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Poccuiickuii yauBepcuret ApyxkOb HaponoB, Mockea, Poccus
P4 ya.sinan@yandex.ru

Hcropus cratbn AHHoOTanmsA. MeTon perucTpaliyy MeKTpoKapauorpaMM, Kak HEHHBa-
3UBHBIM METOJ| MCCIEJOBAaHUs, IIUPOKO MPUMEHSIETCA B COBPEMEHHOU
(YHKIIMOHAIEHON ANAarHOCTHKE. Pa3BHBAIOTCS CIIEKTpANbHBIE METOMBI
JIMarHOCTHKH, OCHOBAaHHbIE Ha peoOpa3oBannu Pypbe U BEHBIET-TIpe-
obpazoBanmu. s meneit mueHTH(UKAIUN HApYIIEHUI CEepIedHOrO
pUTMa METOIOM HCCIICIHOBAHUS BBHIOpAH CHEKTPAIBHBIA (YaCTOTHBIN)
3asiBjieHHe 0 KOHGIUKTe HHTEPECOB aHaJM3 KpaTKoBpeMeHHbIX 3amucedt DKI, BIUIOTH 10 omHOTO TIeprona
cepaeuHbIx cokpanieHuil. [IpoBeneno pasznoxenue B pan Oypwe Ha of-
HOM mniepuone kapauocurnana B EDF-dopmare. OnpeneneHo, 4To Mak-
CUMaJibHagd TOYHOCTH OIIMCAaHUA KapAWOCUTHaAJIa IOCTUTACTCAd IIpHU
qyciie TApMOHMK, PAaBHOM IOJIOBUHE YHCIIA TOYEK AUCKPETU3ALUU Kap-
JMOCUTHajla B TeueHue nepuoaa. KoppektHocTh paboTsl paspaboraH-
Bkiaan aBropos HOTO JJIsl CHEKTPaIbHOTO aHaJIN3a CKPUIITA IPOBEPsUIaCh BOCCTAHOBIIE-
HepasienbHOE COaBTOPCTBO HUEM KapAHOCUTHAJIA IO €r0 CHEKTPY ¥ CPAaBHEHHUEM C UCXOIHBIM CHUT-
HaJIOM. YCTaHOBJIEHa KOPPEJISIHS CIEeKTpa W (POPMBI KapIHUOCUTHANIA.
CrnenaH BBIBOA O IPIMEHMMOCTH METOJA CIIEKTPAIBHOTO aHAIHM3a IS
UACHTH(UKAIUK HApYIIEHUH CEPICIHOTO PUTMA, a TAKXKE O BO3MOXKHO-
CTH UCIIONIb30BAHHUS CIIEKTPA NEKTPUYECKUX CHTHAIIOB CEPACYHBIX CO-
KpalleHnil Kak MHOTOMEpHO# (PyHKLMH COCTOSHHS CepAla. YKa3aHo
HarpaBJICHUC ﬂaHBHeﬁmeFO BBIABJICHUA SaKOHOMCpHOCTeﬁ IMyTeEM CTa-
TUCTUYECKOTO aHall3a C MHTEPIIPETalleil pe3yabTaroB MpoQHIbHBIMU
crnenuanucramu. Teoperndeckas M HpaKTUYecKas LIEHHOCTb HACTOs-
IIETO UCCIIEOBAHUS 3aKJIIOUaeTcsd KaK B ONpEACTICHUU HalpaBiICHUN
MPUMEHEHHs CIEKTPAJIBHOTO aHalIM3a KapAHOCUTHANa A JUarHo-
CTHKH U JICYEHUS], TaK U B MOJy4YEHHBIX IPAKTHUYECKUX PE3yJbTaTax, Ko-
TOpBIE MOTYT OBITH IIPUMEHEHBI ITPH pa3paboTKe SKCIEPTHONW CUCTEMBI
WA KOHKPETHOIO TEXHUUYECKOTO YCTPOUCTBA.

IToctynuina B penaxmuio: 18 maprta 2024 .
Jopabotana: 14 mas 2024 r.
[punsra k myonukanuu: 20 mas 2024 T.
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Abstract. The method of recording electrocardiograms as a non-invasive research
method is widely used in modern functional diagnostics. Spectral diagnostic
methods based on Fourier transform and wavelet transform are being developed.
For the purposes of identification of cardiac rhythm disorders, the method of
research selected is spectral (frequency) analysis of short-term ECG recordings, up
to one period of heartbeats. Fourier series decomposition of the cardiac signal
(ECQG) in EDF-format for one period was carried out. It is determined that the
maximum accuracy of cardiac signal description is achieved at the number of
harmonics equal to half of the number of sampling points of the cardiac signal
during the period. The correctness of the script developed for spectral analysis was
checked by reconstructing the cardiac signal from its spectrum and comparing it
with the original signal. The correlation between the spectrum and the shape of the
cardiac signal has been established. The conclusion is made about the applicability
of the spectral analysis method for the identification of heart rhythm disorders, as
well as about the possibility of using the spectrum of electrical signals of heart
contractions as a multidimensional function of the heart state. The direction of
further identification of regularities by means of statistical analysis with
interpretation of results by specialized specialists is indicated. The theoretical and
practical value of this study lies both in determining the areas of application of
spectral analysis of the cardiac signal for diagnosis and treatment, and in the
practical results obtained, which can be used in the development of an expert
system or a specific technical device.

Keywords: digital electrocardiogram, EDF-format, spectral analysis, Fourier series
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BeBepeHue

9TU MOACIIN JOCTATOYHO CJIOXKHBI U, KaK IIpaBUJIo,
HE MOT'yT Ip€ACTAaBUTH CEPALC BO BCEM €0 MHO-

Kommnbrorepnoe mopaenupoBaHue cepieqHO-
COCYJIUCTOM CHCTEMbl YEJIOBEKa SIBIISIETCS aKTY-
anbpHOM 3amaudeil coBpemeHHon Hayku. [locTpoe-
HHE€ MaKCUMAJIBHO TMOJHOW MOJIEIU TO3BOJIUIIO
OBl MHTCHCHU(HUIIUPOBATh HAyYHBIC HCCIICIOBA-
HUsI, HapUMeEp, 3a CYET BO3MOXKHOCTH IPOBO-
JIUTh BUPTyalbHbIE SKCIIEpUMEHTHI. B HacTosmmee
BpEMsI U3BECTHO MHOXKECTBO MOAXOJO0B K MOJE-
JMPOBAHUIO CEPACUYHO-COCYJIUCTON cUcTeMbl [ 1—
3], Tak WM MHAYE OCHOBAHHBIX HA JICKOMIIO3UIIUN
CJIO’)KHOW OMOJIOTHYECKON CHCTeMBI cepana. Bee

112

rooOpazun. IlosToMy 3aciy’kMBaeT BHHMaHUS
MOJIENb Cep/iia KaK «UYEPHOTO SIIUKa», O COCTOS-
HUHM KOTOPOT'O CYJAT 110 OTPAHUYCHHOMY HabOpy
JOCTYTIHBIX /7151 HaOJII0/IeHHs TapaMeTpoB. DTOT
HOJXO/ IIMPOKO IMPHUMEHSETCS B MEIUIMHCKOMN
IPAaKTUKE, NPUMEPOM SIBISIETCS DIEKTPOKApIUO-
rpadus.

CymiecTByeT TakkKe MHOXKECTBO CUCTEM HC-
KYCCTBEHHOT'O HWHTEJUIEKTa [4], KOTOpble, KaKk B
MPEJCTaBICHHON CTaThe, HEOOXOIMMO OCHACTHTD
IIPOEKTOM C OTKPBITBIM UCXOJHBIM KOJIOM.
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Jlyymve mpakTtukyd pa3pabOTKH MPOTpamMM-
Horo obecneuenus u UT-apxutektypsl ObLIH pac-
CMOTpPEHBI Ha MPUMepax MHHOBALIMOHHBIX CTapTa-
noB [5]. [IpuBeneHHbIE METOABI U TIPUEMBI OyIyT
aHAJIOTHYHBIM 00Pa30M IPECTABJICHBI B CIEIYIO-
LIEM UCCIIEIOBAaHHH.

1. NocTaHoBKa 3apaun

CoBpeMeHHOH TeHJeHIueH (yHKINOHAIBHON
JIMArHOCTUKH SIBIISICTCS OTYYESHUE MAaKCUMAIIbHOM
nH(pOpMAIMK TPH MUHUMAJILHOM BO3JEHCTBUU Ha
OpraHu3M MalueHTa. TakuM METOIOM HEHHBA3UB-
HOIO HCCIIEZIOBaHMsS SIBJISIETCSI METOJ perucrpa-
LUY AIIEKTPOKAPIUOrpaMM, KOTOPBIN IIUPOKO MpH-
MEHSETCS B COBPEMEHHON MenuiuHe. Pa3BuBa-
I0TCSI CIIEKTpaibHble METOABl AMATHOCTUKHU [6—9],
OCHOBaHHbIE Ha TpeoOpa3oBanun Dypbe U BEB-
aeT-npeoOpa3oBaHuu.

Kak ykazano B [10], oleHka M3MEHYMBOCTH
CEpZIEYHOr0 PUTMA, Ha3bIBAEMasl TAKIKE aHATTU30M
BapuabenpHOCTH putMa cepana (BPC), kak kim-
HUYECKas TPaKTHKa, MOJyduiIa pa3BUTHE C Ha-
gama 60-x rr. XX B. DTOMy mporeccy crnoco0-
CTBOBAJIO MPUMEHEHHE JJI UCCIIETOBAHUS METO-
JIOB MaT€MaTU4YeCKOW CTAaTUCTUKHU, aJITOPUTMOB
00paboTKK OMOIOrMYECKUX CUTHAJIOB U pa3BUTHE
(U3MOTOTUYECKON MHTEPIPETAIIMH MOTYYSHHBIX
nanueix. B pgansHeiimem BPC Breimennics B ca-
MOCTOSITEITbHBIN HEMHBA3UBHBIA METOJI B KApINO-
jgoruu. MeTox akTUBHO pa3BUBAETCS B HACTOS-
mee Bpems [11-15].

Metonbl aHann3a KapJUOWHTEPBAJIOB paszie-
JSIFOTCS HA BU3yallbHble M MaTeMaTU4YecKHUe Me-
TOJbl. MareMaTH4YeCKue METOIbI AENIATCS Ha TPU
OOJIBIIHX KJIacca:

1) uccnemoBanme o0MIel BapradbembHOCTH (CTa-
TUCTUYECKHE METO/IbI WIIM BPEMEHHOHN aHaAN3);

2) uccienoBaHre TEPUOANUECKUX COCTaBIIS-
rommx BPC (wacToTHbINM aHamm3);

3) uccriegoBaHue BHYTPEHHEW OpraHu3aluu
JMHAMHUYECKOTO psAa KapAHOUMHTEPBAJIOB (aBTO-
KOPPEIISIIMOHHBIN aHAJIH3).

i neneit uneHTH(UKAIMA HapyIIeHAN cep-
JICYHOTO PUTMa METOJIOM HCCJIEOBAaHHS BHIOpaH

CIEKTPaJIbHBIA (YaCTOTHBIN) aHAIU3 KpPaTKOBpe-
MeHHbIX 3anuceit KT, BIJI0Th 10 0IHOTO neproja
cepaeyHbIX cokpatieHuid. Llenb nccnenopanust —
MOWCK OTBETOB Ha CIICAYIOUINE BOMIPOCHI:

1) kak u3mensercs cnektp IKI npu Hapyte-
HUU CEPJCUHOTO PUTMA;

2) KakoBa TuHAMUKa n3MeHeHus criekTpa KT
(IpOIOIKUTENBHOCTh IEPEXOIHOTO MpolLiecca);

3) Kakoe YHCIIO TApMOHHK CIEKTpa HEOoOXO-
IUMO JUTS HaJle)HOW ¢ukcanuu (akra HapyIie-
HUS CEPIICIHOTO PUTMA;

4) BOBMO)KHO JIM MCTIONIb30BAaHHE CIIEKTpa Cep-
JICUHBIX COKpAIIEHUH KaK MHOTOMEPHOU (DyHKITHH
COCTOSIHUS CepALla.

CriekTpanbHblil aHAIM3 MPEaCTaBiIsIeT coOon
YyBCTBUTEIBHBI MHCTPYMEHT HUCCIEAOBAHMIM, OC-
HOBaHHBIN Ha TpeodpazoBannu Dypbe. 10 MPeod-
pa3oBaHMe MO0 U3BECTHOM JJIsi HEKOTOPOTO CHTHAIa
byHKIIMM BpeMeHH f(f) TO3BOJIIET IOCTPOUTH
(byHK1HIO 4acTOTHI F(®), OMHMCHIBAIOINLYIO ATOT JKE
curHai. IIpeo6pazoBanne dypbe MMEET HEKOTO-
pble MaTeMaTu4eCKUe OrpaHMYEHHS Il UCXOAHOM
(bYHKIMH BpEMEHHU, HO €T0 MOXKHO BBITIOJIHUTD HaJl
mo6bIM (u3udeckuM curHangom' [16; 17], B yact-
HOCTH HaJ| KaparocurHaiom [9; §].

Kak u3BecTHO, anekrpokapauorpaduyeckuit
CUTHAJI SIBIISIETCS TEPUOTUYECKUM C TEpUuoaoM 7,
MO3TOMY ATOT CUTHAJI MOXXHO Pa3JIOKUTh B S
®dypbe BUIA

0

27
®, z?'n, (1)
rue
17 27
a, = _I__.([f (t)dt; a, = ?!f (t)cos o, tdt;
27 .
b, = ?J.f (t)sinw, tdt. ()

0

B cBs3u ¢ 3aMeHOll aHaAJIOroBBIX NMPHOOPOB
IUPPOBBIMU  (PAaKTHUECKUM CTaHAAPTOM 3aIHCU

! Mouuxuc A.J]. Jlekan no Beicmeit Mmatematuke. M., 1973. 640 c.

113



Andrikov D.A., Kurbanov S.V. RUDN Journal of Engineering Research. 2024;25(2):111-120

AIEKTPOKAPINOTPAPUUECKUX CUTHAJIIOB SIBIISIETCS
EDF-dopmar, rae curnan f (t) mpeacrasnen ce-

TouHOU (QyHKumen f (tk) — HabOpOM 3HAYCHHI

HAIpsHKEHHUsT B HEKOTOPbIE (PMKCHMPOBAHHBIE MO-
MeHThI BpeMeHu t, . Takum o6pa3om, B HacTosILEH

paboTe pemaercs 3aja4a CleKTPaIbHOTO aHaIHM3a
TaKOTO CUTHAJIA. AJITOPUTM PELICHUS JOCTATOYHO
OYEBHJICH:

1) ussneuenue undopmanuu uz EDF-paiina;

2) ompeneneHUe TEPHOAA DIICKTPOKAPIHO-
rpaduuecKoro CUrHana;

3) pasiokeHue 3TOro curHaia B psg Oypbe;

4) ompeneneHre HEOOXOAUMOrO KOJMYECTBA
YJICHOB psAja Ul NPEACTaBJICHUS CUTHAja C 3a-
JTAaHHOU TOYHOCTBIO.

2. Ctpyxtypa dopmaTta EDF n ussneyeHue
nHpopmauun ns EDF-dpaina

EBponeiickuit ¢popmar manusix (EDF) 061
BBezieH B 1992 r. kak crangapt aiis 3anuceit D00
u PSG (cna) [19]. B nporecce npuMeHeHus 0110
YCTaHOBJIEHO, YTO (hOopMaT MMEET OrpaHUYCHUS
JUIS IPUMEHEHMSI B IpYTruX 00aacTsx (Muorpadus,
BBI3BAHHBIE MMOTEHIMAIBI, KapAHOaorus). OCHOB-
HOE orpaHndeHne — 310 To, uTo EDF TpeOyer He-
npepbIBHOCTH 3anucu. [loaToMy 0wl pazpaboTan
¢opmar EDF+, B KOTOpOM 3TO OrpaHuyeHue
CHSTO U COXpaHEHbl BCE OCTAJIbHBIC Crielu(puKa-
uuu popmata EDF 6e3 uzmenenuii.

EDF+ no3BonsieT XpaHWTh HECKOJIBKO HEC-
MEXHBIX 3amuceil B omgHOM (haiine. DTO emuH-
cTBeHHasd HecoBMmecTuMocTh ¢ EDF. HMcnonb3ys
EDF+, Bce curHaiibl, aHHOTALMK U COOBITHS, 3aI11-
CaHHBIE 32 OJIUH CEaHC C MCIIOJIb30BAHUEM OJTHOU
CHUCTEMBI 3alKCH, MOXXHO O0€30MacHO XpPaHUTh
BMecTe B oHOM (paiine. EDF+ takke moxeT xpa-
HUTh TOJILKO COOBITHUS M aHHOTAlMU 0€3 KaKux-
1160 curaanoB. Takast THOKOCTB TIO3BOJISIET BBIOU-
paTh ONTUMAJILHOE COUYETAHUE.

Jst o6pabGoTku 6611 BeIOpan naker MATLAB.
3a ocHOBY ObuTa B3siTa pyHKms edfread2, ncxon-
HBIN CKpHIIT JoCTyIeH 1o [15].

®dopmaT BbI30Ba (QYHKIMU:
[hdr, dataMat] = edfread?2(fname).

114

3necy fname — cTpokoBas KOHCTAaHTa, TMOJ-
HOoe WMs (Qailla ¢ pacHmIpeHHeM, HampHuMep,

‘any_name. edf ', Qailn go/wkeH ObITh B TEKy-

IIeM KaTaJIoTe WJIH JTOJDKEH OBITh yKa3aH MOJTHBIN
MyTh.

@OyHKUMS YUTAET BCe 3anucu u3 (aiina. 3aro-
JIOBOK COJIEPKUT 001y MHpopManmo (MACHTH-
(duKaTop nanrenTa, Ha4ajo 3arnyucH, KOHEI 3aIiCH
U T.1.), 3Ty uHpopManuio (QyHKUUS BO3BpALIAET

CTpyKType hdr. JlaHHbBIE BCEX CHUTHAJIOB BO3Bpa-

[IarTCAd B MAaTpully JaHHBIX dataMat, Ka)KI[Hﬁ

cTON0.I] 3TOM MaTpHUIIBI IPEACTaBIsIET COOOM uC-
KpeTHBIN HaOOp BceX 3HAYEHUI OJHOTO U3 CHUTHa-
JIOB.

ITepBrie 256 Gaiit EDF-(aiina comepxar 00-
IIyt0 HHPOPMAIHIO 0 caMoM ¢opmaTe, TaHHBIC O
NalMeHTe, JaHHBIE O 3aMHCAX CUTHAJIOB, B TOM

YHCJe KOJHWYECTBE CUTHAIOB (ns). OTH JaHHBIE

JIOTIOTHSFOTCS O1oKaMu 110 256 OalT Ha KaKIbIi
CHUTHAJI, T/Ie YKA3bIBAETCS THII CHTHAJIa MO Xapak-
Tepy conepamieiics uHpopMmanmu (Hampumep,
TeMIieparypa Tena, Kapauorpamma u T.11. ), aMILTI-
TyJla aHajoroBas MU UU(GPOBas, MPOJOHKUTEIb-
HOCTH (duration) cuTHaja B CEKyHIaxX, KOJIMYECTBO
JTVCKPETHBIX 3HaueHui. Takum oOpazom, 3arosno-

BOYHBII OJIOK COACPKUT 256 + (ns * 256) OaWr.

3a 3arojJoBOYHBIM OJIOKOM CIIEyeT MAacCHB
JIMCKPETHBIX 3HAYEHHUI CUTHAJIOB, Ha KaXK]I0€ 3Ha-
YeHUE BhIJIENeHO 2 OaiiTta, 3HaueHue TMCKPETHOE,
MPEACTABJICHO 1EJIBIM YUCIOM cO 3HakoM. [lono-
’KEHHE OTJCIbHBIX 3allCEH B 3ar0JJOBOYHOM OJIOKE
cienyroniee (Kakaplid OalT MpencTaBisieT coOou
cumBod B koge ASCII):

8 6anT: Bepcus popmMaTa HAHHBX ([0 yMoluauui 0) ;
80 6amnT: HUIeHTHOUKALMOHHBE NaHHHE IalUeHTa;

80 GamnT: uneHTHUOUKALMOHHBE IaHHBE 3alUCH;

8 GanT: maTa Haualja szanucu (dd.mm.yy) ;

8 OGamnT: BpeMsa Hauvalla szanucu (hh.mm. ss);

8 6GamnT: KOJIIMUeCTBO 0OaMT B 3aroJIOBOUHOM OJlOKe;

44 6avTa 3ape3epPBUPOBAHO;

8 6amT: KOJIMUEeCTBO 3alucer NaHHbBX (-1, ecnu He-
M3BECTHO, Kaxiasd 3alluCh MOXET CoIepXaTb HEeCKOJIBKO
CUT'HAIIOB) ;

8 0alT: NPOIOJIXUTENbHOCTH 3ANUCU CUIHAJIa B CEeKYyH-
nax;

4 BanTa: KONMHMUeCTBO CHUI'HAIIOB B 3anucu (ns);
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Jajee MHOXHUTECIb (ns =) O3HA4YA€T, 4YTO I1apa-

MCTp 3allMCaH IJId KaXKJ0ro Curaaja:

ns x 16 6anT: Ns MeTOK CUTHAJIOB (MMEWTCd B BUILY

Ha3BaHWY CUI'HAJIOB, HanpuMep 'ECGV2Ref' wumnu ‘Body

temp’) ;

ns x 80 Oawur: THUD [peobpaszoBaTend (HaIpUMED,
snexTpon Ag/AgCl) ;

ns x 8 6adT: emUHHIA H3MEPEHUT (QU3UUECKOHN BeJM-—

uuHb (MV - MUJIJIMBOJIBTH, degree — r'panycs lemnbcud,

U T.IO.);

ns x 8 6amT: (UBUUECKUM MUHUMYM CHUTHAIA;

ns x* 8 OGamnT: (QU3MUECKUH MakCUMyM CHUTHala;

ns x 8 GanT: UMGPOBOM MMHUMYM CUI'HAIA;

ns x 8 GanT: UMPPOBOM MaKCHMyM CHUI'HAla;

ns x 80 6OanT: mnapaMeTpPs OUIPTPALUU IPU 3alUucH

curHana (HaIpuUMep, IoJjioca NIponyckKanua (umbTpa) ;
ns x 8 6auT: KONMWMUEeCTBO NIUOPOBHX B3HAUEHUN (NI)
IpU 3alUCH CHUTlHalla (Ipou3BeleHUE BpPEeMeHHU 3allucu
Ha UYacToTy OUCKpeTH3alWK; HalpuMep, IpU 3allcH
NPONOIIKUTEJIbHOCTB 3330 ¢ M UacToTe OUCKpPeTH3aAlUU
200 T'u 3mechk OymeT 3amucaHo 666000) ;

ns x 32 6awTa 3apes3epPBUPOBAHO.

MaccuB JUCKPETHBIX 3HAYEHMH CHUTHAJIOB
MpeicTaBIseT OO0 MaTpuly nr »ns (nr CTPOK U

ns CTOJOIOB), K&XKIBIA CTOIOEI] — ATO CUTHAI.

Takum 00pazom, onucanHast (PYHKIHS TTOTHO-
CTbIO n3BNeKaeT uHpopmauuio u3 EDF-daiina.

3. Mpumep paboTbl anropuTMbl 00pPadoTKN
Kapauorpamm

I1epBblii aTann 00pabOTKU CUrHAIAa — BU3Yyallb-
HBIA aHaJIn3 KapaAuorpaMMbl B II€JIOM, BBISABJICHUC
YYacTKOB KapAHOTPaMMbl HOPMAaJBHOIO pPUTMA
JUISL TaHHOTO MAllUE€HTa U XapaKTEePHbIX apUTMUIL.

Ha puc. 1 nokaszana ociuiorpamMmma cUrsaia,

BocctanoBiieHHoro u3 EDF-(aiina 01 _T'VCA. edf

TeCTOBOM 0a3bl KPUTUYECKHX cocTosHuit 2019 r.

Kapnuorpamma Ha mepBbIil B3IJIs1 HOA00HA
6eroMy IIyMy, OJIHAKO 3TO BIIEYATJIICHHE CO37a-
eTcs 13-3a OOJIBLION JUIMTENbHOCTH 3anucu. Tem
HE MEHEE Ha KapAHOorpaMMe Jaxe B 3TOM BHJE

MO’KHO BBLJIEIUTH, [10 MEHBILIEH MEPE, TPH pa3iInd-
HBIX y4acTka, 0003HaueHHbIe Ha puc. 1 kak 1, 2, 3.

Puc. 1. NonHaga kapamorpamma n3 EDF-ganna
M CcTOoYHUK: BbINOAHEHO C.B. Kyp6aHOBbIM
B nporpamme MATLAB

Figure 1. Full cardiogram from EDF-file
Source:compiled by S.V. Kurbanov in the MATLAB software

[TonpoOGHEe paccMOTpeTh Kapauorpammy
MOXXHO M3MEHEeHHeM MmacmTaba BpemeHu. Har-
pumep, BeioopoM 400 Touek Ha yyacTke / momyya-
€TCsl YaCTh CUTHAJIa, TIOKa3aHHAas Ha puUcC. 2.

BT, i USRI O

Puc. 2. HacTb kapamorpaMmmel Ha yyacTke 1
M CcTo4YHUK:BbINOAHEHO C.B. KypbaHOBbIM
B nporpamme MATLAB

Figure 2. Part of the cardiogram in section 1
Source:compiled by S.V. Kurbanov in the MATLAB software

3nech yxe HaONIOJaeTcsi XapakTepHBIH BUJ
KapAXOIpaMMBl, IO3BOJSIONIMM BBIICIUTH OIUH
HEepUOJ] CEpACYHOI0 pUTMa (TOYKHU JAHHBIX OTMeE-

YEHBI CHMBOJIOM «*)). DTOT MEepUO/ MPECTaBICH

Ha puc. 3. Ileproa orpaHuyeH TOYKaMH C UHACK-
camu 80233 u 80350.

2POXMuHD. TecrtoBas 6asa kpuruueckux coctosHuit 2019 r. URL: http://rohmine.org/baza-dannykh-rokhmine/
testovaya-baza-kriticheskikh-sostoyaniy-2019-g/ (nata o6paruenus: 15.11.2023).
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Puc. 3. lNepurog kapauorpaMmmel Ha y4acTke 1
M cToYHMUK: BbiNOJAHeHO C.B. Kyp6aHoBbIM
B nporpamme MATLAB
Figure 3. The period of the cardiogram in section 1
Source:compiled by S.V. Kurbanov in the MATLAB software

4. NMpeobpasoBaHne Pypbe KapANOCUTHANOB

[Nonyuyennsie 3 EDF-daiinoB kapauorpammbl
MOJKHO pa3loXuTh B psaa Pypee ¢ AOCTATOUHO
007bIIMM YHCIOM TrapMoHUK (cnektp). Cyie-
CTBYET HECKOJIBKO aJITOPUTMOB Pa3I0KEHHs B Pl
®ypre? [16; 17] — ObICTpOE, AUCKPETHOE U T. II.
OTH aIrOPUTMBI OOBIYHO TPEOYIOT (UKCUPOBAH-
HOro M KpatHoro 2" uncia Touek Ha IepUo, Mpu
BBINOJIHEHUHU 3TOTO U PsJia APYTUX YCIOBUM Takue
JITOPUTMBI 00ECIIEUNBAIOT BBIUTPBIII B CKOPOCTU
BbIUMCIIEHUH. B ciaydae kapauocursanos HaOmto-
JlaeTcsl 3HAYMTENBbHBIA pa3Opoc yuciia TOYeK Ha
MepUOJT M3-3a BapHallMi YacTOTHI CEPIACUHBIX CO-
kpaienuii. Jluckpetusanus kapamocuraana ¢ 2N
qucia TOYeK Ha MepHo B 3TOM Cilydae noTpedyer
anmnpoKCUMAlMM CHUTHajJa MHOTOYIEHAMH U BBI-
YHMCICHUS 3HAUEHUI alnpoKCUMUpYIOLeH (yHK-
uun Ha cetke 2" 3Hauenuit aprymenra. Takue npe-
00pa3oBaHMs UCKaKAIOT UCXOTHBIN CUTHAI M HH-
BETUPYIOT BBIMTPHII B ObIcTpozeiicTBum. [lis
OLICHKH COBOKYIHOCTH IOJIOKUTEJIBHBIX U OTpPH-
HaTelIbHbIX CTOPOH HEOOXOIUMO JI0CTaTOYHO
CJIOKHOE JIOIIOJTHUTEIIbHOE UCCIIEJOBAHHUE.

B cBere u35105k€HHOrO, BBUIY HEOOJIBIIOTO
YHciIa TOYEK 3a MEePUOJ U MPEIIOI0KUTEIBHO He-
OOJIBIIOTO YKCIa BBIYUCISEMBIX TAPMOHUK, OBLIO
OTJAHO MpPEANOYTEHUE MNPSIMOMY BBIYHUCIECHUIO
UHTErpasioB 1o Gopmyiie (2) METOAOM Tpanelui,
KOTOPBIA 1O TOYHOCTH M OOBEMY BBIYHCICHHMA

SABIACTCA KOMIIPOMUCCOM MEKAY APYTr'MMH METO-
namu (TIpsIMOYTOJIBHUKOB, Tapabon u T.1.). Pac-
YeTHbIE (POPMYJIIbl IPUHUMAIOT BUJ]

2 1
w, = ?Tc'n; a, = E - ( fi + et )'(tk+1 -t )5
1 m-1
a, = ?Z( focosot + f, rcosote, J(te —t);
k=1
m-1
b, :Tl (fesinogt + fi,sinot, H(te, —t).
k=1

rae M — YKciIo TOYEK Ha MepHo]l KapAHOCHTHAA.

KoHTponb KOppeKTHOCTH TpeoOpa3oBaHuUs
IPOU3BOIMIICS BBIYUCICHUEM YAaCTUYHOW CYyMMBI
psana @ypwe o popmye (1).

Pasnoxenne kapamocursana B psg Dypee
C BOCCTAaHOBJIEHHEM (YHKLIUU BBIYUCICHHEM
YaCTUYHOM CyMMBI psifia, TIOCTPOCHUEM TpauKOB
¥ CTEKTpa OBUIO pean30BaHO B CKpUITE (BCE repe-
MeHHbIe B Workspace JOJKHBI OBITh COXPaHEHBI).

5. UccnepoBaHue CNeKTpoB KapaANOCUrHaNOB

Pe3ynbTaThl 3KCIIEpUMEHTAIBHOTO OIpeese-
HUA ONTUMAJIBHOI'O 4YUCJjia TapMOHHUK NPHUBCICHBI
Huwke. [Ipu N =35 rapMoHukax Ha 3-M ydacTke
(cm. puc. 1) moka3ansl Ha puc. 4 u puc. 5.

o
)

Puc. 4. VicxoaHas kapguorpaMmma (CMHSS NMHNS)
M YyacTmyHasa cymma psga Pypbe npu n =5 rapmoHnKax
MU cTo4HMK:BbinonHeHo C.B. Kyp6aHoBbiM
B nporpamme MATLAB
Figure 4. Initial cardiogram (blue line)
and partial sum of Fourier series at n=5 harmonics
Source:compiled by S.V. Kurbanov in the MATLAB software

4 Kanouoos B.I1., Yecnoxos C.C., Ilnenos C.A. Jluckpernoe mnpeobpaszoBanue ®@ypbe. M.: @usnuyeckuil dakynbrer

MI'Y, 2019. 88 c.
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Kak BumHO M3 puc. 4, nITH rapMOHMK SIBHO
HEJOCTAaTOYHO U1 XOpOLIeH amnmpoKCUMAaluH
kapauocurHana. [Ipu n = 10 nonyyaercs KapTuHa,
npeJCcTaBlIeHHas Ha rpadukax puc. 6, mpu N = 20
(puc. 7), mpu n = 40 (puc. 8).

CpaBHEHHE PUCYHKOB ITOKAa3bIBA€T, YTO HaM-
Jy4IIUI pe3yJsbTaT MoJy4aeTcsl IPU YUCIIe rapMo-
HUK, IPUMEPHO PAaBHOM I10JIOBHHE YHCIIa 3HAYECHHUH
KapIMOCUTHAJa 3a MepHoJ,, B pacCMaTpUBAEMOM
Cllyyae 3TO COOTBETCTBYET N = 26. DKCIEpUMEH-
TaJIbHOE MOATBEPKIACHNE TAaHHOM TMIIOTE3bI MPe-
CTaBJICHO Ha puc. 9. B 3TOM citydae HabmogaeTcs
COBIIaJICHHE YacTUYHOM cyMmMmbl psaga Dypee u

a 20 40 60 &0 100 120 140

Puc. 5. CnekTp kapamorpammel A(w) Npn N =5 rapMoHuKax
M cToYHMK: BbINOAHeHO C.B. Kyp6aHOBLIM
B nporpamme MATLAB
Figure 5. Spectrum of the cardiogram A(w)
at n=>5 harmonics

Source:compiled by S.V. Kurbanov in the MATLAB software

Puc. 7. VicxogHaa kapauorpaMmma (CUHAS TMHUS)
1 YacTmnyHas cymma psiga Pypbe npu n = 20 rapMoHmMKax
M cToYHMK:BbINOAHeHO C.B. Kypb6aHoBLIM
B nporpammMme MATLAB
Figure 7. Initial cardiogram (blue line) and partial sum
of the Fourier series with n =20 harmonics

Source:compiled by S.V. Kurbanov in the MATLAB software

3HAYEHUI KapAHOCUTHaNA. 3HAYUTEIbHO MEHbIIEe
YHCJI0 TAPMOHUK, PaBHO KaK M 3HAUYUTENILHO 0OJIb-
11ee, BHI3BIBAET HCKAKEHNE (POPMBI BOCCTAHOBIICH-
HOTO KapJIMOCHUTHAIA.

Takum 00pa3oM, YUCIIO TAPMOHUK TIPH Pasiio-
*eHuU B psif Dypbe NOHKHO PaBHITHCS MOJIOBUHE

YHClIa 3HAYCHUM KapanuoCHUrHajia 3a rncpuon.

Crnenyromuii 3Tann — CpaBHEHUE CIIEKTPOB Ha
Pa3MUUHBIX YYacTKax Kapauorpammsl. Kapmmo-
rpaMMBl, UCTIOJIb30BaHHbIE B JAHHOM paboTe, ObuIn
npeaocraBiensl POXMUHD. CnekTpsl mpencTas-
JeHsl Ha puc. 10-14.

5 0.1 5 0.25 03 0.35

Puc. 6. VicxonHasa kapguorpaMmma (CUHAS IMHUS)
M yacTuyHas cymma psga @ypbe npu n= 10 rapmMoHuMKax
M cTOoYHMK: BbINOAHEHO C.B. Kyp6aHOBLIM
B nporpamme MATLAB
Figure 6. Initial cardiogram (blue line) and partial sum
of the Fourier series with n= 10 harmonics
Source:compiled by S.V. Kurbanov in the MATLAB software

Puc. 8. icxoaHast kapamorpaMmma (CUHAS NMHKS)
M yacTuyHasa cymma psga Pypbe npu n = 40 rapmoHuMKax
M cToYHMK: BbiNOAHeHO C.B. Kyp6aHoBbLIM
B nporpammMme MATLAB
Figure 8. Initial cardiogram (blue line) and partial sum
of the Fourier series with n =40 harmonics
Source:compiled by S.V. Kurbanov in the MATLAB software
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Puc. 9. VicxogHas kapamorpamMmma (CUHAS NMHKS)
M YacTmnyHas cymma psiga Pypbe npu n = 26 rapMoHmMKax
M cTOYHMK: BbiNoAHEHO C.B. KypbaHOBbLIM
B nporpamme MATLAB
Figure 9. Initial cardiogram (blue line) and partial sum
of the Fourier series with n =26 harmonics
Source:compiled by S.V. Kurbanov in the MATLAB software

L .

0 S0 100 150 200 250 300 350 400 450

Puc. 11. CnekTp kapauorpamMmel Ha BTOPOM y4acTKe
McTo4HMK: BeINONHEHO C.B. Kypb6aHoBbIM
B nporpamme MATLAB
Figure 11. Spectrum of the cardiogram in the second section
Source:compiled by S.V. Kurbanov in the MATLAB software

BusyanbHblid CpaBHUTENBHBIM aHaIU3 CIEK-
TPOB KapAUOrPaMM I103BOJISIET CAENIATh IPEIIOIIO0-
KEHHE, YTO MPH HOPMaJIbHOI (hopMe KapaAnOCHT-
Hajla B CIEKTPE NPUCYTCTBYET 3HAUUTEIILHOE KO-
JMYECTBO BBICIIMX FAPMOHUK, IPU 3TOM HX aM-
IJIUTyla TIPUMEPHO paBHA aMIUIMTYIE MEpBOil
TapMOHMKH U Jaxe npesocxoaur ee. [1o mepe pas-
BUTHUS APUTMHUHU IPOUCXOTUT YMEHBLICHUE AMILIH-
TYZABbI BBICIIMX TAPMOHUK IO CPABHEHHUIO C MEPBOI1
TapMOHUKOW, YMCJIO TAPMOHUK 3HAUYUTEIIHHON Be-
JMYMHBI YMEHbILAETCS.

3aknoyeHue

B nporecce uccnenoBanus paccCMOTpEHa CIie-
nudukanus udpoBeIx KapaworpamMm B EDF-
dopMaTe U NMpPUMEHEHUE CYHIECTBYIOIIEH (yHK-
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Puc. 10. CnexTp kKapanorpamMmmel Ha MEPBOM yHacTke
McTo4YHMK: BbiNoSHeHO C.B. Kyp6aHOBbLIM
B nporpamme MATLAB
Figure 10. Spectrum of the cardiogram
in the first section
Source:compiled by S.V. Kurbanov
in the MATLAB software

100 200 300 400 500 600 700

Puc. 12. CnekTp kapamMorpaMMbl Ha TPETbLEM yHacTke
McTo4HMK: BeINONHEHO C.B. Kypb6aHOBbIM
B nporpamme MATLAB
Figure 12. Spectrum of the cardiogram in the third section

Source:compiled by S.V. Kurbanov in the MATLAB software

muu cucreMbl MATLAB gns w3BnedyeHus 3Toi
nH(pOpMaInu.

[TpoBeneHo pa3noxxeHue B KIaCCHUECKUN P/
®dypbe Ha OIHOM Tepuo/Jie KapaunocurHana. Ompe-
JIeJICHO, YTO MaKCHMaJlbHas TOYHOCTb OIMCAHMS
KapJIMOCUTHAIA JOCTUTAETCS TPU YHCIIe TapMo-
HUK, paBHOM TIOJIOBHHE YHCIIa TOUYEK JUCKPETH3a-
LMY KapJIMocurHaia B rederue nepuoaa. Koppexr-
HOCTh pabOTHl Pa3paOOTAHHOTO JUISI CIIEKTPash-
HOTO aHaJu3a CKPUITA IPOBEPSIIACh BOCCTAHOBIIE-
HUEM KapJUOCUTHaja [0 €ro CHEKTPY U CpaBHe-
HHUEM C UCXOJHBLIM CUTHAJIOM.

ITonTBepkieHa siBHAsE 3aBUCUMOCTH CIIEKTpa
oT (GopMBI KapAMOCUTHAJA, YTO IMO3BOJIAET CHe-
JIaTh BBIBOJ] O PUMEHUMOCTH METO/Ia CIIEKTPalb-
HOTO aHalu3a JUId WACHTU(DUKAINY HAPYIICHHMA
cepaeuHoro putMa. [Ipu 3Tom BbIsIBIIEHHE 3aKOHO-
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MEpHOCTEH TpedyeT O0NBIIOro 00beMa IKCIIEePH-
MEHTOB M MHTEPIPETALUN UX PE3YyIbTaTOB MPO-
(WIBHBIMU CIICIMATMCTAMH C LEJIBI0 JHArHOCTH-
YEeCKOT0 HCIIONB30BaHUA. TeM He MeHee CIIEKTp
ANEKTPUYECKUX CUTHAJIOB CEPJEYHBIX COKpalle-
HUIl MOXXHO pPaccMaTpHBaTh KaK MHOTOMEPHYIO
(YHKIUIO COCTOSIHMSI CepLa.

ABTOpBI OTMEUAIOT 3HAYMTEIBHYIO TPYI0EM-
KOCTb aHaJIN3a KapHOCUTHAJIOB «BpyuHYO». [lyis
pa3BuTHs pabOThI MO CHEKTPAILHBIM UCCIIEI0BA-
HUSIM TpeOyeTCsl CyIIeCTBEHHAss aBTOMAaTH3allus
poreTypbl 00pabOTKH HCXOJHON KapIuOTrpaMMbl
U MPOCKTUPOBAHHE TIOHATHOTO KOHEYHOMY TOJIb-
3oBarento uHTepdeiica. besz passutus QyHKIIHO-
Hajia IPOTrpaMMHOI0 00eCTIeYeHHs NCCIIeJOBAaHNE
nuHaMuku uaMenenus cnekrpa IKI npeacrasis-
€TCs 3aTPYAHUTEIHHBIM.
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Abstract. Application of Kaplan turbines is widespread in low-water-head and
large-capacity hydropower plants. An understanding of the failure mechanism of
Kaplan Turbines is a key factor to provide useful solutions for their prevention
or early treatment and to guarantee their workability. The long-term performance
of Kaplan turbines depends on many factors such as cavitation, erosion, fatigue,
and material defects. Cavitation in Kaplan turbines leads to flow instability,
vibrations, surface damage, and reduce the machine performance. Therefore, this
paper investigates the factors leading to cavitation in Kaplan turbine and presents
practical solutions for it. Thermal-sprayed coatings are frequently applied due
to their high wear resistance, cost effectiveness, weight reduction, and less negative
impacts on base metal. Moreover, HVOF is used to create coatings with a high
density and bonding strength. At high temperatures, cermet coatings, including
nanoparticles, exhibit exceptional wear resistance. WC-based nanostructured and
multifaceted coatings are utilized due to their high wear resistance. In addition,
chromium carbide in WC-based coatings increases their oxidation and wear
resistance.
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TexHunyeckoe peLwlieHmne No CHNXeHuo adpdekTa KaButaumm
B ionaTtke TypOuHbl KannaHa
M.P.B. Xamua“, K. Pesa Kamu 3ane', C. Fopoann™™

Poccuiickuit yauBepcuTeT Opyk061 HaponoB, Mockea, Poccus

DA gorbani-s@rudn.ru

Hcropus crarbn AnnHoranus. [Ipumenenne TypOun Karrana mmpoxo pacrpocTpaHeHo
Ha TUAPOSIEKTPOCTAHIIUAX MaJION U OOJBIION MoITHOCTH. [ToHnManue
MEXaHU3MOB OTKa3a yKa3aHHBIX TYPOHMH SIBIISIETCS KIIOYEBBIM (haKTO-
POM UTs pa3pabOTKH pPEeNIeHHH 0 MX IPEIOTBPAICHNIO HIIH CBOEBpE-
MEHHOMY YCTPaHEHHIO, a TaKkKe JJIsi o0ecreueHns ux paboTocrnocoo-
HocTu. Hanexxnas pabora TypOun Kamnana 3aBHCHT OT MHOTHX (ak-
TOPOB, TAKMX KaK KaBUTALM, 3PO3Hs, YCTAIOCTh U Ae(EKTH MaTepH-
anoB. Kasuranus B Typ6unax Kamnana npuBoanuT K HeCTaOMIBHOCTH
MOTOKA, BUOPALIUM, MTOBPEXKICHUIO MOBEPXHOCTH M CHHKEHHUIO TPO-
M3BOJINTEIHHOCTH MAIIMHEL. B CBSI31 € 9THM HcciefoBaHbl (PaKTopEI,
MPUBOAAILINE K KaBUTalMM B TypOune KaruaHa, M mpencTaBiIeHbI
MPaKTHYECKHUE pelleHUs] JaHHON mpobiemsbl. [lokpbITHS, HaHECEH-
Hble TEpPMOHANbBUIEHUEM, YacTO MPHUMEHSIOTCA M3-32 MX BBICOKOI
M3HOCOCTOHKOCTH, SKOHOMHUYECKOH 3 (PEeKTHBHOCTH, CHI)KEHHS Beca
U MEHBILIEr0 HETATUBHOTO BO3ACHCTBHA HA OCHOBHOM MeTamn. Kpome
TOTO, BBICOKOCKOPOCTHOE pAaclbUIEHHE KHUCIOPOIHOTO TOIUIMBA
(HVOF) ucnionp3yercst A CO3JaHMs ITOKPHITHI C BBICOKOH IJIOTHO-
CTBIO M IPOYHOCTHIO cleTeHus. [Tpy BBICOKMX TeMIiepaTypax MeTa-
JIOKepaMUYECKHE TOKPBITHS, B TOM YHCII€ HAHOYACTHUIIBI, OOJaJaroT
UCKJIIOUUTENBHON H3HOCOCTOMKOCThIO0. HaHOCTpyKTypupOBaHHEIE
U MHOTOTpaHHbIE MOKPBITHS Ha ocHOBe WC HCHONB3yrOTCS M3-3a MX
BBICOKOH M3HOCOCTOIKOCTH. KpoMme Toro, kKapOua Xpoma B TIOKPBITHAX
Ha ocHoBe WC MOBBIIIAET UX CTOUKOCTh K OKHCJIEHUIO ¥ U3HOCY.

[ocrymna B penakiwro: 7 gexkadps 2023 r.
JHopaborana: 21 mapra 2024 T.
[Ipunsara x nyonaukanuu: 2 anpens 2024 r.

3asBjieHHe 0 KOHGINKTe HHTEPECOB

ABTOpHI 3asBJISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bkaan aBTopos

Hepa3aenI>Hoe COaBTOPCTBO.

KirwueBnblie ciaoBa: Typounsl Karutana, kaButanums, otka3, HVOF,
HAHOCTPYKTYPUPOBAHHbBIC MTOKPBITHS
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Introduction increases turbine vibrations, and blade wear,

leading to reduce the turbine operating life [5; 6].

Kaplan turbines are used at sites with a typical
head range of 2 to 40 meters, with 15-100%
efficiency at full discharge of water [1]. The main
problems in Kaplan hydro turbines are cavitation,
erosion, fatigue, and material defects [2-4].
Hydraulic turbine deterioration is now largely due
to cavitation, which decreases turbine efficiency,
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Xavier et al. have described cavitation as the
state at which vapor cavities are created and
expanded because of dynamic pressure reductions
to the liquid’s vapor pressure at constant tempe-
rature [7]. It is a fact that in order to increase
energy production, turbines operate in ways that
worsen the problem of cavity erosion [8]. Also,
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cavitation and other complex flow phenomena in
the flow field leads to structural fatigue failures
[9]. To promote research on cavitation in Kaplan
hydro turbines, many scholars have summarized
the related studies. Kjolle has discovered that the
main causes of damage to water turbines is due to
cavitation problems [10]. In this regard, runners
and draft tube cones in Kaplan turbines are the
turbine components most susceptible to cavitation.
It has been stated that the impact of cavitation
erosion may be lessened by enhancing hydraulic
component production and design, using materials
resistant to erosion, and positioning the turbines to
operate within the permissible range of cavitation
conditions [11]. The advantages of cavitation
monitoring in hydraulic turbines through vibration
methods have been demonstrated [12]. This method
was applied to verify a small alteration to its
distributor that aimed to decrease the severity of
the cavitation and, consequently, the associated
erosion. Karimi and Avellan have presented a new
cavitation erosion device that generates vortex
cavitation [13]. To confirm their vortex cavitation
generator, a comparative research study between
various cavitation erosion conditions was
conducted. They concluded that the hardened
surface layers in specimens exposed to flow
cavitation were thicker than those in specimens
exposed to vibratory cavitation, which results in
faster rates of erosion. A hydro turbine blade
online monitoring system has been implemented
by Shi et al. [14]. In this research, Continuous
Sound Monitoring (CSM) was done for both
audible sound (20 Hz-20 kHz) and ultrasound
(50-300 kHz). The signal properties were
assessed, including the standard deviation, noise
level, and frequency components. In addition, the
evaluation results were stored in a database in
association with the operating condition
determined by the water head and wicket gate
opening or power output. To this end, sound
produced by cavitation was separated from other
sounds like water flow and mechanical sound
based on its frequency characteristics. Therefore,
it was possible to determine the cavitation intensity
at various water heads and powers. Alligne et al.

have investigated the ability of hydroelectric
power plants to adapt to changes in the use of
electrical power networks [15]. Also, under
specific circumstances, the swirling flow leaving
the runner of a turbine may operate as an
excitation source for the entire hydraulic system.
The purpose of their study was to determine how
the location of the full load excitation source affect
the eigen values, shape modes, and the stability of
the system. In summary, there is much research
on different failure processes on the Kaplan
turbine, which are the main reason for the authors
of this paper to produce a state-of-the-art survey
focusing on the cavitation problem alone to
evaluate the current cavitation phenomenon for
Kaplan turbine more effectively. Accordingly, the
main aim of the present paper is to overview the
Kaplan turbines’ different failures based on the
cavitation and introduce some practical solutions
to reduce damages.

1. Cavitation phenomenon

Cavitation phenomenon is defined as the
development of cavities (vapor bubbles) as a result
of a pressure drop below saturated vapor pressure
[16]. Kaplan turbine is prone to cavitation, which
has the potential to reduce performance and harm
the blade surfaces. Water vaporization and water
vapor condensation are both involved in the two-
phase (water and water-vapor) interaction known
as cavitation. When the local pressure in the flow
field is lower than the vapor pressure of water
(e.g., 3.17 kPa at 25 °C), vapor bubbles are
created [17]. Noise and vibrations are produced
as a result of the high pressures that are briefly
formed when the bubbles are compressed and
collapsed. Industrial experience shows that
vibrations and noise produced by cavitation cause
cracks, particularly in Kaplan turbines [18].
Figure 1 presents examples of localized damage to
a pump blade due to cavitation. Up to 90% of
hydro turbines suffer cavitation damage, and
cavitation-erosive damage is most likely to occur
on the low-pressure side of the turbine runner
blades [18]. The main types of cavitation in axial
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reaction turbines are tip vortex cavitation pheno-
mena, lead edge cavitation, surface cavitation, hub
cavitation, draft, and inter-blade vortex cavitation.
In the following, a brief description of them will
be given.

/‘«Med cavitation damag

o

Figure 1. Localized cavitation damage
and severe cavitation erosion on a pump blade
Source:BrennenC.E. [18]

1.1. Tip vortex cavitation

As shown in Figure 2, tip vortex cavitation can
occur in the low-pressure sites generated over the
turbine blades and in the wake of propellers and
control surfaces [19]. When there are small
bubbles or other cavitation nuclei in the core of a
concentrated vortex and the core pressure shifts
into tension, tip vortex cavitation begins to form.
In the region of a vortex cavitation collapse, tip
vortex cavitation may cause surface damage,
noise, and a decrease in mechanical efficiency [20].

.

——

Figure 2. Cavitating tip vortices
Source: HiguchiH. etal. [19]

1.2. Lead edge cavitation

Attached cavitation, or leading-edge cavitation,
is one of the cavitation categorizes that may form
in a flow surrounding a lifting body and is known
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to cause significant erosive damage. From Figure 3,
this kind of cavitation is distinguished by a partial
vapor cavity that separates from a lifting body's
leading edge and spreads downriver [21]. Also,
due to operating at a higher head than the
machine’s design head, it manifests as a connected
cavity on the suction side of the runner blades [11].
This is a very frequent and complex type of
cavitation, and depending on the hydrodynamic
circumstances, it can exhibit several regimes.

Figure 3. Lead edge cavitation
Source: Mohamed F., Francois A. [21]

1.3. Hub cavitation

The high swirl of the flow in the blade
slipstream close to the rotational axis is where the
wasted energy is first used up. This swirl will cause
a pressure drop in relation to ambient pressure,
which will produce an unfavorable drag force on
the blade [22]. Also, when the swirl is high, axial
thrust will not be produced by the energy transfer
to the fluid at the hub, and turbulence will be
dispersed by mixing. In addition, hub vortex
cavitation, as shown in Figure 4, has a sizable
cavity.

Figure 4. Hub vortex cavitation
Source:SezenS., Atlar M. [22]
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As a result, the lift force that is meant to be
created may be lost if the rudder or any other
control surfaces are positioned parallel to the
propeller-shaft system axis. Eventually, depending
on the axial load distribution on the propeller and
hub geometry, the vortices around the hub cause an
increase in energy loss, which lowers the
propeller’s efficiency. On the other hand, hub
vortex cavitation may cause vibration, noise, and,
in certain instances, surface erosion [23].

1.4. Traveling bubble cavitation

In this type of cavitation, the cavitation nuclei,
also known as microbubbles, travel through the
flow field until they reach the lower pressure
zones, where they transform into large macroscopic
cavitation bubbles before collapsing at pressure
recovery zones. According to Figure 5, the inter-
actions between the produced bubbles and nearby
walls or other bubbles often result in complicated
shapes for the bubbles [24].

e 5

e ‘
Figure 5. Travelling bubble cavitation
Source:JaniD.B.etal. [24]
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2. Cavitation measurement

In general, cavitation-erosion damage occurs
in two stages: 1 — incubation stage, during which
the surface deforms plastically but no weight loss
is visible and is typically characterized by a
duration or incubation period; 2 — erosion stage,
during which weight loss and cracking occur at
varying rates depending on the time [25]. The
incubation period was first described by Leith as
the time when significant plastic deformation of
the test surface occurs without any visible weight
loss [26]. Based on the maximum mean penetration

rate, some researchers have developed relationships
to estimate the incubation duration. In this regard,
the volume loss in the sample divided by the
exposed area yields the maximum depth of
penetration. This criterion is very helpful for
evaluating materials with varying densities and
incubation times in various cavitation devices [26].
For materials that have been exposed to cavitation,
residual stress measurements and information
about early microcrack formation by employing
X-ray analysis have been utilized to predict early
weight loss [27]. X-ray photoelectron spectroscopy
or hyper spectral photography can be used to
identify the composition of surface materials and
surface degradation [28]. An increase in the first
subharmonic of the ultrasonic driving frequency
indicates the start of cavitation. The beginning
of instability in enormous bubbles just before
they begin to collapse is the cause of this pheno-
menon [29]. The acoustic signs might be different
since the measuring approach is based on detecting
the bubble collapse inside the bulk liquid near a
surface [30]. The CaviSensor and CaviMeterTM
systems are two of the cavitation sensors developed
by The National Physics Laboratory (NPL) in
the United Kingdom [31]. A hydrophone device
called the Hygea ultrasonic activity meter by
ultrawave uses a 15 mm diameter probe to measure
the frequency and acoustic pressure inside
an ultrasonic bath [32]. With a straightforward
display for ultrasonic frequency (5-50 kHz) and
power (10-100%), this device is geared toward end
users and is suitable for comparing measurements
over time.

3. Effects of cavitation on other parts
of system

The following measures to detect cavitation
have been undertaken: vibration, pressure, acous-
tic emission, sound measurements [33]. Cavita-
tion severely harms turbines by destroying the
runners’ and flow channels’ surfaces. Moreover,
noise generation is significantly increased by
cavitation-induced vibration. In hydropower
plants, equipment failure brought on by vibration
results in shutdowns or a catastrophe [2; 34].
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Excessive vibrations wear down components like
guide vanes, runner blades, rims, bearings, shaft
seals, and runner labyrinths through fatigue,
as shown in Figure 6. Sometimes hydropower
units are operated in the draft tube surge region
to accommodate the various power systems. Draft

tube vibrations also arise during remote opera-
tions of a unit with an operator in a surging
region. The power plant operator can feel or hear
some noise during this procedure, and as a result,
it can take the necessary precautions to leave this
dangerous zone.

Figure 6. Failures due to excessive vibrations:
a — runner blade crack Kaplan turbine. Sourc e : [35], b — breakage of wicket gate linkage. Source: [36];
¢ — runner blade damage. So ur ¢ e : made by G. Siamak, S. Ghorbani
d — structural cracks in Haditha hydropower plant. So ur ¢ e : photo by Ministry of Electricity of Iraq, https://mofa.gov.ig/geneva

4. Technical solution

Several techniques, including plasma nitriding,
shot peening, deep rolling, and coating depo-
sition, have been discussed to enhance cavitation
erosion resistance by hardening the material’s
surface. The improvement depends on the sub-
strate, coating material, and testing conditions,
but even when these factors are the same, there
are occasionally noticeable variances in the
improvement [37]. Furthermore, a protective layer
or coating component’s production conditions may
occasionally be slightly altered, which may even
result in a reduction in resistance against untreated
material. Plasma nitriding can increase resistance
up to

20, but this is not uncommon. Also, up to five
times more erosion resistance can be achieved
with friction stir processing or shot peening [38].
When increased cavitation-erosion resistance is
required, cobalt alloys are employed. Due to the
development of an extremely tough, super-
saturated fcc-phase known as expanded austenite,
or S-phase, low-temperature plasma nitriding is
known to signifycantly improve the CE resistance
of austenitic and duplex stainless steels [38].
PVD coatings were one of the other efficient
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treatments (an improvement of up to 40 times)
created from a very soft reflective coating to one
that is extremely hard and resistant to fatigue even
at high temperatures [39]. However, the majority
of PVD coating applications are linked to their
high hardness, elastic modulus, fracture strength,
strong tribological properties-particularly low
friction coefficient—good oxidation resistance,
good fatigue endurance, and high wear resistance
[40, 41]. Due to their greater hardness, fracture
toughness, and subsequently increased wear
resistance compared to their traditional counter-
parts, nanostructured WC-Co based thermal spray
coatings have garnered considerable attention
in recent years. The strong tendency of these
coatings to decarburize and dissolve during the
thermal spraying process, which can impair their
mechanical qualities, has long been a challenge
for nanostructured WC-Co-based coatings [42].
In addition, the results of studies showed that
HVOF sprayed nanostructured WC-Co based
coatings had higher wear, corrosion, and cavitation
erosion resistance than conventional ones and
were better bonded to the substrate with a high
fraction of retained near-nano WC grain, low
porosity, and a low quantity of harmful reaction
products [43].
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Conclusion

To increase the wear resistance of component
surfaces, various techniques such as thermal
spraying, plasma nitriding, chemical vapor depo-
sition, physical vapor deposition, laser cladding,
and hardening have been developed. Also, for
different machinery components, thermal spraying
techniques like Air Plasma Spraying (APS),
Detonation Gun (D-Gun), and HVOF have been
used. In hydro power plant facilities, where
mechanical components are subjected to severe
abrasive wear, HVOF spraying has been
extensively utilized to apply WC-based coatings.
Due to their exceptional resistance to abrasive
wear, WC-based nanostructured and multifaceted
coatings have received a lot of interest. By pro-
viding an efficient means of controlling processing
variables during thermal spraying application,
the WC-Co coatings produced by HVOF that
contain nanoparticle sizes have better mechanical
and tribological properties.
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PacnpepneneHune Harpy3ku Mmexay TesiamMmu KayeHus
PONMKOBbIX NOALUMMHUKOB

10.B. Benoycos

MockoBckHii TOCyIapCTBEHHBIN TeXHUUECKH yHuBepcuteT uM. H.D. baymana
(HaIMOHATTBHBIA UCCIIeIOBATENLCKIIA YHUBEpCHTET), Mockea, Poccus
Poccuiickuii yauBepcuret ApyxO0b HaponoB, Mockea, Poccus

< juvbelousov@bmstu.ru

Hcropus cratbn AnHoTanus. Pa3paboTana MeToanKa OINpeNeNieHNs] CTEIIeHH Harpy-
Tocrynuna B pexakuuo: 9 despans 2024 . JKEHHOCTH TeJl KaueHHs B paboyell 30He POJIMKOBBIX PaJHalIbHBIX OJI-
Jlopa6orana: 15 anpens 2024 . HOPSAIHBIX MOJAIIMIIHUKOB, COIJJaCHO KOTOPOHM paclpelesieHue
Ipunsra K nyGmmkamuu: 26 anpens 2024 T. Harpy3Kkd MEIy TeJIaMH KadeHHs B paboueil 30He TaHHBIX MOALIMII-

HUKOB 3aBUCHUT OT UX PACIOJIOKEHUS B 3TOM 30HE U pPa3MEPOB KOHTAKT-
HOM IJIOLIAIKU MEXAY MaKCUMAJIbHO HAarpy>KeHHBIM TEJIOM KaueHHsI 1
Hapy>KHBIM KOJIBIIOM MOIIIWITHAKA. Vcronp3yst pa3paboTaHHYI0 METO-
UKy, A1 KOHKPETHBIX MPUMEPOB BBIIIOJIHEH pacueT paauaibHON
CHUJIBI, IEHCTBYIONICH Ha MOAIIMIHUK. B pe3yibTare molyueHo cooT-
HOIICHUE MEXAY paAuaibHOW CUIION MOAIIMITHUKA U CUJION, JEHCTBY-
oIl Ha Hanbolee HArPYKEHHOE TEJIO0 KaYeHUs, KOTOPOE OTIMYACTCS
OT MPHUHSITOrO B COBPEMEHHOM MPaKTUKE pacueTa JaHHBIX MOIIUITHU-
koB. [lokazaHo Takxe, 4YTO JaHHOE COOTHOLIEHUE HE SIBJISETCS MOCTO-
SIHHBIM, a 3aBHCHT OT BEIMYMHBI CHIIBI, NIEHCTBYIOMEH Ha Hambojee
Harpy>kKeHHOE€ TE€JIO0 KaueHHs, U pa3MEPOB KOJIELl U TeJl KaueHHUs MOJ-
WUIHUKA. B 3TOM cBs3U 115 onpeeneHus MaKCUMalbHOM Harpy3ku
Ha TeJla KaueHHUS-POJIMKHA B padoUell 30HE MOIIIAITHIKA C TOMOIIBI0
pa3paboTaHHON METOMUKH NpEAIaraeTcsi HCIOIb30BaTh METOJI UTEepa-
LU WIK MOCIICIOBATEIBHBIX MPUOJIMKCHUH, CYIIIHOCTh KOTOPOTO CO-
CTOUT B IIEPBOHAYAIHHOM NPHOIIKEHHOM ONpPEICICHUH CHIIBL, AeH-
CTBYIOIICH HAa HanOoJIee HATPYKCHHOE TEJIO0 KaYCHHS, ITOCIICIYIOIIEM
OTIpe/ICJICHNN HArpy3KHU Ha MOMAIIUIIHUK U CPaBHEHUH €€ C JIeHCTBU-
TEJIbHOU CHII0OM. MHOTOKpaTHO MOBTOPSS 3TOT IPOLECC, MOKHO IOy~
YUTh MaKCHUMAaJbHYIO CHITY, ACHCTBYIONIYIO HA Tela KadeHUs B pabo-
Yeii 30He MOJIIUITHUKA C JIFOOOW CTEIIEHbIO TOYHOCTH.

3asiBjieHMe 0 KOHGIUKTe HHTEPECOB

ABTOp 3asBIISieT 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KiioueBble ciioBa: pOHI/IKOBBIfl pa}.‘[HaJ’ILHLIfI INOAIIMUITHHUK, TCJIa Ka4uc-
HUsA, IOJIyIIprUHA KOHTAaKTHOU TUIOMIAAKHW, KOHTAKTHBIC HAITPSKCHUA
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Abstract. A method for determining the degree of loading of rolling elements in
the working area of roller radial single-row bearings has been developed, according
to this method the load distribution between rolling elements in the working area
of these bearings depends on their location in this zone and the size of the contact
pad between the maximally loaded rolling element and the outer ring of the bearing.
Using the developed methodology, the radial force acting on the bearing is
calculated for specific examples. As a result, the ratio between the radial force of
the bearing and the force acting on the most loaded rolling body is obtained, which
differs from the calculation of these bearings accepted in modern practice. It is also
shown that this ratio is not constant, but depends on the magnitude of the force
acting on the most loaded rolling body and the size of the rings and rolling bodies
of the bearing. In this regard the following is proposed, in order to determine the
maximum load on the rolling bodies-rollers in the working area of the bearing using
the developed methodology, the method of iterations or successive approximations
is suggested to be used, the essence of which consists in the initial approximate
determination of the force acting on the most loaded rolling body, subsequent
determination of the load on the bearing and comparing it with the actual force. By
repeating this process many times, it is possible to obtain the maximum force acting
on the rolling elements in the working area of the bearing with any degree of
accuracy.
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BeeneHue ObITh KaK MpocTasi, Tak W JIBOMHAs IIapHUpHAs

onopa, 3azaenka [1-5]. IlogmMIHUKY KaYeHHsI CO-

Toowunnuxu Kauenuss — 3TO OMOPHI BAJIOB U
BpAILAIOLINXCS OCEH, KOTOPbIE OPUEHTUPYIOT UX B
MPOCTPAHCTBE U BOCIPUHUMAIOT IEHCTBYIOIINE Ha
HUX Harpysku. [Ipndyem xapakrep onop 3aBHCUT OT
CXEMBbl HArpyeHus MOJIIMITHUKOB. DTO MOXKET

CTOSIT U3 HAPY>KHOTO ¥ BHYTPEHHETO KOJIell, TeJ Ka-
4yeHus (IIApUKOB WM POJIMKOB) U CEMaparopa, pas-
Jenstolero tesna kadenus. Haubonee yacto npu-
MEHSIOTCS IAPUKOBBIE TIOIIIUITHUKH. PonnkoBbIe
HOALIMITHUKY UCIIOIb3YIOTCS TaM, I71€ He TOJXOAAT
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IIAPUKOBBIE BCIICACTBHE OONBIINX CTaTHYECKUX U
JTUHAMUYECKUX HArpy30K.

PaboTocnocoOHOCTh MOALIMITHUKOB B 3HAYU-
TEJbHON CTETEHU 3aBUCHUT OT KOHTAKTHBIX HaIpsi-
JKEHHI MEKTy TeJIaMU KaueHHs U KollbllaMu. Mak-
CUMaJIbHbI€ KOHTAKTHbIE HAINIPSHKEHUS! BOZHUKAIOT
Ha MOBEPXHOCTH HamOOJee HArpykeHHOTO Tena
KadueHus. J[ist ux onpeneneHust HEOOXOAMMO 3HATH
3aKOH paclpeiesieHus] Harpy3Ku Mexay Telamu
KaueHusd. JlaHHas 3a7a4a HOCUT Ha3BaHUE 3a/1a4U
Itpubeka. OHA JOBOJBHO MPOCTO peIIaeTCs s
MIAPUKOBBIX TOIIMITHUKOB. {7151 pOIMKOBBIX TIOI-
UIMITHUKOB peIlleHue OTCYTCTBYeT. B nuteparype
[6-12] uMeroTCS AOCTATOYHO MOIPOOHBIE CBEIe-
HUs O crienuduke paboThl, XapakTepe KOHTAKT-
HOTO B3aMMOJCHUCTBUSA TN KaY€HUS C KOJbIIAMU

pOJ'II/IKOBI)IX IIOJIIUITHUKOB. O,ZIHaKO JJISL pCHICHI/IH
JTaHHOW 3aa4¥ X ABHO HENOCTATOYHO. [IoaTOoOMYy
3a7a4a 0 HAXOXKJACHUU CHUJIbI, NEUCTBYIOIIEH Ha
MaKCUMaJIbHO HArpy>KeHHOE TEJIO KaueHUS POJIU-
KOBBIX TOJIIUITHUKOB, SIBIISIETCS JOBOJHHO aKTY-
aJIbHOM.

1. MeToabl nccnepoBaHus

PaccMOTpUM pOJIMKOBBIN paguabHbI IOA-
munHuK. [Ipy npunokeHuu K MOAMIMITHUKY C Y-

nom koHTakta O =0’ panmaneHoii cuiel F,. Tena
Ka4ueHUs1, HAXOIALINECs B HUYKHEH 9aCTH MTOIITHII-
HUKa, OyayT BOCIpPUHHMATH Harpy3ku Fy, Fj,
F,,..., E, (puc. 1). Tena kaueHus OyayT Harpy-
’KEHbI HEPAaBHOMEPHO.

Puc. 1. PacnpeaeneHne Harpysku Mmexay TefaMmm kadeHus B paboyeit 30He NoALLMnHuKa
M cTOo4HMK: BbINONHEHO [0.B. BenoycoBbiM

Figure 1. Load distribution between rolling elements in the bearing working area
Source:madebyYu.V. Belousov
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W3 ycioBust paBHOBECHUS CIIEAYET, UTO

F =F,+2-F-cosy+2-F,cos(2y)+
+...+2-F,-cos(ny), (1)

rne F,— cuna, meiictByromas Ha Hanboee Har-
PY’KEHHOE TeJIO KaueHHSI; Y — YTOJ MEXIYy CMEX-

HBIMU TeJIaAMU Ka4EHMUs.

COmmkeHne Tea KaueHWs C KOJNbLAMH TOJ-
LIMITHUKOB MOYKHO HalTH O (opMyrnaM Juis KOH-
TaKTa LWINHAPOB C NapajuleIbHbIMU OCAMH [13—
15]. Conmxenue Tes KaueHHs ¢ BHYTPEHHUM KOJIb-
1IOM TOJIIIUITHIKA

8i=8,67-10*-5--g+4n552§2% , (2)
w3 C
C Hapy)I(HbIM KOJIBIIOM
Sf:&6710%%i0—4nq), (3)

rae C,— MOJOBHHA IUPUHBI IPSIMOYTOIBHOM I1J10-

IMaaKH KOHTAaKTa TCJIa Ka4CHHUA C KOJBLOM IIOJI-
HIMITHUKa

235 (K DD
Ci = 3 - —2 ! (4)
10° \ | D, +D,
rac | — JJIMHa TEJIa Ka4YCHU, Dl— AUaMETp O0-

POKKH KayeHHs Koyiblia nommnauka; D, — nua-

METp Tela KaueHusl.

B dbopmyne (4) 3HaK «+» COOTBETCTBYET KOH-
TaKTy Tejla KaYeHHs C BHYTPEHHUM KOJIBLIOM IO/~
LIUITHHUKA, A 3HAK «—» C HAPY>KHBIM.

Harpyska F, Ha xopmycHsie neranu nepena-

€TCsl Hapy>KHBIM KOJIBLIOM TOAIIUIHUKA. BHYT-
peHHee KOJIBIIO OOBIYHO C HATSATOM yCTaHaBIWBA-
€TCsl Ha BaJl W SIBIIETCS Kak ObI €ro MpoaonKe-
H1eM. [ToaToMy B 1TaHHOM cilydae npaBuiibHee Oy-
JIET PacCMOTPETh KOHTAaKTHOE B3aMMOCHCTBHE
TEJ KaYeHUS C HapY>KHBIM KOJIBIIOM TOAIIUITHUKA.

N3 reomeTpryuecKux COOTHOIIEHUI

8, =8, cosy; 8, =8, cos(2y);

8, =8, cos(iy); y=2n/z, (5)
II€ Z — KOJHMYCCTBO TC€JI KQUCHUS B IMOAIIUITHUKE.
Torma
. . F 1-Inc,
cos(iy)= & _Flohng (6)
o, F,1-Inc,

O6o3unaunm k =F, / F,. Ucnons3ys croiictea

HarypayibHOTO Jorapudma, dopmyry (6) MOXKHO
NPEACTAaBUTH CICTYIOUIMM 00Pa3oM:

k

e
In| = K,

. G e
cos(iy) = ——~=log, - o
In € [EJ i

CO
CnenoBareibHO,

e cos(iy) o ki
T
Co C

Teneps npeacTaBuM, 4To

(9)

(10)

TOrAa

cos(iy) ki

€ €
m,/F, mfF )
Bo3Benem npaBylo U JIEBYIO 4aCTh BRIPAKCHHS
(11) B creniens 1/k;. B pe3syasrare moiay4nm

(11)

cos(iy)
¢ - (12)
my/F,
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\/Ei: : cos(iy) * (13)
€
m 7m\/|:70

BosBezneMm npaByio U J1eBYI0 4acTh (HOPMYIIBI

(13) B kBagpar. Yurem Taxke, uto F =kF; :

cos(iy) 2
e ki

kF,=F=|e/m
my/F,

(14)

N3 popmynsr (14) momydanm criemyroiiee Bbl-
paxenue 1yis K :

K—(f)[k- (15)

Jlanee o6o3HaunM

2(1_(”] as)

k.
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Torma

K={3)- a7
CO

[IpencraBum 3nameHnarens Gopmynsl (17) B
cnemyromieM suze [16]:

COX — e xIn Co , (18)
TOoraa
" _ g
x(1-Inc,
ki = eXITCO =e . (19)

[ocnenusist popmyna B Beipaskeruu (19) mo-
JKET OBITh 3aMEHEHA CIISAYIONIEH MPUOTUKCHHON
bopmyroii, nomydeHHoi U3 psiaa Tenopa mist mo-
Kazarensi CTETNIeHH MPU € MEHbIIIe eTUHULIBI [16]:

") =1+ x(1-Ing,), (20)

TO €CTh

k =1+ 2[1—%@,)}(1—In Cy)- (21)

B urore npunem K KBaIpaTHOMY YPaBHEHHUIO
OTHOCHTEIIBHO k;:

ak’+ bk +c =0, (22)

rIe
a=1 b=2Inc, -3
¢ = 2cos(iy)(1-Inc,). (23)

W3 nByx xopHelt ypaBHeHUsI (22) HE0OX0IUMO
BBIOpATh MOIXOISAUINI B TaHHOM CITy4ae KOPEHb.
Takum 00pa3oM, MOXKHO OIpPEAETHTh BEITUUYHHY
OTHOIIECHHUS CUJI, IEHCTBYIOIINX HA |- U MaKcH-
MaJIbHO Harpy>kKeHHOE TeJI0 Ka9eHUs! MOAIIUITHUKA.
OTa BeIMYMHA 3aBUCHUT OT PACIIOJIOKEHHSI Tell Ka-
YeHus B paboueil 30HE MOMIIMITHUKA U MOTYLIH-
PHUHBI MPSMOYTOJILHOM TUIOIIAJKKA KOHTAKTa MaK-
CHUMaJIbHO HArpy>KeHHOTO TeJa KadeHUs ¢ HapyxK-
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HBIM KOJIBIIOM ITOJAIIMUITHUKA. CYMMI/IPYSI BCC CHIJIbI,
JIEHCTBYIOIME HA Tela KAueHWs B Harpy>KEHHOU
30HE, MOYKHO MOJIYYUTh CHITY, AECHCTBYIOLIYIO Ha
MOAIIUITHAK, TO €CTh PEIINTh OOpaTHYIO 3ajady
10 ONPEEIICHUIO HAarpy>KEHHOCTH TE€J Ka4eHHUs B
paboueii 30He MOJIIMITHUKA.

2. Pe3aynbTaTbl M 06CyXaeHne

Teneps nepeiinem k npsmon 3agade. B nure-
parypHbIX ucrouHukax [13; 17; 18] npuBogutcs
¢dopmyna, KoTopasi CBA3BIBACT CHIy, NEHCTBYIO-
LIyI0 Ha HauOoJjee Harpy:KeHHOE TEeJI0 KaueHUs ¢
paavanbHON Harpys3kod Ha moamunHuk F.. OnHa
BBIIVISITUT CIIEAYIOLIMM 00pazoMm:

F, = B% . (24)

B oroit ¢popmyne P =4,37 nn1a mapukoBbIx
u $=4,06 114 ponmMKOBBIX MOIUIMITHEKOB.

®opmyna (24) ynobHa assi IpakTHYECKOTO HC-
nosib30BaHusA. OIHAKO TSI POJMKOBBIX TTOMIITHII-
HUKOB, B KOTOPBIX, COIJIACHO BBILIEU3JIOKEHHOMY,
CuJIa, IEUCTBYIOLIAs Ha MAKCUMAaJIbHO HarpyeH-
HOE€ TEeJI0 Kau€HHUs 3aBHCUT OT HECKOJbKHUX Mapa-
METPOB, BBIIJIIUT HEAOCTATOUHO YOS TUTENBHO.

OOparuMcst K KOHKpeTHOMY mpumepy. s
ATOTO PACCMOTPHUM, HAPUMED, paaruaTbHBIA PO-
JUKOBBIA TOIIIUITHUK C KOPOTKUMH ITUIHHAPU-
yeckumu ponukamu Ne 2306 no T'ocynapcTeen-
Homy cranmapry CCCP TOCT 8328-75%, co-
[JJACHO KOTOPOMY JaHHBIM MOJUIMIHUK HMEET
CJIeyIOIMe XapaKTePUCTUKN: BHYTPEHHUH JTna-
MeTp d = 30 mm; HapyxHbIN nuametp D =72 mm;
auameTp Tena kadeHus D, =10 mM; [uMHYy Tena

kadeHus: /=10 mm. KonmuecTBO Tenm KayeHUs
noxmmnanka Z =12, TlostoMy B paboueil 30He
MOJIIUITHUKA OyJIeT HaXOAWUTHCS MATh TEN Kade-
HUS: OJTHO B LIEHTE U IO JIBAa C KaXJIOW CTOPOHBHI.
JlmaMeTp JMOpPOXKKH Ka4eHHUsT HAPYKHOTO KOJIbIA
TOAIIAITHUKA

D,=(d+D)/2+D,=
=(30+72)/2+10=61mm
Yron MECXKAY CMCKHBIMHA TCJIaMU Ka4CHUA
y=2n/2=n/6=30"

[lpeamonoxuM Takxke, 4To Ha Hauboiee
HAarpy)KeHHOE€ TeJIO0 KadeHHWs JCHCTBYeT CHIla

F, =1000 H. Torna momymmpuHa MIOMAaKH KOH-

TaKTa 3TOro Tejla C HAPY>XHbIM KOJILIIOM ITOAIIXII-
HHKa COCTaBHUT

12

2,35 F, D,D,
c, = -2
° 10°| I D,-D,

~2,35[1000 61-10 |
10° | 10 61-10

=0,081MM = 81 MKM.

Jist ponukoB, OnkalInmx K Haubosee Harpy-
JKeHHOMY, To ecTb npu | =1 1o dopmynam (23)

HOJ'Iy‘-II/IM
b=2-In0,081-3=-8,0266;
c=2-c0s30 (1-In0,081) =6,0852.

[Mogxonsmmii KOpeHb ypaBHEHHS (22) B 3TOM
ciyuae K, =F / F, =0,8476.

JL11st CIEYIOIINX ABYX KpaHUX POIMKOB B pa-
6oueii 30ne mogmmnuuka (1=2) mo dopmynam

(23) monyuum
b =-8,0266;
c=2-c0s60 (1-In0,081) =3,5133.

TMoaxonsmuit KopeHsb ypaBHeHwHs (22)

k,=F,/F,=0,4646.

1TOCT 8328-75. [loqmMIHUKK POITUKOBEIE PaAHaIbHbIE C KOPOTKMMH HUIHHAPHYECKUMH POIUKaMy. THITBI X 0CHOBHBIE
pa3mepsl. [ocynapcteennsiit komuter CCCP mo crangapram. M.: M3narensctBo crangapros, 1987. 27 c.
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ITo popmyne (1) Haiigem
F =F,-(2-k -cosy+2-k, -cos(2y));
F. =1000- (2-0,8476 .c0530° +2-0,4646 - cos60°)

=2932,6863H.

Torna ko3 durment 3 B popmyne (24)

_F,-z_ 1000 -12
F 2932,6863

r

B = 4,0018.

AHanu3upysl JaHHbIE TPUBEICHHOTO NpU-
Mepa, MOXXHO OTMETHUTbh, YTO LISl POJUKOB, OJH-
KaWIMX K HanOosee HarpyXKeHHOMY, KOTOPHIE, B
CBOIO OdYepelb, HarpyKeHbl Tropasno OoJjblle
OCTaJIbHBIX, BTOpOE ciaraemoe B ¢opmyne (20)
MHOTO MeHbIne enuHuibl (Tounee —0,1524). Ilo-
9TOMY TOTPEIIHOCTh ONpEACTCHUsT CHIIbI, JICH-
CTBYIOIIEHN Ha 3THU POJUKH, HE mpeBbimaer 1,5 %
[16; 19]. Inst ocTanbHBIX POJIUKOB MOTPEMIHOCTD
cocraButr npumepHo 10...15 %. Opnako cuisl,
JCHCTBYIOIIME HA 3TU POJMKH, TOPa3a0 MEHBIIIE,
a uX 710711 B 0011eM OajlaHce CHJI He3HAYMTENbHA.
Takum 00pa3om, TOUHOCTH NMPHUBEICHHBIX pacye-
TOB BITIOJIHE Y/IOBJICTBOPHUTEINIBHA.

CoracHo mpenaraeMoil METOAMKE, pactpe-
JIeTIeHUEe Harpy3KH MEXKIy TeJlaMH KadeHHs B pabo-
4eil 30He TMOJIIMITHUKA 3aBUCUT OT UX PacCIoio-
KEHUS W Pa3MEpoOB IUIOMIAIKH KOHTAKTa MaKCH-
MaJIbHO HarPy>XEHHOTO TeJla KaueHHsI C HaPY>KHBIM
KOJIBIIOM TTomIMIHUKa. [Ipr sTOM pasmeps! mio-
I[aJIKH KOHTAKTa B 3HAYUTEIILHOW CTEIICHU 3aBH-
CSIT OT CHJIBI, BOCIIPHHUMAEMOU TEJIIOM Ka4CHUS.
[TosTomMy cienyeT OXuaaTh, 9T0 KOIPDOUIHECHT
[ Taxxe OyzmeTt 3aBUCETh OT ATOU cuibl. s wi-
JTIOCTPAlMM JAHHOTO TPEATOIOKEHUS MPUMEM

B IpUBeICHHOM Bhimie npumepe cuy F, =500 H.
[Monyunm, uro B =4,0832. Korna F, =1500H,

B=4,0978. To ecTb ¢ yMEHbBIIEHUEM HATPY3KH

Ha MO/LIMITHUK BeIMYUHA KodduumenTa 3 Taxxe
YMEHBIIAETCS], & 3HAYUT, YMEHBINACTCS U CTENEHb
Harpy>eHHOCTH TeJl KaueHUs B ero paboueil 30He,
n Haobopot. [lpuuem 3HadeHHS] KOdPPUIEHTA
B, moyueHHbIE B pUMeEpPax, OTIMYAIOTCS OT JaH-
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HBIX padot [13; 17]. U Ha 3TOM OTIMUMs HE 3aKaH-
YUBAIOTCS. 3/1€Ch peub UAET O KOHKPETHOM IOJ-
IIMITHUKE, IPUBEJCHHOM B Iipumepe. s npyrux
HNOAIIUITHAKOB 3TOTO THIA JaHHas TEHICHIIMS,
OYEBHJIHO, OyZeT coxpaHsAThcs. B manHoM ciydae
CTeneHb M3MEHeHHs Kod(pduuueHnTal} Hepenuka.

Jist qpyrux MOIIIUITHUKOB CUTYAIHsI MOXKET H3-
MEHHTBCS, TAK KaK pa3Mepbl TUIOIIAJI0K KOHTAKTa
3aBUCST TAKXKe M OT pa3MEpOB KOJICIl M TeJl Kadye-
HUSI TOIIIUITHHKOB.

ITockonbky TouHOE 3HaueHUEe Ko3pduimeHTa
B Ka)KJIOM KOHKPETHOM CITy4ae HEM3BECTHO, LIS
HaXOXKJIEHUS MAaKCUMAJIbHOW HArpy3KH Ha Teja Ka-
YeHus B paboueil 30He MOANIUITHUKOB Oy/IeT 1iesie-
co00pa3HO HCIOJIB30BaTh METOJA HTEpalMid WU
nocnenoBaTenbHbIX  npuOmmkenuii.  [lepBoHa-
YaJbHO HAarpy3Ky MOXKHO ONPEAETSTh 0 popmyrie
(24), nonoxus B Hell kK0>pHUUMEHT [ pPaBHBIM,

Harpumep, 4,09, To ecTh cpelHEMY 3HAUCHHUIO B
paccMOTpeHHOM TpuMepe. 3ateM 1o hopmyse (4)
OTIPEICTUTh B TMEPBOM MPHUOMMKEHUH TOMTYIIH-
pUHY TUIOMIAIKM KOHTAKTa HauOoJee HarpyKeH-
HOTO TeJa Ka4eHHs C Hapy>KHbIM KOJIBLIOM MOJ-
WUIHUKa. Jlanee HalTH NOAXOAILIME KOPHU ypaB-
HeHus (22) Ui BcexX Ten KaudeHUs B pabodeil 30He

noamunanKa u o popmyse (1) naiitu cuny F, .

ITomyueHHy0 Cuily CleqyeT CpaBHUTbH C ACHCTBY-
omeit. [IoBTopsist 3TOT mporecc HECKONBKO pPas,

MOXHO TIOJTyYUTh UCKOMYIO crity F, ¢ mro6oii cre-

MEHBIO TOYHOCTH.

Crnemyet, 0JHaKO, OTMETUThH, YTO MPOIIECC BbI-
YUCJIEHUS 3[eCh JOBOJIBHO TpynoeMmkuil. Hawm-
OOJBIITYIO TPYAHOCTH MPEACTABISET HAXOXKICHUE
MOAXOJAIINX KOPHEH KBaJpaTHOIO YpaBHEHMS.
[TosTOoMy JUTS pelIeHus ATOH 3a/1a4u HEOOXOIUMO
pa3paloTarh CelHadbHYI0 POrpaMMy pacuera.

3aknoyeHue

Pa3paboTana MeToMKa OIIPE/IeNIeH s COOTHO-
IICHHS CHJI, ISWCTBYOIUX HA TeJla Kad4eHUs B pa-
Ooueil 30HE POJIMKOBOTO PAAMAIBLHOTO OIHOPSII-
HOTO MOAIIUITHUAKA, COTIACHO KOTOPOW OTHOIIICHHE
CHJI, ICWCTBYIOLIHX HAj -€ 1 MAKCUMAJIbHO HArpy-
YKEHHOE TEJIO KaueHUsI, 3aBUCUT OT PACIIOIOKEHHS
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TeJia Ka4eHus B pabodueii 30He U MOy IIHPUHBI MPsi-
MOYTOJIbHOM IUIOIIAJKA KOHTaKTa MaKCHMaJbHO
Harpy>K€HHOI0 TeJla KaueHUs C Hapy>KHBIM KOJIb-
LIOM MOJUIMIHUKA. JTa METOJUKA I03BOJISET
MyTeM CYMMHPOBAHHS BCEX CHJI, JEHCTBYIOLIUX
Ha Teja KaueHus B paldoueil 30He, onpeaessTh
PE3YIBTUPYIOLLYIO CUTy WM CUJTy, Harpyxaro-
Iy TMOAIIUITHUK, TO €CTh pemaTh OOpaTHYIo
3a7a4y II0 OINPENEJICHUI0 HarpyX€HHOCTH Tell
KayeHus B paboueil 30He MOAIIMUIHHUKA: MO U3-
BECTHOM MAaKCHMAaJbHOM Cculle, JeWCTBYIOIIEH
Ha POJIMKH B paboueil 30HE, ONpeAeNsiTh CHIY,
Harpyxarolyro caM MOAIIHUITHUK.

Ha »T0l1 OCHOBE 1J11 KOHKPETHBIX IIPUMEPOB
pelieHa npsimMasi 3ajiadya o ONpeleJIEHUI0 Harpy-
JKEHHOCTH TeJ KadyeHus. B pesynprare momyyeHo
COOTHOIIICHHE MEXKYy pagualbHOW CHUJIOW B TOJI-
IIUITHUKE W CUJION, JEHCTBYIOIIEH Ha MakcH-
MaJIbHO Harpy>keHHoe Teno kadeHus. IlokazaHo,
YTO JAHHOE COOTHOILIEHHUE OTIMYAETCS OT MPUHS-
TOTO B COBPEMEHHOH IMpaKTHKE pacyeTa JaHHbIX
noAmUIHUKOB. [Toka3aHo Takke, 4TO JaHHOE CO-
OTHOUIEHUE He SIBIsieTCs] Hem3MeHHbIM. OHO 3aBU-
CHUT OT BEJIMYMHBI CUJIBI, ICUCTBYIOIIEH Ha HanOO-
Jiee Harpy»KeHHOE TEJIO Kau€HHUs, a TaKKe OT pas-
MEpPOB KOJIEI] U TEJI KAYE€HUS NOAILIUITHUKOB.

[TockonbKy COOTHOIIIEHHE MEXAY paguaib-
HOW CHWJION B MOAIIMIHUKE U CHIIOH, AEHCTBYIO-
el Ha MakCUMaJIbHO Harpy:K€HHOE TeJlo Kaye-
HUSI, HE SIBTISIETCS HEU3MEHHBIM, TO JUISI OTlpeiene-
HUS MaKCHUMAaJIbHOM Harpys3kud Ha Teja KadeHMs-
ponuKHU B paboueil 30He MOALIUITHUKA C UCTI0JIb30-
BaHHEM pa3pabOTaHHOW METONWKH TpeJiaraeTcs
HCIOJb30BaTh METOJ MTEpalMi WM MOcieloBa-
TEJNbHBIX MPUOIMKEHHH, CYITHOCTh KOTOPOTO CO-
CTOUT B TNE€PBOHAYAIBHOM MPHUOTMKEHHOM OIpe-
JICJICHUU CUJIBl, JEWUCTBYIOIEH Ha HaubOonee
Harpy>kKeHHOE TeJI0 Kau€HHUs], OCIEAYIOIIEM OIpe-
JIeJICHUW HArpy3Kd Ha MOAIIWIHUK U CPaBHEHUH
€e C JEUCTBUTENbHON CHUIJIOH. MHOTOKpAaTHO MO-
BTOpsIsl 3TOT NPOLECC, MOKHO MOJIYYUTh MaKCH-
MaJIbHYIO CHILY, IEUCTBYIOLIYIO Ha Tela KAaUeHUs B
pabodeli 30HE MOANIUITHUKA C JIOOOH CTETICHBIO
ToYHOCTU. OJHAKO MNPOIECC BBHIYMCICHHS 3]1€Ch
JIOBOJIBHO TpyaoeMkuii. HanGombiryto TpyaHOCTb
MIPEJCTABISIET HAXOXKICHUE MOAXOAAIINX KOpHEH

KBajlpaTHOro ypaBHeHus. [loaTomy nmsi pelieHus
ATOH 3a7a4M HEOOXOMUMO pa3padboTaTh CIIeaTb-
HYIO IIPOTPaMMy pacyera.
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UccnepoBaHmne BNnaHu«A TepMouuKInpoeaHuma
Ha MarHUTHbIE N MEéXaHN4Yeckue CBOMCTBA CTanen

A.B. KopHunosa

HanmonanbHelil neccnenoBareabckuil MOCKOBCKHMH TOCYIapCTBEHHBIN CTPOUTENbHbIN YHUBEPCUTET
Mockea, Poccus

< Annad4@yandex.ru
Hcropus cratbu AHHOTanus. B HacTosmee BpeMs BO BCEM MHUPE IPOLECCH TePMOLHK-
Mocrynmna B peaakiuo: 7 pepais 2024 r. JINYECKON 00paboTKK MpU3HAHBI Hanbonee 3GEKTUBHBIMU CIIOCOOAMHU
Jopaborana: 4 anpens 2024 r. MOBBIIIEHUS CTOMKOCTH METauI000padaThIBAIOINX WHCTPYMEHTOB.
Ipunsra k myOnukauu: 10 anpens 2024 r. OnHako A7t KOHCTPYKIMOHHBIX CTajleld 3Ta MepCIIeKTHBHAS TEXHOIOTHS
MaJio M3ydeHa. A BOIIPOC BIMSHHS TEPMOIMKINYECKOH 00padOTKM Ha
3asiB/ieHHe 0 KOH(IMKTEe HHTEPECOB MarHWTHBIE CBOWCTBA (KOSPUMTHBHYIO CHITy) B HAay4HOH JHTEpaTrype

MPaKTHYecKH He mogHnMaics. [lostomy aBTopamu Oblia MmocTaBieHa
L[eJIb UCCIIEA0BATh U3MEHEHNE KOIPLUTUBHOMN CHIIBI M TBEPAOCTH CTajel
NpU TPUMEHEHHH Pa3JIMYHBIX CXEM TEPMOLMKINYECKOH 00paboTKH.
ITpu mpoBeieHNH SKCIIEPUMEHTOB OBIIIM MCCIEOBAHBI CTAIN Pa3Iny-
HOTO Ha3Ha4YeHUs! (KOHCTPYKIMOHHBIE U HHCTPYMEHTAJIbHBIE) U XUMH-
YecKoro coctana. MccnegoBaHsl MassTHUKOBOE, HU3KOTEMIIEpaTypHOe,
CpEIHETEMIIEPAaTypPHOE, BBICOKOTEMIIEPATypPHOE TEPMOIMKINPOBAHHUE
U TepMOIMKIUpoBaHue BONMM3M Toukn Kropm nemenrura. Bee cran-
JapTHBIC BUAbI TCPMOLMKIMPOBAHUA ITOKa3aJIn MaJCHUEC KOBpLII/ITI/IBHOf/'I
cwitbl. I yriaeponucTol KOHCTPYKIIMOHHOM CTaIl OBUIO MPOBENEHO
TEepMOUMKIIMpoBaHue BOMM3M Touku Kropm nementura. Ha Tperpem
LUKJIE CTallb MOKa3ajla CKauoK CBONCTB. B pesynwrare nccienoBaHus
CTPYKTYpBI BBISBICHO, YTO MPOM30MIIA YacTHYHAs c(heponan3anus
HepINTa, HECMOTPSI Ha TO YTO TEPMOLMKIMPOBAHUE MPOXOAUIO HIXKE
JUHUU (a30BBIX INPEBpAIEHNH, a TaK)Ke MOKa3aHO, YTO 3EPHUCTHIN
MepIUT 00JataeT CYImEeCTBEHHO OOJNbIIel KOIPIHUTUBHOW CHIIOH, YeM
HNEepINUT IIAaCTUHYATHIN. Bonpoc HykaaeTcs B JanbHEHIIEM HCCIIeq0Ba-
HHUH, a ABJICHUC JOJIXKHO HalTU CBOE MMPaKTUYCCKOC MPUMEHCHUEC.

ABTOD 3asBIIsIeT 00 OTCYTCTBUU
KOH(IINKTA HHTEPECOB.

KiroueBnlie c10Ba: TepMOLMKIUPOBAHHUE, TBEPAOCTb, KOIPLUTHUBHAS
cuia, IUIACTUHYATBIM EPIUT, 36PHUCTBINA NEPIUT
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Abstract. Currently, throughout the world, thermal cycling processes are
recognized as the most effective ways to increase the durability of metalworking
tools. However, this promising technology has been little studied for structural
steels. But the question of the influence of thermal cycling on magnetic properties
(coercive force) has practically not been raised in the scientific literature.
Therefore, in this work, the goal was to study the change in the coercive force and
hardness of steels when using various thermal cycling schemes. During the
experiments, steels of various purposes (structural and instrumental) and chemical
composition were investigated. The following were studied: — pendulum, low-
temperature, medium-temperature, high-temperature thermal cycling and thermal
cycling near the Curie temperature of cementite. All standard types of thermal
cycling showed a drop in coercive force. Thermal cycling for carbon structural
steel was carried out near the Curie point of cementite. The steel showed a jump
in properties during the third cycle. A study of the structure revealed that partial
spheroidization of pearlite occurred despite the fact that thermal cycling took place
below the line of phase transformations. Research has shown that granular pearlite
has a significantly greater coercive force than lamellar pearlite. The issue needs
further research, and the phenomenon must find its practical application.

Keywords: thermal cycling, hardness, coercive force, lamellar pearlite, granular
pearlite
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BBeneHue

Tepmouumupoeaﬁue — MHOXKCCTBO HIHKJIIOB

HaJuuue HEOOJbIIUX BBIACPKEK NpPU KpalHHX
TEMIIEpaTypax, a TAKXKE ONTHMAJIBHBIN AWAa3oH

W3MEHECHHUS TEMIIEPATYPhI MEXTY 3aIaHHBIMH JKC-
TpeMaJIbHBIMU 3HaYeHUsIMH. B KadecTBe Hepaspy-
HIAFOIIETO KOHTPOJIS TEPMOLIUKITMPOBAHUE IPUME-
HSIETCS JJIS1 BBISIBJICHUSI CKPBITHIX JEEKTOB U3/Ie-
JUH, KOTOpPBIE MOTYT IMPOSBHUTHCA B TpOIECCE
sKcIuTyaTanuu. Jpyroe nmpuMeHEHHE TEPMOITHK-
JUPOBAHUS — TEPMOIMKIHYECKas 00paboTka
Mmerasmnueckux usgenuii (TLO). Metox TIO
Kak crnoco6 tepmoobpadotku (TO) ocHoBaH Ha
MMOCTOSTHHOM HAKOIUICHUW OT IMKJIa K ITHKITY
MOJIOKUTEIbHBIX M3MEHEHUH B CTPYKType Me-
tayutoB. [Ipu 3TOM BakHOI 0COOCHHOCTBIO ITHKIIA
SIBIISICTCSL €T0 MHTEHCHBHOCTb, OTCYTCTBHE HIIU

n3Mmenenus temnepatypsl. THHO no3Bossier cyuie-
CTBEHHO TIOBBICUTH KOHCTPYKIMOHHYIO IIpOY-
HOCTb U CHU3UTh METAJUIOEMKOCTb U3IEJINNA U KOH-
crpykuuii. THHO MeraymioB u criiaBoB, SIBISIACH
OIHOH M3 PAa3sHOBUAHOCTEH TEPMOILIACTHYECKOU
00paboOTKH, UMEET /IBa OCHOBHBIX TEXHOJIOTHYE-
CKHX HaIlpaBJICHUs B MOBBIIIEHNH JI0JITOBEYHOCTU
U HaJEeXKHOCTH AeTaneil MamuH. IlepBoe n3 Hux
CBS3aHO C IMOBBIIICHUEM MPOYHOCTH U BA3KOCTU
pa3pylLIeHHs CTaJIEH U CIUIABOB MHOTHX KOHCTPYK-
LUOHHBIX METAJUINYECKUX MaTEpUAIOB 3a CYET
CO37aHHUA B HUX ONTHUMAJbHOW (parMeHTapHOU
CTPYKTYpPBI (M3MeJbueHHE 3epHa, CyOCTPYKTYp-
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HOE YNPOYHEHWE) U CHATHS HampspkeHui. Jpy-
roe — C yINPOUYHEHUEM ITOBEPXHOCTHBIX CJIOEB U3-
Jenuil 3a c4eT HHTeHCUGUKAMu Tu(Py3MOHHBIX
nporeccoB. B oboux ciydasx 3dexty Tepmo-
IUKIUYECKOTO YIMPOYHEHHs CYIIECTBEHHO CITO-
COOCTBYIOT reTepodazHoe COCTOSIHAE U HCTIOIB30-
BaHHe 00beMHOTO 3(pdexTa (HazoBBIX mpeBparle-
HUH B METaJIax | ciiaBax [1].

B nocnennue roner uatepec k TIHO B Mupe
BO3poC. AHaMM3 MyOIHMKAIMA B TIEPUOIHYECKOM
Hay4YHOU MeyaTH ¥ MaTeHTOB IO TeME UCCIIeI0Ba-
HUS TIOKa3aJl, YTO OCHOBHBIE CTPaHBI-TIATEHTO-
oOnanarenu no 3toi TeMe Anonus u Kuraii (Ha
HuX npuxoautcs 45 % mateHToB), a HauOOJbIIIEE
KOJIMYECTBO 3araTeHToBaHHBIX pereruit mo TIO
npuxogutcs Ha 2021 u 2022 rr. B [2] skcnepu-
MEHTAJIbHO JToKa3aHo, uro TIO nmo3BoisieT 1ocTu-
raTb ONTUMAJIBHOTO COYETaHMsI IPOYHOCTH U IjIa-
CTUYHOCTH B CTAJISIX, COAEPKALINX HUKEIb U Map-
raHel 3a CYeT U3MenbueHHs 3epHa. DPdekt Tep-
MOLUKJIMPOBAHUS NMPUMEHUTENBHO K U3ACIUIM
13 KOMIIO3UTOB paccMOTpeH B [3].

B pesynbrare aHanu3a ITepaTypHbIX JaHHBIX
YCTaHOBJIEHO, YTO MHOTOKpPATHbIE MOJUMOP(HBIE
npeBpauienus B cranu npu TLHO npuBoxasar x da-
30BOMY HaKJIeITy, H3MEIFUEHUI0 MUKPO- U Cy03e-
PEHHOM CTPYKTYPBbI, YBEIMUEHUIO UIOTHOCTH JIUC-
JOKaUKd U JAEPEKTOB KPUCTAIUTUYECKOTO CTpOe-
Hus. Takasi CTpyKTypa cO3aeT MPenMyIIeCTBEHHO
nedopMaioHHOe (AMCIOKAIIMOHHOE) YIIPOUYHe-
HHUE BO BCeM 00beMe CTaIbHON MaTPHIIBI.

ITponieccer TLO siBnstrorest Hanbonee 3pdex-
TUBHBIMH U 5KOHOMUYHBIMH CIIOCOOaMH TIOBBIIIIE-
HUS CTOMKOCTHU PEXYIIMX U IITAMIIOBBIX METAJIO-
o0pabaTeIBaOIUX WHCTPYMEHTOB. OIHAKO IS
W3MEHEHHUsI CBOMCTB KOHCTPYKIMOHHBIX YTJEpO-
JUCTBIX CTajei 3Ta MEepCHEeKTUBHAS TEXHOJIOTHUS
Majo uzyudeHa. A Bomnpoc BiausiHusa TLO Ha mar-
HHUTHBIE CBOMCTBA CTAJIEN MPAKTUYECKH B HAYYHOU
autepaType He noaHumaics. [loatomy B naHHOM
paboTe ObuTa MOCTaBIIEHA Yelb — UCCIe008amb
uMeHeHue KOIPYUMUBHOU CUIbl U MEepOOCmuU
cmaneti npu npumeneruu pasauunvix cxem TLHO.

1. Buobl TepMoLUKIIn4ecKomn oopabdoTku

ITo naznauenuto Bce nporeccel TIHO nenstes
Ha JIB€ OCHOBHbIE I'PYIIIIbI:

1) mpenBapurensnas TLO s yiydmenus
CTPYKTYPHI IIepe]l TEPMUUIECKON U MEXaHUYECKON
00paboTKOii;

2) ynpounsttomas THO (YTHO), dopmupyto-
1iast CTPYKTYpPY 3aKaJICHHOW CTald ¢ OKOHYATEIb-
HBIMU pab0OYNMH CBOMCTBAMH.

B coBpeMeHHBIX paboTax poccuiickux u 6emno-
PYCCKHX y4YeHbIX [4—6] U Ap. mpeioskeHa HoBas
Kiaccudukamuss u3BecTHhIX crmocoboB YTIIO.
YTIHO Moxet mpoxoauTh ¢ (pa3oBeIMH TpeBpa-
HIEHUSIMU WK 0€3 HUX, C 3aBEPIICHHBIMU WU
HE3aBEPIICHHBIMH CTPYKTYpHO-(a30BbIMU Tpe-
BpAILEHUSIMU TTPU [IUKIMYECKOM HarpeBe U oxJia-
KJICHHUH, OCYHIECTBIIATHCS 1O AUPHY3HNOHHOMY,
CABHTOBOMY WJIM CMEIIAHHOMY MeXaHHu3MaM (a-
30BOM MEPEKPUCTAILUIN3ALNN, CAMOCTOSTEIBHO
WY BMECTE C IPYTMMH BUAAMH Bo3aencTui. 11o
YPOBHIO MPHUKJIAABIBAEMBIX TEMIEPATYP MOXKHO
crpynnupoBaTh Bubl TLO cTaneii B Tpu rpymnisbl:
1) nuskoremneparypuas (HTLIO), 2) cpenHerem-
nepatypsas (CTLLO) u 3) BeicokOTeMneparypHas
(BTHO). Pexxumbr THO paznuuaroT mo HazHave-
HUIO, 110 XapaKTepy CTPYKTYPHBIX MPEBpPALICHUMH,
[0 TEMIIEPAaTYPHOMY AHANA30HY TEPMOLMKIMPO-
BaHus [4]. CTLO npemycmaTpuBaeT HarpeB B
HUKIe 10 Temreparypsl Bbime Aci' (HO Hmke
Acs?), Ipy 5TOM HIDKHSIS TEMIIEpaTypa UK MO-
XKeT ObITh HIke Ari® (Ipu npuMeHeHHH MasTHHU-
koo THO (MTLIO), uinu ObITh KOMHATHOM (J1a-
6oparopHoit) 20 °C.

Ha puc. 1 noka3zansl ocHoBHbIE cxembl TLO.
MasTtaukoByo THO ncnons3yror 1 u3Menbye-
HUs 3epHa (eppuro-nepiutHeIX craneid. CTLHO
NpUMEHSIETCSl ISl TIOJTydeHHsT copOuTO0Opa3zHOn
CTPYKTYPbI B CPEIHEYTIIEPOIUCTHIX YIyUIIaeMbIX
CTajsiX, JJIs MOJYyYEHUS CTPYKTYphl 3€pHUCTOTrO
nepiurta, ymenblenus TBepaoctu. BTIO wacto
MPOBOJAT C 3aKaJKOW B MOCJIEIHEM LIMKIIE, 0Oec-
MeYMBAOIIEeH TMOBBIIICHHBI KOMIUIEKC MEXaHH-
yeckux xapakrepuctuk. HTHHO uwacto npumens-
€TCsI JUIsl yCTPAHEHUS JINKBALIMA KPEMHHUSL.

! AC1— TeMmepaTypa Hauana IPEBPANICHHS TIEPITATA B AYCTEHHUT TIPH HarpeBe (HAYalo TepeKPUCTAILTH3AINHN).
2 AC3— TeMIlepaTypa nepexo/ia CTalu B 0HO(pa3HOE ayCTEHUTHOE COCTOSIHUE (KOHEI! ePEeKPUCTAILTU3AIUN).

% Ar1— TemnepaTypa 5BTEKTOHIHOTO IPEBPAILCHHS.
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Puc. 1. Cxembl TUO: a — masiTHMKOBas, 6 — cpefHeTemnepartypHas,
B — BbICOKOTEMMepaTypHas, M —HU3KoTemnepartypHas
McTouHUK: [4]

Figure 1. Schemes of thermal cycling treatment (TCT):
a — pendulum, 6 — medium temperature, 8 — high temperature, r— low temperature
Source:[4]

2. Martepuanbl h MeTOAabI

HccnenoBanuch MHCTPYMEHTAJIbHBIE M KOH-
CTpyKUMOHHbIE cTamu — Y8A, 40X, XI12M u
ctanb 25. Kpurnieckne TOYKH UCCIIETyeMbIX CTa-
Tie¥ mpuBeIeHBI B Ta0I. 1.

JUia mpoBeieHUsT KCIIEPUMEHTOB UCMOIb30-
BaJIM ClieAyIolee 000pyI0BaHUE U TIPUOOPHI:

1. JJabopatopnass meur [IM-16M-1200-B ¢
MHUKPONPOIIECCOPHBIMH PETYIISTOpaMU TeMIIepa-
Typbl «PT-1200» u «PT-1250 T».

2. CTannoHapHBIA TBEPAOMED MO0 U3MEPEHUIO
tBepaoctH 1o Poksemty HR-150A.

3. Kospuutumep (crpykrypockon) KUM-2M.

4. Merannorpaduueckuii MuUkpockon Bresser
Science MTL-201.

5. Ilupomerp g H3MeEpeHUs TeMIeparyp
IPU OXJIAXKICHUH.

HccnenoBanuch TBEPIOCTh M KOIPLUTHBHAS
cwia. M3-3a ycnoBus npoBeeHHs SKCIIEpUMEHTa
KOAPIMTHUBHAS CHUJIa M3MEpPsUIach Iepe]l IepBbIM
IIUKJIOM U TIOCJIE TIOCJIEHEr0 5-TO IUKJIA.

Pa3mepsr oOpa3mnoB 58%x35x8 MM, 4TO COOT-
BeTcTByeT pazmepam ['CO 2192-89, kommiekT
COKC-1 nns n3mepeHHst MAarHUTHBIX XapaKTepH-
CTHK cTasieit (puc. 2).
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Tabnnuya 1
KputTuuyeckme Toukn uccnepyemMsbix ctanem npu HarpeeaHum
Kputuyeckmne Toukm
Cranb
Ac,,°C Ar,,°C
Y8A (FTOCT 1435-99)' 720 700
40X (FOCT 4543-2016)° 743 693
X12M® (FOCT 5950-2000)° 830 750
Cranb 25 (TOCT 1577-93)* 735 680
Table 1

Critical points of the studied steels during heating

Critical points Stell’s

Steel
Ac,, °C Ar,, °C
UBA (GOST 1435-99)' 720 700
40X (GOST 4543-2016)° 743 693
X12MV (GOST 5950-2000)° 830 750
Steel 25 (GOST 1577-93)* 735 680

Puc. 2. Hactb nccneayemeix o6pasuoB
M cTOo4YHMK: BbINONHEHO A.B. KopHunosoin

Figure 2. Part of the studied specimens
Source:madebyA.V. Kornilova

3. PeaynbTraTtbl M 06CcyXaeHue

Cmanw 25 (kauecmseeHHas yanepooucmas KoH-
CMPYKYUOHHAs cmany). TepMOIMKINpOBaHue ObUIO
MIPOBEJICHO MO 4 pa3IMYHbIM CXeMaM, PEKOMEH10-
BaHHBIM B [4; 5]. Pe3ynbTarsl 3KCieprMeHTa MOKa-
3aHBbI B TA0I. 2.

B uccnenoBannm nNpuMEHSUIMCH HU3KOTEMITE-
parypuoe TI{O — narpeB 10 780 °C u oxnaxie-
nue 10 20 °C); cpenneremnepatypHoe TLO —
Harpes 0 780 °C, oxnaxnenue 0 680 °C, 3atem
oxsaxaenue 10 20 °C Ha CIIOKOMHOM BO3/1yXe; BbI-
cokoremrieparypuoe TLHO — narpes no 880 °C,
oxnaxaenue g0 650 °C u MOBTOpEeHHE IMKIIA.

1TOCT 1435-99. TIpyTku, HOI0CH ¥ MOTKH W3 MHCTPYMEHTalbHON HelernpoBaHHOU cTamu. OOIIMe TeXHUYECKUE

ycioBus.

2TOCT 4543-2016. MeTanonpoyKius U3 KOHCTPYKIIMOHHOM JIErMPOBaHHOHN cTand. TexHUUeCKue yCIIOBHS.
3TOCT 5950-2000. [IpyTKH, IOIOCH ¥ MOTKH W3 MHCTPYMEHTAILHOMN JIETMPOBAHHOM CTAIIH.
4TOCT 1577-93. TIpokaT TOJNCTONMUCTOBOH M IHMPOKONOJIOCHBIH M3 KOHCTPYKIIMOHHO KauecTBeHHO# cranu. Texuuue-

CKHC yCJIOBUA.
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Kaxxnomy Buny TLO cooTBeTCTBOBan KOHTPOJIb-
HBI 00paser, KOTOphI ObUT HAarpeT J0 MaKCH-
MaJIBHOW TeMIepaTypbl LMKIA M OXJAXICH Ha
CIIOKOIHOM Bo31yxe. I3MeHeHue TBepAOCTH U KO-
SPUUTHBHOI CHIIBI IO CPABHEHUIO C TIEPBOHAYATIb-

HBIM COCTOSIHUEM Y KOHTPOJIBHBIX 00pa3IoB Mpo-
W30III0 B MEHBINIEH CTENCHH, YeM y 00pasIoB,
noaepruyThix TI[O, 4T0, BUIUMO, OOBICHIETCS
0oJiee TIOJTHBIM MTPOXO0JKIeHUEM (a30BbIX MPOIleC-
coB mipu TIO.

Tabnuya 2
Pe3ynbTaTbl 9KCNEepMMeHTaNbHbIX UCCNEeAoBaHuin ctanm 25
HuskotemnepaTypHoe | CpepHeTeMnepaTypHoe BbicokoTeMmnepaTtypHoe MasTHukoBoOe
Ne TepMOLUKINPOBaHNe TEepMOLUKIMPOBaHNE TepMOLUKJIMPOBaHNe TEepMOLUKIIMPOBaHNe
uukna
HRB He, A/m HRB Hc, A/m HRB Hc, A/m HRB He, A/m
1 90 1023 90 1023 90 1023 90 1023
2 72 71 M3-3a cxembl N3-3a cxembl
npoBefeHus npoBefeHns
3 71 70 BKcnepuMeHTa SKCcnepumMmeHTa
3amepsbl 3amepsl
4 70 69 HEBO3MOXHbl HEBO3MOXHbI
5 69 783 67 715 67 603 66 603
M CcTOYHMK: BbINONHEHO A.B. KopHunosom
Table 2
The Results of Experimental Studies Steel 25
. Low-temperature Medium-temperature High-temperature Pendulum
Cycle’s thermocycling thermocycling thermocycling thermocycling
number
HRB Hc, A/m HRB Hc, A/m HRB Hc, A/m HRB Hc, A/m
1 90 1023 90 1023 90 1023 90 1023
2 72 71 Due to the scheme Due to the scheme
of the experiment, of the experiment,
3 71 70
measurements measurements
4 70 69 are not possible are not possible
5 69 783 67 715 67 603 66 603

Source:madebyA.V. Kornilova

J11 mpoBepKu pe3ynbTaTtoB padot [7; 8], koTo-
pBIe OBUTH TIOJIOKEHBI B OCHOBY TarteHTa [9], 0BT
MPOBEJCH SKCIEPHMEHT II0 CXEMe: HarpeB Ipu
temneparype nieun 300 °C co ckopocThio 1 MM/MUH
JI0 TIOJTHOTO TIPOTPEBa CEUEHUs, BBIACPKKA 5 MUH
TMOCJIE TIOJTHOTO MPOTPeBa, OXJIAXKICHHE Ha CTIOKOH-
HOM Bo3ayxe. Lluki nosropsuiu 5 pa3. Ha tpetsem
IUKJIe ObUIO 3a(MKCHPOBAHO PE3KOE yBEIHMUEHHE
KO3PIMTUBHOW CHIIBI M TBepIocTH o0pasios. Mc-
ciefoBaHrue MUKpOCTpyKTypbl nocie TLO moka-
3aJI0, YTO IPOU30IILIA YaCTUYHAs cheponu3anus
nepnurta, HecMoTpst Ha To yto THO mpoxomuio
Huxke muHud PSK nuarpaMMel «okene3o — LemeH-

TUT», Ha KOTOPOH MPOUCXOAUT MepBoe (ha3oBoe
MpeBpalieHue mpyu Harpese (puc. 3).

AHaJIOrMYHOE SIBJICHHE — IOBBILLIEHUE TBEP-
JIOCTU U YAAPHOU BSI3KOCTH MPU TEPMOLUKINPOBA-
Huu BOMM3u Touku Kropu nementuta (210 °C)
ObUIO YCTaHOBJIIEHO M B paboTax OelopyCcCKHX
YYEHBIX Hay4HOM 1Koubl mpodeccopa A.A. lma-
TOBA, KOTOPBIH BBIABUI 3TOT 3(P(PEKT 3KcIIepuMeH-
TaJbHO U AHAJUTHUYECKH, pelas ypaBHeHne Pok-
kepa — I[lmanka u onupasch Ha JaHHBIE PabOT
[10-12] mis HaHOKIaCTEpHOTO O0Opa30BaHHUS 3€p-
HHUCTOro nemeHrura FesC, sKCIiepUMEHT NPOBO-
JIics Ha ctanu Y8 (puc. 4).
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Puc. 3. MukpocTpykTypa o6pasua (Bbipe3ka nonepek npokara):
a— no TUO, 6 — nocne TpeTbero unkna TUO
M CcTOYHMK: BbINOAHEHO A.B. KopHunoBom
Figure 3. Microstructure of the steel specimen (cutting across the rolled product):
a — before the TCO, 6 — after the third cycle of the TCT
Source:madebyA.V. Kornilova
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Puc. 4. PacyeTHasa n akcnepmMMeHTanbHasd 3aBUCUMOCTN TBEPAOCTU (a)
1 yaapHoi BaskocTu (6) ctanum Y8 nocne TLLO:
1 — pacyeTHble faHHble, 2 — 3KCNepPUMEHTabHbIe AaHHbIE
McToUHUKK: [6]
Figure 4. Calculated and experimental dependences of the hardness (a)
and impact strength (6) of steel U8 after thermal cycling:
1 — calculated data, 2 — experimental data
Source:[6]

B [13-15] skcnieprMeHTaIbHBIM IIyTEM yCTa-
HOBJICHO, YTO 3€PHUCTHIN mepiut o0aanaet 6osee
BBICOKMIMH 3HAYCHHUSIMH KOIPIIUTUBHOHN CHITHI, YeM
riacTuHYaThIi. [loka MOXXHO TOJBKO 3ahUKCHPO-
BaTh ATOT (DAKT U MPENOTI0KHUTh, YTO TPAHHIIA 3€-
PEH 3epHHUCTOTrO MEPIIUTA HMEET OOJIBIIYFO MPOTSI-
KEHHOCTb, YTO BJIMSET Ha MpPOIECC HAMAarHUYH-
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BaHus. OOOOIICHHBIC PE3yNbTAThl UCCIICIOBAHMS
TIO uccrexyeMoii cTamy Mmoka3aHbl Ha pUcC. 5 —
3aBUCUMOCTH TBEPJOCTH U PHC. 6 — KOIPLUUTHB-
HOM cuibl oT yncna nukiioB THO (koHeuHble 3Ha-
YEHUS] KOOPLUUTUBHOW CUJIBI JUIsl BBICOKOTEMIIEpa-
TypHOro u MasitaukoBoro TLO ais uccnenyemoit
CTajv COBTAJIN).
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Coercive force, A/m

KospIHTHBHAS CHIA, A/M

— - MadTHHKORaA H BeICOKOoTeMneparypHad TL[O. Pendulum and Hight-tenperature TCT
- ==CpenreteMneparypHasa TL[O. Medium temperature TCT
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Puc. 5. 3aBUCUMOCTb TBEPAOCTN OT Yyncna umnknos TLUO

M cTOoYHMK: BbINONHEHO A.B. KopHunoeoin

Figure 5. The dependence of hardnesson the number of cycles
Source:madebyA.V. Kornilova
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YHCIIO IHKJIOB TeMIIEPaTypHOTO Harpy:KeHHL
Number of temperature loading cycles
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3

HuszkoremneparypHad TLO. Low-tempeature TCT

Puc. 6. 3aBUCUMOCTb KOSPUMTUBHOM CUbI OT YMcna unknos TLIO

McTo4YHMK: BeINONHEHO A.B. KopHnnoson

Figure 6. The dependence of coercive force on the number of cycles

Source:madebyA.V. Kornilova
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Kospuuraenan caaa, A/m
Coercive force, A/m
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Ymnci10 NHKI0B TEMOEPATYPHOT0 HAPYAKEHHS

The number of cycles of temperature loading

Puc. 7. 3aBMCUMOCTb KOSPUUTUBHOM CUbI OT YMcna unknos TLO
McTo4HMK: BINONHEHO A.B. KopHnnoson
Figure 7. Dependence of coercive force on the number of cycles TCT
Source:madebyA.V. Kornilova

Takxe OBLT IPOBEIEH HYKCIIEPUMEHT 1O 3a-
KaJIKE B BOAY CTaJM 25, KOTOPBIH IOKa3all, 4To 3a-
KaJika UCCJIelyeMbIX 00pa31ioB MOBBICUIIA HCCIIe-
nyemble cBoiicTBa (B 2,5 pas3a), HECMOTpS Ha He-
JIOCTAaTOYHOE JJIsi 3TOr0 KOJIMYECTBO YIJIEpOAa.
Bonpoc Hyxnaaercs B ganpHEIIEM U3yUYEHUU.

Cmany ¥84. Ctanb uMeeT 3BTEKTOUIHYIO
CTPYKTYpy B paBHOBecHOM cocTosiHuu. TLO mpo-
BojmiIach mo cxeme Harpes J10 750 °C u oxmnaxe-
HUE Ha CIIOKOMHOM BO3AyX€ 10 TEeMIepaTyphl
20 °C (5 umknoB). I'paduueckoe mpeacTaBicHHE
MOJIyYE€HHBIX PE3yJIbTaTOB NOKa3aHo Ha puc. 7. Ha
TPEThEeM LIUKJIE CTajb M0Ka3aja CKAauOK CBOMCTB.

JlaHHbBIE MOJHOCTBIO COOTBETCTBYIOT PE3YJlb-
TaTam padoTHI [6], T1Ie JaHHOE SBIICHUE OOBSICHSI-
eTcs cienyromuM odpazom: mpu TIHO koHKypH-
PYIOT J1Ba B3aUMHO TIPOTHBOIIOJIOKHBIX TIpoIlecca:
pacTBOpeHHE LIEMEHTUTHBIX (a3, ¢ OJHOH cCTo-
POHBI; YKpPYIIHEHHE U 3apojbllieoOpa3oBaHHe
BKJIFOUEHUI LIEMEHTUTa, — C JIPYroH, B pe3yib-
tare yero nociue nposenenus TLO sBTekTonIHOM
cTamu  (OpMHPYETCs] KOMIIO3UIMOHHAS CTPYK-
Typa, COCTOSIIAs U3 ABYX BUIOB 3epeH C OOIBIION
¥ MaJIOM KOHIIEHTPAIUSIMU YTIIepoa.

Cmanu c cooepoicanuem xpoma. Jns cram 40X
npumeHeH MasTHUkoBbIA Tun THO, ana cramm
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X12M® — BricokoTemmeparypuoe TIO. Ilpu
THX CXEMax HEBO3MOXHBI MPOMEXKYTOUHBIE 3a-
Mepel. Y cranu X12M® ko3puuTHBHas cuia
yMEHbIIMIIAch Ha rsaToM 1ukie ¢ 580 mo 470 A/wm,
y ctanu 40X — ¢ 200 g0 130 A/wm.

3aknoyeHve

THO umeeT psa NpeUMyILECTB Mepes CTaH-
JAPTHBIMH TEPMUYECKUMH 00pabOTKamMH, y KOTO-
PBIX OI'PaHUYEHHOE YKCIIO MMapaMeTpPOB — TEMIIe-
paTypa, BpeMs BBIIEPKKH, CKOPOCTb Harpesa,
CKOpOCTbh OXJIaXAeHUs. BO3MOXXHOCTH cOBEpIIEH-
CTBOBAHMSI 3TUX TEXHOJIOTUN PAKTUUECKH HCUep-
nanbl. [Ipu THO uynciao mapameTpoB OobIie —
JI00ABJISIOTCS YUCIIO LIUKIIOB, TEMIIEPATYPhI LKA
BEpPXHSIS U HUKHSA. MOXKHO BapbupOBAaTh U CAMU
LUKJIbl. BaXKHBIM TEXHOJIOIMYECKUM MOMEHTOM
npu npoBenaeHnu TLHO gBsit0TCS BBICOKHE CKOPO-
CTHU Harpesa.

OnHMM U3 HEOX)KUJAHHBIX PE3YJIbTATOB UCCIIE-
JIOBaHUS SIBUJIOCH TO, YTO 3€PHHUCTHIN MEPIUT 00-
JIa/1aeT CYIIECTBEHHO OOJIbIIeH KOIPIIUTUBHOM CH-
JIOM, YeM NepiuT IUIAaCTUHYATHIM. DTO SIBICHUE
Takxke 3a)UMKCUPOBaHO y4yeHbIMU MHCTHTYTA PH-
3uku MmetaiioB YpO PAH npu ucciemoBanuu
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9BTEKTOMIHOM CTald C pa3IuYHBIMU (popmamu
nepawuta. JJaHHBIM BOITPOC HYXAAETCA B JaIbHEH-
LIeM HCCIIEeOBaHUM, a SBJIEHUE IOJDKHO HalTu
CBO€ MPaKTUYECKOE MPUMEHEHHE.

1. Tlpu mpoBemeHUU SKCIEPUMEHTOB OBLIN
HCCJIEJOBAHBI CTAJIM Pa3IMYHOrO Ha3HAYEHUs: UH-
CTpYMEHTaJIbHbIE — yIviepoaucTas Y 8A, nerupo-
BaHHas X 12M®, KOHCTPYKLIMOHHBIE — YITIEPOIH-
ctas cranb 25, nerupoBannas 40X. VccnenoBansl
MasiTHUKOBOE, HU3KOTEMIIEpaTypHOE, CpeIHETEM-
neparypHoe, BeicokoteMueparypHoe TLO u THHO
BONMM3u Touku Kropu mementuta (s ctamm 25).

2. 1t cranu 25 Bee cranpaptabie Buasl T1HO
MOKa3aJM MaJieHHe UCCIelyeMbIX cBOMCTB. Takoit
ke pesynbrar nokazanu cranu 40X u X12MO.
Kpowme Toro, miis cranu 25 6su10 ipoBeaeHo TIO
BOmm3u Touku Kropum nementura. Ha tperbem
IUKJIE CTaIb ITOKa3aaa ckadok cBoucTB. Mccieno-
BaHUE CTPYKTYpHI BBISIBUIIO, YTO MPOMU30IILIA Ya-
CTHUYHasT cepouan3amus NepianuTa, HECMOTPS Ha
t0 uto TLO npoxonuino uuxe nuunu PSK. Takxke
ObUT MPOBEACH HKCIEPUMEHT IO 3aKaJIKe B BOAY
CTaju 25, KOTOpbIi MOKa3aj, YTo 3aKajka uccle-
JyeMbIX 00pa3IoB MOBBICHIIA HCCIIEAYEMbIE CBOI-
cTBa (2,5 pasza), HECMOTpPSI Ha HEIOCTATOYHOE JJIS
3TOTO KOJIMYECTBO yriiepoaa. Borpoc HyxnaeTcs B
JaJIbHENIIEM U3yYEHUN.

3. ns cramm Y8A Obul IPOBENECH dKCIIECPH-
MEHT, KOTOPBIi MTOITBEPANI BBIBOJIBI YUEHBIX OeIT0-
PYCCKOM IITKOJBI, 3aHUMAFOIIMXCS MCCIIEIOBAHUEM
npumenenns TLO ans MHCTpyMEHTAJIbHBIX CTa-
nei, nox pykosoxctsoM A.A. IlImarosa. Ha Tpe-
TbeM LMKJIE npu Harpese Bbime Aci Ha 30 °C
oxjaxjaenue o temneparypsl 20 °C npou3onuio
pe3Koe yBEIMUEHUE HCCIIelyeMbIX CBOMCTB.
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NMocTpoeHue npeanKTUBHOU MoAE IV AJIS NPOrHO3MPOBaHUA LEH
HeABMXUMOCTUN Ha OCHOBe cpopMMPOBaAHHOM Oa3bl 4aHHbIX

II.A. KonsieBa, O.A. Canrbikosa™™, C.A. Kynpees

Poccuiickuit yauBepcuTeT Opyk06I HaponoB, Mockea, Poccus
I saltykova-oa@rudn.ru

I/ICTOpI/lH CTaTbH AHHOTaIII/ISI. HpeHCTaBHeHO peuIcHuc aKTyaJ'ILHOﬁ 3aga4u MMporHo3u-
HOCTyHI/IHa B PENAKLIUIO: 28 AHBApS 2024 r. PpOBaHWA LIE€H Ha HEABUIKUMOCTDL C IIOMOLIBIO MOCTPOCHUS IPECANKTUB-
Z[opaGOTaHa: 12 MapTa 2024 r. HOM MOACJIM Ha OCHOBEC C(I)OpMI/IpOBaHHOI/I 6a3bl JaHHBIX I10 HCABUXKU-

MoctH B MockBe, pa3MemieHHOH Ha BeO-caiite «Move Hensiku-
MOCTE». PacCMOTpEHBI CyIIECTBYIOMIME METOABl MAIIMHHOTO O0ydYe-
HUS I PEHICHHs 3aJadd TPOTHO3MPOBAaHUS M TPUMEHEH OIUH

[Mpunsra x myOmmkanuu: § anpens 2024 .

3asByenne 0 KOHQJIMKTE HHTEPECOB W3 HUX — MHOKECTBEHHas JInHelHas perpeccust. [IpoBeeH perpeccu-
ABTOpBI 325BIAIOT 06 OTCYTCTBHU OHHbIN aHAIHN3 MOyIEHHBIX PE3YIIBTATOB PEIICHHUS 3a/[aul TPOTHO3HU-
KOH(IIHKTA MHTEPECOB. poBaHus. B KauecTBe YIPaBIAOIIUX MAPAMETPOB PACCMATPUBAKOTCS

11 HC3aBUCUMBIX HepeMeHHBIX. I/ICCJ’[C}IOBaHO BIIUAHUC y‘{I/ITBIBaeMI)IX
IpA TOCTPOCHUM MOZEIU TNEPEMEHHBIX Ha pPE3YyIbTaThl PELICHUS
3a/1a44 TPOTHO3UPOBAHMS LIEH HA HEABKUMOCTE. OMpeeneHo, Kakue
W3 HE3aBHCHUMBIX IEPEMCHHBIX OKA3bIBAIOT HAMOOJbINCE BIIUSHHEC
Ha pe3ynbTaTthl paboThl Mojenu. [IJis yiydIlieHHs KadyecTBa MOICTH
OBLTa OCyIIeCTBIICHa NpenoOpadoTka W CTaHJAPTH3ANNS TPU3HAKOB,
a Tarxke WICHTH(HUKAINSI BEIOPOCOB U MPOITYCKOB 3HAYCHHUN TIpH (op-
MHUpPOBaHHUU 0a3bl MaHHBIX. KoaQuuueHTs Momenn MHOKECTBEHHOM
JUHEWHOW PErpecCHH OMNPENeIUINCh C IMOMOINBI0 METOJa HAaUMEHb-
MIUX KBajpaToB. J[JIs OLEHKM KauecTBa MOJCIH IPOBOIMIICS aHAIN3
CIEIYIONNX TMapaMeTPOB MOAENW: R-KBajpaT, CKOPPEKTUPOBAHHBIM
R-xBanpar, p-3HadeHue. Pe3ynpraroM NOCTPOEHHUS IPEIUKTUBHOMN
MOJIEeJIH SIBIIIETCSl TIOMyYEeHHOE ypaBHEHHE perpeccuu. [IpumeHeHune
MOJYYCHHOTO YPaBHEHHSI MOXKET OBITh HUCIIOJIL30BAHO IS [TOCIIEYIO-
IIEr0 y4eTa KOHKPETHBIX XapaKTePUCTUK MPH PEUICHUH 3aa4du Mpo-
FHOSI/IpOBaHl/IH IOCH Ha HEABUWXHUMOCTD. HOKaSaHI)I HpeI/lMyHleCTBa
WCTIOJIE30BaHMS JAHHOTO METOJa W TEPCIICKTUBEI IPUMEHEHHUS TIONY-
YEHHOTO pe3yJbTara.

Bkian aBTopoB

Hepa3;1em)Hoe COaBTOPCTBO.

KaioueBble cioBa: manmmHHOE 00y4YeHHE, PErPECCUOHHBIN aHAIM3,
MHO)KECTBEHHas1 JIMHEHHas perpeccus, METo,] HAMMEHBIINX KBaJIPaToB,
ypaBHEHHE perpeccuu, R-kBaapar, CKOPpEKTUPOBaHHbIH R-kBapar,
p-3HaUYCHUE
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Abstract. The work is devoted to solving the current problem of forecasting real
estate prices by building a predictive model based on the generated database of real
estate in Moscow, posted on the Move Real Estate website. Existing machine
learning methods for solving the forecasting problem are considered and one of
them is applied — multiple linear regression. A regression analysis of the obtained
results of solving the forecasting problem was carried out. Eleven independent
variables are considered as control parameters. The influence of the variables taken
into account when constructing the model on the results of solving the problem
of forecasting real estate prices was studied. It was determined which of the
independent variables have the greatest impact on the results of the model.
To improve the quality of the model, preprocessing and standardization of features
were carried out. ldentification of outliers and omissions of values was carried out
during the formation of the database. The coefficients of the multiple linear
regression model were determined using the least squares method. To assess the
quality of the model, the following model parameters are analyzed: R-squared,
adjusted R-squared, p-value. The result of constructing a predictive model is the
resulting regression equation. The application of the resulting equation can be used
to subsequently take into account specific characteristics when solving the problem
of forecasting real estate prices. The work shows the advantages of using this
method and the prospects for applying the obtained result.

Keywords: machine learning, regression analysis, multiple linear regression, least
squares method, regression equation, R-squared, adjusted R-squared, p-value
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BBeneHue

I0TCS K PELIEHUIO HE TOJBKO CYry0O Hay4HBIX, HO
Y NPUKJIAJHBIX 33134, B YACTHOCTHU JJIsl PEIICHUS

MamuHHbIM 00y4YeHHEeM Ha3bIBalOT COBOKYTI-
HOCTb METO/IOB U aJITOPUTMOB, HAaIlPABJICHHBIX Ha
aBTOMaTHYECKOe OOy4YeHHE CHCTEMBbI, OCHOBBIBA-
sChb Ha OIpeleleHHbIX AaHHbIX [1]. Metoasl u
MOJXObl MAIIMHHOTO OOYYEeHHS YacTO MPUMEHS-
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3aJa4 IPOTHO3UPOBAHUS U3MEHEHHs LIEeH Ha He-
JIBJKUMOCTD [2—7], moBeeHus KiueHToB [8—11],
MUHAMUKHU pPhIHKA IEHHBIX Oymar [12—-14] u mp.
MerTonbl, KOTOpbIE MPUMEHSIIOTCS JUIsl pEelIeHUs
BBIIICYTIOMSIHYTHIX 33]1a4, OTHOCSTCS K METOAaM
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MAIlIMHHOTO OOYYEHUS M HHTEIJIEKTyaIbHOTO
aHaJM3a JIaHHBIX, AKTUBHOE PAa3BUTHE U MIPUME-
HEHHUE KOTOPBIX MBI HaONIOAaeM B TMOCJEIHEee
Bpems [15-16]. B inteparype MOKHO BCTPETUTh
paboTHI IO MPOTHO3MPOBAHUIO IIEH HA MOCKOB-
CKOM PBIHKE C TOUKH 3PEHUS MUKPO- H MaKPOIKO-
HOMHYECKHX Toka3arenei [17-18]. Ilenpio man-
HOU palboThl ABISIETCS PEIICHUE aKTyaJbHOW 3a-
JTa4¥ 10 MOCTPOCHHUIO0 MaTEMaTUYeCKOM MOJIEITH Ha
OCHOBE METOJIOB MAIIMHHOTO OOYyYeHHs, IS pe-
IICHMSI 3a7a49¥ TIPOTHO3UPOBAHUS JHHAMUKH IICH
Ha HEJIBUKUMOCTh B MOCKBE Ha OCHOBE JJaHHBIX C
cailiTa 0 HEIBIDKUMOCTH. B 001acTH MalmmHHOTO
00y4eHHMsI MUPOKO UCTIOIB3YETCS PETrPeCCHOHHBIN
ananu3 [19], onHuM 13 Hanboee pacnpoCcTpaHEeH-
HBIX METOJIOB B IPOrHO3UPOBAHUU LIEH HA HEIBH-
KUMOCTBD SIBJISICTCS MHOKECTBEHHAsI JIMHEHHAS pe-
rpeccust [20]. Jlyig ucoiab30BaHUs 3TOTO METOoJa
HE00XOJMMO TPOBECTH aHAU3 HECKOJIBKHX Iepe-
MEHHBIX, KOTOPhIE MOTYT TOBJIHSITH Ha IIEHY He-
JBUKHUMOCTHU. DTO MO3BOJISIET OMPEACTIUTh, KaKH1e
W3 HE3aBUCUMBIX TMEPEMEHHBIX OKAa3bIBAIOT HaW-
OoJpIiee BIMSIHUE Ha [IeHY HeBHKUMOCTH. [Tomy-
YeHHAsI B Pe3yJIbTaTe MOJICIIMPOBAHUS MOJIEIh, TT0-
CTpOEHHAasl Ha OCHOBE peajbHBIX JaHHBIX, TTO3BO-
JIUT TIpeICKa3aTh IIEHY HEBMKMMOCTH Ha OCHOBA-
HUU HauOoJiee 3HAYMMBIX (DAKTOPOB, BIUSIONIUX
Ha ee JUHAMUKY.

1. MeToabl uccnepoBaHuna

Ha ocnHoBe chopmupoBanHOi 0a3bl JaHHBIX
1o OOBSBICHUSM HEIBMKUMOCTH, Pa3MELICHHBIM
Ha Beb-caiite «Move Henmpmxnmocte»! 1 06pabdo-
TAaHHBIM TapaMeTpaM OyleT MOCTPOeHa MPEaHK-
THUBHasi MOJIETIb U BBIBEACHO ypaBHEHHE perpec-
cun. [y npeacka3aHus EHBI, 8 TAKXKE 3HAYCHUS
W OLICHKH CBSI3M ME¥KJy OIHOW 3aBUCHUMOM Iiepe-
MeHHOH (1eHo) u 11 He3aBHCHUMBIMU TIepEMEH-
HBIMU (KOJTMYECTBO KOMHAT, IUIOUIA]lb, 3TaX KBap-

THUPBI, ITAXK JIOMa, TOJI TOCTPOHKHU, PACCTOSTHUE IO
METPO, THUI TPAHCIIOPTa JI0 METPO, THIT MPOIAXKH,
THUII KBAPTHPBI, BpEMS 110 IIEHTpa ropojia, BpeMs 110
METpO) OYIET HCIONb30BaThCS CTATUCTUYECKHMA
METOJl — MHO)KCCTBEHHAs JIMHEHHAsi perpeccus,
KOTOPYIO MOXKHO MPEICTAaBUTh B BHJE CIICAYIO-
IIETO YPaBHEHUS:

Y=Bo+ BX +B,% +...+B X e, (1)

riae — 3aBHUCHMas mepeMeHHasd, X, X,,... X, —
2 k

Bo» BrsBos- B—

KOd(pUIMEHTHI, a € — ciydaiiHas ommoka. Ko-
3¢ PUIMEHTH MO MHOKECTBEHHOM JTUHEHHOM
perpeccud HaxoAsTCS C IMOMOMIBIO METOJa
HAUMEHBIIMX KBaApaToB®. MeTo[ HAMMEHBIIHX
kBazpaTtoB (MHK) — ato MeToz olieHku mapamer-
pPOB JMHEMHON pPErpeccuH, HMCIONb3yEMbIH UIs
MUHUMH3ALUU  CyMMBbl KBaJpaToB pa3HOCTEH
MeX1y HaOJII0AaeMbIMU 3HAUEHUSMU U 3HAYCHH-
SIMH, PacYeT KOTOPBIX MPOU3BOAUTCS IO MOJIEIIH.

HE3aBUCUMBIC IICPEMCHHBIC,

2. Peannzaunga noctpoeHus NpeanukKTMmBHOM
mozenu

[octpoum nepsyro moxens MHK?, me mpo-
W3BOJIA TPEABAPUTEIBHYI0 O00pabOTKH JaHHBIX

(puc. 1).
B pesynbrare nomyvaercs Clenyrouiee ypas-

HCHHEC PCTPECCUN:

y =148916981.57767546 + 9426604.6819443*Number rooms +
+18.550068520072813*Square +
+239260.53265802326*Floor sq. +
+73329.76103038796*Floors + (—47231.61525882067*Year) +
+24804.15186899586*Distance metro km +
+(—1487711.8963242061*Type transport to metro) + (2)
+(-13554120.797380297*Sale type) +
+(—41923145.71242697*Flat type) +
+(—406837.02772176114*Time to the center (from metro)) +
+61407.48561820931*Time to metro in minutes.

! Move HexpmwxumocTs // Move.ru — mopTtan o HemsuxkumocTd Mockssl. URL: https://move.ru/ (nata obpameHus:

28.02.2023)

2 [IpodeccuonansHoe coobmecTso NTA MeToa HaUMEHBIINX KBAAPaTOB: (GOPMYIIbI, KO U MpuMeHeHue // Xa6p. 2022.
URL: https://habr.com/ru/articles/672540/ (nata o6pamienus: 09.04.2023).
8 Kak uuTaTh U MHTEpIpPETHpOBaTh Tabmuity perpeccuu // Komkamm. 2022. URL: https://www.codecamp.ru/blog/read-

interpret-regression-table/ (mara o6pamenus: 10.04.2023).
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Jainee OyayT MpoCMOTPEHBI TapaMeTPhI MOJTy-
YEeHHOW MOJIENH, HO MEePea ATUM ONPEAETIHM, YTO
Takoe R-kBagpar (R-squared), CKOppEKTHUPO-
BaHHBIN R-kBaapar (Adj. R-squared), p-3HaueHue
(P nnsa xoadduimentoB u Prob (F-statistic) ms
Bceii Monenn)?.

R-xkBanpar sBNsieTCSl CTATUCTUYECKON MEpOH,
KOTOpasi OIIEHHWBAET, HACKOJILKO XOPOIIO BHIOpaH-

Hasl MOJIENb HOAXOMUT U1 HaOFOOaEMBIX JaHHBIX
U OMNpENeNseTCs CIEAYIOMEd MaTeMaTH4YeCKOn
bopmymnoi:

RZ=1-—=1— =1-—"= (3)

tot

OLS Regression Results

Dep. Variable: Price R-squared: 0.096
Model: OLS Adj. R-squared: 0.096
Method: Least Squares F-statistic: 391.0
Date: Sun, 30 Apr 2023 Prob (F-statistic): 0.253
Time: 13:15:23 Log-Likelihood: -7.6250e+05
No. Observations: 40597 AIC: 1.525e+06
Df Residuals: 40585 BIC: 1.525e+06
Df Model: 11

coef std err t P>t [0.025 0.975]
const 1.489e+08 2.15e+07 924 0.000 1.07e+08 1.91e+08
x1 9.427e+06 2.21e+05 586 0.000 8.99e+06 9.86e+06
X2 18.5501 18.074 026 0.305 -16.874 53.975
%3 2.393e+05 3.36e+04 120 0.021 1.73e+05 3.05e+05
x4 7.333e+04 2.45e+04 988 0.003 2.52e+04 1.21e+05
x5 -4.723e+04 1.06e+04 472 0.000 -6.79e+04 -2.65e+04
X6 2.48e+04 8.06e+04 308 0.758 -1.33e+05 1.83e+05
x7 -1.488e+06 5.29e+05 810 0.005 -2.53e+06 -4.5e+05
%8 -1.355e+07 5.22e+05 -25.947 0.214 -1.46e+07 -1.25e+07
x9 -4.192e+07 2.89e+06 -14.481 0.030 -4.76e+07 -3.62e+07
%10 -4.068e+05 1.56e+04 -26.058 0.000 -4.37e+05 -3.76e+05
x11 6.141e+04 1.93e+04 185 0.401 2.36e+04 9.92e+04

Puc. 1. Mogenb 1
McTouHwMK:BbINOAHEHO M.A. KoHsieBol, O.A. CanTblKOBOM
Figure 1. Model 1

Source:compiled by P.A. Konyaeva, O.A. Saltykova

2 A \2
rne SSres = z“inzl ei = z“in:1 ( yi - yi ) — CyMMa
KBaJpaToB OCTaTKoB perpeccu; Y, Y — daxru-

YCCKUEC U PACUYCTHBLIC 3HAYCHUA 00BICHIEMOI T1e-
n

pemennoii;  SS, = (Y, -V, ) = Né2 — obuas

i=1

1 N
cyMMa KBajIpaToB; ¥ ==y, B ciyuae muneiinoi
=1
perpeccuu ¢ KOHCTaHTOM:

S0 = SSpeg +SS

tot res

n
e SS., =Y (¥,-V )'— obbscHeHHas cymma
i=1
kBa/ipatoB. OTCIOa BO3MOXHO MOJIYYHUTh YIPO-
MICHHOE oTpeiesieHne R-kBaapaTa Kak 101 00b-
SICHEHHO} CyMMBI KBaJJpaTOB B 06mIei’:

SS
R? =9 4
SS (4)

tot

R-xkBagpar MoxeT IpUHUMAaTh 3HaueHus oT 0
no 1. 3nauenne 0 o3Hauaer, 4TO BbIOpaHHAs
MOJIe/lb HE OOBSACHAET HUKAKOH M3MEHYMBOCTU

4 R — 3maunr perpeccus // Xadp. 2018. URL: https://habr.com/ru/articles/350668/ (nata obparmenus: 10.04.2023).
¢ Koa(purment nerepmunarnun. // Buxunemus. 2022. URL: https://ru.wikipedia.org/wiki/Kosdpdumuent nerepmunanuy (1ata

obpamienus: 10.04.2023).
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HaOII01aeMBbIX TaHHBIX, a 3HaueHue | ykasbIBaeT
Ha UJIeaJIbHOE COOTBETCTBUE BHIOPAHHOM MOJEIH
1 HaOJIOIaeMbIX JaHHBIX.

CKOppeKTUpPOBaHHBIN R-KBajpaT, WU CKOp-
PEKTHPOBAHHBIA KOA(PPUIIMESHT JIETEPMHUHAIINH,
SIBJISIETCS CTATUCTHYECKOM MEpOii, KOTOpast yUUThI-
BAeT KOJIMYECTBO PErpeccopoB (HE3aBUCUMBIX Iie-
PEMEHHBIX) B MOJICNH, U TPEICTABISIET cO00M 13-
MEHEHHBIN K03((UIMEHT AeTepMHUHAIMK R-KBaj-
part, UCTIPaBJIEHHBIH C y4ETOM YMCiIa HE3aBUCUMBIX
MIEPEMEHHBIX B MOJIEIIH:

n-1

R? 1—(1—R2)n_—k_1,

cKopp =

(®)
riae R* — kodQpuLUeHT neTepMUHaLKH, I — KO-
JIUYEeCTBO HaOMIoAeHWH (TO ecTh pa3Mmep BHI-
OOpKH), kK — KOIMMYECTBO HE3aBUCHMBIX ITEPEMEH-
HBIX B MOJICITH.

C moMOIIBI0 CKOPPEKTUPOBAHHOTO R-KBaj-
paTa MOKHO OLICHHUTH, HACKOJIBKO XOPOIIO MOJIEINb
COOTBETCTBYET JaHHBIM, YUYUTHIBAas KOJIMYECTBO
perpeccopos. UeM Omike 3HaYEHHE CKOPPEKTHUPO-
BaHHOTO R-KBajpara K 1, TeM Jydile COOTBET-
CTBHE MOJEIH JAHHBIM.

P-3HaueHne — 3TO BEpOSTHOCTH IOIYYCHUS
pesynbrara, He MEHEe OSKCTPEMaJbHOTO, YeM
HaOMI0AaeMBbIid pe3yNbTart, MPH YCIOBUH, YTO HY-
JeBasi runioTe3a BepHa. Ecnu P-3HaueHue MeHbIIe
MPeABAPUTEIBHO OMPEACICHHOTO YPOBHS 3HAYH-
moctH (Menee 0,05), To HyseBasi THTIOTE3a OTBEP-
raeTcs, 4YTO O3HAYACT, YTO CYIIECTBYET CTAaTUCTH-
YECKH 3HAUYMMasl pa3HHIla MEXIy TpyMiaMu WiH
nepeMeHHbIMH. B mpotuBHOM cityyae (P Oonee
0,05) nHyneBas THUIOTE3a HE OTBEPraeTcs, 4TO
O3HAYaeT, YTO HEJJOCTATOYHO JaHHBIX, YTOOBI BbI-
HECTH OKOHYATEJIbHBIN BBIBO/I.

ITpoBepum 3HaYMMOCTb KO3((UIIMEHTOB pe-
rpeccun Pk. JliA 3TOro BBIBENEM THIIOTE3bI! s

B, s kz(ﬁ:

HO: B, =0 — xosddunuent HezHaumm;

HI: B, #0 — xooddurment 3Haunm;

a= 0,05,

P-3nauenne y koadpdunuenton Pr=(0,000;
0,000; 0,021; 0,003; 0,000; 0,005; 0,030; 0,000) <
<a=0,05, noaromy npuaumaeM runoresy H1 (ko-
s durueHT i 3HAYMM ¢ BEpOITHOCTBIO 95 % s
k=0,1,3,4,5,7,9, 10).

P-3nayenue y kodp¢unmentos Pr = (0,305;
0,758; 0,214; 0,401) > a = 0,05, mo3TOMYy TIPUHH-
maem runote3y HO (koaddunmenT Bx He3HAUUM ¢
BEpOSITHOCTHIO 95 % st k=2, 6, 8, 11).

3HaueHus MapaMeTpoB, MOTyYeHHbIE TSI BCer
MOJIETIH:

R-squared = 0,096; Adj. R-squared = 0,096;
Prob (F-statistic) = 0,253.

Bv1600: ypaBHEeHWE HE3HAYMMO IPH YpPOBHE
sHaaumoctu o = 0,05 (0,253 > 0,05), npu 3TOM
9,6 % (1 9,6 % 1O CKOPPEKTUPOBAaHHOMY R-KBajl-
pary) — BapHalus 1eJIeBOW epeMeHHOH y = price
00BsICHSICTCS BapHanuel (hakTopoB.

Ha cnenyromem srtame mocie MOCTPOCHHUS
TIEPBOM MOJIENIA W TIOJTYUYCHHsI pE3yJIbTaToOB IMapa-
METPOB HEOOXOIMMO C/ie1aTh 00pabOTKy TaHHbIX.
[Tpu mpoBepke NaHHBIX BO3MOXKHO CTOJIKHYTHCS
¢ BeIGpocamu® (puc. 2) — aHOMANBLHBIMU 3HAYE-
HUSIMH, KOTOpBIe HeoOxoaumo yoOpats. Ilocne
npenoOpaboTku NaHHBIX (pHC. 3) OyayT MOCTpO-
CHBI TUCTOTPAMMBI 0€3 aHOMAJIbHBIX 3HAYCHUH.

— e 04 40 * '

2 |lena 3 4
Price le9

Puc. 2. BbiGpoc B AaHHbIX C NapaMeTpoM — LgHa
M cTo4HMK: BbINONHEHO N.A. KoHsieBoit, O.A. CanTblkOBOR

Figure 2. Outlier in data with the price parameter
Source:compiled by P.A. Konyaeva, O.A. Saltykova

" Mup cratuctudeckux rumores // Xabp. 2021. URL: https://habr.com/ru/articles/558836/ (nara obpamterus: 11.04.2023).
8 Beiopockl B mannbix / Mammunoe obyuenme. 2023. URL: https://www.dmitrymakarov.ru/data-analysis/outliers-09/

(mata obparienus: 11.04.2023).
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Puc. 3. 'mcTtorpamma no ueHe nochne yaaneHns BbibpocoB
M cTo4YHMK: BbINOAHEHO MN.A. KoHaeBoii, O.A. CanTblkOBOI
Figure 3. Histogram by price after removal of outliers
Source:compiled by P.A. Konyaeva, O.A. Saltykova

Paboty ¢ BeIOpOCamMu HeoOXOAUMO MpOJE-
JlaTh CO BCEMHM TapameTpaMu M3 0a3bl JaHHBIX.
[Tocne 06pabGoOTKKM MOCTPOUM BTOPYIO MOJENb
MHK (puc. 4).

B pesynbrate mosydaeTcs clienyroliee ypas-
HECHUE PErpecCui:

y =—13143953.557547348 +
+1746037.573731812*Number rooms +
41982.3071491594*Square + 46420.9958310878*Floor sq. +
+79133.40581343621*Floors + 12236.46452122052*Year +
+(—153413.0293165489*Distance metro km) +
+(—57272.23972169444*Type transport to metro) +
+(~5411948.059501247*Sale type) +
+(—2621892.3884117184*Flat type) +
+(—60224.83508604619*Time to the center (from metro)) +
+(16731.62320475588*Time to metro in minutes).

(6)

AHAJIOTUYHO IPOBEPUM 3HAYUMOCTH K03 hu-
IIUEHTOB perpeccuu Bk. P-3HaueHne y KOAPPHUITH-
earoB Pk = (0,000; 0,000; 0,007; 0,000; 0,000;
0,000; 0,000; 0,014; 0,000; 0,000; 0,000; 0,005) <
<a=0,05, nosromy mnpuHumaem rumnorezy HI
(xoxdpdunment Pk 3HaYMM ¢ BEPOSTHOCTHIO 95 %
g k = 0;11).

3Ha4yeHHs apaMeTpoB, MOTyUYEHHbIC JIJIs1 BCeH
moxenu: R-squared = 0,864; Adj. R-squared =
0,857; Prob (F-statistic) = 0,000.

BeiBox: ypaBuenue 3naunmo npu o = 0,05.

OLS Regression Results

Dep. Variable: Price R-squared: 0.864
Model: OLS Adj. R-squared: 0.857
Method: Least Squares F-statistic: 5496.
Date: Sun, 30 Apr 2023 Prob (F-statistic): 0.000
Time: 13:16:04 Log-Likelihood: -4.9302e+05
No. Observations: 38568 AIC: 9.861e+05
Df Residuals: 38568 BIC: 9.862e+05
Df Model: 11

coef std err t P>t [0.025 0.975]
const -1.314e+07 1.58e+06 -8.321 0.000 -1.62e+07 -le+07
x1 1.746e+06 3.05e+04 57.188 0.000 1.69e+06 1.81e+06
X2 4.198e+04 1349.681 31.105 0.007 3.93e+04 4.46e+04
%3 4.642e+04 3190.887 14.548 0.000 4.02e+04 5.27e+04
x4 7.913e+04 2324.085 34.049 0.000 7.46e+04 8.37e+04
x5 1.224e+04 766.854 15.957 0.000 1.07e+04 1.37e+04
X6 -1.534e+05 6963.841 -22.030 0.000 -1.67e+05 -1.4e+05
x7 -5.727e+04 4.51e+04 -1.269 0.014 -1.46e+05 3.12e+04
x8 -5.412e+06 4.33e+04 -124.965 0.000 -5.5e+06 -5.33e+06
%9 -2.622e+06 2.97e+05 -8.840 0.000 -3.2e+06 -2.04e+06
x10 -6.022e+04 1289.406 -46.707 0.000 -6.28e+04 -5.77e+04
x11 1.673e+04 2779.242 6.020 0.005 1.13e+04 2.22e+04

Puc. 4. Mogens 2
McTo4uHwMK:BbINOAHEHO NM.A. KoHsieBoln, O.A. CanTblKOBOM
Figure 4. Model 2

Source:compiled by P.A. Konyaeva, O.A. Saltykova
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Bpems o meTpo B MuHyTax / Time to the metro in minutes \
Bpems fo ueHTpa (Ha meTpo) / Time to the center (from metro)
Tun kBapTupsl / Flat type
Tun npopaxv / Sale type
Bug tpaHcnopta go metpo / Type transport to metro
PaccrtosHure o metpo, km / Distance metro km

Fon/Year 1
Mnowaae / Floor

Mnowapak ataxa / Floor square 1

Mnowapb / Square 1

Homep komHaTtbl / Room number

Mpu3Hak / Sign

Bec npu3Haka / Sign weight 18
Puc. 5. Busyanmsaumsa 3Ha4MMOCTM NPU3HAKOB
M cTouHwMK:BeINONHEHO M.A. KoHsieroi, O.A. CanTbiKoBOM
Figure 5. Visualization of the significance of signs
Source:compiled by P.A. Konyaeva, O.A. Saltykova

IIpousBeneM BuU3yanW3alUIO TOTO, KaKoOi
BKJIaJ] BHOCHT KaXK[TbIi U3 K03 uIreHToB (puc. 5).
O4eBHIHO, YTO NPU3HAKK HMEIOT COBEPLICHHO
pa3Hoe BIUSHHE Ha UTOroBYH IeHy. [Ipu mpo-
cMoTpe 0a3bl ¢ mapaMeTpaMu, coaepKallei craTu-
CTUYCCKUEC JaHHBIC, y6eI[I/IMC$I, YTO 3HAYCHUA I1IO
Ka)XI0MY MTPU3HAKy UMEIOT pa3HbIil MacmTal pas-
Opoca 3HadeHmid. [[s1 pemeHust 3Toi TpoOIeMBbI
MOYKHO NPUMEHHUTH CTaHIAPTU3ALMUIO MPU3HAKOB
(3TO Mpo1EeCcC MpeoOpa3oBaHus 3HAYCHNUH PU3HA-

HEOOXOAMMO OT 3HAYCHUH KaXKIOro MpHU3HaKa
OTHATH CpeJHEE 3HAYCHUE 3TOTO MPU3HAKA, a 3aTeM
MOJIETTUThL Ha CpellHee KBaJIpaTHueCKoe OTKIIOHE-
HHE 3TOTO MPU3HAKA:

X=X

mean
caled '

()

X

[locme craHmapTM3amUy KaKOBIA NPU3HAK
nMeet cpennee 3HaueHue 0 U cpeqHee KBaJIpaTH-

geckoe oTkiIoHeHue 1. [TocTporM TpeThio MOJIEITh
Ha CTaHJapTU3UPOBAHHBIX TaHHBIX (pHC. 6).

KOB B HAa0OpBI C HYJIEBBIM CPEJIHUM M €IUHHY-
HBIM CTaHJApTHBIM OTKJIOHeHHEM) [21]. st aToro

OLS Regression Results

Dep. Variable: Price R-squared: 0.917
Model: OLS Adj. R-squared: 0.898
Method: Least Squares F-statistic: 5496.
Date: Mon, 01 May 2023 Prob (F-statistic): 0.000
Time: 13:03:04 Log-Likelihood: -4.9302e+05
No. Observations: 38568 AIC: 9.861e+05
Df Residuals: 38568 BIC: 9.862e+05
Df Model: 11

coef std err t P>t [0.025 0.975]
const 1.068e+07 1.39e+04 768.249 0.000 1.06e+07 1.07e+07
x1 1.277e+06 2.23e+04 57.188 0.000 1.23e+06 1.32e+06
X2 6.884e+05 2.21e+04 31.105 0.000 6.45e+05 7.32e+05
%3 2.622e+05 1.8e+04 14.548 0.000 2.27e+05 2.98e+05
x4 6.528e+05 1.92e+04 34.049 0.000 6.15e+05 6.9e+05
x5 2.642e+05 1.66e+04 15.957 0.000 2.32e+05 2.97e+05
X6 -4.928e+05 2.24e+04 -22.030 0.000 -5.37e+05 -4.49e+05
x7 -2.771le+04 2.18e+04 -1.269 0.005 -7.05e+04 1.51e+04
%8 -2.527e+06 2.02e+04 -124.965 0.000 -2.57e+06 -2.49e+06
%9 -1.235e+05 1.4e+04 -8.840 0.000 -1.51e+05 -9.61le+04
x10 -7.284e+05 1.56e+04 -46.707 0.000 -7.59e+05 -6.98e+05
x11 9.06e+04 1.5e+04 6.020 0.000 6.11e+04 1.2e+05

Puc. 6. Mogens 3
M cTo4HMK:BbINONHEHO M.A. KoHsieeoin, O.A. CanTbiKOBOM
Figure 6. Model 3
Source:compiled by P.A. Konyaeva, O.A. Saltykova
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B pesynbpraTe nosydaercs ciemyrouiee ypas-
HEHHE PErpecCcuu:

y=10675976.805853501 +
+1277111.325193666*Number rooms +
+688409.5206161594*Square +
262237.3861052125*Floor sq. +
+652771.7247589253*Floors + 264218.82554299495*Year +
(—492783.3576360492*Distance metro km) +
+(—27706.89877696723*Type transport to metro) +
+(—2526546.283715316*Sale type) +
+(—123500.06207640213*Flat type) +
+(—728416.9402160242*Time to the center (from metro)) +
+90596.00852600564*Time to metro in minutes

(8)

AHaJOTMYHO TMPOBEPUM 3HAUYUMOCTH KOA(-
¢bunuenTos perpeccuu Pk. P-3Hadenue y koadhu-
LUCHTOB

Bpems go metpo B MuHyTax / Time to the metro in minutes
Bpewms o ueHTpa (Ha meTpo) / Time to the center (from metro)
Tun ksaptupsl / Flat type

Tun npogaxu / Sale type

Bua tpaHcnopTa o metpo / Type transport to metro
PaccrosHue o meTpo, km / Distance metro km

Fop / Year

Mnowaas / Floor

Mnowwaak ataxa / Floor sq

Mnowaab / Square

Homep komHaTbl / Room number

MpusHak / Sign

Bx = (0,000; 0,000; 0,000; 0,000; 0,000; 0,000;
0,000; 0,005; 0,000; 0,000; 0,000; 0,000) < o =
0,05.

Tax ke Kak U B IpeAbIAyIIed MOJENN, IPUHH-
MmaeM runote3y H1 (koaddunment Bk 3HauuM ¢ Be-
posTHOCTBIO 95 % ms k = 0; 11).

3HaueHUs MapaMeTPOB YIYUIIHIUCH:

R-squared = 0,917; Adj. R-squared = 0,898;
Prob (F-statistic) = 0,000.

Bv1600: ypaBHEeHHE 3HAUMMO TIPH YPOBHE 3Ha-
yumoctu o = 0,05 (0,000 < 0,05).

Jannast Mojienp yJIydimiack u OyJet mnpea-
JlarateCs Ul MCIIOJIB30BAHUS IMPEACKA3aHUs 1IEH
Ha HEJIBUKUMOCTB, ITOCTaBJIAA HEOOXOAUMbIE Ma-
pameTpsl.

Jimss HOBO#Ml OKOHYATEIIFHON MOACIH TaKKe
MPOU3BEIEM BU3YaIU3ALMI0 3HAYMMOCTH IIPU3HA-
KoB (puc. 7).

T

-15 00
Bec npusHaka / Sign weight

-25 =20 -1.0 -05 05

Puc. 7. Busyanmsaumns 3Ha4MMOCTM NPU3HaKOB 4J19 HOBOWM Moaenn
M cTo4HMK:BbINOAHEHO .A. KoHsieBoit, O.A. CanTbiKOBOM
Figure 7. Visualization of the significance of signs for the new model
Source:compiled by P.A. Konyaeva, O.A. Saltykova

ITocne cranmapTH3alMM JaHHBIX Beca IpHU-
3HAaKOB UMEIOT COBEPIIEHHO UHbIE 3HAYEHUS OTHO-
CHUTEJIBHO APYT Apyra. BaxkHO OTMETUTB, UTO CTaH-
JapTU3alys BaXKHA HE TOJIBKO U1 0TOOpa Mpu3Ha-
KOB, HO TaK)Ke SIBJIIETCS BaXKHBIM 3TaIloM IIpeno0-
pabOTKM NaHHBIX, 0€3 KOTOPOro MHOTHE alro-
pHUTMBI OyIyT paboTaTh HEKOPPEKTHO.

B pesynbrare mocne ynaneHus BbIOPOCOB U
CTaHAapTU3allMU JaHHBIX IMOJYYCHA YJIYy4dlICHHAas
IPeNKTUBHAs MOJIENb. TakxkKe MOIyueHO ypaBHe-
HUE perpeccuu, NpeIHa3Hau4eHHOEe Ul IPOTHO3H-

158

POBaHUs [IEH HEIABMKUMOCTH C yKa3aHHEM KOH-
KPETHBIX IMapaMeTPOB, HA OCHOBE C(HOPMHPOBAH-
HOI1 0a3bl JaHHBIX.

3aknoueHue

B paborte npeacTaBieHO NOCTPOCHUE MTPETUK-
THUBHOM MOJEJIU C IOMOILBIO METO1a HAMMEHBIIINX
KBaJIpaTOB Ha OCHOBE C(HOPMHUPOBAHHOW Oa3bl
naHHbIX. [l ynydmieHuss monenu Oblia ocy-
HIecTBIIEHa MpeaoOpaboTKa W CTaHIApTU3ALUs
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MPU3HAKOB, IOCJE YEro MOCTPOEHO YpaBHEHHUE
perpeccuu Juisi BO3MOKHOCTH TMPOTHO3UPOBAHUS
Y aHaJu3a pa3BUTHS LIEH Ha PbIHKE U OLICHKU He-
JBHKUMOCTH ITPH BHECEHUU HEOOXOIUMBIX Mapa-
METPOB.

Cobpannas B naHHoi pabote uH(popManus
MOXET TMOMOYb OTCJIEIUTh W CPAaBHUTH IIEHBI Ha
KBapTUPBI, JaTh OOLIYI0 KapTHHY PBhIHKA HEIBH-
JKUMOCTH 3a OIIpEeNICHHbIN Mepuoja U ompese-
JUThH HAWTYYIIIMA BapUaHT KWIIbsI JIJIS1 TIPEIOCTaB-
JIEHUS KIIMEHTY. VIcnomnp3ys Moiy4YeHHBIN pe3yib-
TaT B BUJAE MOCTPOECHHsI MOJEIH, BO3MOXKHO pac-
CUYHMTATh COCTOSIHHE PHIHKA HEJABMKUMOCTH U TIO-
CTPOMUTb IPOTHO3bI O €r0 JalIbHEHIIEM Pa3BUTHH,
YTO, B CBOIO OuY€pelb, MPEIAOCTABIIAET BO3MOXK-
HOCTb JIJTsl Han0oJIee BBITOTHBIX HHBECTUIIMOHHBIX
BIIOKeHUI. BMecTe ¢ Tem monmydennast nadopma-
s OyeT MoJie3Ha JIJIsl areHTCTB HEeJBM)KUMOCTH,
YTO MPUHECET JIOTIOTHUTEIBHYIO TPUOBLITH.
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3asBjieHHe 0 KOHGUINKTe HHTEPECOB

ABTOpHI 3asBISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bkaan aBTopos

Hepa3aenI>Hoe COaBTOPCTBO.

AnHotanus. OOmMpHEI 0030p COBPEMEHHOU JUTEPATYPHI TTO3BOIIHI
cenaTh BaKHbIE BBIBOJIBL, TIOAYEPKHYB BaXXHOCTh CBEPTOYHBIX HEHPOH-
HeIx cereit (CHC) ans ananusa pe3yapTaToB UIPhI B KPUKET M HAMETHUB
HOBBIE HaIIpaBJIEeHUA U1 OyAyInux uccienoBanuil. HecmoTps Ha Takne
TPYAHOCTH, KaK OIpaHMYEeHHAas JOCTYNHOCTb JaHHBIX, TPYAHOCTHU
¢ 00paboTKOI U MHTEPIIPETUPYEMOCThIO, BKItoueHne CHC B craTHCTUKY
[0 KPUKETY, — 3TO NMOTEHIHAIbHAsI BO3MO)KHOCTb, MOSIBUBIIAsCS Oia-
Toapst TOCTIDKEHUSIM B 00JIACTH MAIlTMHHOTO 00YYEHHS H METOIOB TITy-
O0okoro oOy4eHus. MHCTPYKTOPBI, UTPOKH M AHAJUTHKU ITaHHBIX
MoryT ucnonb3oBaTh CHC aiist sTyumiero moHUMaHus UTPbI, H3BICUCHUS
3HAYMMOI MH(OpPMALMKM W3 BUICOIAAHHBIX W YIYUIICHHS IPOIECCOB
npuHATHS pemieHuil. OCHOBHBIE pe3yibTaThl Mokas3biBatoT, uto CHC
SABISIFOTCS. 3(P(PEKTHBHBIMU MHCTPYMEHTAMH JUISl PEIHICHHUS Pa3UIHBIX
3aj7ia4 aHalM3a KPUKETa, CBS3aHHBIX C OTOMBaHMEM, OOYJIMHIOM, (HII-
JIUHTOM M OTclexuBanueM urpokos. Ilpumenenne CHC npeacrasnser
co00if mporpecc B aHaln3e KpPHUKeTa, 0OCIIAIONINi OTKPHITh HOBbIC
ACTIEKTHI MPOM3BOJAUTEIBHOCTH M O3HAMEHOBATH 3Py COBEPIICHHOTO
KpUKeTa, OCHOBAHHOTO Ha JaHHBIX. PaclupeHue NaHHBIX, UCIIOJIB30-
BaHUE pacrapaieIMBaHus, TOAA0IINICS 00BICHEHUIO NCKYCCTBEH-
HBIH WHTEIUIEKT W CIEJOBAHWE ATHYECKUM MNPHHIUIAM IIPEIOCTaB-
JISIOT BO3MOXKHOCTH PEIIEHHs CYIIECTBYIOIIMX IMPOOJIEM M Ompejie-
AT OyAymue ycrnexu B obmacTu crmopTuBHoro anammza ¢ CHC.
BHenpeHne TeXHOIOTHUECKUX JOCTIDKEHUH U OTIPE/IETICHNE HallpaBJie-
HUH NEPCHEKTUBHBIX MCCIIEIOBAHHUN SBISIOTCS BaKHBIMHU IIaraMi Ha
IyTH K peanu3alyy TOro peBOJIONOHHOI0 NOTEHIHAIA.

KioueBble ciioBa: HCKYCCTBEHHbBIE HEHPOHHBIE CETH, KPUKET, MAIIUH-
HOe 00ydeHue, Tiry0okoe 00ydeHne, CIOPTHBHAS aHAJINTHKA

JJist uMTHpOBaHMA

Ranasinghe N.K., Kruglova L.V. The role of convolutional neural networks in cricket performance analysis // Bectauk

Poccuiickoro yHuBepcurera apyx0sl HaponoB. Cepus: UmxeHepusie uccnenoBanms. 2024. T. 25. Ne 2. C. 162-172.
http://doi.org/10.22363/2312-8143-2024-25-2-162-172

Introduction

In the dynamic world of modern sports, data
analytics integration has become increasingly
important, revolutionizing how athletes, coaches,
and analysts perceive and improve performance.
Cricket, a sophisticated and nuanced sport, is not

immune to this revolutionary wave. Cricket per-
formance analysis has always depended on
manual observation, subjective assessments, and
basic statistical metrics. However, the introduction
of advanced technology, particularly machine
learning and deep learning techniques such as
Convolutional Neural Networks (CNNs), has
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created new opportunities for profound insights
and predictive capacities in cricket performance
monitoring.

This literature review seeks to investigate
the critical significance of CNNs in cricket
performance analysis, offering light on their
evolution, uses, advancements, problems, and
future directions. The review is motivated by an
awareness of the critical need to use cutting-edge
approaches to extract relevant insights from the
massive and complex datasets produced by
current cricket matches [1; 2] By evaluating the
existing research, this review aims to provide a
complete picture of how CNNs are changing the
landscape of cricket analytics.

The literature is obtained from multiple
databases by employing a range of keywords,
such as “Convolutional Neural Networks in sports

Google
Scholar

7

analytics,” ‘“data science in sports,” ‘“cricket
performance analysis,” and “deep learning in
cricket performance analysis.” Figure 1 shows the
procedure of literature selection for a review,
commencing with preliminary searches carried
out using Google Scholar, Semantic Scholar, and
Scopus. An initial selection of 21 articles is made
based on these sources. Subsequently, the
snowballing technique is utilized, wherein the
references of the first chosen papers are studied to
discover supplementary literature that is relevant.
This process results in the inclusion of an extra 24
articles in the selection. Afterward, a total of 13
articles are rejected for reasons such as lack of
relevance, poor quality, or duplication. The final
literature selection is obtained by merging the
initial and subsequent selections and subsequently
excluding the rejected articles, yielding a total of
32 articles.

Rejected
m=13

First selection of
literature
n, =21

Semantic
Scholar

7

2"d selection of
literature using

Final selection of

literature n = 32
n=ml+n2)—m

snowballing
n2 =24

Scopus

Figure 1. Selection process of literature review
Source:made by N.K. Ranasinghe

The evolution of sports analytics provides
context for understanding the advent of CNNs in
cricket. From basic statistical studies to advanced
machine learning algorithms, the trip demonstrates
a gradual change towards data-driven decision
making and performance optimization [2]. Within
this environment, CNNs have emerged as a power-
ful tool, making use of their ability to learn hierar-
chical representations from raw data, particularly
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in image and video processing. Recent research
has emphasized the potential of CNNs in image
and video processing, particularly its ability to
learn hierarchical representations from unpro-
cessed data [3]. These representations are created
from grid data, such as photos and videos, and can
be applied to a variety of applications other than
typical image and video processing, such as
optimal control, flow cytometry, and molecular
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simulations [4]. Furthermore, Convolutional Neural
Network (CNN) feature maps can be used with
different models of machine learning, such as
Random Forests and Support Vector Machines,
to improve classification performance [5].

Cricket, with its diverse nature that includes
batting, bowling, fielding, and strategic intricacies,
provides a unique and fruitful environment for the
use of CNNs. Traditional techniques of per-
formance analysis frequently fail to capture the
nuances of cricketing moves and strategy, resulting
in restricted insights. CNNs, on the other hand,
present a viable answer because they allow for
automatic, data-driven examination of numerous
elements of cricket play [6]. CNNs have shown
exceptional efficacy in deriving meaningful
information from cricket data, ranging from
assessing hitting approaches and bowler actions to
recognizing fielding patterns and tracking player
mobility [2].

As CNN-based cricket analytics evolves, it
faces new hurdles. Data scarcity, computational
complexity, and interpretability are key challenges
that necessitate novel solutions. Furthermore,
ethical concerns about player privacy and data
fairness need cautious navigation in the quest of
advanced analytics. Despite these problems, CNNs
have enormous potential for cricket performance
analysis. Future research directions show
potential for future innovation, such as real-time
analysis via wearable technologies, multimodal
data integration, and the discovery of novel
learning paradigms [1; 7].

This literature study aims to investigate the
transformative effects of CNNs on cricket
performance analysis. By synthesizing existing
findings and recommending future research
objectives, it hopes to contribute to a better
understanding of how CNNs are changing the way
we perceive and analyze cricket excellence.

1. Convolutional Neural Networks:
Foundations and Basics

Convolutional Neural Networks (CNNs) have
emerged as a key tool in deep learning, parti-
cularly for computer vision, speech recognition,

and time series analysis [8]. These networks are
artificial neural networks that excel at pattern
recognition and inference [9]. They have been
effectively used for a variety of applications,
including natural language processing (NLP) [8].
CNNs have also been used to high-dimensional
irregular domains like social networks and brain
connectomes, using spectral graph theory [10].
This modification enables the effective develop-
ment of localized convolutional filters that operate
on graphs while maintaining the compu-
tational as well as learning complexity of classic
CNNs [10].

Two innovative Convolutional Neural Network
(CNN) structures are presented in distinct articles,
both representing notable advancements in the
field. The study [11], introduces a CNN structure
that takes inspiration from quasi-linear hyperbolic
systems, which are a type of partial differential
equations (PDEs). This novel design enables
weight adjustment by means of a continuous
symmetry group, which deviates from the fixed
structures and weights commonly observed in
traditional models. Although this architecture takes
an alternative approach, it obtains performance
that is comparable to typical models on image
classification tasks. This highlights the importance
of internal symmetry in neural networks.

On the other hand, the following research [12],
presents the Inception architecture, which sets a new
benchmark in classification and detection for
the ImageNet Large-Scale Visual Recognition
Challenge 2014 (ILSVRC14). Inception effectively
utilizes computer resources in the network by
simultaneously expanding the depth and width,
all while keeping the computational budget
constant. The Inception framework, specifically
the GoogLeNet form with 22 layers, showcases
remarkable efficacy in classification and detection
tasks.

According to [13], there has been a growing
trend toward utilizing deeper neural networks
to enhance accuracy. On the other hand, a new and
broader design for Convolutional Neural Networks
(CNN ) is suggested, taking inspiration from multi-
column deep neural networks and Network in
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Network (NIN). The goal is to achieve more accu-
racy without altering the input data. The proposed
architecture, referred to as “CNN in Convolution”
(CNNIC), applies convolution to a small CNN
instead of using the original generalized linear
model (GLM)-based filters. This little CNN serves
as a kernel for the original picture and a feature
extraction layer. A global average pooling layer
and a softmax layer perform further categorization.
They have utilized dropout and orthonormal
initialization to mitigate training challenges such
as slow convergence and overfitting.

The article by [14], introduces two archi-
tectures, namely the selection graph neural
network (GNN) and the aggregation GNN, which
are designed to extend the capabilities of Convo-
lutional Neural Networks (CNNs) for analyzing
signals on graphs. The GNN selection replaces
linear time-invariant filters with linear shift-
invariant graph filters and redefines pooling as
a nonlinear subsampling stage, while preserving
the positions of sampled nodes for computations
in deeper layers. The aggregation Graph Neural
Network (GNN) propagates signals across the
graph, capturing diffused components that are
detected by specific nodes. This enables the
utilization of Convolutional Neural Network (CNN)
convolution and pooling stages. An aggregate
Graph Neural Network (GNN) variant is pre-
sented, specifically designed for handling large-
scale networks with multiple nodes. Both designs
can be simplified to typical convolutional neural
networks (CNNs) when applied to temporal
signals on circulant graphs.

Convolution

Pooling
Input Image

AT

In image processing, Convolutional Neural
Networks (CNNs) have shown to be incredibly
successful, especially for tasks like feature learning
and picture classification [15; 16]. The practical
applications of CNNs in image processing are
highlighted in both [3] and [17]. Hidalgo [17]
concentrates on style transfer, denoising, and
deep dreaming, while Sharma and team [3]
present an improved CNN model that uses state-
of-the-art preprocessing and augmentation tech-
niques to improve image readability and simplify
the learning process. All these experiments
demonstrate how flexible and effective CNNs are
for a range of image processing applications.

Image classification is one of the most crucial
and fundamental fields for computer vision
applications [18]. The CNN architecture used for
classification of images is displayed in Figure 2.
Fully connected layers, pooling layers, and
convolutional layers make up CNN. It convolves
the entire image and creates intermediate feature
maps using different kernels in the convolutional
layers to produce different feature maps.

The purpose of the pooling layers is to
minimize the size of feature maps and the
parameters of the network. It functions as a CNN
classifier and is often found at the final stage of
each CNN architecture for the entirely connected
layers. The result, as illustrated in Figure 2, can be
utilized for image classification after all layers
have been connected or as illustrated in Figure 3,
can transmit the output to the derived Deep Neural
Networks (DNN).

Fully
Connected
utput
'; Flower
Stone
._
Tree
@

Figure 2. A basic CNN Architecture for Image Classification
Source:made by N.K. Ranasinghe
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Image Classification

Basic
Models

v v

Object Detection Visual Tracking

Derived
Models
YOLO, SSD, RetinaNet, R-CNN

ADNet, GFS-DCF, D3C

AlexNet, VGGNet, GoogleNet&inception, ResNet, DenseNet,
MobileNets, EfficientNet, RegNet, etc.

v v

Semantic Segmentation Image Restoration

DecoupledNet, SharpMask,
Deeplabv3+, RoiAlign, Canet

N2V, EventSR, CycleSP,
SRResNet

Figure 3. CNN basic models and derived models
Source:made by N.K. Ranasinghe

Historically, sports analysis was based mainly
on subjective observations, rudimentary statistics,
and unreliable evidence [1]. However, the en-
vironment began to change with the introduction
of increasingly sophisticated data collection and
analysis techniques.

2. Evolution of Sports Analytics

The development of machine learning and deep
learning techniques in recent decades has catapulted
sports analytics into a new age. Machine learning
algorithms, which can extract patterns and insights
from large datasets, have transformed the way
teams and players approach training, strategy,
and performance evaluation [6]. Deep learning,
a subset of machine learning distinguished by neural
networks with numerous layers, has broadened
the possibilities by allowing the extraction of
complex characteristics and representations from
raw data.

One of the most notable advancements in this
progression has been the incorporation of Convo-
lutional Neural Networks (CNNs) into sports
analytics. CNNs, which were originally created for
image identification tasks, have been shown to be
extremely versatile and effective across a wide

range of sports. By learning hierarchical repre-
sentations from raw data, CNNs can analyze visual
data with unparalleled precision and efficiency [19].

The possibility of using pre-trained CNNs
and hybrid optimization algorithms to enhance the
precision and efficacy of sports video catego-
rization and player performance analysis is empha-
sized by both [20] and [21]. By integrating CNNs
for classification of sports in serial frames, [22]
improves this even further and achieves a high
classification accuracy. K. Dixit, A. Balakrishnan
[23] uses CNNs to classify cricket ball-by-ball
outcomes, and he achieves an astounding 80%
accuracy rate. All of this research highlights how
important CNN’s are to improving sports analytics.

CNNs have been used in sports like soccer,
basketball, and tennis to follow player move-
ments, analyze game tactics, and forecast outcomes
with amazing accuracy. CNNs have enabled
coaches, analysts, and athletes to make better
judgments and optimize performance plans by
automating labor-intensive processes and revealing
hidden patterns in data.

As technology advances and datasets become
more complex, the role of CNNs in sports analytics
is anticipated to grow, revealing new insights and
opportunities for the success of the game and the

players [1].
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3. CNN Applications in Cricket
Performance Analysis

Cricket, a sport renowned for its complexity
and delicacy, has witnessed an increase in the use
of advanced technologies such as CNNs to
improve performance analysis. CNNs, which were
originally created for image recognition tasks,
have proven to be extremely effective at extracting
useful insights from the huge and diverse datasets
generated by cricket matches. This section looks
into the various applications of CNNs in cricket
performance analysis.

3. 1. Batting Performance Analysis:

CNNs have been used to analyze batting
approaches and performance in cricket. CNNs can
discover significant features of batsmen’s perfor-
mances by analyzing video footage [22]. These
insights enable coaches and analysts to provide
batsmen with specific feedback, allowing them to
improve their methods and performance at the
crease.

3.2. Bowling Action Assessment

Assessing bowling movements is critical for
detecting biomechanical problems and improving
performance. Using a VGG16 model that had
already been trained, [24] cut out the last layer, and
then built three extra dense layers and an output
layer for their classification. They kept the weights
of'the first 14 layers unchanged, using their dataset
to train the subsequent layers. CNNs may analyze
video footage of bowlers to discover minute
differences in their movements, such as arm angle,
release point, and follow-through [25]. CNNs help
bowlers improve their performance on the pitch by
identifying areas for improvement.

3.3. Fielding Pattern Recoghnition

Fielding is an important component of cricket,
and CNNs can help analyze fielding trends and
methods. CNNs can detect trends and patterns in
field placements, outfield coverage, and throwing
accuracy by analyzing video footage of fielding
positions and motions [22; 26]. This information
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enables teams to optimize their fielding strategies
and respond dynamically to match situations.

3.4. Player Tracking and Motion Analysis

Tracking player motions and analyzing motion
patterns is critical for understanding game dyna-
mics and performance. CNNs can interpret video
footage from cricket matches to correctly track
player motions and analyze their motion patterns
over time [25; 26]. This data allows coaches and
analysts to evaluate player fitness, workload, and
positional techniques, resulting in more informed
decisions about team selection and game tactics.

CNNs have emerged as useful tools for cricket
performance monitoring, with applications spanning
batting, bowling, fielding, and player tracking.
Teams and sportsmen can gain a competitive
advantage and improve their performance on the
pitch by exploiting CNNs ability to analyze video
data and extract relevant insights. As technology
advances, the importance of CNNs in cricket
analytics is projected to grow further, opening new
avenues for wunderstanding and improving
performance in the sport.

4. Challenges and Potential Solutions

Cricket performance analysis, powered by
Convolutional Neural Networks (CNNs) and other
modern technologies, faces various hurdles that
must be overcome in order to reach its full
potential [29]. Furthermore, identifying future
directions and developing trends is critical for
advancing the discipline and meeting changing
demands. This section looks at the obstacles,
potential solutions, and future directions for CNN-
based cricket performance analysis.

4.1. Challenges
4.1.1. Data Scarcity

Despite the quantity of cricket matches,
gathering high-quality, labeled data for training
CNNs remains difficult. Limited availability of
annotated datasets impedes the development and
validation of robust models.
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Summary of few papers which used CNN in cricket analytics

Paper Main findings Year Methodology

Deep neural networks have yet to be explored in . . .
(19 | anabaing sports data.Theproposec model “Shot-Net” | .| 106 1°0TI%S etueed sue smployee 1 e

demonstrated great accuracy while maintaining a low Known as “Shot-Net.”

cross-entropy rate.

A comparison of three alternative convolutional neural

network designs for predicting ball-by-ball cutcomes in

cricket videos. Reporting on the performance of each Three distinct convolutional neural network
[23] . ; . - . 2016 )

architecture and investigating their benefits and architectures were used.

drawbacks for this area. The best model achieved an

accuracy of about 80% on the validation set.

The concept of a method for recognizing bowlers from The study’s specific algorithm is the pre-trained

bowling action photographs, the potential benefit to VGG16 model, which has been altered by
[24] broadcasters, scorers, and team managers, and the 2019 dropping its final layer and integrating three more

model's outstanding performance with a test set dense layers as well as a classification output

accuracy of 93.3% and an F1 score of 93.2%. layer.

The study used neunsl networks to. precict
(271 utility of neural networks in providing valuable decision 2009 cricketer performance and recommend players

. for the World Cup.

support throughout the team selection process.

The proposed approaches for predicting cricket match

outcomes based on team performance, which used

player-category  correlations  and a  shallow The study’s specific techniques include the
[28] Convolutional Neural Network (CNN) architecture, 2019 feature-encoding-based approach and the

outperformed baseline approaches significantly. The shallow Convolutional Neural Network (CNN)

shallow CNN architecture outperformed the proposed architecture.

feature encoding-based technique. — The outcome of a

match can be predicted with greater than 70% accuracy.

S ource: compiled by N.K. Ranasinghe

4.1.2. Computational Complexity

Training and deploying CNN models can be
computationally intensive, particularly when
working with large-scale video collections [30]. This
complexity poses issues in terms of infrastructure,
time, and resource management.

4.1.3. Interpretability Issues

CNNs are sometimes regarded as “black box”
models, making it difficult to understand the
reasoning behind their predictions [30]. Coaches,
players, and stakeholders may be hesitant to trust
and implement a system that is difficult to interpret.

4.2. Potential Solutions

4.2.1. Data Augmentation

By creating more training examples, tech-
niques like data synthesis and augmentation can
help alleviate data scarcity difficulties [31].

This method improves model generalization
and robustness without the use of large, annotated
datasets.

4.2.2. Parallelization and Optimization

Using parallel computing architectures and
optimizing CNN algorithms can reduce compu-
tational complexity and speed up training and
inference operations. Model pruning, quantization,
and distributed training are all important tech-
niques for improving efficiency.

4.2.3. Explainable Al (XAl)

Combining explainable Al techniques with
CNNs can improve interpretability by providing
information about model predictions [32]. Attention
mechanisms, saliency maps, and feature visuali-
zation are all useful tools for understanding how
CNNs make decisions.
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5. Future directions
5. 1. Integration with Wearable Technology

Combining CNN-based analytics with wear-
able sensors provides real-time information about
player performance indicators such as heart rate,
movement patterns, and fatigue levels. This real-
time analysis allows coaches to make data-driven
judgments throughout games and training sessions.

5.2. Incorporation of Multimodal Data Sources

By combining video analysis with other data
modalities such as sensor data (e.g., GPS, accel-
erometers) and physiological measurements,
the analysis is enhanced and provides a more
complete picture of player performance [6].
Integrating multiple data sources improves the
granularity and accuracy of performance assess-
ments.

5.3. Exploration of Transfer Learning
and Domain Adaptation

Transfer learning approaches allow know-
ledge to be transferred from pre-trained CNN
models to cricket-specific tasks, minimizing the
requirement for large amounts of labeled data.
Domain adaptation approaches help models adjust
to different cricketing circumstances and playing
styles, improving model robustness and
generalization.

5.4. Ethical Considerations

As CNN-based analytics become more pre-
valent in cricket, ethical concerns about player
privacy, data security, and fairness become critical.
Establishing norms and regulations for data
gathering, utilization, and distribution ensures
ethical practices while also protecting player rights
and welfare.

Conclusion

In conclusion, this literature study has shed
light on the significance of CNNs in developing
cricket performance analysis. Several major dis-
coveries have emerged from a review of the
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literature, emphasizing the importance of CNNs
and recommending future research avenues in this
field.

CNNs have developed as strong tools for
cricket performance analysis, with applications
spanning batting, bowling, fielding, and player
tracking. The evolution of sports analytics, together
with advances in machine learning and deep
learning techniques, has cleared the road for the
incorporation of CNNs into cricket statistics. Data
scarcity, processing complexity, and interpretability
concerns all pose challenges to the mainstream use
of CNN-based cricket performance analysis.

However, future solutions like data augmen-
tation, parallelization, explainable Al, and ethical
considerations provide opportunities to overcome
these issues and advance the area.

The value of CNNs in improving cricket
performance analysis cannot be emphasized.
Coaches, players, and sports analysts can obtain a
better understanding of the game by harnessing
CNNs ability to analyze video footage, extract
actionable insights, and improve decision-making
processes. CNNs enable stakeholders to unlock
new dimensions of cricket performance excellence
by refining batting skills and evaluating bowling
actions, as well as optimizing fielding strategies
and tracking player movements.

The application of CNNs to cricket per-
formance analysis marks a paradigm shift in how
the sport is understood, analyzed, and optimized.
By embracing technology developments, tackling
difficulties, and setting future research routes, the
field is on track to usher in a new era of data-driven
cricket brilliance.
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Abstract. The age of artificial intelligence emphasises the possibility of
justification and the dialectical aspects of legal reasoning. The need for validity
in legal reasoning mainly stems from the existence of exceptions to rules and
conflicts between rules. Formal logic may well account for exceptions to rules
and thus characterise cancellable reasoning. The presented article focuses
on legal issues related to Artificial Intelligence (Al) that are being discussed
in the scientific community because of their importance for understanding the
mechanisms of law realisation. Some of the most pressing issues in the application
of artificial intelligence include: transparency of algorithms, cybersecurity
vulnerabilities, unfairness, bias and discrimination, lack of adversariality, legal
personality issues, intellectual property issues, adverse effects on employees,
privacy and data protection issues, liability for damages and lack of liability.
Recognising the importance of artificial intelligence in the field of law, and
acknowledging that the field requires constant reassessment and flexibility, this
article develops a discussion that is important given the seriousness of the impact
of artificial intelligence technologies on legal actors.
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Hcropus cratbu AHHOTanMs. J10Xa MCKyCCTBEHHOTO MHTEJUICKTA MOAYEPKUBAET BO3-
Iocrynuia B pexakumio: 11 siuBaps 2024 1. MOXKHOCTB 000CHOBaHMS M IUANCKTUYECKUE ACTEKTHl IOPUIANIECKUX
JopaGotana: 2 anpens 2024 r. paccyxaennii. Heo6xomumocTs 000CHOBaHHOCTH IPaBOBOM apryMeH-
HpI/IHHTaK Hy6J'II/IKaI_[I/II/IZ 12 anpes 2024 r. TallU IJIABHBIM 06p3.30M TIIPOUCTCKAECT U3 CYILICCTBOBAHUS MCKIIIOYC-

HUI M3 TIPaBJI U KOH(PIIMKTOB MeX 1y npaBuiamMu. GopmaiibHas JIOTHKa
BIIOJIHE MOXKET YUYHUTbIBATb UCKIIIOUCHHA U3 IMIPpaBUJI U, TAKUM o6pa30M,
XapaKTCpU30BaTb OTMCHACMBIC PACCYKIACHUA. B MMpeaACTaBICHHOM
ABTODbI 3a5BJISIOT 00 OTCYTCTBUU MCCIIeJOBAaHUH OCHOBHOE BHUMAaHHE YAEJSIETCS IOPHIMYECKUM BOIIPO-
KOH(QJIMKTA HHTEPECOB. caM, CBSI3aHHBIM C MCKycCcTBeHHbIM uHTesuiekrom (UU), xoTtopsie
00CyXIaroTcsl B HAyYHOM COOOIIECTBE, O MPUYNHE MX BaKHOCTH JJIS
NOHMMAaHHs MEXaHH3MOB peanu3aluu npasa. K Hambonee HacyIIHBIM
npobieMaM TNPUMEHEHHS HCKYCCTBEHHOTO WHTEIJIEKTAa OTHOCSATCS
NPO3PavyHOCTh AITOPUTMOB, YSI3BUIMOCTH KHOepOe30ImacHOCTH, Hecpa-
BEIUTMBOCTB, INPEAB3ATOCTh M JUCKPHMHHALMS, OTCYTCTBHE COCTsI3a-
TENBHOCTH, TIPOOJIEMBI MPABOCYOBEKTHOCTH, MPOOIEMBI HHTEIIICKTY-
aNbHON COOCTBEHHOCTH, HEONATrONPUSATHBIC TIOCIIEACTBHS /ISl PAOOTHH-
KOB, BOIIPOCHI KOHd)I/I)IeHLH/IaJ'IBHOCTI/I " 3alIUThl JaHHBIX, OTBCTCTBCH-
HOCTb 32 yiep0 1 OTCYTCTBHE OTBETCTBEHHOCTH. [Ipr3HaBasi BAXHOCTb
MCKYCCTBEHHOTO MHTEIJIEKTA B O0JACTH IpaBa M OTMEYasi, YTO JaHHas
00macTh TpeOyeT MOCTOSHHOM MEPEOICHKH U THOKOTO MOIX0Ma, Mpe/-
CTaBJICHHOE HCCIIE0BAHNE Pa3BUBACT UCKYCCHIO, KOTOpast BaXKHA, Y4H-
TBIBAsI CEPHE3HOCTH BO3JEHCTBHS TEXHOJIOTHUH UCKYCCTBEHHOTO MHTEI-
JIeKTa Ha CyOBEKTOB MpaBa.

3asiBjieHHe 0 KOHGIUKTe HHTEPECOB

Bkaan aBTopoB

Hepa3aeanoe COaBTOPCTBO.

KaroueBble ciioBa: NMPUMCHUMOCTb HCKYCCTBCHHOTO HWHTCJIJICKTA B
mpaBe, CXEMbI apryMEHTAlU FOPUANICCKUX paccymneﬁnﬁ
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Introduction of Some Speculations about Artificial Intelligence
and Legal Reasoning” on Stanford Law Review [1],

The application of artificial intelligence tech-  attempts to apply computer technology in legal
nology in the legal field is not a new issue.  reasoning. From its inception, legal artificial
As early as 1970, Bruce G. Buchanan and Thomas  intelligence has been burdened with a common
E. Headrick published the article “An Examination  expectation, that is, to improve the quantity, quality
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and availability of judicial services through tech-
nology.

Rules are general, so exceptions often need to
be created in specific cases. Taking the punish-
ment of murderers as an example, there are many
exceptions to this rule, such as justifiable defense
and emergency measures. Only if these exceptions
do not apply can the conclusion of the general
rule be tentatively deduced. If an exception is
applicable, the previous preliminary conclusion
should not be deduced. This phenomenon can
be described as defeasibility of legal reasoning.
Defeasibility means that if additional information
is taken into account, the original conclusion
may change. Based on the added facts, rules and
other information, a justified conclusion may
become an unjustified conclusion, a preliminary
conclusion is thus defeated by this additional
information [2]. In this situation, as a monotonous
and monological reasoning, traditional deductive
logic can only provide an inclusive way to classify
the facts of the case under legal rules and infer the
judgment conclusion. It cannot explain the
defeasible nature of legal reasoning. Defeasibility
basically arises for two reasons: exceptions
to rules and conflicting rules. Exceptions to rules
appear in many forms. A norm itself may contain
exceptions, exceptions may also be located
in different norms of the same statutory law,
exceptions may also be located in different
statutory laws, etc. The conflicts of rules mainly
come from conflicts within the legal system,
such as conflicts between special laws and general
laws, etc.

Since the mid-to-late 20th century, with the
progress of research in many fields, such as
epistemology, artificial intelligence, and argu-
mentation theory, various new logical tools for
dealing with defeasible reasoning have emerged in
an endless stream. Compared with classical logic,
these new logical tools can better Portrays legal
reasoning [3], but still has shortcomings. Most of
these logical tools are based on non-monotonic
logic, which starting point is to describe reasoning
based on insufficient information. When people
have insufficient information, they make reason-

able guesses and then withdraw them when they
encounter counterexamples. Nonmonotonic logic
can handle exceptions to the rules well. However,
non-monotonic logic limits defeasibility to a single
argument, which makes it difficult to reason
with inconsistent information, that is, when faced
with conflicts of rules, because once conflicts
occur between rules, it emphasizes the com-
parison between multiple arguments rather than
the withdrawal of a single argument. This article
introduces argumentation logics to describe
the conflict, defeat, and recovery relationships
between different arguments, and combines
non-monotonic logic with argumentative logic
to describe defeasible reasoning. This adjust-
ment will make the legal reasoning under the
artificial intelligence system closer to the real
human thinking process.

This article first explains the specific aspects
of legal reasoning in the era of artificial
intelligence (Part 2), namely defeasibility and
dialectics; secondly, the defeasibility of legal
reasoning requires some kind of logic that can
handle defeasibility (Part 3); again, the dialectical
nature of legal reasoning determines that legal
reasoning must be shaped in an open dialogue
process model (Part 4); finally, we’ll give a brief
summary of the full text (Part 5).

1. The Nature of Legal Reasoning
in the Era of Artificial Intelligence

Legal reasoning is the process of deriving
unknown legal propositions (conclusions) from
known legal propositions or factual propositions.
There are many differences in understanding
in the academic community regarding the nature of
legal reasoning. However, what is certain is that
the rise of legal artificial intelligence has not
created a kind of legal reasoning that is very
different in nature from traditional law. It has
only highlighted the original specific aspects of
legal reasoning — defeasibility and dialectics.
However, in characterizing these aspects requires
more logical and symbolic processing so that
intelligent systems can learn and repeat.
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Nature of Legal Reasoning I: Defeasibility

Defeasibility is everywhere in the law.
Lawmakers do not know everything and therefore
cannot reliably foresee what the future will hold.
Thus, legal rules, if taken literally or faithfully,
sometimes produce outcomes that are absurd,
unfair, inefficient, or in some other way sub-
optimal. When absurd conclusions arise as an
inevitable consequence of the under- and over-
inclusiveness of rules, a sound legal system will
usually provide a mechanism to correct them,
which relies on defeasible reasoning.

Corresponding to artificial intelligence algo-
rithms, we need to re-understand the nature of
refereeing in judicial activities. Judicial
adjudication can be seen as a process in which the
judge compares and analyzes the statements,
arguments, reasons, and assumptions put forward
by the parties, and then chooses the best solution.
If these statements, arguments, reasons, and
assumptions are regarded as information or
knowledge in a broad sense, judicial adjudication
is then a selection process based on legal and
factual information. This requires “complete
justification”|, which means that the judge must
not only explain the reasons to support the chosen
option, but also must explain that there are no
better alternatives, so as to prove that the judge’s
final decision is the relatively best one [4],
otherwise it cannot be called “complete justifi-
cation”, and this is very demanding and difficult
for judges. However, from the perspective of
artificial intelligence, a comprehensive capture of
legal rules and factual information makes
“complete justification” possible. In this way,
judicial decisions can and should be understood as
based on multiple possible normative assumptions
[5]. The process of selecting among the obligation
of the court is to choose one of them as the best
decision based on the context of the case [6],
which can greatly increase the persuasiveness
of judicial decisions. The nature of defeasible
reasoning matches the conditions of artificial
intelligence. In traditional judicial reasoning,
which is based on monotonic logic, the conclusion
of the reasoning will not introduce new infor-
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mation because all necessary information is already
included in the premises. In defeasible reasoning,
however, the conclusion can contain more than the
information provided by the premises. In particular,
the combination of Big Data and artificial
intelligence has greatly increased the possibility of
discovering normative conflicts and exceptions of
rules in the same legal system. In traditional
artificial environments, the ability to detect these
conflicts and exceptions is relatively limited. The
application of artificial intelligence technology has
brought new opportunities to the legal field,
allowing legal reasoning to deal with complex
situations more comprehensively.

2. Nature of Legal Reasoning ll:
Dialecticality

Compared with general legal reasoning, legal
reasoning in the context of legal artificial intelli-
gence should be more dialectical. Of course, this
does not mean that traditional legal reasoning does
not have this characteristic, but it just means that
this characteristic will be more prominent in the
context of legal artificial intelligence. Dialectics
refers to the fact that legal reasoning remains open
to skeptical viewpoints, opposing viewpoints,
which in turn leads to the uncertainty or probability
characteristics of legal reasoning. In most court
trials, both parties present different hypotheses
during the proceedings in preparation for the final
judgment. This process can be understood as a
debate on which both parties are engaged in to win
the support of the judge. Virtually every version of
the case advanced by one party is inherently in
conflict with the versions advanced by the other
parties. In order to make a decision, the court must
re-examine the dialogue between the parties,
carefully compare and evaluate the arguments
of both sides, and weigh the different opinions
in order to choose the most credible answer to the
facts and legal issues of the case, and ensure that the
final verdict was reasonable and just.

From the perspective of artificial intelligence
legal reasoning, on the whole, this dialecticality
is mainly reflected in three aspects: First,
the ontological level of dialectics reflected in the
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defeasibility of law, such as Jaap Hage, a repre-
sentative figure in legal artificial intelligence,
analyzes related issues from the ontology [7]. The
second is the dialectical nature of the epistemo-
logy level due to problems such as the open
structure of legal concepts. There is a sharp
contradiction between the generality of conceptual
expression and the particularity of application
practice, which makes this dialectic exist both in
legal theory and in legal practice. The third is the
dialectical nature reflected in the logical
expression of legal rules and legal principles. For
example, rules often have exceptions, and conflicts
and oppositions may arise between different rules.
In this case, a dialectical approach is needed to
determine which rule is ultimately applicable rule.

3. Expansion of Defeasible Reasoning
Based on Nonmonotonic Logic

The defeasibility of legal reasoning requires a
certain kind of special logic. Obviously,
monotonic logic with a linear structure cannot
solve the exceptions and conflicting rules of the
rules. Non-monotonic logic that can accommo-
date exceptions becomes the best choice. Using
non-monotone logic can also improve logic. The
steps of reasoning are formalized and symbolized.

3. 1. Transition from Monotonic Logic
to Nonmonotonic Logic

In monotonic logic, legal rules are mainly
expressed in the form of conditional sentences,
that is, there 1is a substantial implication
relationship between the logical antecedent and the
logical consequent, so the legal conclusion is
bound to be contained in its antecedent. Logical
reasoning following this linear structure will
reflect its monotonicity. It can ensure that the
contamination of the conclusion by newly added
information is eliminated, and the final conclusion
can be obtained without exhausting all knowledge.
However, one cannot be sure that newly added
information will not shake the final conclusion,
nor can one ensure that a conclusion declared
without exhausting the knowledge search will be
true. Monotonic logic cannot solve the following

three aspects: First, it cannot accommodate
exceptions to reasoning in the structure, nor can it
clearly determine the extent of the impact that
exceptions will have on the original rules. Second,
over-reliance on substantive reasoning and
modifications such as interest measurement and
value judgment to determine the open structure of
legal concepts makes it difficult to complete one of
the core tasks of research on artificial intelligence
and law, which is to symbolize and logic the open
structure of legal concepts. Third, the inability to
handle inconsistent information reasoning, that is,
the inability to handle rule conflicts in an orderly
manner (for example, newly enacted law and
previously enacted law, superordinate law and
subordinate law, the special law and the general
law), and it is impossible to achieve an open-
structured argumentation form on the law. At this
time, the function of non-monotonic logic comes
to the fore. On the one hand, it can accommodate
exceptions so that the originally obtained conclu-
sions are invalidated by the addition of other infor-
mation. On the other hand, it can also analyze every
point in logical reasoning and legal argumentation,
every step is formalized and symbolized.

The application of artificial intelligence in law
plays an extremely important role in advancing the
normative and logical research on the concept of
defeasibility. It requires the wuse of logical
operation symbols to algorithmize legal arguments
as daily logic. In logic, John. L. Pollock has a
classic discussion of defeasibility: “P prima facie
justifies S” means “the view must be true: if S
believes or will believe P, and S has no reason to
think P is false, then S is or will be justified by
believing P.” [8] Pollock went on to call these
reasons that justify the thesis “logically good
reasons”, which are different from “conclusive
reasons” that guarantee the truth of the conclusion.
This kind of “logically good reason” can be further
divided into “prima facie reasons”: “A prima facie
reason is a reason that is itself a good reason for
trusting something and that will 4 warrant justifies
something, but when combined with some other
belief it may no longer be a good reason.” Here,
defeasibility means that the “apparently valid
reason” is no longer valid due to “some other
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belief”. These negative beliefs are called “defeaters™:
“If P is a logical reason for S to believe Q, then R
is a logical reason for S to believe Q if and only if
the combination of P and R is not a logical reason
for S to believe Q. R is the reason to defeat P.”
Pollock also distinguished between rebutting
defeaters and undercutting defeaters: the former
targets the belief (or claim) itself, while the latter
targets the connection between the belief and its
supporting reasons. If we have concluded C on the
basis of a particular foundation G, then the rebuttal
nullifier provides a reason for us to believe C,
while the undercut nullifier provides a reason for
believing that G is not a foundation for C [9].

3.2. Whether Defeasibility Must Rely
on Nonmonotonic Logic to Deal With

It remains questionable whether exceptions to
the rule must rely on defeasible reasoning.
Alchourron’s famous claim is that defeasibility
problems can be dealt with through deductive
reasoning plus belief revision, so there is no need
to use non-monotonic reasoning [10]. Alexy
believes that the way of substantive implication
can also shape the defeasibility of legal arguments
[11]. The following will argue with concrete
examples to demonstrate why using non-mono-
tonic reasoning to deal with exceptions to the
rule is better than belief revision and substantive
entailment.

For example, under normal circumstances,
starting from the legal rule “Whoever intentionally
injures others shall be sentenced to a fixed-term
imprisonment” and the fact that satisfies its
antecedent “A intentionally injures others”, one
can conclude that “A should be sentenced to a
fixed-term imprisonment”. The following reasoning
is established:

(P1) Anyone who intentionally harms others
shall be sentenced to fixed-term imprisonment;

(P2) A intentionally harms others;

(Q) A should be sentenced to fixed-term
imprisonment.

But when A4’s behavior is legitimate defense,
this reasoning is no longer valid. Although there
is still this rule and this fact, considering the
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behavioral attributes of legitimate defense, the
conclusion cannot be drawn from this rule and the
facts. As we can see, in a legal syllogism, people
can withdraw the conclusion without withdrawing
any premise, but this is not consistent with the
logic of deductive reasoning. In a fidelity deductive
reasoning, if you want to withdraw the conclusion,
you must withdraw at least one premise because
the truth of the conclusion is implied by the
conjunction of the premises.

The method of belief modification means that
when the above behavior of A is legitimate defense,
people realize that the rule in the above reasoning
is wrong, at least inaccurate, and should be revised
to “Those who intentionally harm others should be
sentenced to fixed-term imprisonment, unless it is
legitimate defense.” In this sense, legal rules are
not defeasible, but merely amendable. When
exceptions occur, it is not that the antecedents of
the rule are satisfied and the conclusion does not
follow, but that the rule is not satisfied at all.
However, if we adopt this understanding, how
should we view the reasoning starting from the
rules under normal circumstances? If the premise
of the reasoning is still the original rule, it will
become reasoning starting from wrong or inaccu-
rate premises, and thus it is not worthy of trust.
If the premise of reasoning is considered to be the
revised rules, then the factual premises outside the
rules include not only “A intentionally harms others”
but also “A’s behavior does not constitute legiti-
mate defense.” The problem is that this under-
standing is inconsistent with the actual reasoning
process. Under normal circumstances, people will
not consider whether A’s behavior is legitimate
defense, but directly draw a conclusion based
on the premise “intentional harm to others”.
In addition, for the rule that “those who
intentionally harm others shall be sentenced to
fixed-term imprisonment”, there are not only
exceptions for legitimate defense, but also emer-
gency avoidance, official behavior, victim’s consent,
incapacity, etc. A complete refactoring must include
all exceptions. This reconstruction is unlikely to be
complete, since the exceptions to the rule cannot
in principle be enumerated exhaustively. In fact,
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even if the exceptions are limited and can be listed
in advance, they are subject to limited resources
such as time and energy. In many cases, people can
only rely on rules that do not list all exceptions.

The method of substantive implication means
reinterpreting the rules and reconstructing the rules
and rule-based reasoning in another way. It does
not place every exception into the rules, but
reinterprets the rules as having ‘“normality”
situation in them. For example, regarding the rules
and facts in the above example, under normal
circumstances, people can make such an inference
that when A4’s behavior is legitimate defense, the
conclusion is withdrawn, but this is because the
premise P is withdrawn, because legitimate
defense does not have the proper meaning of social
harm that intentional harm has, so it does not
conflict with the fidelity requirements of deductive
reasoning. The question is, in such a reasoning
process, is P assumed to be true or proven to be
true? If premise P is proved to be true, then all
exceptions still need to be considered, whether
there is legitimate defense, emergency avoidance,
etc. Such an understanding simply puts some of the
reasoning behind the scenes, obscuring the
complexity of the scheme. If the premise P is
assumed to be true, then, since there is no link to
eliminate the assumption in this reasoning process,
the conclusion Q must also be assumed to be true.
The reason why people want to reconstruct legal
reasoning into deductively valid truth-preserving
reasoning is precisely to be able to determine that
the conclusion is true when the premises are
established, so that the entire reasoning is reliable.
However, the result of pursuing deductive fidelity
will inevitably make it impossible to determine
whether a certain premise is true, so the reliability
of legal reasoning will be completely out of reach,
and this kind of deductive reconstruction will be
meaningless.

Faced with the limitations of monotonic
reasoning methods such as belief modification
and substantive implication, legal practice shows
that it is an effective solution to treat rule-based
legal reasoning as a non-monotonic reasoning
or defeasible reasoning. The essence is that the

expansion of the premise set can leading to a change
in conclusion, and this expansion is permitted
by the open structure of the law. In the process
of constructing legal arguments, as the legal
interpretations applied to the case are updated, the
rules are constantly revised, and as new evidence is
added, the legal facts of the case will also change,
thus making the original legal conclusion verdicts
were changed and even rebutted.

3.3. Construction of Defeasible Reasoning
Model

Through the previous analysis, we can see that
legal arguments based on legal reasoning are
defeasible and can be defeated by stronger argu-
ments, that is, through the refutation of premises,
conclusions or inference relationships, and the
continuous introduction of new counter-arguments.
This invalidates the original argument. When
reconstructing the form of the judicial reasoning
model, the general construction process is as
follows:

Suppose there is such a legal rule:

A1l: A person who reaches the age of 18 has
full capacity for civil conduct.

Then add an exception to the rule:

A2: People who are unable to identify their
own behavior are not considered to have full
capacity for civil conduct.

Rules and its exceptions can be combined to
create new rules:

A3: People who have reached the age of 18
and are not unable to identify their own behavior
have full capacity for civil conduct.

For a norm with clear rules and few exceptions,
we can create a final rule that accommodates all
exceptions by incorporating exceptions into the
initial rule a limited number of times.

Go ahead and create another exception to the
above rule:

A4: Minors over the age of 16 who rely on
their own labor income as their main source of
living are regarded as persons with full capacity
for civil conduct.
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Then the new rules can be derived as follows:

AS: A person who has reached the age of 18
and is not unable to identify his own behavior, or a
minor who is over the age of 16 and whose main
source of livelihood is his own labor income, is a
person with full capacity for civil conduct.

As the simple situation shown, one can
quickly draw conclusions as to whether someone
has full civil capacity. Of course, this is not a
complete formalization. If new exceptions to the
rules are subsequently obtained, new judgment
branches will need to be added to the original
complete rules. Finally, a legal rule that accommo-
dates all exceptions will be obtained.

In simple cases, this model of reasoning with
revised premises is not problematic. But even if it
is a simple application situation for judgment,
it still requires a lot of energy to shape the rules.
If the form of defeasibility reasoning is adopted,
and the premise does not need to be true, the above
related rules can be organized in the form of a set:

A1: Once you reach the age of 18, you have
full capacity for civil conduct;

And it does not satisfy Bn = {B1, B2, B3)

B1: People with mental illness are not
considered to have full capacity for civil conduct.

B2: Minors over the age of 16 who rely on
their own labor income as their main source of
living are regarded as persons with full capacity
for civil conduct.

B3: Adults who are unable to identify their
own behavior are not considered persons with full
capacity for civil conduct.

At the level of argumentation, rules of type 41
are elements to be proved, while rule cases such as
Bn that represent exceptions are elements not to be
refuted [12]. If the constitutive requirements in A1
are met at the same time, but the conditions in the
exception set are not sufficient to activate the
refutation requirements, a conclusion can be drawn
that supports the premise. Since we do not need to
enter the complete rule that ultimately applies, we
only need to list the set of exceptions to the rule
separately for judgment.

It can be seen from the above argument that the
characteristic of the defeasibility argument is that
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the addition of exceptions results in the original
inference result no longer being logically deductible.
Compared with the application of complete rules,
this argument mode does not determine in advance
that the unique conclusion can be deduced after
bringing in each element, but emphasizes the
confrontational relationship between the elements
to be proved and the elements that have not been
refuted. If the subsequent argument is supported by
better reasons, the conclusion of the previous
argument no longer receives equal support.

In order to achieve this hierarchical legal
reasoning model, it is necessary to introduce the
corresponding argumentation schema. At the level
of argumentation level L0, the existence of
premise P supports our conclusion Q; At the level
of L1, the introduction of exceptions denies the
argumentation at level LO; Subsequently, the
introduction of second-order exceptions may
cause the argumentation at level L1 to be denied,
and then restore the conclusion of the L0 level
argument, and so on. In other words, during the
operation of the defeasible model, temporary
validity vetoes may occur, but the negation of the
previous conclusion does not mean the end of the
argument. Negating the argument results of the
previous stage may also be used in subsequent
argumentation reasons. After being defeated in the
comparison process, until the final argument
conclusion is reached, all previous judgment nodes
need to be open to truth judgments that may be
right or wrong. Confrontation must be allowed
between each level of argumentation. Once a level
of argumentation is “sealed”, it may lead to working
backward from the final level of argumentation,
then deleting all previous objections, and finally
arriving at an argument with only supporting
reasons.

4, Construction of Argumentation Format
Based on Dialectics

Defeasibility needs to be demonstrated through
reasoning and dialogue, which requires the
participation of multiple subjects in the argument
rather than just the monologue of the arguer. The
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final argument is completed when intersubjective
agreement is reached on the basis of the rebuttal’s
withdrawal of the challenge or the arguer's revision
of his argument.

4.1. Dialectical Manifestation of Legal
Reasoning Modeling

The entire judicial adjudication process is not
a process in which a subject unilaterally states his
or her views, but a process in which two or more
parties to the case argue. Legal reasoning in the
traditional sense is only regarded as reasoning
from premises to conclusion, but this is only
a part of the legal argumentation process. It’s just a
certain stage. In addition, this process also includes
the refutation of the argument made by the arguer,
the arguer’s response to the refutation, the
arguer’s improvement of the initial argument, the
refutation of the argument’s further questioning,
etc, it can be seen that legal argumentation is not
a monotonous process, but a reasoning process
in which information is constantly increasing
and inferences are constantly revised. Research on
non-unitary legal reasoning systems is full of hope.
They can fully embody the spirit of legal discourse
theory, but there are still many problems here.
The first thing that needs to be solved is how to deal
with the balance between different arguments and
draw the conclusion which argument is the best.
Some scholars believe that a non-unitary legal
reasoning system can ultimately weigh the correct-
ness of different viewpoints and make choices
among them. In fact, however, this is a very
difficult goal to achieve. When rules conflict with
rules or arguments with arguments, higher-level
non-rule standards such as policies, principles,
and basic values should be resorted to. At this
time, dialectical logic should be added to defeasible
reasoning to balance different arguments in an
open and dialogic debate system.

From the perspective of artificial intelligence
legal reasoning modeling, dialecticality is mainly
reflected in the following aspects: First, fromthe
perspective of the modeling process, dialecticality
is mainly reflected in the non-monotonicity of
its expression logic, rather than the main source

of monotony. It is the dialectical relationship
between new facts or information about the context
of the dispute and the existing premises on which
normative conclusions are based [13]. Second,
from the perspective of the logic of modeling, this
dialecticality is mainly reflected in the defeasibility
of its reasoning, that is, using a dialectical approach
to deal with the defeasibility of reason logic. Third,
from the perspective of debate in modeling,
it is mainly reflected as a kind of debateability and
defeasibility that needs to be realized through
a dialogue model, and is presented as two (or more)
participants — due to different debate roles
(Supporters or opponents) — Argument games
surrounding different propositions [14].

4.2. General Structure of Argumentation
Scheme

To put it simply, argumentation schemes are
a reasoning pattern that is solidified in daily
language debates. It is a reasoning method that is
neither deductive nor inductive. Although the
argumentation scheme appears to be in the form
of affirming the antecedent, it is essentially
different from the affirmative antecedent of
classical logic. The aforementioned treatment of
non-monotonic logic in Part 3, which treats all
types of defeasibility within the same argument,
does not really correspond to the real situation of
legal reasoning. In legal practice, people often
arrive at conclusions on the basis of comparing
the strength of competing conclusions, and the
foregoing assumptions cannot characterize this
thought process. For a rule of law, its exceptions
always outweigh it, whereas the rule that conflicts
with it does not; on the other hand, the rule that
conflicts with it can generally be used to reach the
opposite conclusion, but its exceptions do not.
Non-monotonic logic handles exceptions at the
logical level, and argumentation styles can handle
conflicts between rules at the argumentation level,
so that the correct understanding of these relevant
rules can be properly characterized.

We will describe the general structure of
argumentation schemes from a logical perspective.
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Generally speaking, an argumentation scheme
consists of a conclusion, a set of premises, a set of
conditions for the use of the type, and a set of
exceptions that prevent the use of the type. So its
general structure is:

Conclusion

Premise:
Premise 1, Premise 2... Premise n
Conditions:
Condition 1, Condition 2... Condition &k
Exceptions:
Exception 1, Exception 2... Exception i
This logically oriented approach deviates
from the concept of traditional logic in some
aspects because it is a concrete, dialectical logical
approach. “Concrete” means that instances of the
pattern may belong to specific debate situations
and are not necessarily universally applicable and
context-independent; “dialectical” means that the
pattern may encounter counter-argument, that is,
there may be situations in which the type does not
lead to its conclusion even if it obtains its premises.
The following will sort out the argument structure
of some scholars, and establish the argument form
of this article based on the views of these scholars.
The argument structure described by Joel
Katzav and Chris Reed is [15]:
(1) The form of the argument premise(s)
(2) Form of guarantee for argumentation
(3) conclusion
Typically, a guarantee is expressed in the form
of a conditional. The antecedent of this conditional
form corresponds to the premise given in the form,
and the consequent corresponds to one or more
facts being transmitted. For example, an argument
from cause to effect:
(1) 4
(2) If A4, then A causes B
So, B
Of course, one might be inclined to use the
form “A causes B” to characterize guarantees in a
cause-to-effect argument, rather than the conditional
form used in (2). But a proposition consistent with
“A causes B” would deduce the premises given
by the form “A”, thus making (1) redundant. To
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avoid this, it is common to use the conditional form
to represent guarantees in argumentation schemes.

Examples of prominent argumentation schemes
that are defeasible affirmative antecedent rules can
be described as:

(HP

(2) If P, then usually O

Therefore (hypothetically), O

The form represented by this structure can be
attacked by arguing that there are exceptions to the
rule (e.g., P and R and if P and R, then usually
not Q). Each form has its own typical method of
critical examination, so it is worthwhile to use
them to supplement the study of abstract
inferential forms alone [16].

Giovanni Sartor believes that the general
structure of reasoning schemata is [17]:

Al; ...;and An

— Itis B1; ... and the reason for Bm.

Such reasons may be reasons for drawing
a final conclusion or reasons for drawing a
defeasible conclusion.

If the characteristics of argumentation schemes
as defeasible reasoning patterns are highlighted,
the general pattern that can include almost all
argumentation schemes is[ 18]:

Major premise: o = f3;

Minor premise: o;

Conclusion: fB;

The connective “=" represents a defeasible
implication, and the major premise means “if a,
then hypothetically B”. This means that the
conclusion f is valid only if there are no exceptions
and no prevailing reasons for the opposite
conclusion (rebuttal), B is derived from a. The
argumentation scheme can be recast into a
defeasible affirmative antecedent form, in which
the antecedent of the major premise of the
conditional sentence is the conjunction of state-
ments, and each statement represents a prere-
quisite of the initial argumentation scheme. For
example, the form of appeal to expert opinion is:

Major premise: (E is an expert and E said A)
=A4;

Minor premise: E is an expert and E said 4;

Conclusion: 4 is true.
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Critical questions can be reformulated as
counterevidence that weakens (no longer applies)
the relevant pattern or disproves (refutes) its
premise. For example, a critical question about the
unreliability of experts could be rephrased as this
weakener:

E is unreliable = —[(E is an expert and E said
A) =A4 is true].

No matter how you characterize the general
structure of an argumentation scheme, you need
to capture two elements (premise, argument or
reason and conclusion, argument or claim) and
a defeasible inference rule. Specific argumentation
schemes are all developed on this basis and are
the embodiment of premises, conclusions and
inference rules. In fact, a formula proposed
by Robert C. Pinto best reflects the essence of
the argumentation scheme: (s) (¢) (x) If s thinks
(expectation, affirmation, assumption, etc.) at ¢
that “x is £, then, in the absence of weakening or
overturning evidence at ¢, it is reasonable for s to
believe (expect, affirm, assume, etc.) that “x is G”
at¢[19].

In this way, argument evaluation shifts from
a truth-preserving norm to an entitlement-preser-
ving norm. The former means that when the
premises of a valid argument are true, the
conclusion cannot be false; the latter means that,
according to the argument, when the premises are
acceptable (reasonable), people have the right to
draw a defeasible conclusion. We can propose
a simplified general structure of the argumentation
scheme [20].

Usually, those who meet the condition P can
be considered (expectation, affirmation, assumption,
etc.) C.

In the here and now, exceptions (evidence that
weakens or subverts C) have been ruled out.

Therefore, it is reasonable to think (expect,
affirm, assume, etc.) that conclusion C is exclu-
sive (albeit fallible) [21].

To sum up, due to limited abilities, we can
only construct a very rough and simple argumenta-
tion scheme so far, and more detailed characteriza-
tion can only wait for in-depth research in
the future. But from another perspective, such

a simple model may be more suitable for artificial
intelligence technology [22].

The process of defeasible legal reasoning is
a demonstration of the argumentative process
regarding the strength and weakness of reasons.
As long as the rules can be analyzed cor-
respondingly at the level of reasons, they can enter
the judgment logic of the intelligent system.
However, in the judicial context, adjudication must
not only pursue substantive justice, but also pay
attention to the appearance of justice, that is,
to substantiate the argument results. The arguer’s
conclusion is derived from the support of premises
and reasons. The legitimacy of the premises or
reasons becomes the focus of argumentation
disputes. A single defeasible reasoning can only
reflect one level of the argument presented by the
arguer, so it needs to be done in dialectics. Conduct
further discussions on the argumentation disputes
at different levels to complete the confirmation of
the legitimacy of the premises or reasons [23].
The explicitness of argumentative rationality
imposes an obligation on the arguer to respond to
criticism at the dialectical level, and if they are
ignored the argument will appear unreasonable.
Therefore, the argumentation process also pays
attention to the attack and defense of the argument,
which can be related to the critical issues of the
argumentation scheme and is closely related to the
evaluation of the argument.

In addition, judging from the current techno-
logical development, there are still technical
difficulties in converting legal language into
computer language flawlessly [24].

Conclusion

More importantly, intelligent systems are also
unable to make value judgments like human beings,
and it is still doubtful whether many propositions
that are not yet conclusive in terms of human
ethical knowledge can be left to machines that
analyze the probability of a case’s verdict from
past materials, and they also run into a series of
problems related to value and dignity, and the
subjective status of human beings.
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It is worth mentioning that the limits of artificial
intelligence’s application of defeasible reasoning
deserve our vigilance. Defeasible reasoning
can only provide “guarantee” at best and cannot
provide “confirmation” like deductive reasoning.
The more difficult part is that artificial intelligence
algorithms are generally not public. In this case,
the combination of non-public algorithms, closed
systems and plausibility conclusions will not only
increase the difficulty of accountability for wrong
conclusions, and will also shake the credibility
of the content of judicial judgments.
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3asiBjieHHe 0 KOHGIUKTe HHTEPECOB

ABTOpBI 3a5BIISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bkaan aBTopos

Hepa3aenLHoe COaBTOPCTBO.

AHHoTanus. V3MeHeHne SKOHOMUYECKHUX M COIMAJIBHBIX (HaKTOPOB
B ropojie KepOena npuBeno K yBEIHUCHUIO KOJUIECTBA SHKEIHEBHBIX
MOE370K ¥ YBEIUYCHUI0 HMHTCHCHBHOCTH TPAaHCIOPTHOTO IOTOKA,
YTO TOTPeOOBaIO B HEIX oOecredeHnss 0€30IMacHOCTH ITOPOKHOTO
IBIDKCHUS TPOBEACHUS HCCIENIOBAaHUH 3arpy’KeHHOCTH TOPOJICKHUX
ynui. Perucrpanust 10poxHOH 0OCTaHOBKH (TIPOITYyCKHAsl CHOCOO-
HOCTPh Ha y4acTkax amuHod 200 M) OCYyImIeCTBIIACH C ITOMOIIBIO
KaMmep BHICOHAOIIOJCHHUS YTpoM W BeuepoM. JlanHas wHMOpMAIs
HaKarMBaiach U o0pabaThiBaniach ¢ UCIOJb30BAaHUEM CTATHUCTHYE-
CKHX METOJIOB 00paboTKM HWH(POpPMANUU (CTATHCTUYCCKHE OIICHKH
" rpadydecKas anmpoKcuMaIus ). Pe3yapTaTsl aHa 3 IOKA3aId, 9TO
Cy’>KEHHE TIPOe3KeHl JacTh JOpOT B YTPCHHUE M BEUEPHHUE YaCHl ITHK
32 CYCT MHTECHCHBHOI'O UCIIOJIb30BAHUS MPABOH MOJIOCHI, TPUIICTAIO-
e K TpoTyapaM ¢ 00X CTOPOH MPOe3KeH YacTH, ISl OCTAHOBKU
¥ CTOSTHKH aBTOTPAHCIIOPTHBIX CPEICTB MOBIIEKIIO CHIKCHUE CpeIHEH
ckopoctu Ha 51 %.

KoroueBble ci10Ba: cpeaHsist CKOPOCTb, YPOBEHBb 00CITYKHBaHHs, IPO-
MyCKHasl CIIOCOOHOCTH IIOCCe

BaaropapHocTn

ABTOpBI BBIP2KAIOT OJIAar0JJApHOCTh TPaXJAHCKOMY (haKyJbTeTy WHKESHEPHOTro Koulemka yHuBepcurera Anb-Kyda
n PYJIH 3a ux BKJIag B MOJAEPKKY 3TOTO UCCIEN0BAHMSA U 3a COACUCTBHE B €0 peaan3allu.
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Introduction

Congestion on the roads in cities is one of the

Jalan Raya Mandala, a major thoroughfare in
metropolitan areas, frequently experiences satu-
ration traffic flow at one specific location due

biggest transportation issues. Traffic congestion is
a very intrusive activity for people and is brought
on by high degrees of saturation of traffic flow.
Due to the longer journey duration, congestion will
have a detrimental effect on the driver or other
road users. A population with a wide range of
activities would have resulted in a mobility flow
that needed suitable roadways to match [1; 2].

to some form of pull traffic. Shopping centers are
one type of high-traffic attraction. This is because
the effectiveness of roads is significantly impacted
by the impact of roadside barriers. Parking activity
that uses the road is one type of side barrier that
is frequently seen in the shopping district (on street
parking). The width of the roadways utilized for
park activities would result in a reduction in the
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capacity of the roads to handle the flow of passing
cars, or, to use another phrase, a reduction in the
capacity of roadways [3; 4]. HCM has provided
comprehensive instructions for estimating Based
on speed and other factors, capacity, and level of
service. Adjustment factors for evaluating the
capacity for various parameters are provided if the
HCM handbook does not include side friction
parameters for determining capacity and level of
service [5]. Munawar made a comparison between
the numbers reported by IHCM (1997) and the
values found in the field data collected in
Indonesia. He concluded that, as suggested by
IHCM, there had been a considerable shift at high
side friction values in the capacity trend (1997) [6].
Chiguma conducted a thorough investigation to
determine the side friction’s impact on urban
arterials in Dar-es-Salaam, Indonesia. The
research examined how side friction affected
section capacity and mean speed. The weighing
variables of the side friction parts were quantified
through the use of multiple linear regression
analysis [7]. Using Indonesian Highway Capacity
Guidance, or IHCG 2014%, the level of service for
DI Panjaitan Street was evaluated, and the most
important component impacting side friction was
found using multiple linear regression analysis in
SPSS. The study found that levels from C to D
were experienced from Tuesday through Friday,
while levels of F were experienced on Mondays
from 7 AM to 9 AM and between 5 PM and 7 PM
Equation (1) was used to determine the side
friction’s most important variable.

SF=0.157+0.002 X1 +0.00L X2 +0.002 X3. (1)

The study demonstrates that a non-motorized
vehicle park’s stops, enters, and exits substantially
match the degree of saturation with a correlation
value (R) of 0.792 [8]. The goal of the study is to
understand the various effects of side friction on
the capacity of Yosodipuro Street, level of service

! Indonesian Highway Capacity Guidance, or IHCG 2014.

2 Indonesian Highway Capacity Manual (IHCM) 1993,

(LOS), and saturation level. The Indonesian
Highway Capacity Manual (IHCM) 19932 is the
basis for the analysis. The survey was conducted
over the course of one day, primarily between
6 A.M. and 12 P.M., along three different sections
of Yosodipuro Street, each of which is 200 meters
long. Geometric, data on side friction and traffic
counting were collected from the field. According
to the data, Yosodipuro Street has a maximum
hourly volume of 2058.83 pcu/hour. This cir-
cumstance occurs in Location 1 around 6:30-7:30,
and this roadway can accommodate 2118.32 pcu
each hour. Location 1, Location 2, and Location 3
each have a degree of saturation (DS) of 0.972,
0.638, and 0.632, respectively Each location’s
LOS is: Locations1 and 3 are D-Level, and
Locations 2 and 3 are C-Level, according to the
degree of saturation (DS). This indicates that while
Locations 2 and 3 are in good shape, Location 1
is getting close to capacity [9]. The total capacity
and the LOS of the roadway are impacted by the
impedance that various types of HVs create for
other vehicles in mixed traffic [10]. The most
crucial factor in traffic control is on-street parking
management so that the degree of saturation of
traffic can be reduced. Road speeds and levels of
saturation determine the service level [11]°. The
goal of the research was to evaluate how on-street
parking is currently functioning. The analysis’s
findings showed that both locations’ peak parking
hours were in the late afternoon, notably after
4:00 PM, and that this was because of the
concentration of activity at that time. The findings
also revealed that, for both roads, most of the
parked cars (80 percent) had wait periods of more
than 30 minutes. They also stressed the fact that
there was a lot of unlawful parking along the two
streets they had inspected, both on the weekends
and throughout the workweek [12].

Based on a combination of data and Green-
shield’s theory, the capacity value of arterials
showed a 9 percent decrease in value when

3 Menteri Perhubungan Republik Indonesia 2015 Peraturan Menteri Perhubungan Republik Indonesia Nomor: PM 96
Tahun 2015 Tentang Pedoman Pelaksanaan Kegiatan Manajemen dan Rekayasa Lalu Lintas 1-45.
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considering side friction and established that
pedestrian activity, which is one of the events that
cause side friction, has the greatest impact on the
traffic stream’s average speed across all study
sections. Side friction levels ranged from very low
to very high. 34 km/h was recorded as the average
speed at low levels of side friction, and 19 km/h
was recorded at higher levels. Therefore, the
reduction was estimated at 51%, which is a
significant amount [13]. The impact of side
friction on an urban street’s capacity that is not
divided. Side friction is a composite variable that
describes how much regular traffic flow interacts
with other nearby activities. Side friction
significantly reduces capacity, with reductions
ranging from 11.05 to 60.73 percent [14]. In
general, it can be said that the presence of different
side friction elements along the sides of urban
roads causes a decrease in capacity and speed.
on-street parking, Bus stops, and pedestrians,
vehicles’ average speed significantly decreased
by 21 percent, 27 percent, and 15 percent,
respectively [15]. Founded effect of side friction
on capacity, flow density, and free-flow speed in
urban streets of Baghdad [16] On-street parking
and non-motorized vehicles’ effects on an urban
road’s performance as a side friction parameter on
capacity have been implemented to overcome the
randomness observed in capacity values [17].
average decrease due to roadside friction Stream
speed can be observed in all study sections because
of side friction. Bus stops and bus bays caused
a stream speed reduction of 49-57%. While on-
street parking decreased stream speed by 45-67%.
Due to transient bottlenecks resulting from on-
street parking, buses exiting and entering bus bays,
and buses at the kerbside bus stop, roadside
friction also reduced capacity. When using both
kinds of PCUs, bus bays and bus stops reduce
capacity by 10 to 53%. On-street parking reduced
urban roads’ capacity by 28-63%, which had an
adverse effect on their usability [18]. Urban
multilane highways® capacity and LOS for
heterogeneous traffic may be evaluated based on

4 Indonesian Highway Capacity Manual (IHCM) 1995.

a study of the segment capacity and level of service.
The LOS’s of most of the segments are between C
and D, and the segments’ base capacities range
from 1850 to 1900 pc/h/In [19]. The presence
of side friction impairs the overall performance
of traffic parameters. Roadway capacity and traffic
speed can be increased by making some adjust-
ments. Heterogeneous traffic, which includes slow-
moving vehicles and non-motorized vehicles,
reduces the effective road width as a result of
vehicle parking along the side of the road, among
other parking and unparking operations. These
events are typically seen at a nearby market or
commercial area. The side frictional parameter
has already been taken into account by IHCM
when calculating speed and capacity. Generally,
in Indian urban cities, there are heterogeneous
traffic conditions [20]. The increase in side friction
in many urban streets led to an decrease in the
speed in road networks, The aims of this study
to know the influence of side friction on speed by
using the Indonesian Highway Capacity Manual
(IHCM 1995).

Methodology

This study uses the Indonesian Highway
Capacity Manual (IHCM 1995) to calculate the
side friction levels to determine the level of side
friction. In this study, side friction data during
peak hours between 7:30 and 9:30 in the morning
and between 4 and 6 in the evening. Numerous
actions on the road were recorded using the
videography technique. Roadside activities were
observed over a 200-meter section to determine
the direction of the traffic under consideration.
By observing the frequency of various activities,
such as traffic flow rate, pedestrian movement,
and parking, U-Turn movement and Entire-Exit
operations. The SF data and traffic flow are
extracted from the video film at 5-minute
intervals. Results of a traffic survey and a side
friction survey were processed using IHCM
1995 [22].
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1. Determine side friction

For measurement of side friction, procedure
followed by Pal and Roy is used in present study
[21]. This method uses the pedestrian influencing
area as standard parameter to calculate equivalent
pedestrian units for the events other than pedestrian.
The stopped vehicles are converted into equivalent
number of pedestrian units for standardizing the
static side friction activity.

The frequency of all stopped vehicles was
converted and added with frequency of pedestrians
observed in the field. The equation (2) is used to
estimate the Pedestrian equivalency unit (PEU) for
converting all stopped vehicles into equivalent
number of pedestrians. The PEU is multiplied with
the frequency of events to convert the vehicles into
pedestrian units. Projected area of pedestrians,
vehicle type and PEU is shown in Table 1.

Table 1
Projected area and PEU for different mode
Mode Projected area, m’ PEU
Pedestrian 0.50 1.00
2w 1.2 2.5
3w 3.9 7.8
Car 7.3 14.5
Bus 31.2 62.4
LCV 5.4 10.7
Jeep/Van 9.3 18.6
Bicycle 1.1 2.2
Source:[21]
7.27
PEU, = ——; (2)
0.5
PEU, =14.53, 3)

where, PEUi is the pedestrian equivalency unit
of the subject vehicle, PAi is the projected area of
the subject vehicle and PA, is the projected area
of the pedestrian. The number of pedestrian events
and stopped vehicles are added to calculate
total static side friction frequency in terms of
PSPU (events/hr) which is estimated by using the
equation (4).

Npso = N, + Z(PEU, xN,), 4)

where, Np is the frequency of pedestrians, PEU; is
the pedestrian equivalency unit of the subject
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vehicle and Ni is the frequency of the subject
vehicle. Entry-exit vehicular movement and wrong
movement of vehicles those are moving activities
that contribute to side friction on the road. Side
friction (SF) was calculated by estimating weighing
factors of the events observed on the roadside.
To estimate the weighing factor for each roadside
activity, L. Chiguma [7] estimated the standardised
coefficients and weighing factors using regression
method by taking average stream speed as a per-
formance measure variable. Similar methodology
is adopted in the present study to find the relative
weights of roadside activities. By taking stream
speed as a performance measure, the relative
weighting factors of each activity was estimated
for determining SF (Events/hr) on the selected
road sections. The SF (Events/hr) for each section
was calculated by using the equation (5). SF is the
side friction which is the sum product of roadside
events frequency of different activities and their
estimated weighing factors [7].

SF = (RW, x Npgp, )+ (RW, x N ) +

+(RW, x Ny ), )

where, N, is the frequency of pedestrians and

parked vehicles in equivalent pedestrian units,
N is the frequency of entry-exit vehicles, N,,,

is the frequency of wrong movement vehicles and
RW is the relative weights of each activity type.

1.1. Fatima Al-Zahraa Street

Table 1 shows the frequency distribution of
the side friction data for the second segment. It is
noted that pedestrian activity increases signifi-
cantly compared to the activity of parked vehicles.
The highest value for pedestrian crossing is
reached 504 (Event/hr), while parked vehicles are
276 (Event/hr), the U-Turn movement vehicle
element’s frequency peaked at 600 (Event/hr) and
the Enter-Exit vehicle element’s frequency peaked
at 540 (Event/hr). We observed that the side
friction components in this street do not have a
zero value.
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Figure 1. Variation of side friction events at road Fatima Al-Zahraa in the evening period
Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev

1.2. Al-Iskan Street

Figure 2 showed how often the side friction
elements occur on Al-Iskan Street at its peak
period. In the figure, it can be observed that the
parked vehicle values for this segment are
gradually rising as their values range between
(60—252 (Event/hr)), whereas the pedestrian cross-
ing element’s values are repeatedly high asthey
range between (96-492 (Event/hr)), the U-Turn
movement element’s values are repeatedly high as
they range between (492-840 (Event/hr)) and the
Enter-Exit element’s values are repeatedly high as
they range between (256486 (Event/hr)).

==¢="Pedestrian (Event/hr) === Parking vehicle (Event/hr)

900
800
700
600
500
400
300
200
100
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1.3. Ramadan Street

Figure 3 Often showed the side friction
elements occur on Ramadan Street at its peak
period. In the figure, it can be observed that the
parked vehicle values for this segment are
gradually rising as their values range between
(0-216 (Event/hr)), whereas the pedestrian crossing
element’s values are repeatedly high as they range
between (84-408 (Event/hr)), the U-Turn move-
ment element’s values are repeatedly high as they
range between (840-1080 (Event/hr)) and the
Enter-Exit element’s values are repeatedly high as
they range between (624—792 (Event/hr)).

U-Tern vehicle (Event/hr) === Enter-Exit vehicle (Event/hr)

TIME

Figure 2. Variation of side friction events at Al-Iskan Street in evening period
Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev
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Figure 3. Variation of side friction events Ramadan Street in evening period
Source:made byH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev
1.4. Al-Tarbia street at the period between 12:55 pm to 1:01 pm.

Figures 46 show that there is a clear ~ The highest value of parked vehicles reached
difference in the values of the side friction 324 (Event/hr) at the period between 12:45 pm to
elements for both segments of Al-Tarbia street ~ 12:50 pm.
during the morning and evening. During the

morning period, the side friction values begin to
increase and gradually decrease during the evening

until

The highest value of the pedestrian crossing
component of the first segment during the morning
period was 1140 (Event/hr) at the period between

9:15

parking component, which had the highest value
of 348 (Event/hr) at the period between 8:55 am to

they reach the lowest values.

am to 9:20 am, is higher than the vehicle

. H H : H Figure 4. Site of AL-Tarbia Street
9:00 am. Durm_g the evening period, the highest Souree: photo by H.S. Knudhair,
value of pedestrian crossing reached 912 (Event/hr) H.A.E. Al-Jameel, V.N. Konoplev
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Figure 5. Variation of side friction events Al-Tarbia street in the morning period
Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev
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Figure 6. Variation of side friction events Al-Tarbia street in the evening period
Source:made byH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev

1.5. Al-Abbas Street

Figures 7, 8 show the recurring distribution
during the morning and evening period for the first
segment of Al-Abbas Street, where it was
observed an increase in the parked vehicles
component at the morning period. Its value ranges
between 0-300 (Event/hr) and decreases in the

=g Pedestrian (NP)

SIDE FRICTION (EVENTS)
=
o
s

evening period, where the value of the parked
vehicles ranges between 120-204 (Event/hr).

Through the figures, it can mention that the
value of the pedestrian crossing element is higher
than the element of parked vehicles, as it reaches
the highest value during the morning 804 (Event/hr)
and the evening 372 (Event/hr).

=== Parking vehicle (Ni)

Figure 7. Variation of side friction events Al-Abbas Street in the mourning period
Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev
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Figure 8. Variation of side friction events Al-Abbas Street at evening period
Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev
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2. Analysis of urban street side friction

The IHCM has defined side friction levels as
High and Low Levels since 1993. The IHCM lays
out the roadside friction aspects that must be
considered when calculating flow and capacity. The
side friction was divided into four categories based
on the fluctuation in the speed data in Table 2.

Tables 3-5 shows the effect of SF on all
streets selected during the morning and evening
periods was very high, which affected the capacity
of the street and reduced the speed by about 51%.

Table 2
Levels of side friction
SF, Events/hr Level of SF
0-500 Low
500-1000 Medium
1000-2000 High
> 2000 Very high

Source: Indonesian Highway Capacity Manual (1997).
Directorate General of Highways,
Republic Indonesia, Jakarta

Table 3
Levels of side friction at different speeds
SF, Events/hr Level of SF Average stream speed, km/hr Percentage reduction in average speed, %
0-500 Low 34 -
500-1000 Medium 31 20
1000-2000 High 24 38
> 2000 Very high 19 51
Source:[13]
Table 4
Level of SF in the evening period
Road Name Max. SideFriction, Event/hr Level of sidefriction P_ercentage reduction
in average speed, %
Fatima Al-Zahraa Street 3764 Very high
Al-Iskan Street 3164 Very high
Ramadan Street 2498 Very high 51
Al-Tarbiastreet 4792 Very high
Al-AbbasStreet 3825 Very high

Source:madebyH.S. Khudhair, H.A.E. Al-Jameel, V.N. Konoplev

Level of SF in the morning period

Table 5

Percentage reduction
in average speed, %

Road Name Max. SideFriction, Event/hr Level of sidefriction
Al-Tarbiastreet 4976 Very high
Al-AbbasStreet 4498 Very high

51

Source:made by H.S. Khudhair, H.A.E. Al-dJameel, V.N. Konoplev

Conclusion

1. All the side friction values were very high
for urban streets during the evening and morning
peak periods as a result of the presence of schools
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and government departments, therefore, it requires
traffic engineering solutions.

2. The highest value of SF was 4976 (Event/hr)

during the morning period of Al-Tarbia Street.
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3. The highest value of SF was 4792 (Event/hr)
during the evening period of alsoAl-Tarbia Street.

4. The study found that the percentage
reduction in average speed is 51% because of the
side friction was very high on all urban streets.
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