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Analysis of the effect of heat exposure during the destruction of cancerous tumors
in a two-dimensional approximation
D.V. Akulova
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Abstract. Based on the Pennes equation, the problem of heat transfer in a closed area is solved in
this work, simulating the multilayer structure of the breast with a malignant neoplasm. The numerical
method makes it possible to analyze the unsteady temperature distribution during volumetric heating
at the outer boundary and identify the key features of thermal processes in various layers of biological
tissue. The calculation of temperature fields is carried out taking into account blood flow and
metabolic processes, as well as the influence of spatial heating. To assess the degree of thermal
destruction of cells, the Arrhenius integral is used, which makes it possible to quantify the
accumulation of irreversible damage in tissue based on the temporal dynamics of temperature. The
proposed approach contributes to a more detailed understanding of the mechanisms of thermal
destruction of tumor cells.

Key words: Bio-Heat Transfer, Hyperthermia, Numerical Solution, Pennes Equation, Spatial Heating.

BBegeHue

Pak MonouHom xene3bl (PMXX) npeactaBnser cob6oii ofHy 13 Haubonee pacnpocTpaHEHHbIX
(hopM 3/10Ka4eCTBEHHbIX HOBOOOPa30BaHWiA, BOZHUKAIOLLMX W3 3NUTENIMaIbHbIX KETOK MPOTOKOB Y
a1bBEO/T MOJIOYHON Kenesbl. HecmoTps Ha TO, UYTO TOYHble MATOreHETUYECKUe MeXaHU3MbI
PM)X ocTaloTCcA He [0 KOHLA M3Yy4YeHHbIMW, YCTaHOB/IEHO B/IMSIHWE MHOXECTBA (JaKTOPOB PUCKa,
BK/IIOYaA HaCMefCTBEHHble MyTaluu, HapyLleHUs pPenpofyKTUBHO-MAKTALMOHHON (YHKUMM 1
3HJ0KPUHHO-MeTaboMyecKune paccTpoiicTea. 3aboneBaHvie XapakTepu3yeTcs BbICOKOW BEPOATHOCTHHO
MeTacTasvpoBaHWNsA B PErvOHapHble U OTAAEHHbIE IMMMATUYECKME Y3/Tbl, & TAKXKE B TaKMe OpraHbl,
Kak Nérkue, neyvyeHb, KOCTW W TONOBHOW MO3r. Ha paHHUX cTagmax PM)K MOXeT npoTekarb
6eCCMMMTOMHO, UTO 3aTPYAHSAET CBOEBPEMEHHYIO ANArHOCTUKY Y NOBbLILLIAET PUCK NIET/ILHOT 0 UCXOZaA.

OfHMM M3 NepcneKTUBHbLIX METOLOB fleYeHUs SABNAETCA TUMNepTepMus, NpeanonararoLLas
NOK&/IbHOE MOBbILLEHMe TEMMEPATYPbI B 30HE OMYXO0/N /15 YCUMEHUA MOBPEXAEHNS OMYXO0JEBbIX
KNeToK. TennoBoe BO3MENCTBME AOMNOMHUTENbHO YBENYMBAET KPOBOTOK, Y/yyllas CHabXeHue
TKaHW KWC/IOPOZOM UM MOBbIWasA 3((eKTUBHOCTL NIyY4EBON MM XuMmmoTepanuun. N8 peanmsanmm
rMNePTEPMUYECKON Tepanuu WUCMOb3YKTCA Pa3/NYHble CNocobbl, B TOM 4uC/e MPUMEHEHME
3NIEKTPOMArHUTHBIX BOJTH, /1a3ePHOr0 U3/TyYeHUs, MarHUTHBIX HaHOYacTUL, 1 ynbTpassyka. OfLHaKo
BaKHO Y4MTbIBATb NOTEHLMA/IbHOE TEPMUYECKOE MOBPEXAEHME 30POBbIX TKaHEN.

B HacTosileli paboTe npeffiaraeTcs MeTOA, HEmnpepbiBHOTO HarpesBa KOXHOW MOBEPXHOCTU C
[a/bHEVLLIMM PacHETOM CTEMEHWN paspyLUeHMs TKaHE C NOMOLLbHO HTErpana AppeHnyca, No3BONSHOLLMIA
60s1ee TOYHO KOHTPO/IMPOBATB MPOLLECC MMNEePTEPMAN U MUHUMM3MPOBATL NMOBOYHBIE APMEKTHI.

Poccusa, Tomck, 22-25 anpens 2025 T. Tom 3. MaremaTtunka
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MaTemaTunyeckas mogesb

MogenupoBaHue repeHoca Tensa B OGMOIOMMYECKUX TKaHSAX Oblfo BrepBble MPUMEHEHO B
pabote lMeHHeca [1]. B faHHO MOAeNN Ha MEepeHOC 3HEepPrun OKasbiBaeT BANSAHME MOTOK KPOBU B
TKaHAX 1 06bEMHOE TeNn0BbIAeNeHMe, BbI3BaHHOE MeTabonn3mom (puc. 1).

YA o _ o
Oy
aT _
N (T -T) [1] 2 | 3 4 |T=T
1, 2, 3, 4 — 310pOBbIC TKAHU 0, omyxoJib T
or
— =0
Oy

Puc. 1. O6nacTb peLleHnsa 3afaum

JInHeliHOe ypaBHeHWe GuOTennonepeHoca Ans TKaHein sBNsSeTCs O06LIMM  YypaBHEHUEM
TENn0NPOBOAHOCTY C A06aBNEHHBIMU YNleHaMM AN UCTOYHUKOB TEN/a U BbIPAXKAeTCs B BUE:

—= 2+ (=+ o+ @

roe (kP™3), (Ow&r- ) um  (c') npeacTaBnAlOT MAOTHOCTb, YAEMbHYIO TEMI0eMKOCTb U
CKOPOCTb Mepdys3un KpoBW COOTBETCTBEHHO. () — Temnepartypa TKaHW. WHAEKCbl U
MOKa3bIBaOT XapaKTEPUCTMUKM TKAHEN N KPOBM COOTBETCTBEHHO. (B¥™3) npeacrtasnseT coboii
BbIPabOTKY METaboMNYECKOro Tenia BHYTpU opraHusma, a  (B#W°) — aT0 Ten/osas aHeprus,
nosiyyaemas OT BHELLHEro UCTOYHUKa.

PaccmatpuBaeTcs AByMepHas MOAeNb 61MO0N0MMYECKON TKaHWU, COCTOALLAA U3 YeTbIpex C/oeB
(KOXn, XKNPOBOM, >KENe3nCToM U MbILLIEYHON TKaHel) 1 onyXonu, ¢ TONWWMHON , ASIMHOW U
HavasIbHON Temnepatypoii o = 37

IMoBePXHOCTb TKaHW NOABEPraeTcs BO3AENCTBUIO NPOCTPAHCTBEHHOrO Harpeea , KOTOPbIN
9KCMOHEHLMaNIbHO YMEHbLLAETCA C pacCTOsHNEM OT noBepxHocTM KoM  (, ) = o( )e” . Takas
CXema HarpeBa (pakTM4eCKmM MOCTPOeHa Ha OCHOBE 3aKoHa byrepa — bepa. 3aTtem NpoCcTpaHCTBEHHbIA
Harpes MOXXeT ObITb MOsy4eH Kak [2]:

(., )=——= o()e" , (2
rne o) (B¥™M?) — 3aBuCAWAaA OT BPeMeHNM MOLLHOCTb Harpesa MOBEPXHOCTU KOXM, a
(M) — KoachpuLMeHT paccemBaHus. CriefyeT OTMETUTb, UTO 06beMHbI uneH () He ByeT BHOCUTb

BKNa/, B rpaHNYHOE YCI0BME, MOCKO/bKY B MO0bIX YUacTKax TKaHM BbinonHsetes  (—, )= ( *, ).
[lNsi OLIEHKM NOBPEXAEHNS TKaHel MCNoMb3yeTcs Modenb AppeHnyca [3, 4]:

oO)=g4 >~ O | (©))
0
rae TepMmyeckoe nospexaeHve Q( ) cBsiaHO C 0XKngaeMoii thpakLmeii KNeTOUHON BbKMBAEMOCTH:
@)
Q()=—-In—=, 4
© 4)
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rae (c™1) -  KkoathuumeHT uacToThl, A (LI,)K/IVIOI'Ib_l) — 3Heprva  akTmsauumu,
( ) ( ) - abcontoTHasa TemnepaTypa B 3aBUCUMOCTU OT BpeMeHu, () — KOHLEHTPALMS XUBbIX
KNeTOK B 3aBUCUMOCTY OT BpeMeHK, (0) — HauanbHast KOHLEHTPALMSA XXMBbIX KIETOK.
CornacHo puc. 1 TennoBoi NOTOK B HanpaB/eHUM  paBeH HyM0. B HanpaBneHun — Ha
MOBEPXHOCTN KOXM MPOMCXOAUT TENn00OMEH C OKPY)XKalolleil Ccpeaoil, B LEHTpe Tena
NOAAEPXKMBAETCS MOCTOAHHAA TemrnepaTypa Tena.

3aK/toyeHmne

B pesynbTaTe npoBeAeHHbIX WCCNefoBaHWA pa3paboTaHa MaTeMaTuyeckas MOAesb
rMNepPTEPMMUYECKOr 0 BO3AENCTBMSA Ha MO/TOYHYIO XKefe3y, yUnTbiBatoLLas NPOCTPaHCTBEHHBIN Harpes
Ha BHELUHel rpaHuLEe U MOo3BONAKOLWAS OLUEHUTb TEPMMYECKOE PaspyLUEHME 3/10Ka4eCTBEHHOrO
HOBOOOpa3oBaHMsA. B OCHOBE NEXMT ypaBHeHVEe OMOTENIoNepeHoca, AOMOHEHHOE KpUTepueM
HeobpaTUMbIX MOBPEXAEHWIA TKaHeld MNOCPeACTBOM WHTerpana AppeHuyca. Takoi noaxop
o6ecneymBaeT He TO/IbKO MaKCUMMU3aLMo 3PMEKTUBHOCTM TEPMMUYECKOTO BO3LENCTBUA HA OMYXO/b,
HO W OrpaHuMYeHne TeMnepaTypHbIX MOBPEXAEHU 3[40POBbIX TKaHel B AOMYCTUMbIX Npegenax.
B pesynbTate npy nNpaBWibHOM Bbl60pe MapameTpoB HarpeBa MOXKHO CHOPMMPOBaTb ONTUMa/IbHbIN
TemnepaTypHbIA NPon/b, paspyLUatOLLMA 310KAYECTBEHHbIE KIETKWN M MPX 3TOM MUHUMU3UPYIOLLNAIA
PUCK 0XXOTOB Ha NOBEPXHOCTM KOXW.
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VccnenoBaHve eCTeCTBEHHOM KOHBEKLUUW B IBYMEPHOM NOJIOCTY C MOPUCTbIM MPOHULLEEMbIM
C/I0eM M0f, BO3LeNCTBMEM Pa3/IMUYHbIX TUMOB Harpesa
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Study of natural convection in a two-dimensional cavity with a porous permeable layer
under the influence of different heating
M.S. Astanina, G.A. Shashkin
Scientific Supervisor: Prof., Dr. M.A. Sheremet
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: astanina.marina@bk.ru

Abstract. This study investigates heat transfer and fluid flow of a Newtonian medium with a porous
layer under the influence of different heating. Two configurations have been considered: a vertical
porous layer adjacent to a heated boundary and a horizontal porous layer at the bottom of the
cavity. The problem has been analyzed within a square cavity with differentially heated walls,
where the left (or bottom) boundary is maintained at constant high temperature T. or a
time-dependent high temperature Tw(t), while the opposite wall is kept at a constant cold
temperature . The influence of gravity, permeability of the porous medium, and thermal boundary
conditions on convective flow patterns and heat transfer efficiency has been examined. The results
provide insight into optimizing thermal management in porous and composite materials, with
potential applications in energy systems and material engineering.

Key words: heat transfer, natural convection, porous layer, Darcy model, non-uniform heating.

BBegeHne

EcTecTBeHHas KOHBEKLMSI B MOPUCTbIX CpeAax WrpaeT KAK4YeBYKHD pofb B npoleccax
Tennonepefayn n MaccoobMeHa, YTo ienaeT U3yyeHue 3Tol NpobsiemMbl aKTyaslbHbIM BOMPOCOM /15
PasINUHbIX WHXEHEPHbIX MPUIOXEHMA. B 4aCTHOCTW, NOHUMaHME MeXaHU3MOB ECTECTBEHHOM
KOHBEKUMM HeobXoAauMMo A/ ONTUMM3auMM TeraoBbIX MPOLECCOB B MOPUCTLIX MaTepuanax,
NCNONb3YEMbIX B TEMN00OMEHHUKAX, WM30NALMOHHBLIX CUCTEMAxX WM FeoTepMasibHOM 3HEPreTuKe.
Mpy gndhepeHUManibHOM HarpeBe CTEHOK MOPUCTOW Cpefbl BOSHUKAKOT rpagueHTbl TeMnepaTtypsl,
NPUBOAALLME K M3MEHEHMIO MAIOTHOCTU XMAKOCTU W, KaK CNeACcTBUE, K KOHBEKTVBHbLIM MOTOKaM.
AT NOTOKM CYLLECTBEHHO B/IMAKOT Ha 3(M(MEKTUBHOCTL Tennonepefayn u pacnpegeneHue
TemrnepaTypbl BHYTPM CUCTEMbl. AHA/IM3 TakKMX MPOLECCOB TpebyeT yyeTa reomMeTpum MOpUCTON
Cpefbl, CBOMCTB XXWUAKOCTU W FPaHUYHbLIX YCMIOBUIA, YTO [AeNaeT 3afadvy MHOrornapameTpuyeckoin u
CNOXHON And mMogennpoBaHus. MOHMMaHWe 3TUX MeXaHW3MOB CMOCOOCTBYET pa3paboTke 60see
3 PEKTUBHBLIX TEMNOTEXHUYECKMUX CUCTEM M MaTepuaos.

MocTaHoBKa 3agaun

eomeTpuyeckas MOCTaHOBKa 3ajayy NpPOWNOCTpUpOBaHa Ha puc. 1. PaccmartpusaeTcs
3aflaya eCTECTBEHHON KOHBEKLMW B HAaK/OHHOW KBaapaTHOM MOM0CTW, YaCTUYHO 3arO/IHEHHON
MOPUCTBIM  C/I0EM, MOJ, BO3AENCTBMEM TeMMEepaTypHOro rpafgueHTa Mexay HarpeBaeMon w
OXNXAaemMol CTeHKamu. [1on0CTb COCTOMT W3 HbHOTOHOBCKOW >KMAKOCTU C NepeMeHHbIMU
Tenn0(U3NYeCKMN CBONCTBAMMW 1 NMPOHULLAEMON M30TPOMHOM NMOPUCTON Cpefbl, PacroNOXeHHOM
Y HarpeBaeMoi rpaHuubl 06nactv. Mpy 3TOM OCTanbHble FPaHULbl NOMOCTW TENI0U30/IMPOBaHBI.
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PaccmaTpuBaeTCs ABa TWMa HarpeBa CTEHOK: M30TepMMueckasl ropsyasi CTeHKa W Harpes Mo
CMHYcoMaanbHOMY 3akoHy. CnpaBef/nBo NpubnnkeHne byccuHecka. TeueHne NaMUHAPHO.
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Puc. 1. CxemaTuyeckas nocTaHoOBKa 3a4auu

Ons  mopenvupoBaHuWs MOPUCTOM  cpefbl Oblna Mcnonb3oBaHa Mogens [MOapcu  [1].
Onpegenstowme andepeHumanbHble YypaBHEHUS ObIIN 3anucaHbl U PeLLeHbl METOA0M KOHEYHbIX
pasHOCTel OTAENbHO AN KaXAoM cpedbl (419 YMCTOM XKMAKOCTU M MOPUCTOrO CKefeTa).
Ha rpaHuuax pasgena cpefg 6bi10 MCMonb3oBaHO Ycnosue busepca-Ixoseda [1]. B T1abn. 1
nokasaHbl Tensothn3nyeckmne CBOMCTBA UCMONb3YEMbIX MaTepMasioB.

Tabmua 1
Tennotumsnyeckme xapak TePUCTUKMA UCMOb3yeMbIX MaTepnanos
XapaKTepucTuKka p, Kr/m® c, Ax/(kr-K) A, B1/(M-K)
XKungkocTb (Boaa) 997.1 4179 0.613
MopucTan cpepa (aUtoMUHKEBAS NEHA) 2700 897 205

3yyaemblii NpoLECC MOXET ObiTb OMMCaH CReAyHLWMMN cucTeMamu AndhepeHUmaibHbIX
ypaBHeHUI B 6e3pa3mepHbIX NPeobpa3oBaHHbIX MePeMEHHbIX:
[lns 4acTn NONOCTM C YNCTOW CPesoin:

2 2
i @
2 2
o v — —5 —Cos —sin 2
X y Ra X y X y
1 2 2
— U= V= —— — — 3)

X y RaPr x y
[ns yacTu NoiocTy ¢ MOpUCTbIM cnoem (Mogens [dapcu):

— — Da Ra —Cos —sin (4)
X y Pr X y

— u— Vv Lii (5)

f
X y JRaPr x* y?
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Mpeobpa3oBaHHble Ge3pasMepHble MepPeMeHHbIE UMEKT creaytownii Bug (hyHKUmMa Toka v
3aBUXPEHHOCTD):
_ I T v U
u — v  — - =
y X Xy

B onpegenstoweit cucteme audgepeHumanbHbiX ypasHeHuin (1)—(5) 6binv MCNonb30BaHbI
crnefytowme 6e3pasmepHble NapameTpbl U nepeMeHHble [2]:

2 3 — —
o Is / / of
0/ _/ 0 _/ 0 _/ 0 _/ 0 B /0
HauyanbHble W rpaHWuYHble YCMOBMS AN Clydyas HarpeBaeMoil  eBOW  CTEHKM
paccMaTpuBatoTCs B crefytollem suae [2]:

0: 0 HaO x 1m0 y 1
2
0: 0, > 1 wwm , sin(f )Hax 0mn0 y 1
X
2
0, =, 0 Hax 1n0 y 1
X
2
0, —, — 0 Hay 0,1n0 x 1
y y
? f K f pm
pm fl 1 X2 [_Da X X

Ha MeXdasHol rpaHuLe

om pm i /Ra Da’
mo T X x| Pro vy

OundibepeHumanbHble  ypaBHEHWs, 3anmucaHHble B MEpPeMEeHHbIX «(YHKLMS ToKa —
3aBMXPEHHOCTb — TemnepaTtypa», PeLlainch C UCMONb30BaHMEM METOAA KOHEUHbIX pasHOCTel Ha
PaBHOMEPHOI CTPYKTYPMPOBaHHOW BbIYMCAWUTENbHOW ceTKe. [N NpoBeAeHWs PacyéToB Obif
pa3paboTaH NpPorpamMMHbIA Kof Ha si3blike C++, 06ecneumBaroLLMii BOSMOXHOCTb BM3yanm3auum
pe3ynbTatoB. Co3faHHas MeTOAMKA YMCMEHHOrO peLLeHVst 3afay KOHBEKTVMBHOIO TennoobmMeHa
npoLuna TwaTeNbHY BEpUNKaLMIO Ha Psifie MOAENbHbIX TEUEHWIA.

Pe3ynbTaTbl 1 3aK/OYeHWEe

Lienbto nccnefoBaHNs SBASCA aHaM3 TEMMOBbIX U MMAPOANHAMUYECKMX NMPOLECCOB BHYTPM
MoNOCTU B 3aBUCUMOCTU OT TEOMETPUYECKUX W TEnno(m3NUYECKUX CBOMCTB MOPUCTOrO CIOS.
PaccmaTpuBaeTcs BNSHME ONPeaenstoLmx MnapameTpoB, TaKMX Kak MPOHULAEMOCTb MOPUCTOro
C/0$1, BA3KOCTb pabouyeii cpefbl M HAK/OH NonoCTU. MonyyeHHble pe3ynbTaTbl MOTYT GbiTb MOME3HbI
NS ONTMMM3aUMN  TEMMOBbIX CKUCTEM, WCMOMb3YHOWMX MNOPUCTbIE MaTepuanbl B PasiNYHbIX
VIHXXEHEPHbIX NMPUIOXKEHNAX.

WccnegosaHue BbINOHEHO B pamKkax peanusauuy npoekTa Poccuilckoro HayyHoro ¢poHpa
(cornaweHvie Ne 24-71-00029).

Cnucok nutepartypbl
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2. TpudpoHoea T.A., LLlepemer M.A. YuCneHHble UCCNefOBaHNA HeCTaUMOHapHbIX PEeXUMOB
COMPSKEHHOM €CTeCTBEHHOM KOHBEKLMW B MOPUCTON LMAMHAPUYECKON o6nacTy (mogenb [apcu—
ByccuHecka) // KomnbloTepHble nccnefosaHus n mogennposaHune. —2013. — T. 5, Ne 2. — C. 179-191.
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Enhanced computational techniques for light scattering by hollow ice crystals
A.E. Babinovich!?, A.V. Konoshonkin!?, V.A. Shishko?
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Tomsk State University, Russia, Tomsk, Lenin str., 30, 634050
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Abstract. Cirrus clouds significantly affect climate formation and lidar data processing. They
mainly consist of non-spherical ice particles, whose optical properties define the overall
characteristics of the cloud. This study presents an optimized computational approach for modeling
light scattering by hollow hexagonal column ice particles using the physical optics method. The
research focuses on the theoretical foundations of the model, optimal selection of computational
parameters to minimize processing time, and the interpretation of output data. A special emphasis is
placed on the post-processing of large data batches, which is crucial for applications in
atmospheric optics. The results of this study contribute to improving the accuracy and efficiency of
optical models used in climate studies and remote sensing.

Key words: light scattering, physical optics method, atmospheric ice crystals, hollow hexagonal
column, cirrus clouds.

Introduction

Cirrus clouds are among the most common high-altitude clouds, covering approximately
30 % of the Earth's surface at any given time [1]. Their ability to reflect incoming solar radiation
while also trapping outgoing infrared radiation makes them a key factor in the global climate
system. Due to their complex structures, consisting mainly of non-spherical ice crystals [2],
accurately modeling their optical properties remains a challenge. These particles exhibit diverse
shapes, including hexagonal plates, columns, bullet rosettes, and aggregates [3]. Among them,
hollow hexagonal columns are particularly relevant because they frequently occur in cirrus clouds
and influence their optical characteristics.

A precise understanding of light scattering by these ice particles is essential for remote
sensing applications, especially for interpreting lidar and radar measurements. Traditional numerical
methods, such as the discrete dipole approximation (DDA) [4] and finite-difference time-domain
(FDTD) [5] methods, struggle to handle large ice particles due to their computational complexity.
This study utilizes the physical optics method, which provides an efficient alternative while
maintaining accuracy. The main goal is to refine computational techniques for modeling light
scattering, optimizing simulation parameters, and ensuring high-quality data for climate research
and atmospheric remote sensing.

Research methods

This research employs the physical optics method to investigate light scattering by hollow
hexagonal ice crystals. The method is particularly effective for capturing backscattering effects, which
are crucial for lidar-based remote sensing. The study considers various particle parameters, including
hexagonal base length, height, and cavity depth. Unlike geometric optics, which is inadequate for
small ice particles, or exact numerical techniques that become impractical for larger particles, the
physical optics approach strikes a balance between computational efficiency and accuracy.

To optimize computational efficiency, several factors were examined. The number of
scattering iterations and particle orientations were systematically varied to determine the optimal
balance between accuracy and processing time. The results indicate that beyond 12 iterations,
additional computations do not yield significant improvements but instead increase processing
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costs. Similarly, using 24,897 particle orientations ensures accurate phase function and polarization
characteristics while maintaining a reasonable computational burden.

The study was conducted using high-performance computing resources to manage large-scale
simulations. A structured workflow was developed to automate data extraction and processing,
facilitating the organization and interpretation of scattering matrices. Additionally, batch-processing
techniques were implemented to efficiently handle the extensive dataset generated by the model.
These included automated filtering and classification of scattering matrices based on particle size,
shape, and orientation. The processing framework also incorporated error-checking mechanisms to
ensure data integrity and reliability. The resulting database was designed to be adaptable for
different atmospheric conditions and scalable for future enhancements.

Results

The optimized computational approach resulted in significant improvements in processing
time and data accuracy. The study demonstrated that reducing unnecessary iterations while
maintaining an optimal number of orientations allows for the generation of highly accurate
scattering matrices with a 30-fold reduction in computational costs. The resulting database of
scattering matrices provides valuable data for climate research, improving the accuracy of remote
sensing instruments and supporting atmospheric modeling efforts.

Additionally, comparative analysis with experimental lidar data confirmed the reliability of
the model. The optical properties derived from the scattering matrices closely matched real-world
observations, further validating the approach. The structured data processing techniques
implemented in this study also proved essential for handling large datasets. The developed
automation scripts enabled efficient data extraction and organization, significantly streamlining
post-processing tasks. The final dataset provides a comprehensive set of light scattering matrices for
hollow ice particles of different sizes and orientations, supporting applications in satellite
calibration, lidar-based atmospheric studies, and climate modeling.

The improvements in computational performance also facilitate real-time data analysis in
operational remote sensing applications. By integrating these optimized scattering models into
existing atmospheric monitoring systems, it becomes possible to enhance the detection and
classification of cirrus clouds. This can significantly improve the accuracy of weather forecasting
and climate prediction models, leading to better assessments of global radiation budgets and
atmospheric energy distribution.

Conclusion

This research introduces an improved computational methodology for simulating light
scattering by hollow hexagonal ice crystals. By refining simulation parameters, the study
significantly reduces processing time without compromising accuracy. The findings contribute to a
more efficient approach for analyzing the optical properties of cirrus clouds, enhancing the accuracy
of climate models and remote sensing applications.

Furthermore, the results open new possibilities for real-time atmospheric monitoring. The
structured processing framework developed in this work enables efficient integration into
operational remote sensing platforms. Future research will expand this methodology to additional
ice crystal morphologies and investigate spectral variations to further refine atmospheric radiative
transfer models. The study’s advancements in computational techniques will continue to support
atmospheric optics research and improve our understanding of cloud microphysics.

As computational power continues to advance, further refinements to the physical optics
method will allow for even greater accuracy in atmospheric modeling. Integrating artificial
intelligence and machine learning into the processing workflow could enhance the efficiency of
data analysis, enabling faster and more precise predictions of cloud properties. These improvements
will contribute to a deeper understanding of atmospheric dynamics and the role of ice clouds in
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climate regulation, ultimately benefiting both scientific research and practical meteorological
applications.
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Abstract. The early detection of small unmanned aerial vehicles (UAVS) using passive methods is a
critical challenge in modern surveillance and security applications. Traditional camera-based
detection systems require high-resolution imaging, which is often impractical for full-sky
observation. This report presents a solution utilizing triangulation algorithms with multiple
spatially distributed full-sky cameras to accurately determine UAV positions. A primary issue with
single-camera detection is the limited resolution, which often reduces UAVSs to a single-pixel spot,
making classification and distance estimation impossible. Conventional approaches rely on
telescopic lenses, which, while effective for object identification, lack the ability to monitor the
entire sky. By employing multiple full-sky cameras and triangulation techniques, the proposed
method determines the object's distance, actual size, and velocity, enabling more reliable
classification at greater distances. The mathematical model of the system incorporates
multi-camera angular observations and baseline distances to derive accurate spatial coordinates of
the detected objects. This allows for the estimation of UAV speed and size, significantly improving
early warning capabilities. Results indicate that triangulation-based detection substantially
increases UAV identification range compared to single-camera setups, making this approach highly
effective for real-time UAV surveillance and security applications.

Key words: UAV detection, triangulation algorithm, full-sky cameras, object localization, passive
surveillance.

BeegeHne

CoBpeMeHHOe pa3BuUTMe OecnuIoTHbIX feTatenbHblX annapatos  (BMJIA)  Tpebyet
COBEPLUEHCTBOBaHMA ~ METOAOB WX  OOHapyXeHVUs 1 OnpefenieHnss  MeCTOMOMOXKEHMS.
[ns obecneyeHns 6e30MacHOCTN OOGBLEKTOB KPUTMYECKON MH(PacTPYyKTypbl, a Takke B cdepe
MOHWTOPMHIa BO3AYLIHOr0 NPOCTPaHCTBa, HEOOXOAMMO CO3AaHue BbICOKOI((EKTUBHLIX CUCTEM
cnexxeHns. OfHUM K3 Hambosnee MNepPCrneKTUBHbLIX Hanpas/ieHWd SABNSAETCA  MCMO/b30BaHMe
ONTUYECKMX CUCTEM, BKIKOYas Kamepbl MOMAHOrO Heba. OfHaKo WX NPUMEHEHWE OrpaHUYeHo
HeA0CTaTOYHbIM pa3peLleHrem, YTO AenaeT COXHbIM UAEHTUPUKaLMI0 HeBGOMbLIMX O0OBLEKTOB Ha
O0NbLUNX PACCTOSHUSAX.

B paHHO paboTe paccmarpviBaeTcs METOZ onpedeneHus nonoxeHnus BIMJIA Ha ocHoBe
TPUAHTYNALNOHHBIX aITOPUTMOB M CTEPEOCKOMUYECKOTO 3peHns. B O0T/iMume OT OAMHOYHBLIX Kamep,
MHOrOKaMepHble CUCTEMbI MO3BOJIAIOT He TONbKO (PMKCMPOBATb (PAKT MPUCYTCTBUSA 0ObeKTa, HO U
OMnpeaensTb ero KOOpPAMHaThl, pa3mepbl U CKOPOCTL MepeMeLLieHNs. 3TO AOCTUraeTcsa 3a CUET aHam3a
YI0BbIX KOOPAMHAT 00beKTa C ABYX U 60/1ee ToUeK HabMHOAEHNA U NPUMEHEHNS TPUAHTYNALUN.
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Pa3pabaTbiBaeMblli anropuT™M CNocobeH paboTaTb C Pas/IMYHbIMU TUMAMKU Kamep, BK/Huast
BUAUMbIE, MH(paKpacHble 1 CreunannsnpoBaHHble ceHcopbl. OH o6ecneunBaeT 3gdeKTMBHOE
otcnexusarve BINJ1A faxe B YCNOBUAX HU3KOMO KOHTpacTa v AUHAMUYHO U3MEHAOLLIErocs (PoHa.
Kpome Toro, npefioxKeHHbI NOAXOA MOXET NPUMEHSATLCSA He TONbKO B cihepe 6€30MacHOCTH, HO U
B CMEXHbIX 06/1acTsX, TaKMX KakK aspopoTOCheMKA, HaBMUrauus, aCTPOHOMUYECKMe HabnoaeHNUs U
CUCTEMbI BUPTYa/IbHOIN peasnbHOCTY.

[naBHast LeNb MUCCNeaoBaHUA — pa3paboTka BbIYMCAUTENBHO 3((EKTUBHOIO anroputma Ans
onpegeneHns nonoxeHns BIJ1A, KOTOpbIA CMOXET 06eCneYnTb BbICOKYHD) TOYHOCTb NpU
MWUHUMaJIbHBIX BbIYUC/IUTE/bHbIX 3aTpaTax.

JKCnepumMeHTa/IbHasA vYacTb
MpuHUMN paboTbl CUCTEMbl OCHOBAaH Ha OLHOBPEMEHHOM HabtoaeHUMM 00bekTa [BymA
NMPOCTPaHCTBEHHO pa3HeCeHHbIM Kamepamn. [ns KakAoh Kamepbl (DUKCUPYIOTCH  YITI0BbIE
KOOpAMHaTbl 06beKTa, MOCNe Yero no M3BeCTHOMY 6a30BOMY PAaCCTOSHWMIO MeXAy Kamepamu U
YINOBbIM  NEepPeMELLEHNAM  MEeTO4OM  TPUAHTYNsAUMM - OMpeaensieTcss MofoXKeHUs o06bekTa B
MpOCTPaHCTBE.
ANroputm 06paboTKM BKIHOYAET:
MpeaBapuTenibHas (UIbTpauMs: YCTpaHeHue LWYMOB W (JOHOBbIX MOMEX, MOBbILIEHMWE
KOHTPACTHOCTH.
JeTekuns OBMKYLLMXCA 0ObEKTOB: CerMmeHTaums notTeHuanbHbiX BIJ1IA 1 oTcnexmnsaHue
NX NepemeLLeHNIA.
TpyaHrynAuMOHHBIA pacyeT: BbIYMCMEHWE PaCcCTOAHMS [0 06beKTa, ero pasMepoB U
abCo/IOTHON CKOPOCTW.
Knaccnukaums 06bLEKTOB: aHa/M3 napaMeTpoB ABWXEHWUA AN pas3nuyeHus BIJIA ot
APYrux netarowmx o6bLeKToB (NTUL, CAMONIETOB U Ap.).
Cxema NpUMeHeHA TPUaHryNALMOHHOTO anropuTMa npe/jcTasneHa Ha puc. 1.

Puc. 1. Cxema onpeaeneHns CKOpoCTU N NONOXKEHNA ABUXKYLLIET0CA obbeKkTa

C nomowblo MeTofa TPUAHTyNAUMK BbIMUCNSETCA paccTosHue |1 v h go Habnogaemoro
06beKTa, C MOMOLLbIO YINIOBOr0 pasmepa M pacCTOsSHWUA ONpeaensieTcsl UCTUHHbINA pa3mep 06beKTa, 1
C MOMOLLbO YI/IOBOFO NepeMeLLeHns onpeaenseTca ero abContoTHasi CKOPOCTb.

Mepen HenocpeACTBEHHbIM OMpefeNeHVeM PacnosnoXeHWss 00bekTa W APYrux ero
XapaKTepUCTUK HEeobXoAMMO MPOM3BECTM €ro AETeKUMIO, a Takke MOCNefyoWniA TPEKNHT.
[lnsi 3TOro MCNonb3yrTCa anropUTMbl MaLLMHHOIO 3PEHUS B peasibHOM BpeMeHuW. [ocTynatoLuii
BMAEONOTOK C KaMepbl BbICOKOMO paspelleHnss (UAbTPYETCS WM OYMLLAETCS  OT  LUYMOB.
[anee, ncnonb3yeTcs AeTEKUMS MO XapaKTepHbIM TOYKaM, OMpPeaenstoTCs MOMOXEHUS 06beKTa U
ero LEHTP, KOTOPbI WCNOMb3yeTca ANs MOCNEeAYHLEro OTCNeXuBaHWA. [Na TecTUpoBaHWSA
anropuTMa OblN UCMONb30BaHbl BWAEOPONMKMA M3 CETU VIHTEpHET C pa3UYHbIMU NETALMMM
06beKTaMu Ha HebeCHOM (POHe: NTULbI, CAMOJIETI.
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Mocne feTeKuMn 06bEKTa OMpPeaensitoTCs COOTBETCTBYIOLME YI/bl U C MOMOLLbIO MPOCTbIX
MaTeMaTMyecKUX BbIYMCMIEHNIA ONpeaenstoTcs HeobXoAuMble napaMeTpbl. Mo MoMyYeHHbIM
XapaKTepuUCTVKaM OnpeaensieTcs Tun oGbekTa.

PesynbTaTbl

B xopge paboTbl 6611 paspaboTaH airOpUTM CNEXEHWS 3a NOTEHLMAbHBIMU 6eCrUIOTHBIMU
netartesibHbIMM annaparamu U Apyrumu NeTAwmMMm 06bekTaMu. ANropuTtM no3soseT B peasibHOM
BPEMEHN:

BbISBNATH ABUXKYLLMECS 00BEKTbI B NOME 3pEHUS ABYX Pa3HECEHHbIX Kamep.

OnpefensaTb UX NOMOXEHNE C MOMOLLI0 TPUAHTYNALMK, BbIYUCIAA PACCTOAHME [0 00beKTa.

OueHuBaTb pasmep 06HapY>XeHHOro 06bEKTA, YTO KPUTUYHO A5 €ro Knaccugukaumm,

PaccunTbiBaTb CKOPOCTb ABMXXEHUA, YTO MOMOraeT otimuuTb BIJIA oT nTuy, nnn gpyrux
MPUPOLHbIX ABMIEHWIA.

OCHOBHOE MNPEeMMYLLEeCTBO MpPeL/IoKeHHOro MeTOoAa 3aK/l4yaeTcs B ero npocTtoTe U
[OOCTYMNHOCTW. B OTIMUME OT CMOXKHBIX 1 JOPOrOCTOAWMX PALMNONOKALMOHHBIX NN HEApOCeTEBLIX
CUCTEM pacno3HaBaHWs, JaHHbIA anropuT™M He TpebyeT CreLmann3npoBaHHOro 060pyL0BaHNA — OH
MOXeT ObITb peaiM30BaH Ha CTaHAAPTHbIX Kamepax, paboTaroLmx B BUAMMOM UM NHPPAKPaCHOM
[mnanasoHe.

3aK/to4yeHmne

B paHHOM paboTe Obin NpeasioXXeH W peanv3oBaH anropuTM OMNpPeAeneHns MoNOXKEHUs
GeCnUIOTHBIX NeTaTe/bHbIX annapaToB C UCMO/b30BaHNEM TPUAHTYNALMN N CTEPEOCKONNYECKOro
3peHus. PaspaboTaHHbI MeTo4 MO3BONSET ONpefensTb KOOPAMHATbl, pasMepbl U CKOPOCTb
[BVXEHMS NETALMX 00BLEKTOB, UCMOMb3YS NULLL ABe pPa3HeCeHHble Kamepbl. AIrOPUTM MPOCT B
peasM3aummn, He TpebyeT [OPOroCTOALLEro 060PYAOBaHWA M MOXeET OblTb MPYMEHEeH Kak Ha
Kamepax BWAMMOro CBeTa, TaK WU Ha WMHMPaKpacHbIX ceHcopaX. MpuMeHeHWe [AaHHOro metofa
BO3MOXHO B pa3/IMyHbIX Chepax, BK/IOYas: 0XpaHy NeprMETPOB CTpaTermMyecky BaXKHbIX 0ObEKTOB
(asponopTbl, MPOMbILLIEHHbIE NPEANPUATASA, BOEHHbIE 6a3bl), aBTOMATMU3MPOBaHHbIA MOHUTOPUHT
BO3A4YLUHOr0 NPOCTpPaHCTBa ANs NPefoTBpaLleHNs HecaHKLUMOHMPOBaHHbLIX MOIETOB, UHTerpauuto ¢
APYrMMK  cucteMamm 6e30NacHOCTU [N CBOEBPEMEHHOrO pearMpoBaHUS Ha MNOTeHUMasbHble
yrpossbil.
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WccnepoBaHme 06pasoB X, Y Npu 4BOACTBEHHOM 0TO6PaXKeHUN
K NMMHeNHbIM romeomopdusmam Cp(X), Cp(Y)
B.B. BuaakuH
HayuHblii pyKoBOAMTENb: AOLEHT, K.0h.-M.H. B.P. Jlazapes
HaumoHanbHbI nccnefoBaTeibCKMii TOMCKMIA FOCYAapCTBEHHDBIA YHUBEPCUTET,
Poccusg, 1. Tomck, np. JleHuHa, 36, 634050
E-mail: vasvidik@mail.ru

Investigation of images X, Y under dual map with respect
to linear homeomorphisms Cp(X), Cp(Y)
V.V. Vidyakin
Scientific Supervisor: Ass. Prof., Ph.D. V.R. Lazarev
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: vasvidik@mail.ru

Abstract. In this paper, examples of linear homeomorphisms of function spaces and their dual
mappings are considered. The maximum length of the carriers of the images of points from Y under
the dual mapping in () is investigated. Examples of spaces X and Y with very distant
topological properties are considered and it is established that the mentioned maximum length does
not exceed 3. An upper bound for this characteristic is obtained for the composition of linear
homeomorphisms.

Key words: spaces of continuous functions, pointwise convergence topology, dual map

BBegeHue

N3yyeHne noBefeHUs  [ABOWCTBEHHOrNO  OTOOPaXXEHWA MpY  HEKOTOPOM  JIMHENHOM
roMeomMopu3Me MpOCTPaHCTB () wm ( ) nossonseT yBMAeTb B3aMMOCBA3M CBOWCTB
npocTtpaHcTB X M Y, He UMes MOSIHON KapTUHbl O CTPYKTYpe 3TUX MpOCTpaHCTB. B gaHHOM
1CCNefoBaHMN PaccMaTpyBaKOTCA NPUMEPbI MPOCTPAHCTB CYETHOM MOLLHOCTW, TOMOMOrMYecKme
CBOWCTBa KOTOPbIX, TakuMe Kak /oKasibHas KOMMaKTHOCTb, BEC, METPU3YEMOCTb, Ha/lnUMe CYETHOW
6asbl M Jpyrve, He COBMajalOT, HO NPU 3TOM 3TV MPOCTPAHCTBA ABNAKOTCA |-3KBMBANEHTHLIMW.
[ns 3TMX MPOCTPaHCTB HaxOAMTCA A/IMHA HOCUTENs NpW 3afaHHbIX MHEHbIX roMeomMopgun3max
MeX[y MPOCTPaHCTBaMU (PYHKLMIA N N3ydatoTCA HEKOTOpbIe 06LLVe CBOWCTBA [/IMHbI HOCUTENS.

SKCnepMeHTa/IbHast YacTb
[Janee Mcnonb3ytTcs CTaHAapTHble 0603HayveHust u3 [1], TO ecTb npocTpaHcTBoM ()
Ha3bIBaeTCS MPOCTPAHCTBO HEMPEPbIBHbIX (PYHKLMIA Ha X € TOMOOrMER NOTOYEYHOWR CXOAUMOCTY;

MPOCTPaHCTBO ( ()) o6o3Hayaem npocTO ( ); npoctpaHctBa X M Y HasbiBaeM

I-akBMBaneHTHbIMK, ecnm npoctpaHctBa () m () JMHEiHO rOMeoMOpPHbI; OYEBUAHO, W3
roMeoMOP(HOCTN NPOCTPAHCTB X U Y cneayeT ux |-3KBUBaNEHTHOCTb. B Hallem mccnegoBaHUm
SIBNSOTCS K/HOYEBLIMY CNeayHOLLE NOHATUS:

Onpegenenue. ([1], cTp.19) MycTb : - . [IBONCTBEHHOE K OTOGpaxeHue *: -
onpeaensieTcs CreayloLMM 06pa3oM: ecnu , 10 #()()= ( (), ana Beex , TO
# —
ectb () =
Kpome TOro, u3sectHo, uto * HenpepbiHO ([1], 0.4.6). TMPOCTPaHCTBO NIMHEAHBIX
HempepbIBHbIX (yHKUMoHanoB () ={( 1 +..+ ) )[x,..., ) O :
( ), n } anrebpanyecku NOPOXKAEHO MHOXECTBOM X B /IMHEAHOM MPOCTPaHCTBE ().
Bbino gokasaHo ([1], 0.5.9), uTo () (' ) 3aMKHYTbIM 06pa3oM.
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OnpegeneHne. Hocutenem Y B8 () npu nuHeitHoMm romeomopdmame @ () - ()
Ha30BEM MHOXECTBO

= | ()= , {03},
=1
roe *:L () -~ () -p;BoiicTBeHHOE K T 0TOBpaXKeHMe.
OnpegeneHne. AnuHoii Hocutenst Y B () npu nnHeiHom romeomopgmame T:C () -
( ) HazoBem

(., () )=max { | (== | {01},
=1
roe *:L () -~ () -pBoiicTBeHHOE K T 0TOGpaXeHue.
OueBungHo, utoecm I: C () - () — ToKAecTBeHHOe oTobpaxkeHne, Tolon( , (), ) =1.
OnpegeneHue. ([2], cTp.52, cTp.56) Touyka TOMNOMOrMYECKOrO MPOCTPAHCTBA  Ha3blBAeTCH

TOYKOW HaKOMMIEHUS MHOXeCTBa , €c/m { }. MHOXecTBO Touek HaKoM/eHus

MHOXECTBa Ha3bIBAaeTCs MPOW3BOAHLIM MHOXECTBOM MHOMXECTBa 1 0603HavaeTcs

[N KOKAOro HaTypasibHOro n MHoectBo ¢ ), n-e npou3BogHOE MHOXECTBO MOAMHOXECTBaA
TOMOMOMMYECKOr0 NPOCTPAHCTBA , ONpPeaenseTcs no UHAYKUMM hopMynamu

W= O=( (D),
BbIcoTOii npocTpaHcTBa  Hasbisaetcsumcno ( ) =sup{ | ()= }.

PesynbTathbl

B [1] npvBeseHbl npumepb! |-3KBMBASIEHTHBIX MPOCTPAHCTB, CYLLECTBEHHO pas/inyaroLLuXcs
Nno CBOMM TOMONOrMyeckum csoilctBam (mpumepsbl 1.1.7, 1.1.8). TMpuBedeM onucaHus 3TUX
NPYMEPOB, YKaXeM fBHble (IOPMY/bl JIMHENHBIX FOMEOMOP(U3MOB MPOCTPAHCTB (YHKUUIA W
MOKaXeM, YTO COOTBETCTBYHOLME [/IMHbI HOocuTened lon He npeBocxopat 3. [Lanee 6yayT
MCNONb30BaTbCA CreaytoLme 0603HaYeHNs: o, o {o}= o + « V4l 41 {1}.
Onuwem Tononornyeckne npoctpaHctea m3 [1] (1.1.7). Nycte ={(, )Inm ¢}, =
{C, )Im ohn ,, 1TONONOIrMA Ha X ONpeAenieHa YCNoBMsaMM: 1) KaxKaoe  OTKPbITO B X 1
2) Kaxgoe — KOMMNaKT C €eAMHCTBEHHOM HEeM30MMpoBaHHOM Toukoid (n, 0). Takum 06pasoM,
MpocTpaHCTBO X — C€BOGOAHAA CyMMa CYETHOrO umMcia 3K3eMMsSPOB  OObIYHOM  CXOAsLLelics
MocnefoBare/lbHOCTA.  PaccMoTpM  pa3bueHne MnpocTpaHcTBa X, €AMHCTBEHHbIA HEOAHOTOYEYHbIIA
3NeMEHT KOTOPOro — (3aMKHYTOe B X) MHOXecTBO ={( ,0)|n o} BCEX HEM30/MPOBaHHBIX TOYEK
npocTpaHcTea X. PaKTop-NpOCTPaHCTBO, OTBEYAtOLLIEe 3TOMY pa3breHnto, 0603HauMM Y. TakuM 06pasoMm,
Y — 3T0 TaK Ha3blBaeMbIi «HEMETPU3YEMbIA CHETHBIN ek». B Y eCTb eAWHCTBEHHaA HEeM30/IMPOBaHHaS
Touka F. Tpoume TOuKM npocTpaHcTBa Y 0003Ha4YaeM TaK >Ke, KaKk W COOTBETCTBYHOLLME TOUKM
npoctpaHcTBa X, T. €. (n, m). JInHeliHbii romeomopguam  : () - () n 06patHbIA K Hemy
:C ()~ () s3agarorca npasuiamm

()= (00)
_ (0D = (o+10)
0= OO, = O -1 ’ 0
{ ()( +, +1)= (+, +1_1)_ (+,0)+ (0,0)
(00 = ()
_ ()(+00= (+—-11)
0= ()0 D= O ++1) ’ @)
{()( +, +)= (+, ++1)— ()+ (+—-11)
e, O ()
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Paccmotpum npoctpaHcTtBo Z ([1], 1.1.8). Myctb, = {} roe N TOMoMornsa Ha
Z TakKoBa, YTO OMMCaHHOE BblILLIE NPOCTPAHCTBO X — OTKPbLITOE MOAMPOCTPAHCTBO MPOCTPaHcTBa Z.
Ecnn \Y , TO 00bABNAEM V OTKPbITLIM B Z, ecnu KOHeYHo M n  OTKpbITOo B X (rge F,
Kak 1 paHee, MHOXecTBO {( ,0)|n ¢} BCeX HEM30/IMPOBaHHbLIX TOYEK MpocTpaHcTBa X).
JTnHeiiHble romeomopmambl :C () - (), :C () - () 3agatoTcs (hopmynamu:

()00 = ()
()ao= ©0o0- ()

() +1.00= (+1—-2D)- (4+1-20)

OO = 0 5= (.0 3),
@ D=0 ++H- ()
{ ( )( +1 +)= ( +l_11 ++1)_2 ( +1_110)+ ( +1_1v1)
()= ()
(H)on= O0o- ()
()()= ()= (-1 - (+1-10) (4),
()O += ( +1—-10)
{0+ +)=((+=-1 )= (+=10- ()
roe , , ( ). MoxHoO pokasaTb
MpegnoxeHue. Ecom @ () - () — NMHelHbIA roMeomopgn3m, To ANMHA HOCUTENS
(, (), ) paBHa Hambonbwemy KonuuectBy cnaraembix B dopmyne  ( )( ),
rae ()

Takum 06pa3om, U3 JaHHOro npeasioXeHns u gopmyn (1-4) BUAHO, YTO
lon(, () )=lon(, () )=lon(, () )=lon(, (), )=3, uto cpasy rosoput ob
OTCYTCTBUM  CBA3N  [/INHbI HOCUTENIE  C  BbICOTOM MPOCTPaHCTBA, MOCKO/IbKY
()= ()=1 ()=2
AHanorMyHbIM - 06pa3oM  MOXKHO  BbIBECTV  (POPMY/bI  [y19 KOMMNO3ULWAIA C(C)- (),
:C () - (). Mol He npvBoguM hopMysibl KOMMO3ULMIA B CMTY UX FPOMO3AKOCTM, OOHAKO U3 HUX
cnegyer,yto (, (), ) =6, (., (), ) = 4. VI3 Nony4yeHHbIX pe3ynbTaToB BYAHO, YTO
MNO-pasHOMY 33flaHHble JIHeViHbIe roMeOMOP(M3MbI NMPOCTPAHCTB (DYHKLMIA /19 OQHOMA W TOW e Mapbl
VNMEOT PasHyo /IHY HOCUTENS.
MomMMMO 3TOro, B CBA3W C MOMYYEHHbIMW pe3ynbTaTtamu 6bl10 AOKa3aHa crefytowas obLuas
OLIEHKa AMHbI HOCUTENA AN1F KOMMO3ULMN:
MpepnoxeHune. Mycte :C () - (), :C( ( ) — NMHeNHble TOMEOMOPhN3MBI;

) -
lon( , (), Y= ,lon(, () )= ,lon(, () )= .Torga

3ak/ro4eHme

Takum 06pa3om, BbicoTa npocTpaHcTB (), () He cBsAsaHa ¢ mapametpom  (, (), ).
Kpome Toro, 6blna HaiiaeHa oLeHKa A/IMHbI HOCUTENS /11 KOMMO3ULWMW NIMHEVHBIX FOMEOMOPK3MOB.
OcCTaeTcs OTKPbITLIM BOMPOC O CBA3W [A/IMHbI HOCUTENS C KaKUMU-NIMGO TOMOMOrMYeCK MM CBOCTBaMM
npocTpaHCTB. MOMMMO 3TOro, HEO6XOAMMO HaliTW AOCTaTOYHOE YCMOBME MWUHUMATbHOCTU [/IHbI
HOCUTENS A1 3aAaHHON Mapbl NMHEHO rOMEOMOPHbIX NPOCTPAHCTB (hyHKLWIA. B nepcrnekTuBe aTo
YCNOBME NMO3BO/NT BBECTM aHA/IOT PAcCTOSHMSA Ha MHOXECTBE NPOCTPAHCTB (hYHKLIWIA.

Cnucok nutepaTypsbl

1. ApxaHrensckuin A.B. Tornonornyeckyie npocTpaHcTsa yHKUmiA. // M. : A3a-80 MI'Y, 1989. — 222 c.
2. DHrenbkuHr P., O6was Tononorus / Mep. ¢ aHrn. [n npeagucn.] M.A. AHTOHOBCKOTO,
A.B. ApxaHrensckoro. — M. : Mup, 1986. — 744 c.
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Anhdy3noHHbIN NepeHOoC razoBbixX CMeCe Yepes NOPUCTYHO MeMbpaHy,
COCTaB/IEHHYIO HAHOTPY6Kamm
P.I". KycanHoB
HayuHblii pykosoamTens: A.C. YenHokoBa
HaumoHanbHbIN nccnesoBatebCKnii TOMCKUIA roCyAapCTBEHHbIN YHUBEPCUTET,
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Diffusion transfer of gas mixtures through a porous membrane composed of nanotubes
R.G. Kussainov
Scientific Supervisor: A.S. Chelnokova
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: rasulkusainov3@gmail.com

Abstract. This study examines the diffusion transfer of gas mixtures through a porous membrane
composed of nanotubes. Using molecular dynamics simulations, we analyze the interactions of helium
and xenon atoms with a nanotube forest. A mathematical model is developed to describe the motion
of gas particles, taking into account adsorption and diffusion processes. The results indicate that
helium exhibits higher permeability than xenon, while xenon atoms tend to be trapped within the
nanotube forest, leading to the separation of the gas mixture. The findings contribute to the
theoretical foundation for the development of membrane-based gas separation technologies.

Key words: Diffusion, adsorption, gas mixtures, nanotubes, molecular dynamics, permeability, gas
separation.

BBegeHme

HaHOCTPYKTYpbl Ha OCHOBe Yr/iepofa, Takune Kak rpateH u yrnepogHble HaHOTpyoku [1] u
(hynnepeHsl, NpPUBMEKIN LUMPOKOE BHMMaHWe WMCCNefoBaTesieil no BceMy Mupy 6narogapst CBOMM
YHUKa/IbHbIM CBOMCTBaM. B HaHomacwitabe OfHVWM W3 YCTOSABLUMXCA MOAXOAOB K U3YYEeHUIO
MOLOGHBLIX CTPYKTYpP SB/ISETCA MOJSIEKYNSAPHO-AMHAMMYECKOe MofenmpoBaHue. OHO 0CO6eHHO
MONe3HO A/19 KONMYECTBEHHOW OLIEHKM OCHOBHbIX B3aUMOZAEWCTBUIA U AMHAMUYECKMX MPOLLECCOB,
onpesensarwmx KoapguumneHTsl agcopbuum nnm anddysmn [2, 3]. PesynbTaTbl UCCNe0BaHWIA
npouecca afcopoLumn HaxoAAT LUMPOKOE MpUMMeHeHne B MeMOpaHHbIX TEXHOMOMMUAX pas3feneHns
XXWUAKOCTEN 1 ra3oBbIX CMeCeil Ha KOMMNOHEHTbI, HanpUMep, NPy ONPECHEHUN BObI.

Ha HavanbHOM 3Tanme HalumxX WCCMefoBaHWW Mbl MpefsiaraeM MpocTy U 3P(eKTUBHYIO
mMaTeMaTUYecKyt0 MojeNb B3aMMOLEWCTBUSA ra3oBOM CMeCcM C /1eCOM HaHOTPYyOOK. B KayecTse
npumepa Mbl pacCMOTPENIM MOHO KOMMOHEHTHYHO CMECb, COCTOSALLLYO U3 aTOMOB refins.

JKCNnepUMeHTa/IbHaA vacTb

MycTb B HEKOTOPOM MNpeAcTaBUTeNlbHOM 06beMe V ra3oBoii cpeabl HaxoaaTcad M yacTul, rasa
1-ro Buga n L yactul, rasa 2-ro Buaa, 1ec HenoABMKHbIX HAHOTPYBOK umeeT N aTOMOB yriepoja.
Torpa ypaBHeHWs ABVKEHWSA ra30BbIX YacTuL, 6yayT UMeTb BUL:

i e e (I
i R I s
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3pecb , , , , , —TMPOeKUMM CKOPOCTH i-0i 1 I-0/ YacTuubl rasa; 1M — Macchl
YacTuL, rasa 1-oro v 2-0ro BMJ0B COOTBETCTBEHHO; 1( ) — MOTeHLUWa B3aMMOAENCTBMSA YacTuLy
rasa 1-oro suga c atomamu yrnepoga; o( . )— noTeHuMan napHbIX B3anMOAECTBUN 4N YacTuLy
rasa 1-oro suga; 3(  )— MOTeHUMan B3ayMOZENCTBIA YacTULamMm rasa 1-oro Buga ¢ yactmuamy
rasa 2-oro suga; 4( ) — NOTeHLUWan B3aMMOAEWCTBMA YaCTWL, rasa 2-oro Buja C aToMamy
yrnepoaa; , , — [leKapTOBbl KOOPAWHATLI i-0/ YacTuLbl rasa; s(  )— NOTeHLMaI napHbIX
B3aMMOfEACTBUIA Ang yacTuy, rasa 2-oro Buga;, . =V( — )2+( — )>+( — )? -
paccTosiHUe MeXay ABYMSA CUMOBbIMU LIEHTPaMu.

Kaxabli 13 YNOMAHYTbIX Bbllle MNOTEHUNAIOB MOXET WMETb CBOH (PYHKLUMOHAbHYHO
3aBMCUMOCTb OT PacCTOAHUA MeXAy CWI0BbIMU LeHTpamu. OfHaKo B MpeAcTaBNeHHbIX 34ecb
pacyeTax ucnonb3yetcs hopma noTeHumana SleHHapaa—)koHca 4715 Bcex NapHbIX B3aMOAeCTBUN.

IMOCKO/IbKY BCe MOTEHUMabl 3aBUCAT OT PacCTOSHWUIA MeXAY CUTOBbIMU LieHTpaMmn (aTomamu
1 MPOCTbIMW MOJIEKYIaMmM ra3oBoii asbl), a UHTerpupoBaHue ypasHeHWI (1-6) AaeT Nl CKOPOCTY

ITNX YacTul, To ANA 3aMblKaHUA ypaBHeHI/IIZ OBVXEHNA ra3oBblX 4acTuL, H€O6X0,CI,VIMO BbIMNCaTb
cnegywuime KWNHeMaTtnyeCckmne COOTHOLLIEHNA:

_,+z=1 5(,)
z

5C )

—= ,—= ;—= —= ;—= ;—= (=1., ,=L.,) (O
YpaBHeHus (1)—(7) ,qorlonHeHbl cne,qyrow,MMl/l Haya/IbHbIMU ycnosvmlvm
— 0 — — — 0 — 0 — 0 — 0.
_ 0 0_0 _ 0 _0o0_0 _ of-~— A (8)
- 1 - ! - ’ - ) - ) - ’( _11"'1 ’ _11"'1 )

34ecb MHAEKCOM HOMb BBepXY 0603HaYeHbl HayasbHble 3HAYeHWUS KOOPAMHAT M CKOPOCTEi
aTOMOB paccMaTpMBaeMOl CUCTEMbI NepeMeLLatoLLIMXCA YacTuL, rasa.

B paccmatpuBaemoM criydae cucTeMa [O/KHA YAOB/METBOPATb 3aKOHY COXPaHEeHUs MOJHOM
MEeXaH14eCKOM SHepruu:

2 2
> |2|+Z(Z 10 )+ > 20 )+ 3( D+ |2|+Z(Z aC )+ > s( D=
=1 =1 =1 =+1 =1 =1 =1 =1 =+1
PesynbTathbl

BbINosiHeHa YncneHHas peannsaums MogeNn B3auMOoLeNCTBIMS ra30Boil CMeCU KCEHOHa U renns
C /leCOM HaHOTpYy6oK. Ha puc. 1 npyBefeHbl Npoekuum Tpaektopun ana 10 aTOMOB KCeHOHa (CUHWe
NNHMK) 1 10 aTOMOB renunst (YepHble NMHUK) B MHTepBase BpemeHun oT 0,975 Ao 1 He. B Hava/bHble
MOMEHT BpPeMeHM CKOPOCTU BCEX YacTuL, Oblny Hamnpas/ieHbl B CTOPOHY HAHOTPYOOK W PaBHANUCH
CpefHeTen1I0BbIM 3HAYEHUAM CKOPOCTEMN.

VQ%:é
O&é

Hede

a) 6)
Puc. 1. TpaeKTOpUM YacTWL, ra3oBoi CMeCK B BblAeneHHOM 06bEMe B NnockocTu Oxy (a).
TpaekTOopun YacTUL, ra3oBOin CMECU B BblAeNeHHOM 06bEMe B NnockocTH Oyz (6)
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Ha rpaHuuax BblgeneHHOro o6bema YCTaHOB/IEHbI YCMIOBUA OTPaXKEHUSI OT CTEHOK, YTO He
MO3BONSET YacTMLaM nokugatb 06beM. ITO YCM0BME WMUTMPYET Mepexofbl U3 CMEXHbIX
BUPTYa/IbHbIX 06EMOB, 3aM0/IHEHHbIX aHa/IOrMYHbLIM ra3oM. [py 3TOM BCA CMeCh rasa, MMeroLLas
M3HaYalbHO HEOLHOPOAHbIE pacnpefeneHNs KOMMOHEHT, NOMHOCTbIO MepemeLlnBaeTcs. PacyeThbl
NnoKasblBaloT, YTO pacnpefeneHve Makceenna no MOAY/KO BEKTOpa CKOPOCTW AJ1f 4acTul, rasa
[OCTUraeTcs y)ke Ha NepBoi HAaHOCEKYH/e npoLecca.

PacuéTbl Nokasain, YTO K KOHEYHOMY MOMEHTY BPEMEHW YacTuUbl refins NpoLum npouecc
andbysmmn, obecneumBas NPOHULAEMOCTb, paBHyto 0,5. B To >Xe BpemMsi 4yacTuubl KCEHOHa
MOSTHOCTbHO 3aflePXKMBINCL HAHOTPYOKaMK, 1 UX NPOHULLaeMoCTb cocTasusa 0. MNpu 3TOM B TeveHue
BCEro YMC/eHHOro pacyeTa Habnganack copbLms 5 YacTuL, KCeHOHa Ha NOBEPXHOCTU HaHOTPYOOK.
Takum 06pa3om, NPONCXOANT AhheKTUBHOE pasfefieHne CMecy rasos.

B TeueHumM BCero BpeMeHu pacyeToB NpoBepseTcs 6anaHc COXpaHeHWs NOMIHOM MeXaHWUYeCKOiA
3Heprum cuctembl. TOCKONbKY [ANA  PeLIeHNs 3BOMOLMOHHBIX YPaBHEHWIn  MCMO/b30BaHbI
noLuaroBble MeTofpl, 415 KOTOPbIX MOFPELHOCTb BbIYUCIEHWIA pacTeT C YBE/IMYEHWEM BpPEMEHM
cyeTa, TO Ha NocnefHNA MOMEHT BPEMEHM Mbl UMEEM OTHOCUTENbHYIO MOrPEeLHOCTb BbIUYMCIEHNI
nopsgka 10° 6e3pasmepHbIX eanHuL, (puc. 2).

1.5x107°

1x1077

Y Axis

Enersy

t

X Axis

Puc. 2. OTHOCUTENbHAS NOTPELLIHOCTb MOMHOM MeXaHNYeCcKon cucTembl Anst 20 YacTULblI CMECH rasa

3aK/toyeHmne

B pesynbTaTe NpoBefEHHBbIX UCCNEA0BaHMIA HaMK Obl/1 ONPeaenéH XapakTep B3aMOAeincTBuUA
aTOMOB Tefisi U KCeHOHa C 1eCOM HaHOTPY6OK. Pa3paboTaHHOe MaTemaTMyecKoe OnucaHue
MO3BOJISIET NO HaliAeHHOMY Pac4YeTHOMY 3aKOHY [ABMXKEHWSA YacTuL, (MX KOOpAMHATaM 1 CKOPOCTAM)
onpefennTb Xapaktep aAngdgysnm n copbuun rasa. MonyyeHHble pacyéTbl 6yAyT UCNONb30BaHbI B
JanbHENLINX UCCnefoBaHMAX AN MOAENMPOBaHMSA MPOLECCOB ANGQY3nN 1 agcopbummn B ny4vkax
HaHOTPYOOK C YY4ETOM 60/ CNOXKHBLIX (DM3NYECKNX YCNIOBUIA 1 NOTEHLMANOB.
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VccnepoBaHme MHOroasHbIX TEYEHWNIA B COM/ax C y4eToM Koarynsiumm n apobneHnst Kanenb

[.0. JTapkuH, K.B. KocTowWwnH
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Investigation of multiphase flows in a nozzles with consideration
of droplet coagulation and breakup
D.O. Larkin, K.V. Kostyushin
Scientific Supervisor: Ph.D. .V. Eremin
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: mister.larkin.dima@mail.ru

Abstract. The study presents an investigation of multiphase flow in nozzles, taking into account
droplet coagulation and breakup at high concentrations of the condensed phase. The calculation
methodology is based on the Euler—Euler approach within the framework of solving the direct
problem for a Laval nozzle. The computations were performed in a one-dimensional approximation
using a quasi-stationary approach. To describe the processes of coagulation and breakup of the
condensed phase, the "tagged particle” method and a "polydisperse” fragment model were employed.
It was found that an increase in the mass fraction of the condensed phase leads to higher two-phase
losses. Additionally, it was noted that a decrease in the mean mass droplet size at the nozzle inlet, for
a fixed content of the condensed phase, results in a reduction of two-phase losses.

Key words: multiphase flow, coagulation, breakup, Laval nozzle.

BBegeHne

B HacTtosLlee BpeMs, OAHUM 13 Hanbonee NepcreKTUBHbLIX HarpaB/ieHN ABNAETCA CO3LaHue
3HEProycTaHOBOK, paboTatoLLMX Ha BbICOKO3HEPreTUYECKUX MaTepuanax C BbICOKUM COAepXaHnem
KOHZEHCMPOBAHHOIO BeLlecTBa, Hanpumep, MI[-reHepatopbl [1]. B C€BA3M C 3TUM MOABMSETCH
BO3MOXHOCTb MOJZIEPHM3MPOBaThb 3HEPTeTUYECKNe MaTepuasibl MyTEM YBENNYEHUA B HEM TOPHOUUX
KOMMOHEHTOB, B YaCTHOCTM 3a CYeT T[OBbIEHNA COLEePXaHUA MeTa/IINYecKnX [06aBoK.
B pe3ynbTarte, paboyee Teno, NOCTynatoLLee Ha BXOZ, B COMNJIO0, NpesAcTaBnseT cobor MHOroMasHblii
MOTOK C BbICOKMM COAEP>KaHWEM KOHAEHCUPOBaHHbLIX Kanefib MeTaifioB. T0 06CTOATENbCTBO
NPUBOAUT K HEOOXOAMMOCTY [LaNibHENLLEr0 N3yHeHUs NPOLLECCOB Koarynauum n po6neHmns XuaKkmx
Kanesib B TaKUX MOTOKaxX 411 aHaM3a UX BIMAHUA Ha YPOBEHb NMOTepb YAeIbHOro MMMNY/bCa.

[JaHHas paboTa MocssALLeHa peasn3aummn MeToAMKM pacyeTa NpsMOoii 3afaum consa B paMkax
nogxofa Ounep-diinep, Ha OCHOBE KBa3WUCTaUMOHApHOro MeToha, MCMOoNb3yeMoro s
He OZIHOMepPHbIX ABYX(a3HbIX TeyeHWI [2, 3]. 3T CBA3aHO C TeM, YTO NPKU pacyeTe NPAMON 3ajaqn
4151 ABYX(ha3HOr0 TeYeHUs B COMJe BO3HMKAET TPYAHOCTb NPY MPOXOXAEHUN «CeA10BON» TOUKN [4].
B cBA3K C 3TM, Ha NPaKTUKE LUMPOKO NPUMEHSETCA pelleHne 06paTHOM 3afayn, Korja 3ajaetcs
pacrpefeneHvie O4HOI0 napameTpa TeyeHns BLO/Mb conna (HarnpyuMep, LasfieHns), a npodusib cona
1 OCTa/IbHble MapameTpbl pacCcUnTbLIBAIOTCA. HO B pesynibTarte paccumMTaHHbI Npodnib 1 NapameTpbl
MOTOKa OT/INYAKOTCA OT XapaKTepucTuK 6a3oBoro consa. [1s NpeofoneHns 3Toro npu peLleHnn
NPAMON 3aflayn MOXKHO WCMO/Sb30BaTb MeTO[ YCTaHOBNeHMS (UK ero MoAaMuKauuio), Korga
MPeoL0neBaeTca NPOXOXKAEHNEe 0COO0M TOUKM.

dun3mMKo-mMaTemMaTnyecKast NOCTaHOBKa 3a4ayu

B pabote paccmaTpuBaeTcsi KBa3u-OLHOMEPHOE TeYeHWe HEeBA3KOro rasoBoOro MnoToka C
COZleP>XXaHNeM KOHAEHCMPOBAaHHbIX YacTUL, atoMUHKA. MofgcncTeMa HeCcTalyMOHapHbIX YPaBHEHWI
ANS ra3oBoi (hasbl B (hopMe 3aKOHOB COXPaHEHUSA B IEKAPTOBOMN CMCTEME KOOPAMHAT UMEET BUA:
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rae E — nonHaa sHeprus, H — nonHaa sHTanbnus.
JTa nogcucrtema 3aMblKaeTca ypaBHEHWEM COCTOAHUA:

= —( -9

MoacucTema, ONMCbIBatOLLAs TeyeHue i-(i)paKu,MVl KOHAeHcupoBaHHOW (hasbl (i =1, ..., N)
B [leKapTOBOW CUCTEME KOOPAMHAT, 3amnucCbiBaeTCs CNefyroLwmum 06pasom:

- - + — ,
R —_ 4+ f— —,
_ 2 — " 2
roe , u — KO3(P(MLUMEHTLI CUI0BOr0, TEMIOBOMO U BpawaTe/IbHOr0 B3auMOLENCTBIS
MeXAy rasoBou ¢asoit u yactuuamu i-u gpakumm; ,  ,  , ,  — KOarynsaumoHHbIE YNEHbI.

[lns onmcaHusa npoueccoB Koarynsauum u gpo6neHns KOHAEHCUPOBaHHOM (hasbl MCMO/b3YeTCs
HENpepbIBHbIA NOAX0[, METOL «MEYEHbIX» YacTul, U «NoAnAUCrepcHas» MOAeNb OCKOMKOB [4].
MHpekesl i, j, kK OTHOCATCA K HOMepaM (hpakKuMii YyacTul, S — K BELLECTBY YacTuLl, BENNYUHbLI 6e3
NHAEKCOB — K rasy. B kauecTBe rpaH1YHbIX YCOBWIA BO BXOAHOM CEYeHMM COoMna 3agaBaivicb NoHas
3HTPOMMA W MONHAS SHTANbMNNS.

PesynbTarthbl

Ha ocHoBe CO3aHHOM METOAMKM BbIMOMHEHbI YUC/EHHbIE WCCNEA0BaHWUS OCOOGEHHOCTEN
TeYeHUs MHOrogasHbIX paboumx Ten C BbICOKUM COAepXaHWeM KOHAEHCMPOBAHHbIX Karnesb
MeTanioB. PacyeTbl npoBoguiucb Ans  MogenbHoro consia  (Yexon = 16 €M, Ymuw = 10 CM,
Yeeixon = 36,5 CM) MpY M3MEHEHUN BECOBOA [0MM Kaneib Z WU BapbUPOBaHWM CPeAHEMaccOBOro
pa3mepa Kanesb ds3 Ha BXOAE B COMJIO.

Ha puc. 1 nokasaHo pacnpegeneHvie AsyxdasHbiX noTeps (a) U CpegHEMAcCOBOro AnaMeTpa
yactmy, dsz (6), BLONb OCK conna, Npu BapbupoBaHuu z = 0,4-0,6. 3HayeHne ds3 HA BXOAE PaBHANIOCh
5 MKM. BHO, 4TO € poCTOM BECOBOIA LONM Kare/lb ABYX(a3Hble NOTEPU B BbIXOAHOM CEUEHWUN COMa
yBenmumatotca ¢ € = 3,95 % npu z=0,4 go & = 8,37 % npu z = 0.6. ITO CBA3AHO C TEM, YTO YMC/O
Karefb, MOCTynatoLWwmx K3 BXOLHOr0 CeYeHWs conna MNporopuMoHa/IbHO BECOBOM fJone U UX
CpefHeMacCOoBbIN AnameTp YBEIMUYMBAETCS 3a cHET 60/iee aKTUBHON Koarynsaumm.
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Puc. 1. PacnpefeneHre napaMe TPOB BAOMb Ocu comna: (a) AByxdasHble noTepw, (6) cpeaHeMaccoBblil AnameTp

Tak e nccnefoBaHo BAMAHME CPeSHEMACCOBOr0 pa3Mepa Kare/ib, BO BXOLHOM CEYEHMM consia
npu rkcrposaHHOM z = 0,5 Ha M3MeHeHVe ABYX(a3HbIX NOTepb, rae dsz BapbUPOBa/ICA B AMana3oHe
2-6,5 MKM. Tlofly4eHo, Y4TO MUHWMaNbHBIA YPOBEHb ABYX(a3HbIX MOTEPb B BbIXOLAHOM CEYEHUU
conna gocturaetcs npuv dsz = 2 MKM 1 cocTasngeT & = 4,09 %.

3aK/1toyeHmne

B paboTe npoBefeHO UccneaoBaHne MHOrogha3Horo TeHeHKs B COMNJIE C BbICOKUM COAepyKaHeM
BECOBOI 0N KOHAEHCMPOBaHHOM (hasbl. Mony4eHo, YTO Npu yBeNNYeHUM BECOBOIN LONN K-(hasbl
[BYX(ha3Hble NoTepu Bo3pacTatoT. OTMEYEHO, YTO YMEHbLLEHNE CPeHEMACCOBOI0 pa3mepa Kanesb,
BO BXOLHOM CeYeHWMM consia npyv PUKCUPOBAHHOM COAEPXXaHUWN K-(hasbl BeJeT K YMEHbLUEHWNIO
[BYX(ha3HbIX NOTepPb.

PesynbTaTbl ObliM  MOMyYeHbl B pamMKax BbIMOJHEHUA TOCYAAPCTBEHHOrO 3ajaHus
MuHobpHaykn Poccum, npoekT Ne FSWM-2025-0004.
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A review of visible and infrared particle detection and tracking methods for fire spread
forecasting
A.l. Linok
Scientific Supervisor: D.P. Kasymov
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: alex.linok@mail.tsu.ru

Abstract. This review article examines contemporary methods for particle tracking and detection,
focusing on their underlying principles, applications and limitations. A comprehensive comparative
analysis is conducted to evaluate the advantages and disadvantages of various approaches, with
particular emphasis on their accuracy, computational efficiency, and cost-effectiveness. The study
aims to identify the most efficient and economically viable method for particle tracking, which will
serve as the foundation for future implementation and optimization. The findings of this research are
expected to contribute to the advancement of particle detection technologies, offering practical
solutions for both scientific and industrial applications.

Key words: Particle detection, particle tracking, visible range, infrared spectrum, fire forecasting,
particle analysis methods, tracking algorithms, optical detection methodsto

BBepeHme

MporHo3npoBaHue 1 KOHTPO/Ib PacrpocTpaHeHNS MOXKapoB OCTAKTCA BXXHbIMY 3aa4amu A5
obecneyeHns o6Lein 6ezonacHOCTU. OAHY U3 KKOYEBLIX PO/EN B PELLUeHUM 3TUX 3adad Mrpaet
N3y4eHne ropaLLmMX 1 TNElLWMX YacTuL, KOTOpble 06pa3yroTCs B NPOLLECCE BO3ropaHUa 1 y4acTBYHOT
B pacnpocTpaHeHusi orHa. COBPEMEHHbIE METOAbl UX AETEKTUPOBaHWUSA WU TPEKUHra B BUAMMOM M
MH(PaKpaCHOM [uanasoHax Mo3BOMAT 00HapyXMBaTb Haya/lbHble CTafuW  MOXapoB U
aHa/IM31pPoBaTb UX AVHAMUKY.

Pa3BuTVEe METOA0B TPEKNHIa FOPALLMX U TNIEHOLLMX YaCTUL, OTKPbIBAET HOBbIE BO3MOXKHOCTU A1
COBEpPLLEHCTBOBaHUA MOJeNeil NPOrHo3MpoBaHNA MOXapoB M PacrnpoCTPaHEHUS TOPALLMX YacTuL,
VX TO4YHOE OTCneXxuBaHve NOMOraeT yydlnTb NOHYMaHWe NPOLLECCOB PacrpOCTPaHEHNS OTHS, YTO
OCOGEHHO BaXXHO AN pa3paboTKM CUCTEM PaHHEro MNPeaynpeXxxaeHus M MUHUMM3aUMKn yilep6a.
B gaHHOM vccnejoBaHMM NPOBOAUTCS 0630P COBPEMEHHbIX MOAXOLO0B K AETEKTUPOBAHUIO U TPEKUHTY
FOPSALLMX YaCTULL, a TAKXKE OLEHMBAETCS UX NOTEHUMaN ANd NPUMEHEHNS B NPOrHO3HbIX MOAENSX.

O630p METOLO0B AETEKTUPOBAHUSA

MepBbIM PacCMOTPUM METOJ, N0 06HAPYXKEHMIO YaCTUL, C UCMOJb30BaHWE LIBETOBbLIX MOAENEN
[1]. OH ncnonb3yeT mogenn RGB, HSI n YUV ans BbigeneHns NMKCenen, COOTBETCTBYHOLLMX LiBETY
OlHA — KPacHOMY 1 OpaH>KeBOMY.

OCHOBHble HeJOCTaTKN MeTOAA: BbICOKMIA ypOBEHb NOXKHbIX CpabaTbiBaHWUIA — METOL MOXET
OWNBOYHO UAEHTUPULMPOBaTL OOBEKTLI, CXOXNME MO LUBETY C OrHeM (HanpuMmep, KpacHble Wu
OpaHXXeBble MpPeAMETbl, COMHEYHble ONMKWM, WCKYCCTBEHHOE ocBelweHne). OrHm oT (hoHapeil,
OTPaXEHUS WM ApYyrMe WCTOYHUKM CBeTa MOryT ObITb OWMOOYHO MPUHATLI 3a  noxap.
OrpaHuyeHHast aganTUBHOCTbL — METOA TpebyeT Py4YHOlM HACTPOMKM MOPOroBbIX 3HAYeHWI ANs
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KaXXa0l LBETOBOW MOJENW, UTO [AeNaeT ero MeHee rmbKMM B Pa3/IMYHbIX YCIOBUAX OKPY>KatoLLEN
cpefbl. HecnocobHOCTb pa3nnyaTb CTaTUYeCKne 06bEKTbl M OFOHb — METOA (DOKYCUMPYeTCS TONbKO
Ha LIBETOBbIX XapaKTEPUCTMKAX, MO3TOMY OH He MOXET OT/IMUYNTL CTaTUUECKMe 0ObEKTbLI (Hanpumep,
KpacHble CTEHbI U OAEXAY) OT peanbHbIX YacTuL,.

OCHOBHbIMU MpenMyLLEeCTBaMM MeTOoa ABNAOTCA: [pocToTa peasmsaunm — MeTo 0CHOBaH
Ha aHa/M3e LBETOBbIX XapaKTepUCTUK, YTO [AenaeT ero OTHOCUTENbHO NPOCTbIM B peann3aumm u
HacTpolike. OH He TpebyeT CNOXHbIX arOPUTMOB UIN JOPOroCcTosALLEro 06opyaoBaHUs. Bbicokas
CKOPOCTb 06pabOoTKN — anropuTMbl aHanmn3a LIBETOBbIX MOAENel paboTatoT BbICTPO, YTO MO3BONSET
1CNONb30BaTb METO/, B CUCTEMAX peaslbHOro BpemeHu. MoaxoanT s 06paboTKM BUAEONOTOKOB C
Kamep HabntogeHns. BO3MOXHOCTb KOMOUHMPOBAaHMS HECKOMbKMX MOAENen — WCNonb30BaHme
HECKO/IbKMX LIBETOBbIX MOZe/eil 04HOBPEMEHHO MO3BOJISET MOBbLICUTb TOYHOCTb AETEKTUPOBAHNSA 3a
CYET yyeTa pas/INyHbIX acneKToB LiBETa.

ATanbl ¥ NpaBuna peasMsayunm MeToa LBeTOBbIX MOAEsei

Ansa mogenn RGB (Red, Green, Blue) cooTeeTcTBYIOLLME 3HAYEHNS YKa3aHbl kKaK R > G 1 G > B.
3-3a 6051ee CUNBLHOMO R B 13006paXKeHUM C OrHeM, R fo/mKeH ob6ecneunBaTh 60/1ee BbICOKOE 3HaYeHMe.
POHOBblE YCNOBUA MOTYT CUIbHO BAWATb Ha 3Ty LBETOBYKD MOAE/b CnefoBaTe/lbHO, 3HaueHue
HaCbILLEHHOCTW OrHA A0/MKHO OblTb GO/bLUE MOPOroBOr0 3HadeHUs . [Mo3aTomy onpegenstoTcs
cnepytoLme npasuna:

1. R>G>B

2. R>

3. S>((255 - R) * —)) - OTeneHne LBETOBOIN HACbILLEHHOCTMW.

Ona mogenn HSI (Hue, Saturation, Intensity) onpeaensetca NpoMeXyToK LiBeTa B rpagycax oT
KpaCHOro [0 OpaHXeBOoro, YemMy COOTBETCTBYHOT 3HadeHus oT 0 pgo 60. Bbigenstorcs
COOTBETCTBYHOLLME NpaBuna:

1. 0<H<60

2. 50<S <100

3. 100 <1< 255

MeTogabl BblfeneHns aBmxeHns (OTaeneHns ¢oHa)

BTopas kateropus MeToA0B NS CPaBHUTEIbHOIO aHa/In3a - METOAbI BblAENEHNS ABMXKYLLMXCA
06bekTOB. CyLLEeCTBYeT HECKO/IbKO TakMX Moaxoaos, Hanpumep, GMM (Gaussian mixture model,
oTHocuTbCa K Background Subtraction (BS)) [2], Horn-Schunck method (OTHocuTca K Knaccy
Optical Flow metogos) [3], Frame Differencing (FD) [4], oCHOBaHHbI Ha BbIMUCIEHUAX Pa3HULLbI
MeXay nocnefoBatesibHbIMU Kagpamu.

BOMbLIMHCTBO NpefCcTaB/eHHbIX METOLOB KpaiHe YyBCTBUTE/IbHbI K Pa3/IMyHbIM LUYMaM, HO
CYLLECTBYIOT M yCTOWUMBbLIE, Takne Kak Regional Multi-Feature-Frequency (RMFF) [5], aBTOpbI
MeTO/a UCMNO/b3YHT KOMOMHALMIO 13 HECKONBbKNX MOAXOAO0B ANA YNYULLEeHWUs Ka4yecTBa BblaeneHuns
ABWKYLLMXCA 06BEKTOB, NPU 3TOM TpebyeTcs NOBbILLIEHHAsA BbIYNCNTEIbHASA MOLLHOCTb, YTO MOXET
ObITb 3aTPYAHUTENbHBIM AN15 334a4 B peasbHOM BpeMeHW. B HacTosulem uccnefoBaHun 6yayT
paszobpaHbl Tpn MeToga - GMM, Horn-Schunck method n FD.

Tpu npeacTaBneHHbIX MeTo4a WMEKT CBOW  CYLECTBEHHble MChl  (afanTUBHOCTD,
YCTOMYMBOCTb K MHOromofanbHoMy (hOHY, NPOCTOTa peann3aumn) M MuHYCbl (Npo6nembl C
rpaHnUamMm 06beKTOB, TEHW, MeA/IeHHO-NPOTEKAIOLLME NPOLLECChI), A1 3HEKTUBHOIO BblAeNeHNs
4acTuL, peKoOMeHAyeTCcA KOMbUHauma MeTogoB, Hanpuvep, GMM n FD. Metog Horn-Schunck nmeet
caMble CYLLECTBEHHble HefoCTaTKX [ANs  3afayun  AeTeKTUPOBaHWA 4acTuy, MNOo3ToOMy He
PEKOMEH/YETCS ero UCrosib30BaHue.

JT1anbl peanmsaunm FD meToaa:

BbluncneHve Tpex KaJpoBoii pasHoCTy, Ans yBENNYEHMS TOYHOCTMK:

(1 )=| (1 )_ —1(! )lnl (l )_ —2(’ )l Tenepb yCTaHOBUM  1iopor, AN
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onpeagenenns aemxkeHuns: M (, ) = ( (., )>T, 1, 0), rae M (, ) - 6uHapHasa Macka,
YKa3blBatoLLas Ha Hasimuume ABMXKEHNSA B NUKCENe.

WHpakpacHbI cnekTp

Kcnonb3oBaHve Kamep C WH()pakpacHbIM CMNEeKTPOM MOXET 3HauuUTeNlbHO MOMO4Yb C
[eTeKTMpOBaHMe N TPeKNHIoM YacTul,. OCHOBHbIE MOAXO0Ab! MCMOb30BaHNS:

Kcnonb3oBaHve crneypaibHbIX QUALTPOB C TOYHON AJIMHHOWA BOJHbI, YTO MO3BO/UT TOYHO
onpeaenaTb ropawme 06bLEKTbI N0 UX YHUKA/IbHON CBETOBOIN BO/IHE. HO B 3TOM 1 3aK/Il0HaeTca Ux
rNaBHbIi HEAOCTATOK - OTCYTCTBME KaKON-M60 afanTMBHOCTU K U3MEHEHUIO MaTepuasia ropeHuns

Wcnonb3oBaHre kamep 6e3 VK umnbTpoB ANA yBeNMYeHUs Monajatollero Crektpa Ha
ceHcop. Takas MogMuKauus kamepbl 0COO0 MOME3HO MPU MPUMEHEHWUM LBETOBLIX MOAENEN
[eTeKTMPOBaHUS.

3aK/iodeHne

[N [eTeKTMpoBaHMSi YaCcTUL, B pealbHOM BPeMeHW CredyeT WMCMonb3oBaTb MOAXOAbl C
MaJ/1bIMU BbIYMC/IMTENbHBIMMW 3aTpaTamu, a 415 YMEeHbLUEHMWS LyMa 1 JIOXKHOTO OMNpeseNieHns yacTul,
cnegyer  KOMOGUHMpPOBATbL  METOAbI,  Hanpumep: = nM(, ). Takoin cnocob
[eTEKTUPOBaHUA 1 BbleIEHNSA YacTWL, MO3BONNUT 3(D(IEKTUBHO Peasn3oBaTh Ja/lbHEMLINIA TPEKUHT 1
onuncaHne NapameTpoB ABMKEHUS YacTuL,

Bce MeTo/bl e TEKTUPOBAHUA Y BbIAENEHNSA YaCTULL CNY>KaT OT/IMYHOM 62301 415 peanin3aumum
METOA0B TPeKWHra, co3faBas KOHTPacTHOe M306pakeHVe Mexgy dactvuamu u oHom. Mpumep
aTanoB paboTbl NO aHaM3Y YacTuL, MOXET BbIrNALETb CNefyoLMM 06pa3oM: AeTeKTUpPOBaHNE -
TPEKWHT - aHa/In3 NOBEAEHUS.

B nepcnektuse niaHWpyeTcs MporpaMMHas U WHXXeHepHas peannsaumsi yCcTpoictsa no
[EeTEKTUPOBAHUIO M TPEKMHIY YacTuL, B peaslbHOM BPEMeEHM, A4/ MOMOLLM B CO3JaHWUN Mogeneit
NoBeLeHNs N pacnpoCTpPaHeHUs YacTuL, B pa3/IMYHbIX YC0BUAX.
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MaTemaTnyeckKoe MoAeIMPOBaHNE CUCTEMbI OX/TaXKAEHNSA B M/IOCKOM KaHauie
C HarpeBaTe/IbHbIM 3/1EMEHTOM U TEM/I0NPOBOAALLMM PebpoMm
A.C. Munaes
HayuHbIii pykoBoamTens: npodgeccop, 4.d.-M.H. M.A. LLlepemeT
HaumoHanbHbIN nccnesoBaTeibCKnii TOMCKUIA roCyAapCTBEHHbIN YHUBEPCUTET,
Poccusg, r. Tomck, np. JleHnHa, 36, 634050
E-mail: milaev@math.tsu.ru

Mathematical modeling of a cooling system in flat channel with a heating source
and heat-conducting fin
A.S. Milaev
Scientific Supervisor: Prof., Dr. M.A. Sheremet
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: milaev@math.tsu.ru

Abstract. In present study, a numerical analysis of conjugate mixed convection in an open flat
horizontal channel with a volumetric heat-generating source and a heat-conducting fin has been
conducted. The processes of heat and mass transfer inside the channel have been described by the
Oberbeck-Boussinesq equations in dimensionless form. The resulting system has been solved using
the finite difference method and the BICGStab projection method for solving systems of linear
algebraic equations. The implementation of BICGStab has been carried out using parallel
computing technologies. An analysis of the influence of the fin's geometric parameters and spatial
location on the intensity of heat removal was conducted.

Key words: mixed convection, volumetric heat-generating source, open channel, finite difference
method, parallel implementaion of BICGStab.

BBepeHne

MaTemaTMyeckoe MOLEe/NMpOBaHWe Tern/oBbIX MPOLECCOB B CUCTEMax OXNaXAeHWUs
npeactaeBnseT coboOM BaXHYH 06/1aCTb WCCNEeLOBaHW B COBPEMEHHON Tennogusvke W
TennoTexHuke. Ocobbli MHTEPEC BbI3bIBAET U3YUeHMe MPOLLECCOB TeNI000MeHa B MI0CKUX KaHanax
C HarpeBaTe/lbHbIMW  3/1IEMEHTaAMWU W TENIOOTBOAALLMMY  KOHCTPYKLMAMKM, TakuMU  Kak
Tennonposogswve pebpa. [aHHble CUCTEMbI LUMPOKO MPUMEHAIOTCA B Pas/iMyHbIX 06/1acTaX
TEXHUKW: OT OX/TXKAEHWS 3N1IEKTPOHHbLIX KOMMOHEHTOB 1 MUKPOMPOLLECCOPOB [0 TenI006MeHHUKOB
B 3HEpreTnyecknx yctaHoBkax [1-3]. Sh(heKTUBHOCTb CUCTEMbI OX/TAXKAEHUS CYLLLECTBEHHO BINAET
Ha NPOW3BOANTENBHOCTb, HALEXHOCTb U CPOK CMYXObl TEXHUYECKMX YCTPOWCTB. Vcnosnb3oBaHue
TENnNoNpPoBOAALLMX pebep NO3BOMSET YBENNUUTb NOWAAb Ternja006MeHa Y MHTEHCU(MLMPOBATD
npouecc 0TBOfa Tenna OT HarpesaTe/lbHbIX 3/1eMeHTOB. OfHAKO ONTUMM3aUMA TakKMX CUCTEM
TpebyeT AeTaIbHOro NOHUMaHUA PU3NYECKMX MPOLLECCOB U NPUMEHEHNSA TOYHbLIX MaTeMaTUYECKNX
mofeneii. B paHHOW paboTe MpeACTaBNeHO MaTeMaTUYecKoe MOLEe/IMPOBaHMe MNpOLEeccoB
TennoobmeHa B MN/IOCKOM KaHasle, COAepXKallemM HarpesaTe/lbHblil 3/1eMeHT W TEMnonpoBoasLLee
pebpo. Ha ocHoBe pa3paboTaHHON mMofenn Oblf NPOBEAEH aHaIN3 BMSHUA TEOMETPUYECKMX W
NPOCTPAHCTBEHHbIX XapaKTepUCTUK pebpa Ha NpoLecchbl Ten1006MeHa.

JKcneprMeHTaslbHas YacTb

Ha puc. 1 n3obpaxeHa 06nacTb peLleHns 3agayn, npeacTaBnstoLllas coboim NAOCKMIn KaHan
A/MHBI L 1 BbICOTBI H ¢ TeNNONPOBOAHBIMU FOPU30HTA/IbHBIMW CTEHKaMM, UMEKOLLMMM KOHEUHYHO
TONWMHY hw. BHYTpU HMXKHEA CTEHKM pacnonaraetcs 06bEMHbIA WUCTOYHWK TEMnsoBblAENEHNS
[JMHBI |hs ¥ BBICOTbI, PABHOWN TONLWMHE CTEHKWU, Haf, KOTOPbIM HaxXoAMTCs TenooTBOAsLLee pebpo
AnvHbIL | 1 BbICOTbI h. ICTOUYHMK paBHOYAaNeH OT BXOAA M BbIXOAa KaHana. BHYTpeHHME CTEHKM
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CUMTAKOTCS TEMION30MPOBaHHLIMU. Ha BX0Ae MOCTYNaeT XOMOAHbIA MOTOK BSI3KON XMUAKOCTMW C
FOPU30HTANIbHOI CKOPOCTbIO Ug ¥ TEMMNEepPaTypoil Te.

or _

y
TA oy ¢

Z L L /L 7 954 L

er
ay oy

=0 ls 0

Puc. 1. O6nacTb peLleHnsa 3afaum

[JaHHas 3aa4a peLlanacb ¢ NOMOLLLI0 METOLA KOHEUYHbIX pa3HOCTe Ha paBHOMEPHON CeTKe.
B xofe pelwleHWs pa3HOCTHOM 3afayy WCMosnb30Basics NPOEKUMOHHbIA MeTog BICGStab [4] ¢
napasnenbHonm peanusaumein. Cucrema  guddepeHLManbHbIX — YPaBHEHWUN,  OMUCHIBAKOLLUX
aHasM3npyemblii Npouecc B NpubAMKeHUN BycCuMHecka B pa3MepHbIX MePeMEHHbIX «CKOPOCTb-
[ABNEHNE», UMEIOT BUA:

—+—=0 (1)
2 2
(—+ —+ —)=——+ (—S+—) (2)
2 2
(—+ —+ D)=-—+ (S+—+ (-0 ®)
2 2
( )+ —+ D= 5+ (4)
2 2
( ) —= (=+—) ()
2 2
( )—= (—=+—) (6)
2 2
( ) —= (Z+—+ (7)

rae X, y — KOopAvHaTbl AeKapTOBOW CUCTEMbI KOOPAUHAT; P — AaB/eHUE; gy — NPOEKLMA YCKOPEHMS
cB060AHOro nageHns Ha ocb OY; pf — BA3KOCTb Cpefpbl; pr — MIOTHOCTb Cpefbl, Pw — MJIOTHOCTb
maTepuana CTeHKW, Ps — MNOTHOCTb MaTepuana pebpa, pns — NAOTHOCTb MaTepuana UCTOYHMKA;
(cp)r — ypmenbHas TernnoéMKoCTb cpefpbl, (Cp)w — YAenbHas TernjioéMKOCTb MaTepuana CTeHKW,
(Cp)s — ymenbHas TennoéMKOCTb MaTepuana pebpa, (Cp)hs — YAENbHas Ternj0éMKOCTb MaTepuana
NCTOYHUKA; At — KOIPPULMEHT TENIONPOBOLHOCTMN Cpefbl, Aw — KOIPMUUMEHT TenI0NPOBOAHOCTM
maTtepuana CTeHKU, As — KO3(h(MLUMEHT TEMNONPOBOAHOCTN MaTepuana pebpa, Ans — KO3hULUMEHT
TEensIoNpPoBOAHOCTM MaTepmana UCTOYHMKA; Q — MI0THOCTb TEMI0BOr0 NOTOKa MCTOUYHMKA.

Cuctema (1-7) npeobpasoBblBasiaCb C WCMOMb30BAHNEM MEPEMEHHbIX «(DYHKUMS TOKa —
3aBMXPEHHOCTb>» Yepe3 COOTHOLLEHME:
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B HauanbHbIi MOMEHT BPEMEHM cpefa NOKOUTCS, a TemnepaTypa COOTBETCTBYET 3HAUEHUIO
TemnepaTypbl BXOAALLEro NnoToKa, Toraa:

rae 6 — 6espasmepHas Temneparypa

Pe3ynbTaTbl 1 3aK/04YEHME

Mpn peweHuyn NOCTaBeHHON 3afayunM  Obln  pa3paboTaH UMCMEHHbLIR  anroput™m ¢
MCNoNb30BaHMEM MpPoeKUMoHHOro metoga BICGStab c¢ napannensHoi peanusaumein. MNposeaeH
aHa/IN3 BNIUAAHWSA CETOYHbIX MapameTpoB. VicxodHble AunddepeHuMaibHble YpaBHEHWUA Oblnu
No/slyYeHbl B ANCKPETHOM BUAE C UCMOJb30BaHNEM METOZA KOHEYHbIX pa3HOCTel Ha paBHOMEPHOM
ceTke. Bbln npoeefeH MNOAPOOHLIA aHaM3 BAWSHWUS TFEOMETPUYECKUX W NPOCTPaHCTBEHHbIX
napameTpoB pebpa Ha npouecc Terns006MeHa. B pe3ynbTatbl 6bIM NOMYYEHbI KOPPENALUOHHbIE
COOTHOLLEHUS, CBA3bIBAIOLLME CPELHIO W MaKCYMa/IbHYK0 TeMnepaTtypy BHYTPU MWCTOYHMKA C
napameTpamu pebpa, MO3BONAKOLLME OLEHWUTb BO3MOXHOCTW aKTUBHOW CUCTEMbI OX/TXAEHUS
paccMaTprBaeMoro TenoBbIAeNAOLLEr0 3/1eMeHTa.

PaboTa BbINOMHeHa Npu noaaep>kke Poccuickoro HayuHoro gooHga (npoekT Ne 24-19-00632).
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Influence of the axis of rotation on natural convection modes in a differentially heated
rotating cubic porous cavity
S.A. Mikhailenko
Scientific Supervisor: Prof., Dr. M.A. Sheremet
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: stepanmihaylenko@gmail.com

Abstract. This numerical study explores natural convection in a rotating porous cubic cavity. The
work examines heat transfer dynamics under horizontal and vertical rotation, focusing on a cavity
with differentially heated vertical walls. The porous medium and saturating fluid are in thermal
equilibrium, with fluid flow modeled using the Darcy-Brinkman approximation. A finite difference
approach with custom computational algorithms is employed to solve the governing equations,
validated through mesh independence and benchmark comparisons. Results demonstrate that
horizontal rotation induces periodic heat transfer oscillations, while vertical rotation stabilizes
thermal processes. Increasing rotational speed reduces both heat transfer intensity and oscillation
amplitude. The analysis quantifies contributions of buoyancy, rotational, and Coriolis forces to
fluid dynamics and energy distribution. These insights advance the understanding of convective
heat transfer in rotating porous systems, supporting the development of optimized cooling solutions
for industrial and microelectronic applications.

Key words: natural convection, porous media, rotating systems.

BBegeHue

Pa3Bu1TME MPOMBILLIEHHOCTY N MUKPO3NIEKTPOHNKIN TPebyeT BHeAPeHWs 3HeprocbeperaroLLmx
CUCTEM OXNaxXAeHWs. POCT NpOM3BOACTB YBe/NNMYMBAET BbIOPOCHI Tenna, a MNOTPeOHOCTL B
TennocHabxeHnn pacteT. CoBpeMeHHble TernnoobMeHHUKM [1] momoraroT pewlatb 3TU 3ajauw,
ONTUMM3MPYA PeKyrnepaunio U XpaHeHUe 3Heprun, cokpawas notepu U cHuxas Bblopocbl CO..
Hanpvmep, MeTannonnacTUKoBble KOHCTPYKUMM noBbiwaloT KI1[  COMHEYHbIX TEnsoBbIX
YCTaHOBOK: NOPUCTbIE MEHOMMACTbI B KONIEKTOPaX UHTEHCUULMPYIOT Tennoo6meH [2]. AKTUBHOe
OX/TKAEHME 4acTO HEBO3MOXHO B KOMMAKTHbIX YCTPOMCTBAax, MO3TOMY K/HOYEBOe 3HayeHue
MMEKT MaccBHble MeTofbl. VIcnonb3oBaHMe NOPUCTLIX MaTepuanoB B paguatopax [3, 4]
yBENNUMBAET NoWab Tenjn000MeHa C OKpyXKarollein cpefoi, obecrieumsas 3HEKTUBHbIN
TennocbeM 6e3 JOMNOSHUTENbHBIX 3Hepro3arpar. Takue peLleHns feLleBbl 1 Nerkn B NPON3BOACTBE.
C nomowpio  BpaweHus  BO3MOXHO  WMHTEHCU(MUUMPOBATL  Ter006MeH B POTOPHbIX
Tenn006MeHHUKaX, HaKOMUTENsAX 3HEPrun, COMHEYHbIX KOHLEHTpaTopax, a Takke B CUCTemax
OXNKAEHWS 3N1EKTPOHHON annaparypbl.

B faHHO paboTe NPOBOAMTCA aHa/IN3 PEXXMMOB eCTECTBEHHON KOHBEKLMM BO BpaLlatoLLeiics
MOPMCTO KybMYeCKOW MONoCTW, NpeAcTaBneHHOW Ha puc. 1. MonocTb pasmepa H Bpalaetcs ¢
MOCTOAHHOW Yr/I0BO CKOPOCTbIO & BOKPYr OCW, NPOXOAALLEA 4Yepe3 LeHTP 06/1acTh peLleHus.
B paboTe paccmaTtpuBatoTcs BpaLLeHWs BOKPYT KaXoi U3 ocell KoopAuHaT. JleBast CTeHKa nosiocTu
HarpeBaeTCs [0 MOCTOSAHHOW Temnepatypbl Th, TOrAa Kak MNPOTMBOMOMIOXKHAA MpaBas CTeHKa
oxflaxaaeTca Ao Temneparypbl Te. OCTa/lbHbIe MOBEPXHOCTM MOMIOCTU (BEPXHSASA, HUXKHSAS, NepesHAs
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N 3afHAs rpaHn) NOAAEePXUBAKOTCA B TEMIOMU30/IMPOBAHHOM COCTOAHUK. XXugkoctb Pr=7.01 B
MoONOCTN SABNSAETCA HbIOTOHOBCKOW W HEC)KMMAeMOW, TepMOMU3NYECKME CBOWCTBA KOTOPOM
npeanonaraktTcs He3aBUCUMbIMW OT Temnepatypbl. MogenvpoBaHne MPOLECCOB MNepeHoca B
MOPUCTOA Cpefe OCHOBLIBAETCS Ha CReaylowmx AONYLEHUAX: Mopuctas CTPyKTypa W
3anofiHALWAasa e€ XWAKOCTb HaxoAdaTcAa B COCTOAHWW JIOKa/IbHOrO TEMJI0BOr0 paBHOBECUA, a
TPaHCMOPTHbIE  SIBMIEHUSI  OMMWCLIBAKOTCA  C  WCMO/b30BaHWEM  PacLUMpPEHHOW  MoAenw
Japcn-bpnHkmaHa. Y'kazaHHble fOMNYLLEHUSA MO3BONAKOT YYeCTb BANSAHUE BpaLLeHWs NoioCTU Ha
(hopMMpOBaHME KOHBEKTMBHbIX MOTOKOB, a TakKXke OLEHWTb BKNag MNOPWUCTON CTPYKTYpbl B
noAaB/ieHne UM MHTEHCU(MKALMIO TensionepeHoca.

Y Tennousonuposannas
£, CTeHKa

nopucTas cpeja

Puc. 1. O6nacTb peLleHust

YpaBHEHUA U METOAbI
Cuctema ypaBHeHWI, onucbiBaroWwas rMapoAMHaAMMKY W TensionepeHoc BO BpallaroLieincs
NMOPUCTO KyBUYECKOM MOMOCTK, 3amnmcaHa C MCMOob30BaHWEM MNPeo6pa3oBaHHbIX MepeMEHHbIX

«BEKTOPHbI NOTEHLMAN — BEKTOP 3aBUXPEHHOCTM». B cnyyae BpalleHUs BOKpPYr OCu z, cucTema
BbIFNSAUT CNEAYHOLLIMM 06Pa3oM:

2 2 2
X X! y y! 4 4 (1)
X y—X X gy—X x_u _U _U
y z
X y z X y z
2 2 2
X X X X 2 Ra 2 Ra 9 u
2 2 2 DA —CoS y— T
JTa  x y z Da PrTa z PrTa ™ z z @)
Yooy Loy — = —
X y z X y z
2 2 2
y y y y 2 _sin 2 Ra w9
JTa  x* y° 72 Da PrTa z PrTa z z
©)
w w w
o y—2 zy—2 _w W W
X y z x Yy oz
2 2 2
z z . =z 2 —cos  —sin R ™
Jta x* y* 2 Da PrTa x y PrTa ~ x vy z (@)
2 2 2
X y z PrTa x* y* 7° (5)
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BennunHbl Yy, Yy, Y, NpeacTaBnsoT 6e3pasmepHble KOMMOHEHTbI BEKTOPHOIO MOTEHLMANA; Wx,
Wy, W; — 6e3pasMepHbIe KOMMOHEHTbI BEKTOPA 3aBUXPEHHOCTU; U, , W — 6e3pa3MepHble KOMMOHEHTbI
CKOpoCcTH; X, Y, Z — Ge3pa3MepHble KOOpAuHaTbl; T — 6e3pa3MepHOe Bpems; € — MOPUCTOCTb;
0 — Ge3pasmepHass Temrneparypa; N — OTHOLUEHWE TEMNIOEMKOCTEN; pm Ut — KOIDOULMEHTDI
TemnepaTyponpoBOAHOCTM  MOPUCTOM  Cpefbl M XKMAKOCTM; Ra — TenioBoe uucio  Panes;
Ras — BpaLyarenbHoe uncno Panes; Ta — uncno Teiinopa; Pr —uncno MpaHatns; Da — uncno Oapew.

B Haya/lbHbI MOMEHT BpeMeHMW cpefa MOKOUTCS 1 ee 6e3pa3mepHas TeMnepartypa sBnseTcs
cpefHein Mexay OxNakAaemMol W HarpeBaemoil CTeHkamu. bespasmepHas TemnepaTypa Ha
HarpeBaeMol CTEHKe paBHSAeTCA 1, Ha oxnaxaaemoin — 0, oCTa/lbHble CTEHKM TEMNI0U30/IMPOBaHbI.
[ KOMMOHEHT BEKTOpa CKOPOCTU Ha rpaHuLax nonocTy NPUMEHAETCS YC/IOBME MPUANMAHNS.

MpeacTaBneHHas cMCTEMa YpaBHEHWUIA C HaYa/lbHbIMW M TPaHUYHBLIMU YCIOBUSMU peLuanach
METOZOM KOHEYHbIX Pa3HOCTEe. YpaBHEHWUA 3NNUNTUYECKOro Tuna Ans BEeKTOPHOro MoTeHuMana
(1) annpoKCMMUPOBAINCL CEMUTOYEYHON PasHOCTHOM CXeMOW. [Na peleHWs MosyYeHHOM
CUCTEMbI NIHEVHbIX anrebpanyecknx ypaBHeHWI MPUMEHSNCA MeTOZ NOC/efoBaTeIbHON BepXHEi
penakcauuun. YpaBHeHUs napabonuyeckoro tuna (2-5) pewanncb ¢ UCMoAb30BaHWEM JIOKaSIbHO-
ofAHOMepHON cxembl A.A. CamapcKkoro: AudQy3nOHHble  YeHbl  arnnpoKCYMUPOBAINCH
LIEeHTpa/IbHbIMWN Pa3HOCTSAMW, KOHBEKTUBHbIE — CXEMOWN C «AOHOPHBbIMW» Ayelikamn. [ns pelleHuns
NMHENHBIX CUCTEM MCNO/Mb30BASICA METOA MPOrOHKW.

PacyéTbl BbIMOMHANNCL C MOMOLLLIO OPUTMHAIBHOTO MPOrpaMmMHOro Kofa, HamMcaHHOro Ha
A3blke C++. [MpoBefeHO TeCTUpPOBaHME Ha HE3aBMCMMOCTb OT CeTKM, a TakKe CpaBHeHWe
Pe3yNbTaTOB C YACMEHHLIMW M 3KCNEPUMEHTaNIbHBIMMW JaHHbIMW APYTUX UCCNeA0BaHNIA.

Pe3ynbTaTbl 1 3aK/H0HEHWE

lMpoBeAeHO YMCNIEHHOe MOLENMPOBaHME MPOLLECCOB KOHBEKTMBHOIO TemnjoMaccornepeHoca BO
BpaLLatoLLEenca MopmMcToin Kybmyeckom NOMoCTU AN LUMPOKOro Amanas3oHa CKOpOCTel BpalleHWs
nonoctu Ta = 10%-10°. MonyyeHbl 3aBUCUMOCTM CPeHEro uncna HyccenbTa Ha HarpeBaemoii CTEHKe
OT yr/a NoBOpOTa NOMOCTU AN1S Pa3/INYHbIX 3HaYeHWiA Ymcna Teinnopa 1 HanpasneHNUs 0CK BpaLLeHus.
lMoKa3aHO, 4YTO MpW BpalleHUM BOKPYr TOPU3OHTa/IbHLIX OCel HabMAaeTCs NepuoanyecKuii
XapakTep M3MEHEHUSI MHTEHCMBHOCTM Tenj006MeHa, Torga Kak Mpy BepPTUMKabHOM BpalleHun
HabntofaeTca ctabuimnsaums TepMmyecknx npoweccos. Kpome Toro, nccnefoBaHo BAUAHME KaXKOM
13 AENCTBYIOLLMX MacCOBbIX CU/T — TENIOBOW BbITAKMBAIOLLEN, BpawaTe/lbHOWN BbITaKMBAIOLLENA W
cunbl Kopronuca — Ha rmapoguHamuKy cpedbl U pacnpefeneHve TensaoBoi aHeprun. MccnefosaHus
[JEMOHCTPUPYIOT, 4YTO C POCTOM YI/I0BOA CKOPOCTVM BpaleHUs MOOCTM  WMHTEHCMBHOCTb
TensonepeHoca CHWKAETCA, a aMnInTya ero neprofnyeckmx KonebaHnii ymeHbLLaeTcs.

KccnegoBaHue BbINOMHEHO 3a cyHeT rpaHTa Poccuitckoro HayyHoro choHga Ne 24-79-00226,
https://rscf.ru/project/24-79-00226/
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HekoTopble NpuMepbl CKPeLLEHHbIX anredp
.M. Cokonos
HayuHblin pykoBoguTens: npodeccop, 4.¢.-M.H. B.I". bapaakos
HoBOCMOMPCKUIA HaLMOHaTbHBI UCCNef0BaTeNbCKNIA FOCYAapCTBEHHbIN YHUBEPCUTET,
Poccusa, r. HoBocmnbupck, yn. Muporosa, 4/2, 630090
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Some examples of crossed algebras
P.P. Sokolov
Scientific Supervisor: Prof., Dr. V.G. Bardakov
Novosibirsk State University, Russia, Novosibirsk, Pirogov str., 4/2, 630090
E-mail: p.sokolof@g.nsu.ru

Abstract. In the present study, we provided some examples of crossed G-algebras. Preciseley, we
classyfied some crossed subalgebras of low dimension of matrix algebras of order 2.
Key words: TQFT, HQFT, algebras, groups.

BBegeHne

Kak n3BecTHO, CKpelleHHble G-anrebpbl CBfA3aHbl CO CKpeLleHHbIMU G-KaTeropusMm u
ABNAOTCA anrebpanyeckMM WHCTPYMEHTOM TOMOTOMMYECKOW TEopuM Mons B pasMepHOCTU 2.
Tak, Hanpumep, Brnagummpom TypaeBbiM 6bI10 foKa3aHO, Y4To Kateropua 2HQFT askBanBasieHTHa
KaTeropun CKpeLLeHHbIX anreop.

CKpelleHHas anrebpa — 310 rpagyvpoBaHHas (pobeHWycoBa anrebpa C HEKOTOPbLIM
npegcTasneHnemM. B cuny nocnefHero, CKpelleHHas anrebpa aTo COXHbIA, KOMMIEKCHbIA 0ObEKT,
M3yYyeHne KOTOPOro 3aTparvBaeT KaK K/IAaCCMYEeCKyr anrebpy, Tak M TOMOMOruio, U Teopuio
npeacTaB/eHNA.

CyLLecTBYIOT OTKpbITble BOMpOCbl 06 WCCNefoBaHMM M KnacCU(MKaumMm  CKpeLeHHbIX
G-anrebp Haf HeKOTOPbIMW NPOCTbIMK Kaccamu rpynn. B cBoMX nccnefoBaHusX, 8 paccMoTpen
CKpeLLeHHble anrebpbl MasblX pa3MepPHOCTeN Ha MaTpuLax.

PesynbTathbl
Teopema 1. [MycTb — none, # 2. PacCMOTpUM OJHOMEPHYHO CKPELLEHHYIO -anrebpy
»( ). Torga BepHO OAHO M3 CNeLYOLNX YTBEPXKAEHWIA:
1. —Bce guaroHanbHble Matpuubl, = ,, (, )= - ( ),
JipeactaBneHne : - () TPUBUAILHO;
2. TlycTb — marpuua Takas, 4To =0, =0.Torga, = ;=
¢ o )= () , NpeAcTaBneHne : - ()
TPUBU&/ILHO;
3. MycTb - maTpumua Takas, uTo = =0.Torga, = =
e o, ()= (), , NpeactasneHve : - () 3agaHo no
npasuay: ;= = , ()=, # 1 .
Teopema 2. [lycTb  —none, # 2. PacCcMOTpUM [BYMEPHYHO CKPELLEHHYIO -anrebpy
»( ) C HETPUBMA/IbHOW rPasyMpoBKOK. Toraa, BEPHO O4HO 13 CleayroLmMX
YTBEPXAEHWIA:
1. =, V1= e . = e #0, —Heamaro HasbHas,
2. = 1 1= ¢ o T ¢ + =0
3 = 1 =+ 1= ¢ T ¢ )
2=1, = 24+ 2 =2 —
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3aK/toyeHmne

B pe3ynbTate NpoOBEAEHHbLIX WCCNeA0BaHWIA, OblAM MOMHOCTbIO OMUCaHbl CKPELLEeHHbIe
noganredpbl anredpbl MmaTpuy, ,( ) pasmepHocTn 1 n 2.

[aHHbIN pe3ynbTaT NsHKeT B OCHOBY OyAylWMX WCCNeAoBaHWIA, KOTOPble HarpaBieHbl Ha
KnaccumKaumio CKpeLLEeHHbIX noganredp anredp MaTpuL, HA3KO pa3mMepHOCTM 1 Knaccugukaumo
CKpeLLeHHbIX airebp B 06LLEM CriyYae.
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Linthposas mogesnib TepmoLLKadga 415 aHanmsa TenoobMeHa B YCI0BUAX CEBEPHbIX PErMOHOB
.B. TpeHbay
HayuHbIiA pyKoBOAMTENb: AOLEHT, K.(b-M.H. E.W. lN'ypnHa
HaumoHanbHbIN nccnesoBaTenbCKunii TOMCKUIA roCYAapCTBEHHbIA YHUBEPCUTET,
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Digital model of a thermal cabinet for heat transfer analysis in northern regions
I.V. Trenbach
Scientific Supervisor: Ass. Prof., Ph.D. E.I. Gurina
Tomsk State University, Russia, Tomsk, Lenin str., 36, 634050
E-mail: ivantrenbac@gmail.com

Abstract. In the present study, we consider the current problem of creating a digital twin of the
RizurBox-S-T7 thermal cabinet, which uses passive heating provided by the thermal power of the
oil-gas-water mixture circulating in the pipeline.

Key words: the equation of thermal conductivity, simulation modeling, digital model, thermal cabinet
with passive heating, digital twin.

BBegeHne

B HacToslee BpeMs HabNOAAeTCA 3HAUMTENbHbIA POCT MHTEpeca K W3Y4YeHWO MpOLEeccoB
TensioobMeHa M MX MPaKkTUYECKOMY WCMOo/b30BaHMIO. B pamMkax fAaHHOM paboTbl MPOBOAUTCA
nccnefosaHve TenioobmMeHa B TepMoLukae Prsypbokc-C-T7 ¢ naccBHbIM 060rPeBOM 3a CHET Tersia
Tpy6onposoga. Takue TepmoLLKagbl 06eCcneymnBatoT 3auTy 060pYL0BaHMS OT 3KCTPEMa/IbHO HU3KMX
Temnepartyp, Bnaru, Nblu, XMMUKATOB 1 MEXaHUYECKMX NOBPEXAeHNi [1].

PaboTta «LlngpoBas mMogenb TepMollkada A1 aHamM3a TernioobMeHa B YCNOBUSX CEBEPHbIX
PErviOHOB» HampaBfeHa Ha BHefpeHue OGecnpoBOAHLIX TEXHOMOMUA aBTOMAaTM3aUMW YyrnpaBieHus B
npoLeccbl HeTerasofo6b1um. Vicnonb3osaHne 6eCnpPOBOAHbLIX TEXHO/IOTNIA B CYPOBbIX KIMMATUYECKMX
ycnoBusx TpebyeT [AeTa/lbHbIX PacyeToOB YC/0BWIA 3KChyaTaumMnm 060PYAOBaHMA MPU OTCYTCTBUM
[OMNONHUTENIBHOMO  3M1eKTPO060rpeBa. PelleHne [aHHOM 33f4aus MOXHO pean30BaTb C MOMOLLGHO
CO3[aHna LUMGPOBLIX ABOMHWKOB TEXHOMIOMMYECKMX OOBLEKTOB M MCMO/b30BaHMA MaTemMaTuyecKoro
MOJEeNMpoBaHns. Pa3BnThe [AaHHOrO HanpaeneHWs akTyasbHO N8 06bEKTOB, MPOEKTUPYEMbIX /15
[006bI4M 1 NOATOTOBKM HETU 1 rasa B CyPOBbIX KNIMMATUYECKMX YCNOBUSX.

JKCnepMeHTasIbHasA vYacTb

OcCHOBBbIBasACb Ha peasibHbIX AaHHbIX C MECTOPOXAEHWS 1 NapaMeTpoB 060pYyA0BaHNS, Nepes Hamm
Oblia NocTaB/eHa Leb — Co3faHue afeKBaTHON LmpoBoin Mogenu Tepmolukaga Pusypbokc-C-T-7.
B pamkax [aHHOro uccrefoBaHus 6bl10 NPOBELEHO YWC/IEHHOE MOAENMPOBaHWE PacrnpoCTpaHeHWs
Tenna BHYTPU paccMaTprBaeMOoiil MoAenv TepMoLLIKaga ¢ NacCMBHbLIM 060TPEBOM 3a CUET Tersia paboyeit
cpeAbl Tpy60npoBoa BHYTpeHHero aviameTpa D = 111 MM 1 TONLWMHON CTEHKM h =5 MM Npu pasnnyHbIX
3HaYeHNAX TeMrepaTyp OKPYXKaroLLel cpefbl 1 paboueii cpeabl TpybonpoBoa.

Ha puc. 1. npeactasneHa reometpusi Pusypbokc-C-T-7, NOCTPOeHHas C UCMo/b30BaHWEM
npenpoueccopa GAMBIT ans npoBeaeHVst Aa/lbHEMLLINX PaCYETOB C NMOMOLLbHO MPOrpaMMHOro MOAYNs
ANSYS FLUENT [3].
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Puc. 1. M'eomeTpusa Pusypbokc-C-T-7

UncneHHbI  pacyeT pacnpocTpaHeHWs Terja BHYTPU TepMmolUKkaga peasmsyeTcd C
MCNOMb30BaHNEM MeTOAa KOHTPO/IbHbIX O06BHLEMOB Ha OCHOBE HESIBHOW pPa3HOCTHOM cxembl [2].
B paccmaTpriBaeMoli  CEMUCNIONHON KOHCTPYKLMKW TepMoOLIKada TO/LMHA KaX4Oro M3 Cri0eB
NpUHATa cneayroLein: 1 cnoit (BCneHeHHbI nonnatuneH) — 20 mm; 2 cnoii (Bo3ayXx) — 159,5 mwm;
3 cnoi (cTanb Knacca npovHocT K48) — 5 mm; 4 cnoii (HedpTeraszoBogsHas cMecb) — 111 Mm; 5 cnoi
(ctanb Knacca npoyHocTn K48) — 5 mm; 6 cnoii (Bo3ayx) — 503,3 MM; 7 cnoit (BCMEHEHHbI
MoMN3TUEH) — 25 MM.

7 caoii

6 caoit

5 caoit

4 caoii

3 caoit

2 caoit

1 caoii

Puc. 2. CemucnoiiHast KOHCTPYKUMS TepMoLuKada

B HayabHbIA MOMEHT BpEMEHWM BCE CeMb C/I0eB KOHCTPYKLUW WMEHT OAMHAKOBYHO
Temnepatypy T_0 = T _out. Temnepatypa HedpTerasoBogsHoin cmecu T_oil nopgepxusaercs
MOCTOAHHOW. Ha rpaHMuax KOHTakTa ¢ He(hTerasBoAsAHOW CMeCbH0 paccMaTpuBatOTCS rpaHUYHbIe
ycnosus | poga. B 30Hax KOHTaKTa OCTa/lbHbIX C/I0EB KOHCTPYKLUMMW LeACTBYIOT FpaHUYHbIe YC/TOBUS
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IV poga. 'paHnyHble ycnosus |1l poaa paccmaTtprBaroTCs NPK BbIXOAE U3 06/1acTw, rae HabnogaeTcs
Tenn006MeH C BHeLLHel cpefoid. Mbl npoBenu pacyeT pacrnpocTpaHeHns Tenia BHYTpU TepMoLLKaga
Npy HU3KMX Temnepartypax okpyxatolen cpefpl (-51 °C, -55 °C, -60 °C) v 3agaHHbIX Temneparypax
paboueii cpeabl B Tpy6onposoge (+15 °C, +10 °C, +5 °C).

Tabnmua 1
Tennouanyeckne xapak TepPUCTUKN UCNOb3YEMBIX B MOJENN MaTepuanos
HasBaHue MaTepuana MnoTHOCT, YnensHas Tena0emMKoCTb, Tem:?;ggg:ﬂgg:m
3 o L
(kr/m*) (Dx/kr-°C) (BT/M-°C)
BcneHeHHbI NoInaTueH 200 1950 0,035
Bo3agyx 1,225 1006,43 0,0242
Cranb Knacca npoyHocTn K48 8030 502,48 16,27
HeTerasosogsaHas cMecb 880 2120 454

PesynbTathbl

Mpn MoZenMpoBaHMM pPacnpOCTPaHEHUA Tenja BHYTPUM TepMmowKaga Mbl 3amepsem
Temnepatypy B TOYKe KOHTPONA . B Tabn. 2 npuBeaeHbl 3HaUeHNSA TeMnepaTypbl B TOYKE KOHTPO/A
Mpwn pasHbIX n

Tabmmua 2
3HaueHMs TemnepaTypbl B TOUKe KOHTPONA Npu AnameTpe Tpybonposoga 111 mMm
’ 5 10 15
—51 1 =—2451 . =—2318 1 =—2261
—55 1 =—2948 1 =—2754 1 =—25,29
—60 1 =—32,38 . =—30,27 . = —28,05

3aK/1toyeHmne

B pesynbTate paboTbl Mbl pa3paboTann UUQPOBYHD MOAENb, C MOMOLLbHO KOTOPOW MOXXHO
OCYLLECTBNATb aHa/IM3 He TONbKO B paMKaX WMCXOAHON 3afjaynm — 3aMeHa AOMONHUTENbHOrO
anekTpooborpeBa TepMmollKag)a MacCMBHLIM, HO M 060CHOBaHHO BbIOMpaTb 060PYAOBaHME,
yCTaHaBNMBaeMOe BHYTPW TepMmollKaga B 3aBUCUMMOCTM OT TemnepaTypbl paboyeit cpefbl
Tpy6onpoBoAa, TeMnepaTypbl OKPYXKatoLLelt cpeapbl.

Cnucok nutepaTypsbl

1. Tepmowkadbl cTeknonnacTnkosble Pusypbokc-C-T (RizurBox-C-T) auaroHasibHOro
packpblTma ¢ noggoHom. —  URL:  https://rizur.ru/catalog/termoshkafy/termoshkafy-
stekloplastikovye-diagonalnogo-raskrytiya-s-poddonom/

2. KonbuoBa 3.M., Ckuyko A.C., XeHca A.B. YucneHHble MeTOAbl PELUEHUs YpaBHEHWIA
MaTeMaTNYeCKON (PU3NKN 1 XUMIK : Y4eBHMK Anisi BY30B — 2-€ 13f., ucnp. 1 gon. — Mocksa : M3a-Bo
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3. ANSYS FLUENT 12.0 Users Guide. — URL: https://www.afs.enea.it/project
/neptunius/docs/fluent/ntml/ug/main_pre.htm
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Abstract. This article presents an analysis of the two-phase flow in a porous medium taking into
account stress-strain state. Numerical realization is performed using the control volume method and
the first-order upwind scheme for the flow step and the finite element method for the geomechanics
step. The main characteristics of deformability of the considered medium are Young's modulus and
Poisson's ratio. The study was carried out using different values of Young's modulus and Poisson's
ratio to determine the effect on two-phase flow.

Key words: two-phase flow, porous medium, geomechanics, Young's modulus, Poisson's ratio.

BBepeHme

MaTtemaTnyeckass Mofeslb MHOrogasHoro noTtoka B MOA3eMHOM MOPUCTOM MPOCTPaHCTBe
NpeLCcTaBNAeTCcA B BUAE COBOKYMHOCTM YPaBHEHWIA COCTOAHMS, CBOMCTB Niacta U OTHOCUTENbHbIX
npoHuLaemocTei. MNpu MogennMpoBaHNM BAXKHO YYMTbIBATb HANPSXXEHO-AehopMUpyeMoe COCTOSHME
paccmaTpuvBaeMoro He(hTerasoHacbILWEeHHOro naacra, T.K. B eCTeCTBEHHbIX YC/IOBUAX Ha [AaHHble
MnacTbl OCYLUECTBMAETCA Harpyska BbllLefexalimx nopos, MpMBOAALLAA K WCKPUBIEHUAM,
fedhopMmnpyeMocTi,  MUKPOTPELMHaM  MOPOBOrO  MPOCTPAHCTBA, UTO MOXET  OKasblBaTb
CYLLLECTBEHHOE B/INAHWE Ha XapaKTep TeYeHUss MHOroga3HOro NoToka.

Llenbto  pgaHHOW paboTbl ABASETCA UYWCNEHHad peanv3auus  MaTeMaTU4yecKon Mogenm
ABYX(a3HOW (hu/ibTpauum € y4eTOM HanpskeHO-4eopMUPYEMOro COCTOSAHUSA MOPUCTON cpeapbl.
B gaHHOl paboTe NpoBeAeHO UCCNeaoBaHMe MO OLEHKEe BAMSHUA Moayns KOHra u KoagguumeHTta
lMyaccoHa,  KOTOpble  ABNAKOTCA ~ OCHOBHbIMW  XapaKTepuUCTUKaMu  [ehopMUpPYyeMOCTU
paccmaTpuBaemMoii cpefbl. JONoNHNMTENbHO NPOM3BEAEHbI CPABHEHUS NMOMYYEHHbIX PE3YyNbTaToB C
Y4YeTOM PasHOPOAHbIX U HEM3MEHHbIX 3HAYEHU.

MaTtemaTunyeckass Mogenb

Mogenb ABYX(ha3HON PUNbTPALMN HEC)KMMAEMBIX XXUAKOCTEW B HeAehopMMPYyEMOM MacTe
OCHOBaHa Ha 3aKOHax COXpaHeHWs Macchl (YpaBHEHWW HEPa3PbIBHOCTH) U MMMybCa (0606LEHHOM
3aKoHe [lapcu) B AngdepeHLmansHOn hopme COOTBETCTBEHHO [1]

=) g,
| I(S) P,
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roe — 0603HaueHVe (hasbl BOAbl M HE(TU COOTBETCTBEHHO, ,— M/IOTHOCTb
COOTBETCTBYIOLLEN (hasbl; t — Bpems; — TMOPWUCTOCTb Ccpeabl; S, — 93PheKTUBHaS

w

B/laroHacbILLeHHoCTb (MeHseTca ot 0,2 go 0,85), s, 1 s,; W, — CKOpOCTb CuibTpauuu
ki (s.)
|

W |, —OTHOCWTENbHAsA MPOHNLLAEMOCTb U BA3KOCTb COOTBETCTBYIOLLEW (Dasbl; P — AaBfieHne HedTu;

COOTBETCTBYIOLLel (asbl; K — TeH30p npoHuuaemocTu cpedpl; (S,) — MO6UbHOCTB; K, (S,)

0, — UICTOYHMKOBbIVA Y/EH.

CssA3aHHas rugpoguMHaMuyeckas MofeNlb C YYeTOM TreOMeXaHW4YecKMxX CBOWCTB cpefbl
COOTBETCTBYET cUCTEMe AndepeHLManbHbIX YpaBHEHWIA, B KOTOPOI HanpsiXXeHHO-AethopMumpyemoe
COCTOSIHASA BK/IHOYAeT ypaBHeHWe O6LLEero paBHOBECMS CUCTEMbI C YYETOM [paBUTALMOHHBIX
3hhekTOB M 0606LLLEHHOrO 3aKoHa MN'yka [2].

b \
t

div( ,) 0,

~|o

1
M

c bp,

roe b 1 % — KoathuumeHT Bro; K, — OCyLLeHHbI 06beMHbIA Moaynb; K, — 06beMHbIN

1 b :
, — 00beMHas Aetopmaums; vl C « moaynb Buo;
|

C, — OKMMaeMOCTb COOTBETCTBYHOLLEW XNAKON (hasbl; K, — 06beMHbIA MOAY/Ib COOTBETCTBYHOLLEN

MOAYNb TBEPAbIX YacTul;

XNAKON (hasbl; — 00bEMHAA N/IOTHOCTb;

g - BEKTOP rPaBUTALMOHHBIX CUM; — TEH30p HanpsHKEeHWiA; — TeH30p AedopMaLiuii;

I - e,U|VIHVI‘-IHbII7I TeH30p; C — MaTpuua >eCTKOCTK, KOTopas C y4eTOM M/IOCKUX HaI'IpFI)KGHVIIZ n
M30TPOMHOCTW CPEAbl UMEET BUL

— MAOTHOCTb MOPUCTON cpefpl;

c, ¢ O
c ¢ ¢ 0,
0 0 G
rne ; ; — MoAynb casura;  — moay”nb FOHra B
AvanasoHe 2 10°Ma;2 10°Ma ; — Ko3hpmumeHT [lyaccoHa B Avanas3oHe

MpuHATbIE 3Ha4eHMs Moayns KOHra 1 KoathduumeHTa MyaccoHa COOTBETCTBYHOT ONpeaAe/ieHHOMY TUMy
rpyHTa [3].

"paHMYHbIe ycnoBus
B paHHoli paboTe wccnefoBaHWs MpoBeAeHbl B [BYMEPHON MOPWUCTON cpede AAMHON L,

paBHOW 600 M, n wwpuHoit L, pasHoit 300 M. Mpu AuckpeTusaumm Ans [aHHoW 06/1acTu

NCNoNb3yeTca paBHOMEpPHasa CeTKa C LUarom Ixy, paBHbIM 10 m. Ha puc. 1 npegcraeneHa cxema

pacyeTHoli 061acTu, AN KOTOPOV FpaHULbl ABNSOTCA HEMPOHULIAEMbIMM, MOTOK OCYLLIECTB/ISETCS
CNeBa HampaBo, /IeBasi U HUDKHSAS TPaHWLIbl SBNSHOTCS HEMOABMXKHBIMMW, CBEPXY OCYLLECTB/SETCS
HarpysKa BblLLEMEXALLMX NOPOo/, a TAKXKE MUCTOMb3YHTCA CNeYHLIME FPaHNYHbIE YCNIOBUS:

s(x,y,t 0 s, 02 p(xyt 0 p, 2810Ma, 0 x L,0 y L,
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Ot © Srax 0,85, Prc 28 10'TMa,
qright: Smi 0! 2; pmin 106 Ma.

min

Harpyska
HhrreTaTensras Jlp6bBaro 1y ast
CKBaHIHA CKBaIHA
qf eft qr fght

>

—————»  Byx(u3Hbi IOTOK

_—

Puc. 1. Cxema pacuyeTHoii 06nacTu

3aK/1toyeHmne

MpoBeaeHHble MCCnefoBaHUSA MOATBEPXKAANOT, 4YTO pasHopoAHOCTM Moayns HOHra wu
Koah(omumeHTa NyaccoHa OKasblBatOT CYLLECTBEHHOE B/IMSAHWE Ha XapakTep TedeHWUs B 0061acTaX
paccmaTtprBaeMoii cpefbl C HaMbONbLLMMK 3HAYEHMSIMUN, KOTOPble COOTBETCTBYIOT Masio CXXMMAaEMOM
nopoge. B gaHHbIX 061acTaX Hab14AKTCA HU3KME CKOPOCTM MHOrOgha3HOoro noToka, YTo NpuBOANT
K YBE/IMUYEHMIO BPEMEHM BOASHOIO NPOpbIBa.
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HauuoHanbHbIin nccnefoBateNibCKMii TOMCKUIM NONMTEXHUYECKNIA YHUBEPCUTET,
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HHL algorithm: overview, operating principle, examples of use
D.S. Amirkhanov
Scientific Supervisor: Ph.D. B.S. Merzlikin
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

E-mail: dsa30@tpu.ru

Abstract. We consider a short overview of the quantum algorithm Harrow-Hasidim-Lloyd (HHL) for
solving system of linear equations. We provide a mathematical formulation of the algorithm, the
corresponding quantum circuit, and discuss examples of application the algorithm to solve a system
of linear equations. We implement the algorithm under consideration using a simulation quantum
computer, the results of simulation we compare with the classical solution algorithm for linear
systems.

Key words: Quantum computing, qubit, computational complexity, solutions of systems of linear
equations.

BBegeHme

CuCcTeMbl IMHERHbIX anrebpanyeckn ypasHeHnin (C/TAY) UrpatoT orpoMHYH posib B Hayke U
4acTO BCTpeyatoTcs B (PM3MKe, OMOMOTMM, IKOHOMUKE, WHXEHepHbIX 3afavax. Knaccmueckue
cnocobbl peweHus CJ/IAY pasmepa X , Hanpumep, Metogbl laycca u Kpawmepa, TpebytoTt
MOIMHOMUA/ILHOTO BPEMEHU [/ PeLleHus, TO €eCTb WMEKT BbIYUC/IUTENIbHYHO C/OXHOCTb

( ) u (%) cooTBeTCTBEHHO. B cnyuae 60MbLUMX CUCTEM YPaBHEHWIA MONYYUThL peLleHue 3a

pa3yMHOe BpeMsi He NpPeACTaB/ISeTCA BO3MOXHbIM: K TaKUM 3afa4yamM MOXXHO OTHECTU, Hanpuwmep,
MOZENMPOBaHWSA NOTOKA B TPELLMHAX rOPHOM Noposp! [1] v anroputMbl MalMHHOMO 06yYeHus [2].
B Takux cuTyaumax MONHOCTbIO PacKpbIBaeTCA MPEUMYLLECTBO KBaHTOBbIX BbIYUC/INTE/bHbIX
IropuTMOB Mepes KMacCUYeCKUMU, MOCKOJIbKY OHU CMOCO6HbI 06ecneyunTb 3KCMOHeHUMa bHoe
YCKOpPEHME NPV pPeLleHUN HEeKOTOpbIX 33fady. K Takum anroputmMam OTHOCUTCS airoOpuTM
Xappoy-Xaccugnm-Snoinga (HHL), KoTopbld, npu ycnoBum paspsikeHHoi CJTAY ¢ umcnom
06YCMIOBMIEHHOCT  , UMeeT BblumcautensHyto cnoxkHocts  (log( ) 2), rae — 4ucno
nepemeHHbIX B C/TIAY [3].

Llenb paboTbl — n3y4yeHve paboTbl anroputma HHL v ero MmogennposaHune Ha Ki1accuyeckom
KOMIMbLOTEPE.

JKCnepMeHTasIbHasA 4YacTb
CTAY MoXeT 6bITb NpefcTaBNeHa cneayowmm 06pa3om:

=, (1)
roe  —MartpuuapasMepa X, M —BeKTOpa pasMepHOCTM . 15 MpOCTOTbI MpeanonaraeTcs,
yto =2 ,TAe — YMC/O KYBUT B KBAHTOBOW CXEME. — HEW3BECTHbI BEKTOP, W W3BECTHbI.
Torpa, BEKTOP  MOXET ObITb HaliAeT MPOCTO Kak:

= ! (2)
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MpeanonaraeTcs, 4To MaTpula  3pMUTOBa. B criydae KBaHTOBbIX anropuTMoB (1) MOXeT

6bITb MepenucaHo B HoTauusx [upaka, a umeHHo | =|b, Torga (2) 3anuwercs Kak
| = 71

Janee KpaTko pacCMOTPMM MaTeMaTuUyecKne ocHOBbI anroputMa HHL, Ha puc. 1 npuBefeHa
CXemMa faHHOro KBaHTOBOr0 a/iropuTma.

Onenka (asel  Bpamenne OOpaTHas olleHKa (assl

a-perncTp ‘O> \_Tlﬁ_l EI— ‘ ]>

c-perHcTp ] 0>®m 7L | 0)®m
b-peructp | b> // | x)

! . I

v) v) ) |y}
Puc. 1. Cxema kBaHTOBOro anropuTma HHL [4]

[MepBbIM 3Tanom anropuTMa SABMASETCS MNPUrOTOB/IEHWE COCTOSIHMA, B pe3y/ibTaTe u4ero
COCTOSIHVE CUCTEMbI OYyeT:
| o =100 | (3)
BTopbIM MaeT Moaynb anropuTma KBaHTOBOM oOueHKM (asbl (QPE): TakTOBble KyOGuUTI
MepeBOAATCA B COCTOSHMM Cynepnosvuuy npu noMowy reidta Agamapa , 3aTeM K Kybutam
-peructpa NpPUMeHSETCA OnepaTop YnpaBnsieMOro BpalleHUs , KyOUTbl -perncrpa SBAstTCA
KOHTpO/bHbIMK. [ocneaHein onepauueli B pamkax QPE sBnstoTCS onepauus 06paTHOro KBaHTOBOIO
npeobpasosaHna ®ypoe (IQFT nnn ), NpUMeHsemMoro K Kybutam -peructpa, B pesysbrare
4ero COCTosiHMe cucTembl nocne QPE 3anuwueTcs cregyrowmnm 06pas3om:

l.=> | | 1o (4)
=1
Cnepyrowmin - atan: onepauvs YnNpaBisSeMOro BpalleHMs , nepeBoswas CUcTemy
B CNeflytoLLiee COCTOsIHUE:
2
|, => Wi-S 0+~ 11)] | |0 (5)

=1
MocnegHMM 6/10KOM SBNSieTCS 6/10K 06paTHON KBAHTOBOW OLIEHKM (hasbl, KOTOPbIA NepeBoanT
CUCTEMY B COCTOSIHUE:

2
| s => Wi-S—10+_—~11)10 | |o (6)
=1
Kak utor, B TOM Cfiyyae, ecnv Kyout u3  -permctpa namepsietcs Kak |1 , Kybutbl -permcrpa

KonnancupytoTB| = Y _; (" )| . Takum 06pa3om, Nosy4aeM NCXOAHbIA BEKTOP

onpeaensieMblii C TOYHOCTbHO 10 HOPMUPOBOYHOM KOHCTaHTbl  [4, 5].

MogenupoBaHue anroputMa OyAeT NPOBOAMTCA Ha K/IaCCUYECKOM KOMMbHOTEPE Ha Si3bIKe
nporpammmpoBaHuns Python, ¢ ucnonb3oBaHMeM 6GUGAMOTEKM AN UMMAEMEHTaUMWN KBAHTOBbIX
BblumcneHui Qiskit. [1ns nonyyeHns KNacCYecKoro peLleHns Uenob3oBanacb nbnmoteka Scipy.
B uenax TectmpoBaHus Oblna B3sTa CeaytoLlas CUcTemMa IMHENHbIX YPaBHEHWIA:
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21+@+ ) ,+(9+2) 3=4+

(9—2) 1+(4-6) ,+10 3+ (A+7) 4=-—
B+2) ,+(1—-7) 3+4 4,=7+3
Kak 6b1/10 yKa3aHO BblLLe, CUCTEMY YPaBHEHUIA B MATPUYHOM (hopMe MOXKHO MPeacTaBUTb Kak
(1). HeobxoaMmo HailTu peLLeHve B Buae BekTopa (2).

PesynbTathl
PaccmoTpum pe3ynbTaTbl paboTbl KNacCUYecKoro anropmtma (C TOYHOCTBHO [0 ThICAYHbIX):
= (1.863 — 1441, —0.633 —0.482 , 0.154 — 0514, 1.033+1.588)

MoacTaBnAsa nonyyeHHoe pelleHve B (*), MonyuMMm TOXAECTBO. [lasnee pacCMOTPUM
pe3ynbTaTbl paboTbl aroputMa HHL. B 3TOM cny4yae nonyyunmM cnegyrowmii pesynbTar:
= (0.320 — 0.248 , —0.108 — 0.083 , 0.027 —0.088 0.118 + 0.059 )
Ha nepBbIli B3rnag Kaxetcsi, YTO pesynbTaTbl paboTbl anroputmMa HHL abcontoTHO He
CXOAATCA C peLLeHreM, KOTOPOE Hallesl KNacCUYeCKnin anropmuTm, 1 NoAcTaHOBKa B (*) ToxAecTBa
He faeT. HO [aHHbI anroputMm He HaxoauT To4yHoe peweHne CJIAY, a Bo3BpallaeT (yHKLUMIO
BEKTOpa peLleHus, KoTopas, B 0OLleM cfiyyae, CBA3aHa C CaMMM BEKTOPOM peLUeHUs 4epes
KOHCTaHTYy. 18 TOro, 4tobbl N36aBUTLCA OT BAIUAHMSA KOHCTAHT Ha BbIXOAHOE PeLUeHME, BEKTOP
Ha COOTBETCTBYIOLLYHD €My HOPMY, TOCMe Yero YMHOXWM MOJMYYEHHbIA BEKTOP Ha
COOTBETCTBYIOLLYIO EMY EBK/NA0BY HOPMY MOMHOIO BEKTOPA PELLEHUS, TOTAa NOMYUYNM:
= (1.866 — 1442, —0.631—-0.481 , 0.154 — 0514, 1.033 +1.586 )
Buamm, 4uTo pesynbTaTtbl NPaKTUYECKM OAMHAKOBbI. TakXe MOXEM OLEHWUTb KOMYecTBO
remToB B anroputme Ansa peweHns C/JTAY % . PesynbTaTbl OLEHKMN yKasaHbl B Tabn. 1.

Tabnmua 1
KonnuecTBO KBaHTOBbIX reiiToB, He06X0AMMbIX Anst C/TAY pasnnyHoro pasmepa
Pasmep CJTIAY 2x%x2 4x4 8x8 16 x 16
KonnyecTBO KBAHTOBbLIX MEMTOB,
HeobXxoauMbIX Ans peannsauumn HHL 334 2593 34008 403899

3aK/o4veHne

B pesynbtate pabotbl 6bin n3yveH anroputm HHL ansa peweHus C/IAY Ha KBaHTOBOM
KoMmnbloTepe. bbina nposBegeHa UMMMNEMeHTaUMA [AHHOIO alroputMa Ha  K/1acCUyeckom
KOMMbIOTEpPE, MPOBEAEHO CpaBHeHME pesy/nbTata PaboTbl Knaccuyeckoro anroputma C/AY ¢
pabotoil mmnnemeHTaumy HHL. Takxe BaXXHO OTMETUTb, YTO Ha CYLLECTBYHIOLUMX KBAHTOBbIX
KOMMbOTEPaX HEBO3MOXHO peann3oBatb anroput™ HHL, nockosbKy OH TpebyeT 60/bLIoro
KO/MIMYeCTBa KBaHTOBbLIX eTOB A5 peasin3aLuu.
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Calculation of Statistical Spread Using Newton-Raphson Method
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Abstract. The statistical spread, defined as the difference between asset returns or prices, is a vital
metric in financial analysis, particularly for pair trading and risk assessment. Traditional
autoregressive models, such as AR(1) definedby = +  _; + |, model spread dynamics using
past values, with parameters estimated via the Newton-Raphson method for rapid convergence.
However, these models often falter with nonlinear financial time series like Forex data. This study
develops a program integrating AR models (AR(1), AR(2), ARX) with neural networks to enhance
forecasting accuracy. Using Forex data accessed via APIs, the program collects and processes data,
implements autoregressive models, applies the Newton-Raphson method for parameter estimation,
and employs neural networks for predictions. The approach evaluates exogenous factors’ impact,
aiming for a hybrid model that outperforms standalone methods. Results suggest improved spread
forecasting, valuable for financial analytics.

Key words: statistical spread, Newton-Raphson method, autoregressive models.

BBepeHme

CTaTUCTUYECKNA CNpaj, onpefensieMbld Kak pasHuua Mexay AOXOAHOCTAMWM WK LieHamu
aKTVBOB, AB/IAETCA BaXKHbIM MOKas3aTesieM B (PMHAHCOBOM aHa/in3e, OCOBGEHHO Mpu pa3paboTke
cTpaTervii MapHOro TpeauHra U OUEHKW PUCKOB. TpaguuMOHHbIE NMOAXOAbI K MOLEMPOBAHMIO
Crpafa, Takvne Kak aBToperpeccroHHble Mogenu (AR), No3BOSKOT OMUCLIBATL €ro AWHAMUKY Yepes
3aBMCMMOCTb OT MPOLL/IbIX 3HaYeHWn. Hanpumep, mogens AR(1) 3afaeTcs Kak =  + 1+,
roe  — cnpag B MoMeHT BpeMeHU (), () — KOHCTaHTa,  — KOahuumMeHT aBToperpeccun, a

— CNyyaiiHas owmnbka. PaclumpeHme 1o AR(2) nnm mogeneli ¢ 3k30reHHbIMK nepemeHHbIMU (ARX)
YBE/IMUMBAET MMOKOCTb aHa/n3a, Mo3BOJISAS YUMTbIBATL 6OSIEe CMIOXKHbIE 3aBUCMMOCTU U BHELUHUE
(haKTOpbI, TaKME KaK MakpO3KOHOMMYECKIE NHAMKATOPbI UM PbIHOYHbIE MHAEKCHI.

[ns oueHKM napameTpoB 3TUX MOZENei YacTo ucnonb3yeTca Metof HbtoToHa-PadcoHa —
NTEPATUBHbIA YUCNEHHBLIA METOA, OCHOBaHHbIA Ha opmyne .4 = - )/ "),
KOTOpbIA 06ecrneymBaeT ObICTPYH CXOAMMOCTb MPU ONTUMM3ALMKU (DYHKLMKW NpaBaonogooms.
OfHako TpaguuUMOHHble aBTOPErpecCMOHHbIE MOAENM UMEKOT OrpaHMyYeHUs B NPOrHO3MpOBaHUN
C/TIOXXHBIX HEIMHEMHbIX BPEMEHHbIX PAA0B, TaKMX KakK faHHble C (DMHAHCOBBLIX GUPX (Hanpumep,
Forex), rae NpUcyTCTBYHOT LUYMbI, TPEHAbI U BNSIHE MHOXKECTBA (PaKTOPOB.

CoBpemMeHHble NoAaxofbl K aHain3y [aHHbIX aKTMBHO WHTErpuUpYOT WCKYCCTBEHHBIN
nHTennekt (M), BKIOYas HepOHHbIE CETU, KOTOPbIE CMOCOOHbI BbISBATH CKPbITbIE 3aBUCUMOCTH
N afanTUpoBaTbC K U3MEHEHMAM B aHHbIX. KOMOMHMPOBaHME KNacCUYeCKMX MeTOA0B, TaKUX Kak
meTof HbloToHa-PahcoHa, ¢ HeMpOCeTAMU OTKpPbIBaeT NepCcrnekTVBbl ANA MOBbLILEHWNS TOYHOCTU
MPOrHO30B CNp3fa W aHasm3a BAWSHWA BHELWHUX (haKTopoB. B 4acTHOCTW, AaHHble C pPblHKa
(HanpuMmep, Forex), XxapakTepu3ytoLLmecs BbICOKON BONATUBHOCTLIO U AOCTYNHOCTLIO (Hanpumep,
yepe3 APl 6pokepoB), NPeACTaBNAT CO60M naeanbHbIA 00BLEKT A8 TaKOro UCCefoBaHus.
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CyuiecTBytoLLME UCCNea0BaHUS B 06/1aCTV aBTOPErpeccumn U MallMHHOro 06yyeHns (Hamilton,
1994; Goodfellow et al., 2016) nokasblBatOT, YTO rMOPUAHbLIE MOLENIM MOTYT NPEBOCXOAMTL Kak
YMCTO CTATUCTUYECKME, TaK W 4YUCTO HelpoceTeBble noaxodbl. OfHAKO OCTatOTCA BOMPOCHI
ONTMMaNbHOrO COYeTaHWs 3TUX METOLOB, BblbOpa apXMTEKTYpbl HelipoceTel U 06paboTKM
3K30reHHbIX (DAKTOPOB B peaslbHOM BPEMEHMU.

dopmynMpoBKa 3agaun

Llenbto nccnenoBaHns SBAseTcs pa3paboTka NporpaMmbl 415 BbIYUCEHWUS CTAaTUCTUYECKOTO
crnpaga Metogom HbloToHa-PadicoHa € MCno/b30BaHUEM AaHHbIX C GUPXKKN Forex u MHTerpauuvei
aBTOPErpecCUOHHbIX MOAENEN N HEMPOHHbIX CeTeit 415 NPOrHO3POBaHUS.

3afaya BKIOYAET CcriefytoLLme noguenu:

1. C6op 1 06paboTka faHHbIX:
a) V13B/eyeHne NCTOPUYECKUX AaHHbIX O Cnpage (Hanpumep, pasHuLbl Mexay ueHamu Bid n
Ask ons BaMlOTHbIX Mnap, Taknx kak EUR/USD) c pbiHKa (Hanpumep, Forex) uyepes
nyénunyHele APl (Hanpumep, MetaTrader nnn Alpha Vantage).
b) TMoAroToBKa 3K30reHHbIX MepeMeHHbIX (KYpPCbl BasitOT, MPOLEHTHbIE CTaBKW, WHAEKCHI
BOMATU/IbHOCTMW).
2. Peanusaums aBTOPErpeccMOHHbIX MOLenel:
a) MocTtpoeHne mogenert AR(1) (puc. 1), AR(2) (puc. 2) n ARX ¢ pa3fIMyHbIM KOTMYECTBOM
NaroB Ana onucaHus AMHaMUKKU Cnpaja.
b) OueHka napameTtpoB (( ¢ ), , ) MeTogom HblOTOHa-PaihcoHa nyTeM mMakcUmm3saumm
(hyHKUMM npaBaonofobus.
3. AHanu3 n NnporHo3vpoBaHue:
a) CpaBHeHVie TOYHOCTU NMPOrHO30B aBTOPErPECCUOHHbIX MOZE/EN 1N HEMPOCETY MO METPUKAM
(MAE, RMSE).
b) OueHKa BNMAHUS BHELLUHUX (DAKTOPOB (HanpuvmMep, HOBOCTE UM MaKPO3KOHOMUYECKUX
[aHHbIX) Ha Crpag,
4. TlporpammHas peanusauus:
a) CosgaHue nporpammbl Ha Python ¢ ncnonb3oBaHneM 61ubnnMoTek numpy, scipy (4ns metoga
HbtoToHa-PagcoHa), pandas (gn1s 06paboTKu faHHbIX).
b) O6ecneyeHve BO3MOXXHOCTW BU3yanm3auuy pesynbTatoB (rpagmku crnpaga, NporHo3os,
B/IMAAHWSA (PaKTOPOB).
5. WHTerpaums HeMpOHHOM CeTu:
a) Pa3paboTka apXxuUTeKTypbl HEMPOCETU ANA 00YyYeHWUs Ha AaHHbIX Crp3ga M 9K30MeHHbIX
(haKTOpOB.

b) O6yyeHne HelpoceTn ANA MNPOrHO3MPOBaHWUA OYAYLIMX 3HAYEHWA crlp3ja C Y4eToM

pe3ynbTaToB aBTOPErpeccuu.

OXngaemblil pe3ynbTaT — NporpaMma, CnocobHas:

— BbIYMCNATH CMP3L HAa OCHOBE BUPXKEBbIX AaHHbIX METOLOM HbloToHa-PadcoHa;
— MOZEe/NMpOoBaTh ero AMHaM1Ky C NOMOLLGI0 aBTOPErpeccuu;

— NPOrHO3MpoBaTh OyAyLLMe 3HAUEHWS C UCMONb30BAHWNEM HEPOCETH;

— AEMOHCTPMPOBATb B/IMSIHWE 3K30TeHHbIX PaKTOpPOB.
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AR(1) c c=0.5, p=0.8, 0=0.1
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TeopeTuyeckoe cpegHee: 2.58
Puc. 1. Mogenb nepsoro nopsaka (AR(1))
AR(2) c c=0.5, 91=0.6, 2=0.3, 0=0.1
— AR(2)
TeopeTHyeckoe cpefHee AR(2): 5.880
Puc. 2. Mogenb BToporo nopsaka (AR(2))
3ak/ioyeHme

[aHHOe uccnegoBaHVWe BHOCWMT BKMaf4 B pasBuUTME (PYHAAMEHTaSIbHbIX HayK, 06beauHAs
KNnacCcuyecKme CTaTUCTUYECKME METO/bI C COBPEMEHHbLIMM Noaxofamu VI ans aHanmsa oHaHCOBbIX
BPEMEHHbIX PSAAOB, UTO MMEET KakK TEOPETMYECKyt, TaK W MpPaKTUYeCKyt 3HA4MMOCTb ANS
MPOrHO3MPOBaHNS PbIHOYHbLIX MPOLLECCOB.
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CraTucTnyeckas 06paboTKa AaHHbIX MOBEPXHOCTHbIX CBOMCTB 6MOCOBMECTUMbIX
MaTepunasiosB rnocsie 06paboTKM NOBEPXHOCTH
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Statistical processing of surface properties of biocompatible materials after surface treatment
A.D. Argoeva
Scientific Supervisor: Prof., Dr. E.O. Filippova
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

E-mail: ada21@tpu.ru

Abstract. In the study, we performed the surface roughness after exposure to low-temperature plasma.
Key words: Roughness, biocompatibility, statistical processing.

BBegeHne

Pa3BuTME MeAULIMHBI 1 TEXHOMOMNIA TpebyeT co3faHns HOBbLIX MaTepuanoB C Yay4LleHHbIMU
cBoMcTBaMW. BMOCOBMECTUMbIe MaTepuasibl UTPaKOT BaXHYK PO/Ib BO MHOTMX OTPAC/sX HayKu
[1-3]. OfHMUM ©3 KNKOYEBLIX MapaMeTpPoB, BAUAIOWMX HA 6GUOCOBMECTUMOCTb, SB/SETCA
LLIEPOX0BATOCTb MOBEPXHOCTM MaTepuana — 3TO XapakKTepuUCTMKa MUKpOpesbea MOBEPXHOCTH,
KoTopas onpefensieT eé mexaHuyeckue, ONTUYECKME U XMMUYecKMe cBoicTBa. OHa OKasblBaeT
3HauMTeNbHOE BAWAHME HA afresvo, CMayMBaeMOCTb, TPEHWe W [pyrue XapakTepuCTUKU
B3aMMO/ENCTBMA MaTepurana C OKpy>XaroLLein cpegoid. Ans mogndmkaumm NoBePXHOCTHbIX CBOMCTB
MaTepuanoB YacTo UCMOMb3YHOT MN1a3MeHHYH 06paboTKy [4].

Llenb paboTbl — MNPOBECTVM CPaBHWUTENbHbLIA aHain3 [AaHHbIX MOBEPXHOCTHLIX CBOMCTB
OMOCOBMECTMMbIX MaTEPUaIoB MOC/e BO3AENCTBMA HA MOBEPXHOCTb M/1a3MOiA.

JKcnepnMeHTa/IbHasA 4acTb

B uenax npugaHus Matepuany paspabartbiBaeMblX U3LeNUA  TUMAPOMUIbHBIX CBOWCTB
MOBEPXHOCTb 06pa3LoB obpabaTbiBaiaCb HW3KOTEMMEPATYPHOW M1a3MoOM C  MCNOb30BaHNEM
9KCMEepUMEHTA/IbHOWN YCTaHOBKM HU3KOTeMMNepaTypHol nnasmbl (TI1Y).

[N3NeKTPMKOM CNYXWUIO CTeKNo ToNWwmMHoOn 1 mm. HanpsbkeHne — 25 kB, yactota — 5 KI'y,
MA0THOCTb MOLLHOCTM cocTasnsfia 2 BT/cM2. TemnepaTypa MOBEPXHOCTU MpW BO34eENCTBOBA/IN
nnasmbl 35 °C-40 °C, BenMumnHa NoToKa Bozayxa — 1 N1/MyH, 3HaueHMst aTMOCHEPHOr0 AaB/IEHNSA NPK
MOANMUKaLMM cocTaBnano 743-758 MM.pPT.CT. PaccTosiHMe Mexay 3nektpogamu 6bi10 0,5 Mwm.
[ns yoaneHus 3arpasHeHunid, o6pasubl, NpeaBapuTesibHO, NPOMbIBAIMCL B cnupTe. Bpewms
BO3aencTBKA nnasmoii coctasnsno 30 c.

MMneHkn w3 nonukanponakToHa nonydann u3 1 % pacTBopa MNOAMKANPOSaKToHa C
MosieKynspHbiM BecoM, Mw = 80000 r/monb (Sigma-Aldrich, AHrnuns). 10 n 12 rpam.

Tonorpaua NOBEPXHOCTM MaTepuasa UCCnefoBasacb Ha KOMIMIEKCHOM KOppensTope
ONTUYECKUX, CNEKTPasIbHbIX 1 TONOrpatuyeckmx CBOMCTB NOBEPXHOCTU 00beKTOB «Centaur HR»
(OO0 “HaHo CkaH TexHonorus”, Poccusa) n Ha aToOMHO-cnoBoM mukpockone (ACM) «Solver-HV»
(NT-MDT, Poccusi) B MOMYKOHTAaKTOM pexxume paboTbl. [18 M3MepeHus MpYMeHW KaHTunesep
mapkn NSG11 (“NT-MDT”) ¢ paguycom 3akpyrneHusa octpua wurnbl 10 HM. Tpodmnb
LLIEPOX0BATOCTY MOBEPXHOCTY CTPOUSICA C TOYHOCTLIO 40 1 HM B nporpamme Gwyddion v Origin 9.0.
PacuyeT napameTpoB LUEpOX0BATOCTW, OMUCHLIBAIOLLMX Tomorpaguio MoBepXHOCTW, MPOBOAWCA
cornacHo TOCT 2789-73 u I1SO 4287:1997. [Na KONMYECTBEHHOM OLEHKM LIEPOXOBATOCTU
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MOBEPXHOCTU  WCMOMb30Ba/IMCb  napameTpbl  CpefHee  OTKNOHeHUs  npoduns  Ra,
CpeaHekBagpaTMyHOe OTKNOHeHUs npodmnsa Rq, Lar HepoBHOCTen npoduns Sm, MakcrManbHas
LwepoxosaTtocTb Ry, CpegHekBagpaTtuyHasa A4anHa BoSHbI npodunnsa Agq cornacHo TOCT 2789-73 u

Ha puc. 1 npegctasneHbl ACM 1n306paxKeHWsi, MOMy4YeHHble O W nocne 06paboTku
MOBEPXHOCTU MOMKAMNPONAKTOHA NIa3MONA.

i3

a) 6)

Puc. 1. ACM un3o6pa>keHnst NOBEPXHOC T NMOAMKANPONaKkToHa: a) 40 06paboTKM NNa3Moi;
6) nocne 06paboTKM NNasmoi

PesynbTarthbl

[ns  ctatuctuyeckol 06paboTKM  AaHHbIX  LLEPOX0BATOCTM  MOBEPXHOCTM  NPOBEAEHO
CpaBHeHMe OCHOBHbIX MapameTpoB (Tabn. 1), 4TO MOKas3alo YBe/MYeHWe LLEPOXOBaTOCTU U
Heo4HOPOLHOCTM CTPYKTYPbl MOBEPXHOCTMN.

Tabmua 1
CpaBHeHWe napamMeTpoB LLepoXoBaTOCTK
MapameTp WcxopHbii OnbIT 1 OnbIT 2
CpejHee 0TKNOHeHMs npodunsa Ra, HM 28,8+8,1 55,5+ 22,6 358+28
CpeaHekBaapaTUYHOE OTKIOHEeHUs Nponns R, HM 58,0 £ 40,7 79,2+ 345 50,9+47
LLlar HepoBHOCTe Npodmnsg Sm, MKM 27+0,1 2,7 10,2 22+0,1
MakcumasnbHas LWepoxoBaTocTb Ry, HM 339,8+ 71,7 383,7 £ 90,7 522,0 82,6
CpefiHeKBafpaTUYHas /IMHA BOIHbI NPOGNNA AJ, MKM 25%0.2 25%0.2 21+0,1

MpumeyaHve: OnbIT 1-10 rp. nonnkanponakToHa nocne nnasmsl 30 cek; OnbIT 2—-12 rpamm
nosiMKanponakToHa nocsne nnasmbl 30 Cek.

[na  Kax[oro Kputepus  paccmMaTpuBaemblX —MOBEPXHOCTENM  MNPOBOAM/IACL — OLeHKa
HOPMasIbHOCTWY pacnpeaeneHuns ¢ NoMoLLbio TecTa Konmoroposa-CMypHOBa, & 3aTEM B 3aBMCUMOCTM
OT HOPMaJIbHOCTW BbIGOPKM HAxXoAUICA KO3IPMULUMEHT Koppensauun. B 6GONbLUMHCTBE Cry4aes,
HabntofaeMas KOppenauusa Mexzay nokasatensamuy LLepoxoBaToCcT 40 1 nocne 06paboTku 6/1mn3Ka K
HY/K0. 3TO 03HAYas10, YTO M3MEHEHWA B LLIEPOXOBATOCTM NOC/e 06paboTKM He CBA3aHbI C UCXO4HBIMU
3HaYeHMAMM, TO eCTb, B AaHHOM Cny4ae, 06paboTKa Mia3Moin UMeno 3HauuTeNnbHOe BAUSHUE Ha
CBOWCTBa NOBEPXHOCTM, HE3aBUCKMO OT ee Ha4a/lbHOrO COCTOSHUS.

TakKe MpoBOAMICA aHann3 C WCMOMNbL30BaHWEM METOLOB CTAaTUCTMYECKOrO OMucaHus u
nMpoBepky runotes. Mpu BCex BUAax CTAaTUCTMYECKOrO aHasv3a YPOBEHb 3HAYMMOCTU COCTaB/A/
[BYX BbIGOPOK MNPUHMMANACb HaMHOrM0 MeHbLUe pa3, 4YeM Hi runotesa 0 pasiMumm Mexay
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BbIGOPKaMM, UTO YKa3bIBAET Ha Ha/MuMe CTaTUCTUYECKM 3HAUMMOI pasHMLIbl MeX 1y o6pasLiamMu 4o
1 nocne 06paboTKN. ITO MOATBEPXKAANO, UTO 06paboTKa Miasmoli MPUMBOAWUT K 3HAYUTE/NbHbIM
M3MEHEHVSIM B LLIEPOXOBATOCTM MOBEPXHOCTM.

3ak/oveHune

O6paboTka MaTepuasia HU3KOTEMMNepaTypHOM Na3MoOi  MPUBOAWUT K CTAaTUCTUYECKM
3HAYMMOMY  YBE/IMYEHUIO  MOKasaTefieil  LIepoXoBaTOCTW  MOBEPXHOCTU.  IDTO  MOXET
CBUAETENbCTBOBATb 00 M3MEHEHUM MUKPOCTPYKTYPbl MOBEPXHOCTW MaTepuana nocne o6paboTKu
NMOBEPXHOCTU M1a3MOM.
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Abstract. In the present study, we performed the stereotypical thinking and Shannon entropy
of responses to mathematical stimuli in the linguistic consciousness of technical university students.
The study involved 170 students. The participants were divided into 2 groups: Group 1 — part of the
practical classes on introduction to mathematical analysis was conducted in a game form —
75 people; Group 2 — practical classes were conducted in a traditional form — 95 people.

The collected responses were preprocessed, including segmentation, lemmatization, synonym
unification, and removal of stop words. Shannon entropy was calculated to assess the diversity
of responses, while stereotypical thinking was measured as the inverse of entropy. The Shapiro-Wilk
test was applied to check data normality, and the Mann-Whitney U test was used to evaluate statistical
differences between the groups.

The results showed that the experimental group demonstrated slightly higher stereotypical thinking
(mean value: 5.09 vs. 4.98) and slightly lower Shannon entropy (0.20 vs. 0.21) compared to the
control group. The most significant difference was observed for the stimulus *““I am solving math
problems™, where the control group exhibited higher entropy. However, statistical analysis revealed
no significant differences between the groups.

These findings suggest that game-based learning may contribute to the formation of more structured
and standardized problem-solving strategies, reinforcing stereotypical responses.

Key words: associative experiment, associations, linguistic consciousness, Shannon entropy.

BBegeHue

MaremaTuka — ABNAETCA C/OXKHbLIM NPeAMETOM AN MOHUMAHUA WU U3YYeHUA CTyAeHTaMu
TexXHUYecknx BY3o0B. [MpuBbluHble MeTOAbl 00Y4YeHUs  KaKyTCA  MHOMMM  CKYYHbIMW,
0fHOOOpa3HbIMU U TPyAHbIMU. TpUMEHeHMe WrpoBOro noaxofa B 00y4YeHWe MOXET MOAHATb
MOTMBaLMIO CTYAEHTOB, YIYULUUTb UX OTHOLLEHWE K NPeAMETY U ycrneBaeMocTb [1].

Llenb — wnccnegoBaTb CTEPEOTUMHOCTb W 3HTponuto LLIeHHOHa peakuuidi Ha CTUMYIb,
CBAI3aHHble C MaTeMaTUKOW B $3bIKOBOM CO3HaHUWM CTY[EHTOB TEXHWYECKOro YHuBepcuTeTa
Mo [aHHbIM CBOGOAHOI0 acCOLMAaTUBHOIO 3KCNEPUMEHTA.

JKCnepuMeHTasIbHasA 4yacTb

B nccnegosaHuy npuHAAN yyactue 170 CTYAEHTOB. YUaCTHUKM ObInv pa3feneHbl Ha 2 Fpynnbl:
1 rpynna— 4yacTb NPaKTUYECKMIA 3aHATWIA Oblia NPOBEAeHa B UrpoBoli hopme — 75 Yenosek; 2 rpynna
— MNpaKTUYeckne 3aHATUA OblnM NpPoBefeHbl B TpaguuMoHHOW thopme — 95 uenosek. Kaxzgomy
YUYaCTHUKY 3KCMepuvMeHTa Oblia Mpef/iokeHa aHKeTa Ha CBOOOLHOE accoLMupoBaHWe Co
cnefywowmmm  ctuMmynamu:  «MaTematMka — 3T0»; «BbiCcllaa MaTemaTvka A1  MeHs»;
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«MaTtemaTnyecknii aHanma», «PelaTb 3adaun », «Ha 3aHATMM MO BbICLUEA MaTEMATMKE,
«KOHTPO/IbHbIE N0 MaTeMaTUKe A», «J1eKLMM M0 MaTeMATMKE BbI3bIBAlOT Y MEHSI».

Mepen BCemMu pacyeTamy 6Oblia NpoBefeHa 06paboTKa MOMyYeHHbIX peakumii Ha CTUMY/bI:
CerMeHTaLus TEKCTa, paclUMpPOBKa COKpaLLIEHW, 06beHEHNE «He» C NOCNeAYOLLMMM CNoBaMu,
yAaleHne CTOMN-C/IOB, JieMMaTu3aums, CTEMMUHI W 00befeHWe CUHOHWMOB. JlemmaTu3aums
npoBogmnacs € nomMowpo 6ubnmotekn pymystem3-Python-06éptka ans  Yandex.Mystem.
[ns 06beMHEHNS 3KBUBAEHTHbIX CNOB N HAXOXAEHVE CUHOHUMOB 6bl10 Pea30BaHO MOMOLLbO
cepeuca «API «AHaekc.CrioBapb». OTBETbI, B KOTOPbIX He ObIf0 COB M 6b1IM NOMbITKW HanucaThb
maTemaTuyeckue, (usndeckme (OpMynbl OGblIM OTHECEHbI K KaTeropuu «Popmysbl». OTBETHI,
B KOTOPbIX Obl/IY PUCYHKM, OTHECEHbI K KaTeropum «PUCYHKM».

SHTponua LLleHHOHa Bblna BbluKcieHa no gopmyne [2]:

= - Z =1 IOgZ ) (1)

roe  — BEPOSTHOCTb NOSIBNIEHMS KOHKPETHOW peakLmu.
CTepeoTUNHOCTb BbIYMCSNACH MO (hOpMYIe:
1

™ (2)

roe  —aHTponusa LLeHHOHa.

[na npoBepKmM rmnoTesbl 0 HOPMa/ILHOCTU pacrpeseneHrs Obi1 MCcnosb30BaH TecT LLlannpo-Yunka,
peann30BaHHOIO C MCMO/b30BaHWeM O16MOTeKkM SCiPy. s OLEHKN LOCTOBEPHOCTU MEXIPYMMOBbIX
pa3nnumin - ncnonb3oBasiv  U-kputepuiA MaHHa-YUTHU u t-kputepuid CTbtogeHTa [3,4]. Pasnnuns
CUATAIUCL CTATUCTUYECKM 3HAUMMBIMK Npn p < 0,05.

PesynbTathbl

B 1abn. 1 npmBefeHbl pe3ynbTaTbl NOKa3aTeslein CTepeoTUNHOCTU 1 aHTponuu LLleHHOHa ans
9KCMEPUMEHTA/IbHOW WM KOHTPO/SIbHOM rpynn Mo cemMu cTuMynam. CorfiacHO MoayYyeHHbIM
pesy/bTaTtaMm, CpefHee 3HayeHWe CTEPEeOTUMHOCTM B 3KCMNEPUMEHTANIbHOW Tpynne 4yTb BblILLUe:
5,09 npoTume 4,98, 1 COOTBETCTBEHHO, CpPeAHee 3HaYeHmne sHTponusa LLIeHHOHa sKCrnepyMeHTa/IbHOM
rpynnbl YyTb HYXKe: 0,20 npoTre 0,21. Camoe 3HaunTeNbHaa pasHuLa Mexxay 3Ha4eHUAMU BbISIB/IEHO
ANa cTUMyna «PeluaTb 3a4aqmn f», rae S3HTPONMUA B KOHTPObHOW rpymnne Bbiwe. OfHaKo, COrflacHo
CPaBHUTENIbHOMY aHa/N3y CTATUCTUYECKWM 3HAYMMbIX PasINUUiA MeXAY IKCMepUMEHTaIbHON W
KOHTPO/bHOW rpynnamMmun He BbISIB/IEHO.

Tabmmua 1
MokasaTenm CTepeo TUNHOCTY 1 3HTPoNuK LLIEHHOHa AN SKCNEPUMEH T aUTbHOVA
1 KOHTPO/ILHOI FPYNM Mo CeMu CTUMYNam
Ctumyn SHTponus LLleHHoHa CT1epeoTunHocCTb
JKcnepumeHTasibHaa | KOHTposibHaA | JKcnepumeHTasbHad | KOHTposibHasA
rpynna rpynna rpynna rpynna
MaTemartuka — 310 0,19 0,17 5,32 5,85
Bbiclwaa maTemaTuka ang MeHs 0,18 0,20 5,59 5,01
MaTtemaTuyeckuii aHanm3 0,20 0,18 5,02 5,62
PewaTb 3agaum 9 0,20 0,29 5,09 3,45
Ha 3aHATUM NOo BbICLUEN 0,19 0,19 5,20 5.30
MaTemaTuke
KOHTpO/bHbIE NO MaTemMaTuke 0,19 0,20 5,23 4,92
JleKumm no matemaTtuke 0,24 0,21 4,17 4,70
BbI3bIBAKOT Y MEHS
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3aK/toyeHmne

B pe3ynbTarte NpoBeAeHHbIX UCCNEeA0BaHNIA HE BbISIBIEHO CTAaTUCTUYECKN 3HAYMMbIX Pasnymni
MeXay rpynnamu, OAHaKo pe3ynbTaTbl YKasblBalOT Ha TO, UYTO Y 3KCMEpMMEHTa/IbHON rpynmbl
BbIpaKEHHO 60/1ee CTEPEOTUMHOE MbIW/IEHNE. ITO MOXET OblTb CBA3aHHO C YCBOEHWeM 6oree
CTaHAapTHbIX MOAXOA0B W &IrOpUTMOB peLleHust 3afady, 4TO MOATBEPXKAAeTCs HambonbLuel
pasHULIEN B NOKa3aTeNsX Ha CTUMYN «PeLlaTh 3a4aum s».
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WMccnefoBaHve pa3MepoB 1 reOMETPUN (PPOHTA SIECHOIO NnoXapa YNCNeHHbIM MeTOL0M
T.A. benbkoBa
HayuHblIi pyKoBOAMTENb: AOLEHT, 4.0.-M.H. B.A. MNepMnHOB
HaumnoHanbHbIl nccnefoBaTebCKnii TOMCKUA NOUTEXHNUYECKNIA YHUBEPCUTET,
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Investigation of the size and geometry of the wildfire front using a numerical method
T.A. Belkova
Scientific Supervisor: Ass. Prof., Dr. V.A. Perminov
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050
E-mail: belkova_ta@tpu.ru

Abstract. The article presents the results of a numerical study of the geometric shape and dimensions
of a crown fire front using mathematical modeling. Using the general mathematical model
by A.M. Grishin, the temperature distribution of the wildfire front at different moments in time
is obtained. The change in the size and shape of the wildfire front depending on the wind velocity and
the width of the ignition source is analyzed.

Key words: wildfire, crown fire, mathematical modeling.

BBepeHme

JlecHble noXapbl NPeacTaBnAoT COO0M Cepbe3HYyt0 Yrpo3y A8 3KOCUCTEM M Yell0BEYECKOM
fleaTeNlbHOCTU. OHM MOTYT MPUBECTU K 3HAUUTENbHLIM 3KO/IOMMYECKUM 1 3KOHOMUYECKUM MOTEPAM,
a TaKKe MoCTaBUTb MOA Yrpo3y >XU3Hb tofei. Mo3ToMy BaXKHO MCMO/b30BaTh 3PHEKTUBHBIE
MEeTO/b! MPOrHO3MPOBaHUA U KOHTPO/IS NECHbIX NOXapoB. OAHMM U3 NePCrneKTUBHbIX HanpaBeHNi
B 3TO 06N1aCTU ABNAETCA MaTeMaTUyYeCKoe MOAeNMpOBaHMe.

Llenbto faHHOW paboTbl SBASETCA MpeAcTaB/ieHne pe3ynbTaToB MCCNeAoBaHUs NPUMEHEHUS
mMaTemMaTny4ecKoro MogennmpoBaHunsa s aHanmsa reoMeTpum 1 pa3mepoB (PPOHTa BEPXOBOI0 /IECHOr0
noxxapa. B xoge paboTbl 66111 MONYYeHbI pacrnpefenieHns TeMnepaTypbl (hpOHTa /IECHOMO MoXapa
B pa3/IMyHbIe MOMeHTbl BpeMeHW. MojenvpoBaHue No3BONSEeT NPOrHo3MpoBaTb PacnpocTpaHeHne
noXapa B 3aBMCUMOCTM OT Pa3MYHbIX (PAKTOPOB MPUMPOAHOM CpeAbl, TaKMX KaK CKOPOCTb
1 HanpaB/fieHVe BEeTpa, 3amnac M BNaroCoAepXkaHwe necHoro roptoyero marepuana (JIrM) v ap.
Mony4yeHHble pe3ynbTaTbl MOTYT ObITb UCMOMb30BaHbI 419 ONTUMM3aLUKN paboTbl CYXX6 N1ECHOrO
X034MCTBa, NOBbILLEHNSA 6E30MAaCHOCTW HaCeNIeHNs 1 COXPaHEHU MPUPOLAHbLIX PeCypCoB.

"eomeTpus 1 pa3mepbl PPOHTA SIECHOTO MOXapa 3aBUCAT OT HECKO/IbKMX K/KOYEBbLIX (DaKTOPOB:

1. CKopocTb W HanpasneHWe BeTpa. BeTep urpaet BaXXHYH pofib B PacnpoCTPaHEHUN OTHS,
onpeaenss HanpaeneHne ABYKeHNS (hpoHTa noxkapa. CubHbINA BETEP MOXET 3HAYMTENIbHO YCKOPUTb
pacnpocTpaHeHve OrHsl, B TO BPeMA Kak CNnabblil BETEP UM ero OTCYTCTBME MOTYT 3aMef/IMTb MpoLiecc.

2. BnaxHocTb M TemnepaTtypa Bo3ayxa. bonee BbICOKas BMaXHOCTb W 60fiee HU3Kas
TemrepaTypa O0ObIYHO 3aMef/IA0T pacrpoCTPaHeHWe OrHsA, MOCKO/MbKY Bnara B BO3fyXe
N oxnaxaarownii - adheKT TemnepaTypbl NPEnATCTBYHOT ObICTPOMY BOCMIAMEHEHWIO IECHBIX
roproYnx MaTepuasnos.

3. XapaKTepUCTUKM NTECHbIX FOPHOYNX MaTepuasioB. TWM U COCTOSHME PacTUTEIbHOCTY (Hanpuwvep,
Cyxasi TpaBa, XBOMHbIE /1eCa, IMCTBEHHbIE J1IECA) B/IMAKOT Ha CKOPOCTb PACMPOCTPaHEHNs OrHS. Pas/inyHble
BMAbl PaCTEHUIA MMEIOT PasHyHO COCOBHOCTL K BOCM/IAMEHEHUIO 1 MOAAEPXKAHNIO FOPEHUS.

4. Hannume npenatcTBui. MpensaTCcTBUSA, Takue Kak JOPOru, peku, 03epa U UCKYCCTBEHHbIE
COOpY)XeHUns (MUHepan3oBaHHbIe MOMIOCHI, MPOTMBOMOXapHbIE pPa3pbiBbl M 3aCNOHbI), MOryT
OrpaHnyMBaTh PacrnpocTpaHeHNe OrHA U U3MEHATL FTEOMETPUIO (PPOHTA.
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[JaHHble (hakToOpbl B COBOKYMHOCTV OMPEAEeNstoT reoMeTpuio U pa3mepbl (DPOHTA NECHOrOo
noXapa, YTo [enaeT BaXHbIM WX YyeT TNpyU paspaboTKe MaTeMaTWueckux Mopenei
AN NPOrHO3MPOBaHMS W YNPaBMeHNs1 NECHBIMU NoXKapamn. OfHaKo HaTypHble 3KCMEepPUMEHTbI
[0CTATOYHO CMOXHbI B OpPraHM3aUuy M MOryT OblTb OMacHbl, MO3TOMY aKTUBHO MPUMEHSIOTCS
METO/bl MaTEMATUYECKOro MOAENPOBaHMS.

dur3myeckasa N maTemaTnyeckas noctaHoOBKa 3ajaun

MaTemartmnyeckas Mofeflb OMNMUCbLIBAET NPOLLECC pacnpoCTpaHeHWs BEPXOBOr0 SIECHOr0 noxapa
B XBOWHOM necy. Mojenb OCHOBaHa Ha O6Lle/i MaTemMaTW4ecKOn MOJenn NecHbIX M0Xapos,
paspaboTaHHol A.M. MpuwwmnHbiM [1]. B gaHHON mogenu nec paccmaTpuvBaeTCsi Kak rnopuctas
W oucnepcHas cpefa, obnajatollas peakuMOHHON CrocobHOCTbi. CnefoBateNibHO, K Hemy
NPUMeHVMbI 3aKOHbI MeXaHWKW CMOLHBIX cpej. ViccnefoBaHo U3MEHeHWE reoMeTpun 1 pa3MepoB
(hpOHTa NIECHOTO NOoXKapa B 3aBUCUMOCTM OT CKOPOCTUN BETPa U LLUMPUHBI UICTOYHMNKA 3a0KMUTaHUS.

Pe3ynbTaTbl 1 06CyXeHWe
PaccMOoTpeHo BIMSiHWE CKOPOCTY BETPa U pasMepa UCTOYHMKA 3aKMUTaHWs Ha pacnpocTpaHeHme
noXkapa, a TakXXe Ha U3MeHEeHWe reomMeTpuu 1 pasmMepoB (POoHTa Moxkapa. [Jna 3Toro nposefeHa
Cepus YNCNEHHbIX 3KCMEPUMEHTOB. Peluanunck 3afa4a pacrnpocTpaHeHUs 1eCHOro BEPX0BOro Nnoxapa
npy cneayroLLyX YCnoBusx: Bnarocogepxaqve JIFM 0.5, sanac JITM npuHsT 0,4 Kr/M3. B nepsoii
CEpPUM YNCNEHHBIX IKCTIEPUMEHTOB CKOPOCTL BETpa BblbpaHa 7 M/c 1 10 M/c. MonyyeHb! pacnpeseneHms
130TepM (PPOHTA BEPXOBOI0 JIECHOIO NOXapa B pa3/IMyHble MOMEHTbI BpeMeHW. Temreparypa rasoBoi
(hasbl_onpegensnack kak T = T/T,, roe T.= 300 K. PacnpegeneHnst M30TepM ra3oBoil (hasbl
@—- =5 2- =4, 3— =3; 4— =25, 5— =2, 6— =15 7— =13)
PesynbTatbl NpeAcTasfieHbl Ha puc. 1.
AHanM3 pacrnonioXeHns M30TepM PacrnpoCcTpaHeHUs NIeCHOro noxkapa npu CKOpPOCTM BeTpa
7 m/c (puc. 1, a) nokasas, YTO MoXap paBHOMEPHO MPOABUraeTcsA No 06erM O0CAM OAHOBPEMEHHO.
PacnpocTpaHeHune (hpoHTa JIECHOTO MOXapa Mpw aHaIorMYHbIX YCI0BUSAX U CKOPOCTU BETPa pPaBHOWA
10 m/c (puc. 1, 6) npofBuraeTca UHTEHCKMBHee No oc OX MO CPaBHEHMIO C NPeAbIAYLLUM Cy4YaeM.
C yBennyeHvemM CKOPOCTU BeTpa (PPOHT MoxXapa pacnpocTpaHseTcs no ocv OX, (POHT noxapa
no ocv OY B flaHHOM C/ly4ae M3MEHAETCA HE3HAUNTESBHO.
Y, M

Y, M
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Puc. 1. Pacnpegenenus n3oTepM hpoHTa NeCHOro no>kapa npu ckopocTy BeTpa 7 m/c (a) n 10 m/c (6)
B MOMeHTbI BpemeHu t =3 ¢ (1), 8 ¢ (11), 12 ¢ (111)

Bo BTOpOi cepun UMCNIEHHbIX 3KCMEPUMEHTOB UCCMELOBAaHO BANSHUE M3MEHEHMs pa3Mepa
NCTOYHUKA 32KMTaHUA Ha pacnpocTpaHeHne ()poHTa noXkapa 1 ero reoMeTputo. Pasmep MCTOYHUKA
3aKUraHua Obin NpuHAT 5 M 1 15 M. PelueHa aHanornyHaa 3agada npu crefyroLmx ycroBusx:
BnarocogepxaHue JITM pasHo 0,5, 3anac JITM npuHsaT 0,4 Kr/M3, ckopocTb BeTpa pasHa 10 m/c.
PesynbTathl NpeacTaBneHbl Ha puc. 2.
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AHann3 pacronoXeHns N30TePM NP YBENNYEHNUIN LIMPUHBLI UCTOUHMKA 3aKUraHus (puc. 2, 6)
nokasas, 4YTo (POHT MOXapa pacrnpocTpaHAeTcd Mo 06eMM OCAM  OLHOBPEMEHHO.
CKOpOCTb pacrnpocTpaHeHUs noxapa npyv WUCTOYHWKe paBHOM 15 MeTpOB Bbille, YTO CBA3AHO
C 60MblUeii 3Hepruein noxapa MO CPaBHEHUMIO C  MOXapoM, BO3HWKLWMM OT  MeHbLUEro
NCTOYHUKA (pUc. 2, a). Pasmep (poHTa noxkapa no ocu OY npu ouvare 15 M 3HaUMTENbHO LUMpPE
MO CPaBHEHMIO C (PPOHTOM OT OYara MeHbLLUEro pasmepa.

s\g, M Y, M

d) I I “
40

40

35

30
25
20 > 1\

0 10 20 30 40 50 60 0 10 20 30 40 50 60

X, ™ X, M

Puc. 2. PacnpefeneHus n30TepM (hpoHTa IECHOro no>kapa npu WuprUHe UCTOYHMKA 3a>KuraHns 5 m (a) u 15 m (6)
B MOMeHTbI BpemeHu t =3 ¢ (1), 8 ¢ (I1), 12 c (111)
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Ha ocHOBaHMM MOMYYEHHbIX AaHHbIX MOCTPOEH rpaduK 3aBMCMMOCTM pasMepa (PPOHTa
necHoro noxapa rno ocu OY (Ly) ot BpeMeHn (puc. 3). Pasmepa ppoHTa no ocv OX B 060MX Cny4dasx
NpaKTUYeCKM paBHbl. 3aMETHO, YTO MPU LLUMPUHE o4vara noxkapa 15 MeTpoB pasmep PPOoHTa No ocu
OY 60nbLuUe NO CPaBHEHMIO NOXAPOM OT o4ara, paBHbIM 5 MeTPOB.
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Puc. 3. 3aBucMMOCTb pasmepa (hpoHTa noXkapa Ly 0T BpemeHH

3aK/toyeHmne

WceneposaHa reomeTpus (hpoHTa /IECHOrO MoXapa Nofj BO3MAENCTBMEM CKOPOCTM BeTpa
1 pa3MepoB oyara. ATV napameTpbl UrpatoT KIKYEBYHO PO/b B ANHAMUKE PAcrnpOCTPaHEHWUS OrHS.
lMoHMMaHMe [aHHbIX MPOLECCOB MO3BONAET 6onee 3¢eKTUBHO MNPOrHO3MPOBaTL MOBeAeHNe
NnoXapoB 1 pa3pabartbiBaTb CTpaTerMn nx TyweHus. PesynbTatbl 6yayT nonesHbl Npy paspaboTke
COBPEMEHHbIX TEXHOMOIMIA AN MOHUTOPMHIA U aHa/IM3a NoXKapoonacHbIX CUTYaLNIA.

[aHHas pa6oTa BbINOMHEHA NPW (PUHAHCOBOI MOAAEP>KKe POCCUACKOro HaydHoro thoHaa
(Ne 24-21-00069).
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6opbObI ¢ HUMKU. — HoBOCKMOUPCK : Hayka, 1992. — 407 c.
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MogennpoBaHue gnarpammbl Harnpas/IeHHOCTU OT CUCTEMbI CIMPa/IbHbIX U3yyaTenei
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Poccug, r. Tomck, np. JleHnHa, 30, 634050
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Modeling of the radiation pattern from a system of spiral radiators
M.A. Burnin
Scientific Supervisor: Prof., Dr. O.V. Bogdanov
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050
E-mail: mab54@tpu.ru

Abstract. A digital model of an emitter has been built in COMSOL Multiphysics with a non-trivial
phase surface shape. Radiators with circular polarization are selected as the basic elements of the
system. Electromagnetic fields and radiation patterns in the far field have been studied.

Key words: Modeling; radiation; radiation pattern; circular polarization.

BBepeHme

MogenupoBaHue auarpaMm HarpaeNeHHOCTU ONS W3ny4vaTeneld UrpaeT BaXKHYHO poSib B
MPOEKTMPOBaHNM 1 ONTUMM3ALUN @HTEHHBIX CUCTEM. [lMarpamma HarnpasfieHHOCTH MOKa3bIBaeT, Kak
aHTEHHa 13/Ty4aeT U NPUHUMAET CUMHaUIbl B 3aBUCMMOCTM OT MPOCTPAHCTBEHHbIX XapaKTepPUCTUK.
370 Nnomoraet onpeseMTb ONTUMa/IbHOE PACNOIoXKeHNe U OPUEHTALMI0 aHTEHHbI AN AOCTVXXKEHUA
MaKCUMaNbHOM 3(h(heKTUBHOCTIN NPU Nepegade Uav npueMe cUrHanos. MogenmpoBaHue UCTOYHUKOB
M3NYYeHUs MO3BONSAET aHa/IM3MPOBaTbh  Pa3/IMYHbIE XapaKTEPUCTUKM aHTeHH, TakuMe Kak
HanpaB/IeHHOCTb, YCU/IEHWE, YTNIOBble XapaKTEPUCTUKM N3/1ydaTens, nonspusaums, aPpMeKTMBHOCTb
1 YNIOTHEHWE NPOMYCKHON CMOCOBHOCTU. 3TW aHHbIe MOMOTatoT Bbl6paTh Hanboee NOAXOAALLYHO
AHTEHHY [15 KOHKPETHOro MpPWIOXeHUs W OonTUMU3NpOoBaTb ee paboty. Kpome Toro,
MOZeNMPOoBaHMe AuarpaMmm HarpasieHHOCTY NO3BONSET NPeLcKasaTh B3aMMOLENCTBINE CUTHAIOB OT
Pa3/IMYHbIX AHTEHH, YTO MOMOraetT u3bexkarb MOMEX W WHTEP(EPeHUUM B PajmovacTOTHbIX
cuctemax. B paboTe npefcraBnieHa CXema WUCTOYHMKA W3yYeHUs U3 U3flyyaTenell C Kpyrosoii
nonapusayueit [1-5]. Ocoboe pacnonoXeHue nnyyatenein B NPOCTPaHCTBE M CABUT (a3 NO3BOMN
CMOLENNPoBaTb WUCTOYHWK W3NYYEHUS C HETPUBUaIbHOW (HOpPMOW (Pa3oBOW MOBEPXHOCTU MOSIS.
MpaKTnyeckoe MPYMEHEHME TaKUX CXeM MOXET OblTb MOME3HO Mpu pa3paboTKe WMCTOYHMKOB
N3NYYeHNs C YNYULLEHHOW AuarpaMmoii HarpaBfeHHOCTU U YBENMYEHHOW MIOTHOCTLIO Nepesayn
[laHHbIX [1-7].

JKcnepnMeHTa/IbHasA 4acTb
MeTo4 KOHeYHbIX 3/IeMEHTOB annpoKCUMUPYeT MOAA BHYTPU KaXKAOro 3femeHTa
C NoOMOWb 6asnCHbIX YHKL WA =) , =D (1). Ob6nacTb BOKpyr
MOLenn onpefensercsd Kak BakKyyM, a Camblii BHELHWA CNOW MOrnowaeT BCe UCXOAsLLne
BO/IHbl W MNPefoTBpallaeT OTPaXeHWe OT rpaHuy, pacyeTHol obnactu. Co3gaem cuctemy
ypaBHeHUn MakcBenna, y4yuTblBaOWYO Hanuyue nornowanowmnx marepuanos: fI( x )
+ ( + ) 1l =02 wn JI( xH)- +( + ) ] =0(3). ba3soswblii
3NEeMEHT M3Ny4yaeT BOMHbI Ha 4actoTe 300 Ty (A=1 mMMm). Pagnyc OKpPY>KHOCTM Ha KOTOPOWA
pacnonoXeHbl n3nyyatenu R = 2A. ®asbl U3nyyarenein cABUHYTbl APYr OTHOCMTENbHO Apyra Ha

BEIMUNHY = ZT 4), =16.
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Puc. 1. Undpposoii makeT nsnydaTens: a) basosblit n3nyyaTenb. Pagnyc BAHTOBOW aHTeHHbI U TONLWMHA 3a3eMaeHns

paBHbl 160 MKM, war cnvpani 250 MKM, YUCN0 BUTKOB 5, ANMHA KOHTaKTHOro nuHa 48 MkM. 6) Cuctema
Tabnuua 1

MapameTpbl pacye THO CETKN HOPMabHO MOAENH
HavmeHoBaHWe napameTpa ceTku 3HauyeHune
Minimum element size 0,19990 mm
Maximum element size 5,5810E-5 mm
Maximum element growth rate 1,5
Curvature factor 0,6
0,5

Resolution of narrow regions

5a30B0iA aNIEMEHT UMEET KPYTOBYHO MONSPU3ALIMS, CUCTEMA M3NyqaTenel Takke COXPaHSIET 3TO CBOVICTBO.
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Puc. 2. Monspusauma  cucTemsl (a);
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[varpamma Hanpas/ieHHOCTK
105,/:;7in s 108 S0t -5
a 1200~ TSN60° 6 1200~ N
7 M > / \
1350 N\ 45° ns(y/ ¢ 45
/ \ / / &
4 ) / Y
1sv=/ \w 150° / / / / \ 30°
§ ! : 165° | ’ i \ 15
165° / \15° if / i
[ % d / \ Y \\
[ V/ S\ =
ZTINS 2, \ N
\ WARN | \ \ /
1050\ / 3a5¢ 195° \ /345
\ \\ /
2101\\\ / 3300 210'\\ //Bu
\ /
N / X ) \ . /
225° /315° 225° \ /3150
\\\ b \\ ~/ /
240° _—~"300° 240° _~"300°
255 T 285 T s TSN

Puc. 3. Cggur no thasze | = 0 (a); Casur no paze | = 1 (6)
Tom 3. Martematumka
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Puc. 4. Cpgur no hasze | = 2 (a); Caeur no cpase | = 3 (6)

3ak/ro4eHme

MapameTp MO3BONAET YNPaBATb YIIOM OTK/IOHEHNS OCHOBHOIO /IenecTka OT OCU CUCTEMBbI.
Cuctema He u3/lyyaeT BAO/b OCU M3-3a CUMMETPUM PacnoiOXEHUA n3fiyyatesieil n 3aaHHOro
(ha30BOro pacrnpefeneHns. AT0 MOXET ObITb NOMe3HO A1A 3afad, rae Tpebyetca nofas/eHuve
N3/1y4eHns B ONpese/IeHHOM HanpaB/ieHun.
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BBegeHue

B  nocnegHee Bpems  HabnoAaeTca  CTPEMUTESIbHbLIA  POCT  MH(GOPMaLUOHHO-
KOMMYHUKALMOHHbIX TEXHOMOTUIA, pa3BuTMe LMGPPOBM3ALMN W BHELPEHWE AWUCTaHLMOHHOIO
06yyYeHus. 310 NPUBOAUT K YBENIMYEHUIO 0OBEMOB MH(OPMALMK, TPEOYIOLLMX aHaIn3a U CUHTE3],
YTO CMOCO6CTBYET Pa3BUTUIO MO3HaBATE/IbHbIX CMOCOBHOCTE Yuyalimxcs. OfHaKo peskue
N3MeHeHNs B 06pa3oBaTeNlbHOM MPOLECCE BbI3bIBAIOT Y CTYAEHTOB CHMXKEHME MOTUBALMK, YTO
TpebyeT nepeocMbIC/ieHns Lienieid 06y4veHns 1 pa3paboTKM HOBbIX NOAXOAOB.

OC06eHHO 3TO aKTyaslbHO /11 C/IOXHBIX AVCLUMIMINH, TaKMX Kak BbICLUaA Matemartvka. MHorve
CTY[EHTbl CUMTAOT, YTO MaTeMaTUYeCKMe CrOCOOHOCTU SABMAKOTCA BPOXAEHHBLIMU, UTO CHUXAET WX
MOTMBALIMIO 1 YCreBaeMOCTb. B laHHO paboTe nccneayeTcs MOTVBaLWS BHOBb MOCTYMUBLLNX CTYAEHTOB,
4yToObl B [Ja/bHENLIEM OLEHUTb €e W3MEHEHUA MpU M3y4YeHUW MaTeMaTVKM W CKOPPEKTUPOBATb
06pa3soBare/ibHble MapLLPYTbI A1 MOBbILLEHNS MHTepeca 1 3MEKTUBHOCTN 00YHEHMS.

JKCNepUMeHTaNIbHaA YacTb

MoTwuBauuo y4ebHOW AeATeNbHOCTH, KakK CIOXHYHO U MHOTOMEPHYHO CTPYKTYPY, UCCeayoT
C MOMOLLbIO Pa3NNYHbIX OMPOCHUKOB. B [JaHHOM wuccnegoBaHWM B KayecTBe OMPOCHWMKA [ANnA
nccnepoBaHMs  MOTMBaUMKM  Obll B3AT  ONPOCHUK  «LlKana akagemMunyecko MOTUBaLMMN,
npeanoXeHHbIn asTopamu [1].

LLikana akageMuyeckoii Mmotmsaummn (AMS) npefHa3HaveHa 41 aHam3a CTPYKTYPbl Y YPOBHS
MOTMBaLUN B Y4eOHOIN [eATeNbHOCTM Y LWKO/IbHUKOB U CTYAEHTOB. CnbITyeMbIM NnpeasiaraeTcs no
5-6annbHO LLKane OLEHWUTL pas3nyHble BapuvaHTbl OTBETa Ha BONpoC “I'oyemMy Bbl B HacTosLlee
BpPems X0A4uTe Ha 3aHATUA B YHUBEPCUTET?”.

B ocHOBe LWKanbl NEXWUT AuddepeHumaLms MOTMBALMM Ha TPU OCHOBHblE KaTeropuu:
BHYTPEHHAS, BHELLHAA U amOTuMBaLuMA.

BHYTpeHHAs MoOTMBauMA MoApasfenseTcd Ha Mo3HaBaTe/lbHyH0 MOTMBALWIO, MOTMBALMIO
[OCTVKEHMS,, MOTMBaLUMIO camopasBuTus. LLikana nosHaBaTeflbHOM MOTMBAaLMM HarpaeneHa Ha
NOHWMaHWe, eCTb /I Y 06y4aloLero CTpeMsieHMe K HOBOMY, M3y4uTb HOBbIN npegmeT. LLkana
MOTMBaLMM CaMOpa3BUTUA ONpeaenseT 3anHTEPecoBaHHOCTbL CTy[EeHTa K YCWU/IEHWUHD CBOEero
noTeHUMana, JOCTUXKEHWUIO HEKOIO MacTepcTBa B M3ydarolleil o6nactn. MoTusaums LOCTUXEHUS
Hanpas/ieHa Ha CTPeM/IEHNE Ye/l0BEKA K AOCTUMXKEHWNIO Lieneld, CB3aHHa C MOTPEeGHOCTbLIO CTyAeHTa
[o6vBatbCa ycnexa v nsberartb Heyaau.
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BHelHAa MOTMBaUMA nofpasfenseTcs Ha MOTUBALMIO CaMOYBaXKEHWUS, NHTPOELMPOBaHHYHO
MOTUBALMIO, 3KCTEPHaIbHYHO MOTMBaLMIO. MOTMBALMA CamMOYBaXKEHWA CBfi3aHa C XKefaHnem
Mo3HaHUA npegMeTa  pagn  MOBbILWEHUA  CaMOOLEHKW, MOTPEOHOCTM B CaMOYBaXKEHUM.
VHTpoeuupoBaHHas MOTMBALMSA CBSi3aHa C NOGYXAEHVWEM WHAMBMAA K yyebe, 3KCTepHaslbHas — C
BbIHY)XEHHOCTbIO Yy4ebHOro mpouecca. IKCTepHalbHas MOTMBALMA BO3HMKAET B CBA3N C
HeobX0AMMOCTbIO UHAMBMAYYMA B MOJyYeHUW Harpag, (HanpvMmep, pagy nonyyvyeHus B OyAyLLEM
NPEeCTUXKHOM paboTbl/LO/MKHOCTH), & TakXKe UTOObI N36eXaTb HeraTUBHbIX MOCNEeACTBUA,

Kpome wkansl AMS, CyLLeCTBYIOT U Apyrue UHCTPYMEHTbl A4/ UCCNeA0BaHUs MOTMBALUN
yyebHON featenbHocTU. Hanpumep, wkana SRQ-A. CyulectByeT ae Bepcum SRQ-A. [lMepsas
BEpPCMA BK/IKOYAET YeTbIpe BOMPOCa O MPUYMHAX BbIMOHEHUS LWKOMbHLIX AENCTBUIA, 33 KXAbIM U3
KOTOpPbIX CefYyOT OTBETbI, OTpaXatoLLme 4 CcTUNsA perynupoBaHus. Bropas Bepcus, paspaboTaHHas
OIS YYEHUKOB C TPYAHOCTAMW B 00y4YeHWM [2], ynpolleHa: KaKAbld MYHKT NpeacTaB/eH Kak
OTAENbHbI BONPOC, YTO 06/1eryaeT NoHMMaHme.

Takxe cywlecTByet Wkana SIMS, paspaboTtaHHas Mtosem, BannepaHom n bnaHwapom B 2000
rogy [3]. OHa n3MepsieT CUTyaTUBHYHO MOTMBALMIO MO OTHOLLEHWIO K KOHKPETHOWN [eAaTeNlbHOCTH
(HanprMep, AoMalLHeMy 3aaHuIo).

LLikana AMS, ncrnonb3yemas B JaHHOM MCC/efoBaHuK, bbiia co3faHa BannepaHom v gpyrumm [4]
0N OUEHKM YyyeGHOW moTmBaumm. OHa OCHOBaHa Ha nNpuHUMNAX camoonpegeneHns [4],
rpesnonaratoLLyX, 4To YyBCTBO Bbl6Opa B [EATENbHOCTU BAMSET Ha ycreX. OAHako B MOCefHMX
nccnefoBaHNAX [6, 7] oTMeueHa HelOCTaTOUHasA HaAEXKHOCTb LUKaSTbl MAEHTUPULMPOBAHHOMN Perynsauum.

Takum o6pasom, wkana AMS, Hapsgy ¢ SRQ-A u SIMS, Mo03BONMAeT aHaIM3MpoBaTb
MOTMBaLMOHHbIE MPOLECChI, Y4NTbIBasA, KaK BHYTPEHHWE, TaK U BHELLHWE (DAKTOpPbI, BAMSAIOLLME Ha
YUYeOHYI0 [eATe/IbHOCTb.

B wuccnepgoBaHuy npuHsanm  ydactme 398 cTydeHToB (6 nOTOKOB) 1 Kypca TOMCKOro
MOIUTEXHNYECKOr0 YyHMBepcuTeTa. CpefHuin Bo3pacT coctasun 19 + 1 neT. Ha nepsoi Hefene
06y4YeHMs Ha 3aHATUAX MO BbICLUEN MaTeMaTUKe KaXXAO0MY YHYaCTHWUKY Obln NPeLioXKeH ONpPOCHUK
«LLIKana akageMmnyeckoin motmsaLmm» [1]. Bropoii onpoc 6611 NpoBeAeH B CepeanHe CeMeCTpa, nocre
KOHTPO/IbHOM TOUKM, C LieSIbH0 OLLEHKM N3MEHEHWUIA B MOTVBaLMM CTYAEHTOB B NMPOLecCce 06yYeHus.

MepBbiM 3TanomM paboTbl ObIIO CUCTEMATU3MPOBAHO W OTCOPTMPOBAHO MO rpynnam
noslydyeHHble aHKeTbl. 3aTeM [aHHble BHYTPU KaXKZOW rpynnbl  OblAM  LONONHUTENbHO
OTCOPTMPOBaHbI B 3aBUCMMOCTHY OT Pa3IMYHbLIX TUMOB MOTUBALNN.

AHann3 NoslyYeHHbIX JaHHbIX OblN JOMOHEH PacUYETOM KOPPENALMOHHON MaTpuLbl, KoTopas
oTpasuna B3aMMOCBA3N MeXAy Tunamu MoTuBauumn. Koppenaumm wkan LWAM nossonnnm
NOATBEPANTL TEOPETUYECKUE NPEACTABNIEHNSA O CTPYKTYpPE aKafeMUYeCKOn MOTMBALUN.

[N OUEHKN 3HAYMMOCTU pasfinunii Mexay pesynbTaTaMu NepBoli M BTOPOM aHKET Oblan
NpoBefeHbI CNefytoLLMe pacyeTbl. B nepByto oyvepesb faHHbIe K&XA0i aHKeTbl OblIM MPOBEPEHbI HA
HOPM&a/IbHOCTb C UCMO/b30BaHNeM TecTa LLlanupo-Ywunka.

[ns NpoBepky 3HAYMMOCTW PasnuniA MeXay aHkeTamu Obin BblbpaH HerapameTpuyecKui
KpuTepuii MaHHU-YWUTHW. DTOT TeCT [aeT BO3MOXHOCTb CPaBHUTb 60/ee [ABYX HEe3aBUCKMbIX
BbIGOPOK Ha OCHOBE PaHroB, He MpeAanosaras HopMaibHOCTW pacrnpefenieHns AaHHbIX.

PesynbTathbl

Tect LLanupo-Ywunka nokasan, 4to HyneBas runotesa O HOPMaSIbHOCTU pacnpefeneHus
[aHHbIX 0TBepraeTca Ha ypoBHe 3HaymmocTu 0,05. 3TO 03Ha4aeT, YTO [JaHHbIE He pacrnpeseneHsbl
HOpPMa/1bHO.

CpaBHeHMe pe3ynbTaToB, MOYyYeHHbIX B HaYasle U cepefMHe ceMecTpa Mo noTokam, Nnokasano
Ha/lMume CTaTUCTUYECKM 3HAYMMbIX PasvyunMiA B MO3HaBaTe/lbHOM MOTMBAaLMU U amoTUBaLUW.
B 60/IbLUNHCTBE OCTa/IbHbIX CNYYaeB pasMyumMa He ABMAKOTCHA 3HAUMMbIMW, WU HY/eBas runoresa
NPUHNUMAETCA Ha YpoBHe 3HauymMmocTm 0,05.
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MpaKTUYeCKn A1 BCeX NMOTOKOB Ha MepBOM 3Tane 13MepeHUid CPeiHMe 3HaUYeHMs Mo LKanam
BHYTPEHHeli MOTMBALMN — NO3HABATE/bHOW, AOCTVMXKEHUS M CaMOPasBUTUS — BblIN HAUBBICLLMMM.
OfHaKO Ha BTOPOM 3Tane 3HaueHUs 3TWUX LIKal CHU3UMMCb, YTO MOKa3biBAET MOCTENeHHoe
ocnabneHne BHYTPEHHE MOTMBALIMK CO BPeMeHeM. B TO )e BpeMsi Ha BTOPOM aTarne HabnogaeTcs
YBENIMYEHME BHELLHEA MOTMBALMM U aMOTMBALMM. DTO MOXET CBUAETENbCTBOBATbL O CHMMKEHUM
MHTEpeca K Y4eBHOW AEATENbHOCTV W YCUNEHWM BAMSIHUS BHELLUHWMX (hakTOPOB Ha MOTMBALMIO
YYaCTHMKOB. YBe/MUYeHVe aMOTVBALM, COMPOBOXK/AIOLLIEECS POCTOM 3KCTEPHANbHOW MOTUBALMN,
TaKKe MOXET OblTb CNEeACTBMEM YCTa/IOCTW, CHUDKEHWUS BHYTPEHHETO CMbICNa OBYYeHUs WK
MOBbILLEHHOI 3aBUCUMOCTMN OT BHELLIHWUX CTUMY/IOB.

3aK/toyeHmne

Takum 06pa3oMm, B pesynbTaTe MPOBEAEHHOr0 WCCNeAOBaHWUS  BbISB/IEHA BbICOKaS
no3HaBaTe/lbHas MOTMBALMA M MOTMBaLMS Camopa3BUTUA Yy CTYAEHTOB Ha Hada/lbHbIX 3Tanax
06yYeHUs, YTO CBUAETENIbCTBYET O CTPEM/IEHUMN Y4alLUMXCA K OBMAAEHUI0 HOBLIMW 3HAaHUAMU W
AOCTVKEHMIO yCrexa B CBOei 06pa3oBaTenibHON aesTenbHOCTU. OAHaKo, Mo UToram BTOPOro onpoca
Hab/I0AaeTCA CHUXKEHME BHYTPEHHE MOTMBALMM U POCT aMOTMBALMMW, YTO MOXET ObITb CBS3aHO C
YCNOXKHEHNEM YYeBHbIX MaTepuasioB 1 yBe/IMYEHNEM Harpy3ku, 0CO6eHHO B TakMX 06/1acTaX, Kak
MaTeMaTUYECKUIA aHaN3.

[N NoBbILLIEHNS MOTUBALMW W 3aMHTEPECOBAHHOCTW CTYAEHTOB B NpoLecce 06yyeHUs Obin
NPeLIoXKeH pAL MHHOBALMOHHBIX METOAMK, BKOYas 31EMEHTbI reiMunKaLmm.

JKCNEPUMEHT C NPUMEHEHMEM UTPOBOro Noaxona B 06y4YeHMM NPOA0/HKAeTCs, U B ByayLLeM
NNaHUPYeTca M3YyunTb AMHAMUKY W3MEHEHWIA MOTMBAaLUMM Yy CTYAEHTOB B TeyeHue BCEro
akaZleMmyeckoro roga. Takxke 6yaeT NpoBeAeHO CpaBHeEHME YPOBHA MOTMBaLMK Y 06YyYatoLLMXCS,
MCNONb3YIOLWMX TPagULMOHHbIE MeTofbl 00y4eHMsi, M TeX, KTO 00y4yaeTcsi C 3neMeHTaMu
renmmnrkaummn. PesynbTaTbl 4aHHOI0 UCCNe0BaHNA NOMOTYT ONpeAennTb Hanbonee aPQPeKTUBHbIE
CMocobbl NoaaepXXaHus ¥ NOBbILLEHNS MOTMBALMW CTYAEHTOB B NMpoLecce 06y4YeHus.
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Algorithms for using neural networks to enhance the rsa system
P.Yu. Gulakov
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Abstract. This study explores the application of neural network algorithms to improve the security and
efficiency of the RSA cryptosystem. With the advent of quantum computing and advanced cryptanalysis
techniques, traditional RSA implementations face increasing vulnerabilities. We investigate the use of
Generative Adversarial Networks (GANs) for key generation, Long Short-Term Memory (LSTM)
networks for encryption optimization, and Convolutional Neural Networks (CNNs) for attack
detection. Experimental results demonstrate that GANs enhance key randomness, LSTMs reduce
encryption time by 15 %, and CNNs achieve 98 % accuracy in attack detection. The findings highlight
the potential of neural networks to reinforce RSA against modern threats while maintaining
computational efficiency.

Key words: neural networks, RSA, cryptography, data security, LSTM, GAN, CNN, key generation,
attack detection.

BBegeHne

Anroputm RSA ocTaeTcs O4HUM 13 Hambosiee LMPOKO NCMONb3YEMbIX METOA0B LLUNGPOBaHUA
B COBpeMeHHON KpunTtorpadmm. OpHako ero 3¢(heKTUBHOCTbL M 6e30MacHOCTb MOryT O6bITb
YAYULLUEHbI 3a CYET MPUMEHEHUS HEMPOHHbLIX CeTeil. AKTYalbHOCTb MCCNeAoBaHMUs 06YCnoBneHa
He0obX0AMMOCTbHO MOBbILLEHNS CTOMKOCTN RSA K atakam 1 CHYKEHUS BbIYUCIUTENTIbHON CIOXHOCTH.

Llenb paboTbl — pa3paboTka M OLEHKa anrOpuTMOB Ha OCHOBE HEMPOHHbIX CeTen Ans
oNTUMMU3aLUN KNKOYeBbIX NapameTpoB RSA.

JKcnepnMeHTa/IbHasA 4acTb

[ns nccnepoBaHns Gblna co3faHa HEMPOHHAA CeTb Ha OCHOBE apXMUTEKTYpbl LSTM, 06y4yeHHas
Ha [JaHHbIX, BKIHOYaKOWMX MapameTpbl KoYed RSA u pesynbTatbl artak. lcnonb3osasnch
onbnmotekn TensorFlow n PyCryptodome. O6yyeHune nposoawnocb Ha patacete u3 10 000
CreHepypoBaHHbIX K/toyeld. MeTpuKmn OLEHKIN BKIKOYa/IY BPEMS TeHepaLumn Koyeld 1 BEPOATHOCTb
YCMELLHOM aTaku.

Ona ontumusauum RSA 6bina BeibpaHa apxuTekTypa LSTM (Long Short-Term Memory) —
Pa3HOBMAHOCTb PeKYpPPeHTHONM HelipoHHoW cetn (RNN), koTopas 3¢¢eKTMBHO paboTaeT C
noc/eaoBaTe/lbHOCTAMM JaHHbIX. B gaHHOM ciydae:

— BxofHble faHHble: napameTpbl Katouein RSA (Mogynb ‘n°, 3KCMOHEHTbI e 1 d’, NpocTble
yucna p M (q), a TakkKe JaHHble O MOMbITKax B3/OMa (Hanpumep, pe3ynbTaTbl aTaku
(hakTOopM3aLmen nnm timing-ataku).

— BbIXogHble AaHHblE: ONTUMU3MPOBaHHbIE NapameTpbl K/Yei, obecneumsaroive 60nee
BbICOKYH CKOPOCTb reHepaLumn 1 yCTOMUMBOCTb K aTakaM.
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PesynbTaThbl
Pe3ynbTaTbl NOKasanu, YTO HeipOHHas CETb COKpaLLlaeT BpeMs reHepauum Kntodeli Ha 20 % no
CPaBHEHUIO C TPaAULMOHHBLIMX MeToAaMu. Kpome TOro, yCTOMYMBOCTb K aTakam MoBbICUIach Ha

15 %. Ha puc. 1 npeactaBneHo CpaBHEHME BPEMEHM FeHepaLun KNoYei, a B Tabn. 1 — pesynbTaThbl
TeCTUPOBaHUSA YCTOMUMBOCTH.

CpaBHeHWe BpeMeHW reHepauum knoyein RSA

120 +
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o
=
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5 60
[= N
[«a]
40 -
20
D -
TpaAWUWOHHEIA RSA HeRApoceTesoid RSA
Puc. 1. CpaBHeHVe BpeEMeHU reHepaLmn Kntoueid RSA
Tabmua 1
PesynbTaTbl TECTWUPOBAHUS YCTONUYMBOCTW
MeTtog, Bpems reHepauum (Mc) YcToiAunBocTh (%)
TpaguuMoHHbIA RSA 120 85
HeiipoceteBoii RSA 96 98
3ak/iodeHue

MprMeHeHNe HEpPOHHbLIX CeTell Ans ynydweHus RSA  [AeMOHCTPUPYET 3HAUUTENbHBbI
MOTEHUMaN B ONTUMM3ALMM K/HOUEBbIX MapaMeTPoOB U MOBbILLEHUM 6e30MacHOCTU. [danbHeilune

nccnefoBaHnsa MOryT ObITb HampaB/eHbl HA UHTErpaLuio ApYrnx apxXuTekTyp HeMpPOHHBIX CeTel U
pacluMpeHmne faTaceToB 411 00y4eHus.
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MpuMeHeHVEe TEH30PHbIX PA3/I0KEHNI /1A CKATUA N306padKeHNI
E.A. ipecBAHCKMI
HayuHblii pyKoBOAMTENb: JOLEHT, K..-M.H., A.H. Msrkuii
HaumoHanbHbIN nccnefoBaTenbCKnii TOMCKUIA NOMTEXHUYECKNIA YHUBEPCUTET,
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Application of tensor decompositions for image compression
E.A. Dresvyanskiy
Scientific Supervisor: Ass. Prof., Ph.D. A.N. Myagky
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

E-mail: ead31@tpu.ru

Abstract. In this paper, we consider the application of sequentially truncated higher order singular
value decomposition (ST-HOSVD) and tensor train singular value decomposition (TTSVD) tensor
decompositions to image compression and compare the results obtained using the well-known
JPEG algorithm.

Key words: ST-HOSVD, TTSVD, image compression, JPEG algorithm, tensor decompositions.

BBepeHme

CoBpeMeHHble TEXHOMOrMKM 06paboTKN MYNbTUMEANIAHLIX AaHHbLIX TPeOYHT 3(PMEKTUBHBIX
METOAO0B CXKaTus 419 MAHUMU3aLUM 06bEMa XpaHUMOI 1 NepeaaBaemoin MHgopmauun. B gaHHOMN
pabote O6yayT paccMOTpeHbl [Ba BWAAa TEH30PHbIX Pa3fiOXKeHWn: pasnoxeHne Takkepa
(ST-HOSVD) un TeH30pHbIn noe3n (TTSVD). 3T pasnoXKeHWUs WCMNOMb3YHOT MHOrOMEPHYHO
CTPYKTYPY LaHHbIX N3006paXKeHNI, YTO NOTEHLMaIbHO MOXKET 06ecneunTb 60/1ee BbICOKYHO CTEMNeHb
CXKaTuA 1 Nyylliee Ka4eCTBO BOCCTaHOB/EHNS.

B fgaHHO paboTe Ha OCHOBe MeTpUKM KavecTBa PSNR npoBeAéH cpaBHUTENbHbIA aHaNn3
MCNONb30BaHNA TEH30PHbIX Pa3/OXEHWA CO CTaHAAPTHbIM METOLOM CXaTus, Takum kak JPEG.
A TaKKe pacCMOTPeHO B/MAHME MOpsALKA PacrnonoXeHus MOL TeH30pa Ha  KayecTso
BOCCTaHOB/IEHUSA N300paXKeHMs.

JKCnepuMeHTasIbHasa vacTb

PaccMOTpyM TpexmepHblii MaccuB (TeH3op) (4, 2, 3) * X . [ns ero xpaHeHus B
namATV noTpebyeTcs 3 Adyeek, HO 3TO KOMMYECTBO MOXHO YMEHbLUWUTb, MPeCTaBnUB UCXOAHbIN
TEH30p B BUE TEH30PHOIO Pa3/oXeHMs.

Pa3noxeHne Takkepa COOTBETCTBYET CreAytoLLen 3anmcu [1]:
1 2 3

(123=>2 > > (1 2 3) 1(1 1) 202 2) 3(3 3, @D
1=1 =1 3=1
rae 1% 2% 3 — gapo Takkepa u — (pakTopbl Takkepa; k =1, 2, 3. PaHrnm 4, 5, 3
B (1) onpenensoTca Kak MUHMMa/IbHble 3HAYeHWs, MO3BONANOLIME MOMYYUTb PAaBEHCTBO MEXAY
pasnoXeHVeM 1 HayabHbIM TEH30POM A.

Anroputvm ST-HOSVD nocnefosatenibHO NPUMEHSIET YCEUBHHOE CUHTYNAPHOE Pa3fioXKeHne
(SVD) Kk maTpuuam pasBépTOK TeH30pa Mo Mofam, NO3TarnHO MOHWXKAasA paHr, POpPMUPYS, TakuUM
06pa3om, pasfnoxkeHve Takkepa ¢ KBasvonTUMa/ibHON TOYHOCTbHO.

Anroputm TTSVD npeacTaBnsieT cO60i pa3noXeHWe TeH3opa B (hopmaTe TEH30PHOro
noesga. B npouecce peanusauyum anroputmMa TTSVD TeH30p npeobpasyeTcs B LIENOYKY MEHbLUUX
TEH30pOB (4ep), YTO MO3BONAET 3HAYUTE/IbHO YMEHbLIWUTL 0O0BEM [aHHbLIX NPV COXPaHeHUM

X
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CTPYKTYpbl. [na TeH3opa A pasfioXeHWe TEH30PHOro mnoe3fja COOTBETCTBYET ClefytoLlemy
npeacTasneHunio [1]:
1 2

(1 223)=> > 1(1 1) 201 2, 2) 3( 2 3) (2)
1=1 »=1
CnoxHocTb anroputMa ST-HOSVD oueHmBaetcsi kak ( 4+ 3 +min( 2 2, %)), aand
anroputma TTSVD crioxkHocTb cocTasnaer (- 4), rae R — MakcUMarbHbI TaKKepOBCKMIA paHT [1].
[ OLEHKM KayecTBa CXKaTus 1300paXkeHns Mbl UCMNO/b3YEM MUKOBOE OTHOLLIEHWE CUTHaMA K
wymy (PSNR, ab), KOTOpoe paccunTbiBaeTCA Yepes COOTHOLLeHe [2]:
N — ?
=-10 (% —). (3)

roe  — BoccTaHoBfeHHbI TeHsop, Il — Hopma dpobeHnyca, — MakCuMMmabHOe 3Ha4eHue,
KOTOpOe MOXXET MPUHMMaTbL NUKceNb M306paxkeHnst (255 ana nukcens paspsgHoCcTbio 8 6uT),
H — BbicoTa, W — wupunHa 1 C — KONMYECTBO L|BETOBbLIX KaHas0B.

PesynbTathbl

Bygem paccmatpmBatb ¢oTorpaduio ¢opmata TIFF pasmepom 512 512 nuKcenei.
KoHBepTupyem nsobpaxeHue B hopmaTr RGB24. CoXXMEM n306pakeHMe, UCNONb3ys airopuTMbl
TEH30PHOr0 PasNOXeHUs NpW 3afaHHON MeTpuke kadecTBa PSNR. 3T0 MOXHO caenatb, CBs3aB
MeTpuKy KadecTBa PSNR (3) 1 owmnbKy annpokcumaumm TEH30PHbIX pas3foxeHwnin [3, 4]. Torga
3afjaya CBOAMTCA K NOAGOopY TakMX pPaHroB 1, o, 3, KOTOPble COOTBETCTBYIOT 3afjaHHOW OLUMOKe
annpoKcMMaLmn ¢ TOYHoCTbio = 1071, 113 NonyueHHOro MHOXECTBA PeLLeHui, 6yaeM BbibnpaTh
TaKue paHru, KOTopble AalT Hanbonbluee 3HaveHue KoapuumeHTa oxatusa (CR). MNonyyeHHble
00BLEKTbI Pa3NOXeHNs NepeBoAMM B NMOTOK 6alnToB (cepuanusauuns) n coxpaHsiem B popmate pkl.
Bbluncnsem KoauUMEHT CXXaTus Kak OTHOLLEHVE pa3mepa UCXOAHOro hainia K pasmepy haina
Cepuran30BaHHbIX OOBLEKTOB pas3noXeHus. BoccTaHasnvBaem u3obpaxeHue B ¢opmare RGB24 wn
KoHBepTvpyem B hopmar TIFF. MpoBedem AaHHYHO MPOUeaypY ANS Pas/iMyHbIX 3HAYEHWUIn METPUKM
KauectBa PSNR 1 nosyunm rpagmk 3aBUCMMOCTY METPUKM KauecTBa OT Koa(hmLmeHTa oxatus (puc. 1).

Original

CR = 5.4, PSNR = 21.6640b

—— ST-HOSVD
1 TTSVD

! —— JPEG

a0 |

354

(512, 512, 3)

30 4

PSNR (45}

254

)
)
[m)]
204 a
E

(@) (6)

Puc. 1. I'padmk PSNR vs CR (a), pesynbTaT c>KaTus nsobpa>kenus(6)
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Ha rpajguke BMAHO, YTO MNpPW OAMHAKOBOM KO3(P(ULMEHTE CXKATWUA, KayeCTBO CXaTus y
TEH30PHBIX Pa3NoXeHWU xyxe. MpumMep cXKaTtus C NOMOLLLI TEH30PHbLIX Pa3fIOXEHWUA MOXHO
yBUZETb Ha puc. 1, 6. BUAHO, 4TO NpY TEH30PHbLIX Pa3NoXeHUAX MOABNATCA apTedhakTbl CKaTus, a
MeTof cXkatusa JPEG He 0T/iMyaeTcs OT opurnHana.

Mpy  MCNOMb30BaHUM  TEH30PHbLIX PAa3NIOKEHUA [N ©OKaTUS  U300paXeHU  NOpPSALOK
pacnonoXXeHns MOJ, B TEH30PE B/IMAET HA KaYeCTBO BOCCTAHOB/IEHWS N300PaXKeHWA.

Kak B1AHO 13 puc. 2, n3MeHeHne nopsagKa Mof TeH30pa NPUBOAUT K 3aMETHbIM KONnebaHuam
B 3HayeHusx PSNR npu oaMHaKOBOM KO3puumeHTe c©XKaTud. ITO YKasblBaeT Ha
YyBCTBUTENbHOCTb a/ITOPUTMOB TEH30PHbIX pasnoXxeHunit (ST-HOSVD n TTSVD) K opraHusauuu
[aHHbIX BHYTPY TeH30pa.

ST-HOSVD TTSVD
(512, 3, 512) 1 . (512, 3,512)

(3,512, 512)
281 - (3,512,512) 512,
(512, 512, 3) 281 (512,512, 3)

26
26 4

24
22 '

20

24 4

PSNR (dB)
PSNR (dB)

-

it
. -
-
-
et m

.
i Y. . 201
18 - :
18] ssssseerenrerencnen e Lo !

16 - ] H H

16 1
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20 0 5 10 15 20 25
Compression Ratio (CR) Compression Ratio (CR)

@ (6)
Puc. 2. BausiHue nepecTaHOBOK MOZ TeH30pa Ha MeTpuKy KadecTsa PSNR a1s pasnnuHbix 3HaveHuini CR: anropyTm
ST-HOSVD (a); anropuTm TTSVD (6)

3aK/o4deHne

B paHHO paboTe Obln NPOBEAEH CPaBHUTE/IbHbIA aHaIN3 UCMOMb30BaHUA TEH30PHbIX
Pa3NoXeHU CO CTaH4apTHbIM MeToZoM oxatus JPEG. oka3aHo, YTO MPUMEHEHME TEH30PHbIX
PasnoXeHW MNO3BONSET BblOMpPaTb CTEMEHb CXaTua MpY  3aaHHOM  3HAYeHMM KauvecTBa
n3o6pakeHns. OLeHKa, NPOBOAMMAS MO KayecTBY BOCCTAHOB/IEHUS MPWU OLMHAKOBOW CTENeHW
CXKaTud, nokasana, YTo pasfioKeHue TEH30PHOro noesfa 1 pasnoxkeHne Takkepa ycrtynaioT JPEG.
Tak>Ke NoKasaHo BNNSAHME NepecTaHOBOK MO/ TeH30pa Ha MeTpuKy KadyectBa PSNR.
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Construction of the Vasichek model for forecasting the key interest rate of the Central Bank
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Abstract. In this study, we collected and processed data on the key interest rate of the Central Bank
of the Russian Federation for 2022-2024 (17 key rate values). The coefficients of the Vasicek model
were calculated: the long-term average, volatility were calculated, and the rate of return to the
average was determined. The coefficients of the Vasicek model were calibrated based on historical
data. For this purpose, the key interest rate values were predicted for a short period of time, and
then the error value was minimized. We predicted the key interest rate for a short-term period of
time using the developed model and calculated forecast quality metrics such as RMSE and MAE.
Key words: Vasicek's model, key interest rate of the Central Bank of the Russian Federation,
forecasting.

BBegeHne

AKTYalbHOCTb  UCCMEA0BaHMS  K/IKOYEBOM MPOLEHTHOM CTaBKM LleHTpasbHOro 6aHka
Poccuitckon depepauunn (LIb P®) obycnosneHa MHOrMMU (hakTopamu, BKNKOYas 3KOHOMUYECKYHO
HeCTabuNbHOCTb, UHQPIALNOHHBIE PUCKM N U3MEHEHUSA B rN06a/IbHbIX (PUHAHCOBLIX YCMNOBUAX, a
TaKXe KOopropaTMBHOe KpeauToBaHWe. KnroueBas CTaBKa SB/AETCA BaXHbIM MHCTPYMEHTOM
MOHETapHOM MOMIUTUKK, B/UAIOWMM Ha YPOBEHb KPEAMTOBaHWSA, WHBECTULMM U OOLLYHO
9KOHOMMWYECKYK aKTMBHOCTb B CTpaHe. OHa WrpaeT K/KUYEBYKHD PO/ib B KOHTPOJSIE UHGAALMN,
nofaepXaHnu (PMHaHCOBOW CTabWIbHOCTW 1 PerynMpoBaHnv Ba/IKOTHON NOAUTUKK [1]. N3meHeHus
B K/HOYEBOM MPOLEHTHON CTaBKe MOryT SBNATbCA peakumeld Ha U3MEHeHUs B 3KOHOMMUYECKOM
cUTyauun, Takme Kak Temnbl pocta BBI, ypoBeHb WMH(AAUMMK, AUHAMUKA BatOTHOIO PbiHKA W
COCTOSHMS (hMHaHCOBOr O cekTopa [2].

cnonb3oBaHe KOMMYECTBEHHbLIX MOAENeil ANd aHaim3a U NPOrHO3MpPOBaHUS CTaHOBUTCSH
HeobXoAMMbIM 18 60/1ee TOYHOro MOHMMaHUSA AVHAMUKM NPOLEHTa M ero BANAHUSA Ha 3KOHOMUKY
CTpaHbl. Bblbop mogenu Bacuueka Ans NpPOrHO3MPOBaHUS K/KOYEBOM MPOLEHTHOW CTaBKWM
06ycnoBneH eé 3P(PeKTUBHOCTbIO B ONUCAHUM AMHAMUKMA CTaBOK B KOHTEKCTE CTOXaCTUYECKUX
npoweccoB. Mofenb yuMTbiBaeT KaK TeHAEHUMW K Perpeccum K CpefHemy 3HauyeHuto, Tak ”
B/IMSIHWE CNyYaliHbIX (DAKTOPOB, UTO MO3BONAET 00fiee Pea/IMCTUYHO OTpaxaTb OCOOEHHOCTM
noBefeHNs (MHAHCOBLIX MOKasaTeneld B peasibHbIX YCN0BUAX. MaTemMaTMyeckn MOfeNb
3anucbiBaeTca B BUAE CNeAyloWero CTOXacTMyeckoro AuddepeHUnaIbHOr0  ypaBHEHUS
onddysmoHHoro tuna [3]:

roe dW, — BuHepoBCKMiA Npolecc;  — CpeaHuin (fONrOCPOUHBINA) YPOBEHL MPOLEHTHOI CTaBKMY;
— CKOpOCTb BO3BpaTa K CpeiHEMY 3HAYEHUIO;  — BOMATU/IbHOCTb.
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Llenb paboTbl: NocTpoeHne mogenu Bacuueka A5 NporHO3MpoBaHWs KNHOYeBOW NPOLEHTHON
CTaBku LB P®.

JKCnepnMeHTa/IbHasA 4acTb

Bbln cKayaHb! aHHbIe 0 3HAYEHUSAX K/IHOUEBOM NPOLEHTHOM cTaBku LIB P® 3a 2022-2024 rr.
[4]. OaHHble 0 nocnegHem 3HaYeHWM KNKOYEBOM CTaBKW ObiNM yaaneHbl, YTOObl Ha 3TUX AaHHbIX
06y4aTb Mofefb.

[anee paspabatbiBaiacb MnporpaMMa Ha A3blke nporpaMMupoBaHns  Matlab. Bbinu
MMMOPTMPOBaHbI AaHHble 415 paboTbl B MatLab. s KaXKA0ro 3HaveHus K/IK0UeBOW CTaBKM Gblnn
3anucaHbl MaccvBbl C [aTO Havana M [aTo KOHUA [AeNCTBMA CTaBKW. Bblin paccumTaHbl
[DJIMTENbHOCTb AENCTBUSA KaX0M CTaBKM B Aonsax mecaua (1), matematnyeckoe oxuganue [5] (2) n
BOMATU/bHOCTb KNHOYEBOI CTaBKM (3).

t ot
d -, (1)
! 30
rhe t, — /AaTa KOHLa AeNCTBUS i-TOW CTaBKK; t; — faTa Hayana AenCTBUS i-TOW CTaBKM.
L
E i—’ 2
- 2

1
i
roe I — 3Ha4veHus K/TIOYEeBOW CTaBKW; di_ ONNTENBbHOCTb ,ﬂ,eVICTBI/Iﬂ Ka>|<,q0|7| CTaBKMU B A014X

MecsaLa.

d; (r E)
I —— 3
i 3
Onpegenunn napameTpbl Mogenu. B3snu 3HaueHue 0,5. 3atemM ONTUMK3MPOBA/IM

napameTpbl MOAenu, ucnonblys meton PyHre-KyTTbl 4-ro nopsiaka, MUHUMU3MPYS OLIMGKY, W
MOMYYUIN 3HAYEHWS ONTUMU3NPOBaHHbBIX NapaMeTpoB (puc. 1).

ONTHMMMEMPOBAHHEE NapaMeTpE
mua: 0.12164

theta: 0.5

sigma: 0.043555

Puc. 1. 3HayeHus ONTNUMU3NPOBaHHbLIX NapamMeTpPOoB MOoAENN

3aTeM UCNoMb30BaN MeTOA PyHre-KyTTbl 4-ro nopsifika U onTYMW3MPOBaHHbIE MapameTpbl
ANs ONpefieNeHns 3HaYeHNs KHYEBOI NPOLIEHTHO CTaBKM.

PesynbTarthbl

MonyyeH nNPOrHO3 3HAYeHMs KIKOYEBOM MNPOLEHTHOW CTaBku LleHTpanbHOro 6GaHka
Poccuitickont defepauumn Ha Mecsl, Briepén. PaccunMTaHbl METPUKM KadecTBa NporHo3a RMSE wu
MAE, KoTopble MOAY4YUINCb COOTBETCTBEHHO paBHbl 20,7918 u 20,7918. lMocTpoeH rpaguk,
N306paXKatoLLMIA N3MEHEHNE NPOLEHTHOM CTaBKN Ha NPoTsHxeHun 30 AHERn nocne KoHua AenCTBumS
nocneaHein N3BecTHO cTasku (puc. 2).
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5 MporHo3 KN4YeBOn NPOLEHTHOW CTaBKKM No Mogenun Bacuyeka
: ! ' : :

Kniodeeas npoueHTHas cTaeka, %

Bpems, gHu

Puc. 2. MNporHo3 Kno4veBoii NpoLeHTHON cTasku LB P®

3aK/oveHne

B pesynbTate npoBeAEHHON paboTbl Oblla HanmcaHa MporpamMmMa, peanusyroulas
MPOrHO3MpOBaHNe KNHOYEBOIN MPOLEHTHON CTaBKM LieHTpasibHOro 6aHka Poccuiickoin ®efepaunu,
ncnonb3ys mogenb Bacuueka v MeTog PyHre-KyTTbl 4-ro nopsgka, a Takke KalMbpoBKY eé
KO3(h(hMLMEHTOB, MUHUMU3NPYS 3HAYEHME OLLNOKMN.
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Abstract. The Navier-Stokes equation, along with other equations of hydrogas dynamics, is
nontrivial and generally has no analytical solution. Some simplifications make it possible to obtain
an analytical solution to this equation, but in practice they often resort to its numerical solution.
There are a number of classical methods for this.: finite difference method; finite volume method;
finite element method.

Classical approaches to solving the Navier-Stokes equation lead to lengthy calculations with the
slightest change in equation parameters, initial or boundary conditions. Modern approaches based
on neural network models, such as convolutional neural networks, make it possible to optimize the
solution of such equations, but they strongly depend on data discretization. The neural Fourier
operator avoids this dependence by training the model on data not in the time domain, but in the
spectral domain. This approach makes it possible to significantly reduce the time needed to solve
the equations of hydrogas dynamics, while maintaining the flexibility of the model.

Key words: Navier-Stokes equation, FNO, invariance to discretization.

BBegeHue

B Hayke ” WHXeHepuu MONMyYMIM O4eHb OO/bLLIOe PacrnpoCTpaHeHWe OrepaTopsl,
[eNCTBYIOLLME M3 OAHOr0 MPOCTPaHCTBA (PYHKUMIA B Apyroe. Takue oneparopbl MOryT ObITb
MCNO/Mb30BaHbI, HANpUMep, 415 peLleHns AuddepeHLManbHbIX YpaBHEHU, TAe BXOAHbIE AaHHbIe —
3T0 KO3(MULMEHTbI YpaBHEHUS, & BbIXOAHble — (YHKLMA, ABNAKOLAACH PELUEHVEM YPaBHEHWS.
Ha nepsblil B3rnsg, Kaxercs, Y4TO BO3HUKHET npobnemMa npu pabote ¢ GECKOHEYHOMEPHbLIMU
MPOCTPaHCTBaMK, OfIHAKO 3TO PELLAeTCcs MPOCTOW AMCKPeTM3aLvei 6eCKOHEYHOMEPHbIX BXOAHbIX
[aHHbIX W BbIXOAHbLIX (DYHKUMIA Ha KOHEYHOMEPHbIE CETKM, a Y)Ke MOTOM NPUMEHATb CTaHAAPTHbIE
MOZENn, Takne Kak HelMpoHHbIe CETU.

Ha paHHOM 3Tane KaxeTcs, 4YTO BCE XOpOWO M MOAOOHbIe 33a4ayn MOTyT peLlaTbes
06bIYHBIMW HENPOHHBbIMK ceTAMU. OfHaKo, ecnn 06paTUTb BHUMaHWE Ha (opmaTr BXOAHbIX
[aHHbIX, TO 0ObIYHbIE HEPOHHbIE CETU TPEeOYHOT OAMHAKOBLIV (POPMAT AaHHbIX MPY TPEHUPOBKE U
TeCTUPOBaHUN, TO eCTb AWUCKPETM3aUNA faHHbIX LO/MKHA OblTb C OAHUM U TeM e Liarom. Tenepb
neperigéM K HEMpOHHOMY oOnepaTtopy, MAes KOTOporo — 3TO OTo6paXkKeHMe MnpOCTpaHCTBa
MpocTpaHCTBaMU (PYHKLUMIA Ha HEKOTOPYK OrpaHMyeHHyro 06nactb. Tak Kak 3TOT oOnepartop
onpefenieH Ha MpOCTpaHCTBE (DYHKUWA, TO 3TW (PYHKLUM MOryT O6blTb AMUCKPETU3UPOBAHbI
Pa3/IMYHbIMK [OCTYMHLIMU METOLAaMM W C Pa3HON 4aCTOTOW AMCKpeTuU3auuu, npuyem He Oyaet
Heobxo4MMOCTH nepeobyyaTb yXKe 06yUYeHHYHO MOAEb.

Ewe pa3 nporosopvmM pasnmuve CTaHOAPTHbIX HEMPOHHbLIX CeTel W Helpo-oneparopa.
CTaHfapTHble HEMPOHHbIE CETU HaNPAMYHO 3aBUCAT OT (hopMaTa BXOAHBIX AaHHbIX — OHU HE YMEKOT
paboTatb C AUCKPETHbIMU (DYHKUMAMU C Pa3HOM 4acTOTOW AMCKpeTU3auuu, B TO BpeMs Kak
Helpo-onepaTop No3BosisieT paboTaTtb C AaHHLIMU, MUMEKOLLMMY Pas3Hble YacTOTbl AMCKPEeTM3aLmMu.
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Takoe CBOICTBO Mofenu Gy/IeM HasblBaTb MHBAPUAHTHOCTLIO K AMCKPETU3aUMK. A Hellpo-onepaTop,
paccmMaTpuBaeMblil B laHHON paboTe, YA0BNETBOPSIET 3TOMY CBOICTBY.

YpaBHeHne HaBbe-CToKCa

YpaBHeHne Hasbe-CTOKCa — 3T0 AndepeHLmMabHOE YpaBHEHME B YACTHbIX MPOU3BOAHbIX,
ONKCbIBaloLLEee ABVKEHME BA3KOA HbIOTOHOBCKOW >XMAKOCTWU. FIBNAETCA OLHWM W3 BaKHEMLIMX
ypaBHeHW B rugpoauHamuke. OHO NPUMEHSeTCA B MaTeMaTUYecKOM MOLENMPOBAHUN MHOTUX
MPUPOAHbLIX ABNEHNI N TEXHUYECKMX 3aJau.

B cnyyae HecknMaeMoW XMAKOCTU cuUCTeMa ypaBHeHW HaBbe-CTOKCa COCTOMT U3 [BYX
YpaBHEHWIA: ypaBHEHWE ABVXEHWS U YpaBHEHWE HEPa3PbIBHOCTU.

YpaBHeHWe [BMKEHWS 06bIYHO 3anmChbiBAETCA B BEKTOPHON opMe W BbIMNAAUT CleLyHOLM

obpasom:
1

roe = (, )-ckopoctb, = (, ) - gaBasieHMe — 3TO (OYHKLMM BPEMEHU U KOOPAUHATDI
, =23 — nnockaa unM TpexmepHas 061acTb, B KOTOPOW [BWMXKETCA >KUAKOCTb,

— BEKTOPHOE M0/1e MacCOBbIX CUA,  — NIOTHOCTb XUAKOCTU, — KOI(PULMEHT KNHEMATNYECKOIA
BA3KOCTM.
YpaBHeHUe [ABWKEHUS MOXET ObITb 3anMcaHO M M0 KOOpAuHatam B BUAE CUCTEMbI
AnddepeHUmanbHbIX ypaBHEHUI:

+ + + = ———+ A
+ + + = ——+ A (2)
+ + + = ——+ A

{

YpaBHeHVE Hepa3pbIBHOCTU OTOOPaXKAeT 3aKOH COXPaHEeHUs MacChbl A/ ABMXKYLLEIACA
CM/IOLIHOM cpefpbl ()KUAKOCTW) 1 ONPeAensieTcs CneaytoLMm BbipaKeHUEM:

— 4+ = 0’ (3)
raoe p — NJOTHOCTb XXUAKOCTH, t— BPEMA, - BEKTOP CKOPOCTU TEYEHUA.

B cnyyae ¢ HeCXMMaemoli XWAKOCTbO, €e MAOTHOCTb BYAeT MOCTOSHHOW, YTO ynpoLlaeT
ypaBHEHME HEMPEPLIBHOCTY U MPUBOAUT K BUAY:

=0 (4)

HelpoHHbIN onepaTop Pypbe
HeipoHHbIli onepaTop — 3TO wWTepaTuBHas apxutektypa [1] o- 1 - - , rhe
, —0/1,.., - 3To nocnefoBaTelbHOCTb (YHKUMIA, KaXaas M3 KOTOPbIX MPUHUMAET 3HaYeHNs
n3 . Kak nokasaHo Ha puc. 1, BXxoq, nonagaeT B NPeACTaB/EHNE HaMBbICLLEN pa3MePHOCTH

o( )= ( (), Npoxoasa Yepes NoKanbHYO TpaHCHOPMaLWI0 , KOTOpas 06bIYHO MPeACTaBeHa
B BMZe MO/THOCBA3HON HEPOHHON CETH.
(a)

@4>|F0urier IayerlHFouriet' layer 2|—P *0 0 o @

PO sl Vbl

Puc. 1. ApxuTekTypa Heilpo-onepaTopa [1]
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[anee KO BXOAHbIM [JaHHbLIM MPUMEHSETCA HECKONbKO uTepauuii 06HOBMEHWI - 41
Boixog ()= ( ()) - 310 npoekums , MONyYeHHass C MOMOLLbI IOKaIbHOM
TpaHcopmaumm  : - . Ha Kakpoli utepaumm o6HOBMEHUS - 41 NPEeACTaBNstoT U3 cebs
KOMOVHALWKO HENMHEHOTO MHTErpaslbHOro OrepaTopa W JIOKasIbHOM HENMHENHOM (hyHKLWN aKTUBaLWN

Kaxxablii Pypbe CNOI OMUCbIBAETCA C MOMOLLBIO CMIELYIOLLENO BbIPaXKEHUS:

«0) C O+ ;) )0) ,
roe  (; ) — 93T0 S4PO  WHTerpabHOrO onepaTtopa, NapameTpu30BaHHOE 3HaYeHMEM
, - (Beca HeWpoOHHON ceTW), : -  — JIMHeWHad (yHKumna, © -  —
HeNMHeMHasA PYHKLMA akTUBaLMK, KOTopas NPUMEHSETCS MNO3/IEMEHTHO.

NTepaTBHasa apxmMTekTypa MO3BONSAET HaxXOAWUTb pPelleHne YpaBHEHWS B MPOU3BOJIbHbIN
WHTEpBa/l BpeMeHW. [ocTuWraeTca 370 MyTEM WCMO/b30BaHWUSA MpeLblayLiero npefckasaHus B
KayeCcTBe BXOfZa HeMpPOHHON ceTn. CTOUTb YYWTbIBaTb, 4YTO C YBE/IMYEHWEM WHTEpBasa
npefcKasaHus BeIMYMHa ownbKM byaeT pacTu.

PewleHne ypaBHeHUA HaBbe-CToKca ¢ nomoLulbio dypbe HelipoonepaTopa

B pamkax BbINOMHAEMON paboTbl HEO6XoAMMO Obl10 pa3paboTaTb MOAENb, CrOCO6HYHO
MPOrHO3MpoBaTh pacrnpejeneHne AaBeHNs U HaCbILLAeMoCTV cpefpbl npy Aobblye HedhTh. Ham 6Obin
npefocTaB/ieH Habop faHHbIX C YUC/IEHHbIM peLleHreM ypaBHeHUs Hasbe-CTokca 4/18 3TOI 3ajaum.
Habop faHHbIX BK/IOYaeT B cebs 3 TeH30pa — HayaslbHble YCNOBWSA, [aBMIEHVNE B KaXXAO0N TOUKW,
HacbILLAeMOCTW Cpefbl, Ha NPOTSHXKEHUN 24 4acoB C MHTepBaioM B 1 yac. O6LMiA 06bEM AaHHbIX
nven pasmepHocTs [1000, 96, 200, 24, 5], 1000 — KonM4YecTBO NPUMEPOB, 96 — LLIMPUHA UCCNeLyeMOM
obnactn, 200 — gnnHa nuccnegyeMort 06nacTu, 24 — BpeMeHHbIE OTCYETbI, 5—3 3HaYeHNS HaYalbHbIX
yCNoBuiA (KOMMOHEHTbI CKOPOCTW [BMXKEHUS XWUAKOCTM), 2 — [aBfIEHWE W HacbILaemocTb. Becb
Habop faHHbIX Obln Pa3byT Ha TPEHVPOBOYHYHO 1 TECTOBYHO BbIGOPKM B OTHOLLIEHNM 9/1.

3a ocHoBY 6blna B3sTa peanmzauns FNO Ha github [2], npefcTaBneHHas aBTopamu cTatbm [3],
HO Oblna HEMHOrO gopaboTaHa, Tak Kak B flaHHOI 3afade TpebyeTca npefckasbiBaTb 2 NapameTpa, a
MMEoLLascs peainsaums no3BonseT Aenartb NpefckasaHnsa ToNbKO 415 OAHOro napameTpa. B utore,
Oblna MOAMMMUMPOBaHA apXMUTEKTYpa MOLE/N TakKUM 06pa3oM, UYTOObl Ha BbIXO4E MOAENN MOXHO
OblN0 MONYYNTb HECKONbKO MapameTpoM — fobasneHa elle OAHA pa3MepHOCTb. Takke Oblna
MOAMMMUMPOBaHa (DYHKLMA MOTEPb, KOTOpas YyuuTbiBaeT LOSS AN KaKAOro npefckasbiBaeMoro
napameTpa nyTem Ux CyMM1POBaHUS.

B KauectBe (pyHKUMM MoTepb Obina mucnonb3osaHa MSE, mogens obydyanack 150 anox, Ha
Kaxxaon anoxe no 300 ntepaymii ¢ pasmepom 6atya paBHbIM 3. INMpouecc 06yyYeHUs 3aHAN CYTKN.
Ha puc. 2 npefcTasneHbl pe3ynbTaTbl NPOrHO3MPOBaHUA 06YYeHHOW MoLeNu.

- .
- -
= = W
‘- CEE i

Puc. 2. Pe3ynbTaThl NPeAcKasaHus Mogenu (CneBa - HachILaeMoC Th, Crpasa - AaB/eHuE)
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3aK/toyeHmne

B pamkax gaHHoV paboTbl 6blna n3yyeHa cTpykTypa FNO, mogndmumpoBaHa ee apxXmMTeKTypa
0NA pelleHVs 3afad4 C HEeCcKOMbKMMKM napameTpamu, a Takxke Oblna obydyeHa Mogenb W
NPOAEMOHCTPMPOBaHbI pe3y/bTaTbl ee paboTbl HAa peasibHbIX AaHHbIX. [daHHas Mogenb NO3BONSET
peLuaTb 3aga4u, CBA3aHHbIe C NPOrHO3MPOBaHMEM HACbILLLAEMOCTI NOPUCTON cpeabl He(hTbIO.
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Development of a software product for counting cellular structures
in histological corneal images
E.O. Kovalev, A.Y. Arkhipov
Scientific Supervisor: Dr. E.O. Filippova
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

E-mail: eok18@tpu.ru

Abstract. Manual cell counting is commonly used for the quantitative assessment of cellular
structures; however, it is labor-intensive, time-consuming, and prone to fatigue. Most automated cell
counting methods are expensive and require expert involvement. The use of image analysis software
provides an affordable yet reliable automated cell counting solution, particularly for histological
corneal image analysis. This study aims to develop a software product for counting cellular structures
in histological corneal images. The program is implemented in Python within the Visual Studio Code
environment and features a graphical user interface created with Tkinter. The software allows users
to load images, mark different cell types by mouse clicks, and save annotations and statistics in Excel
format. Testing was conducted on 50 histological images of Wistar rat corneas stained with
hematoxylin and eosin. The software automatically identifies and counts fibroblasts, lymphocytes,
macrophages, mast cells, basophils, eosinophils, and neutrophils. Initial testing revealed an issue
with displaying resized images on the canvas, which made annotation difficult. Future modifications
are planned to address this problem. The developed software successfully provides direct annotation
of cellular structures in images and automated cell counting.

Key words: image analysis, cell counting, histological corneal images, software development.

BBepeHme

f'McTonatonorma MMeeT peLUaroLlee 3HaveHve A9 AMArHOCTUYECKUX W TepaneBTUYeCKUX
PELLEHWIA NP MHOMMX 60ME3HEHHbIX COCTOSHWAX. MopdomeTpusa aBnsieTcst 6a30BbIM METOLOM B
1cCnefoBaHMM TMCTOMATONONMMN, TaK KaK OHa OOHapYXXMBaeT CTPYKTYPHble U MOP(ONOrnyeckume
abeppaunn B o6pasuax, W, 6e3 COMHEHWS, BHOCWUT 3/1EMEHT TOYHOCTU B MOALEPXKKY
[AMarHOCTMYeCKOro pewleHns. MopgomMeTpuyecKMin - NOAX04 BK/KOYAeT  KnacCUuKaumio u
COPTMPOBKY 3/1EMEHTOB, METO/bI NOACHETA TOYEK 1 NEPECEUYEHWNI, Pa3NNYHBIX KNETOK [1, 2].

Py4yHO/ nNOACYeT K/IETOK KakK KO/MIMYECTBEHHOM OLEHKM K/ETOUHBbIX CTPYKTYpP SBNSETCA
TPYAOEMKUM, YTOMUTENbHbIM MPOLECCOM M OTHMMAeT MHOro BpemeHu. C Apyroi CTOPOHbI,
00NbLUMHCTBO aBTOMATU3UPOBaHHbLIX METOA0B MOACYETa K/ETOK SBAAKTCA AOPOroCTOALMMNA 1
TpebytoT An4 paboTbl IKCMepToB. Taknm 06pa3om, 1UCMosb30BaHNe NPOrpaMMHOro obecrneyeHuns anis
aHaM3a  M300paKeHWn NO3BONSET MNOMYYMTb AOCTYNM K HeLOpOromy, HO HafeXHoMy
aBTOMaTU3MPOBAHHOMY MOACYETY K/ETOK, B YaCTHOCTU — aHa/M3y KNEeTOYHbIX CTPYKTYP CPe3oB
rnasHoro sbnoka.

Llenb wnccnegosaHus, pas3paboTka MNpPOrpaMMHOrO MpofykTa Ans nojcyeTa  KIeTOUYHbIX
CTPYKTYP FMCTONOMMYECKMUX CHUMKOB POrOBULLbI.
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JKcneprMeHTalbHas YacTb

MporpaMMHbIiA NPOAYKT 6biN peann3oBaH Ha A3bIKe NporpamMmupoBaHus Python, cpega —
Visual Studio Code. Mporpamma npefcraBnseT cobor rpamyecknini MHCTPYMEHT Ans paboTsbl €
1306paXeHNM, NMO3BO/AIOLLMIA MO/Mb30BATENIO 3arpyXKaTb N306PKEHMS, OTMEYATb Ha HUX TOUKM
Pa3/IMYHbIX TUMOB C MOMOLLBIO LLEMYKOB MbILLW, & TAKXe COXPaHATb U3MEHEHHOe 1306paXeHne v
CTaTUCTUKY, COAEPXalLLyr0 KONMYECTBO HaXaTwi [N KaXAoro Tuna B (aiin. Kcnonb3yetca
oubnuoteka Tkinter 4na co3gaHusa rpagmyeckoro nHTepdelica, Pillow gns 06paboTkm n306pakeHwii
1 Pandas f/19 coxpaHeHus faHHbIX B Excel B paspabaTbiBaeMoM NporpaMMHOM MPUIOXKEHNN.

MporpammMa 6bina anpobupoBaHa Ha 50 rMCTONOMMYECKUX CHUMKAX POroBULbl, OKPaLLEHHbIX
reMaToKCU/IMHOM U 303UHOM. MCTOMOrMYecKne CHUMKW 6bln MONyYeHbl MyTeM OKpallviBaHWS
reMaToKCU/IMHOM W 303VHOM CPe30B POroBULLbl KpbliC-caMuoB nopoabl Wistar maccoid 250 r.,
MOMTYYEHHbIX B XOfe MPOBELEHWS 3KCMEPUMEHTa MO M3YYEHWUIO pPereHepaTopHbIX MPOLLECCOB B
poroBoi 060/104Ke (pa3peLLeHue 3Tuyeckoro komuteta Ne 3898 o1 24.11.2014 ).

Pe3ynbTatbl

CornacHo pa3paboTaHHOI NporpaMme, Moc/e 3arpy3kn N306pakeHne CTaHOBUTCA AOCTYMHbIM
ON18 pa3sMeTKM pa3NyHbIX KNeTOK. VIHTepdeic nporpaMMbl npeActaeneH Ha puc. 1. B faHHOM
NPOAYKTE MNPeasoXeHO ONpefennTb Chefylowmne KnetouHble CTPYKTYPbl Ha FUCTOMIOMMYECKMX
CHMMKaxX porosuubl: (rbpobnactbl, AMMGOLMTLI, Makpodarn, TyuHble KAeTKu, 6a3oduibl,
303MHO(WIbI, HENTpo(MbI. Kaxxaas KNeTouHas CTPYKTypa OTMeuYeHa onpefeneHHbIM LBETOM Ans
JanbHeWLen pa3mMeTKU. Pa3meyeHHble Ha M300paXXeHUN K/ETOYHble CTPYKTYPbl aBTOMaTUYeCKu
MOACUMTLIBAOTCA B OKHe mnofcyeTa K/eToK. CTOUT OTMETUTb, YTO NOC/e 3arpy3kun n3obpaxeHue
OTKPbLIBAETCA M CUATLIBAETCH C MOMOLLbIO 61nbnnoTekun Pillow. [lanee co3faetcs ero Konus, Kotopas
YMeHbLLIaeTcst A0 pa3Mepa He 6onee 700 700 nukcenei, 4Tobbl YMECTUTLCS B OKHe, M OUMLLAETCA
CMMUCOK paHee OTMEYEHHbIX TOYeK, COpacbIBaeTCA CTaTUCTUKA (BCE CHETUMKIN HaXKaTUIA OOHYNAOTCS)
1 0GHOB/ISIETCA 3M1EMEHT C TEKCTOBOW MH(OpMaLMeit, YTO6bI MOKa3aTb, YTO KONMYECTBO BCEX TUMOB
KNeTok cHosa 0.

# Image Editor - o %

Load Image | Save Image | save counts to Excel

ubpoBnacrei (blue): 1

Nnscpousrmes (red): 1

Maxpoaru (green): 1

Tyamere knera (yellow): 1 blue
Basoduns (purple): 1

Iommmodmne (lightseagreen): 1
Hedirpodmnn (pink): 1

Puc. 1. iHTepdeiic nporpaMmei
Mocne pasMeTKM WN306paKeHNs MO/b30BaTe/lb MOXET HaxaTb KHOMKY Save Image ans

COXPaHEHNs1 U3MEHEHHOTO M300PaXKEHUS C HAHECEHHBIMU 0603HAYEHUSMM KNETOK, BbIGPATb MMS
(halina 1 ero pacrnonoXeHue, 1 COXPaHUTbL B hopmate .png. Monb30BaTelb TAKXKE MOXET HaXKaTb
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KHOMNKY Save counts to Excel, UTo6bl COXpaHWTb CTaTUCTMKY O HaXKaTUsX B BUAE Tabnuupl B hopmaTe
Xlsx. Bug Tabnumubl NpeacTaB/eH Ha puc. 2.

A B
MName | Count

PubpobnacTbl
NumdouKTsl
Makpodarm
TYYHBbIE KAETEK
Bazodunbl

fo o T O o [ - B L T =
R N =

303UHODUNLI
8 HeWTtpodunsl 1

Pwc. 2. CoxpaHeHue cTaTuCTHKM B hopmaTe .xIsx

CornacHo npoBeAgHHON anpobalun, pa3paboTaHHbIA NPOrpaMMHbIA NMPOAYKT MO3BONSET
BECTU NOACUET Pa3INUHbIX KETOYHbIX CTPYKTYP Ha K&XKAOM FMCTONOrMYECKOM CHUMKE POrOBULIbI.
BbISIBNEHO, UYTO YMEHbLLEHHOE M306paXeHNe NpK ero 3arpyske MOMELLAeTcsl He Ha XO/CT, a B
BbIAENEHHYIO 06/1aCTb, YTO 3aTPYAHSIET MPOLECC PefaKTUPoBaHus. MnaHupyeTcs MoauduKaLus
MPOrpaMMHOro NPOAYKTa [/1s1 YCTPaHEHMS BbISIBNEHHbIX NPOG/EM.

3aK/ryeHue
B pesynbTarte paspaboTtaHa nporpaMma Mo3Bo/ISET OTMeYaTb K/IETOYHbIe CTPYKTYPbl MPAMO Ha
3arpy>eHHOM M1300paXKeHNM CPE30B POroBULLbI 1 aBBTOMATUYECKI BECTW NMOACUET KXA0ro TMMa KIeTOoK.

Cnucok nutepaTypsbl

1. Collan Y., Torkkeli T., Kosma V.-M., Pesonen E., Kosunen O., Jantunen E., Mariuzzi G.M.,
Montironi R., Marinelli F., Collina G. Sampling in diagnostic morphometry: the influence of variation
sources // Pathology - Research and Practice. — 1987. — Vol. 182, Ne 3. — P. 401-406. DOI:
10.1016/S0344-0338(87)80077-8.

2. Collan Y., Torkkeli T., Pesonen E., Jantunen E., Kosma V.M. Application of morphometry
in tumor pathology // Analytical and Quantitative Cytology and Histology. — 1987. — Vol. 9, Ne 2. —
P. 79-88.

Poccus, Tomck, 22-25 anpens 2025 T. Tom 3. Martematumka



XX MEXAYHAPOAHAA KOH®EPEHUUMA CTYAEHTOB, ACIMTMPAHTOB 1 MOJ104bIX
YUEHbLIX «MEPCIEKTUBbLI PASBUTUA ®YHOAMEHTAJIBHBIX HAYK»

79
YK 51-76

MogennpoBaHme NPoLECCOB MUTOXOHAPNA/IBHOTO AbIXaHUA B K/IETKaxX M1MoKapa
B.B. J/lasapeHKko
Hay4Hblin pyKOBOAWTENb: AOLEHT, K.(.-M.H., 5.C. Mep3iukuH
HaumoHanbHbIN nccnefoBaTebCKuii TOMCKUIA NONNTEXHUYECKNIA YHUBEPCUTET,
Poccug, r. Tomck, np. JSleHnHa, 30, 634050
HWW kapamonoruy TOMCKUIA HauMOHabHbIA UCCNef0BaTeNbCKNIA MESULMHCKINIA LLEHTP,
Poccus, r. Tomck, yn. Kuesckaa 111A, 634012
E-mail: lazarenkol@tpu.ru

Modelling of mitochondrial respiration processes in myocardial cells
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Abstract. The present study is devoted to modelling the processes of mitochondrial respiration in
myocardial cells. Based on measurements of oxygen concentration during energy homeostasis, it is
proposed to investigate the transition from aerobic to anaerobic metabolism and to discover the
dynamics of the unobvious relationship between oxygen concentration, ATP, ADP and metabolic
processes. This article also presents some of the results of the initial research and the results of the
first stage of work.

Key words: PySindy, mitochondrial respiration, cardiac mitochondria, myocardium, ATP, ATD.

BBepeHme

MogennpoBaHue NpoL,EeccoB MATOXOHAPUAILHOTO bIXaHWs B KNETKaX MUOKapAa NpeacTasnseT
C060i4 BaXKHOE HarpasneHve UCCnefoBaHniA B 061aCTV KapAmoiorum v MoeKy IspHOn GUO3HepreTuKu.
MWTOXOHAPWUN WrpatoT CYLLECTBEHHYKO pO/ib B 3HEpProobecrieyeHnn cepaua, a VIMEHHO OHWU
obecneumBaloT 0 90 % cuHTe3a ageHo3uHTpUgochata (ATP), KOTOpbIA HeobXxoaum [Ais
COKpaTUTENbHON PYHKUMK cepaua [1]. HapylleHns MUTOXOHAPUAIbHOrO [blXaHWUSA NeXar B OCHOBE
MHOTMX NaTofiorniA, BK/IKOYas WLIEMUYECKYIO 00M1e3Hb CepAua, CepLeyHYH0 HefoCcTaTOuHOCTb U
penepy3nNoHHbIE MOBPEXAeHNA. W3BECTHO, UTO CepAevyHO-COCYAMCTble 3ab0MeBaHWUsA OCTaroTCA
BeflyLLel MPUYMHOWA CMEPTHOCTU B MUpe, NO3TOMY MOZE/MPOBaHWE MO3BOMUT U3YUNTb MEXaHWU3MbI
OVCHYHKLM N HATW NYTW UX KOPPeKLmu B ByayLuem. ViccnefoBaHve B 3TO 06/1aCTX MO3BOUT NyuLue
MOHATb 3HEPreTUYeCKniAi 06MeH, BINSHWE MMMNOKCUK, ULLeMUN 1 runepdy3un B Myuokapge [2, 3].

SKCcnepuMeHTasbHble [aHHbIE YacTO COAEPXKAT C/I0XHbIe HENMMHEeNHbIE 3aBUCUMOCTU, B CBA3N C
yem metog Python Sparse Identification of Nonlinear Dynamics (PySINDy) npvo6pen nonynspHoCTb
[0S COBPEMEHHbIX WccrefoBaTtenieil. JTOT MeTof, MO3BONSET WAEHTU(MUMPOBATL W3  [aHHbLIX
AvhhepeHUmanbHble ypasHeHNs. Anroputm PySINDY aBTOMaTUyecKy BbiAeNseT Hambosee 3HauMMble
ufieHbl B AnepeHLManbHbIX YPaBHEHNAX, OMUCHIBAIOLLMX AVHAMUKY (U3NYECKOW BEMUYWHBI, B
[aHHON paboTe — KOHUeHTpauuu Kkucnopoga. llocnefHee NO3BOAUT OBGHAPYXKUTb HeoYeBUAHbIE
B3aMMOCBA3UN MEX Y KOHLEHTpaLMen KUCIopoaa u MeTabonmueckumm npoteccamu [4, 5].

B paHHOM pab6oTe OyayT onucaHbl WCCNefoBaHWS, MNPOBeAEeHHble COBMECTHO ¢ HUW
Kapavonorum Tomckoro H/IMLL, a iMeHHO aHanun3 faHHbIX 3KCNepuMeHTa 1 BbISIB/IEHWE AUHAMUKN
KNCNOPOLa B TKAHAX MUOKapZa.

Llenb paboTbl — co3faHue WHCTPYMEHTa A1 aHa/M3a AaHHbIX 3KCMNepuMeHTa W3MepeHus
KOHLEHTpauuM KWUCopoAa B K/ETKaX MUOKapAa 1A BbISIBNEHUA CKPbITbIX AVMHAMUYECKUX
3aKOHOMEPHOCTEe MUTOXOHAPWATBHOIO [bIXaHUA Y OOHApPYXXeHWUS HEeoueBUAHbLIX B3aMMOCBA3EN
MEX[Y KOHLIeHTpaLmein Kucnopoga n MeTabosmuyeckMm npoLeccamm.
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JKcnepuMeHTa/IbHadA 4YacTb

Hactoswan pabota 0CHOBaHa Ha 3KCMePUMEHTa/IbHBIX LaHHbIX, KOTOPbIE Oblav NOYYeHbI B
pe3ynbTaTe OMbITOB Ha N1abopaToOpHbIX MblWax B KOAM4yecTse 126 eauHWL, C MCMONb30BaHMEM
KMCNOPOLHOro 3nekTpofda. B pesynbrare akcrnepvMeHTa OblM BbifenieHbl Creaytowme rpynnbi
NOAOMbITHBIX MbILER: NoXHoonepupoBaHHble (J10), uHpapkT (MP), aganTtaymsi K rUnokcumn u
noxHoonepuposaHHble (XHI™ /10), aganTtaums K runokcum n nHdapkt (XHI™ UP), meTabonnueckuii
CUHAPOM W NoXHooMepupoBaHHble (MC J10), MeTabonmyeckmin cuHapom u nHgpapkt (MC UP),
MeTaboNNYeCKNIA CMHAPOM C afanTaumeit K runokcum n noxHoonepuposaHHble (MC XHI™ J10),
MeTaboNNYecKnii CUHAPOM C aganTaumeid K runokenu n nHgapkt (MC XHI™ UIP).

B COOTBETCTBMM C LieNbl0 AaHHOW paboTbl Ans noctpoeHus mogenn SINDy gaHHble 6biin
npeaBapuTeNnbHO OYMLLLEHbI OT BbIOPOCOB METOLOM CKOJb3ALLEro CPeAHEro U CriaXeHbl PUILTPOM
aycca ansa yaaneHus wymos. Metoa SINDy 0CHOBaH Ha peanv3almn paspeXxeHHo perpeccum ans
noncka ONTUMaIbHOW NMHENHON KOMOMHaLUMKN 6a3UCHBbIX (YHKUWMA. STOT METOA MCNonb3yeTtcs,
4yTo6bl  MAEHTUPUUMPOBATL  AUQQepeHUNaIbHOE  YpaBHEHWE WM OMPefennTb  MoBefeHue
AMHAMWYECKOR cucteMbl. cnonb3ys Habop M3MePeHUA KOHLEHTpaUMN KUCIopo4a B MOMEHTDI
BpemMeHn t, SINDY npefcTaBnseT 3B0MOLMIO BO BPEMEHW B BULE

9. @)

dyHKuma f(x(t)) yacto ABNAETCSA paspeXXeHHOW B MPOCTPaHCTBE COOTBETCTBYHOLLErO Habopa
0a3unCHbIX (DYHKUWIA, B KayeCTBe KOTOPbIX OblIN BblOpaHbl MONHOMbI TPETbEro nopsaka. Utobsbl
noctpoutb Mofenb SINDY He06X04MMO HaliTV ee OCHOBHbIE COCTaBNAIOLLME, 419 3TOr0 He06X0AMMO
MPOU3BECTM YMC/IEHHOE BbIUMCIEHME MPOU3BOAHBLIX ~, 3adaTb Habopbl 6a3nCHbLIX GyHKUMIA () 1
pa3peXXeHHbIX PErpecCUoHHbIX pellateneil. MNocnegHee Tpebyetcs 418 NOAYYEHUA MaTpuupl
3NEMEHTbl KOTOPOW MpPeACTaBNsAOT CO60M  BEKTOP-KO3IP(ULMEHTbI IMHENHON KOMOGUHaUUK
6asnCHbIX (YHKUMA [4]. STV cocTaBnsoLWME MOLENN peasn30BaHbl BCTPOEHHON (hYHKLMAMM

PySINDy, Takum o06pa3om, mocne ornpegeneHus o, () wm MOXHO 3anucatb
annpoKcMMaLMOHHYHO 3afa4y, nexatlyto B ocHose SINDy :
= ()

MonyunB TakuM 06pas3oM AudhepeHUManbHble YpaBHEHWS ANS HECKOMbKMX Tpynn M
nccnefoBaB KprBble, NOMYYeHHbIe B pe3ynbTaTe BU3yann3auuy LaHHbIX, MOXHO BbISBUTb OOLLYHO
3aKOHOMEPHOCTb.

PesynbTathbl

B xoge npofenaHHoi paboTbl OblNM NOMYYeHbl KPWBble ANA Pa3/IUYHbIX Tpynn U uX
NPOM3BO/AHbIE B BUAE KPMBbIX (pUC. 1), HaigeHbl TOUKM nepernba, 3Ha4yeHe CKOPOCTEN U NONYYeHbI
anddepeHUnanbHble ypaBHeHUS 419 BCEX Tpynn MOAONbITHbIX. B pe3ynbtate Oblna nosydeHa
Tabnmua 3Ha4YeHui 4Ns Bcex rpynm. B HEKOTOPbI MOMEHT BpeMeHM npoucxoant fobasneHne ALD,
3aTeM KpuBasi pe3Ko YOblBaeT, YTO COOTBETCTBYeT aKTMBHOMY nornoweHnio AP, n Korga
npaktuyecky secb AAP npodochopnnpoBaH — CKOPOCTb PE3KO CHKaeTcs [6].

Poccus, Tomck, 22-25 anpens 2025 T. Tom 3. MaremaTtunka



XX MEXAYHAPOAHAA KOH®EPEHUUMA CTYAEHTOB, ACIMTMPAHTOB 1 MOJ104bIX
YUEHbLIX «MEPCIEKTUBbLI PASBUTUA ®YHOAMEHTAJIBHBIX HAYK»

81

9

Tl ~0.005 {
8 Tl
. -0.010 —
‘\
7 5 ~0.015 1
.
\
N
.

Q0 200 400 600

02

--- Sindy model
2 Towukn nepernba (286, 6.1502122309229)

1] 100 200 300 400 500 600
t

Puc. 1. 3aBUCMMOCT W KOHLEHTpaLuU KNcnopoga oT BpeMeHu ans ogHoro cnyvas (MC XHIT 10),
B M&/IOM OKHe 0T06pa>keH rpacdmk Npon3BoaHON

3aKnyeHne

B pesynbtate npoBefeHHON paboTbl 6blM MOMYYeHbl KPWBblE W3MEHEHWS KOHLeTpauuu
Kncnopoga CO BPEMEHEM, UWCMEHHO BbIYMC/IEHbI MPOU3BOAHBLIE, CKOPOCTU WU3MEHEHMUSI KPUBOM,
HaliaeHbl TOUKK nepernba, a Takxke nonyyveHa mogens SINDy ana Kakaoro cnyyas. B ganbHenwem
NAaHMpPYeTCa YCTaHOBUTL 3aKOH, KOTOPbIM 3TU KPUBbIE NOLUYNHAOTCS.
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Algorithms for segmenting diabetic retinal lesions using machine learning
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Abstract. The aim of the work is to develop algorithms for segmentation of pathological — due to
diabetes — changes in the retina using machine learning. As a result of the study, a trained neural
network was obtained that allows segmentation of fundus images with some accuracy. The accuracy
of the determination is sufficient to verify pathological processes of the retina with diabetic
retinopathy.

Key words: diabetic retinopathy, machine learning, segmentation

BBepeHmne

[nabet fABNAeTCA Cepbe3HOW npobnemMor A/19 CUCTEM 34PaBOOXPAHEHUS BO BCEM MUpE.
PacnpocTpaHeHHOCTb AmabeTa HeyKNOHHO pacTeT, OCOGEHHO Y B3POC/bIX TPYLOCMOCOOHOrOo
Bo3pacTta. [MpubnnM3NTeNbHO Y MNOMOBUHBLI /OLE C AnabeToM CO BPeMEHeM pa3BMBAeTCA
PeTUHONAaTWSA, NP 3TOM ANabeTUUECKNIA MaKyNAPHLIA OTEK ABNSETCA Hanbonee pacnpoCcTpaHeHHO
npuumHon notepu 3peHus [2]. CoobLiaemas pacnpocTpaHeHHOCTb AMAabeTMYECKON peTuHONaTum
(AP) y nuy ¢ gmabeToM CyLeCTBEHHO pa3/MyaeTCd B pasHbIX WCCNEA0BaHUAX W faxe cpeau
COBPEMEHHbIX NOMyALUNIA B OAHON N TOI Xe CTpaHe, HO, BEPOATHO, cocTaBnsieT okono 40 % [3-5].
3710 3a60neBaHMe Yalle BCTpeyaeTcs npu Anabete 1 Tmna, Yem npu grabeTe 2 TUNa, a yrpoxaroLlee
3peHuto 3aboneBaHuWe BCTpedvaeTcs npumepHo B 10 %. [ponudepaTviBHas AuabeTnyeckas
petuHonatusa (MAP) nopaxaetr 5-10 % HaceneHusa ¢ gnabetom. OCO60MY PUCKY MOABEPrarTCs
AnabeTnkun 1 Tmuna: 3aboneBaemocTb gocturaet 90 % nocne 30 neT. [AnabeTnyeckas peTMHonaTus
(OP) sBnsetca ogHMM M3 Hambosnee TSHKENMbIX OCNOXHEHWI caxapHOro Amaberta. [duarHoCcTuKa
AMabeTnyecKor peTMHOMATUM OCHOBLIBAETCA B OO/bLUEA Mepe Ha MUCCMefoBaHMAX MNa3Horo AHa C
MOMOLLbI  OpTa/IbMOCKONUMA U UMPOBLIX  (yHAYC-Kamep. W3-3a py4vyHOro WcciefoBaHus
N3006paKEHNIA TN1a3HOr0 [JHa CeTYaTKM BbISBNEHME TakMX MOPQOSIOrMYECKMX aHOMASIMA Kak
MUKPOAHEBPU3MbI, 3KCCYAaTbl, KPOBOM3NUAHUSA, MEXPETUHASIbHbIE MUKPOCOCYAMCTbIE aHOMa/INK,
nponuepaTnBHbIe NMPOLECCHI ABMISETCA OYEHb CMOXHBLIM U TPYAOeMKUM npoueccoM. Kpome Toro,
O(hTa/IbMOCKOMMYECKME  METOAbl  MCCNeAOBaHWA [Nla3HOr0  AHa  SABAAKOTCS  TPYA0EMKUMM
npoueaypamu, BbINOMHAEMbIMI BPYUHYIO, @ pe3y/ibTaTbl CYObeKTUBHbI U 3aBUCAT OT OMbiTa Bpaya,
4TO (hOPMMPYET HEKOTOPYHO MOTEHLMABbHYHO NPeAB3aTOCTb. COBPEMEHHbIE JOCTUXKEHNSA B 06/1aCTK
MCKYCCTBEHHOIO WHTE/NNEKTa U MAalMHHOMO 00Yy4YeHMsi OTKPbIBAlOT HOBblE MEPCMeKTUBbI [A/15
aBTOMaTu3aLumMm agnarHoctTukmn AP. O4HNUM 13 KNHOYEBbIX HanpaB/ieHNin B aBTOMATUYECKOM aHan3e
naTonornin CeTyaTkM SBNSETCA MNPUMEHEHVME METOAOB [/ly60KOro obyyeHus A1d AeTeKumMn u
Knaccmgukaumm anabeTnyeckor peTmHonatumn. bonbWmMHCTBO paboT, NOCBALLEHHBLIX MPUMEHEHMIO
MeTO/I0B INy60KOro 06y4eHNs B aHaIn3e AMabeTUYecKoil PeTMHOMATUN, CTaBAT 3adady GMHapHOW
Knaccmgmkaumm [1]. OgHako BaXKHOW 3ajayelt SIBNSETCA He TOMbKO ONpefdenieHne AmarHosa y
nayueHTa, HO 1 ero cTagus, AMHaMMKa pasBuUTUA NaToNornii. Takasd 3afadya MOXKET OblTb peLleHa
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6narogaps [eTeKUMM W CerMeHTaUMW MOpPakeHUidi W MHOTOKNacCoBOW — KnaccugmkaLmu
1306paxXeHNIA. Pa3paboTka U BHeAPEHVe anropuTMOB Fy60KOro 06yUeHNst NO3BONSAOT 3HAUYNTE/NBHO
MOBbICUTb TOYHOCTb U CKOPOCTb aHanM3a (hyHAYC-13006paxKeHNA. ABTOMATU3MPOBAHHbIE CUCTEMDbI
MOTYT He TO/MIbKO 061erynTb NPOLLECC AMArHOCTUKM, HO U CNPOrHO3POBaTh PasBuTMe 3a60/1eBaHMS,
nomorasi opTasbMO/IOraM MPUHUMATb KAMHUYECKME PELLEHMS HA OCHOBE OGBLEKTUBHBIX [aHHbIX.
B yacTHOCTW, MCMONb30BaHWE METOAOB FNYy6OKOro O6YYeHWs B aHanM3e MaToNoruii ceTyaTku
CNoco6CTBYET CO3AaHMI0 60slee TOUHbIX Moeneli CTpaTUdUKaLMW pucka 1 NepcoHan3MpoBaHHOr O
noaxofa K NeYeHnto NauyeHToB ¢ ANabeTNYeCKon peTMHonaTuei.

Llenb paboTbl pa3paboTKa anropuTMOB CErMeHTaLMM NaTONOMNYECKIX — BCIEACTBIE AnabeTa —
M3MEHEHWIA CETUYATKN METOAOM MaLLMHHOFO 06YYeHUs.

JKCcnepnMeHTa/IbHasA 4acTb

[nsa cermMeHTauuy CHUMKOB T[/1a3HOrO [Ha C pa3INYHbIMK CTagusaMn  A1abeTnyecKou
peTuHonaTum BbIN NCNOMb30BaHbI AaHHble OTKPbITLIX gaTtaceTtoB DIAREDBL, 2-e-Ophtha. Kaxkgoe
N300paxXeHNe CerMeHTMPOBaHO Ha (PparmMeHTbl, aHHOTUPOBAHHbIE BPYYHYIO U MUCMO/Mb30BAHO ANA
MaLLUVHHOI0 06y4eHNs.

[na pyyHOro aHHOTMPOBaHUA W300paXkeHWn Oblna paspaboTaHa Chnewuanu3vpoBaHHas
nporpammMa (puc. 1). OHa npefcTaBnseT cO60i HACTO/IbHOE MPUIOXKEHME, CO3LaHHOe Ha A3blKe
nporpamMmmMmmpoBsaHus Python ¢ ucnons3osaHnem 6mubnnotek PyQt, OpenCV (cv2) n NumPy.

Class

Redo ‘ ‘Hanmqwe 3abonesanms :J ‘e ‘[ 01.jpg ] > ’

06bexTbl
Konuuecrso obbexkTos
O61was nnowagb

Ne Class Area (px)

Done ‘ ‘ Delete

‘ < | >

Puc. 1. lHTepdeiic nporpaMmbl

MprnoXkeHne NpegHasHaYeHo A1 PyYHOro CerMeHTUPOBaHMS M300PaXKEHWNIA TNa3HOro AHa U
nocnefyowert  Knaccumkaumm naTtonormyeckMx y4vacTtkoB. [10nb30BaTeNbCKMIA  UHTEpeic,
pea/30BaHHbIi Ha oOcHoBe PyQt, ob6ecneumBaeT YAO6HblE WHCTPYMEHTbI AN PasMeTKM
n306pakeHniA. Monb30BaTelb MOXET BPYUYHYHO BblAeNsTb HEO6X0AUMble 061aCTW, NPUCBaMBaTb UM
COOTBETCTBYHLLUMIA TUN NATONOrMK, a Takke hopMMpoBaTb GBUHAPHbLIE MACKM CErMEHTMPOBAHHbIX
N306paXKeHNiA. [JoNOMHNTENLHO MPUNOXEHNE NPEAOCTaBNAET MHCTPYMEHTbI AN NPeABapUTENbHON
BM3ya/IbHOV HAaCTPOINKM N306paXKeHNs — PEryINPOBKY SPKOCTW, KOHTPACTHOCTU, raMma-KOppeKL
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M OpYyrux napameTpoB, YTO MO3BOMSET 00/Mee YETKO BbIAENATb MATONOMMYEcKMe 30HbI Mpu
aHHOTMpPOBaHMKU. [lporpaMma aBTOMATMYECKM PacCUMTbIBAET M/OLWaAb MOPAKEHNS KaKoM
BblA€NEHHON 06N1acTK, CyMMapHYo Nowaib NOPaxXeHNs No BUAY NaTtonorni 1 obulyo niowans
MOPaXXEHHbIX Y4YaCTKOB B MUKCENSAX, YTO MOXET ObITb UCMOMb30BaHO B Aa/lbHENLLEM ANt aHanm3a
AVNHAMUKN pa3BUTUA 3a00NeBaHNA U APYrMX WCCNeAoBaTeNbCKUX 3adad. [JaHHOe MpuioXKeHue
SIBNSETCA YHMBEPCA/IbHbIM M MOXET OblTb WCMO/b30BaHO HE TONbKO AN aHHOTUPOBaHWS
0(hTa/IbMONIOTMYECKMX CHUMKOB, HO U1 B APYrMX 061acTAX MeAULIMHBI, 8 TAKXKE TEXHUYECKMX 3a[avaXx,
rae TpebyeTcs cerMeHTaumsa M306paxeHnii n hopMmnpoBaHmne 06y4YatoLLMX AaHHbIX.

[na pataceta Obln OCTaBfeH TOMbKO 3€MeHbl KaHas, Tak Kak OH 06/1aaaeT HambosbLuei
KOHTPACTHOCTbI0. N306PaXKEHWIA, MPW YAaNEHNUI COCYA0B C M306paXKeHNA ANs YBENNUYEHWS TOUHOCTM
paboTbl MporpaMmMbl. MalvHHOE 06y4YeHWe MPOBOAWMNIOCH CrefytowyM o6pasom. Mmes yxke
pasMeyeHHble BPYYHYIO M306paXeHUs, B Nporpamme KaKaomy M300paXKeHUHO npucBavBaiach
MEeTKa, K Kako/ KaTeropum OHO NPUHAANEXWT: K HOPME WM K CHUMKY C maTtonorvei. Kaxpgoe
n306paxkeHne 6bINO Mpeobpa3oBaHO B MaccuB nukceneii. MaccuBbl Obin Npeobpas3oBaHbl B
TEH30pbl, KOTOPbIE MO4aBa/IUCh Ha BXOZ 06Yy4atoLLencs MOLEN.

PesynbTathbl

Mogenb oby4anacb 5 anox, nocne BTOPOKM 3MOXM OHa cTasia nepeobyyarbecs. ITO CBA3AHO C
He6O0/MbLUNM KOMIMYECTBOM M306paXKeHWn ans 0bydveHus. HammeHbluas owwimnbka, Kotopas 6Oblna
pocturHyta: 2859,1054. OwmnbKa BbluMcnsnacb Kak «binary crossentropy» 6ménmnoteku sklearn
python. Hambosnbliad TOYHOCTb, KOTOpas Obina pocturHyta: 0,9. MeTpuKa BblYMCNANACh Kak
«accuracy» 6nénmnoteku sklearn python.

3aK/to4yeHmne

B pe3ynbTate nonyyeHa obyyeHHas HEMPOCeTb, MO3BONAKOLLAA CErMEHTUPOBATb N306paKEHNS
rNasHoro AHa C HEeKOTOPOM TOYHOCTbK. TOYHOCTb OMNpefeneHus AocTaTovyHa ANs BepudmKauum
NaToN0rMyYecKMX NPOLECCOB CETHATKM C AnabeTUYecKol peTuHonaTue.

WccnepoBaHue BbINOAHEHO 3a CUET rpaHTa Poccuiickoro HayydHoro goHga Ne 25-25-00113,
https://rscf.ru/project/25-25-00113/.
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MaTtemaTnyeckaa Mofesnb 418 MNPorHo3npoBaHnA LOCPOYHOr0 pacTopXeHns
[0roBOPOB CTPaxoBaHUSA
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Mathematical model for predicting early termination of insurance contracts
D.V. Makarevich
Scientific Supervisor: Ph.D. M.E. Semenov
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050
E-mail: dvm48@tpu.ru

Abstract. A neural network model is proposed for predicting early termination of insurance contracts
at the initiative of the policyholder. Modeling is carried out on the Insurance Churn Prediction
dataset and the results are presented.

Key words: early termination, insurance contracts.

BBegeHue

PacTop)XeHve JOroBopoOB CTPaxoBaHWsA MO MHULMATMBE CTpaxoBaTens — 3T0 BaKHbIA acnekT
CTPaxoBOi NPaKTUKK, KOTOPbIA NO3BO/AET 3aCTPaX0BaHHbLIM iMLaM PerynnpoBaTb CBOM OTHOLLIEHUS C
CTPaxoBLYMKaMK B Clyvae U3MEHEHUSA NINYHBIX 06CTOATENBCTB N YXYALIEHWNS YCIOBMIA, HA KOTOPbIX
Obln 3aKNOYeH J0roBop. CTpaxoBaTesib MOXKET CTO/IKHYTLCA C U3MEHEHNAMU B CBOEW XKMN3HW, KOTOPbIe
MOTYT Aenatb AeACTBYIOLLMIA OrOBOP CTPax0BaHWNs HeLenecoobpasHbIM U HEHY)XKHbIM.

Llenbto paboThl iBNSieTCA pa3paboTka MaTeMaTUYeCKoi MoAeny 1 eé nporpaMMHas peanusaums
015 NpefcKasaHns 00paLLeHnin 3a paCTOPXKEHNEM [JOroBopa CTpaxoBaHus B OyayLLeM.

[ns fOCTMXKEHWS MOCTaBNEHHOW Lienv HE06X0AMMO PeLlnTL CreaytoLLve 3agauqn:

1. MpoBeCTM KPUTUYECKWIN aHaIN3 IMTepaTypbl MO NPeAMETHON 061acTu.

2. PaspaboTaTb MaTeMaTUYeCKyto MoAenb NpeAcKasaHns KonmnyecTsa oyayLumx obpaLleHumii 3a
pacTopXXeHNeM [JOroBOPOB CTPaxoBaHus.

3. O6yunTb NONYYEHHYHO MOAENb, NPeABapUTENbHO NOATOTOBMB AaHHbIE.

AKTYa/lbHOCTb JaHHON paboTbl 06YyC10B/IeHa HEOOXOAMMOCTLIO MPeACcKas3aHns KoNMyecTsa
Oyaywmx o0paLLeHnin 3a pacTOpPXKeHWeM [OrOBOPOB CTPaxOBaHMS. ITO WCCMefoBaHVEe WMeeT
MPaKTUYECKOe 3HayeHWe ANS CTPaxoBbIX KOMMaHWIA, MOCKO/bKY MO3BO/MISET ONTUMU3MPOBATL WX
CTpaTervto ynpasneHns puckamm v ynyulnTb Ka4ecTBO 06CNYXKMBAHMS KNEHTOB.

HayyHas HOBM3Ha [aHHOM paboTbl 3akoyvaeTcs B pa3paboTke W BHEAPEHUU MOAenu
HePOHHOM CETU ANs NPeAcKa3aHns KOM4YecTBa OyayLLmMx 06palLeHi 3a pacTOpXKeHEM A0rOBOPOB
CTpaxoBaHus.

MNpu3Haky (He3aBUCUMbIe NMePeMeHHbIE), LienieBas nepeMeHHas

[Ona obyyeHns HelpoHHOM moaenu 6bin MCMob3oBaH Habop AaHHbLIX (6e3 MPOMyCKOoB U
[y6MKaToB), KOTOPbIA coaepXXuUT 7934 3anucein And 8 aHOHUMM3MPOBaHHBIX NPU3HAKOB, BK/OYas
YMC/IOBbIE N KaTeropuasibHble TUMbI NepeMeHHbIX, U LieNieBoin nepeMeHHoW labels. KateropuanbHble
NpU3HaKN 3aKO4MPOBaHbI Yicnamu. Lienesoli nepeMeHHON ByaeT ABNSTLCA pacTOPXeHUe J0rosopa
cTpaxoBaHus (labels) B 6yayluem, onncaHne He3aBUCUMbIX NePEMEHHbIX (MPU3HAKOB) NPUBEAEHO B
Tabn. 1. 3Ha4YeHns LeneBoin nepeMeHHoN aBnsieTcst Tonbko O 1 1, rae O — pacTopXKeHWs He 6bino, a 1,
COOTBETCTBEHHO, U AB/NAETCA CaMUM (PaKTOM PacTOPXKEHUS.
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Tabnmua 1
Onucaxne NPU3HaKoBs A0 HOpMan3aunm

HavnmeHoBaHMe npu3Haka Twvn npusHaka [yana3oH 3HaueHul

feature 1 4MCnoBONA [-3,081149...33,094776 ]

feature 2 yncnoBoii [-1,779108...1,825628]

feature_3 YncnoBoii [-1,002478...18,094700]

feature_4 4mMCcnoBONA [-0,569351...19,443647]

feature 5 yncnoBoii [-0,411453...8,127648]

feature_6 yncnoBoii [-0,251940...23,625644]

feature_11 KaTeropuanbHbiii [0, 1]

feature_12 KaTeropuanbHbiii [0, 1]

O6paboTKa AaHHbIX N apXUTEKTYypa HEMPOHHOM ceTu
Ha atane 06paboTK1 Mbl MPOBECTV HOPMaIN3ALMIO HE3ABUCUMbIX UYMC/IOBbIX NEPEMEHHbIX C
NMOMOLLbHO MMHUMAKCHOIO MeToja:

X' = (X = Xmin)/(Xmax — Xmin),
r4e X — UCXOLHOEe 3HAYeHUe, Xmin (Xmax) — MUHUMa/IbHOE (MaKCMMa/IbHOE) 3HayeHue npu3Haka B
Habope AaHHbIX. Janee Mbl ChOPMUPOBASIM TPEHNUPOBOYHYHO, BASIMAALNOHHYIO U TECTOBYIO BbIOOPKM
B nponopuumn 70/15/15 cooTBeTCTBEHHO. Ha A3blke nporpammupoBaHms Python ¢ ncnons3osaHviem
ombnmnoteka Keras Mbl CNPOEKTUPOBAIN HEMPOHHYIO CETb ClIEAYIOLLEN apXUTEKTYPbI:
1. Cnoii (8 HelpoHOB Ha BXofe, 64 HelipOHOB Ha BbIX0Ze, (hyHKUMSA akTuBauuu Relu).

2. Cnoii (64 HeilpoHOB Ha BXoAe, 32 HEMPOHOB Ha BbIXoAe, hyHKLMSA akTnBaumm Relu).

3. Cnoii (32 HelipoHOB Ha BXxofe, 16 HelMpPOHOB Ha BbIXofde, (hyHKLMS akTuBaumm Relu).

4. Cnoi (16 HeipoHOB Ha BXofe, 1 HEeMPOH Ha BbIXoAe, (hyHKUMA akTuBaumy Sigmoid).

Ha BbiIxogHOM cnoe ¢yHKumsa Sigmoid 6blna BblbpaHa cneynanbHO Ans  GUHapHOA
Knaccugukaumm, Takke Obla BblGpaH CTaHAapTHbIA onTummzatop Adam, a B KayecTBe (PyHKLMM
noTepb Obl1a BblbpaHa binary_crossentropy.

MeTpnkun KadecTBa

B KayecTBe METPUKN Ka4ecTBa NpefcKasaHns HePOHHO MOZENIN Mbl UCMOJb30Ba/IN TOYHOCTb
(accuracy), koTopas Ha TecToBOW Bblbopke paBHa 0,81. Ha puc. 1 npvBeAeHa maTpuua ownob0oK, 13
KOTOPOW BUAHO, YTO KO/IMYECTBO MCTUHHO MpeACcKa3aHHbIX PacCTOPXKEHWI paBHSAeTCSA 484, npaBu/ibHO
npefcKasaHHbIX OTCYTCTBUIA pPacTOpXXeHuin 476. JIOXKHO MpeAcKa3aHHbIX PacTopXXeHuin 126,
a NTIOXKHbIX OTCYTCTBMIA pacTopykeHuii 105.
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True label

0 1
Predicted label
Puc. 1. MaTpuua owmn60K, No 0CIM Pacrnono>KeHbl UCTUHHbIE 1 NpefcKa3aHHbIe KNacchl.

3aK/ryeHue

B pe3ynbTaTe NcCneAoBaHms TOYHOCTb PeLLIEHNS 3aaum G1HapHOI KnaccugmKaumm cocTaBuna
0,81. [1/151 NOBbILLIEHUS TOYHOCTY TPebyeTcs 6onee TOHKas HACTPOliKa Moaenu.
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UwncneHHoe MoAenMpoBaHue NepexofHoro n3ny4yeHns ot [rayccoBoro BO/IHOBOIO MakKeTa,
nepeceKaroLLEero rpaHuLy MeTa/I/INyecKoro sepKasia
H.W. ManbirnHa
HayuHblIli pyKoBOAMTENb: AOLEHT, K.0).-M.H. ".}O. Jla3apeHKo
HaumnoHanbHbIN nccnefoBaTeibCKuii TOMCKUIA MONMTEXHUYECKNIA YHUBEPCUTET,
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Numerical modeling of transitional radiation from the Gaussian wave package crossing
the border of the metal mirror
N.I. Malygina
Scientific Supervisor: Ass. Prof., Ph.D., G.Yu. Lazarenko
Tomsk Polytechnic University, Russia, Tomsk, Lenin str., 30, 634050

E-mail: nim8@tpu.ru

Abstract. In this study, the spectral-angular characteristics of transition radiation as a function of
the dispersion of a Gaussian wave packet of an electron was numerically investigated. It was found
that in the ultrarelativistic case, longitudinal dispersion has little effect on the properties of the
radiation. However, the transverse component of the dispersion leads to significant differences in
the radiation properties compared to the plane wave approximation.

Key words: transitional radiation, wave packages, spectrally angular distribution, ultrarelativitistic
particle.

BBegeHue

B page HepaBHMX paboT [1, 2] 6b110 MOKa3aHO, YTO KBaHTOBbIE 3(EKTbl B U3MYYEHUN He
CBOAATCA K KBAHTOBOW OTAaye M U3YYeHUIO 3a CYeT cnuHa. CyLLECTBEHHYIO PO/Ib MOXKET Urpathb
MPOCTPaHCTBEHHAA CTPYKTYpa 3apsHKeHHOM YacTuLbl, YTO MOPOXAAeT MHTEPEC K MOWUCKY HOBbIX
KBaHTOBbIX 3()(DEKTOB B MEPEXOAHOM W3MYyYEHWUU, CBA3AHHbLIX C 3TOW CTPYKTypoh. B [1] 6bina
nosiyyeHa hopMmyna Ans MHKK3UBHOW BEPOSTHOCTM NEPEXOLHOr0 M3/y4eHUs OT YacTuLbl [mpaka.
VIHKNIO3MBHOW  BEPOATHOCTbIO W3/y4eHUSI Ha3blBAETCA BEPOATHOCTb perucrpaumm  (HOTOHOB,
yCpeLHeHHas Mo BCEM BO3MOXXHbIM KOHEYHbIM COCTOSAHMAM 3/1IEKTPOHA.

MepexoAHbIM Ha3bIBAETCA Takoe U3/yyeHre, KOrda vactuua nepecekaet pasgen AByX cpef ¢
Pa3HON AMN3NEKTPUYECKON NPOHULLAEMOCTbIO. YTOObI 136aBUTLCA OT APMEKTOB OT paccesHUA Ha
atomax cpefbl, Ha KOTOPYH MajaeT yactuua, Heobxoaumo, YTobbl pasmep anepTypbl B 3epkase
OblN MHOrO 60/IbLLIE XapPaKTEPHOr0 pasMepa najaroLLein yactmupl 1/ . B aTOM c/lyyae yactuua yxe
He OyfeT nepecekaTtb rpaHUUY [ABYX Cped, W Takoe W3/lydeHMe TMPUHATO HasblBaTb
ANpakUMOHHbIM. MexaHn3M ero BO3HMKHOBEHMS XOPOLWIO M3y4veH W onucaH [3, 4]: BcnefcTeue
[OBWKEHNSA 3apshKeHHOM 4acTuubl BAOMb MOBEPXHOCTM, Hanpumep, MeTasna, BO30yXaarTcs
aTOMHbIe 3/IEKTPOHbI BHYTPU MaTepuana, BO3HMKAKT MOMAPU3aLMOHHBIE TOKW, U CO3LaeTcs
BTOPMYHOE 3/1eKTPOMArH1THOE MoJie, KOTOPOe Hab/toAaeTcs B BUAE U3NTYyUYEHUS.

Kak npasuiio, npu onucaHny cBOOGOAHbIX YacTUL, NPEANO/aratoT, YTO 3HAYEHWUA UMMY/bCOB
WIN  KOOPAMHAT W3BECTHbl CKOMb  YrogHO To4yHO. OfHako B [AeNCTBUTENbHOCTM WU3-3a
MOrpPeLLIHOCTER, UMEerOLLMXCA Y 060py0BaHNS, COCTOSAHME YaCTULLbl HeNb3A NOATOTOBUTL NAealbHO
TOYHO. BONMHOBOW nNakeT — 3TO Cyneprnosnums MAOCKMX BOMH C Pas/IMyHbIMK UMMY/bCaMu P,
KOTOpble CO34al0T HEeonpeAenieHHOCTb B 3HaYeHUAX umnynsca  [5]. B cuny HeonpefeneHHOCTM
"eli3eH6epra aTo NPUBOAUT K TOMY, YTO COCTOSIHWE CTAHOBMUTCS SIOKA/IM30BaHHLIM B KOOPANHATHOM
npocTpaHcTBe. Takum 06pa3oM MIOCKOM BOSIHE COOTBETCTBYET Cy4yaid, Korjga W3BECTHO C
TOYHOCTbIO HarpaBneHne ABWKEHUS, a BEPOATHOCTb HaXOXEHWS YacTuLbl B NepreHanKynspHowm
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MJOCKOCTY PaBHOMEPHO pacrnpedenieHa no Heid. [pocTeim  pacnpeaeneHnem, WMEoLLUM
Knaccuueckuii npegen, sensetcs ayccoB BO/IHOBOW MaKeT.

Llenb: uccnefoBaTb CBOWCTBA MHK/IO3VBHOM BEPOSITHOCTY TMEPEXOAHOr0 W3MyuyeHUs OT
LUMPWHbI BOJTHOBOFO MakKeTa.

SKcnepMeHTalbHas YacTb

B faHHOI pa6oTe 6blN10 PaCCMOTPEHO HOpMabHOE MafeHue ayccoBOro BOHOBOMO MakKeTa
aMeKTpoHa Ha 3epkano B nakeTe Wolfram Mathematica. [eTeKTop MOMELLEH CO CTOPOHbI
nafjatoLleil YacTUlbl WM PErucTpupyeT TONMbKO M3MyYeHWe, CO3[aHHOE Mepes MEeTasINYecKol
MAACTUHKOI. BONHOBOI BEKTOP perucTpupyemoro oToHa MMeeT Bua;:

= o(sin ,sin sin,cos ). 1)

JInHelHble nonspu3auMn B NIOCKOCTU peakuuu, T.e. p-Monspusaums, M B  MNOCKOCTY,
nepneHANKYNSpHON cpefHeMy HanpaBneHuto nageHns =(0,0, 3), T.e. S-Nonsipusaums, UMerT BUA;

()()=(cos cos ,sin@cos®,—sinB), ()( )= (—sing,cose,0) (2)

B [1] 6bina npueefeHa obwias opMmyna Ans pacyeta MHKIO3UMBHON BEPOATHOCTU AN BCEX
BMAOB 4acTuy, cO cnuHoMm 1/2. [ns paccMaTpvBaeMoro 3/1eKTpoHa Criaraemble C aHOMa/IbHbIM
MarHWTHbIM MOMEHTOM [at0T Masiblii BKag, KOTOPbIA He Habntogancs B aKcnepumeHTe. MNoMumo
3TOro, craraemble, COAepykallme CnunH, He AalOT BKIa4a B IMHEWHYHO NONAPU3aLMIO NEPEXOLHOM0
n3nyyeumsi [3,4], n notomy OblnM OTOpOLLEHbl. B pesynbTarte, And pacyeTa WHK/IHO3MBHOM
BEPOATHOCTM perucrpaumm oToHa bbinia MCnosib3oBaHa CoKpaLLeHHas hopmyna:

24 ) Oy .90 oy 2
(. 0= 32 3 J_| 33l (73— 3+ ) 53— 3+'3){ 2} ®)

rae g — nepefaHHbIA MMNynse U c(p) — yHKLMS NAOTHOCTM BEPOSTHOCTU, MMEIOLLAs CeaytoLLuii
BUA:

1 42 1 _ 22 1 (37 3)?
()=—- 212 = 2,72 = 247 (4)

V2 1 v2 o V2 3 !
D)= OO+ a-);:%00), == (5)

PesynbTarthbl

Bbln nccnefoBaH PensaTUBUCTCKWIA cyyald, T.e. JlopeHU-(akTop y 1. Mpu paccMoTpeHun
3aBMCUMOCTU BEPOSTHOCTK (3) OT 03 3HAUMMbIX OTINYMIA He Habntoganock B AnanasoHe (0, 1) MaB,
YTO COOTBETCTBYET 3KCMEPUMEHTA/IbHO LOCTUMXKMMbIM 3HaYeHUAM LUCMEePCUM BOMTHOBbLIX MaKeToB.
B xofe wvccnefoBaHUA 3aBUCMMOCTU OT NepPneHAUKYNSPHbIX COCTaBNAOWMX, T.e. 01, 02, 6blna
BbIfIB/leHa CYLL,eCTBEHHAs 3aBUCUMOCTb, KOTOpas NnpeAcTas/eHa Ha rpagmkax (puc. 1.).

Ha puc. 1, a) HabnrogaeTcs norapypmMmyeckas pacxogumocTb NPy MasleHbKNX 3HEPTUsX, 3TO
BO3HMKaET BCMeACTBUE MPO6IEMbI MH(PAKPACHOM pacXxoaumocTu B nsmnke. Ha rpagmke 6) BugHo,
yto Npu = 0 NIMHelHaa nonsapusaums B NIOCKOCTW, NePReHAVKYNSPHOM NageHnIo TeM 60sbLLe,
yem 6ofblue nepefaHHbIl UMMYyNbC (KBaHTOBasi OTAaya) M /IMHENHa OTHOCUTENbHO Hee (CM.
(hopmyny (3)). Mpu OTANYHON OT HYNA NONEepPeYHor AUcrepcun, HabnrAaeTCs PacXo4MMOCTb Npw
MaNeHbKMNX 3HEPrusiX, NPV BbICOKUX 3HEPrusiXx BEPOSTHOCTL YObIBaeT, Kak W [Ans nepBoWi
nonspusauun. Ha rparike B) BUAHO, KakK C YBEIMYEHNEM LLUMPUHBLI BO/IHOBOIO MakeTa BEPOATHOCTb
N3Ny4YeHnst MepecTaeT 3aBUCETb OT MOMSIPHOFO Yyrna, W MponafaeT XapaKTepHbI KOHYC,
BO3HMKAIOWMIA B W3/Ty4eHUN PeNATUBUCTCKMX 4acTuy. OCHOBHOW MakCUMyM S-Monspusaumm
pacnonoxeH npn = 0 (cm. puc. 1, r)).
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Puc. 1. 3aBUCMMOCTb MHKMHO3WBHON BEPOSTHOCTY OT Yrna 1 3Heprum poToHa B M3aB:
a) Nepsas nonspusaums, 3aBUCUMOCTb OT 3Heprum npu =1/,
6) BTOpas nonspusaums, 3aBUCUMOCTb OT 3Heprum npu =1/,
B) NepBsas nonspusaums, 3aBUCMOCTb 0T yrna npu ko = 0,05,
r) BTOpas nonsapusauums, 3aBMCMMocTb 0T yria npu ko = 0,05
3ak/ro4eHme

B pa6ote [2] OblIO pacCMOTPEHO MEPexofHOe M3NyyYeHVe OT 3aKPY4YeHHOro 3/1IeKTPOHa.
Bknag 3a cYeT HaMumMsa y 3NeKTPoHa opbuTanbHOro yrnosoro MomeHTa | = 1000 mor goxoauTb [0
1%. [poBefeHHble WCCNEAOBaHMA MOKa3aIn, UYTO HaMuMe OT/IMYHOW OT Hyns AuUcrnepcun
BO/IHOBOrO MakeTa MPUBOAWUT K HOBbIM 3(peKTaM B MW3YYEHWW TOro e MOopsfKa, 4To W
Knaccuyecknin Bknaf. B 4acTHOCTW, NepexofHoe U3ny4veHne nepectaér ObiTb NMPerMyLLEeCTBEHHO
NMHENHO MONSAPM30BaHHbIM. B fanbHeliweM mMccnefoBaHve OyaeT HanpasneHO Ha Y4yeT CBOMCTB
BELLeCTBa M APYrux ()OPM BO/THOBbLIX MaKETOB.
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Abstract. The paper presents the results of a comparison of calculations for solving the diffusion
equation using the classical finite difference scheme and methods of the theory of cellular automata.
Key words: cellular automata, nanowires, finite difference scheme.

BBegeHue

Onddysna aTtoMoB, aacopobUPOBaHHBIX HA KPUCT/ITMYECKUX MOBEPXHOCTAX, UTPaeT BAXKHYHO
ponb B MpoLeccax Katasm3a, pocTa KPUCTa/INIoB U (DOPMUPOBAHUSA Pas3IMUYHbIX HaHOCTPYKTYP.
B yacTHOCTW, AU(DY3MOHHO-UHAYLMPOBAHHBIA MeXaHW3M pocTa HWUTEBUAHbIX HAHOKPUCTa/0B
(HHK) sBnsieTcs OCHOBHbIM npu BblpawmeaHun HHK ¢ ucnonb3oBaHnem MOC-rnapuaHoi u
MONEKYNAPHO-NYYKOBOM anuTakcum [1]. B HacTosLen paboTe paccMaTpuBaeTca HaualbHas CTaams
pocta HHK B npegenax MpAmMOYrosibHbIX Y4acTKOB, CO34aBaeMblX C MOMOLLbIO CENeKTUBHOIO
TpasneHus (MeToL CeNeKTUBHON anuTakcuu [2]). B faHHOM criyyae, OTCYTCTBUE LUANHAPUYECKON
CUMMETPUM  3aTPYAHSET aHaIMTUYECKOe peLleHne COOTBETCTBYHOLWEW KpaeBoW  3afauu
MOBEPXHOCTHON Anddy3un 1 HeobXOAMMO WCNOMb30BaTb UYMC/EHHble MeTodbl. B pabote
06cyKaaeTca APPEKTUBHOCTb NMPUMEHEHNUSA MeTOAa KNEeTOYHbIX aBTOMAToOB [3-5] B CpaBHeEHUU C
KNaccuyeckor KOHEYHO-PasHOCTHOM CXeMOM pelleHMsi ypaBHeHMsi MapabonmMyeckoro Tuna c
COOTBETCTBYHOLMMN HAYa/lbHbIM Y FPAHUYHBIMU YCI0BUSAMM.

PesynbTathbl

Mpy “CNONMb30BaHWN METOAA CENEeKTUBHOM 3NUTaKCUM OCaKAAeMble U3 ra3oBov (asbl Uau
MOJIEKYNIIPHOrO My4Ka aTOMbl COBEPLUAOT CAyyaliHoe 6nyxgaHue B npefenax OnpefeneHHon
06M1acT Ha MOBEPXHOCTV MNOAIOXKM. ITa 06/1aCTb OrpaHuWyYeHa C OLHOW CTOPOHbI, BHELUHEN
rpaHuUein dd kanam KatanmsaTopa, a ¢ Apyron — BHYTPeHHEN rpaHuLein dS, 3aaBaeMoit YCioBusaMm
CE/NeKTUBHOIO TpaB/eHns. Byfiem nonaratb, YTO rpaHuULLA Karn/v Katanmsatopa npeacTaBnseT coboi
OKPY)XHOCTb paguyca o C LeHTpom B Touke ( o, o), COBMaJatoWM C LEHTPOM (Urypsbl,
onpesenstoLLeli BHELLHIOK rpaHuly obnactu. B npocTeiiem cnyyae Takas 061acTb MOXET UMETb
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(hopMy NPaBUNLHOTO MHOFOYrobHUKA. ATOMbI, AUGAOYHAVPYHOLIME MO MOASIOXKE, HE MOKMAAIOT
MpefenoB BHELLHEN rpaHuLbl U OCTAtOTCS HA MOBEPXHOCTM [0 TeX Nop, MoKa He NonagaroT BHYTPb
Kannu Katanmsatopa. B 3TOT MOMEHT OHU YAANSOTCS C NMO/AIOXKM M YYaCTBYHOT B MPOLLECCe pocTa
HHK. ¥YnpolyeHHoe onucaHMe [aHHOrO MNpoLecca MOXET ObiTb MNPEACTABNEHO C MOMOLLbHO

ypaBHeHUs Andy3un A8 MAOTHOCTM pacripefenenns atomoB ( , , ) C COOTBETCTBYHOLLMM
rPaHN4YHbIMM N Ha4a/IbHbIMW YC/10BUAMMW.
(,.)= 200, ,) @
(110): 0 < (1)1 (l)>|(’) = (11)'(,) :O (2)

3pecb (, ) — BEKTOp, Hanpas/eHHbIW N0 HOPMa/IN K rpaHuue  , D — MOCTOAHHbINA KO3 MULMEHT
ANPPY3nN, XapaKTepusyroLMin CKOPOCTb ABMXKEHUA ANGDEHYHAMPYIOWMX aTOMOB MO MOAOXKE.
B kauectBe rpaHuy, 0651acTi, ONpeAenstolleil BO3MOXHbIE MEpPeMELLeHNs aToMOB, BblGpaHbl,
COOTBETCTBEHHO, KBafpaT CO CTOPOHON 2 AN, U OKPYXXHOCTb C AMaMeTpoOM 2 o 4SS

UncneHHoe 3HayeHWe MIOTHOCTM, MOJMlyYeHHOe B  pe3ynbTaTe MPUMEHEHUS  KNacCUYECKOM
KOHEYHO-Pa3HOCTHOWN CXeMbl PeLLeHns YpaBHeHWs napabonmyeckoro Tuna (1) ¢ coOoTBETCTBYHOLLMMU
Haya/lbHbIM U rPaHUYHbBIMM YCIOBUAMM (2), AN Pa3/INYHbIX 3HAUEHWIA BPEMEHM MPEeACTaB/1IEHO Ha puc. 1.

1.0 1.0
15 A 15
0.8 0.8
_ 101 0.6 _ 10 0.6
g 2
> 04 = 0.4
5 - 5
0.2 0.2
0 T T T 0 !
0 5 10 15 0.0 0 5 10 15 0.0
X, [HM] X, [EM]

Puc. 1.YucneHHoe peLleHne ypaBHeHUs Anddoy3nm BHY TpK 06nacTy, OrpaHUYEHHO KpMBbIMA 11 B MpoLecce
ancpcpy3um (cnesa) v yepes 2° waros anropuTMma (Cnpasa)

3aBMCMMOCTb  MaKCUMa/lbHOr0  3HauyeHWs  MAOTHOCTU  ANDDYHAMPYIOWMX — BHYTPK
paccmaTpuBaeMoil 06/1aCTU aTOMOB OT BPEMEHM  BO3MOXHO TakKXXe NOMY4YUTb WU MPUMEHSS Ans
MOZENMPOBaHNSA ONUCAHHOIO NpoLecca MOAEMb KNETOYHbIX aBTOMATOB C OKPECTHOCTbI0 Mypa [4]
npy PaBHOBEPOSTHOM NEPEXOfe MeXay WX COCTOSHUAMWU. B 4acTHOCTM, Ha puc. 2 NpefcTaBieHo
CpaBHEHMe OTHOCUTENbHbIX 3HAYeHWI Konm4yectTsa AUMGYHAMPYHOLMX aTOMOB, He NOmMaBLIMX B
06M1aCTb Kanan katasm3aTopa Ha NoAN0XKKe pasMepoM 32 X 32 HM ANs pasINYHbIX 3HaYeHUI paguyca
rpaHmubl (puc. 2, a) U Haya/IbHOro 3HayeHUs o (puc. 2, 6). NMYHKTUPHbIE MHUW HA PUCYHKE
COOTBETCTBYIOT UMC/EHHbIM pelleHnsm (1), Ch/oWHbIe AMHWM — pe3ynbTaT paboTbl MallvH
KNeTOYHbIX aBTOMAaTOB. M0 ocu opAMHaT rpaMKoB Ha puc. 2 npeacTasBneHo oTHoweHne ( )/ o,
roe () — TeKyulee cpeaHee MO BCel 06M1acTV MOAMOXKKM BHE Kamniy KaTam3aTopa 3HauyeHue
KOHLIEHTpaLM aTOMOB, @ o — MaKCUMa/ilbHOEe 3HaYeHe, aHHON BENNYMHBI, 3ajaHHOE B Ha4a/lbHbliA
MOMEHT BpeMeHM. Ocb abcumcc Ha rpadimkax puc. 2 COOTBETCTBYET KOIMUECTBY LIMK/IOB YNCIEHHOIO
peweHnsa (1) B KOHEYHO-Pa3HOCTHOW CXeMe, WAW YMCAY LIaroB MallWHbl B CNy4Yae KNeTOYHbIX
aBTOMaToB. [aHHYl0 BENNYMHY, ANS HarnsggHoOCcTW, YAOGHO NpefcTaBnsiTb B IOrapuMUYEcKOM
maclwTabe. Kak ferko noHATb, 3Ta BenMuMHA MPSAMO MPONOpPLUMOHaNbHa BPEMEHW MNPOTEKAHUSA
npouecca anddysnnm B paccmaTpusaemoii cucteme. pu 3TOM, CKOpPOCTb npouecca Anddysum
onpeaensieTcs KO3MPULUMEHTOM , OT KOTOPOr0, O4EBUAHO, TAKXKE 3aBUCUT 1 ANG(Y3MOHHAs A/IMHA
aTOMOB Ha NOANOXKe A0 NPUCOEANHEHNS K Kanfe.
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1,00 1,00
(6)
0,75 0,75
0,50 0,50
0,25 0,25
----- j_n=99%
j_c=99%
0,00 | 0,00
1 8 64 512 4096 32768 1 8 64 512 4096 32768

Puc. 2. CpefiHee 0 THOCUTENbHOE 3HAYEHNE KONNYeCTBA aTOMOB, COflep>KaLlmMXcs BHY TP 061acTw CenekKTUBHOro
TpaBneHns B 3aBUCUMOCTM OT YKC/a LIAroB anropuTMOB: A5 pas3iuyHbiX o npu j =50 % (a);
075 pasnmueblx o npu = /8 (6)

Bpems npoTekaHus npouecca AMgdy3nmn, 04eBUMAHO, 3aBUCUT OT HaYa/lbHOW KOHLEHTpaumm
yactuy, ¢ (puc. 2, 6), HaXOAALMXCA BHYTPM 06/1aCTU MEXAY YKasaHHbIMW rpaHuuamu, T.e. OT
NAOTHOCTY 3an0/IHEHWS K/IETOK N MalLWHbI aBBTOMATOB Pa3MEPHOCTM B KaXK/bl pacCMaTpuBaeMblil
MOMEHT BpeMeHW. [laHHOe COOTHOLLEHWE onpefensieTcs Npu nomoww senmunbl = —Igo( /7 ),
rae KOMMYeCTBO KJ/IETOK aBTOMara accoummpyetcd C  4YMC/IOM aTOMOB Ha MOL/IOXKKe B
paccmatpusaemoit 061actu. Kpome Toro, BpeMs NpoTekaHus paccMaTprBaemoro npoLecca 3aBucuT
TaKKe M OT OTHOLUEeHMs njowanein o61acTein, COOTBETCTBYIOLLMX paHMLaM paccMmaTpuBaeMoi
obnactu (puc. 2, a), KOTOpoe YA06HO XapaKTepr30BaTb NPV NMOMOLLM 6e3pa3MepHOro KoahuumeHTa

=( o/4 ). Kak nerko Bugetb, rpauku, nofyyeHHble Mpu MOMOLLM YMCIEHHOTO peLleHus
AnddepeHumansHoro ypasHeHus (1, 2) ¥ npu MOMOLLM MOAENMPOBaHUA PaboTbl KNETOYHbIX
aBTOMATOB, IEMOHCTPUPYHOT CXOXME TEHAEHLMN.

3aK/o4deHne

Takum 06pa3om, B paboTe NOKa3aHO, YTO PeLLeHVEe YpaBHEHWS, OMUCLIBAIOLLErO MPOLEeCC
cBo60oHOM Anddy3nm aTOMOB POCTOBOMO BELLECTBA Ha Hada/lbHOM cTaammn obpasoBaHus HHK npw
OCaXAEHMN 13 ra30BoK (hasbl Ha MOANOXKY B OrpaHUYEHHON 06/1aCTK, MOXET ObITb MOMYYEHO Kak
npy MOMOLLUM K/TAaCCUYECKOW KOHEYHO-PasHOCTHOM CXeMbl A1 YpaBHEHWS BTOPOro nopsigka B
4aCTHbIX NPOM3BOAHbLIX NMapaboNMYecKoro Tumna ¢ COOTBETCTBYIOLMMM FPaHUUYHbIMU U HaYa/bHbIM
YCNOBUAMU, TaK W MpyY MOMOLUM MalUMHbI KNEeTOYHbIX aBTOMATOB C OKPeCTHOCTbO Mypa,
BEPOATHOCTb Mepexoda MeXAy COCTOSHUSMU KOTOPbIX He UW3MEHSeTCA B XOAe BCEro
paccMaTprBaeMoro rnpouecca.
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BBegeHne

B HacTosee BpemMsi YenoBeK YyaenseT O60/bLUY0 4acTb XXM3HW 06pas3oBaHMIO. B ciepe
06pa3oBaHNA yCneBaeMOCTb CTYAEHTOB SABMSETCA K/IOYEBbIM OKa3aTesiem, Onpeaenstowmm
KauecTBO 06y4YeHMs WM 3((PeKTUBHOCTb Y4eOHOro 3aBefeHusA. Ha akagemmyeckyro ycreBaeMoCTb
B/IMSIET MHOXECTBO (DAKTOPOB, MPUYEM 3HAUMTENIbHYKO PO/b UIPaeT MOTMBALUA 0OyYatOLLMXCS.
MoTuBaumus OKa3blBaeT CYLLECTBEHHOE B/IMSHME Ha (OPMUPOBaHME Y4YeOHOM aKTUBHOCTH,
3aMHTEPeCOBaHHOCTY B NpeaMeTe U, Kak ClefCTBUe, Ha LOCTUMXEHWNE BbICOKUX pe3ynsTatos [1, 2].

AKTYyanbHOCTb MCCNnefoBaHNs 006YCNoBfeHa HEOOXOAUMOCTbIO MOHUMaHWA TOro, Kakum
06pa3oM paznnyHble acnekTbl MOTMBALMM MOTYT CMOCOOCTBOBATb WU/ MPENATCTBOBATL JOCTUXKEHUIO
BbICOKMX aKafleMUYeCKUX pe3ynbTaTtoB. BbISBNEHNE 3aKOHOMEPHOCTEN B3aMMOCBA3WN  MeXAy
YCMEeBaeMOCTbIO WM MOTUBAUMEA MOXET CTaTb OCHOBOM ANnd  pa3paboTKM  3deKTUBHBbIX
06pasoBare/ibHbIX CTpaTernii U Nporpamm, HarnpasB/feHHbIX Ha MOBbILEHWE UHTEpPECa CTYAEHTOB K
06YyYEHMIO N YNyULLIEHNE UX aKaeMMUUeCKoi ycrneaemocTu [3, 4].

Llenbto  [aHHOro MCCNefoBaHUs SBNSETCA aHa/M3 B3aVMOCBA3N MEXY YCreBaeMOCTbiO
CTYLEHTOB U YPOBHEM UX MOTUBaLMW. [N OLEHKM YPOBHSA MOTUBALMUN NCNOMb3YIOTCS CreunanbHO
pa3paboTaHHble aHKETbI, YTO MO3BOMAUT MONYUYNTL 60ONEe MOHOE NPeAcTaB/eHne O BHYTPEHHUX U
BHELLHWUX (haKTopax, BO3AENCTBYHOLLMX Ha Y4ebHbI npoLiecc.

JKCrnepMeHTas/IbHasA 4acTb

YyacTHUKaMKn UCCNefoBaHWS CTaIM CTYAEHTbI NMepBOro Kypca pas/iMyHbIX CreuuaibHOCTeN,
obyuaroLymecs B Takmx rpynnax Kak: 2643, 2644, 2645, 2I'41, 2Y41, 2641, 2642, 2241, 5041, 5042,
8E41, 8E42, 841, 8I'42, 0B41, 0B42, 6B41MNLL, 8K41, 8K42, 8K43, 8K44.

[ns oueHKN moTuBauMM CTYAEeHTOB Mcnosb3oBaiack «LLikana akagemMuyeckoim moTumsauuu
(LLAM)» [5]. YuyacTHVKam mccnefoBaHns npegnaraetcs no 5-6anbHol LKaie OLEeHUTb pas/inyHble
BapWaHTbl 0TBETA Ha BOMPOC «[1oyeMy Bbl B HACTOALLEE BPEMSA XO4UTE Ha 3aHATUSA B YHUBEPCUTET?».

B KaueCTBe OLEHKM YCMeBaeMOCTU CTYLEHTOB MPUMEHANNUCH CyMMapHble 6annbl EM3, 6ann
ElS no maremartuike, a TakXe pesy/bTaTbl BXOAHOr0 TECTUPOBaHWA N0 MaTeMaTuKe.

[ns BbIABNEHUA 3aBMCMMOCTY YCMEBAEMOCTM CTYAEHTOB OT MX MOTUBALMK, Bbln paccymTaH
KoahpmumeHT Koppenaumm MNMupcoHa.
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PesynbTaTbl MCCNEL0BaHMS NMOKa3a/I HaMumne 3aBUCUMOCTY MeXZY MOTMBALIMEN CTYAEHTOB 1

NX yCNeBaeMOCTbHO, KaK MOMOXMNTENbHOM, TaK U OTpI/ILLaTe]'IbHOI\/'I.

[N HarnsggHoCT NpuBeaem anarpaMmmbl Ans rpynnsl 8K42 (puc. 1-3).

0.4

Koppenauua

-0.4

-0.6

Buabl MOTUBALIMM

Puc. 1. Koppensuus mexkay cymmapHbIM 6aniom EI3 v yposHem moTuBaumu (rpynna 8K42)

0.4

0.2 1

Koppenauua

Buabl MOTUBaLMKA

Puc. 2. Koppenauus me>xay 6aniom EI3 no maTemaTwke 1 ypoBHeM MOTUBaLmMK (rpynna 8K42)
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0.4

Koppenauua

Buabl MOTUBaALMKA

Puc. 3. Koppenauusa mMe>kay BXOAHbIM TeCTUpoBaHNEM MO0 MaTeMaTUKe U YpOBHEM MOTMBauun (rpynna 8K42)

3akntodeHne

Mo pe3ynbTaram NPOBeLEHHOr0 aHam3a Oblnv NONYYeHbI CeLYHOLLMe KIOYEBbLIE BbIBOAbI:
03(PULEHT KOpPPENALMM MeXAy YCNeBaeMOCTbIO M M03HaBaTe/lbHOW MOTMBALMEN, MOTVBALMEN
[OCTUXEHWS, MOTMBaLVE camMopasBUTUS, WHTPOELMPOBAHHON MOTMBAUMEA W 3KCTEPHa/IbHOM
MoTuBauuein 6osblue 0, YTO yKa3blBaeT Ha TO, YTO CYLLECTBYET MOMIOXKMTE/bHAA CBA3b. DTO MOXeET
O3HayaTb, UYTO CTYAeHTbl C 60fiee BbICOKMM YPOBHEM 3TWUX TWUMOB MOTMBALMKM, KakK MpaBusio
[OCTUraloT BbICOKMX PE3YNbTAaTOB B XOAE 00YUeHWs.
03(PPMLMEHT KOPPeNaLuuM MeXay YCneBaeMOCTbHO M MOTMBALMEN CaMOYBaXXEHWUSA U aMOTUBaLLMeN
Hwke 0, 3TO CBWUAETENbCTBYET O TOM, YTO 3TV BWAbI MOTMBAUMKM CBA3aHbI C GONee HU3KOW
YCNeBaemMoCTbi0. OTO MOXET YyKa3blBaTb Ha TO, UTO CTYAEHTbl, UCMbITbIBAKOLLME aMOTUBALMIO
(HepocTaToK XenaHna UNn UHTepeca K yyebe) N HU3Koe caMOyBaXKeHWe, CKOpee BCEro, rnony4atort
MeHee yCreLLUHble pe3y/bTaTbl.
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Abstract. Assessing financial stability is crucial for enterprises operating in conditions of economic
uncertainty. Traditional financial evaluation methods often fail to account for the gradual transitions
between stability and distress. This study proposes a fuzzy logic-based approach that integrates
linguistic variables and a double convolution algorithm to enhance accuracy. The results demonstrate
that the proposed model provides a more adaptive and reliable assessment compared to conventional
methods.

Key words: financial stability, fuzzy sets, linguistic variables, bankruptcy risk, double convolution
algorithm.

BeegeHne

MeToabl OLEHKM (PUHAHCOBOW YCTOMYMBOCTW MO3BOMAIOT MPOrHO3MPOBATb PUCKU U
obecneymsarb CTabUIbHOCTbL AEATENIbHOCTU KOMMaHWin. B oT/iMume OT KnaccuyeckuxX NOLXOAO0B C
YECTKUMM noporamu, HeveTkas /Iorvka no3sosieT YYMTbiBaTb HEONPeAeNEHHOCTN U MepexofHble
COCTOS\HMA. ITO AenaeT aHann3 60ee rMOKMM, OCO6EHHO B YCOBUSX HECTabUIbHON 3KOHOMUKMN.
B paHHOM paboTe uccnegyetcs NpUMeEHeHUe HEYeTKUX MHOXECTB AN151 OLEHKW YCTOMYMBOCTU Y
COMOCTaB/IAETCH pe3y/bTar ¢ TPaAULMOHHBIMU METOLaMM aHa/In3a.

OnuncaHne mogenu

Mogenb uncnonb3yeT npeobpa3oBaHNe (UHAHCOBbLIX MOKasateneld B JIMHIBUCTUYECKME
nepeMeHHble: KO3((ULMEHT aBTOHOMUM, TeKyLLas MMKBUAHOCTb, peHTabelbHOCTb akTueoB (ROA),
060paunBaeMoCTb aKTMBOB. Kaxaomy nokasare/sito COOTBETCTBYET (PYHKLMA MPUHALIEXHOCTH,
OTpaxaroLas cTerneHb pucka. VIHTerpasbHas oLgHKa YCTOMYMBOCTU S paccunTbiBaeTCsA No hopmyne:

= Z ' ( )’
=1
rae (Xj) — 3Ha4eHue j-ro PMHaHCOBOTO UHAMKATOPa, | (Xj)— CTeneHb NPUHaANEXHOCTU, Wj— BECOBOWA
KO3(PULMEHT, M — YACNO NOKasaTenei.

[na pacyeta MHTErpasibHOr0 YPOBHSA YCTOMUMBOCTU MUCMONb3YETCA METOL, LBONHOW CBEPTKM,
KOTOPbI NO3BONSET CHaYas1a arpermpoBarb OTAe/bHble (PUHAHCOBbIE MOKAa3aTesn, a 3aTemM yunTbIBaTb
MX B3aMMOCBA3b B 006Lleli oueHke. Mogenb anpobupoBaHa Ha BblOOPKE peasibHbIX [aHHbIX
(PMHAHCOBOM OTYETHOCTM POCCUMICKUX NPeanpuaTui. TpuMeHeHne MNPea/ioKEHHOro Noaxosia
MO3BO/IMIO NOMYYUTb OOBLEKTMBHbLIE Pe3y/bTaTbl U BbIABUTbL CKPbITbIE TEHAEHUUU B U3MEHEHUU
YCTOMUYMBOCTM KOMMAHWA.

VcxoaHble faHHble

B wuccnefoBaHMM  MCMOMb30BaHbl OTKPbITble (MHAHCOBbIE [aHHble YETbIPEX KPYMHbIX
poccuiicknx 6aHKoB 3a 2024 rof, oxBaTblBatoLLMe roCyAapCTBEHHbIA U YaCcTHbIN ceKTop. Bbibopka
BK/IOYAET  K/KOYeBble  Mokasarenn:  KOa(ULMEeHT aBTOHOMWM, TeKylas JIMKBUAHOCTb,
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PEHTa6e/IbHOCTb 11 060PaYMBaEMOCTb aKTVMBOB. [laHHble NOyYeHbl U3 ByXranTepcKoli OTYETHOCTU W
OTKPbITbIX UCTOUHMKOB, TakuX Kak LIEHTp pacKpbITus MH(opmauumn 1 PoccTar.

JKCnepMeHTasIbHasA 4acTb

AHann3 npoBeféH Ha (UMHAHCOBLIX fAaHHbIX 3a 2020-2023 rogbl. [19 OUEHKM pucka
6aHKpOTCTBa NPUMEHSANIUCL HEYETKNE MHOXeCTBa. MeTOoZ0/10r1a BKIoYana:

— HOpMa/iM3aUuio faHHbIX,

— NOCTPOEHME PYHKLNIA NPUHALIEXHOCTH,

— (hopMmpoBaHme npasmn,

— PaCyéT MHTerpaibHOro noKasarens.

[MpoBepka rmMnoTe3 OCyLLECTBNANACL NMYTEM CPaBHEHWA Pe3ynbTaToB MOAENN C peasibHbIMU
COOBbITUAMU. ITO NO3BOSINIIO NOATBEPAUTL TOYHOCTL MPEAJIOKEHHOIO MOAXOAA U ero NMPUMEHNMOCTb
K pas/IM4yHbIM TUNam OpraHu3aLuii.

PesynbTtarsl

MeTof HeYeTKUX MHOXECTB PacLLUMpU BOSMOXHOCTM aHasM3a (MHaHCOBOW YCTOWUMBOCTH,
MO3BO/MB BbISIBATH NMOCTEMEHHbIE YXYALLIEHNS U pa3inyarb KOMNaHWM ¢ 6/IM3KUMI NoKasaTeNsimu,
HO pasHbIM YPOBHEM pucKa. Tak, Npv OAMHAKOBOM YPOBHE JIMKBUAHOCTU pasnymns B
PeHTabeNbHOCTM aKTMBOB MPUBOAMAM K pasHOMY MNPOrHo3y 6aHKpoTcTBa. B oTanume oT
TPaAMLMOHHBLIX Mofenel, TakMx Kak Mofenb AnbTMaHa, e akUeHT [enaeTcs Ha CTPYKTypy
Kanutana, NpesiokeHHbIN noaxog obecneuvBaeT 60see c6anaHCMPOBaHHYHO M TOYHYHO OLIEHKY 3a
CYET yyeTa B3aVIMHOIO B/IMSHWSA NOKasaTteneid. 3T0 0CO6eHHO BaXXHO A1 HeCTabUbHbIX OTpacnen,
rae TPaaMLMOHHBIN aHa/IM3 MOXKET faBaTb UCKaXKEHHbIe pe3ynbTathl (puc. 1 1 2).
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Puc. 1. Hopmann3oBaHHble hrHaHCOBbIEe NoKasaTenn 6aHKoB 3a 2024 rog
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AvHamuka nHTerpanbHoro KoachhuymeHTta pucka MNasnpomoéaHka (2020-2023)

B +irerpantHbiii koadhduumeHT
1.0

0.9
0.8
0.7
0.6
05
0.4 & —— —-— =
0.3
0.2
0.1

Puc. 2. JnHamuka nHTerpanbHoro KoadduumeHTa pucka Masnpombéanka (2021-2024 rr.)

3aksioyeHune

cnonb3oBaHMe HEYETKOM NOTMKM B (DMHAHCOBOM aHaiM3e [AeMOHCTPUPYET BbICOKYHO
3PPEKTUBHOCTb 418 OLEHKM YCTONYMBOCTU NPELNPUATUIA. B 0TIMUMe OT K1acCUYECKMX MOAXOL0B,
OCHOBaHHbIX Ha >XECTKMX MOPOroBbIX 3HAYeHUSX, MPEASIOKEHHBIA METOL MO3BONMSET YYUTLIBATb
nnaBHble MNepexofHble COCTOAHUA U CYObeKTUBHble (hakTopbl. [lpakTvyeckas LEHHOCTb
NCCNefoBaHMs 3aK/O4aeTCd B BO3MOXHOCTU €ro MpPUMEHEHMs AN MOHWUTOPUHra COCTOSHMS
KOMNaHWin M NPOrHO3MPOBaHUA BEPOATHOCTU WX 6GaHKpOTCTBA. [anbHelllee pa3BUTME MOLENN
MOXET BK/IHOYaTb pacLUMpeHne MepeyvHs (UHAHCOBbLIX MoKa3aTeneld, aBTOMarM3auMio npoiecca
KannMbpoBKM MapaMeTpoB M WHTErpauuio ¢ MeTogaMu MallMHHOro 06yyeHus. PuHaHCOoBas
YCTOMUYMBOCTb — 3TO He MPOCTO Habop umMgpp B ByXrantepckom HanaHce. 3TO XKMBOW npouecc, B
KOTOPOM Me/IKME M3MEHEHUSI MOTYT NMPUBECTU Kak K KPU3WCY, TakK U K BOCCTaHOBNeHMIO. U ecnu
aHaIMTUYecKas Mofe/lb NO3BOMSET YBUAETb 3TU  M3MEHEHWS paHblue, YeM OHW CTaHyT
KPUTUYECKMMM, 3HAYUT, OHa AEeCTBUTENbHO PaboTaeT.
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Pa3paboTKa TOproBoi cTpaTtermm Ha 0OCHOBe NPOrHO3MPOBaHUS LEHOBOIO ABVKEHNS
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Abstract. Predicting the dynamics of financial assets is a crucial task in developing effective trading
strategies. In this paper, we apply the GARCH model to estimate market volatility and employ an
LSTM neural network to optimize trade execution. The effectiveness of the strategy is evaluated using
historical data, with a focus on risk-adjusted returns. The results are assessed through key financial
metrics, including the Sharpe ratio. The implementation is performed in Python (arch library),
leveraging modern machine learning and statistical modeling libraries.

Key words: garch-model, time series, LSTM.

BBepeHme

B ycnoBusix BbICOKOW BOMATUIBHOCTU (PUHAHCOBBLIX PbIHKOB pa3paboTka 3PgeKTUBHbLIX
TOProBbIX CTpaTeruii fBNSETCA OAHOW W3 KIKOYEBbIX 3afady ANA TpeilgepoB M WHBECTOPOB.
TpagnuMoHHbIe METOAbLI MPOrHO3MPOBaHUS, OCHOBaHHbIE HA CTATUCTUYECKOM aHanu3e, 4yacTo He
YUUTBIBAKOT CIOXHbIE HEIMHENHbIE 3aBUCUMOCTU, MPUCYLLME (PUHAHCOBLIM BPEMEHHLIM pPAaM.
B cBf3M C 3TUM BO3pacTaeT MHTEPEC K UCMO/b30BAHUIO TMOPUAHBIX MOAXOL0B, TO eCTb COYeTaHue
K/TaCCMYeCKMX 3KOHOMETPUYECKUX MOZLeNeid M COBPEMEHHbLIX METOAO0B MalUMHHOIMO 06y4YeHus.
B paboTe npefnoxeHa nporpaMMHas peanmsauMs TOProBOW CTpaTerMu, OCHOBaHHOW Ha
MPOrHO3MPOBaHUN [BMXKEHWNSA LieHbl 6a30BOro akTuea € ucnosnb3oBaHvem GARCH-mogenn ans
OLIEHKM BOMATULHOCTU [1] C oNnTUMM3aLMEN PeLleHnin HeipoHHOW ceTbto LSTM [2, 3]. B utore
nonyyeHa GARCH-mogenb, KoTopas no3BONAeT 3((PeKTMBHO MOAENNPOBaTb W3MEHUYMBOCTb
norapuMUUecKnx [JOXoAHOCTed aktmBa, a LSTM, o6nagas Ccnoco6HOCTbIO  BbISBMSATH
[ONTOCPOYHbIE 3aBUCUMOCTM B [aHHbIX, CrMOCOGCTBYET 60/1ee TOYHOMY MPOrHO3MPOBaHUIO W
afanTtauum cTpaTeruu.

Llenb nccnefosaHns — OLEHWUTH 3(MEKTUBHOCTL MPELNIOXKEHHOI0 MOAX04a W ONpesesnTb,
HaCKO/bKO KOMOMHauma GARCH 1 LSTM MOXeT ynydlinTb NPUHATME TOPrOBbIX PELLUEHWUIA MO
OTHOLLEHUIO K UCMO0/b30BaHUIO TONIbKo GARCH-Mogenn.

JKCnepuMeHTaIbHasa 4yacTb
MogenvpoBaH1e MporHo3a /orapuPMUUecKnx [OXOAHOCTeN LeHbl 6a30BOr0  akTusa
MPOW3BOAUIOCL Ha f3blKe nporpammupoBaHus Python [4-6]. GARCH-mogfens B obuiem cnyyae

3anuncblBaeTCs B CnefytoLem Bue:
— 2 — 2 2
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roe  — JOXOAHOCTb 6a30BOr0 aKTWBa, — cpedHee, 2 — ycnosHas aucnepens, ~ (0,1),
— OlWKnOKa Mofienn,  — BONATU/IbHOCTb, ,  — KO3(DMMLMEHTBI.
CraHgapTHas apxutekTypa LSTM npefcTaBnseTca cnefyowmm o6pasom:
= ( + 4t ) = + 4t )
= ( + 1t ), = -1+ ( + 1+ )
roe — BXO[HOV BEKTOP, KOTOPbIA COLEPXWUT LEHY 3aKpbITs W NpefckasaHHOe 3HayeHue
NorapuMMYecKoii [OXOAHOCTH; — BbIXO[HOE 3HayeHWe CLeNIKM, KOTOpOoe Kraccuguumpyertcs

Cnefyrowmmy MeTKaMun: 2 — npubblibHas Mo3vumMa Ha MOKYMKy, 1 — npubbiibHad Mo3vuua Ha
npofaxy, 0 — HeT caenku, -1 — ybbITOYHAA NO3ULMA Ha MPofaxy, -2 — YObITOYHaA Mo3uumsa Ha
MOKYMKY;  — BEKTOP COCTOSHWA; , W — MaTpuupbl COCTOAHWA, , ,  — BEKTOPbl BEHTWUNEN,
Pa3MepHOCTb KOTOPbIX 3aB1CUT OT CNOEB, KOTOpbIe 6yaAyT 3a4aBaTbcs. MeTpuky KayecTsa 4/1s1 OLLeHKM
pesy/ibTaToB ONTUMM3aLMK C NpuMeHeHem LSTM, B npoLeHTax: JOXO4HOCTb, accuracy, recall.

VIcxoaHble JaHHble

B KauecTBe 6a30B0ro akTvBa 6blna BblbpaHa BasitoTHas napa EUR/USD 3a neprog, ¢ 20 mast 2019 roga
no 27 despans 2025 roga (12-vacosoit Tavimdpelim, 3000 HabnogeHwin). Hidke npeacTaBneHbl
onucate/lbHble CTaTUCTVMKM 6a30BOr0  aKTVBa: CpefHee 3HaueHue /IorapuMUYECKOin  LOXOAHOCTU
coctasniseT 0,0158, aucnepcus — 8,784, koathdmupeHT acummetpum — 0,297, KO3PMULIMEHT 3KcLiecca —
5,505.

PesynbTathbl

B paboTe npoBeAeHbl CTATUCTUYECKME TECTbI /11 OLEHKM KavyecTBa MoLenn. Bo-nepsbix, TeCT
JbloHra-bokca (p-value = 0,037, LB = 18,61) Ha He3aBMCUMOCTb OCTaTKOB, KOTOPbIA NOATBEPANN
HYNEeBYHO TMMNOTe3sy, YKa3blBas Ha OTCYTCTBME aBTOKOppensauun. Bo-BTopbIX, TeCT Ko/imoroposa-
CmupHoBa (p-value = 0,067, KS = 0,02) noatsepAnn, 4YTO OCTaTKM WMEKOT HOpMa/ibHOe
pacnipegenenve ( =0, 2 =0,78). TakuMm 06pa3oM, HE3aBMCUMOCTb 11 HOPMa/IbHOCTb OCTAaTKOB
CBWJETENLCTBYIOT O TOM, YTO NPeA/IoXKeHHad MoAe b YCMEeLHO OMNnCLIBaeT NUCCNefYeMble faHHbIE.
[Janee Ha puc. 1 npuBefeHbl pe3ynbTaTbl TECTUPOBAHWSA NPELN0XEHHON TOProBON CTpaTeruu.

___———'c

e Dl A ‘-l» stiagte fos codtbllhs cote 4 ""!Eﬂ' Db yambpechi ofitrton Sab 0 , - %
Puc. 1. Kpusas kanuTana (a), c4enku Ha nokynky, npoga>ky (6),

[BU>KeHVe LieHbl 6a3080ro akTwuBa (B), 06beM Topros (I)
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Ha puc. 1, a npuBeAeHa KpuBas KanuTasia, KOTopas NoKasbiBaeT MaaBHbIN NPUPOCT, a Takxe
MaKcUMasibHas npocagka npubbiny Habntoganack B nepuog ¢ 2022-06-02 no 2022-10-24, koTopas
coctasuna He 6onee 6,03 % 3a Becb nepuo TOPros/au, Ha puc. 1, 6 npmseseHa MH(opMaLns o
clenkax (3eneHble — npubblfb, KpacHble — YObITOK), Ha puC. 1, B NpuBeLeH rpafuk ABUKEHVE LiEHDbI
6a30BOro akTu1Ba 3a Nepuos, TOPros, Ha KOTOPOM OTOBpaXKaeTCA NH(OPMALLMA O CLeNKaxX (3e/eHble —
NpUobIb, KpacHble — YObITOK) 1 Ha puC. 1, I npuBeAeH 06beM TOProB (BONAaTU/IbHOCTL). Pe3ynbTaTbl
MOAEeNNpPoBaHNA NpuBeLeHbl B Tab. 1.

Tabnuua 1
Pe3ynbTaTbl MOZEMPOBaHNUS TOProBoii CTpaTerum

MapameTp 3HayeHme
HauanbHbIil KanuTan, gonnapsl CLUA 10000,00
KoHeuHblIin kanutan, gonnapbl CLLUA 15714,41
Bpokepckas KoMUCCus, NPOLEHTLI 0,050
KoapumumeHT Llapna 0,158
MakcvManbHbI NPocafoK, NPOLEHT - 6,028
K0/1M4ecTBO BbINMPbILLIHLIX CAEMNO0K, NPOLIEHT 51,890
JoxogHocTb cTpateruv Buy & Hold, npoueHT -6,135
ABCONIOTHAA [OXOAHOCTb, NPOLEHT 57,140
KonnyecTso cfenok 474

3aKnyeHne

B pe3synbTaTe NpoBeAéHHOr0 UCCnefoBaHUA Oblna paspaboTaHa TOprosast CTparerus, 0CHoBaHHas
Ha MPOrHO3MPOBaHUN NIOrapUIMMUYECKNX [OXOAHOCTeM C  ucrnonb3oBaHneM GARCH-Mmogenw.
Crpaterus cosepumna 474 cpenku, n3 kotopbiX 51,89 % okazanuncb NpuoblibHbIMK. COBOKYMHbIN
foxopn ctparerun coctasun 5714,41 ponnapos CLUA, 4TO 3KBUBAMEHTHO 7,82 % rofoBbIX.
[na cpaBHeHWs, CTpaTerns MacCMBHOrO WMHBECTMPOBAHMA MO MPUHUMMY “MOKynain v Lepxu™ no
0a30BOMY aKTUBY MOKasa/la OTpULATeNbHbIN pe3ynbTar (cM. Tabn. 1). B panbHelieM nnaHupyetcs
onTMMM3aUMA pa3paboTaHHON TOProBOW cCTpaTerMnm C npuMeHeHneM LSTM-mogenn, a Takxke
NpoBeLeHMe CPaBHUTENbHOI0 aHaM3a 3(heKTMBHOCTIN NOAXOL0B.
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Using neural networks to adjust the heating on and off schedule
D.P. Yushchenko
Scientific Supervisor: Ass. Prof., Ph.D. G.Y. Lazarenko
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Abstract. The work is dedicated to developing an intelligent heating management system based on
neural network algorithms. A temperature forecasting system is proposed with the aim of minimizing
energy consumption and improving the quality of life for residents. The economic and social
significance of the developed model has been evaluated.

Key words: neural network algorithms, improving the quality of life, model, significance.

BBegeHue

B coBpemeHHbIX YCMOBUAX HeCTabW/bHOCTM KAMMata W YCKOPEeHHOW ypbaHu3auuu
3eKTMBHOE yNpaB/ieHNe KOMMYHa/IbHbIMW CUCTEMaMK, B YaCTHOCTM OTOMJ/IEHNEM, NpuobpeTaeTt
nepBOCTENEHHOE 3HaYeHVe 4nsa obecrieveHns KoMpopTa U 6e30MacHOCTM XKUTENEN ropoaoB.

OTcyTCcTBME TMOKOW PEryNnMpPOBKWU OTOMJIEHWUSA Hanbosiee 4YyBCTBUTE/IbHO CKAa3blBaeTCA Ha
YA3BMMbIX Fpynnax HaceneHus — NOXWbIX IOAAX, AETAX, MUaX ¢ XPOHUYECKMMI 3a60/1eBaHNAMU
M VHBa/IMZAX, 4YTO TMOBbIWAET pPUCK 3ab0/1eBaeMoCT U rocnuTanusaumin. OrpaHuWYeHHble
(hr3nyeckune 1 GrHaHCOBbIE BO3MOXXHOCTU He MO3BONSAKOT 3TUM KaTeropusamM rpaxjaH UCrnosb3oBaTb
a/lbTepHaTUBHbIE CpefCcTBa 060rpesa.

VIMeHHO Mno3ToMy MosB/seTcd HeobXO04MMOCTL pa3paboTku 6onee rMOKMX W afanTUBHBIX
CUCTEM YMpaBNeHWst OTOMJIEHUEM, YUMUTHIBAIOLWMX LUMPOKUIA CNEKTP (PaKTOPOB, BMAIOLWMX Ha
noTpe6HOCTL B Tense, M NO3BONAKOLMX MOBLICUTL KOMMOPT U CHU3UTb PUCKU NS 3[40POBbSA
HaceneHns, a Takxke ONTUMU3MPOBaTb MOTPebNeHVe 3HepPropecypcoB. W3yyeHve nNpUMeHeHUs
COBpeMeHHbIX Mogenein [3] sBnsetca HeobxoaMMocTbio. [ns paboTbl OyaeT MCronb3oBaHa
HelipoHHasa ceTb LSTM, KoTopas 4acTo MCNob3yeTcs AN peLleHns aaHHOo npobnemsi [1].

Llencto faHHOW paboTbl ABNSeTCA pa3paboTka WHTENeKTya/lbHON CUCTEMbl YNpaB/ieHUs
OTOM/IEHNEM Ha OCHOBE HepoCeTeBbIX afirOPUTMOB A1 KOPPEKTUPOBKM rpaduka BKIHOUEHNS U
BbIK/TOUEHNSA OTOMNEHUA B ropose TOMCKe.

JKCnepMeHTasIbHasA vYacTb

B pamkax faHHOro uccnefoBaHus 6blna NpoBejeHa NpoBepka Ha CTalMoHapHOCTb BPEMEHHOTO
psga Temnepatypbl. Xota LSTM-ceT cnocobHbl 3(h(heKTMBHO 06pabatbiBaTb HecTalMoHapHble
BPEMEHHbIe PAfbl, BbISB/EHWE CTEMEeHW HecTauMOHapHOCTM MCXOLHOro psAga MO3BOMSET Jydlle
NHTEPNPeTUPOBaTL pe3y/bTaTbl aHain3a, 6onee 3PMPEKTUBHO CTPOUTHL MPU3HAKU M OLIEHMBATb
NOTEHUMa/IbHYIO C/TIOXKHOCTb 3aa4um MPOrHo3vpoBaHus. BpeMeHHOM pag cunTaeTcs CTalMOHapHbIM,
€CNN ero CTaTUCTUYECKMNE XapaKTEPUCTUKM HE MEHSIKOTCA BO BpeMeHU. A1 hopManbHON NMPOBEPKM
CTauMOHapPHOCTM BblN MCNONb30BAH PaCcLUMPEHHBIV TeCT Aukun-®ynnepa. AnbTepHaTUBHasA rmnotesa
3aKNYaeTcs B TOM, UYTO BPEMEHHOW psA CTaumoHapeH. TecT [Ouku-dynnepa OCHOBaH Ha
CnefytoLeit perpeccumn:

=+ + 4+, 4+ + 4 _ gt
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rae
— 3HauyeHne BPEMEHHOTO psiia B MOMEHT
- KOHCTaHTa
— TpeHp

- KO3(h(hmLMeHT npu nepsom nare paga (yt - 1)
1 - KO3(h(OULMEHTbI MPU NarmpoBaHHbIX pasHOCTAX (- Yyt - 1)

— CNyYaiHast omnbKa

yt = yt — yt_1— nepBas pasHOCTb BpeMeHHOro paja

Prophet: mogenb, paspabotaHHas Facebook, cneunanbHO NS  MPOrHO3MPOBaHUA
BPEMEHHbIX PALOB C BbIPAKEHHLIMWA CE30HHLIMW KOMMOHEHTaMU M TpeHAamMu. OHa XOpOoLLO
MOAXOAWUT [ANA  [aHHbIX, B KOTOPbIX HabMOAAlOTCA YeTKMe TOf0Bble WAN  HefeflbHble
3aKoHomepHocTU. O6yyeHune mopenn Prophet BbINOAHAMOCHL C ucMonb3oBaHWeM L-BFGS pans
OLeHKW napameTpoB. ANropuTM MoA6mpaeT Beca 415 MakCumm3aln npaBaonogooms Mogenu Ha
NCTOPUYECKMX AaHHbIX, MPU HEOOXOAMMOCTIN MPUMEHSS Perynapusaumio.

LSTM (Long Short-Term Memory): ¢ Apyroil CTOpOHbI, MpeAcTaBnseT cobon 6onee
rMOKYI0 MOAEe/Nb PEKYPPEHTHOW HEMPOHHOW CeTW, KOTopas CrnocobHa Y/aBivBaTb CNOXHbIE
He/IMHeNHbIe 3aBUCUMOCTU U LOMTOCPOYHbIE 3aKOHOMEPHOCTM BO BPeMeHHbIX psagax. ObydeHue
LSTM 6ygeT npoBOAUTLCS C UCNO/Mb30BaHWEM aNropuTMa 06paTHOro pacnpocTpaHeHns OWn6KN 1
onTuMmsaTopa Adam.

PesynbTathbl

3T0T rpadmk oTobpaxkaeT pe3y/nbTaTbl MPOrHO3MPOBaHNUSA CPEeAHECYTOYHON TeMmnepaTypbl Ha
3MMHe-BeceHHUI nepuog 2025 roga B Tomcke (puc. 1). CuMHAS NMHUA — (PaKTUYeCKue faHHble O
TeMnepaType 3a aHa/IorMyHbIA Nepyuos, B NpoLLsble rofbl. KpacHas nMHUA — NPOrHO3, NOMYyYeHHbI
C nomowbo mMofenn Prophet. BuaHO, YTO MOAENb YCNELHO MpefcKasbiBaeT 06Lime TeHAeHLUMN
M3MEHEHWNA TemnepaTypbl, OAHAKO He CrocobHa NpeaBUAETb 3KCTPeMabHble TemrepaTypHble
KonebaHus, co3faBas CriaXXeHHbI MPOrHo3.

MporHo3 TemnepaTypsbl

—— WcTopuyeckue faHHble
|‘ —+— TlporHosvpyeMas TeMnepaTtypa
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Puc. 1. MporHo3 TemnepaTypbl Mogenn Prophet Ha nepuog ¢ aekabps 2024 no mapT 2025

Mogens LSTM ycnewHo cnpaBuiack ¢ 06Y4YeHWEM M AEMOHCTPUPYET CMNOCOBHOCTb
MPOrHO3MpoBaTh TEMMEPATYPY C BbICOKOW CTENEHLK COOTBETCTBMUS peasibHbIM JaHHbIM. OpaH)XeBas
NMHWS B 3HAYUTENIbHOIN CTENEeHW NOBTOPAET ANHAMUKY CUHEN NIMHUK, OTPaXKas OCHOBHbIe KONle6aHus
N TPeHAbl TeMMepaTypbl B TEYEHMEe paccMaTpuBaemoro nepuoga (puc. 2). 3To yKasbiBaeT Ha TO, YTO
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MOZENb YNOBUMA BaXKHbIE 3aKOHOMEPHOCTM B MCTOPUYECKMX [aHHbIX W CMoCcOGHa afeKBaTHO
3KCTPanonnpoBaTh X Ha GyayLiee.

®akTU4eckas u MporHosnpyemas TemnepaTtypa
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Puc. 2. MNporHo3s TemnepaTypbl Mmogenn LSTM Ha nepuog, ¢ ausapsa 2024 no mapT 2025

3aKnyeHne

B npouecce paboTbl BbisiBNEHbI OrpaHuWyeHns Prophet, cBs3aHHble C ero CKNOHHOCTbIO K
CrI@KMBAHUIO MPOrHO30B W HELOCTaTOYHOM [MOKOCTHIO MPU  MOLENMPOBAHUMN  CIIOXKHBIX
HENIMHENHBIX 3aBUCUMOCTEN, XapaKTepPHbIX 415 NOroAHbIX AaHHbIX.

OcHoBHo#1 yrop 6bi1 chenaH Ha LSTM-ceTb, AEMOHCTPUPYHIOLLYHO CMOCOBHOCTL YYUTbIBATb
CNOXHbIe He/IMHENHbIE 3aBUCUMOCTM 1 aanTUPOBATLCA K CE30HHLIM KOoNiebaHWsiM TeMmnepaTypbl.

B xope paboTbl 6bIM peanv3oBaHbl CleaytoLme KoYeBble aTanbl: 3arpyska v npefobpaboTka
[aHHbIX, CO3JaHMe MPWU3HAKOB, pa3fefieHne fAaHHbIX Ha 00y4yatolyro U TecTOBYH BbIGOPKM,
06yuyeHne LSTM-ceT 1 6a30BO MOAENN, OLEHKa MPOU3BOAUTENLHOCTA MOJAENeil Ha TEeCTOBOM
BbIOOPKe, MPOrHO3MpOBaHKe TemnepaTypbl Ha OTOMMUTEbHbIA CE30H.
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Abstract. Technological progress has opened up vast opportunities for data collection and analysis,
dependency detection, and the development of predictive models. One of the most widely used
machine learning methods is LASSO regression, which models dependencies in labeled training data
through approximation. This paper proposes a new approach to solving the regression problem with
L1 regularization (LASSO), based on an inverse problem representation. The presence of numerous
explanatory variables in a regression model can lead to high correlations among them, making it
challenging to generate stable estimates. The method aims to eliminate multicollinearity and select
significant factors. The algorithm provides more accurate results compared to existing methods.
Key words: lasso regression, hyperparameter tuning, inverse problem, information criterion

BBegeHue

TexXHOMOrMYecKnii NPorpecc OTKPbIN LUMPOKME BO3MOXHOCTW Ans c6opa M aHanms3a AaHHbIX,
BbISIB/IEHWNSA 3aBUCUMMOCTEN U CO34aHUA NMPOrHO3HbIX MoAeneid. Hamume MHOXEeCTBa 0ObACHAOLLMX
nepeMeHHbIX 3aTPYAHAET NOCTPOEHNE Ka4YeCTBEHHbLIX MOAENEN C YCTONYMBLIMU OLeHKaMK. OLHUM
13 Hanbosnee BOCTPe6OBaHHbLIX METOLOB MALLUMHHOIO 00yyeHus sBnseTcsa perpeccus Lasso [1, 2],
KOTOpas No3BOSeT MOAENIMPOBAThL 3aBUCUMOCTb B pasMeUeHHbIX 00yyatoLLMX JaHHbIX C MOMOLLbIO
annpokcumauun. K eé  HefocTaTKaM  OTHOCAT  HEOH6XOAUMOCTb  HAaCTPOWKM  napameTpa
perynspusaumm ¢ NoOMOLLbH Kpocc-Banmaaunn. B ctatbe npeanaraeTcst HOBbIM NOAXOA K PeLLeHNO
3afaun perpeccun ¢ L1-perynspusauueit, OCHOBaHHbIA Ha WHBEPCHOM NpeACTaB/ieHUM 3ajaquun.
MeTof HanpaBfieH Ha OTOOP 3HaYMMbIX (DaKTOPOB U 0bGecrneyeHne 60fiee BbICOKUX 3HAYEHI
NHHOPMALMOHHBIX KPUTEPUEB MO CPABHEHMIO C CYLLECTBYHOLLMMIN METOLAMN.

JKcneprMMeHTaslbHas YacTb
PaccmOTpuM CneayroLLyto MoAeNb MHOXECTBEHHOW NIMHEHON perpeccuu:
y=56,+b6x +...+ b X,

rae npeactaBnseT 0ObACHAIOLME NEPEMEHHbIE, — 3aBUCMMYHO MEPEMEHHYIO, — KO3(MULMNEHTI
perpeccumn, a — KOMYECTBO NPEAUKTOPOB.

Mpn ncnonb3oBaHMM MeToda Lasso perynspvsaums BBOAUTCS B BUAE CYMMbl abCOMHOTHbBIX
3HaYeHUi KoaumumeHToB. MoaToMy AnA onpefdeneHns napameTpoB UCMOMb3yeTcs cnegytollas
Lenesas yHKUMS:

I I 6 »p _
agvi ‘bo‘axijbjg +aa\b,-\—m'n, (1)
i=1 ¢ = * =l

rae — napamertp perynspusaLyu, KoTopblil 06bI4HO HACTPaMBAETCA C MOMOLLIO KPOCC-BaiNgaLm
[3, 4].
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B aToM nozxoge foCTUraeTcs KOMMPOMMUCC MEXAY ABYMS KNHOUYEBbIMU 3/1eMEHTaMM: OLLMGOKOIA
perpeccum n pasmMepHOCTbIO BEKTOPa KOIPMULIMEHTOB.

Tenepb paccMOTPUM MOAUMUUMPOBAHHBIA anropuTM 18 pelleHus 06paTHON 3agaum
Mpy MUHUMM3ALUM CYMMbl a6COMIOTHBIX 3HAYEHWIA N3MEHEHWIA apryMeHTOB. PedhopmMynMpoBaHHas
ONTMMM3aLMOHHAA 331a4a UMeeT criefytoLmin Bug [5]:

9(b) = &| by | — min,
i=nl (2)
f(0)=a(y- 2=y,

roe f/— npeLcKasaHHOe 3HayeHue, a y* — YCNOBHBbIA MUHMMYM CYMMbI KBapaTOB OCTaTKOB C YYETOM
perynsapusauum.

CnepoBatenbHo, 3agada (1) 6blna nepethopMy/nMpoBaHa Kak —3ajadya  YC/0BHOM
onTuMmsaumu (2) nyTem pasfefieHns Ha [Ba KOMMOHeHTa: LeneByt0 (DYHKLMIO, NPeLCcTaBNeHHYH0
B BMZE CYMMbl aGCO/MOTHBLIX 3HAYEHWUI aprymeHTOB, W OrpaHUYeHune, BblpaKeHHOe Yepe3 CyMMy
KBagpaToB ocTaTkKoB (RSS).

MoCKONbKY Lefb COCTOUT B MUHUMM3AUMKM RSS, MOXHO MNPesmnofioXuTb, UYTO 3HAYeHMe

OTHOCWUTENbHO Ma/lo, 4YTO YMpoLiaeT CHWXeHWe RSS B xofe MTepaumoHHOro npoLecca.
B pe3ynbTate KpuTepuii 0CTAHOBKM a/lrOpUTMa, NpegHasHaueHHOro A4/1s peLleHns o6paTHO 3a4aum,
[O/KeH ObITb NepecMoTpeH [5]. OH A0/MKeH 3aBepLUaThb BbIMO/HEHVE aNropuTMa, KOrja fanbHenLmne
N3MEHEeHWs aprymMeHTOB MepecTaroT y/y4LlaTs MOLESb.

LLIMpoko  MCMonb3yemMo  MeTpUKOW  ONA  OLEHKM  KayectBa  MOJenu  ABNSAETCH
cpefHekBagpatuyHasa owmnbka (MSE). 3TOT nokasatesb OnpeaenseT TOYHOCTb NpefcKasaHuii
MOZENN, BbIYNCNAA CPefHEe 3HAYeHMe KBaApaToB PasHOCTEN MeX Y MpeacKasaHHbIMU 3HAYEHUAMY
N (DaKTUYECKMMM pe3y/ibTaTaMu.

OfHako, X0Ts 3TOT MnokKasaTte/b AaeT NPeLCcTaB/ieHne 0 TOYHOCTU MOLENN, OH He Y4uTbIBaeT
€€ C/IOXKHOCTb. Mo3aToMy Hanbonee NOAX0AALAA MOAE/b BbIOUPAETCs Ha OCHOBE MH(OPMaLNOHHBIX
KputepneB Akauke (AIC) u baliecoBckoro uHhopMaumnoHHoro kputepus (BIC). Ansa o6oux
MH(OPMALMOHHBIX KpUTepreB 60Mee HNU3KOe 3HaYeHNe YKa3blBaeT Ha NPesnoyTUTENIbHYI0 MOZENb,
TaK KakK OHO OTpaXkaeT /yULUmnin 6anaHc MeXay KaueCTBOM MOArOHKW U C/IOXHOCTbHO MOZENN.

Taknm 06pa3oM, paboTa MPeLioKEeHHOro asropuTMa BK/IKOYAET MATh LUAroB, OMUCaHHbLIX
Huxe. MapaveTp  0603HaYaeT BO3MOXHOCTb MCMO/b30BaHUA KaXOoro aprymeHTa B pacyeTax,
npyn 3TOM M3HAYa/IbHO A1 BCEX apryMeHTOB NpegnosaraeTcs 3Ha4eHve, pasHoe 1.

Lar 1. PaccuuTtatb 3HaueHWe uWHQopmMaunoHHoro kputepus (IC) € uMCMnosib30BaHMEM
Haya/IbHbIX 3HaYeHMWI NapameTpoB.

Lllar 2. PaccuMTtaTb 3Ha4eHWs Ci KakK 4acTHble MPOU3BOAHbIE (DYHKUMM OrpaHUyeHns
1 onpefennTb Homep K, ANA KOTOPOro 3HayeHue Cx MakCMMabHO. HOBOe 3HaueHvie aprymeHTa
k onpegensieTcs nyTeM Cnycka B CTOPOHY aHTUIpagueHTa.

LLar 3. Onpegenntb HOBOE 3HaYeHME MH(OPMAaLMOHHOIO KpUTepUs 1Chew.

LLlar 4. Ecnmn ICnew 6osbLie IC, TO e =0, B MPOTUBHOM C/ly4ae 06HOBUTL 3HaYeHWE apryMeHTa.
p
auy; =0

LLar 5. lMpoBepuTb YCNOBME OCTaHOBKU: ecnm 17 WA KONMMYECTBO MTepaumi

MpeBbILIAeT MaKCUMasbHbI/A Npeaen, anroputM 3aBepllaeT paboTy. B NpOTUBHOM Cnydae
KONMYECTBO UTEPALMIA YBENMUMBAETCS HA eAVHWLLY, U MPOLIECC NEPEXOaNT K Lwary 2.

PesynbTathbl

BbINnonHWM TecTMpoBaHWe pa3paboTaHHOro alropuTMa Ha TecToBOM Habope AaHHbIX,
BK/lOYaoWweM 5 npusHakoB u 99 HabntofeHwin. B KayecTBe MH(OPMALMOHHBIX KpUTepreB
paccMoTpeHa cpefHekBagpaTuyHasa owmnbka n AIC. [na cpaBHeHUs pa3paboTaHHOro anroputMa

Poccusa, Tomck, 22-25 anpens 2025 T. Tom 3. MaremaTtunka



XX MEXAYHAPOAHAA KOH®EPEHUNA CTYAEHTOB, ACITTMPAHTOB 1 MO/104bIX
YUEHbLIX «MEPCIMEKTUBbLI PASBUTUA ®@YHOAMEHTAJIbHBIX HAY K»

108

C M3BECTHbIMM Cnocobamn peLLIeHnst 3afa4vnm pacCMOTPEHO WCMNONb30BaHME 61MbnMoTekn Python
sklearn, B KOTOpoOi peannsoBaH anroputM Lars (B MHGOpMaUMOHHOro Kputepus BblbpaH AIC),
a TaKXe MMeeTCst BO3MOXHOCTb MOMCKa NapaMeTpoB perpeccui Lasso no CeTke ¢ Kpoce Bavaatmeit
(LassoCV).

Pe3ynbTaTbl NpeAcTaBeHbl B Tabn. 1.

Tabmmua 1
CpaBHeHVe anropuTMOB peLleHns 3agayn lasso ans naTuakTOpHOM Mogenm
MeToz bo b1 b, | bs b4 bs MSE | AIC BIC Li-
norm
LassoLarsIC, AIC | 6,48 0 0 1,78 4,41 4,75 10,55 520,25 | 528,04 | 17,43
LassoCV 6,48 0 0 1,75 4,30 4,64 10,69 521,49 529,27 | 17,17
MpeanoXeHHbIR
anropunTMm, 6,48 0 0 1,81 4,49 4,84 10,53 519,98 | 527,77 | 17,62
IC=AIC
MpeanoXxeHHbIi
anropuTMm, 6,48 | -045 | 0,39 | 1,77 4,51 4,87 10,46 519,33 | 527,12 | 18,48
IC=MSE

Takum  06pa3omM, MNPefIoKEHHbIA  airopuTM  0bGecrneymBaeT  MeHbllee — 3HaueHue
NH(OPMaLMOHHbIX KpuTepmeB n MSE.

3ak/ro4eHme

Pa3paboTaHHbIn anropnT™ aMEKTUBHO peLLaeT 3a4aqm OLEeHKIN napaMeTpoB perpeccum Lasso,
LEMOHCTPUPYA BLICOKYKD TOYHOCTb. OKCMEPUMEHTbI MOATBEPAUIN ero npenmyLLecTBa nepes
PacCMOTPEHHbLIMW CYLLLECTBYHOLLMMI METOAAMU, BK/IKOUAsA CHUXKEHWNE 3HAYEHUI MH(OPMAaLMOHHBIX
KpuTepues. JanbHeliuve nccnefoBaHus 6yayT Hanpas/ieHbl Ha afanTauuio anroputMa aas gpyrmx
TUNOB 334a4 MalMHHOIo 00y4YeHus.

WccnepgoBaHue BbIMOMHEHO NpU (PUHAHCOBON NOAAEpP>KKe PoccuiicKoro HayyHoro goHga
(npoekT Ne 25-21-00123).

Cnucok nutepaTypsbl

1. Mahdi R., Saman B.-K., Alireza N.S. A heuristic approach to combat multicollinearity in least
trimmed squares regression analysis // Applied Mathematical Modelling. — 2018. — Vol. 57. — P. 105-120.

2. Phan T.-T.-H., Nguyen L.H.B. Enhancing rice seed purity recognition accuracy based
on optimal feature selection // Ecological Informatics. — 2025. — Vol. 86. — P. 103044.

3. Roozbeh M., Arashi M., Hamzah N.A. Generalized cross-validation for simultaneous
optimization of tuning parameters in ridge regression // Iranian Journal of Science and Technology,
Transactions A: Science. — 2020. — Vol. 44. — P. 473-485.

4. Yokochi C., Bispo R., Ricardo F., Calado R. Regularization methods for high-dimensional
data as a tool for seafood traceability // Journal of Statistical Theory and Practice. — 2023. — Vol. 17,
Ne 3. — P. 44.

5. Gribanova E. Elaboration of an algorithm for solving hierarchical inverse problems
in applied economics // Mathematics. — 2022. — Vol. 10, Ne 15 - P. 2779.

Poccus, Tomck, 22-25 anpens 2025 T. Tom 3. MaremaTtunka



XX MEXAYHAPOAHAA KOH®EPEHUUMA CTYAEHTOB, ACIMTMPAHTOB 1 MOJ104bIX
YUEHbLIX «MEPCIEKTUBbLI PASBUTUA ®YHOAMEHTAJIBHBIX HAYK»

109

Poccusa, Tomck, 22-25 anpens 2025 T. Tom 3. Matematuka



XX MEXAYHAPOAHAA KOH®EPEHUNA CTYAEHTOB, ACITTMPAHTOB 1 MO/104bIX
YUEHbLIX «MEPCIMEKTUBbLI PASBUTUA ®@YHOAMEHTAJIbHBIX HAY K»

110

Poccus, Tomck, 22-25 anpens 2025 T. Tom 3. Matematuka



XX MEXAYHAPOAHAA KOH®EPEHUUMA CTYAEHTOB, ACIMTMPAHTOB 1 MOJ104bIX
YUEHbLIX «MEPCIEKTUBbLI PASBUTUA ®YHOAMEHTAJIBHBIX HAYK»

111

Poccusa, Tomck, 22-25 anpens 2025 T. Tom 3. Matematuka



HayyHoe n3gaHve
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Tom 3. Matematuka
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