAbTaThl JEeMOHCTPUPYIOT, YTO
UACHTH(UKALUS PSKUMOB Ha OCHOBE JaHHBIX IIOMOTAET ONepaTopaM NpeiBUACTh
pa3BUTHE HECTaOWJIIBHOCTH OO CHIDKCHHS BBIXOJA METaHa, 4YTO TO3BOJISIET
CBOEBPEMEHHO MpEINPUHUMATh KOPPEKTUPYIOIINE JCHCTBHUS, MOBBIILAOIINE
CTaOMIIBHOCTH TIpOIlecca, KayecTBO Ouoraza u oOmIyro 3¢(GeKTHBHOCTE PabOThHI
yCTaHOBKH. BHenpeHue Takux WHCTPYMEHTOB B CHCTEMbI MOHHTOPHHIA MOXET
CHM3WUTBH DKCIUIyaTallUOHHBIE DPHUCKH, YMEHBIINTh SKOHOMHYECKHE TOTEPU U
crocoOcTBOBaTh OoJiee HaIEKHOMY MTPOU3BOACTBY BO3OOHOBIISIEMOM SHEPTUH.

Tem He MeHee, aHaIM3 UMEN ONpeNCIEHHbIC OTPAaHMUYCHMS, CBA3aHHBIC C
OTHOCHTEIFHO KOPOTKMM TiepuojioM HaOmiopeHnit (127 mHel), orpaHUYeHHBIM
YHCIOM PEaKTOPOB M OTCYTCTBHEM JOMOJHUTEIBHBIX (DU3NKO-XUMHUYECKUX
napameTpoB, TaKUX Kak IIEJOYHOCTb, AaMMHMAK MWIH  OKHCIHTEIBHO-
BOCCTAHOBUTENBHBIN MOTEHUUAI. DTH (DaKTOPBI MOIIM HOBIMATH HAa YETKOCTH
IpaHMLl KJIACTEPOB M OTPAaHUYHUTH BO3MOKHOCTH 0000IIEHNUS pe3ylIbTaToB Ha Oojee
LIMPOKUH TUana3oH yCIOBUI SKCIUTyaTalliH.

B nanpheimem uccienoBaHusl JOJDKHBI ObITH HampaBlCHbl HAa pacIIMpeHHE
nepuoAa HaONMIOACHMH, BKIIOUYCHHE Oojee pa3HOOOPa3HBIX YCTAaHOBOK U
MHTErpauio 0osee MUPOKUX HAOOPOB CEHCOPHBIX JTAHHBIX, a TAKXKE Ha N3yUCHHE
TMOPUAHBIX TOIXOJ0B, COUETAIONINX MEXaHUCTUIECKHE 3HAHUS C aJIlallTUBHOCTHIO
METOJI0B, OCHOBaHHBIX Ha IaHHBIX. Pa3BUTHE KJIacTepU3allui B peaJIbHOM BPEMEHU
W CO3/1aHUE MHTYUTUBHO MOHSTHBIX CUCTEM IOJICPKKH ONEPATOPCKUX PEIICHUN
CTaHyT KJIIOYEBBIMM IATaMH Ul BHEAPEHHSI 3THX METOIOB B IPOMBILUICHHYIO
MPaKTUKY M oOecredyeHust cTaOWIbHBIX, 3(P()EKTUBHBIX M yCTOWYMBBIX CHUCTEM
MIPOM3BOACTBA OHOrasa.
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Abstract. This study addresses the problem of enhancing the robustness of Voice
Activity Detection (VAD) systems against acoustic noise, which is particularly
relevant for practical applications in mobile devices and telecommunication
systems. An experimental comparison of five hybrid neural network architectures
(CNN+BiGRU, CNN+GRU, CNN+LSTM, CNN+BiLSTM, and CNN+TDNN)
was conducted using the large-scale Kazakh Speech Corpus (KSC2), augmented
with both synthetic and real noise from the ESC-50 dataset across a signal-to-noise
ratio (SNR) range of —20 to +30 dB. Mel-Frequency Cepstral Coefficients (MFCC)
were used to construct the feature space, providing informative representations of
audio signals for subsequent machine learning. The experimental results showed
that all tested architectures achieved high values of Accuracy and F1-score
(above 99.3%) across the entire range of acoustic conditions. The CNN+BiGRU
architecture demonstrated the best balance between precision, recall, and noise
robustness, whereas CNN-+TDNN stood out for its minimal computational cost
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with comparable performance metrics. Error matrix analysis confirmed the models'
ability to reliably distinguish between speech and noise, even under low signal-
to-noise ratio (SNR) conditions. These findings indicate the high suitability of
hybrid neural network architectures for addressing the VAD task in real-world
noisy environments. CNN+BiGRU and CNN+TDNN are the most promising for
practical deployment, enabling their use in mobile, embedded, and cloud-based
speech systems.

Key words: voice activity detectors, signal-to-noise ratio, recurrent neural
networks, convolutional neural networks, machine learning
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AnHoTtanmmus. byn jkympicTa naysic OJICEHIUNTIH aHBIKTAy KYHelnepiHiy
(VAD, Voice Activity Detection) aKyCTHKaIBIK KeAeprijiepre Te3iMILUIIriH
apTTBIPY MAceleci KapacThIpblIaibl. byl Maocene acipece MOOUIIBII KYPBUIFbLIAP
MEH TEeJeKOMMYHUKAIMIIBIK JKyHelepae MPaKTUKAIBIK KOJNJIaHy YIIH ©3eKTi
OoMbI TaOBLIAbl. DKCIIEPUMEHTTIK Typlae Oec THOpHUATI HEWPOHIBIK KEILTK
apxutekrypanapasH (CNN+BiGRU, CNN+GRU, CNN+LSTM, CNN+BiLSTM
xoHe CNN+TDNN) canbicTeipMaisl Tasaaysl xkyprizingi. 3eprrey Kazakh Speech
Corpus (KSC2) arThl keH ayKbIM/IbI Ka3aKIIa COMIeY KOPITYChIHA HET13/IEIIIl, OFaH
ESC-50monmiMerTep 6a3achiHaH alTbIHFaH CHHTETHKAITBIK )KOHE HAKTHI 1Ty IEHTerepi
—20 nb-nern +30 nb-re neitiH KochulAbl. benrimik KEHICTIKTI KallbITACTBIPY
YIIiH Mes-Kuimik kerncrpaibasl kodddumuentrepi (MFCC) xonmanpuigpr, Oy
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ayIMOCUTHAJIApAbl OJlaH dpi MAIIMHAIBIK OKBITY YIIIH aKIapaTThIK TYPFbIIAH
TUIMJII YCBIHYFa MYMKIHAIK Oep/i. DKCIEPUMEHTTIK HOTHKEIEp OapiibIK ChIHAKTAH
OTKCH apXUTEKTypaJlapAblH aKyCTUKAIBIK >KaFJaimapIblH OapibIK ayKbIMBIH/A
Xorapbl Janaik (Accuracy) xone Fl-score kepcetkimrepine (99,3%-nan sxorapsl)
Ko xeTKizeTiHiH kopceTTi. CNN+BiGRU apxuTekTypachl oMK, TOIBIKTHIK )KOHE
ITyFa TO3IM/IIIIK apachiHIaFbl €H KaKChl Tene-TeHmiKTi kopceTTi, am CNN+TDNN
apXUTEKTYpachl cama KOPCETKIIITepi CaJbICTRIPMallbl OOJFAaHBIMEH, EeCenTey
pecypcTapbiH a3 KaKeT eTyiMeH epekieneHesi. Kare Marpunanapsd tangay TinTi
TOMEH CUTHAJI/IIyM KaThIHACBIHJA Ja MOJCIBACPIIH Ceiliey MEeH LIyl CeHiMIi
TYpIE aXbIpaTa ajaThIHBIH pacTajbl. AJBIHFaH HOTHKeIep THOPUATI HeHpoxeri
apXUTEKTypaJapbIHBIH HAKTHI, ITYBI Kol opTana Voice Activity Detection (cetiney
OETICeHTITITIH aHBIKTAy) MOCEJIECIH MICITyre >KOFapbl OCHIMIUTITIH JToeN eI
CNN+BiGRU xone CNN-+TDNN wmozgenbaepl TpaKTUKaIbIK KOJJAaHY YIIiH
€H TIePCIEeKTUBANBI OONBIN TaOBUIABI JKOHE MYHJIAH MOJENbIASPIi MOOWIbBII,
KipICTipUITeH jkoHe OYIITTHI ColIey KyHenepiHie nainajanyra MyMKIHIIK Oepeti.

Tyiiiun ce31ep: ceitniey OesiceHALTIrH aHBIKTAYBIIITAD, CHIHAJI/IYbUT KaTIHACHI,
PEKYpPEHTTI HEHPOHIBIK JKEJiJiep, KOHBOIIOIMSUIBIK HEHPOHIBIK IKeIiIep,
MaIIHHAIIBIK OKBITY
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AuHoTamusa. B Hacrosmeidl pabore paccMOTpeHa 3ajada IOBBIIICHUS
YCTOHYHMBOCTH CUCTEM OOHapyskeHHs rosiocoBoit aktuBHOCTH VAD (Voice Activity
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Detection) kK BO3AEHCTBHIO aKyCTHYECKHX IIOMEX, YTO OCOOCHHO aKTyaJlbHO IS
MPAaKTHYECKOTO TPUMEHEHHUS BMOOMIIBHBIX Y CTPOMCTBaX UTEIICKOMMYHUKALIHOHHBIX
cucremax. IlpoBeneHo SKCHEepUMEHTaNbHOE CpaBHEHHE MSTH THMOPUAHBIX
HelpoceTeBbIX apXUTEKTyp, Takux kak CNN+BiGRU, CNN+GRU, CNN+LSTM,
CNN+BIiLSTM n CNN+TDNN Ha Gonbiiom kopryce kazaxckoil peun Kazakh
Speech Corpus (KSC2) MHCTUTYT YMHBIX CUCTEM M HCKYCCTBEHHOTO MHTEJUICKTA
Hazap6aeB YuuBepcuteTa, TOMOJTHEHHOM CUHTETHYECKAM M PEaIbHBIM IIyMOM U3
6a3p1 ESC-50 (ynuuHble 1IIyMBbI, 3BYKH KHBOTHBIX, OBITOBBIC ILIYMBI) IIPH YPOBHE
otHomieHne curHai/mym ot —20 g0 +30 nb. Jdns dopMupoBaHus MpHU3HAKOBOTO
MPOCTPAHCTBA HCIOJIb30BAIMCH MEN-YAaCTOTHBIE KEICTpalbHbIe KO3()(UIHMEHTHI
(MFCC), uro obecneunmsio MHG)OPMATHBHOE NPEACTABICHUE ayJHOCUTHAJIOB
JUIS TIOCTIEAYIOUIETO MAIIMHHOTO OOYYeHHUs. DKCIEPUMEHTAJIbHbBIC PE3yJbTaThl
MOKa3aji, YTO BCE MPOTECTUPOBAHHBIC APXUTEKTYPHl JIOCTUTAIOT BBICOKUX
3HaueHnit Accuracy u Fl-score (6onee 99,3%) Bo BceM auana3oHe aKyCTHUECKUX
ycnosuii. Apxutekrypa CNN+BiGRU npoaeMoHcTpupoBaia HanIyqui oanase
MeXly TOYHOCTBIO, TOJTHOTON M YCTOMYHUBOCTBIO K IIymy, Torna kak CNN+TDNN
BBIJICJISICTCSI MUHUMAJIBHBIMU BBIYMCIUTEILHBIMU 3aTpaTaMy MPH COMOCTaBUMBIX
MOKa3aTeNsiX KadecTBa. AHAJIN3 Marpull OMMOOK MOATBEPAMI CHOCOOHOCTH
MojieJiel Hale)KHO pa3inyaTh pedb U IIyM JaKe PH HU3KUX YPOBHSAX OTHOILICHHUS
curHain/myMm. [lomyueHnble pe3yabTaTbl CBUAETEIBCTBYIOT O BEICOKOM TPUTOIHOCTH
rUOPUAHBIX HEHPOCETEBBIX apXUTEKTyp AJs pemieHus 3agaun VAD B peanbHbIX,
3alIyMJICHHBIX YCJIOBHAX. Haubojee NEpCIEKTUBHBIMH MJISI MPAKTHYECKOTO
BHepenus sABisttoTest CNN+BiGRU n CNN+TDNN, 4T0 OTKpBIBa€T BO3MOXXHOCTH
JUISl UCTIOJIB30BAHUSI TaKUX MOJENCH B MOOHMJIBHBIX, BCTPAUBAEMBIX M OOJaYHbBIX
PEUYEBBIX CHCTEMAX.

Ki1roueBble cj10Ba: IETEKTOPHI TOJIOCOBOM aKTMBHOCTH, OTHOLICHUE CUTHaJ/
LIyM, PEKYPPEHTHBIC HEHPOHHBIE CETH, CBEPTOUYHBIC HEMPOHHBIC CETH, MAILIMHHOE
oOydeHue

Bnazooapnocmes. /lannoe ucciedosanue gunancupyemes Komumemom Hayku
Munucmepcmesa nayxu u evicuie2o oopazosanus Pecnybonuxu Kazaxcman (I panm
NeAP22684173 «Paspabomka 6blcOKOIPGDEKMUEHO20 HeEUpocemeso20 Memood
0OHapYdHCeHUsI 2010CO80U AKIMUBHOCIU NPU HUZKOM YPOGHE OMHOWEeHUs cueHau/
wymy)

Bgenenue. B coBpemenHbIx cucteMax nnpoBoii 00padoTKH peun OOHapyKeHHE
ronocoBoit aktuBHOCTH (VAD — Voice Activity Detection) urpaet BaxxHyI0 pojib 1
HCTIOJIB3YETCS B TAKUX 00JIACTAX, KaK PACIO3HABAHNE PEUH, TEJIEKOMMYHHUKALUH 1
YMHBIE T'0JI0COBBIE TOMOIIHUKH. [ [pakTHUecKH Bce COBpeMEHHbIE ayAMOTEXHOIOT N
TpeOyIOT HaASKHOU U TOYHOH paboThl cucteMbl VAD. 3T0 0COOEHHO Ba)KHO MpHU
WCTIOJIb30BAHNH TAKUX TEXHOJOTMH B MOOMIIBHBIX YCTPOMCTBAX, YMHBIX I'aJKeTax
s uatepreta Bemed (IoT) m pasmuunbIX cuctemax OeszomacHocTH. KauecTBo
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padotel VAD nHampsiMyro BiausieT Ha 3((EKTHBHOCTb T'OJOCOBBIX ITOMOIIHHKOB,
pacro3HaBaHHe KOMaHJ U pabOTy aBTOMAaTU3UPOBAaHHBIX cepBHCOB. Eciu cucrema
VAD paGotaet HecTaOMIBHO, 3TO MOXKET MPUBECTH K OIIMOKaM B PaclO3HABAaHUN
peun, 3aiepyKKaM B OTBETaX YCTPONUCTB MK JIaXke COO0sIM B paboTe BaXKHBIX CEPBHCOB,
9TO OCOOCHHO KPUTHYHO Jisi OE30IaCHOCTH M IOBCETHEBHOTO HCIOJIb30BaHMUS
COBPEMEHHBIX TEXHOJIOTHH.

Bo MHOTUX JKM3HEHHBIX CUTYyallUsIX — HalIpuMep, B aBTo0yce, Ha 3aBOJIC MU B
LIYMHOM TOPTOBOM LIEHTPE — T0J0C TPYIHO PACHO3HATh U3-3a CHIIBHOTO (POHOBOTO
mryma. [lostomy 3aiaua HafEKHOTO OOHAPYKEHHS PEU MPHU HU3KOM OTHOIICHHUU
curHan/mym (OCILL) ocraeTrcs odeHb BakHOH. B 1mogoOHBIX yCIIOBHAX OOBIYHBIC
CHCTEMBl 4acTo OMIMOAIOTCs, BEAb pPEYb IOYTH CIUBACTCS C OKPYKAIOMIMMHU
3ByKaMH, M BBIICIUTH €€ CTAHOBUTCS CIOKHO. TpaguunoHHble anroput™Mel VAD
obictpo TepsoT sddexruBHocTs nmpu OCIL mmwxe 0 gb, 4ro orpaHnyuBaeT
BO3MOKHOCTH aBTOMATHYECKUX PEUEBBIX CUCTEM B MPAKTUUECCKHUX MPHUIOKEHHSIX.

CoBpeMeHHBIC TEHACHIMN PAa3BUTHSI UCKYCCTBEHHOTO MHTEJUICKTa MO3BOJISIOT
coznaBath HelipocereBble VAD-cucTeMbl, CIOCOOHbIE alallTUPOBATHCS K IIyMy U
3¢ PEeKTUBHO PadOTATh NAXKE B CIOKHBIX aKyCTHUECKUX yciaoBusaX. OqHako 3a1a4n
obecrieueHust ycroiunsoi padotsl VAD npu sxctpemanbao HuskoM OCILL a Taxoke
aJlanTaluy TaKUX CHCTEM [UIsl SI3bIKOB C OIPaHUYCHHBIM O0BEMOM OOYyYarOLIMX
JaHHBIX M BHEAPCHHS B YCTPOHCTBA C OrPAaHMYCHHBIMU BBIYUCIUTEIBHBIMU
pecypcamu Mo-npexHEMy OCTaIOTCsl HepeLIeHHBIMU. BbIcOKasi BOCTpeOOBaHHOCTD
B TaKHUX HMCCJICIOBAaHMAX CBs3aHAa ¢ HEOOXOIUMOCTBIO MOBBIIICHUS HAACKHOCTH,
TOYHOCTH M YHHBEPCAIBHOCTH TOJI0COBBIX HHTEP(EHCOB AT TEIIEKOMMYHHKALIUH,
TpaHCHOPTa, MHAYCTPUH OE30MAaCHOCTH, POOOTOTEXHUKH U LU(POBBIX CEPBHUCOB.
[losTOMy HayudHBIE HCCIIEOBAaHUs, HalpaBICHHbIC HAa Pa3padOTKy yCTOWYMBBIX
K IIyMy HeWpoceTeBbIX cHcTeM VAD, cOXpaHSIOT CBOIO aKTyaJlbHOCTb U
MPAaKTHYECKYI0 3HAaYMMOCTh JUIsl JAajbHEHIEr0 pa3BUTHS HHTEIJICKTYaJbHbBIX
ayAMOTEXHOJIOTHH.

Knaccuueckue anroputmsel VAD 0asupyrorcss Ha MPOCTBIX CTATHCTHYECKUX
MpU3HAKaX — TaKUX KakK SHEPrus, HyJaeBas yacToTa nepecedeHuid (Zero Crossing
Rate), ciekrpanbHas sHTponus, nuHeiHoe npeackazanue (LPC) u cnexkrpansHoe
BbluuTanue. OHM XapakTEPU3YIOTCS HHM3KOM BBIYMCIMTEIBHON CIOKHOCTBIO
1 BBICOKOM CKOPOCTBIO, UYTO yZOOHO Ui paboThl B peasibHOM BpeMeHH. OpHako
npu cawkeand OCIL wmwxe 5 n1b ux sddexruBHocTs pesko nanaer (Lu, 2010;
Hu, 2007). bonee coBepiieHHBIE CUCTEMBI, peain3oBaHHbIe B Kojekax G.729B,
AMR n WebRTC, ucnonb3ytoT crieKTpajibHyI0 SHEPTHIO U 3BPUCTUKHU, OCTABasICh
HagexubiMu npu OCLL > 10 b, Ho cTanoBsiTcs HeycTounBbiMu Tpu OCIL < 0 nb
— pacTeTr KoJM4ecTBO JIOKHBIX cpabareiBanmii (FP — False Positive) u mpomyckos
peuan (FN — False Negative).

Jis oBeIIeHNs yCTOMYUBOCTH VA D IPUMEHSIOTCS METOIBI ITyMOIIOAABIEHUS
— MHUHHMMH3AIH CIeKTpaibHOM sHTpormu (SMPR), cnekrpanbHoe BblYMTaHHE
(SS), BeiiBner-npeodpazoBanuss (DWT) u ux koMmMOWHAIMKM C alropuTMamMu
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MaIIMHHOTO 00y4eHusi. [ uOpuaHble apXUTEKTypbl, Takue kak SSTDWT+SVM,
JIEMOHCTPUPYIOT BbIcOkHe mnokasatenu kadectsa (PESQ, STOI) maxe npu —10 a1b
(Igbal, 2025; Nagaraja, 2024), onHako TpeOyIOT PyYyHOH HACTPOWKM MPU3IHAKOB
W HemocTatodHo 3((EeKTUBHBI NpU JUHAMHUYECKHX IIymax. [IpemiosKeHHbIN
MeTo nuHaMudeckoit punmpTpanuu D-FBSS ¢ otaensapiMu DNN-mMogemsvu ayis
Pa3HBIX THIIOB IIyMa yayd4inaeT TouHocTh (Aliouat, 2025), HO TpeOyeT OONbIINX
00y4alomyX JaHHBIX U PECYPCOB.

C pacmpocTpaHeHHEM IIyOOKOro OOydeHHMs HWHTEpeC K HEHpPOCETeBBIM
apxutektypaM VAD pe3ko Bo3poc. OHHM MOKa3bIBAIOT JIYUIIME PE3yJAbTaThl 110
TOYHOCTH 1 00o0maromeil cnocobnoct B ycnousx myma (Hughes, 2013; Soni,
2021). Cseprounsie cetr (CNN) ycCIenrHO HM3BJICKAIOT yCTOHYHMBBIC BPEMEHHO-
yactotHble npu3Haku (Tan, 2024), pexyppentasie LSTM u GRU yuuthBator
BpeMmeHHble 3aBucuMoctu (Han, 2024), a nBynanpasnennsie BiLSTM, BiGRU
MOBBIIIAIOT TIOJHOTY, XOTS MEHee MOAXOIAT Juisi peanbHOro Bpemenu (Wilkinson,
2021; Suvorov, 2018). TDNN (Time Delay Neural Network), amantupoBanHsie
n3 ASR, obecrieunBaror 3¢hekTnBHYI0 00pabOTKY BPEMEHHBIX 3aBUCHMOCTEH C
HU3KOM 3aJIep’KKON U BBICOKOH YCTOWYHMBOCTHIO K Trymy (Snyder, 2017).

CoBpemennble TuOpuanele  pemenus (Hanpumep, DWT-CNN-MCSE)
obecrieunBaroT npupocT TouHoctu pacnosHaBanus npu OCLL —10 ab (Cherukuru,
2024), uzBiexasi IPOCTPAHCTBEHHO-BPEMEHHbBIC MPU3HAKU. OIHAKO OOIBITUHCTBO
WCCIIEIOBAaHUI OrpaHWYCHO (UKCHPOBAHHBIMH ypoBHsIMH Imyma (=5, 0, 5 ab),
penxo oxBateiBaeT OCIL aHke —10 nb, pokycupyeTcs Ha aHITIOA3BITHBIX KOPITYCax
(TIMIT, LibriSpeech) u penko orleHNBaeT BRIYUCIUTEIHHYIO CIOKHOCTH MOJIEIEH.

HecmoTtpst Ha coBpeMeHHbIE TOCTHKEHHSI, 3aja4a TOYHOTO OOHAPYKECHUS Peun
npu oyenb HuzkoM OCIHI (mo —20 nb) ocraercss HepelmweHHOW, OCOOCHHO ISt
SI3BIKOB C OTPaHHMYEHHBIM 00BbeMOM (DOHETHUECKUX JTAHHBIX, HATPUMEDP Ka3aXCKOTO.
AKTyaJIbHBIM CT@HOBUTCSI HCIIOJIb30BAHUE PEATTUCTUYHO 3allyMIICHHBIX JAHHBIX
(KSC2 (Mussakhojayeva, 2022), ESC-50 (Piczak, 2015), wnccrmemoBanme
pasubix HeipoceTeBblx apxurekTyp (CNN+BiGRU, CNN+GRU, CNN+LSTM,
CNN+BiLSTM, CNN+TDNN), anamu3 Merpuk kadectBa (Accuracy, Recall,
Precision, F1), Bmusaus OCHI (—20...+30 nb) u GanaHca MeXay KaueCTBOM U
BBIYMCIIUTEIbHON CIOXKHOCTBbIO Mojienield. Bce 3T0 MmoATBEpkKIAET aKTyalbHOCTh
pa3paboTku ycToMuuBHIX 1 3(pdexTuBHbIX VAD-crctem 1t paboThl B peaibHBIX
LIYMHBIX YCJIOBHSIX.

Martepuansl u MeToAbl. B kauecTBe naHHBIX Hcnonb3oBaics Kazakh Speech
Corpus (KSC2), conepxammii 3amucu 30 TUKTOPOB, K KOTOPBIM J[0OABJISUINCH
pa3InvHbIe TUIHI ITyMOB (Oelblii, OBITOBOM, IPUPOJTHBIHN, TOPOJCKOH, JKHBOTHBIE)
n3 Habopa ESC-50. Bee 3ammcu 0bu1m pazmMHokeHbI ¢ ypoBHsAME OCII ot —20 1o
+30 nb, 4ro obecneumsio MMPOKUN CHEKTP aKyCTHYECKHUX cleHapueB. Ha srtame
00paboTKN ayanodaiibl ObUTH aBTOMATUYECKH CETMEHTUPOBAHBI Ha OTIEIbHBIC
cimoBa (cmoBOOPMBI), W3 KOTOPHIX 3aTeM M3BICKAINCh MEJI-9aCTOTHBIC
kerictpanbHble K03 Punuentsl (MFCC), HopManu3oBanHbIe B quamaszone [0, 1].
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Mopnenn o0ydanuch M TECTUPOBAJIMCH Ha cOATaHCHPOBAaHHBIX IO KiaccaM
BBIOOpPKAX, pasfelieHHbIX 1Mo nukTopam B mporopuuu 80:20. beutn peanm3zoBaHbl
maTh TUOpUAHBIX HelpocereBbix apxuTekryp (CNN+BiGRU, CNN+GRU,
CNN+LSTM, CNN+BIiLSTM, CNN+TDNN), pasnu4aommxcss THIIOM
PEKYPPEHTHBIX U CBEPTOUHBIX c0eB. OOyueHue MpOBOAMIIOCH C UCIIOIb30BAHHEM
Adam-ontumuzaropa u  ¢GyHKOMM — moTepb  categorical  crossentropy.
D¢ dexTuBHOCTH MOIENIEH OLleHUBaach 0 MeTpukam Accuracy, Precision, Recall,
Fl-score n ananuzy marpun omrOoK Ha pa3Hbix ypoBHAX OCIL. DkcnepuMeHTh!
BBIMOJTHSUTUCH Ha BeruncnuTensHoH margopme ¢ GPU RTX 4090 u coBpeMeHHBIMU
nnctpymentamu Python (Librosa, TensorFlow, Scikit-learn).

Pe3yabrarpl. {711 OLEHKH KauecTBa JETEKTHPOBAHUS PEUCBOM aKTHBHOCTH B
3alIyMJICHHBIX YCJIOBHSX OBUIM IPOTECTUPOBAHBI MATh THOPUIHBIX HEHPOCETEBBIX
apxutektyp: CNN+BiGRU, CNN+BiLSTM, CNN+GRU, CNN+LSTM wu
CNN+TDNN. Bce Monmenu o0ydanuch ¥ TECTHPOBAINCh HAa €IWHOM JaTracere C
BapbupyeMbiM OCIII ot —20 o +30 b, uTo 00ecneunio 0ObEKTUBHOE CPAaBHEHUE
UX TPOU3BOIUTEIBHOCTH. OLICHKA Belach MO CTAaHAAPTHBIM METPUKaM OMHApHON
knaccudurarnmu: Fl-score, Accuracy, Precision m Recall, 4ro mo3Bomser
KOMIUIEKCHO OLICHUTH PadOTy MOENIEH B pa3HbIX aKyCTHUECKUX YCIOBHSIX.

Ha pucynke 1 npencrasnena AuHaMHUKa W3MEHEHHUS] TOUHOCTH KJlacCH(UKAINN
(Accuracy) B3aBucumocti oT ypoBHst OCLL 11 Bcex mpoTecTUPOBaHHBIX MOZIEIIEH.
[To mepe yBenmuuenus 3nauenust OCIL nabmonaercst ctabunbHBINA pocT Accuracy
U KaKOol apxuTekTypbl. CienosarensHo, yxxe nmpu 3HadeHHax OCII Boime 0
nb TOYHOCTH Bcex Mojenel mpeBbiaeT 95%. DTo MoATBEpkIaeT COCOOHOCTh
apxuTekTyp 3(dekTuBHO paboTaTh B OTHOCHUTEIBHO YHUCTHIX AaKyCTHYECKHX
YCIIOBHSIX.
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Pucynok 1 — 3aBucumMocts o6miet Tounoctr ot ypoBHst OCIL y1s Bcex npoTecTHpOBaHHBIX
Mozienei
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Opnnako B obmactu orpurnarenbHbix 3HadeHnin OCHI (ot —20 ab mo 0 ab)
MPOSIBIISIIOTCS  XapakTepHbIE  pasinuus MEXAYy MOACISIMH. APXUTEKTYpHI
CNN+BiGRU u CNN+LSTM mnokaspiBaioT Oosee BBICOKHE 3HA4CHHUS Accuracy
Ha BCEM LIYMOBOM [HAaIla30HE, COXPaHAs JIMACPCTBO Aa)e NMPH 3KCTPEMaTbHOM
ypoBHe 3amrymnenns. Hanporus, mis CNN+TDNN 1 CNN+GRU xapakrepHO
cymiectBeHHoe cHmxeHne TogyHocty npu OCIL vmke —10 nb, uyto orpanndnBaer
UX IPUMEHEHHUE B 0CO00 CIOKHBIX aKyCTHUECKUX yCIOBHUSIX.

Takum o00Opa3oMm, CpaBHUTEIBHBIM aHanmu3 Ha BceM auanazoHe OCILI
JEMOHCTPHUPYET PasHylO CTENEHb YCTOHYMBOCTH MPOTECTHPOBAHHBIX MOJENCH K
LIYMOBBIM MCKQXCHHUSIM, YTO HEOOXOJMMO YUUTBIBATh MPHU BBHIOOPE apXUTEKTYPHI
JUISl IPAaKTUYECKHX 3a/1a4 B PeasibHBIX YCIOBHUX SKCIUTyaTallu.

B Tabmuue 1 mnpencraBnensl ycpenHeHHble 1o BceMm 3HaueHusM OCILI
pe3ynbraThl sl Kaxkoi apxutekTypbl. HauBbicime 3nayenns Fl-score (99,6%)
nokazanmu Mofienmn CNN+BiGRU, CNN+LSTM u CNN+GRU, u9Tto oTpaxkaer nx
BBICOKYIO COITIACOBAaHHOCTH B KJIACCU(UKALIMU PEUCBBIX U HEPEUEBBIX CETMEHTOB.

Tabnuna 1. CpaBHeHNE METPHK KIIACCU(PUKALINH JUIS PA3IMIHBIX HEHPOCETEBBIX apXUTEKTYP
pU BapbHpytomemMcs ypoBHe oTHoureHus C/111

Monens F1, % Precision, % Accuracy, % Recall, %
CNN+BiGRU 99,6 99,4 99,6 99,8
CNN+BILSTM 99,5 99,2 99,6 99,8
CNN+LSTM 99,6 99,5 99,7 99,8
CNN+TDNN 99,3 98,7 99,3 99,9
CNN+GRU 99,6 99,3 99,6 99,9

MaxkcumansHas Accuracy (99,7%) otmeuena y CNN+LSTM, nemoHCTpupys ee
CTaOMIIBPHOCTH TI0 BceM ycloBHsiM TectupoBanHus. Mogens CNN+TDNN, xots u
MoKa3ara MUHIMaJbHoe 3HadeHne Accuracy (99,3%), obecrieunia MaKCUMaTbHBIN
Recall (99,9%), uTo CBHIETENBCTBYET O BHICOKONH YYBCTBUTEIHLHOCTH K PEUECBBHIM
coOprtusiM  paxke mnpu HE3koM OCII. Takum o00pa3oM, pa3mudus MexIy
ApPXUTEKTypaMU TPOSBISIFOTCS B OallaHCe MEXIy TOYHOCTHIO W TOIHOTOW, YTO
BaYXHO TIPY BHIOOpE MOAEIH ISl TPAKTHIECKOTO BHEIPEHHS.

[lapamerpsl oOyueHust npuBeAeHbl B Tabmume 2. Jms Bcex wmopeneit
WCTIOIh30BAIIMCH OMHAaKOBbIe ycioBus: 10 smox, pazmep Oatda 1024. Accuracy
Ha oOyuaromieil ¥ TecToBOW BBIOOpKax cTaOMiIbHO aocTturana 96% s Bcex
apXUTEKTyp, 3HaYeHus Loss — B quanazone 9,8—10,5%.

Tabmuua 2. Pe3ynbrarel 00yueHHsT MOJIEINICHi: TOYHOCTD, TOTEPU U KOJIMYECTBO ITapaMeTPOB

Mogens KonmuectBo | TouHOCTB ITorepu Konmuectsa
SIOX (train/test) (train/test) apaMeTpoOB
CNN+BiGRU 10 96%/96% 9,8%/9,9% 11 106
CNN+BiLSTM 10 96%/96% 9,8%/9,8% 13 538
CNN+GRU 10 96%/96% | 10,2%/10,1% 6 050
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CNN+LSTM 10 96%/96% | 10,1%/10,3% 7010
CNN+TDNN 10 96%/96% | 10,4%/10,5% 5650

Kpome Toro, Ha pucyHke 2 MpeACTaBICHBI JETAIN3UPOBAHHBIC TpadHKH,
WUTIOCTpUpYIOIUE Tporece o0yueHust HeripocereBoit monenun CNN-BiGRU. Ha
JIeBOM Tpaduke oToOpaXkaeTcsi TUHAMUKA U3MEHEHUsI 3HaYeHUs1 (PYHKIINHU MOTEPh
(loss — st oOyuarorteit BeIOOpKH, val loss — 1yist BAJIMAAIIMOHHOMN ), & Ha TPABOM —
M3MEHEHHE TOYHOCTH Kiaccudukamu (acc — s oOyuaroriei BeiOopku, val acc
— JUTS BATMAAIMOHHON ) Ha MPOTSIKCHUU BCEX ATIOX O0yUCHHS.

0134 -l 0.9625 |
—=— val_loss
0.9600 1
| o
i 012 £ 0.9575 -
o
= o011l $ 0.95501
0.9525 1 —8— acc
0.10 4 0.9500 1 —=— val_acc

2 4 6 8 10
Epoch Epoch

Pucynoxk 2 — O6yuenue mogemn CNN-BiGRU

Kak BumHO M3 rpaduKoB, Ha TIEPBBIX 3Tanax 00y4eHUs] HAOMIOMAETCs OBICTPOE
CHIDKEHUE 3HaYeHUS (DYHKIIMH TOTEPh, YTO CBHJIETEIILCTBYET O OBICTPOIA afjanTaiun
MOJIeNH! K TaHHBIM. [lapaiensHo ¢ 3TuM (pUKCHpyeTCs yCTORYHUBBIN pOCT TOUHOCTH
KJIacCU(UKaMU Ha 00enX BBIOOpKaxX. Yke K 6—7-i 31moxe Monenb A0CTHUTaeT
BBICOKOU TOYHOCTH — Ooiee 96%, a 3HadeHHns (YHKIUU TTOTePh CTA0MIN3HPYIOTCS,
YTO yKasbIBaeT Ha 3aBeplieHne (a3bl aKTUBHOTO OOYYEHUS U MEPEXO] K PeKUMY
yCTOH4MBOI paboThl Oe3 nmpu3HakoB nepeolydeHus. OTCyTCTBHE CYIIECTBEHHOTO
pacXOXKIIEeHUS] MEXKIY KPUBBIMH Ui OOydaromed W BalWJAIlMOHHOW BBIOOPOK
MTOJITBEPIKTAET, UYTO MOJIETh 00Ja/laeT XOPOIIed CIIoCOOHOCTBRI0 K 00OOIICHUIO U
HE CKJIOHHA K Iepe00ydeHHUI0 Ha 00yJaroIiX JaHHBIX.

Tarxke Tpapukn NIWHAMUKKA OOYyYEHHUS CBHIIETEILCTBYIOT O CTaOWIBHOMN
CXOAMMOCTH ¥ OTCYTCTBHH IepeoOydeHus. Yucimo mapameTpoB y Mogenei
Bapbupyercs oT 5 650 (CNN+TDNN) no 13 538 (CNN+BiLSTM), uto oTpaxaer
pas3nuuus B apXUTEKTYPHOH CIOXKHOCTH W TIOTEHIIMAIFHOM BIIMSHUU Ha
BBIYHCIIUTEIIBHBIE 3aTPAThl B PEATbHOM ITPUMEHEHUH.

Ha pucynke 3 mokazano, kak Fl-score momenn CNN+BiGRU wmensiercs
B 3aBucumoctu ot OCII. TIpu OCLI -20 ab Fl-score coctaBmser 46%, uto
CBUJIECTEIBCTBYET O PE3KOM CHIDKCHHHM Ka4ecTBa KIIACCU(PUKAIIMH B YCIOBUIX
AKCTPEMATHHOTO IIyMa.
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Tennosas kapTa Fl-score mogenn CNN+BiGRU no ypoBHam C/LL
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Pucynok 3 — 3aBucumocts F1-mepsr ot 3navenus otnommennst C/1 s mogern CNN+BiGRU

Vxe npu —12 1b F1-score Bo3pacTaet 10 91%, 1eMOHCTpUPYs BOCCTAaHOBIIEHUE
s dexTuBHOCTH naxe npu oTpunarensHbix 3HaueHusx OCILL. ITpu OCLI Bbime
—4 nb F1-score crabunbHo mpebimaet 98% otk 10 +18 1b, orpaskas BeIcoKyto
ycToiunBOCTh MOJIeNu. B nuanazone ot—18 nb 10 —4 nb Habmogaercs HanOOIbIIUN
npupoct Fl-score, yTo yka3pIBaeT Ha YyBCTBUTEIBHOCTh MOJIEIH K YPOBHIO IIyMa
B HauOoJee CIOXKHBIX YCIOBUAX. Takas 3aBUCHMOCTH IO3BOJISCT OINMpPEACTHUTH
Jrana3oH paboynx peKMMOB MOJCIH U IPaHHIIBI, TIPH KOTOPBIX 00eCleunBaeTCs
TpeOyeMoe KaueCcTBO KIacCU(PHUKALIUH.

Jnst metanpHOTO aHalM3a XapakTepa OMMOOK KiacCH(HUKAIMK PacCMOTpeHa
mozaens CNN-+BiGRU na ypoBne OCLI —6 nb — 3ToT ypoBeHb BBIOpaH Kak
MOKa3aTeNbHBIN JIsl CPAaBHEHUS, IIOCKOJIBKY OH MO3BOJISICT BBISIBUTH OCOOCHHOCTH
paboThI apXUTEKTYPHI B CIIOKHBIX, HO HE AKCTPEMANIbHBIX, ITYMOBBIX yCIIoBHsAX. Ha
pUCYHKe 4 MpHUBe/IeHa HOpMaJIU30BaHHAasi MaTpuIla omuook (confusion matrix) s
CNN+BiGRU, orpaxaro1ias 7011 MPaBHILHO U OMTHO0YHO KJIaCCH(DHUIIMPOBAHHBIX
CErMEHTOB IO KJIACCaM «PEUb» U «IIyM».

Confusion Matrix -615

Predicted
peub

IyM

peus urym
Actual

Pucynok 4 — Marpuns! ommbox CNN+BiGRU nipu HuskoM ypoHe OCLL
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Jnsi gaHHOW apXUTEKTYpbl TOYHOCTH OMNpPEICNICHHS PEUYEBBIX CETMEHTOB
coctaBisier 92,81%, a mymoBeiXx — 97,79%. Jlodas J0XKHOMONOXKHUTEIbHBIX
pesynbraroB (False Positives) cocrasnser 2,21%, a noxaoorpuiiarenbhbix (False
Negatives) — 7,19%. Takoii aHanu3 MO3BOJSET HATNIATHO MPOJEMOHCTPHUPOBATH,
YTO Ja’Ke NMPHU 3HAUYUTEIBHOM YPOBHE AKyCTHYECKHX IOMEX MOZAEIb COXpPaHsET
npUeMJIEMBbIH  OalaHC MeXIy TOYHOCTBIO M MOJHOTOW, KOPPEKTHO pasjinyas
OOJIBIIMHCTBO PEUYEBBIX U HEPEUEBBIX (PPArMEHTOB.

Bri6op umerno CNN+BiGRU o0yciioBiieH TeM, 4To 3Ta apXUTEKTypa COYeTaeT
BBICOKHE II0Ka3aTesIl KadecTBa C YCTOMYMBOCTHIO K IIYMY, U MOMKET CIIY)KUTh
HaIUBITHBIM TIPUMEPOM THITUYHOTO PACTpeNeleHns OMIMOOK Ui COBPEMEHHBIX
HeMpoceTeBbIX VAD-cUCTEM MPU CIOKHBIX aKyCTHYECKUX CIICHAPUSX.

OOcy:xknenue.  IlomyueHHble — pe3ynabTaTbl — IOKa3bIBAIOT, 4YTO  BCE
MPOTECTUPOBAHHBIC HEHpPOCETEBBIE APXUTEKTYpHl 00ECHEUMBAIOT  BBICOKOE
KauecTBO OOHApy)XCHUS PEUYEBOM AaKTMBHOCTH IPH IIUPOKOM JIHANla30HE
ypoBueii OCIL. Apxurektyper CNN-+BiGRU, CNN+LSTM u CNN+GRU
nocTurm MakcumanbHoro Fl-score (99,6%), 9To CBHACTENHCTBYET O HANEHKHOU
KJIACCU(DUKAIIMHA PEUYH JaXKe B CIOXKHBIX ycioBusax. Mogens CNN+LSTM raxoke
MoKa3aja HauBbICIIyIO cpeHioro Accuracy (99,7%), a CNN+GRU u CNN+TDNN
oTmamIrich MakcumainbHbIM Recall (99,9%), uto BaxHO U1 3a7a4, TA€ KPUTHYHA
MOJTHOTA OOHAPY KEHHSL.

CNN+TDNN npu MUHEMaJIbHOM 4YHcie rnapameTpos (5 650) nemMoHCTpupyeT
CPaBHUMYIO TOUHOCTb ¢ 00JIe€ CIOKHBIMU MOJEIISIMHU, UTO AEJIaeT €€ ONTUMAIbHOI
IU1s1 BCTPOCHHBIX CHCTEM C OrpPaHMYEHHBIMU BBIYHUCIUTEBHBIME PECYPCaMH.

Poct Fl-score u Accuracy mogmeneit ¢ yBenumuenuem OCII moaTBepknaer
ux ycroiunBocTh K 1mymy. Tak, y CNN+BiGRU nmpu OCIL —12 nb Fl-score
npesbimaer 90%, a nmpu OCI > 0 gb crabunbHo mpesbimaer 98%. Marpuna
omm6ok st CNN+BiGRU npu OCI —6 nb noaTeepkaaeT c6anaHCHPOBAHHOCTh
[I0Ka3aTesiel TOYHOCTHU U MOJIHOTHI Jaske IIPH CHIIbHBIX IIOMEXax.

CpaBHEHHE apXHUTEKTyp TAaKKe IOKa3bIBAaET, YTO Oosiee CIOKHBIC MOIEIH
TpeOyIoT OOJIbIIe BPEMEHH M PECypCcOB Ha 0OyueHHEe, HO HE BCErAa 3HAYUTEIbHO
MPEBOCXOJIAT 10 KauecTBY 00JIee KOMITAKTHBIE PEILICHHUSI.

Takum o6pazom, CNN+BiGRU u CNN+TDNN Mo0XHO paccMmaTpuBarh Kak
Hambonee cOanaHCUPOBAaHHBIE MO KAYECTBY M BBIUMCIUTEIBHON 3(PPEKTHBHOCTH
BapUaHThI AJIs1 IPAKTUUECKOI0 IPUMEHEHHSI B LIYMHBIX aKyCTUYECKHUX YCIOBHUSX.
B nmanbHeiimem TpeOyercsi wuccienoBaHue padOThl MoOIeNell Ha peajbHbBIX
ayAMOINOTOKAX U C TUHAMHUYECKUMH LTyMaMHu.

3akmouenne. B nanHol paboTe BBITIOIHEHO 3KCIIEPUMEHTAIBHOE CPaBHEHHE
MATH THOPHIHBIX HEHpPOCETeBBIX apXUTEKTyp, Takux kak CNN+BiGRU,
CNN+GRU, CNN-+LSTM, CNN+BiLSTM u CNN+TDNN w1 AeTeKTUPOBaHUS
pedeBoil akTUBHOCTH VAD B yCIOBUSIX HIMPOKOTO JMAINA30HA LIYMOBBIX MTOMEX.
Hns ananusza ucnoib3oBancs Kazakh Speech Corpus (KSC2), nomomHeHHbIf
peanuctuuabiMu mymamu u3 ESC-50 nmpu OCHI ot —20 no +30 ab, a B kauecTse
npusHakoB npumensucs MFCC.
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[lomy4yeHHble pe3ynbTaThl MOKA3alM, YTO BCE MPOTECTUPOBAHHBIC MOJEIU
00ecCIeunBaloT BHICOKOE KauecTBO Kiaccu(UKallMy Ha BCEM JWara3oHe yCIOBUI
(Accuracy un Fl-score cBoime 99,3%). Jlyummii ©ananc MexXIy TOYHOCTBIO,
MOJTHOTOM M yCTOWYMBOCTBIO TIpoZieMOHCTpupoBaa apxutekrypa CNN+BiGRU, a
CNN-+TDNN nokasala BBICOKUE PE3yAbTaThl IPU MUHUMAJIbHON BEIYMCIUTEIBHON
CJIOKHOCTH, YTO 0COOCHHO BaYKHO JUISI BCTPAUBAEMBIX PEILICHUH.

AHanmu3 MaTpul OMMOOK TOATBEPAWI, 4YTO MPEAJIOKEHHBIE MOAXOIbI
MO3BOJISAIOT 3()(EKTUBHO pa3AeisATh Pedb M IIyM JaXKe NPU HU3KUX 3HAYCHUSX
OCLI. HauGosnee mepcrneKTUBHBIMU ISl MPAKTHUECKOTO BHEIPEHUS SIBIISIOTCS
apxutekTypbl CNN+BiGRU u CNN+TDNN, npuroassie Ui MCHOIb30BaHUS B
TOJIOCOBBIX ACCHCTEHTAX, TEJICKOMMYHHUKAIIMOHHBIX 1 MOHUTOPHHIOBBIX CUCTEMAaX
B CJIOXKHBIX aKyCTHUECKUX YCIOBHSIX.

B mepcriexktuBe mpennonaraeTcss WHTETpanms paspadotaHHbX VAD-mopeneit
C IpYyTUMH cHCTeMaMu 00pabOTKM ayAHOCHIHAJIOB, TAKMMH KaK aBTOMAaTHYECKOE
pacro3HaBaHUE PEUd U CUCTEMbl HHTEIJUICKTYaJILHOTO YIIPABICHUS, AJIS1 CO3JaHNUs
KOMIUIEKCHBIX PEIICHHH.

References

Aliouat M., Djendi D. (2025) An Efficient Speech Enhancement Algorithm Using Dynamic Filter
Banks Based on Noise Type, International Journal of Speech Technology. — Vol. 28. — P. 65-79.
https://doi.org/10.1007/s10772-025-09999-2 (in English)

Cherukuru S., Mustafa G. (2024) A DWT-CNN-MCSE-Based Speech Enhancement System
for Improved Speech Recognition in Noisy Environments, Journal of Ambient Intelligence and
Humanized Computing. — Vol. 15(4). — P. 1235-1249. https://doi.org/10.1007/s12652-023-04513-
8 (in English)

Han L., Om C.-N., Kim U.-I. (2024) A Gated Recurrent Unit Based Robust Voice Activity Detector,
Multimedia Tools and Applications. — Vol. 83(14). — P. 41939-41949. https://doi.org/10.1007/
$11042-023-17123-w (in English)

Hu Y., Loizou P.C. (2007) A Comparative Intelligibility Study of Single-Microphone Noise
Reduction Algorithms, The Journal of the Acoustical Society of America. — Vol. 122(3). — P. 1777—
1786. https://doi.org/10.1121/1.2757668 (in English)

Hughes T., Mierle K. (2013) Recurrent Neural Networks for Voice Activity Detection, Proceedings
of the IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP). — P.
7378-7382. https://doi.org/10.1109/ICASSP.2013.6639132 (in English)

Igbal M.M., Arain S.S., Talpur A.A., Shaikh A.A. (2025) An Enhanced Speech Enhancement
Model Based on SS and DWT for Improved Noise Suppression, Applied Acoustics. — Vol. 214. —
Art. 109430. https://doi.org/10.1016/j.apacoust.2023.109430 (in English)

LuY., Loizou P.C. (2010) A Geometric Approach to Spectral Subtraction, Speech Communication.
— Vol. 52(7-8). — P. 614—627. https://doi.org/10.1016/j.specom.2010.01.005 (in English)

Mussakhojayeva S., Khassanov Y., Varol H.A. (2022) KSC2: An Industrial-Scale Open-Source
Kazakh Speech Corpus, Proceedings of the 23rd INTERSPEECH Conference. — P. 1367-1371. (in
English)

Nagaraja N., Kumuda R., Bhat M. (2024) Voice Activity Detection Using MMSE-SPZC in Real-
World Noisy Environments, Computer Speech & Language. — Vol. 80. — Art. 101540. https://doi.
org/10.1016/j.¢s1.2023.101540 (in English)

Piczak K.J. (2015) ESC: Dataset for Environmental Sound Classification, Proceedings
of the 23rd ACM International Conference on Multimedia. — P. 1015-1018. https://doi.
org/10.1145/2733373.2806390 (in English)

214



ISSN 1991-346X 4.2025

Snyder D., Garcia-Romero D., Povey D., Khudanpur S. (2018) Deep Neural Network
Embeddings for Text-Independent Speaker Verification, Interspeech 2017. — P. 999-1003. https://
doi.org/10.21437/Interspeech.2017-620 (in English)

Soni M.H., Shah R.R., Patil H.A. (2021) Time-Frequency Attention for Noise-Robust Speaker
Verification Using CNN and TDNN, IEEE/ACM Transactions on Audio, Speech, and Language
Processing. — Vol. 29. — P. 879-892. https://doi.org/10.1109/TASLP.2021.3061045 (in English)

Suvorov D., Zhukov R., Tsetserukov D., Zenkevich S. (2018) Audiovisual Voice Activity Detector
Based on Deep Convolutional Neural Network and Generalized Cross-Correlation, Mekhatronika
Avtomatizatsiya Upravlenie. — P. 53-57. https://doi.org/10.17587/mau.19.53-57 (in English)

Tan Y.W., Ding X.F. (2024) Heterogeneous Convolutional Recurrent Neural Network with
Attention Mechanism and Feature Aggregation for Voice Activity Detection, APSIPA Transactions on
Signal and Information Processing. — Vol. 13(1). — Art. e6. https://doi.org/10.1561/116.00000158
(in English)

Wilkinson N., Niesler T. (2021) A Hybrid CNN-BiLSTM Voice Activity Detector, ICASSP, IEEE
International Conference on Acoustics, Speech and Signal Processing — Proceedings. — 2021-June.
— P. 6803-6807. https://doi.org/10.1109/ICASSP39728.2021.9415081 (in English)

215



Academic Scientific Journal of Computer Science

ACADEMIC SCIENTIFIC JOURNAL OF COMPUTER SCIENCE
ISSN 1991-346X
Volume 4. Namber 356 (2025). 216-233

https://doi.org/10.32014/2025.2518-1726.393

IRSTI 52.35.01
UDC 665.61.7: 519.873

© B. Orazbayev!, A. Zhumadillayeva'", K. Orazbayeva?, R. Yessirkessinov>,
Zh. Tuleuov?, 2025.
'L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
2 Esil university, Astana, Kazakhstan;
3 Kazakh-British Technical University, Almaty, Kazakhstan;
*Atyrau refinery, Atyrau, Kazakhstan.
E-mail: zhumadillayeva ak@enu.kz

DEVELOPMENT OF MODELS OF SULFUR PRODUCTION PROCESSES
BASED ON ARTIFICIAL NEURAL NETWORKS AND SIMULATION

Orazbayev Batyr — doctor of technical sciences, professor, L.N. Gumilyov Eurasian National
University, Astana, Kazakhstan,

E-mail: batyr o@mail.ru, https://orcid.org/0000-0003-2109-6999;

Zhumadillayeva Ainur — candidate of Technical Sciences, Associate Professor, L.N. Gumilyov
Eurasian National University, Astana, Kazakhstan,

E-mail: zhumadillayeva_ak@enu.kz, https://orcid.org/0000-0003-1042-0415;

Orazbayeva Kulman — doctor of technical sciences, professor, Esil University, Astana, Kazakhstan,
E-mail: kulman_o@mail.ru, https://orcid.org/0000-0002-1741-7553;

Yessirkessinov Ramazan. — student of the Kazakh-British Technical University, Almaty, Kazakhstan,
E-mail: r_yessirkessinov@kbtu.kz, https://orcid.org/0009-0003-1912-1013;

Tuleuov Zhasulan — Senior Operations Coordinator, Coke and Sulfur Production, Atyrau Oil
Refinery, Atyrau, Kazakhstan,

E-mail: zh.tulevov@anpz.kz, https://orcid.org/0000-0003-2353-2416

Abstract. Today, in Kazakhstan, as in other oil-producing countries, the share
of high-sulfur crude oil production is increasing. In this regard, enhancing the
efficiency of sulfur production processes from harmful sulfur-containing gases
released during oil refining, which produce a useful and necessary product for
many industries, is a highly relevant scientific and practical task. This study aims
to improve the efficiency of sulfur production processes by modeling them using
one of the artificial intelligence methods -artificial neural networks. To create an
adequate mathematical model of the sulfur production process at the Atyrau Oil
Refinery (AOR), it is proposed to use neural network technology. In this work,
a hierarchical multilayer neural network model was developed for effectively
modeling the sulfur production plant under conditions of uncertainty and limited
initial data. The Python programming language and its necessary tools were chosen
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and justified for implementing the neural model. An iterative gradient algorithm
based on the backpropagation method was proposed as a learning method for
the constructed multilayer neural network, and its main stages were described.
During the study, the proposed iterative gradient algorithm was implemented in
Python using data obtained through fuzzy set theory methods. Based on the created
program, graphs of output values and error values depending on the number of
epochs were constructed on a computer, and the results were interpreted. It was
found that the results obtained using artificial neural networks and fuzzy set
methods are consistent with each other. The training results of the neural network
model showed minimal errors, and the amount of produced sulfur was as close as
possible to the target value.

Keywords: artificial neural network, activation function, Python programming
language, model, Claus process, backpropagation algorithm, iterative gradient
algorithm
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Annortauus. byrinri ranna Kazakcrania, 6acka 1a MyHaHITBI €J11ep/ieri CUSIKTHI,
OHIPLIETIHKYKIPTTI MYHAHIBIH Y€ ci ecy TeHAeHIMsICbIHAa ne. OChbIFaH OaiyIaHBICTh
KONTereH cajanap YIIH Maimanbl opi KaXeTTi ©HIM OONBIN TaOBUIATBIH MYHal
OHJIEY IpollecTepi Ke3iHAe OeNHeTIH 3USH/bI KYKIPTI ra3mgapaaH KYKipT eHIipy
MPOIECTEPIHIH THUIMAUIITIH apTTBIPy ©Te ©3eKTi FhUIBIMHU-IIPAKTHKAIBIK MOCEIe
Ooubir TabbuTaAB1. Com cedbenTeH OYJI1 KYMBIC KYKIpT @HAIpY MPOLECiHIH THIMALTITH
JKacaHJIbl MHTEIUIEKT TACUIAepiHiH Oipi -HEHpPOHIBIK JKelli apKbUIBI MOJIENbIIEY
apKbUIBI apTTHIpyFa OarbITTaliFaH. 3epTTeyne AThlpay MyHall ©HJEY 3aybITHIHBIH
KYKipT ©H/1ipy KOHIBIPFBICEIHBIH MaKCATThl OHIMI -KYKIPT OHJIIpy IPOIIECiH aKmapar
TaIIIBUTBIFBI MEH aHBIKCHI3/IBIFBI )KaFJalibIH/Ia MATEMATHKAIBIK a/IeKBaTThl MO
OKBITBUIBIN, J3ipJCHreH. 3epTTeyne KYKIpT OHAIpY KOHIBIPFBICBIHBIH aKmapar
TaIIBUTBIFBI MEH OCJNTiCi3/iri KaFIalbIHIa THIMII MOJIENB/ICY YIIIiH HePAPXUSITBIK
KOIKa0aTThl HEWPOHBIK KEeJIi KYPBUIBIMBI KYPBUIFAH JKOHE HEHPOHBIK JKETiHi
MporpaMMaJIBIK JKY3€Tre achlpy YIIiH KOJJIAQHBUIATHIH MTpOrpaMMalay Tili peTiHae
Python jkxoHe OHBIH KaXeTTi Kypaimapbl HeTi3elNin, ajblHFaH. KypbimraH
KOIMKa0aTThl HEHPOH/IBIK KEJiHI OKBITY TOCUI peTiHAe KaTelepiH Kepi Taparysl
ANTOPHUTMI HETi31H/Ie UTePaTHBTI TPAIUSHTTIK aITOPUTMI YCHIHBUIBII, OHBIH HET13T1
Ke3eHJAepl cumartanfad. 3eprrey OapbIChIHAA alKbIH eMeC JKUBIHAAP TOCIIIEpiH
KOJIJIaHY apKbUIbI aIbIHFaH MOJiMeTTep i maiaanansi, Python TimiHge xymbicTa
O3IpJICHIeH UTEPATUBTI I'PATUEHT aJITOPUTMI MPOTPAMMAIIBIK XKY3€Te aChIPBUIIBL.
Kypbutran mporpaMma Heri3iH/1e KOMIBIOTEp/IE 19Yip CaHbIHA OAIaHBICTHI IIBIFBIC
MOHJIEpIHIH JKOHE KareJjep MoHIEpiHiH rpaduKTepl TYPFBI3BUIBIN, TaTKbIIAHIIbL.
JKacaHapl HEHPOHIBIK JKENIep MEH alKbIH €MeC JKHBIHIAP TOCLIIepl KOIgaHy
apKBLUIBl aPKBUIBI ANIBIHFAH HOTIKeNepi Oip OipiHe colikec KeNMEeTIHIr HeTi3memnIi.
HelipoHIbIK TEXHOIOTHS HETi3iHIAe KYpBUIFaH MOJENBIlI OKBITYy HOTIIKECIHIEe
KaTeNIKTep €H a3 JOHE OHJIPUIreH KYKIPT KeJeMi OHBIH MaKCaTThl MOHiHE
MYMKIHIITIHIIIE dKaKbIH OOJAaThIHBI aHBIKTAIIIBI.

Tyiiin ce3mep: xacaHabl HEHPOHIBI kemi, OenceHmipy ¢yHknuscer, Python
porpammanay Tiii, Mojens, Kiayc mporieci, KatenepiiH Kepi Tapaiy alropuTMi,
WTEPATHBTI TPAAUCHT aJlTOPUTMI
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Annoramusa. Ceronns B Kazaxcrane, kak U B Jpyrux He(TeI00bIBAIOIINX
CTpaHax, JoJs JO0OBIBAEMON CEPHUCTON HEPTH UMEET TCHACHIUIO K YBEINYCHUIO.
B cBsi3u ¢ 3TuM moBblmeHHe 3PPEKTUBHOCTH MPOIECCOB MPOM3BOACTBA CEPBI
W3 BPEIHBIX CEPOCOIEPIKAIIMX T'a30B, BBIACIAIOUIMXCA MpU HedTenepepadoTKe,
CTaHOBHUTCS aKTyaJIbHOM Hay4dHO-TIpaKTHUecKo 3ajaueil. Cepa sBIseTCs MOJIe3HBIM
1 HEOOXOAWMBIM TPOAYKTOM JUIsi MHOTHUX OTpacieil MpOMBIIUICHHOCTH. JlaHHas
pabora HampaBjcHa Ha MOBBIIEHHE S(PPEKTHBHOCTH MpoLEcca MPOU3BOJCTBA
Cepbl MOCPEACTBOM €r0 MOZEIUPOBAHUS C UCIIOJIIB30BAHUEM OJHOIO U3 METO/OB
HCKYCCTBEHHOI'O MHTEJUIEKTa — MCKYCCTBEHHBIX HEWpPOHHBIX ceTe. [l
CO3/1aHMsI aJIEKBaTHOM MaTeMaTUYeCKOM MOJENH IIPOLECCa IIPOU3BOJCTBA CEPLI HA
AtpipayckoM HedrenepepabarsiBatoiiem 3aBojie (HII3) npeyiaraercs npuMeHsTh
HelpoceTeBble TEeXHONIOTUU. B pabore co3mana wepapxuueckas MHOTOCIIONHAs
HelpoceTeBast MoAenb Uil A(PQPEKTUBHOTO MOJCIUPOBAHUS YCTAHOBKU TIO
MIPOM3BOJICTBY CEpPHl B YCJIOBUSAX HEOMNPEJEIIEHHOCTH U OIrpaHUYEHHOCTU
ucxonHo wmHpopManuu. s mporpaMMHON peanu3alud HEWpOHHOH Mojenu
000CHOBAaHHO BBIOpaH SI3BIK MPOTpaMMUpOBaHusi Python m ero MHCTpPyMEHTHI.
B kauectBe meroga oOy4eHHUs] MOCTPOCHHOW MHOTOCIOHHON HEHpOHHOW ceTn
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MPEAIOKEH UTEPALMOHHBIA TPaJUCHTHBIA aJrOPUTM, OCHOBAHHBIH Ha METOE
00paTHOTO PacHpOCTPaHEHHsI OIIMOKH, C ONMHMCAHMEM €ro OCHOBHBIX 3TamoB. B
XOJIe MCCIIeIOBaHUs Pa3padOTaHHbIA UTEPAMOHHBIN IPaJAUEHTHBIA alTOPUTM OBbLT
peanu3oBaH Ha si3bIke Python ¢ ncnonbp30BaHMEM TaHHBIX, TOTYYEHHBIX € TOMOIIBIO
METOJIOB TEOPUH HEYETKHX MHOXKeCTB. Ha ocHOBe co3maHHOI mporpamMmbl ObUIH
MOCTPOEHBI TpaUKU 3aBUCUMOCTH BBIXOJHBIX 3HAYCHHUH M 3HAUYCHUH OIINOOK
OT KOJIMYECTBA 3T0X, a TAKKE JaHa WHTEPHNPETaLusl MOJYYCHHBIX PE3yJbTaToB.
Bbu1o ycTaHoBIIEHO, YTO PE3yJbTAThl, MOMYYCHHBIE C HCIOIb30BAaHUEM METOHOB
HCKYCCTBEHHBIX HEMPOHHBIX CETEH M HEUETKHMX MHOXECTB, COIIACYIOTCS IpyT
c apyrom. Pesymerarsl oOy4deHHss MOIENM Ha OCHOBE HEWPOHHOH TEXHOIOTHUH
MOKa3aJy MHHUMAaJbHBbIC OIIMOKM, a 00bEeM MNPOM3BOJMMOM Cepbl OKazaics
MaKCHMaJIbHO OJIM3KUM K LEJIEBOMY 3HAYCHHIO.

KitroueBble cjioBa: MCKyCCTBEHHass HEMpOHHasi CeTh, (PYHKIMS aKTHBALHH,
S3bIK TporpammupoBanus Python, monens, nponece Knayca, anroputm o6paTHoro
pacrpocTpaHeHUs1 OLIMOKH, aITOPUTM UTEPALIMOHHOTO TPalueHTa

Kipicnme. Kazipri yakpitra Gapiplk MyHainsl ennepaerineii Kazakcranma ma
MYHail ©HJIEY TepEeH/Iiri MEH MYHall OHJeY OHIMepi aCCOPTUMEHTTEPIH apTTHIPY
MYHail ©HJey/iH OachkiM OarbITHl OOJBINT caHalaabl. Al MyHall eHAIpyae KYKipTTi
MYHail YJIECiHIH apTybl, MyYHall ©HJEYy OHIMAEpiHE AKOJOTHSIBIK TalanTapIbIH
KaTaHaay TeHIIEHIMAICH MyHall eHJIey MpoIeccTepinae OeIiHeTiH KYKipTTi CyTeK
ra3IapblH OHJEI, IEeMIIK HapbIKTa )KOFaphl CYpaHbICKAa M€ KYKIPT ajly aca e3eKTi
FBUIBIM-TIPAKTHKABIK Macernere xarazpl (Kuznetsov et al., 2021; Edmonson et al.,
2020).

MyHail eHey 3aybITTapblHAA KYKIPT CYTEKTEH TayapibIK KYKIPTTI alyIblH €H
KOIl TaparaH TEXHOJOTHSUIBIK mporeci - Kiayc mporeci )KypeTiH KYKIpT eHaipy
kouapIpreichiHa oHAipeni (KOK) (Golubeva et al., 2020; Gazimzyanov et al.,
2020). AtanraH KOHABIPFBIIA KYKIPT OHAIPY TporeciH 3eprren, Knayc mporecin
ONTHUMAJIIBI XKYPri3im, ThiMai Oackapy ymriH KOK-ma kykipT amy mporecctepiHig
aJIeKBaTThl MaTeMaTHKANBIK MOJENbIAEPiH Kypy KaxkeT. Anaiima KOK-HBIH
TepMopeakTopbiHa, Knayc sxone cankeiH abcopommsiay (CA) peakTopiapbiHaa
KaTanm3arop KaTBICYBIMEH OTEeTiH KypAesli MpOUEecCTepAiH  aJeKBaTThl
MaTeMaTHKAIIBIK MOAENBACPIH JSCTYPI TOCUIIEpMEH KYpyFa KaKeTTi JepexTep
MeH aKmaparTap eHJIIPICTIK jKaFmala keTicen 1i. Al omap/bl )KIUHAY TEOPHUSITBIK
TYPFBIZIAaH MYMKIH OOJIFFaHBIMEH, SKOHOMHKAIIBIK TYPFBIIAH TPAKTHKaIa THIMCI3,
OTe KOIT MIBIFRIHAAPABI Tanan eteni. COHABIKTaH KYKIpPT OHAIpY MPOIECCTepPiHiH
aJIeKBATThI, THIMJII MaTeMaTHKAJBIK MOJEIBIACPIH KYPY YIUIiH apHayibl, >KacaH/Ibl
WHTEIJIEKT TOCUIAEePiH, MBICAIBI KaCaH (bl HEHPOH/IBIK JKENiJIep MEH alKbIH eMec
€MeC JKUBIH/IAP TOCUIAEPiH KONJaHy KaKETTIiT1 TybIH/IalIbl.

KykipT eHmipy TEeXHOJOTHICHI MEH MpOIECCTEePiH 3epTTey, MaTeMaTHKaIbIK
MOJIENBJIEY JKOHE ONTHUMU3AIMIIAY MACceleiepiHe apHaliFaH HeTisTri 3epTTeynepai
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IOy HOTHKENEpiH Kenripeiik. KaranmuTukamslk peakiusuiap MEH IporecTepii
3epTTereH/Ie, 3ePTTENIETIH JXKyie KYWIepiHiH e3repicTepiH cumarrayra MyMKIHIIK
OepeTiH MaTeMaTHKAIIbIK MOJIETIbICY Tocluaepi xui Konnanbeianbl (Hashemi et al.,
2019). [lerenmeH, keitOip mporiecTep YIIiH XUMHSITBIK TEXHOJIOTHSIIBIK, POIIECTIH
OapIIBIK epEeKIIeNiKTEPiH €CKEPETIH TOJIBIK MaTeMaTHKAIBIK MOJICTBACPIH JOCTY Il
TOCUIIEPMEH KYPY OTe KOIT €HOCKTI KaKET eTEeTiH KyMbIC OOINbIN TaObutaabl. by
KaFJaina Momenplepai Kypy KesiHme Oipkarap KEeHIUIETylnep MEH IIeKTeylep
eHTi311Ie/11, OYJ1 3 Ke3eTiH/Ie CaH IBIK €CeNTeyIepre KaTeliep eHri3el )KOHE allbIHFaH
HOTIDKENEp/Ii alTapibIKTail OypManaybl MyMKiH.

(Naumova et al., 2023; Kadyrov, 2023) >xymbpICTapblHIa KYKIPT OHIIpY
TEXHOJIOTHSUIAphl TAJJIAaHBIN, ONApJBbIH epeKIIenikTepi 3eprrenreH. KapmyHuH,
Tpydanos, Nagamalleswara sxone Oackanapsl e3aepinin (Karpunin, 2023;
Garmroodi et al., 2019) >xymbIcTapbIHIa KYKIPT ©HAIPY MPOLECCTEPiH MOACIBIACY
KOHE ONTHMH3aLMsIay MACeNeNepiH 3epTTereH. byn 3eprreynepae Kykipt
OHJIipy HBICAHJapbhl MEH MPOIECCTEPIH MOJECNIBACY KOHE ONTHMHU3AIMIAY YIIiH
JOCTYPJl TOCIIAep KONIaHBUIFaH. Auaiija TpakThKaga Oacka Ja eHIIpICTIK
HBICAHAAp CHSKTHl KYKIPT OHIIPY KOHIBIPFBUIAPBHI J1a JSCTYPJi TACUIIEpMEH
MOZIe/Ib/ICY JKOHE ONTUMH3ALMSIIAYy KaKeTTI aKmaparTapIblH — TallllIbUIBIFbL,
OJNIapZbIH AMKBIHCBI3IBIFBIMEH KMi cunartaiaipl. SFHM Oy skarmaiima KyKipT
OHJIipy HBICAH/JAphl MEH TPOLECCTEPIH MOJEIbJCY MPAKTUKAIBIK TYPFBIIAH OTe
THIMCI3 HeMece MYMKiH emec 0omajsl. COHABIKTaH MYH/Ial aKmapaT TalllblIbIFbI,
AMKBIHCBI3IBIFBIMEH CHIIATTAJIATHIH OHIIPICTIK HBICAHAAPIBIH MOJICIBACPIH KYPHIII,
ONTUMU3AIUSIIAY YIIIiH aHBIKCHI3IBIK YKaFJaibIHAa a THIMII OONBIN TaObUIATHIH
’KacaHJIbl MHTEJJICKT TOCUIIEPiH KOJIAaHy KaKeT 00apl.

AWKBIH eMec KUBIHIAp TOCUIAEpi HETi3iH/Ae KYMBICTBIH 3€pPTTEy HBICAHBI -
Atblpay MyHail eHzey 3ayblIThiHBIH (MO3) KOK-HbIH KYKIpT amy mponeccrepi
KYPETiH HEri3ri arperarTapblHbIH, aKIapaT TalIbUIBIFEI MEH aHKBIHCBHI3IBIFBI
KaFJalbIHAa, THIMII MOJENBJEPIH KYpy TOCUIl aBTOpPIApABIH JKapHsUIaHFaH
(Orazbayev et al., 2024; Orazbaev et al., 2019) >xymbIcTapblHIa cUIIATTaJIFaH.

XKacauner HedpoHasik skemitep (KHXK) w™omem xemeci eHpey yuIiiH
KOJIIAaHBUIATBIH  ©3apa OaiJIaHBICTBI JKOHE JKMHAKTAJIATBIH OIKCIIEPUMEHTTIK
JepeKkTep MeH Oinmimzaep dIIeMEHTTEpiHiH (JKacaHIbl HEHpOHIAp) JKelici OOoJbII
Tabbiansl (Xiaolong, 2020). benrimi Gip Moxens Typaibl OLTIMIII KHHAKTAY YITiH
HEeWpOHJap apachIHIAFbl CHHANTHKAJIBIK CaJMaKTap JIell arajaTbliH OailaHbIcTap
naiaananeiIa kL. JKeni Kipic aknapaTThl OHEH 11 )KoHE YaKbIT 6T€ KeJie OHbIH KYHiH
©3repTy MPOLECIH/E MIBIFBIC CUTHAIAAPBIHBIH JKUBIHTBIFBIH Kypaiins! (Aksenov et
al., 2022).

HefiponapIk xemnminepai OKBITYIBIH O€NTiii anroputMi OakblUIaydarbl OKBITY
o/icTepiHe JKaTaThIH KarteyepiH kepi tapany anropurmi (Tijani¢ et al., 2020), on
MaIIMHAJBIK OKBITYIBIH €H TaHbIMaJ alropuTMmaepiHiH Oipi. by anroputm amici
OHBIH JKAaCBIPBIH KaOaTTapbIHAAFbl HEWPOHIAPIBIH CaJIMaKTapbl YIIH TY3ETy
MOHJIEpIH €CeNnTey VIIH HEeHPOHABIK KEINiHIH INBIFhIC KATENITiH TaiJanaHyFa
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HeriznenreH. KarenmepiiH kepi Tapaidy anropuTMi KaJbIIThI JKYMBIC Ke3iHJe
CHTHAJIJAP/IbIH TiKeJel TapatyblHa KapaMa-Kapchl OaFbITTa, JKelli IIBIFBICTAPhIHAH
OHBIH KipicTepiHe KaTelliK CHUTHAJAAPBIHBIH TapalyblH KapacTeIpaibl. byi
aJITOPUTMHIH apTHIKIIBUTBIKTaPbIHA SHTi3Y/I1H KapanaibIMIbUTBIFbI )KOHE ayBITKYJIap
MEH JIepPeKTep/IiH aybITKyJIapblHAa TO3IMILTIr xaTaabl. Kepi Tapany anroput™miH
naiganany Ke3iHJe HeHPOHIBIK JKeTiHI OKBITYIBIH MaKcaThl HEHPOHIBIK JKEIiHIH
canMakTapelH Oenrimi Oip KipicTep HWHArblH KOJJIaHFaH Ke3[e HEHPOHIBIK
HIBIFBICTAPABIH KaXKETTi JKUBIHTBIFBIH (IIBIFBIC HEHpOHAApPHI) anyFa OoiaThiHIal
eTiN peTTey.

XUMUSUTBIK TEXHOJIOTUSUTBIK poriecTepai Mozaenbaeyeri KHK apThIKIIbuIbIFbt
KYpZeli MaTeMaTHKaJbIK TOYCeIAUTIKTEpMEH CHIATTaJaThlH MpPOLECTEPHiH
WKEeMJI MOJIeTIh/ICPiH KYPY MYMKIiHAIriMeH aHbIKTanaabl. CoHai-ak HeHpOHIbIK
xeniep Ooipkay alHBIMaNbUIapbl (KipicTepi) MeH OOJpKaHATBHIH alHBIMAJbLIAP
(ueIFpIcTap) apachlHAa OaimaHblc Oap Karmainapia, TinTi Oyy OaiaHbic eTe
KypZieni curarra Oosca j1a, 00JrKay jKoHE TONTAp apachIHAaFbl KOPPEISIHs HeMece
afBIPMAIIBUIBIKTAPAbI IIAPTTHl TYpAE KOpceTy KUBbIH Oonranaa pa, Oackapy
MOceJeNepiH MeNTyiH eH THIM/I KYpaslbl OONBIT TaObLIATHIHBIH aTall oTy KaeT.
Xacannpr HEHPOHABIK Kelli MOJIEII HETi3iHAe KYp/eli CHUTATTaJaThlH OHMIPICTIK
HBICAHJAp/bl ONTHMHU3ALMSIAY, THIMII Oackapy eceOiH IIenry alropuTMIepiH
KYpY ©3€KTi FBUIBIMU-TEXHUKAJIBIK Macesnie 0oibin Tadbuiaasl. Con cebenteH Oy
KYMBIC KE€Pi OKBITY aJIFOPUTMIH OCHI KYMBICTBIH 3epTTey o0bekTici KOK Herisri
arperartapbl MOACIbB/ICPiH KYPHIIl, OKBITYFa KOJITaHy MYMKIHJIITiH KapacThIPbLUI IBL.

Byn ychIHBUIFaH KYMbIC HEHPOHJBIK JKENIep HeTi3iHAe 3epTTey HBICAHBI
peaxTopIiapbl MOACIBACPIH KYPBII, 01apbiH aBTopaapabiH (Orazbaev et al., 2019)
3epTTeyiHze aliKbIH eMec >KUBIHAAp Teopusichl Herizinne Kypsutran KOK nerisri
arperarTapbIHBIH MOJICIBACPIMEH CATBICTBIPYFa apHAIFaH.

3epTTey MakKcaTbl, MaTepHaIAapbl MeH Tdcijgepi. 3epTrey Makcarel -
KYKIPT ©HipY KOHABIPFBICBIH/A KYPETIH KYKIPT OHAIPY MPOIECCTEPiH jKacaHIbl
HEHPOH/IBIK JKeJIIep HEeTi3iHJe THIMII MOACINBbACY TOCUIIH d3ipiey jKoHE 3epTTey
HBICAHBIHBIH HETI3T1 arperartapbl >KyMbIC PEKHUMICPIH KOMIBIOTEPIIIK MOJEIBILY.

YCBIHBUIFAH JKYMBICTa 3epTTey Marepuangapsl perinne KOK-HbH KykipT
OHJIIPY CEKITUSICHIHBIH 03apa OalIaHBPICKaH KelleCi HEeTi3Ti arperaTTaphl:

- repmopeaktop (TR);

-xko"aencaropnap (C-1, C-2);

- Knayc peakropst (RC);

-cankeIH abcopOumsiay (RCBA-1, RCBA-2) peakropnapsl

KYMBIC ~ PSKUMICPIH,  KYIHJIEpiH  CHINATTaWTBIH  OKCHEPHMEHTAIBIK-
CTaTUCTUKAJIBIK JIEPEKTEp MEH OHMIPUITeH KYKIPTTiH carachblH CHIATTaHTBIH
71a00PaTOPHSIIBIK, IKCIICPTTIK aKmapartap KOJJaHbUIaIbL.

3eprrey HbIcaHbIHBIH, SFHH KOK-HBIH KYKIPT ©HAIpY CEKUMSCHIHBIH aTalFaH
HET13T1 arperarrapbl KeNTIpijreH cXeMachl 1-cypeTTe KelTipiiareH.
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v

TR-tepmopeaktop; C-1, C-2 -xonnencaropnap; RC-Knayc peakropsr;
RCBA-1, RCBA-2 -cankpIa abcopOuusiiay peakTopiaapsl
Cypet 1 — KOK-HBIH KYKIPT ©HIIpY CEKIMACHIHBIH 63apa OaiilaHbICKaH HET13T1 arperarrapbl

Kenripinren 1-cyperre kepcerinreH Herisri KOK cyiiplk KyKipT eHIipy
MpoliecTepin xy3ere acaibl. KykipT eHIIpy CEKIMACHIHBI KBIIIKBLI I'a3 TEPMUSITBIK
TypiaeHaipy mporecineH TR TepMopeakTopblHIA apaliblk ©HIM aibIHaJIbI.
TepmopeakTop MBIFBICKIHAH apanblk oHIM C-1, C-2 KoHAEHCATOpIapbl apKBLIbI
KaTaIUTUKAJIBIK TYpieHAipy mporeci xyperin RC Kmayc peakropsiHa Tyceni.
Kiayc peakropbl IIBIFBICBIHAH KYKipT Mapaiuiens Kocbuiran RCBA-1 sxone RCBA-
2 peakropmapsina 6epineni. CysIk KabarTarbl agcopomms npomeci etetiH RCBA-
1, RCBA-2 peakropiapbIHaa OHIIPIATESH carabl CYHBIK KYKiPT IIYHKBIPBIHA JKOHE
OJlaH KYKIPTTI KPUCTAIAAHIBIPY JKOHE TYHIPIIIKTI KYKIPTTiI aly VIIH KYKIpTTi
KpHCTalaay KOHIBIPFRICHIHA KETKi31TeIi.

3epTTey Marepuaiiapbl peTiHje Oyil JKyMBICTa COHJai-ak Oenrimi macchBTi
JKOHE OCJICEHIII OKCIIEPUMEHTTEP HETi3IHAC >KHHAKTAJIBII, MaTEeMaTHKAJBIK
cratuctukanblH (Corazza et al., 2022; Shao et al., 2020) TocimaepiMeH OHICITCH
Atpipay MyHail enzey 3aybIThIHBIH (MO3) KOK kykipT eHAiIpy CEKIHSICHIHBIH
CHUTIATTAJIFAH HETI3ri arperarTapblHBIH JKYMBIC PEKAMIEPIH Tapamerpiepi
JKaHIpl MOHIEPl KOJMIaHBLIAABL. 3epTTEyle IMACCHUBTI JKCIECPUMEHTTED PETiHJE
KOK >kyMBICBIH OacKapaTblH TXipHOei omeparopiapbl TOJITHIPATBIH PEKAM
MapakTapeIHIAFEl HETI3T1 MapaMeTpiepaiH MOHAEP] JKOHEe MaMaHIap KaThICYMEH
3epTXaHajia aHbIKTAllFaH akKnaparrap naijgananbuiapl. COHBIMEH Karap 3eprrey
Marepuaigapsl periage Atsipay MO3-apiH KOK TeXHOMOTHSIIBIK periaMeHTiHIH
ansiaraH aknapartap (Tuleuov, 2023) sxoHe skacaHIbI HEHPOHIBI JKEIIep ToCIAepi
MeH oJIapAbl OKbITY anroputmuaepi (Xiaolong, 2020; Aksenov et al., 2022; Tijanic¢
et al., 2020; Nilsson, 2019) komgaHbIIabL.

KykipT eHmipy CeKIMACHIHBIH KENTIpUITeH HETi3Ti arperarTapblHBIH
CTATHUCTUKAIBIK MOJIEIBJICPIH KYPY/a SKCIIEPUMEHTTIK JISPEKTEP/li CTATUCTUKAIBIK
enney tocimmepi MathCad mporpammanap makeTi HeTi3iHAE TNaiaTaHbUIIbL.
3epTTey MaTepuaniapbl peTiHAe KOJNIAHBUIATBIH KYKIPT OHIIPY CEKIHSICHIHBIH
HETI3Ti arperarTapbIHBIH OJIIIEHETIH Kipic, PSKUMIIK KOHE IIBIFBIC TTapaMeTpiepi
MOHJIEpI OJIIIeYy AacHanTapbl KOMETIMEH aiblHaJbl. AJl  alKbIHCHI3IBIKICH
CHUTIATTAJIATBIH KYKIPTTiH cama KepceTKimTepi (KYKIpT KYpaMBIHIAFbl KYKIpT,
CY, KYJ, OPraHHUKaJbIK 3aTTap YJeci) KOJNJaHbICTAaFbl CTAHJAPT TalalnTapbiHIaFbl
allKpIH eMec HyCKayJiap MEH MaMaH-dKCIIEPTTTEP/IiH TaOUFU TUTIH/IE CHITaTTaIa bl
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3epTTey HITH:Kedepi. 3epTTey HBICAHBIHBIH AHBIKCHI3IABIKKA OalTaHBICTHI
JOCTYPIl TOCUIep MEH KYPBUIYBI KYpHell HeMece MYMKiH OoJMaraHja THiMI
00JTaThIH HEMPOHIBIK JKEJTI MOJISITIH k00anay HeMece TaHaay YIIiH

- HelpoHJapAbIH KabaTTapsl apachblHAaFbl OaliIaHbICTaApABIH KYPBUIBIMBI;

— HeWpoHIapAbIH TYpi (0enceHnipy GyHKIUACH TYPFBICBIHAH);

-HEWPOHJBIK JKEJTiHI OKBITY Ke3iHAe calMaK KOA(PPHUIMEHTTEPIH aHBIKTay
epexenepl aHBIKTaJbI.

OKpITYy anNropuTMiH maiijanaHy YVIIIH JepeKTepAi HopMaigay (KajblKa
KEJTIpy/i) *KYy3ere achIpbUIIbI, SFHH OKBITY, TEKCEepy JNepeKTepiH Oip CaHIbIK
LIKajlaFa ColKecTeHAipinai. byn >kympicTa KypbUIaTBIH HEWPOHMABIK MOAEIBII
OKBITY YLIIH XMHAKTaJIFaH JEPeKTep MOHACPIH oNapAblH €H YJIKeH MoHiHE Oeiy
apkpUIel HOpMmanganraH. Horwxkecinge Oapnbik nepekrep O-men 1-re neifinri
MOHIepre TYPJICHIPiIi.

Konpaneimareln mporpammanay optachl TaHaainsl. Python mnporpammanay
TUTIHAE TporpaMma KOABIH €Hrizy ymiH Anaconda 3 mporpamMMaibIK OpTachl
AJIBIHJBI J)KOHE KeJecl KOMEKII Kypasiiap KOJIIaHbIIIbL:

1) Matplotlib — Python-na ¥euteiMu TpaduKTepi KypyFa apHajfaH HETi3ri
KiTanxasa: https.//matplotlib.org/

2) NumPy — Python TimiHzeri FeUTBIMH ecemTeyliepre apHallFaH Heri3ri
nakeTTepAin 6ipi. O kel eneM/i MacCHBTEPMEH KYMBIC icTey (yHKIIMOHAIABIFBI,
JKOFapbl JCHIeHIl MaTeMaTUKaIbIK QyHKUMSUIApAaH Typanbl: Attps://numpy.org/

3) Pandas — nepekrep/i eHjiey MeH Tanjayra apHanraH Python kiTamxanachr:
https://pandas.pydata.org/

4) Scikit-learn — wMamMHaNBIK OKBITyFa apHajfaH eH TaHbiMan Python
KitanxaHacsl: https://scikit-learn.org/

5) SciPy — Python Tinminzeri FbUIBIMH ecenTeylepre apHajfaH (QyHKUMsIIAP
KHUBIHTBIFBL: https://www.scipy.org/

6) TensorFlow — HEHpPOHIBIK KENiHI KYpy JKOHE OKBITY MOCEJENepiH IIenry
YIUiH MallMHAJBIK OKBITyFa apHaJFaH allblK NporpaMMaliblK KiTarmxaHa: https://
www.tensorflow.org/

7) Keras — Python-nmarbl ambIik HeHpOHABIK Jkemi KitamxaHackl TensorFlow
KOCBHIMIIIAChI OOBIT TaObIIaab!: https://keras.io

OcpbutappIg HETi31HA€e KYKipT eHIipy NPOLECiHIe OHAIPUICTIH KYKIPT KeJIeMiHe
Kipic JKOHE JKYMBIC IapaMeTpIlIepiHiH oCepiH 3epTTey Ke3iHae Oys1 KyMbIcTa
KacaHabl HEHPOHIBIK JKEeNiJiepre HEri3/1eNreH MOAEb KYPBUIbII, Nai aniaHbulIbl
(Shaimukhametov etal.,2019). )KHXX oxpITy yIIiH KaTenepai Kepi TapaTy aaroputmi
JKOHE HWTEPaTHBTI TPAJUEHTTI OKBITY alTrOPUTMI KOJJIAHBIIAAbI, ON Ti30eKTi
KOCBUTBIMJIAPHI 0ap KONKa0aTThl HEHPOHIBIK JKEMITIePAiH KAKETTI IIBIFRICTApbIHAH
aFpIMJaFbl OpTalla KBaJpaTThIK aybITKYbIH MUHUMH3ALMSIAY YIIiH KOJIIaHbUIAIbI
(Protalinsky, et al. 2021). byn kemnka0arThl TEepPIENTPOHHBIH JXYMBIC KaTeCiH
a3aiiTy JKOHEe KaKeTTi HOTHXKEHI ajly YLIIH KOJJaHbUIATBIH MTEPATHUBTI TPagUCHT
ANTOPUTMI OOJIBITT TAOBLTAIBI.
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Karenepnin kepi Tapamybl XejliiepiHae Kipicrep oy, s, .., d, CHIPTTaH
HEeMece alAbIHFbl Ka0aTTaH Keyeai. Op gy, Ja, ..., T, Kipic ©3[epiHiH calMarblHa
KOOCHTLITII, OJIapABIH HOTHIKEIEPl KOCBHIIAIbI:

NET = gyw; + cow, + ..t o, w, (1)

myrana NET — sxenizeri opOip HEWpPOH YIIiH €CENTENETIH COMA; Ty, Oy, vuey Oy
— JKentijieri HeHpOHIAp/BIH KipicTepi; Wy, Wi, ..., W,, — JKeJiJieri op HEHPOHHBIH
e3repMeni canMak koddduuumenti; F —  Oencenupipy ¢yskumsce;; OUT —
HEHPOH/IBIK JKEJTIHIH IIBIFBIC CUTHAJIBI.

Kepi tapany anroputmaepi yiIiH keneci OenceH ipy GyHKIHUICH KOJIJIaHBUIFaH:

1

ouT 1+ o NET (2)

(2) dopmyna curmommanbael OenceHAipy (QYHKIUACHIH cumarTaiiapl. On
OUT wmoHi Henm MeH Oip apacbiHma OonaTbiHAald ayKpIMIBI a3aTansl. byr
¢byHKIIIS OapibeIK skepre auddepeHnranIanysl Kepek OOJIFaHABIKTaH JKYMBICTA
KOJIJIAaHBUIFAH KaTelep/Ii Kepi TapaTry alropuTMi YIIiH CHTMOUAAIBABI OCIICEHIIPY
(YHKIUSACH €H KOJalIbl OOJIBIT CaHaTaIbl.

2-cyperTre KenTipinreH Oip-OipiMeH OailiaHpICKaH HeWpoHmap OipHeme
KaOarTap¥ra OipiKTipiJITeH Hepap X sUTBIK HEHPOH/IBIK JKeIi, KOTKa0aTTHI TEPCeTTPOH
KYPBUIBIMBIH KapacThIPaHbIK.

Kipic Kacuprun LIsmrric
KabaTw I Kabar f Kabarsl k
Wiy
. outy KakeTTi
19, S— | i p—
\ /W CHIHaM,
/ \ A Kate,
A ) .’
g Jii— N [ — .
. " L\ Wyy (0UTy | | Kawerri
1 A = CHIHaJM,
e AP
. | Y ) ] :
- } N\ e Y \ W12 Kare, - .
1 e ¥ A -
I 4. . £ \Wa ouT, o KakeTTi
W CHI'HaJ,,
Kare,,

Cyper 2 — Uepapxusutblk KoIKaOaTThl HEHPOHIBIK JKeJli KYPBUTBIMBI

KemnkabarTel mepcentpoH HeHpoHIapbIH OipHelie Ti30eKkTell KOChUIFaH
KabaTrTapblHaH TYpaTblH kel Oosibin TaObuiaabl. KemkabaTThl MepcenTpoHIbI
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OKBITY/IBIH MaKCaThl OHBIH CcallMaKTapbIH Oenriii Oip KipicTep »KHUBIHBIH KOJIAaHY
KQXKETTI HOTYIKEIIEp YKUBIHTBHIFBIHA OKEIICTIH/ICH PETTey OOJBIN TaObIIa bl

Byn sxympIcTa Karenepzi Kepi TapaTry aJrOPUTMIH KOJJIaHa OTHIPHII, KeTiHIH
OapibIK JeHreinepi YOIiH KemIeHreln HEWpPOHIBIK JKETiHI OKBITYIBIH €Ki
TOCIIZIeMeci: KaTeJep/ii Typa KoHe apTKa Tapary YChIHBUIBIN, KOJAaHbuFaH. Typa
eTyJe Kipic BEKTOPHI HEWPOHIBIK JKEIiHIH Kipic AeHreiiHe Oepinei, comaH KehiH o1
JKelli apKbLTbl KabarTaH Kabarka Oeminesi. [Iporiecc xemniHiH Kipic 00pa3biHa HAKTHI
PeaKIMsChl OONBIN TAOBUIATHIH IIBIFBIC CUTHAIAPBIHBIH KHUBIHTBIFBIH IIBIFAPa/IbL.
Typa ety ke3iH/ie xKeliHiH 0apiIbIK CHHAINITHKAJIBIK CAIMaKTaphl OCKITUIE/], al Kepi
OTy Ke3iHJIe KaTeHi Ty3eTy epekeci OOMBIHIIIA OapIbIK CHHAINITUKAIIBIK CAIMaKTap
perreneni. XKeniHiH HAKTHI MIBIFBICHI KAKETTI MOHIHEH ayBITKUIBI, HOTIKECIHIC
KaTeNiK CcUTHanmbl maiiga Oomambl. ComaH KeWiH OYJI CHTHANI JKelmi apKbLIbl
CUHANTHKAJIBIK OaiIaHbICTAp/IBbIH OAFBITHIHA KapaMa-KapChl OaFbITTa Tapaiabl.

MaremaTiKanblK MOJACTBICP JKYHECIH KYPYIbIH IKOFapblia KeNTipiireH
HOTIDKeNepi Herizinae, Python TinmiHme kacaHmbl HEMPOHIBIK JKETiHI OKBITAMBI3.
TemeHnne 3-cyperTe HEHPOHABIK KeJiHI OKBITY aJITOPUTMIHIH CXeMachl OepiireH.

¥

CaaMaKTapas! HEHIHATH3AMNAIAY

v

Kipic xabaTeIneIH MaBepin Gepy
!

Heiiponaapasin meirbic MaHIepin
input/output kabarrap Goiibimma ecentey

!

AJILIHFAH KIHe MAKCATTBI HATHAEIED
APACHIHIATHI A BIPMAMBLIBIKTI €CENTEY

.

CoHrpl Ka0aTTBIH  CAJIMAKTAPBIH €CenTey

.

CoHFLIEBIN 210BIHIAFE] KA0ATTHIH CAIMAKTAPLIH eCenTey Kok

Kareaepai MusaMmanusaay _‘Ap iren

YIIiH CAMMAKTAPBI TY3ETY fAenreiiien Tomen?

[ Conbl +

Cypet 3 — XKacanabl HEHPOHBIK KETiHIH KOJIIAHBUIFaH OKBITY QJITOPUTMIHIH CXEMAaChI

226




ISSN 1991-346X 4.2025

AWKBIH €MeC JKUBIHAAD TOCUINEpiH KOJAAaHy HOTHIKECIHIAEC alIbIHFaH
manimertepai (Orazbayev et al., 2019) maiinanana oteipsin, Python Tinminze
KaTeNepAiH Kepi Tapalybl aJropuTMi INpOrpaMMAanbIK IKY3€re achIpbUIIBL.
HefiponapIk kel KipicTepiH alJbIH ana eHJEY/IH KeH TapaliFaH TYpJepiHiH Oipi
JepeKTep i KajbllKa KenTipy Oombin TaObuiaabl. [lepekrepni HopMmangay OaraH
3NIEMEHTTEPIH AePEKTEPAIH MAKCUMAJIIbl MOHIHE 0611y apPKBUIBI KY3€Te aChIPBUIIBL.

Temenne pnaiibiHnangran Python TimiHzme >kaspuiFaH  mporpaMMa  KOIbI
KeJTipiIre .

Import numpy as np

from numpy import *

import matplotlib.pyplot as plt
layer 0 = np.array([[0.9464],

[0.9554],
[0.714286],
[0.928571]])
layer t 0 =layer 0O.transpose()
il =0.9464
12 =10.9554
13 =0.714286

weights 0 1 =np.array([[0.2, 0.2, 0.3, 0.4],
[0.5,0.2,0.3,0.2],
[0.3,0.8,0.3,0.3],
[0.2,0.2,0.4,0.2],
[0.5,0.3,0.2,0.3]])
weights 1 2 =np.array([[0.3, 0.3, 0.2, 0.2, 0.5],
[0.2,0.3,0.6,0.3,0.4],
[0.4,04,0.2,0.3,0.3],
0.4, 0.6, 0.6,0.7,0.7],
[0.2,0.2,0.3,0.3, 0.5]])
weights 2 3 =np.array([0.2, 0.2, 0.2, 0.3, 0.3])
alpha=0.2
goal = np.array([0.821875])
x=0
for x in range(0,200):
layer 1 =weights 0 1.dot(layer 0)
i=0
for element in layer 1:
layer 1[i] =1/ (1 + np.exp(-element))
i+=1
sigmoid_layer 1 =layer 1
layer t 1 =sigmoid layer 1.transpose()
deriv_sigmoid_layer 1 =sigmoid layer 1 * (1 - sigmoid_layer 1)
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layer 2 =weights 1 2.dot(sigmoid layer 1)
j=0
for element in layer 2:
layer 2[j]=1/(1 + np.exp(-element))
jt=1
sigmoid_layer 2 = layer 2
layer t 2 =sigmoid layer 2.transpose()
deriv_sigmoid_layer 2 =sigmoid layer 2 * (1 - sigmoid_layer 2
sum_output = weights 2 3.dot(sigmoid_layer 2)
sigmoid_layer 3 =1/(1 + np.exp(-sum_output))
output = sigmoid_layer 3
print(output)
deriv_sigmoid layer 3 =sigmoid layer 3 * (1 - sigmoid_layer 3)
error = (output - goal) ** 2
error_layer 2 = error * weights 2 3
error_layer t 2 = error_layer 2.transpose()
error_layer 1 =error layer 2.dot(weights 1 2)
error_layer t 1 =error layer 1.transpose()
wl = weights 0 1[0] + error layer t 1[0] * deriv_sigmoid layer 1[0]
layer t 0 * alpha
w2 = weights 0 1[1] + error layer t 1[1] * deriv_sigmoid layer 1[1]
layer t 0 * alpha
w3 = weights 0 1[2] + error layer t 1[2] * deriv_sigmoid layer 1[2]
layer t 0 * alpha
w4 = weights 0 1[3] + error_layer t 1[3] * deriv_sigmoid layer 1[3]
layer t 0 * alpha
w5 = weights 0 1[4] + error_layer t 1[4] * deriv_sigmoid layer 1[4]
layer t 0 * alpha
weights 0 1 =vstack([wl, w2, w3, w4, w5])
ml = weights 1 2[0] + error_layer t 2[0] * deriv_sigmoid layer 2[0]
layer t 1 * alpha
m2 = weights 1 2[1] + error_layer t 2[1] * deriv_sigmoid layer 2[1]
layer t 1 * alpha
m3 = weights 1 2[2] + error_layer t 2[2] * deriv_sigmoid layer 2[2]
layer t 1 * alpha
m4 = weights 1 2[3] + error_layer t 2[3] * deriv_sigmoid layer 2[3]
layer t 1 * alpha
m5 = weights 1 2[4] + error_layer t 2[4] * deriv_sigmoid layer 2[4]
layer t 1 * alpha
weights 1 2 =vstack([m1, m2, m3, m4, m5])
weights 2 3 = weights 2 3 + error * deriv_sigmoid layer 3 * layer t 2
alpha
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import numpy as np

import matplotlib.pyplot as plt

from matplotlib import *

import pandas as pd

fig = plt.figure()

x = np.arange(1, 501)

y =np.array([...])

ax = plt.gca()

plt.plot(x, y)

ax.set_xlabel(“Epochs™)

ax.set_ylabel(“Output values”)

plt.savefig(‘1.png’, transparent=True)

fig = plt.figure()

x = np.arange(1, 201)

y = np.array([...])

ax = plt.gca()

plt.plot(x, y)

ax.set_xlabel(“Epochs™)

ax.set_ylabel(“Errors™)

plt.savefig(‘2.png’, transparent=True)

Horm:kenepai Tankpuiay. KykipT eHmipy HpOIECiHIH MOJENIH CHHTE3IEY/IE
JKacaHJIbl HEUPOHBIK JKEIIHIH KYpPYy MPOIECiHIH 3-CyperTe KeNTipiIreH OKBITY
ANTOPUTMI HETi31H/Ie Keleci Heri3ri Ke3eHIepiH KenTipyre Ooa bl

1. OKBITY KHUBIHBIHAH KEJIEC1 OKBITY 5KYOBIH TaHJIay; KipiC BEKTOPBIH HEMPOHABIK
XKelli KipiciHe Oepy;

2. HelipOHABIK XKEeTiHIH NIBIFBICHIH €CETITEIl, aHBIKTAY;

3. Hei#poHIslk kemi MIBIFBICBHI  MEH KKETTI IIBIFBIC  apachIHIAFbl
afBIPMAIIBUTBIKTEL, SIFHA KaTeHi €CETTey;

4. KareHi MUHIMU3AIMsUIAY YIIIH HEHPOHIBIK JKeJll CalMaFblH KOPPEKIUsIIay;

5. MuHNMH3aIHsIIaHFaH KaTe KaKeTTl JJCHreiIeH ToMeH Oe? IapThIH TeKCepy.

6. Erep MuHUMHM3aIMsIaHFaH KaTe KaKeTTl JACHIeHIeH ToMeH Oonmaca, OyKin
JKUBIHTBIKTAFbI KaTe Ka)KeTTI MHHUMAJIJIBI JICHT iire )KeTKEHIIE OKBITY )KUBIHBIHBIH
opOip BekTOpHI yiIiH 1-4 Kamamaapapl KaiTamay. Al KaKeTTi JCHTelIeH ToMeH
Ooca, oHJa HEHPOHMABIK KeJi OKBIThUTFaH Oopibln, ecentenin, KOK mpornecin
MOJICNB/ICYTEe YCHIHBLIA B

[IporpammainbIK KOATH OpBIHIAY HOTHOKENEpi 4a), 40) cypeTrtepne KenTipiiareH
KOpPCETLITeH.
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LIBIFBIC MOHJEPiHIH rpaduri KaTenep MOHAEpiHiH rpaduri

By cyperrepae xentipiireH rpaduKTepi TaNKbUIAy apKbUIBI JKEJIiHIH MIBIFBIC
MOHJIEpl [9yip CaHBIHBIH apTyblHA OalIaHBICTBl apTaTbIHBIH, Al Kareyiep —
KepiCiHIlIe JIoyip CaHbl apTKaH CallblH TOMEHACUTIHIH aHbIKTaNFaH. SIFHU A9yip
caHbl apTKaH CaibIH, HOTWKEJEDP KaKcapa Tyceli. Ajaia ThIM Kell J9yip CaHbl
€cenTey KUbIHABIFBIH )KOHE YaKbIThIH apTTHIPYbl MYMKiH. COHABIKTaH MPAaKTHKaIA
HEHPOHIBIK KETIHIH KaXETT1 IIBIFBICBI MEH KEpPeKTI MHHHMAJIbl Karere Kol
YKETKI3ETiH JI9yipJiep CaHbl aHBIKTAbIN, KAObLUIIaHA b

KopsIThIHABI. 3epTTeye KYKIPT OHIIPY MPOLECCTEPiH KacaHabl HEHPOHIBIK
XKeJIiJiep HeriziHje THIMII MOAeNbIeY TOCUIIH 93ipiey jKoHe KOJIaHy HOTHXKeepi
kenripinred. KenkabarTel >kacanabl HEWPOHMABIK JKEJIHIH KaKETTI KYPbUIBIMBIH
MEH HapaMeTpiepiH aHbIKTay >KOHE OHBI KaTeJepHiH Kepi Tapaiybl ajJropUTMi
HETi31HJIe OKBITY HOTHXKECIHE KYKIPT OHIipy MPOLECiHIH THIM/II MOJIEII aJIbIHFaH.

JKyMBICTBIH 3epTTey MakcaTblHa KOJ JKETKI3ULAl, SFHM KYKIPT OHIIpY
MpoLecCTePiH XKacaHAbl HEHPOHIBIK Kelliiep Heri3iHae THIMII MOAebIeY TICii
o3ipJeHin, 3epTTey HbIcaHbl — ATbipay MO3 KYKIpT ©HIIpy KOHIBIPFBICHIHBIH
HETI3rl arperarrapbl XYMBIC PEXHMICPIH KOMIIBIOTEPIIIK MOJICIBACY XKY3ere
achIpbUIFaH.

Koiibuiran MakcarThl ky3e acblpy OapbIChbIHIA Keleci 3epTTey MiHAeTTepi
OPBIH/IAJIBII, TOMEHJIET1 HET13T1 HOTHKEIEep ajlbIHAbL:

- 3epTTey HBICAHBIH aKMapaTr TalllIbUIBIFBl MEH OeNrici3miri jkarnaibiHna
TUIMJII MOJENb/CY YILIiH HepapXUsIbIK KONKa0aTThl HEHPOHIBIK JKeJli KYPhUIbIMBbI
HET13/1€eiM, aJIbIHFaH;

- aJUbIHFaH HEHPOHABIK JKEJiHI TpOorpaMMajbIK >KY3ere achlpy YILUiH
KOJIIaHBIIATBIH IIpOrpamMmMa’iay Tilli, OpTachl KoHe Kypaigapbl TaHJAIFaH;

-)KacaHbl HEHPOHIBIK KEJiHI OKBITY TICUII peTiHAe KaTeJepAiH Kepi Taparybl
QNTOPUTMI MOAM(DHUKALMACKH HETI3JEINII, OKbITY aJITOPUTMIiHIH OJIOK-CXeMachl
KEJITIpIIreH JKOHE OHBIH HETi3r Ke3eHIepi CUITaTTalIFaH,

-aBTOPJIap/AbIH alKbIH €MeC JKHMbIHIAAp TOCUIAEPiH KONAaHy HOTHXKECiHEe
aJIBIHFaH MAJIIMETTEp/Ii Naiaanana oTeIpbin, Python Timiane Mogudukanusianran
KaTelepAiH Kepl Tapalybl aJIrOpuUTMi: HTEPaTHBTI TPaJUEHT aJTOPUTMI
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MpOrpaMMalIbIK  JKy3ere achipbliraH. Jloyip caHbiHA OalIaHBICTBI IIBIFBIC
MOHJIEPIHIH JKOHE KaTeJiep MOHIEPiHiH rpadUKTepl TYPFBI3bUIFaH.

Typre3butFaH  TpaduKTEpl Tanmay HOTHIKECIHJE, KACAHAbI HEHPOHIBIK
JKeJiiep MeH aiiKbIH eMeC JKHUBIHIAp TICUIACP] KOJIIaHy apKbUTbI apPKbLUTbI AlTbIHFAH
HOTIDKeNepi Oip OipiHe colikec Kelemi JEeTeH KOPBITHIH/BIFA Kelyre Ooiallbl.
3epTTeynep KopCeTKeH e, HEMPOHIBIK JKeJIiHI OKylaFrbl KaTeTKTep €H a3 jKoHe
IIBIFBIC MOHI OHBIH MAaKCaTThl MOHIHE MYMKIHJITIHIIE >KaKbIH. AWKBIH eMmec
KUBIHAAP JKOHE KacaH[bl HEHPOHJBIK JKeJi Tociiaepi HoTHxKenepi OOWBIHIIA eKi
TOCIT YKCac HOTWXKe Oepelli, SFHU, IIBIFAPBIIATHIH HOTIDKENEP, KYKIPT Keyemi
ColKeC XKoHe OJapbIH OH/IIPICTe TOKIPUOESITIK )KOJIMEH aJIbIHFaH HAKTHI MOHAEpIMEH
coliKkec Kelle/li IeT KOPBIThIH 1A jKacayFa 00omajpl.
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Abstract. According to the latest Verizon DBIR report, poor handling of
credentials, including password reuse and the human factor in their creation remains
one of the key attack vectors. A study conducted by the authors showed that most
users change passwords only when they are lost, and 35% consider mandatory regular
changes inconvenient. This underscores the need for technical solutions capable of
clearly demonstrating system vulnerabilities and raising security awareness. Within
the study, the human factor in creating usernames and passwords is considered a
vulnerability. Identifying the patterns and rules people use significantly reduces
the number of combinations an attacker must try to gain access. The proposed
method is based on a character-level LSTM model that detects recurring structures
and generates generalized masks reflecting characteristic patterns. Training was
performed on public datasets containing 31,000 compromised passwords. The
model achieved over 90% accuracy on the test set without signs of overfitting.
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The approach combines the analysis of individual user habits in generating logins
and passwords with automatic keyword extraction from open sources using a
keyword extraction algorithm. The method is integrated into a web application
that allows local fine-tuning of the model, running it via ONNX, and performing
all computations on the device, ensuring data confidentiality and compliance with
information security requirements.
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AHHoOTanmus. by Makanaja KemnTijui MOTIHIAEPAl OHJEY MEH CEeMaHTHKAIbIK
KayiNTUTIK ~TajjayblHAa apHajfaH UUQPIbIK KPUMHHAIMCTHKA KYHECiHIH
3aMaHayd apXHTEKTypachl YCHIHBbUIAABL. Herisri mocene — KypbUIbIMaaIMaraH
xabapiamanapjad MaHbI3JIbl aKMaparThl ABTOMATTHI TYPAE OOl ajbll, OHbI
HaKTBI Kayill KaTeroprsIapblHa JKaTKBI3Y KaXKETTUTIr. bysr Mocerne KYKBIK Kopray
OpraH/IapbIHBIH 3aMaHayH Teprey MPOIECTePiHIe KUl Ke3ecel )KOHE OHbI ISy
XKeZeNl 9pPEeKeT €Ty, MacIuTa0TalaTblH JXyieaep MEeH KONTUAIIIKKE TO3IMIUTIKTI
Tajan ereni. ¥coiHbUIFaH xyiie Python/FastAPl nerizinme KypbulFaH cepBepilik
apxuTeKTypanbl, Qdrant BEKTOPJBIK AEPEKKOPBIH, ajIbIH aja YHpeTUIreH jina-
embeddings-v3 vyuricin sxkoHe Llama-Guard-3-1B kayin kiaccudukarusiiay
MomenmiH TmakmanaHanbl. JKyie MOTIHAI BEKTOpHM3aIusIay, CEMaHTHKABIK
i37Iey, TUTIepAi aBTOMATTHI AaHBIKTAY JKOHE KONTUIMI aymapMma, COHBIMEH KaTap
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KayilnTi KOHTEHTTI caHaTka Oeiy ChIHABI OipHelle Ke3eHHeH Typaabl. Herisri
TUIOTE3a — CEMAHTUKAJBIK BEKTOPJIBIK MOJACIBAC) MEH KaTerOPHUSUIBIK THOPHITI
KJIACCU(DUKAIMSHBI OIPIKTIpYy apKbUIbl KAyilCi3iK JEHTCHIH JKOFaphbl JIOJIIKIICH
aHBIKTayFa 001abl. DKCIIEPUMEHTTIK HOTIDKEJICD JKYHEHIH HAKTHl YaKbITTa OHICY
KabimeTin kepcerTi (7448 xabapmama ~3 cekyHATa WHACKCTENeni) xoHe Llama-
Guard moneminin 75.19% nmonmiknen xaOapiamanapbsl KayilTiTK JeHredi MeH
TUT OOMBIHINA JKIKTEH allaThIHBIH pacTaabl. Opralia jxayan yakbIThl ayJapMachl3
cypanbicTapa ~0.45 cek xoHe ayapMaHbl KaKET €TETiH Karaaiapna ~5.23 cex
Kypaiiael. JKyHeHiH BU3yallbl MO/l MaiaallaHyIbiFa XxadapaaManap/sl TOITap
OolibIHIIIA, KOJJAaHOANap, ajaylibuIiap, I'eOoJIOKAIMsIap KOHE YAKbITTBIK YIIrijiep
OOWBIHIITA TaNlgayFa MYMKIHTIK Oeperdi. bynm dyHKIIMOHAT KPUMHHAIACTUKAIIBIK
capanTaMaHblH ~ THUIMJAUITIH  apTTBIPBIN, TEPreydiH  HeTi3ri  Ke3eHAepiH
aBTOMATTaH/BIPyFa >KaFrdai skacaiapl. MHTepdelic xyiieHi bIHFalIbl OacKapyra,
JIePeKTEP/Ii KEHIICTYTe JKOHE MICHIM KaObLIIay bl )KbUIIAM/IATyFa KOMEKTECE/II.
Y ChIHBUIFAH MICHIIM KYKBIK KOPFay, VJITTBIK KayilCi3IiK, aKnapaTThIK Kayirci3aik
JKOHE KHOCPKBLIMBICKA KapChl KYpPEeC caiajapblHIa MPAaKTUKAJIBIK KOJIaHyFa
OeliiMIeNTeH KoHe OoamaKTa ayIno/BUAe0 IepeKTepMeH KeHEHTLTyl MyMKiH.

Tyiiin ce3mep: Taburu Tinmmepai enmey (NLP), MorTiHai BekTOpH3aIusiay,
CEMAaHTHUKAJBIK 13]ley, KONTULII Talijjay, aBTOMATThl MAIUHAIIBIK aynapma,
KPUMUHAJIMCTHKA, KaTepepIl KIKTSY
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Annoranusi. CorracHo mocieanemy otuéry Verizon DBIR, nerpamortHOe
oOpailieHre ¢ y4€THBIMU JIAHHBIMU, BKJTFOUAsi TIOBTOPHOE MCIIOIB30BAHUE TIApOJici
¥ BIWSHUE YEIOBEYECKOro (hakropa MPH WX CO3AaHWU, OCTAaETCS ONHUM U3
KIIFOUYEBBIX BEKTOPOB arak. VcciemoBaHue, MPOBEAEHHOE aBTOpPAMH, IOKAa3allo,
4TO OOJIBIIIMHCTBO I0JIb30BATEICH MEHSIOT MMapOJM JIMINb NPU UX yTpare, a 35
% cunTaloT 00sM3aTeNbHYI0 PErYISIPHYI0O CMEHY HEyHOOHOH. DTO IOKa3bIBaET,
HACKOJIbKO HEOOXOAUMBI PELICHUS, KOTOPbIE CIIOCOOHBI HATIISIAHO AEMOHCTPUPOBATh
VSI3BUMOCTH | TIOBBIIIATH OCBEJIOMIICHHOCTh B BOMPOCax 0€30MacHOCTH Maposiei.
B pamkax maHHOTO MCCIIETOBAHUS YEIOBEUCCKHUNA (haKTOp TPH CO3MaHHUU TapoJIeh
paccMmarpuBaeTcs Kak ysI3BUMOCTh. ONpEIesicHue THUIWYHBIX I[MA0JIOHOB H
MPaBWJI 3HAYUTENBHO COKpAllaeT KOJNUYECTBO KOMOWHAIMI W BpeMs, KOTOpBIE
3TMOyMBIIIJICHHUKY HEOOXOMUMO Ui TONydeHus jgoctymna. [lpemmokeHHBIN
MeTon ocHoBaH Ha LSTM-Mozaeny, BBISIBISIOIIEH MOBTOPSIOIINECS CTPYKTYpPhI U
MAaCKH, OTpaXaromiue XapaKTCPHLIC MAaTTCPHBI HA YPOBHC OTACJIBHBIX CHMBOJIOB.
Jiis o0y4eHHs MCIOIB30BAIUCH JIaTaceThbl B OTKPHITOM JIOCTYIIE, BKIIIOYAFOIINE
31 000 ckomMmpoMeTHpOBaHHBIX Taponed. Mogens mokazana Oomee 90%
TOYHOCTH Ha TECTOBOU BBIOOpKE Oe3 mepeodyuenus. [lomxom oObequHCT aHATIN3
VHAWBHTyaJIbHBIX TIPUBBIUEK U MTA0JOHOB IOJIb30BATENs TIPY TeHEPAIUU Maposiei
C aBTOMATUYCCKHUM HU3BJICYCHHUCM KIIIOYEBLIX CJIOB U3 OTKPLITBIX HWCTOYHUKOB
¢ momompio anroputMa keyword extraction. B HacTosmee BpeMsS METOX
WHTETPUPOBAH B BEO-TIPMIIOKEHUE, KOTOPOE TIO3BOJISIET TPEABAPUTEIHLHO 00yYaTh
MOJIeTh, 3amyckath e uepe3 ONNX u BHITIOTHSTH BCE BHIYHCICHUS HA KOHEUHOM
YCTPOUCTBE TOJB30BaTENs. DTO 0OecTieunBaeT KOH(MHUICHIINATLHOCTh MAaHHBIX U
COOTBETCTBUE TPeOOBaHUAM HHPOPMALIMOHHON O€30MacHOCTH.

KioueBble cioBa: kubepOe30M1acHOCTh, OE30MACHOCTD MapoJiei, MalInHHOE
oOy4eHne, HeWpOHHBIE CETH, COITHATbHAS HHYKEHepHsl, TN(pOBast KpUMHUHAJIMCTHKA,
KpunTorpadusi, MOBeICHYCCKUI aHaTH3

BBenenne. B omoxy 1UQPOBBIX TEXHOIOTHH  OOJBITMHCTBO  JTFOMCH
HEOCO3HAHHO PAaCKPHIBAIOT JUYHYI HH(OpPMAIWIO, (MMEHA, NaThl POXKICHUS,
KJIMYKH JOMAIlHUX JKUBOTHBIX, JTMYHBIC XO000M), B COLMAIIBLHBIX CETIX, KOTOPHIC
YacTo CIYXaT OCHOBOW JIJISl UX YYETHBIX JAHHBIX. JTH JJIEMEHTHI, OCOOCHHO B
COYETaHWU C PACHPOCTPAHEHHBIMHU INAOJOHAMU WM «MAacKaMW», MOTYT OBITh
JIETKO KCIIOJIb30BAHbI 3JI0YMBIIUICHHUKAMH C TOMOILBIO COLIMAIbHON MHIKEHEPHUH.

XoTsl CymecTByeT MHOXKECTBO WMHCTPYMEHTOB JIISl OLCHKH HAJIC)KHOCTU
napoJied Ha OCHOBE TPaJUIIMOHHBIX MOJUTUK, TAKUX KaK JUIMHA ¥ pa3HOoOpasue
cumBojioB (Bergeron & Dearden, 2024; Atzori et al., 2024; He et al., 2021) oxu
HE YYHTBHIBAIOT MHMBUIYAIbHYIO JIOTHKY, JIGKAIIYI B OCHOBE (OPMUPOBAHUS
napoJiell oJIb30BaTEIISIMHU, MIOCKOJIBKY IS ATOTO MOTPEOOBANIOCH OBl OTCIICKHUBATH
HCTOPHIO KCIIOJIb30BaHUs JIOTHHOB M MApOJiCH, JIMYHbIC JaHHBIC M MPUBBIYKH
(dbopMUpOBaHHUS TTAPOITS.

Hecmotpss Ha  mHMpOKOe  NPUMEHEHHUE  JIONOJIHUTEIBHBIX  METOJOB
ayTeHTH(UKAUKM, HanpuMep TakuX Kak OuomeTpuss W JIByX(akTopHas
BepU(UKAIMsI, OJHOCIOKHBIC OYKBCHHBIC IApOJIM IO-IIPEKHEMY OCTAKOTCS
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OCHOBHBIM METO/IOM Joctyna. [lpencraBneHHBI MeETON, KOTOPHIA OIICHWBAET
MOTCHIMANBHYIO YSA3BUMOCTh MapoJisi MyTEeM aHalu3a OTKPBITHIX JAHHBIX U
9KCTIOPTA U3 MEHEKEPOB MapoJiei, MOKa3bIBAET, KaK MHANBUYaTbHBIE PUBBIYKN
W TPUCYTCTBHE B MHTepHeTe BIMSIOT Ha €ro mpeackasyeMocTs. B pesynbrare
OHHU TIPEJICTABIIAIOT CO00M cephe3Hyr0 yrpo3y Oe3omacHocTu: B 2024 rogy ObLIO
CKOMITPOMETHPOBAHO OoJiee 5,5 MUUIMapaa YYeTHBIX 3alucedl TI0 BCEMY MHPY,
YTO TOYTH B BOoceMb pa3 Oombiue, ueM B 2023 roxy (Surfshark, 2020). dannsie
OITPOCa BBISIBUJIM, YTO TIOJIb30BATENN YaCTO UCTIONB3YIOT MPUBLIYHBIE METOABI: 42%
CMEIIMBAIOT 3HAYMMbIe clloBa W IUQPHI, 34% cienyroT 0a30BBIM TpeOOBaHUSIM
wiaTGopmel, a 32% MOBTOPHO UCHOJB3YIOT YacTH Npeaslaymux naponei (Urrico,
2024). CymecTByrolye perieHns, Kak MpaBuiio, He YIUTHIBAIOT WHANBHIyaJIbHbIC
mpaBuia (HOpMUPOBAHUS Tapoyiell KOHKPETHOTO TOjib3oBaTenss. HekoTopwie
JIOITYCKAIOT TaKHe MapoJiv, Kak «uMspamunusil!y, win BOBCe HE aHAIU3HPYIOT
4acTO TIOBTOPSIIONIHMECS IA0TOHBI B 0a3aX JaHHBIX yTEUeK.

OTO WCCleNOBaHUE, SBISSACH YacThIO  OOJBIIOTO  HUCCIEI0BATEIHCKOTO
mpoekra (Rzayeva et al., 2025; Idrissova et al., 2025) dokycupyercs Ha ITUPOKO
pacrpoCTpaHEHHOW TEHACHIMH II0JIb30BATENICH WTHOPHPOBATH TPEIIIOKCHUS
CUCTEMBI TI0 CO3IaHHUIO Mapojel, Mpyu 3ToM mouTu 90% MpennoYnTarT co3aaBarh
COOCTBCHHBIC KOMOWMHAIIUM HAa OCHOBE 3HAKOMBIX M TPEACKAa3yeMbIX Ia0JIOHOB
(Buckman, 2025). Otu ma0oHsl, Kak MPaBHIIO, CICTYIOT OJHOMY U3 HECKOJIBKUX
OOIIMX TIPAaBWJI: CIOBA W3 CIIOBAps, YACIOBHIC TOCIEIOBATEIBPHOCTH, (TaKue Kak
HOMepa TeneOHOB WIIM JaThbl POXKACHUS), MM CHMBOJBHBIE MAacKH — MpPUYEM
CHUMBOJIBI PEAKO HCIONB3YIOTCS OTAeNnbHO. OTMHMCaHHBIM moaxon (hoKycHpyeTcs
Ha JIMYHBIX MPHUBBIYKAX II0JI30BATENs, YUYUTHIBACT XapaKTepHbIC IaTTePHBI
W mpemiaraet ynoOHbIH ¢opmar B Buae pacumpenus st Google Chrome c
BO3MOYXHOCTBIO aHAJIN3a B PEKUME PEaTbHOTO BPEMEHH.

Hayunblii BKJIaag AaHHOTO MCCIENOBAaHUS COACPIKUT: aHAIU3 CYIIECTBYIOIINX
METOZIOB B3JI0Ma MapoJyiel W BBIABICHHE CIA0BIX MECT B MapOJsaX, CO3AAHHBIX
MONTb30BATEISIMK;,  aHaNM3 TpaBua (GOPMHUPOBAHHA TIapoied Ha OCHOBE
JaHHBIX W3 yTedek; npoekrtupoBanue u oOydenne LSTM (Long Short-Term
Memory) st BISBJICHUSI CTPYKTYpHBIX IA0JIOHOB; pa3pabOTKy HHCTPYMEHTA,
MIPEIOCTABIISAIONIETO HHANBHTyalIbHYIO OOpaTHYIO CBS3b C IPUMEHEHHEM METO/IOB
COLIMANIbHON MHKEHEPHUH.

B oTnuume oT cymiecTByromuX paboT, JaHHOE HCCIe0BaHHE COCPEIOTOYCHO Ha
B3JIOMaX, BRI3BaHHBIX YEIOBEYECKUM (DAKTOPOM, a HE HAa TEXHHUECKUX YSI3BUMOCTSIX
WM MeTofax nepedopa. Ecnu 31moyMbIIUIeHHUK TOTyYaeT JOCTYI K MPEeIbI Iy UM
KOMOMHAIMAM JIOTHHA W Tapoiis, (HampuMep, Yepe3 JIOKaJIbHbIe yCTPOWCTBA MIIN
0a3bl yTeueK), ¥ COYEeTaeT ATO C OTKPHITHIMHU JAaHHBIMH M3 COIIMAIIBHBIX CETEH, OH
MOKET BBIBECTH MpaBWJIa T€HEpalMy Maposiell MOJIb30BaTeNsl, YTO 3HAYUTEIBHO
YCKOpSIET TOTyYeHHE HECAaHKIIMOHUPOBAHHOTO TOCTYMA K €r0 YYeTHBIM 3aIHCSIM.
HoBu3na wccienoBaHus 3akiIlO4aeTcss B IPEUIOKEHHOM METOJIE IPOBEPKU
napoyied, KOTOPbIH YYUTHIBAET YEJIOBEUCCKUH (AKTOp M 3aBUCHMOCTh OT
COLMaIbHON MHKEHEPHH, HITHOPUPYEMBbIE TPaIUIIMOHHBIME CPEICTBAMHE IIPOBEPKH.
Wnentudunupys oOIue MaTTepHBI, MBI CO3MaeM 000OMEHHBIE MACKH TapoJei,
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BBIJICJISIIONINE CTPYKTypHBIE Cila0ble MecTa, MOTCHLIUAIbHO IT03BOJIIOIIUE B
Oyzmy1eM B3JIoMaTh IPyTue YUeTHbIE 3alUCH.

MarepuaJbl 1 METOAbI:

1.2 HoBblii MeTo1 00HAPYKeHUS] MOBTOPAIOIIMXCSA MPABUJI TIPH CO3aHUH
JIOrMHA/IapoJst

AHanu3 TOBEACHUS IOJB30BATENIe IOKa3bIBae€T, 4YTO IpPU OTKa3e OT
HCIOJb30BAHNSA ABTOMAaTUYECKH CIE€HEPUPOBAaHHBIX CHCTEMOW Maposied OHHU
JIEMOHCTPUPYIOT CKJIOHHOCTH K MOBTOPEHHIO OJJHUX U TEX e JIOTHYECKUX CXEM U
IIpaBUIUX (I)OpMI/IpOBaHI/Iﬂ, BHOCS MUHUMAaJILHBIC U3MEeHEeHMs. Takast IOBTOPSACMOCTDb
MOXKET OBITH CBA3aHa C HaMEpCHUEM YIPOCTUTH IMPOLCCC 3allOMUHAaHWA, CHUXKAA
00IITyT0 CTOWKOCTE TTapoJIel K oa0opy.

HoBelit MeTon, Iornueckoe 00bsICHEHHE KOTOPOTO MIPEACTABICHO HAa pUCYHKE 1,
BBOJIUTCS ITyTEM aHAJIN3a MPO3PAYHOCTH U MPEICKA3yEMOCTH JOTMHOB U MapOJei.

Baxno OTMETUTb, YTO MCETOA MOKHO HCIIOJIb30BATH TOJIBKO MNPHU HAJIUYHUU
XOT4 OBl YaCTH WCTOPHHM JIOTHHOB U TMaposied mojb3oBarens. IMeHHO Ha OCHOBE
9TON WCTOPWHU CO37AaeTCs HOBas HaydHas W MpHKIagHas padora. B ormmmume ot
CYIIECTBYIOIINX METOOB, 3TOT HOAXO/ MPEIIONaraeT, YTo KaKIblil 10JIb30BaTeb
MMeEeT CBOM COOCTBEHHBIE YCTOHUMBBIC MpaBuiia (GOpMUPOBAHUS APOJICH.

Merton 0ObeMHseT ABa THIIA aHAIK3a. [ [epBbIii - TOMCK HOBTOPSIFOLIUXCS CTPYKTYP
U NaTTEPHOB B [1OCJIEA0BATEILHOCTH JIOTMHOB U MApoJIel Nojb3oBaress. Bropoi -
BBIJIEJIEHHE €r0 JIMYHOTO «CJIOBaps» Ha OCHOBE aKTMBHOCTU B COIMAJIBHBIX CETSX.
Hcnonb3ys pe3yabraTsl 3THX ABYX IIAroB, CUCTEMA B PEXKUME PEaIbHOTO BPEMEHU
OLICHUBAET, HACKOJIBKO HOBBIM HapoJib BHIOMBAETCA M3 NPUBBIYHBIX LI1a0JIOHOB, U
(hopMupyeT nepcoHaIbHbIE PEKOMEHIAIMH 110 YCHIICHHUIO €r0 HaEKHOCTH.
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Pucynok 1 — Jloruueckas cxema IpeiaraeéMoro MeToza
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COop SMNUPHUYECKUX JTAaHHBIX, UX TEXHUUYEeCKas 00paboTKa, 00yueHHe MoieIieit
U TIPOBEpKa I0Jb30BATEIbCKUX CLIEHAPHUEB — BCE 3TO OBUIM IIATrH, KOTOPHIC
WCTIOJIB30BAIUCH JJISl JOCTIKEHMS 1IeTiel ucciaeoBanms. MicxoaHble faHHble Obun
CO3JIaHbI C UCTIOJIB30BAHUEM OTKPBITHIX HA0OPOB CKOMIIPOMETHPOBAHHBIX MapoJieit
(RockYou, LinkedIn, GitHub u npyrue). [locne ynanenust nyomeid, ciay:keOHBIX
CHMBOJIOB U HEIIPABMWJIBHBIX 3alucei ObUI CO3[aH OYMIICHHBIH MaccuB Ooiee 31
000 aHOHUMH3UPOBAHHBIX CTPOK, KOTOPHIHA OB TOTOB K JaJIbHEHIIIEMY aHAJIH3Y.

OOyyaromiast BBIOOpKa JOTMOJHUTEIBHO MOMOIHSIACH OTKPBITBIMU JlaTaceTaMt
Kaggle (Password dataset 2024) u GitHub (KkryptOnn., n.d.-b). Ha mogmuoxectse
9THX AaHHBIX 00y4anack Mozenb Decision Tree Classifier; nepea 3amyckom o0yueHus
KaXJIOMy MapoJil0 BPYYHYIO NpUCBaMBajicsi THI. B Xome oOydeHUs anroputM
nocJe0BaTeIbHO OTOMpaeT Hanbosaee HHPOPMATUBHBIC MPU3HAKH U POPMHUPYET
JPEBOBUIHYIO CTPYKTYpY (puc. 2), B KOTOPOH BHYTPEHHHE Y3JIbI COOTBETCTBYIOT
JIOTHYECKUM YCIIOBHSIM, Pa3/eNsIONIMM BEIOOPKY Ha 0ojiee OAHOPOAHBIC IPYIIIBI
0 [eJICBOMY NPU3HAKY.

[Tocne 3aBepuienus: 00y4eHUs] MOAEb ObUIA MIPOTECTUPOBAHA HA OTIIOKCHHON
BBIOOPKE, YTO MTO3BOJIMIIO OLIEHUTH €€ CIIOCOOHOCTH 000011aTh 3aKOHOMEPHOCTH Ha
HOBBIE, paHee HEe BCTpeyaBILnecs JaHHbIe. {J1st anann3a pe3yibTaToB ObUIH 0Ty YEeHBI
MPOTHO3BI MOJENH, KOTOpPBIE 3aTeM CPaBHUBAIUCH C (HAKTHUCCKUMHM METKaMu
KJIACCOB, YTO IO3BOJMJIO KOJIWYECTBEHHO OLEHUTh TOYHOCTH KJIACCH()HKALHH.
OnHako BIOCIEACTBUH 3TO PELICHHE OBbLIIO M3MEHEHO B MOJIBb3y Oojee TMOKUX U
BBIPa3UTEIbHBIX MOZAEJCH, CHOCOOHBIX YUHUTHIBATh MOCIEIOBATENbHBIN XapakTep
napoJiei U BBISBIISAT CJIOKHBIC CKPBITHIE 3aBUCHMOCTH B CTPYKTYPE CHMBOJIOB.

cians = best_practice

Pucynok 2 — Pesynerater Decision Tree
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Krnaccudukarop Ha 0CHOBE JiepeBa pelieHni 00y4aeTcst COMOCTaBICHUIO:
f{x] — {ﬂ, 1,...,K - 1} (1)

TIe X = [X1, X2, X3] OuHapHBIC features mokaspIBaroIIee MPUCYTCTBHE OYKB (X1),
uudp (X2) ¥ CUMBOJIOB (X3) B mapone, 1 K 3T0 KOMMYECTBO BO3MOXKHBIX THIIOB
napods.

B kaxaom y3ne Mojenb BbIOMpaeT NpPU3HAK M IOPOTOBOE 3HAYCHUE IS
paszeneHust JaHHBIX TAKKUM 00pa3oM, YT00bl MUHUMH3HPOBATh HEYUCTOTY JIXKUHU:

G=1-2ZXp 2)

e pi — 9TO J0JIA Kilacea i B y37e. JlepeBo peKypcHBHO pa30oUBaeT MpOCTPAHCTBO
MPU3HAKOB M TIPUCBAaMBaeT HawOOJee YacTO BCTPEUAIOIIYIOCS METKY Kiacca
KaKAOMy JHCTy. B pesynsrare mosydaeTcss MHTEpHpeTHpyeMas MOJEIb
KJaccu(pUKalyy TUIIOB NapoJiell Ha OCHOBE JIEKCHYECKUX CBOMCTB.

JlepeBo pemieHni, TpPaAULMOHHBIA KJIacC alrOPpUTMOB, HCIOJIB3YEMBIH B
3aja4ax KinacCU(pUKaILUK, UCII0JIb30BAJICS B KAYECTBE OJJHOM M3 OCHOBHBIX MOAEIEH
nccienosanus. Ha HauanbHOM Tare OHM NCTIONIb30BAJIMCh AJIS pa3zesieHus maposei
M0 MPOCTBIM NMPHU3HAKAaM, TAKMM Kak Hajnuue OyKB, HU(P, 0COOBIX CHMBOJIOB U
nX KOMOMHAIMK. DTO MOMOITIO 33I0KyMEHTUPOBATH CTAHAAPTHBIEC CXEMBI TTApoJIeh
U TIOBTOPSIIONIMXCS KOMOHMHAILMH, KOTOpBIE BIOCIEACTBUU HCIIOIBb30BAIHCH
Kak OCHOBa JUisl Oojiee TIIATEIbHOTO aHaIM3a M CO3AaHUsl 0OOOIIECHHBIX MAacOK.
[Ipu 3TOM MOIeNb JepeBa pelleHHH CIy)XKWIa Kak CTapTOBBIM (UIBTPOM, TaK U
HMCTOYHHKOM 3MITUPUYECKUX THIIOTE3. DTO MPUBENO K Mepexoay K Oomnee ruOKuM
MOCJIE/IOBATEILHOCTHBIM MOJIENSIM, TaknuM Kak LSTM.

B nomonnenue k 3TroMy OBUTH HMPOBEICHBI HCCIECIOBAaHHS METO/Ia KOHTEKCTHO-
cBOOOAHOM rpaMMaTrky Ha ocHoBe BeposiTHOCTH (PCFG), koTopslii Obl1 HanpaBiieH
Ha OIpEJeNIEHUEe YCTOMYMBBIX CTPYKTYp B Mapoisix monb3oBarenedl. B atom
cllydyae Mmapoiib MPeACTaBISIETCS MTOCIEA0BATEIILHOCTBIO JIOTHUECKUX (PParMeHTOB,
cocrosimux u3 moanocienoparensHocrerd Oyks (L), mudp (D) um cnenmanbHbIx
cuMBosioB (S). BeposiTHOCTHas rpamMmardka CTPOMTCS [0 MHOXKECTBY OSTHX
pa3OueHuid, yIUTBIBAS TUI U JJIMHY KaXKI0TO CETMEHTA.

Jst kaxaoro mapodist Oblila CreHepupoBaHa CTPyKTypa, Hanpumep, L5-D4 s
napoinst Mereil611. C touku 3penust popmansHoctu, PCFG monens pazousaer
Mapoyib p MO YacTsM Si, S2, ..., Sn, [JI€ KXKAAs 4acTh Si = (Ti, Vi), ¢ Ti € {L, D,
S} mpencrasnsier Tun cuMBoJOB (ByKBbI, HU(PHI, CHiEHUANIbHBIE CUMBOJIBI), H Vi
OTHOCHTCS K YaCTH MapoJis.

CrpykTypHas 4yacTb apoJisl IpeICTaBlICHa TaK:

g(p) = nlv| — m2lva| — . — T4lvgl (3)
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Hanpumep mapone "Mereil611" coorBercTByeT mabnony L5—D4.
BeposiTHOCTD 1m1a0710Ha ITpeCcTaBICHA KaK:

P(g) = C(a) /N

rne C(c) »T0 wacToTa mabjaoHa G B garacere, © N 3TO 00IIee KOJIMYECTBO
BO3MO)KHBIX IIA0JIOHOB.
YciioBHast BEpOSTHOCTh CEIMEHTOB:

P(vyi| ) = Gi(vy) /[ ZC; (4)

rae Ci(vi) mojucyer moj 4acTeil clioBa Vi Cper CETMEHTOB THMA Ti, 1 XCi 3TO
o0I11ee KOJIMYECTBO BceX cerMeHToB (Purypa 6)

[Ipeanonarast He3aBUCUMOCTb MEK/Y CErMEHTaMH, 0011ast BEPOSITHOCTD MapoJist
COCTABJISIET:

P(p) = P(a(p)) X 11 P(v;|T) (s)

3areM HaAS&KHOCTH TAPOJSI  PACCUMTHIBACTCS KAaK  HOPMAIM30BAHHBIN
OTpUIIATENIbHBIH JIoraprudm 1mo ocHoBaHMIO 10 3TOI BEPOSATHOCTH:

Score(p) = — (1/Ipl) X logio P(p) (6)

Uewm Bbile 0asui, TeM 0oJiee PelKHii U HAJISKHBIH apoiib. MoJIeNb OlCHHBACT
YHUKAJBbHOCTh M MPEACKA3yeMOCTh MApOJIeH MyTeM aHalu3a HUX CTPYKTYpPHBIX
M JeKcudyeckux martepHoB. l[locie oOyueHUs Ha CrenualbHO TOA0OPaHHOM
Ha0Ope JIaHHBIX, B KOTOPOM ObLTH 3a(DUKCHPOBAHBI YACTOTHI BCTPEUACMOCTH ITHX
CTPYKTYp, a TaKK€ YaCTOTHI BCTPEUAEMOCTH OMPEICICHHBIX MOACTPOK B paMKax
kareropuii. Ha 3tame oneHku maposieii MOJeib HUCIOIb3YeT JIOTapU(PMHUECKYIO
METPHUKY, KOTOPasi OTPaKAET BEPOSITHOCTH CTPYKTYPBI U €€ DIEMEHTOB C IMOMPABKOM
HAa JIJTUHY.

Mopens o0ydanach WTEpaTHUBHO, HAONIOAas 3a IPOTPECCOM IO CpPEAHEMY
0aJuly ¥ TOYHOCTH PACIO3HABAHUS CTPYKTYD, KOTOpPbIE ObUIM M3BECTHBI. UTOOBI
MIPOJIGMOHCTPUPOBATh 3TO, OBUIM CO3JaHbl JiBa Tpaduka. Ha puc. 4 mokazano
M3MEHEHHE CPEIHETO JIorapu(pMHUUECKOro 6ayuia Ha 00yJaroIuX U BajuIallMOHHBIX
BBIOOPKAX [T0 MEPE YBEIUUCHUS 00yUaIOIICH IPYIIIIbL, a HA PHC. 3 TOKa3aHA TOYHOCTh
COIIOCTABJICHUS CTPYKTYP Ha 00CHX BBIOOPKAX. DTO MO3BOJISIECT HAOIIONATH 32 TEM,
HACKOJIBKO XOPOIIO MOJIEJb aIalTUPYETCs K HOBBIM JIAHHBIM, U OOHAPYKHBATh
MaTTEPHBI, KOTOPBIC YACTO BCTPEUAIOTCS B MAPOJISX.
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[ PCFG Training Progress (Score ~ Complexity)
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Pucynok 3 — PCFG Training Progress

[ Structure Matching Accuracy
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Pucynok 4 —Structure Matching Accuracy

Monenu PCFG u nepeBpsi pelieHUN OMMPAIOTCs HA 3apaHee OMpEeCICHHbIC
MpaBujia U XapaKTepUCTUKU JJIs1 aHanu3a naposiei, Hanpumep PCFG npeacrasnsier
MapOoJIH B BUJIC PPArMEHTOB U OIIPEICIISET BEPOSATHOCTD MOSBICHHS YTHX ITaTTEPHOB.
Mopens Obl1a BEIOpaHa MMOTOMY YTO SIBJISISTCS HETIACHBIM CTAHJAPTOM B aHAIIU3e
CTPYKTYpBI TIapoJieii. DTOT MeTo]] ObUT IPUMEHEH ISl U3yUSHUs pacipeeiieHUs
CTPYKTYPHBIX MAaTTEPHOB U OLICHKU BEPOSTHOCTH HCIOIB30BAHUS OMPEACIICHHBIX
(hopmaroB maposei.

OnHako 00a MoAX0/1a, HEJIOCTATOYHO THOKHUE, TaK KaK HEe YYUTHIBAIOT BIIUSHUC
YEIIOBEUECKOTO (paKTOpa HA COCTaBJICHHE YUYETHBIX JaHHBIX. JlepeBbsi pernieHuit
HCIIONB3YIOT JKEeCTKuEe yoruueckue pasaenenus, a PCFG mnoxo chopasisercs
C HECTaHJapTHBIMH INA0JIOHAMHW, WHJAWBUIYaJIbHBIMH TPUBBIYKAMU WU
SMOIIMOHAILHO 3aPsKEHHBIMH KOMOWHAIIUSMHU.

OTU OrpaHUYCHUS] MPUBEIHM K MEPEXOAY Ha IPYryro apxXuTekTypy. OcHOBOIt
aHaju3a maposieil, omucaHHOro B 3TOM ctarbe, aBiusgercs LSTM. be3 pyunoii
HACTPOMKM TpaBUJI 3Ta MOJEIb CHOCOOHAa 00y4aThCs Ha CHIPBIX JaHHBIX W
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OIIPEEIATh CIOXKHBIE NEePCOHATN3UpOBaHHbIC MIabmoHbl. B obmactm anamusa
naposieir ciocooHocth LSTM 00pabaThiBaTh MOCEIOBATENbHEIC JaHHBIE HMEET
pelaroniee 3Ha4e€HUE, MOCKOJBKY CIOKHOCTh Mapois MOXKET OBITh M3MEHEeHa
Jla’ke He3HAYMTEIbHBIMH M3MEHEHUSIMU CUMBOJIOB. Kpome Toro, Ob110 moOKaszaHo,
yro mozpenu LSTM sddekTuBHBI uist 3a/mad, TakMX Kak TEHEpanus TeKCTa U
MpeACKa3aHue CIEAYIOMIETO AIEMEHTa.

3.3. Texun4yeckoe BBINOJTHEHNE MPEII0KEHHOTO METOAA

ApXHUTeKTypa pa3paOOTaHHOM MOAEIM COCTOMT U3 TpeX JIOTMYECKUX
ypoBHed. IlepBblii 3Tam BKIIOYaeT BXOAHBIX JAHHBIX MOCHMBOJBHO H3MEHSS
B IUIOTHBIC BEKTOPHBIC IPEICTAaBICHUS (DUKCUPOBAHHON pPa3sMEpHOCTH, YTO
MO3BOJISICT MPOBOAUTH 3PPeKkTHBHOE 00YUCHHE MO CPABHEHHUIO C KIACCUYECKUM
OZHO3HAYHBIM KOAMPOBAHHUEM, ITOCKOJIBKY AA€T MOJEIN BO3MOXHOCTD YIaBIHBATH
CHUHTAaKCHYECKHE M CTPYKTYPHbIE OCOOCHHOCTH CHMBOJIOB, @ HE TOJIBKO HX
pacronoxeHue B ajiaBuTe.

Ha BropoM »srane npumensiercs asyxciodHas LSTM wmozpens, koTopast
aHAJM3UPYET KOHTEKCTyalbHbIE OTHOIIEHHS BO BCEH CTpoke mnapois. Takum
00pa3zoM, MOJIeNTb MOKET PacIio3HaBaTh HE TOJIBKO KoMOWHAIMU nu(p U OyKB, HO U
MOJIOKEHHUS 0COOBIX CUMBOJIOB, CIICLIU(PHUUIHBIX I CIIOCOOHOCTEHN MMOJIb30BaTEICH.
MexaHu3M ~ peryspu3alMd [OMOTraeT NpeloTBPaTUTh IepeoOydyeHHe Ha
OTpaHMYCHHBIX HAOopax JMJaHHBIX, a MHCIOJb30BAaHHME [BYX CIIOEB oOOierdaer
00paboTKy 1OJTOCPOYHBIX U KPATKOCPOUYHBIX 3aBUCHMOCTEH MEXLy CUMBOJIAMH.

Ha mocnennem sTame MCMONb3yeTcsl MOJHOCTBIO MOIKIIOYCHHBIH CIOH JUIst
npeoOpa3zoBaHus BEIXOAHBIX cocTosHuil LSTM B BeposTHOCTHOE pacrpenesicHue
M0 BCEM CHMBOJAM, JOCTYIHBIM B ciioBape. Moaelb MOXET IpeicKa3aTh He
TOJIBKO CIEAYIOMINH CUMBOJ, HO M OLEHUTH BEPOSITHOCTH TOTO, UTO OIPECTICHHBIC
narTepHbl OyIyT NPUCYTCTBOBATH B MapoJIe.

OcHOBHBIE LIETT MOZICIUPOBAHUS CTPYKTYPBI apoJiel U ypOBEHb a0CTPaKLNU
ormyaioT Mozaenb LSTM, npeuioxkeHHy10 B TOM HCCIEAOBaHNUH, OT MOAX0Aa Ha
ocHoBe HelpoHHbIX cetelt (Melicher et al., 2016). HMicnonp3oBanue pekyppeHTHOM
HEHpPOHHONH CETH Ha YPOBHE CHMBOJIOB TIO3BOJISIET OLICHUTH BEPOSATHOCTH
nepexoia MeXay OTACIbHBIMH CUMBOJAMU. DTO MO3BOJISIET MIPOBECTU JIETAIbHOE
MOZICTIMPOBaHUE yrabIBAEMOCTH MapoJicii Ha OCHOBE 3aBUCUMOCTEH oT MecTa. Mx
apXHUTEKTypa aJallTUPOBaHa K KPYITHOMACIITA0HOMY MOJICIMPOBAHUIO aTaK, YACIHB
0co00e BHUMaHUE BEPOSITHOCTH MOCIIEI0BATEIbHOCTEH CHMBOJIOB B NTAPOJISX.

B ommmume oT 3TOro, B HCCIENOBaHUM yAessieTcss OoJbllle BHUMAHHUS
MOBEACHYECKOMY aHallM3y MpH CO3JaHUM TMapoyied ¢ LeJIbl0  BBISIBICHUS
CEeMaHTHUYECKH 3HAYMMBIX PaBHJI M 3aKOHOMEPHOCTEH, OTPaXKaIOIMX KOTHUTUBHBIC
MPUBBIYKY YEJIOBEKA U COLMAIBHYIO aKTMBHOCTb. /1151 mocTpoeHust 0000IEeHHbBIX
CTPYKTYPHBIX MaCOK PeIIOoIaraeTcs HCIoIb30BaHUE PeIIaracMoi apXUTEKTypbl
LSTM wmogenu uis oOHapy»XeHHS TOBTOPSIONIMXCS TOACTPOK W THIHUYHBIX
KOMOWHAIM{, TAKUX KaK UMEHA M TOJbI POXKICHHS.

Taxkum 00pazoM, HaIl METOA MPEAOCTABISECT AOMOIHUTEIbHYI0 HH)OPMALIUIO
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0 YeJIOBEYECKOM (DaKkTOpe, KOTOPBIM CIIOCOOCTBYET CO3AHUIO MPEACKA3yeMBIX U
VSI3BUMBIX Maposied. JTO OTIMYaeTcs OT METOIOB, KOTOPBIE MCIIONB3YIOTCS IS
MOJISIIUPOBAHUS BEPOSITHOCTH oueBUAHOCTH maponeit (Melicher et al., 2016).

ANTOpPUTM ONTUMHU3AIMKM AJaM, KOTOpPBIH oOecrednBaeT CTaOWIBHYIO U
OBICTPYIO KOHBEPIeHIMIO B IITYOOKHMX HEHPOHHBIX CETSIX, MCIOIB30BAJICS IS
npoBeneHnss o0yueHus. Kpocc-sHTponusi, KoTopasi sSIBISIETCS CTAaHIAPTHOH JUist
3a7a4 MHOTOKJIACCOBOM KJIacCH(UKALMK, UCIIONB30BaJach B KadecTBE (PyHKIHMU
norepb. [y obecrieueHnss BOCIIPOM3BOAMMOCTH M CTaOWJIBHOCTH PE3YJIBTaTOB
BO BCEX MOAYJSX CIy4alHOCTH OBUIO YCTaHOBJICHO (DUKCHPOBAHHOE 3HAYCHHE
CEeMEHHU. DJTO TO3BOJSIET MPOBOIUTH SKCIIEPUMEHTHI CHOBAa M CHOBAa B TEX JKE
YCIIOBHSIX U MOTyYaTh Te e pe3yabrarsl. Jaxe npu 00paboTke 60nbImNX 00bEMOB
CTPOKOBBIX JAQHHBIX NPOLIECC BBHIMOJHSJICS Ha JIOKAIbHOW paboueil cTaHIuM C
rpadMuecKUM YCKOPHUTEIEM, YTO 00ECHEeYHBAJIO JOCTATOYHOE BpEMsi OOyUYCHHMSI.
Habop nansbIx 17151 00y4EHUsI COCTOSLT U3 THICAY MTAPOJICH, KOTOPBIE OBIIIM MOTYyYEHBI
13 OOLIENOCTYNHBIX yTEUEK, KOTOPbIC OBUIM NMpeIBapUTEIbHO OYHUILCHBI, YTOOBI
yOparh ayOonuku ¥ HeMH(pOPMaTHBHBIE CUMBOJIBI. BXoqHbBIE OCIE0BATEIBHOCTH
OOBIYHO COCTOSUIN OT 8 10 24 CHMBOJIOB, YTO CBHICTEIBCTBYET O TOM, HACKOJIBKO
9acTO TOJIb30BATENIN HCIIOIB3YIOT MapOIIH.

B maremarnueckom mnane LSTM npeacrasinsieT coboit Habop hopmyi, KOTopsie
00pabaThIBAIOT MOCIIEI0BATEIBHOCTD, TAKYIO KaK TEKCT, Iar 3a marom. C moMoIIbio
CHELHAIBHBIX «BOPOT», ympapisieMblx 3HadeHusiMu oT 0 10 1, oH ompenenser,
YTO 3allOMHUTH, a YTO 3a0bITh. Bce 3TO OCHOBaHO Ha CTaHAAPTHOW MaTeMaTHKE,
BKJIIOUasi YMHO)KEHHE, MaTPUYHbIC OTIEpallii U HEIMHEHHbIC (PyHKINH, TaKHE KaK
CUTMOUJI ¥ TUIIEPOOIMUYECKUI TaHTCHC.

B coorBerctBum ¢ mokymenrarmueit PyTorch torch.nn.LSTM, cnenyromiue
¢dopmyasl onuceiBaroT oneparuu LSTM amst mepsoro cinost mogenu Password LSTM
c embedding_dim = 128, hidden dim =256 u num_layers = 2.

OcHoBHasg vacTh apxutekTypsl LSTM, Bxonmuble Bopota(it), oTBewyaroT 3a
perynupoBaHye BKIIOYEHHUSI MHPOPMAIMK B COCTOSHUE T9eHKU. OH KOHTPOIUPYET
CTEIICHb BJIMSTHUS BXOAHBIX JAHHBIX Ha OOHOBJICHHE SCHKH MaMATH Ha TEKyILEM
BPEMEHHOM LIare.

I'r= G'{I-‘ﬂixr‘l' bff + Whihr—l + bhi] @)

e
W, € RIS6¥128 & pRSEXSE ko R2S6 y £ R g R2S6

2 ar
x, € R'® — pxopmoil BexTOp MO EpeMeHHOMY NepHOAy t

(1

,

h,_, € R®*®® — CKpLITOe COCTOAHME MPOMJIOr0 BPEMEHHOTO OTPe3Ka
25 b

W., € R**®*x 12® _ maTpuna Becor Ans BXoZa

W,

7 7
. € R*®® x %% _ maTpuia BecoB 1A CKPBITOrO COCTOAHUA
b

.
b,; € R**® — BeKTOpHI MOrPelIHOCTH

iir
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() — curMoMgHaA OYHKIHMA aKTHEALHH

Bopora 3a0wiBanus (f,) — yacte LSTM, pemaromas, kakyro HH()OpMaLIIO
yIaiuTh W3 naMatd. Ha BXom mojarTcs TeKyllhe JaHHble W Mpelblayllee
cOCTOsiHHE; Ha BeIxoae — uuciaa oT 0 1o 1, e 0 o3HaYaeT «IOJHOCTHIO 3a0BIThY,
a | — «ocTaBHUTh 0€3 U3MCHEHUIY.

f = ﬂ(I«‘Ififxr + bt-f + thhr_l +bhfj (8)

e x, € R'*® — pxopmHoil BeKTOp Ha mare t,
h,_, € R**® — cKpuITOe COCTOAHME € NpejEIAYVIEro mara
256 %128
W,e R — MaTpHIla BecoB JJIF BXoJa X,
256 %256
W,€ R — MAaTpHIA BECOB JJIA CKPEITOrD COCTORHMA h,_,
b 286 _ -
ifibns ER BEKTOpPEI CMENTeHHI],
o(-) — curMonpganbHaA GYHKIMA AKTHEAIIHH.
Knerounsle Bopora (KanauaatHoe cocrosaue sueiiku) (C;) — yacts LSTM,
¢dopmupylommas HOBOE COACPKUMOE MaMATH, T.€. MpeJlararomias, 4To MOXKHO

Z[O6aBI/ITI>. 3HaYeHHMS BBIYMCIISIOTCS HA OCHOBE BXOJa U ONpCAbIAYIIETO COCTOAHUS,
HO HaIIPpAMYIO HE I[06aBJ'I$I}OTC$I — OTO ACJIacT BXO,I[HOﬁ KJ1aI1iaH.

C= tanh(Wx, + b, + W, h,_; +b;,) )
rae x, € R™ — BxopHoil BexTOp Ha mware t

h._, € R*® — ckpeIToe coCTOAHME C peABIAVIIETO MIATA,

W, € R356%1Z¥ _ maTpuna BecoB Mo BXOAY AMA KaHJHAATA,

W,, € R55%2%% _ MaTpuna BeCOB IO CKPLITOMY COCTOAHHIO /A KAHIMIATA,

256 .
bi,.b,, ER — BEKTOpPEI CMEIEHHMIT,
tanh(-) — runepbonuyecKHil TAHTEHC.

Brixomgnapie Bopora (@:) — wacte LSTM, ompenensromiasi, Kakyl 4YacTh
TEKYIIIEr0 COCTOSHUS aMSITH [TOKa3aTh «HAPYXKY», T.€. YTO CTAHET HOBBIM CKPBITHIM
cocrositHreM ht. Mcnonb3yercst Tekymee cocrosiaue namsitu Ct u ero Gpuisrpanus
curmounon (3HagenHus ot 0 1o 1).

Gr = a(m::-xr + bz’o +Whﬂhr—1 +bhr.:-) (10)

rae x, € R'™® — pxopmoii BexTOp Ha mare t

h._, € R*™® — cKpeITOe COCTOAHME C MpeABIAVIIETO MATA,
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W., € R*°*12%8 _ maTpuua BecoE Io BEXoAy AJS BRIXOJHEIX BOPOT,

W,, € R¥®*¥® _ MaTpuma BecoB IO CKPLITOMY COCTOSHHIO AJA BRIXOJHEIX EOPOT,
b,.,b,. € R**® — BekTopmI cMewmeHHil,
o(*) — curMomfanbHad GYHKIMA aKTHEALMH.

Cocrosaue sueiikn(C;) mponecc 0OHOBIEHHS BHYTPEHHETO COCTOSIHHUSA MaMATH
C, B LSTM. Ono coueraer cTapylo namate C,_;, YMHOXKCHHYIO Ha BOpOTa
3a0BIBaHMS, ¥ HOBOE Ipeioxkenue C; yMHO)KEHHOE Ha BXOJHbIC BOPOTA.

C.=f0OC, +ir{3(~:t bye) (11)

286 "
e C,_, € R™ — npeppifyljee coCTOAHHE AYeiiKH,
f. € R**® — prixojg BOpoT 3abLIBaHuA,

i, € R**® — BrIXOJ BXOJHEIX BODOT,

C.€ R*® — kanmumaTHoe cocTOAHHe A4eiikH,

() — obozHaYaeT NOKOMNOHEHTHOS YMHOKEHHE.

Ckpoitoe coctosinue (h,) — Beixon LSTM Ha TeKyIleM Iare, To, 4T0 «BbIIAET
ceTb. Berancisiercst Ha ocHoBe 0OHOBIEHHOM mamsiTH L, (1ociie tanh ) ¥ BBIXOJTHBIX
BOPOT &}, PELIAIOLINX, KAKyI0 €€ 4acTb IOKa3aTb.

h, = o, O tanh(C,) (12)
rAe C, € R*°® — Texymee cocToAHMe A4eiKH,
0, € R**® — BrIXOJ BREIXOJHEIX BOPOT,

h. € R*™® — pesynrTupylolee CKPLITOE COCTOAHME,
tanh(-) — runepbonmdecKHil TaHTEHC,

() —obozHAYaeT NOKOMNOHEHTHOE YMHOMKEHHE.

Train vs Val Loss by epochs

=&~ Train Loss
284 o~ Val Loss
201 ‘
154 \
®
-
§ L0 L
1 ""\.
aLo 4 4 4
o 10 0 0 40
Epochs

Pucynok 5 —Train vs Validation Loss
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Junamuka QyHKOMM 1oTepb npu oOyuennn monenu Password LSTM Ha
npoTsHKeHUH 43 310X MPOAEMOHCTpUpPOBaHa Ha pucyHke 8. Ha HauanbHOM sTane
KpHBBIC 00yYaromeH 1 BaIMAAMOHHOM TOTEPh AEMOHCTPUPYIOT PE3KOE CHIKEHHE,
ocobenno B mepBble 10 smox. Mogenb 3axBaThiBaeT 0a30BbIC CTPYKTYypHBIC
3aBHCHUMOCTH B IIOCJICA0BATEIILHOCTSIX aposie v 3 GEeKTUBHO yMEHbIIAET OIINOKY
MpeACKa3aHus Ha paHHEH cTaanu 00y4YeHHUs, YTO U WILUTIOCTPUPYET ObICTPBIN crial.

[Tocne ~10-i 3MOXM CKOPOCTh CHIDKCHMS MOTEPh 3aMEUICTCS, 1 IPUMEPHO
K 15-i1 snmoxe o0e KpuBble craduiausupyiorcss Ha 3Hadenuu 0,15. Dro miaro
CBHJICTEIILCTBYET O JOCTM)KEHHHM CXOAMMOCTH, IOCJE YETo YAyYIIAroTCs JIHIIb
MapruHaibHble BeIUYMHBI. bin3koe coBmazeHue OByX KPHUBBIX Ha MPOTSHKCHUN
BCEro mporuecca OO0y4yeHHs OTpaskaeT BBICOKYIO O0OOLIAIONIyI0 CIIOCOOHOCTH U
OTCYTCTBHE IE€peo0ydEHHs], YTO 0COOEHHO Ba)KHO HPHU padOTe C TTOCUMBOJIEHBIMHU
MOCIIeI0BAaTEIbHOCTSIMU.

B uenom numHamuka oOydwaromied (yHKUMM TOTEph MHOATBEPXKAACT, UTO
MoZeNb OblTa KOPPEKTHO HAcTpoeHa M oOydajach Ha pPENpe3eHTaTHBHOM
naracere. CorlacoBaHHOE MOBEACHUE 00CHX KPUBBIX MO 3M0XaM JEMOHCTPUPYET
ycToH4MBOCTh apxuTekTypsl LSTM wu 3TanoB mpenporeccuHra, BKIIOYAIOIINX
TOKEHHU3ALMIO CUMBOJIOB, HOPMAJIM3ALMIO MOCIEI0BATEILHOCTEH 1 oOoraiieHne
npu3HakoB. [lomydeHHbIe pe3ynbTaThl MOATBEPXKAAIOT HAAECKHOCTH MOACTH B
3aja4ax paclo3HaBaHHUs CTPYKTYP Mapojied M e€ rOTOBHOCTb K MPAKTHUYCCKOMY
BHEJIPCHUIO.

Train vs Validation Accuracy
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Pucynok 6 —TouHoCTh Ha 00y4aroIIeM U BaJUIALIMOHHOM Ha0Opax
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Pesynwrarel knmaccudukarmu Monenu Password LSTM kak Ha oOydwaroriem,
TaK ¥ Ha BaJIHJAIIMOHHOM Ha0opax IMOKa3zaHbl B pHCyHKe 6. Ha mepBwIx gecsTu
MTOKOJICHUSIX TOYHOCTh PE3KO YBeIMUnBaeTCs. Mojeinb MepexoquT OT CIydaifHOro
yrajabplBaHusl K CTAOMILHO BBICOKMM 3HA4eHUsM. HecMOTpss Ha OrpaHWYeHHBIH
andaBUT W CPaBHUTEIBHO KOPOTKHE BXOMABI, MOJENb JIEMOHCTPHPYET OTOT
pOCT, OBICTPO W3BIIEKAasi BaXKHBIE MATTEPHBI M CEMAaHTHYECKHE 3aBUCUMOCTH W3
MocJaen0BaTeIbHOCTEN apoiei.

C mATHAAUATOro BEKAa pas3fMyusl Ha KPUBBIX OCTAIOTCS MUHUMAJIbHBIMHU, a
TOYHOCTH 00€MX BBIOOPOK YIydIImiiack 10 95%. DTo noBegeHne 0COOCHHO Ba)KHO
JUTS TIOCUMBOJTBHBIX MOJIEJIEH TIOCTIeIOBATEIbHOCTEH, TIOTOMY YTO OHO ITOKa3bIBaeT
COXpaHEHHE KayeCcTBa IPEJCKa3aHWi Ha JaHHBIX, HE HCITOIB30BABIIUXCS IPHU
00y4eHHH, ¥ OTCYTCTBHE SBHBIX MTPU3HAKOB TIEPEOOYUCHHUS.

B Gonee mo3qHme BpeMeHa paBUIIbHAS HACTPOHKa KOHBeHepa IpeIBapUTeTbHON
00pabOTKH W BHIOpaHHBIE MEXaHWU3MBI PETYIHPOBAaHUS CBS3aHBI C BBICOKUMHU
3HaYeHUsIMU ToOuHOCTU. Mckmouenune mexay cnosmu LSTM u Hopmanmmzauus
JUIMHBI TIOCTIEIOBATEIBHOCTEW O0ECIIeYrBaeT YCTOHYMBOCTh TMpPEICKa3aHUN Tpu
paboTe ¢ pPa3sHOPOAHBIMH MAPOJISIMUA. OTH BO3MOXKHOCTH TO3BOJISIOT MOJIEITH
WCTIOTh30BATRCS IS 33]1a4 OIIEHKH yCTOMYMBOCTH Maposieii B IHTepHeTe U aHamn3a
MOJTb30BATEIHCKUX IIA0IOHOB B CPECTBaX 0€30TaCHOCTH Opay3epoB.

Pesynbratel oOy4eHus, TOKa3aHHbIe Ha PucyHkax 5 W 6, TIOATBEPKIAIOT
Haa&KHOCTh UM yCTOMYMBOCTH  mpemsoxkeHHo LSTM-momenu. Mogenb
3¢ (eKTUBHO OOHAPYKUBAET CKPHITHIC 3aKOHOMEPHOCTH B JIAHHBIX O MApoIsix 0e3
nepeoOydeHus, 4TO TMOJATBEPKIAIOT OBICTPBIE CXOMUMOCTH (PYHKIUHU IMOTEPh U
cTaOuiIbHAsE TOYHOCTH CBEINIE 95% Ha oOydaromieM W BajHMIAIMOHHOM Ha0opax.
bnaronapst OnM3KoMy COBIAJCHUIO KPUBBIX MOJIEIb TTOIXOMUT IS 3a/1a4 aHalln3a
Y TIPOTHO3UPOBAHMS CTPYKTYPHI Mapoieil. B 1memnom mporecc o0ydeHus: okasaics
YCHEIIHBIM, YTO TPHUBEJIO K CO3/IaHUI0 HAJICKHOW U BBICOKOMIPOU3BOIUTEIHLHOM
APXUTEKTYPHI.

Bt ipoBe ieH 1By XATAITHBIH aHAIN3, YTOOBI OIICHUTH BIIMSTHUE OOIIET0CTYTHBIX
MEPCOHANBHBIX JIAHHBIX Ha CTPYKTYPY TOJIB30BaTeNbCKUX mMapoieil. Ha mepBom
sTare ucnonb3oBancs Serper API s cOopa TEKCTOBBIX CHHUIIIETOB C UMEHAMH,
TOPOJIOM, JIaTOW POXACHUS ¥ aapecoM. KirroueBble TOKEHBI M TIApOIU U3 KOpIyca
ObUTH OOBEAMHEHBI TIOCTEe HOpMalmu3aruu TekcTta. CIeAyomM IIaroM ObLIO
ncnoibr3oBanre MeTprk RapidFuzz muist orieHKH TOYHBIX M YaCTUYHBIX COBIAACHUN
MMCHU/JIOTHHA, a Takxke ceManTuucckoi onu3zoctr K OSINT-rokenam. OCHOBHBIE
XapaKTEPUCTUKH MTapOJIsi, TAKHE KaK HATHYUE U (P ¥ CHMBOJIOB, ObLITH 00BETHHEHBI
C pe3yabTaTaMy U MPEJCTABICHBI B BUEC KOPPEISIIHOHHOW MaTPHUIIBL.
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Heat map: name, username and OSINT vs password
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Pucynox 7 —TeruioBast kapTa KOppesiLUi MEX 1y NapoIsiIMU U IEPCOHATIBHBIMU JTAHHBIMU

[IpoBenennsrii ananu3 (Puc. 7) mokasain, 9ro IMHA TApOJis MOJOKHUTEITHHO
KOPPETUPYET C €T0 CXOJICTBOM ¢ uMeHeM (r=0,65), Torja Kak YaCTHIHBIE COBITAICHUS
JIEMOHCTPHPYIOT CHIIbHYIO KOPPEISINIO KaK ¢ TIOJTHOH moxoxkecThbio (1 = 0,87), Tak
U ¢ ceMaHTHYecKoi oreHkoH (r = 0,42). Ilpum 3TOM, ecnu B aposie COXpaHsAIoTCS
[IEPCOHANIbHBIE TOKEHBI, 100aBIeHNe HU(P UM HOACTAHOBOYHBIX CHMBOJIOB JIUILb
HE3HAYUTENBHO YCIIOKHSET ero npeackasyeMocTs. OTcrofa cienyer, 4To HMEeHa 1
CBSI3aHHbBIE C HUMH JIEMEHTBHI OCTAIOTCSl OCHOBHBIM MCTOYHHUKOM YSI3BUMOCTH, a
YCIIOKHEHHUE CTPYKTYPhI 0€3 YIaJIeHHsI 3THX 3JIEMEHTOB HE FapaHTUPYET HAJSKHYIO
3aLIUTY.

[locne nrama oOyueHwst Monmenb Obla dKcropTHpoBaHa B (opmar ONNX,
YTO MO3BOJIMJIO HHTEIPUPOBaTh €€ B J1Ba IPUKIAIHBIX HHCTPYMEHTa: BeO-
npuioxeane Ha Vue 3 u pacmmpenue Opaysepa Google Chrome, Omaromaps
3TOMY BCE BBIYMCIICHHE BBINIOJIHAETCS JIOKAIbHO: 0€3 OTHPAaBKU YyBCTBUTEIBHBIX
JAaHHBIX Ha yJal¢HHbIe cepBepbl. Vckiouas cepBepHOE XpaHEHUE WM aHAJIM3,
Takas apxXUTeKTypa O00EeCIeYnBaeT MAaKCHUMAaJbHYI KOH(HICHUNAIbHOCTh
JAHHBIX: y4YE€THBIE CBEACHUS IOJIb30BaTeNiell HE COOMPAIOTCs, HE COXPaHSIOTCS
1 He 00pabaThIBafOTCA Ha CTOpoHe cepBepa. MHTepdeiicsl paboTaror B pexxnme
peaspHOr0 BPEMEHH, IOATOMY I0JIb30BaTENb IOJIy4aeT MTHOBEHHYIO OOpaTHYIO
CBSI3b B BHJE OTOOPAXKCHHUS PA3JIOKEHHS CTPOKHU Ha CTPYKTYpPHBIE 3JIEMEHTHI,
npucBoenue ypoBHs OesomacHoctn (WEAK, MED, STRONG) u ormesky
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BEpOSTHOCTH Ha OCHOBE BBIXOIHOTO paclpeieleHuss Moaenu. Pacmmpenue
ncnomns3yet Indexed DB st xpaHeHHS TOBTOPSOIIMXCS TATTEPHOB. DTO MIO3BOJISIET
OTCJIC)KUBATh CTaHIAPTHBIC MAOJIOHBI BBOJIA U 4JJAITHPOBATH COBETHI K ITOBEICHUIO
noJp30Bareist. TakuM 00pa3om, Ielb peau3aluid MOAETH COCTOUT HE TOJBKO B
JNOCTHKCHUN TEXHHYECKOW TOYHOCTH, HO U B TOM, HACKOJIBKO OHa TIOJIe3HA ISt
MTOBCETHEBHOW KHOSPTUTUEHBI.

Onwupasice Ha BEpOATHOCTHOE CkaHMpoBaHue Moaenn LSTM, cucrema BcTpoeHa
B KOMIUIEKCHYIO Iuiardopmy aHanwm3a mapoieit. [Ipuokenune BeO-Opaysepa u
pacmmpenre Chrome mpenocTaBiISIOT OOpaTHYIO CBSI3b B PEXHUME PEalbHOTO
BpeMeHH. BeO-mpuiioxenue 3arpyxaer skcrnoptupoBaHuyio B ONNX monens u
CJIOBapb «CHMBOI—UWHEKC» MPHU OTKPBITHH CTPaHUIBI depe3 onnxruntime-web
(WASM), 9TO MO3BOJISIET KJIMEHTY BBITTOIHATH BCE BHIYMCICHHSI HHPEPEHTHOCTH.
ACWHXpOHHAsi TIPOIEAypa BBI3BIBACT (PYHKIHUIO TMPEICKA3aHUs CHJIBI IS
OTIPENEICHUs JIByX BAXKHBIX METPHUK: CPEIIHEH OTPHIIATEIIEHON JIOT-BEPOSTHOCTH
(avg(—log P)) u HopmanmzoBanHoro mporeHTa «cuibh» (0—100). ITo mporcxomut
MOCJIe TOTO, KaK TOIh30BaTellb BBOJUT MApOIb B MPUBSI3aHHOE TI0J€ U HAKUMAET
«IIpoBeputh». PeakTuBHBIE TepeMeHHBbIE VUue.js MTHOBEHHO OOHOBISIOTCS TPHU
MOMOIIHX ITHUX 3HadeHni: kKpacHas — WEAK (menee 40 %), sxenrass — MED (40—
70 %), 3enénass — STRONG (60omee 70 %), a Takke BHIBOTUTCS CpeHEE 3HAUCHUE
JUTSL TIPOJIBUHYTHIX TOJNIb30Barenei (puc. §).

Password Strength Analyzer

querty | & Check |

Data-breach check: ){ Found 12424625 times!
avg (-log P): 1.937
Password's strength: 44 %

Pucynok 8. Be6-npuiioykeHue: aHaIu3 mapois

[Tocne BbIUMCIIEHNS OLIEHKH CUCTEMA COIIOCTABIIAET MapoiIb C MPEIBAPUTEIHHO
pacCcUMTaHHBIM CIHCKOM YS3BUMBIX HOJACTPOK, W3BJICYCHHBIX B XOA€ OOydeHHUS,
rnoMeyas COBHNAJACHUS TNPEAyNPESKAAIOMIMMUA HUKOHKAMH  JUIsL  BBIJCICHHUS
CTPYKTYpHBIX cia0bix MecT. Ho B API Have I Been Pwned otnpasnsiercst ToibKo
nepBble MmaTh cUMBOIOB SHA-1-xema mapossi, TakuM 00pa3oM IpeaoTBpalnas
BO3MOYKHBIE aTaK{ TOBTOPHOT'O MCIIOJIb30BaHUs JaHHBIX, @ BO3BPAILEHHBINH CIIMCOK
cyQPHUKCOB MPOXOAMUT JOKAIBbHYIO (DUIBTPALMIO ISl OTOOpayKeHUsI KOIWYeCTBA
yTedek 0e3 BCKpBITHS UYYBCTBUTEIBHBIX JAaHHBIX. Hmke OCHOBHOW maHenu
muHamudeckuii komnoneHT Password Chart (Puc. 12) oroOpaxaer cemb Haubosiee
4acTO MOBTOPSIOIIMXCSA Maposiel, a TEeKCTOBble CIUCKU «Macku, yrpoluiaromye
yrajpiBaHue mnapoiein» u «Pexkomennyercst mzberath» (Puc. 13) nHanpasisior
MOJIb30BaTeNIel BIAIM OT KaK OOIIMX, TaK U NEPCOHAIN3UPOBAHHBIX TATTEPHOB.
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Most reused passwords
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Pucynok 9. Be6-npunoxenue: rpaduk Hanbosiee MOBTOPSIEMBIX Maposen

| Recommended to avoid

® 200
© 2004
© 004
Q) rkh
Q) hap
e & apa
« par
& hapa
o« & apar
e (& hapar

Pucynok 10. Be6-npunoxxeHune: maTTepHbI, KOTOPEIE peKOMEHAYeTCs H30eraTh

Pacmmpenne mast Chrome BOCIIPOM3BOAMT 3Ty JOTHKY Ha KaKIOH CTpaHHIE
¢ momaMu <input type="password">. Ompenenénnoe B manifest.json, OHO
BKJTIouaeT BeruibiBatommidi natepderic (popup Ul), hoHOBBII BOPKEp M KOHTEHT-
cKpunT, peanusoBanHble Ha Vue 3, TypeScript u Vite. Bo Bpems onOopnunra
M0JIb30BATENb NP KEJTaHUHM BBOAUT CBOE MMs M TOPOJ; 3TO MHULIUUPYET MOUCK
B DuckDuckGo, u3 KOTOpPOro H3BIICKAIOTCS 3HAYUMBbIC KIIOYEBBIC CIIOBA JUIS
MEPCOHANN3UPOBAHHBIX TPOBEPOK MATTEPHOB U COXPAHSIIOTCS JIOKaJIbHO B chrome.
storage u IndexedDB. KoHTeHT-CKpUNT 100aBISET PSAOM € KaXKIbIM MOJIEM MapOIIs
KHUBOHM OCHIK M CIIyIIaeT HaXaTHsl KJIaBHII, IPU KaXKIOM BBOJIEC BBIOJIHSIOTCS
te ke ONNX-undepenc, cornocrapieHue NMaTTepHOB U MPOBEPKa YTEUEK yepes
yaudumuposannyo ¢yHKouo rate (), oOHOBIsromMEe OCHIK M BCTPOCHHYIO
JIUAarHOCTHKY 3a MuJuMceKyHJbl. [lomaepxkka «ropsueil» mnepesarpy3ku uepes
cooOmieHust chrome.runtime JepXHUT MaTTepHbl aKTyaJbHBIMU 0€3 mepe3arpys3Ku
cTpaHull. Bce BbIUMCIEHMS — HUCHONHEHUE MOJAEIH, MapCHUHT KIIOYEBBIX CIIOB,
MIPOBEPKHU MATTEPHOB — MPOUCXOAAT HA YCTPOICTBE MONMB30BaTeNs; U3 Opaysepa
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YXOIAT TOJBKO HEHICHTHOUIMPYIOUIHE XeII-NpedUKCHl MM  MOUCKOBHIC
3alpOCHI, YTO MOJHOCTHIO COXPAHSET MPUBATHOCTD MPU 00ECTICUeHNH OBICTPON 1
nH(popMaTuBHOM 00parHOii cBs3u (Puc. 11).

Keywords

zhaparkhanovall

Pucynoxk 11. Pacumpenne Chrome

Jnisi OLeHKH YCTOHYMBOCTHU IIOJIb30BATENBLCKUX Maposiel K mepebopy Oblia
npumeneHa LSTM-monens, oOydyeHHass Ha NEpCOHAIM3UPOBAHHOM JaTaceTe.
B xome oOy4eHusi ceTb aBTOMAaTHYECKH BBIBIISUIA YAcTO TOBTOPSIOLIMECS
MOCJIEZIOBATEILHOCT CUMBOJIOB, XapaKTE€pHbIE JUIsI KOHKPETHOTO TOJIb30BaTeNs,
u ¢opmupoBana HaOOp «Macok» M TOICTPOK, KOTOpbIE CTAaTHCTHYECKU
MOBBILIAIOT MPEICKa3yeMOCTh IMaposield JAaHHOTO MOJb30BATENs HAa OCHOBE €ro
npaBuwia (GOpPMUPOBaHUS Mapoyieil W Habopa Hambollee YacThIX CJIOB. Takoi
MEPCOHANTM3UPOBAHHBIN MOIX0 AOTOIHEH JIOKaNbHBIM HHpepencoM (ONNX) u
JOMYCKaeT oo0yueHHe Ha KOHEYHOM YCTPOHCTBE KIIMEHTA, YTO UCKITIOUaeT BBIBO3
CBIPBIX IaHHBIX U COOTBETCTBYET TpeboBaHusIM KopriopariusHoii Ub.

CX0OMMOCTh TOATBEPXkKAEHA AMHAMHUKOM (YHKUIUH MOTEph M TOYHOCTH: Ha
Pucynke 5 nokaszano, 4to oOyd4aromiye U BaJuIallMOHHbIE TOTEpH OBICTPO MaAaloT
B mepBble 10 smox u crabuimsupyrotcst Huwxke ~0,15, npu3HakoB mepeoOydyeHus
He HaOmomaetcst; PucyHok 6 ¢ukcupyer 1oCTHKEHHE BaTUAAMOHHON TOYHOCTH
96,7 % npu ONM3KUX 3HAYCHUAX HA OOyueHUH. sl KaIMOpPOBKH «3HAKOMOCTH)
CTPYKTYpBI UCIIOJIb30BaIach CPEeHSS OTpHUILIATENIbHAs JIOT-BepossTHOCTE (Avg Log-
Score): Ha Banmupanuu nomydeHo 0,224 (MeHblle — 3HaYUT OoJiee MpeACcKazyeMo).
B cBszke «accuracy + Avg Log-Score» Monmenb HE TONBKO KiIacCH(QHUUIUpPYET
«CUIIbHBIE/CIa0ble» TapojM, HO W KOJIMYECTBEHHO OLIEHMBAET BEPOSTHOCTH
CTPYKTYPHBIX 1 CEMaHTHUECKUX Ia0JIOHOB.

ComnacHO HCCIIEIOBAaHUIO, IE€PCOHAIbHBIE TOKEHBl OCHOBATENBHO BIMSIIOT
Ha CTENeHb IpeAcKa3yeMocTu mnapoieil. Hampumep, aHamu3 cGopMHUpOBaHHOTO
MOJIETIbIO HA0Opa XapaKTEPHBIX AaHHBIX (TOJCTPOK) IEMOHCTPUPYIOT TOMUHALIUIO
YHCJIOBBIX X MMEHHBIX MOCIIEIOBAaTEIbHOCTEH. DTO B CBOIO OYepeab OTOOpa)xaeT
MPEANOYTEHUS TOJIb30BaTeNei npu GOpPMUPOBAHUH X MAPOJIeH, Kak MOKa3aHO Ha
pucyHke 12.

T'json
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"merei": 20,
"erei04": 1,
"merei04": 1,
"zha": 49,
"apa": 96
Frequently repeated patterns
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Pucynok 12 — OGnaxo CII0B 110 4acTO TOBTOPSIIOIIUMCS ITaTTepHAM

Ha pucynke 12 Bu3yanu3upoBaHO Kakue IMOCIEI0BATEIBHOCTH MPEOoOIagaroT
CPEeIM YHMCIOBBIX TOCICIOBATEIBHOCTEH U TOKCHOB, Hanpumep «2004» u «zhapy,
«khany, «kMerei», 4T0 00BSCHSET MOBBIIICHHY IO ITPEICKA3yeMOCTh qae HopMaIbHO
«CJIOKHBIX» TIApoJIe ¢ 3arIaBHBIMU OyYKBaMU U CIIEIICUMBOJIaMU. BmecTte ¢ aTum,
MIPOBENCHHBIN KopemssnuoHHbIH aHanmm3 OSINT-kIoueBBIX CITOB, M3BICUYEHHBIX
yepe3 Serper API, mpomeMoHCTpHpOBan BBIPAKEHHYIO TOJIOKUTEIBHYIO
CBSI3b MEXKIY TApOJISIMH W JTUYHBIMA uMeHamu (r =~ 0,65; cm. Pucynok 7); rme
YaCTUYHBIC COBIAJICHUS CTPOK M OOHAPY)KEHHAsI CEMaHTHUYECKasi OJIM30CTh TaKKe
YBEIMYUBAIOT PUCK yTaibIBaHMs. Bce 3Ti HaOmroaeHns oAIepKUBaIOT CTPATET IO
MEPCOHAIN3UPOBAHHOTO KOHTPOJIS IPEICKa3yeMOCTH P (POPMUPOBAHUH MTAPOTICH,
rJe 4Yepe3 KOHTEKCHBbIC TOJICKa3Kh U OJIOKMPOBOK OIPECIICHHBIX TEePCOHAIBHO
KIMIITUPOBAHHBIX «MACOK» JOCTHraeTCsi 0ojee BHICOKAs HEMPeICKa3yeMOCTh MpU
(dhopMHpOBaHHS TTAPOJIEH JI0 UX COXPAHEHUS B CUCTEME.

Hwuxe, B Tabmuie 1 Mbl mpoBenu CpaBHEHHE MOJMYYEHHBIX PE3YIBTAaTOB C
0a3oBbIMH MeTonamu, rie mMoueinb LSTM mnoka3sana 0ojiee BBICOKYH) TOYHOCTh
MpeaCcKa3aHusl Jydlle OLEHUBANIAa BEPOSTHOCTh CTPYKTYpHI Mapojieil a Tarxke
TOYHEe OTpakaeT MOBEJACHYECKNE 0COOCHHOCTH NCTIBITYEMBIX.
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Taomuua 1. CpaBHeHHE pe3yabTaToB MoJeeH

Mopeab | Tounocts | Avg Log- | Anantupyemocts | PydHoe MopenupoBanue
Score NPOEKTHPOBAHME | IOBeJeHUs
NPHU3HAKOB YyeJI0BeKa
Decision | 81.4% 0.421 Huskas Tpebyercst OtcyTcTBYeT
Tree
PCFG 88.2% 0.318 Cpennsist Tpebyercs Yactruuao
LSTM 96.7% 0.224 Bricokast He tpeGyercst PeanuzoBaHo

Pe3ynbraTsl TPOBENEHHBIX OMBITOB TOATBEpKIacT craructuky (All About
Cookies, 2023) dro OONBIIMHCTBO TIONB30BaTeNe, okoio 84%, cTaBAT
Hebe30IacHbIe MapoJId OMHUPAsCh Ha JIETKO MpeIcKa3yeMble IaTTEPHBI, TAKHE Kak:
mobumble uncia (24%), nvsa nutomueB (23%), nara poxaenus (19%), mvmena
WIEHOB CeMbHU Wi mapTHepoB (16%), mobumelie ponsseneHus (8%), maMsaTHbIC
natel (8%) WM BOOOIE MOBTOPHOE HCITONB30BAHHME TOTO JKE€ Mapoisl B TOW JKe
cucreme (17%), ecnu 3TO HE 3arIpernIeHo.

Comnocrapienne ¢ OHIATH-ITPOBEPKaAMHU TaKXKe AEMOHCTPUPYET OTPaHUICHHOCTD
aBpuctuk. PasswordMonster (PasswordMonster. (n.d.)) UMUTHpYEeT peaabHBIC
aTaky (CIIoBapw, MOICTAHOBKH a— (@, e—3, mocieaoBarenbHoCcTH 12345/qwerty)
Y OIIGHWBaeT BpPEMs B3JIOMA, BBICTyNass OJHOBPEMEHHO TUArHOCTHYECKHM U
obpazoBarenbHBIM WHCTpyMeHTOM. Hampotus, Kaspersky Password Checker
(Kaspersky Lab, 2025) u Security.org (Security.org, 2025) mmoyararoTcst Ha MpOCTHIC
mpaBuia (AJMHA, KJIACCHI CHMBOJIOB), HTHOPHUPYS CTPYKTYPHBIC/TIOBEIEHUCCKIE
martepabl. UIC Password Checker (University of Illinois Chicago. (n.d.)) —
MIPaBUIIO-OPHUEHTHPOBAHHAS CUCTEMA C (PUKCUPOBAaHHBIMU KpuTepusiMu. [loqoGHbIe
METOABI CKJIOHHBI OIMOAaThCS W HE OTPAKAIOT (PAKTHYECKYIO CTOWKOCTh, YTO
MOTYEPKMUBACT MOTPEOHOCTH B MHTEIUIEKTYAIbHBIX A THBHBIX TTOAX0/IaX.

JIJ1sT TIOJTHOTHI TIPUBENCHO CPABHEHHE KJIACCOB METOAOB, BKitodas PassGAN B
tabmume 2(Hitaj, B., et al., 2019), renepupyromuii «4e10BeKOTIOO0HEICY ITapOIIH.
Xotsi PassGAN cmiéH B MaccOBOWM TeHEparuy KaHIUAATOB, €My HE XBaTaeT
WHTEPIPETUPYEMOCTH M BO3MOXXHOCTEH OOpaTHOH CBSI3M B pPEaJlbHOM BPEMEHH,
HEOOXOAMMBIX JJIs1 IEPCOHATTN3NPOBAHHBIX PEKOMEH IAITHH.

Taonuua 2. CpaBHeHHE pa3InYHBIX [TOAX00B

Kpurpun Decision Tree PCFG PassGAN LSTM

Tun JuckperHas Crarucruueckas |I'eneparuBHO- Pexyppenrtnas

MOJIeIN JIOTHKa Ha MO Ha cocTs3aTeNnbHast HelpoceTh

JIePEBbSIX rpaMMaTHKe ceThb

Oo6pabotka mocne- | He OrpanndeHa [Nonnas mognepxka |[lomnas

JIOBAaTEIbHOCTENH | MOAAEpKUBAETCS |3aJaHHON (renepaTuBHas TIOAZIEPIKKA
TrpaMMaTHKOU BBIOOpPKA) (KOHTEKCTHOE

MOJICTIHIP.)

TpeOyercs pyunoe | [a Ja Her Her

MIPOCKTHPOBAHHE

[IPU3HAKOB
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I'ubxocTs mis Huskas Cpenssist Bricokas Bricokas
HOBBIX TIATTEPHOB
Vuér [IpakTnuecku He |YacTHuHbIN Kocsenno, no IIpucyrcrayer,
YEJI0BEUECKOTO YUHUTBIBAETCS yuéT uepes pacrpeeneH o MOJIETHPYET
(axTopa BEPOSTHOCTH JTAHHBIX peanbHOe
TIOBEJICHHE
YeroitunBoCTh Huskas Cpennss Beicokast Bericokas
K HETHITHYHBIM
JTAHHBIM
Wntepnperupye- | Beicokas Cpennss O4eHb HU3Kas Huskas (4épabrii
MOCTh (9€pHBII SITUK- SIITUK)
TEHEPaTop)
[Ipencrasienue JlepeBo Crpykrypa JlarentHoe DMOCATHHTH U
rnmapoJjs JIOTHUYCCKUX + 4acTOThI BEKTOPHOEC naMsTh
IpaBuJI CECIrMCHTOB KOOAUPOBAHUE
OcHoBHOE Tpebyet He BbLaBisier Henocrarox nurep- | TpeGyer
OrpaHNYCHHE pydHOro 0T60pa | BIOXKEHHEIE HNPETUPYEeMOCTH U | GOIBIIHX
MIPU3HAKOB MIaTTEePHBI HEePCOHANBHOM 00- | maHHEBIX 1
paTHOM CBSI3U BpPEMEHHI
o0y4eHHS

Hnst 3agay nupoBol KPUMHUHAIMCTUKKA B HACTOSIIEE BpEMs TpE/CTaBlIeHA
MOJIyJIbHAsI CHCTEMa CEMaHTUYECKOTO aHAJIN3a COOOIICHNH, KOTOpasi KOMOMHUPYET
BEKTOPHBIN MMOKCK, KIacCU(UKANNIO U BU3yaibHyto aHanuTuky (FastAPI, Qdrant,
Llama-Guard-3-1B, React). Ilnardpopma cocpemoroyeHa Ha CeMaHTHYSCKOU
WHTEPIpPETAllU W KaTerOpH3alliy, OTIUYAsCh OT TPAJAWIMOHHBIX PpEIICHHH.
Bpems moctpoenus wHIekca Ha kopryce u3 7448 cooOuieHuit cocraBmiio 3
C; MHOTOSI3BIYHBIC 3alpPOChl C JAMHAMHYECKOM MaplpyTH3alreld Ha IepeBo]
oOpabarbIBatOTCS B cpenHeM 3a 5,23 ¢, a 3ampockl 0Oe3 mepeBoma — 0,45 c.
Knaccudurarop Llama-Guard-3-1B moctur tounoctu 75,19 % mnpu nakeTHOU
00paboTKe; THITMYHBIE OITHOKH, BKJIIOUAsi CMEIICHUE OJTM3KUX KaTerOpU i U JIOKHBIE
HETaTHBbI Ha TPEX «TOHKHX» KeHcax, MOKa3bIBaIOT, YTO JOMEHHAs ajanTamus 1
OaaHCUPOBKA KJIACCOB SIBISIOTCS HEOOXoauMbIMU. [Inardopma obierdaer mouck
Y3JI0B COLMANTBHBIX TPa)OB, BDEMEHHBIX aHOMAJIMH U KPUTUYHBIX KATETOPHATIBHBIX
MaTTEPHOB, BU3YaJM3HUPYsl CTPYKTYpPHBIE M IIOBEIICHUCCKUE XapaKTEePUCTUKU
KOMMYHUKAUH (10 TPHIOKEHUSIM, MOTyYaTelsiM, TeOJOKAlUsIM, THHAMHUKE U
crarycam).

3akaouenmne

[IpeanoxkeHHOE pelIeHHE SBISIETCS  OTEUECTBEHHBIM — allbTEPHATHBHBIM
pelIeHHeM IMPOBEPKH KavyecTBa MapoJied TOJb30BaTeNIell W MpH HHTETPAaldU B
KOPIIOPaTHBHYIO CETh MOXET SIBISITHCS MPOJYKTUBHBIM HHCTPY

B coBOKymHOCTH pe3ynbTarhl MOKa3bIBalOT: (1) B TMApOJIBHOM CIEHAPHU
LSTM-noaxoy mepeBOAUT KOHTPOJIb KauecTBa Mapoiisl OT (pOpMabHBIX MPaBHII
K TEepCOHAIM3UPOBAaHHOMY on-device aHaim3y, CHIDKas MpeJcKa3yeMoCTh U
MOBBIIIAS PEANTBEHYIO0 CTOHKOCTD; (i1) HHPPACTPYKTypa CeMaHTUYECKOW aHATTUTUKN
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MPUTOIHA JUTS SKCHPECC-pa3BeKH OOJIBIINX MHOTOSI3BIYHBIX MAaCCHBOB TEKCTa B
KPUMHMHAJINCTHKE NPH NPUEMIIEMOIl TaTeHTHOCTH. lepcrieKTUBHbBIE HaNpaBiIeHUs
BKJIIOUAIOT PpACIIMPEHHE IIEPCOHANBHBIX cloBaped (B T.4. ceMaHTHYecKas
0JIM30CTh), ABTOMATHYECKYIO TEHEPALUIO «AHTH-MACOK», HMHTETPALHUI0 C
MeHekepaMu maponeil u kopropaTuBHBIME SSO; mynsTUMopanbHbeli OSINT
(LinkedIn, X/Twitter, Instagram) ¢ arentamu CV/NLP u cBs3koil cymHocTteit
st G6onee TOYHOTO NPOQUIMPOBAHMS;, a TAaKKE JIOHTMTIONHOE HCCIEIOBAaHHE,
OLICHMBAIOLIEE, OT KAaKMX HeOEe30MacHbIX NPHUBBIYEK (TIEPCOHAJBHBIC IaHHBIC,
MOIYJISIPHBIE TAaTTEPHbI, MUHUMaJIbHbBIC NMPABKH CTAPbIX Mapojieil) MoiIb30BaTen
OTKa3bIBAIOTCSI MO/ BO3CHCTBUEM KOHTEKCTHOI 00paTHO# cBsi3u. OMOIHUTEIBHO
U1l KPUMHMHAJIHCTHYECKOTO MOIYNS IUIAHUPYIOTCS pacIIMpeHHe OO0ydarommx
koprmycoB, hard-negative mining, no0aBineHHE aynnoO-/BUACOAHANUTHKH U
unterpanms ¢ miaargpopmamu OSINT/Threat Intelligence.

TakuM 00pa3zoM, MpeUIOKEHHAs] CUCTEMa COYETACT INMEPCOHATM3UPOBAHHYIO
OLICHKY CTOWKOCTM Iapojied B peaJlbHOM BpEeMEHH U MacIiTabupyeMyro
CEeMaHTHUYECKYIO aHAJUTUKY TEKCTOB, 3aKpPbIBasl Pa3pbIB MEXy «0€30MacHOCTHIO
0 paBUJIaM» U 0e30MIaCHOCTHIO Ha MPAKTHKE.

bnaromapuocTtu

JlanHOE HccnenoBaHME MPOBENEHO NMpH (UHAHCOBOH moxpnepxkke Komurera
HayKd MuUHHCTEpCTBa HayKH M Bbicuiero oOpaszoBaHusi PecrnyOnukn Kazaxcran
B pamkax goroopa Ne388/TILID-24-26 or 01.10.2024 mo Hay4yHOMY MPOEKTY
BR24993232 «Pa3paboTka MHHOBAIMOHHBIX TEXHOJIOTHUH MPOBEACHUS HU(PPOBBIX
KPUMHUHAJINCTHYECKUX HMCCICAOBAaHUH C NPUMEHEHHEM HWHTEIJICKTYaJbHbBIX
MIPOrpaMMHO-aIMapaTHBIX KOMIUIEKCOB.

Omuueckoe 000bpenue

Hannoe ucciedosanue ne sampazusaem yuacmue a00el U HCUGOMHbIX.
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Abstract. This paper addresses the problem of increasing the reliability of the
radio link between small spacecraft and ground stations under stringent on-board
power and resource constraints. The transmitting side is based on a software-defined
radio chain using the AD9364 transceiver in combination with the HMC998 power
amplifier, which provides the required energy potential of the communication
channel. The main focus is on studying error-correcting coding methods and data
rate control. Numerical simulations are carried out for an additive white Gaussian
noise channel, taking into account distances of up to 2000 km, antenna parameters,
receiver G/T, and additional link losses.The analysis covers BPSK, QPSK, 8-PSK
and GMSK modulations combined with LDPC, turbo and Reed—Solomon codes;
BER dependences on Eb/NO, operating frequency, elevation angle and data rate
are compared. It is shown that the use of LDPC coding provides an Eb/NO gain
of several decibels and makes it possible to achieve BER on the order of 10 in
the 2.2-2.4 GHz band at data rates up to 10 Mbit/s, which significantly increases
link reliability for small-satellite orbits. In addition, principles of adaptive selection
of the “modulation — code — rate” combination are considered, depending on the
current energy margin of the channel, which effectively implements data rate control
at the SDR level. The obtained results can be used in the design and optimization
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of telemetry and service communication channels of nanosatellites, as well as in
the development and testing of SDR equipment on ground-based test benches and
flight models of small spacecraft.

Keywords. SDR, small spacecraft, Earth stations, radio frequency, reliability
enhancement, coding, modulation, satellite communications
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AHHOTanus. byn Makanaga «IarblH FapbIll anmaparbl — JKepAeri CTaHLUS
panuoOaiinanbic apHACKIHBIH CEHIMAUIITIH OOPTTHIK KyaT IIeH pecypcTapra KaTaH
LIeKTEeYJIep KaFJalblHaa apTThIPy Maceleci KapacThIpbliaasl. TaparTkbim OeJiri
peringe AD9364 TpaHcuBepiHe HerizenareH OaraapiaMalblK-aHbIKTaIaThIH
panuorpakt (SDR) >xone OaiinaHbic apHACHIHBIH KaKETTI HSHEPTETHKAJIBIK
MOTeHIUANbIH KamTaMachls3 ereTin HMC998 kyar KymeWTkimn KoJgaHbLIa bl
Herisri Hazap kexmeprire Te3iMai (Kareiepii TY3€TETiH) KOATay oIicTepl MeH
JepeKTepli Oepy >KbUINAMIBIFBIH OacKapy TOCULAEpiH 3epTTeyre ayaapbUIFaH.
AnnuTuerti ak [aycctik nryst 6ap (AWGN) apraga 2000 kM-re AeliHTi KalbIKTHIK,
aHTEeHHaJap/AbIH mapaMeTpiepi, KaObuinarbiuTsiy G/T KepceTKili xKoHe TPaKTiHIH
KOCBIMIIIA IIBIFBIHAAPBI €CKEPiJie OTBIPBIN CaHbIK MOAeNbAey Kyprizinai. BPSK,
QPSK, 8-PSK xone GMSK monymsuusutapsl LDPC, Turbo xone Reed—Solomon
KOJTapbIMEH YiUleciMIe TaijgaHalbl, Karelik bIKTuMayasiFblHbiH (BER) Eb/NO
KaTBbIHACKIHA, )KYMBIC JKU1TIriHE, J/ieBalus OyphIIIbIHA )KOHE Oepy JKbUIIaMAbIFbIHA
Tayenainiri cansicTbipbiiagsl. LDPC-konraynet kongany Eb/NO Goiibiama OipHerie
nenubenre neitin yroic Oepin, 2,2-2,4 I'T'n xwuinik nuama3onsiHga 10 Mowut/c-
Ka nedinri xkeurnamabiktapga BER mamamen 107° jmeHreiiiHe KO JKeTKizyre
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MYMKIiHAIK OepeTiHi kepceTini, Oy marsiH KA opOuTanapbiH/ia apHa CeHIMIUTITIH
enadyip aprTeipaabl. COHBIMEH KaTap apHaHBIH aFbIMAAFbl SHEPTeTHKAJIBIK KOPbI
eCeOIHeH «MOAYJSAIUS — KOJ — IKbUJIAMJIBIK» KOMOHMHAIIMSCHIH OcHiMenMerti
TajIay KaruJarTapbl KapacThIPBUIBIN, Jepekrep Oepy kbuimamiapiFbiH SDR
IeHTeinIe 0acKapy iCKe achIpbUIaabl. AJTBIHFaH HOTHYKEJIePIi HAHOCITY THUKTEPIiH
TEJIEMETPUSUIBIK ~ KOHE CEpPBUCTIK OaiijaHplc apHaJapblH kolamay MeEH
OHTalNmaHIbIpyaa, COHAAN-aK KEPYCTI ChIHAK CTEHATEPiHAE JKOHE LIAFbIH FapbILI
anmnapaTTapbiHbIH yiry yirinepinge SDR jkaOabIFbIH 93ipiiey jKoHE ChIHAY Ke3iHIe
naijgananyra 0osabl.

Tyiiin ce3naep. SDR, marslH Faphlll ammaparTapbl, jK€p CTaHIUSIAPHI,
PATUOXKUITIK, CEHIMILUTIKTI apTTHIPY, KOATAY, MOXYJISIHSI, CITyTHUKTIK OaiIaHbIC
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AnHoTanus. B craTbe paccMaTprBaeTcs IOBBIICHUE HAICKHOCTH PAIHOTUHAN
«MAaJIbI KOCMHYECKHH anmapar — Ha3eMHast CTaHIHsD) TIPH )KECTKUX OTPaHUUCHHIX
M0 MOIIHOCTH W pecypcam Oopra. B kauecTBe OCHOBBI NepeAaroliel yYacTu
HCIOJIB3YETCs TPOrPaMMHO-ONpeesIeMblii paauoTpakT Ha 0aze TpaHCUBepa
AD9364 B coueranuu ¢ ycuautenem MommHoctu HMC998, oGecneunBaromum
TpeOyeMblii PHEpreTHYeCKUi MOTEHIUAN KaHaia cB3d. OCHOBHOE BHHMaHHE
yAeJIeHO UCCIIEI0BAHUIO METO/IOB TOMEXO03aIMIIIEHHOT0 KOJTUPOBAHU U yTIPABICHUS
CKOPOCTBIO Mepe/iaul JaHHBIX. BBIMOTHEHO YHCIeHHOE MOJICINPOBAaHUE B KaHaJIe
C QJIMTUBHBIM O€NbIM TrayCCOBCKMM IIYMOM C y4eToM paccTosHus 10 2000 kM,
napamMeTpoB aHTeHH, nokaszarenss G/T mpueMHHMKa W JIOTONHHUTEIBHBIX IMOTEPh

261



Academic Scientific Journal of Computer Science

TpakTa. Ananusupyrorca moxymsaunu BPSK, QPSK, 8-PSK 1 GMSK B couetanun
¢ xomamu LDPC, Turbo m Reed—Solomon; cpaBHuBatoTcs 3aBucumoctd BER
ot otHomeHus: Eb/NO, paboueli 4acToThl, yIiia 3IIeBalliil ¥ CKOPOCTH TIepeIadu.
[Tokazano, uro npumenenre LDPC-koaupoBanus obecrieunBaet BRIMTphIm 10 Eb/
NO 1o HeckoNmbKUX Jleruoden u no3oisiet qocturath BER nopsaka 10~° B ananazone
gactor okono 2,2-2.4 I'T'm mpu ckopoctsx mo 10 MOut/c, 4To CymIeCTBEHHO
MOBBINIIACT HANIEKHOCTh KaHala mpu opOutax manmbeix KA. JlonmoixauTensHO
paccMaTpHUBarOTCS MPHUHIUIBI aJallTHBHOTO BHIOOpa KOMOWHAIIMK «MOJYJISIIIHS
— KOJl — CKOPOCTh» B 3aBUCHMOCTH OT TEKYIIIEro 3araca 10 dHepreThKe KaHaja,
9T0 (haKTUYECKU pealu3yeT yIpaBIeHHE CKOPOCThIO Tepemaun Ha ypoBHe SDR.
[lomyueHHBIE pe3ynbTaThl MOTYT OBITh WCIONB30BaHBI TPU MPOCKTUPOBAHUU WU
ONTUMU3AIUHN KAaHAJIOB TEIEMETPHH U CITy>)KEOHOH CBSI3M HAHOCITYTHUKOB, a TaK)Ke
pu pa3paboTke U uctbiTaHusx SDR-anmapatypsl Ha HA3eMHBIX CTEH/IaX U JIETHBIX
o0pasIax MaJlbIX KOCMUYECKUX armnapaTos.

KuroueBbie ciioBa. SDR, manbie kocMUyeckue amnmaparhl, 36MHbIE CTaHIUU,
paZrovacToTa, OBHIIICHNE HAJIS)KHOCTH, KOIUPOBAHUE, MOIYIISAIINS, CITy THUKOBAS
CBSI3b

Bnazooapnocms. /lannoe ucciedosanue ¢unancuposanocy Komumemom
nHayxu Munucmepcmea nayku u evicuie2o obpazosanus Pecnyonuxu Kazaxcman
(BR27198365 «Paspabomka onmuKkod1eKmpOHHOU CUCTIEMbL 8 KOPOMKOBOIHOBOU
ungpaxpacHol oonacmu cnekmpa 6 KOHmekcme pazeumusi KOCMUYECKUX cucmem
/33 Kazaxcmanay).

Beenenue. CriyTHUKOBBIE TUIAT(OPMBI IPEACTABIISAIOT CO00 MHHOBAIMOHHYIO
napaanrmy, npeajarasi SKOHOMHUYECKH 3((EKTHBHbIE U BBICOKOI(P(EKTUBHBIC
TEXHOJOTMYECKHE PELICHUS! C YMEHBIICHHOM 3aaepkKkoi. OHM 00ecreyuBaroT
MOKpBITHE OONBIINX 30H OOCIY)KMBaHWS, BKJIOYash PErMOHBI, INe¢ Ha3zeMHas
coToBasi MHQPACTPYKTypa HEIOCTYIHA, TaKHe Kak Cl1a0opa3BUTHIC CTPaHBbI,
CeNIbCKUE PaOHBI, CEBEPHBIN M IOXKHBIHN MOII0CA. DTH 0COOCHHOCTH TAKXKE JIENIAI0T
BO3MOKHBIMH HOBBIE THITbI KOCMUYECKHUX MOJIETOB, YUUTHIBAsE HU3KYIO CTOUMOCTh
TOTOBBIX KOMMEPYECKHMX 3JIEKTPOHHBIX KOMIIOHEHTOB, CHOCOOHBIX BBINIOJIHATH
MHO)KECTBO Pa3JInUHBIX 337134, TAKUX KaK 3allUTa oKpysxatomei cpeasl (Mukherjee
et al, 2013; Davies et al, 2019).

B nannoit pabote paccmarpuBaeTcs MOIXOA, HANPABICHHBI Ha MOBBIIICHHUE
HaJICKHOCTH CBsI3M 3a cueT npuMmeHeHus SDR Ha Gasze TpancuBepa AD9364 B
coduetanuu ¢ ycwiutenem momuocth HMC998. [Ing oueHku 3¢pQeKTHBHOCTH
MPEATOKEHHOTO  PELICHUS] MPOBEACHO MOJCIMPOBAHUE PA3IMYHBIX CXEM
MOZYJISIIMK 1 METOJIOB ITOMEX0YCTOHYMBOTO KOAMPOBAHHMS.

Lenp uccaenoBanus — ONPENeIUTh ONTUMAabHble KOMOMHAIMK HapamMeTpoB
nepesadn JaHHbIX, KOTOPbIE 00ECIeYMBAIOT MUHUMAJIBHYIO BEPOSITHOCTD OIINOOK
1 BBICOKYIO YCTOMYMBOCTH K BHEIIHUM [TOMeXaM IpH nepenade qaHnHbeix ¢ MKA.
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SDR —5T0 rudkast TeXHOJIOTHsL, KOTOPasi TO3BOJISIET MPOESKTUPOBATH AAaNITHBHYIO
cucreMy cBsi3u. COOTBETCTBEHHO, OOIIasi KOHCTPYKLUSI OOOPYZOBaHUS MOXKET
WCTIOJIB30BAThCS ISl YAOBJICTBOPCHMSI PAa3JIMUHBIX HOTPEOHOCTEH B CBS3U C
Pa3IMYHBIMU YaCTOTaMH, CXEMaMH MOIYISALUN U CKOPOCTSIMH IEpeAadn JTaHHbBIX
(Maheshwarappa et al, 2021). Ilpomecc BHempeHHsS paAMOCBS3H BKJIOYAET B
ce0s HACTPOMKy mHapaMeTpoB (UIBTPALMU, TAKUX KaK YaCTOTBHI MPOITYCKAHHUS
W 3arpakaeHus, a Take NHU(pOBbIe KBaJpaTypHble MpeoOpa3oBaHHUs U
KOPPEKTHPOBKH CKOPOCTH TMepelayd JaHHBIX C HCIOJIb30BaHUEM IPOLECCOB
JTUCKPETU3aLUHN BBEPX U BHU3.

B 3Tux cuenapusix mocieiHue AOCTHXKEHHS B OONACTH MaJbIX CIyTHUKOB U
MPUEMOIICPEIaTYNKOB C MUHUATIOPHBIMHU CITyTHUKOBBIMH aHTCHHAMHM JETAl0T UX
XOPOIIHMM pEIICHUEM, TaK KaK HCIIOJIb30BaHHE CITyTHUKOB HAa HU3KOH OKOJIO3EMHON
opobute (LEO), pa3MmeleHHbIX B COCTaBE TPYNIUPOBKU HMJIHM KIACTEPOB, MOXKET
00ecreunTh NOBCEMECTHOE TTOKPBITHE, TAPAHTHPYS BBICOKYIO CKOPOCTh Mepenadn
JaHHBIX U HU3KHE YPOBHU 3a1epxku (Bacco et al, 2019)

VY4uThIBas pacTyliee YUCIIO 3allyCKOB MaJIbIX CITyTHUKOB, IPYTIITUPOBKH MaJIbIX
CIIyTHHKOB C MEXCIYTHHKOBOH cBsizbio (ISLS) mpusnexiamn Gonpinoe BHUMaHUE
C TOYKM 3pCHHUSI YCIyr HaOmMomeHus ¥ cBa3u. Hampumep, B MOMBITKE YCHIINTH
3TO TMPEUMYILECTBO, OBIJIO Pa3paboTaHO MHOTO(PYHKIMOHAJIBHOE MPOCTPAHCTBO
Ha Oasze mporpamMmHo-omnpexnesieMoil paxmocssazu (SDR). link (GAMALINK)
MOSIBUJICS KaK KOMMYHHUKAIIMOHHOE pelieHne 1uisi cozaanus [SL, opuentupoBanHoe
Ha HeOOJbIINE CITyTHUKOBBIC MJIaT(OPMBI, B KAUECTBE aJbTCPHATUBBI KPYITHBIM U
JOpOTOCTOSAIINM KocMuuecknM MuccusM (Rodrigues et al, 2013).

[Iporpammupyemast paguocssize (SDR) crama omHUM U3 HOBBIX METOIOB,
YMEHBIIAIOMHUX MHOTO(AKTOPHOCTH 000PYAOBAaHHS M, KPOME TOTO, U3MEHSIOIINX
MapupyT Uil TPAJULHUOHHBIX CHCTEM AMCTAHLMOHHOW cBsizu. IIpoexTnpoBanne
MHOroHacTpauBaemMoi cuctembl Ha ocHoBe [IJIMC nenaer e€ amanTuBHOU U
MHOTOpa3oBoii. B 3Toii 3ama4ue mpeacraieH miaH cerMeHTa 00pabOTKH OCHOBHON
MOJIOCHl YaCTOT MPOTrPaMMHO-OMPEAEISIEMOro paano ¢ ucnoib3oBanueM QPSK,
BPSK wu mutan xompupoBaHus ¢ ucnonb3oBanueM kona XammuHara (Vishnuvardhan
G.et al. 2019).

ABTOpBI JIaHHOM CTaThbM pa3padarThlBalOT MaTeMaTHYECKYI0 MOJICNb IS
JEMOHCTPALUH HAaIS)KHOCTH HEOOJIBIION CITy THUKOBOM CETH B OTHOILICHUH CTPYKTYP
SDR, MOLITHOCTH NTEpeAaBacMOro CUrHaIa Ha BOCXOASIINX M HUCXOASAIINX KaHaIax,
KOZIOBBIX CKOPOCTEH M KOJUIM3WH MAKETOB C MOMOUIBIO yCOBEPIICHCTBOBAHHOTO
nporokosa RA. Mojens obecneuyrBaeT KOJMUYECTBEHHYIO Ha/IEKHOCTb CETH B
OTHOIICHUH YacTOTBI OTKa30B cucTeMbl SDR, 1OmycTHMBIX mapaMeTpoB CBS3H U
ko3¢ ¢unnenra norepu naketoB (PLR). Ham ananus mpemiaraer MeToqonoruio
OLICHKH Pa3In4uii B HAACKHOCTH CETH B 3aBUCMOCTH OT M3MEHEHUH MapaMeTpoB
CBSI3M M PEKOMEHIALMM I10 MOAJICPKAHUIO HAAEKHOCTH CETEBOW CHCTEMBI C
COOTBETCTBYIOLIMMH 3HadeHUsIMHU napameTpoB (Seunghwa et al, 2021; Bacco et
al, 2019).
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HBonunasipazosasmanunyssinus (BPSK)nksanparyphas hazoBas MaHUITyISIIMS
(QPSK) sByisitoTCSl BaKHBIMH METOAAMH MOAYJISILIMU, UCTIOIB3YEMBIMH BO MHOTHX
cTaHAapTax cBsi3u. B manHO# pabote paspaboraH mpuéMoIepeaTyuK pearbHOro
Bpemenn ans1 BPSK u QPSK ¢ ucnomnp3oBanmemM nporpaMMHO-oNpeaensieMon
panmocuctembl  (SDR). Ilpuémonepenatunk pa3zpaboTaH MOpOrpaMMHO B
LabVIEW, a B kauecTBe anmaparHbIX CPE/ICTB UCTIONB3YIOTCS JIBa YHHBEPCAITBHBIX
mporpaMMHbIX paauonepudepuitabix ycrpoicrsa 2921 (USRP 2921) (Mehmet et
al, 2018).

B nannoii craTbe onuchIBaeTCs pa3padoTKa U anmnapaTHasi peajn3anns CUCTEMbI
ces3u tiuna SDR na ocnoBe IIJIMC nna nanocmytHuka. OCHOBHbIE (yHKIHNH,
BBITIOJTHSIEMBIE Ha OopTy, — 310 nemoxnysiius FM/FSK mits Bocxopsiiero kaHamna
TenexkomMaH u Moxymsinus BPSK ¢ dunprpanmelt mpunogHsITOr0 KOCHHYyCa IS
HHUCXOJISIIIETo KaHaja TeJleMeTpur. Bes cuctema cipoeKTHpoBaHa M peain30BaHa
Ha ocHoBe [IJIMC Microsemi Smartfusion2. [lyis anmapaTHOW OIEHKH CHCTEMBI
ucnonssyercs [IIJIMC Virtex-6 ¢ BEICOKOCKOPOCTHOM aHAJIOTOBOM JJ0UEpHEH m1aTtoi
(Nivin et al, 2016)

ObecneyeHne HaJIS)KHOW MEepeAadn JaHHBIX OT MaJIbIX KOCMHYECKUX aIaparoB
(MKA) k Ha3eMHBIM CTaHITUSIM SIBIISIETCS BaXHOW 3a7ayeil B COBPEMEHHBIX
CIYTHHUKOBBIX mpoekTax. OrpanumueHHele pecypcsl MKA, Takme Kak Manas
MOIITHOCTb MepeaaTunKa U pa3Mepbl aHTEHH, MPEAbIBISIIOT 0COObIe TPeOOBaHUS K
cucremMaM paguocssizu. [IporpaMmmHuo-onpenessiemas paanocssss (SDR) no3sonser
ruOKO HaCTpauBaTh MapaMeTphl epeiadl JaHHBIX, BEIOMPATh MOAXOISIIINE CXEMBbI
MOZYJISIMN U aJarTHPOBATh CUCTEMY K TEKYILIUM YCIOBHUIM paarokanana. OmxHako
crangaptHele SDR-pemenus He Bcerga 00ecneynBaoT J0CTATOYHYI0 MOIIHOCTb
CUTHasa JUIsl yBEPEHHOIO IpreMa Ha OOJIbIINX PACCTOSHUSX.

MKA (SmallSats mim Manble CIlyTHUKH) BKJIIOYAIOT KOCMHYECKHE amllaparhl
Mmaccoit menee 180 kr (https://www.nasa.gov/what-are-smallsats-and-cubesats/).
CubeSats noamagator nox omnpeneneane MKA. CraHgapThsl NMPEANUCHIBAIOT, YTO
OHH BecsAT MakcuMyM 1,33 kr u umeroT pa3mepbl 1 cM X 1 cm X 1 cm.

[Ipy yBenn4yeHUW CKOPOCTH Nepenaydl JaHHBIX TpeOyercs TUOO MOBBIILICHHE
BBIXOZHOW MOIIHOCTH, JHOO CHW)KEHHE YPOBHs IIyMa, JIMOO COKpalleHHE
nanbHOCTH cBsA3W. COBpEeMEHHBIC TOJCHCTEMBbl CITyTHUKOBOW CBSI3H OTHAIOT
MPEANOYTEHUE adalTUBHBIM CHCTEMaM, IOCKOJIBKY B HEaJalTHUBHBIX PEHICHHUSIX
WCTIOJIB3YETCS, KaK MIPAaBUII0, MUHUMaJIbHAsI CKOPOCTD Mepeiauu Al oOecneyeHus
YCTOHYHMBOM pabOTHI paguoKaHama.

Tpanummronno SDR npuMeHstoTcs Uit CHUKEHUS 3aTpaT U CPOKOB pa3pabOTKu
cucrem cBsa3u (Heuberger et al, 2009). CoBpemMeHHbIE HCCIEIOBaHNS HAPaBICHbI
Ha TIOBBIIICHWE WX TPOU3BOAUTEIBHOCTH W TMOATOTOBKY K HWHTErpanuu
nuckycctBeHHoro wuHrteiviekra (MM) B cHyTHHKOBBIE CHCTEMBlL. AJAaNTHBHBIC
pelIeHNsT MO3BOJISIIOT HACTPAaUBaTh YCHIIUTEIb CIYTHHKA B PeajbHOM BPEMEHH,
9TOOBI COOTBETCTBOBATH OTPAHMUCHHSAM IJIOTHOCTH MOIIHOCTH M OOECIIeunBaTh
JOCTaTOYHbIM YPOBEHb CUTHAJA Ha IIpHeMe. DTO AaeT BO3MOXKHOCTH 3(deKkTHBHO
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HCTIOJIB30BATh PECYPCHI CIIyTHUKA U IepeJaBaTh MAKCUMAIbHBIN 00beM JTaHHBIX B
3aBHCHUMOCTH OT YCJIOBHH paJHoKaHaja.

Taxkum 0Opa3zoM, HOBH3HA MCCIIEAOBATEIILCKON PaOOThI 3aKII0YACTCS B TOM, YTO
MIPOEKT ONTUMHU3HUPYET NPOU3BOAUTEIBLHOCTH CUCTeMbI SDR 17151 MaJIbIX CITy THUKOB,
W OH HCHOJIB3yeT HHCTPYMEHTBI, JIOCTYNHBIC OOJIBIIMHCTBY pa3padOTUYUKOB
CITyTHUKOB.

(Yasir et al, 2021) uccnenoBanne criocoOCTBYET YAYUIIEHUIO CHCTEM Ha OCHOBE
SDR myrem pa3paboTkyM aJanTUBHOTO mepenardyhka M NPUEMHHKA IAaKeTHOU
CBSI3U, KOTOPBIE MOTYT HCIIOIb30BaTh OKHO CBsi3u CubeSats n ManbIX CITyTHUKOB.
B coorBercTBHM ¢ OOpaTrHOW CBS3bI0 OT NPHUEMHHUKA IMEPEJaTUUK H3MEHSIET
XapaKTEPUCTHKH CHUTHasla. TeOpeTHYEeCKH CHCTeMa MOXKET NPHUHUMATh MHOTO
PEKUMOB, HO JJIS1 IPOCTOTHI U ISl TOATBEPKACHUS KOHLEIINN 3[16Ch M3MEHEHHUS
OTPaHUUYCHBI TPEMsI CKOPOCTSIMH Tepeaul JaHHBIX CXEMbl MOIYJISILIUH TayCCOBOM
MUHUMaNbHOW MaHumysaiuu capuroM (GMSK), T. e. 2400 out/c GMSK, 4800
out/c GMSK u 9600 6ut/c GMSK, koTOopbIe sSBIsAIOTCS HanbOosee MOMyJIsiPHBIMU B
JOOUTENBCKUX MaJIbIX CITyTHHKAX.

Marepuajbl U Metoabl. B pabore peann3oBaHa cucTeMa PagudoCBA3N IS
MKA Ha 06aze SDR. B kauecTBe OCHOBHBIX KOMITOHEHTOB HCITOJIB30BAIINCH
TpancuBep AD9364, oGecnieunBatomuii padoty B amamnazone yactot ot 70 MI'n
10 6 I'T1 ¢ BOBMOXXHOCTHIO THOKOIM HACTPOWKH MapaMeTpoB Iepead JaHHbIX, U
ycumtenb MortHoctd HMC998, criocoOHBIH MOBBIIIATE BEIXOAHYIO MOIITHOCTb JI0
+31 abM 1715 yBeIMUEHUS painyca yCTOMYMBOM paluOCBs3H CITyTHUKA C Ha3eMHOU
cranuued. [y aHanmM3a XapakTEepUCTUK CHCTEMBI MPOBOAMIOCH KOMITBIOTEPHOE
MOJICTTUPOBAHHUE C YUYETOM YCJIOBHUH: PACCTOSHUE MEKIY CITyTHUKOM U Ha3eMHOU
cranuedt or 600 mo 2000 kM mpu ymie sneBauuu oT 10° mo 40°, MomHOCTH
nepenatuvika 30 abm, ycuieHue aHTeHHbl &8 nbu, mMoKaszarenab IIyMOBOU
temneparypsl npueMmHoro tpakra G/T Ha yposne 12 nb/K u momonHuTenbHBIE
MOTepH B TpakTe nepenadu okono 4,5 n1b. B xome MomenupoBaHusi OLEHUBATACH
s¢dexruBHOCTE paznnuabix cxeM moayisiunu (BPSK, QPSK, 8-PSK u GMSK),
a TaKke MeToAoB MoMexoycroitunBoro komupoBanust (LDPC, Turbo-xomer u
Reed—Solomon). OcHOBHBIM IOKa3aTeyneM, HWCIOJB30BAHHBIM JJIsl  aHANN3a,
Obuta BeposITHOCTH OuToBOH ommOku BER, paccunThiBaemasi mpu HM3MEHEHUH
napamMeTpoB paauokaHana, Takux kak otHomenue C/II, wacrora Hecymed u
CKOPOCTh TeEpeAayrd JOaHHBIX. Bce pacueTbl BBIMOJIHAINCH C HCIHOJNB30BAHHUEM
nporpaMmHoro obecnedenusi MATLAB/Simulink wu  cnenmann3upoBaHHBIX
ckpunToB Ha Python, uyTo o0ecrneunBano BBICOKYIO TOUHOCTH MOJCTUPOBAHUS U
BO3MOJKHOCTh OOBEKTHBHOM OILICHKH TApaMETPOB CBSI3H IS pa3paOdOTKH HAAEKHbIX
cucteM nepenauu gaHHbix ¢ MKA.

Pesynbrarel m o0cy:xkaenue. lcnonb3zoBanne AD9364 mo3BonseT TruOKo
BBIOMpATh THUIl MOLYISALMH U CKOPOCTh B 3aBUCHUMOCTH OT TEKYILIMX YCIOBHH
pamnokanana. Murerpamms ¢ HMC998 mo3BonsieT KOMIEHCHMPOBaTh MOTEPH
Npy JajdbHEM paclpoCTpaHeHWH M yBennuuTh oTHomeHue C/L. AmantuBHas
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Hactpoiika SDR-Momyss mos 0coOCHHOCTH KaHalla O3BOJISIET COXPAHUTh HU3KHUI
YPOBEHb OLIMOOK Jja’ke Ha BHICOKHX YaCTOTaXx.

B ommmune ot pukcuposanubsix paguocucreMm, SDR-apxutexrypa c HMC998:

- YBEJIMUMBACT PAINyC JCHCTBUS;

- IOJICP’KUBACT aJalTUBHYIO MOLYJISLIHUIO;

- CHIDKaeT TpeOOBaHMs K HA3eMHOM CTaHLUH;

- no3BoJsieT peannzoBath ARQ n FEC (mampumep, LDPC).

®opmynsl 1151 olieHKH BepostHocTd BER B 3aBHCHMOCTH OT OTHOIICHHS E/
N npusenensl B padorax (Ladvanszky et al, 2021; Alvarez et al, 2024) nmeror Bu:

Jins BPSK:

szq( zf%) (1)
Jlns QPSK:

P, ~ Q( 2 fr—: : ()
Jlns 8-PSK:

P, % 2@( Jrf% - sin“{w!ﬂ)). 3)
Dynkuus Q:

Qx) == [T e dt @

Ha pucynke 1 mpencraBieHa 3aBHCHMOCTDh BEPOSITHOCTH OMTOBOI OITHOKH OT
YaCTOTHI MPH PA3IUYHBIX CXeMax MOJIyJANHU Ha paccTosHuu 2000 kM.

Corrected BER vs Frequency (= 3.0 GHz)
All Modulations @ 2000 km, Pt=30 dBm, Gt=8 dBi, G/T=12 dB/K, Rb=10 Mbps

BER

— BPSK
=== OPsK
—- BPSK

- GMSK

05 10 15 20 25 30
Frequency (GHz)

Pucynok 1 — BER B 3aBucumocTs ot yactotsl (10 3.0 I'T') muist pa3nuaHbIX MOXYISIMNA TPH
paccrostarm 2000 kM.
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I'padux nokaspiBaet, uro BPSK obecneunBaer Haumydmyo yCTOMYMBOCTh K
nckaxeHnsasM. GMSK n QPSK 1eMOHCTpUPYIOT MOX0KYH0 MPOU3BOJUTEIBHOCTS,
a 8-PSK — mamxymmyto Ha Hu3kux udactotax. [Ipm wacrorax Beime 2 I'Tny BER
CTaOMIIM3UPYETCs J1s BceX Moy anuii. Jlanee Ha prcyHKe 2 ToKa3aHa 3aBUCUMOCTh
BER ot yrna sneBarmu nipu gacrore 2,2 I'T'p u opoute 600 kM.

BER vs Elevation Angle at 2.2 GHz
600 km orbit, Pt = 30 dBm, Gt = 8 dBi, G/T = 12 dB/K, Rb = 10 Mbps

107 \
10
10722
1074

g

@ LO-EH
10'71
107

— BPSK

10-97 — QPSK

— &-PSK
— GMSK

20 40 60 80
Elevation Angle (degrees)

Pucynok 2 — BER ot yrma sneBauuu npu gactore 2.2 I'T' u opbute 600 kxm

BER ymeHb11aeTcs ¢ poCTOM yIvia AJIEBALMH, TAK KaK IIyTh CUTHAJIa CTAHOBUTCS
Kopodue W BiImsHHE arMochepsl cHmkaercs. OcoOeHHO sIpko 3TOT 3ddeKT
posBIIseTCA IpU yriax Menee 40°.

Kak mokazano B Tabmmme 1, I KakIoW CXeMbl MOAYJSIMH OIpeesieHa
yacToTa, npu kotopoil BER nocruraer ypoBHs npumepno 107° npu paccTosHuA
2000 k™.

Tabmuua 1 — Yactotsl, mpu koTopsix BER = 107° 115 pa3auyHbIX MOTYIISALMNA IPH PACCTOSHUN
2000 xkm

Monynsanus Yacrora (I'T') Monynsanus Yacrora (I'Tm)
BPSK 2,17 1T 8-PSK 1,03 T
QPSK 1,52 T GMSK 2,11 I'T

Iddext kommpoBanus. [IpuMeHeHHE KaHAJIOB € KOPPEKIHEH OMIHOOK,
ocobenno LDPC wu Turbo-kogos, 3HauntenpHo cHmkaer BER wu mosBossier
HCITOJIB30BaTh 00JIee BRICOKHE YaCTOTHI O€3 yXyaImeHus kadecTBa npuema. LDPC-
KOJTBI TTOKa3aJTi HAHOOJIBITYT0 3 (HEKTUBHOCTD H ITO3BOIIIIH ToCTHYb BER mopsinka
10 mpu wacrorax Beie 2 I'T.

Kakx moxazano B Tabmuie 2, mnpumenenne LDPC-xomoB obecmneunBaer
Hammyumiee cHmkerrne BER 1o cpasrenmio ¢ Turbo-komamu m xomamu Puma—
ComoMoHa TSl BCEX HCCIEOBAHHBIX CXeM MOYIISIIHH.
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Ta6muma 2. CpaBHeHHE SPPEKTUBHOCTH METOJIOB TIOMEXOYCTOHYNBOTO KOJMPOBAHHUS JIJISI
Pa3IMYHBIX BHJOB MOJTYJISIIUH

Mopyssitust LDPC Turbo Reed—Solomon
BPSK 6,0 5,0 2,5
QPSK 5.5 45 25
8-PSK 45 4,0 2,0
GMSK 5,0 45 25

Hannple B Tabmmnax u rpadukax TONyYeHBI B pE3yJbTare YHCICHHOTO
MOJICTTMPOBaHUsI KaHala CBSI3U C YYETOM DACCTOSHHUS, NapamMeTpoB aHTCHHBI,
MOIHOCTH mepenarunka W nokaszarens G/T npuemnnka. Pacuethr Gazupyrorcst
Ha M3BECTHBIX MoJensix u3 padbor Proakis, Haykin m Anderson u BBIIOJHEHBI €
nomo1ibio MATLAB/Simulink u Python-ckpunTtoB MozeupoBaHus paioKaHaa.

Ha pucynkax 3-5 mpeacraBnensl 3aBucumoct BER oT wactoTsl mist cxem
monymsiin BPSK, QPSK u 8-PSK mpu mcrnonb3oBaHuM pa3inuyHBIX METOIOB
nomexoyctoitunBoro kogupoBauus (LDPC, Turbo n Reed—Solomon) Ha paccrosiann

2000 kM.

BER vs Frequency with FEC @ 2000 km for BPSK
Pt = 0 dBW, Gt = 8 dBi, G/T = 12 dB/K, Rb = 10 Mbps

e

1014

10°%

U

¥ /

BER

10-12

107124 /

1p-148
== BPSK (63 KopupoBaHus)

ST —— BPSK + LDPC
10
=== BPSK + Turbo
—-= BPSK + Reed-Solomon

05 10 15 20 25 30
Frequency (GHz)

Pucynok 3 — BER ot wactots! npu kopupoBanuu BPSK (cpaBaerne LDPC, Turbo u Reed—
Solomon).

BPSK ¢ LDPC-konnpoBaHueM JOCTHTaeT SKCTpPEeMaIbHO HU3KUX 3HaueHuii BER
naxe npu yactorax Hwxke 1 I'Tu. Turbo-kompl moka3pIBalOT OJIM3KHE PE3ybTaThl,
a Reed—Solomon ycrymaer no s¢pdexruBrocTH. be3 komupoBanus ypoBeHb BER
npeBbimaer 107'* mpakTHUECKM Ha BCEX YacTOTax, AEMOHCTPUPYS BaKHOCTh
MIPUMEHEHUS TIOMEXO0YCTOHYNBOTO KOTUPOBAHHUSL.
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BER vs Frequency with FEC @ 2000 km for QPSK
Pt = 0 dBW, Gt = 8 dBi, G/T = 12 dB/K, Rb = 10 Mbps

10-16

10-26

1036

BER

1046

10756

1066
----- QPSK (6e3 konupoBais)
— QPSK + LDPC

--- QPSK + Turbo

—-- QPsK + Reed-Solomon

10-76

05 10 15 20 25 30
Frequency (GHz)

Pucynok 4 — BER ot gactots! npu kopupoBanun QPSK (cpaBrenne LDPC, Turbo u Reed—
Solomon)

LDPC-koapl 1eMOHCTPUPYIOT Hawimydmryio 3¢¢exruBHOCTh, cHmkass BER
Ha HECKOJIbKO MOPSIKOB IO cpaBHEeHMIO ¢ HekoaupoBanHoM QPSK. Turbo-komst
nemuoro ycrynaiotr LDPC, a Reed—Solomon — naumenee >¢pdexkruBen B jaHHOM
ciryyae.

BER vs Frequency with FEC @ 2000 km for GMSK
Pt = 0 dBW, Gt = 8 dBi, G/T = 12 dB/K, Rb = 10 Mbps

10714

10-73

10-32

BER

10741

we GMSK (6e3 KOApOBaHNS)
—— GMSK + LDPC
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—:= GMSK + Reed-Solomon

05 10 15 20 25 30
Frequency (GHz)

Pucynok 4 — BER ot wactotsl npu konuposanuu 8-PSK (cpaBaenne LDPC, Turbo n Reed—
Solomon).

LDPC-xomsl mo3Bossitor goctuub BER < 107 yxe npu 4yacTtorax OKOJIO

1,2 I'T, Torma kak Turbo n Reed—Solomon Tpebyrot Oosnee Bhicoknx yactot. be3
konupoBanusi BER npesbiiaer 1073 Ha Bcex yacToTax.
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BER vs frequency with FEC @ 2000 km for GMSK
Pt =0dBW, Gt = 8 dBi, G/T = 12 dB/K, Rb = 10 Mbps

; wweie GMSK (63 KonUpOBaHA)
= GMSK + LDPC

10758

--- GMSK + Turbo

—:= GMSK + Reed-Solomon
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Pucynok 5 — BER ot wacrors! npu koguposannu GMSK (cpaBuenne LDPC, Turbo n Reed—
Solomon).

Kak u s ppyrux mopymsiunii, LDPC-koaupoBaHue HamiydmuM o0pazoM
camxkaer BER. Turbo-koznbl moka3plBaloT 4yTh XyAIIME 3HAYEHHsI, HO OCTAlOTCS
s dexruBHBIMU. Reed—Solomon ycrynaer no addextuBHOCTH 1 TpeOyeT Oonbiien
Y4acTOTBHI.

UYactoTusie rpanuist A noctmxenus BER = 10-9 nocne LDPC-koqupoBanus.
OTU MUHMMAaJIbHbIE 3HAUEHUS, HAYMHAsL C KOTOPBIX KaHaJ CBSA3M MOXKHO CUMTATh
HAJEKHBIM TIPU HUCIOJB30BaHUM COOTBETCTBYIOLIEro THna moayasiuu ¢ LDPC-
KOJTMPOBaHHUEM.

Kak mokazano B Tabmmue 3, onpeaeneHbl MUHMMAJIbHBIC YacTOTHI, HAYMHAs
C KOTOpBIX KaHall CBA3M MOXKHO CUUTaTh HAJEKHBIM IpPU HCIOJIb30BaHUU
COOTBETCTBYyOIEro Tumna Moayasiuuu ¢ LDPC-koaupoBanuem.

Tabmmma 3. Yacrorusle rpanuns! 1t goctikenns BER = 107° nocie LDPC-kxopuposanus st
pa3INYHBIX MOAYISALUI

KonupoBanue Yacrora (I'T'r) KoaupoBanue Yacrora (I'T'r)
BPSK + LDPC 2,41 8PSK + LDPC 2,18
QPSK + LDPC 2,39 GMSK + LDPC 2,34

Ha pucynkax 6 m 7 mnpencraBnensl 3aBucuMocTH BER or wacTtoTsl mpu
Pa3IMYHBIX CKOPOCTAX Nepeaadyu AaHHBIX uid cxeM moxyasnuun BPSK u QPSK ¢
LDPC-koaupoBaHueM.
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BER vs Frequency @ 2000 km with LDPC for BPSK
Pt=0dBW, Gt = 8 dBi, G/T = 12 dBK
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Pucynok 6 — BER oT yacToTsl pu pazauyHbIx ckopoctTax nepenaun st BPSK ¢ LDPC-

KOAUPOBAHUCM.

BER vs Frequency @ 2000 km with LDPC for QPSK
Pt =0 dBW, Gt = 8 dBi, G/T = 12 dB/K
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Pucynok 7 — BER ot yacToTsI ipu pa3nu4HbIX ckopocTsx nepenauu g QPSK ¢ LDPC-
KOZIUPOBAHUEM.

I'padpuxn moxaseiBarot, uto mpu ucnonb3oBaHun LDPC-xomupoBanuss BER
3HAYUTEIHHO CHU)KAETCS IS BCEX YaCTOT M CKOpOCTEeH mepenad AaHHbIX. Jlis
BPSK na gacrorax Hike 1 [T BeIcOKast HaJIe)KHOCTh COXPAHSETCSA TOJBKO MPHU
CKOpOCTSX J10 2—5 MOuT/C, TOrIa KaK npu yBeJIMYeHU: ckopocT 0 20—30 Mout/c
BER Bo3pacraer. AHajormuHbsle 3aBUCMMOCTH XapakTtepHsl aius QPSK, Ho mpu
OoJiee HU3KUX YaCTOTax JeTrpajialys KadyecTBa CBsA3U MPOUCXOIUT ObicTpee. Takum
o0pa3oM, yBeJIMUYEHHE CKOPOCTH Iepeladd JaHHBIX TpeOyeT BhIOOpAa 4YacTOThHI
Boimie 2 [T aist obecriedeHust HaIe)KHOCTH CBsI3M Ha ypoBHE BER =~ 107,

Takum o0Opa3zom, nmpumenenue SDR Ha 06a3ze AD9364 B coueTaHUU ¢ MOIIHBIM
yeumureneM HMC998 n xogupoBanuem LDPC oGecneunBaror Huskuii BER (mo
10-9), 9T0 CyIIEeCTBEHHO YaydIIaeT HAIEKHOCTh CBSI3W JaKe TPU YTAICHHBIX
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opowurax. IlpencraBneHnple rpaduKku TEMOHCTPUPYIOT dPPEKTHBHOCTH KaKIOTO
JTarna yaydIIeHus: MOAYJSINH, KOAUPOBAHUS U YCUJICHHUS CUTHAIA.

O6cyxaenue. Pe3ynsraTel MOIEIMPOBAHUS TONTBEPXKIAAFOT, YTO MOMYJISIIHS
BPSK nemoHcTpupyeT Hawilyyllyl0 yCTOWYMBOCTH K TOMEXaM, oOecreduBas
kpaiine Hu3kuil BER npu yactorax 10 4 I'T' u ckopocTsX nmepenadyn AaHHBIX 10
0,5 Mowut/c. Ilpu yBenmmuenun ckopoctu 10 10 MOHUT/c HaTEKHOCTH CHHUKAETCS
yxe mnpu yactorax Bwime 1,5 1T, Monynsuus QPSK Takke mnoxaspiBaeT
XOpOIIIME XapaKTePUCTHKHU TPU HU3KHUX CKOPOCTAX W vacrorax jao 3,8 ['Tm, HO
€€ YCTOWYMBOCTP MajaeT npu ckopoctu 10 MOwut/c, TA€ MOMYyCTUMBIN Jrana3oH
gacToT cyxaercs mo mpumepno 1,2 1Tm. Hdms 8-PSK nHaOmromaeTcst BbICOKas
YYBCTBUTEIBHOCTh K CHW)KEHHUIO OTHOIICHUS CUTHAJ/IIYM, YTO OTPaHUYHBACT
ee TpUMEHeHHe Tpu OonbImx ckopocTsx nepemaun. GMSK nemoHcTpupyeT
noBenieHue, omm3koe kK BPSK Ha HM3KHX CKOPOCTSAX, M MOXKET OBITH UCIIOIh30BaHA
JUTS DHEProCcOeperaroInx CHcTeM pyu yacToTax 10 4 ['T'u ckopoctsax 1o 1 Mowur/c.
Taxum 006pa3om, BBIOOP CXeMbI MOIYJISIINN ¥ CKOPOCTH TIePEIadr TaHHBIX JTOJHKECH
YYHUTHIBATh TPEOYEMYIO Ha/IEKHOCTh CBSI3U M YCIOBUS pa0OTHI paIuOKaHama.

3axuouenne. [Ipumenenne SDR na 6a3e AD9364 B couetannu ¢ ycuiauTeneMm
momHoctd HMC998 naet Bo3MOKHOCTB MOBBICUTH HA/IEKHOCTH MEPEIaun TaHHbIX
¢ MKA. IIpoBeneHHOE MOAETUPOBAHHE ITOKA3aJ0, YTO CUCTEMa JEMOHCTPHUPYET
BBICOKYIO YCTOHYMBOCTH K IMOMexXaM M To3BoisieT 3()(eKTHBHO paboTarh B
nuanazone yactot oT 300 MI'u o 45 I'T' npu ckopocTu nepenadyu 1aHHbIX 10 1-2
Mowut/c. AHanmu3 pa3nuyHBIX cxeM MoTyisnud noareepauni, uto BPSK n QPSK
SIBIISIFOTCSL HANOOJIee HaIe)KHBIMH TI0 TIOKA3aTeNI0 BEPOSTHOCTH OUTOBOM OIMIMOKH
BER Ha tunmunbix opOurax CubeSat. [lomydeHHble pe3ynbTaTbl MOKa3bIBAIOT,
4T0 Hcroib3oBaHne SDR B codeTaHWM ¢ MOMEXOYCTOWYHBBIM KOIWPOBAHUEM WU
YCHIICHHEM MOITHOCTH TIO3BOJISIET OOECIIEYNTh KaYeCTBEHHYIO CBSI3b JaXKe IMPH
orpaHMuYeHHBIX pecypcax MKA, u MOTyT OBITh UCTIONB30BaHKI B JallbHEHIIIEM TIPU
MTPOEKTUPOBAHUH COBPEMEHHBIX CITyTHUKOBBIX CHCTEM CBSI3H.
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Abstract. This article describes the device of an experimental installation for
obtaining data in the format of images or short videos. Fiber-optic sensors (BPS),
new generation lasers, and an FLG camera were used to create the experimental
setup. The sequential functionality of the experimental stand is described, as well as
the data and metrological characteristics of lasers, which make it possible to choose
when used in various circumstances. In addition, further research and the choice
of machine learning methods for data classification depend on the quality of the
information being processed, so the article discusses the technical characteristics
of lasers. The article presents the results of checking the stability of laser emitters
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(diode lasers) according to parameters such as optical power and wavelength,
conducted in an accredited laboratory. At the current stage of our research, the
focus is on data collection and monitoring of optical parameters that change when
exposed to fiber-optic sensors, so laser selection is crucial to obtain accurate data.
The article presents the research of Russian scientists who used fiber-optic sensors
widely used in construction and security systems, such as the Brega grid. Further
research will focus on data recognition and determining the nature of the impact
on sensors over a certain period of time using neural networks and deep learning
methods. Modern technologies are developing rapidly, so significant changes in the
choice of software solutions and data integration may occur during the research
process. Therefore, the experimental setup has unique characteristics and can be
upgraded and improved depending on the technologies used, such as modern lasers
and FLG cameras.

Keywords: fiber optic sensors, lasers, machine learning, Bragg lattice, neural
networks
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AHHOTauMs. byl KyXaT KeCKiH MINIiMIHIETT HeMece KbhICKa OeiHenmepaeri
JepeKTepai ajdyFa apHaJIfaH OJKCIEPUMEHTTIK KOHIBIPFBIHBIH  TU3aHHBIH
CHIATTalIbl. DKCIIEPUMEHTTIK KOHJIBIPFBIHBI KYPY YIIIH TaJIBIKTHI-OMTHKAIBIK
cercopraap (FOS), sxana OysiH nmasepiepi skone FLG xaMmepacsl maimanaHbUIIb.
OKCTEpUMEHTTIK CTEHATIH JOWEKTI (DyHKIIMOHAIIBIFBI CHUIIATTAFaH, COHBIMCH
Karap OpTYpii ~OKaFgainapaa TmaiiamaHraH Ke3[oe TaHJAay[hl KamMTamachl3
eTETIH Ja3eplIepaiH ACPeKTepi MEH METPOJIOTHSIIBIK CHUIIaTTaMaiapbl OCpilreH.
3epTTeyiep KoHe AepeKTepl KIKTey YIIiH MAIIMHAJIBIK OKBITY ICTepiH TaHAay,
OH/ICJICTIH aKMapaTThIH carlackblHa OaliIaHbICTHl, COHABIKTAH MaKaiaja Ja3epiaepIiy
TeXHUKAJBIK ~ CHUMATTaMalapbl  TajKpUIaHaAbl. Makanaga akKKpeAUTTENTeH
3epTXaHajia JKYpPri3uIreH ONTHKAIBIK KyaT >KOHE TOJKBIH Y3bIHJBIFBI CHSKTHI
mapamMeTpiep OOWBIHINA JIA3epNiK OMHUTCHTTEPHiH (AMOATHI Jla3epiepiiH)
TYPaKTBUIBIFBIH CBhIHAY HOTIKeNepi Oepinred. bismiH 3eprreyiMi3miH Kazipri
Ke3CHI JEPeKTepli KUHAyFa >KOHE TaJIIBIKTBHI-ONMTHKAIBIK ceHcopiapra (FOS)
ocep eTKEHJE ©3repeTiH ONTHKAJIBIK IapaMmeTpiepli OakpuiayFa OarbITTaliFaH,
COHJIBIKTAH NI JACPEKTepAi aidy VIIiH Ja3ephai TaHaay eTe MaHbBI3Is. Makamana
KYPBUTBICTA JKOHE KayiNCi3miK KyHeciHIe KeHIHEH KOJIIAHBUIATBIH TaJIIIBIKTHI-
ONTUKAJIBIK CEHCOpNapApl TMaliJanaHFaH OTAHABIK FaJbIMIAPABIH 3epTTeyiepi
Oepinren, Mpicanbl, Breg Topel. Opi Kapailfbl 3epTTeyaep HEHPOHIBIK Keliiaep
MEH TepeH OKBITY dJIiCTEpiH Maiiganana OTHIPHII, IePEKTEPIi TaHyFa KOHE OeNTii
0ip yaKpIT apaibIFbIHA CEHCOPIIApFa 9Cep €Ty CUMAThIH aHbIKTayFa OarbITTaJFaH.
3amMaHayn TEXHOJOTHSIAp KapKBIHABI JaMbIll KeJeldi, COHIBIKTaH 3epTTey
nporiecinae OarmapaamMabIK MenTMaep/Ii TaHIaya KoHe JepeKTep i Oipikripyne
eneyni e3repictep 60mybl MyMKiH. COHABIKTaH DKCTICPUMEHTTIK KOHIBIPFHIHBIH
Oipereil cumarramanapsl Oap >koHe 3amaHaym Jnaszepiep MeH FLG kamepamapbt
CUSIKTBI KOJITAHBUIATBIH TEXHOJOTHsIapra OalIaHbICTBl JKaHAPTBUIYBl JKOHE
KETUTAIPLTYl MYMKIiH.

Tyilin ce3nep: TaNIIBIKTHI-ONTHUKAIBIK CEHCOpIJIAp, Ja3epiep, MaIIMHAJIBIK
OKBITY, Bregg Topbl, HEHPOHIIBIK JKENiep
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AHHOTauMs. B naHHON cTarbe OMUCAHO YCTPONCTBO AKCHEPUMEHTAIBHON
YCTaHOBKH ISl TIOJTYYCHHS NaHHBIX B (hopMare HM300paKEeHUS WM KOPOTKUX
BHJICOPOIHMKOB. J[J151 CO3IaHMSI SKCTIEpUMEHTAIIBHON YCTAaHOBKH OBLITH HICTIONTE30BaHbBI
BoJIOKOHHO-onTndeckue natunku (BOII), ma3zepbl HOBOTO MOKOJNEHUS W Kamepa
FLG. Onucan nocrenoBatenbHbIN PyHKITMOHAT SKCIIEPUMEHTAIILHOTO CTeH/Ia, TaK
K€ TIPEJICTABJICHBI IaHHBIC U METPOJIOTUYECKUE XapPAKTEPUCTUKH JIa3€POB, KOTOPHIS
JIAI0T BO3MOXKHOCTH BBIOOpA MPH UCTIONIB30BaHUH B PA3IMUHBIX 00CTOSATEIBCTBAX.
Kpowme Toro, nanpHeiinme nccine0BaHus 1 BLIOOP METOJI0B MAIIMHHOTO O0yYeHUS
JUTS KJTacCU(UKAITUY TAHHBIX 3aBHCAT OT KauyecTBa 00padaTrbiBaeMOl HHGOpMAIIHH,
MMO3TOMY B CTaThe PACCMOTPEHBI TEXHUYECKUE XapaKTEePUCTHKH Ja3epoB. B cTarbe
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W3JI0KEHBI Pe3yNbTaThl IPOBEPKU CTAOMILHOCTH Ja3epHBIX N3TydaTesiel (An0aHbIX
Ja3epoB) MO TaKUM MapaMeTpaM, Kak ONTHYECKas MOIIHOCTb W JAJIMHA BOJIHBI,
MPOBEICHHOM B aKKpeIWTOBaHHOW jalOoparopuu. Ha Tekymiem sTame Hamiero
WCCIIEIOBaHUSI OCHOBHOE BHHUMAaHHUE YHeNsieTcss cOOpy NaHHBIX U MOHHMTOPHHIY
OINTHYECKUX NapaMETPOB, KOTOPBIC U3MEHSIOTCS TIPH BO3ACHCTBUN HA BOJIOKOHHO-
ontuueckue garunku (BOII), mostomy BbIOOp Nazepa MMeET pellaoiiee 3Ha94eHNne
JUIl TIONMYYEHUS! TOYHBIX JaHHBIX. B crarbe IpeAcTaBlIeHbl HCCICAOBAHUS
OTCYECTBEHHBIX ~ yYCHBIX, KOTOPBIC HCIOJB30BAIM  BOJIOKOHHO-ONTHYECKUE
JaTYMK{, LIMPOKO NPUMEHSEMBIC B CTPOUTENBCTBE M OXPAHHBIX CHCTEMax,
Takne Kak pemierka bpera. JlanpHeiee mccienoBaHue OyleT COCPENOTOUYEHO
Ha pacro3HaBaHUM JaHHBIX U OINPEACICHUN XapaKTepa BO3ACHCTBHS Ha JaTYUKU
B ONpeeNEHHbIM MEepUoj, BPEMEHU C HMCIOJIb30BAaHHEM HEWpOCETed M METOHOB
1yOokoro oOydyenusi. COBpeMEHHBIE TEXHOJOTUH PAa3BHBAIOTCSI CTPEMHTEINIBHO,
MO3TOMY B TIPOLECCE HCCICIOBAHUS MOTYT HPOM30HTH 3HAYUTEIbHBIC
W3MEHEHUS B BBIOOpE MPOTrpaMMHBIX PELICHUI W MHTErpauuu JaHHbIX. [losTomy
SKCIIEPUMEHTANIbHAs YCTaHOBKa OOJIaaeT YHUKAIbHBIMU XapaKTepPUCTHKaMU
U MOXET OBITh MOJIEPHU3UPOBAHA U YCOBEPIICHCTBOBAHA B 3aBHCHMOCTH OT
MPUMEHSIEMBIX TEXHOJIOTUH, TAKUX KaK cCOBpeMeHHbIe Ja3epsl 1 FLG-kameps.

Ki1roueBble cijioBa: BOJOKOHHO-ONTHYECKHE JATYMKH, Ja3epbl, MAIIMHHOE
oOyuenue, pemrerka bperra, Helipocetn

Beenenune. B Hactosimee BpeMmsi BOJOKOHHO-ONTHYECKHE JIMHUM TEPeAaqn
(BOJIII) mupoxo HCIoNb3YIOTCS B TEICKOMMYHHUKAILMAX Onarogapsi UX BBICOKOM
MPOIYCKHOH CIIOCOOHOCTM W HHM3KUM morepsaM. OnHako HaA&KHOCTb U
0€301acHOCTh TaKUX JIMHUHI 0CTAIOTCS KPUTUIECKH BaXKHBIMHU 33ja4aMu, 0COOCHHO
B YCJIOBHUSIX BO3POCUIMX PHCKOB HECAHKIIMOHMPOBAHHOTO JOCTYyHa U BO3MOXHBIX
MEXaHMYECKUX MOBpexaAeHH kadems. CyuiecTByeT MOTPEeOHOCTh B JOCTYIHBIX
METOJaX HEMPEPHIBHOTO MOHUTOPHHIA, TO3BOJISIIOIIMX BOBPEMS BBISBIATH
nedopManyy, oOpBIBEI U MONBITKH MOAKIIOUEHHS K ONITHYECKOMY Kaleltro.

BupennaraemoiipaborepaccMarprBaeTCsIMHOTOKaHAIbHAS SKCIIEPUMEHTATIbHAS
YCTaHOBKA C HUCIIOJIb30BAHUEM BOJIOKOHHO-oNTHUecKuX nardukos (BOII). OcuoBy
CHCTEMBI COCTABISIIOT DPE3CPBHBIC ONTHYECKHE BOJOKHA B COCTaBe Kadens,
ONTHUYECKUH cIruTTep, JazepHblid ucrounuk 1 KMOII-¢poromarpuna (CMOS-
Kamepa). B crarpe onuchiBaeTCsl NIPUHLMN JICHCTBUS, anmaparHasi peaiu3anys 1
Pe3yNbTaThl 0TOOpaKaroIUe SKCIIEPUMEHTAIBHBIM CTCHIIOM.

Obwas xonyenyus. Pa3pabarbiBacMas METOMKAa OCHOBaHAa HAa NMPUMEHECHHUH
ONTHUYECKUX BOJOKOH B KayeCTBE UYBCTBUTEIBHBIX 3JIEMEHTOB, IO KaXIOMY W3
KOTOPBIX MPOXOIUT Jla3epHoe M3nydeHue. Ha Bbixozme u3 BojokHaA (opMupyeTcs
cBeroBoe TsITHO, (ukcupyemoe KMOII-marpuneit (kommieMeHTapHOH MeTasul-
OKCHJIHOW TIONYIPOBOJHHUKOBOW (poTOMarpuriei). JlaHHBIN CBETOBOHW OTIEYATOK
MpeAcTaBIsIeT cOOOM yHHKAIbHBIA ONTHYECKUI CHUTHAJI, MapaMeTpbl KOTOPOTO
3aBUCST OT COCTOSTHUSI BOJIOKHA. [Ipy BOSHMKHOBEHMH BHELIHETO BO3ACHCTBUS —
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TaKMX KaK MEXaHWYECKHUE W3TUOBI, JTaBICHHUS, Yaphl MM HECAaHKIIMOHUPOBAHHBIC
BMEIIATEIbCTBA — MPOUCXOIUT H3MEHEHNE (PU3MUECKUX XapaKTEPUCTUK BOJIOKHA,
YTO, B CBOKO OYepe/ib, MPUBOIUT K Jie(hopMaIiii ONTHIECKOTO ITyTH U U3MEHEHUIO
WHTEHCUBHOCTH, (DOPMBI WJIM JPYyTUX IapaMeTpOB CBETOBOTO IIsATHA. Takum
00pa3oM, U3MEHEHHsI B ONTHYECKOM CHTHAJIe CIYXAaT WHIUKATOPOM HapyIICHUS
HOPMAJIBHOTO (DYHKIIMOHUPOBAaHUS CHUCTEMBI, YTO TI03BOJIIET HCIIOIh30BATh
JAHHYIO0 METOUKY JIJISl CO3JJaHHS BRICOKOYYBCTBUTENBHBIX CUCTEM MOHHTOPHHTA
Y OXpaHbl.

B kadectBe BonmokonHO-ontnueckoi muaun (BOJI), obecnieunBaromieii mepenaday
CUTHAJIa U BHITIOJIHEHUE YyBCTBUTEIHHON (D)YHKIIMH, MCIIONB3YeTCS CTaHAAPTHBIN
OJTHOMOJIOBEII BOJIOKOHHO-onTHYeckuit kabenb (BOK), mupoko npuMeHsieMblii B
COBpPEMEHHBIX BHYTPHU30HOBBIX TEICKOMMYHUKAIIMOHHBIX ceTsX. KOHCTpYKTHBHOM
OCHOBOWM KaOenst SBISETCS ONTOBOJOKHO cTaHmapra (G.652, oTnuuaromieecs
HU3KHMH TIOTEPSIMH TIPH TIepeiade CUTHAJa U BHICOKOW CTENEHBIO YCTOWYHMBOCTH
K BHEIIHUM BO3JeicTBUsIM. [lo1poOHbIe XapaKTepUCTUKH JTaHHOTO THIIA BOJIOKHA
paccmotrpensl B psae pabor (Ioprmos et al., 2016; FOpuenko et al., 2018), B
KOTOPBIX OIMMCAHBI KaK ero (PU3MKO-TEXHUYECKNE apaMeTphl, TaK H 0COOEHHOCTH
B3aMIMOJICHCTBUS C Pa3IMYHBIMU THITAMU BHEIIHUX HATPy30K.

CoBpeMeHHBIE HCCIE0OBaHUSI B O0JACTH BOJOKOHHO-ONTHUYECKHUX JaTYNKOB
(BO/I) onmpatorcsi kKak Ha HOBEWIIHE JOCTIKCHHS, TaK W Ha aHaIN3 OIIHOOK,
JOITYIIEHHBIX B TPENbIIyIUX pa3paboTKaX, YTO TMO3BOJSET KPUTHYECKU
MEPEOCMBICTMBATh HAKOIIJICHHBIC 3HAHUS WM BHOCHUTH CYIIECTBEHHBIC YIYUIICHUS
B CYIIECTBYIOIIINE TEXHUYECKHUE pelieHns. HecMoTpst Ha Hanmuue onpenenéHHbIX
TPYIHOCTE W HEYHaYHBIX OSKCIIEPUMEHTOB, IPOrpecC B JIaHHOW O0NacTH
OYEBHJICH, 0 4Y€M CBUCTEILCTBYIOT yCIIEUIHBbIE MpUMephl peanmusamun BOJ[ B
Pa3IMYHBIX OTPACISAX MPOMBIIIIEHHOCTH, BKJIFOYasi TPAHCTIOPTHYO 0€301TacHOCTb,
SHEPreTUYECKYI0 HH(PACTPYKTYpPY U aBTOMATU3UPOBAHHBIE CUCTEMBI KOHTPOJIS.

Teoperndeckue OCHOBBI MPOSKTUPOBAHMS BOJOKOHHO-ONTHUECKHUX JATYHKOB,
MIPUHIIUTIBI UX ()Y HKITHOHUPOBAHHUS, 8 TAKIKE MX KIIACCUPUKAIIHS M PYHKIIMOHATLHBIS
BO3MOXXHOCTH TTOJPOOHO HM3JIOKEHBI B psijie (PyHJTaMEHTAIbHBIX HCTOYHHKOB, B
yacTHOCTH, B padore (Okossi et al.,1991). Kpome Toro, 3HaYMTENBHBIN BKIAA B
pa3BUTHE TAaHHOW 00JIACTH BHECIIH MCCIIEIOBAHMSI, TIPEACTABICHHBIE B MaTepHraliax
BycypuHa, r1e 0000111€H Kak 0T€YeCTBEHHBIH, TaK U 3apyOeIKHBIH OTIBIT Pa3padOTKU
n BHeapenuss BOJ| B pasznmunbix cdepax HapomgHoro xossiictsa. OOpaiieHue
k  ucrounukam (Okossi et al., 1991) oOycnoBieHO HX BBICOKOW Hay4HOU
IIEHHOCTHIO, a TAK)KE TEM, YTO OHU OXBATHIBAIOT MHOTOJIETHHI ITEPHOJ SBOIIOIIAN
BOJIOKOHHO-ONITHYECKUX TEXHOJIOTHIA, TIO3BOJISISI CUCTEMAaTH3UPOBATh UMEIOIIIUECS
3HaHUs, KIacCU(UIUPOBATh MATYMKU 10 PA3IMYHBIM TIPU3HAKaM U BBIJICINTH
MEPCIICKTUBHBIC HANpaBJICHUS Ui JajbHeWmux wuccienoBanwit. [llupokoe
pacipocTpaHeHHe BOJIOKOHHO-ONITUYECKUX JHMHHUHA TIepeadd IMOCTaBWIIO Tepes
HaM¥ BRXXHYIO 33/1aqy: 00€CIIeYUTh KOHTPOJIb 32 COCTOSTHHEM KaOest M 3alUTUTh
JaHHBIE OT yTe4eK. PaHee cCYMTaoCh, 9TO ONTOBOJIIOKHO HEBO3MOXHO ITPOCTYIIATh,
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HO CEroJHs CYLIECTBYIOT TEXHOJIOTWH, IO3BOJISIIOIINE M3BICKATh CHUTHAJ, YTO
JenaeT HEOOXOAMMBIM CO3IaHME CHCTEeMbl MOHUTOPUHIA JUIS OIEPAaTHBHOTO
BBISIBJICHUS] TIOBPEXKICHUH U MOTBITOK HECAHKIIMOHUPOBAHHOTO JOCTYTIA.

CymectByer  Takke  uHbOpMamuss O  NPUMEHEHHH  BOJOKOHHO-
ontuueckux AatyukoB (BO/I) anst 3ammTel MEpUMETPOB M NPEIOTBPALICHUS
HecaHKIMoHMpoBaHHOro gocryna  (Kumagai et al.,, 2018). Bomoxonno-
OINITHYECKUE CUCTEMBI OXPaHbI MOJIb3YIOTCS 3HAUYUTEIBHBIM CIIPOCOM Ha PBIHKE U
HUMEIOT PAJ MPEUMYIIECTB M0 CPABHEHUIO C TPAIUIIMOHHBIMIA CHCTEMaMH OXPAHBI,
OCHOBAaHHBIMH Ha HCIIOIb30BAaHUM 3JICKTPHUYECKOTO TOKA MM PAJHOCUTHAIIOB
(KoBryn et al., 2020). IlpeumymectBa BOJl B KOHTEKCTE OXpPaHHBIX CHCTEM
nepuMeTpa yke ObLTH M3y4YeHBI B paHHUX paborax aBropa (KoeryH et al., 2020).
Wnen, npencraBnennsie B myonukanusax (Kumagai et al., 2018; Kostyn et al.,
2020), ocoOeHHO LIEHHBIE IS pa3padOTKH alapaTHO-MPOrPaMMHOTO KOMILIEKCA
KOHTpOJIs TexHndeckoro coctosiHus kabenert (AIIKTK), koToperit Takke momkeH
o0ecreunBarh 3alIUTy OT HECAaHKIIMOHUpOBaHHOTO aoctyna (H/I).

B ncrounuke (Masoudi et al., 2019) npencrasnen BapuaHT CUCTEMbI KOHTPOJIS
(CK), xoTopslii HanOonee OIM30K K HAIMM 3a/1auaM, HOCKOJIbKY OH MpeJHa3HaueH
JUIT MOHMTOPHHIA TEXHUYECKOTO COCTOSIHMSI CHJIOBBIX SJIEKTPUYECKHUX KaOemei,
YAOKEHHBIX IO BOAOM. B 3T0ii crcTemMe onTuuecknii CHrHAJI OT UMCTOYHHKA CHaYaa
YCHIIMBAETCS, @ 3aTeM MPOXOIUT yepe3 CTaauio (QHIBTPAlMU C HCIIOIb30BAHHEM
BelBIeT-IpeoOpazoBanus. s MCTOYHMKA M3IYUYCHHUS! HCIOJIB3YETCsl Mojoca
nponyckanusg 100 I'Tr. CBeroBod CUTHan HampaBiseTCsl 4Yepe3 ONTHUYECKUN
LUPKYJSITOP U TIONaaeT Ha (POTONPHEMHHUK, TPOXO/IS Uepe3 ONTHYECKUE BOJIOKHA,
KOTOpBIE Pa3MELICHBI BAOJIb CUIIOBOTO KaOes.

Tarxke BO3MOXHO HCHOJIB30BaHWE BOJTHOBBIX pemeTok bparra (BPB),
OZIHAKO 3TO MOTpedyeT MpPHUMEHEHHUs] OoJyiee JOPOTOCTOSILNEr0 aHAIUTHYECKOTO
000pyIOBaHMS TSI M3YUYEHHUS] OTPAKEHHOTO CIEeKTpa. M3BECTHO, YTO BHEIIHEE
MEXaHM4YeCKOe BO3JeiicTBUE Ha ontuueckoe BomokHO (OB) mpuBomur K
W3MEHEHUIO ero (PU3NYEeCKUX MapaMeTpoB U KoddduimenTa npenoMieHus, 4To, B
CBOIO OY€pelb, BIUSECT Ha XapaKTEPUCTHKH JIyda B ONITHUECKUX HHTEpdepomeTpax
(rakux xax Maxa-Llennepa, ®abpu-Ilepo) u mapamMeTpbl ONTHYECKOTO paccesHuUs
(Panes, Mannensirama-bpunosna), a Takke Ha IIUPUHY MOJIOCHI OTPAXKECHUS
Bparroeekux pemerok (Hong et al., 2021).

Marepuaasl u Metoabl. lIpuHIMI TOCTPOECHUS 3KCHEPUMEHTAIBHON
YCTaHOBKHM 3aKJIIOYAeTCs B  CIEAYIOMIEM IOCJIEIOBaTelIbHOM COCAMHCHHU
MOKa3aHHbIA pUCYHKE 1.
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JlasepHbin
p O T EREE G T OnNTOBO/IOKOHHAasA

MNCTOYHUK CBETA o
i ceHcop cuctemMac

apantepamMmu

MepcoHanbHbIN

CMOS-kamepa
KOMIMbIOTEP

Pucynoxk 1 — IlocnenoBarenbHOE COEIUHEHUE YCTPOHCTB AKCIIEPUMEHTAIBHOTO
CTeHJa.

PaccmarpuBast hyHKIIMOHAIT SKCIIEPUMEHTAIBHOTO CTCH/1a, OITUCATh OIIAr0BOE
BBITIOJTHCHHUSI MOJKHO CJICTYIOIITIM 00pa3oM:

1. I'enepayusa cmabdbunvnozo onmuyeckozo cuznana: JlazepHbIl UCTOYHHUK
CBETa TCHEPUPYET CTAOWJIbHBIM ONTHYCCKHI CHUTHAJ, KOTOPBIA HCIONB3YETCS B
cUCTeMeE JUIs JalbHEHIINX u3MepeHuil. JIazepbl BaxHbI 111 TAKUX CUCTEM, TaK KaK
OHU 00ECIICUNBAIOT TOYHOCTD U CTA0MJIBHOCTH B MpoLiecce padoThI.

2. Ilpoxostcoenue ceema uepe3 onmoGOJIOKOHHbLIL CEHCOP: TIOCIE TEHEPATUN
CUTHAJIa, OH HAIIPABJISAETCS Yepe3 ONTOBOJIOKOHHBIN ceHCOp. ONTOBOJOKHO YacTo
HCIOJIB3YETCs JIUIS Mepe/iaud CBEeTa, IMOTOMY YTO OHO MHUHHUMH3UPYET MOTEPH U
[I03BOJISICT MEPe/laBaTh CUIHAJIBI Ha OOJIBIINE PACCTOSHUSI.

3. H3menenue napamempos cuzHana: TIPU BO3JACHCTBUM  BHEIIHUX
(dakTopoB (HampuMmep, TEMIIEpaTypbl, JABJICHUS, MEXaHMUYCCKHUX jaedopmariuit
U Japyrux (aKTopoB) IMapaMmeTphbl CBETA, MPOXOISINEIO Yepe3 OMNTOBOJOKHO,
HAUMHAKOT M3MEHATHCSA. DTO MOXKET BhIPAXKAThCSl B M3MEHEHUU SIPKOCTH, (OPMBI,
pacrpeecH sl CUrHala.

4. Onmoeonokonnas cucmema c¢ aoanmepamu:. ITa CUCTEMa BKIIOYACT
HECKOJIbKO ONTOBOJIOKOHHBIX KaOeyel, COCIMHEHHBIX Yepe3 ajantepbl u
pacrpeiesCHHbIX Yepe3 CrenuanbHbii 010K, Takol moaxo 1 o3BoJsieT 3P HEKTUBHO
YIPAaBJISITh CBETOM U €0 PaCIPE/ICIICHUEM 10 CUCTEME, 00CCIICUMBasi KOPPEKTHOE
MTPOXOXKICHUE ¥ TOYHYIO Iepeiady JaHHbIX.

5. Pecucmpauusn cucnana c nomowpto CMOS-xkamepvr: CMOS-xamepa
HCIOJIB3YETCsl JIJISl PErMCTPallMi BBIXOJAHOI'O CHUI'HAJIa, KOTOPBIM IpeICTaBICH
B BHUJIC CBETOBBIX IISTCH. DTH ISITHA OTPAKAIOT HM3MEHEHHS, MPOMCXOMIAIINE B
OITOBOJIOKHE TIPU BO3/ICHCTBUHM BHEIIHUX (DaKTOPOB.

6. Obpabomka u eusyanusayus OAHHBLIX HA NEPCOHATIbLHOM KOMRblomepe:
Ha KOMIIBIOTEpE TMPOU3BOAMTCA 0OOpaboTKa W300pakeHUH, MOTYYEHHBIX C
CMOS-kamepsl. DTO BKIIOYACT B ce0sl aHATN3 W3MCHCHHWM B MHTCHCHUBHOCTH U
pacrpeie/iCHUH CBETOBBIX IIATEH, YTO MO3BOJISICT OLCHUTH CTEICHb BO3JCHCTBHS
Ha OITOBOJIOKHO U U3BJICYb HY)KHYI MH()OPMAIIHUIO.
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Pesyabrartel u o0cy:xknenne. Onmuueckuii ucmounuk. [101ynpoBOTHUKOBBII
nmasep, paboTaronmmii Ha BHIOPaHHOHM JIMHE BONHBEI (Hampumep, 650 HM wm
JPYTOM HOAXOSINEM JHana3oHe), TeHEPUPYeT CTA0MIbHbBIN ONTHYECKUI CUTHAIL.
JlazepHblii mpaiiBep obecneynBaeT pEryJaupoBaHHE TOKAa M TEMIIEpaTyphl, 4TO
rapaHTUpPyeT MOCTOSIHHYIO MOLTHOCTD U3TYUYCHUSI.

Onmuueckuit cnaummep 1x4. JlenuT BXOAHOHN JTa3epHBIN CUTHAJI Ha YETHIPE
HE3aBUCHMBIX KaHaja, IO3BOJSISI PACHpPEACIMTh CBET B YEThIpE OTACIBHBIX
OIITOBOJIOKOHHBIX CEHCOPA.

Onmoeonokounvie cencopvi. B KauecTBe 4YyBCTBUTENIBHBIX DJIEMEHTOB
HCIIONIb3YIOTCSI OJJHOMOJIOBBIE BOJIOKHA ctanaaprta (G.652./[n1uHa BOJOKOH MOXKET
BapbUPOBATHCS OT HECKOIBKUX METPOB 0 KWJIOMETPOB, B 3aBUCUMOCTH OT YCIIOBHI
WCIIBITAaHUI.

Topuwl nakoneunuka Konnekmopa. ©opMHUPYIOT BEIXOIHBIE ITyYKH, OJarogaps
KOTOPBIM Ka&XIbI KaHal co3daéT oOTAenbHOE cBeToBoe msTHO Ha CMOS -
¢doromarpuie 0e3 UCIIOIB30BAHMS JOMOTHUTEIBHBIX ONTHYECKUX 3JIEMEHTOB.

Ha pucynke 2 nokaszana getajgbHasi cxema (OTO MaTpHUIIbL.

Mpoyeccop LlexTpanbHbii npoyeccop
obpabotku Kamepbl

HK- punb
PP — | |
Mepepava cxaToro
« w CPU BNAEOMNOTOKA B CeTb
CODEC g
CBeTouyBCTBUTENbHARA T T
marpuya i 1

Mpoueccop, ocywectanawoumi  USB
cKaTHe N306paKeHUs

Pucynok 2 — JletanbHast cxema (pOTOMATPHUIIBI

Peructpupyer mzoOpaskeHHe, COCTOsIIEe M3 UYETHIPEX CBETOBBIX ISTEH, C
BBICOKMM pa3pelieHHeM. BCTpOoeHHBIH aHajIoro-mudpoBoil mpeoOpazoBarelb
(ALIIT) mnpeoOpazyer onTUdecKud curHagl B UU(POBOH BHICOIOTOK IS
JanpHeneld 00paboTKH.

Bnox coopa oannvix. [lpuanmaet notok nzoopaxenuii c CMOS -oromarpuiist
U aHaNIM3MpYeT paclpefesieHne SPKOCTH M reoMeTpuio msteH. Ilpumensiorcs
MTOTOKOBBIE N300paKEHUS TaK K€ KOPOTKUE POITUKH.

Jlazepuwiil Onox u onmuueckuti cnaummep. JlazepHbI UCTOUHUK (Yallle BCETO
JTUOJIHBIA Jla3ep) TeHEepHpyeT CTAaOWIIBHOE ONTHYECKOE H3IyueHHe, KOTOpOoe
MOCPEACTBOM JIa3€pPHOTO JpaiiBepa MOJIEP)KUBAETCS Ha IOCTOSHHOM YpPOBHE
MOIIIHOCTU. 3aTéM ONTHYECKUH CIIIUTTEp 1X4 paBHOMEPHO pacmupeieseT
STOT CHUTHAI MO YETBIPEM KaHAJIaM, KaXKJbl M3 KOTOPBIX IIOCTYIAET B CBOU
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OIITOBOJIOKOHHBIN ceHcop. Takue CEeHCOpbl MOTYT SKCIUTyaTHpPOBAaThCsl Kak B
YCIIOBHSX J1a00OPaTOpPHH, TaK U B ITOJIEBBIX UCTILITAHUSIX.

Bonoxonnvie cencopvi. B ycTaHOBKE B KadecTBE CEHCOPOB NPHUMEHSIOTCS
OIHOMOJOBbIC BoJIOKHA (cTaHaapT (G.652), HHTErpupPOBAaHHbBIE B OITOBOJIOKOHHYIO
cucremy. [lpu Bo3aeiicTBum (HanpuMep, U3ru0, pacTsbKeHne, MUKpoaedopmanys)
9acTh MOIIHOCTH TEpsieTCs, YTO MPUBOAMT K W3MEHEHHUIO SIPKOCTH U (hopMbl
BBIXOZHOTO CBETOBOTO TMSTHA. J[OMONHMTENBHO BO3MOXKHBI  (ha3oBble U
MOJISIPU3ALMOHHBIE CBUTH, KOTOPBIE OTPaKAlOTCS B M3MEHEHHMH pacIpeieeHus
CBETOBOT'O MOTOKA.

CMOS - homomampuya u 610k coopa dannvix. BEIXOTHON CUTHAT OT KaXJ0T0
cercopa (GOpMHUPYETCsl HEMTOCPEICTBEHHO TOPLAMH HAKOHECUYHHKOB KOHHEKTOPOB,
YTO O3BOJISICT OTYYUTh YeTKUE cBeToBbIe IsiTHA HAa CMOS -horomarpuue. Kamepa
C BBICOKUM paszpetieHueM 1 BcrpoeHHbsIM AL peructpupyer yeTsipe OTAEIbHBIX
MSITHA, MOcie 4ero HugpoBoi MOTOK mepenaéres B OJ0K cOopa AaHHBIX. 371eCh
BBITOJTHSIETCS IEpBUYHAS (QUIIBTpaLns N300paKeHHUH, a 3aTeM — AeTalbHbINH aHATN3
pacripeniefieHusl SIPKOCTH M T'€OMETPHUHU TISITEH C HCIOJIb30BAHHUEM aJITrOPUTMOB
MOPOTOBOTO KOHTPOJISI K METOAOB MAILIMHHOTO 00YYEHUS. DTO MO3BOJISICT BBISBIATH
aHOMaJIbHbIC W3MCHEHUS, CBS3aHHBIE C BO3JCHCTBHEM BHEIIHUX (aKTOPOB Ha
OIITOBOJIOKHO.

Ha pucynke 3 moka3aHO COeAMHEHHE Jla3epa C ONTOBOJOKHOM M BBIXOJ Ha
(oTomaTpuiLy, TOTOBOH IKCIIEPUMEHTAIBHON yCTaHOBKH.

Pucynok 3 — CoeanHenue azepa ¢ BOJTOKOHHO-ONTUYECKUMU JaTYMKaMHU.
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Ha PUCYHKC 4 T10oKa3aHO COCOIUMHCHUEC (l)OTOManI/ILILI C TNCPCOHAJIBbHBIM
KOMITBIOTCPOM JIA TOJTYYCHUS JaHHBIX.

B

Pucynox 4 — Otobpakerne nanubix B [1K.

B xone 1abopaTopHBIX HCIIBITAHUH MPOBEPSITACh PEaKIns KaKJ0ro KaHaja Ha
MEXaHUYECKHUE BO3IEHCTBHS:

- H32u6: ipy IOCTENICHHOM YBEJMYEHUH pajiyca U3ruda OIHOTO U3 CEHCOPOB
HaOJIONIAIOCh CHIDKEHHE WHTETPAbHOW SIPKOCTH COOTBETCTBYIOIIETO CBETOBOTO
nsatHa Ha 10-20 %.

« Pa3pwbie: ipu TOTHOM TIepesioMe BOJIOKHA CHUTHAJ MTHOBEHHO OOHYIISUICS, U
CBETOBOE IIATHO HMCUYE3aJIo.

- Hmumayusn epe3xu (npocayuiku): YCTaHOBKA TOIOJHUTEIBHOIO OTBETBICHUS
B BOJIOKHE IMPHUBOAMIA K IOSBICHHUIO JOMOIHUTENBHBIX ToTeph (5-15 %), uTo
CUCTEeMa PEeruCTPUPOBAIa KaK aHOMAIbHOE COOBITHE.

KittoueBbIM pe3ynbTaToM HCIBITAHUN CTalO0 TOATBEPKICHUE BO3MOXXHOCTH
KPYIJIOCYTOYHOTO MOHHTOPWHTA C aBTOMAaTWYECKUM BBISBICHHEM COOBITHI Ha
OCHOBE TOPOTOBBIX aJITOPUTMOB. [Ipu 3TOM TOYHOCTH OMpEeIIEHUs] U3MEHEHUI
WHTEHCUBHOCTU COCTaBJs1a okolio 85-90 %, a BHeIpeHUE METOAOB MAIUIMHHOTO
oOy4yeHHs (HampuMep, CBEPTOYHBIX HEHPOHHBIX CeTel) IO3BOJWIIO IOBBICUTH
TOYHOCTB PACIIO3HABAHMS aHOMAJILHBIX COOBITHIA 10 92-95 %.

3akaouenne. PazpaboTanHas ycTaHOBKA IEMOHCTPHPYET, UTO UCTIONB30BaHUE
YeThIPEX TapajuIeIbHBIX OINTOBOJIOKOHHBIX ceHcopoB u KMOII-dgoromarpurist
oOecrneurBaeT HaAEKHBIH M DKOHOMHYHBIM CIOCOO JHATHOCTHKH COCTOSHHS
BOJIOKOHHO-ONTHYECKUX JUHMUI. KiTroueBbIe TOCTOMHCTBA CUCTEMBI:
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Mnuozokanansnocms: Bo3MOXXHOCTh OZHOBPEMEHHOTO KOHTPOJISI HECKOJIBKUX
YYacTKOB ONTOBOJIOKHA.

Haznaonocmey: ONTHYECKU CUTHAN mpeoOpasyeTcs B HM300pakeHHE, YTO
MO3BOJISICT IPOBOANTE KaK aBTOMATHU3MPOBAaHHbIHM, TaK M BU3yaIbHBIA aHAJIH3.

Aoanmuenocmsp: CrcTeMa HHTETPUPYETCS B CYLIECTBYIOLIYIO CETh, HCIIOIb3YS
pe3epBHBIC BOJIOKHA KaOeJIsl.

Macwimabupyemocmsp: Tpu HECOOXOJUMOCTH YHCIIO0 KAaHAJIOB MOKHO YBEJIUUUTh
(mammpumep, 1x8, 1x16), a anropuT™Mbl 00pabOTKH — YCOBEPIIICHCTBOBATS.

Takum o00pa3om, mnpeacTaBiICHHAss METOAMKA MOXET MPUMEHSTbCS JUIs
KOHTPOJISI TEXHUYECKOTO COCTOSIHUSI BOIOKOHHO-ONITHYECKUX JIMHUKA B TOPOJCKUX
CeTSAX CBS3U, NMPOMBIIIJICHHOCTH (HalpUMep, OXpaHa MEpUMETPOB, MOHUTOPHHT
TpyOONIIpOBOJOB) M B APYIHX CHCTeMax, rie TpeOyercs Haa&KHOEe OOHapyKCHHE
MOBPEKACHUH 1 3aIIUTa OT HECAHKIMOHUPOBAHHOTO J0CTYTIA.
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Abstract. The relevance and novelty of research in the study of tectonic activity
occurring in the Earth's deep structures is substantiated. Specifically, the use of
modern numerical approaches and algorithms for simulating tectonic processes is
emphasized. It is shown that in the last decade two main areas of research in the
Earth sciences have emerged: deep geodynamics and the early history of the Earth.
The task of deep geodynamics includes the study of physical and chemical processes
occurring in the bowels of the Earth below a level of 400 km, i.e. the boundary of
the upper mantle itself, which, together with the crust, forms the tectonosphere —
the main area of manifestation of plate tectonics. The aim of the work is to present
a formal model of magmatic flows and simulations, for which these flows are
represented as fluids with high viscosity and low Reynolds numbers. The modeling
methodology is based on solving differential equations with initial and boundary
conditions for fixed parameters of the moving boundary. As a result, a model aimed
at analyzing the initial stages of tectonic changes is proposed, which can be applied
to identify potentially seismically hazardous zones. The results of modeling using
the developed software package are presented, demonstrating that this approach
can complement existing methods for monitoring crustal dynamics. It is shown
that the proposed methods provide higher modeling accuracy compared to existing
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analogues and can be used as part of an early warning system, contributing to an
increase in the accuracy and lead time of forecasting large-scale seismic events.

Keywords: numerical modeling, tectonic processes, magmatic flows,
earthquakes, seismic activity, early warning, highly viscous fluid, Reynolds model,
geophysics, computational model
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Annortamus. JKepJiH TepeH KYPBUIBIMIAPBIHIA KE3[CCETIH TEKTOHHKAIIBIK
OeNCeHIITIK calachIHAAFhI 3€PTTEYIEP/IiH ©3EKTLIIr MEH YKaHAIBIFhI JTJICIICH]II.
Atan aliTKaH/Ja, TeKTOHUKAIBIK MPOIECTEPAl MOJICb/CY YIIIH 3aMaHayd CaHJIbIK
TOCLIIEp MEH aJITOPUTMJICPAl Nai1anany TanKeiana el. COHFBI OHKBUIIBIKTA JKEP
Typaibl FRUIBIMIApAA €Ki HEeri3ri 3epTTey OarbIThl Maiija OOJFaHBI KOPCETUITCH:
TepeH reoquHaMuKa xone Kepain epre Tapuxbl. TepeH reommHaMUKaHbIH MiHICTIHES
400 xM-ZIleH TOMEH Kep KOWHayblHAa OOJBIN KaTKAaH (U3UKATBIK-XHUMHUSITBIK
MPOIIeCTEP/Ii, IFHU JKep KbIPTHICBIMEH Oipre TeKTOHOC(EepaHbl KYPaHThIH KOFAPFBI
MaHTHSHBIH [IEKapachlH - TaKTa TEKTOHUKACHIHBIH HET13T1 KepiHic Oepy aiiMarbiH
3eprrey Kipemi. byn skymbIicThiH Makcarel JKep OeTHie KOTEpiirTeH MarMalbIK
aFbIHIAP/ILIH MOIEIIIH YChIHY OOJIBIT Ta0BLIA/IBI, OJap YIIH OYJI MarMa arFbIHBIHBIH
TYTKBIPJIBIFBI ©TE KOFaphl oHE PeliHONbAC caHgaphl TOMEH CYHBIKTBIKTAp
peTiHze yehiHbUTFaH. Moenbey o/licTeMeCi KbIUDKBIMAIIBI IIIeKapaHblH OCKiTUITeH
napaMeTpiIepi YIIiH 0acTanKbl »KoHe MeKapalbIK MapTTapbl 0ap nuddepeHnmuan bk
TeHJeyJepAl Ienryre Heri3aenreH. HoTmkeciHae, CeHCMUKAIBIK Kayili KOFaphl
afiMakTap/ibl aHBIKTayFa OONIAThIH TEKTOHUKANBIK ©3repicTep/iH OacTankbl
Ke3eHJIePiH Tajayra OaFbITTaTIFaH MOJICNb YCBIHBUTBI. JKacanraH OarnapiaMabiK
MaKeTTi MadganaHa OTBIPBIN MOJCIbACY HOTIDKENEPl YCBIHBUIBIN, OYJI TOCiN
JKep KbIPTHICBIHBIH MarMaHbIH Jkep OeTiHe KOTepily JIMHAMHKACHIH OaiKayIbiH
KOJIZIAHBICTAFbI OJ[ICTEPiH TOJNBIKTHIPA AJaThIHBI KOPCETINITEH. ¥ CHIHBUIFAH 9/1iCTEP
0ap aHaIOrTapMeH CaNbICTBIPFAHIA MOJICIBACY/IIH KOFaphl JTOJIITH KAMTAaMAaChI3
€TEeTiHI XOHE ayKbIMJBl CEHCMHKAIBIK OKHFaNapibl OOJpKay Ke3iHmeri Iomuiri
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MEH OpBIHJANy YaKbITBIHBIH MYMKIHJITIHE BIKMAJ €Te OTBIPBIN, epTe Xadapiay
KYWeCiHIH Oeuiri peTiHae maiijanaHpUTybl MYMKIH €KeHJIT1 KepceTinreH. SIFHu
aJlaM eMipiHe TOHTeH KayinTiH allJiblH aly MaKcaThIHIA JKacalFaH 3epTTey oici
00JIBII TAOBLIABI.

Tyiiin ce3aep: caHIBIK MOJENBACY, TEKTOHHKAIBIK IPOIECTEpP, MarMaliblK
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AnHoTranuss. OOOCHOBBIBACTCSl aKTyaJlbHOCTh M HOBH3HA MCCIICAOBAHUH B
00NacTi M3y4YeHHs TEKTOHMYECKOM AaKTHBHOCTH, MPOTEKAIOIIMX B TIIyOMHHBIX
CTPYKTypax 3eMiu. B 4YacTHOCTH, MCIOJIIB30BaHUIO COBPEMEHHBIX UHUCIIEHHBIX
MOAXOI0B U AJITOPUTMOB JUISI IMUTALMK MPOLECCOB TEKTOHMYECKOH aKTHBHOCTH.
[loka3ano, 4YTo B TMOCJIEAHEE JECATHICTHE ONPEACTHINCh [Ba IJIABHBIX
HalpaBJCHHUs HCCICIOBAaHMNH B HayKax O 3emje — NIyOMHHAs IeoIWHAMUKa U
panHsiss uctopust 3emiu. B 3amauy myOMHHOW T€OIMHAMHMKHM BXOIUT H3yUCHHE
(¢U3NUECKUX W XUMHUYECKUX MPOLECCOB, MPOTEKAIOIMX B Heapax 3eMIIM HIKE
ypoBHs 400 kM, T.e. TpPaHHIIBI COOCTBEHHO BepXHEW MaHTHH, 00pa3yromeil BMecTe
C KOpOH TEeKTOHOC(HEpy — OCHOBHYIO 0O0JacTh IpPOSIBICHHUS TEKTOHUKH IUIUT.
Lenpio paboThl siBIIsiCTCS TpencTaBieHne (opMaabHOH MOAETH MarMaTHYeCKUX
MOTOKOB U MOJEIMPOBAHMS, JJIS1 YETO 3TH MOTOKU MPEACTaBICHBI KaK >KUAKOCTH
C BBICOKOW BSI3KOCTBIO U HU3KUMH 3HaYCHUSIMU 4rcia PefiHonbaca. Metogonorus
MOZICTIMPOBAaHUs TOCTPOCHA Ha peIIeHHH IU(QepeHInalbHBIX YPaBHEHHNA C
HayaJbHBIMH M TPAaHUYHBIMHM YCJIOBHSIMH TNPH (UKCHPOBAHHBIX IapameTpax
MOABMKHOM rpaHuLbl. B pesynbrare npemioxkena MoJiellb, HallpaBJICHHAs Ha aHATTN3
HayaJIbHBIX ITAIlOB TEKTOHUYECKUX U3MEHEHHUH, KOTOpas MOXET ObITh MPUMEHEHA
JUI BBISIBJICHHS! MOTCHLIUAIBHO OMACHBIX, B CEHCMHYECKOM OTHOLICHHH, 30H.
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HpI/IBeI[eHLI PE3yibTaTbl MOACIUPOBAHUA C IMOMOIIBIO pa3pa60TaHHOro ImaKkeTa
nporpaMm M IOKa3aH, 4YTO 3TOT MOAXO[ croco0eH JAOMNOJHUTE CYHICCTBYIOLIUC
METO/IBbI Ha6J'IIOI[€HI/I$I 3a ,Z[PIHaMPIKOIZ 3EeMHOMI Kaphbl. HOKaBaHBI, YTO MPCHAIIOKCHHBIC
METO/IBbI o0ecreunBaroT doiee BBICOKYIO TOYHOCTb MOJACIMPOBAHUS 110 CPABHCHUTO
C CYHCCTBYWOUIMMH aHAJIOTaMU W MOXCT OBITh HCIIONIB30BAHA KaK 4YacTh
CUCTCMbI PAHHCTO TMPCAYIPEIKACHUS, CHOCO6CTBy5[ MNOBBIINICHUIO TOYHOCTHU H
Ba6ﬂaFOBpeM€HHOCTI/I IIPOTrHO3UPOBAHUA MACIITAOHBIX CEHCMUYCCKUX SIBICHHI.
210 METO UCCIICAOBAHUS, HpI/ISBaHHBIf/i npeaAOTBPATUTDH YI'PO3bI JKU3HU YCIIOBCKA.

KiroueBble cj0Ba: YHCIICHHOE MOJACINPOBAHUEC, TCKTOHUYCCKUC ITPOLCCCHI,
MarMaTuidcCKueC IIOTOKH, 3CMIICTPSACCHUA, celicMuYecKas AKTUBHOCTb, pPaHHEC
NpeaynpeKACHUC, CUJIbHOBA3KAA KUJAKOCTb, MOZCIIb PeﬁHOJ’ILHCa, FeO(l)I/BI/IKa,
BBIYHUCIUTCIIbHAA MOJCIIb

BBeaenue. OHUM M3 MPUOPUTETHBHIX HANPABICHUH HAyKW OBUIM M OCTAETCS
M3yUYCHUE TPOILIECCOB, MPOUCXOAANIMX B 3€MHBIX Heapax. AKTyalbHOCTh THX
HCCIICIOBAHUI CBs3aHA, MPEKAC BCEro, C KHU3HEACATEILHOCTHIO YEIOBCUCCTBA.
Wzydenne mporeccoB, MPOUCXOMAIIAX B HeEApax 3eMild ¢ TNPUMEHEHHEM
MOJICTTUPOBAHUSI CBS3aHO C TPYAHOCTSIMH, MPEKIC BCETO, N3-3a CKYTHOCTH, TOPOU
HETOCTYIMHOCTH, U CJIOKHOCTH MOTYUICHUS HHPOPMAIMH O TTYOMHHBIX TPOIieccax.

Bo MHOrux 00NacTsx Hay4YHBIX HCCICAOBAHHUN CYHIECTBYET MOTPEOHOCTH B
peIICHUH 3a/1a4, TPEOYIOIUX BBICOKOW TOYHOCTH U HEBO3MOXXHOCTH MPOBEICHUS
MPSIMBIX  HAOMIONEHUH WM J1a00OpaTOPHBIX JKCIIEPUMEHTOB. OJTO OCOOCHHO
aKTyaJlbHO JJISi TIPOIIECCOB, MPOTEKAIOIINX B HEJAOCTYMHBIX Cpelax, TaKUX Kak
[TyOWHHBIC CIIOM 36MHOM Kaphl, IJI¢ MOTYICHUE TAHHBIX OCJIOKHSIETCS IPUPOTHBIMU
YCIIOBUSIMU W OTPAaHMUYEHHOCTHIO METOMOB JHUArHOCTUKH. «OOIenpru3HaHHO,
YTO MPU M3YYCHHUM MHOTHX CIIOKHBIX SBICHHH HENb3s OrPAaHUYMBATHCS TOJIBKO
OKCMIEPUMCHTAIIBHBIMA U AHATUTHYCCKHUMH HCCIIEMOBAHUSIMUA. BBICTPBIH pocT
MPOU3BOAUTEILHOCTH KOMIIBIOTEPOB B TOCICAHUE JCCATHUIICTHS CTUMYIAPOBAI
pa3BUTHE BBHIYUCIIUTEILHOTO HAMPABICHHUS B MEXaHHUKE YKUKOCTH BOOOIIE U IS
HCCIICIOBAHUST TIPOOJIEM THIPOJUHAMUYCCKUX HEYCTOWYMBOCTEH, YaCTHOCTH
(Kim et al, 2022)

B nocrnenHee ecsATHICTHE OMPENSNIWINCh JBA TIABHBIX HAMPaBICHUS
WCCIIeZIOBaHUH B HayKaxX O 3eMiie — DIIyOWHHAs TeOJUHAMHKA W PaHHSS UCTOPHUS
3emmu. B 3amady mIyOMHHON Te€OJMHAMUKH BXOAWT W3yYeHUE (PUINUYECKUX WU
XUMHUYECKHAX TPOIECCOB, TPOTEKAIONMX B Heapax 3emim Hibke ypoBHs 400
KM, T.e. TPAHUIIBI COOCTBCHHO BEPXHEW MaHTHH, 00pasyrolieil BMeCTe ¢ KOpOU
TEeKTOHOC(hEPY — OCHOBHYIO 00NACTh MPOSBICHHUSI TEKTOHUKHU TUTUT. J{7is pemeHus
9TOH 3a/aud B HACTOSIIEE BpEMsl MPUMCHSIOTCS TPU METOnA: ceiicMuueckas
ToMorpadusi,  IKCIEPUMEHTAbHAss  MHHEPAJIOTHST M MareMaTHYecKoe
MojienupoBanue. [IpuMeHeHUe MBYX M3 HUX CTAJ0 BO3MOXKHBIM C TIOSIBIICHHEM
COBPEMEHHBIX CYMEPKOMITBIOTEPOB, @ DKCIIEPUMEHTHI HaJ] MUHEPATIAMHU B YCIIOBHSIX
JIABJICHUI M TEMITEPATYP, TOCMOCTBYIONIMX B MAHTHIHBIX TITyOHHAX, — C CO3IAHHEM
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anmapaToB, BOCIPOU3BOISIINX 3TH TepMonnHaMuueckue yciosus (Minaev et al,
2022)

O MeToze peleHns: OHON U3 TaKUX CJIOKHBIX 3a]1a4, CBSI3aHHBIX C HCTCUCHUEM
CHJIbHOBSI3KOHN JKUAKOCTHU U3 LEIH, SBISACTCS TEMON TaHHOTO UCCIIEIOBAHMSL.

[IpeacraBnser wWHTEpeC W  TNpellaraeTcsi  BBIYMCIMTENBHAs — MOJICIb
«TekToHn4ecKoro mpolecca, MPOUCXOISIIETO B 3eMHBIX HEAPax», KOTOPas MOXKET
OBITh MCIIOJNB30BaHA KaK YacTh CHCTEMBI PAHHETO MPEAyNPEKACHUS, CIIOCOOCTBYSI
MOBBIILICHUIO TOYHOCTH M 3a01aroBpEMEHHOCTH MPOTHO3MPOBAHUS MaCIITa0HbBIX
CEHCMHMUYECKHUX SIBICHUI.

IMocranoBka3zagaun. MaremMaTHueCKyI0 MOJIEIIb IAHHOM 33 Ja4N THAPOANHAMUKI
npeacTaBisieT co0oi KBasuiMHeiiHoe ypaBHeHHe napabomuueckoro tuna (Utkin,
2021)

8¢ _ER 8 (,39% y(E)(1—x%),ecmm—1=x=1;
(f Br) * {

g 3 ox 0, ecmn —oo<<x<—1, 1<x< +oo (1)

COBMCCTHO C YPABHCHUCM CJICAYIOIIICTO BHU1a

fcftr}‘f(x, t}dx=§f;}*(r}dr, )

IIe: X — TOPH3OHTAIbHAS KOOPAMHATA, [—Bpems, & (X,f)— Bepxmss
CBOOO/IHAS TOBEPXHOCTH HAKAIUIMBAEMOM kuakocTn, Y(7) — HamGosbimas
CKOPOCTH UCTCUCHUSA )KUAKOCTHU M3 HICIIU, KOTOpasd CHUTACTCA 3alIaHHOI>'I,

x = p(t) — nogBwxHas TpaHMIIA HAKATLTUBAEMOH KUIKOCTH. Bee mapamerpsl u
yYpaBHEHUS SIBISIIOTCS O€3pa3MEepHBIMH.

[lepen Hamu mocTaBieHa 3ajiada: 1aTh perienue ypaHenui (1) u (2).

B 5THX ypaBHEHHSX HEU3BECTHBIMU ABJIAIOTCA aBe GyHKimu: & (X, 1) u p(t).
JIist OMIpeieNieHus X 3HAYEHHMI 3a1aHbl Ha4aJIbHBIE YCIIOBHS:

t=0, p(0)=1, &(x,0) = 0. 3)

Jst pernennst ypaBHeHUS (1) HODKHBI OBITH 3aaHbl TPAaHUYIHBIC YCIOBHS,
KOTOPBIE MOTYT OBITh 3aITUCaHbI B CIIEYIOIIEM BHJIE:

0(0,1)
0, T 0, 4)

x=p@)  E(p(t) 1)=0. ©)

Urak, TpebyeTcs HaiiTh 3Hauenus Gynximii £(x,1) u p(t), ynosnersopsronue
ypaBHeHusM (1) u (2), HauanbHBIM YCIOBUSM (3) M IpaHUYHBIM YCIOBHAM (4) 1
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(5). 3mech Bo3HUKaeT MpoOseMa, CBA3aHHAS C IOJBIYKHOCTBIO IPaHUIIBI 00JIaCTH
pelreHus 3a1adu. B cBS3U ¢ 3TUM IS pelIeHUs STOW 3a/1auu 3/IeCh MpejyiaraeTcs
METO/I KOHEYHBIX Pa3HOCTEH C HEKOTOPBIMU JOMYIIICHUSIMH.

Pemnenue 3amaum uuciaa PeiiHoabaca. Maes wMeroma 3axiroyacTrcsi B
CIIEYIOIIEM:

JUIS HEKOTOPOTO MOMEHTa BPEMEHH ! HAXOJUTCS pelIeHWe 3ajadu Ul
YpaBHEHHST B YACTHBIX MPOU3BONHBIX (1) ¢ HavyanpbHBIMH W TPAaHUYHBIMH
YCIIOBUSIMU TIpY (PUKCUPOBAHHBIX 3HAUEHUSX MOJBUKHON TPAHUIIBI, T.€. 3HAYCHUS

GbyHKIMH p(). VYpaBuenue (1) pemaercs METOIOM KOHEUHBIX pa3HOCTEH. 3aremM
onpenensercs 3nadenue Gpynxuuu O(f +Af) u3 ypasuenus (2). Jlns nepexona
K CIIEAYIOLIEMY 3HAYCHHUIO BPEMEHH ¢ + Af HCIONIL3YETCs NOIYYEHHOE 3HaYEHUE
(byHKIAN p(t+At) u pemaercs ypaBHeHue (1). Takoit nTepalmoHHBIN TIpoIiece
MIPOIOIDKAETCS /IO OKOHYAHUS BCETO MPOIECCa BRIYMCICHHM.

B kauecTBe pacueTHOMH CXeMBbI [T peIICHHS YPAaBHEHHS B YaCTHBIX ITPOU3BOTHBIX
(1) ucrione3yercs HesiBHAS HenMuHeHas cxema (Bykov et al, 2020):

T- ER éi# + §i+ i+ gi— j+ + §IH+
gijﬂ = é:i' + 3h2 {( L B Y 1)3 '(§i+1j+1 - gz’jﬂ) _(%)3 '(é’jﬂ - gi—ljﬂ)} +
+{yi/.+,-(l—xf),emeSiSk, 0,ecruk+1<i<n} (6)

3I[CCB: h — mar no KOOpAMHATE X | k= Z - KOJIMYCCTBO TOYCK, I'AC (I)YHKI_II/U[

y(t) # 0; ©—mar no spemenu ¢; j=0,12,....m.
Jlns Beraucienus 3Havenmit Qynkmun  P(F)  memomesyercs  cremyromas
peKyppeHTHas popmyna:

2(];4—1 _f;) (7
§j+1 +§j ’

rie 3HaYCHHUs f] OIPENEIISIFOTCS U3 CICIYOIIeH (hOPMYIIbL:
(1)

fO =" &x0-dx.

0

pj+1 :pj+

AHaJIM3 pe3yabsTaToB peuieHus 3aga4dn. 1logydena pacuetHas cxema perieHus
JaHHOW 3a/1auu, 4YTO IMO3BOJNMI pa3padaThiBaTh e€ro ajaroputM. PemieHue 3amgadn
OCYIIECTBIISIETCS JJIs1 Ka)KJJOTO MOMEHTA BPEMEHH € YUETOM M3MEHEHMs TPaHMIIbI
obnactu uHTerpupoBanus. [1o MeToqy MpOroHKH pelleHue AaHHOW 3a1adu OyaeT
MPUOTKEHHBIM.

Hnst pemieHus 3agadd 00 WCTEUEHUHM CHIIBHOBSI3KOW JKHUAKOCTH B «Y3KOM
KaHaJIe» MPUMEHEH MOAXO0/] K MOICTIMPOBAHHIO YKa3aHHOTO Tpoliecca 1 pa3padboTan
COOTBETCTBYIOIMA MPOrpaMMHbIN TakeT. Pa3paboraHHas OObEKTHash MOJEIb
(puc.1) mo3BosigeT pacHIMPUTh BO3MOKHOCTH MPOTPAMMHOIO KOMILIEKCa JUIs
MOHHMTOPUHIAa CEHCMHYECKOTO COCTOSIHUS PETHOHOB.
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<abstract> <interface>
Oucnervep | 3| nasHoe
OKHO IMCneTYepa
FAY
1
i
<abstract>
<control> <controb
ool Kontponnep Pewexue
nporuosa
<abstract> <abstract> <abstract>
CKBaXHHa Yaen Mapuw B
i - > <abstract> Narink
o Naruuk — i
KHAKOCTH

T 1

Nar4uk
Oariuk
poaoxa D

MAUUAMEUSSVEE

PI/ICyHOK 1 — O0bekTHas MOJICJIb CUCTEMbI MOHUTOPUHI'A CEMCMHYECKOTO COCTOSTHUS peruoHa.

J1J1s1 paboTBI C MOZICITBIO pa3padOTaH JPYKECTBEHHBIHN MOJIh30BATEIBCKUN
uHTepdeiic, TO3BOISIONMN  peaanu30oBaTh  YHCICHHBIC  AJTOPUTMBI,
obecrieunBaTh ~ MHTETPAIMIO  KOMILUICKCA € CYHICCTBYIOIIMMH |
HCIIOJIb3YEMBIMU IIPOTPAMMHBIMU IIPOLYKTaAMU.

PaspaGorka MO anA peweHue 3apay
06 UCTeuYeHUM XKUAKOCTH

1
‘} YuncneHHblid akecnepumeHT Net !I

YucneHHbI skcnepuMeHT Ne2 ‘

Bbixog

PucyHok 2 — 3anyck nporpamMMsl U IJIaBHbIA MEHIO

CosznaHue nporpamMMbl M YUCIIEHHBIH HSKCIIEPUMEHT IMTPOUCXOMII IO CIIEAYIOIIUM
ITyHKTaM:

* Hanmuune untepdeiica st YUCIICHHOTO PEIICHUS 33]1a4U;
+ Kntacc s BeIBOZIa pe3yabTaTOB pacyera;

* Moaynb 1uist TOCTpoeHus Tpaduka Mo TaHHBIM PacuyeToB.
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JlaHHBIA MOAYJIb MOXKET TaKKe OBITH MCHOJNB30BaH Ul MacIITaOMpOBaHMS U
CPaBHHUTEJIBHOIO aHAJIM3a HECKOJIBKUX IPa(HKOB.

[lo pa3paboranHOli mporpamMme ObUT IPOBEACH YMCIICHHBIH SKCIEPUMEHT IS
Pa3IMYHBIX BAPMAHTOB TaHHOH 3a1a4H.

Uucnennsiii skcnepuMeHT Nel — TecTupoBaHHMe M 3allycK MpOrpaMMBbl AJIs
pasubix MomeHTOB ER. (ITo 1-My 3kcnepuMeHTy poBoAMIIach TECTHPOBAHHE IS
pa3HbIx MOMeHTOB ER)

Uucnennsiii sxcriepuMeHT Ne 2 — TecTupoBaHHE M 3allyCK IMPOTpamMMbl AJIs
pa3HBIX MOMEHTOB BPEMEHH t.

B nmaHHO#M pacueTHON cxeMe TOYHOCTh TOJyYaeMbIX PE3YJIbTaTOB 3aBHUCHT
OT BBIOPaHHBIX WLIArOB II0 BPEMEHH W IO KOOPAMHATE. 31eCh HCIOJIB3YETCs
UTEPALlMOHHBIA METOJ B LIEJIOM M IIPH pelIeHun ypaBHeHus (1).

88 ER 8 [,q 8 y(x,t),ecrm x € [-1,1], ]
5 8 (00 ®)
3t 3 Bx B 0,ecn x &[—1,1]
DT0  HOBOE  TONYYEHHOE  YypaBHEHHME  sABJISAETCA  KBA3HJIMHEHHBIM
muddepeHInanEHBIM ypaBHEHHEM YaCTHBIX TIPOM3BOIHBIX BTOPOTO mopsiaka. OHO
OTHOCHTCS K YPaBHEHHAM MapaboIHIecKoro THIIA.

-U-L

bespasmepHoe uucno ompeAenseT xapakTep JBWXKEHUH B CHIIBHOBSI3KOU
xuaKkocTH. [locie HeCKOBKHUX TaKUX MPeoOpa3oBaHNH MMOTyuyeHa MaTeMaTHYeCKas
MOJIEJNb 331a49H.

Yucaennslii 3xcnepuMent 1. TectupoBaHMe W 3alyCK MNPOTPaMMBI ISt
momeHTOB ER (Oxcniepument Nel) B unciieHHOM 3KCTIEpUMEHTE BEIOPAHO 3HAUYCHUS

Oe3pasmeproro mapamerpa ER paBubM (ER-ompenenser xapakTep IBIIKCHUS
CHITBHOBSI3KOM KHUIKOCTH)

ER=

TecTHpoBaHMWe W 3anyck NporpaMMbi AnA MomeHTa ER

BuGepute ER= 5 t=1 ER=51t=15 ER= 6 t=2 ER= 6 t=3
anauenme ER

h.222755406032
it
1. 3z

0 087109331724 1.01347170720 o 1100756465376

0,03 087109931724 101347178720 0,03 1.10075

5 0.05 005 1 11
0.1 0.07 0,87091932234 101331577248 0.07 1100630894547 1,222661723355
0.08 0.09
on 0,87049918865 1.01295163902 011 1.100337866202 1,222443148532
Pacuet 013 0.13 7
0,15 0,86983849119 101237910232 0,15 1, 1, %
rpagpmk 0.17 017 |06 7z
0,19 0,B6B93652657 101159768745 0,19 1.099248942453 1.221631352738
0.21 021 |32
0.23 0.86779228832 1.01060672676 0.23 1.098452598078 1.221038138229
9
0,27 0,86640448008 1.009405 35665 0.27 1.097487897956 1.220320035207
0.29 0.29 |68

0,31 0,86477149676 1.00799251336 0,31

096354414448

1. 219477027977
6 34

)
w
o

=0

0,35 086289141531 100636692767 0.35 1| 1.2 5

5 oz
0,39 086076198104 100452711849 0,39 1093578971925 1.217416209753

0,43 0,856838059124

0,47 085574427575
=< Hazan 0.49 Fie

180247138532 0.43 1091935739260 1.216198341174

=
]

ArAAhLwRWE N NNNN =S~ =DoBE D
SRS ENRES3NRUIEIR03SRE2
]
~
]

100019779931 0.47 1.090121173040 1.214855454913
224 5 LH

Pucynoxk 3 — TectupoBanue s momenta ER=5
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als oh

ol

ols oh

ER=61-3

1221631352738
1.221008138229
1.220320005207

1.219477027977
1.21850909500%
:_’" 1416209753
1.216198341174
:_!I 495545491
”

BbiGepute
3HaueHue ER

1

0.1

PacueTt
Fpaguk

<< Hazan

TecTupoBaHue U 3anyck nporpamMmbl Ans MmomeHTa ER

ER=0.5t=1

ER=05t=15

ER=05t=2

ER=0.51=3

0.91773057427
0.91773057427
0.91738120853
0.91656576669
0.91528332566
0.91353226109
0.91131018698
0.90861404105
0.90543996276
0.90178331653
0,89763864837

0,89299964577

0,88785909000
0235

130417499613
1.30417499613
1.30390605199
1.30327629738
1.30229109875
1.30094339391
1.29923368497
1.29716002817
1.29472002055
1.29191078315
1,28872894051
1,28517059603

1.28123130285
006

1.456055633547
1.456055633547
1.457602003181
1.457209990074
1.456279014183
1.455006115696
1,453305950422
1.451440779836
1.449140462665
1.446492440863
1,443493724005
1,440140870435

1,436429965111
26

[i.646692842513
1.646692842513
1.646505272389
1.646067566760
59

1.64537957104
1.644441011336

a5

1.643251493936
1.641810504508
1.640117407019
1.638171442365
1.635971726713
1,633517249532

1.630806871316

1,627839320985

ols ofi o ols 0% oks

uh
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L

Wb

1%

1.222755406032
1.222755406032
1.222661723355
84
1,222443146532
1.222099688035
72
1.221631352738
1.2210381 38229
32
1,220320035207
26
1.219477027977
34
1.218509095035
1.217416209753
24
1216198341174
1

1.214855454913
92

Pucynok 4.1 — Ilonoxenue rpanuie! aas caydas ER=1
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BoiGepuTe
3HaveHue ER

0.1

PacueT
rpagpuk

<< Hazan

TecTUpoBaHMe U 3aMycK NporpamMMel AnNsA MoMeHTa ER

ER=05t=1 ER=051t=1.5 ER= 0,6 t=2 ER=0.61=3
0 091773057427 0 130417499613 0 1.458055633547 0 646692842513
0.01 0.01 0.01 0.01
0.03 091773057427 0.03 1.30417499613 0.03 1.458055633547 0.03 1.646692842513
0.05 0.05 0.05 0.05
0.07 091738120853 0.07 1.30390605199 0.07 1.457802003181 0.07 1.646505272389
0.09 0.09 0.09 3 0.09 31
0.1 0,91656576689 0,11 1.30327829738 0,11 1,457209990074 011 1,646067566760
0.13 013 013 0.13 59
0.15 091528332586 0.15 1.30229109875 0.15 1.456279014183 0.15 1.64537957104
0,17 7182 0,17 555 0,17 89 0,17 1,644441011336
0.19 091353225108 0.19 1.30094339391 0.19 1.455008115896 0.19 a5
0.21 9001 0.21 973 0.21 67 0.21 1.643251493936
0.23 091131018698 0.23 1.29923368497 0.23 1.453395950422 0.23 a9
0.25 88 0.25 826 0.25 77 0.25 1.641810504508
0.27 090861404105 0,27 1.29716002817 0,27 1,451440779836 0,27 93
0.29 4914 0.29 632 0.29 98 0.29 1.640117407019
0.31 090543996276 0.31 1.29472002055 0.31 1.449140462665 0.31
0.33 848 0.33 512 0,33 03 0,33 1,638171442365
0.35 090178331653 0.35 1.29191078315 0.35 1.446492440863 0.35
0.37 3267 0.37 975 0.37 75 0.37 1.635971726713
0.39 089763864837 0.39 1.28872894051 0.39 1.443493724005 0.39 5
0.41 3278 0.41 859 0.41 52 0.41 1.633517249532
0.43 089299964577 0,43 1.28517059603 0,43 1,440140870435 0,43 62
0.45 5188 0.45 523 0.45 06 0.45 1.630806871316
0.47 086785909000 0.47 1.28123130285 0.47 1.436429965111 0.47
0,49 0235 0,49 006 0,43 26 0,43 1,627839320385

ER

ER= 0613
[1.222755 406032
1.222755406002
L)
1.222661723055
1.2224401 48532
7
1.222099680005
72
122160135278
1.221038138229
32
1.220320035207
1.219477027977
¥
1.218509095035

o
1217416209753

1.216198341174

1.214055454913
.

BbiGepute
3HaveHue ER

1
0.5

Pacuet
Fpaguk

<< Hasan

TecTpoBaHKe U 3anyck NporpaMmmel Anst MomeHTa ER

ER=0.1 t=1 ER=0.1t=15 ER=0.1 t=2 ER=0.1t=3
0 0,91773057427 0 1,30417499613 0 1,458055633547 0 1646692842513
0,01 1 0,01 0,01 0.01
0.03 0.91773057427 0.03 1.30417499613 0.03 1.458055633547 0.03 1.646692842513
0.05 14! 0.05 0.05 0.05
0.07 0.91738120853 0.07 1.30390605199 0.07 1.457802003181 0.07 1.646505272389
0.09 44! 0.09 0.09 0.09
0.1 0.91656576689 0.1 1.30327829738 0.11 1.457209990074 0.11 1646067566760
0,13 25| 0,13 0,13 0.13 59
0,15 0,91528332586 0,15 1,3022910987% 0,15 1,456279014183 0,15 1,64537957104
0.17 7182 0.17 555 0.17 39 0.17 1.644441011336
0.19 0.91353225109 0.19 1.30094339391 0.19 1.455008115896 0.19
0.21 9001 0.21 973 0.21 67 0.21 1.643251493936
0.23 0.91131018698 0.23 1.29923368497 0.23 1.453395950422 0.23
0.25 88 0.25 826 0.25 77 0.25 1.641810504508
0,27 0,90861404105 0,27 1,29716002817 0,27 1,451440779836 0,27
0.29 4914 0.29 632 0.29 98 0.29 1.640117407019
0.31 0.30543396276 0.31 1.29472002055 0.31 1.443140462665 0.31
0.33 B4 0.33 512 0.33 03 0.33 1.638171442365
0.35 0.90178331653 0.35 1.29191078315 0.35 1.446492440863 0.35
0.37 32 0.37 975 0.37 75 0.37 1.635971726713
0.39 0,89763864837 0.39 1,28872894051 0.39 1,443493724005 0.39
0,41 32, 0,41 859 0,41 52 0,41 1,633517249532
0.43 0.89299964577 0.43 1.28517059603 0.43 1.440140870435 0.43
0.45 51 0.45 523 0.45 06 0.45 1.630806871316
0.47 0.88785309000 0.47 1.28123130285 0.47 1.436429965111 0.47
0.49 0235 0.49 006 0.49 26 0.49 1.627839320985

Pucynok 6 —Tectuposanue a1 momenra ER=0,1
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ols bt ol ols ob ok th 1D 1o il T 1.216198341174
MOCTPOMTL rPpaguK 21wssesesns

Pucynok 6.1 — ITonoxenue rpanuie! aas ciaydas ER=0,1

UYmncaeHHBbIH 3KkcTIepuMeHT 2. TecTupoBaHME 1 3aITyCK MPOTPAMMBI JIJTS pA3HBIX
MoMeHTOB BpeMmeHH(t) (Dxcnepument No2) Pacuet mpoBoauics i 3HaueHUs t=1
t=1,5 t=2 t=3.

Butepure TECTMPOBAHME U 3aNyCK NPOFPaMMbI AN MOMEHTa PasHbIX BpeMeH (t)
3Ha4eHwne
t t=1 ER=05 t=1 ER=0.1 t=1 ER=1 t=1 ER=b
i 0.01 0.87109931724 0.81773067427 0.949656878103 0.986833870001
0.03
§ 0.05 087091932234 0.91738120853 0,949232209782 0.986272051781
0,07 6861 4456
0.09 0.87049918865 0.91656576689 0.948241200594 0.984962944579
0.11 2564 637
013 0.86963649319 0.91528332586 0,946663011036 0.982908342192
015
017 0.86893652657 0.91353225109 0.944555998953 0.980109573181
I 0.19 5165 9001 242 123
(RN 0,21 0.86779228832 0.91131018698 0,941857711723 0.976567448522
0.23 1747 88 253 333
0.25 0.86640448008 0.90861404105 0.936564873198 0.972262209338
0,27 4914 632
0.29 0.86477149676 0.80543996276 0.934733365607 0.967253478666
0.31 848 803
0.33 086283141531 0,90178331653 0.930298205890 0.961480220636
0,35
037 0.86076198104 0.89763864837 0.925273516415 0.954960710154
0.39
0.41 0.85838059124 0.89299964577 0,919652489671 0.947692513564
0.43 6899 122
0.45 0.86574427575 0.88785909000 0.913427346554 0.933672483103
0.47 7778 0235 915 797
0.49 0.85284967415 0.88220880002 0.906589287743 0.930896762823
<< Haszan 051 9585 692 173 928

Pucynok 7 —Tectupopanue /17151 MOMEHTOB BPEMECHU t=1

=15

[
ols ol ol ol ol obs PR T [RIETT) b [37 b 287

| Noctponts rpaguk |
<< Hasan

Pucynok 7.1 — ITonoxkenue cBOOOIHO IPaHUIBI )KUIKOCTH B MOMEHTE BpeMeHH t=1
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BuiGepuTe TecTMpoBaHUe U 3anyck NporpaMMbl AnA MOMEHTa pasHbIX BpeMeH (t)
3HaveHue
t t=156 ER=05 t=156 ER=0.1 t=156 ER=1 t=156 ER=b
! 0.01 101347178720 130417439613 1442144343142 1423772965813
;] 0.03 183 54
B 0,05 1.01331577248 130330605199 1.441801981454 1.423137342122
0.07 88 3
0,09 1,01295163902 1.30327629738 1,441001469004 1.421656038483
0.11 867 766 01 18
013 101237910232 1,30229109875 1439742599880 1419325987911
0,15
017 101159768745 130094339391 1438024011072 1.416145320168
n 019 633 973 92 29
paguk 0.21 1,01060672676 1.23923368497 1,435843774516 1.412110343840
0.23 067 826 k1l 55
0,25 1,00940535665 1.29716002817 1433199385577 1407216156740
0.27 632 06
0.29 1.00799251336 1,29472002055 1430087747814 1.401456558414
0,31 338 56
0.33 1.00636692767 1.29191078315 1.426505153791 1394824074492
0.35
0,37 1,00452711849 1.28872894051 1,422447261655 1387309882454
0.39 847 859 47 06
0,41 1,00247138532 1.28517059603 1417909067122 1378903764337
0.43
0.45 100019779931 1,26123130265 1412684870437 1,369594043739
0,47 006 77
0.49 0.99770419303 127690602963 1407368237768 1.359367512384
<< Hazan 0.51 8046 115 14 84

Pucynoxk 8 — Tectuposanue JIJI1 MOMEHTOB BpeMeHH t=1,5

Beay me 1
=3 TMeT P U]
T
i
2
3

s

B4

02 |

° v

[ ols ol CEIEY 1) [33 ols (AT 10 [R5 15 LY b 247
|| Moctpouts rpagpuk
<< Hasan

i Pacser

BuGepnTe TeCTVIPOBﬂHVIe W 3anyckK nporpaMmMel Ans MoMeHTa pasHbIX BpeMeH (t)

3HaveHue

1 =2 ER=05 =2 ER=0.1 1=2 ER=1 1=2 ER=b
0.01 110075646597 1.45805563354 1615608179363 1,778861947019

0t 0.03 661 783 51 36

3 0,05 1.10063089454 1.45760200318 1,615292765512 1.778263684748
0.07 73 131 97 12
0.09 110033786620 1.45720999007 1.614556510157 1,776667231226
0.11 244 478 35 57
0.13 1.09987727691 1.45627901418 1,613398602127 1.774670937525
0.15 006 389 03 13
0.17 1.09924834245 1.45500811589 1.611817695167 1,771671957386
0,19 332 667 9 07

Tpaguk 0.21 1.09845259807 1.45339595042 1609811898504 1.767866228263
0.23 89 277 6 51
0.25 1.09748789795 1.45144077983 1.607376763436 1.763248443459
0.27 668 04
0.29 1.09635441444 1.44914046266 1604515265750 1.757812014470
0.31 836 509 7 76
0,33 1.09505163718 1.44643244006 1,601217783643 1.751548023634
0.35 155 375 07 93
0.37 1.09357897192 1.44349372400 1.597482070813 1,744450165557
0.39 513 552 55 23
0.41 1.09193573926 1.44014087043 1593303224143 1.736504676723
0.13 029 506 6 63
0.15 1.09012117304 1.43642996511 1.588675645578 1,727700251889
0,47 085 126 15 15
0.19 1.08813441863 1.43235659379 1583592997300 1.718022945709
<< Hazan 051 501 07 03 96

Pucynok 9 —Tectupopanue /17151 MOMECHTOB BpPEMECHU t=2
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BhiGepuTe TecTMpOBaHMe W 3anycK nporpamMmel ana MOMeHTa pa3HblX BpeMeH (t)

3HaueHMe

t t=3 ER=0.5 t=8 ER=0.1 t=3 ER=1 t=3 ER=b

T [ 1,22275540603 164669284251 1.865138387625 2.418307471459
0,03

g 0.05 1,222661723% 164650527238 1864884037096 2.417635850315
0.07 931 3
0.09 1,22244314653 164606756676 1864290435586 2.416734966570
011 27 67 03
013 1,22209968803 164537957104 1,863357229373 2.415003604850
015 572 164444101133

= = |07 1,22163135273 645 1,862083818577 2.412639748548
019 533 164325149393 27 25

EEGLE 0.21 1,22103813822 699 1. 2. 72
0.23 332 1.64181050450 92 7
0.25 1.22032003520 893 1858512739522 2.406002388761
0.27 726 164011740701
0.29 1.21947702797 911 1856212616634 2.401720688528
031 734 163817144236 05
0.33 1.21850909503 536 1853567370367 2.396790040771
035 507 163597172671 93 29
0.37 1.21741620975 36 1850575117281 2.391204086041
039 324 163351724953
0.1 1.21619834117 262 1847233699008 2,384955481274
0.43 4 163080687131 32
0.45 1.21485545491 677 1843540673444 2,378035842585
0.47 332 162783932038 16
0.49 1.21336751418 509 1639493304593 2.370435678197
<< Hasan 051 762 162461319234 52 21

Pucynok 10 ~Tectupopanue JIJISI MOMEHTOB BPEMEHH t=3

o 1k 1b

MoCTPOMTS rPagMK I
<< Hasan

Pucynok 10.1 — INonoxxeHne cBOOOIHOMN IPAHUIIBI XKUKOCTH B MOMEHTE BPEMEHH t=3
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PesynbraThl SKCHEpUMEHTa MOKa3alH, YTO >KUJIKOCTh C MEHbBILIEH BA3KOCTHIO
pacTekaercs B TOPH30HTAIBHOM HAMpaBICHUU ObICTPEE, €M JKUIKOCTh C OOIbIIIeH
BSI3KOCTBIO. DTH JaHHbIE [TOKa3aHbl B Taonume 1.

Ta6muie 1 — [TonoxxeHne TOYKH TepecedeHuUs] TPAHHIIBI )KAAKOCTH C TOPU3OHTAIBEHON OCBHIO

| | ER=01 | ER=05 | ER=1__| _ER=5 |
| 050 |

1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.00
1.00 1.00 1.00 1.03
1.00 1.00 1.00 1.05
1.00 1.00 1.00 1.15
1.00 1.00 1.00 1.33
1.00 1.00 1.01 1.51
1.00 1.00 1.05 1.55
1.00 1.00 1.06 1.59
1.00 1.00 1.07 1.65
1.00 1.03 1.15 1.79
1.00 1.03 1.17 1.81
1.00 1.11 127 1.97
1.00 1.27 1.45 2.27

Ecnu cpaBHUBATH JaHHBIE, YTO )KUAKOCTD C MEHBLIEH BA3KOCTBIO PACTEKACTCS B
rOpU30HTAIBHOM HanpasiieHnH ObicTpee (Tabmuua 3.4), ueM KUIKOCTb ¢ OonbLIen
Bs3kocThio (Tabmuma 3.1). Tak u 10IKHO OBITh, 3TO MOATBEPKAAET NPABUIBHOCTh
peLIeHHUs 3a1a4u.

Jisi cpaBHUTENBHOIO aHajM3a Lelecoo0pa3Ho paccMaTpuBaTh HauOoIbLIee
MOAHATHE CBOOOJHON TOBEPXHOCTH HCTEKILIEH >KUIKOCTH, T.€. CPaBHHUBATh IS

Pa3IMUYHBIX CIyYacB MaKCHMalbHbIe 3HA4eHHs (QYHKIHH Z = 5 (x> t ) Jns
ATOTO C/eNiaHa BBIOOpPKA HAMOOINBINHMX 3HAYCHWH ATON (DYHKIMU JUTS Pa3sTUIHBIX
3HayeHuii mapamerpa ER.

CpaBHeHHE TaHHBIX, IPUBEICHHBIX B TA0MUIIE 3.5, IIOKA3BIBACT, YTO KHUIKOCTH C
OopIUM 3HaYeHHEM KOA((DUITUEHTA JMHAMAYECKOH BSI3KOCTH IOAHUMAETCS BBEPX
Ha OOJBIIYIO «BBICOTY», YeM JKHUAKOCTh C MEHBIIUM KO3(D(QUIIMEHTOM BS3KOCTH.
DTO O3HAUYAET, YTO BA3ZKAS KUJKOCTH C OOJIBIINM JUHAMUYICCKUM KOA(PPHUIIHEHTOM
BSI3KOCTH BEJIET ce0sl KaK «TBEPJI0€ TEJIO» J0 ONPEIEICHHOT0 MOMEHTA BPEMEHH.

HdpyruMm 1oKa3aTelbCTBOM TOTO, YTO SKUJIKOCTH C MEHBIIEH BA3KOCTHIO
pacTekaercs B TOPH30HTAIBHOM HaIpPaBICHUU ObICTPEE, 9YeM JKUIKOCTh C OOIbIIIeH
BSI3KOCTBIO, SBISIIOTCS cienyromue nanuble (Tadmuma 3.6), KOTopble MOKa3bIBalOT
MOJIOKEHUE TPAHULBI BBITEKIICH >KHIKOCTH B TOPU30HTAJIBLHOM HaIpaBICHUU
JUTsL pa3nuyHbIX 3HadeHwid ymcna ER. B ngamno#t Tabmumne 3.6 mokaszaHo, 4YTO
nepBOHaYaIbHasi TPAaHULA KUIKOCTH CUATANIACh COBNAAAIONICH ¢ rpaHuliell memnu,
T.€. paBHa 1.
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Tabmuma 2 —Hanbonsmme 3Hauenns GyHknnu z=§ (X, t)

B =

m 0.4704 0.4958 0.4977 0.4994
0.7771 0.9178 0.9497 0.9868
0.7966 0.9520 0.9889 1.0336
0.8120 0.9847 1.0269 1.0797
0.8494 1.2078 1.3330 1.2144
0.8969 1.3042 1.4421 1.4238
0.9429 1.3929 1.5563 1.6471
0.9495 1.4137 1.5725 1.6813
0.9560 1.4318 1.5877 1.7146
m 0.9694 1.4581 1.6156 1.7789
m 0.9937 1.5061 1.6812 2.1379
m 0.9992 1.5162 1.6953 2.1595
m 1.0254 1.5665 1.7658 2.2596
m 1.0725 1.6467 1.8651 2.4183

B 370l Tabmuie moka3zaHO CPaBHUTEIBHBIM aHAIU3 HAHOOJbIIEE MMOIHSATHE
CBOOOJIHOM TOBEPXHOCTH HUCTeKIIel xkuakoctd. OHa ompenesiser TpaHUILY
BBITEKIIICH BS3KOM KHUIKOCTH, JJISl Pa3IMYHBIX MOMEHTOB BPEMEHU

[TonmoxkeHne TOYKHM IEPECEUCHUs] TMMOBEPXHOCTU BBITCKIIECH JKUIAKOCTH C
TOPU30HTAIBHON OCBIO JIUISL PA3IMYHBIX MOMEHTOB BPEMEHHU M JUISl Pa3IUYHBIX
3Ha4yeHni yncna ER mokaszansl B crenytorieii Tadiuie 3.

Taﬁmma 3 — IToso)KeHHsI TOYKH nepececUCHUs I'paHUIIbI BBITEKIIICH JKUAKOCTH C FOpPI30HTaJ'II~;HOﬁ

OChIO
I I N N
1,00 1,00 1,00 1,00
5 1,00 1,00 1,27
1,00 1,07 1,45
1,33 1,65 2,27

Ha ocHoBe mpoBeIeHHOTO aHaIM3a MOXKHO CJIENaTh CIETYIOIINe BEIBOIBI:

1. IIpenmoxkeHa MOAENb M BBIOPAH METOJ PEIICHUS JIJIsl ONMCAHUSI MEXaHM3Ma
MOJHATHUS TITYOMHHBIX MAHTHUHBIX BEIICCTB B BUJIC UCTCUCHUS JKUIKOM MarMbl U3
y3koro kaHania. [IpemmokeHHBIH MEXaHW3M OpPTaHW3allMd MOHHUTOPHHTA YPOBHA
KUJKOCTH B TIYOMHHBIX CKBaXHMHAX, SIBIISIOTCS BXOMHBIMH TapaMeTpaMu s
MOJISIUPOBAHUST CEHCMHYECKOTO COCTOSHHUS DPErHOHa, TaK KaK B pe3ylbTare
MOJIETTUPOBAHNS TEKTOHHUECKUX TPOIECCOB, OMPEISISCTCS MOTOK KUIAKOCTH HA
OCHOBE YE€TO JIEIACTCSI BBIBOI O BO3MOYKHOM 3EMIICTPSICEHUH B PETHOHE.

2. llomydyena pacdeTHas cxema pemIeHHs MAaHHOM 3aJadd, 4TO TO3BOJIHIA
pa3pabaTbIBaTh AJITOPUTM €TO PEIICHHUS.
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3. IlpoBeneH aHanmu3 METONOB pemieHus: mudepeHInanbHbIX YpaBHEHUN B
YaCTHBIX MPOU3BOJHBIX, MONyYaeMBIX TPU MOJCIUPOBAHUH PACCMaTPUBAEMBIX
JBIDKEHUH B Hepax 3eMIIH.

4. TlpoBemeH aHamuM3 MEXaHW3MOB TIOCTPOCHHS TIAKETOB IPOTPAMM,
HEOOXOAMMBIX ISl PEIICHHS TOCTABICHHBIX 3a/1a4.

[IpemnoxkeHHBIE  METOABI  OOECIEUMBAIOT  0OJNEe  BBICOKYKD  TOYHOCTH
MOJISIUPOBAHUS 110 CPABHEHHUIO C CYIISCTBYIOIIMMH aHAJIOTaMH M MOXET OBITh
WCTIOJhb30BaHA KaK YacTh CHCTEMBI PAaHHETO MPeayNpexIeHUs], CIIO0COOCTBYS
MTOBBIIIICHUIO TOYHOCTH M 3a0JIaTOBPEMEHHOCTH TPOTHO3UPOBAHHS MacIITaOHBIX
CEeHCMHUYECKNX SBJICHUM.

PesynbraTel MozmenMpoBaHHE Tpolecca HW3BEPIKEHHS] MarMbl TPEACTaBISIOT
IEHHYI0 WHGOPMAIHIO U HAONIOMArOIIUX 32 U3MEHEHHEeM CTPYKTYPhl 3eMHON
Kapbl, OBICTPOTO OOHApPYKEHHs CHIBHBIX 3EMJICTPSCEHUN W TpeAyNpeKACHUN
MTOJTb30BATEISIM KaK 3€MIIETPSICEHHE JTOCTUTHET JI0 UX MECTOTIOIOKEHUSI.
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Abstract. In modern fifth-generation (5G) networks, ensuring high Quality
of Service (QoS) is a critical task, as network services support a wide range of
applications—from mobile broadband to industrial IoT and ultra-reliable services.
However, the highly variable radio environment, dynamic resource allocation,
and traffic heterogeneity mean that traditional QoS assessment methods based on
fixed thresholds are often inaccurate. Such methods are poorly adapted to rapidly
changing network conditions and do not account for the uncertainty inherent in
real-world wireless systems and their multilayer architecture. This paper proposes
an expert QoS prediction system based on fuzzy logic methods and implemented
in MATLAB R2024a. The system uses required and allocated bandwidth values to
calculate the network resource availability ratio. Based on a set of linguistic rules,
the Mamdani model generates a predicted QoS level in the range from 0 to 100%.
This approach allows for the nonlinear dependencies and uncertainty inherent in
wireless systems to be taken into account, without the need for accumulating large
training datasets or employing complex machine learning methods. The obtained
modeling results confirm that the use of fuzzy logic improves the accuracy,
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flexibility, and interpretability of QoS assessments compared to traditional methods.
The practical significance of this work lies in the possibility of integrating the
developed expert system into existing 5G network monitoring platforms, which can
improve resilience, adaptability, and resource allocation efficiency in real-world
operating conditions.

Keywords: QoS, 5G, fuzzy logic, MATLAB, Mamdani, expert system,
throughput

© K.C. Ye:xkumbaeBa*, A. Myxamenxkanosa, 0. lapmamosa, 2025.
F. loykeeB arbiHarpl ATMaThl SHEPTETHKA KoHE OaillaHbIC YHUBEPCHUTETI,
Anmatsl, Kazakcran.

E-mail: k.chezhimbayeva@aues.kz

AHUKBIH EMEC JIOTUKA HETI3IH/IE 5G KEJIJIEPIHIAETT
QoS BOJIKAY 3KCHEPTTIK )KYUECI

Ye:xumobaeBa Karuma — TenekoMMyHHKaIMSUTBIK WHXKEHEPHs KadeApachlHBIH Ipodeccopsl,
Fymapbex /[laykeeB aTbIHAarbl AJMAaThl JHEpreTHKA JKOHE OallaHBIC YHHBEPCHTETi, AJIMATHI,
Kazakcran,

E-mail k.chezhimbayeva@aues.kz, https://orcid.org/0000-0002-166-226;

Myxamem:kanoBa Agabmupa — PhD, TenekoMMyHUKaIMsUIBIK WHXEHEPUS KadeapachbiHbIH
KaybIMIACTRIppUIFaH Tpodeccopsl, Fymapbex JlaykeeB aTbIHmarbl AJMarhl SHEPreTHKA HKOHE
OaifiaHbIc yHUBEpCUTeTi, AMaThl, KazakcTaH,

E-mail: a.mukhamejanova@aues.kz., https://orcid.org/0000-0003-3063-1340;

I'apmamosa FOmmst — TenekoMMyHUKAIUSIBIK HHKCHEPHS KaheIpachIHBIH POQECcCOPhI- MPAKTHK,
Fymapbex /JlaykeeB aTbIHAarbl AJMaThl JHEpreTHKA JKOHE OallaHBIC YHHBEPCHTETi, AJIMATHI,
Kazakcran,

E-mail: j.garmashova@aues.kz, https://orcid.org/0000-0003-4267-3839.

Annoramus. Kazipri Oecinmi OysiH (5G) xeniiepiHae KbI3MET KOPCETYIiH
xKoFapel camacklH (QO0S) KamMTaMachl3 €Ty ©T€ MaHBI3IBl MIiHAET OOJIBII
TaObIIaabl, ce0eli KENMUTK KhI3METTep MOOWIIBII KEHXKOIAKTHl OalIaHBICTaH
Oacram eHEpKACINTIK 3aTTap WHTEPHETI )KOHE aca CeHIMIII KbI3METTepre JEWiHTi
KeH ayKbIMJIIBI KOJJIaHOamapael KoJimaiapl. JlereHMeH, paano OpTachIHBIH ©Te
©3TepMEJILITIT], pecypcTap/Ibl IMHAMHUKAIBIK 001y )KoHE TPapHUKTIH TeTepOTeHITIT
OeKITUITeH WIeKTI MoHJAepre HerizfenreH aacTypmi QoS Oaramay oficTepiHiH
KeOiHece Jon emec ekeHiH Oimmipeni. MyHmait omictep JKeNiHIH Te3 ©3TepeTiH
JKaFJainapeiHa Hamap OeWiM/IeNTeH JKOHEe HaKThI QlIeMETi CBIMCBI3 JKyienep MeH
oNapbIH KON Ka0aTThl apXUTEKTypachlHA TOH OeNTici3mikTepi eckepMeimi. by
Makajaja alKbIH eMec JIOTHKa dJlicTepiHe HerizmenreH xone MATLAB R2024a
OarzapiaMachblHa EHTi3ireH capantamanslk QoS Ooirkay >kyHeci YChIHBUIAIBI.
XKyite xemi pecypcTapbIHBIH KODKETIMAUTIK KO3(P(HUIMEHTIH ecenTey YIIiH
KKETTiI JXoHe O6IHTeH OTKi3y KaOijeTTiyiri MoHAepiH naimamananel. Tinmmik
epexenep JKUBIHTBIFbIHA cyiieHe oTbIpbin, Mamaann moxem 0-nen 100% -ra
neiinri auanazoHaa Oomkamapl QoS NeHreiiH jkacalipl. bysl Tocil ChIMCHI3
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KYHenepre TOH CBI3BIKTHIK €MEC TOYENIUTIKTep MeH OeNTiCi3IiKTepi YIKeH OKY
JIePEKTEeP JKUBIHTHIFBIH )KHHAKTAMall HeMece Kypesli MAIIMHAIBIK OKBITY 9J[ICTEPiH
KonjaHOal eckepyre MYMKIHAIK Oepemi. AJIBIHFAaH MOJCNBICY HOTHXKEIepi
allKpIH eMecC JIOTWKaHBl KOJNJIAHy JOCTYpil oicTepMeH caibicThipFaHma QoS
OaramaynapblHBIH JIQJITIH, OOJDKAMIBIFBIH, WKEMJITITiH JKOHE TYCIHAIpLTYiH
KAKCAPTATHIHBIH  pacTalibl. Bysl IKYMBICTBIH TPAKTHKAIBIK MaHBI3IBUIBIFBI
O3ipJIeHTeH capanTaMaiblK JKYHEeHI KOJNHAHBICTaFrbl 5G IKENiiK MOHUTOPHHT
miaropmanapsiHa OipikTipy MYMKIHIITIHIE JKaThlp, OYJ HAKTBl OlleMJeri
KYMBIC KaFIalapblHIa TYPAKThUIBIKTEI, OCHIMACTY/ KoHE pecypcTapinl 6oy
TUIMJIUTITIH apTTHIpa aajbl.

Tyiin ce3mep: QoS, 5G, ambik emec noruka, MATLAB, Mamdani,
caparnTaMalbIK JXyie, oTKi3y Ka0ineri
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AHHoOTanus. B COBpeMeHHBIX ceTsIX CBSA3H IITOT0 okoeHusI (5G) obecrieueHne
BBICOKOTO KauecTBa oocmyxuBanwust (Quality of Service, QoS) siBisieTcss KpUTHYECKU
Ba)KHOW 3a/1aucii, MOCKOJBbKY CETEBBIC CEPBHUCHI OOCTYKUBAIOT MIUPOKHHA CIEKTP
MPUIOKEHUN - OT MOOUIBHOTO IMHUPOKOMOIOCHOTO JAOCTYMA 70 MPOMBIIIICHHOTO
WHTEpHETA Belllel 1 yIbTpaHaIéKHBIX cepBUCOB. OTHAKO BBICOKAs N3MEHYHBOCTh
pamuo Ccpenbl, JUHAMHUYECKOE pACHPEICICHUE PECypCOB M HEOJIHOPOAHOCTD
TpaduKa MPUBOAST K TOMY, YTO TPAIUITHOHHBIC METO/IBI OlIeHKHA QO0S, OCHOBaHHBIE
Ha (PUKCHUPOBAHHBIX MOPOTOBBIX 3HAYCHUAK, YACTO OKA3BIBAIOTCS HEIOCTATOYHO
TOYHBIMU. TaKue METOJIBI TJIOX0 aIANTUPYIOTCS K OBICTPO MEHSIIOIIMMCS CETEBBIM
YCIOBHSM WM HE YYHTBHIBAIOT HEOMPENCIEHHOCTh, KOTOpPas MPUCYIIA PeaTbHBIM
0eCIPOBOIHBIM CUCTEMAaM M MX MHOTOCIIOWHOHW apxuTekType. B nanHoi paborte
MpejyIaraeTcst dKCIEepTHass CUCTeMa NporHo3upoBaHust (QoS, ocHOBaHHas Ha
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MeTonax Heu€Tkol noruku u peanuzoBanHass B MATLAB R2024a. Cucrema
WCTIOJIh3yeT 3HaYeHHs TpeOyeMoil U BBIJEIIEHHOW TIPOMYCKHOH CIIOCOOHOCTH ISt
BBIYHCIICHUS KO3 HIMeHTa 00ecreueHHOCTH pecypcoB ceTu. Ha ocHoBe Habopa
JIUHTBUCTUYECKUX TIPaBWJI MoJend MamIaHu BBIONHIETCS (OPMUPOBAHHE
nporuo3Horo yposHs QoS B untepBaine ot 0 1o 100 %. Takoi nmoaxox mo3Bosser
YYHUTHIBATh HETMHEWHBIC 3aBUCUMOCTH U HEONPENCIEHHOCTh, XapaKTepHYIO IS
0eCIPOBOIHBIX CUCTEM, 03 HEOOXOIUMOCTH HAKOIUICHHS OONBIINX 00yYarommx
JaTaceToB WM TPUMEHEHHUS CIIOKHBIX METOJOB MAIIMHHOTO OOYYCHHS.
[lomyueHHble pe3ynbTaThl MOICITUPOBAHUS TONTBEPKIAIOT, YTO TNPUMEHEHHE
HEYETKOMN JIOTUKH ITO3BOJISIET TOBBICHTH TOYHOCTD, THOKOCTh U HHTEPIIPETHPYEMOCTh
OIIEHKH KauecTBa OOCIYXMBAHUS 10 CPABHEHWIO C TPAJAWIIMOHHBIMH METOIaMHU.
[IpakTrueckass 3HAYMMOCTh PabOTHI 3aKIIOYAETCS B BO3MOKHOCTH WHTETPAIAU
pa3paboTaHHOM SKCIIEPTHON CHCTEMBI B CYIIIECTBYIOIIHE I1aT(HOPMbI MOHUTOPHHT A
ceTeit 5G, 4TO MOXKET MOBBICUTh YCTOMYUBOCTD, aJallTUBHOCTD M 3(PPEKTUBHOCTH
pacmpeeneHust pECYpPCOB B PEaTbHBIX YCIOBUSIX IKCILTyaTaI|H.

KuarwoueBble caoBa: QoS, 5G, nHeuérkas noruka, MATLAB, Mamnanu,
SKCIIEpTHAs CUCTEMa, IPOIYCKHAsI CIOCOOHOCTh

BBenenue. Cetu cBsizu msitoro mokosieHus (5G) MpenbsIBISIOT MOBBIIICHHBIE
TpeOoBanmust K KauecTBy obOcmyxuBanus (Quality of Service, QoS), Bxmouas
BBICOKYIO TPOIYCKHYIO CIHOCOOHOCTh, HH3KYH 3aJepKKy W CTaOWIBHOCTH
coequHeHns (XapuyeHko u ap., 2022). B ycnoBusix muHaMHUYECKOW HArpy3Kd U
M3MEHSIONINXCS YCIOBHH pajJiioKaHalla TPaJUIIMOHHBIE MeTOAbl OIeHKH QoS,
OCHOBaHHbIE Ha (UKCHPOBAHHBIX ITOPOTOBBIX MOJEIAX, YaCTO OKAa3bIBAIOTCS
HepocrarouHo rudkumu (IEEE 3GPP TS 22.289, 2022).

AKTyabHOCTb UCCIIEIOBAHUS OIPEIEIISIETCS TEM, YTO COBpeMeHHbIe 5G - ceTn
XapaKTePU3YIOTCSI BBICOKOH TUIOTHOCTBIO TOJIE30BATEIe M MHOTOCEPBHCHOCTHIO
(eMBB, URLLC, mMTC), a moxa3arenu QOS TMoOIBepKeHBl 3HAYUTEITHHBIM
konebanusM (Yousaf et al., 2017). B Takux ycinoBusix HEOOXOAUMO UCTIOTH30BAHNE
WMHTEIICKTYAIbHBIX METO/IOB, IMO3BOJSIONIMX BHITIONHATE aJalTUBHYIO OIICHKY
QoS Ha OCHOBE HETIONHBIX 1 MTYMHBIX TaHHBIX (Shilkina & Fokina, 2018).

MeTtonbl HEY€TKOH JIOTMKH 00eCIeunBalOT BO3MOXXHOCTH 00padaThiBaTh
HeolpeNnelNéHHble W HETOYHBIE IMapaMeTphl, MPUONMXKas MOJIEIb K peaabHOU
cereBoil cutyaruu (Ross, 2016). Dto memaer moaxoa BOCTPEOOBAHHBIM IPHU
MPOEKTUPOBAHUHM HWHTEIUICKTYAIbHBIX CHCTEM YIpaBJICHHS pPecypcaMu, B TOM
gucie B koutekcre Network Slicing u SDN/NFV - apxutekryp (Zaidi et al., 2018).

Hay4nast HoBU3HA MCCIIeIOBaHU 3aKITIOUASTCS B Pa3padOTKe MHTEPIPETUPYEMO
9KCIIEPTHON CUCTEMBI TPOrHO3UpoBaHus QoS Ha 0CHOBE HeuETKOM Tornkr Mamdani
(MATLAB Documentation, 2024). B maHHOI crcTeMe KaueCTBO OOCITy>KHBaHUS
ornpenensiercs 4yepe3 kod(pPuireHT 06ecreYeHHOCTH PECYPCaMH:

Allocated
— frocared 1
R Required ( )
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9TO 00ecIIeunBacT YHUBEPCAIbHOCTh MOJICNN AJIsl Pa3HbIX poduieil Tpaduka
(Tkachenko, 2021).

JlononHuTeNbHAsE HOBU3HA pabOoThI 3aKITF0YAETCS B!

—  yuéTe KOHTEKCTHBHIX (DaKTOPOB HArpy3KH B HEYETKOM JIOTHKE BBIBOJA,
cornacyrorieiics ¢ momutukamu yrpasineauss PCF (3GPP TS 23.203);

—  BU3yanpHOW Bepuukanuu pernreHnii Ha ocHoBe MF - dyHKmmii u
noBepxHoctu oTkiuka ([unkuaa n ®okuna, 2018);

—  BosMoxkHOCTH HHTerpanuu B SON - apxutektypsl (Aliu et al., 2013).

Llenb paboTel - pa3paboTKa U anpoOalys KOMIIAKTHOW 3KCIIEPTHON CHUCTEMBbI
nporao3upoBanus QoS B ceTsx 5SG Ha OCHOBE aHAIN3a MPOITYCKHON CTIOCOOHOCTH,
peamuzoBanHo# cpenctBamu MATLAB (MATLAB Documentation, 2024).

JUnst TOCTHIKEHUSI LIeJIU PeLieHbI 3a/1a9H:

1. OnpenenuTs BXOAHBIE U BBIXOAHBIC apameTpsl FIS - Mmogemnu.

2. [TocTpouts (HyHKUMH PUHAUICKHOCTH [T mapaMeTpoB Required, Ratio n
QoS (Ross, 2016).

3. Chopmuposats 6a3y npasmt Mamdani myst ortenku QoS (Shilkina & Fokina,
2018).

4. PeanmzoBath u BusyamusupoBaTh Momenb B MATLAB (MATLAB
Documentation, 2024).

5. BBINOJIHNTH aHAIN3 TOYHOCTH MPOTHO30B Ha HKCIIEPUMEHTAIBHBIX TaHHBIX.

9. Chopmynuporars HarpasiieHus pacimpenus mosenu (Yousaf et al., 2017).

MexayHaponHble  CTaHIAPThl  ONpENesitoT  TepMuHosoruto QoS u
apxutektypHyto ocHoBy 5G (ITU - T E.800; 3GPP TS 23.501; 3GPP TS 38.300),
OJIHAKO HE COJCPIKaT MHTEIIICKTYalIbHBIX MEXaHU3MOB MIPOTHO3UPOBAHHMS.

CoBpemenHbsle MeroAsl ympaBieHus QoS ocHoBanel Ha ML, SDN wu
aBromarusanuu (Zaidi et al., 2018; Yousaf et al, 2017). Tem He MeHee,
BBICOKOYPOBHEBbBIC aHATUTUKU IMOTYEPKUBAIOT BAXKHOCTh WHTEPIPETUPYEMOCTH
aJTOPUTMOB, 0OecTieunBaeMoit HeuéTkoi torukoit (Ross, 2016; Shilkina & Fokina,
2018).

Heiipo - neuérkue moxxonsl (ANFIS) (Jang, 1993) tpelyror obyuarommx
JITAaHHBIX, YTO OTPAHNYMBACT UX UCIOIB30BaHUE HA PAaHHUX dTanax BHeapeHus SG.

O030p paboT MOATBEPXKIACT, YTO HEu€TKas JOrMKa OOeCreuuBacT OallaHC
MEXy TOYHOCTBIO U OOBSICHUMOCTBIO PEIICHHUH, YTO U OTPEJIeIsIeT BEIOOP MeToIa
B HACTOSIIEM HCCIICAOBaHNN.

AHanu3 CymEecTBYIOIIMX pabOT MOKa3bIBACT, YTO NMPH HAJMYUH MHOMKECTBA
CJIOKHBIX MOJIEJICH, OCHOBaHHBIX Ha HEHPOHHBIX CETAX, COXPaHsETCs MOTPeOHOCTh
B OOBSCHUMBIX U JIETKUX JKCIEPTHBIX CHUCTEMax, MPUTOJHBIX IJsl BCTPOCHHOTO
MPUMEHEHUSI Ha yYPOBHE CETEBBIX JJIEMEHTOB. B 3TOH CBS3M mpeisiokeHHast B
CTaThe CHCTEMa Ha OCHOBE HEUETKOW JIOTHKHU MPEACTABISIET Co00i 3 (heKTHBHBIN
U UHTEPIPETUPYEMBI HHCTPYMEHT [UIsl OIIEPATUBHOTO MPOrHO3UPOBAHUS YPOBHS
QoS B cetrsx 5G (Patil A., et al.2024).

Marepuajbl 1 MeTOI0JIOTUS HCCJIeA0BaHUsl. B kauecmee meopemuueckoii
U Memooo102U4ecKoll OCHOGbl UCCAE006AHUA UCHOIb308ANUCy NPUHUUNDL
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Heuémkou nozuxku (Fuzzy Logic), meopuu IKcnepmHuulX cucmem U Memooos
MOOenupPOBaAnUs CTIOHCHBIX HETUHEHHBIX NPOUECCO8 8 MENeKOMMYHUKAYUOHHBIX
cemax. Q0veKmom UCCNE006AHUA AGNAIOMCA MEXAHUIMbL OUEHKU U
npozHo3uposanus kavwecmea oocayxcusanusn (Quality of Service, QoS) ¢ cemsax
ceaszu namozo nokonenus (5G). Ilpeomem uccnedosanus - mamemamuueckas
Moodeny unmeniekmyanvnou oyenku QoS, peanuzoeannas @ eude He4émMKou
cucmembl 616004.

B Tabnume 1 mnpencTaBieHbl MCXOJHBIC TMAPAMETPhl, XapaKTePU3YIOIIUE
pa3nvHbIe clieHapu (PyHKINOHUPOBAHUS CETH.

Tabmuma 1 — Mcxoauble JaHHBIE UTT MOIeIMpoBaHus QoS

Ne | TpeGyemas mpomyckHast cliocoOHOCTh, | BbimenenHas npoimyckHast criocooHOCTh, MOuT/c
Mowut/c
0 10 15
1 100 120
2 5 6
3 1 1.5
4 2 3

Ha ocHOBe 5THX JaHHBIX BbIYKCISCTCS Kod(pduIMeHT 00ecreyeHHOCTH
HPOIYCKHOH CIIOCOOHOCTH CeTH:

R=2, )

rae:

Rq - Tpedyemas npomyckHas criocoOHOCTH, MOUT/C;

A - BBIJICNIEHHAs (JIOCTYIIHAS ) IPOITYCKHAast CrIocoOHOCTh, MOuT/C.

JaHHbI MOKa3areab OTpakaeT CTENeHb YAOBJIETBOPEHHOCTH CETEBBIX
TpeOOBaHMI TIOJNB30BATENS W SIBISICTCS KIIOYEBBIM HMHJUKATOPOM KadecTBa
obcmyxuBanus (QoS). IIpu R <1 nabmomaercs negunut pecypcos, npu R=1 -
COCTOSTHHE paBHOBECHSI, a IpH R>1 - U30BITOYHOE BBIJICIICHHE ITOJIOCHI IPOITYCKAHUSI.

2.2.1 MeToa0/10ru4ecKuii moaxo.

Jliist o1leHKH W poTHO3MpoBaHusl ypoBHsS QoS Oblna pazpaboTaHa dKCHepTHAs
cuctemMa Ha ocHoBe HeuéTkou nmormku (Fuzzy Logic), peanmn3oBaHHas B cpene
MATLAB R2024a. [lanHblil 1OAXO0J1 MO3BOJISICT 00padaThiBaTh HEONPEACIEHHBIC
Y HETOUHBIC JaHHbIE, OTpaXkas peaslbHbIe YCIOBHS JKCIUTyaTallud CEeTel CBSA3H,
IJe mapaMeTpsl KaHajlla M3MEHAIOTCA BO BPEMEHHM M IOJBEPKEHBI CIydalHBIM
(aryKTyarmsm.

BriOpannas apxurekrypa - Mamdani Fuzzy Inference System (FIS), kotopas
o0ecrieunBaeT HHTEPIPETHPYEMBI BBIBOJ] HA OCHOBE JIMHTBHCTHUECKUX TPABHI
tuna «ECJIM - TO». Takas cTpyKTypa IIHPOKO MPHUMEHSETCS TPU PEIICHHH
WHXKEHEPHBIX 3ajia4, e TpeOyercsi OOBsSCHUMOCTh PEUICHHH W BO3MOXXHOCTH
BHU3YaJIbHOM HACTPONKN (PYHKINH TPUHAIICKHOCTH.
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B kauecTBe BXOJHBIX EPEMEHHBIX MOAEIH UCTIOIb30BAHBI:

—  TpebyeMasi MpomycKHas criocooHocTs (Required, Mout/c);

—  BBIJCJICHHAs NPOITyCKHas clocoOHOCTh (Allocated, Mout/c);

— ko3¢ duuuent odecrnieueHHoctH (Ratio = Allocated/Required).

BrixonHo# mapameTp — mporHozupyeMoe kadecTBo obOcmyxkuBanus (QoS, B
mporeHTax ot 0 go 100).

Crpykrypa Heuétkoil moxmenu. g moctpoenust FIS - monenu omnpeneneHsl
JMana3oHbl U3MEHEHHUS U IMHI'BUCTUYECKUE TEPMbI KaXK 101 TepeMEeHHOM (Tabinua
2):

Tabnuna 2 — Jlnana3oHsl U3MEHEHHUS

Iepemennast Juarnazox JIMHIBUCTHYECKHE TEPMBI
Required (M6wut/c) 0-120 tiny, small, large, huge
Ratio (A/R) 0-2 under, matched, over
QoS (%) 0-100 poor, fair, good, excellent

J1Jis KasK oM iepeMEeHHON BRIOpaHbl TPEYTOAbHBIC U TPANICIIUCBUIHBIC (PYHKIIUH
npuHaIIeKHOCTH (trimf, trapmf), KoTOpbIe 00ECTIEUNBAIOT TIABHBIC IMEPEXOIBI
MEX/Ty JIMHTBUCTHYCCKUMH COCTOSHUSIMH.

Tun neuétroro BeIBoga — Mamdani, MmeTox neda33udpukanui — IeHTPONTHBIH
(centroid), obecneunBarOMUi YCPETHCHUE 3HAYCHUNW C YUETOM BCEX AKTHUBHBIX
MpaBHJI.

2.4. ba3a mpaBWII 1 aITOPUTM BBIBO/IA

baza npaBuia OTpakaeT SKCIEPTHBIC 3aBUCHMOCTH MEXKIY BbIICICHHBIMHU
pecypcaMu M KadeCTBOM OOCIy)XuMBaHUS. [IpuMepbl JIOTMYSCKUX TMpaBUII
MIPEICTABICHBI HIKE:

1. ECJIM Ratio = under TO QoS = poor;

2. ECJIN Ratio = matched TO QoS = fair;

3. ECJIM Ratio = over U Required = tiny TO QoS = excellent;

4. ECJIN Ratio = over U Required = large TO QoS = good.

[Mocne (azsudukaiy BXOAHBIX JaHHBIX BBIMOJHICTCS arperamus MpaBHl,
Haxo)KJICHUE pe3yIbTUpYIONieH (GyHKIMYI IPUHAICSKHOCTH U Aeha33uduraris —
peoOpa3oBaHUE HEUSTKOTO BBIBO/IA B KOJMICCTBEHHYTO OIEHKY QOS.

Marematrueckn Aeda33npuiurpoBaHHOE 3HAYEHUE OMPEENIeTCs KakK:

QoS* = IY'HEQS(Y}E!Y’ (3)
I ngos()dy

TIe Hgos(y) dy — pesyabrupyromas (QyHKIHsS MPUHAICKHOCTH BBIXOIHON
[IEPEMEHHOM.

3. Pesyabrarbl u o0cy:xkaenue. Ha pucynke 1 mpexacraBien wunTepderic
cpensl Fuzzy Logic Designer MATLAB R2024a, otoOpaxaromuii CTPyKTYpy
pa3paboTaHHOM HKCIIEPTHON CHCTEMBI TPOTHO3UPOBAHUS KauyecTBa 00CTYKIUBAHUS
B ceTsix 5G. Heuérkas cuctema BeIBoMA monrydriia HanMenoBanne QoS5G Expert
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1 p€ajin3oBaHa Ha OCHOBE apXUTEKTYPHBI THUIIA Mamdani, YTO BUTHO B HeHTpaHBHOﬁ
YaCTHU CXCMBI.

@ Figure 8: CeueHna no Ratio — ] X

@ Fuzzy Logic Designer: QoS5G_Expert - O pes

il

File Edit View

XX~
T

QoS5G_Expert

(mamdani)

<N <l < < <

Pucynok 1 — Crpykrypa Heu€tkoii cuctemsl BoiBoga QoS5G_Expert B cpene Fuzzy Logic
Designer MATLAB R2024a

Taxum 00pazoM, pUCYHOK | HMIUTIOCTPHPYET CTPYKTYpPY HEUETKOW IKCIIEPTHOM
CHCTEMBI, BKIIIOYAIOLICH ABa BXO/a M OAMH BBIXO]], & TAKXKE HCIIOIb3YyEeMble IIPABUIIA,
MaTeMaTHYeCcKue Onepauy U MEXaHU3M (OPMHUPOBAHUS UTOTOBOTO 3HaueHus QoS.

B pamkax npoBe¢HHOT0 HCCIleI0BaHNUS ObljIa PeaIn30BaHa SKCIICPTHAs CUCTEMa
IIPOTHO3UPOBaHMsI KauecTBa oocmyxuBanus (QoS) B cersix 5G Ha 0CHOBE HEUETKON
morukn Mamdani. [Ing naTH crieHapreB U3MEHEHHs MPOIMYCKHON CIIOCOOHOCTH
(Tabmuua 3) moy4eHsl mpejickazanHbie 3HadeHus QoS.

Tabnura 3 — Pesynbrarsl mporHo3upoBanus QoS

Ne Required, M6ut/c Allocated, Mowut/c Ratio QoS, % YpoBeHb

0 10 15 1.50 87.4 excellent

1 100 120 1.20 73.6 good

2 5 6 1.20 78.5 good

3 1 1.5 1.50 92.1 excellent

4 2 3 1.50 90.3 excellent
Ha pucynke 2 mnpezncrabieHbl (QYyHKIUM NPUHAIJICKHOCTH BBIXOJIHOMN

nepeMenHoi QoS B pa3paboTaHHON HEUETKOM IKCIIEPTHOM cucteme st cereit SG.
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[4 Figure 3: MF: OoS — [ >
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Pucynok 2 — ®yHk1um npuHaUIe:KHOCTU BBIXOAHON IepeMeHHOoH QoS B Heu€TKOil cucrteme
Mamdani

[Toctpoens! rpaduku 3aBucuMoctd QoS 0T kod(hpuUIKEeHTa 00eCeYeHHOCTH
pecypcoB. I'paduk aeMOHCTpHPYET JIMHTBUCTHYECKOE pa3OMeHHEe uanazoHa
B0o3MOxHBIX 3HaYeHUN QoS (oT 0 10 100%) Ha YeThIpe KaYeCTBEHHBIC KAaTCTOPHH:

- mpu Ratio <1 nabmromaercsi peskoe cHikeHne QOS, 4TO MONTBEpKIacT
YyBCTBHUTEIBHOCTh

MOJZIETH K HEJIOCTAaTKy PECYPCOB;

- mpu Ratio = 1 - QoS crabwimsupyercs Ha ypoBHe fair - good;

- npu Ratio> 1 n HeOonbom Required Habirogaercs Beicokuii QoS (excellent).

Takum 00pa3oMm, MpeUIoKEHHAs] CHCTEMa YCIEHIHO pasinyaeT CHeHapHu
neuuuTa, paBHOBECHS M U30BITKA PAHOPECYPCOB.

Ha pucynke 3 mpencraBneHa crton0yaras AudarpaMma, OTpaskaromias
MIPOTHO3HUPYEMbIE 3HAYCHUS KauecTBa 00caykuBanus (QoS) i MATH ClieHapUeB
BBIJICJICHHSI TIPOITYCKHOM crtocobnocTr cetn SG. Kaxkaas KooHKa COOTBETCTBYET
9KCTIEPUMEHTAIILHBIM JaHHBIM U3 Tabnuisl uaMepeHuit (NeO -4), roe BXOAHBIMU
napamMeTpaMu SBISUTMCH TpeOyemas M BbIACICHHAs MPOIyCKHAs CIHOCOOHOCTH
panuokaHana.

] Figure 4: QoS no sanwcam — [m] >

File Edit Vicw Insert Tools Desktop Window Help ~
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Pucynok 3 — [Iporno3upoBanue kagectBa o0cmyxuBanust (QoS) mo JaHHBIM TaOIUIBI
M3MepeHnit Ha OCHOBE HEUETKOM skcmepTHOH cucteMbl QoS5G_Expert
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AHanu3upys NoIyYeHHbIe JaHHBIC, MOKHO OTMETHUTD CIICAYIOLIEE:

—  Jusa 3anucu NeO (Ratio = 1.5) QoS cocraBun 79.9%, 94TO COOTBETCTBYET
YIOBJIETBOPUTEILHOMY YPOBHIO OOCITYKMBAHHUSL.

—  Jua cuenapueB Nel u Ne2 QoS yBennuusaercst 10 90.7%, HecMOTpsl Ha
3HAUUTEJIbHYIO Pa3HHIly B MCXOIHBIX OMTpeHTax - MOJENb KOPPEKTHO pearupyer
Ha 00eCreYyeHHOCTh PECyPCOB.

—  Maxkcumanbnble 3Ha4eHus 91.7% 3aguKcupoBaHbl A1 HOMEPOB 3amucen
Ne3 u Ne4, rne nabmomaercs HeOOmbLION 00BEM TpeOyeMol monockl mpu eé
CTaOMIIBHO BBICOKOM 00ECTICUCHHH.

[Tomy4enusiii Tpaduk MOATBEp)KJAaET MOHOTOHHYIO 3aBHCUMOCTH QoS oT
ko3¢ urmeHTa 00ECIIEYeHHOCTH MPOITYCKHOW CHOCOOHOCTBIO: mpu Ratio > 1
cHUCTEMa NPOTHO3MPYET BBICOKMH YpPOBEHb KauecTBa OOCIyKMBaHUS. Takum
00pa3oM, MOJENb AEMOHCTPUPYET KOPPEKTHYIO U MHTEPIPETUPYEMYIO PEaKLUIO
Ha U3MEHEHHUE JTOCTYITHBIX PECYPCOB CETH.

Ha pucynke 4 mnpencraBieHa aumarpaMMa pacCesHHs, WUIIOCTPHUPYIOIIas
pe3ynbTaThl IPOTHO3UPOBAaHUS KadecTBa oOcmyxuBaHusi (QoS) Al pa3iM4HbIX
CLICHAPHEB BBIICICHUS TPOITYCKHOM criocoOHOCTH B ceTH 5SG. TOYKHM COOTBETCTBYIOT
WU3MEpPEHHUSIM M3 TaOMMLbl MCXOAHBIX NaHHBIX, KaKAas M3 KOTOPBIX IMOIIMHCaHa
Homepom 3anuc (0 - 4).

ITo ocu abcumncc otobpaxkeHa TpeOyemasl MPOIYCKHAs CIIOCOOHOCTb KaHana
(Required, Mout/c), mo ocu oparHaT - KO3GPHULIUEHT 00 CTIeUEHHOCTH MPOITYCKHOM

CrocoOHOCTRIO TI0 (hopmyre 1:

[4\] Figure 5: QoS scatter — [mm] >
File Edit View Insert Tools Desktop Window Help ~
NDads | 2|0EE »E
1 55 Mporuoa QoS no Toukan.2, A {= I @ @ 4}
.
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Pucynok 4 — Jluarpamma paccestaust mporaosupyemoro QoS Ha ocHoBe koddpunuenta
00€CIeueHHOCTH TIPOITYCKHOH CIIOCOOHOCTBIO

Pucynox 4 moxa3piBaeT, 4YTO I[BET TOYEK COOTBETCTBYET BEIMUYMHE
npornozupyemoro QoS, oToOpaxEHHOTO B BUE IIBETOBOI MIKaJbl cripaBa: oT 80%
(cunwmit) 1o 92% (KENTHI).

Touku Ne3 u Ne4 HaxomsTcst B 0071aCTH BBICOKOHW OOECIICUYCHHOCTH PECYpCOB
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IpY MHHUMAalbHOH TpeOyeMoil CKOPOCTH M XapaKTepH3YIOTCSI MaKCHMalbHBIM
QoS (=91.7%).

Touxa Ne2 rmokaspIBaeT aHAJIOTUYHBIH YPOBEHb 00€CIIEYEHHOCTH, HO TIpH OoJiee
HU3KOM QO0S (=90.7%), 94T0 CBS3aHO C 0COOSHHOCTSIMU 0a3bl MPaBUIL.

Touxa Nel nemoHcTpHpyeT HauboOMIbIIYyI0 TpeOyemyto ckopocTs (100 Mout/c),
Ho 1ipu Ratio > 1 coxpansiet Beicokuii QoS (=90.7%).

Touka NeO mmeer ymepenHyio TpeOyemylo ckopocts (10 Mo6wut/c), omHako
Oonee Hu3Kui pesyasrar QoS (=79.9%), uTo 00yCIOBIEHO CHUKEHHEM KadecTBa
00CITyKMBaHUS! IPH YACTHYHOM BBIICTICHUH PECYPCOB.

Takum o0Opa3oMm, auarpamMma NOKa3blBaeT YCTOW4YHMBBIM pocT QoS mpu
yBeNMYEHNH KO3 uureHTa 00eCeYeHHOCTH MPOIMYCKHOW CHOCOOHOCTBIO, a
TaKXe MOATBEPIKAACT CIIOCOOHOCTh MOJIEJIM KOPPEKTHO MPOTHO3UPOBATH BIUSHHUE
HEXBaTKM pecypca Ha ypOBeHb 00cmyxuBaHus B cetn 5G.

Ha pucynke 5 mpexacraBieHa TpEXMepHas MMOBEPXHOCTh OTKIMKA HEYETKOU
cucrembl BbIBoga QoS5G_Expert, oroOpaxkaromias 3aBUCUMOCTb IPOrHO3UPYEMOTO
KauecTBa oociyxkuBanus (QoS, %) OT AByX BXOAHBIX APAMETPOB:

— Required - TpeOyemast mpormyckHas CriocoOHOCTb KaHasa (0ch X);

— Ratio - xo3ddunmenT 00ecredeHHOCTH TPONYCKHOM CITOCOOHOCTHIO (0Ch
Y).

[To BepTHKaNBEHO 0cH TOKa3aHO BeIxoMHOE 3Ha4eHHE QoS (0 - 100%). LiBeToBas
3aJIMBKa TOBEPXHOCTH OTpakaeT YpoBHM QOS: OT HU3KHMX (CHHHE OTTEHKH) K
BBICOKUM (3KENITO - OpAaH)KEBBIC OTTCHKH).

System: QoS5G_Expert
Axes % [Required v | v [Ratio v | z [ces -
Mesh Poimts: X s v 152

Reference Inputs

Ratio 0 o Required

Pucynox 5— IosepxHocts oTkinka QoS = f(Required, Ratio) B HeuéTtkoii cucreme Mamdani
QoS5G_Expert

AHaM3upys JaHHBIH PUCYHOK, IIPHIILTH K CICIYIONIEMY BBIBOLLY:

[pu Ratio <1 (HegocTaroyHas BbIJCICHHAS T0JIOCA TPOITYCKaHMUs1) TOBEPXHOCTh
pe3ko «mamaeT» K MUHUMaIbHBIM 3Ha4eHusM QoS (<30%). DTo yka3piBaeT Ha
OOJIBIIYIO YYBCTBUTEIBHOCTD KaueCTBa O0CITYKHBaHUSI K JCQHIIUTY PECYPCOB.
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[Tpu Ratio=1 (6ananc morpeOHOCTEl U BBIIeNeHHS ). [[0BepXHOCTE MOAHUMAETCS
10 ypoBHs 70 - 85%, 4TO COOTBETCTBYET NPUEMIIEMOMY Kaue€CTBY OOCITYKMBaHHSL.

[Tpu Ratio> 1 (pecypcsl ¢ 3amacom) QoS cradunbHo nobimaercs 10 90 - 100%,
ocobeHHo npu HebonbInX 3HaYeHus1X Required (<20 M6ur/c).

[Ipu ouenn OonpmMX 3HaYeHHAX Tpedyemoi ckopoctu (>70 - 80 MoOwuT/c)
HabmonaeTcst HekoTopoe cHkeHue QoS, maxe HeCMOTPs Ha BBICOKHIA Ratio, uto
CBsI3aHO ¢ mTpadoBaHneM OONBIINX HATPY30K B 0a3e MpaBuIl.

[ToBepXHOCTB OTKJIMKA TMTOATBEP)KAAET KOPPEKTHOCTD 3AJI0KECHHON SKCIIEPTHOM
JIOTHKH:

KaueCTBO 0OCITYKMBaHHsI ONpeeIsieTcs B IEPBYIO OUepeab 00eCIedeHHOCThIO
pecypcamu, HO TaKkKe 3aBUCUT OT aOCOJIIOTHOTO YPOBHSI CETEBOI HArPy3KH.

Takum o0pa3oM, rpaduK IEMOHCTPUPYET YCTOWYMBOE W MHTEPIIPETHPYEMOE
MOBEJCHUE MOJENHN, YTO SBISCTCS BAXKHBIM YCJIOBHEM €& NPUMEHEHMS IS
aIaliTHBHOTO YIPAaBJICHUs pecypcamu B ceTax 5G.

Ha pucynke 6 mpuBenensl ceueHus: 3aBucuMoctu QoS or koddduuuenra
obecneueHHocTH pecypcamu (Ratio) mpu pasnuuHBIX 3HaYEHUSX Tpedyemoit
nporyckHo# criocodnoctu (Required).

I'paduk mo3BONISIET OLEHWUTH PEAKLUIO HEYETKOM SKCHEPTHOM CHUCTEMBI Ha
N3MEHEHHUE PECypcoOOECIICYeHHOCTH B Pa3JIMUHBIX YCIOBUSAX CETEBOM HArpy3KH.

[4\ Figure 8: Ceuenua no Ratio — O >
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Pucynok 6 — Brustane ko3 dunmeHTa odecreueHHOCTH pecypcaMu Ha QoS mpu pa3InIHbIX
3HaueHnx Required

AHanu3upys TaHHOTO rpadrka MOKHA OXapaKTepHU30BaTh CIEIYIOIEM 00pa3oM:

Obmnactp neduunta pecypcos (Ratio <1):

— QoS ocraércs Ha HU3KOM ypoBHE (5—15%) He3aBucumo ot Required.

— DTo oTpaxaeT KPUTHYHOE CHIKCHHE KayecTBa OOCITY)KMBaHHMSA MpU
HEXBAaTKe paIioOpecypcoB.

[lepexomnas obmacts (Ratio = 1):
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— QoS pe3ko Bo3pacTaeT NpH HEOOJBIIOM YBEIUUYEHHH BBIACICHHON
CKOpPOCTH.

—  UYewm Boie Required, Tem 0oJ1ee BbIpakeH CKauoOK:

Hanpumep, a5 Mout/c QoS yBenmuuBaercs 10 ~67%, s 100 Mout/c —
TONBKO 10 ~40%.

N36wITounbIe pecypcesr (Ratio> 1.2):

— QoS mocTturaer cTaOMIBHBIX 3HAYCHUH, 3aBUCSIIUX OT HATPY3KH:

* g Required=1...10 Mour/c: QoS = 85-92%

* g Required=50...100 Mout/c: QoS orpannuusaercs ~ 65-75%

310 00BsCHAeTCA ITPadOM 32 BEICOKYIO HArpy3Ky IpH (PUKCUPOBAHHOM 3arace

pecypcos.

3akurouenne. B xozme uccnenoBaHus Obla pa3paboTaHa M pealM30BaHa
JKCIIEPTHAsICUCTEMAaIPOrHO3UPOBaHUAKadecTBa0OC Ty kuBaHUA(Q0S) BCeTSIX CBA3H
rsaToro nmokoseHus (5G) Ha OCHOBE METOIOB HEUETKOH JTIoTHKH. Ha ocHOBe aHanmm3a
napameTpoB TpeOyeMOil U BbIIEICHHOM IPOITyCKHOM CIIOCOOHOCTH ChpOpMHUpPOBaHa
WHTepIpeTrpyemMast Mojieb Ha 6aze Mamdani FIS, obecrednBatomias ajgexBaTHyto
OLIeHKY ypoBHsI QOS B yCJIOBHSIX HEONPEAEIEHHOCTH U BapuabeIbHOCTH CETEBOM
Harpy3Ku.

Pe3synbrarsl MOAETUPOBAHUS [TOKA3AJIH, YTO MIPEAJIOKEHHAS CHCTEMA IT03BOJISIET
KOPPEKTHO IIPOTHO3MPOBATh CHUIKEHHE KayecTBa OOCIy)KMBaHMS NpH AeduIuTe
IIPOIYCKHOM CIIOCOOHOCTH W mOBbIIeHHE QOS mpu H30BITOUHBIX pecypcax.
Orto moarBepkaaeT APPEKTHBHOCTH BHIOPAHHOTO IMOKa3arens - koddduineHTa
00ecreueHHOCTH KaHaoB (Ratio) - Ui JUAarHOCTUKH COCTOSIHUSI PaJlOCETH.
CpaBHeHHE pe3ylbTaTOB C HCCIEIOBAHMSMU JPYTHMX ABTOPOB JIEMOHCTPUPYET
COOTBETCTBHE NPHUHATOW METOJOJIOTUU COBPEMEHHBIM HMHXKCHEPHBIM IMOAX0IaM K
yrpasinenuro QoS B 5G - ceTsix.

[IpakTuueckas 3HAYMMOCTb PAOOTHI 3aKIOYAETCSI B TOM, YTO MPEAJIOKECHHYIO
MOJIeIb MO’KHO HHTEIPUPOBATH B CHCTEMbl MOHUTOPHHTI'A U YIIPABJICHUS PeCypcamu
OIIEPaTOPOB CBA3H, @ TAK)KE MCIOIb30BaTh KAK KOMIIOHEHT CaMOOPTraHU3YIOIINXCS
ceteit (SON) /It TOBBIIICHUS YCTOMYUBOCTH U a/IAITUBHOCTH OOCITY)KUBaHUSI.

[TepcnexkTuBbI AabHEUIINX UCCIEIOBAHNUN BKIIIOYAIOT:

1. Pacmmpenne mMHOXecTBa BXOAHBIX mapameTpoB (SINR, 3amepikka, jitter,
Packet Loss);

2. [Ipumenenne THOpUIHBIX TTOAX0A0B Fuzzy - ML aist IOBBITIEHNST TOYHOCTH
MIPOTHO34;

3. Ontumu3anuio HeYETKUX MPABUII HA OCHOBE PealbHOM CTAaTUCTHKH CETH.

Takum 00pa3zoM, NPEUIOKEHHOE PELICHHE MOXET CIYXHTh OCHOBOHM [UIs
MHTEJUICKTYalbHbIX MOAYJCH YIIPaBICHUS Ka4eCTBOM OOCIYKMBaHHs B OymyIIUX
cucremax 5G/6G.
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