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KK PA3PA HET'IBIHAEI'T PECVD 9IICI APKbIJIbI
HAHOBOJIWEKTEPAI CUHTE3JIEY

Anparna. by FeUIBIME Makaja BaKyyMJBIK KOHJIBIPFBI@ TOMEHT1 KBICBIMJAAFBI JKOFAaphl KUUTIKTI (5KXK) pa3psiiaThl
TuIa3MajaFrbl KOMIpTEri HAHOOOJIIIEKTEPiHIH CHHTE3IH 3epTTey HOTHKENEPiH YChIHaaAbl. KeMipTekTi HaHOOeIeKTepain
©3/IiIT1HEeH OPBIH ayBICTBIPY KEPHEY1, TeMIIepaTypa >KoHe pas3psiJi KyaThl TOpi3/i MIa3MaHbIH p TYPJIi TapaMeTpiepinie ecyi
9KCIIEPUMEHTTI TypJe 3epTrerini. DxcnepumMenT 0.5—1.1 mOap KpIchIM tuana3zonbiHaa xxoHe 6—20 Bt Kyar mamanapsiaia
JKYPri3unmi. 3epTTey HoTHKeNlepi KoMipTeri HaHOOOIIIEKTep/IiH CHHTE3/IeTy YaKbIThl, COHBIH ILIHE OJapAblH TY3UIyi
MEH ecyi Iula3Ma IapamerpiepiHe OalnaHbICTBI ekeHiH kepcerTi. [lmasmanblH mapamMeTpiiepiHiH (TeMmeparypa,
KBICBIM, Kyar jkaHe T.0) e3repici HaHOOOJIIEKTEPiH 6Cyl MEH KaJbIITACy IPOLECTEPiH alTapIIbIKTai e3repTe ajJaThIHbI
JKCTIepUMEHTTe Tipkenai. [lnma3sma TemrepaTypachbIHBIH >KOFapbulaybl KOMIpTeri HaHOOeIIIeKTepiHiH maina 0oy
YaKbITBIHBIH YJIFAIOBIHA AJIBIIT KTyl OYJT )KYMBICTBIH MaHBI3Ibl KOPBITBIH/IBIIAPBIHBIH 0ipi 0okl Tabbu1anel. CoHnaii-aK
naiina 6osFaH HaHOOOJIIIEKTEP/IiH KaCHeTl pa3psil KyaTblHa, pa3psi/] KbICBIMBIHA YKOHE pa3psijl KyaThbIHBIH TeMIIepaTypara
TOYeNAiiri rpaduKTepi agblHABL. AJBIHFAH HOTIDKENEp IUIa3MalIbIK OpTaJarbl KeMipTeri HaHOOOIIEKTep/IiH CHHTE3
MPOIIECIH TYCIHY JKOHE OaKpUIay YIIiH KYHJIBI aKmapat OeperiHi ce3ci3. COHBIMEH KaTap IKCIIEPUMEHTTIK HOTHKEIep
HAHOYJIEKTPOHNKA KOHE KaTajH3 callaJlapblHAa, COHAANH-aK opTYPJIi TEXHOJIOTHSUIBIK KOCBIMIIAIap YIIiH 6Te MaHbI3IbI
aKmapat OOJBIT TaObLTAIBI.

Tipek ce3nep: mwia3ma, HanoOemekrep, KK paspsa, PECVD.

Zharylgapov B.", Orazbayev S.A.!
Al-Farabi Kazakh National University, 050000, Almaty, Kazakhstan
“E-mail: zharylgapovberdibek@gmail.com

NANOPARTICLE SYNTHESIS BY THE PECVD METHOD BASED ON RF DISCHARGE

Abstract. This scientific paper presents the results of the study of the synthesis of carbon nanoparticles in radio-frequency
( RF ) discharge plasma at low pressures in a vacuum apparatus. The growth of carbon nanoparticles was studied under
different plasma parameters, such as variation of self-displacement voltage, temperature, and discharge power. The
experiment was performed in the pressure range of 0.5-1.1 mbarr and powers of 6-20 W. The results showed that the
synthesis time of carbon nanoparticles, including their formation and growth, depends on the plasma parameters. Small
changes in temperature, pressure, and plasma power can significantly change the growth and formation of nanoparticles.
An important conclusion of this work is that increasing the temperature of the plasma-forming gas leads to an increase
in the formation time of carbon nanoparticles. The dependences of nanoparticle growth on the discharge power, self-
displacement voltage on the discharge pressure, and temperature on the discharge power were also obtained. The results
obtained provide valuable information for understanding and controlling the synthesis process of carbon nanoparticles in
the plasma environment. This is important for various technological applications, including nanoelectronics and catalysis.

Key words: plasma, nanoparticles, RF discharge, PECVD.
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CHUHTE3 HAHOYACTHUL] METOJOM PECVD HA OCHOBE
BUY-PA3PSIIA

AHHOTaIlI/lﬂ. I[aHHaS[ Hay4dHasd CTarbd MPEACTABIIACT PE3YJbTAaTbl HCCICAOBAHUSA CHHTE3a YIIICPOACOACPIKAIINX
HaHO4YaCTHUIl B IJIa3M€ BBICOKOYaCTOTHOT'O (Bq) pa3psaa npyu HA3KUX JaBJICHUAX B BaKyyMHOﬁ YCTAHOBKE. bein H3y4YCH
POCT YITICPOAHBIX HAHOYACTHUI IIPU PA3TTMYHBIX [TApaMETPpax MJIa3Mbl, TAKUX KaK U3BMCHCHUC HAITPAKECHNA CaAMOCMEILICHU,
TeMIICPaTypbl 1 MOIITHOCTHU pa3psia. SKCHepI/IMeHT OBLI IMPOBEACH B AUAIIa30HC IlaBJ'ICHI/Iﬁ 0.5-1.1 M6ap 1 MOIIHOCTAX
620 BT. PeByJ'II)TaTI)I HuccjeJ0BaHuA MoKa3ain, 4YTO BpEeMA CUHTE3a YITICPOAHbIX HAHOYACTHUILL, BKIIHOUasd UX (1)OpMI/Ip0BaHI/Ie
1 POCT, 3aBUCHUT OT IApaMETPOB IJIa3MBbI. I[an(e HE3HAYUTCJIbHBIC NU3MCHCHUSA B TEMIICPATYPEC, JABJICHUN U MOIIHOCTHU
IJ1a3Mbl MOTYT CYHIECTBCHHO U3MCHUTH IPOLECChI pOCTa U q)OpMHpOBaHI/IH HaHO4YaCTHII. Baxxasim BBIBOJOM ,HaHHOfI
pa60TI)I ABJIACTCA TO, YTO IMOBBLIIICHUEC TEMIICPATYPhI rma3M006pa3yK)mer0 raza MpUBOAUT K YBCIMYCHHUIO BPEMCHU
q)OpMPIpOBaHI/ISI YIIICPOAHBIX HAHOYACTHIL. Tak:ke ObLIH MOJYYCHbI 3aBUCUMOCTHU POCTA HAHOYACTHUL OT MOMIIHOCTHU
pa3psia, HAPSOKCHUS CaMOCMCHICHUA OT AABJICHHUA pa3psla U TEMIEparypbl OT MOINHOCTU pa3psaa. HOJ’Iy‘IeHHHC
pe3yabTaTbl MPEAOCTABIAIOT LICHHYIO HH(bOpMaHI/I}O AJI1 TOHMMaHUs W KOHTPOJIA IMpOoLecCa CHUHTE3a YIIICPOAHBIX
HaHO4YaCTUIll B IUIa3MEHHOM cpene. DTO MMeeT BaXXKHOC 3HAYCHHE U pa3JIMIHBIX TEXHOJOTMYCCKUX HpPIJ'IO)KCHPIﬁ,
BKJIKOYasi 001acTu HAHODJJICKTPOHWUKHU W KaTaJIn3a.

KuoueBble cioBa: miazma, Hanouactuusl, BU-paspsan, PECVD.

Kipicme

HanoGemnmekrepnin (100 HM Hemece OJaH TOMEHT1 eJIeMre W€ OOBEKT TYpi) KOJJIAHBLIY asiChl
SNIEKTPOHUKA, MEJULMHA J)KOHE KOCMETHKA CHSIKTBI Op TYPJIi OHIIPICTIK KYMBICTAp MEH TEXHOJOTHsIIApAbI
KaMTHIbl. HaHOO®/MIIEeKTepre peasbIbl )KaFaiia BUpycC NeH may OenmeKTepinin emmemi ToH [1-5] (cyper 1)
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RLTCRNIEEL
Cypet 1 — HaroOemnmmeKkTepiH caIpICTRIPMAITBI OJIIIEM AUATa30HbI

Op Typii pa3psAATHIK OpTafarbl HAHOOOJNIICKTEPAIH KaJbIITacybl >KOHE onapiasl Oackapy Kasipri
FBUIBIM MEH TEXHOJIOTHSIaFbl OCJICEH I 3€PTTENICTIH TaKbIphINTap OoMbIn TaObaabl. Ocipece KK skuimikTi
paspsn Herizingeri PECVD ogici HaHoOemmekTepAiH maiga 00y KacHeTi >KOHE oJjapibl OakpLiady YIIiH
KOJIJTaHBLIATBIH MaHBI3/IBI SiCTepiHiH Oipi O0MbIT TaObUTa bl BYIT 9ficTe TYHIBIPBIIATHIH TPEKYPCOPIAPIbIH
peaxIus KbUIIaMIBIFBIH KEISNIETY YIIiH ra3fablK pa3psaaThl TU1a3Ma eHrizinesi [7-12].

KK pazpsara HaHOOEMIIIEKTEP/IiH Maiiaa O0TybIHA 9Cep eTeTiH Heri3ri (pakropiaapabiH Oipi Temmneparypa
OosbIn TaObUTaBL. TemmepaTypaHbIH KOFapbUIaybl KOHIEHCAIMS MeH Iupdy3us KbUIaMIbIFBIH apTTHIPY
apKbIIbl HAHOOOIIICKTEP/IIH ©OcCyiHe BIKIAaJ €TeTiHI aHBIKTANABI. Byl HOTIKE KaXKETTI emeMepi MeH
KacueTTepi 6ap HaHOOOIIIEKTEeP Il CHHTE3/Iey MPOIECTEPiH OHTAWIAH/IBIPY YIIIIH TS MaHbI3/IbI.

Conbimen katap, XK paspsinra HanoOemnekTepaiH naiiia 001y MexaHW3Mi ©3/IMHEH OPBIH aybICTBIPY
KepHEeyiHe, Tula3Ma TeMIlepaTypachlHa JKOHE paspsijl KyaTblHa aWTapibIKTald TOYeNJli eKeHIIT1 aHBIKTaJIbL.
Arairas mapameTpliep MeH HaHOOOJIIIEKTeP IiH 6Cy MEXaHU3M/IEPi apachIH/IaFbl OaiIaHBICTHI ErKeH-Ter ke
3epTTey/di KaXeT eTelli. bakpliaHaThIH MeXaHU3MIepTe KOHICHCAIUS, KOATYIISIIIHS KOHE arperars Karajbl.
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OcsI mapameTpIepIiH OHTaITBI MoH IEPiH aHbIKTay AOK paspsasiHaa HaHOOIIIEKTEePIiH TY3UTyiH OaKblIayFa
JKOHE OHTaIaHAbIpyFa MYMKiHIK Oepeni [13-16]

By sxymeicteiH Herisri Makcatsl KK paspsa Herizinmeri PECVD omicin KonmaHy apKbUTbI aibIHFaH
HaHOOOJIIEKTEP/IiH TJIa3Ma apaMeTpiepiHe (TeMrneparypa, KbICHIM JKoHE T.0) dcepiepiH 3epTTey.

MarepuaJjpap xoHe dicrep

OKCIIEPUMEHTTIK KOHIBIPFBI T€PMETHUKAIBIK BaKyyMIBIK BIIABICTAH, Ta3 JKiOepy MOPTHIHAH >KOHE
CaJIKBIHJATY JKYHeciHeH Typanbl. KemepTeri HaHOOOMIIEKTEePiH CHHTE3/IEY YIIH HOHABIK COYIENTIK TYHIBIPY
9mici KoNmaHbUIIbEL. [ @HepaTop KeMeriMeH eHTI31IeTiH KOFaphl KHUITIKTI pa3psj] SCEpiHEH OpTa MOH/IAIA b
SIrHM Ta3 MoJIeKyanapbl HOH MEH aToMapra bIbIpai s, [1masmansik yaepic Heri3iHae aroMmaap MeH HOHIap
Oip-OipiMeH KoarymsIUsUIaHBIN, HAaHOOONIIEKTep maiijga Oomanel. 3epTTey OapbIChIHAAa HAHOOOIIIEKTEPIiH
eJmeMi pa3psi napaMeTpine (KpICHIM, TeMIIeparypa, TYHIBIPY YaKbIThI, Ta3 KOCITACHIHBIH KYpaMbl jKoHE T.0)
Toyel i eKeHi aHbIKTaI bl [I1a3ma Ty3ym ra3 peTiHae MeTaH, aproH ras3bl MaiJananblIbl. DKCIEPHUMEHTTIK
KOHJIBIPFBI 2 CYpeTTe KOPCETLIreH.

|
1!

Ao

a) )

Cyper 2 — a) 9KCIIEpUMEHTTIK KOHJIBIPFBIHBIH CHIPTKBI OcitHeci. 1— KK reneparop, 2 — curnain yinectipyiui Koparl,
3 — TeMnieparypa perreyill, 4 — aBToTpanchopMarop, 5 — KbIChIM HHAWKATOPbI, 6 — ra3 aFblH peTTerill,
7 — BaKyyMJIBIK BIJIBIC; 9) TUIa3Ma TY3UTyiHIH IMPHHIMIITIK CXEMAaChl

Hotnaxesnep MeH TaaKbliIay

DKCIIEPUMEHTTE JKOFapbljia TAJIKbIJIAHFAH 9J1iC HOTHIKECIHE ajbIHFaH HAHOOOJIIIEKTEPIiH KYPbUIBIMJIBIK
KacHeTI CKaHepJeylli 3MeKTPOHIbIK MHKpockorn (COM) kemerimen 3eprreininmi.. CoHpai-ak KeMipTeri
OeJmIeKTepiHiH Naiijga 0oJaThlHbIHA KO3 JKETKI3y YIIIH XUMHUSUIBIK Kypambl Talaanabl. AJbIHFaH OeifHenep
3 cyperte kepceriireH. Kenecinel sKCepuMeHT mapaMeTpiiepinae xkacaibiaabl: Kyar 30 Br xone opra
KbICBIMBI 0.799 MOap.
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Cypert 3 — Ty3inres HaHOOONIIIEKTEp MEH OHBIH XUMIUTBIK KYpaMbl. DKCIIEPUMEHT apameTpiepi: Kyat 30 Bt sxone
kpIceIM (.79 Tombap

Conpaii-ax HaHOOONIMIEKTEpAIH MOP(OIOTHSIIBIK KACHETIH 3epTTey YIIiH mMaiaa OomaTelH Oelex
OIIIIeMiHIH pa3ps1 KyaTblHa ToyeNaiIiri 3epTreminii. | padukre KopiHil TypraHaai pa3psa KyaTslH apTThIPFaH
caiibiH HaHOOeImeKTep iy emmemi apranel. Ce6edi KyaT apTKaH CaiiblH OpTafarbl MOOWIIBILIITI YKOFapHI
ANEKTPOHIAP/IBIH SHEPTHSCHI apTaJIbl. DHEPTHSHBIH apTybl HOHJIAHY KBUIIAM/IbIFBIHBIH apTybIHA, COMKECIHIIE
WOHJIAPJBIH TYHJBIPY >KBUITAMIBIFBIHBIH apTybiHa ceberni. OCBIHBIH HOTH)KECIHJle HAHOOOIIIeKTePIiH
OIIIIIEMiHIH oCyiHe aibIl Kenemdi. 4-cyperte 3 Typii KbICBIM MOHIHJE 2 MHHYT OOMBI KacalFaH HOTHKEIEp
KOPCETIJITEH.
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Cyper 4 — Ty3inreH HaHOOOJIILIEKTEP/IIH OJIIIEMIHIH KyaTKa TOyeJIiIiri
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HanoOenmiexrepiiH ecy MeXaHU3Mi pa3psaTHIH OPIH ayBICTHIPY KEpHEYiHIH MoHiHe OaiinanbpIcThl. Cebebi
©3/IiTiHEH OPBIH aybICTHIPY KepHEYI I1a3Ma mapaMeTpid Oenrim ctabmibai Kyiae cakramn Typansl. Conmai-ax
OyJ1 mapameTp OeMmIeKTep/AiH KO3FaIFBIIITHIFBIH AaHBIKTAlABL. SIFHU ITa3MaHbIH TEMIEpaTypachH Oackapyra
MYMKIHAIK Oepefi. 5 cypeTTe ©3MiriHeH OpbIH aybICTHIPY KEPHEYiHIH OpTYPIi KBICHIM MOHIHJETI yaKbITKa
TOYEJJILIITI KOPCETiITeH.
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YaKkIT
Cypet 5 — O3zirineH OpbIH aybICTHIPY KepHEYIHIH Ta3 KbICBIMBIHA Toyenainiri (Ar+CH4)

I'padukren kepiHinm TypraHmail paspsa KyaThl apTKaH Ke3[le ©3JITIHEH OpbIH aybICTBIpY KepHeyi
TOMEHJICTeHIH Kope anambI3. bipak col yakbIT Me3eTiH/Ie TypaKTaJaThIHbI OaliKatabl.

DKCIIEPUMEHTTE aJbIHFaH HOTIDKENEp HeTi3iH/Ie HaHOOOIIISKTEPIiH ocyi Ta3 TeMIeparypachlHa Toyem i
IraMa exeHi Oaikamnapl. OUTKeHI TeMIlepaTypaHblH JKoFapiaybl HAHOOOIIIEKTepAl Ty3ilyiHe jkayan OepeTiH
XUMUSITBIK PeaKIsuIap Kypy YPAICIiHIH apTybIHa anbin keneni. CoHmaii-ak pa3psa KyaTblH apTTHIpFaH Ke3/e
OpTaIarbl HEWTpas OeJIIeKTep, SFHU aTOMIAp MEH I'a3 MOJICKYJIJIaphl apaChIHA COKTHIFBICY BIKTHMAJIIBUTBIFBI
JKOFapianpl. MyHail mporiecc HaHOOOIIIEKTEP IiH OJIIIEMIiHIH apTyblHa allbIT Keeni. IFHI ocy MeXaHu3Mi
ra3 TemIeparypachlHa TOYeIAUNri ekeHiH monennedni. CoHmali-ak KbICBIM IIAMachlH apTTBIPFaH Ke3[e
MOJICKYJIAJIBIK KOCBUIBICTAp MEH MPEKypCOPIapIblH KYpPaMbl KOFApbLIaN, HAHOOOIIIEKTEPIiH KapKbIH/IbI
ecyiH Kamramace3 ereni. CapanTaii Keie, HAHOOOIIIEKTEPIIH 6CYy MEXaHU3Mi TeMIIepaTypa >KOHe KBICHIM
CHUSIKTHI TJTa3Ma MapaMeTpiiepine (TeMIieparypa JKoHe KbIChIM) TOYEIIUTIr eKeHi JoNeNIeH Ii.
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Cyper 6 — HanoGemnekTep/1iH 6cy yaKbITBIHBIH I'a3 TeMIICpaTypachiHa XoHE pa3psil KyaTbIHaFbl TOYEIJIITIT

KopbITBIHABI

Aranran Makanaaa XK mmasmanaret PECVD opiciHig keMeriMeH HaHOOOJIICKTEPIiH 6Cy MEeXaHU3Mi
3eprreninai. benmekrepaiH ecy MexaHU3Mi ©3JIriHEH OpBbIH ayBICTHIPY KepHEYiHe, ra3 TeMIlepaTypachiHa,
KBICBIMFa JKOHE pa3psi/] KyaTbIHa TOYeJ/Ii eKeHi aHBIKTaNIIbl. ATall aiiTcak pa3psi/] KyaTbIHBIH apTybl HOHAAPBIH
TYHJBIPY KBULIAMIBIFBI 6CYiHE, ©3/[ITIHEH OPBIH ayBICTHIPY KepHEYl Iuia3Ma napameTpiHiH cTaOmibai Kyiine
cakrTarl TYPYbIHa, TEMIIEpaTypaHbIH JKOFapiiaybl HAHOOOJIICKTepAl TY3UIyiHe »ayar OepeTiH XUMUSIIBIK
peakiusiap Kypy YpHICiHIH apTybiHa anbin kenieai. COHBIMEH KaTap 3KCIEPUMEHTTE HaHOOOIIIeKTepi
ecipy YIUIiH Ta3 OeH pa3psaThlH KOMOMHAIMACHI HETi3iHAE OHTAMIIBI apameTpiepl aHbIKTanabl. bonamakra
1a3MajiaFbl HAHOOOJIIIIEKTEPIiH 6Cy YIepicTepiH OaKplIay jKoHe Oaraiay MaKcaThIH]Ia KOMITBIOTEPIIIK 9JIicTep
KOJIZIAHBIIATHIH OOJaIbI.
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AHAJIN3 OIITUMUNU3NPOBAHHBIX JIOKOB, U3I'OTOBJIEHHBIX U3 TIOJUI®UPHOTI'O
CTEKJIOIIVIACTHUKA (SMC), YEPE3 UCIIBITAHUS HA U3I'UB U CUMYJISALIUN
METOJOM KOHEYHBIX 2JIEMEHTOB

AnHotanus. Hacrosmas HaydHast CTaThs MOCBAIICHA UCCIEAOBAHUIO U MOJCITMPOBAHNIO KOMITO3UTHBIX KPBIIIEK JIIOKOB
13 MOMMA(UPHOTO CTEKIIOIUIACTHKA, KOTOPBIE SBIISIOTCS ANbTEPHATHBON TPaJUIMOHHBIM METAUTMUECKHM KPBIIIKaM.
Beenenne »Tux 3ameHuTenel 00ycI0BICHO MPOOIEMaMu, CBA3aHHBIMU C KOPPO3HEH M KPa)KaMH CTAJIbHBIX U UyTYHHBIX
KPBIILIEK, a TAK)KEe C UX HEJJOCTATOYHOH yCTOMYMBOCTBIO K XUMUIECKNM BellecTBaM. KpBIIIKH JIIOKOB, N3TOTOBJICHHBIE U3
MOMMAPUPHOTO CTEKIIOIUIACTHKA, O0IAIA0T PSIOM MTPEUMYILECTB 110 CPABHEHHIO C TPAJMIIMOHHBIMUA METANTHUECKUMU
KpblkamMu. OHM 00ECIeUMBAIOT BBICOKOE COOTHOIIEHHE MPOYHOCTH M JKECTKOCTH K Macce, YTo JeJaeT UX JeTKHUMHU
U ynoOHBIMM B YCTaHOBKE. DTOT Marepuall Takke 00JaJaeT BBICOKOW CTOMKOCTBIO K KOPPO3MH, YTO 3HAYMTEIILHO
MIPOJTIEBAET CPOK ero CirykObl. HecMoTpst Ha nperMyIecTBa KOMIO3UTHBIX KPBILIEK JFOKOB, UCCIICAOBAHNS, CBSI3aHHBIC
C UX MOAETMPOBAHUEM, CUMYIISLIMEN U MEXaHMYECKUMH UCIIBITAHUSAMH, OCTAIOTCSl HEIOCTAaTOUHBIMU. B naHHOI cTaThe
NIPE/ICTaBIICHBI PE3YJIBTAaThl NCCIIEOBAHNS, B KOTOPOM KpBIIIKa JIFOKa ObliIa M3TOTOBJICHA U3 JBYX CJIOEB MOIUI(PHUPHOTO
JIMCTOBOTO TIPEecc-MaTepraa ¢ NCHOIb30BaHNEM JOTOIHUTEILHOTO pedpa skecTkocTH. Jlajee MpOBOIMIINCH UCTIBITAaHUS
Ha M3ru0, a Moy4eHHbIe Pe3yabTaThl ObUIN POAHATM3HPOBAHbI C TOMOIIBIO CUMY/ISIIMM METO/1a KOHEUHBIX JIEMEHTOB
(MKD). llenbro TaHHOTO HCCIIEI0BAHUS SBISIIOCH TOATBEPKICHHUE BAJIMTHOCTH MOJIENH, TOCTPOSCHHOMN JIs1 KOMIIO3UTHBIX
KPBIIIIEK JIFOKOB, @ TAK)KE COMOCTABICHNE PE3YIBTATOB C SKCIIEPUMEHTAIBHBIMY JAHHBIMH 110 ieopmanusim. [Toryuennsre
pe3yabpTaThl MMEIOT BaKHOE NPAKTUYECKOE 3HA4YCHUE Ul JalbHEHIIETO PasBUTHA W ONTHMU3AIMN KOHCTPYKIHMN
KOMITO3UTHBIX KPBIIIEK JIFOKOB, @ TAK)KE JUIS TOBBIICHHUS UX HAAEKHOCTHU U JI0JITOBEUYHOCTH.

KiiroueBble c€JI0Ba: KPBIIIKK JIFOKOB, MOJMI(MUPHBIA-THCTOBON IMpecc-Marepuajl, apMUPOBAHHE CTCKIOBOJIOKHOM,
COH/IBUY-KOMITO3UT, METO/I KOHEYHBIX 2JIEMEHTOB.

Temipxan M.C.
«Kana marepuannap uactutyTs» JKIIC, 050062, Anmatsr, Kazakctan
E-mail: maksat.temirkhan@nu.edu.kz

HUILJTY CBIHAKTAPBI )KOHE COHFBI DJIEMEHTTEPII MOJAEJBAEY
APKbBLIbI MOJUI®UPII IIBIHBI TAJIIBIKTAH (SMC) dKACAJFAH
OHTANJAHBIPLIIFAH JIOKTEPII TAJJIAY

Anpaarna. byn FeUTBIME MaKajia IoCTYpITi MeTaslI Kopi3 KaKmaKTapbelHa 6agaMa 60BN TaObUTAThIH IIBIHBI TAJIIIBIKTAPEIMEH
HBIFAITHUIFaH TOMMA(HUP/ICH HKacallFaH KOMIO3UTTIK JIFOK KaKIaKTapbIH 3ePTTEYre )KOHE MOJIelIb/ieyre OarbiTTanrad. bonar
MIeH IIOMBIHHAH JKAacaJlFaH Kopi3 KaKIaKTapbIHBIH TOTTAHYbI )KOHE YpJAHYybl, COHAAN-aK OJap/blH XUMHUSUIBIK 3aTTapra
KETKUTIKCI3 TO3IMALIIN alnMacThIPFBIITAP/IbIH Maiaa OOMyBbIHBIHBIH Herisri cedentepi. [lommadupii mbHBI-IIIACTHKTaH
JKacaJIFaH JIIOK KaKIaKTapbl IOCTYPIIi METaJlI KaKIIaKTapMeH CaJIbICTIpFaH/ia OipKaTap apThIKIIBUIBIKTapFa ne. Onap sKorapbl
OepiKTIK MeH calMak KaTblHACBIH KamMTamachI3 eTeai. by omapasl opHaTy/bl OHal yKoHe bIHFaiibl ereni. by marepnan
COHBIMEH KaTap KOppO3WsiFa >KOFapbl TO3IMIUTIKKE He, OyJI OHBIH KbI3MET €Ty Mep3iMiH eadyip y3apraipl. KoMmo3urTik
JIIOK KAKIMaKTapbIHBIH apTHIKIIBUIBIKTAPbIHA KapaMacTaH, oflap/bl MOJEINBCYTe JKOHE MEXaHHKAIBIK ChIHAyFa KaTBICTBI
3epTTeyNep KETKUTIKCi3 Oombit Kama Oeperi. by Makanama, JTFOK KaKITaFbIH 93ipJiey YIIiH KOCBIMIIIA KaTTHUTBIK, KaOBIPFachl
OPHATBUIBIIL, K1 TYPITi TOIFAGHUPITi KAHBUITHIP KOMTAHBUIIBL. JIFOK KaKImaKTapbl MEXaHUKAJIBIK CRIHAKTAPIaH OTKI3UIII JKOHE
IIEKTI DTIEMEHTTEp O/1iCi KoeMeTiMeH Tanaanbl. HoTmkenep i )koHe KypacThIPBUIFaH MOAETbBIIH TYPHICTHIFBIH pacTay YIIiH
AKCTIEPUMEHT OapBICBIHIA aJbIHFAH JAe(QOpMaIsl HOTHXKEIEPl IMEKTi 3JIeMEHTTEp 9JIICi HOTHKEIEPIMEH CabICTHIPBUIIIBI.
AJIBIHFaH HOTIIKENEP KOMIO3UTTIK JIFOK KAKIAKTAPbIHBIH JIM3aHHBIH OJ]aH 9pl JaMBITY JKOHE OHTAMIaHIbIPY, COHAaM-aK
OJIapJIbIH CEHIMLIIrT MEeH OEpIKTIriH apTThIPY YILIH MaHbI3bI IPAKTUKAJIBIK MOHIE HE.

Tipek ce3ep: JIOK KaKMAKTaphl, MIBIHBI TATIIBIKTAPHIMEH HBIFANTHIIFAH MONMUA(DUD, COHABUY KOMITO3HTI, MIEKTI dJIe-
MEHTTEp dJici.
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ANALYSIS OF OPTIMIZED MANHOLE COVERS MADE OF GLASS-REINFORCED
POLYESTER (SMC) THROUGH BENDING TESTS AND FINITE ELEMENT
SIMULATIONS

Abstract. This scientific article is devoted to the study and modeling of composite manhole covers made of polyester
fiberglass, which are an alternative to traditional metal covers. These substitutes were introduced due to the problems
associated with corrosion and theft of steel and cast iron manhole covers, as well as their insufficient resistance to
chemicals. Manhole covers made from fiber reinforced plastic have a number of advantages over traditional metal covers.
They provide a high strength-to-weight ratio, making them easy and comfortable to install. This material also has a high
resistance to corrosion, which greatly extends its service life. Despite the advantages of composite manhole covers, studies
related to their mechanical testing and simulations remain insufficient. This article presents the results of a study in which
a manhole cover was made from two layers of polyester sheet press material using an additional stiffener. Then, bending
tests were carried out, and the results were analyzed using finite element method (FEM) simulation. The purpose of this
study was to confirm the validity of the model built for composite manhole covers, as well as to compare the results with
experimental data on deformations. The results obtained are of great practical importance for the further development and
optimization of the design of composite manhole covers, as well as for improving their reliability and durability.

Key words: manhole covers, glass-fiber reinforced polyester sheet press material, sandwich composite6 finite element
method.

Cnucok coOKpaneHuii 1 cnenuaIbHbIX TEPMUHOB
SMC - Sheet Moulding Compound. ITomuadupHEIi THCTOBOM ITpecc-MaTepra;
GRC - Glass fiber Reinforced Concrete. beToH, apMUpOBaHHBIH CTEKIOBOIOKHOM;
GRP - Glass fiber Reinforced Plastic. [TmacTuk, apMupoBaHHBINA CTEKIIOBOJIOKHOM;
CSM - Chopped Strand fiberglass Mat. Mart u3 py0ieHOT0 CTEKIOBOJIOKHA;
MAT — Matted Fiberglass. MaToBoe CTEKIOBOJIOKHO, TIOJTYUYEHHOE IYTEM PYOKH;
CTEKI0BOJIOKHA THMa E;
MK?3 (FEM) — Finite Element Method. MeTox KOHEUHBIX JIEMEHTOB;
ISO — International Organization for Standardization. MesxxayHapogHast OpraHu3aIus
CTaH/IapTH3AIINN;
UTS — Universal Testing Machine. YauBepcaapHast MalllMHA JTSI CTATHYECKIX UCTTBITAHIN.

1. Beenenue

B oGnmacTu rpask/JaHCKOTO CTPOUTEIHCTBA, @ MIMEHHO B U3TOTOBIICHHH TPYOOIIPOBOIOB, IPUMEHSIEMBIX IS
MOJIa41 U TPAHCIIOPTUPOBKU MUTHEBOM BOABI, XUMUUYECKUX YCTAHOBOK /ISl IEPEKAUKH arpeCCUBHBIX KUAKOCTEH
Y CUCTEM KaHAIU3ALUU AJI1 CTOYHBIX BOJI, HCIIOIb30BAaHUE MIIACTHUKA, ApMUPOBAHHOTO CTEKIIOBOJIOKHOM, YK€ HE
SIBIISICTCS] HOBUHKOH [ 1]. B TakuX CTEKIOTUIACTUKOBEIX TPyOaX Jisi CKIICHBAHUS CTSKIISTHHBIX BOJIOKOH OOBIYHO
MIPUMEHSIIOTCS TEPMOPECAKTHBHBIC CMOJIbI, TaKHe Kak MOIMI(UpHBIC, BUHWI(GUPHBIE H SIOKCHIHBIC [2].
'mOkue KOMIO3WTHBIE TPyObI W3 BBICOKOTEMIEPATYPHOTO TONHMATHIICHA, apMHUPOBAHHBIC apaMHIHBIMU
BOJIOKHaMH, 00J1a/1al0T TePMOCTaOMIBHOCTBIO MTpH TeMIiiepatype Hinke 95 °C ¥ BHYTpEHHEM JIaBICHUU HUXKE
4 Mlla [3]. ['oToBBIEC 3EMEHTHI, TAKHE KaK KPBILIKH JIFOKOB JIJIs1 BOJIOIPOBOAHBIX M KaHAIU3aLMOHHBIX CeTeH
WJIH TICILEXOTHBIE TOPOXKKH, TAKXKE TPOU3BOJISITCS C UCTIONB30BAHUEM LIEMEHTHBIX KOMIIO3UTOB, aPMHPOBAHHBIX
BOJIOKHOM, U KOMIIO3UTOB Ha OCHOBE TEPMOILIACTUYHBIX OTXOIOB C apMUPOBAHHMEM M3 JUTCHHOTO Mecka u
cranu [4].

B nocnenHue ronbl KOMIO3UTHBIC KPBIILIKK JIOKOB M KPBIIIKH PE3EPBYyapOB U3 KOMIIO3UTHBIX MaTepUajoB
IIMPOKO MPUMEHSIFOTCSI JUTsl 00€CIIeUeHHs JOCTYIa K CUCTeMaM IEHTPAIbHOTO TEIUIOCHAOKECHHS, CUCTEMaM
TPAHCTIOPTUPOBKHA JKUJKOCTEH, KaHAJIM3AI[MOHHBIM CHCTEMaM W TeOoTepMallbHBIM ycTaHoBKaM [5]. B
KOPPO3UHHBIX CpeflaX TPAJAUIIMOHHBIC KPBIIMIKH JIIOKOB, M3TOTOBJICHHBIC W3 MaTepHUAliOB, TAKUX KaK CTallb,
JUTask CTalb U JKEJIE300€TOH, YaCTO 3aMEHSIOTCS KOMIIO3UTHBIMU MaTepuajaMi HOBOTO MOKOJCHUS, TAKUMU
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kak GFRP, s permenns mpoOiieM koppo3un. KpbIIkn TFOKOB, U3TOTOBJICHHBIEC M3 KOMITO3UTHBIX MaTE€PHUaJIOB,
MMEIOT MHOKECTBO MPEUMYIIIECTB I10 CPABHEHHIO C METAJUTHUECKUMHU KpBITTKaMu. OHHM 00€CTICUNBaIOT BEICOKOE
COOTHOIICHUE TIPOYHOCTHU M KECTKOCTH K Macce, a TakKe 00JIa1at0T JICTKOCTBIO, YTO MO3BOJISET CIIPABUTHCS C
UX YCTAaHOBKOH OHOMY 4esoBeKy. Kpome Toro, oHM XapakTepus3yloTcsi BBICOKOM CTOMKOCTBIO K XMMHUECKUM
BemecTBaM (KOPPO3WH), 00IaMatoT dIEKTPOU3OISAIMOHHBIMIA CBOMCTBAMHU M O0ECIIEYMBAIOT 3HAYUTEIHHOE
CHIDKCHHE TETUTOTIePEIauH, 3aIHINAs TETIEX0I0B OT BO3ACHCTBUS MO3eMHOM cpeabl. OHU TaKKe TEHEPUPYIOT
MEHBIIIC IITyMa MPH JBUKCHUU TICIIEX00B UIIM aBTOMOOWIIEH 110 CPABHEHUIO C UyT'YHHBIMH MTOKPBITHAMH [S].

KoMrio3uTHble MaTepuanbl CIOXKHBIE B IepepaboTKe, HE WMEIOT IEpenpofaKHOW CTOMMOCTH, YTO
WCKJTIOUAeT PUCK KPaKU W CBSI3aHHBIX C HEH CITydaeB Cephe3HBIX aBapHil M TPAaBM, BEI3BAHHBIX OTCYTCTBHEM
KPBIIIEK JIFOKOB. Ellie oMHIM TPerMyTIeCTBOM HCITOJIB30BAHMSI CTEKIIOTUTACTHKA JJTST M3TOTOBIICHUS TTOKPBITHH
SIBIISICTCSI TO, YTO TaKWe MaTepualbl MPAKTUYECKH HE MEIIAI0T CUTHAjIaM OeCIpPOBOTHON CBSI3U B cliydae
3aIIUTHBIX MPUMEHEHUN HICKTPUUYCCKOM KOMMYTALMM [JIsl TEXHOJOTMHM MHTEJUICKTyaldbHBIX ceTedt [1].
CTeKIIoMIacTUKy, MPUMEHSIEMbIE TIPH CO3/IaHWUHU KPBIIIEK IS JIIOKOB, ITOIBEPIKEHBI BO3JICHCTBHIO YCIOBUN
OKPYXKAIOMIEH Cpelpl, TAKNX KaK BIIAXXHOCTH, TEMIIEPATYPHBIC ITUKIIBI, YIBTPadUOICTOBOE M3IydeHHE. DTO
0OBSICHSICTCS TEM, UTO CBOMCTBA MOJMMEPHOU MATPHUIIBI MEHSIIOTCS IO/ JIOJATOCPOYHBIM BIMSIHUEM OKPYKak0-
iei cpenst [6]. st BUHIIDGUPHONM cMOITBI HAONIOIAeTCs YBEIMYCHHE HEKOTOPHIX XapaKTEPUCTHK (CTEIIEHb
CIIIMBKH, TEMIIEpaTypa CTEKJIOBaHUS, IPOYHOCTh Ha PACTSHKEHHUE) TIPU BBIACPIKKE B aTMOC(EPHBIX yCIOBHSIX
1o 12 mecsieB, OMHAKO UTUTEFHOE BO3ACHCTBIE MPUBOAUT K HEOOIBIIIOMY CHIDKCHHIO TTOKa3arenei [7].

Komrtio3uTHBIC MaTepuaabl Ha OCHOBE MOJUI(PUPHBIX CMOJ, TPOU3BOJILHO APMHPOBAHHBIX CTEKJIOBOJIOK-
HOM (SMC), HeMOHCTPUPYIOT CTaOWIBHBIE MEXaHMYECKHE CBOMCTBA JIa)e IMOCJIE JJIUTEIHHOIO KOHTaKTa
¢ Bogo#t [8]. Ilpm aToM mocne morpyxeHus Nmoaud(GUpHONH CMONBI B BOMy Oojiee YeM Ha TOJ OTMEJaeTcs
HEe3HauYNTeNbHOE CHIDKeHHe Momyis m3ruda E ua 5% u npounoctn Ha n3rud Ha 3,2% [8]. Ilpn ananornaHoi
MPOIOJKUTEILHOCTU TMOTPYKECHUST BOAOH BHHUIA(DHUPHOTO KOMIIO3UTAa MOJYJb YIPYTOCTH TpPU H3rHOC U
MIpEeJIeIT MPOYHOCTH MPH M3TUOe CHIDKAIOTCS Ha 6,7 u 12,2% cootBercTBeHHO [8]. B citydae crekioriacTuka Ha
OCHOBE 3ITOKCHTHOW CMOJIBI TIOZ0OHBIE YCIOBHS MPHUBOIAT K YMEHBIIICHHIO MEXaHMUECKUX CBOMCTB: MOAYIh
YIpPYyTOCTH P U3TH0E CHIKaeTcst Ha 22%, a ipenes mpodHocTr py n3rnde —Ha 31,25% [8]. Takue pe3ynbrars
YKa3bIBaIOT HA TO, YTO MOJMA(UPHYIO CMOJY MOKHO UCIOJIB30BaTh MPU U3TOTOBJICHUH TPYO WM KPBIIICK
JIIOKOB, HCIIOJIb3YEMbIX B KaHAJIM3AIMOHHBIX cucTeMaX. CHIDKCHHE MEXaHWYECKHX CBOWCTB MOJIMMEPHON
MaTpUIBl, APMUPOBAHHOW CTEKJIOBOJIOKHOM, OCHOBBIBACTCS Ha JIETPaJalliid TOBEPXHOCTH COCIMHEHUS
CTEKJIOBOJIOKHA W MATPHIIBI, a TakkKe caMoit Marpwuibl [8]. VMccmenoBanusi yKa3bIBalOT Ha BAXKHOCTh ydeTa
AHU30TPOIUU KOMIIO3UITHOHHBIX MAaTEPHUAIOB U CTHIKOB MEXIYy CErMEHTaMH MPU MPOCKTUPOBAHUHU U aHAIH3E
HaJICKHOCTH KOMIIO3UTHBIX KpbIIEK [9].

B aro0ii pabote OB CIPOEKTHPOBAH HOBBIN JIFOK, CICTAHHBIN M3 TPEXCIOWHOTO KOMIIO3UTAa Ha OCHOBE
MOMIMA(UPHOTO CTEKJIOIUTACTHKA C JTOTIOTHUTCIBHBIM PEOPOM IKECTKOCTH, UYTOOBI UYHCICHHO OICHUTH
BaJIMJIHOCTh UCIIOJIB30BAHHUS MTOJJOOHBIX MAaTEPUAIIOB JJIsl IPOU3BOJICTBA JTFOKOB,

2. OcHOBHBIE MOJIOKEHUS

eab uccaenoBanusi. YUToObl HCIOJIB30BaTh HOBBIH MHOTOCIOHWHBIH KOMIIO3UT JUISi WM3TOTOBJICHUS
KPBIIIEK JIFOKOB, HEOOXOIUM TIATEIbHBIN aHAIHN3 HATIPSHKCHUN U AeOpMaIii B MEXaHUYECKH HATPYKEHHBIX
Kpblkax. ClenoBareabHO, OCHOBHOM LEJIbI0 JAHHOTO HMCCIECNOBAHMS SIBJSICTCS aHalW3 HANpsOKEHUH U
nedopmaryii, BOSHUKAIOIINX B KPBIIIKE JIFOKA, H3TOTOBICHHOW U3 MHOTOCIIOHHOTO KOMITO3UTHOTO MaTepraia,
HCIIONB3Ysl METOJ] KoHEUHBIX 3eMeHToB (MKD). Takke 1enpio sSBISETCS BadUAAlMs MOJACIH, CO3IaHHOMN
MKD, yepe3 sKCriepuMEHTAIIBHBIC TECTUPOBAHUS (DAKTUYESCKOTO JIFOKA.

HoBu3na mnpoexTa. B 00macTu rpakIaHCKOTO CTPOUTEILCTBA YK€ IaBHO TPUMEHSETCS IUTACTHK,
apMHUPOBAHHBIN CTEKJIOBOJIOKHOM, JIJIsi U3TOTOBJICHUS TPYOOIPOBOIOB U APyTrux cuctemM. OIHAKO B JaHHOM
WCCIIeZIOBaHUM ObLT pa3pabOTaH HOBBIM TPEXCIOWHBIM KOMIO3UTHBIN MaTepHall Jjisl JTIOKOB Ha MEIIeXOIHbIX
muHusIX. OH TakKe MOXKET OBITh MCIIONB30BaH JUIS JIOPOKHBIX JIIOKOB C apMHUPOBAaHUEM CTAIBHOW CETKOM.
MHOTOCTOWHBI KOMIO3UT COCTOWT W3 JINCTOB TMOMMAI(PHUPHONW CMOINBI, apMUPOBAHHBIX CTEKIOBOJIOKHOM.
HoBu3HOW MaHHOTO WCCIIEOBaHUS SBISETCS MHOTOCIOWHAS KOMITO3UTHAsl CTPYKTypa W TOIOJIOTHS C
WCTIOJIh30BaHNEM pedpa KEeCTKOCTH IS IIOBBIIIECHHS TPOYHOCTH. KOMITO3UTHBIE MaTepraibl U3 OIMI(GUPHON
CMOJIBI TaKXKe 001a/1at0T OOJBIIEeH TUTACTHIHOCTHIO TIEpe]T TOTEPer TIEIOCTHOCTH [§].
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3. MarepuaJibl 1 MEeTOAbI

KpblIIKy J1IOKOB MPEACTABISAIOT cOOOM KpyIlible WM KBaJpPaTHbIE IUIACTUHBI, KOTOPBIE COCTABJISIOT
HOKPBITHE KaHAIM3AaLMOHHBIX cucTeM. Kak mpaBuiio, OHM pacrosiararoTcsi Ha TpOTyapax WM J0oporax u
MOSTOMY JIOJKHBI OBITh OYEHb MPOYHBIMHU U JIOJITOBEUYHBIMHU, YTOOBI BBIICPKUBATH HATPY3Ky U BO3JIEHCTBHE
Ha HUX MOCTOSHHOTO Beca TPAHCHOPTHBIX cpeAcTB. OOBIYHO OHHM M3rOTABIMBAIOTCS M3 UyTyHa, a MHOTAA U
u3 0eToHa, 4TOOBI BbIIEPKHUBATh OoJbine Harpy3Kd. OOBIYHO OHHU BecAT OkoJO0 50 Kr' B 3aBUCHMOCTH OT
HCIIOJIb3YyEMOI0 MaTepHaja U pa3Mepa U 4acTo UMEIOT KPYIIyto Gopmy.

Kpblliku  JTIOKOB HMMEIOT OIpEACTICHHBIE CTaHIAPThl W ClelU(UKAMH, KOTOPBIX HEOOXOIUMO
NPUACPKUBATHCS HE3aBUCHMO OT Marepuana, pasMepa M (QOpMbl KPbILIKHK JroKa. CTaHAapThl, HA KOTOPBIE
cienyer oOpaTuTh BHUMAaHKE, BKJIIOYAIOT:

e BS EN 124: eBpormeiickuii cTaHAapT A KPBIIICK KEITOO0B M JIIOKOB JUIsI TPAHCIIOPTHBIX CPEACTB U
nenexonoB (MOCIYKUJI OCHOBOH M PYKOBOJICTBOM JUIst 3TOH padboTsl) [10].

e BS 497: cienmdukanus 47151 KPbILLIEK JIOKOB, PEIIETOK JOPOKHBIX BOJAOCTOKOB M PaM JIJIsl JpeHaKa.

e BS 7903: pykoBOJICTBO 110 BHIOOPY M HCIOJIB30BAHUIO KPBIIIEK JKEIOOOB H JIFOKOB JIJISl YCTAHOBKH Ha
nIocce.

e BS PAS 25: nmmactmaccoBble paMbl 711 UCTIOIb30BAaHMUS B BEPXYIIIKAaX BOJOCTOKOB U JIIOKOB B IIEIIEXOAHBIX
30HaX.

e ASTM F1142-98: crangapTHbIe TEXHUYECKUE YCIOBUS JIJIsl COOPKU KPBIIIKH JIFOKA Ha 00JITax Macio- u
BOJIOHETIPOHUIIAEMOH.

e ASTM F1143-98: crangapTHble TEXHHYSCKUE YCIOBHUS i COOPKM KPBIIIKU JIFOKA, 3aKPEIICHHOM
OoJsiTaMH, IPUIOIHATOH, Macao- U BOAOHEIIPOHULIAEMOH.

Kpblliky JI0KOB, NpegHa3sHAaYeHHBIX Ui BXOJa YeNIOBEKa, JOJDKHBI COOTBETCTBOBATh TPEOOBaHMAM
0e3omacHOCTH, AEHCTBYIOIIMM B MecTe ycTaHOBKM. Kak mpaBuio, AHaMeTp JIIOKAa JOJKEH OBbITh HE MEHEee
600 mM. KpBIIIKK JIFOKOB JOJIKHBI OBITH MMOJBEPTHYTHl HATPY30YHBIM HCIIBITAHUSM, YTOOBI YOGIUTHCS B UX
JIOJITOBEYHOCTHU U MPOYHOCTH.

3.1. OHTI/IMl/Bl/lpOBaHHafl reoMeTpus KpPbIIIKHA KaHAJIU3AIIUOHHBIX JTIOKOB

Ontumu3anys reoOMeTpUH JIIOKOB MPEAINOaraeT MpOeKTUPOBaHHE MX (HOPMBI M CTPYKTYPHI C LEIbIO
JOCTHXEHHSI MaKCUMaJIbHON MPOYHOCTH, JOJITOBEYHOCTH M dPPEKTUBHOCTH. KOMITO3UTHBIE JIIOKH OOBIYHO
M3TOTABIMBAIOTCSA M3 APMUPOBAHHBIX MAaTEPUANIOB, TAKUX KaK CTEKIOBOJIOKHO WIIM YIVIEPOIHOE BOJOKHO,
KOTOpbIe 00ECIIeUNBAIOT BBIJIAIOIIEECS] COOTHOIICHHE TPOYHOCTH U Beca M0 CPAaBHEHHUIO C TPaJUIIMOHHBIMHU
MarepuanaMy, TakKUMH Kak OeToH win 4yryH. OmHako il JOCTHKCHHMS MaKCHMAJIbHOW IMPOYHOCTH
KaHAJIM3AI[MOHHBIX JIFOKOB HEOOXOIMMO MPAaBUIIBHO MO00paTh ONTHMAIBHYIO T€OMETPUIO B COOTBETCTBHH C
BBIOPAHHBIMH MaTEepHAIAMH.

1. Kpymas ¢opma: KOMIO3UTHBIE JIIOKK YaCTO HMEIOT KOHYCOOOpa3HYIO WK IHIMHIPUIECKYIO popmy,
MOCKOJIbKY 3TU (POPMBI pactpeesisiioT Harpy3ku oosiee 3 hekTHBHO, 0OecriedrnBas CTPYKTYPHYIO LIETIOCTHOCTh
Y MUHHMU3HPYsI KOHIIGHTPAIUIO HanpspkeHu . boiee Toro, Takast KOHCTPYKIHS TaKkKe 0OecrieunBaeT y1o0cTBO
IpH IEMOHTAKE U yCTAaHOBKE.

2. PeOpucrasi cTpyKTypa: reoOMeTpHsi KOMIO3UTHBIX JIIOKOB BKIIOUAeT B ceOsl BHYTpEeHHHE pedpa win
apMarypHbIe KOHCTPYKIHMU. DTH 3JIEMEHTHI MOBBIIIAIOT )KECTKOCTh M HECYLIYIO CIIOCOOHOCTbD, IPEAOTBpAILas
nedopmanuu u obecreunBas JIOJATOBPEMEHHYIO HPOYHOCTh. bBBUI TPOBENEH psij HMCCICIOBAaHMH, Tne
yBEJIMYEHHE KOJIMIECTBA PaIiaIbHBIX peOep Ha JIIOKaX BIHUACT Ha yMEHBIICHHE MAaKCHMAJIBHOTO HAIIPSKESHHS.
Bno6aBok aHanmu3 pe3yasTaToB MaKCUMalbHOTO POruda B LIEHTPE KPBIILIKY [TOKA3bIBACT, YTO MPH YBEITUYCHUT
panuyca BHYTPEHHEr0 KpyroBoro pedpa MakCMMajibHOE BEPTUKAIBHOE CMEIeHHEe YMeHblIaeTcs. B Hamem
UCCIICIOBAaHNN ONTHUMAJIbHAS T€OMETPHs KaHAIM3aIMOHHOTO JIIOKa 0a3nupyeTcs Ha pe3yibrarax CIeTyIoIei
crateu [11].

3. Koncrpyknus ¢raHla U KDOMKH: BEPXHUE OTBEPCTHS KOMIIO3UTHBIX JIFOKOB OOBIYHO UMEIOT (pIaHer]
WJIN BBICTYTAIOLIYIO KPOMKY. Takast KOHCTpYKLHS 00eCreYrBaeT IPOCTOTY YCTAHOBKH U HAZICKHOE COSITMHEHUE
C KPBIIIKOH JIFOKa, MPEI0TBpPAIasi IPOHNKHOBEHUE BOJIBI U TIOBBIIIAS OOIYI0 TePMETHYHOCTb.

4. OtBepctust Al AOCTyNAa M KAaHAJIBL: KOHCTPYKLMS KOMIIO3MTHBIX JIFOKOB IIPEIyCMaTpHUBACT
COOTBETCTBYIOIIIME OTBEPCTUSI U KaHAJbI AJIS JIOCTYNA B LEISIX OOCITYKMBaHUSI M OCMOTpPa. DTH OTBEPCTHUS
00ecreunBaloT JISTKMKA JOCTYI K MOJ3EMHBIM KOMMYHHUKALIUSM, TAKMM KaK KaHaJIM3alMOHHBIC JTMHUHU WU
ANIEKTPUUECKUE KaOel, 4TO yNPOIIaeT PEMOHT U TEXHUUECKOEe 00CTy KUBaHHE.

16



OUN3SNYHECKUE HAYKH
@ L4

5. IIpOTHBOCKONB3SIIME 3IEMEHTHI: JUIsl TOBBIIICHUS OE30IaCHOCTH KOMIIO3UTHBIE JIIOKHM YacTo
OCHAIIAIOTCS TPOTHBOCKOJIB3SAIMMH 3JIEMEHTAMH Ha TOBEPXHOCTH, TAKUMH KaK TEKCTYPUPOBAHHBIC PUCYHKHI
WIN MOKPBITUS.. DTO MOMOIaeT NPEelOTBPATUTh HECUYACTHBIC CIydad, oOecleunBasi JIydliee CLEMICHUE A
pabounx WM MEIIeX0/I0B, KOTOPhIE MOTYT XOIUTh 110 JItoKy [12].

6. KopposunoHHOCTOWKHE MaTepHajbl: KOMIIO3UTHBIC JIIOKM HW3BECTHbI CBOCH NPEBOCXOJHOI
YCTOMYMBOCTBIO K KOPPO3MH, YTO JeNaeT UX HICANbHBIMHM JUIl HCIOJNb30BaHUS B CYPOBBIX YCIOBHSIX.
OnTuMU3UpOBaHHAsT TeOMETpHUs 00ECHeYMBaeT IOKPHITHE MaTepHajaMHM BCEX YYacTKOB, IOABEPKEHHBIX
KOPPO3HH, TAKUX KaK CTBIKH M Kpasi, YTO 00ECIIeUUBACT JOITOBPEMEHHYIO IPOYHOCTh M CHUXKAET OTPEOHOCTD
B TEXHUYECKOM OOCITyKMBaHHH.

8
3

Pucynox 1 — I'eomeTpus mroxa

[Ipr mpoeKTHpPOBaHMM KOMIIO3UTHBIX JIIOKOB KpaliHE Ba)XKHO YYHTBHIBaThb (DAKTOPBI, TaKHE KaK Tpe-
OoBaHUSI K Harpyske, yCJIOBHS JABHXKCHHUS, COCTOSHHE MOYBBI, M JI0Oble crneuuduyueckue TpeOOBaHUS
npoekTta. ONTUMM3MPOBAaHHAs TEOMETPHUsSl TapaHTUPYET, YTO KOMIIO3UTHBIC JIIOKHM 3((EeKTHBHO cHpa-
BATCSl C BHEIIHUMM Harpys3kamu, oOecreduBas AOJITOBEYHOE M HAAEKHOE pELICHHE Ul AOCTyna K IMoJ-
3eMHBIM KOMMYHHKauusiM. @DuHajbHas T€OMETpUsl KaHAJU3ALMOHHOIO JIIOKA BKIIOYaeT B ceOs ceMb
panuanpHbBIX pedep A NPOYHOCTH, ¢ (IaHmamMu Uil JOCTHIXKEHHUS T€PMETHYHOCTH M C y30paMu Ha
MOBEPXHOCTH Ul AOCTHXKCHUS NPOTHUBOCKOJIB3SIIIUX 3JIEMEHTOB, KaK MpPEACTaBICHO Ha pHUCYHKe 1.

3.2. MarepuaJbl

B 3r10if paboTe B KauecTBE OCHOBBI AJISI JIIOKA OBbLI HCIIOJB30BAaH MOMU3(UPHBIA JIMCTOBOW IMpecc-
marepuan (SMC), apMHUPOBaHHBIN CTEKIOBOJIOKHOM. CTEKIIOBOJIOKHO — 3TO MPOAYKT, W3TOTOBJICHHBIN M3
OYEeHb TOHKUX CTEKJISTHHBIX BOJOKOH. OH cTaj mosie3HbIM U 3()(EeKTUBHBIM Onaropapsi cBoei criocoOHOCTH
3aMEHMTh acOecT BO MHOTIMX O0JacTsX HNPUMEHEHHUs] B KaueCTBE HKOJIOTHUECKU YUCTOM ajbTepHATHUBBI.
HenpepriBHOE CTEKIIOBOJIOKHO MCIIOIB3YETCS B JIEKTPOU30IISALINY, & TAKKE B KAYECTBE apMUPYIOLIETro areHTa
JUIS apMUPOBAHUSI LIEMEHTA U TUIACTMACCHI.

EcTp HeckombKo BUIOB/KI1accoB crekiioBoiiokHa: A, AR, C, E, S u T.1. OTi Hanbonee pactpocTpaHeHHBIE
THUIIBI XapaKTePU3YIOTCS CIeIyoImuM oopasom [13]:

CTEKJIO A: 1IesiouecoepKaliee CTeKI0, HCIoIb3yeMOoe I IPOU3BOACTBA BOJIOKHA,;

crekiio E: 00bIYHOE CTEKII0, HCIIOJIB3yEMOE B HEIPEPhIBHBIX CTEKJISTHHBIX BOJIOKHAX, 00Ja1aeT BHICOKUM
IEKTPUYECKUM CONPOTUBIIEHUEM U CONEPIKUT 1estoun MeHee 1%;

CTEKJIO S: XapaKTepUCTUKU aHAIOTUYHBI cTekly E, HO uMeroT 0ojee BBICOKYIO IIPOYHOCTb.
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OTH pa3nuyHble KJacChl OCHOBAHBI Ha NMPOM3BOJCTBEHHOM IIpOLECCE CTEKIOBOJMOKHA. OIHAaKo mpu
BBIOOpE CTEKJIOBOJIOKHA B Ka4€CTBE KOMIIO3UTHOTO Marepuajia HeOOXOAMMO CHadaja OLEHUTh JKeJlaeMble
cBotictBa. Hanpumep, it GRC HeoOXonnmo HCIonbp30BaTh CTEKI0BOMOKHA THIA E nin ctexna AR, kotopble
100 00JIafal0T HU3KOW IIEIOYHOCThIO, TM00 YCTOWYMBEI K LIEJIOYHBIM CPElaM B CBS3U C PEaKTHBHOCTEIO,
BO3HUKAIOMIEH TIPY B3aWMOJICHCTBHHU CO IIEIOYHBIMHA KOMIIOHEHTaMH IieMeHTa [14]. Ecnu mpoaykT Tpedyer
BBICOKOM MPOYHOCTH Ha PACTSDKEHHE M CIIOCOOEH BBIACP)KUBATH OOJIBIINE HATPY3KH, TO, BEPOSITHO, CIEIyeT
UCIIONIb30BATh CTEKIOBOIOKHO THMa S [14]. KpaliHe Ba)XHO OLICHUTH XapaKTEPUCTHKH U CBOMCTBA JKEJIAEMOI0
W37€IMs, YTOOBI IPABUIIBHO MOHATH, YTO HYKHO JJIsl apMUPOBAHUSI.

[InacTmMaccoBble CMOIBI, KaK MPaBUIIO, 00JIaAAI0T TOCTATOYHON HMPOYHOCTHIO HA CXKaThe, HO JOBOJBLHO
ciabbl Ha pacTsDkeHHE. B TO BpeMs Kak CTEKJSIHHbIE BOJIOKHA IPOYHBIC HA PACTSKEHUE, HO cialble Ha
MPOYHOCTH CKaTHA. B 3TOM OTHOILIEHNH BMECTE OHU MOT'YT COIIPOTHUBIISITHCS CXKMMAIOIIUM U PACTSITUBAOIIUM
Harpy3kam [15]. Kporreunbie HUTH U3 CTEKIOBOJIIOKHA MPEIOTBPAIIAOT 00pa30BaHNe TPEUTNH HITH 1e(pEeKTOB
BHYTPH HPOIYKTa U €0 pa3pylLIeHUE B Pe3ysbTare.

5mm

10 mm

5mm

Pucynok 2 — CtpykTypa Jroka

Ha pucynke 2 u3o0pakeHa CTPYKTypa KOMIIO3UTHOTO Marepualla, UCIOJIb3yeMOro Ul M3TOTOBJICHUS
KPBILIKH JIIOKa JUISL 9TO 3TOM pa®oThl. CoHABHY-KOMIO3UT COAEPKHUT TPHU CJIOS B HONEPEYHOM CEUCHUU:
CepAlLIeBUHA ClieNlaHa U3 TOACI0eB NonudPUpHOi cMonbl, apmupoBanHOd MAT 600, 1 ¢ IByX CTOpPOH €ro
MOKPBIBACT J[Ba CJIOS MOJMAI(OUPHON CMOJIBI, apMUPOBAHHBIX KOPOTKHMMHU PYyOJIeHBIMU BoJOKHamu E-crekia
JUIMHON Makc. 5 MM. PeOpo ’KeCTKOCTH MOJIHOCTBIO CAENaHO U3 MOIM3(QUPHON cMOJIbI, apMUpoBaHHOH MAT
600. Marepuan MAT mnpencrasnser coOOi CTEKJIOBOJIOKOHHBIH Marepuaji ¢ pyOJCHBIMU HUTSAMH, TaKKe
M3BECTHBIN KaK HETKaHOE MOJIOTHO. [IMoTHOCTH 3TOro Marepuana cocrasimsier 600 r/m>. OH mpencTaBisieT
n3 ce0s HEeTKaHbI MaTepuai, U3rOTOBJICHHBIH M3 E-CTEKIOBOJIOKHA MyTeM CIIy4yailHOTO M paBHOMEPHOIO
pacnpeneneHus HEPEPBIBHBIX POBUHIOB HUTEH IITMHON 50 MM, coueTaeMbIX ¢ MOMUI(QUPHBIM CBSI3YIOIINM
B TIOPOIIKOBOH (hopme. OH MOAXOAUT AJISl UCIONB30BaHMS B PYYHOM (POPMOBAHMHU CTEKJIOIIACTHUKA, TAKOTO
KaK pa3JIn4YHbIE JIUCTHI, TAHEJIN, KOpITyca JO/0K, a TAKXKe I CO3JaHHs KOPPO3ZHOHHOCTOMKHUX TPAHCTIOPTHBIX
CPEZCTB.

CornacHO KOMMEPYECKOMY IPOU3BOAMTEINIO, Hcmonb3yeMblii SMC marepuan (nmonmddupHas cMmoda,
apmuposanHast MAT 600) umeet cnenyromue cBoicTsa [16]:

Tabnmma 1 — CpoiictBa SMC apmupoBannsiii MAT 600

Ne CaoiicTBO 3HavyeHue
1 IInotHOCTH 11,90 r/cm?
2 [IpounocTs Ha U3rNb 115 MIla
3 Monyns u3rubda 14.000 MIIa
4 Koaddurment [Tyaccona 0.324
5 IIpoyHOCTH Ha pacTsKEHHUE 86 MIla
6 VYnapHas BS3KOCTb 120 xJIx/m?
7 HyrocroiikocTh 180 cex
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@
8 Ornecroiikocts 1o UL 94 HB VO Ha 1,6 MM
9 TemnmocTolKoCTh 250 °C
10 Bonponormomenue 0,03 -0,05 %

Kak u3BecTHO, MpH MPOBEICHUH KOHEYHO-3JIEMEHTHOTO aHaJIM3a KPBIIIKHU JIFOKa HEOOXOANMO ONPE/ICTHTh
MEXAHUYECKUE CBOMCTBA MATEPUAJIOB, COCTABISIFOLIMX KKIAbIA cioi. JIyig onpeneneHus: MEXaHWYECKHUX
CBOWMCTB MaTepHaliOB, COOTBETCTBYIOUINX Ka)JIOMY CIJIOIO, MPOBOAMIINCH DKCIEPUMEHTAIBHbBIE HUCIBITAHUS
CTaHJAPTU3UPOBAaHHBIMM O0pa3lamMM B COOTBETCTBMM C eBporeiickumu cranaapramu (ISO  14125),
YUUTBIBAIOIIUMHE (GOpMYy M pasMep o0pas3noB. s co3maHMs KOMIIO3MTHBIX OOpasLoB, apMHUPOBAHHBIX
6o marepuanom MAT 600, n10o KopoTKUMHU pyOIIeHBIMHE BOJOKHAMH M3 CTEKJIOBOJIOKHA Tuna E, cHayana
OBLIM M3TOTOBJICHBI JIBE KOMIIO3UTHBIC IIUTHI pasMepoMm 400x300x6,5 mm®. ConeprkaHue CTEKJIOBOJIOKHA B
KOMITO3UTE O3 (GUpHOI cMOIIbI, apMupoBaHHOM MAT 600, coctapsiio 42 MaccoBbIX mporieHTa. Copepikanue
CTEKJIOBOJIOKHA B KOMIIO3HMTE, apMHUPOBAHHOM KOPOTKHMH PYyOIIEHBIMH CTEKJIOBOJOKHAMH, cOCTaBisio 30
MAacCOBBIX IIPOLICHTA. 3aTeM M3 Ka)KAO0TO THUIa KOMIO3UTHOH ITUTHI, apMUPOBaHHON 1100 MarepuasioMm MAT
600, 1160 KOPOTKHMHU PyOJICHBIMHU CTEKJIOBOJIOKHAMH, OBLIO BBIPE3aHO 10 ACCATH 00Pa3LOB sl HCIIBITAHHS
Ha U3ru0d METOAOM TPEX TOUEK.

3.3. IIpouecc u3roToBJIeHUsI

[Iponiecc mpom3BOACTBA UMEET PEILAIOILYI0 Ba)KHOCTh B ONPEACICHUN MEXaHWYECKUX CBOWCTB JIIOKA,
M3TOTOBIICHHOTO U3 KOMITO3UTHBIX MarepranoB. CHauana Ha ClielnalbHO IPUTOTOBICHHYIO (hOpMY, CMa3aHHYIO
BOCKOM 827, momeniaercsi cioi nmonuacrepa, apmupoBanHoro MAT 600. 3atem Ha (opMy ObUTH HaHECEHBI
cion nonmd(Upa, apMUPOBAHHBIE PYyOJICHBIMH CTEKJIOBOJIIOKHAMH. 3aTeéM B COOTBETCTBHHU C PHCYHKOM | Ha
dopMy HaHOCHIJICS TOCIEAHUH CIOM KpBIIKK JIOKA. JIaMMHUpOBaHHAs KOMIIO3UTHAS KPBIIIKA JIFOKa OblTa
3aTeM 3alpeccoBaHa TMAPABIMYECKAM mpeccoM. [locie Toro xak oH ObUT YIUIOTHEH, OH OBLT OCTaBICH JUIS
3aTBepAeBaHMs NpuMepHO Ha 30 MUHYT, a 3aTeM yZajeH, YTOObl MPOJOJKUTD CYIIKY U OTBEPXKICHHE.

Pucynok 3 — Kpsliiika sitoka nociue mpecca

3.4. TectupoBanue

Meton HU3MCPCHUH, I/ICHOJ'IBSYCMLII\/’I JJI USMCPCHUA U pCrucTpaluu I[C(bOpMElLIPIﬁ, BO3HHUKAIOIINUX
B KPBIIIKE JIFOKa, OCHOBAH Ha METOAC BHCKTpOpeaKTI/IBHOﬁ TCH30MCTPUHU.

19



o BECTHMK KA3AXCTAHCKO-BPUTAHCKOIO TEXHUYECKOIO YHUBEPCUTETA, N°2 (65), 2023 o

Pucynok 4 — VcribITaHUS KPBIIIKY JIFOKa HA MEXaHIMUYECKYFO MPOYHOCTh Ha MammHe UTS

Jasnenue B 2000 H Obl10 OKa3aHO Ha M3TOTOBIICHHBIN JIIOK C CEPEAMHBI, BEPTUKAIBHO BHH3,
Kak moka3aHo Ha pucyHke 4. [1o Bceil TonmuHe T0Ka ObUTH YCTaHOBICHBI TEH30/1aTYUKH, KOTOPbIE
BBICUMTBIBANU Je(hOpMaIUIO JIIOKa MIPU Pa3HBIX 3HAYCHUAX JaBieHUs. B pesynbrare OblT MOCTPOCH
rpaduk CUIBI IPOTUB MAaKCUMAJIbHOU JeopMaluu.

4. Pe3yabTarhl H 00CyKACHHE
4.1. AHaJIN3 KAaHAJU3AIUOHHOI0 JJIOKA METO0M KOHEYHLIX 3JIeMEHTOB

Mogens KpbIIKA JiIOKa ObUla TPOTECTHPOBAHA KOHEYHO-IJIEMEHTHBIM — aHAJIM30M  C
UCIIOJIb30BaHMEM KOMMeEpueckoro mporpamMmMmuoro obtecrneuenus Comsol Multiphysics. Koneuno-
JJIEeMEHTHAsT MOJENb KPBIIIKKA JII0Ka MpeAcTaBlieHa Ha pHCyHKe 6. ['eomerpusi Obuia co3maHa
B SolidWorks u skcroprupoBana ¢ momompbio Livelink mns mpoBeaenust anamuza MKD. s
MOJICITMPOBAHUS KOMIIO3UTHBIX MaTEPHAJIOB U pacyeTa ACHCTBYIONIMX HAPSHKEHUH U CUIT HA KPBIIKY
moka B Comsol ucnons3oBanuchk nse puznueckue monenn: Solid Mechanics u Layered Shell.

Jnst onucaHus TMOBEACHUS TBEPABIX MaTepHalOB MPH MEXAaHUYECKUX HArpysKax, BKIIIOYas
VOPYTYI0 M IUIACTHYECKYIO JedopMaiiio, aHajiu3 METOJOM KOHEYHBIX 3JEMEHTOB Tpeldyer
OTIpEe/IeNICHUS] COOTBETCTBYIOIIMX TPAHUYHBIX YCJIOBHM, KOTOpPHIE OMKCHIBAIOT HAMpPsKEHUE,
nedhopMaIuio U UX B3aUMOCBSI3b. DT YCIOBUS U HaYalIbHbIE TapaMeTphl 00€CIIeYnBaOT OCHOBY IS
MOJICIUPOBAHUS U aHAJTHM3a MEXaHUYECKON peakIMi MaTepUajoB C UCIOIb30BaHUEM (U3UYECKOTO
moxyist Comsol Solid Mechanics.

KoHcTpykiust KpbIlky Jroka cooTBeTcTByeT [occtanapty PecnyOnuku Kazaxcran (2013) [17],
IJIe YCTaHABIMBAETCS pacueTHas Harpyska B pasMepe 5.3 (yHTa Ha MOBEPXHOCTh OOIIMBKH JIFOKA.
KoMrmo3uTHas Bepcusi CTaabHOM KPBIIIKH JTF0KA OTBEYAET KECTKOCTHBIM U IIPOYHOCTHBIM TPEOOBAHUSAM
Komurera Texnuyeckoro perynupoBanus u metponoruu PK [17], Bkitoyass MakCUMaJIbHBIN TPOru0
B npegenax 70 mm u kodpdunment 6ezonacHoctu 3,3 i oOecredeHus: CTPYKTYPHOU MPOYHOCTH.
[lepexons K TreoMeTpuM, KaHAIW3ALMOHHBIA JIOK TEXHOJOTMYECKH OTrPAaHUYEeH MaKCHMaJbHOU
TOJIIIUHON KOMITO3UTHOM 000s0uku B 20 MM M JIuUaMeTp JitoKa JObKeH ObITh Oosee 600 mMm
[18]. IIpoyHOCTHOI aHaIM3 KOMIO3UTHBIX O0O0JI0UEK MPOBOIUTCS C HCIOJIB30BAaHUEM KPUTEPHUS
MaKCUMaJbHBIX HanpsbkeHud (ypasaenue 1) [19].
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[Ipenen mpodHOCTH CIIOS OOONOUKM TPH PACTSHKEHUM (CXKATUU) BAOJB M TIOMEPEK BOJOKOH

IPEACTaBIEH COOTBETCTBEHHO 0'§T 151 G{:T (0'£C u a{:C). [Tpo4yHOCTB Ha CABUT CIIOSI B €T0 MIOCKOCTH

o0o3HauaeTcs U)};y. KoMTOHEHTHI TeH30pa HanpskeHuit Ox1 » Oyt (Ox¢,> Oyc) M Oxy ompenensrorcs
OTHOCHUTEIJIBHO TOM YK€ CUCTEMBI KOOPIMHAT, UTO U 33JJaHHbIE MTPeIeIbHbIC TPOYHOCTH CJI0S. 3HAYCHUE
g > 0,3 (c yuerom kxodpdunrenta 6e30MacHOCTH) CBUACTEIBCTBYET O COOTBETCTBHHM KPHUTEPHUIO
paspyuieHus.

Hcnonp3yst rpaHUYHBIE YCIOBUS METOJa KOHEUHBIX 21eMeHToB (MKD), kaHanu3aMoHHBIH JTIOK
¢ paauycoM R=650 MM u MpOCTHIM MOJIKPEIUIEHHBIM KpaeM ObLI MOJBEPrHYT pPaBHOMEPHOM MOC-
TOSIHHOM Harpyske B 00JIaCTH KBaJpaTa, pacClojI0KEHHOTO B IIEHTPE KaHAIU3AIIMOHHOTO JIOKa (CM.
PUCYHOK 5 a 1 6). YciioBue paBHOBECHS ISl pauyca I dieMeHTa IJIaCTUHBI, KaK TTOKa3aHO Ha PUCYH-
Ke 5, OBLJIO UCTIONIB30BAHO IS OTpeeNieHusl BHyTpeHHel nonepeuHoi cuibl Q (ypaBaenue 2) [20].

—nrlq
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PI/IcyHOK 5-— a) KOHCYHO-3JICMCHTHAsA MOJCJIb KPBILIKH JIFOKAa U 6) KOHCUHO-3JICMCHTHAaA MOACJIb

ydacCTKa HpPIJ'IO)KeHHOﬁ CHUJIBI

B pesynbrare cumynsiiuy KaxKIblil y3en dJieMeHTa UMEeeT MIECTh cTerneHeil cBo6oabl. KoneuHo-
AJIEMEHTHAsl MOJIeNb, UCTOIb3yeMas B aHanuse, coctout u3 63 102 snementoB u 18 126 y3m0B.
Konkperno 5586 y3510B COOTBETCTBYIOT KpBbIIIKe, 669 y3710B COOTBETCTBYIOT onope u 1022 y3na
COOTBETCTBYIOT ITyaHCOHY. [IJIst TOCTPOEHUS TaHHOM MOJIEIIA UCTIONBh30BAJIACh CETKA, pa3paboTaHHas
B iporpamme Comsol Solid Mechanics.

Pucynok 6 — KoneuHo-areMeHTHast MOEIb
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Ha pucynke 7 (a u 0) mpeacraBieHbl TpaHUYHBIE YCIIOBUSI M BHELIHSS Harpyska, KOTopas
MPUKIAIBIBACTCS K MOJIEIHN. BHEIIHAS cuila MOCTENeHHO nepenaeTcss K OJ0Ky (y4acTOK 3eJIeHOro
I[BETA), a 3aTe€M 4Yepe3 KOHTAKTHYIO 00JIacTh MEXKIy OJOKOM M KOMIIO3UTHOM KPBILIKOW JTOXOAMT 0
mtoka. B KOHEYHO-31IeMEHTHON MOJIETH OMpeesieH KOHTAKT «y3eJ-TIOBEPXHOCThY» MEXKY KPBIIIKOM
1 OJIOKOM, a TaK)Ke MEXKIY KPBIIIKOW W OrMmopoi. B momoimHeHne Kk 3TOMy BHEIIHEH OOKOBOW CHIION
KaHaJM3alMOHHOTO JIIOKA OMNpEJesieH KaK I'PaHUYHOE YCIIOBUE B CBSI3U C OrPaHUYCHHEM JIHOKa
TPYHTOM.

| —— —

Pucynox 7 — a) y4acToK IMpHIIOKEHHOH CHIIBI (JIeBasi CTOPOHA)

n 0) rpaHWYHBIC YCIIOBUS M BHEIIHSIS Harpys3ka (IpaBasi CTOpOHa)

Ha pucynke 8 (a u 0) mokazaHbl pe3ynbTarThl JAedopMalMd W HANPSIKEHUS KPBILIKU
KaHAJIN3alMOHHOTO JtoKa. [0CcKoIbKY BHEITHSISI cujla Oblla MPUIIOKEHA B LIEHTPEe 00bEeKTa, OCHOBHBIE
U3MEHEHHUs1 OB 3aMEUEHBI B COOTBETCTBYIOIEH 00nacTu. OHAKO CIIENyeT OTMETUTh, YTO IIKaia
nedopMaluu NpeAcTaBieHa B -9 CTENEHH, YKas3biBas Ha HE3HAYMTEIbHbIC M3MEHEHUS Marepuasa.
CrnenoBatenbHO, COINIACHO pe3ylbTaraM CHUMYJISIIMHU, MPEUIOKeHHAs MOJENb KaHAJIM3alMOHHOTO
JIFOKA COOTBETCTBYET I'OCYIapCTBEHHBIM CTaHIapTaM U BBIIEP’KUBAET COOTBETCTBYIOIIYIO HAIPY3KY €
MUHHUMAJIbHBIMH JIe(OPMALIUSIMH.

PucyHnok 8 — a) u30MeTpu4ecKuiil BU Pe3yJIbTaTOB HANPSKECHHS

u 0) MU30METPUYECKHUil BUJ PE3yNIbTaToOB e opMalum
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4.2 CpaBHUTE/IbHBIN AHAIN3 IKCIEPUMEHTAJIBHON U KOMIILIOTEPHOH MO/Ie/IN

KpI/IBHG cujia — I[e(bOpMaI_[I/ISI, NOJYYCHHBIC B XOAC SKCIICPUMCHTAJIBHOI'O UCIIbITAHUA, ObLIH
CpaBHCHBI C KPHUBBIMHU, NOJYUYCHHBIMU B PC3YJILTATC aHAJIMU3a MKB, KaK ITOKa3aHO Ha PUCYHKCE
9. 3Ha‘-IeHI/I$I, MOJIYYCHHBIC U3 JSKCIICPUMCHTA U MKQ, MOKAa3bIBAKOT IMOXO0XYH TCHACHLIUIO, YTO
JACMOHCTPUPYCT BAJIMAHOCTDH C03I[aHHOI\/'I MOACIHN.

2500

— NN r\p‘;.lvr..!
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15

1
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Pucynok 9 — Pe3ynbrarsl: cuja npoTUB CMELICHUS

YroOrl emie OoJblle MOAYEPKHYTh KOPPENSALHUIO MEXIY pe3ylbTaTaMu HKCIIEPHUMEHTAIbHOTO
ucneltanusg 1 MKO a1 uccnenyemMoil Kpyriioil KOMIIO3UTHOM KPBILIKH JIFOKA, B JaHHOM UCCIIEIOBaHUU
CpaBHUBAIOTCS Je(dOopMalliy, 3aperUCTPUPOBAHHBIE TMPH PA3IUYHBIX MOJOKEHUSIX JaTdyHKa
nedopMalMu: B pajudalbHOM M TaHTEHIMAJIbHOM HampaBieHusx. /ledpopmanuu B paauanbHOM
U TAaHTCHIMAJIBHOM HAalpaBICHUSX, COOTBETCTBYIOIIME KaKJOMY TEH30METPUYECKOMY OAaTUHKY,
CTpPOSITCS IPOTUB BEPTUKAIBHOM Jle(hopMalinu JIt0Ka, BEI3BAHHOM BepTUKaIbHOM cuiioi. Pucynku 10
u 11 1eMOHCTPUPYIOT CpaBHHUTEIbHbIE TpapUKH, MOITyYeHHbIE B PAaJUaTbHOM U TaHT€HIIMAIEHOM
HaIpPaBJIEHUH 110 OTHOILIEHUIO K LUIMHIPUYECKON cUCTEME KOOpAUHAT.

X 010 + 3KCnp MK3
&
= 0.08
[av]
Zz 0.06
i~y
= 0.04
= 0.02 =
0.00 -

0 1 2 3 4
BeprurannHoe cMenleHue (MM)

W

Pucynox 10 — Pe3ynprarsr: panguanbHas nehopManus IpOTHB CMEIICHUS
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Pucynoxk 11— Pe3synbrarsl: TaHreHIMalbHas AeOopMaliys IPOTHB CMELICHUSI
5. 3akiarouenue

Cxoxast TeHACHIMS W OOJBIIOE KOJIMYECTBO TIIOYTH OJMHAKOBBIX 3HAYCHHH MEXKIY
AKCIIEPUMEHTAJIBHBIMU JaHHBIMH 110 Jeopmaruu u pesyabraramu MKD mokaspiBalOT BalMHOCTh
noctpoeHHoi monenu MKD. MakcumanbHas nedopmanus groka oeuia 0,165% B TaHreHIIMATLHOM
HanpasieHuu u 0,111% B paguanbHOM HapaBIE€HUH, YTO [MOKA3bIBACT: 3HAYCHUS AePopMaluii ObUIH
B mpeenax npuemiiemoro. Axannz MKD mnoka3piBaer MakcuManibHOe Hampspkenue 12,75 Mlla B
aHAJIM3UPYEMOM KPBIIIKE JII0OKa, COOTBETCTBYOMIEE moaudGpupHoi cmoie MAT 600. DTo HanmpsukeHHE
3HAYUTEIHHO HIDKE CPEHETO MAaKCUMAJIbHOTO HarpshkeHus n3ruda 49 Mlla mst kommozuta MAT 600
CTEKJIOBOJIOKHO/TIONMHMACTEP. KOMITO3UTHBIC KPBIIIKH JIFOKOB JIEMOHCTPHUPYIOT BBICOKYIO MTPOYHOCTD,
CITOCOOHYIO BBIJICP)KUBATh BHENTHUE CUJTBI, TipeBbimatomue 2000 H. Dto nenaeT ux uaeaabHBIMHU TS
WCITOJIb30BaHUS HE TOJIBKO B BOJIOTIPOBOIHBIX M KAHATM3AIMOHHBIX CETSIX, HO M Ha TOPOACKUX YIUIAaX
C TIEMIEXOMHBIM JBMKeHHEeM. OHaKo aJisi obecrnieueHruss 0€30MacHOCTH Ha YIUIAX ¢ MHTCHCHBHBIM
TPAHCIIOPTHBIM JIBIDKCHHEM TpPeOyeTcCsl JOMOTHUTEIbHBIA aHAIN3, UCXOMIS M3 PEalIbHBIX JaHHBIX
0 Harpy3kax OT aBTOTPAHCHOPTA. ITO IMO3BOJUT OMNPEACIUTh MaKCHMAIBHYIO TPY30MOAbEMHOCTD
KOMITIO3UTHBIX KpbIlIeK. Bo3MoxkHO, TOTpeOyeTcss BHECTH U3MEHEHHUSI B TEOMETPUIO UITH CTPYKTYpPY
MaTeprajia KOMIIO3UTa, YTOOBI YBEPEHHO OOCCIIEYHTh €ro CIIOCOOHOCTH BBIICPKUBATh TaKHE
Harpy3KHu.

Takum oOpa3oM, KOMITIO3UTHBIE KPBIIIKUA JIFOKOB TPEIaraloT 3HAYMTEIIbHBIE MPEUMYIIECCTBA,
BKJIFOYAsi BBICOKYIO MPOYHOCTh W TMPUTOAHOCTH IS MCIIOJIB30BAaHUS KaK B BOJOIPOBOJIHBIX H
KaHAJIM3aIMOHHBIX CETSAX, TAK U HATOPOJICKHX YIIUIIAX C TEMIEXOHBIM ABHKEHUEM. C TOTIOTHUTEILHBIM
aHAJIM30M U ONITUMH3AIUEH TOTIOJIOTHU OHU MOTYT CTaTh HAJICKHBIM PEIIICHUEM JIJIS1 TOPOJICKUX YITHI]
C UHTEHCHUBHBIM TPAHCIIOPTHBIM JIBUKCHHEM.
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FORMATION OF CRYSTALLINE SiC IN NEAR-SURFACE SILICON LAYERS
BY METHOD OF COORDINATED SUBSTITUTION OF ATOMS

Abstract. In this work, monocrystalline films of silicon carbide were synthesized on the surface of a Si(100) silicon wafer
using the method of coordinated substitution of atoms. The films were synthesized at temperatures of 1200 °C and 1300 °C
for 20 minutes in a CO gas flow at a pressure of 0.8 Pa. The effect of 1200-1300 °C temperatures on the formation of
single- and polycrystalline layers, as well as nanostructured SiC phases in the near-surface region of silicon by the method
of atom substitution, is analyzed. The formation of a high-quality crystalline silicon carbide film and the influence of
synthesis conditions on the total volume of SiC structural phases, microstructure and nanostructure of the surface are
shown. It was found that an increase in temperature from 1200 °C to 1300 °C led to a more intensive formation of silicon
carbide and an increase in the number of Si—C bonds by 1.9 times due to an increase in the thickness of the synthesized
silicon carbide layer. There is an increase in the proportion of the crystalline phase due to a more intense transformation
of the nuclei of nanocrystals into micro- and nanocrystals. Intense processes of penetration of carbon atoms deep into
silicon at a temperature of 1300 °C with amorphization of its structure and the formation of Si-C, which can transform
into crystalline phases at temperatures above 1300 °C, are assumed. The proportion of the SiC crystalline phase increases
to 50.2% of the film volume due to the intensive transformation of nanocrystal nuclei into micro- and nanocrystals. It has
been experimentally shown that the formation of various SiC structures on Si (100) occurs in full accordance with the
main principles of the method of coordinated substitution of atoms.

Key words: silicon carbide, structure, crystallization, synthesis, method of coordinated substitution of atoms.

Hycynos K.X.!, Beiicenxanos H.B."*, Kykymkun C.A.%, CyaranoB A.T.!, Keiiin6aii C.!,
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ATOMIAPIBI COMKEC AJIMACTBIPY 91ICI APKbIJIBI KPEMHUI KABATTAPBIHBIH,
BETYCTIHE KPUCTAJIABIK SiC TY3LJIVYI

Angarna: byn xymeicta Si(100) xpemHmii TimiriHiH OeTiHIE aroMIapAbl COWKEC alIMAacTBIPy OMICIMEH KpEeMHHMA
KapOMIiHIH MOHOKPHCTANABl KaOBIKmamapsl cuHTe3nenni. Kaosikmiamap 0,8 Ila kpiceimmarsr CO Ta3 arbIHBIHIA
20 munayT imiame 1200 °C xome 1300 °C temmeparypamapaa cuaTtesfenmi. 1200-1300 °C temmneparyparapbIHBIH
aToMIapIbl aJIMaCTHIPY SIICIMEH KPEMHHUHUIIH OeTKe yKaKbIH aiiMaFbIHIAFbl MOHO JKOHE TTOMUKPHUCTANIB KabaTTapIbH,
coHpaif-ak HaHOKYpeUIBIMABI SiC (a3amapbIHBIH Ty3iTyiHe ocepi TammanraH. JKOFaphl camaiibl KPHCTANIBl KPEeMHUH
KapOMATI KaOBIPIIAKTHIH TY31Tyl JKOHE CHHTE3 KargaimapblHbH SiC KYpBUIBIMIBIK (ha3amapbIHBIH KBl KeJeMiHe,
0eTiHIH MUKPOKYPBUIBIMBI MEH HAHOKYPBUTBIMBIHA dcepi kopceTinreH. TemmeparypansiH 1200 °C-tan 1300 °C-ka geiiin
YKOFapbLUIayhl KpeMHH KapOnIiHIH KapKBIHBI TY31TyiHE )KoOHE CHHTE3IeNTeH KpeMHIH KapOuIi KaOaThIHBIH KaIbIH/IbIFbI-
HBIH YIFarobiHa 0aimanbeIc Tl Si—C OafimaHbICTapbIHBIH CAaHBIHBIH 1,9 ece apTybIHa OKeJIeTiHi aHbIKTaabl. HanokpucTangap
SAPOJIAPBIHBIH, MUKPO XKOHE HAaHOKPHCTAJapFa HEFYPIIBIM KapKbIHIbI TYPJICHYiHe OaillIaHBICTBl KPHCTAIIBIK (ha3aHbIH
yllec calMaFrbIHBIH apTyhl Oaiikanmanbl. Kemiprek arommapeiHbH KpemHuiire 1300 °C Temmeparypama TepeH €HYiHiH
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KapKBIHJIBI TIPOIIECTEPi OHBIH KYPBUTBIMBIHBIH amopu3anusuianybl xaHe 1300 °C sxorapbl TeMIeparypajia KpUCTaIIbIK
(hazamapra aitHamysl MyMKiH Si-C OaiimaHpIcTapbIHBIH TY311yi Oombin Tabbumaabl. SiC KpuUCTANIBIK (pa3achIHBIH yIeci
HAaHOKPHUCTAIIBIK SAPOJIAPIbIH MUKPO KOHE HAHOKPHCTAJIapFa KapKbIHIBI TpaHCc(HOpMaLUsIChl eceOiHeH KaObIPIIaKThIH
keneminig 50,2% neitin aprazapl. Si (100) 6erinae aprypii SiC KypbUIBIMAAPBIHBIH TY31Tyl aTOMIapAbI COHKeC aIMacThIpy
OMiCiHIH HETI3T1 MPUHIMITEPIHE TONBIK COUKEC KeNeTiHI TOKIpHOe KY3iHIe KOPCETIITEeH.

Tipek ce31ep: kpeMHMIt KapOu/i, KYPBUIBIM, KPUCTAJIAHY, CHHTE3/IEY, aTOMAAP/BI CIlKec alIMacThIpy SJicCi.
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OOPMUPOBAHUE KPUCTAJJIMYECKOI'O SiC B ITPUITIOBEPXHOCTHBIX CJI0AX
KPEMHUA METOA0OM COINTACOBAHHOI'O 3BAMEIIEHUS ATOMOB

AnHoTanusi. B pabore Ha moBepxHOCTH KpeMHHEBOHW muracTuHBI Si(100) METOmOM COTTACOBAaHHOTO 3aMEIICHHS
aTOMOB CHHTE3MPOBAaHBl MOHOKPHCTAJUIMYECKHE IUICHKNH KapOuma kpemuus. CHHTE3 IJICHOK OCYIIECTBICH IIpH
temreparypax 1200 °C u 1300 °C B teuenue 20 munyt B noroke raza CO npu naBinenuu 0.8 Ila. AHanmuzupyercs
BiusgHAe Temrepatyp 1200—1300 °C ra ¢popMupoBaHHEe METOIOM 3aMEIICHUS aTOMOB MOHO- H TTIOJIMKPHCTALTHIESCKOTO
CJIOEB, A TaK)Ke HAHOCTPYKTYpHpOBaHHBIX (a3 SiC B mpHrIoBepXHOCTHON obOnactn kpemHuwus. [lokazano ¢opmupoBanme
BBICOKOKAQUECTBEHHOM KPHCTAJUINYECKON IIJICHKM KapOWaa KpPEeMHHS M BIMSHHE YCIOBMH CHHTE3a Ha oOmuil o0beM
cTpyKTypHBIX (ha3 SiC, MUKPOCTPYKTYpY ¥ HAHOCTPYKTYpy MoBepXHOCTH. OOHApYKEHO, YTO YBEIHMUCHNE TEMITEPATyphl
¢ 1200 °C go 1300 °C mpuBeno k Oojee WHTCHCHBHOMY (OpMUpPOBaHUIO KapOWma KPEMHHS U POCTY KOIHYeCTBa Si-
C-cBsizeit B 1,9 pasza BeieacTBHE yBETMUYCHUS TOJIIMHBI CHHTE3MPOBAHHOTO CiI0si KapOmma kpemuus. [Ipomcxoant
YBEIMUYCHUE JI0THM KPUCTAIIIMYECKON (Da3bl 3a cueT Oosiee MHTEHCHUBHOW TpaHC(OpManuy 3apoAblliel HAHOKPUCTAIIIOB
B MHKPO- M HAHOKpUCTAIBl. [IpearnonoskeHbl MHTEHCHUBHBIE MPOIECCH MPOHUKHOBEHMS aTOMOB YIIEposia BIIyOb
kpemuns nipu temmeparype 1300 °C ¢ amopduzanueii ero cTpyKTyphl u oOpa3oBanueM Si-C-cBsi3elf, KOTOpBIE MOTYT
TparchopMupoBaTscs B KpucTaummdeckue (aspl mpu temmeparypax Beime 1300 °C. Jloms kpucTammndeckon ¢a3sl
SiC yBemmumBaercst 10 50,2% oObeMa IUIEHKH 32 CYET MHTCHCHBHOW TpaHC(HOPMAIWHU 3apOJbIICH HaHOKPHCTAIIOB
B MHKPO- W HAaHOKPHUCTAIUIBI. DKCIEPUMEHTAIBHO MOKA3aHo, 4T0 (JOPMUpPOBaHHE pazHooOpa3HbIX cTpykTyp SiC Ha Si
(100) mpomcxXoauT B MOTHOM COOTBETCTBHU C OCHOBHBIMH MOJIOKEHUSIMH METO/Ia COTTIACOBAHHOTO 3aMEIICHHSI aTOMOB.

KaroueBble cjioBa: Kap61/m KpEMHHs, CTPYKTYpPA, KpUCTAJUIN3alUA, CHHTE3, MCTO/] COITIACOBAHHOIO 3aMCIIICHU aTOMOB

Introduction

In 2008, a method was discovered for synthesizing thin SiC epitaxial films on Si based on the coordinated
substitution of a part of silicon atoms for carbon atoms inside the near-surface Si layer [1]. The term "the
coordinated substitution" means that new chemical bonds between Si and C atoms are formed simultaneously
and in coordination with the destruction of old Si-Si bonds in silicon, which leads to the preservation of the
overall structure of chemical bonds. The Method of Coordinated Substitution of Atoms (MCSA) is based on
the use of the chemical reaction 2Si_ . + CO,,= SiC_ .+ SiOgaS, proposed in [1], which proceeds in two stages.

At the first stage of the reaction, the CO molecule interacts with the surface of the silicon substrate and
decomposes into a carbon atom and an oxygen atom. The oxygen atom enters a chemical reaction with the
Si atom, which results in the formation of SiO gas. The SiO gas is removed from the system, and a vacancy
is formed in place of the silicon atom of the substrate, which was included in the composition of the SiO gas.
The active carbon atom released because of a chemical reaction from a CO molecule is shifted to an interstitial
position in the silicon lattice. As a result of the shift of carbon to the interstitial position, an intermediate phase
of the so-called “pre-carbide” silicon is formed. This phase is silicon saturated with defect pairs C + V, [2,3],
where C is a carbon atom in the interstitial position in silicon, V; is a silicon vacancy formed because of the
removal of a silicon atom in the composition of the SiOgas gas. One Si cell contains 4 pairs of C + V. dilatation
defects, i.e. in "pre-carbide" silicon, everything is ready for the transformation of silicon into silicon carbide.
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At this stage, the carbon atoms move in a coordinated manner towards the silicon vacancies, forming silicon
carbide [1]. A detailed analysis of these processes is described in a series of works summarized in reviews
[1,2,4].

The method of coordinated substitution of atoms in the synthesis of epitaxial SiC films has such advantages
as the possibility of obtaining high-quality crystalline films on the surface of single-crystal silicon.

Main provisions

In this experiment, silicon carbide SiC is synthesized on the (100) Si face at low CO pressure by the
method of coordinated substitution of atoms.

As is known [5,6], the slip planes in crystals with a diamond lattice at temperatures exceeding 0.5 of
the melting point of the crystal are the family of (111) planes, and the sliding occurs along [110] directions.
Therefore, on a smooth (100) silicon surface, SiC of the (100) orientation cannot be nucleated during growth
by the MCSA method. The (100) Si face upon conversion transforms into a SiC face consisting of many facets
resembling sawtooth structures, the side faces of which are covered with the (111), (110), and (210) planes.

The theory of growth of SiC on Si (100) by the MCSA method was constructed in [7]. In this paper, a
formula was derived that relates the pressure of the CO gas to the synthesis temperature of the SiC layer.
According to this formula, only at a high CO pressure, about 3-10° Pa and, for example, at a temperature of
1250°C, is it possible to form a SiC film of orientation (100), i.e. at this CO gas pressure, only the SiC(100)
face on Si(100) will form. However, at such a high pressure, according to [8], the thickness of the SiC layer
cannot grow more than a few nanometers. At lower pressures, (111), (110), (210) and other faces will form.
Various nanostructures and SiC polytypes will form on the Si(100) surface. In this case, the film structure will
be mainly polycrystalline, although there will also be epitaxial facets of SiC orientations (111) of the cubic SiC
modification or hexagonal SiC polytypes, but having a nonpolar orientation (not the 0001 orientation). The
formation of this kind of nanocrystals is of interest for various applications. That is why the purpose of this
work was to study the processes of formation of various SiC structures on the (100) Si face at low CO pressure,
at which CO intensively penetrates deep into Si and is intensively converted into Si.

Materials and Methods

The structure of SiC nanolayers synthesized by the atom substitution method on the surface of c-Si (100)
wafers 7 x 7 x 0.3 mm in size and with a resistivity of 4-5 Q cm was studied using IR spectroscopy and
scanning electron microscopy. The SiC films were synthesized in a special electric furnace at a temperature of
1200 and 1300°C for 20 minutes in a CO gas flow at a pressure of 0.8 Pa [9].

To analyze the composition and structure of silicon carbide films, IR absorption spectra were obtained
using a Nicolet iS-50 IR spectrometer (ThermoScientific, USA). The software for the spectrometer makes it
possible to decompose infrared spectra into components and determine the position, amplitude, and area of the
maxima. Main technical characteristics of Nicolet iS50: signal-to-noise ratio - 55000, wavenumber scale error
limits - £ 0.01 cm™'; resolution - 0.09 cm'; beam splitter: XT-KBr (11000-375 cm™) [10-12].

The surface of the samples was studied using a Quanta 200i 3D scanning electron microscope (FEI
Company) with a directly heated tungsten cathode designed for qualitative and quantitative analysis of
nanosized objects. The microscope is equipped with a thermionic gun and a station with a focused ion beam
with a built-in system for energy dispersive microanalysis and analysis of the structure and texture of materials.
Electronic optics: accelerating voltage from 200 V to 30 kV and high vacuum resolution of 3 nm. lon optics:
accelerating voltage from 2 to 30 kV and resolution at 30 kV - 9 nm.

Results and discussion

To analyze the structural quality of the films, the IR absorption spectra of the films were decomposed
into components. The position of the component maxima in the spectrum was determined and their area was
calculated. These data can be used to estimate the degree of crystallinity and phase composition of the films.
The data obtained for a film synthesized at a temperature of 1200°C, a pressure of 0.8 Pa for 20 min are shown
in Figure 1.
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Figure 1 — Mathematical decomposition of the IR spectrum of the SiC film synthesized in an atmosphere of CO gas
(1200 °C, 0.8 Pa, 20 min)
by the method of atom substitution

As indicated in [13], the theoretical values of the infrared absorption peaks for cubic, hexagonal and
rhombic modifications are 795.9 cm™! for B-SiC (3C-SiC), 799.5 cm™ for 2H-SiC, 797.6 cm™ for 4H-SiC,
797.0 cm™ for 6H-SiC, 797.5 ecm for 15R-SiC. Since the values obtained in the experiment may have
insignificant differences, it can be assumed that the sample contains a monocrystalline phase of SiC (maximum
at 796.64cm™).

The total area of the SiC peak of the IR spectrum was 266 a.u. (Figure 1). If intense IR maxima, namely,
intense peaks at 792.12-807.64 cm™!, are identified with the crystalline, micro- and nanocrystalline phases, then
their total area is ~81 a.u., or 30.4% of the IR- spectrum and volume of the SiC phase. The amorphous phase,
close to the defective crystalline phase (peak 786.85 cm™) [10,11,14], is 8.48 a.u., or 3.2% of the volume of
the SiC phase. There are also nanocrystal nuclei and carbon-vacancy structures (spectrum components in the
range 814.90-949.94 cm'), which total 176 a.u., or 66.4% of the SiC phase [11].

It was found that an increase in temperature to 1300 °C led to a more intense formation of silicon carbide and
an increase in the number of Si—C bonds by a factor of 1.9 (from 266 to 499 a.u.). These data do not contradict
the provisions of review [4] on an increase in the thickness of silicon carbide layers with an increase in the
synthesis temperature. All components grew (Figure 2). As is known [14], even in the case of crystallization
of amorphous silicon carbide layers obtained by ion implantation, an increase in the fraction of the crystalline
phase is observed from 40-50% at 900°C to 70—80% at 1200°C.

An increase in the volume and proportion of the amorphous component of SiC from ~8.5 a.u. (3.2%) to ~93
a.u. (18.7%) indicates a more intense absorption of carbon atoms and the formation of amorphous structures in
the "film-substrate" transition layer. This temperature turned out to be insufficient for the crystallization of these
structures. The presence of an intense sharp peak at 785 cm™ (Figure 2) indicates the absorption of radiation
by elongated Si—C bonds corresponding to the defective SiC phase, which is transitional between amorphous
and crystalline in terms of its structural quality. The presence of a broad component with a maximum at 748.77
cm’ may indicate intense processes of penetration of carbon atoms deep into silicon with amorphization of
its structure and the formation of Si-C bonds in addition to dilatation dipoles. However, it should be taken
into account that the results of studies of silicon carbide films synthesized by ion implantation indicate the
impossibility of obtaining single-crystal layers at temperatures up to 1400 °C. This is due to the formation of
superstrong carbon clusters during energetic ion implantation.

These results well confirm the conclusions of [7] about the features of the formation of SiC on the Si (100)
surface and about the decisive role of the orientation of dilatation dipoles in the process of formation of the
symmetry of the SiC film.

At the same time, the number of sharp maxima in the spectrum increased significantly up to 864.95 cm™.
This may indicate the intense formation of nano- and microcrystals of various sizes [13,15].

If in Figure 2 we identify intense IR maxima from 794.74 to 864.95 cm™ with the crystalline phase,
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then their integrated intensity is 251 a.u., or 50.2% of the volume of the SiC phase, i.e. share is increasing
significantly. Thus, an intensive transformation of the nuclei of nanocrystals into micro- and nanocrystals is
observed. The total number of nanocrystal nuclei and carbon-vacancy structures (spectrum components in the
range 874.48-958.92 cm™) add up to 155 a.u., and the fraction is halved to 31.1% of the film volume. However,
the high amplitude of the peaks of crystalline SiC suggests a possibility of higher content of the single-crystal
component of silicon carbide.
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Figure 2 — Mathematical decomposition of the IR spectrum of the SiC film synthesized in an atmosphere of CO gas
(1300 °C, 0.8 Pa, 20 min)
by the method of atom substitution

Studies on a Quanta 200i 3D scanning electron microscope showed that with a synthesis duration of 20
minutes, a temperature of 1300°C and a pressure of 0.8 Pa, a microcrystalline surface structure is formed
(Figure 3) with grain sizes of 3-20 um.

Figure 3 — Scanning electron microscopy (1300 °C, 0.8 Pa, 20 min) of the surface of the SiC film synthesized in a CO
gas atmosphere by atom substitution method

Conclusions

The crystalline silicon carbide films containing mono- and microcrystalline phases of SiC were synthesized
by the method of coordinated substitution of atoms in a special electric furnace at temperatures of 1200 °C and
1300 °C for 20 minutes in a CO gas flow at a pressure of 0.8 Pa in the near-surface region of a Si(100) wafer.

It was found that an increase in temperature from 1200 °C to 1300 °C led to a more intensive formation
of silicon carbide and an increase in the number of Si—C bonds by 1.9 times due to an increase in the thickness
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of the synthesized silicon carbide layer. The proportion of the SiC crystalline phase increases to 50.2% of the
film volume due to the intensive transformation of nanocrystal nuclei into micro- and nanocrystals. However,
the high amplitude of the peaks of crystalline SiC suggests a possibility of higher content of the single-crystal
component of silicon carbide.
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INDEX SETS OF SELF-FULL LINEAR ORDERS ISOMORPHIC
TO SOME STANDARD ORDERS

Abstract. The work of Bazhenov N.A., Zubkov M.V., Kalmurzayev B.S. started investigation of questions of the
existence of joins and meets of positive linear preorders with respect to computable reducibility of binary relations. In
the last section of this work, these questions were considered in the structure of computable linear orders isomorphic to
the standard order of natural numbers. Then, the work of Askarbekkyzy A., Bazhenov N.A., Kalmurzayev B.S. continued
investigation of this structure. In the last article, the notion of a self-full linear order played important role. A preorder
R is called self-full, if for every computable function g(x), which reduces R to R, the image of this function intersects
all supp(R)-classes. In this article, we measure exact algorithmic complexities of index sets of all self-full recursive
linear orders isomorphic to the standard order of natural numbers and to the standard order of integers. Researching the
index sets allows us to measure exact algorithmic complexities of different notions in constructive structures, that we are
investigating. We prove that the index set of all self-full computable linear orders isomorphic to the standard order of
natural numbers is a I13-complete set. We also prove that the index set of all self-full computable linear orders isomorphic
to the standard order of integers is I13-complete.

Key words: linear order, self-full order, index set, computable reducibility.
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KEWBIP CTAHJIAPT PETTEPTE HU30MOP®ThI 31 TOJIBIK
CBI3LIKTHI PETTEPIIH UHAEKCTI KU BIH/IAPBI

Anpnarna. baxxenos H.A., Kanmypsaes b.C., 3y0koB M.B. »yMbIcTapblH/a TIO3UTHUBTI CBHI3BIKTBIK PETTEP/iH OWHAPIIBI
KaTbIHACTAP/IbIH €CENTeNIM/II KOLIIPiTyiHe KaTICThI CyIIPEMYMbl MEH MH(GUMYMBIHBIH 0ap OO0Jybl Typajbl CYpaKTapblH
3eprrey OacranraH OosarbiH. JKYMBICTBIH COHFBI TapayblHIa OyJl Cypakrap HaTypall caHaapiblH CTaHAApTThl PeTiHEe
n30MOp(THI OOJIATHIH ecenTeNiM/Il ChI3BIKTBI PETTEPAiH KYPbUIBIMBIHAA KapacThIpbulabl. OnaH KeiiH, ACKapOeKKbI3bI
A., baxeno H.A., Kanmyp3aes b.C. xyMbICTapbIHAa OCBI KYPBUIBIM/BI 3€PTTEY KaJFachlH TanTbl. COHFBI )KYMBICTA
©31TOJIBIK CHI3BIKTBI PETTEP YFBIMBI YJIKEH pei oiiHa bl Erep R skapThl peTiH R-re KellipeTiH Ke3 KeJreH ecentenimMai g(x)
(DYHKIMSCBIHBIH MOHJIEP KHUBIHBI 0apIIbIK supp(R)-KiaccTapbIMeH KUbUIbICCA, R KapThl PETi 031 TOJIBIK PET eI aTasia/ibl.
by makanana Hartypasi caHIApIblH CTaHAApPT PETIHE XXKOHE OYTIH CaHAapIblH CTaHIAPT PETiHE M30MOP(THI OapIbIK
CBI3BIKTBIK PETTEPiH MHJICKCTI JKUBIHIAPBIHBIH aJTOPUTMJIIK KYPACIIIri HaKThl OarayaHajpl. MHAEKCTI dKHUBIHAAP/IbI
3epTTey KapacThIPbUIBII OTHIPFaH KOHCTPYKTHBTI KYPBUIBIMAAPAAFbl TYPIIi YFBIMAAPABIH HAKThI KYPIEIIriH Oaraayra
MYMKIiHIIK Oepeni. Hatypan canmapiblH CTaHAApPTThI PETiHE HU30MOPQTHI OOJNATHIH ©3ITONBIK SCEHTEIIM/II ChI3BIKTHI
peTTepiH MHAEKCTI KUbIHAAphl [13-TONBIK KUBIH GONATHIHABIFGI JoNelaeHe . ByTiH cannapiabH cTaHIapTThl PEeTiHe
130MOpPQTHI GONIATHIH ©31 TOJBIK €CENTENIMII ChI3BIKTHI PETTEPIH UHIAEKCTI JKUbIHAAPDI [13-TOJBIK XKUBIH GOJIATHIHIBIFbI
JoTeneHe .

Tipek co3mep: CbI3BIKTBI PET, ©31TOJIBIK PET, HHACKCTI KUbIH, €CENTENIM/II KOLIipy.
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UHIEKCHBIE MHOKECTBA CAMOIIOJIHBIX IUHEWHBIX IMTOPSAJIKOB, U30MOP®HBIX
HEKOTOPBIM CTAHAAPTHBIM IHOPAJKAM

Annoranusi. B pabore baxenoBa H.A., 3yoxoBa M.B., Kanmypsaesa b.C. Obuto Hawato mccienoBaHHe BOIPOCOB
CYIIECTBOBAHUSl CYNPEMYMOB M WH(QHUMYMOB IO3MTHBHBIX JIMHEHHBIX HPEINOPSIKOB OTHOCHTEIBHO BBIYHUCIUMBIX
CBOIMMOCTEW OMHApPHBIX OTHOIICHHUH, B ITOCIEIHEN TIIaBe 3TH BOIPOCHI OBUIM PACCMOTPEHBI B CTPYKTYPE BBIYHUCIUMBIX
JIMHEIHBIX MOPSIIKOB, N30MOP(HBIX CTAHIAPTHOMY TOPSIKY HaTypabHbIX yrcen. [anee, B pabore AckapOeKKbI3bI A.,
BaxenoBa H.A., Kammyp3aeBa Bb.C. ObpII0 TpOmODKEHO HCCIIENOBAaHWE JTOH CTPYKTYphl. B mociemneir pabote
HEMaJIOBaKHYIO POJIb CHITPAJIO MOHATHE CAMOIIONHBIX JIMHEHHBIX MOPSAKOB. [Ipeamnopsnok R Ha3bIBaeTCs CaMOIIOIHBIM,
ecJm JUTs JTI000H BBIYUCIMMON (QYHKIMHU g(X), OCyIIeCTBIIomel cBoquMocTh R B R, ee oOnacTh 3HaueHnit nepecexaer
Bce supp(R)-kmaccel. B nanHO# crathe OlEHMBAETCS TOYHAS AITOPUTMUYECKAsl CJIOKHOCTh WHJIEKCHBIX MHOXECTB
BCEX CaMOIIOJHBIX PEKYPCHBHBIX JIMHEHHBIX TOPSIAKOB, H30MOP(HBIX CTAaHIAPTHOMY IMOPS/IKY HaTypaJbHBIX YHCEN U
LeNbIX 9yncen. MccnenoBaHue WHACKCHBIX MHOKECTB MO3BONISET OLEHUTH TOYHYIO CIOKHOCTH PAa3IMYHBIX MOHATHH B
UCCIIEyeMbIX KOHCTPYKTHBHBIX CTPYKTypax. JlOKa3bIBa€TCsl, YTO MHIEKCHOE MHOXECTBO CaMOIOJIHBIX BBIYHCIUMBIX
JIMHEWHBIX TIOPSIKOB, H30MOP(MHBIX CTAHIAPTHOMY MOPSIIKY HATYPAJIbHBIX YHUCEN, ABISCTCS I13-TIONHBIM MHOKECTBOM.
Jloka3bIBaeTCs, 4TO MHIEKCHOE MHOXKECTBO CAMOTIOIHBIX BBIYNCITUMBIX TMHEHHBIX TIOPSIKOB, H30MOP(HBIX CTAHAAPTHOMY
MOPSIKY LENBIX YUCEN, SBISETCS [13-TIOMHBIM MHOXKECTBOM.

KiroueBrble cjioBa: TUHECHHBIN TOPAOOK, CaMOTIOJIHBIN MOpAA0K, MHACKCHOC MHOXXCCTBO, BBIYMUC/IMMAasA CBOANMOCTDL

Introduction

In this paper, we investigate the algorithmic complexity of positive preorders on the set of natural
numbers (we denote by w) and isomorphic to the standard order of natural numbers (we denote this
as w_), also to the standard order of integers (we denote this as (s ).

In this article, we keep the notations and terminology as in [1].

Let R, S be binary relations on w. We say that R is computably reducible to S (denoted by R<S),
if there is a computable function f{x) such that

xRy o f(x)Sf(y)

for all x,¥ € w. We say that R and S are computably equivalent (denoted by R =, S), if R<S
and S<RT].

There is a computable numbering a for the family of all positive preorders on w. For simplicity,
by P, we will denote the positive preorder with index i (i.e., we will consider a(i) = P). Given a class
K < {P.:x € w}, we say that I, = {x: P, € K} is an index set of the class K. Studying index sets allows
us to get an exact measure of the algorithmic complexity for different classes of positive preorders K.
Article [3] was completely devoted to researching index sets for different classes of positive preorders.

The papers [4-9] measured index sets of classes of positive equivalence relations in universal
numbering for the family of all positive equivalences.

Main provisions. Material and methods

Notation 3! x means that «there is a unique x», and 3* x means that «there are infinitely many x».
By Id we denote the identity equivalence relation on w. By card(A) we denote the cardinality of a set
A. Let R be a preorder and j € w, then by /1z we denote the set {x: (x,j) €R &(j,x) € R},

In proofs, we will use the following fact [10, Theorem 4.3.11]: A € x9 iff there is a computable
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ternary predicate R such that

« If x € A, then there is a unique y, that (3*°z)R(x,y, z);

« If x € A, then for any =(3%z) R(x, y, 2).

We will use the following notations:

Ceers = ({deg.(E): E is a positive equivalence}; SC),

Ceprs = ({deg.(P): P is a positive preorder}; <.)

Celps = ({deg.(L): L is a positive linear preorder}; <.).

Definition [7]. A preorder R is called self-full if for any reduction g: R <. R the following holds:
for any number j € w there is k € w, such that g(k) € [j]z

The papers [11, 12] studied the following structure:

Q = ({deg.(L): L is a computable linear order isomorphic to wg: }; <.)

Moreover, in [11] it was proved that there exists an antichain of self-full degrees above any given
degree a € Q. This fact implies that the structure Q has continuum many automorphisms. Also, in
[10] it was proved that there is no strong minimal cover for a non-self-full degree. This result implies
that, in the structure Q, the self-full degrees are precisely those elements that have a strong minimal
cover. Note that a linear order L € Q is self-full iff every computable function f # id does not
reduce L to L.

In this paper, we measure the index sets of the following classes:

s Ispq = {i: P; is a self-full linear order isomorphic to wg; };

» Isp; = {i: P; is a self-full linear order isomorphicto {}.

In particular, we prove that both sets are [13-complete sets.

Results and discussion

The index set I = {i: P; € O} is M13-complete. The upper bound is implied by the following:
P; € Q is equivalent to this condition:

P; is linear & P; is antisymmetric & (¥x)(3y)(Vz > y) [« <p; z]. (1)

The predicate x<p,z is computable, if P; is linear and antisymmetric. This means that the
predicate (1) is equivalent to a I13-sentence.

The lower bound for I follows from Theorem 3(a) in [13], or from Example 2 in [14].

Theorem 1. The index set Igzq = {i: P; is a self-full linear order isomorphic to wg} is 13
-complete.

Proof. Self-fulness of P; is equivalent to the following:

(ve) | 3y(pe ) DV [V [t <5, v © 9o(@) S5, 9o ()] > (vVaTD) (a~p,00 )|

which is equivalent to a [13-condition. From the proof given above, P; €  is equivalent to a 13
-condition. Then, the conjunction of these conditions is also equivalent to a M3-condition.

Now we show the completeness. Suppose that a set 4 belongs to the class I13. Then there is a
computable relation Q (x, y, z) such that

x¢Ae Aly)3®2)Q(x,y,2)

For every e € w we satisfy the following requirements for the constructed order L = L :

« SF:if @, # id, then ¢_does not reduce L to L.

. IS:if @*2)Q(x,€,2),then L & Q.

In the construction of relation Z there will be conflicts between strategies, which will be resolved
by finite injury priority. Assume that the set of SF-strategies is linearly ordered of type w: for instance,
SFy < SF; < ---. Agiven strategy IS, does not conflict with the other strategies, so IS, essentially will
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work in the background mode.

In the strategy SF, we say that 2x is a fresh number if 2x, is greater than . (a) L for the
higher priority strategies SFer, e’ < e. In the construction, a notion “putting a fresh number
after some number o in the order L_at some stage s+1” means that we define Lygs4; = Lys U

{(Z: y):a <Lys }’} U {(}’: z):y Sk a}’ where z is the least odd number not in dom(L,. ).

STRATEGY for SF

1. Wait for a fresh number 2x, such that @, (2x.) 1>, 2x,;

2. Let @ = @.(2x,). Wait until ¥e(@) is defined;

3. If @e(a) L >, a, then put k == card([a, ¢.(a)],) fresh numbers after 2x . Every time
when card([a, ¢.(a)],) increases, we will put a fresh number after 2x .

Strategy SF has two outcomes:

wait: Stuck at step 1 or step 2. Then one of the following is true:

(a) The function ¢, is not total.

(b) ®e(2x.) 1<) 2x,, or p.(a) <, a. Then ¢_=id or ¢, does not reduce L to L.

In both cases the requirement SF is satisfied.

act: Reaching step 3. If ¢,(a) <, a, then the requirement is satisfied. Otherwise,
card([2x,; a];,) > card([a; p.(@)].). Then ¢, cannot be a computable reduction from L to L,
and in this case we initialize the lower priority strategies of type SF, which chose 2x, less than ¢ (a),
as its own number at step 1. “The strategy SF is initialized” means that this strategy starts again from
its step 1.

STRATEGY for IS ;

1. Choose the number 2e;

2. Let k == card({z: Q(x, e, z)}). Put k fresh odd numbers after 2¢ in L.

CONSTRUCTION.

At stage 0, we assume that Ly o = {(22,2y):z < y}.

At stage s+ we visit all strategies SF, and IS, for i<s. In IS, we define k as card({z: Q(x,i,z)
& z < s}). And in IS, all conditions will be considered at the stage s.

Define Lx =Usew Lxs.

Lemma 1.1. L_is a linear order on w.

Proof. It is known that the function f'(x) = x+2 has infinitely many G6del numbers (let @¢, = f).
Then (pei(eri) 1 and strictly greater than 2x,, for every e. Moreover, (pei(eri) =2x,, +2=a
s Qe (a) | and strictly greater than a. According to the strategy SFe,, at least one odd number should
be put after v2xel.. Since there are infinitely many such e, each odd number will be put after some
number. Hence, L, is a linear order on w.

Lemma 1.2.If x € A, then L, ¥ w.

Proof. Let x & A, then (3'y)(3*2)Q(x,y,2). Inside the interval [2y,2y + 2], , the
construction builds ®". Hence, L, % w.

Lemma 1.3.If x ¢ A, then Ly # w.

Proof. Let z be a natural number. We show that only finitely many elements will be
enumerated inside [2z,2z + 2] L, According to the strategy IS, by the construction precisely
k := card({z: Q(x,e,z)}) elements will be enumerated after the number 2z (i.e., finitely many
elements).

This number 2z can be the fresh number 2x_for some strategies SF. Let SFp, be the first
strategy, which reached step 3. At the first stage s, when it happened, it is obvious that the interval

[a; Pe, (a)] Lys, 1s finite. Consequently, there are finitely many intervals [2y,2y + Z]Lx in this
interval. If new elements are enumerated inside the interval [2y, 2y + 2], according to the strategy
IS, then some elements after 2x_could be enumerated.
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In addition, another strategy with higher priority SF', can pick 2z as its own number at step 1 and
reach step 3. In this case, every action from above will be repeated. Since there are only finitely many
strategies with higher priority, in the end only finitely many elements will be enumerated inside the

interval [22, 2z + 2]
Since z is an arbltrary number, the constructed order L_will be isomorphic to w.
The sequence (Ly)xee is a computable numbering of some subfamily of the family of all positive

preorders. Consequently, there is a computable function f'such that Ly = Pr(x) for every x € w.

X €A f(x)€ .

Theorem 1 is proved.
For i € w, the preorder P; is a computable linear order isomorphic to {s¢ if and only if:

P; is linear & P; is antisymmetric &

—[3x vy (x <p, ¥)]|& =[x Vy (x =p, ¥)]|&(Vx,¥)(32)
(Vu)[x <p, u <p, y—>u<z] )
The predicate X <p, Z is computable, if P; is linear and antisymmetric. Hence, the predicate (2)

is equivalent to a H3-sentence
Theorem 2. The index set Isp; = {x: P, is a self-full linear order isomorphicto {} is

Hg-complete.
Proof. We take the order L_constructed in Theorem 1, and we define the order Z_as follows:

assz<—>[a=2k&b=2m&kSLxm]v
l[a=2k+1&b=2m+1&m <, _k|v
[a=2k+1&b =2m]

Suppose that L _is a self-full order isomorphic to w . We show self-fullness of Z by reduction to a
contradiction. Assume that Z_is a non-self-full order. Then there is a computable functlon f(x) #id
that reduces Z to Z . Let ¢ be an element such that f(t) # t. We construct a function g:w — w as

follows:
« if f(t) <z, t. then

v, 2y+1>, ¢,
gy ={fQy+1 -1

> , 2y +1 Szx t.
o« ift <z f(0), then
Y 2_')/ <Zx L,
= 2
9 =1f( y)’ 2y >, t.

2

A simple analysis shows that the function g(x) # id computably reduces L_to L, which

contradicts the self-fullness of L .
If Ly # wg, then it is obv10us that Z, % . Thus, reduction of an arbitrary H3 set Fto [,

can be proved as in Theorem 1.
Theorem 2 is proved.

Conclusion
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Upper bound of the index sets of these classes was found:

o Ispq = {i: P; is a self-full linear order isomorphic to wy; };
* Ispz = {i: P; is a self-full linear order isomorphic to g }-

It is proved that both sets are l'[g-complete sets.
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AJITEBPANYECKAS XAPAKTEPUCTUKA KPUTEPHUS ITOJTHOTHBI KJIACCA
AJITEBPANYECKUX CUCTEM

AHHOTanusi. Bo MHOTHX HCTOYHMKaX IO TEOPHH MOJEICH TTOMUMO JIOKAa3aHHBIX CBOWCTB O Kiaccax anreOpandecKux
CHCTEM TPHUBOJIATCS XapaKTEPUCTUKN ITHX CBOMCTB B anreOpandecknx TePMHHAX, TO €CTh MOKA3bIBAIOT MPHUPOLY 3THX
CBOWMCTB B paKkypce yHHBEpCalbHOH anreOpsl. HamprmMep, Kiracc KBa3MMHOTOOOPA3Hid I MHOTOOOpa3nil OTIPEIeIsIoT,
UCTIONB3YSl TEOPETHKO-MOJCIBHBIC ITOHATHSA BBIONHEHHS KBA3WUTOXKJICCTB WM TOXICCTB M B anreOpandecKux
MOHATHAX 3aMKHYTOCTH OTHOCHTENBHO MPSAMBIX HPOW3BEACHHH, YIBTPAIPOW3BEICHNH, BBIMOIHEHHUS JOKAJIBHOCTH,
3aMKHYTOCTH OTHOCHTensHO romoMopdusmoB. X.JDk. Keifcnmep mpuBen anreOpanmdeckylo XapaKTCPUCTHKY
KPHUTEpHUsI aKCHOMAaTHU3UPYEMOCTH KJlacca anreOpandecKkux CHCTEM, HCTIONb3Ysl 3aMKHYTOCTh KJIacca OTHOCHTEIBHO
YABTPATIPOU3BEICHNS U M30MOp(hr3Ma anredpandecknx CUCTEM, a TAKXKE 3aMKHYTOCTH OTHOCHTEIBHO YIIbTpacTereHeH
s moromHeHns kimaccy. X.Jx. Keficiep He mpHWBOOWT, OMHAKO, KAaKYIO-IHOO anre0pandecKyio XapaKTepH3alnio
KPHUTEpHsI MOTHOTHI Kjacca anreOpandecKnx CHUCTeM. B maHHOH cTaThe moimydeHa anreOpandeckasl XapaKTepHUCTHKa
KpPHUTEPHsI MOTHOTHI KJIacca anredpandeckux cucteM. it CpaBHEHUS: 1aTh areOpandecKyro XapaKTepHUCTHKY KPUTEPHs
MOZIETbHOMN TIOJTHOTHI KJTacca B TEPMHHAX, UCIIONB3YEMBIX B CTaThE, HE TPEICTABIACTCS BO3MOKHBIM. JTO TIOKa3bIBACT,
4TO anredpandecKas IPUPOA ITOTHOTO M MOAETHHO TIOJIHOTO KIIACCOB HEKOTOPBIM 00pa3oM pa3iIHyacTcCsl.

KaroueBble cjioBa: Kiacc anre6pa1/1qec1<nx CHUCTEM, DJJIEMEHTAPHOEC BJIOKCHUE, aKCHMOMATHU3UPYEMOCTH, OTHOIICHHUC
HaCTUIHOTO TTOPSAIKA.
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AJITEBPAJIBIK )KYWEJIEP ChIHBITIBIHBIH, TOJBIKTHIK KPUTEPUIHIH
AJITEBPAJIBIK CUITATTAMACBI

Angarna. Mojensaep TeopHsch OOWBIHINA KONTETeH ICPEKKO3Aepac airedpalblK >KyWenepaiH KiIacTapbl Typajbl
TTONIENICHTeH KaCHeTTePMEH KaTap, OYJI KaCHeTTep/IiH CHITaTTaMaIaphl anreOpaiblk TepMUHICPMEH Oepiiei, SFHH oiap
OyJ1 KacHeTTepAiH TaOuFaThIH aMOeOar anredpa TYPFRICEIHAH KopceTeli. MBIcallbl, KBa3H COPTTap HEMece COpTTap KJIachl
MOJICITBAIK-TEOPHSITBIK YFBIMIAP, KBa3H COMKECTIKTEp HEMece COUKECTIKTEP/IiH OPBIHAAIYEI, )1 aNreOpalbIK TYCIHIKTepae
TIKENIEH TyBIHABIIAPFA, YIBTPAOHIMIEPTE, JIOKATIbIBUIBIKTEIH OPBIHAATYBIHA, TOMOMOP(MU3MIEPTe KaThICThI TYHBIKTHIKKA
OaifmaHbpICTHI aHBIKTaNaAbl. MyHmal MeIcangap keibip 6acka nepexkesaepae kenripinre. X. Jx. Keiiciep anreOpaibik
JKYHenep KIachIHBIH aKCHOMAaTH3aIMsIaHy KpUTepHUiiHe anreOpablK cumartama 0epii, anreOpaibiK KyHeIepIiH yiubTpa
OHIMI MEH N30MOp(H3Mi aCTBIHIAFHI KJIACCTHIH TYHBIKTATYbIH, COH/Ial-aK KIIACCTHI TOIBIKTHIPY YIIiH YIBTpa KYIITEPIiH
acTeIHa XaObuTybIH Kommauael. X.J[x.Keiicnep, amaiina, anreOpanbIK KYHenepIiH TONBIK KJIACHl YIIiH KPUTCPHIIIH
eIIKaHal anreOpabIk cUmaTTaMackiH Oepmeiini. Ectepiisre cama kereiiik, anreOpaisik xKylienep KiIackl KaHaai aa 6ip
TEOPUSTHBIH alreOpabIK KYHenep KITachIMEH COUKEC KeJce, anreOpaiblK sKyHenep K1achl akcHOMaTH3alMsTaHaThIH JeTT
aTana/ipl, anreOpabIK JKyienep Krackl KaHaai ma 0ip TONBIK TEOPHUSHBIH alreOpablK JKyieep KIackMeH coifikec Kence,
anreOpaibIK Kyienep KIachl TOJNBIK eI aTajajbl, all KIacc anreOpaiblK KyHenepaiH KiIackl KeiOip MOIETBIiK TOIBIK
TEOPUSHBIH aJITeOpaTbIK KYHENepiHiH KIIaChIMEH COMKeC KeJICe, MOJIENb-TONBIK JACT araiaasl. by Makanaga anreOpasbik
JKYHenep Kiachkl VIIIH TONBIKTBIK KPUTEPUHiHIH anreOpaiiblk cumarTamachl anbiHFaH. CabICTBIpy YIIIH Makajianaa
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KOJIAHBUTFaH TEPMHH/ICP OOMBIHIIA CHIHBIITHIH MOJICIIB/IIK TOJIBIKTHIFbI KPUTEPUIAIHIH alreOpaiblK CHIIATTaMaChiH Oepy
MYMKIiH eMec. ByJT TOBIK oHe MOIEIBIIK TONBIK KJIacTap IbIH alreOpablK TAOUFATHI OipITaMa e3rele eKeHiH KOPCETeTi.

Tipek co3aep: anreOpabIk Kyiieaep Kiackl, 3leMeHTap KipicTipy, akcHOMaTu3anysl, illiHapa peTTiK KaTblHac.
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ALGEBRAIC CHARACTERISTICS OF THE CRITERION OF COMPLETENESS
OF A CLASS OF ALGEBRAIC SYSTEMS

Abstract. In many sources on model theory, in addition to the proven properties about classes of algebraic systems, the
characteristics of these properties are given in algebraic terms, that is, they show the nature of these properties from the
perspective of universal algebra. For example, the class of quasi-varieties or varieties is defined using model-theoretic
concepts, fulfillment of quasi-identities or identities, and in algebraic concepts of closedness with respect to direct
products, ultraproducts, fulfillment of locality, closedness with respect to homomorphisms. H.J. Keisler gave an algebraic
characterization of the criterion for the axiomatizability of a class of algebraic systems, using the closure of the class
under the ultraproduct and isomorphism of algebraic systems, as well as the closure under ultrapowers to complement
the class. H.J. Keisler, however, does not give any algebraic characterization of the criterion for completeness of a class
of algebraic systems.In this article, an algebraic characterization of the completeness criterion for a class of algebraic
systems is obtained. For comparison, it is not possible to give an algebraic description of the criterion for the model
completeness of a class, in terms used in the article. This shows that the algebraic nature of complete and model complete
classes is somewhat different.

Key words: class of algebraic systems, elementary embedding, axiomatizability, partial order relation.

Beenenue

CBoiicTBa 3J1€MEHTAPHOTO BIIOKEHUS anredpanyeckux cucteM paccmarpuBanu A. Tapckuit, Boor [1],
A. PoOuncon [2]. OTHomeHue momoOus anredpandecKux CHCTeM (HEOTIUYMMOCTH) IO AIIEMEHTapHOU
BIOXXKUMOCTH npuBoautcst A.M. Manbuesbim B [3].

Bo MHorux ucrounukax mno teopuu mozaenei [4], [5], [13], [14] noMuMo noka3aHHBIX CBOMCTB O Klaccax
anreOpanvecKrux CUCTEM JICIal0TCs MOMBITKH B allreOpanyecKUX TEPMUHAX 0XapaKTEPU30BaTh 3TH CBOMCTBA, T.C.
MOKa3aTh IPUPOY 3TUX CBOMCTB B paKypce YHUBepcallbHOH ainredpsl. Hanpumep, kiacc KBa3uMHOToo0pa3uit
WIN MHOTOOOpa3uil ONpeAessiioT, UCTIONb3Ysl TEOPETUKO-MO/CIIbHBIC TIOHSTHS BBIIOJIHEHNSI KBa3UTOXKICCTB
WIN TOXIECTB M B alreOpanyecKux IOHATHSAX 3aMKHYTOCTH OTHOCHUTENBHO MPSMBIX HPOM3BEICHUH,
YABTPANPOU3BEICHNH, BBINOIHEHHS JIOKaJbHOCTH, 3aMKHYTOCTH OTHOCHUTENBHO roMoMop¢usmoB. Takue
HpUMepbl IPUBOASTCS U B HEKOTOPBIX APYTMX UCTOUYHUKAX.

B namnoii crarbe paccmarpuBaeTcs abCTpakTHBIA Kinace K, To €CTh 3aMKHYTBIH KIacc OTHOCHTENBHO
n3oMopu3Ma, Bcex alreOpanuecKkux CHCTeM CUETHOro si3blka L mepBoro mopsiaka, T — Teopus si3bika L.
Knacc anrebpanyeckux CHUCTEM HA3bIBACTCS AKCHOMATH3HPYEMBIM, €CIIM OH COBIAQJACT C KIAcCOM BCEX
anredpandeckux cuctem Hekotopoit Teopun T [10]. Kimacc anreOpandeckux CHCTEM Ha3bIBACTCS ITOJHBIM,
€CJIM OH COBIIQJIaeT C KJIACCOM BCeX anreOpamuecKkux CucTeM HekoTopoi monHoi Teopunm T [11]. Kiacc
anreOpanvecKrux CUCTEM Ha3bIBACTCSI MOJICJIBHO MTOJHBIM, €CJIM OH COBIAIAaceT C KJIACCOM BCEX anre0panieckux
CHUCTEM HEKOTOPOH MofenbHO nonHoM Teopun T [4].

X. Hx. Keiiciep B [4], [5] mpuBoguT u I0Ka3biBaeT anreOpanuecKyl XapaKTEpUCTHKY KpUTEpHUs
AKCHOMaTH3UPYEMOCTH Kiacca. To ecTh Kilacc alre0pandeckux CUCTEM, aKCHOMAaTH3UPyEMBI TOTIa U TOIBKO
TOT/Ia, KOTJIa OH 3aMKHYT OTHOCHUTEIILHO YIBTPAPOU3BEICHNUIN U N30MOP(HU3MOB, a €ro JONOITHECHHE 3aMKHYTO
oTHocuTenbHO yasrpacteneHei. Oqnako X. JLx. Keficnep [4], [S] He npuBoaUT KaKylo-TH00 anre0pandecKyro
XapaKTEepPUCTUKY KPUTEPHS TTOJTHOTHI Kilacca anredpandeckux cucreM. Het takoro kpurepus u B [14].
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OcHOBHBIE IOJIOKEHH S

3anuce A<B o3Hagaer, uTo anrebpanyeckas cucTeMa A — 3lIeMEHTapHas MoACUCTEMa anreOpandyeckon
cucrembl B. Anrebpanueckass cucrema A 3IEMEHTapHO BKJIaJAbIBaeTCsl B ajreOpandeckyro cucremy B,
€CJIM CYLIECTBYET M30MOP(pU3M anreOpandeckodl CHCTEMbl A Ha 3JIEMEHTApHYIO MOACHUCTEMY CHCTEMBbI B.
O6o3zHauaem yepe3 A<— B.

Koneuno, eciu A<— B, To anreOpanueckue cucreMbl A u B anementapHo skBuBajieHTHbI. OOpaTHOe
MOKET HE BBIITOJIIHATHCA.

Ompenenenre 1. Monenu A u B HassiBaroTcs mogo0HbIMH, eciii A<— B u B<— A,

[MonsiTHO, 4TO eciu anredpanueckue cuctTeMbl A U B n3oMop(dHBI, TO OHU TTOJJO0HBI.

Haxnacce K, paccMoTpum IByMECTHOE OTHOIIEHHE TOA00HS. DTO OTHOLIEHHE PEPIEKCUBHO, CHMMETPUIHO
¥ TPAH3UTUBHO [6], TO €CTh SBIISETCS OTHOLUIEHHMEM JKBUBAJIEHTHOCTH, KOTOPOE pazOuBaeT kinacc K, stum
OTHOIIIEHMEM Ha Hemepecekaromuecs Kinacchl. DakTop-KIace BCeX 3THX KiaccoB 0003HaunM vepes 'K . Eciu
T — Teopwus, To 10 OTHOLIEHUIO MO00MS MOJTydaeM (akTop-Kiacc, KoTophlit 0603Haunm yepes 'K, . ITonsTHo,
4T0 eci anrebpandeckue crucreMsl A n B momopdus n A€k u Bek,, rae K,k €Ki, To Ki=K2, B 310M
ciTydae KJIacChl Ha3bIBaeM M30MOP(HBIMHU.

MarepuaJjibl 4 METOIbI
B pabote ucrons30Baniich U3BECTHBIC PE3YIBTaThl OTHOCUTEIBHO YABTPAIPOU3BEICHNUH, SIIEMEHTAPHOTO
BJIOXKEHUS U DJIEMEHTAPHON SKBUBAJICHTHOCTH aIreOpandeCKiX CUCTEM.

Pe3ynbTarhl u 00cy:KaeHHE

Ha xmacce ="KL BBE/IEM JBYMECTHOE OTHOILIEHHUE <.

Onpenenenne 2. IycTh KIaccsl K K, €K, .Torna K, < K, O3HaYaeT, 4T0 aIreOpauvecKue CUCTEMbI U3
KJIacca K, 2JIEMEHTAPHO BKIIA/IbIBAIOTCS B aTeOpandeCckue CHCTEMBI KIlacca K.

[Ipennoxenue 1. OTHOMEHNE < Ha *KL SIBJISIETCA YACTUYHBIM MTOPSIIKOM.

JlokasarenbctBo. OTHOmEHHUE pedekcnBHO. OTHONIEHHE < aHTHCHMMETPHYHO, TaK KaK ECIIM K, <K, M K,
<K,, TO 33 CYUET CBOKCTBA HIIEMEHTAPHOTO BIOXKEHHS K, =K,. TPaH3UTUBHOCTH OTHOIIEHHS < TOXKE BBITIONHSETCS.

Ha daxrop-knacce "K| BBesieM onpejieieHUe ynbTpanpou3BeIeHUs U YIbTPACTEEHH 110 YIbTpaduiIbTpy
D. Iycts I — HemycToe MHO)ecTBO, D — ynbrpaduistp Haz I, u mycts as kaxaoro iel, ke K.

Onpenenenne 3. Yasrpampoussenenue |[pKi mo ymsTpadumsTpy D — Kaacc, B KOTOPOM JIEKHT
YIBTPANpou3BeeHue 10 ynsTpaguinbrpy D anreOpamueckux cucrem A, Takux, 4ro A, € Kj , 1€l Ilo
aHAJIOTUH OTIpesieNseTcs ynbrpacteness | [p K mo ymsrpaduastpy D s k € K,

[Ipemnoxxenue 2. YnprpampousBeneHue 1Mo yiasrpaguisrpy D u ynmerpactenens no ynsrpaduistpy D
OTIpe/ieTICHbl KOPPEKTHO.

JHoxkazarenbctBo. [IpoBomuTCS 32 CYET CBOMCTB AIIEMEHTAPHOTO BIIOXKEHUSI.

[Tycte K — HekoTopsiii kinace anredpandeckux cucreM. C MOMOIIbIO0 BBEJICHHOTO OTHOIIEHHUS ITOI00MUS
noyuuM ¢akrop-kiace K.

Teopema. Ilycts K — HekoTOpEI# Kace anredpandecknx cucreM. Kitacc momHBIN TOT/Ia U TOJIBKO TOT/A,
korna K ynoBieTBopsieT BceM HUKETIepEYHCISHHBIM CBOWCTBAM:

1) 3aMKHYT OTHOCHTEIBHO YIBTPAIPOM3BEACHUH W W30MOP(PHU3MOB, U €ro JOTNOJIHEHHE 3aMKHYTO
OTHOCHUTEIFHO yJIbTpacTeleHeH;

2) st kaxxzoro noamuoxkectsa H K cymectByer BepxHsist rpanuia B “K 0THOCHTEIBHO OTHOLICHHUS <.

Joxazarensctso. Ilycts kinace K nomnbiit. M3 storo cienyer, uto 'K “K| . M3 ussectnoro dakra [15],
YTO JUIs IIOOOTO ceMeicTBa anre0pandeckKux CHCTEM ITOJTHOTO Kjlacca CYIIECTBYET MOJIENb, B KOTOPYIO BCe
anreOpanvecKkrue CUCTEMBI TOTO CEMEHCTBA AIEMEHTAPHO BKJIAIBIBAIOTCS, BBITEKAET BBIMOIHEHNE YCIOBUS 2).

ITycte kitace K ynoBieTBopsieT BCeM MEpPEUUCICHHBIM ycaoBusM. M3 mepBoro BeITeKaeT, 4Tto Kiacc K
akcuomarusupyembiid. 3naunt, 'KE 'K . W BMecTe ¢ BbimoiHeHHEM yclnoBus 2) momydaem, yto kiace K
SIBJISICTCSI TIOJTHBIM.

JJist cpaBHEHUS: €CJT paccMaTpUBaTh MOJICIIbHO MOJIHBIN KJIACC aareOpanvyecKiux CUCTEM, TO B TEPMUHAX,
HCIIOJIb3YEMBIX B CTaThe, aTh anreOpandecKyro XapakTepPUCTUKY KPUTEPUS MOJIEIHHON TTOJTHOTHI Kilacca He
MIPENICTABIIACTCS BOSMOKHBIM. JTO IMMOKA3BIBACT, UYTO ajredpamueckas mprupojia IMOTHOTO U MOJIETHHO TTOJTHOTO
KJIACCOB HEKOTOPBIM 00Pa30M pazIudaeTcs.
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3ameuanue. C BBCJICHUEM OTHOIICHUA HO,Z[O6I/I5{ JUIS TIOJTHOTO KJ1acca K Bo3HHMKAET eCTeCTBEHHOE TIOHSITHE

crektpanbHoit Gynkiun Bai(L) — konmdecTsa 9THX K1accoB B Kak 101 KOHKPETHOM MOIIHOCTH | ZI7Is1 HOJTHOTO
kiacca K.
B [6], [7], [16] mpuBoasTCS NpUMEPBI, 4TO [Isl HEKOTOPOTO MOoNHOIO Kiacca K cnekrpanbubie pynkumnn [

M) [12]u B*K'OM) [8] MoOryT OBITE pasnuuHbIMU, Hanpumep, i [ (w) u B, (o).

Ecnn knacc anrebpandecknx cucteM K. MOJENBHO MOJHBIA M 3aMKHYT OTHOCHTENBHO MPOU3BEIEHUS
Mojienel, To MOKHO BBECTH KOPPEKTHO ONepaluio mpousseneHus knaccos Ha K. [9]. To ectb momyuars
abenesy noanoyrpynmy K, abenesoit nomyrpynmsr ‘K

3aKjoueHue
I/ICHOHLS}/H y.III)TpaHpOI/ISBe,ZICHI/ISI, OTHOIICHUSA YaCTHUYHOI'O nopsmKa nu BerHefI FpaHI/II_[BI, JaHa
anreOpanyueckas XapakTepUCTHKA KPUTEPHS TOJTHOTHI Kilacca anreOpandyeckux CHCTEM.

Nudpopmanust 0 GuHAHCUPOBAHUU
PaGora TpeThero u3 aBTOpOB BHITIOIHEHA NMPH (HHAHCOBOH moaepkke Komurera Hayku MuHOOpHAyKH
PK, rpant Noe AP09259295.
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9JICI3 O-MUHUMAJLIbI TEOPUAJIAP MOJAEJIAEPIHIH I'MITEPT' PA®TAPBIHBIH
KACHUETTEPI

Anparna. byn xympicta 013 QJICI3 O-MHHHUMAJIBI TEOPHSUIAp MOJEIBACPIHIH TUIeprpadTap YIIiH CaIbICTHIPMAaIIbI
H-epkingix >xeHe canblcThIpMansl H-Toyencisnik yreIMaapsiH 3epTTeiiMis. TeopHsiHBIH MOIeNbAEPAIH THieprpadTapst
TEOPHSUTAP/BIH ©37epi Typajbl Ja, COFaH OalIaHBICTBI CEMAaHTHUKAIIBIK OOBEKTIIEP Typasbl Aa MaHBI3AbI KYPBUIBIM/IBIK
aKnaparThl alryFa MYMKIHAIK OepeTiH TybIHbI 00bekTiiep Oonbin Tabbutansl. Ecke canmaiibik, runeprpad — ke3 KelreH
xyn (X, Y), myanarsl Y okoHe X oxublHAapbl P(X) OyneaHblHBIH KelOip iIIKi KWbIHBL byn skarmaiina X SKHBIHBI
runeprpadTei (X, Y) Herisri skubH fen aranaasl. An Y-TiH anementTepi runeprpadToie (X, Y) KaObIpranapsl gem
aTtanajapl. OJICi3 0-MUHUMAIABUIBIKTEL OacTtankbina J[. Makdepcon, . Mapkep xone Y. CTEHHXOPH TepeH 3epTTETCH.
OTKeH FachIP/IbIH TOKCAHBIHIIBI XbUIIapbIHaa KasakcTaH FaiapiMIapsl 0Chl aBTOpIIap KoWFaH OipKaTap Macelnenepai mere
OTBIPBIIT, OYJT TYCIHIKTI 3€pTTEyre COTTI KOCBUIIBL. By skKyMBIcTa 013 9JICi3 O-MUHUMAIIBI KYPBUTBIMIAPIBIH MOJICITBTIK-
TEOPHSUIBIK KAaCHETTEPiH 3epTTEeyAl KalFacThlpaMbl3. JleHecTik paHrici OOHBIHIIA OMera-KaTeropusuIbIKKa JKYBIK QJICi3
O-MHHHUMAJIJIBI TEOPHUSUIAPAAFbl aareOpaiblK eMec 1-THITI XKy3ere achlpy >KHUBIHBIHBIH CaJIBICTHIpMalibl H-epKiHairiHig
KpHUTepuiii anbiHraH. bi3 conaii-ak 1-TUnTepaiH aICi3 OPTOrOHAIBABUIBIFBI TYPFBICBIHAH OMETa-KaTeropHsIIBIKKA JKYbBIK
QIICI3 O-MMHUMAJIIBI TEOPHSIIApIAFhl €Ki anreOpajblK eMec |-THNTepiHiH JKy3ere acy >KHbIHIApPBIHBIH CAJIBICTHIPMAIIbI
H-toyenci3niriniy kpurepuiiin oenrineimis.

Tipek ce3aep: CBI3BIKTHIK PETTENTEH KYpBUIBIM, THIeprpad, oJci3 O-MHHHMAJIBUIBIK, CAaJBICTHIPMAlbl EpKiHJIK,
CaAJIBICTBIPMAIIBI TOYEJICI3/IIK, OMETra-KaTerOpHsIIbIKKA KYBIK.
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CBOMCTBA 'HIIEPT' PA®OB MOJEJIEN CJIABO O-MUHUMAJIbHBIX TEOPUI

AnHoTanmsi. B Hacrosmiell crarbe HCCIEOYIOTCS TOHSTHS OTHOCHTENbHOW H-CBOOOIBI M  OTHOCHTENHbHOU
H-ne3aBucnmoctn uts rutieprpados Mozienei ci1ado o-MHHUMAIBHBIX TeopHid. [ ueprpadsl Moaesnei Teopuu OTHOCSTCS
K IIPOM3BOIHBIM 00BEKTaM, O3BOJISIONIMM ITOTy4aTh CyIIECTBEHHYIO CTPYKTYpHYIO HH(POPMAIINIO KaK O CAMUX TEOPHUSIX,
TaK M O COIYTCTBYIOIINX CEMaHTHYECKHX 00beKTax. BemmoMumM, uto runeprpadoM Ha3bIBaeTCs Jr00ast Imapa MHOXKECTB
(X,Y), rne Y — HexoTopoe noaMHoxecTBo Oyineana P(X) muoxecta X. [Ipu aToM MHOKecTBO X Ha3bIBACTCSI HOCHTEIIEM
runieprpada (X, Y), a snementsl n3 Y — pedpamu rumeprpada (X, Y). Crnabast o-MHHUMaIBLHOCTD EPBOHAYAIBHO ObLIA
rryooxo nccnenoana J{. Makdepconom, J{. Mapkepom u Y. CreiiHxopHOM. B 1€BSHOCTBIE TOIBI IPOIIJIOTO CTOJIETHS K
HCCIIEIOBAHUIO IaHHOTO MOHATUS YCIEHUIHO MOJKIIOYMINCh Ka3aXCTAaHCKHE YUEHBIE, PEIIUB Psijl IOCTABIEHHBIX ATHMU
aBropaMu mpoOiem. B Hacrosmieidl paboTe MBI MPOIOIDKAEM HCCIIEIOBAHHE TEOPETUKO-MOJAEIBHBIX CBOMCTB €i1ab0
O-MHHUMAJIBHBIX CTPYKTYp. [loiydeH KpuTepuii OTHOCUTENEHON CBOOOIBI MHOXKECTBA peasin3annii HeanreOpaniecKoro
l-THIIa B TIOYTH OMETa-KaTeropu4HbIX CJ1a00 O-MUHHMAJIBHBIX TEOPHSX B TEPMHUHAX paHra BBITYKIOCTH. Takxke
YCTaHOBIJIEH KPUTEpUil OTHOCUTENbHON H-HEe3aBHCMMOCTH MHOXECTB peajli3aliil IByX HealreOpandeckux |-THIIOB B
MIOYTH OMeETa-KaTerOpUYHBIX CJ1a00 O-MHUHUMAJIBHBIX TEOPHUSX B TEPMHUHAX CIa00i OPTOTOHAIBHOCTH |-THIIOB.

KoaioueBble cioBa: JIMHEHHO yNOpsiIOYEeHHAs CTPYKTypa, rumeprpad, ciadas o-MHHHUMAaIbHOCTb, OTHOCHTEIbHAsS
cB00O/1a, OTHOCHUTENbHASI HE3aBUCUMOCTD, II0YTH OMETa-KaTerOPUIHOCTb.
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PROPERTIES OF HYPERGRAPHS OF MODELS
OF WEAKLY O-MINIMAL THEORIES

Abstract. In this paper, we study the notions of relative H-freedom and relative H-independence for hypergraphs of
models of weakly o-minimal theories. Hypergraphs of models of a theory are derived objects that allow obtaining essential
structural information both about the theories themselves and about related semantic objects. Recall that a hypergraph
is any pair of sets (X, Y), where Y is some subset of the Boolean P(X) of a set X. In this case, the set X is called the
support of the hypergraph (X, Y), and elements from Y are called edges of the hypergraph (X, Y). Weak o-minimality
was originally deeply investigated by D. Macpherson, D. Marker, and C. Steinhorn. In the nineties of the last century,
Kazakhstan scientists successfully joined the study of this concept, solving a number of problems posed by the authors.
In this paper, we continue the study of model-theoretic properties of weakly o-minimal structures. A criterion for relative
H-freedom of the set of realizations of non-algebraic 1-type in almost omega-categorical weakly o-minimal theories is
obtained in terms of convexity rank. We also establish a criterion for relative H-independence of the sets of realizations
of two non-algebraic 1-types in almost omega-categorical weakly o-minimal theories in terms of weak orthogonality of
1-types.

Key words: linearly ordered structure, 1-transitivity, weak o-minimality, relative freedom, relative independence, almost
omega-categoricity.

Kipicme

by mMakanaga onci3 O-MHHUMAJIBI TEOPUSUIAp MOAENBIACPIHIH TUneprpadTapsl YIIiH CalbICTHIPMAIbl
EPKIHJIK JKOHE CABICTBIPMAJIbl TOYEICI3AIK YFBIMIAPBIH 3€PTTeHMI3.

TeopustHbIH MOJENbACPAIH runeprpadTapbl — TEOPHsUIApAbIH ©34epl Typalbl Aa, COFaH OalIaHBICTBI
CEMAaHTHKAJIBIK OOBEKTINIEP Typasibl 1a MaHbI3bl KYPBUIBIM/BIK aKIapaTThl aIyFa MyMKIiH/IIK OCpEeTiH TYBIH/bI
oObekTiiep 00bIT TadbUIAAbI [ 1-7].

Ecke canaiibik, runeprpad — ke3 kenret xxyn (X, Y), mynaarsl Y X xubiabl P(X) OyneanblHbIH KeHOip
imki xubHbl. byt skarnaiina X xubiabl runeprpadTeiy (X, Y) tiperi men aranazabl, an Y-TiH 3JeMEHTTEpi
runeprpad sy (X, Y) KaObIprajapsl A€M aranajbl.

M Ttonbik T TeopusichiHBIH KeiOip moxpeni OoschiH. [1]-re coiikec, M MoneniniH N aieMeHTap imiKi
MOJICJIB/IIH HET13T1 JKUBIHBI OOJbIN TaObuiaThiH M xkyleciHiH M TiperiHiH OapibIK iIIKi >KUBIHIAPBIHBIH N
s»kublHbH H(M) apkbuiet Oenrineiimiz: H (M) = {N | N<M}. (M, H(M)) »yObt M MoJieITiHIH JIeMEHTap ilIKi
MOJICITiHIH TUTIeprpadsl e aranaabl )koHe H nen Oenrineneni.

L Gipinmi perti canaibMabl Tin 6osickiH. Ocbl Makanazna 0i3 L-KypbuibIMIapabl KapacTbpaMbl3 KoOHE
L kypambiHia OWHApIBIK KaThlHAC CUMBOJIBI < Kipeni, OyJ1 KYpbUIbIMIApAa CBI3BIKTHIK PET TYCIHAipinexdi
nen ecenrerMiz. by skymbicta Oacrankeina [8] TepeH 3epTTENreH 9JCi3 O-MUHUMAIIBLIBIK TYCIHIT
KapacTblpbuiaabl. Ke3 kenren a, b € A xoHe ¢ € M ke3inge a < ¢ <b 6i3ae ¢ € A Gosica, CbI3BIKTHI PETTEITCH
M KyYpBUIBIMBIHBIH A 11IKi )KUBIHBI IOHEC ACTI aTanajbl.

OJICi3 O-MHHHMANIB! KYPHUIBIM — CHI3BIKTE peTTenres Kypsuisiv M = { M, = <, ...) ocsuiaiima M
KYPBUIBIMBIHBIH Ke3 KeJITeH aHBIKTaJaThlH (mapamerpiepi Oap) imki »KublHbI M-Jeri 1eoHec >KUbIHIAPIBIH
HICKTi CaHBIHBIH Oipiryi Oonbin TaObutagbl. MyHAalh M KypbUIBIMBI O-MHUHHMAJIbl JIEN aranaibl, erep
M KYpBUIBIMBIHBIH opOip aHBIKTaNaThbiH (MapaMeTpiepi Oap) imKi >KublHBL M-Aeri WHTepBaigap MEH
HYKTEJIEp/IiH IIEKTI CaHbIHBIH Oipiryi Oosca. Ockuiaiiina, 9JICi3 0-MHUHUMAJJIBUIBIK O-MHUHUMAJIBUIBIKTHIH
JKaJIIbUIaMa HYCKachl OOJIbIT Ta0bLIa (bl. MEHIIIIKTI IoHeC Oaranay cakuHachl Oap HaKThI ®Ka0bIK OpicTep 9JICi3
O-MUHHUMAJIJIbI (O-MUHHMAJIIBI €MeC) KYPBUILIMIAPAbIH MaHbI3/(bl MBICAJIBIH OCpe/i.

Amnbiktama 1.1 T — oici3 o-muHuMamabl Teopusi, M — T TEOPHUSCHIHBIH KETKUTIKTI Ma3MYHJIbI MOJEII,
A € M,p,q € S, (A) anrebpanbik emec tuntep 60schiH. Erep L, -popmyna H(x, y), o € p(M) xone B, B,
€q(M) Gap Gosica, conbiMeH Oipre keneci maprrap opeinganca: B, € H(M, o) xone B, € H(M, a), conna p
THUII ( TUIIHE 9JICI3 OPTOTOHAIBbI EMEC JIeT aUTaMBbI3.

backaia aiitkanna, p(x) U q(y) L,-hopmynanap »ubIHbI TOJBIK 2-TUIKE Oiperel keneiriMre ue 6oca,
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P THIII  THUITIHE SJICI3 OPTOTOHAIBIBI OOIATHI.

Jlemma 1.2 [9] Erep T omciz o-munuMangsl teopusi, M =T, A € M Oonca, coHma oici3 emec
OPTOTOHAJIBUIBIK KaThIHACKI S| (A) OoifpIHIIIA SKBUBAJICHTTIK KaTbIHAC OO0JIaIIbI.

Anpikrama 1.3 [10, 1] T — TonblKk Teopusi OOJICHIH IKOHE P1(X1), -, Pn(Xn) € S1(0). Erep
q(X1, -, Xn) € Sn(B) swome q(Xq, .., %n) 2 ULy Pi(x)) q(X1, ., Xn) (P1, -, Pn)-THI fen aramajsr. T
TeopusubiH 6apineik (P, -) Pn)-TunTepain xubasl Sp, o (T) nen Genrineiini. Kes kenren P1(X1), -,
Pn(Xy) € S;(®) tunrep yuwin q(X1, -, Xn) € Sp, . p, (T) Tex kana wekri Gosca, cananbivMasl Teopusicsl T
(®-KaTeropusuTbIKKa KYBIK (OMera-KaTeropusIIbIKKa) et aTajabl.

Owmera-KaTeropusuIbIKKa KYBIK TYCiHIrT DpeH(ONXT TeopHsiChbl ACTeH TYCIHIKIIEH THIFbI3 OaiIaHbICTHI.
ConbimeH, [10] xymbiceinaa ganennenai, erep (T, @) = 3 maptel 6ap ®-KaTeropusuUIbIKKa KYbIK Teopust T
Oonca, onaa T TeopusChIHAA THIFBI3 CHI3BIKTHIK peT Tycinaipineni. Coran kapamactad, (T, ©) = 3 maptsl Oap,
0ipaK -KaTeropusUIbIKKA KYbIK eMec TeopustHbIH Mbicansl ([11]-ae M.I. IlepetsaTkuH KypacTeipran) 6ap.

[12] sxymbicbiHAa DpeH(ONXTTHIH o0A€H O-MHHUMAIABI TEOPHUSUIAPBIHBIH OMeEra-KaTeropHsuIbIKKa
JKYBIKTBIFBI KOHE OMEra-KaTeTOPUSUIBIKKA JKYBIK 90/€H O-MHHUMAJABI TEOpHsap YIIiH aireOpaibiK
TYWBIKTaITY/Ibl ayBICTBIPY IPUHIMIIHIH HET13A1TiT1 aHBIKTaIBL. [ 13] 5KyMBICBIH 1A )KYIITBIK QJICI3 OPTOTOHABABI
anreOpajblK eMec |-THUNTepAiH Ke3 KelNTreH KUbIHBIHBIH 00C JKUBbIHFAa OPTOTOHAJIBIIBIFEI MYH/IAH TeopuUsIap
YIIiH JKOHE (O-KaTerOpHsUIBIKKA KYBIK 90JCH O-MHHUMAIAbl TEOPHSJIApAbIH OMHAPIBIFEl AonenaeHai. [14]
JKYMBICBIH/IA IOHECTIK paHrici | ®-KaTeropusubIKKa )KYBIK 9J1C13 0O-MHUHUMAIAbI TEOPUSITaPBIHBIH OWHAPIIBLIBIFBI
JonengeHmi. [15] syMbIChIHAA cCaHATBIMABI MOJIENIBJCP CaHbl a3 TOHECTIK PaHTIC] MIEKTI 9JICi3 O-MHHUMAIBI
TEOPHSIIAPBIHBIH (M-KAaTETOPUSUIBIKKA KYBIKTHIFBI JonenaeH . ConblHAa [16] KYMBICBIHAA (-KATETOPHUSIIBIKKA
JKYBIK 9JIC13 O-MUHHMAJIJIBI TEOPUSIIapIbIH OMHAPIIBIK KPUTEPHUIAT TAOBLIIBL.

Anbikrama 1.4 [17] X, n € @, KYOTBIK @XKbIPaTbUIFaH NPEIMKATThl CUIHATypamapbl M IKYNTBHIK
aKbIpaThLIFaH KypbUIbIMAApIbiH [Inew Mp IM3BIOHKTUBTIK (aXKbIpaThLIFaH) Oipiryi [hew Mn, P, = M,,
JKUBIHBIMEH JKOHE X -laH MPEIMKATTBIK CUMBOJIIAP/IbIH HHTEPIPETALMUAIAPBIMEH CIMKeC KeneTiH M, n € w

KypsutbiMaapsiaga Upeg 2n U {Pél)ln € w} CHTHATYPAJIBIK KYPBUIBIM [Tl aTadajbl. Xy, N € ©, JKYITHIK
@XKBIPATBLIFAH CHUTHATYypanapbl T TeopusnapblHbIH JU3bIOHKTHBTIK (axbipatbiiran) Oipiryi My E T,
n € w, OpBIHAAJICA, Inew Tn = Th(new Mn) TEOPUSICHI JIeTI aTaJIabl.

Hazap aymapbIHbI3, OMera-KaTerOpUsIIBIKKA JKYBIK OJICI3 O-MHHHUMAJIIABI TEOPHSUIAp JKAJIBI JKarmgaiiga
Opendoiixt emec. MyH1ail TeOpUSHBIH MbICaJIbI peTiHe DpeH(ONXT MbICATIBIHBIH  THUIT OOWBIHIIIA PETTENTEH
VI CaHAJTBIMIBI MOJIETBACPMEH €CENTENETIH KoIIpMeIepiHiH TU3bIOHKTUBTIK Oipiryidn amxyra 6omansl. by
Teopusiia 60C JKUBIHHBIH YCTIHIIE 9JICI3 OPTOTOHABIBI OKIIayTaHOaraH |-TUNTEepAiH eCenTeeTiH CaHbl 0ap,
COHJIBIKTAH CAaHAJBIMIBI MOJIEIBICP] MAKCHMAJIIBI CAaHBI 0ap.

Conpaii-ak, oMera-KaTerOpUsIIBIKKA JKYBIK OJICI3 O-MHHHMAIIBI TCOPHUSIIAp JKAJIMIBI alFaHaa Killi eMec
eKeHIH eckepeMi3. MyHIail TEOpHSHBIH MbICAbI PETIHIE M=(Q<, Q)qu KYPBUIBIMBIH KapacTbIpyfa
6onaypl. Onoderre, Th(M) 60c¢ KUBIHHBIH YCTiHAe | THIITEpi KOHTUHYYMFa Ue, SIFHU, OYJI TEOPUSCHI Killli emMec
Oomapl.

Iaicrepi

Ocsr xo06ama XX raceipablH 8O- KBIIAAPHI JKOHE KEHIHIPEK MOJENbICP TCOPHUSACHIHAA 03 NaMybIH
aNBIHFAH TOCUIAEPAl KOJMJAyhIH YChIHAABI. OapaplH apachlHIa O-MHHUMAJIBIK J>KOHE OHBIH TYpPJIepiH
HETi31H/Ie PeTTeNreH KYpBUIBIMAAP/ABIH 3epTTey METONOJOTHICH Oenrinen keryre Oonanbl. by sxarmaiina
Oip 60c aifHBIMAIBI IIaMackl 0ap hopMyaTapMeH aHBIKTAIATHIH KUBIHAAPFA KaTall MIEKTep Calyhbl THIITUTIK
Oomanpl. IlIbIHBIHIA, O-MHHHUMAJIbl KYpbUIbIM M L-KYpbUIBIM J€Il KapacThipyfa Ooyaibl, OyJ jkepie
L > L, ={<}, < — CBBBIKTBIK peT M-1e, xoHe M-KYPBUIBIMHBIH Ke3 KCIIFCH aHBIKTAIATBIH iIIKi JKUBIH
KBAaHTOPCHI3 L -aHbIKTaIaThiH 00maibl. by 6acka rycinikrepre Hyckay 6epeni: L —i keibip 6acka 6enrii tiire
aybICTBIPAMBI3, COCBIH L -a3alThLITybl KEICKEH THITI OOJATBIH (MBICAIIbI, CBI3BIKTBIK PET) L-KYPBUIBIMAAPIbI
KapacThIpaMbI3, JKOHE M-KYPBUIBIMHBIH K€3 KEJINCH aHBIKTAIATBIH 1IK] )KMBbIH KBAHTOPCHI3 L -aHBIKTAIaThIH
0O0JIaTBIHBIFBIH TaJIAM eTeMi3 (OChIHBI OEPUITeH TEOPHICHIHBIH MOCIbACPAIH OopiHEH Tajan eTyre 0oaibl).
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Haszap aynapbIabI3, erep 013 Ke3 KelreH OMera-KaTeropusuIbIKKa KYBIK 9JICi3 O-MUHHMAJ bl TEOpHUsiIa Ke3
KeJIreH anreOpalbK eMec oKuaynanran p € S, (&J) tunti kapactelpcak, onaa ke3 kenred M |= T mozneninge
p(M) sxubibl H-epkin Oonmaiiabl. OlTkeHi erep 013 A' KUBIHBI peTiHAE KeHOip TYHBIK HHTEpBaJIIbI
[a,b] = p(M) a < b waprel opeiHaanarey, ancak, ouaa A = p(M) M, Gonarem imki moneni M, < M
O6ommaiiael. H-epkinmirinin Oy3bpUTYBIHBIH TaFbl Oip ce0ebl — TBIFBI3 eMec IIEeKCi3 A" < p(M) xuptap! any
MyMKiHziri, an T TeopusicelHbIH Moaenbaepi ymin A' € p(M') KUBIHTHIKTAp THIFBI3 OOIYbI KEPEK.

b amemenTi 6ap Ke3 KeNTeH aIiblK HHTepBai b 3JIeMEHTIHIH KOPIIIIECTITI 1em aranansl. Ecke camaibik, M
CHI3BIKTHI PETTENITEH KYPUIBIMHBIH KE3 KEJIIeH A IILKi )KUBIHbI, erep Ke3 Kearen b € A yuin A KypaMbIHIarbl
b a1eMeHTiHIH KepHIiiecTiri 6osca, airbIK 00Iabl.

Amnpikrama 3.1 [7] T — anci3 o-muaUMaNI6 Teopust, M [=T, P € S, (D) - anreOpalibIK eMec OKIIayJaHFaH
tuni 6osnceiH. bi3z p(M) xKUbIHBIH canbIcThIpMalibl TypAe H-epkiH, neHec xublHIapra KatelcTsl H-epkin Hemece
(H, cs)-epkin Gonazsl JeiiMi3, erep ke3 KelreH auiblk geHec kublH A" < p(M) ywin keiidip M, € H(M)
yuin A" = p(M) "M, Tenpix opsiHaca.

Haszap aynapsigsiz, H runeprpadrapst H-epkin xubIHIapaars! 0apiblK MIEKCi3 iK1 )KUBIHAAP/IBI TAHIAYFa
MYMKIHJIK OepyiMeH Karap, COHFbI HyKTeJIepi OK JOHEC KHUbIHIapFa KockiMia (H, ¢s)-epKiH skubIHAap YIIiH
colikec runeprpad)Tap COHFbl HYKTEJIEP] OK THIFBI3 JKUBIHTBIKTAp TaHJIAyFa MYMKIHJIK Oepeli. Mbicaibl,
COHFBI HYKTEJIepi JKOK ThIFBI3 CHI3BIKTHIK PETTEITCH TEOPHSCHI YIIIiH COHFBI HYKTEJIEPi KOK Ke3 KEeJITeH ThIFbI3
1K1 )KUBIH OCBIJIail OeeKTenesmi.

Teopema 3.2 Erep T oMera-KaTeropHsibIKKa KybIK dJIci3 o-MHHUMa s Teopus, M |= T, p € S;(D)
anreOpajbIK emMec OKLIayIanFaH Thili Ooica, conaa p(M) sxubiasl canbictbipmansl H-epkin < RC(p) = 1.

Msicanst 3.3 M =((Q,< f ) — CBI3BIKTBIK PETTENreH KYPbUIbIM, () — PAlMOHAIIbI CAHAAP JKHUBIHL,
f(x)=x+1— Q xupHIa YHAPIBIK QYHKIINS 00JCHIH. Byt M o-MHHUMAI Bl KYPBUTBIM €KeHIH TYCiHY OHal, Oipak
Th(M) omera-KaTeropusulbIKKa xKybIK Teopus emec. Conpaii-ak, 6yn p(x) = {x = x} € §, (D) anrebpansix
emec okuraynanrat tumi, RC(p)=1, 6ipak cansicTeipMansl Typae p(M) sxubiabl H-epkid eMec eKeHiH ecKkepeMis.

Anpikrama 3.4 [7] T — anci3 o-munumangsl teopus, M |= T,p,qc< Sl (@) — anreOpaJsiblK emec
oxkuiaynanran tunrep, RC(p) = RC(g) = 1 6oncwin. bis p(M) xaue q(M) canvicteipmansl Typae H-toyencis,
JIOHEC KUBbIHAApFa KaTbIcThl H-Toyenci3z Hemece (H,cs)-Toyelnci3 e aTaiiMbl3, erep Ke3 KeJreH allblK J0HEeC
xubigap A < p(M) xone B' < q(M) YILiH A = p(M) F\Ml xoue B = q(M) ﬁMl OPBIH/IATAThIH
M, € H(M) raGburca.

Teopema 3.5 Erep T omera-KaTeropHsIbIKKa KyBIK QJICI3 0O-MuHUManasl reopus, M [= T, p,q € S1 (@)
anrebpainbik emec okumaynanran tunrep, RC(p) = RC(q) = 106oica, conna p(M) xaue q(M) canbicThipmMabl
TYpAe H-Toyenci3 <> p KHEe ¢ dIICi3 OPTOrOHAIBL.

Canmap 3.6 T — oMera-kaTeropusuUIbIKKa KYBIK 9JICi3 O-MUHUMAIIBI Teopus, M |= T, p.q € S (@)

— anreOpalblK emec oKiiaynanrad tumi, RC(p)=n, myHna n > [, 6onceiH. 1llekci3 neHec kiaccTapapiy
wmekci3 canbina p(M) xubtaasl Goninerin E\ (x,y), E,(x, y),..., E,_ (x, ) ()-anbikranarsia
SKBHMBAJIEHTTIK KaTbIHAacTap Oap Jen ecenTerik, COHIBIKTaH Ke3 Kelren g € p(M) ymin
E(aM)cE,(a,M)c..cE,_(a,M) opsnancem. Conna

1) Op0ip E -Kknace canbiCThipMabl Typae H-epkin 6omapl;

2) Kes kenren exi £ -Knmacc canblcThipMasl Typae H-Toyencis 6omnaipr;

3) Kes kenren 2 <j <pn—1 ywin 9p61p E -xnacc canpICThIpMabl Typae H-epKin emec 6omabl.

Meicanst 3.7 M ={QxQ;<,E 2 f ) — CBIBBIKTBIK peTTeNreH KypsuibiM, Mynga OXO0 -
JIEKCUKOTPaUsIIBIK PETTENreH JKUBIH OOJCHIH. E CHMBONBI Kemlecifiell aHbIKTanraH OWHApJIBIK KaThIHAC
apKpUIBl TyCiHmipineni: kes kemren @ =(n,,m,),b=(n,,m,)e QxQ ymin E(a,b) < n, = n,
cumponsl (1,m) € OX QO Gapnewema f ((1,m)) = (n+1,m) Tewmiknen aHBIKTaTFaH yHAPIIBI (byHKuH;{
apKBUIBI TYCIHAIpLIE .

byn E (x,y) — mekci3 geHec KiacTapAblH IIEKCi3 caHbiHA M 06JeTiH SKBHBAJICHTTIK KaThlHAC EKeHi
aHbIK. Th(M) ®-KaTeropusuIbIKKa JKYBIK €MeC oJICi3 O-MHUHHMMAJIbl TEOpHs EKEHIH aHBIKTayFa OOajbl.
Hazap aynapbinpis, p(x) = {x = X} € Sl (@) — anreOpajiblKk emec okwmaynanran tam, RC (p) = 2, op0Oip
E-xmacc cansicTbipmansl Typae H-epkin 6onazapl, 6ipak opkaiceicel ¢ € M ywiH E (a,M) xoue E ( f (a) M)
cajpIcThIpMalbl Typue H-toyencis emec.
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Amnbikrama 3.8 [7] T'— anci3 o-muHuMangsl Teopust, M =T, p € S,(D) - anreOpaJibIK eMec OKIayJaHFaH
tuni, £ (x,y) — 1IeKci3 IeHec KIacTap/blH HICKCi3 caHbliHa p(M) KUBIHIBI OOIiHEeTiH (@)-aHLIKTaJIaTLIH
OKBUBAJICHTTIK KaTbiHac 607ChiH. Erep 4 < p(M ) onmga A MeH 60¢ eMec KUBLIBICH Oap E-KiaccTap oKiaaepiHiy
A/E xubiabiMen Oenrineiimis. Erep ke3 kenren genec A" < p(M) ymin A' / E amsIk sKubIH 5xoHe Keilbipey
M, € HM)) scupinmt YIIiH A'=pM)nM | TEHIIK OpBIHAANICA, COH/IA p(M) JKUBIHIBI CATBICTHIPMAIIBI TYPIIE
(H,E)-epkin ner aiTaMbI3.

Conrbl aHbIKTaMaza p(M) THIFBI3 pEeTTENTEH XaFraaiina A’ >KUBIHTHIKTHIH JOHEC 00TyBI MAaHbI3/IbI
ekeHin eckepinis. [bHbIHAA 13, p(x) ={U(x)},a,,a, € p(M) Goncon sxone M = E(a,a,)na, <a,
opeiHaanceH. Keneci popmynansl KapacThIpaibIK:

o(x,a,a,) =Ux)A[x<a, vx2a,]

4 ’ ! . . .
A =p(M,a,,a,) Goncem. Onpa A’ = p(M), A’ jenec emec, A'/ E alblk 10HeC KHUBIH eKeHi KopiHin
Typ, Oipak A’ = p(M) MM, Tenney opbisanarein onaii imki moxens M, < M oK.

Teopema 3.9 T — omera-kaTeropusblKKa *KybIK QJICi3 o-MuHUMANL Teopusa, M |= T, P>q € S, (D)
anreOpaIbIK eMec OKIIaylanraH Twmmi, F (X,y) — MeKCi3 TeHeC KIIacTapIblH IIeKci3 caHblHA p(M) KUBIHIBI
OemiHeTIH (@)-aHLIKTanaTHH SKBUBAJICHTTIK KaThIHAC 00JichbH. CoHma p(M) KUBIHBI CATBICTBIPMAITBI TYPAC
(H, E)-epkiH <> N@Hec KlacTapblH LIEKCi3 caHbIHa p(M) KUBIHIIBI OOITHETIH Ke3 KeJreH (@)—aHLIKTaJIaTLIH
SKBUBAJIEHTTIK KaThiHACkl £’ (x,y) keiibip a € p(M) ymin E'(a,M) = E(a,M) oppinnanas.

Meicanst 3.10 M =(M,<,E}),_, — CHI3BIKTBIK PETTEITeH KypbUIbIM 6GoichiH, apbip i € @ E,(x,))
IOHEC KJIACTapABIH IIEKCi3 caHblHAa M KYPBUIBIMIBI 0OJIETIH 3KBHUBAJCHTTIK KAaTBIHACTHI aHBIKTAWIBI, OV
perte opOip £, -kyacc E -KIacTapiblH IEKCi3 caHbiHa 06TiHi, opOip £ -KiIacc JOHEC jKOHE allbIK Oomabl,
COHJIBIKTaH dpOip £, -KIACTBIH ilIKi £ -KIACTapbl COHFbI HYKTEJIEPCI3 THIFbI3 PETTEIIEH.

Th(M) ©-KaTeropusuIbIKKa KYBIK €MEC 9JICi3 O-MHHHUMAJIbl TEOpHUS EKEeHIH aHbIKTayFa Oomaasl. M
KyphUIbIM 1-aiibipyFa GonmaiiTeinel aublk, arau P(X) = {x =x} € S, (). Ke3 kenren i€ @ ymin p(M)
canbicTeipmansl Typae (H, E))-epkin eMec HOpCeHi TYCiHy OHai.

Amnpiktama 3.11 [7] T — onci3 o-MHHHUMAJJIBI TEOPHS, M |= T, D> Ds 651 (Q) — anreOpaliblK eMec
okmaymanran tantep OoxceiH. Cously iminze E,(x,)),E,(x,y) — DeHec KiactapiblH IIEKCi3 CaHbIHA
p,(M) xane p,(M) Generin (@)—aHLIKTanaTLIH SKBHMBAJIEHTTIK KaTbIHACTAP OOJCHIH. p (M) CanbICTBIPMAIbI
typae (H, E))-epkin xane p,(M) cansicteipmanst Typae(H, £ )-epkin gen ecenreiik. Erep kes kenren nonec
A p(M) xone B'C p,(M) A'/El IIeH B'/E2 aIIbIK JKUBIHJAp OoJca jKoHe A =p(M)NM, nen
B'= p,(M)NM, opeinanarein M, € H(M) Ta6einca, conna p,(M) xoue p,(M) canbicThIpMalbl TYpae
(H,E,, E,)-toyencis nen aiiTampls.

Teopema 3.12 T — oMera-KareropHsuIbIKKa JKybIK oJICi3 o-MuHHManpl Teopust, M = T, p,, p, € S,(<)
— anreOpanblk emec oKuaynanran tuntep ooncwiH. Conb iminge E,(x,)), E,(x,)) — nenec kmactapabi
mekci3 canbiHa p, (M) xoune p (M) Generin (@)-aHLIKTanaTHH SKBUBAJIEHTTIK KaTbiHACTap OOJICHIH. p (M)
canpicTbipmansl Typae (H, E))-epkin xonep (M) canbicteipmManst Typae(H, E,)-epkin gen ecenteiiik. Conna
p,(M) sxane p,(M) cansicteipmanst Typae (H, E|, E, )- toyencis <> p, xoHe p, 71Ci3 OPTOrOHAIIBL.

Cannap 3.13 T — omera-kareropusijibiKKa JKybIK QJICI3 O-MUHHMaAbI Teopust, M |= T, Py, P, € (%) -
anreOpajblK eMec OKUIayJlaHFaH TUOTEP OOJICBIH, YKOHE (Q)—aHBIKTaJIaTmH ouexius f : p,(M)— p,(M)
Gap nen ecenteifik. Conby iminne E(x,y) — A6HeC KiacTapiblH LIEKCi3 caHbiHa p,(M) Genetin (@)
-aHBIKTANIATBIH OKBUBAJIEHTTIK KaThlHAC OONCBHIH. p,(M) KubIH OO¥bIHIIA E,(x,y) xaremacTtel 6binaii
aHBIKTaiBIK: Ke3 kenred d,b € p,(M) ymin E,(a,b) < E,(f (a), f (b)). Conan p,(M) cambicThIpManbl
typae (H, E))-epkin <& p,(M) cansicteipmanst (H, £ )-epkiH.

Opi Kapai, casbICThIpMabl H-epKiHAIK, CalbICTRIPMAaIIbl H-Toyenciznik, canpicTeipManbl(H, £)-epkinmik
JKOHE calbICThIpMalsl (H, E . E Z)—Teyenci3/:1i1< aHBIKTaMaJIapbIH OKIIAyJIaHOaFaH |-THNTEepre KeHEUTEMI3.

Ecke canaiiblk, erep A — M CBI3BIKTBIK PETTEJIICH KYPBUIBIMHBIH Ke3 KeJreH iLIKi KUbIHBI 00Jica, OHAa
A<b (b< A) mapreiMeH KapacTBIPbLIATHIH KYPBUIBIM b 3I€MEHTTEpiHIH KUBIHBIH A* (3kK0He ColiKeciHIIe
A") apKpUITBI Oenrinenmis.
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Anbikrama3.14 [9] M—onci3 o-MuHUMAaN B KypblibiM, 4 < M, p € S,(4) —anreGpanblk eMec THITI G0JICHIH.
Ke3 KeJreH KeTKUTIKTI MasMyH bl Mojienb N > M yiuin U,(N)" = p(N)" (U,(N)” = p(N)") mapTsl opbIH/1a1aThiH
nenec L,-popmymnacer U, (x) € p 6ap 6osica, 6i3 p TUNTI OHFa (CONFa) KBa3MpPaMOHAJIBI JIeT aiitambl3. OHFa
KBa3HMpalMOHAIIbl HEMECE COJIFa KBa3MpalrOHaIbl 0oJica, oKiIaynanOaraH 1-THIi KBa3upanuoHaabl Jien
aranael. KBazupaiuonanisl eMec oKiiayianoarad 1-TUI HppairoHaIbl ACT aTanajbl.

Bip yakpITTa OHFa KBa3upalMOHA/bI )KOHE COJIFa KBa3HPAIIMOHAJIBI | -THITI OKIIayTaHFaHbl aHBIK.

A neHec XUBIHIBI OHFA (COJIFA) AIlbIK JIET aiiTaMbI3, erep a1eMeHT 4 € 4 Tabbiica Keseci mapTieH: Ke3
KEIreH b >a (b<a) YWIH A KYpaMbIHIAFbl b JIEMEHTTIH KepIiijiecTiri 6ap 0osanbl. Erep ke3 kejiareH »ublH
OHFa JIa, COJIFa Jia alllbIK 00JIca, OH/Ia OHBIH AllIBIKTHIFBI AHBIK.

Amnpikrama 3.15 [7] T — onci3 o-MHUHAMAIAB KypbUlbiM, M — T TEOPUSCHIHBIH KETKITIKTI Ma3MyH]IbI

mozem, pP,q € Sl (Q)— OKIHIayianOaraH THIi, RC(p)=1. Erep p — oHFra (conra) KBazupamHoHII6I 0oJca,
COHJIA K€3 KEJITeH OHFa (COIIFa) allblK 10HeC 4’ < p(M) yuiH keibipey M, € H(M) ymin A'= p(M)NM, tennix
Oomnca, p(M) XWBIHBI CANBICTBIPMANBI Typae H-epkiH nmem aditambid. Erep p mppammonan Ooinca, oHma A’
peTiHe Ke3 KeITeH JOHEC KUBIHIBI aTyhl )KETKUTIKTI.

Jlemma 3.16 T — omera-KaTeropusiIbIKKa 5KybIK 9JICi3 0-MHHMMAaIsl Teopus, M |= T, P-4 € S] (Q) -
okmrayian6arad turi 6osnceH. Conna p(M) — canbicteipmansl H-epkin <> RC(p) =1.
Amnpikrama 3.17 [7] T — anci3 o-MmuHuMan sl Teopust, M — T TeOpHsCHIHBIH KEeTKITIKTI Ma3MyH/IbI MOJIEN],

D.q € Sl (@) — OKImaynaaHOaraH TUOTEpi OOJCBIH, RC(p)=RC(q)=1. Erep Ke3 KeiareH JOHEC KHBIHIAD
4" < p(M) xone B' < q(M) ylIiH p KoHE g TUNITEPTe colikec keneTiH (AHbIKTama 3.15 6oitbiaima) 4'= p(M) M,
xkoHe B'=q(M)NM, maprrap opeiagaigatein M, € H(M) ta6euica, conna p(M) xone g(M) canbICThIpMaIbl
Typae H-Toyenci3 aen aiTambl3.

Jlemma 3.18 T — omera-KaTeTOPHSUTBIKKA JKYBIK 9JICi3 O-MHHHMAAbl Teopus, M — T TeOpHsICHIHBIH

JKETKITIKTI KaHBIKKaH moneni, P,q € Sl (@) — okayjaHOaraH TUOTEpl OOJICHIH, RC(p)=RC(q)=1. Connua
Pp(M) xonHe q(M) canbicThipMabl Typle H-Tayenci3 <> p )KoHE ¢ dJICi3 OPTOTOHAJIBI.
Amnbikrama 3.19 [7] T — onci3 o-MmuHHMaAbl Teopus, M — T TEOPUACHIHBIH KETKITIKTI Ma3MYH/IbI

Moxeni, pP,q € Sl (@) — okmaynaHnOaraH Turmi, RC(p)=1. Erep p — onra (cojra) KBa3upalpoHai sl 0osca,
COHJIa Ke3 KelreH JoHeC 4’ < p(M) ymin A'/ E onra (conra) ambik 60ys1 opsinganca, M, € H(M) mapre
opeiHganatein A = p(M)NM, Tabbuica, conna p(M) canwicTeipmansl TYpae (H,E)-epkiH gen aiTambi3.
Erep p uppaunonanasl 6oinca, onga A' perinae A'/ E XKUBIHHBIH TYpiH Ke3 KeJlIreH eTill Kaaablpbln, p(M)
JKUBIHHBIH K€3 KEJITCH JIOHEC 11IKI KUBIH]IbI aJIybl KETKITIKTI.

Teopema 3.20 T — omera-KaTeropHsIbIKKa JKYBIK 9JICi3 O-MHUHUMAaJAbl Teopusi, M — T TeopuscChIHBIH

JKETKUTIKTI MasMyHBI Mojieni, P,q € Sl (®) — oKmiaynanOaraH Tumi, E(x,)) — IMEKCI3 IOHeC KIacTap/biH

IIEKCi3 caHbIHA p(M) KUBIH]IBI 06JIIHETIH (Q)-aHbIKTaJIaTI)IH SKBHMBAJICHTTIK KaTbiHAC 00sicbiH. Conna p(M)
cajbICThIpMalbl Typae (H,E)-epkin <= E(x,y) — N6HEC Ki1acTap/blH MIEKCi3 caHbiHa p(M) KUbIH]IbI O6JIeTIH

€H YJIKeH (Q)—aHLIKTaJ'IaTBIH 9KBUBAJICHTTIK KaThIHAC.
Anpikrama 3.21 [7] T — onci3 o-MuHAMAIAB Teopusi, M — T TeopHsICBIHBIH KETKITIKTI Ma3MYHIBI MOZCITI,
P> Dy €85,(9) — oxmaynanbaran TanTepi Gomewin. Combi iminge E,(x,V), E,(x,¥) — neHec KIacTapibH

meKci3 canbiHa p (M) xoune p, (M) OGenerin (@)-aHLIKTaHaTmH SKBHMBAJIEHTTIK KaTblHacTap OOJCHH.p, (M)
canpICTIpMansl Typae (H,E )-epkin xone p,(M) canbicTeipMansl Typae (H,E )-epkin gen ecenteiik. Erep
ke3 kenren genec A' < p (M) xoue B'C p,(M) p, xoue p, coiikec keneTin (AnbiKTama 3.19 GoiibiHia),
A'=p(M)NM, nen B'=p,(M)"M, opemnanarsin M, € H(M) TaGeiica, couna p,(M) xome p,(M)
cansicteipmansl Typae (H, E,, E,)-toyenci3 aen aiTampls.

Teopema 3.22 T — omera-kaTeropusuUIbIKKa JKYBIK 9JICi3 O-MUHUMaIABI Teopusi, M — T TeOpHUSICHIHBIH
JKETKITIKTI MasMyHZIBl Mojel, py,p, €S,(9) — oxkmaynanGaran tunrtepi 6osnchiH.  COHBIH immiHze
E\(x,y),E,(x,y) — nemec knacrapubiH uekcis cambiHa p (M) skone p,(M) Generin ({J)-anbikranarsin
SKBHMBAJICHTTIK KaTbIHacTap OOJCHIH. p,(M) canbicThipmansl Typae (H,E )-epkiH xaHe p (M) calbICThIpMalbl
Typae (H,E)-epkin nen ecenreiiik. Conna p,(M) xone p,(M) cansicteipmanst typae (H,E,, E, ) -toyencis
< p, KIHE p, AJICI3 OPTOTOHATIIBI.

KopbIThbIHABI. Byl JKyMbICTa OMera-KaTeropusulbiKKa KYBIK OJICi3 O-MHHHUMAJJIbl TEOPHUsUIapIaFbl
CaJIBICTBIPMAJBl €PKIHJIK TEeH CaIBICTBIPMANbBl TOYENICI3MIK YFBIMIApPBl 3epTTei. ANreOpalblk emec
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1-TUNTI KYy3ere achlpy *XHUbIHBIHBIH CAJIBICTBIPMaJIbl €PKIHAIr JKOHE MYHJAl TEOpHsIapaaFbl KUbIHAAPIBIH
CaNbICTBIPMaibl TOYEJCI3AIrl YIIIH KpUTEpUiiep aiblHaAbl. by oMmera-kareropusiblKKa XKybBIK o01eH
O-MHUHHMMAJIJbl TEOPHUSUIAP YILIIH aJbIHFaH YKCAC HOTIKEIEPl JKaIIbUIaiIbl.

Kap:xpuianapipy Typasasl aknapar. byn seprreynepre Kazakcran Pecryomukacs! Feutbiv sxone XKorapsl
binim muamcTpririnig Feuteiv komureti Konaay kepcerti (I'pant BR20281002).
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TRIPLE TORTKEN IDENTITIES

Abstract. We define a triple Tortken product in Novikov algebras. Using computer algebra calculations, we give a list
of polynomial identities up to degree 5 satisfied by Tortken triple product in every Novikov algebra. It has applications
in theoretical physics, specifically in the field of quantum field theory and topological field theory. A Novikov algebra is
defined as a vector space equipped with a binary operation called the Novikov bracket. The Jacobi identity ensures that the
Novikov bracket behaves analogously to the commutator in Lie algebras. However, unlike Lie algebras, Novikov algebras
are non-associative due to the presence of the Jacobi identity rather than the associativity condition. Novikov algebras
find applications in theoretical physics, particularly in the study of topological field theories and quantum field theories on
noncommutative spaces. They provide a framework for describing and analyzing certain algebraic structures that arise in
these areas of physics. It's worth noting that Novikov algebras are a specific type of non-associative algebra, and there are
various other types of non-associative algebras studied in mathematics and physics, each with its own defining properties
and applications.

Key words: Novikov algebras, triple product, polynomial identities, Wolfram Mathematica.
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TEPHAPJIbI TOPTKEH COMKECTEPI

Angarna. bi3 HoBukoB anreOpacwrHma tepHapinsl TopTkeH KeOeHTIHIICIH aHBIKTaiMBI3. KommbroTeprmik anredpa
ecenTeyiepiH maiganana oTeIpHII, 013 opOip HoBukos anredpacsiana TopTkeH TepHAPIBI KOOCSHTIHIICIH KaHAFaTTaH IbI-
paThiH S-mopexere NeHiHTi KONMYIIETIK COMKeCTIiKTepiH Ti3iMiH Oepemis. OHBIH TeopwsUIbIK (pr3mkama, ocipece
KBAaHTTBIK ©piC TEOPHUACH JKOHE TOMOJOTHSIBIK OpiC TEOPHSCH callachlHAa KoimaHOamapel Oap. HoBukoB anmreOpacs
HoBuKOB jkaKIIackl €T aTaJaThlH eKUTIK OTiepausaMeH Ka0IbIKTalFaH BEKTOPIIBIK KEHICTIK PETiHAC aHBIKTaIabl. SIkoon
coiikectenaipy HoBukoB >xaknracelHBIH JIn anreOpanmapblHIaFbl KOMMYTAaTOpFa YKCAc OpEKeT eTEeTiHIH KaMTaMachl3
ereni. Anaiina, JIu anreOpanapsiHaH aifbIpMaIIbUTBIFG, HOBUKOB anrebpasiapbl acCOIMATHBTLTIK MIApTHIHAH Tepi SIkoon
colfkecTiriHiH OoiyplHa OaWITaHBICTHI acCOIMATHBTI eMec. HOBHWKOB anreOpamapbl TEOPHSIIBIK (H3MKana, dcipece
TOTIOJIOTHSITBIK, ©Pic TEOPHSIIAPhIH KOHE KOMMYTATHBTI €MeC KEeHICTIKTEepHeri KBaHTTHIK OpIC TCOPUSIIAPBIH 3ePTTEYAC
KochIMITanapas! Tadaasl. Onap (U3WKaHBIH OCHI callalapblHAa TMaiiga OoNmaThH KeOip anreOpaiblK KYPBUTBIMIAPIBI
cuTaTTay JKOHE Taljay YIIiH Heri3 Oepeni. AliTa kereliik, HoBHKOB anreOpanmapsl acCONMATHBTI eMec anreOpaHbIH OenTii
Oip TYpi OoIBIT TAOBLTABI )KOHE MaTeMaTHKa MeH (pH3HMKaga 3epTTEICTIiH aCCOIMATHBTIK eMec anredpanapasiH O6acka ia
9p TYpIi TYpaepi 6ap, oIapAbIH dPKaCHICHIHBIH ©31HAIK aHBIKTAYIITH KAaCHETTepl MEH KOMAaHOamapsl oap.

Tipex ce3nep: HoBukoB anreOpacsl, TepHAPIIBI KOOSHTIHIIC], KO MYIIIENIK cofikecTikTepi, Bomshpam Maremarnka.
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TEPHAPHBIE TOXJIECTBA TOPTKEHA

AnHoOTanusi. MBI omnpenensieM TepHapHOe TpomsBencHue TopTkeHa B anreOpax HoBukoBa. Mcmons3ys BEIYUCICHHS
KOMITBIOTEPHON anreOphl, MBI JaeM CIHCOK ITOJMHOMHAIBHBIX TOXKICCTB IO CTCIEHU 5, KOTOPBIM YIOBICTBOPSIET
TEepHapHOE Mpou3BeAcHNe TopTkeHa B Kaxkaon anredpe HoBukoBa. OH MMeEeT MPUIIOKCHUS B TCOPETHUCCKON (DU3UKE,
0COOCHHO B 00JTACTH KBAaHTOBOW TEOPHUH TOJS M TOIOJIOTUICCKON Teopuu mois. Anredpa HoBukoBa ompenenseTcst Kak
BEKTOPHOE TIPOCTPAHCTBO, CHAO)KEHHOE OWHApHOI omeparieild, Ha3piBaeMOl CckoOkoit HoemkoBa. ToxmectBo SIkoOum
rapaHTHPYET, 4T0 ckoOka HoBHKOBa BeieT ce0sl aHAIOTHYHO KOMMYTaTopy B anredpax Jlu. OnHako B OTIHYHUE OT anreop
JIn anre6per HoBHKOBa HeacCOIMATUBHBI W3-32 HAWYHS TOXKAeCcTBA SIKOOH, a HE YCIIOBHUS aCCOIMATUBHOCTH. ANTEOpHI
HoBukoBa HaxomsIT NPUMEHEHHE B TEOPETUICCKON (PH3HKE, B YACTHOCTH, IPU U3yUCHHUH TOITOJIOTHUSCKUAX TCOPHUH OIS
Y KBAaHTOBBIX TCOPHH IOJII HA HEKOMMYTATUBHBIX IPOCTpaHCTBaX. OHHU 00SCIIEYNBAIOT OCHOBY IS OMTUCAHUS M aHAIIN3a
OTIPENICIIEHHBIX ANTeOpPanveCcKuX CTPYKTYP, BO3HUKAOIINX B 3THX 00OMacTsx (usuku. CTOUT OTMETHUTBH, YTO aiareOpshl
HoBukoBa mpencTaBisioT co0oil 0coOBId THIT HEACCOIMATUBHON aireOpbl M CYMICCTBYIOT Pa3IMYHBIC IPYTHUE THITBI
HEaCCOIMATHBHBIX anreOp, M3y4aeMbIX B MaTeMaTuke W (PU3HKE, KaXKIBI CO CBOUMHU ONPEACIIFOIINMEI CBOMCTBAMH U
MIPHIOKEHUSIMHU.

KuroueBble ciaoBa: anre6pa HoBrukoBa, TpoliHOE IIPOH3BEICHIE, TIOIMHOMHUAIEHBIC TOKICCTBA, Bonbdpam
MaTeMaTuKa.

Inroduction
Let K be a field of characteristic zero. An algebra over K with identities

a(bc) = b(ac) (1)

(a,b,c) = (a,c,b) ()

is called Novikov algebra, where (a,b,c) = (ab)c — a(bc) is the associator of elements a, b and c.
The identity (1) is called left-commutative and the identity (2) is called right- symmetric. Novikov algebras first
appeared in the paper by Gelfand and Dorfman [7] in the study of Hamiltonian operators and then in the paper
by Balinskii and Novikov [1] in the study of the classification of linear Poisson brackets. A simple example of
Novikov algebra is the following. Let A = K[x]be a polynomial algebra with multiplication @ o b = d(a)b

, where g5 — 9 _is partial derivation. Let Novikov be a variety of Novikov algebras. For Novikov algebra A

we define A= (A, []) and A = (4, {,}), where [a, b] = ab — ba is the commutator and {a, b} =
ab + ba is the anti-commutator on the space 4 € N ovikov. Every Novikov algebra is Lie-admissible,
that is, A satisfies Jacobi identity. In addition, the commutator algebra of any Novikov algebra satisfies the
identity

D D[y [Fotay oty [ota, 151111 = 0 ®

O'ES4_

Dzhumadil’daev studied [3] Novikov algebras under anti-commutator and proved that that every algebra
in AU} gatisfies so-called Tortken-identity

{{a, b}! {C, d} - {a, d}, {C, b}} = {(a' b, C), d} - {(a' d, C), b} (4)

where (a,b,c) = {a, {b, C}} —{{a, b}, ¢} is the associator of elements a, b and c. Additionaly, it was
demonstrated that Tortken and commutative identities imply any identity with a degree of no more than four.
In [3], some examples of algebras that satisfy Tortken identity are provided. The following is one of them.
Consider the polynomial algebra A = K[x] with multiplication a o b = d(ab) and the partial derivation

a . . .
d= 3= Then, at that point (A,°) fulfills Tortken identity.
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Main provisions

Tortken algebra is a commutative algebra that satisfies the Tortken identity. In the setting of Novikov
algebras, these are the analogs of Jordan algebras. Any left-Zinbiel algebra is a Tortken algebra, as shown in
[3]. An identity is called special for the anti-commutator product in a free Novikov algebra if it holds in all
special Tortken algebras but does not hold in some Tortken algebras. It was shown in [4], there is an identity
of degree 5 satisfied by algebras of N ovikov™ in addition to commutativity and the Tortken identity so-
called besken

{{{{a, a}l, a}, b}, b} + {{{{a, b}, b}, a},a} + 2 {{{{a, a}l, b}, b} , a} +2 {{{{a, b}, a}, a},b}
-3 {{{{a, a}, b}, a},b} -3 {{{{a,b}, a), b},a} =0. (5

Moreover, Dzhumadil’daev [4] proved that commutative, Tortken and besken identities imply every
identity of degree no more than seven satisfied by anti-commutator product in a free Novikov algebra. It
remains an open problem to determine whether there are further new identities in degrees more than 7.

Methods
In this paper, we study special identities of Tortken algebras in the sense of ternary products. Define a
triple Tortken product {, , } : Ax A x A — A on a Novikov algebra A as follows

{a,b,c} ={{a, b}, c},

where {a, b} = ab + ba forall a,b,c € A. We prove that there is no identity of degree three satisfied by
the triple Tortken product in every Novikov algebra. To calculate triple Tortken identities in degree 5, we write a
code on the software program Wolfram Mathematics and using it we demonstrate a list of polynomial identities of
degree five by the triple Tortken product in every Novikov algebra. Triple identities of algebras were considered
for many well-known classes of algebras such as Jordan, Lie [8] and Zinbiel algebras [2]. In [2], M. Bremner by

using computer algebra studied special identities in terms of Tortkara triple product [a, b, ¢] = [[a, b], C] in a free
Zinbiel algebra and discovered one identity in degree 5 and one identity in degree 7 which do not follow from
the identities of lower degree. It remains an open problem to determine whether there are further new identities
in degree 9.

Results and discussion

In this section, we define the relation of differential algebras with Novikov algebras and then with Tortken
algebras. Let k{xq, ..., X, } be adifferenital polynomial algebra on variables X1, > Xn.For f, g € k{xq, ..., X, }
it fog=/1'9, then (k{x1, ..., xp},0) is a Novikov algebra. Assume that N < Xq, ..., X, > - subalgebra of
(k{x1, ..., Xy },°) generated by X1, ..., Xn. Dzhumadil’daev and Lofwall (2002) proved that N < Xy, .., X, > is
a free Novikov algebra over a field of characteristic zero and the set of all differential monomials xill)xz(m xr(lln)
with i3 + 4+ iy = n — 1 forms a basis of N < X1, ..., Xp >,

Theorem 2.1. (Dzhumadil’daev,[5]) The multilinear dimension of free Novikov algebra in n variables is equal
to (Z(n - 1))

n—1

Theorem 2.2. There is no identity of degree three satisfied by triple Tortken product in Novikov algebras over
a field of characteristic zero.

Proof. Since we consider algebras over a field of characteristic zero, we can assume that all identities are

23—-1 4
multilinear, for details see [9, Chapter 1]. According to Theorem 2.1 in degree 3 there are ( (3 _1 )) = (2) =6
multilinear Novikov basis monomials:

a''bc,ab"c,abc',a’'b'c,a’bc’,ab’c’
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In degree 3 there are the following multilinear spanning monomials in generators a, b, c:

e; ={a,b,c}, e, = {a,c, b}, es =1{b,c,a},
Any triple Tortken identity of degree 3 can be written as a linear combination of €y, €3, €3, that is,

/1161 + /1282 + 1333 = 0 (6)
For some A4, 4,, 13 € K. Note that
{a,b,c} = {{a, b}, c} = (ab)c + (ba)c + c(ab) + c(ba) = (a'b)'c + (ab")'c + a'bc’ + ab'c’
=a'"'bc+ab"c+ 2a'b’'c+a'bc’ +ab'c’,
{a,c,b} = a'"bc + abc" + 2a’bc’ + a'b'c + ab'c’,
{b,c,a} = ab"'c+ abc" + 2ab’'c' + a'b'c + a’bc’.

From (6) we derive

Aeg + Ae, + Aze5
=a"bc(Ay + ;) +ab’"c(A, + A3) +abc”" (A, + A3) +a'b'c(22; + 1, + A3)
+ a’bC,(Al + 2&2 + 13) + ab'C'(/ll + AZ + 2&3) = 0

It leads to a system of linear equations

r /11"‘/12:0
/11"‘/13:0
/12+/13=O

N

2/11"‘/12"‘/13:0
Al+212+l3=0
kll +Az +2&3 = 0.

One can easily have that the system has only trivial solution 2, =4, =13 = 0. m

Theorem 2.3. There exists a set of nontrivial polynomial identities of degree five by the triple Tortken
product in every Novikov algebra over a field of characteristic zero.

Proof. According to Theorem 2.1 in degree 5 there are (2(5 - 1)) = (8) = 70 multilinear Novikov basis
monomials 5-1 4

a'""bede,ab"" cde,abc'"' de, abcd'" e, abcde’",a""" b’ cde,a’'' bc'de,
a'"bed’e,a’""bede’,a"" b cde,a” bc''de,a’' bcd" e, a’ bede",a’ b'c'de,
a"b'cd’e,a"b'cde’,a""bc'd'e,a" bc'de’,a"" bcd'e’,a’'b" c'de,a’b" cd’e,
a'b"cde’,ab"c'd'e,ab''c'de’,ab'" cd'e’,a’b'c" de,a’bc""d"e,a’bc" de’,
ab'c"d'e,ab'c""de’,abc"'d'e’,a’'b’'cd"" e,a’bc’'d" e,a’bcd"e’,ab’c'd" e,
ab'cd"e’,abc’'d"e',a’'b'cde”,a’'bc’'de',ab’c'de"”,ab'cd'e",abc'd'e"
ab' c"de,ab' cd"e,ab” cde',abc"d"e,abc'' de",abcd" e"”,a'b" cde,

ab"'c'de,ab'"'cd'e,ab" cde',a’'bc"""de,ab'c'"de,abc"'d"e, abc'' de’,
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a'bcd'"e,ab’cd'"e,abc’d" e, abcd’"e’,a'bcde’’, ab’'cde’’, abc'de'"’,
abcd'e'”,a'b'c'd'e,a’b’'c’'de’,a’'b'cd’e’,a’bc’'d'e’,ab’c'd"e’,a’bcd’'e"”

In degree 5 there are 90 multilinear spanning monomials in generators a,b,c¢.,d,e:
« 60 monomials {{a’, b%,c?},d’, e’} where a® < b® in lex order, and
* 30 monomials {a’, b%, {c®,d’, e°}} where a® < b° and ¢’ < d° in lex order

For simplicity we write {a, b, c,d, e} for {{a, b, c},d, e} and [a,b,c,d,e] for {a,b,{c,d,e}}. Then we have

e, =1{a,b,c,d,e}, e, ={a,b,c,e,d} e ={ab,d,ce} e, ={ab,dec}es ={ab,ecd}
es ={a,b,e,d,c},e; ={a,c,b,de},eg ={a,cb,ed} eg ={acdb,e} e ={acde,b}
ey =1{a,c,e,b,d},e;; ={a,c,ed b} ez ={a,d b,ce} e, ={ad bec}es=1{adcbhe}
e =1a,d,c,e, b}, e;; ={a,d,e,b,c},e;g =1{a,d,e,c b}, e ={aeb,cd} ey ={aebd,c}
e,y =1{a,e,c,b,d}, e;; ={a,e,c,d, b}, e,3 ={a,e,d,b,c} e,y ={aed,cb}e;s =1{bcadce}
e =1{b,c,a,e,d}, e,; =1{b,c,d,a,e}, e;g = {b,c,d,e,a},e;g ={b,c,e,a,d}, e =1{b,c,e,d,a},
es1 =1{b,d,a,c, e}, es, =1{b,d,a,e,c},es3 ={b,d,c,a,e}ess ={b,d,c,e,a}ess =1{b,d, e a,c}
ess =1{b,d,e,c,a},e3; =1{b,e,a,c,d}, ez ={b,e,a,d,c},e30 = {b,e,c,a,d}, eso = {b,e,c,d, a},
es1 =1b,e,d,a,c},eq; =1{b,e,d,c,a},e,3 ={c,d,a,b, e}, e, ={c,d a,e b} e =1{cdb,a,ce}
eso =1{c,d,b,e,a},e,; ={c,d, e a b}, e, ={cd,eb,a} e, ={ceab,d}es ={ceadb}
esy =1{c,e,b,a,d}, es; ={c,e,b,d,a},es3 = {c,e,d,a,b},es, ={c,e,d,b,a},ess ={d,e,a,b,c},
ese =1d,e,a,¢,b},es; ={d,e,b,a,c},esg ={d,e,b,c,a},eso ={d,e,c,a,b},eqp =1{d,e,c,b,al.

Elements of the form {a,b,{c,d,e}:

fi =lab,cdel, f, =[ab,cedlf; =[ab,declf, =achbdelfs=lacbed],
f6 = [alcrdy elb]lf7 = [aldlblcle]lfs = [ay d'byelc]lf9 = [aJ d; Clelb]lflo = [alelblcld]l

fir =la,e,b,d,cl, fi, =la,ecd, bl fis =[b,cadel fis =[bcaed]fis =[bcdeal,
fie =[b,d,a,c,el, fi; = [b,d,a,ecl fig =[b,d,cealfio =[beacdlfm=I[beadc],
fo1 =1[b,ec,d,al,fo, =lc,d,ab,el, fo3 =[c,d aeblfu =lcdb,ealfos =[ceab,d],
fo6 = [c,e,a,d,bl, f,7 =[c,e,b,d,al], f,53 =[d,e,a,b,cl, foo = [d,e,a,cblf; =1[deb,c,al

Every triple Tortken identity of degree 5 can be written as a linear combination of 60 and 30 multilinear
monomials, that is:
Alel + /12@2 + -+ 160660 =0

pafi + pafo + -+ lzofz0 = 0
We express every e and f in free Novikov algebra in terms of differential monomials and solve the

system with respect to 4; and . From solving these systems, we get an infinite set of solutions for 4 and
p. We perform all our calculations using the software Wolfram Mathematica.
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First we consider the first linear combination above. We will have 34 free unknowns. We fix a free
unknown and substitute 1 for it and zero for the rest of the free unknowns. Then we calculate corresponding
values of all other unknowns. That solution gives us a one polynomial triple identity in free Novikov
algebra. We continue this procedure for all other free unknowns. We first exclude polynomial identities
which are equivalent to others and have the following identities.

Al=1:

{a,b,c,d,e} —{a,b,e,d,c} —2{b,c,d,a,e} —{b,c,e,a,d} + 3{b,c,e,d,a} — {b,d,c,a,e}
+{b,d,e,a,c}+{b,e,c,a,d}+ 2{b,e,d,a,c}—3{b,e,d,c,a} — 2{c,d,a, e, b}
+ 2{c,d,b,a,e} + 2{c,d,b,e,a} + 4{c,d,e,a,b} — 6{c,d,e, b,a}
—3{c,e,b,d,a}+ 3{c,e,d,b,a} + 2{d,e,a,c,b} — 2{d,e, b, a, c}
+{d,e,b,c,a} —4{d,e,c,a,b} + 3{d,e,c,b,a} =0

/12=1:

{a,b,c,e,d}— {a,b,e,d,c} —{b,c,d,a,e} —2{b,c,e,a,d} + 3{b,c,e,d,a} + {b,d, e, a,c}
—{b,d,e,c,a} +2{b,e,d,a,c}—2{b,e,d,c,a} —{c,d,a,e,b} + {c,d,b,a,e}
+ 2{c,d,e,a,b} — 2{c,d,e,b,a} — {c,e,a,d,b} + {c,e,b,a,d} —{c,e,b,d,a}
+ 2{c,e,d,a,b} —{c,e,d,b,a} + 2{d,e,a,c,b} — 2{d,e,b,a,c} + {d,e,b,c,a}
—4{d,e,c,a,b}+ 3{d,e,c,b,a} =0

/13=1:

{a,b,d,c,e}— {a,b,e,d,c}—{b,c,d,a,e} +{b,c,e,d,a} — 2{b,d,c,a,e} + 2{b,d,e,c,a}
+{b,e,c,a,d}+2{b,e,d,a c}—3{b,ed,ca}—2{cd, a,e, b}
+ 2{c,d,b,a,e}+ 2{c,d,b,e,a} + 4{c,d,e,a, b} — 6{c,d,e, b,a}
+{c,ea,d b}—{ceb,a,d}— {c,eb,d,a} —2{c,ed,ab}+3{ced,b,a}
+ {d,e,a,c,b} —{d,e,b,a,c} — {d,e,b,c,a} — 2{d,e,c,a,b} + 3{d,e,c, b,a}
=0

2.4_:1:

{a,b,d,e,c}— {a,b,e,d,c} —{b,d,c,a,e} —{b,d,e,a,c} + 2{b,d,e,c,a} + {b,e,c,a,d}
+{b,e,d,a,c} —2{b,e,d,c,a} —{c,d,a,e,b} +{c,d,b,a,e} + 2{c,d, e, a, b}
—2{c,d,e,b,a} +{c,e,a,d,b} — {c,e,b,a,d} — 2{c,e,d,a, b} + 2{c,e,d, b,a}
=0

A5=1:

{a,b,e,c,d} —{a,b,e,d,c} —{b,c,e,a,d}+{b,c,e,d,a} + {b,d,e,a,c} —{b,d, e, c,a}
—{b,e,c,a,d}+{b,e,d,a,c}—{c,e a,d, b}+{ceb,ad}+{ceb,d, a}
+ 2{c,e,d,a,b} —3{c,e,d,b,a} +{d,e,a,c,b} —{d,e,b,a,c} — {d,e, b, c,a}
—2{d,e,c,a,b}+ 3{d,e,c,b,a} =0

2,7=1:

{a,c,b,d,e}— {a,c,e,d, b} —2{b,c,d,a,e}— {b,c,e,a,d}+3{b,c,e,d, a}
—2{b,e,a,d,c}+2{b,ec,ad}+4{bed,ac}—4{bed,c,a}
—2{c,d,a,eb}+ {c,d,b,a,e}+2{c,d,b,e,a}l+5{cd,e,a,b}
—6{cd,e,b,a} +2{cea,d,b}— {c,e,b,a,d} —3{ceb,d, a}
—2{ced,ab}+4{ced,ba}t+2{d,eacb}—2{deb,a,c}
+2{d,e,b,c,a}—4{d,e,cab}+2{decba}l=0
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{a,c,b,e,d}— {a,c,e,d,b}— {b,c,d,a,e}—2{b,c,e,a,d}+3{b,c,ed, a}
—2{b,e,a,d,c}+2{b,e,c,a,d}+4{b,e,d,a,c}—4{b,ed,c,a}
— {c,d,a,e,b}+ {c,d,b,a,e}+3{c,d,e,a, b} —3{c,d,eb,a}
+ {c,e,a,d,b}— {c,e,b,a,d}— {c,e,b,d,a}+ {c,e,d,b,a}+2{d,e,a,c, b}
—2{d,e,b,a,c}+2{d,e,b,c,a}—4{d,e,c,ab}+2{d,ecb,a}l=0

/19=1:

{a,c,d,b,e}— {a,c,e,d,b}— {b,c,d,a,e}+ {b,c,e,d,a}— {b,e,adc}+ {bec,ad}
+2{b,e,dac}—2{b,edca}—2{cdaceb}+2{cdb,e a}
+4{cd,e,a b} —4{cd,eb,a}+2{ceadb}— {ceb,a,d}

— {c,e,b,d,a} —2{c,e,d,a,b}+2{c,e,d,b,a} + {d,e,a,c,b}
—{d,e,b,a,c}+ {d,e,b,c,a}—2{d,e,c,a,b}+ {d,e,c,b,a} =0

210 = 1:
{a,c,d,e,b} — {a,c,e,d, b} — {c,d,a,e,b}+ {c,d,e,a,b}+ {c,e,a,d, b} — {c,e,d,a, b}
=0
All = 1:

{a,c,e,b,d} —{a,c,e,d,b}—{b,c,e,a,d} +{b,c,e,d,a} — {b,e,a,d,c}+ {b,e,c,a,d}
+2{b,e,d,ac}—2{b,ed,ca}+ {c,deab}— {cdeb,a}
— {c,e,b,a,d}+ {c,e,b,d,a}+ {c,e,d,a,b} — {c,e,d,b,a}+ {d,e,a,c, b}
— {d,e,b,a,c}+ {d,e,b,c,a}—2{d,e,c,a,b}+ {d,e,c,b,a} =0

113 =1:

{a,d,b,c,e}— {a,d,e,c,b} —2{b,d,c,a,e}— {b,d,e,a,c} +3{b,d,e,c,a} —2{b,e,a,d,c}
+2{b,e,c,a,d} +4{b,e,d,a,c} —4{b,e,d,c,a} —2{c,d,a,e, b}
+ {c,d,b,a,e} +2{c,d,b,e,a}+5{c,d,e,a, b} —6{c,d,e, b,a}
+2{ceadb}—2{ceb,a,d}—4{ced,ab}+4{c,ed,b,a}
+2{d,e,a,c,b}— {d,e,b,a,c}— {d,e,b,c,al —2{d, e, c,a, b}
+2{d,e,c,b,a} =0

Al‘l- =1:

{a,d,b,e,c}— {a,d,e,c,b} — {b,d,c,a,e}—2{b,d,e,a,c}+3{b,d, e, c a}
—2{b,e,a,d,c}+2{b,e,c,a,d}+4{b,e,d,a,c} —4{b,e,d,c,a}
— {c,d,a,e,b}+ {c,d,b,a,e}+3{c,d,e,a b} —3{c,d,e,b,a}
+ 2{c,e,a,d, b} —2{c,e,b,a,d} — 4{c,e,d,a,b}+ 4 {c,e,d, b,a}
+ {d,e,a,c,b} — {d,e,b,a,c}+ {d,e,b,c,a} —{d,e,c,b,a} =0

115 =1:

{a,d,c,b,e}— {a,d,e,c,b} — {b,d,c,a,e}+ {b,d,e,c,a} — {b,e,a,d,c}+ {b,e,c,a,d}
+ 2{b,e,d,a,c}—2{b,e,d,c,a} —2{c,d,a,e,b} +2{c,d, b,e a}
+4{c,d,eab}—4{cdeb,a}l+ {c,ead b}—{ceb,a,d}
—2{ced,a,b}+2{ced b,a}l+2{d,eacb}— {deb,a,c}
—2{d,e,c,a,b}+ {d,e,c,b,a} =0

1’16 = 1:
{a,d,c,e,b}— {a,d,e,c,b} — {c,d,a,e,b}+ {c,d,e,a, b} + {d,e,a,c,b}— {d, e, c, a b}
=0
2.17 = 1:

{a,d,e,b,c} — {a,d,e,c,b} — {b,d,e,a,c} + {b,d,e,c,a} — {b,e,a,d,c}
+ {b,e,c,a,d}+2{b,e,d,a,c}— 2{b,e,d,c,a} + {c,d,e,a, b} — {c,d,e,b,a}
+ {c,e,a,d,b} — {c,e,b,a,d}—2{c,e,d,a, b} + 2{c,e,d,b,a}
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- {d,e,b,a,c}+ 2{d,e,b,c,d}+ {a,e,c,a,b}:—Z{LZ,e,c,b,a}:= 0
2.19 = 1:

{a,e,b,c,d}— {a,e,d,c,b} —2{b,e,a,d,c}+3{b,e,d,a,c}— {bed,ca}— {ceb,a,d}
+2{c,eb,d,a}t+ {c,e,d,a,b}—2{c,e,d,b,a}+2{d, e a,cb}
—{d,e,b,a,c}— {d,e,b,c,a}—2{d,e,c,a,b}+2{d,e,c,b,a} =0

/120 =1:

{a,e,b,d,c}— {a,e,d,c,b} —2{b,e,a,d,c}+ {b,e,c,a,d}+2{b,e,d,a,c}— {b,ed,ca}
+ {c,e,a,d,b}— {c,e,b,a,d}— {c,e,d,a,b}+ {c,e,d,b,a}+ {d,e, a,c, b}
—{d,e,b,a,c}+ {d,e,b,c,a}— {d,e,c,b,a} =0

/121 =1:

{a,e,c,b,d} — {a,e,d,c,b} — {b,e,a,d,c}+ 2{b,e,d,a,c}— {b,e,d,c,a}— {c,ead, b}
—{c,e,b,a,d}+2{c,e,b,d,a}+2{c,e,d,a b} —2{ce,d,b,a}
+2{d,ea,cb}— {deb,ac}—2{dec,ab}+ {decb,a}l=0

/‘lzz =1:

{a,e,c,d,b}— {a,e,d,c,b}— {c,e,a,d,b}+ {c,e,d,a,b}+ {d,e,a,c,b}— {d,ec,a, b}
=0

123 =1:

{a,e,d,b,c}— {a,e,d,c,b}— {b,e,a,d,c}+ {b,e,c,a, d}+ {b,ed,ac}— {bed,c a}
+ {c,e,a,d,b}— {c,e,b,a,d}— {c,e,d,a,b}+ {c,e,d,b,a} — {d,e, b,a,c}
+2{d,e,b,c,a}+ {d,e,c,a,b}—2{d,e,c,b,a} =0

/125 =1:

{b,c,a,d,e}—2{b,c,d,a,e}— {b,c,e,a,d}+2{b,c,e,d,a}— {beadc}+ {bec,ad}
+2{b,e,d,ac}—2{bed,ca}— {cdaceb}+ {c,db,a,e}
+ {c,d,b,e,a} +2{c,d,e,a,b} —3{c,d,e,b,a} —2{c,e,b,d,a}
+2{cedb,a}+ {d,e,a,cb}— {deb,ac}+ {deb,ca}
—2{d,e,c,a,b}+ {d,e,c,b,a} =0

AZ6 =1:

{b,c,a,e,d}— {b,c,d,a,e}—2{b,c,e,a,d}+2{b,c,e,d,a} — {b,e,a,d,c}+ {b,e,c, ad}
+2{b,e,d,a,c}—2{b,e,d,ca}— {c,d,aceb}+ {c,d,Db,a,e}
+2{cd,e,a b} —2{cd,eb,a} - {c,eb,d,a}l+ {c,ed,b,a}

+ {d,e,a,c,b}— {d,e,b,a,c}+ {d,e,b,c,a}—2{d,e,c,a,b}+ {d,e,c,b,a}

=0
/‘{28 =1:
{b,c,d,e,a}— {b,c,e,d,a} — {c,d,b,e,a}+ {c,d,e,b,a}+ {c,e,b,d,a}— {c,e,d,b,a}
=0
131 =1:

{b,d,a,c,e}—21{b,d,c,a,e}— {b,d,e,a,c}+2{b,d,e,c,a}— {b,e,a,d,c}+ {bec,ad}
+ 2{b,e,d,a,c} —2{b,e,d,c,a} — {c,d,a,e,b}+ {c,d,b,a,e}+ {c,d, b, e, a}
+2{c,d,e,a, b} —3{c,d,e,b,a} + {c,e,a,d, b} — {c,e,b,a,d}
—2{c,e,d,a,b}+2{c,e,d,b,a}l— {d,e,b,c,a}l+ {d,e,c,b,a} =0

132 =1:
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{b,d,a,e,c}— {b,d,c,a,e}—2{b,d,e,a,c}+2{b,d,eca}— {beadc}+ {bec,ad}
+2{b,e,d,a,c}—2{b,e,d,c,a} — {c,d,a,e,b} + {c,d,b,a,e}
+2{cd,eab}—2{cd,eb,a}+ {c,e,a,d,b}— {c,e b,a,d}
—2{c,e,d,a,b}+2{c,e,d,b,a} =0

/137 =1:

{b,e,a,c,d}— {b,e,a,d,c} — {b,e,cad}+ {bedac}+ {ceb,da}— {ced,b,a}
— {d,e,b,c,a} + {d,e,c,b,a} =0

143 =1:

{c,e,a,b,d}— {c,e,a,d, b} — {c,e,b,a,d}+ {c,e b,d,a}+ {ced, ab}— {ced,b,a}
=0

Here we have all the identities coming from the second linear combination involving the second
type of bracketing:

p =1

[a,c,b,d,e] — [a,c,d,e,b]— [a,d,b,ce]+ [adceb]l—1/2 [aeb,c,d]
+1/2 [a,e,b,d,c]— [b,c,a,d,e]+ [b,c,d,e,a]l + [b,d,a,c,e]
— [b,d,c,e,al+1/2 [b,e,a,c,d] —1/2 [b,e,a,d,c] +1/2 [c,e,a,d,b]
—1/2 [c,e,b,d,a]l—1/2 [d,e,a,c,b]+1/2 [d,e,b,c,a] =0

py =1

[a,c,b,e,d] — [a,c,d,e,b] —3/2 [a,e,b,c,d] +1/2 [a,e,b,d,c] + [a,e,c,d,b]
— [b,c,a,e,d] + [b,c,d,e,al+3/2 [b,e,a,c,d]—1/2 [b,e,a,d,c]
— [b,e,c,d,al+ [c,d,a,e,b] — [c,d,b,e,a] —1/2 [c,e,a,d,b]
+1/2 [c,e,b,d,a] —1/2 [d,e,a,c,b] +1/2 [d,e,b,c,a] =0

py = 1

[a,d,b,e,c]— [a,d,c,eb]l— [aeb,dcc]+ [acecdDb]l— [bdaec]+ [bdceal
+ [b,e,a,d,c] — [b,e,c,d,al+ [c,d,a,e bl — [c,d,b,ea]l — [ce a,d,b]
+ [c,e,b,d,a] =0

ps = 1:

[a,b,c,d,e] — [a,b,d,e,c]— [a,d,b,c,e]l+ [ad,c,ebl—1/2 [a,eb,c,d]
+3/2 [a,e,b,d,c]— [a,e,c,d, bl — [b,c,a,d,e]l+ [b,c,d,e al
+1/3 [b,d,a,c,e]+4/3 [b,d,a,e,c]—5/3 [b,d,c,e,al +1/6 [b,e,a,c,d]
—5/6 [b,e,a,d,c]+2/3 [b,e,c,d,al+2/3 [c,d,a,b,e]l—4/3 [c,d,a,e, b]
+2/3 [c,d,b,e,a]l +1/3 [c,e,a,b,d] +5/6 [c,e,a,d,b] —7/6 [c,e, b,d,a]
— |[d,e,a,b,c]+1/2 [d,e,a,c,b]+1/2][d,e,b,c,a]l =0

Hg = 1:

[a,b,c,e,d] — [a,b,d,e,c]—3/2 [a,e,b,c,d] +3/2 [a,e,b,d,c] — [b,c,a,e d]+
[b,c,d,e,al + [b,d,a,e,c] — [b,d,c,e,al +1/2 [b,e,a,c,d]—1/2 [b,e,a,d,c] +
[c,e,a,b,d] —1/2 [c,e,a,d,b] —1/2 [c,e,b,d,a] — [d,e,a,b,c] +1/2 [d,e,a,c,b] +
1/2 [d,e,b,c,al =0.m

Conclusion. This paper defines a triple Tortken product in Novikov algebras and gives a list of polynomial
identities up to degree 5 satisfied by Tortken triple product in every Novikov algebra. We conclude that there
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is no identities of degree 3 and a list of identities of degree 5 given above satisfied by triple Tortken product in
Novikov algebras over a field of characteristic zero.
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APPROXIMATIONS OF THE THEORIES OF STRUCTURES WITH
ONE EQUIVALENCE RELATION

Abstract. Recently, various methods similar to the “transfer principle” have been rapidly developing, where one property
of a structure or pieces of this structure is satisfied in all infinite structures or in another algebraic structure. Such methods
include smoothly approximable structures, holographic structures, almost sure theories, and pseudofinite structures
approximable by finite structures. Pseudofinite structures are mathematical structures that resemble finite structures
but are not actually finite. They are important in various areas of mathematics, including model theory and algebraic
geometry. Pseudofinite structures are a fascinating area of mathematical logic that bridge the gap between finite and
infinite structures. They allow studying infinite structures in ways that resemble finite structures, and they provide a
connection to various other concepts in model theory. Further studying pseudofinite structures will continue to reveal
new insights and applications in mathematics and beyond. Pseudofinite theory is a branch of mathematical logic that
studies structures that are similar in some ways to finite structures, but can be infinitely large in other ways. It is an area of
research that lies at the intersection of model theory and number theory and deals with infinite structures that share some
properties with finite structures, such as having only finitely many elements up to isomorphism. A. Lachlan introduced
the concept of smoothly approximable structures in order to change the direction of analysis from finite to infinite, that
is, to classify large finite structures that seem to be smooth approximations to an infinite limit. The theory of pseudofinite
structures is particularly relevant for studying equivalence relations. In this paper, we study the model-theoretic property
of the theory of equivalence relations, in particular, the property of smooth approximability. Let L = {E}, where E is an
equivalence relation. We prove that an any w-categorical L-structure M is smoothly approximable. We also prove that any
infinite L-structure M is pseudofinite.

Key words: pseudofinite structure, pseudofinite theory, equivalence relation, approximation, approximation of theory,
smoothly approximable structure.

Mapxa6atos H./I.
JL.LH.I'ymunes arsigarsl Eypasus ¥arteik yausepcureti, 010008, Acrana k., Kazakcran
email: nur 24.08.93@mail.ru

BIP DKBUBAJIEHTTIK KATBIHACBI BAP K¥PbIJIBIM TEOPUSAJIAPBIHBIH
AIINTPOKCUMALUAJIAPBI

Anpmarna. CoHFbl yakKbITTa KYpBUIBIMHBIH OIp KacHeTi HeMece OChl KYPBUIBIMHBIH O6JiKTepi OapiblK IIeKCi3
KypbUIbIMIap/ia HeMece 0acka ajreOpaliblk KypbUIbIM/Ia KaHAaFaTTaHAbIPbUIATBIHAN «TachIMalliay PUHLUITIHE» yKcac
OPTYPJIL SicTep KapKbIHIBI JaMblll Keieai. MyHaail opictepre OipKelnKi yKybIKTANAThIH KYPbUIBIMAAD, TOJIorpadusiIbK
KYPBUIBIMIAP, CEHIM/II ACPIIK TEOpHsIap )KOHE aKbIPJIbl KYPbLIBIMIAPMEH XKYBIKTAIAThIH TICEBI0AKBIPIIbI KYPbUIbIMIAD
xaranpl. [IceBIOaKbIpibl KYPBUIBIMAAP - aKbIpJIbl KYPBUIBIMJApPFa YKCAWTBhIH, OlpaK IIbIH MOHIHIE aKbIpIbl eMec
MareMaTHKaJIbIK KypbuibiMaap. Onap MaTeMaTHKaHbIH OpTYpJl cajajlapblH/la, COHBIH IIIHJE MOJENBAEP TEOPHSCHI
MEH aireOpasblK reoMeTpusiia MaHb3Abl. [IceBIOaKbIpIbl KYPbUIBIMAAD - OYJI aKbIpJIbl JKOHE ILEKCi3 KypbUIbIMIAp
apachIHJIaFbl ANIIAKTHIKTHI OTCUTIH MaTeMaTHKAIIBIK JIOTMKAHbBIH KbI3BIKTHI canachl. Oap NIeKCi3 KYPbUTbIMAAPIbI aKbIPIIbI
KYPbUIBIMIAPABI €CKE TYCIPETIH TOCUIAECPMEH 3€PTTEyre MyMKIH/IIK Oepei oHe opTypii Oacka TEOPUSIIBIK MOICIIbIIK
TYXKbIpbIMaMallapbiHa ciaremeniep Oepeni. IlceBmoakpIpibl KypbhUIbIMIAPABI OJlaH dpi 3epTTey MaTeMarHKaJa >KOHEe
OJIaH THIC JKepliep/ie JKaHa UesuIap MEH KOoJIJaHOasap/ibl alrybl xKajaracTeipaisl. [IceBnoakpIpiibl Teopusiap — Keioip
JKarbIHaH MIEKT] KYpbUIbIMIapFa yKcac, 6ipak 0acka acniekrisepi OOWbIHINA IIEKCi3 YIIKEH 00ybl MYMKIH KYPBUIBIM/AP/IbI
3epPTTEUTIH MaTeMaTHKaJbIK JIOTMKAHBIH OeuiMi. Byl Moenbaep Teopuschl MEH CaHAap TEOPUSICHIHBIH KUBUIBICHIH/IA
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OpHAJACKAH JXOHE HM30MOp(U3MIe ACHIHTI IEMEHTTEPIiH MICKTEYNi CaHbl CHSIKTHI MIEKTI KYPBUIBIMJIApPMEH OpTaK
KacueTTepi 0ap IIeKci3 KYphUIbIMAAPMEH aifHaJIBICATHIH 3epTTey canachl. A. Jlaxuan TanmayabiH OarbIThIH aKbIPIBIIAH
IIEKCI3Te O3repTy, SFHU IIEKCi3 MIEKKE TETIC armpoKCHMAITUsIIay OO KOPIHETIH YIKSH MIEKTi KYPBUTBIMIAPABI KIKTEY
YIIiH KYPBUTBIMIAPABIH OIpKeNKi ammpoKCHMAIUsuIay TYCIHITIH eHri3mi. [IceBmoakpIpibl KyYphUTBIMIApP TEOPHUSACHI
SKBHUBAJICHTTIK KaTBIHACTApPIBI 3EPTTEy YIIIH epeKIIe ©3eKTi Oombim TaObuiambl. bym skympicTa 0i3 IKBHBAJCHTTIK
KaTbIHACTAP TEOPHSACHIHBIH MOJEIbAIK-TCOPHSUIBIK KACHETIH, aTanm alTKaH[a, TETiC anmpoKCHMalMalaHy KacHeTiH
3eprreiimiz. Erep L = {E} sxoHe £ — L-KypbUTBIMIa SKBUBAJICHTTIK KaThIHAC 0OJICa, OHNIA Ke3 KeNTeH M-KaTerOPHSIIBIK
L-kypbutbIM M TeTic anmpoKCHUMalMaIaHaTelHbl gaienneHai. COHBIMEH Karap, Ke3 KeNreH IIeKci3 L-KypbsuibiM M
TICEB0AKBIPIIBI OOJIBITT TaObLIa IBI.

Tipelc €e3ep: MCECBIOAKBIPJIIBI KYPBIIIBIM, TIICEBAOAKBIPIIBI TEOPU, 9KBUBAJICHTTIK KaTbIHAC, alllIpOKCUMalus, TCOPpUA

alIIpoOKCUMAlUACHI, Teric AlMpOKCUMAIMAIAHATBIH KYPBLJIbIM.

Mapxabaros H./I.
EBpasuiickuit Hartmonaneneiil yausepcutet um. JI.H.I'ymunesa,, 010008, r. Acrana, Kazaxcran
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AIIIMPOKCUMAIIMUA TEOPUM CTPYKTYP C OJJHUM OTHOILIEHUEM
9KBUBAJIEHTHOCTH

AnHoTanusi: B mocnennee Bpemst OypHO pa3BHUBAIOTCS pa3IMdHBIC METOJIBI, CXOXKHE K «IIPUHIUIY TEPEHOCay, KOInia
OIIHO CBOWCTBO CTPYKTYPBI HJIM YacTeH 3TON CTPYKTYPHI BBIITOIHSACTCS BO BCEX OECKOHEUHBIX CTPYKTYPAX WM B IPYyTOM
anreOpanyeckoil cTpykrype. K Takum MeTozaM OTHOCSTCS INTAKO alllIpPOKCHMHUpPYEMbIe CTPYKTYpHI, Tojorpaduiaeckne
CTPYKTYPBI, TIOYTH HA/ICKHBIC TEOPUH U MCEBIOKOHEUHBIX CTPYKTYPHI, alIPOKCUMHUPYEMbIE KOHEUHBIMH CTPYKTYpPaMH.
[IceBnoKOHEYHBIE CTPYKTYPBI — 3TO MAaTeMaTHYECKUE CTPYKTYPhI, KOTOPbIE HATOMWHAIOT KOHEYHBIE CTPYKTYPbI, HO Ha
CaMoM JieJie He SIBISIFOTCS] KOHEYHBIMU. OHHM BayKHBI B PA3IIMUHBIX 00JIACTSAX MAaTeMATHKH, BKIIOYas TEOPHUIO MOAEIEH 1
anredpandecKyro reoMeTpuro. IIceBIOKOHEUHBIE CTPYKTYPBI — 3TO YBJIEKaTesIbHAs 00JacTh MaTeMaTHIECKON JIOTHKH,
KOTOpasi yCTPaHsACT Pa3pbIB MEXK Ty KOHEUHBIMU U OECKOHEUHBIMH CTPYKTypaMHu. OHH TO3BOJISIOT H3y4aTh OCCKOHEUHBIE
CTPYKTYpBI crioco0amu, HAllOMHHAIOIIUMH KOHEYHBIE CTPYKTYPBI, U OOECIIEUMBAIOT CBSI3b C PAa3IUYHBIMH JIPYTHMHU
KOHIICTIIUSAMH Teopun Mopesneil. JlanpHeiee n3ydeHue MCeBJOKOHEYHBIX CTPYKTYp OyZeT MpOJOoIKaTh OTKPBIBATh
HOBBIC HJICW 1 TIPUJIOKEHNUS B MaTEMaTHKE | 3a ee npenesamMu. [IceBIOKOHETHbIE TEOPHN — 3TO Pa3ell MaTeMaTHIeCKOH
JIOTUKH, M3YYaIOIIUH CTPYKTYpHI, KOTOPBIE B YEM-TO MOXOKM Ha KOHEYHBIC CTPYKTYpPBI, HO MOTYT OBITh OCCKOHEYHO
OONIBIINMH B APYTHUX OTHOIICHUSIX. DTO 00IACTh UCCIIE0BAHUN, KOTOPAsi HAXOANTCS Ha TIEPECEUCHUN TEOPUH MOJIeNei 1
TEOPUH YHCEI U IMEET JIEJIO0 C OECKOHEUHBIMHU CTPYKTYPaMH, KOTOPHIE IMEIOT HEKOTOPBIE 00IIMe CBOHCTBA C KOHSUHBIMHU
CTPYKTYPaMH, HallpuMep, UMEIOT TOJIBKO KOHEYHOE YHCIIO JIEMEHTOB C TOYHOCTHIO /10 m3oMopdusMa. A. Jlaxiian BBen
MOHSATHE TJIAJIKO aIlIPOKCUMHUPYEMBIX CTPYKTYP, YTOOBI H3MEHNTH HAIpPaBJICHUE aHAIN3a C KOHEYHOTO Ha OECKOHEYHOE,
T. €. KJ1accn(puIrpoBaTh OOJBIINE KOHEUHBIE CTPYKTYPBI, KOTOPBIE KayKyTCsI TNIaIKUMH MIPHOIMKEHUSIMA K OECKOHETHOMY
npeneny. Teopusi MICEBIOKOHEYHBIX CTPYKTYpP OCOOCHHO aKTyallbHA JUIS M3YYEHHs OTHOIICHWH SKBHBAJCHTHOCTH. B
JTaHHOW paboTe HccleyeTcss TEOPEeTHKO-MOJIEbHOE CBOWCTBO TEOPHM OTHONICHWI SKBUBAJCHTHOCTH, B YaCTHOCTH,
cBoiicTBO mceBmokoHeuHocTH. [lycte L = {E}, rme £ — OTHOIIEHHE >KBUBAJICHTHOCTH Ha L-cTpykrype. JlokazaHo,
4yTo Jr00asi m-KareropudHas L-CTpykTypa M Tiajgko anmpokcuMupyema. Taroke J10KazaHo, 4To Jro0ast GeckoHeuHast
L-ctpykTypa M sBnsieTcst ICEBAOKOHEUHOM.

KotoueBble ci10Ba: IICEBIOKOHEYHAsI CTPYKTYpA, TICEBIOKOHEUHAsT TEOPHs, OTHOIICHNE 3KBHBAJICHTHOCTH, alIPOKCH-
Manusi, almIpoKCHMaIus TECOPUH, TIAAKO alpPOKCUMHUpPyeMast CTPYKTYpa.

Introduction

Approximations for permutation theory by theories of finite structures were studied in [1], for locally
free algebras in [2], for ordered theories in [3], for Abelian groups in terms of Szmielev invariants in [4,5], for
regular graphs studied in [6].

We denote by J; the family of all theories of the language L. It should be noted that in [14] the rank for
families of theories was introduced similarly to the Morley rank. And in [13], the following proposition was
proved

Proposition 1. If L is a language containing an m-ary predicate symbol, for m > 2, or an n-ary functional
symbol, for n > 1, then RS( T} ) = oo.
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In paper [7] isomorphisms and algorithmic properties of structures with two equivalences are considered
based on methods developed by D.A. Tusupov for graph definability in a bipartite graph and in a structure with
two equivalences, which preserve the algorithmic and syntactic properties of the original structure.

Definition 1. [8] An infinite structure M is pseudofinite if for any sentence ¢ with M |= o, there exists a
finite model M, with M |= o.

Definition 2. Let M and N be L-structures. N is a homogeneous substructure of M, notationally
N <pom M, if N < M and for every positive natural k and every pair @, b € N¥, @ and b lie in the
same Aut(M)-orbitifand only if @ and b lie in the same Aut(yy(M)-orbit, where Autyy(M) : = {o €
Aut(M): o(N) = N}

Definition 3. An w-categorical structure  is called smoothly approximable if it is the union of an ®-chain
of finite homogeneous substructures; or, that is the same, if any proposition @ € Th(M) is true for some finite
homogeneous substructure N of the structure M.

Smoothly approximable structures were first considered in general form in [9], then in [10]. The
theory of models of smoothly approximable structures was further developed in the works by G. Cherlin
and E. Hrushovskii [11,12]. The class of smoothly approximable structures is the class of omega-categorical
supersimple structures of finite rank, which properly contains the class of omega-categorical omega-stable
structures (in particular, totally categorical structures).

Remark 1. [15] Any smoothly approximated structure is pseudofinite, the converse is not always true.

Example 1. Random graph is w-categorical, homogeneous, pseudofinite, but not smoothly approximable.

Main provisions

We are dealing with (complete) theories of equivalence relations. We fix a language L = {E} and a
L-structure M, where E is interpreted in M as an equivalence relation.

Let the set {K;|i € w} be the set of cardinalities of E-classes of the L-structure M. To describe the smooth
approximability of L-structure M, we use the following invariants. Consider the pair (Ki, A(k;)) where k, is
the cardinality of the i-th E-class, and A(K;) is the number of cardinality classes of &, A(k;) €W U {oo}.
Therefore, we also consider the indicator € € {0,1} indicating the absence or presence of an infinite £-class.
Also, we often use the following well-known

Fact: An L-theory T is w-categorical iff the set {i;|i € w} is finite and all models have the same
invariants (K A(K;)).

If M is countably categorical, there may be classes of infinite cardinality among the E-classes, that is, in
the set {K;|l € w} there is at least one infinite cardinality k..

Proposition 2. Any an w-categorical L-structure M is smoothly approximable.

The following theorem says that any L-structure M is approximated by finite structures.

Theorem 3. Any infinite L-structure M is pseudofinite.

Materials and Methods

We know several ways to show that a theory T is pseudofinite [8], that is, approximated by theories of
finite structures.

We have the following methods (tools) for examining algebraic structures for pseudofiniteness:

— Probabilistic argument [15,16];

— Ultraproduct Construction [8,17];

— Approximations of the theory of algebraic structures by theories of finite structures[18];

— Fraisse limit.

— Smoothly Approximability [9]

Some of the above model-theoretic methods are also actively used for applied research. For example, the
Probabilistic method is widely used in data analysis and can provide valuable information about relationships
between variables in a dataset. However, it is important to select the appropriate method for a particular
research question and carefully evaluate the assumptions underlying the model.

Results and Discussion
Proof of the Proposition 2: Let M be countably categorical and ¢ = (. Then either all E-classes have
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the same cardinality i.e. for any E-class there is an infinite number of isomorphic £-classes (1), or some finite
number of E-classes have the same cardinality (2). Since all elements of each E-class are equivalent, there is
an automorphism mapping this class onto itself. This means that each equivalence class can be considered
as a finitely homogeneous substructure. Therefore, (1) if for all i and j, x; = k;, then M is an unique up to
isomorphism and M = Ujew M;, where M; = Hicw N; and N, are E-classes.

(2) Let the set of cardinalities of E-classes be finite in M, that is, Ko,K1, > Kn—1. For finite natural /
and m, with 1 <1 <m and 0 <p <n—1 denote by 4 a finite substructure consisting of A(k,) =1
E-classes. This substructure is finitely homogeneous and can be represented as a disjoint union of a finite
number of E-classes. Now we denote by B 3 substructure that for any p<t<n-—1, A(Kt) = o0, Then
B = Ilieo(N}! U N7 U - U Nf). Generally, M = Uiew M;, where M; = A U B.

Let M be countably categorical and € = 1. This means that among Ko, K1, ..., Kn—1 only one indicates
infinite cardinality. Let's say it k,. And all other {x;|1 < i < n — 1} indicates finite cardinalities. Let us
denote the substructure with finite cardinalities as in the previous case by A. All possible cases for 4 are
considered in the previous part of the proof.

And the substructure consisting of infinite classes will be denoted by B. If A(x ) is finite, let's say A(x,) = s
, for finite natural s, then B = Uje, (N} U NZ U -+ U Nf) at that N © Nf, for j < i. If A(x,) is infinite, then
B = [licw Ci, where C; = Ui (N; U N7 L=+ LI NP).

Generally, M = U;e, M;, where M; = A LU B.

Proofofthe Theorem 3: The proof of pseudofiniteness is in some sense easier than smooth approximability,
because smooth approximability is a stronger condition including countably categorical and finitely homogeneity
substructures. Therefore, we consider only the non-countably categorical case, if the structure M is countably
categorical, then we refer to the smooth approximability. Table 1 below shows the proof.

Table 1 — All possible approximations by finite structures of L-structure M.

The number of equivalence classes

A(x;) is finite A(x;) is infinite
k. is K <n not infinite 1) If the cardinality set is finite,
finite then M is smoothly approximable,
hence pseudofinite. Let the set
of cardinalities infinite. Then
M = [l;e, M; and M, are E-classes.
K=K, 0 # not infinite 2) The gtmcmre M is smoothly
approximable by the first case of the
proof of Proposition 2.
k. is Only some classes | 3) L-structure M represented as 4) Similarly, by Proposition 2 and
infinite | have infinite M = M, U Ml, where M, is a substructure case 1) of this table.
cardinality of finite cardinality E-classes, M is a
substructure of finite cardinality £-classe. All
possible cases were considered earlier. If it
is countably categorical then it is smoothly
approximable by Proposition 2. If not, then
case 1) of this table. For M, we refer to
Proposition 2
All equivalence 5) Smoothly approximable, hence 6) Smoothly approximable, hence
classes have pseudofinite pseudofinite
infinite cardinality;

Example. Let M be a countably infinite set and L = {=}. List M as {a; : i € w}, and M; ={Qo, -, a}.
Then M is smoothly approximable, and M = U;e, M;.
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Conclusion

Pseudofinite structures are a fascinating area of mathematical logic that bridge the gap between finite and
infinite structures. They allow for the study of infinite structures in ways that resemble finite structures, and
they provide a connection to various other concepts in model theory. Further study of pseudofinite structures
will continue to reveal new insights and applications in mathematics and beyond. The theory of pseudofinite
structures is particularly relevant for studying equivalence relations. This article examines the model-theoretic
property of the theory of equivalence relations, in particular, the property of smoothly approximability. We
prove that an any w-categorical L-structure M is smoothly approximable. We also prove that any infinite
L-structure M is pseudofinite.

Information on funding
The study was partially supported by the Scientific Committee for Education and Science of the Republic
of Kazakhstan (AP19674850, AP19677451).
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MATHEMATICAL MODELING OF SARS-COV-2 PARTICLES’
PROPAGATION DURING HUMAN REFLEXES

Abstract. An unknown virus, which was detected in Wuhan city in 2019, had changed fate of the world
immediately causing an economic loss, decrease in total population and etc. A penetration of coronavirus
contaminated particles to a human cell is able to cause an overproduction of cytokines and antibodies. This
process gives arise to fatal cases. Hence, because of SARS-CoV-2’s pathogenicity, severity and unexpectedness,
effective safety measures should be implemented. Along with safe social distancing and wearing a mask, a
presence of air conditioning, ventilation system and open windows can reduce the coronavirus propagation
in enclosed spaces. The present article focuses on the modeling of coronavirus particles’ propagation during
human respiratory reflexes within a constructed three-dimensional confined space with inlet and outlet
boundary conditions. Momentum and continuity equations, k-¢ turbulence model and Lagrangian dispersion
model were utilized to solve the problem. SIMPLE is a main method to solve all governing equations. The
primary objectives of this work are to demonstrate the efficiency of air conditioning and open windows in
preventing the spread of viruses and to examine particle behavior in the computational domain.

Key words: SARS-CoV-2, SARS-CoV-2 particles’ transmission, coronavirus particles and aerosols, CFD
(computational fluid dynamics), modeling, office room, air conditioning, open window.

Caranasik A.T."", Hcaxos A.A."?
'Kasakcran-bpuran TexHUKaIbIK yHuBepcuteti, 050000, Anmarsr K., Kazakcran
2On-Dapabu areiaaarsl Kazak yitTeiK yausepeuteti, 050038, Anmarsi K., Kasakcran
*E-mail: ' sgnkaru@gmail.com,

AJAM PE®JIEKCTEPI KE3IHAEI'T SARS-COV-2 BOJIINEKTEPIHIH TAPAJIYBIH
MATEMATHUKAJIBIK MOJAEJIBAEY

Angarna. 2019 xputel YXaHb KaJIaChIH/Ia aHBIKTAJIFaH OENTiCi3 BUPYC dJIEMHIH TaFABIPEIH OipA€H 03TepTill, SJKOHOMHUKAIIBIK
IIBIFBIHFA, JKANIBl XaJbIK CAHBIHBIH a3al0blHA KoHE T.0. Tyabipiasl. KopoHaBupycneH nactanfaH OJIIEKTEpAiH ajgam
JKacyImIacklHa €Hyl MUTOKWHACP MEH aHTHACHENEp/IiH maMaaaH ThIC OHIIpiciH TyabIpansl. by mporecc emiMre aeiin
amapansl. Jlemex, SARS-CoV-2-HiH natoreHainirine, aybIpIbIFbIHA XKOHE TOCHIH/IBIFBIHA OaIaHBICTHI THIMII KayiICi3IiK
IIapajgapbiH KOJIJaHbLTY bl KaXeT. Kayirnci3 aeyMeTTiK KallbIKTHIK TIeH OeTIep/ie KHIOMEeH KaTap, ayaHbl Ta3apTy, )KEIACTy
KYHeci JKoHe almbIK Tepe3enep i O0omybl KaObIK KeHICTIKTepie KOPOHABUPYCTHIH TapaTyblH €Ioyip TOKTAaybl MYMKIH.
By makama kipic yKoHE IIBIFBIC IIeKapaiaphl Oap yII emmemai *KaOblK KeHICTIKTe aJaMHBIH THIHBIC aiy >KyWeciHIeri
pedmexcTepi Ke3iHae KopoHaBUPYC OOJIIEKTePiHIH TaparyblH MOIEIbISYTe OaFpITTaFaH. EcenTi menry yiIiH uMITyiTbe
KOHE Y3IIKCI3MIK TeHaeyepi, k- TypOymeHTTik Mozemi xoHe Jlarpamk aucnepcusuiblK Moaeni Konmansuiasl. SIMPLE
omici — TPOIECCTi CHUIMATTAWTBIH OapNBIK TEHACYJACpPAl IISNIyOiH HEeTi3ri omici. Byl »XYMBICTBIH HETi3Ti MaKcaThl
BHPYCTap/IbIH TapaTybIH IIEKTEY YIIiH ayaHbl KOHAUIINOHEPIICYIH KOHE alllbIK Tepe3eIepaiH THIMIUTITIH KOPCeTy KoHe
ecenTey aiMarbIHIaFEl OOIIEKTEePIiH KO3FAIBICHH 3epTTEy OOJBIT TaObLIAIE.

Tipex ce3mep: SARS-CoV-2, SARS-CoV-2 GemmrekTepiHiH Taparysl, KOpPOHABHPYC OOINIIEKTepi MEH a’po30ibaap,
ecenTey TUIPOANHAMHKACKI, MOIEIBICY, KeHCe 0OIMeci, ayaHbl KOHIHIHSIAY, alllbIK Tepese.
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MATEMATUYECKOE MOJEJIUMPOBAHUE PACITPOCTPAHEHUSA YACTUIL
SARS-COV-2 [IPU PE®JIEKCAX YEJIOBEKA

Annoranusi. HensBecTHblll Bupyc, oOHapyKeHHBI B Topozme YxaHb B 2019 r, usmenun cyap0y Mupa, BbI3BaB
9KOHOMHUYECKHH ymep0d, cokpamieHne oOImel 4YHCIeHHOCTH HaceleHnss W T.J. lIpOHUKHOBeHMe 3apa)KeHHBIX
KOPOHaBUPYCOM YacTHII B KJIIETKY YelIOBEKa CIIOCOOHO BBI3BATh IIEPEIPON3BOACTBO INTOKMHOB U AHTUTEN. DTOT ITPOIIECC
MPUBOIUT K JeTadbHOMYy ucxoay. ClenoBarenbHO, U3-3a MaTOT€HHOCTH, CEphe3HOCTU U HeoxkugaHHOCTH SARS-CoV-2
HEoO0X0MMO MpUHATH 3P PeKTUBHBIE Mepbl Oe3omacHocTH. Hapsiay ¢ 6e30macHbIM COIMaIbHBIM JUCTAaHIUPOBAHUEM U
HOILIEHWEM MACKH HaJlIW4Ke KOHJUIMOHEPA, CUCTEMBI BEHTHISAINH U OTKPBITBIX OKOH MOXKET CHU3UTh PAaCIpOCTPaHEHUE
KOPOHABUpPYyCa B 3aKpBITBIX MOMEHIEHUsAX. JlaHHAs CTaThbsl MOCBSILEHA MOJCIUPOBAHMIO PACIPOCTPAHEHHS] YACTHUIL
KOpOHaBUpYCa MpPH JbIXaTeNbHBIX peduiekcax 4YeIoBeKa B TPEXMEPHOM OTPAaHMUCHHOM MPOCTPAHCTBE C BXOJHBIMU U
BBIXO/IHBIMU TPAaHUYHBIMH YCJIOBHSMH. J{71s1 pelIeHus 3a1aui UCIIOIb30BAINCh YPAaBHEHHS UMITYJIbCA U HEPA3PBIBHOCTH,
k-& mozens TypOyneHTHOCTH M MOenb aucnepcnu Jlarpamxka. SIMPLE — 3To 0CHOBHOI MeTOA pelIeHHsI BCEX OCHOBHBIX
ypaBHeHUH. OCHOBHBIE LU 3TOH pabOTBl — MPOAEMOHCTPHPOBATh PPEKTHBHOCTH KOHAMIIMOHMPOBAHUS BO3IyXa
U OTKPBITBIX OKOH B IPEIOTBPAIIEHUN PACHPOCTPAHEHHs BHPYCOB M U3YUYHUThH JIBUKEHUE YACTHI] B BBIUUCIUTEIHHON
obmact.

KuloueBbie caoBa: SARS-CoV-2, pacnpoctpanenue yactul, SARS-CoV-2, yacTuubl W a’po3oiid KOpOHaBUpYcCa,
BBIYUCITUTENbHAS THAPOINHAMUKA, MOJCIUPOBAHNE, ODUCHOE MMOMEMICHUE, KOHANIIMOHUPOBAHUE BO3IyXa, OTKPHITOE
OKHO.

Introduction

In the world’s history, one of the phenomena, which caused enormous damage to various aspects of
life, including the economy, number of total populations etc., was coronavirus or SARS-CoV-2. Because of
coronavirus’s pathogenicity, severeness and unexpectedness various important mitigation strategies, which can
stop its propagation, are still carrying out. Numerous preventive measures, including quarantine, lockdown,
wearing medical masks and gloves, avoiding close contact with infected people, mouthwash, hand hygiene,
and others, were researched and realized to stop and limit the spread of the disease.

Despite of some uncertainties, it is investigated, coronavirus particles can propagate through air via
sneezing, coughing, talking and even by breathing [1]. Additionally, asymptomatic individuals tend to
contaminate an environment with virus particles, which gives a rise to spread of coronavirus. Virus aerosols are
prone to linger in the air for a long time and move to long-term distances [2]. It was detected that SARS-CoV-1
and SARS-CoV-2 drops and droplets linger in air and are exposed to intrabuilding movement. V. Stadnytskyi,
C.E. Bax, A. Bax and P. Anfinrud utilized a laser-light scattering technique to identify the time, in which virus
contaminated aerosols suspend in air [3]. These aerosols can remain in air longer than ten minutes. Vuorinen
et al. defined the difference between aerosols, droplet nuclei and droplets [4]. Researchers indicated, aerosols
and droplet nuclei can be accepted as residuals from a water evaporation, which contain coronavirus. They
suspend in air for hours and spread through air. Small droplets are able to turn into aerosols and droplet nuclei.
In addition, diameters for large droplets can be more than 200 um. Aerosols, tiny particles and droplet nuclei
have sizes less than 10 um [7]. Medium diameter sizes for drops and droplets are in an interval of 10—-100
pm. According to an investigation, a man exhales 100 to 1000 particles when coughing and 1000 to 10,000
particles when sneezing within 1 s [5].

One of the vast measures can be a fixed ventilation system in enclosed spaces, where an infection is
detected. Many researchers observed a propagation of virus’s particles within different spaces. Majority
of observations showed that the ventilation system plays significant role in controlling of coronavirus’s
distribution. The authors of one of these studies are Armand and Tache [5]. Current work focuses on the particle
distribution after the events such as continuous breathing and coughing. The model of a carriage, that contains
three partitions, was utilized. In model, passengers occupied the first and the third parts, and the second part
connects two divisions. An airflow comes from outside the first and third divisions and escapes from the top of
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the train. In this study, an airflow and trajectory of particles were simulated via a turbulent k-¢ model and two
dispersion models (Eulerian and Lagrangian), respectively. The results for simulation of particles’ distribution
are the same for both approaches. Results show, due to the continuity of breathing droplets tend to capture
whole carriage. Initially, contaminated droplets reach passengers sitting next to an infected person, and then
they continue to move to opposite side of an infected passenger.

In the study of Mariam et al. diluted particle propagation is examined in a standard office room for events
such as sneezing, coughing etc. [6]. In the physical model, two human models, one of them is an infected person
and another one is a healthy receiver, keep recommended distance for prevention from catching infection.
Authors considered two cases of human models’ positions, namely, sitting and standing opposite to each other
positions. In each case two different locations of inlet-outlet boundary conditions were under the observation.
In the first arrangement of inlet-outlet boundary conditions, inlet and one of the two outlets are at a ceiling and
another outlet is placed at wall, while the second one offers inlet and outlets to be at the ceiling. The airflow
was simulated using turbulent k-¢ model. The received results show that the most optimal location for inlet and
outlets should be as in the first arrangement. Because of the barrier generated by the airflow emitted particles
cannot cross the barrier and the receiver. However, there were detected particles of both small and large sizes
near the receiver in coughing and loud talking events. Authors deduced, keeping recommended distance as
safety measures cannot prevent from infection fully. On the other hand, their study indicates that the ventilation
system is one of the effective ways to control virus’s dissemination. Precise location of inlet-outlet boundary
conditions for venting system can enhance air purification from contaminated droplets.

Mirzaie et al. observed coronavirus particles’ spread inside a class, where an infected teacher stands in
front of the class [7]. CFD simulation was implemented for airflow generated by venting system and Lagrangian
dispersion model was applied for motion of particles emitted by teacher’s coughing. There were suggested two
versions of the physical model. The first case consists of the standard classroom with ventilation system and
student desks, while in the second one there are supplementary barriers for each desk. The results conclude
that airflow from venting system can expel contaminated particles completely at precise velocity and time.
Moreover, constructed barriers for each desk can be considered as one of the effective and supplementary
precautionary measures. Another observation about modeling of virus propagation inside the classroom with
air conditioning was conducted by Abuhegazy et al. [8]. It was studied that particles of small sizes, namely
less than 15 pm, tend to float in the air for some time and then exit the classroom, while large, diluted drops
settle on the surfaces. In addition, particle percentage was examined for each student desk after ejection.
Researchers concluded that appropriate positions for healthy students can protect them from infection. They
also deduced, presence of open windows as outlets reduces coronavirus contamination. Narayanan and Yang
investigated an airflow generated by air purifiers and transmission of coronavirus particles in a music class
[9]. Several scenarios of simulation were under observation, when a student is exhaling contaminated particles
by playing on brass instrument and piano, the student is wearing a mask for safety measurements. Received
result indicates, determined location for air purifier can effectively cut the number of particles. Ahmadzadeh et
al. studied an efficiency of a ventilation system and open windows as outlet during virus propagation during
talking and coughing [10]. Ventilation system and open windows can essentially manage the transmission
of contaminants. It was concluded, a right location for the ventilation is close to the infected individual. In
the work of Liu ef al., a real documented case of COVID-19 infection in one of the restaurants in China
is described [11]. Authors studied the dissemination of coronavirus particles exhaled by an asymptomatic
individual. Advanced CFD solver was implemented. It was concluded, a temperature of human body and
environment can change direction of airflow produced by air conditioning and create vortexes that worthen
the situation.

In the study of Mathai ef al., an indoor environment and injected coronavirus transmission inside a moving
vehicle were examined [12]. Researchers studied two scenarios of virus emitter. In first case, emitter is a driver,
in second one, a passenger infects the interior of the car. The best findings indicate that the concentration of
particles is reduced when all windows are open. In contrast, particles capture interior of the automobile with
closed windows and supplied air conditioning. Jayaweera, Perera, Gunawardana and Manatunge analyzed
the virus propagation in several confined spaces [13]. Particle movement inside an aircraft was simulated
considering precise environmental conditions such as humidity, temperature and air exchange rate. Low
temperature and humidity increase the lingering time of aerosols in the air. An observation conducted by
Issakhov et al. consists of the simulation of virus dissemination in an enclosed space during different respiratory
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events [14]. They concluded, a distance travelled by particles during breathing is much shorter than the case
of sneezing and coughing. It was suggested, keeping a safety distance at 5 m during human reflexes reduces
infection cases. Authors deduced that a recommended distance of 2 m by World Health Organization (WHO)
is not sufficient when the infected person coughs or sneezes. Busco et al. considered a sneezing with upward
head movement in a precise angle [15]. A real-life experiment was conducted to find out duration of sneeze
and the angle, in which head moves in upward direction during respiratory reflex. Authors studied behavior
of virus-diluted particles in high temperature and found high sedimentation tendency of particles on surfaces.
Mortazavi et al. modeled the propagation of coronavirus droplets within a respiratory system and analyzed the
most contaminated zones by virus in the system [16]. They considered virus droplets with diameter of 1 um,
5 wm and 10 pm. For each dimension, three flow rates were considered. Researchers identified that lungs can
easily become contaminated with aerosols, while larger particles deposit instantly in an oral cavity. Another
observation of coronavirus particle propagation was studied by Guan, Ramesh and Memarzadeh [17]. Their
research focuses on the transmission of particles during human movement. Several cases of human’s speed
and particle diameter were examined. The findings show that despite of the human’s speed magnitude particles
tend to distribute identically in all observed zones. Additionally, there were identified particles at the back
of human model after its movement at precise time. Wang, Li, Liu and Cao conducted a CFD simulation to
observe virus contaminated particles transmission from a urinal flushing [18]. Authors indicated, coronavirus
aerosols released from flushing can reach up to a height of human model’s knees. Based on the results,
researchers emphasized the importance of preventive measures, namely wearing safety masks, in crowded
public restrooms to control coronavirus transmission.

Based on the mentioned observations, the venting system, air conditioning, presence of open windows can
substantially control the transmission of coronavirus aerosols and droplets in enclosed spaces. The goal of this
study is to model an airflow generated by ventilation system in an office room, where infected person emits
coronavirus’s particles.

Main provisions

The main objective of this work is to simulate the particle injection from an infected person in an enclosed
space during sneezing and coughing, and analyze the behavior of exhaled aerosols, droplets and drops.
Additionally, this work considers a supplied air conditioning system and open window as one of the key
preventive measures to control COVID-19 propagation. In addition to it, a safety distance of over two meters
were examined in order to investigate its effectiveness.

Figure 1 demonstrates a geometry of the main problem, where there are three constructed human models,
namely, one standing and two sitting human models. The standing human model was assumed to be the infected
individual, who emits aerosols and particles with diameters in a range of 1.5-100 um during expiratory events
(sneezing and coughing).

4m

3m

Figure 1 — Three-dimensional office room
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All geometries were constructed in Ansys SpaceClaim. The confined space has dimensions of 6x4x3 m
(LxWxH). A height of standing human model is approximately 1.85 m. Two inlets for air conditioning have
0.8%0.2 m? of area equally, while the dimension of window is 1.3x1.4 m? The area of outlet is 1.1x2.1 m?.

Figure 2 shows the human model and the mouth. The mouth has a 0.0012 m? surface area. Inlet-outlet
boundary conditions for this problem are displayed in Figure 3. A grid for above geometry was created using
Ansys Fluent Meshing. Minimum and maximum cell sizes are chosen to be 0.002 m and 0.036 m, respectively.
Alocal sizing was implemented near the model’s mouth with cell size of 0.002 m. The grid of the computational
domain is illustrated in Figure 4. A total number of cells is 3886310.

7~

Inlet:
=i mfs, v=
w=l

Inlet:
w={ mfs, v=
w=0

Chtlet:
u_dv_ow

éx &y oz

b)
Figure 3 — a) Inlet and b) outlet boundary conditions
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Figure 4 — The grid of the geometry

Materials and Methods

For the airflow from air conditioning system and window k-¢ turbulence model was utilized [5].
Additionally, the mathematical model contains Reynolds Averaged Navier-Stokes equations. The system of
equations is as follows:

( [(ou; OJuy; Ouu] 021;
axl

at T 0x; ax} asz
ou;
)
0x;
3(pk)+ (pku)—— k + G, + G, — pe @)
ot i X] k b~
d il Ur\ 0 g2
& (08) 4 5 o) = ) [(u - UT) ax]] + Cre (G + CaeGy) = Coup— )

where u; is the averaged velocities for velocity components (, v and w) and Tu] stands for the Reynolds
stress. p, p, u represent the density, pressure and viscosity, respectively. In turbulence model, k is the turbulent
kinetic energy, &€ is the dissipation rate. u. represents the turbulent viscosity, G, and G, are the turbulent
kinetic energy produced from mean gradients of velocities and buoyancy, respectively. g, and oy are the
Prandtl numbers; C,,, C,, and C,, are constants.

The Lagrangian approach was applied for particle tracking [7]:

(V-V3) + T2 F, + Fy, 4)
c Pa

where V is a particle velocity, F, represents a lift force of Saffman and F', is a Brownian force. C is a
Cunningham coefficient:

2K 1.1d
Cc=1+ 7(1.257 + 0.46_(W)>’ &)

where d is a particle diameter and K is an average molecular distance.

In the present study, Discrete Phase Model (DPM) was applied to consider the particle injection from the
infected individual. Ansys software suggests phase coupled SIMPLE method to solve the mathematical model.
In addition to it, SIMPLE method solves the momentum equations, continuity equation and the turbulent
model for the airflow produced by air conditioning (or ventilation system) and open window.

Semi-Implicit Method for Pressure Linked Equations, or SIMPLE, was developed in 1972 by Patankar
and Spalding [19]. The algorithm for SIMPLE method is as follows:

1) Pressure p” is guessed;
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2) By substituting p* into momentum equations, ", v and w" are found. The correction equations for u’,
v'and w' can be identified by subtracting momentum equations for u*, v* and w* from equations for «, v and w,
respectively;

3) By using FVM and substituting velocity corrections, p'is found;

4) Corrections are conducted for p, u, v and w:

p=p"+p,
u=u"+u,
v=v'+v,

w=w"+wH
5) Solving other transport equations, for instance, for k£ and &.
6) By setting p* = p, u* = u, v* = v and W* = W, go to the 1* step and solve the equations until the
convergence.

Results and Discussion

An observation of Deng, Wang, Tang and Gao was taken as the testing problem [20]. Authors simulated
an airflow, which comes from a diffuser, within a three-dimensional confined space. The inlet-outlet of the
geometry and geometry itself are demonstrated in Figure 5.

The velocity of 1.1 m/s and angle of 40° are used to drive the airflow upward. The data was taken from
the literature. The areas of the inlet and outlet are 0.1207 m? and 0.06 m?, respectively. Using two different step
sizes in the x direction of the first cell next to the diffuser, researchers compared the findings of total-flux and
convective-flux approaches. It was identified, the optimal size of the first cell is in the interval of 0.005-0.02
m. In this work, Ax = 0.01 m was taken as the size of the first cell near to the diffuser. Figure 6 shows a grid
for geometry.

The mathematical model of testing problem consists of the momentum and continuity equations.
Additionally, a standard k-¢ turbulence model was applied to describe turbulence of the airflow inside the
computational domain. The comparison of the findings from the aforementioned research with the current
investigation is shown in Figures 7-9. It is shown, the results of this study are consistent with results of the
study of Deng, Wang, Tang and Gao. Received results for the velocity repeat the tendency of experimental
velocity profiles. Authors conducted the simulation of the airflow using two approaches such as total-flux and
convective-flux methods. For each method they utilized two different step sizes in x direction to minimize the
error and compared received results. The findings for both methods considering two different very first cell sizes
close to the inlet were deduced to be acceptable by researchers. However, they emphasized that a combination
of Ax=0.0005 m and total-flux method had given desirable outcomes and conform to the experimental data,
while using Ax=0.005 m cell size resulted in big difference with research findings.

]

a) b)
Figure 5 — a) Diffuser geometry and b) boundary conditions
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Figure 7 —Velocity at x=1 and z=0
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Figure 8 — Velocity at x=1 and z=0.5
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velocify, m/x

Figure 9 — Velocity at x=2.2 and z=0

In this study, the airflow established by two air conditioning systems and window, the motion and
transmission of SARS-CoV-2 containing particles and aerosols, and their behavior in the computational
domain were examined.

The supply air's velocity is between 2.54 m/s and 7.62 m/s, referring to the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) [7]. The velocity of 1 m/s was under the observation
for venting systems and window in given study. The airstream enters and flows within the domain. Figures 10-
12 demonstrate the airflow from the first and second inlets for venting system and open window, respectively.
The airstream flows for 30 seconds for both cases of respiratory events. As it is shown, recirculation zones
created by air conditions can be seen in the font and at the back of two sitting human models. At the same time,
the airstream from window flows around the standing human model and tends to remove the aerosols at precise
time, however, there is a recirculation zone between the infected person and the outlet. This recirculation zone
enables medium and large particles to move back towards the emitter.

ey o Aoy

Yaute 01
800001,

Figure 10 — Airstream from inlet 1

-

p—

Figure 11 — Airstream from inlet 2
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Figure 12 — Airstream from open window

Initially, the coronavirus contaminated particles’ transmission during a sneeze was observed. Exhaled
particles have diameters in the interval of 1.5-100 um. In the simulation, the infected person is assumed to
sneeze from 0 s to 0.5 s of flow time. An initial ejection starts at 0" second and a final one happens at 0.4
second, which means that there is no ejection at 0.5" second. In addition to emitted particles, an airflow from
the human model’s mouth was studied at the same time of emission. Table 1 shows a detailed information
about particle injection when sneezing.

Table 1 — Data for particle injection during the sneeze

Injection type Group
Number of particles 4940
Velocity of particles 30 m/s
Start time 0

Stop time 0.5
Minimum diameter 1.5e-6
Maximum diameter 0.0001
Mean diameter 3.53e-5

As it is displayed, group injection type was chosen to model the dissemination of coronavirus. The precise
number of contaminants is 4940. The velocity of particles is 30 m/s. To accomplish the simulation of the
airstream from the mouth, a time dependent user defined function (UDF) was utilized. Figure 13 shows the
airstream from mouth at 0.1-0.5 s.

Figure 14 illustrates the dissemination of coronavirus diluted particles. These visualizations show particle’s
behaviour at different times. Figure 14a shows overall exhaled aerosols, drops and droplets, having different
diameter size in the interval of 1.5-95 pum, after the emission process or, namely, at 0.5 s. Large and medium
contaminants flow more than 2 m within 3 s, whereas aerosols are able to travel approximately 2.65 m at the
same period of time (Figure 14b). Figure 14c displays that particles with diameter of 95 pum fall on the ground
at 6.1 s leaving over 2 m behind, while tiny particles tend to follow the airflow produced by open window
and air conditioning. It is shown from Figure 14d, aerosols in the range of 1.5-10 um commence to leave the
computational domain at 8.9 s and traverse more than 5.02 m maintaining the height at about 1.68 m, at which
emission happened. After two seconds, a small fraction of particles with diameter sizes of 30-60 um starts
to leave the office room (Figure 14e). Close to the end of total flow time, larger contaminants, which have
dimensions of 40-95 um, move back towards the infected person due to the recirculation zone created by the
airstream, while particles with size of 7 um start to go up, which means that they might follow the airflow and
also leave the domain (Figure 14f).

A change of total number of tracked particles within 28.5 s is displayed in Figure 15. Initial number of
tracked particles is 4940. Then number of drops and droplets starts to decrease substantially from 8.9 sto 10.8 s
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containing 3413 particles in the office room. Another sharp decline can be seen in the time interval of 14.2-17.1
s. At this period, number of contaminants reduces from 2989 to 1984. Finally, a gradual decrease happens at
17.2 s until the end of total flow time. A remained number of particles is 1656. With the help of air conditioning
system and open window, total number of particles was cut by approximately three times.
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Figure 13 — Airflow from mouth ata) 0.1 s,b) 0.2's,¢) 0.3 s,d) 0.4 s and e) 0.5s
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Figure 15 — Decline in the number of particles with respect to time (sneezing case)
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After the observation of sneezing event, which is the one of the main ways of coronavirus propagation,
a coughing event was also examined as human reflex. In the simulation, the infected individual exhales
contaminated aerosols, drops and droplets from 0 s to 0.5 s of flow time. Table 2 illustrates a detailed data
about ejection of particles during a cough.

Table 2 — Data for particle ejection during the coughing

Ejection type Group
Number of particles 990
Velocity of particles 7

Start time 0

Stop time 0.5
Minimum diameter 1.5e-6
Maximum diameter 0.0001
Mean diameter 3.53e-5

Total number of particles tracked in the enclosed space is 990. Minimum and maximum diameters of
contaminants are in the range of 1.5-100 pum and a mean diameter is 35 um. A velocity for coughing case is set
to 7 m/s. Moreover, to simulate the airflow from the mouth time dependent UDF was applied. Figure 16 shows
the airflow produced via coughing at 0.1-0.5 s. Figure 17 demonstrates the dissemination and the behavior of
coronavirus contained particles during the cough. Figure 17a shows emitted particles after the emission at 0.5
s. It is seen that after the coughing large particles start to fall immediately, while aerosols and tiny droplets can
traverse for more than 2 m within 5.3 s (Figure 17b). Therefore, contaminated drops with diameter of 95 um
settle on the floor at 5.8 s. Moreover, a part of particles with dimensions of 40-50 um falls to the ground at 7
s, whereas aerosols in the interval of 1.5-10 um leave 2.65 behind (Figure 17¢). It is worth noting that light
particles start to approach the floor after 7 s of flow time traveling 5.02 m. It is illustrated in Figure 17d, due
to the recirculation zone close to the infected individual a fraction of medium drops (58-60 pum) is prone to go
up and follow the airflow in x direction. At the same period, acrosols commence to escape the confined space.
Figure 17e demonstrates the fraction of droplets with diameters of 58-60 um leaving the computational domain
at 20.5 s. In the end of flow time, particles with dimensions of 11-95 um direct towards the emitter because of
the recirculation and settle on the floor (Figure 17f).

Figure 18 demonstrates a decline in the number of particles within 30 s during the coughing. Total number
of contaminants remains the same from 0.5 s to 14.2 s. Further, there happens a dramatic decrease in the
number of tracked particles. Namely, number of droplets is reduced from 990 to 598 in the period of 14.3-17 s.
Finally, a progressive reduction of contaminated particles can be examined from 17.1 s to 30 s. 450 coronavirus
contained droplets settle on the floor of office room. It is worth to note that the supplied airflow from ventilation
system and open window can control coronavirus transmission reducing number of particles by two times.

Ansys
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Figure 18 — Change in the number of particles with respect to time (coughing case)

Conclusion

COVID-19 pandemic, which was initially detected in Wuhan city in 2019, caused harmful consequences
globally including the economic loss, total population, etc. To stop and control its propagation a myriad of
preventive measures was investigated and implemented such as quarantine, lockdown, wearing medical masks
and gloves, social distancing, mouthwash, hand hygiene and so on. In addition, many researchers studied the
effectiveness of ventilation system and open windows. The findings showed that the airstream produced by air
conditioning and a presence of open window as inlet or outlet can significantly manage virus transmission in
enclosed spaces. Therefore, the main objectives of this work consist of the simulation of SARS-CoV-2 diluted
particles’ transmission in the confined space, observing the behavior of exhaled aerosols, drops and droplets
and examining the efficiency of air conditioning and open window.

Two human reflexes were under the observation such as sneezing and coughing. As it was mentioned,
viruses are prone to transmit airborne via breathing, talking, singing, sneezing and coughing. Propagation
of virus particles depends on the diameter size and ejection velocity. It was examined in given study, after
sneezing emitted particles can traverse for more than 5 m. To be precise, aerosols (1.5-10 pm) maintain the
height of 1.68 m travelling more than 5 m and start to leave the computational domain at 8.9 s. Large particles
commence to settle on the floor at 6.1 s of flow time leaving about 2.65 m behind.

In coughing case, light particles (1.5-10 um) also travel more than 5 m, however, comparing to the
sneezing event, the height maintained by particles gradually declines within 13.8 seconds. After the reflex,
large contaminants (95 pm) are prone to settle on the floor immediately next to the infected individual.

In both cases, there is a tendency for tiny particles to traverse for more than 5 m, but it can be seen in
coughing event, they approach the floor of the office room close to the outlet. After sneezing, aerosols escape
the domain at 8.9 s; while in coughing case, tiny contaminants leave at 14.3 s. Further fate of particles in
the domain for each case can be deduced as follows: due to the recirculation created by venting system and
window large and medium sized droplets tend to direct towards the standing human model and settle on the
ground. On the other hand, the effectiveness of the airstream generated by air conditioning system and open
window is noticeable. The airflow allows aerosols with dimensions of 1.5-10 um to leave at 8.9 s and 14.3 s for
sneezing and coughing cases, respectively. The analysis of tracked particles during whole flow time shows that
total number of coronavirus particles is cut by almost three times in sneezing case, while amount of tracked
particles is reduced by two times in coughing case. Therefore, it is essential to have air conditioning system
and open window as inlet for airflow in confined spaces during an epidemic or pandemic since they are able to
manage virus transmission. Based on the findings of current paper, along with presence of ventilation system
and open window, wearing medical masks and gloves, hand hygiene should be considered to avoid the cases
of infection.
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LINK PREDICTION USING TENSOR DECOMPOSITION

Abstract. In recent years, tensor decomposition has gained increasing interest in the field of link prediction, which aims to
estimate the likelihood of new connections forming between nodes in a network. This study highlights the potential of the
Canonical Polyadic tensor decomposition in enhancing link prediction in complex networks. It suggests effective tensor
decomposition algorithms that not only take into account the structural characteristics of the network but also its temporal
evolution. During the process of tensor decomposition, the initial tensor is decomposed into two-way tensors, also known
as factor matrices, representing different modes of the data. These factor matrices capture the underlying patterns or
relationships within the network, providing insights into the structure and dynamics of the network. For evaluation, we
examine a dataset derived from the WSDM. After preprocessing, the data is represented as a multi-way tensor, with each
mode representing different aspects such as users, items, and time. Our primary objective is to make precise predictions
about the links between users and items within specific time periods. The experimental results demonstrate that our
approach significantly improves prediction accuracy for evolving networks, as measured by the AUC.

Key words: link prediction, CP decomposition, Jennrich’s algorithm, ALS algorithm, exponential smoothing, BILSTM.
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Kazakcran-bpuran texuukansik yausepcutet, 050000, Anmatsl K., Kazakctan
E-mail: a_aliturliyeva@kbtu.kz

TEH3OPIBIK bIIbIPAY APKbL/Ibl BAHJIAHBICTHI BOJIKAY

Amngarna. Kazipri yakpITTa TeH30PIBIH BLABIPAYBI JKENIIETi TYHIHIEp apachlHAa jKaHa KOCBUIBICTapABIH Maiina 0oy
BIKTHUMAJIIBIFBIH OaFaliayFa OarbITTalFaH OalTaHbICTap Il O0JIKAY CaTaChIHa KBI3BIFYIIBUIBIKTEI apTTRIpYAa. byt seprrey
KYpJeli skeniyepaeri OaimaHsicTapapl OOIKaynbl kakcapTy ymriH Kanoumsik [lommaankanbIK TEH30D BIIBIPAyBIHBIH
KOJITaHBICEIH Kepceremi. COHBIMEH Karap JKCINiHIH KYPBUIBIMIBIK CHIIATTaAMANAphIH FaHA €MEC, OHBIH YaKbITIIA
IBOITIOIISICHIH J1a €CKEPETIH THIMII TSH30PIIBIK BIABIPAY aITOPUTMACP] YCHIHBUTFaH. TeH30pABIH BIABIpAY MPOIIeCi Ke3iH/e
GacTarkpl TEH30p JAEPEKTEPIiH SPTYPIIi peKUMIIEpiH OUTIIpEeTiH (GaKTOPIBIK MaTpUIIaIap JIeTl Te aTajJaThiH €Ki oJIImeM/ I
TEH30pJIapFa BIABIpaiinbl. by ¢akxTop Marpumanmapsl KeTiHIH KYPBUIBIMBI MEH TUHAMUKACHI Typajbl TYCIHIKTEpIi
KaMTaMachl3 €Te OTBHIPHIN, JKEeNi IMIHAETi HETi3ri 3aHABUIBIKTapAbl HeMece KaTbhlHacTapasl Kepceremi. Momenbi
Oaranay ymriH 013 WSDM-nieH aJlbIHFaH MOTIMETTEp JKUBIHTHIFBIH KapacTHIPIBIK. AJIBIH aja oHJICYIeH KeHiH IepeKTep
KON JICHTCIIII TCH30p PETiHJC YCHIHBUINBL, Op PEKUM IMaiAaTaHylIbUIap, JIEMEHTTEP JKOHE YaKbIT CHSIKTBI OpTYpIIi
acmekrinepai ounaipemni. bi3miy 6acThl MaKcaThIMBI3-0CNTiIi Oip YaKbIT apajbIFbIH/IA TaliJalaHyIIBUIAp MEH dJICMEHTTEP
apachIHaFrb! OailylaHbIcTapFa KaThICThI HAKTHI O0JDKamIap skacay. DKCIepUMEHTTIK HaTrKemnep 0131iH Tocimimizain AUC
APKBUTHI OJIIICHETIH YaKbIT OOWBIHINA ©3TePETiH KETIIep Il 00Ky TONIITiH alTapiIbIKTall )KaKcapTaThIHBIH KOPCETE/I.

Tipek co3nep: OaitnanbicTsl Oowkay, CP-gexommosunus, ['enpux anropurm, ALS anroput™, sSKCIIOHEHIMANIBI TETICTEY,
BiLSTM.
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MPOTrHO3 CBSA3U C UCIIOJIb30OBAHUEM TEH30PHOM JEKOMITIO3UIIANA

AnHoTanusi. B nocieanue roas! TeH30pHas IEKOMIIO3UIINS BEI3BIBAET BCE OOJIBIIHI HHTEPEC B 00IaCTH IPOTHO3UPOBAHNUS
CBSI3€H, LIeNIbI0 KOTOPOTO SIBIISIETCS OIIEHKA BEPOSITHOCTH 00PA30BaHMs HOBBIX COCAMHEHUI MEXy Y31aMH B CETH. JTO
HCCIIeIoBaHNe NoAuepKkuBaeT noreHuan Kanonnueckoit Ilonnaguueckoil TEH30pHOH AEKOMIIO3ULIMU AJISL YIIy4YIIEHUS
IpeCKa3aHus CBsI3€H B CIIOXKHBIX CETAX. B mpouecce TeH30pHON NEKOMIO3MLUU HUCXOAHBIM TEH30p pas3jlaraercs Ha
JIByMEpHBIE TEH30PHBI, TaK)Ke U3BECTHBIE KaK MaTPHIBI (PaKTOPOB, MPEACTABIISIONINE Pa3INdHble PSKUMBI JaHHBIX. DTH
(axTopHbIe MaTPUIBl (PUKCHPYIOT 0a30BbIe 3AKOHOMEPHOCTH WJIM OTHOIICHHUSI BHYTPH CETH, 0OECIIeunBasl IIOHNMaHNe
CTPYKTYpPbI M JTUHAMHKH ceTH. B Hem mpemnararorcst 3pdheKTHBHBIC alTOPUTMBI TEH30PHOH JIEKOMITO3HIINH, KOTOpPbIE
YUUTBIBAIOT HE TOJIBKO CTPYKTYPHBIE XapaKTEPUCTHKH CETH, HO U €€ BPEMEHHYIO BOJIOIMIO. [{/1 OLlEHKH MBI U3y4aeM
HaOop naHHBIX, monydeHHBIE Ha WSDM. Ilocrne mpensapurenbHOil 00paOOTKM JaHHBIE NPEICTABISIOTCS B BUJE
MHOTOYPOBHEBOI'O TE€H30pa, MPUYEM KaXK[Iblil PEXUM IMPEICTABISAET Pa3IUUYHbIE ACIEKThI, TaKHE KAK I0JIb30BAaTEINH,
JNIeMEHTHI U BpeMsl. Hamna ocHOBHAas Lesb — clieNnaTh TOUYHbIE IPOTHO3bI OTHOCUTENIBHO CBA3EH MEXKTy M0JIb30BaTEIIMU
U TOBapaMH B TEUEHUE ONPEIEIECHHBIX IEPUOJOB BPeMEHHU. DKCIIEPUMEHTAIbHbIE PE3YIbTaThl JEMOHCTPUPYIOT, UTO HAalll
MOJXOJ 3HAUUTEIBHO MOBBIIIAET TOYHOCTh IPOTHO3UPOBAHUS I pa3BUBAIOIUXCS ceTeil, uamepsemyo AUC.

KuoueBble cioBa: npejackazanue cBsizu, CP-nekomnosunus, anroputM [eHpuxa, anroputm ALS, skcrioHeHIManbHOE
criaxkuBanue, BiILSTM.

Introduction

“Tensor” was first introduced in 1927 [1], and the idea of using more than two matrices in factor analysis
has been widely accepted since the 1960s in various domains [2]. Complex interactions among input features
can be captured using a tensor form, which is impossible with flattened data. However, any analysis on a
full tensorial representation is often accompanied by a so-called curse-of-dimensionality challenge, with the
complexity increasing exponentially with the tensor order. This is where tensor decompositions play a crucial
role, allowing for lessening the data representation's complexity without significantly affecting its ability to
capture correlations in the data. Similar to their matrix counterpart, tensor decompositions break down high-
dimensional tensors into a sum of lower-dimensional factors. In addition to their direct use in processing multi-
way input data, tensors are frequently used as a core component of machine learning models. In later years,
tensor decomposition has gained increasing interest in various fields, including computer vision and social
network analysis [3].

Some existing studies compared tensor decomposition-based link prediction methods with other popular
graph-based link prediction methods in multi-relational data. For analysis of temporal multi-relational data,
Bader et al. [7] employ a decomposition method called ASALSAN related to RESCAL. As noted by Nickel
et al. [8], this decomposition method has shown suboptimal performance on previous benchmarks. Ma et al.
[9] proposed another generalization of RESCAL called the ConT decomposition method for temporal link
prediction. The core tensor indices are contracted in this method, lowering the computational complexity. Evrim
et al. [10] explore various matrix and tensor decomposition methods for solving link prediction problems. They
consider author-conference relationships in bibliometric data called DBLP and propose an extension of the
matrix-based Katz method, which employs truncated SVD for approximation. However, the authors conclude
that the tensor-based decomposition methods are much better than matrix-based decomposition methods.
Because temporal latent trends are not entirely derived via matrix-based decomposition from evolving data.

Lin et al. [11] offer a decomposition approach for community extraction on multi-relational and multi-
dimensional social data. Their coupled factorization method includes CANDECOMP and PARAFAC
decomposition methods and divergence-based cost function. Furthermore, Narita et al. propose a joint
factorization method based on Tucker and CP decomposition methods and utilize a Euclidian distance-based
loss function. Finally, Liang et al. [12] implement the Bayesian Probabilistic Tensor Factorization (BPTF)
algorithm for temporal relational data. BPTF can capture the overall evolution of latent features by imposing a
smoothness constraint on those features and incorporating additional time features. Sheng et al. [13] proposed
a new method called Link Pattern Prediction Tensor (LPPT) based on Tucker Decomposition, which captures
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interaction patterns in multi-relational networks. Chi and Kolda [14] presented the CP Alternating Poisson
Regression (CP-APR), suitable for handling weighted time-evolving networks because it is made for sparse
count data. The primary concept of the TensorCast method proposed by Araujo et al. [15] is using non-negative
coupled tensor decomposition and standard models to forecast the time component.

Main provisions

Several popular tensor decomposition methods, including Canonical Polyadic (CP) and Tucker
decomposition, decompose tensor-formed multidimensional data into low-order tensors and identify underlying
trends of decomposed tensors. Tucker decomposition aims to decompose a tensor into a core tensor with the
same order and low-order factor tensors [4]. In contrast, the CP decomposition represents an observed tensor
as a sum of rank-one tensors. The CP decomposition methods first found applications in psychometrics [5]
and linguistics [6], where they were referred to as Canonical Decomposition and Parallel Factor models,
respectively. In this study, we use CP decomposition algorithms to recover the factor matrices model to make
predictions about potential edge connections within a given network. Furthermore, our approach captures
temporal trends within a tensor, where time is treated as a separate dimension.

Tensor decomposition has drawn more interest recently in link prediction, which estimates the possibility
of new connections forming between network nodes. Numerous research has concentrated on the static features
of single graph snapshots, which do not reveal the behavior of networks. Tracking patterns over time that
are impacted by adding and deleting nodes to forecast links is essential. The topic of collaborative filtering,
which aims to recommend new things to a user, is closely connected to link prediction. In this problem,
the input is a partially observed matrix of (user, item) preference scores. In collaborative filtering, users and
items are represented by nodes, and edges pairing nodes are weighted by the preference score. The dataset
we examine is derived from Amazon, which was published in WSDM 2022 Cup. After preprocessing, it is
represented as a multi-way tensor where each mode corresponds to different aspects of the data, such as users,
items, and time. Our main objective is to make accurate predictions about the links between users and items
in specific time periods. The results show that our approach yields significant improvements in prediction
accuracy for evolutionary networks, as measured by AUC. Overall, this research demonstrates the potential of
the CP decomposition method in improving link prediction in complex networks. This paper suggests effective
tensor decomposition methods for temporal link prediction for large-scale, complicated networks considering
temporal data.

Materials and Methods

A tensor is a generalization of multi-way arrays. The number of dimensions determines a tensor order.
The order of a tensor is an important property, as it determines how it behaves under several types of
transformations. For convenience, we use a three-dimensional tensor as an example throughout this paper, but
the notation can extend to tensors of higher dimensions in most cases. The notation is primarily based on the
reviews by Kolda et a,l. [3] In this paper higher-order tensors are denoted by underlined uppercase letters, e.g.,

K € R(ilx"Xi"), n > 3. For convenience, we use lower case letters to denote vectors x € Rt and upper
case to matrices X € R(iXJ). The wmr stand for the number certain of elements in each dimension. To better
understand the structure of tensors, we can look at their subfields such as fibers and slices. Fibers defined by
fixing all but one index and givenas X;;. , Xjp , Xij

Vectorization is the process of transforming a given matrix into a vector by vertically stacking the columns
of matrix X € R/, The final vector contains every component of the initial matrix; therefore, its dimension
will be (i X j, 1). It can be helpful when we need to restructure the data for specific mathematical operations
or algorithms that demand vector inputs. The vectorization of a matrix X is represented as vec(X):

vec(X) = (xn,x21, ...,xl-j)T (1)

Matricization is the process of rearranging an N-order tensor into a matrix. Analogous to vectorization,
matricization is useful when working with algorithms that need matrix inputs. The mode-n matricization of a
tensor, also known as unfolding or flattening, is indicated as X(n). In this process, the mode-n fibers of X are
converted into the columns of X(n).
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Rank — one tensor. When a higher-order tensor X € R(ixx-Xin) can be represented as outer product of

N vectors, it means that it is a rank-one tensor. The 3-order X € R (ixjXk) rank-one tensor can be expressed
as follows:

X=uovow ()

In this context, the outer vector product is denoted as the symbol " o ". Figure 1 shows a visual illustration
of the rank-one idea. By extending this concept to the general n-order tensor:

= @D 2 M wi o =, @) () (n)
X=u"ouo. .ouw® with x;;, ; =u; u’ U Uy (3)
This represents that the corresponding elements from the related vectors are multiplied to create each
tensor component.

[><

Figure 1 — Rank-one 3-order tensor.

Tensor rank. Tensor rank is the least number of rank-one tensors needed to produce X through their
summation, given as r = rank( X). Therefore, a 3-order rank-r tensor can be written as:

r
K=Zliui°vi°Wi=[/1;U,V,W] “4)
i=1

The general n-order form is provided as follows:

L

r
X = zli 1o u@ o o u™ = [1,UD,y@, Y@, . y@] 5)
i=1
The factor matrices in tensor decomposition are constructed by placing the combinations of vectors from
the rank-one components as columns. Therefore, the factor matrices U/, j = 1, ..., n takes the shape:
U = [uy, uy, us, ..., Uy (6)

Matrix operations. To comprehend the ideas and calculations of tensor decomposition, it is essential to
grasp these matrix operations:

1. Kronecker product. The Kronecker product expands the concept of the vector outer product to matrices.
This operation between two matrices U € R @1 and V € R®*D can be described as follows:
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up VoouVo o ule
UV = u21.V uz.zV uz.]V
u,;V u,.zV u,.]V

=[wu®v; LRV, -+ WV, W VL] (7

1. Khatri-Rao product. The outcome of the Khatri-Rao product of two matrices [y ¢ R(i*/) andy € R(**))
is a matrix with the size (i * k, j). It is defined by:
2.
UOV=[w®v v, -+ ux® vkl ®)

3. Hadamard product. A elementwise product of two same-sized matrices is known as the Hadamard
product. Given two matrices [J ¢ R(*)) and V € R s of size (i, j), their Hadamard product is represented
by U*V. The result is also matrix with the same size (i, j) and defined by:

Up1V1g UgpVyp 0 Wyl
UsV iz |W21Var Ua2V2z 77 H2sV2)
Uy Uplp 7 Ugly )

The approach used in this work significantly differs from standard link prediction methods that proceed
without dimensionality reduction: we use tensor decomposition to map 3-order tensor to several 2-order tensors
and then apply time-series forecasting methods to solve the task. The main idea of this approach is based on
the work of Acar et al. [16] and was extended with CP decomposition algorithms. Firstly, we capture temporal
trends present in the data using time factor W derived from CP decomposition. Two alternative algorithms are
used for CP decomposition: Jennrich’s algorithm and ALS. Then we employ time-series forecasting methods
to the temporal factor matrix W to predict future points in time while node factors U and V remain unchanged.
Time-series forecasting was done using exponential smoothing and Long Short-Term Memory (LSTM), which
has been gaining popularity in making forecasts in recent years. Finally, we can reconstruct the tensor with
predicted links in the following 7 time instants by extracted factors U, V, and extrapolated factor W. Figure 2
shows the link prediction proposed approach’s block diagram.

Yy

[ Vv |
cP L cP ]
—— | secomposition reconsinction —’]

U, ' T xLﬂ’

Wit

Forecasting |
method

Figure 2 — The proposed approach’s block diagram

Canonical Polyadic Decomposition. CP decomposition was first proposed by Hitchcock [1] in 1927. The
fundamental idea of CP decomposition is to represent a tensor as a sum of rank-one tensors, where each rank-
one tensor corresponds to a latent factor. The 3-order CP decomposition case is formalized as follows:

min||X — X||, where X € R®W/*®and

r
XZ Zui ovVioWw; = HU,V,W]]
i=1
This concept is illustrated in Figure 4.
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= ——] + I T ]
X V4 Vo Vr
Uq Uz Ur

Figure 3 — Canonical Polyadic Decomposition (CP).

The factor matrices in CP decomposition are composed of the merged vectors derived from the rank-one
tensors. The matricized versions of (10) are:

Xy =W oW
Xony=wowyvr
Xy =W onwr’ (1)

In general case:

X =AU O .0 UEDY O U*D ... oub)y®r (12)
where: A = diag(})
The CP decomposition can be computed using a variety of algorithms. Here, we concentrate on the
Alternating Least Squares (ALS) and Jennrich’s algorithm.
Jennrich’s Algorithm. Using Jennrich's algorithm, we can recover the factor matrices U, V, and W in (10).
This straightforward approach was first disclosed in a paper by Harshman [6], with the author crediting Dr.

Robert Jennrich. When the tensor components are guaranteed to be orthogonal, this algorithm stays effective.

1. X € Rmx'nxp, choose a random unit-length (or Gaussian) g, b € RP and get X wX b

p
Xo=) aX(,:0 (14)
i=1

Where X and X, can be formulated as follows:

Xa= ) (uiov){w,a) (15)
2
Xy = ) (o v)(wi,b) (16)
i=1

1. Compute the eigen-decomposition of X a({ b)T and X b(K a)Jr. Where X, =UD,VT and
X, =UDV", D, = diag({{w;, @)};), D, = diag({{w, b)};) and we can get:

.l.
Xa(Xp) =UDVT(VT)D,'UT = UD, D" a7
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Xp(X )" = VTD,UUD, V™)t = V7DD, (VT (18)

where the columns of U and V are u, and v, respectively.
2. Given u, and v, we can solve the linear system of equations to find w, and finally get the tensor factor
matrices U, V, W.

Alternating Least Squares Algorithm. The ALS algorithm is an efficient approach to computing CP
decomposition. The main idea of this algorithm is to fix all factor matrices aside from one and then optimize
the non-fixed factor matrix. Each factor matrix goes through this process repeatedly until a stopping criterion
is satisfied, signifying convergence or obtaining the required level of approximation. The steps of the ALS
algorithm for 3-order tensor:

U« argmin Xy — w ownuT|

V< arngin Xy — W oV

W « argmin X — (v O nwT| (19)
The optimal solution for the minimization is obtained by:

U= XplW oW = XuyW OVWTW «VTV)t
V=XalWou = XoW O UW™W «UT0)!
W= XelVOUT = XgW O U@V -UTU)t (20)
Exponential smoothing. An exponential smoothing time series forecasting method uses weighted averages
of previous observations. Recent data points are given more weight while the significance of earlier observations

is gradually reduced. An exponential decay factor is used to produce this weighting technique, assigning more
weight to recent observations. The formula for exponential smoothing is as follows:

Se = Bxe+ (1 —a)s—4 (21)

where f§ - smoothing parameter, s,— smoothed value, x - observed value

In our approach for link prediction, we use simple exponential smoothing to predict future values of the
temporal factor matrix W of decomposed tensor. The formula of exponential smoothing for factor matrix W
can be expressed as:

Wi = BWei + BA = BIWe_q1; +

B —BYW pit+ -+ B(A— LYWz +

ot (1= p) Wy, (22)
Where: i = 1,...,Rand 0 < ,3 <1,t =1,..,L+T, T —time period to predict

By utilizing the extrapolated factor matrix W, we can reconstruct the observed tensor by estimating the
potential links that may be formed within L timestamps, as indicated by formula (23):

r

Xior = Z u;ovyow; = UL, Vi, Wyirl (23)

i=1

Bidirectional Long Short-Term Memory. LSTM is an effective and versatile tool for learning activity
patterns. It has three layers: an input layer, a hidden layer, and an output layer, just like other neural network
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designs. In our study, we use Bidirectional LSTM(BiLSTM) as a forecasting method for temporal factor
matrix W retrieved from CP decomposition. BILSTM analyzes the historical context of the time series by
performing a forward pass on the historical observations. By examining the future observations made through
the backward pass, it also takes the future context into account. BILSTM can offer a more thorough insight into
the temporal patterns and trends in the data by merging these two information streams. To maximize prediction
accuracy by reducing the difference between the expected values and the actual observations, the model learns
to modify its parameters throughout training. The backward pass aids in learning long-term dependencies
and identifying future trends while also providing helpful information for gradient computing. The employed
architecture has two hidden BiLSTM layers, and the number of epochs is 300 with the ADAM optimizer. The
algorithm of temporal link prediction via tensor decomposition with BILSTM:

1. CP decomposition of observed data with rank-R
Get factor matrices [Uy, V;, W]
Train each column of the temporal factor #, with BILSTM and predict W, , where t=1,..,T
Concatenate W, and W,
Reconstruct CP decomposition with formula (23)

nuhwb

Results and Discussion

The dataset we examine for temporal link prediction is downloaded from WSDM 2022 Cup. This dataset
represents a user-item time-evolving network of Amazon. After the preprocessing stage, the data is represented
as a 3-order tensor. The first dimension (i) corresponds to the user node, the second dimension (j) represents the
item node, and the third dimension (k) captures the date of interaction. For evaluation, we split the data into a
training set and a test set, with 80% of the data allocated for training and 20% for testing.

We use the area under the receiver operating characteristic curve (AUC) as a metric to evaluate the
performance of our methods in temporal link prediction. AUC is selected due to its robustness in handling
imbalanced data, which is crucial in our case as the training dataset contains a small fraction (less than 0.5%) of
actual links compared to all possible links. Firstly, in order to assess the performance of tensor decomposition
and its reconstruction, only the CP decomposition part of the model was evaluated.
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Figure 4 — AUC and ROC of the CP decomposition algorithms

Figure 4 displays the ROC curves, which provide a comprehensive view of the tensor decomposition
performance. It can be seen that Jennrich’s algorithm demonstrates slightly lower performance than the ALS
algorithm for 0.01 (0.95 vs. 0.96).

In Figure 5, the bar chart provides valuable insights into the link prediction performance using AUC as the
evaluation metric. Among all the methods, Jennrich’s CP decomposition algorithm with BiLSTM algorithm
achieves the highest AUC score (0.95). However, the ALS algorithm with the same forecasting model yields the
lowest AUC score (0.83). The ROC of these models is presented in Figure 8. But with exponential smoothing
in the prediction part, the AUC score of the method increases by 0.5 (0.88). With two alternative forecasting
methods in the prediction part, Jennrich’s algorithm performs exceptionally well in link prediction with the
time-evolving dataset. It can be assumed that.
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Figure 5 — AUC of link prediction models

Jennrich’s CP decomposition effectively retrieves latent temporal trends from an observed tensor to the
temporal factor matrix of the CP decomposition where the prediction part is held.
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Figure 6 — AUC and ROC of the Jennrich’algorithm with exponential smoothing

The impact of increasing T on the change in AUC is illustrated in separate graphics, as shown in Figure 6-7.
The outcomes measured by ROC and AUC of Jennrich’s algorithm with exponential smoothing are depicted
in Figure 6. The AUC of this model decreases from 0.93 to 0.88 when T is increased from 1 to 30, indicating a
relatively lower performance as the time period increases. In Figure 7, a similar assumption can be applied to
the results of the ALS decomposition with a simple exponential smoothing as a forecasting method.
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Conclusion

In this work, we present a method for link prediction in large-scale time-evolving networks, which
completely differs from standard graph-based methods. This method is a combination of tensor decomposition
and time-series forecasting. The dataset that we used to evaluate our approach is derived from WSDM. In data
preprocessing, the dataset is converted to a three-way tensor. In the tensor decomposition part, the observed
tensor is decomposed to two-way tensors, which are factor matrices of each mode that give a relative pattern
of the network. As a tensor decomposition model, we used two alternative algorithms of CP decomposition
such as Jennrich’s algorithm and the ALS algorithm. The results show that Jennrich’s algorithm is more
efficient in problems considering the temporal trend. In forecasting, we utilized the third mode factor matrix
of decomposed tensor and predicted new links via BiLSTM and exponential smoothing. By comparing the
AUC of each method, we conclude that the combination of the Jennrich algorithm and BiLSTM shows the best
performance. In future work, we aim to investigate other decomposition algorithms in link prediction, such as
Tucker and Tensor Train decomposition methods with a dataset presented as a multi-way tensor.
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TIME SERIES-BASED APPROACHES FOR IMPROVING WIND POWER GENERATION
FORECAST ACCURACY

Abstracts. This study provides a detailed analysis and prediction of power generation at wind farms in Germany using
Lasso, LightGBM, and CatBoost machine learning models. Feature Engineering was used on the data, which allowed
the extraction of more detailed data, which was used to improve the quality of the models. Through Extensive Data
Analysis (EDA), the authors identify and develop lagged and moving features from the energy production time series,
under the assumption that accurate predictions can significantly improve the stability of energy systems, especially in the
context of increasing dependence on renewable energy sources. The performance of each model is evaluated based on the
Mean Absolute Error(MAE), Mean Squared Error(MSE), and Root Mean Squared Error(RMSE) metrics, with CatBoost
exhibiting the highest accuracy. In conclude, pointing to opportunities for further research aimed at optimizing these
models and adapting them to other regions, emphasizing the comprehensive and long-term potential of this study in the
context of energy field.

Key words: wind energy, forecasting, time series, Lasso, LightGBM, CatBoost.

KnasrtoB E.H.*!, Ax:kanoa A.JK.!, Cagok Ben SIxus’
! Kazakcran-bpuran texaukansik yausepcuteti, 050000, Anmarst k., Kazakcran
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KEJ QHEPTUACBIHBIH OHAIPICIH BOJIKAYJIATBI I9JIAIKTI ZKAKCAPTY YIIIH
YAKBIT KATAPJTAPBI HET'I3IHJAEI'T TOCIJIIEP

Amnparna. by zeprreyne 6i3 Lasso, LightGBM sxene CatBoost MammHanbIK OKbITY MOZGNEPIH NaliaagaHa OTHIPHII,
I'epMaHMsAAFsl KeJ AJIEKTP CTAHIMSIApPBIHIA IEKTP SHEPTUSICHIH OHAIPYAl emKeH-TerKeHil Tanaay MeH OoInKay/Isl
YCBIHIBIK. JlepekTepni eHaey YHIIH MOJENbJICpPAIH CarachlH >KaKkcapTy MaKcaThlHAa HalajaHblIFaH EHAIK JKoHE
YaKBITTBIK aKIapar apKbUIbl erKeH-TerKelni qepeKTep/i aiyra MyMKinaik Oepetin Feature Engineering aaici KonaHbI,
JKaHa JIepeKNeH TONThIpsUIasl. JKerinmipinren nepexrepai tangay (Extensive data Analysis, EDA) apkpuisl 613 1on
OoypKaMaap/blH canachblH HaKTHIPAK AHEPreTHUKAJBIK KYHeJIepliH TYpaKTBUIBIFBIH, dcCipece >KaHAPThIIATHIH 3HEPIus
Ke3/lepiHe TOYeJIUIIKTIH apTybl JKarjaiiblHOa alTapibIKTail JKakcapTa alaTbIHIBIFbIHA CYHEHE OTBHIPBIN, JHEpPrus
OHJIIPY/IIH YaKbIT CEPUSICHIHAH KEIIITy JKOHE KbUDKBIMAJIBI OeriIepal aHbIKTABIK JKOHE MOJICTICPAiH cana KOpCeTKIIIiH
JKaKCapTTHIK. OpOip MonenaiH eHiMIuir oprama adcomorti Kare (MAE), opramia kBaznparTsik Kare (MSE) xxone TyOip
acTel oprama kBaaparThlK Kate (RMSE) crarucTukansk kepceTkimTepi Herisinne Oaramanaabl. Ockl MOJETbICPAIH
imiage CatBoost GapIibIK KepceTKimTep OOMBIHINA eH JKOFaphl JOIMIKTI KepceTeni. KOpBITBIHIBIAA OCBI MOACTBACPII
OHTaMIaHBIPYyFa )KoHE oJap bl OacKa aiiMakTapra Oelimeyre OarbITTalFaH api KapaifFsl 3epTTeyaepaid MyMKIHAIKTepi
KepCeTijel, JHEPreTHKAJIbIK cala KOHTEKCTIH/IE OCHI 3ePTTEY/IH KeIIeH Il KaHe y3aK Mep3iM/Ii aJIeyeTi aTar oTiuIe/l.

Tipek co3aep: el SHEPTHUACH], OOIDKAY, YakbIT Karapiapsl, coHFbl, LightGBM, CatBoost.
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noaxoJabl HA OCHOBE BPEMEHHBIX PAJOB JJIsAA HIOBBIIWEHUA TOYHOCTH
NPOI'HO3A BETPOOHEPI'ETUKH

AHHOTanusi. B jaHHOM WCCIEIOBaHMM MBI IIPEACTaBMIM MOAPOOHBIH aHANIW3 W TNPOrHO3MPOBAHUE BBIPAOOTKU
IEKTPOIHEPTUH HA BETPSHBIX AJIEKTPOCTAHIMAX B [ epMaHU ¢ HCIOJIB30BaHIEM MojieIel MalllMHHOTO 00y4deHus Lasso,
LightGBM u CatBoost. [{i1s1 00paboTku gaHHBIX HcTionb3oBaics Metox Feature Engineering, KoTOPBIH TO3BOJINIT H3BJIE€Yb
Oonee 1MOAPOOHBIE JAaHHBIC C /AT, UCIIOIL30BaHHBIC IS YIYYIIeHUS KadecTBa Mojeneid. C MOMOIIBIO PacIIUpEeHHOTO
ananm3a naHHbIX (Extensive Data Analysis, EDA) mMblI onpenernsieM 1 pa3padaTbIBaloM 3ama3/IbIBAIONINE U CKOJIB3SIINE
NPU3HAKW U3 BPEMEHHOTO psija MPOM3BOACTBA YHEPTHH, UCXOS M3 TOTO, YTO TOYHBIC NMPOTHO3BI MOTYT 3HAYUTEIHLHO
MOBBICUTH CTAOMIBHOCTh SHEPIeTHIECKUX CHCTEM, OCOOCHHO B KOHTEKCTE PACTYILEH 3aBUCHMOCTH OT BO30OHOBIISIEMbIX
MCTOYHUKOB 3HEepruu. [Ipon3BoIUTEIEHOCTE KaXK /101 MOJIENN OLIEHUBAETCS Ha OCHOBE IIOKa3aTelel cpeaHei abcomoTHON
ommbOku (MAE), cpenneit kBanparnunoit ommoku (MSE) u xopHeBoii cpenueii kBagparnunoit ommbdku (RMSE), npu
9TOM cpean 3Tux Mozeneit CatBoost 1eMOHCTpUpPYeT caMylo BEICOKYIO TOYHOCTB I10 BCEM ITOKa3aTelsiM. B 3akimroueHne
YKa3bIBAIOTCSI BOBMOKHOCTH ISl TAIIBHEWUIINX HMCCIICIOBAHUH, HANPABICHHBIX HAa ONTHUMM3ALMIO 3TUX MOJAENEH M MX
aJIaNTaIyIo K JPYTUM PETHOHAM, TOTYEPKUBACTCSI KOMIUIEKCHBIN U JOJTOCPOYHBIN OTEHIIMAN JTAHHOTO MCCIIEJOBaHUS
B KOHTEKCTE SHEPIreTHIECKOH c(hepsl.

KitroueBble ci10Ba: SHEprHs BeTpa, IIPOrHO3UPOBaHNE, BpeMeHHbIe psinibl, Lasso, LightGBM, CatBoost.

Introduction

Renewable energy, especially wind power, has become a significant source of energy in the modern world.
Countries around the world are actively investing in the development of wind power, as it offers a clean and
sustainable source of energy, contributing to the reduction of greenhouse gas emissions. In this study, we
focus on wind power in Germany, one of the leading countries in this field. Our goal is to develop a model
for predicting electricity generation from wind farms in Germany. To achieve this goal, we will use a dataset
containing information on power generation capacity and associated time stamps.

We will analyze the data to understand temporal trend patterns and identify possible outliers or anomalies
in power generation. In addition, we will develop new features based on lags and autocorrelation that can help
improve the quality of forecasting. We will consider several machine learning models as prediction methods,
including Lasso[1], LightGBM[2], and CatBoost[3]. We will evaluate the performance of each model using
different metrics and select the most effective model for our forecasting purposes. The results of this study
can be useful to energy companies and regulators in helping them make informed decisions about planning
and optimizing wind energy generation. More accurate forecasts will enable better management of energy
production and ensure the stability of the energy system. In the following sections, we present details of the
data analysis, a description of the methods and models used, forecasting results, and a discussion of the results.

Literature review

In this part of the study, a review of scientific papers devoted to time series forecasting was conducted.
Scientific articles and publications devoted to methods and models of time series forecasting were studied. One
of the significant studies in this field is the work of Tibshirani [1]. In his work, the author presents the Lasso
(Least Absolute Shrinkage and Selection Operator) method, which allows reducing the dimensionality of the
feature space and selecting the most important features for prediction. The author describes the properties and
advantages of the Lasso method as well as its applicability in the context of time series forecasting. Another
important study in this area was performed by Ke et al. [2]. In their work, they considered the application of
the LightGBM model, which is a highly efficient gradient-based solver tree boosting. The authors describe
the working principle of the LightGBM model, its advantages and potential in time series forecasting. Also an
important study is the work of Prokhorenkova et al. [3]. In their work the authors present the CatBoost model,
which has a unique ability to process categorical features without preprocessing. The authors investigate
the properties of the CatBoost model and demonstrate its application to various tasks, including time series
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forecasting. These studies represent important contributions to the field of time series forecasting and will be
used in this study to develop predictive models and evaluate their performance.

Tibshirani [1] identified the problems associated with the application of the Lasso method for time series
prediction, including the choice of the optimal value of the regularization parameter and the stability of the
model to the presence of strongly correlated predictors. The paper by Ke, G. et al. [2] notes the need for
proper selection of the LightGBM model hyperparameters to achieve optimal performance, which may require
significant computational resources. Prokhorenkova et al. [3] point out that using CatBoost to predict time
series with categorical features requires careful adjustment of the learning rate and number of iterations, and
may also require large amounts of memory and computing resources.

Data

In this study, we used an extensive dataset of wind energy generation that includes more than 380,000
records. This amount of data provides sufficient statistical significance and allows for a more accurate analysis
and prediction of the energy generation process. The data in demonstrated in Figure 1 set consists of two
columns. The first column contains timestamps that indicate the date and time of each record. The second
column contains wind power generation capacity values in megawatts (MW).

dt Mw
2011-01-01 00:00:00 3416.0
2011-01-01 00:15:00 4755.0
2011-01-01 00:30:00 4939.0
2011-01-01 00:45:00 4939.0

2 W M =2 o

2011-01-01 01:00:00 4998.0

Figure 1 — The wind power producing data

Both columns are important variables for studying and analyzing the energy generation process. The data
collection frequency is 15 minutes, which means that measurements were taken every 15 minutes. This allows
us to account for changes in energy generation over short time intervals and identify temporal patterns. This
extensive data set provides us with an opportunity to perform a deeper and more comprehensive analysis of the
wind energy generation process and develop effective predictive models. This will help to optimize the energy
production process, improve its stability and ensure more efficient use of wind resources.

Main provisions. Methods and materials

In this section, a exploratory data analysis[14] of the wind energy data was performed using various
methods and visualizations. Having large data, we divided them into columns for analysis to make it easier
to highlight parameters. We divided the data by hours, then days, days of the week by another year, which
allowed us to graph and analyze. This analysis allowed us to gain valuable insights and discover patterns
related to wind energy generation.

In analyzing the annual generation capacity data, it was found that there was a significant increase in
energy generation by the hour in 2017 and 2019, which is given in Figure 2[13]. This may indicate special
events or factors that influenced the increase in energy production during these periods.
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Figure 2 — Discretization of power generation up to 1 hour
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Figure 3 — Power generation trend across years

We also analyzed annual generation capacity data and found that 2019 and 2020 had the highest
capacity. This may indicate increased wind farm activity and other factors contributing to increased power
generation during these periods see Figure 3.

In Figure 4 we can observe that the total energy generation on Tuesday, Thursday, Friday, and Saturday
was higher in 2021, while the total generation on Monday and Sunday was higher in 2019, which can be seen
in. This may indicate differences in energy demand on different days of the week and the corresponding impact
on wind generation.

Figure 4 — Trends of week across years.
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An analysis of the percentage growth of energy generation plotted that 2015 and 2017 saw the largest
increase in generation from the previous year by 35%. This may indicate a significant change in the development
of wind energy and its contribution to total energy generation can be seen in Figure 5[12].

30
20
10

]

% Increase from previous

2011 2012 2013 2014 2015 2016 2017 Z0E 201 2020 2021

w

Figure 5 — Annual growth in electricity production

In addition, emissions in the data were evaluated and it was found that power values above 10,000 MW
were emissions. These emissions could be the result of anomalous situations or errors in the data, one might
consider.

We conducted a process of feature engineering[6][7] to improve the data set. Feature engineering is the
creation of new features from existing data, in order to expand the information and capture important patterns
and dependencies. Using datetime information we extracted several parameters described in Figure 6 such as
the order of the month, time of day divided into categories, which describes that it is night, afternoon, sunset,
morning, dawn.

datetime power b weekday month year hour QR OUTLIER FLAG monthOrder isNight isDawn  isMorning  isAfternoon

0 2011-01-01 0000000 34160 1 Sawnday Janusry 2011 0 False 1 0 1] 0 ]
1 2011-01-01 01500 47550 2 Sawrday January 2011 0 False 1 o 1 0 o
2 2011-01-01 003000 49300 3 Sawrday January 2011 DD False 1 0 1 0 ]
3 2011-01-01 (Mra5:00 49390 4 Satlurday January 2011 e False 1 L 1 0 o
4 2011-01-01 0L00:00 49980 5 Sawnday Janusry 2011 0l False 1 0 1] 0 ]

Figure 6 — New features extraction

One of the main aspects of feature engineering in this paper is the creation of lagged features[8]. Lagged
features allow us to account for consistent dependence and cyclicality in the time series. In this case, lagged
features were created with lags of 1, 12, 24, 48, and 72 time blocks in the "power" variable. This allows
the model to account for the influence of previous periods on the current power value. Additionally, rolling
features, such as the rolling average, were selected. Rolling features are a power average over a certain time
window. In this case, rolling averages with a window of 4 and 24 time blocks were chosen. These signs help
to average temporal fluctuations and reveal general trends in the data. After feature engineering, a correlation
analysis was performed, which allowed us to identify the most strongly associated features with the "power"
variable. In particular, the attributes "lagged power 1", "lagged power 12", "rolling 4 power mean" and
"rolling_24 power mean" connect high correlation with power. This indicates a significant influence of
previous periods and averaged values on current wind power generation, observed in Figure 7.
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Figure 7 — Correlation(Heat) map

Thus, the process of feature engineering has expanded and enriched the original data set to include
additional features that capture temporal dependencies and cyclicality in the time series. This allows the model
to more accurately predict wind energy generation given the important characteristics and patterns highlighted
in the data. For example, lagged features help account for the influence of previous periods on current wind
generation. This is especially useful for analyzing time dependencies and cyclicality in the data. Creating
lagged features with different lags, such as 1, 12, 24, 48 and 72 time blocks, allows the model to account for
the influence of previous periods on the current generation capacity. In addition, additional rolling features,
such as a rolling average, have been selected. Rolling features are averages of power values over a certain time
window. In this case, we chose a rolling average with a window of 4 and 24 time blocks. These signs allow
you to capture general trends and smooth out temporal fluctuations in the data. A correlation analysis was
performed to assess the relationship between the signs and the "power" variable. The results observes that the
traits "lagged power 1", "lagged power 12", "rolling 4 power mean" and "rolling 24 power mean" are
highly correlated with power. This suggests that previous power values and averages play an important role in
predicting current wind power generation. We have included the significant data in Table Figure 8.

lagged power 1 lagged power 12 lagged power 24 lagged power 48 lagged power 72 rolling 4_power mean rolling 24 power mean

54380 34156.0 3416.0 3416.0 3416.0 5240.25 4376 250000
55090 3416.0 3416.0 3416.0 3416.0 5368.00 4946, 555556
5638.0 3416.0 3416.0 3416.0 3416.0 548150 S015. 700000
55682.0 3416.0 3416.0 3416.0 3416.0 B541.75 S06T.181818
ST92.0 34156.0 3416.0 34156.0 3416.0 5E30.25 5127.583333

Figure 8 — Added Lagged features

Finally, the process of feature engineering has enriched the original data set with new features that account
for temporal dependencies and cyclicality in the time series. his allows the model to better understand and
predict wind energy generation by accounting for important characteristics and patterns identified in the data.

def regression_metrics(y_test,y_pred):
print(“MAE :\t", round(mean_absolute_error(y_test,y_pred), 4))
print(“MSE:\t", round{mean_squared_error(y_test,y_pred),4))
print(“"RMSE:\t", round{np.sqrt(mean_squared_error(y_test,y_pred)), 4))

Figure 9 — Metrics of evaluation models
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Various metrics are used to evaluate the performance of predictive models, including mean absolute error
(MAE)[10], root mean square error (MSE), and root mean square error (RMSE)[11] observe in Figure 9. MAE
measures the average absolute deviation between predicted and actual values and provides an estimate of the
mean of the prediction error. MSE measures the root mean square deviation and pays more attention to large
deviations. RMSE is the root of MSE and allows you to compare model performance on the raw data scale.
The smaller the MAE, MSE, and RMSE values, the better the performance of the models in predicting power
generation.

The Least Absolute Shrinkage and Selection Operator is a regression method used in statistics and machine
learning to predict data. The main feature of Lasso is the use of L1-regularization, which helps to reduce the
number of features in the model by zeroing out the weights of some features. This feature makes Lasso very
useful when there are a large number of features and there is a need for feature selection. Lasso regression is
formulated as follows:

For the data (X, y) where X - input data matrix of size (n, p) (n - the number of examples, p - number of
features), and y - is a vector of output data of dimension (n, /), the Lasso regression problem is to minimize
the following loss function:

1
Loss = minimize ||%y — XB113 + 218111

Where:

= |I- 1|2 denotes the Euclidean norm (L2-norm),

— ||-1]1 denotes the L1-norm,

—p - vector of regression coefficients of dimension (p, 1),

—A- is a non-negative regularization parameter.

The second term in this function is the L1-regulator, which is controlled by the parameter A. It penalizes
large values of the coefficients 8, which leads to their reduction or even zeroing. This ensures the selection of
features in the Lasso-regression. Because of this property, Lasso-regression is often used when working with
data with a large number of features, when it is necessary to simplify the model and make it interpretable.

Light Gradient Boosting Machine (LightGBM)[2] is a machine learning algorithm based on the method
of gradient boosting. This algorithm was developed and introduced by Microsoft Research in 2017. The model
differs from most other boosting algorithms in that it uses a "leaf-wise" learning strategy instead of the usual
"level-wise" learning strategy, which allows it to achieve higher efficiency while maintaining model accuracy.
The gradient-busting algorithm on which LightGBM is based can usually be described as follows:

Given:

- Learning sample {(x))l, Y1) (o v 3,

- Loss function L(y,F),

- number of iterations M.

Form =11to M:

1. Calculate pseudo-residuals:

_ oLy F(xD)
e OF(x)

F(x)=Fp-1(x)

_[oL(y F(x)
Tm =T TRy

F(x)=Fp_1(x)

In the context of LightGBM, each h,,(x) - is a decision tree, and these trees are built using a "leaf-
wise" strategy. Instead of developing the tree level by level (level-wise), LightGBM chooses the leaf with the
maximum loss to split and continues to split it, allowing more tree depth and providing more accuracy, while
controlling overlearning. However, the "leaf-wise" strategy can lead to overtraining with a large number of
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leaves, so it is important to apply regularization by adding a summand to the loss function that increases with
the number of leaves. In LightGBM this is achieved using the following condition for splitting:

1 Zi Gi2 {(Zl Gi + Gnew)z} {Gr%ew}
z {ZiHi + A} - {ZiHi + Hnew + A} B {Hnew + /1} B

Gain = y

Where:

- G, u H - gradients and hessians of the loss function,

-G, nH  -gradients and hessians added by the new sheet,

- A is a regularization parameter controlling the magnitude of the penalty for increasing the number of
leaves,

- v - additional regularization parameter, which adds a fixed penalty for each new splitting.

Thus, LightGBM strikes a balance between the speed of learning and the accuracy of predictions, allowing
efficient models to be built even on large data sets.

CatBoost is a machine learning algorithm designed to handle categorical features efficiently. It uses
gradient-based boosting and is based on decision tree learning. CatBoost[3] applies an ordered-target learning
technique, which significantly improves the learning process compared to standard categorical feature learning
approaches. Let us give you the formulas used in this algorithm. The basic equation for the gradient boosting

model:
M
Fu() = ) ol (3)
m=1

— F _M(x) - is the prediction of the model after M iterations,

—h_m(x) - the base algorithm (in our case a decision tree),

—rho_ - the coefficient determining the contribution of each decision tree.

However, CatBoost uses a slightly modified version of the gradient-busting algorithm, which uses
learning with ordered targets. When the tree is trained on a dataset, it treats objects in random order. When
an object is predicted, it uses the average of its previous values to encode categorical variables. This is done
to avoid leakage of target values, which is often the case when processing categorical features. As with most
other boosting algorithms,

CatBoost uses a loss function that is minimized at each iteration. The loss function is chosen depending
on the problem. For example, Logloss is often used for classification and RMSE for regression. CatBoost
uses common regularization approaches, similar to those used in other gradient-busting algorithms, to avoid
overtraining the model.

Results and discussion

In the research paper, we calculated the results of the forecast models for the target variable - electricity
power with a forecast for 8 time blocks ahead. The Lasso, LightGBM, and CatBoost models resulted in
predictions for each of the Figure 10, Figure 11, and Figure 12 models.

param_grid = {'learning_rate’:[8.1], "num_iterations’: [18888), "n_estimators’: [25], 'num_leaves': [4@8], °verbo

1], 'colsample_bytree':[8.4], “subsample’: [08.4], "max_depth': [9]}

[9998] walid ®'s rmse: 1356.27 valid_@'s 12: 1.83946e+86
[9999] walid_8's rmse: 1356.3 walid_ 8's 12: 1.83955e+86
[1e08@] valid_@'s rmse: 1356.33 valid 8's 12: 1.83964e+86
Mean Squared Error 131349, 50948637384

-r¢|]I1J_I'!IJ metrics:

MAE : 224 4869

MSE: 131349 .50%94

RMSE: 362 .4217

Figure 10 — Indicators of the Lasso model metrics
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lasso = Lasso(alpha =8.0005, random_state=28)
param_grid = [{'alpha’':[0.8085, 8,867, @.885, ©.81, 8.85, 8,83, 8.1, 8.5, 1]}]

lasso_model = model_validate(lasso, param_grid, x_train, y_train, x_test, y_test, "Lasso’ k_folds=5)

Hean Squared Error = 982546.81656047069
Training setrics:

HAE : 572.5387
HSE: QE25446 . 8186
RMSE: 9917 .2346

Figure 11 — Indicators of the LightGBM model metrics

12@a: learn: 923, 8908954 TEstc 17474277758 best: 10814377750 (1286}

total: 35.61 resaindng: B.86s

1488 : learn: 918 3Z4788% gest: 1138, 7343851 best: 1037 9870688 (1350}
roral: 41.%% Fespindng: 2.93:

1499 learn: 912.9155064 Rest: 17137.2345278 best: 102X7.2348278 (1459
total: 44,38 resyining: fus

bestlest = 1737 03402
bestlteration = 149%

Figure 12 — Catboost model metrics

Comparing the models, we can note that all three models observe different prediction accuracy.
LightGBM demonstrates the best accuracy with the lowest MAE, MSE and RMSE, which indicates a lower
prediction error compared to the other models. Lasso also presents itself as a quite reliable model with
acceptable MAE and RMSE values. CatBoost, even though it has the highest RMSE value, still performed
good performance and can be a useful forecasting tool. Fiqure 13 compares the results of the test and model

values. In addition, consider Figure 14 demonstrated a time interval of 2 hours.

Figure 13 — Comparison plot of target values and models predicted values
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Figure 14 — Two hours interval prediction comparison

Discrepancies and variations between models may be due to different approaches and peculiarities of
each algorithm. For example, the CatBoost model has the ability to process categorical features without
preprocessing, which can be useful when working with electricity data. At the same time, the LightGBM
model has high speed and works effectively with sparse data.

Conclusion

In this study, modeling was performed to predict electricity generation based on weather and timing data.
Three machine learning models were used: Lasso, LightGBM, and CatBoost. Each model demonstrated its own
characteristics and advantages in forecasting. As a result of the simulations performed, the predicted values
for the target variable (power) with a prediction for 8 time blocks ahead were obtained. Analysis of the results
illustrated that all three models demonstrated good performance in forecasting power generation. The Lasso
model calculated a mean square error (MSE) 0f 982546 and a mean absolute error (MAE) of 572. The LightGBM
model performed an MSE of 131349 and an MAE of 224. The CatBoost model demonstrated an MSE of 1137.
When comparing these models, it can be noted that they all achieved good results in prediction, although
with some discrepancies. Thus, the results of this study confirm the potential of machine learning models in
predicting electricity generation. Further research and improvement of the models can lead to even more accurate
predictions, which in turn can be useful for optimizing the planning and management of electricity generation.
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BUOMETPUAJIBIK 9AICTEPII 3BEPTTEY ’KOHE OHJIEY

Angarna. CoifkecTeHIIpy Xyhenepi Kas3ipri KoFamaa eTe MaHBI3IBI pei arkapaabl. Kypaem Kayimnci3mik TamanTapsl
caparnmbulapAbl MaigaTaHyIIBIHBIH JKeKe OachlH aHBIKTAy YIIH OMOMETPHSHBI TaiifanaHy >KOJIAApBIH 3€pTTeyre
uTepMmerneni. bynm makamamga OMOMETpHS TYCIHITI, OMOMETPHSIIBIK IEPeKTep XOHE OHBIH TYpJIEpi KapacThIPBIIABL.
MaxaraHbIH MaKCaThl — CONKECTCHIIPY IPOIIECiH 3€PTTEY, OHBIH KETIIAIpINTeH HYCKACHIH IIBIFapy KOHE MHHOBAISITAPIBI
enrizy. OchITaiiIna, 3epTTey S/iCi peTiHe Keneci HyKTenep KbI3MeT eTTi:

- aunnuanusanusi.

- duTtHEC QYHKIUSIAPHL.

- AHBIK eMec KITacTepIey TOCii.

Hotmxkenep 6MOMETPHSIIBIK KYHenep MEH OMOMETPISUTBIK JaTYUKTEP/IiH 1ITepiyieyi JKeke KyalliKTi KaKcapTyFa BIKIall
eTeTiHIH JXKoHe OacKaJapHAbIH jkeke OachblH Tepic maifiaraHyblHa >KOJ OCpMEUTIHIH KOpCeTTi, OHTKeHI OMOMETPHSIIBIK
TEXHOJIOTHSIIAp JKYWEHIH Kayilci3miri MeH IOINAIriH KaKcapTy YIIiH YIKEH OoJIeyeTKe He. BHOMeTpHsmbIK kylienep
maiinaTaHymsIIapAbH Kayilci3miriH apTThIpaibl, COHBIMEH Karap JKeKe TYJIFAHBl aHBIKTAayla oJieKaiiia IOIIIKTI
KaMmTamachi3 etemi. OChUTalIa, YCHIHBUTFAH TOCUIIIH ASJAITT TOPT 3aMaHayH TOCILIMEH CalbICTHIPhUIanbl. CalbICTRIPY
KOpPCETKeH IeH, YCHIHBUIFaH Tocim mamameH 99,89% sxorapbl mommikTi xone 0,18%-Fa TeH TOMEH KaTelik ACHreHiH
KaMmTamachI3 ereni. Kenreren cy0bekTinepe caycax i3/iepi MeH Ko3 MpUCIH aHBIKTay OMOMETPHSCH YIITiH aJIbIHFaH THICTI
Oaraiay OyJ1 MHTETpaIMsTHBIH HAKTHI QJIeyeTi Oap eKeHiH KopCceTesi.

Tipexk ce3nep: OMOMETpHs, OMOMETPHSITBIK JCPEKTEP, KO3MIIH UPHUCI, caycak 31, TCHETUKAIBIK aJTOPUTM, OHJICY, 3EPTTEY.

Kulanbay Sh.B.*, Beketova G.S., Tulegenova E.N.
'Kyzylorda University named after Korkyt ata, 120000,
Kyzylorda, Kazakhstan
*E-mail: shkulanbay@mail.ru

RESEARCH AND DEVELOPMENT OF BIOMETRIC METHODS

Abstract. Identification systems play a very important role in today's society. Complex security requirements have
prompted experts to explore ways in which biometrics can be used to identify customers. In this article, the concept of
biometrics, biometric data and its variants are considered. The purpose of the article is to study the process of identification,
to produce its improved version and introduce innovation. Thus, the following points served as a research method:

- Initialization.

- Fitness functions.

- Unclear clusterleu method.

The results showed that the advancement of biometric systems and biometric sensors can improve the identity and prevent
others from using the identity, the system has great potential to improve the security and accuracy of the biometric
technology system. Biometric systems increase the security of users, as well as ensure accuracy in the identification of
personal identity. Thus, the accuracy of the proposed method is compared with four modern methods. The comparison
shows that the proposed approach provided a high accuracy of about 99.89% and a low error rate of 0.18%. It turns out
that there is real potential for the integration of fingerprints and iris biometrics in many subjects with the appropriate
assessment.

Key words: biometrics, biometric data, iris, fingerprint, genetic algorithm, Tensing, research.
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HNCCIIEAJOBAHUE U PABPABOTKA BUOMETPUYECKUX METOJOB

Annotanusi. CucteMbl HIEHTH(UKANH UTPAIOT OYSHb BYKHYIO POJIb B COBpEMEHHOM o0OmecTBe. ClIoXHbIe TpeOOBaHNMS
6€3011acHOCTH TOOYTUITN SKCTIEPTOB U3yUUTh CIIOCOOBI UCTIONB30BaHMS OMOMETPUH JUISl HACHTH()HUKAIIMN KIIUSHTOB.

B nanHO# cTathe pacCMOTPEHO MOHsITHE OMOMETPHH, OMOMETPUIECKIX JTaHHBIX M €r0 BApUaHTOB. L{ens cTaTen — u3yuuTh
npouecc uaeHTH(GUKaNU, pa3paboTaTk €ro ycoBepIICHCTBOBAHHBIN BAPHAHT U BHEJPUTH HOBIIECTBO. TakuM 00pazom,
B KQUECTBE METOMa UCCIEJOBAHUS MTOCITYKIIN CIEAYIOIIUE ITyHKTHI:

- Unnnuanuzanms.

- ®urHec-QyHKIHN.

- HenonsATHBII KNacTepHBIN METO,.

Pesynbrarpl mokasanm, 4TO pa3BUTHE OMOMETPHUYECKHX CHCTEM M OMOMETPHUYECKHX IaTYUKOB MOXKET YITyUIIUTh
WJICHTUYHOCTh M TPEIOTBPATUTH HCHONB30BAHNE MJCHTHYHOCTH JPYTMMH, CHCTEMa MMeeT OONBHION IMOTEHIHal JUIs
MIOBBILIEHUS 0€30ITaCHOCTH M TOUHOCTH CHCTEMbI OMOMETPHYIECKHUX TEXHOJIOIMH. buomerprudeckne cucTemMsl MOBBIIIAIOT
6e3011acHOCTb MOJIB30BATENEH, a TAKXKE 00€CIIEYNBAIOT TOYHOCTD WACHTU(UKAIUH JTHIHOCTH.

Taknm 00pa3oM, TOYHOCTH MPEATIAraeéMOro METOJa CPAaBHUBACTCSI C YETHIPHMsI COBPEMEHHBIMU MeTonaMu. CpaBHEHHE
MIOKA3bIBACT, YTO MPEAJIOKCHHBIN TOIX0 00ECIIeunBaeT BICOKYIO TOYHOCTh 0K0JI0 99,89% 1 HU3KYIO YacTOTy OMIMOOK
— 0,18%. Oxa3pIBaeTcs, CyIIECTBYET peaIbHbIN MOTEHIMAN HHTEIPallil OMOMETPHU OTHEYATKOB NaJbIIEB U palyKHOU
000JIOYKH I71a3a Y MHOTHX CyOBEKTOB IIPH COOTBETCTBYIOIIEH OIIEHKE.

KiroueBble ciioBa: 6I/IOMeTpI/IH, 6I/IOMCTpI/I‘l€CKI/Ie JaHHBbIC, paay’KKa, OTHCHYATKHU MNaJIblCB, TeHEeTUYCCKUI aJITOPUTM,
HaTsKCHUC, UCCICAOBAaHUA.

Kipicme. Enimi3nig xayinci3airinig —Ooyamiarbl  MYJIBTUMOJAAbABI  OMOMETPHSIFA  HETI3/ICITCH.
BuomerpusiiblK kyiie — Oyl agamMabl MiHE3-KYJIBIK Hemece (U3HOJOTHSUIBIK cHUIarTamaliapbl OoibIHIIA
TAHUTBHIH aBTOMATTaH/IBIPBUIFaH JKYHE jKOHE 0J1 OaKbLIay, COMKeCTECHIIIPY, KOJ KETKi3yAl OacKapy *oHe KOpray
CHSIKTBI 9pPTYpIIl KonjanOanapia adTapiiblKTaii Iporpecke Kojl JKeTKi3ni. byi skyieHi Tekcepy MakcaTbHIa
OeT cunarramaiapbl, TOPJbl KaOBIKTBIH CHIIaTTaMaslapbl, TaMbIp YITiIepi, ceiiyiey yJrijaepi, nepHenepai
Oacy IMHAMUKachl, THIPHAK TOCETi, KYIAK TU3aiHbI, caycak i3aepi >koHe Oacka Ja OMONOTHSUIBIK Oenrinep
3eprrenai. Ocel opTypii OenriiepiH ilmiHae caycak i31epl KeHIHEeH KOJIaHBUIAThIH OMOMETPHSUIBIK KACHET
Ooubin kepineai. COHbIMEH KaTap, KO3/iH UPUCI eH 1971 OMOMETPHSUIBIK OOJIBII TaObLIaAbl, OUTKEHI OJ1 epeKIle
JKOHE YaKbIT OOMBIHIIA TYPAaKThI OOJBIN KapacThipbuiaas [1].

Kanmoel, 6ip Momynbai ayTeHTU(UKALNS TEXHOJIOTHSUIAPHI OJIipeK OOJFaHBIMEH, OJap JKaJlFaHbIKKa
TO3IMITIK JKOHE JKaKChl KYIMUSUIBIIBIK CUSIKTHI OipHeme Mocenenepai memeai. Lekreyni yiri enmemi xoHe
nryapl OaKplIay KYPBUIFBUIAPHI CHUSKTHI JKEKe JKOHE OMOJIOTHSUIBIK Maceseniep Oip MOoaajbIbl OMOMETPHUSIIBIK
KYHENepAiH ToNAIK JAeHreiine adTapnblkTail ocep ereai. AyTeHTH()UKAMSIHBI KCHIIIETY MakcaTblHa,
KEPEeKTi JepeKTepAl TeKcepy YLIIH MYIbTHMOJAibAbl OMOMETPHs KOJIAaHbUIanbl. bynm macenenepni merry
YIIiH MYJIBTHMOJANIbABI OMOMETPHSIIBIK Kylenep OipTingen eHrizinyae [2]. ©Op Typii MoTalbAiliKTepAcH
aJbIHFaH KOChIMIIIA OeNTrijiep MyJIbTUMOAAIIBIbI OMOMETPHSIIBIK JKYHenepae KoaaHbuIaabl. MynbTUMOabIbl
OMOMETPUSUIBIK  COMKECTeHIIpy >Kyhesepi Oip MoOAynbpai OHOMETPHSIIBIK KayilCi3mik IKyHelepiHeH
KOHTpa(aKTUTIKKe TO3IMALIIK IEeH jKaKCapThUIFaH MYMKIHIIKTEp TYPFbICBIHAH achln Tyceni [3].

MakaJiaHbIH MaKCaThl — OMOMETPHSIIBIK 9ICTEP/Ii 3EPTTEIl, OHbIH KaKCAPThUIFAH HYCKACBIH LIBIFAPY
JKOHE JKaHAIIBUIIBIKTAP bl CHT13y IpOoLeCi.

Herisri 6eaim. buomerpus — anamublH (DU3HOJOTHSIIBIK HEMECE MiHE3-KYJIBIK CHIIaTTaMalapblHa
HETI3JeNreH colkecTeHaipyal Oinaipeni. OU3MONOTHSIIBIK CHIATTaMallapra KOJAbIH HEMEece CayCaKTbIH
cyperTepi, OCTTiH cUMaTTaManapblH TaHy >karaibl. MiHE3-KYIbIK cuIarTaMmajiapblHa CiHIpiIeTiH Hemece
AJbIHATBIH KaCUETTep KaTaabl. AJl TUHAMUKAIBIK KOJITaHOAHBI TEKCEPY, AaYbICThI €CTY apKbUIbl TEKCEPY JKOHE
nepHesnepAi 6acy IMHaMUKAChl apKbUIbI JKYprizineai. Karmsl, GapiblK KaXeTTUTIKTEpre colKec KeJIeTiH MiHCi3
OMOMETPUSUIIBIK 9JIiCi Ka3ipri TaHaa koK [4]. bapiblk OMOMETPUSUIBIK KYHEIepIiH apThIKIIBUIBIKTAPhl MEH
Kemiimikrepi 6ap. [lereamMen, OMOMETPHSIIBIK KYHEH]I aiiianany yIIiH KaKeT KeHOip sKalllbl CUIaTTaManap
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Oap. bipiamrigen, OuoMeTpus epeKIIeNeHeTiH Oenrire Heriznenyi kepek. «Exi caycak i3i Oipaeit emec» aereH
UAESHBI KOJJANTHIH KONTETeH FhIIBIMU Aanenep 0ap. «Kom reomeTpusicb» CUSKTBI TEXHOJIOTHSIIAP KONITEreH
KBIIIap OOWBI KOJNTAHBLIBIT KeJle/li )kKoHe OeTTi HeMece KO3/IiH UPUCi apKBUTBI TaHY TEXHOJIOTHIAPHI KeHIHSH
KosaHblIa Oactansl. Keitbip skaHa OMOMETPHSUITBIK oicTep 1T OOIybl MYMKiH, Oipak onapslH Oipereimirin
aHBIKTAy YIIIiH KOCBIMIIIA 3epTTEyIep KaxeT [5].

Ocbl TypFbIaa, Tarbl Oip KapacThIpaThlH MaHbI3/Ibl ACIIEKT — OJ1 JKYHEHIH NalJanaHyliblFa KaHILIAIbIKThI
BIHFAWJIbI €KeHAIrH KapacTelpy. Heri3zi OnoMeTpusuIbIK NpoLece Kbl1iaM sKoHe OHall 00ITybl KepeK, MbICaJIbI,
OeliHekaMepaMeH CypeTKe TYCipy, MUKpOQOHMEH coiliecy HeMece caycak i3i CKaHepiH TypTy [6].

Kebinece xyiienik oKiMIIiICH I Py MEH TipKey OTIepaTOpbIH KAMTaMaChI3 €TyTe OailTaHbICTHI O©MIPITIK UK
KOJIAy IIBIFBIHAAPBI OMOMETPHUSUIBIK KaOABIKTHIH OacTanKbl KYHBIHAH achlll KeTyl MyMKiH. bruoMeTpusuibik
ayTeHTU(HUKALUSIHBIH apTHIKIIBIIBIFGl — NalJalaHyIbuIapFa KOCBIMIIA TalanTap Typajibl ajJaHjgamay YIIiH
ayTeHTH(QHUKALUSHBIH KoOIpeK AaHanapblH OCBIHAAN KbUIJAM KOHE KapalraibIM TypAe Talal eTy MyMKIHIr
[7]. buoMeTpHsIIBIK TEXHOJIOTHSATIAp AAMBII, OJap/ibl KOMMEPLHUSUIBIK MaKcaTTa KeHIHEH KOJJIaHa OTBIPHII,
OipHenre ayTeHTHU(UKAIWS JCHreiIepiMeH HeMece OipHemie ayTeHTH(HUKalWs JaHAIapbIMeH KYMBIC icTey
naiana”ybpuIap YIIiH aybIpTHATBIKCHI3 Ooansl [8].

buomerpusi — KbUIMBICKEpJIEPIl AHBIKTAy JKOHE TYPMEJIEpHAi KOpFay CHSKTBI COT-MEAWIMHAJIBIK
KOCBIMINIATap/ia KEHIHEH KOJAAHBbUIAAbl. DHOMETPHSUIBIK TEXHOJOTMs KAapKbIHIBI IAMBINl KEJIedl >KOHE
SNMEKTPOHIBIK OAaHKUHI, 3JIEKTPOHIBIK KOMMEPLHS JKOHE KOJI JKeTKi3ydi Oackapy CHSIKTBI a3aMaTThIK
KonganOanap/a KeHiHeH KOJIJaHy YILIiH eTe YJIKEH dJIeyeTKe He.

ONeKTPOHBIK TPaH3aKIMSIAPAbIH CaHbl MEH KOJAAHBIIYBIHBIH Te€3 ©CyiHe OalJIaHBICTBI 3JEKTPOH/IBIK
OaHKUHT )K9HE AIEKTPOHIBIK KOMMEPILIMS OMOMETPUSHBIH MAaHBI3/IbI )KaHA KOCBIMILIAJIAPBIHBIH OipiHe aliHaIy/a.
By KoceIMIIazapra HECHENK KapTajgap MEH cMapT-KapTajgapibl KOpray, OaHKOMAT Kayirci3firi, 4eKrep MeH
aKIIa ayAapbIMIApPbl, OHJIAWH TPaH3aKIMsIAP KOHE HHTEPHETKE Kipy Kipeai. BHOMEeTpHsIIBIK TeXHONMOTUsHBIH
JIaMybIMEH OYJI KOChIMIIIanap ayTeHTH(UKAIUs YIIiH OMOMETPHSIHBI KoOipeK KoJmaHaas! [9].

bruomerpusinplk ayTeHTH(QHUKANS TipKEITeH HeMece TIPKeNTeH OMOMETPHSIIBIK YITiHI (OMOMETPHSITBIK
YIIri HeMece UACHTH(HUKATOP) JKaHATaH aJbIHFaH OMOMETPHSUIIBIK YATIMEH (MBICAIbI, Kipy Ke3iHJe ajbIHFaH
caycak i3i) cambicTeipynbl Taman ereni [10]. Tipkey kesiHme OMOMETPHSIIBIK OENTiHIH YINTIiCi YKa3bLIallbl,
KOMIIBIOTEPMEH OHJIEIIe Il )KOHE KeHIHIPEeK CalbICTBIPY YILIiH caKTanagsl. BHOMETPHSIIBIK TaHy COMKeCTeHIIpy
peKUMiHJE OHOMETPHSIIBIK JKYle TeK OWOMETPHSUTBIK MOJIMETTep Heri3iHAe MamiMerTep Oa3achlHAa
COMKECTIKTI 1371ey apKbUIbl OYKiJ TipKEIreH MOMyJALMsIaH afaMabl aHBIKTAaFaH Ke3[e KOJAAaHbLIa anaibl.
Kyiteni Bepuduranus pexuminge e KojaaHyra Oonmaapl, MyH/Ia OMOMETPHSUTBIK JKYie, aJaMHBIH OYpBIH
TipKeJTeH M1a0IoHb! OOMBIHIIIA MATIM/IENTEH JKeKe OAaChIHBIH TYITHYCKANBIFBIH Tekcepei [11].

3epTTey MaTepuaJIapbl MeH dicTep

BroMeTpusUTBIK 9J1icTep/Ii OHTAHTaHABIPY KeJleci 9IICTEPMEH KapacThIPbLIa Ibl:
—  HMuaunnwmanuzanus.

— ®urHec QyHKIHSICHL.

— AHBIK eMec KIIacTepIiey TICII.

HoTm:kesiep MeH TaaKbLIay

¥ CHIHBUIFaH 3epTTEYAiH HETi3r1 HOTHXKeNepi Kenecifel 00aybl MyMKIH:

— JKakcapTburFaH MYJIBTUMONAIBIB OMOMETPHUSIIBIK CHHTE3 VIIIH OHTAWIAHIBIPBUIFAH OYJIBIHFBIP
TeHETUKAJIBIK aJITOPUTMII 93ipJey JKOHE aKbUIIbI Kalanap YIIH THIMAI MyJIbTHUMOIAIBIB OMOMETPHUSITBIK
TaHy JKyHeciH a3ipiey;

— backa xxymcak ecenTey TociaepiMeH CalbICThIPFaH/a PEUTHHTTI OHTAWIaHIBIPYFa KOJI KETKi3y YIIIiH;

— YCBIHBUIFaH OICTEMEHIH THIMIUILIH JOJICIEy YIIIH YCHIHBUIFAH TOCLI KOJJIAHBICTAFBl 3aMaHayd
TOCUIIEPMEH CANTBICTBIPHIIAIBI.

3eprreyminep Keioip MaHATIBIK OKBITY allTOPUTMICPiH KOJITaHA OTHIPHIT, aKIapaTThl MyJIbTHMOIAITHTHI
KaOpIIAayFa Ha3ap aygapAbl. DKCIIEPUMEHT HOTHOKEJIepl YChIHBUIFAH TaHy SJICTepl MEH TOCUINEPIHIH THIMI
KOHE MYMKIH eKeHiH kepceTTi [12].

MyIBTHMOIAITBIBI OMOMETPUSITBIK KYPBUTFBIHBI XKacay Ke3iHae KaObu1nanraH OipiKTipy oicTeMeci OHBIH
TUIMJUTITIHE alWTapibIKTail ocep ereni. PyHKIMS AeHTreiiHmeri OipikTipy opTypmi OipikTipy omicTepiHiH
ImHAETI €H TYPaKTHICH OONbI TaObuTanmbl. KemTereH OMOMETPHSIIBIK CHITaTTaMajapiaH allbIHFaH JKOHE
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MYJIBTUMOJIAITBIbI KYPBUTFBLIAPABI K00aay YIIiH KOJNAAHbIIATEH (QYHKIMSIAP KUBIHTBIFBI COMKEC KelMeyi
MyMKiH [13].

Colikec KeJeTiH ynaiyap 3aH/bl JKaFIaiiapabl alasKThIKTaH aXbIpaTy YIIiH KeTKUTIKTI MOITiMeTTepIi
Oepeni sxoHe onap oHail Ko keTimi. COHABIKTaH 0a AeHreHiHeT1 OipiKTipy MyITBTUMOAAIBIBI OMOMETPHS-
TIBIK JKy#erep/ie KeHIHCH KOJIaHbUIAbl. Op KYPBUIFBIHBIH CHIIATTaMANIapbIH ally OHE COWKECTeHMIPYIiH
HET13T1 alTOpUTMIEPiH OIMel - aK, OipHelre OnOMEeTPHSITBIK KYHEeIep/IiH KOMETIMEH alJIbIH-aJ1a aHBIKTaIFaH
naiiTana”ynpUIap CaHbl YIIH THICTI Oaramap/s! aimyra 0omassr [14].

Y ChIHBUTFAH JJIICTEME OHTAWIAHBIPBUTFAH OYJIBIHFBIP TCHETHKAIBIK alrOPUTMIC HETi3[eNreH O0an
neHredingeri OipikTipy omiciH KoijgaHanbel. bacTankpina maiiamaHyIIBIHBIH caycarbl MEH HWPHCIHIH
OMOMETpPHUSIIBIK JICPEKTepl allbIHA/IbI JKOHE aliIbIH alla eHjeseql. AJJIbIH ala eHJey Ke3CHIHJE ajbIHFaH
Oenri JepeKkopiaa caKTallFaH OWOMETPHSUIBIK J€PEKTePMEH CallbICTHIPhUIAABI. ¥ Haimapasl OipikTipy
OHTAMNaHBIPHUTFAH OYJIBIHFBIP TCHETHKANBIK alrOPUTM apKbUIbl Ky3ere achipbuianbl [15]. YchIHBUIFAH
TOCUIJIIH cXeMachl 1 KecTee KopCeTiTe .

Kecte 1 — Bromerpus oficia eHaey omicTepi

Kesnix upucin Yainjc ke3 HpUCiH ["abop cy3ri GpyHKIUsICH
eHJIey JIOKAJIN3alHsIay
[emrim OHTalIaHIBIPBUTFAH aHBIK Baramay nenreinepin

eMeC TeHETHKANBIK allTOPUTM | OipikTipy

Caycax i3iH ["abop cy3rici apKbUIbI Heri3ri KbI3bIFYIIBLUIBIK JKonnapra Herizaenrexn
Oaranay KECKIHJII J)KaKcapTy aifiMarbl HYKTEJIepiH TaHaay | MYMKIHIIKTEpPl [IbIFapbIl aty

Ke3nin upucin engey

Ke3 6uomeTpuschiHbIH 06tiri OONBIT TaOBIIATEIH HPHUC — OYJI epecek jkKacTa TYPaKThl OOIBIT KaJTaThIH
epeKITe SMUTCHETHKAIBIK YITiCI 0ap CHIpTKAa KOPIiHETiH, Oipak Kayirci3z opran. Hotmwxkecinae, OV KacueT
OMOMETPHUSIIBIK COWKECTCHIIPY KYpasibl peTiHAe TMaigallaHyIblH MaHBI3ABI dMlicTeMeci OOJBIT TaObIIaIbL.
Erep amam ke3niH MpuCiH TaHy KYWECIHIH OHBI MHTEIIEKTYalIbl OpTaga TaHybIH Kayaca, alJIbIMEH OHBIH
Ke3Iepi 3epTTeseni, Coaan Keiin mpotoTun kacanaapl. ComaH KeiiH Oy yiri coifkecTik TaObUTFaHFa JACHiH
Hemece on Oenrici3 OONBIN KajraHFa JAEHIH JIEpeKKOpAarsl 0acka YiTiepMeH CaJbICTHIPbUIaasl. Kesmix
WPUCIH aiIBIH aJIa OHIEY KaJaMIaphl HPUCTI TIOKATU3aIMsIIAY/IbI, MPUCTI KAJBIITKA KSNTIPYi )KoHe OenTinep i
aJTyapl KAMTUBL. ¥ CBIHBIIFAH cXeMa « Y aillIICThIH HPUCIH JIOKAIN3alysAmay» CTpaTerusaChlH KoJnanaabl. by
TOCUIIIH epPEeKIIeNTi UPUC TeH KapallblK MIeKapalapblH JJOKaTu3ausuiay YiIiH Xad TypiaeHIipyl MEeH jKnuek
KapTachIHBIH YieciMi Oonbin TaObuiaas! [16]. On angpiMeH WpHC KECKiHIHEH JKHEK KapTachlH IIBIFApHIII,
CypeT KapKbIHABUIBIFEI TPAIUCHTIH KeJecineit maimananas (1):

Ag (s, t)*i(x,y) (1)

myHaarel Ag(s, t) S, t opramsikranabipeiiran 2D [ayce cysricin Oinmipeni, am i (X,y) X xoHe y
opHanacyapsl 6ap UpUC KeCKiHiH Oimipeni.

3eprTeneTin agaM TMMOHSIIBIK IeKapaHbl JOKATU3aLUsUIAY YIIiH TIrHEH )KoHE KaOaKThIH JIOKaTH3aLUsIChl
YILIiH KeJaeHeH OarbITTa O0Nbl, OYJT 3epTTeNyIIiHIH OachbIHBIH TYPaKThl KaJblITa ekeHiH Oomkaiiael. LeTki
KapTaHbl LIBIFAPFaHHAH KEHiH KapallblK MEeH JUMOMSUIBIK IIeKapajiaplaH Iekapaiap anbiHagbl. OpTachl
(X, y) JKoHE T paguychl 0ap MpHC KECKiHiH JIoKanu3auusuiay yiiH Xad typrenaipy gyHkuusce! (2) petinae
AHBIKTANAbL:

H(x,y,r)=Zi=1n(p,q,x,y,r) 2)
MYHIAFHI (p,q) — MUKCEIAEPIiH OpHATIACYHI.

¥ CHIHBUIFAH TOCIE KOJMIAHBIIATHIH HOpMaiay omicTeMeci JlayrMaHHBIH pe3eHKe TMapak yiarici O0JbIT
TaObUTAEI. JleKapTTHIKTaH MTOJISIPIIBIK KOOPAMHATTAPFA JEHIHT1 MUKCENIep Keleciiel KYpacThIPhUIFaH:
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°
I(u(r,0),v(r,0))=1(r,0) (3)
u(r,0) =(1-r)xp(0) (4)
v(r,0)=(1-r) yp(6) (5)

Ocbl YCHIHBUIFAH TOCUIAE MalJalaHbUIFAH WPUC epeKIIeNiriH ainy kypHan [abop cysri omici OombIn
Tabbu1aAbl. OYHKIUSIIAPABI IIBIFAPYIAFbl CY3TUIEPIiH 9ETTerl TaHaaybl KaibnTel ['adop cysrinepi Oombin
Ta0bLIa/bl. ONIETTE, OJIap €Ki HEeTi3ri KeMIIUTIKTEH 3ap/Iarl ereli: oJiap/iblH MaKCUMAJIJIbl 6TKi3y KaOlIeTTiIir
mamMaMeH Oip OKTaBaMeH IICKTEJe/ll JKOHE OJlap MaKCUMAaJIIbl KeHICTIKTIK JIOKATH3AMSIMEH KSH ayKbIMJIbI
Ma3MYH/IbI aJ1y YIIIiH eTe KoJjaiiel emec. Ocbuiaiiiia, KaiabinThl ['abop Gunsrpine Oanama perinze jgor-I'adop
cy3rici jen aranartbiH jiorapudmaik [abop cysrici enrizinren [17]. Byn mor-T'abop cy3rici jorapudmik
JKUUTIK IIKaJachlHAA KaparaH Ke3lie TaOWFu KecKinaepal laycc Tackimanpay (yHKIUSICHL Oap cy3riiep
apKBLIbI J)KAKChIPAK KOJTayFa OOJIaThIHABIFbIHA Heri3enreH. ChI3bIKTHIK MaciiTadTa Tanjaanran ke3ne ['abop
¢dyukumsiapsl ["aycc siapockinbiH GyHKIusicbiHa ue. Jlor-I'abop cy3riciHi kuinik skayaObiH (6) Oblnaii )xa3yra
Oonanpl:

S
log| —
G(S)zexp<—0.5><—so2 (6)

log g
So

Caycak i3iH enaey

Caycak 13iH aJIblH ala eHJEY YII Ke3eHHEH TYpPajbl: KeCKiHAl >KaKcapTy, KbI3BIFYIIBIIBIK aiMarblH
TaHJay XoHE HBICaHIapAbl mbFapy. [ padukansik (aiin KeckiHmi Kipic peTiHIe OKy YIIH KOJNTaHBLIaIbL.
Keckinni Hopmara alfHaNIBIPYy HeMece TYpaKThl MacIITaOThl KaObUIAy YIIiH €Ki CBI3BIKTHI MHTEPITOJISIINS
KOJaHbLIaIbl. KBI3BIFYIIBUTBIK Calachl KaNbIKa KENTIpy OAiCi apKbUIbI aHBIKTananbl. bacramkeima kipic
KECKiHi op Typii nxn OnokTapbiHa OeliHeal )KoHe CTaHIApTTHI aybITKyIs! std(i) Typiame amyra Oonanbl. Erep
aJIBIHFaH CTAaHAAPTTHI aybITKy MOHI O€NTiJIeHreH IIeKTeH achlll KeTce, KECKiH caycak i13iHiH Oeiri peTiHme
Oenrinenyi MyMKiH. Kanbirka kenTipiiareH cyper keneci Typae oepineni:

i(x,y) = i(x,y)—mean (z) (7)
i(x,y) = i(x,y)/std(i) ()
i, (x,y)=rm+i(x,y)xsqrt(rv) 9)

MYHJIaFbl: 71 KaXETTI opTaia MoHJI OuImipesni, 7V KaKeTTi TUCTIepCUSHBI OUTIIpesni, aln sqrt KBaapar
TYOip QYHKIUSACHIH OUTAIpei.

Keckinmi >xakcapTy VIIiH KOFapblIa KOpPCETUIreH KpHuTepuiliepre KockiMmiia ['abop cysri omictepi
KosaHblIabl. Hopmaiay, sxotanap allMarblH CETMEHTTEY, YCak apTedaxTisiepi MOp(OIOTHSITBIK JKOK0 JKOHE
caycax i3i1Heri KOTalTap/AblH KePTUTiKTI OarapblH KaKbIHIATy — OapIIbIFbl OHTAMIAHBIPY Ke3eHIHIH Oetiri
0o TaObIIanbl. JKuHaFaH eKUTIK KeCKIHTe JKYKapTy KoymaHbuta st [18].

KpI3BIFYIIBUTBIK TYIABIPATBIH aliMaK TaHIAy JKAKCApPTHUIFaH KECKIHHEH HETi3Ti HYKTENepii aHBIKTayibl
KaMTuIbl. KpI3BIKTHI alfMaKThl aly YIIH HETi3Ti HYKTEHIH aiHalaChIHAAFBI /1 TUKCENb TAHAANaIbl. 77 MOHIH
100-men 200 ynaifra AeiiiH TaHIaraH AYPBIC, COHJIBIKTAH ©3€K alfHalaChIHIAFbl 0apalap KbI3BIFYIIBLIBIK
TyABIPATBIH aiiMaK peTiHae KapacThipbuiaasl [19].
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Caycak i3iHEH MiHCi3 MYMKIHJIKTI aly VIIIH ChI3bIKKa HETI3eNITeH ay alTOpUTMi MaiiaTaHbUIabl.
Bapnblk muKcenepre KaThICThl OapiiblK OalIaHBICTBI CHI3BIK CETMEHTTEpPI aJanTHBTI IIEKTI Tajay >KOHE
JKOTaNapbl OaKbUIay 9Jici apKblIbl ecenTenesi. MUHYTHSIAp/Abl any ONOKThI SKCTPAKIHs apKbIIbl XKy3ere
ACBIPBLIAJIBL.

OHTallIaHABIPbUIFAH aHBIK eMeC TeHeTHKAJIbIK aJropuTMre HerizgeiareH 0ajj AeHreiingeri
CHHTE3.

Y ChIHBUTFAH TEXHHKA CMapT Kajajiap YIIiH MyJIbTHMOJAAJbJbI OMOMETPHUSUIBIK TaHY TOCUTIHJIE caycak
i37Iepi MEH MpUC OMOMETPHUKACHIH TAHY/bI XKAKCAPTY VIIIH OHTAWIAH/BIPBUIFAH aHBIK €MEC TeHETHKAIIBIK
anroput™ mainanananpl. Caycak MeH MpUC OMOMETPHUKACBIHBIH JKOFapbl MOPQOJIOTUSIIBIK epeKIIeTiKTepi
OvoMeTpusUIbIK OaFanay VIINiH naijanaHeiiagel. Bysn Tocinje KONJAAHBIIATBIH COHKECTIK IKBUIAAMIIBIFbI
kenecimelt aasikTanmansl (10 xone 11):

MR, =wm, (10)
MR, =wm, (11)

MyHOaFel MR  JKOHE MR, caycaxk 131 MEH MPUCTIH COMKEC KbLIIAM/IBIFBIH OLIIpen, W, JKOHE W, caycaK 131
MEH UPHC CAIMarbIH OLIAIpeNi, MyHIa mf JKOHE m, COMKECIHIIE CayCaK 131 MEH MPMCTIH COMKEC yNanIapbiH
oinmipeni.

BipikTipyain opTypii epexernepiHiH ilIiHe eJIIIeHTeH COMa epexeci JKaKChl OHIMTITIKKE KOJI KETKI3Y YIIIiH
SPTYPIi SIICTEpP/ICH ColiKec cTaBKalap/bl OIPIKTIpyIiH KONTETeH TaMallla TICUIepl peTiHae KaObUIIaHa bl
bipikripy epexxeci myHna (12) TeHaeye KeATipiareH alHbIMaJIbIHBIH ChI3BIKTHIK TIPKECIMI peTiH/Ie OenTiIeHe i

Mg =wm +wm, (12)

OHraiiiaHIBIPBUTFaH aHBIK EMEC TeHETUKAJIBIK AJITOPUTM d1C1 — MMOMYIISINS SBOOIUSCHIHBIH Oenrini 0ip
HYKTECiH/Ie TeHETHKAJIBIK OTlepannsuiapMeH OipiKTipiireH MyMKiHIIKTep/Ai 131eiTiH GipHele napanenbaepre
HETI3IeNITeH CTOXaCTUKAJIBIK OHTalmaHabIpy oici. OHTalIaHbIPbUIFaH aHBIK €MEC TeHETUKAIIBIK allrOPUTM
o/1ici KOHBEPIreHIMAHBI a3alTy YILIiH MyTalusi MEH KpOCCOBEp OipiKTIpiireH aHbIK EMEC TOCIT MeH TeHETUKAIIBIK
ANTOPUTMHIH Yiecimi 6onbin Tabbutansl. OChl YCHIHBUIFAH OHTANIaHABIPBIIFAH aHBIK €MEC T€HETHKAJIBIK
ANTOPUTMHIH MaKcaThl TEHACY/E KeATIPUIreH calMaKTapbl a3aiiTy 6ombin Tadbuanst (13):

obj (2) = Min(w;,w, ) 13

MyHarb 0bj(Z) — w caJiMaKk BEKTOPbIH MUHUMH3AIMSIIAYMEH Z MYMKIH/IITIHIH MaKCaTThIK (PYHKIUSICHI.

XKaimbl eHIMIUTIKKE KOJ KETKI3YIiH €H KaKChl JKOJbl - TeH Kareiik xbuimamibirbid (EER) azaiity.
I'eHeTHKAJIBIK aJITOPUTMIE KaThICTHI KaJiaMaap Keyeciei 00aybl MYMKIH:

(n) Mannmanu3anus

(¢) DutHEC DyHKIUSICHI

(t) Tagmay

(6) BynanaacTeipy »oHE MyTallHs.

Nannuaau3anusa

['eHeTHKANBIK aJTOPUTM YCHIHBIIFAH OHTAMIAHIBIPY AITOPUTMIHIH eH OipiHII KaJaMbl peTiHIe OacTarKbl
MOMYJSUSHB PaHAOMH3ALUSUIAY/Ibl Ky3ere achlpalipl. Ke3nelcok ipikTey KUBIHBIHIAFbl dpOip (yHKIHS
TOJIBIFBIMEH BEKTOPFa HET13/IeJITeH KOHEe OapIibIK dicTep/i kepceTeai. by oficTe MomyssusiHbIH Y3aKThIFbI
TYPAKThl CaKTaJIaJIbl.

DuTHec PyHKIUSACHI

Byt yChIHBUTFAH TOCLI/IE TEH KATEITIK ACHTeH )KoHe N IiK GUTHEC (DYHKIMSICHI O0JIbIT caHama bl. JJonikTiy
JKOFapbl MOHI )KOHE TOMEH TCH KaTeJiK JICHrell OMOMETPHSUIBIK TaHYJIbIH dKaKcapFaHblH OUTAIpei. XalbIKThIH
opOip mymieciHe (uTHEC (YHKIMICHIMEH HEFYPJIBIM ThIFBI3 OalIaHbICTBI (PUTHEC MOHI TaFalbIHJAJIa[Ibl.
Hormxecinae sxapaMIpUIbIK MoHI opOip (yHKIMSHBIH MAaHBI3ABUIBIFBIH KOPCETE] )KOHE MUCCHSHBIH COHBIH/IA
skahaH/IbIK MOHHIH JKaKbIH/IaybIHA BIKIIAJ CTEII.
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AHBIK eMec KJacTepJiey TICiii

AHBIK eMec Kiactepiey — op0Oip AepeKTep HYKTeciH OipHelle Kinactepre Oesryre OonaThlH KiacTepiey
Typi. Ilonmynsuusiael TaHaay OHTaMIaHIBIPbUIFaH OYJIBIHFBIP TEHETHKAJIBIK aJITOPUTMIMEH OeNriyieHeal, MyH/1a
opOip momymsiums yuwid y=(y1,y2,y3,,yn), o1 iepeKTepAi opTyp:i Kinactepiepre 0oy epeskenepin aHbIKTal1bl
C=(cl,c2,c3,,cm) nmepexrepai Oepy (yHKuusAchH aszaity ymin O, MyHIa OYJIBIHFBIPIBIK X (DAKTOPHIMEH
wekreneni. beny marpunacer W = W, apKbUIbl OeiriIeHes, O y, SJIEMEHTIHIH G (14)-xe kaTaThIHBIH
KepceTeNi:

2

i=n j=m
Vi _Cj‘

arg_min=2 > W
¢ i=1 j=I

(14)

MYH/A:

—_

w=— (15)

AKnaparThl KOpray *KyHeciH TaHaayaarbl ai1alaHyIIbUIapblH ICHXOIOTHSUIBIK BIHFAUIBUIBIFEL 1a OTe
©3eKTi KepceTkim Oomnbir Tadbbutael [19]. Erep Oy exi emmemzi OeTTi HeMece UPHCTI TaHy KaFdaibIHIa
Oaiikammaca, TOpJIbl KaOBIKTBI CKaHEpIIeY OTe JKarbIMChI3 mporecc. Caycak i3iH aHbIKTay JKaFbIMCBI3 OoJica 1a,
COT capanTamachl 9JIiCTepIMEH TepiC KOPPEILUAFa SKeIyl MYMKiH.

[TalinanmanynbpiH KaparnaibiMIbLUIbIFbI

Topibl KaOBIK
Wpuc

Berrti anbikTay 3D
2D GerTi Tany

Caycax i3i

'l

=)

2 4 6 8 10 12

Kbicka ®QOpra B Korapsbl

Cyper 1 — ITaiiananymsIHBIH ICHXOIOTHSIIBIK BIHFAMIBUIBIFBI YIIIIH OMOMETPHSIIBIK 9JICTEpPl CAIBICTHIPY

Kerneci oHXBUIABIKTa €H JKOFapbl jKapaMIbUIBIK MOHIEpi 06ap CyOBeKTijiep KiacTepi KapacTbIpbLUIaIbl.
Opraiua MoHI €H TOMEH KJIacTep €H Hamap 00ybl KepeK yKoHe 0J1 KeJlecl yprakK Ke3iH/Ie albIHbII TacTanaibl.
Byt kepeMeTTiH MyMKiHIIKTepi KbUIIaM i3/1eY JKoHe 13/1ey 0eIMeciHAeri alry NpoLeciH KeHeUTyY YILIiH THIMII.
By arentrik keii0Oip maiinanany »oHe Oapiay YLIiH ©THell ailMak peTiHIe KbI3MeT eTe ajaibl. JKaKChlpak
OanmaManapipl i34€y YLIIH oJapra eJieyil e3repicTep CHri3UIreHIMEeH, TOMEH MakcaTTbl (pyHKUuUsCHl Oap
¢byHKIMs KoibuiMainer [20].

KpoccoBep oHe MyTalms XpoMOcOManap/bl opTapanTaHAbIpyla eTe MaHbI3/bl MapaMeTpiep OOJbII
tabputagel. ComaH KeiH, p, XOHE p COHMKECIHIIIe KPOCCOBEP JKOHE MYTallvsl BIKTUMAJABIFBIH OULIipei.
Kymielrinren menrimai any yuid ¢asanarsl p, %IHE P, MaHBI3IbUIBIFGI KOHBEPIEHIUAHBIH 6CY KapKbIHbIH
TyOereini e3repTyi MyMmkiH. JKahaHIpIK ImemiMre KpoccoBep KoHE MyTalHsl ONEpaTOpJIapbIHBIH COHWKeC
KOppeJsIIusIapbl MEH BIKTUMANBIKTaphl Konaansaasl. [lemriv TemMedri popmynana kepcerinren (16):

pl =y xrand(yijfl —xl:ffl)

(16)
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MYHIAFbl: p;i=C KesiHge KPOCCOBEp BIKTHMAJIBIFBIH JKOHE i=mM Ke3iHAe MyTalis BIKTHMAJIbIFbIH
oinmipeni; (x,y') p, ’oHe p_ Ke3leHCOK TaHAaynapbIHBIH Jkacaly Hopeskecin Oinmipeni. Kpoccosep xkome
MyTaIus apanbikTaps! cotikecinme [0,1][0,1] sxone [0,0,1] 6omaaprl.

KopbIThbiHAbI. ¥CBHIHBUIFAH TOCUIAEp caycak 131 MEH Ke3 HPHUCIHIH OWOMETPHSUIBIK OemnTijiepiH
MaijaTaHaTelH JKaHa MYJBTHMONAIBIEI OMOMETPUSHBI Talgaany OOBIT TaObUIAABl. byJT OmiCTiH HETi3ri
MaKcarbl — alKplH eMeC MOJEINIbJACPMEH JKOHE JKYMCAK ecemnTey TociiepiMeH OIpiKTIpireH KylleHTinreH
OipikTipy omicTepiH KOCy OOJbIN TaObiIa bl. MyIbTUMOAANBIBIK OMOMETPHS THIMII OIPIKTIpY CTpaTEerHsIChI
MEH /1071 OMOMETPHSLIBIK TaHY YIIIH OHTAHIaHBIPBUIFaH aHBIK €EMEC TeHETHKANIBIK aJrOPHTM/II TIalijaaHabl.
Bacrankpina anibiH ana eHJIey caycak, i31 MeH Kep UpHCi o/1icTepi YIIiH opbIHAanaabl. OyHKIUAIAPAbI HIBIFapy
MEXaHM3MiHEH aJIBIHFaH THIM/II MYMKIHIIKTep 0arut meHreiinmeri 6ipikTipy KaJgaMbIHIa Kipic peTiHae Oepiiei.

OHTalIaHABIPHUIFAH aHBIK €MEC TEHETHUKAIBIK aJITOPUTM JKOFAPBI TOJIIIK, JKOFAPHI ITBIHAWEI OH JKBIITaM-
IIBIK, JKOFAPBI IIBIHAWBI TEPIiC JKBUIIAMIBIK, TOMEH JKallFaH KaObUIIay >KbUITaMIIBIFBI, TOMEH JKalFaH KaObLI-
JlaMay SKbITAMJIBIFBI )KOHE TOMEH TCH KaTelliK IEHT el TYPFhIChIHAH KaKCAPThIIFaH OHIMIUTIKTI KaMTaMachl3
ereni. ¥ ChIHBIIFAH TOCUIMIH JAJIIITI Ka3ipri TOPT 3aMaHay ! TOCIIMEH CaTbICTRIPhUIAbI. CaNBICTHIPY YCHIHBUTBITT
OTBIPFaH Toci maMaMeH 99,89% sxoFrapsl JonaikTi skoHe mamamMed 0,18% TeH Karemnik JeHreiiHiH TOMEeHIITIH
KaMTaMachl3 €TeTiHiH KkepceTyae. Kenreren cyobekTinepe caycak i3 MeH Hprc OMOMETPHSCHI YIIIH albIHFaH
colikec yrmail OyJ1 MHTETpallusHBIH HAKThI aNieyeTi O6ap exeHiH kepceTesi. byn afic KaylncCi3mikTi jkakcapTy
YIIiH THIMII, ce0eOl 01 eMiMI3IiH Kbl THIMAUIIK TeH OMOMETPUSHBIH HETI3ri TIPUTIK MOHIH jKaKcapTaibl.
Bomnamrakra cmMapt opranapabl )kakcapTy YIIiH caycak i37epi MEH HpUCTEPTe KOCHIMITIA OMOMETPHSUIBIK 9/1iCTEP
enrizinezni. COHpIMEH KaTap, ASJIIKTI apTTHIPY YIIiH JKETUIAIPUITeH JKIKTey aJrOpUTMI IMaijaiaHblIaIbl.
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Samburskaya S.A.
International information technology university 050040, Almaty, Kazakhstan
E-mail: sofiya.samburskaya@gmail.com

DEVELOPMENT OF A SECURE LOGGING AND MANAGEMENT SYSTEM FOR
PENETRATION TESTING

Abstract. The sphere of information security in Kazakhstan affects an increasing number of industries every year, and
penetration testing is also gaining popularity, as it is one of the key methods for assessing the security and risks of a
company. This article is devoted to the research and development of a web application to provide full control over the
penetration testing process: monitoring the implementation of tasks and projects, reporting on all processes, dividing
tasks between employees. The management system automatically selects recommendations for eliminating vulnerabilities
and generates reports on penetration testing. As a classification algorithm, a decision tree is used. Differentiation of
users by access levels, structured data storage, automatic recording of test results, generation of reports and selection
of recommendations for eliminating vulnerabilities make the web application more perfect and convenient compared to
similar systems. The importance of this study lies in the simplification of the implementation of penetration testing and
the development of this service in Kazakhstan, which will improve the level of information security in enterprises of all
industries.

Key words: web application, management system, html, css, postgresql, penetration test, django.

Cam0ypckas C.A.
XaJpIKapablK aKnapaTTeIK TexHojorusap yausepcuteri 050040, Anmars! k., Kazakcran
E-mail: sofiya.samburskaya@gmail.com

KAVIIICI3 KAPOTAXK ’)KOHE BACKAPY )KYHUECIH JAMBITY
EHY CBIHAT'BI YIIITH

Anaatna. KazakcTanmarel aKmaparThIK KayilCi3IiK calachl KBUT CAalbIH OHEPKICINTEPIiH KOOCI0iHe acep eTeli KoHe
EHyIll TeCTiJiey N1¢ TaHbIMaj OOMyma, OMTKeHI 07 KOMIAHHWSHBIH KAayilCi3[iri MEH ToyeKeNAepiH OaraiaymblH HeTisTi
smictepiHiH 6ipi OOBIT TaAOBLITA B

By Makaa eHy TecTisey mpoIieciH TOIBIK OaKbpIIayIbl KAMTaMacChl3 €Ty YIIIiH BeO-KOCHIMIIIAHBI 3ePTTEYTE JKOHE d3ipIeyTe
apHaJIFaH: TarchlpManap MeH Ko0anap/IbIH OPbIHIATYbIH OaKbLIay, OAPIIBIK TPOIIECTEP TYPAIIbI ecell Oepy, KbI3METKepIiep
apachlHa TarnceipManap/pl 6eny. backapy kyiheci ocalbIKTap/bl KO0 OOWBIHINA YCHIHBICTAPIBI aBTOMATThI TYp/IE
TaHJaNWIBl KOHE EHYIII TeKCepy Typallbl ecenTepi skacaiiapl. JKikTey anropuTMi peTiHAe MM aFalibl KOMIaHbIIa k.
Konyany neHreiinepi OoifbIHINA MaiaananymbUiapibl capaiay, KypbUTbIM/IBIK JAEPEKTEeP/li CaKTay, ChIHAK HOTHIKEIEPiH
ABTOMATTHI TYPJIE XKa3y, €CeNTep/ii KYpy KHE 0CATIBIKTAPIbI KO0 OOMBIHIIA YCHIHBICTAP bl TAHJIAY YKCAC JKYHelepMeH
CaJBICTBIPFaH/a Be0-KOCHIMIIIAHBI MiHCI3 YKOHE BIHFAHIIBI eTeIi.

Byt 3epTreyain MaHBI3IBIIBIFBI CHIT KETY1 TECTICYI SHTI3y/Al JKeHITIETY e )koHe Ka3zakcTaHa 0ChI KBI3METTI JaMBITY/Ia,
OyI1 GapIBIK cala KoCIMOphIHAAPRIHIA aKIAPaTTHIK Kayilci3mik ACHIeliH apTThIpyFa MyMKIHIIK Oeperti.

Tipexk ce3nep: web-xomnanbdanap, 6ackapy xyieci, html, css, postgresql, eHy cerHarsI, django.
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E-mail: sofiya.samburskaya@gmail.com

PABPABOTKA BE3OIIACHOM CUCTEMBbI JIOTUPOBAHW S U YIIPABJIEHUSI
JJIs1 TECTUPOBAHUSA HA IPOHUKHOBEHHUE

Annoranusi. Cepa nHpOopmManmonHoii OezomacHocTn B KaszaxcraHe ¢ KaxIbIM TOJOM 3aTpariBaeT Bce OoJbliee
KOJIMYECTBO OTpaciei, U TECTUPOBAaHKE Ha IIPOHUKHOBEHHE TaK)Ke HAOMPAET MOMYISIPHOCTD, TAK KaK SBJISETCSI OMHUM U3
KJTFOYEBBIX METOJIOB OIIEHKH O€301TaCHOCTH M PICKOB KOMITAHHH. J|aHHAs CTaThs OCBSIIEHA NCCIIEJOBAHUIO U pa3paboTke
BEO-TIPHIIOKEHHUS JUTsI 00€CTIeYeHUS TTOITHOTO KOHTPOJIS HaJl ITPOIIECCOM TECTHPOBAHUS Ha TPOHUKHOBEHHE: MOHUTOPUHT
BBINOJIHEHMS 3a/lad U IPOEKTOB, BEAECHUE OTYETOB IO BCEM IIpoleccaM, pasfelieHHe 3a1ad MEXIY COTPYIHUKAMH.
Cucrema MEHEKMEHTA aBTOMATHYECKH OCYIIECTBIISICT MOAOOP pPEKOMEHJAIMH 110 YCTPAHEHHIO YSI3BUMOCTEH u
TeHEPUPYET OTYETHI O NMPOBEJCHHOM TECTUPOBAHWM HA MPOHMKHOBeHHE. Kak anroputm kiaccu(uKauy UCTIONb3YeTCs
JIpeBO peleHui. PasrpaHndeHue mnonap3oBaTeNiell MO ypOBHSAM JAOCTyHa, CTPYKTYpPUPOBAHHOE XPAaHEHHE [aHHBIX,
aBTOMaTHuecKasi (PMKCAIMs pe3yabTaToB TECTHPOBAHMS, TeHEepalusl OTYETOB U 1MOJ00p PEeKOMEHIALUH 110 yCTPaHEHUIO
YSI3BHMOCTEH J€IaloT BeO-NpriiokeHe 00Jiee COBEPIICHHBIM M yTOOHBIM Ha (DOHE aHAJIOTHYHBIX CHCTEM.

BaxkHOCTh 2TOrO HCClenOBaHMA 3aKIIOYAeTCs B YNPOLIEHUU OCYLIECTBICHUS TECTUPOBAHUS HA IPOHUKHOBEHUE U
pa3BuUTH 9TOH yciayru B KazaxcTane, 4To MO3BOJIHT YCHIIUTE YPOBEHb HH()OPMAIIMOHHOH 0€3011aCHOCTH Ha IPEIPHATHIX
BCEX OTpacieH.

KitroueBble ci1oBa: BeO-nipuiioKeHNe, cucTeMa yrpasienus, html, css, postgresql, Tect Ha mpornkHOBeHHE, django.

Introduction

The first mention of the creation of a team for penetration testing dates back to the 1970s. It can be argued
this area is still young and developing.

Penetration testing is now offered as an IT service, and any IT service can be considered a project. In order
to facilitate and systematize project management, it is proposed to create a web application, taking into account
the peculiarities of penetration testing.

The results of the study showed that in most companies it is possible to access resources on the local
network. This proves the development potential of the Offensive Security area.

Developing a web-based management system for penetration testing with logging abilities will help
ensure complete control over the penetration testing process: monitoring tasks execution, keeping reports of
all processes, division of tasks between employees.

The goal of this article is to develop a secure logging and management system for penetration testing and
validate its effectiveness in a simulated penetration test.

To achieve the set goal, it is necessary to focus on the following research tasks:

* develop a web application for the management of penetration testing;

* develop module for web application for logging functionalities;

» create module for secure connection to database.

Main provisions

Penetration test is an authorized simulated cyberattack on a computer system, performed to evaluate the
security of the system.

The penetration testing service is divided into several types:

* network service tests;

* web application tests;

e client-side tests;

* wireless network tests;

* social engineering tests.

Network service test is the widest direction of penetration testing. It aims to discover vulnerabilities and
attack vectors inside the client's company infrastructure. It can be subdivided into external and internal, and
methods for these subdivisions differ as well. The network of the client can be tested from outside, simulating
outer threat actor, and from inside, simulating insider threat.
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Web Application Test is a project of discovering vulnerabilities in the web application itself, their plug-ins,
applets, Content Management System (CMS), web-server, database and etc. Sometimes, it also includes an
analysis of the source code of web application. In the context of web application security, penetration testing
is commonly used to improve the web application firewall (WAF).

Client-side penetration testing is the act of exploiting vulnerabilities in client applications such as email
clients, web browsers, office applications, and others. It is also called internal testing. The purpose of these
tests is to identify security threats that arise locally.

A wireless penetration test emulates an attacker trying to gain access to the internal network through the
wireless network. It is conducted to assess the adequacy of a variety of security measures designed to protect
against unauthorized access to wireless services.

Social Engineering Penetration Testing is an attempt to gain some level of access using social engineering
on company employees to determine the level of awareness of the organization’s employees.

A client can reach out for several types of penetration testing or only one depends on the needs and level
of the IT infrastructure of their company.

At the end of any penetration testing project, report is submitted and presented to the client.

A study in the field of financial losses of companies as a result of information attacks showed that, on
average, one company loses up to $ 1 million due to cyber-attacks. Such a blow to the company's budget leads
to consequences in the form of a drop in the value of the company's shares by an average of 7.27%.

In addition, a comparative analysis of the cost of conducting penetration testing was carried out. During
the analysis, it was found that the average cost of a pentest service is from 10 to 30 thousand dollars.

Based on these data, it is concluded that pentesting is a very profitable investment for companies. Such an
investment will allow not only to detect possible threats to the company's information resources, but also to
avoid the likely large financial losses that often accompany cyber-attacks.

Materials and methods

Penetration testing is now offered as an IT service, and any IT service can be considered a project. To
facilitate and systematize project management, a web application was proposed to be created, considering the
peculiarities of penetration testing.

The main features of the developed system are presented below ai the Figure 1.

Developed
system

Exported Logging

To do list
reports system

Figure 1 — Main features of developed system

The developed system will assist in the management of penetration testing projects by presenting an
opportunity for the project manager or team leader to create new projects and subdivide them into tasks and
then assign these tasks to pentesters, who will be also users of this web-application.

The process of generating reports will be automated and based on analytics and pieces of evidence, which
will be added by pentesters during testing will be parsed from tasks.

For easier capturing the shreds of evidence logging script is presented, which will be launched on pentesters
workstation and will collect data in the console.

The following software will be used to develop web application and logging system: Python, Django
Framework, PostgreSQL Database. Python will be used to build the registration system.

Django is a high-level Python web framework that promotes fast development and clean, pragmatic
design. Django makes it easy to build better web applications quickly and with less code.

Django provides a bridge between the data model and the database engine, and supports a wide range of
database systems, including PostgreSQL.
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PostgreSQL is not just a relational, but an object-relational DBMS. This gives it some advantages over
other open-source SQL databases such as MySQL, MariaDB and Firebird.

Django and PostgreSQL will be used to build a web application. This software was chosen because
Django, as a framework designed specifically for web development, is secure and has all the features and
libraries needed to fulfill the goals of this project.

In addition, Django is SQL injection-proof and the combination of Django and PostgreSQL in web
development is considered the best tandem.

Also, Django has feature that will help expand functionality of the developed web application in the
future. Django's work structure makes it easy to embed new feature branches into the finished application
without any complications.

Flowchart of web application operation is presented on the Figure 2.

X
L

Figure 2 — Flowchart

The flowchart can be divided into several main functions of web-application:

* authentication;

e authorization;

* viewing and editing profile page;

* viewing, creating, and editing teams;

* viewing, creating, and editing projects;

* viewing, creating, and editing tasks of the project;

* work of logging script;

* process of exporting of individual and/or project report.

The flowchart also reflects the differences in the access of the pentester and the team lead.

Scenario of work of the system depends on the role of the user. User can be assigned as team lead of the
project or as pentester. User can perform task, which needs to be performed in series, or individual tasks as
well in the system. Use case diagram is presented om the Figure 3.
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Figure 3 — Use Case diagram

ynchronize
logs

This diagram represents a set of activities possible in the system based on the role of the user.

In the case of team lead, the user can perform management functions. The team lead can form a team of
penetration testers for the project and, if necessary, can edit the existing team by removing or adding pentester.

Next user can start the process of creating a new project, which includes assigning a team of pentesters
and creating a task list.

As the system will be presented as a platform and will be distributed as a subscription, the team lead will
register their new pentester inside the system.

At any time, user can export a report of work of individual pentester for tracking the results.

At the end of the project, the team lead can export the whole project’s report in form of a pdf file.

In the case of pentester, the user can work on an assigned task and as the result, change the status of the
task to “done” or “in-process”, add analytics of the results of performed tasks and add evidence of existing
vulnerabilities.

Besides, the user can launch script, which will collect logs from pentester’s terminal.

Also, pentester can export a report of their individual work.

User can edit their personal data in the profile.

This UML diagram shows the step-by-step interaction between a user, a web application, and a database.
The diagram shows the sequence of all activities over time.

Processing sequence is illustrated below on the Figure 4.
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Figure 4 — UML diagram

First, the user connects to the web application and enters his credentials. The application sends a query
to the database to compare the information entered by the user with the information stored in the database.
The database gives a response to the application, the application allows the user to access the application's
functionality. After authorization, the user can create projects, teams, and add users to teams. To carry out
these actions, the user enters the necessary information, the application sends a request to the database to
save the information. The information is stored in a database.

The diagram of database structure is presented on the Figure 5.
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Figure 5 — Database structure

This diagram shows the structure of the web application database. The database includes the following
tables: user, group, user-groups, project, task, classification, vulnerability, log. All tables are linked by a one-
to-many relationship. The relationship between tables is carried out utilizing a foreign key.

The User table stores data about all users of the web application, from this table the user id is transferred
to other tables, where the user is specified as a foreign key.

The Group table includes information about all groups exist in the web application.

The User-Groups table is the link between tables User and Group. All data from this tables (user id, group
id) is passed as a foreign key.

The Project table stores information about all projects that are in the web application. A group is attached
to the project, which is assigned to these projects. This is done by passing the group id from the "Group" table
as a foreign key.

The Task table contains the following information for the task: title, project to which the task belongs, task
status, description, analytics, and the user who is assigned responsibility for this task. All data from other tables
(user id, project id) is passed as a foreign key.

The Classification table stores data about vulnerabilities’ classification: title, type, recommendation.

The Vulnerability table stores data about all founded vulnerabilities. All data from other tables (user id,
classification id) is passed as a foreign key.

The Log table include following columns: tool. command, result, user id, task id. All data from other
tables (user id, task id) is passed as a foreign key.

The system architecture is presented below on the Figure 6.

This diagram depicts the architecture of the system and shows the protocols and ports through which
communication is carried out between the end user's computer and the server that stores the web application
and database.

The end user's computer communicates with the server that hosts the web application and database over
TCP over port 443.
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Figure 6 — System architecture

Through this protocol, the end user interacts with the server throughout the functionality of the web
application. The server sends a response to requests in the same way. This interaction makes the user work
correctly with the web application. The login script runs on the end user's computer. After completing all tasks,
the collected information is saved and sent to the database via TCP on port 1433 and saved in the database.

Results and discussion

Before proceeding with the development, it was necessary to select the optimal tools for its implementation.
When choosing the tools, the relevance, work skills, compatibility of tools with each other were considered,
since the project includes integration between a database, a script for collecting logs, backend and frontend
parts of the program.

Below is a list of all the programs that were used in the development of project:

* PostgreSQL is SQL based object-relational DBMS;

* pgAdmin is an administration and development platform for PostgreSQL and related database
management systems. The platform supports all PostgreSQL features. The convenient and simple interface of
the platform made it possible to work on the project in terms of the database quickly and efficiently;

* Visual Studio Code a source code editor that is supported on Windows, Linux and macOS operating
systems. It is a code editor for cross-platform web and cloud application development. Includes a debugger,
syntax highlighting, and other benefits that were useful during project development;

» Kali Linux is a Debian-derived Linux distribution designed for digital forensics and penetration
testing, used by professionals worldwide due to a large collection of tools. Kali Linux was used as an example
of the working environment of a penetration tester.

Presented web-application is created and deployed using several files:

* settings.py is created by Django framework and consists of main settings of web-application, including
credentials and connection details to the database, declaration of global variables and IP address of web-
application;

e urls.py is presented as a mapping between URL path expressions to views functions;

*  models.py is a collection of Python objects, which are used for easier access and managing during
work of web-application. Models set the structure of stored data, including the field types;

e views.py is used for creating Python functions for processing a web request and returning a web
response;

» forms.py is used to create HTML forms and declare their work and appearance;

» template is a collection of HTML pages that will be returned as a response to the web-application.

HTML and CSS were used to develop the frontend. Since the end user of the web application will interact
with him precisely through the frontend, it was necessary to make it convenient and understandable for users.

Also, during the development of the frontend part, it was considered that the users will work with the web
application on various devices, so the front-end of the project is made adaptive for desktop version, mobile
phones, and tablets. Due to adaptivity of front-end part it will be comfortable for user to work with web
application from any device during assignment.

Since the pentest management system is positioned in the future as a paid platform, the user cannot
register in the system on his own. For initial use, the end user must already have an account for authorization.
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The Django model is a built-in function that Django uses to create tables, their fields, and various
constraints, simplify tasks, and organize tables in a model. Each model is mapped to one database table.

The first model created for the web-application was the Project model. This model will be used as a
structure for the creation of future penetration testing projects. It can be created by filling with information
fields as:

» Title is displayed the name of the penetration testing project, which will be used in menus and will be
written in the generated report;

» Team is presented as a foreign key to the table of a team of penetration testers. This field will be used
for future authorization checks.

The next is a Task model, which is used for the creation of duties’ subdivision in penetration test project.
The structure of this model is presented as such fields as:

» Title displays the name of the task;

» Description is a short declaration of needed work and expected results, written by team lead or project
manager;

» User is a foreign key to the users' table and is used to specify who is responsible pentester for this task;

» Analytics is a short description of the results of the task for future use during the project;

» Status defines if the task is on a to-do list, in-process list, done list.

Based on the object created with vulnerability model report for the project is generated. The creation of
this object is carried out by filling such fields:

* Project is a foreign key for determining to which project belongs this vulnerability;

» User is a foreign key for determining the user who added this vulnerability to the database;

» Title displays the name of vulnerability;

* Criticality determine to which levels this vulnerability belongs: low, medium, or high;

» Classification is text stings for adding a note about the classification of vulnerability based on standards,
for example, OWASP Top-10;

» Location determines the place where this vulnerability exists;

» Description is a declaration of what this vulnerability represents, how it was found, and possible
threats of this vulnerability;

» Evidence is a file that can prove the existence of this vulnerability;

* Add to report is a checkbox to determine whether vulnerability will be included in the report;

* Recommendation is a declaration on how to eliminate this vulnerability.

The next is a Classification model, which is used for simplified vulnerability report. The creation of this
object is carried out by filling such fields:

» Title displays the name of classification;

» Type - selected from the list of existing classifications of vulnerabilities: web, network. mobile,
physical or configuration;

» Recommendation is text stings for adding a recommendation for eliminating vulnerabilities.

The next is a Log model, which is used for storing logs from the terminals of pentesters, which were
recorded during the work on the project. The creation of this object is carried out by filling such fields:

» Tool displays the name of used tool;

» Command displays the full command that the pentester introduced during the work on the project;

» Result displays full output of used command;

» User is a foreign key for determining the user who added this log to the database;

» Task is a foreign key for determining the task in the performance of which was recorded by the log.

The first page of the web application that the user comes to after registration is my profile. The functionality
that is available to the user in the personal account differs depending on the access level.

The primary information that the user sees in a profile - a username, email address, access level, and
projects assigned to the user's team.

Functionality that is available to the user after authorization:

» team leader - creating projects, creating teams, creating accounts for pentesters, adding pentesters to a
team, editing tasks, adding vulnerabilities, generating a report;

» pentester - editing tasks, adding vulnerabilities, generating a report.

Scenario of work of the system depends on the role of the user. User can be assigned as team lead of
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the project or as pentester. The user of the web application with the status of team leader has access to the
functionality of creating accounts for pentesters. This functionality provides the team leader's control over
employees, the ability to grant or deny a certain user access to the web application.

Functionality of creating a team and adding pentesters to it provides control over the work on the project,
distribution of workload and responsibilities between employees. After successfully creating a team, it is
necessary to add users to it. In addition, the distribution of pentesters into teams makes it possible to control
employee access to projects and prevent employees who do not take part in the implementation of a specific
project from accessing projects.

The user of the web application with the status of team leader has access to the project creation functionality.
When adding a new project, its name is indicated and a team of pentesters is attached, which will be responsible
for the implementation of the project.

The functionality of creating the task is implemented using the Djando form and using the Django view.
The form on the web-page is generated with fields of add task form. Then data is sent using POST and
processed with add task view. In case when all fields are valid, a new task of the project is added to the
database.

The functionality of adding a task is implemented as a form on the web page.

During the project, an authorized user can see a list of current tasks divided into three categories based on
their status: to do, in-process, and done. To see details of each task user should click on the card of the needed
task.

After accessing a page of the task, the authorized user can see details about this vulnerability and there is
an update button if this task belongs to this user or this user is the project manager.

If the user is authorized to edit this task, the web application responds with a form.

Ifthe user is a team-lead or project manager of the project, then they can add new tasks and update existing
ones during the penetration testing project.

If the user is authorized to access the project by belonging to the owner-team, then they can view the list
and view details of existing tasks of the project, also they can update tasks assigned to them.

If the user is authorized to access the project by belonging to the owner-team, then they can add, view the
list, and view details of vulnerabilities discovered during the penetration testing project.

The functionality of creating of record about vulnerability is implemented using Django form and using
the Django view. The form on the web-page is generated with fields of add_vulnerability form. Then data is
sent using POST and processed with add vulnerability view. In case when all fields are valid, a new record
about vulnerability is added to the database.

Functionality is presented in simple form on the web-page.

After filling in the basic information about the vulnerability, the user will be redirected to the form for
recommendations about the elimination of this vulnerability. If a default recommendation was written during
adding a classification, it will automatically fill in the generated form field for the current vulnerability with the
ability to edit. This will facilitate the process of writing the report.

During the project, an authorized user can see a list of currently found vulnerabilities divided into three
categories based on their criticality: low, medium, and high. To see details of each vulnerability user should
click on the card of needed vulnerability.

After accessing a page of vulnerability, the authorized user can see details about this vulnerability and
download a file, which is served as evidence.

After accessing the web-page dedicated to the generation of the report and choosing a needed project, the
user clicks on the button “Generate”. This will lead to the generation of the report with random names and
availability to download this report to the user’s workstation.

The report is presented as a HTML file.

Generation of reports is implemented using download report view, which firstly writes all details of
vulnerabilities to the file and then responds to the user with file’s content.

If the user is a project manager or team-lead, they can access the functionality of the report generation for
their penetration testing projects.

To simplify the presentation and exchange of the results of task execution, the logging functionality is
presented, which is a Python script. Before starting the task, the pentester launches a script that creates a folder
for the current project and launches the Linux system command "script" to record input and output terminal
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data. After finishing work on the task, the pentester enters the "exit" command, ending the script execution.
The data file will be stored in the current project folder.

Next, the pentester can attach a file with logs to the completed task through the form.

After adding the file, the system processes the logs using the view. The system first checks if the task
belongs to the current user as part of the access controls. If successful, the web application checks if the file
is a text file that is expected as a result of the script. After all checks, the web application saves the file with a
random name and processes it for further parsing.

Parsing is carried out by terminal key symbols and words, and the parsing results are saved to an array.
Then the contents of the array are saved as instances of the Log model.

Conclusion

As aresult of study, a web application for secure logging and a management system for penetration testing
was developed. This system helps ensure complete control of the process of penetration testing: monitoring
tasks execution, keeping reports of all processes, division of tasks between employees.

The functionality of the web application was specially designed to be suitable for the needs of penetration
testers and project managers.

During the development were faced and executed work with international classification of vulnerabilities,
encryption of personal data, work with the database, and development the web application and logging script.

Currently, requests for penetration testing are coming from companies in the following industries: finance,
information technology, government, energy and fuel, medicine, entertainment, telecommunications, and
industry. The number of requests from companies in the financial sector for penetration testing service is the
highest.

Web application and logging script were implemented in the Python programming language. The virtual
machine with Kali Linux running as a server for system was used, which is used by professionals to perform
penetration testing, so it is close to real project conditions. The front-end was made using CSS and HTML. The
Back-end part was written in Django. Also, PostgreSQL was used as a database.

Effectivity of the usage of the web application was proved during the simulation of a penetration testing
project using vulnerable virtual machines. During this simulation work of the team of three professionals was
organized, execution of task was logged, and the report was generated based on entered into web application
entries about vulnerabilities.

There is still a space for improvement for the current project, such as introduction of different language
versions or generation of reports in different formats, but work on the development will be proceeded, which
will lead to updating the current version or the creation of different versions.
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KA3AKCTAH-BPUTAH TEXHUKAJIBIK YHUBEPCUTETIHIH
XABAPHIBICHI

HERALD
OF THE KAZAKH-BRITISH TECHNICAL UNIVERSITY

BECTHHUK
KA3AXCTAHCKO-BPUTAHCKOI'O TEXHUYECKOI'O YHUBEPCUTETA

OTBeTCTBEHHBIN 32 BBIITYCK Anary3oB Pammp XKymanoBuu

Penakropsl Ckyparosa Upuna MuxaitioBHa
CynranraszueB HypOonat AbaeBuu

KomMnbrotepHslii Au3aiiH 1 BEpCTKa XKanpipanosa ['ynbnyp Jlayr6exoBHa

ITonnucano B meuats 30.06.2023 1.
Tupax 300 k3. Dopmat 60x84 '/, .
bymara tun. Yu.-usa.au. 3,5 3aka3 Nel91

Penakius JKypHaja «Bectauk KBTVY» He HeceT OTBETCTBEHHOCTbD 3a COZACPpIKaHUC HyGHHKyeMLIX
cTaTei. COI{Cp)KaHI/ISI cTaTeil LIeIUKOM MMpUHAAJICKAT aBTOPaM,
" pa3MCIIarOTCs B )KYPHAJIC HCKITFOYUTCIIBHO MO UX OTBCTCTBCHHOCTD.

W3nanue Kazaxcrancko-bpuranckoro TeXHHYECKOrO YHUBEPCUTETA
Wznarensckuii ieatp KBTY, Anmartsrl, yi. Tone 6u, 59



