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Koruna Enena /IMmurpueBHa

doxmop Pusuko-MemMeMamureckur nayx, npogeceop,
xaedpa meopul YnpasAEHUA,
darxyavmem npuraadHol MAMEMAMUKY — NPOUECCOS YNPABACHUA,
Canxm-Iemepbypackud 2ocydapemeennvidl yrnusepcumem

IHudpoas obpaborka MeIUIIMHCKUX U300parkeHuil

Aunporauusi. CoppeMennast MEIUIMHA BJIAJECET HEIBIM APCEHATIOM
JMArHOCTUYECKHUX H300PasKeHUH pasIuuHol MOJANBHOCTH. DT0 U300-
PasKeHHs, MOJyUeHHBIE METOJAMI KoMmubioTepHoil Tomorpadun (KT),
yIbTpassykosoit Tomorpacdun (Y3U), MarHuTopesoHaHCHONH TOMOrpa-
hun (MPT), onmodoToHROl SMECCHONHON KOMILIOTEPHO TOMOrpadust
(OPIKT), nosurponno-smuccuonnoii romorpacun (II9T) u 7.0, B nok-
Jajie Byjer npejcTaBieHa Kparkas HCTOPUIeCKas CIPABKA O HOsBICHUN
JIAHHBIX METOJIOB, & TAKXKE O TOM, KAKONH (PU3MUECKHH CMBICI HMEIOT
1 peI, JIeKaIIIe B 0OCHOBE PasnuuHbIX n3obpaxkenuil. [Ipusenensr oc-
HOBHbIE KJIACCHI 38184 (D POBOrO aHAJN3a H300PAYKEHUH, PACCMOTPEHbI
npuMeps! UG POBOIt 00paboTKN paMOHYKINJIHBIX H300payKeHuii, moJuy-
gennbix Merogamu ODPIKT u II9T. Ilpencrasien 0bzop sagad 1ud-
poBoit 06pabOTKH, a TaK)Ke PACCMOTPEHBI COBPEMEHHbLIE TEHJIEHIIMH ¥
AKTYAJBHBIE 3a/1a91 B JAHHON 0byacTu.



Kotina Elena Dmitrievna

D.Se., Professor,
Department of Control Theory,
Faculty of Applied Mathematics and Control Processes,
Saint Petersburg State University

Digital processing of medical images

Abstract. Modern medicine has a whole arsenal of diagnostic
images of various modalities. These are images obtained by computed
tomography (CT), ultrasound (ultrasound), magnetic resonance imaging
(MRI), single-photon emission computed tomography (SPECT), positron
emission tomography (PET), etc. The report will provide a brief
historical background about the appearance of these methods, as well
as about the physical meaning of the numbers underlying the various
images. The main classes of digital image analysis tasks are given,
examples of digital processing of radionuclide images obtained by the
methods of SPECT and PET are considered. An overview of digital
processing tasks is presented, as well as current trends and actual tasks

in this area are considered.



Epemun Anekceii CepreeBu4

randudam Guauro-mamemamunecKus nayk, ouenm,
rwaedpa UHPOPMAUUOHHBT Cucmem,
daxyavmem NPuKAGIHOT MAMEMATMUKL — NPOUELCCOS YNPABACHUR,
Canxm-Iemepbypecruti 2ocydapemeenivlil Ynusepcumen

Henpeppisubie meroabsl Pynre — KyrTrol
JJis pellleHus ypaBHEHUIl ¢ 3ana3blBaHUAMHU

AnHoTauus. Ajanraius MeTONOB pelleHnst 00bIKHOBEHHBIX Ju(-
hepeHIMANBHBIX YpaBHeHUN K ypaBHEHUSIM ¢ IePEMEHHBIMU HJIH Hepa-
[HOHAJIBHO COOTHOCHAIUMUCSH ITOCTOSHHBIMH 31143/ bIBAHUIMY SIBJISIETCSI
HeTpUBHAILHOH 3aa4eil. B noknae o60CHOBBIBAETCs BLIOOD OHONIIATIO-
BBIX METOJOB Jijisl YPABHEHUIl ¢ 3alla3/IbIBAaHUSMU U IIPEJICTABICHO HC-
[OJIB30BAHNE HEINPEPLIBHLIX Paciiupenuii MeTonoB Pyure — Kyrror s
ux addexTusHoro perenus. OTAENBHOE BHUMAHHE YIEJISETC CILYUAI0
ucdesalomux (WK OPOCTO 0YeHb MAJLIX) 3AIA3/BIBAHUN, IPH KOTOPEIX
NPHUMEHEHHE JIazKe SBHBIX METOJOB CTAHOBUTCS IOJHOCTLIO HESIBHBIM.
[TpusoguTes penieHue 3TOH IPODIEMbI BBEICHHEM HEIPEPBIBHBIX PACIITH-
peHmii s Kaxkaoro srana. PaccMaTpuBalOTCs BAPUAHTHI YMEHBIIEHHS
BBIMHCJHTEbHON paboThl 3a CYET OBTOPHOI'O HMCIOJNb3OBAHUA HEKOTO-
poix sranos. IIpusousres Gonee SKOHOMHYHBIC METO/LI HA OCHOBE HIECH
MeTonoB Pyure — Kyrrer — Hiocrpéma.
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Eremin Alexey Sergeevich

PhD, Associate Professor,
Department of Information Systems,
Faculty of Applied Mathematics and Control Processes,
Saint Petersburg State University

Continuous Runge — Kutta methods
for delay differential equations

Abstract. Application of numerical methods for ordinary differential
equations to equations with delays becomes nontrivial when time- or
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Epemun A. C.

Henpepsisabie MeToabl Pyure — KyTrbl niisi penieHust
YpaBHeHuil ¢ 3ana3ablBaHUAMU

Beenenue. B paGore paccMaTpuBaloTes ypaBHEHUS ¢ 3al1a3/(blBa0-
HIMM apryMeHTOM, 00CYXKAAeTcs BOIPOC UX YHUCIeHHOro perenus. Pac-
cMarpuBaioTess Merojbl Pymre — KyTrTel, nx HenpepbiBHBIE BapPHAHTHL
OTAenbHO pacCMATPUBACTCH JaJLHEHINIee PACIIHPEHIe MeTo10B PyHre -
KyTTel — (byHKITMOHAIBHO-HEIPEPBIBHBIC METO/IBI, KOTOPLIE MO3BOJIAIOT
COXPAHUTL NMPOCTOTY PEANH3AIUH JIJIsT YPABHEHUH ¢ HCUYe3al0MuMH 3a-
Ha3IBIBAHHAME ¥ (DYHKIHOHAIBHBIX JH(GepeHnuaIbibiX ypaBHEHHI,
B nocneanem pasgnene hopMyNIUPYIOTCS aKTYAJIBHLIEC, TOKA HEePEIIEHHbIe
3a/1a5H.

1. ducddepennmanbublie ypaBHEHNA ¢ 3aNa3 bIBAIOIINM ap-
rymenToM. B nannoit pabore mbl pacemarpusaem i pepeHnnaibHbe
ypaBHeHus1 ¢ 3anasasiBatomumy aprymentamu (JIY3A, delay differentiol
equalions), COCPEIOTOUYCHHBIME B OJHOH Touke. PopManbHo TAKUX 3a-
HAa3/IbIBAHKI MOKeT ObITh HECKOJIBKO, HO JJIs JeMOHCTPALIMA IPUHIIUIIA
PabOTHL UHCIEHHBIX METOJIOB JOCTATOYHO PACCMOTPETH OJHO:

Y1) = fty),yt—1), t=to,
y(t) = (1), t < to.

(1)
3aech T HA3BIBAETCA JuckpemmbLm sanasdueanuesm (MM TIPOCTO 3ala3-
JLIBAHMEM, €CJIM B KOHTEKCTE HeT CPABHEHHS €ro ¢ Paclpeje’éHHbIMN
sanazapiBannaMu). OHO MOKeT ObITh HepeMEeHHBIM H B OBIIeM ciyvae
3aBuceTh, Kak oH t, Tak u or y(t). Oyukius @(t), onperesionas no-
BEJICHHE PEIICHNUS JI0 HAYAILHON TOUKH to, HABLIBACTCH Npedvcmopuei.
Ona BLITOJHSET POJIL HAYAJLHBIX JAHHEIX, HO B OTJIMYHE OT 0OLIKHOBEH-
ubix guddepennnansubix ypasaenuii (OY) ne ronsko ¢(ty) oupese-
JISIeT pelenne, Ho Bee sHadenus ¢(t) ma orpeske ¢ € [mingsy, (¢ — 7);to].

Obuaacts npumenennus JAY3A secbma mmupoxka. OHEH HCIONB3YIOTCH
IPH DOCTPOCHHH MoJeJieil B OHOJIOrMH, IKOJIOIUH, SIHICMUOJIOIHH, Me-
JIMIMHE, UMMYHOJIOIHH, SKOHOMUKE, MEXAHUKe ¥ NHYKCHEPHOM Je/e, Ji-
HAMUKE JKHJKOCTeH, PeIgTUBUCTCKON MeXaHuke u T. 1. Ajpecyem unra-

Epemun Anexceti Cepeeesun — nouent, Cankr-Ilerepbyprexkuit rocyrapersetblii
yuusepcurer; e-mail: a.eremin@spbu.ru, Tem.: +7(921)871-89-37
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Teseit K MonorpadusmM no upuiaokerausM JIY3A u ceblikaM Ha OpHIH-
HAJIBHBIE HCTOYHHKE MoZesedl, npusenéuuse raM [1-3].

YpaBHEeHHs ¢ 3aI1a3/bIBAIONIIM apryMEeHTOM H3Y4aloTcsl ¢ TeOPeTH-
9eCKOIT TOYKM 3PCHHS JOBOJBHO JABHO (CM., HAIPHUMED, KJIACCHUCCKHE
monorpacun [4,5]), u unrepec k HuM He ocabesaet mo cei genb. Coucok
Jlazke HeJaBHUX MyOIHKaIH BechbMa OOIIHPEH, I0ITOMY 3/16Ch YIIOMSIHEM
HeKOTOpble paborsl yuéubrx hakyiasrera ITM ~ITV, Koropsie nocssnens
AHAJIN3Y MOBEJeHH 1 yeToifunsocTr pemennit JY3A |6-16] u yupasie-
HUIO B CHCTeMaX ¢ 3anasjibiBanusmu [17-19]. B macrosmeit pabore Hac
HHTEPECYeT HMUCICHHOE PelleHHe, MOTOMY MBI PACCMOTPHM HEKOTODBIE
ocobernoctu JY3A no cpasuenuio ¢ OV, koTopsie GyieT HeobXomuMo
YUUTLIBATE [PU BHIGOPE MM KOHCTPYUPOBAHHU TUCICHHBIX METOJOB.

1.1. Hekoropsle ocobeHHOCTH AUHAMUKHN. B ¢Ba3M ¢ TeM, UTO
HPEJLICTOPHS, OPEIENSIONIAs pelenne spisiercs byHKIMeid, a He wuc-
JIOM, BO3HMUKAET HECKOJILKO cyllecTreHublx orananit JAY3A or OV,

ITpumep 1. B nepeyio ouepejh cjejiyer OTMETHTH, UTO JAXKE CKa-
gspaoe JY3A MoKeT JeMOHCTPUPOBATD NEPHOAUIECKOE ¥ XA0THUECKOE
HOBEJICHHUE PEIICHHs], B TO BPEMs KaK OHH MOI'YT IOSBHTLCS JMIIb B CUC-
TeMe U3 He MeHee ueM JIBYX (IepHouveckoe) Win TPéx (XaoTudeckoe)
OY. Ussecrublit npuMep TAKOTO HOBEACHUs JadT ypaBHerne Makkest -
Dnacca [20]

’ by(t —T)

y'(t) = L+ (y(t — 7))
upu HekoTopoM Haope napamerpos (maunpumep, a = 0,1, b=0,2,
n =10, 7 = 20).

Ipumep 2 [21]. Her B3anMHO-0/{HOZHAYHOIO COOTBETCTBH MEWKLY
peleneM U HaYaIBHBIMU JaHHLBIME. B uacTHocTH, ypapnenue

Y =yt -yt - 1), ¢>0,

— ay(t)

umeer pentenue y(t) = 1 s moboit 3aaaunoit wa [—1, 0] ¢(t) rakoii, uro
2(0) = 1,

Ipumep 3 [21]. HaoBopor, oxuoit u Toif e NpeIplcTOPHH MOIYT
VJIOBIETBOPATH HECKOJILKO perennii, B ypapaenun

y'( ;t—|7,' 1)+2, b0,

i =1,
<1 <0,

3 1 ‘ ;
obe dbynxiun 5t u 5t apagoTcs pemenusvu Ha, [0, 2].
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IIpumep 4 [4]. Dnscrons u Hopkun HIpuBOAST IpUMep ¢ 0OPLIBOM
pEIICHUST B KOHCUHON TOMKE:

y'(t) = -yt —2-y*(®)) +5, t>0,
. 3, t< -1,
YiL) = p
y(t) Sl —1<t<o.
Ha orpeske [0, ij;’] pelteHue Jerko Hairu
" 3(t-1), 0<t<],
y(t) =1 7 o
Bi-1), 1<t

Moo YBHIOETDL, "ITO I[IpaBee TOYIKH —}%‘% penrerne rmocTpouTL He y,uaéTcn,

TaK KaK B Hell 3ana3/pIBaloNiuil apryMenT paBer B TOUHOCTH — 1, i KaxK-
Jlasi U3 BETOK IpeJblcTOpHE Oy/eT JaBarTh pelleHue, KOTOpPoe JIOJIAKHO
OnMpaThes Ha JIpyTyIo BeTKy (cM. [4] ms mogpo6uoro pas6opa). Kpaiine
VHTEPECHBLIM ¢ TOYKHM 3PCHUsT YHCICHHOTO PEHICHUs sBIACTCH MTOKAZAH-
Hbiii B [21] dakt, 4To YHCHCHHBI METO KAK IPABHIO He 06HADYKHBAET
1006HbIe OGPLIBLI U ITPOJIOJIKACT CTPOUTL HEKOE «faimommoes pele-
HHe.

OrMeuernnble B IpuMepax 2-4 0COGEHHOCTH IPOIBILIOTC BCE JKe jla-
JIEKO He BO BCEX YPABHEHHSX U CIEIUAJLHBLIE [OJIPOTIPAMMBL JJIs HX
OTCHEKUBAHUS B 00paboTKM, CKOpee, MOLYT SIBAATLCS HEKUME JIOIOJI-
HUTEJILHBIMH MOJY/ISME K OCHOBHOH IPOIpPAMME YHCJIEHHOIO PeIleHus
JAV3A. Opnaxo npu pemenny YpasHennil ¢ 3a0a3/bIBAHUAME 6CTh OfHa
0COBEHHOCTE, KOTOPYIO 00s13aH YIUTLIBATE JII060I MeToI,

1.2. Touku pazpeiBa npoussoiubix. B OJY 1pu Beinonnesnun
YCJIOBHIT JOCTATOYHON IJIAJKOCTH LPaBOil YACTH CAMH PELIeHHS TaAKIKe
SIBJISIIOTCST JIOCTATOYHO MIATKHME U METOIBI MOYKHO [PUMEHATE Ha [IPO-
U3BOJIBHO nocTpoennoi cerke. B JAV3A, naxe ecin pyukuuu f, 7 1 ¢
06J181a10T IIAJIKOCTHIO BBICOKOIO IOPSAJAKA, HJIH BOOOILE IPHHAJJIEKAT
kiaccy C ua Beell 061aCTH CBOETO OLPEIEICHHS, TAIE BCEIO PEIICHUE
SIBJISIOTCS] JIMIID OJHOKPATHO-HENPePLIBHO N (hepeHIupyeMbIM. DTO s1B-
JISIETCS CIIEJICTBHEM TOIO, 9TO B HAYAJLHOI Touke (fp), KaK IpaBuio,
HErVIAIKO COeIUHAETC s ¢ caMuM pernerreM. COOTBETCTBEHHO, IIPH IIepe-
xoze t — 7 uepes ty HabIIIOJAeTCsl CKAYOK IepBOoil Npon3sofuoil dyuxmmun
y(t — 7) W, COOTBETCTBEHHO, B TOUKE I — T CAMO pelleHne UMeeT CKauoK
BTOPOIl nponzeoauoil. PaccMorpum npocreiimmii
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IIpumep 5.
y'(t) = —y(t - 1),
y(t) =1,
HOJI}"!B..GM penienue HHTerpupoBalueM 110 OTPe3KaM ,E[.J'IHHOﬁ 1:
1o & t e [0,1],
y(t) = § 5% —2t+ 3, t € [1,2],
1.3 342 17 3
-+ 3 -+ i, te(2,3)...

Puc. 1. Pemenue sajgaun u3 upumepa 5

Ero rpaduk upegcrasaen va puc. 1. Jlerko ysuiaers, ¥ro

¥ (0)=0#y,(0)=-1,
y (1) =0#y1(1) =1,

Boobuie mus soboro ¢t = n € N gannoe penenne uMeeT PasphiB IPOH3-
BOAHOM 1 + 1-TO HOpgaKa.

Kax BujgHO, 10 Mepe pocTa { DNIAJKOCTL PEIIeHHs BO3PACTACT, ITO
SIBJISIETCS] CBOMCTBOM ypaBHEHU 3amazapizaiomero Tuna. OaHako gaxe
JJISE HUX IIOBEJIEHHE MOYeK pPa3puiea MOyKeT OBIThL BECHMA CJIOMKHBIM IIPH
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HECKOJIbKHX 3alla3JIblBaHHAX, U JaxKe HelIpeJCKa3yeMbIM IIPpH 3aBUCUMO=
CTH 3alla3/ibIBaHuil oT BpeMeHN M DPelleHH:d, B nmocjaeaneM cayvdae Mbl
JdazKe He MOZKEM BBLIYHCIIHTDL 9TH TOYKH 3apamee, YTOOBI BKJIIOYHTH X B
cerky 1o spemenu. Jeso emg Gosble yea0KHASTCS 18 yPaBHeHH Hei-
mpaabroz20 muna, KOToOpblie B CJIYTae JUCKPETHBIX 3ala3/bIiBaHui HMeIoT
BILJI

! ? ’ 4 ‘

y ()= ftylt)yt—71)hy(t—0), t2to

u0) = olt) B iy

(2)

¢ o > 0. dust HEX He IPOUCXOUT CIUIAYKUBAHUS PEIICHUS U TOUYKH pas-
pBIBa MPUXOIUTCA OTCHEKHUBATL M 06pabaThiBaTh HA BCEM HHTEPBAJE
pemennst. [Ipu 9ToM, Bce paccMOTpEHHBIE JAJICe METOABI MOIYT OBITL
663 0cOOBIX H3MCHEHHI NPHMENCHBI K YPaBHeHHIo (2), MO9TOMY HMETh B
BUJLY IIOBEJIEHUE TOYCK PaspbiBa B UX cJIydae TaKyKe HeoDXOIMMO.

PaceMoTpenne 3aadu O HOUCKE W BKJIIOUEHUH TOYEK PaspbliBa IIPo-
U3BOJHBIX B CETKY 110 BPEMEHH, BBIXOAMT 38 PAMKH HACTOsINEH paboThl.
VIHOMSIHEM JIUIIL, YTO HEKOTOPBIE MOAXOL! IPEJICTABICHHLIE, HAIIPHMED,
B |22, 23| HCHONB3YIOT WTEPAIMOHHYIO HPOIELYPY HOMCKA HOIXO/AsIIe
JUINHBL IIara, OKAHUYNBAIoIIeHcs B TouKe paspbia. Bosee adek TuBubIil
1 GBRICTPBIH ANTOPHTM TpecTaBiIeH B [24).

1.3. Beibop uuciiennoro merosa. C yudrom CKazsaHHOIO O TOU-
Kax paspblBa, CIeAYeT OTMETHTDL, 9TO MHOIOIIAIOBLIE METOJIbI, XOTh U siB-
JstioTes 6osee GLICTPBIME, YeM OJTHOIATNOBLIE, JIs MOCTPOCHHS PEIIeHH
HCIIONL3YIOT WHTEPIOSANNIO depe3 HecKoILKo maros. CooTBeTCTBeHHO,
JUISL HOCTPOEHHs HPHOIHMKEHNS HEKOero IHOPsJKa TOMHOCTH peIieHne
JIOJIZKHO OCTABATLCS JOCTATOYHO TIAJKHM Ha TPOTSIKEHHH HECKOILKHX
maros. IIpu HAXOMKAEHNH TOUKH PA3PbLIBa POU3BOAHONK, MHOTONIAIOBO-
MY METOMY HpHAETCeA A0 CMEHUTD HOPSI0K Ha MEeHbIIK (B 1pegeste —
HA [ePBBLI ) MK BOODILE OTKA3ATLCSA OT HCIOAL30BAHNS TOUYECK JIeBee TO-
KI PA3pLiBa U 3aHOBO NPOBOJUTL CTAPTOBYIO IPOLEAYPY (0 MHOromaro-
BBIX METOJAX CM., Hanpumep, |25]). K romy ke, uaTeprossus 1jis Ha-
XOKJICHHS PelleHns MexKLy TOUKAMU CeTKH, KOTopas HeoDXOJuMa s
JAV3A, Takke oCymecTBISETCS U€pe3 HECKOJILKO IIArOB U IIOPOil BOBCe
HEBOZMOKHA [PH HAJMYNY HECKOJIBKUX TOUCK PA3pblBa B IPEJeIax Ma-
JIOTO YHCJIA HIATOB JPYL OT JAPYyTra.

B cBs3u ¢ npuBeagHHO apryMenTaliei, B mocae/Hee BpeMs Hece10-
Banus B Hanpasierun perenus JIY3A cocpeioTouenn Ha 0HOIIANOBLIX
Merosax, B gacTHocTH Meronax Pynre - Kyrrol, BepHee, ux BapHauTe C
HENPEPLEHBLMU PLEULUPEHUAML, TO €CTH WHTEPIIOISHTAMU, T03BOJIIIO-
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MIHMHY IIOJYYUTL pelleHHe BHYTPH H1ara. B CJHEAYIONINX NBYX pa3lesax
PaCCMOTPHUM HENPEPBIGHBLE MEMODI PyI'II‘e—KyTTbI OPUMEHUTEe/NbH0 K
YpaBHEHHAM C 3alla3IbIBaAHUIMHA,

2. Meroas: Pyure — Kyrrer gia JAY3A. s 10gHOTH H310Ke-
HHS PACCMOTPHM CHavasa (POPMYIHPOBKY KJIACCHIECKHX MeTo0B PyH-
re — Kyrrs! just 06bIKHOBeHHBIX Jud hbepeHnuaibHbIX YPABHEHHI, T0Ka-
JKeM BO3MOYKHOCTBL MX IPHMeHeHHs! 6e3 H3MEHeHU K CAMBIM [IPOCTBIM
YPABHEHHUAM € 3aIA3/IBIBAHNAMI, & 3aTeM TIePeiiéM K HelPePLIBHLIM Me-
TogaM, npuMennMbiM K JIY3A B paMKax Tak HaspiBaeMoro cmandapm-
Hnozo nodroda.

2.1. Popmynuposka anas OJY. Onucanme merogor Pymre -
Kyrrsr MOKHO BCTPETHTD B JIIOOOM KJIACCHYMECKOM YUeOHUKE 110 UHCJIeH-
nomy pemenuio QY (cm., manpumep, [25-28|). PaccMoTpuM HadagbHyIo
3ajady st 00BIKHOBEHHOIO JuddepeHiatbHoro ypaBHeHust

!
y (t) = fty(t), 3)
y(to) = yo.
[TycTh BBIIOJHEHO N IANOB PACCMATPHBACMBIM METOJOM ¥ IIOJIYUEHBI
TouKn (t1, Y1)y oy (bny Yn ). (n+ 1)-it mar gyuHoit h s-3TAMHBIM MeTOLOM
Pyure - Kyrre! gaér npubnmxkenne

?J(tn-{-l) ~ Yn+1 = Yn + hz btf(irx-&-l’ Y;f:-l-l): Tr.')-l-l = t'u. I C.,;h,

=1

s (4)

i g i C_ )
nt1 = Yn + hz G'i-'t'--f(TH--l-l’ Y'-n.+l) y = 1= sy S
j=1

,H.HH opocToThl MBI, TaM I'JIe 9TO He BarKHO, Ol'[yCK'rJ.BM Y 06031—1&‘181—"&}]
h MHJEKC NPUHAIJIEKHOCTH K (N + 1)-M_y mary, XoTs, KOHeUHO, MeTo/,
IPEAIONIAracT BO3MOYKHOCTEL PEATHU3AIUN ¢ IepeMeHHON JIuHoil mara,
TAK YTO B 0OIIEM BHJIE KaX bl mar i, 1 MOKET HMeTh CBOIO YHUKAJb-
HYIO JIJIMHY.

Hueno 9Tanos § XapakTepH3yeT CTOMMOCTEL IPUMEHEHHS METOJa Ha
OJITHOM IImare, Taxk Kaxk OCHOBHBIE 3aTpaTbhbl MAIIUHHOIO BpeMeHnu JIJIsl fAB-
HBIX METOJOB COCTOAT B Bbluncaenun dpyuxiuu f(t,y) — s pas, a g
HESIBHBIX — OT § 3aBHCHT Pa3MEPHOCTL CHCTEMBI aarebpaniecKux ypas-
HEeHU, KoTopbie HANO perruTh. TakuMm 06pasomM, OfHOR M3 Ieseil mpu
HOCTPOCHHN METOJA ABJISeTCS MUHMMH3AIN YHCIa STAIOB IpU obeciie-
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SMEHHU JOCTATOMHOM TOMHOCTH U yerofiuusocti. Jis cpapHeHns: METOIOB
10 TOYHOCTH HCHOJB3YIOTCS TOHATHS TOPIATKOB.

Omnpenenenne 1. I'oBopat, 4To MeToa HMeeT duckpemmoits nopadox
mounoemu P (AUCKPETHLIH JTOKATBHBLI HOPSIJIOK P), €CIH JJIst JII0B0H 10-
crarouno raaaKoil 3agadn Komm (3) s JoCTaTodHo Majuoro i BepHo

ly(t) — |l = O(RPTY),

WM, YTO TO 3Ke camoe, psijibl Maxiopena o crenensiM h st npubiu-
FKEHHSI M TOYHOTO PEIICHUS COBIAJIAIOT J0 AP BKIIOUTHTEIHHO.

Onpenenenue 2. L'opopsar, 4ro MeTO] UMeeT duckpemmbit nopador
crodumoemy p (AUCKPETHLIH MI00ANLHBIR MOPAI0K p), ecan Jiid Joboil
JIOCTATOUHO TVIAJKON Ha oTpeske [to, tenqg] (MM XOTS 6B Ha KAZKIOM A~
re) sajaun Komm u Jyis JOCTATOYHO MAJOro i BepHo

y(tcﬁri,e..l) = j'jNH = O(hi’),

riae N = (tena — to)/h.

Bameuanue 1. Jiaag OV meroust, nMeonue JOKAILHBI HOPSIOK
P HA KayKJIOM IIare, CXOAATCd ¢ TOPIJIKOM P.

Tpanumuonno koadunuentsr MeToga (4) IpejCcTaBISIOT B BHIE TAK
HaszbIBaeMoil mabauyst Bymyepa:

€L | @11 Gz 0 Gg
Co | Q21 @2 v A2
el A
bt
Cs | Qg1 Qg2 ' (gg
by by 0 by

Kak npasuiio ux usyuenue HaMnHAETCH ¢ OOJIEE MUPOKO U3BECTHBIX A6~
BT METOJOB, I KOTOpeIX ¢ = 0w a;; = 0 npm i = j, T. e. MmaTpu-
na koapduuenTos A aBiseTcs cTPOro HUXKHETpeyroybHoit. B raxom
caydae sHadenus Y 41 HaXOJATCs KaK sIBHO 3allaHible (hYHKIUH yiKe

HAMJIEHHBIX paHee 3HaYeHNH Y,,L_l, 3=1,...,i—1, uro yupouaer ux pe-
aauzannio. Hessuvie METOALI IPEIIIOJIATAIOT HEOOXOAUMOCTL PEIICHHsT
ajredpanteckofl CHCTeMBI AjIs olpeie/enns seex (mmm sactu) Y,! 1
2.2. IIpocreitmasa agantanua K JAY3A. i perenus ypas-
HEHUS ¢ 3aIa3/LIBAIOIIM apryMenToM (1) B eiIydae 0JJHOrO IOCTOSHHOTO

sanasAsBaHudg T = const, MeToj, (4) MoxKeT GBITH UCIOIB30BAH [ €10
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pelIeHus] ¢ HOCTOAHHON jyinHoit mara h = 7/m, m € N, B ciemyiomenm
BHJIC:

?j(t'n.-H.) ~ Yn+1 = Yn + hz hif(T(rJ+15 Y;i+17 ’(:j—‘,ﬂ,-l—l)?

i=l

£+1=tva+c'ih, T .

&
e (i i J i
i Un T h Z a'f:.ff(TTJ,+1 ! Y-;:.+1’ Y;a—m+1)’ : 2 O’
n+1l = j=1

o(Th iy —T), i <0.
ITono6uerit BapuanT He TpebyeT HHKAKHX CHEIAJBLHLIX H3MCHEHI B ca-
MOM METOJIe U ODeCIeUHBACT COXPAHEHNE KAK IMOPSAJIKA TOYHOCTH, TaK U
HOPSLAKA CXOUMOCTH METO/A, HO yIKe B CIyUuae JBYX 3ala3/biBaiuil Mo-
JKET OKa3aThCs Jub0 BOOOIE HEIPUMEHUMBIM B CHIY UX HPPAIHOHAIb-
HOTO COOTHOIIEHHS, JHO0 HENPAKTUYHBIM B CH/IY MAJOCTH UX OOIINEro
gesinredis. COBEPIIEHHO SICHO, UTO METO/, He IOJUTC U JJIsl IIePEMEeHHO-
ro sanasapiBanns. B ganbHelinieM BApHAHT HECKOJbKIX HPPAIHOHAILHO
COOTHOCSIIIIMXCS 3aIa3/IbIBAHNI MBI He OYIeM PAcCMATPUBATE CLIEIUAb-
HO, 00'be/IUHsIsI BCE B PACCMOTPEHHE IIEPEMEHHBIX BAlIA3bIBAHNIL.

2.3. HenpepbiBHble pacmupenns Merongos Pynre — KyTTsl.
st mepeMeHHOro 3anas/blBaHus, 3aBUcdaiero or spemenn 7(¢) (time-
dependent delay), or pemenus B rexymmii Moment Bpemenu 7(t, y(t))
(state-dependent delay), nnm gaxe Gonee obmero BUja, HAIPUMED, 3a-
Jannoro Hessno uepes g(t, y(t), 7, y(7)) = 0, Tpebyercs obecnednrs BO3-
MOYKHOCTE HAWTH JIOCTATOYHO TOYHOE NPUOIHIKEHNE K PEIeHII0 He TOIhb-
KO B TOYKAX BPEMEHHOH CeTKH {tn, (A ,tl,,,}, HO ¥ B JII0OOH MOMeHT
MEZK /Yy HUMH,

EcrecTBeHHBIN BAPHAHT HCIHOJIBL30BAHIS HHTEPIONISHTOB Yepe3 Hec-
KOJIBKO TOUEK CeTKH UMEET BCE Te JKe OIPAHHUEHHS, YTO H UCIOIbL30BA~
HUE MHOPOIIATOBLIX METO/I0B, II0ITOMY OJJHONIATOBLIC METOALI CHADKAIOT
cODCTBEHHBIM OJJHOIIATOBLIM BAPHUAHTOM [IOCTPOCHUST UNMEPNOAANMA HA
ocHOBe amannvis npubaustcenut Y, 41 Hanpumep, KoJutokanuonHeie Me-
To/pI [29] O CBOEMY MOCTPOECHHIO AAIOT TOJMHOMHAILHOE IPHOIHIKEHIE
K PeleHnIo Ha BCEM Inare nopsjaka s [21]. Pazinuanbie mogxozs! K ocTpo-
EHUIO TAKHUX HHTEPIIOJISHTOB JJIs SIBHBIX U HESABHBIX METOMOB U3y YAI0TCS
JOBONLHO jgasno (Hampumep, [30-32]). Jocrarouno HOJIHBIE HX aHAIH3
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upejcTaBieH B [21]. DTH MHTEPHOISHTEL HOLYIIIH HAZBAHUE HENpepyie-
HOUE NPUOAUIICEHUT, UITH NAOMN0T 66idayt, & CAMHE METOILL, HMHI 008,18~
IOIUe, HASBIBAIOT HenpepueHbimy memodamy Pynee - Kymmuy (HPK).

2.3.1. HenpepsiBasie Meroasl muas OAY. dua OV (3)
s-aranusii HPK, pacmupsiomuil quckpernsiii meroy (4) naér apubnu-
JKeHue B Kaykol Touke (n + 1)-ro mara mo dopmyme

Yt + OR) = (tn +6h) = yo + h D bi(O) (T, Vi), ()

=1

e 6 € [0,1], 5;(0) = 0 1 bi(1) = b; ana seex 4. O6mmit ke wHTEp-
nossuT N(t) cocTaBsieTcs M3 IHONYUIAEMBIX TAKHM 00pa3oM KyCOUKOB,
npuuésM Y, = n{ty). IIpu nepeMensoil jjune mare s KazkjIoro mara
HCIIOIB3YIOTCA CBOM 3HAaMeHud h =ty —ty m 0 = %L«
Oupenenenne 3. [oBopsaT, 4TO METOM UMEET PasHOMEPHBIL NOPAJOK
mownocmy ¢, ecyin Jyist mo6oit gocrarouno riaaxoii sagaqn Komn (4)

,JI.]I)’[ J0CTaToIne MaJoro h. BepHO
ly(t) —n(t)| = O(hI*Y) Vi € [to, to + hl,

WIH, 1T0 TO Ke camoe, psiipl Maknopena no crenensm @h js npudiu-
JKEHMsI M TOYHOI'O PEIIeHMs COBHAJAIOT J0 AP BRIIOUHTENLHO.

Onpenenenue 4. 'oBOPAT, 4TO METOJ HMEET PAEHOMEPHBIT NOP -
dox cxodumocm ¢, ecliy IJisl OO0 JIOCTATOYHO IIAJIKON Ha O0Tpe3Ke
[to, tend] 3amaun Komu (4) n ais gocrarouno Maioro h BepHO

Bameuanne 2. OUeBHIHO, YTO JUCKPETHBIH IOPSIOK BCerjga He

y(t) = rq(t)” = O(h’q) vt e [tlhtrmrl]-

MEHbINE, 9eM PABHOMEPHDI.

Teopema 1 [21]. ITpu npumenenui memoda ¢ UCKPEMHBIM NOPAD-
KOM MOUHOCTIU P U PASHOMEPHBM NOPRIKOM MOUHOCTL § K Jocmamot-
1o 2acdkott nae kaxcdom waze sadave Kowu (3) pasnomepnvidi nopadox
crodumocmu pasen min(p, q + 1).

B kauecrse npumepa npuseéM sBHBIE MeTOH 3-10 paBHOMEpPHOTO (1
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JICKPETHOTO) HOPSLIKA, [IPeIIoXKeH bl B [32]:

0 0
12 12
13 13
16 368
H 375 375
| ﬂ 529 125
144 1152 384
65 , 41 ., 529 , 529 . 125 , 125 ., ’
8= _92 _63 _62 _ _63 __92 _ _93 —92 6.-)
18 Tm" 31’ T e 128" 102 +

HJamuniii MeTor obaagaer nHTepecHol ocobennoctnhio. B ném npubanxe-
HIIe B KOHEUHOH TOUKe MOoJyuaeTcs 3a Tpu aTana (rak kak b;(l) = agq,),
a 3HauuT Hpubiaurkenne 4-ro srama Yff = 4. B 10 3Ke Bpems BeiescTBHE
ABHOCTH MeToa Y, | = Y, CTAN0 OHITH HA HOBOM INATe HYZKHO GyeT
BBIMHUCAATE [ TOMLKO B TPEX HOBBIX TOUKAX, & HE B UCTBHIPEX W MBI BIIpaBE
CUHTATH ITOT METOJ TPEXITAIHBIM. TaKoil npHéM HA3BIBAETCS <IIEPBBLI
Kak nocaenunit» (first same as last, [25]) Wau «IIOBTOPHBIM HCIIOJIB30-
Banuem» (reuse, nanpumep, [32]). Asropsi [32] TariKe OCTPOMIN SBHBIC
HPK 4-ro paBHOMEPHOro IOPsIKA € IATHIO ([II0C JAOIOJTHUTEIbHBII) 1
5-ro — ¢ ceMbio (IIIOC JONOJHATEILHEIH) STanamin.

2.3.2. IIpumenenue K JAY3A. B nannom pasaene 6yaer yaobuee
sanucars (1) He ¢ 3ana3IbIBAHKEM, & € OTKIOHSIOMUMCS APTYMEHTOM:

y'(t) = f(t,y(t), y(w(t,y(t))), t = ta, (©)
y(t) = (1), t < to,

rae apryment w(t, y(t)) < ¢t moxer ObITH 3aJlaH B TOM HCJE HEABHO.
HPK (5) nupumMensercs: 04eBUHBIM 0OPa30M:

:U(tn + 9}7) ~ n(tn T 9}7) =yn+h Z b,(f))f(T;,_’_l, Y,:‘?.Ha 7?(Q:fn.+1))’

=1

i _ .. i _ i i
Tn+1 =tp+ (‘"-h’v Q-n.+l - w(Tn+17 ‘n.+1)7

=yn+h Z G'i,ff(T#+1 ’ Y?f-&-] ) W(Q‘ﬁ:+1)) s

i=1

n+1

(7)

a caM unrepuosaut n(t) = () upn t < 4.
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2.4. Ilpobnema «nepexpwiTusi». Jonymenne w(t, y(t)) < ¢t noa-
pa3yMeBaeT BO3MOXKHOCTE TOro, 4To Ha (n + 1)-M mare w(t,y(t)) oka-
deres BonpuM b, (B 9aCTHOCTH, 5T0 HABEPHIKA IPOHCXOIUT HIPH UC-
wezaouur 3ane30w6anuAT, WIH B YPABHEHHAX THIA HanTorpada —
y' (1) = flylqt)), q € (0,1)). Takyio cuTyanuo monaJaHus 3a0a3/bBaIo-
IMETo apryMeHTa B TEKYIIHiT Iar THCIeHHOTO METO/a HA3BIBAIOT 06epAe-
nom (overlapping) win nepexpeiTuem. B arom caywae n(t,, +0h) nosisis-
ercs B aprymMenTax (Gpyuximit f B upasoil gactu ypasuenus (7) u jaxe
B fIBHBIX METOJ[aX BOBHHKAET HeOOXOIMMOCTH PEMIATh MOJHYIO CHCTEMY
aJrefpantIecKuX yPaBHEHH, 9T0 CYIICCTBEHHO YBEJINYHBACT BLIMHCIIH-
TEIBLHBIEC 3ATPATHI, & TAKYKE YCJOKHACT MporpaMMuposaiue. K Tomy ke
TpeboBaHNe O/HO3HAUHON PA3PEITHMOCTH TAKONH CHCTEMBI HAKIAILIBACT
JIOLOHUTE/ILHBIE OPAHHUEHUs] Ha, 38144y,

[IpoGyema sABHON PeaTH3AIMH SBHBIX METOJAOB B CJIYUae MEPEKpb-
THS MOXKET OBITL PEIICHA, HAIPHMED, HCIOIL30BAHNEM HHTEPIIOJIAHTA C
npeJBLYIero mara [33], uim mogaranneM WHTEPIIONSHTA KOHCTAHTHBIM
M TOCTEICHHBIM €0 YTOUHEHHEM MPH ITOBTOPCHUHU MIara HeCKOALKO Pas,
uin OObeUHEHHeM THX [OJXO0L0B, KAK CAEIAHO, HAlpUMep, LIPH pea-
Jmzanuy uponerypsl ddesd 8 MatLab [34]. Ho ncnonbsosanne unrepro-
JISTHTA € IPEABLIYIIEro MAara YPEeBATO HePexo/oM Yepes TOUKY Paspbisa,
a MOBTOPEHHE Iara YBEIHIHBACT 3aTPAThl U 3aTPYAHICT HPABHILHYIO
OLIEHKY TOYHOCTH NOJYUCHIOIO IPUGITHIKCHHSL.

Haubosiee npocThbiM B PEANU3AIMHA U JIMIIEHHLIM 3TUX HEJIOCTATKOB
BAPHAHTOM OKA3AJ0Ch NPUMEHEHNE K YPABHEHUAM € LEPEKPBITHEM Me-
TOJOB U3HAYAJBHO HOCTPOEHHBIX JUlA (DYyHKIMOHAIBHLIX Juddeperiu-
AJbHLIX YPABHEHUI 3ala3/IbIBAIOIIEr0 TUIIA BUIA

y(t)=Fftw), w=ylt-7), 7T€0r],

TO eCTh TaKHX, I'Jle IIpaBas YacTbh 3aBHCHAT OT BCeX 3HAYCHN pemenus
HA MHTEPBaJIE [t - r,t] [35, 36]. D1 ypasuenusi 0606IIAIOT YPABHEHHS
¢ JUCKPETHBIMH ¥ PACHPEIEIEHHBIMYA 3ANa3 LIBAHUAME, 1 boJjee 0O-
e nHTerpo-audyepennuaibabie ypasHerus, u apyrue, Takue MeTo bl
HA3BIBAIOTCH  (fyrkyuonasvno-nenpepuenomy (functional-continuous),
cpefu KOTOphIX Mbl paccmorpuM Merojsl Pynre - Kyrrer (PHPK). Cy-
MIECTBYET U JAPYroe YCTosIBIIeecs Ha3BaHne, KOTOPOe TOUHEe OIHCLIBAET
UX € TOYKH 3PEHHS HX CTPYKTYPBI: 2ManHo-HENPEPHeHe Memodbl HITH
memodu. ¢ nenpepuerumu amanamu (continuous-stage methods).
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Teopus dpyurIHoOHATBHBIX MU hepeHINAIBHBIX YPABHEHI XOPOIIO
uzJozkena B [37|. B nacrosmeit crarhe Mbl He OyueM yriayOIsaThLCS B HEE
¥ TIPEJICTABUM YHCIEHHBIE METOJbI JINIIL Ha IpuMepe ypapnennsa (6).

3. PyHKIMOHAIBHO-HENIPEPbIBHbIe MeToabl Pymre — KyTTbI.
ITepBeie TmpuMepsl TAKHX METOAOB OBIIH MOCTPOEHBI eIE B HaYAIe
1970-x romos Jyuist pYHKIMOHAJBHBIX ypaBHeHuH Boswreppst [35]. Va-
Tepec K HUM Bo300HOBHICH B 1990-¢ B CBA3H ¢ YPABHEHHSIMU C IIEPEKPEBI-
Tuamu [36]. OBmuit moaxos K X IHOCTPOEHHIO OLLI HpeacTasieH B |38,
1 Golee MOJIHO M CHCTEMATHYHO H3oxKen B [39].

Kax crnenyer u3 anbTepHATHBHOIO HAZBAHWS, JTAHHBIC METOILI COACD-
JKAT HE TOJIBKO HEIPEPBIBHOE PACITHPEHHE s TPUOINIKEHIS PEITeHsT
y(t, + 0h) BHYTPH Mmara, HO M JAIOT BO3MOMKHOCTH HAKTH NPHOIIKEHHE
K PEIIeHUIO BHYTPH TEKYIIEro IIara Ha KayJIOM W3 9TAloB, TAK ITO IO~
MuMo Y1, siBasnomerocst npubamzkenneM B 1)1, BBOAATCH omaniwie
unmepnoasrmo, HY, 41(tn +0h), 0 € [0, ¢;]. IlockombKY JyIsi HOMHOCTHIO
HESIBHLIX METOJIOB MpoG/IeMa NepeKpPLITHs He CTOMT TaK OCTPo (OHA I10-
Tpebyer JINNIL TeXHUYCCKOTO YCJOMKHEHNS PeAH3AINNE) U OHH B CBOEM
HOJABJISIONIEM OOJILITUHCTBE MOTYT OBITH MHTEPIPETHPOBAHLI KaK KOJI-
JIOKALMOHHBIE METO/IBL, JIJIS HUX BCE HTAIHBIC HHTePIIOJISIHTEL MOIYT ObIThH
BBIOpanbl Kak urorosstii 7(t). Iloaromy 31ecs pacemorpum popMyInpos-
Ky nMenuo asubix OHPK.

3.1. ®opMyauUpPOBKa IBHEIX METOJOB M X uKcJo aTanos. Ha
(n 4+ 1)-m mare asustit s-aranusit GHPK npuMennTensno K ypaBHeHHIO
(6) maér npubanrkenne

Yt + OR) = (ta + 0R) = yu +h D bi(B)KL,,, 6€[0,1],
i=1
K-ii-}-l = f(T,'";,H, -.'i+1a ::p.+1( f;.+1)),

) - i S ¢ i i - i i
Tn,-l—l = t”h + C“f:h" Y;).-|-1 = H71.+1(T1.-4-l)5 Q:u,-l-l = W(TH-'J.’ u+1)’

7l 7l

Lp(t)s t< tn,
i I](f’), L € [t()a tn]a
Hy () = i-1
N ped i r_t—tn
yn+h > ai (0K, t€ltn,Tipl, ¢ = —=.
j=1 )

(8)
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s obecrieueHns] HEIPEPBIBHOCTH TAIHBIX HHTEPIONSHTOB, Koaddu-
umeHTsl a,; () yrosnersopsior yeaosusam a;,(0) = 0, Vi, j, a kpome Toro,
ai;(¢i) = a;j, vie aj; — KoM OUIMEHTEL JHCKPETHOIO METO/A, JEYKAIIEr0
B ocrose gannoro @PHPK.

VenoBusl MOPsAAKa — YCIOBUS COBIAJCHHA PA3JIOMKCHHN TOUHOIO H
NpHGIMKEHHOTO peineHuit B paabl Telnopa 4o safanuoi crenenn h —
st OHPK cioxknee, uem piua HPK u, Tem Gosee, st IpocThIX MeTO-
goB Pyare— Kyrrut (PK). B ¢Bsa3n ¢ 9THM MIHEMAJIBHOE YHCIO STAIOR,
HeOOXOUMBIX JJIsl TIOCTPOCHUSA SABHBIX METOHOB, Hosbiie. B Tabmume 1
IPEJICTARICHO CPABHEHHE MUHUMAJIBLHOTO YHC/IA 3TAIIOB JJIs TIOCTPOCHIS
SIBHBIX METOJIOB COOTBETCTBYIONMX nopsaakos (jua PK — muckperHoro,
g HPK — pasmnomepnoro, ansa GPHPK — wepes npodn panomepno-
ro/JHCKPEeTHOTO).

Taﬁ.rmua 1. MunumManbHOe YHCIO 9TAIOB SBHBIX MeToH0B

Ilopsiox 1 2 3 4 5 6|7
PK 1 2 3 4 6 7|9
HPK 1 2 4 G 8

OHPK | 1/1 | 2/2 | 4/3 | 7/6 | 11/9

[puseném npuMep 4-3TamHoro Merofa 3-ro paBHOMEPHOTO HOPSIKA
us [38]:

0 0

1 0

1 1 1
fal .. 2p2
2 b 29 2(9

—

1 1
0 — —6° —6?
2 2

302, 203 2_ 4.3 1o, 20
9 29 +39 0 20 39 26 +3F)

Taxzke kak u B caydae HPK MoxKHO OCTpOUTL METO/BI ¢ JIHCKPET-
HBIM [TOPSAJIKOM 38 MEHBIIee YHCJI0 TANOB, A JOIOJHUTEILHLI 9Tamn ne-
MOJIL30BATE B KadecTBe nepsoro Ha caeayiomenm mare [40]. Torga meror
3-ro paBHOMEPHOI'O MOPSJIKA MOMXKHO PEAJH30BATL IPAKTHYECCKH 38 TPH
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Talla:

0 0

1

= 0

2

2 : :

. 0 — 6 62

3

1 9 — 36° 0 267
0—-36+36% 0 §6°2-36° -0%+6°

3.2. Kombuunuposanusiit merod. Hecomuenno, GPHPK moryr
OBITH NMPHUMEHEHBI K YPABHEHHSIM COBCeM 6e3 MepeKpLITHH WM Ha Ia-
rax, rje He BO3HHKAET [IePEeKPLITHH, HO HAYHHAS ¢ 4-10 IOpSIIKAa 5TO
Oyzer HpUBOAUTD K JIMIIHUM BbluucaerusM. Jlornaao 66110 6bl HCIOJb-
sosarb HPK ¢ msrbio HoBbIME TamaMu Ha marax 6e3 nepexpoitus (Ha-
upumMep, [32]) u ¢ mecThI0 HOBLIMHI TAIAMH Ha IIAIAX ¢ IE€PEKPBLITHEM
(manpumep, [40]). Oguaxo, ¢ ofHONR cTOPOHBI, 6PATh JBa CUIBHO PA3JIN-
YAIOMIMXCH METOJ/A HE CTOUT B CHJIY PAZHUILI TOBEACHUS UX IIOIPEITHO-
creil 1, KaK C/ICJCTBHE, IJI0X0 paboThl AJIrOpUTMa YIIPABJICHUS JITHHON
mIara, a ¢ JApyroit CTopoHsl, He BCera Iepe] COBEPIICHUeM IIara H3BeCT-
HO, BOSHUKHET JIM Ha HEM IepeKpblTHe, H XOTeI0ch Dbl He 0TOpachiBaTh
VIKE COBePIISHHBIC BTOPBIM METOIOM BBIUHCICHMS.

M3 a1oro Bo3HHKJIA Hies MOCTPOUTL METOJ, KOTOPLIH, HauMHAs KaK
HPK B npeanoioXKenuu orcyTCTBA NePeKPBITHs, B JII060I MOMEHT MOT
OBl IEpPecTPONTLCS Ha (PYHKIMOHAILHO-HENPEPBIBHYIO CXEMY, KOTOpas
TECHO CBA3aHA € NPOCTO HEIPEePBLIBHON M HMMEeT CX0yKee Pa3jIoyKeHue
IIOl‘peIIIHUCTH, ITo O6GCI’I(—)‘IHBH.GT XOpOIIIyIO coOMnIaCcoOBaHHOCTH 1\’IBTO}IOB
ONEHKH TOTpeniHocTell U BRIGOpa JUIMHEL cieayiomero mara [41]. Boo6-
e yaaaock nocrponth GHPK, KoTopulil 1py oTCYTCTBUN HEepPeKPBITHS
HA 4eTBEPTOM DTAIE HMEET BCErO IISITh STAIOB (IIJIKC JOIOMHITeILHEIH).
Ero rabnuna Byruepa B 0bIeM Bujie BBINISJIUT CJIEAVIONINM 06pa3zoMm
(konkpernsle 3HaUeHns Ko3ddunuenTos Moo Haiitun B [41], a 3mecn
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AJIA KPaTKOCTH OHN IHe HpPIBOII;f[TCH)

0 0

Cy )

¢ | azi(0) asz(6)

ca | aqn 0 @43

s | as1(6) 0 as53(0) asa(6)

1 | agi(9) 0 0 aga(0) aes(f) 0
by (0) 0 0 ba(0)  bs(8)  be(0)

Ecnn ke Ha 4eTBEPTOM dTAlle HEPEKPBITHE BCE-TAKH 00HAPYKUBACT-
Csl, TO METOJ, HCIIOJIB3YET HIECTHITAIHYIO (ILUIOC JOIOJHUTEIbHEIH) 110J1-
nonennyio cxemy @HPK suga

0 0
Co a
ey | asy asa ()

Cq | Q31

bl (6) 0 0 0 114(9) bl-', (9) bﬁ((?)

i

B KOTOPOI 9T0T «HpOoOAeMHBIH» 9TAIl CUUTASTCH MOBTOPHO C JOCTATOY-
HBIM IOPSIIKOM.,

3.3. PyHKUMOHAIBHO-HesABHbIe MeToabl Pywre - KyTThl —
Hrwocrpéma. g obbikHoBenHbIX audpepeHimaibHbIX YPaBHEHIN U3~
BECTHBI SIBHBIE MeTOALI Pynre — KyTTel, KOTOpLIE H3HAYANLHO HAIEICHE
Ha PEIIeHMe YPABHEHHH BTOPOro HOPsIKa 0e3 3aBUCHMOCTH OT IIepPBOit
npounzsoguon vy’ () = f(¢,y(t)). OHE NO3BOJNAIOT HOJYUNTL TY Ke TOY-
HOCTD, YTO M KJacCHUYecKHe MeToubl Pynre — KyrrTel, 3a MeHbIIee “HCIO
aranos. Tak 3-if HOps 10K MOKeT OBITH oJyueH 3a 2, 4-if — 3a 3, a 5-if —
Beero 3a 4 srana. Takue Merowl, npeoxkenaslie HioerpémoMm Brepsbie
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B 1925 rony [42], ceiftuac npunsaTo HassBars Merogamu Pyure — Kyrrer —
Hiocrpéma.

Jorst byHKIMOHATBHBIX YPaBHEHHH 3al1a3/IbIBAIONIEr0 THIIA, HMEIOo-
MAX CXOXKYIO CTPYKTYDPY, TaAKKe MOYKHO HOJYHYHTH METOIbI ¢ MEHBITHM
YHCJIOM ITAIOB, YeM Hpejcrapieno B tabmune 1 [40,43].

Pacemorpum JAY3A Broporo nopsjika

y'(t) = f{t,y(t), y(w(t,y(t)))),

>t
y(t) = (1), t < to.

(9)

Takue ypaBHeHHsI OIMCHIBAIOT OCIHILIMDYIONNE cHcTeMbl 6e3 pemidu-
posanus (cM., Hampumep, |1]).

st (9)  dyuxnmnonansHo-genpepelBublil  Meroy, Pynre— Kyrre: —
Hiocrpéma nmeer Bu,

Y(tn + 0h) = 0ty + 0h) = yy + Ohy), + h* D bi(0)KL

i=1
(b + 6) % it + 0B = v+ B S BO)KL,, 6 € (0,1,
=1
n+1 - f( n+11 n+1’H:::l+l(Q:'r:|.+1))1

i = ] i % - i i
n+1l — t'"- o Cih” Y',,+1 = Hf}+l( n-+-1)= Q-u,--l--l = W(Tn-}-l’ 'n.-+-1)?

@(t), b <1y,
o) '€ liot,
nr1(t) = i—1
Yn + 0’ hy! + h? Za,J K”_H, t € [tn, “_H]
- (10)
rje, Kaxk B (8), 8’ = "— s Ynt1 = N(tn+1), yp 41 = 7(n+1). Marepnonsur

LIS IIPOU3BOJIHOM (¢ ) HE YUACTBYET B PEHICHHH, a IPEeIOCTABIACTCH KAK
JONONHATENbHBI pesyabrar. Teoperuvyeckn, oH MoXKeT OLITh HalijieH,
Kak mpoussojnast n(t, + 6h), Ho B obieM ciaydae 9To He 06sa3aTeIbHO.

C y4éToM MOBTOPHOIO HCIIOAL30BAHUS IMOCJAEIHEN0 3Tala, KOTOPOoe
3JIeCh TAK YK€ BO3MOMKHO, VIAJ0Ch MOCTPOUTH METO/ TPEThLEr0 pPaBHO-
MEPHOTO MOPSIKA IO 1) M 1} ¢ JABYMsl HOBBIMH HTAIAMH (YTO CPABHUMO
¢ pesyabraTom gy OIY), a rakxke MeTo[ YeTBEPTOrO PABHOMEPHOI'O
HopsijiKa 1Mo 060MM MHTEPIOJAHTAM — 38 YeThIPe HOBBIX dTalla Ha Iar
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(uro na psa srana mensiie, uem Tpebyer GHPK (8) uerséproro pasao-
MEPHOIO HOPSIZAKA), X MeTOJ [SITOrO IOPSIKA — 34 IIeCTh HOBBLIX 3TAIIOB,

ITomumo ypasaenna (9), IPeUMYIITECTBO MOMKET BLITH MOy YCHO JaKe
Juist Gojiee oBINEro ypaBHeHHs

y'(t) = f(t,y(t),y (1), y(w(t,y(t), t=to,
<

(11)
to,

YUUTBIBAIOIICIO JUCCHIIAIMIO SHEPIHK M 3aTyXaHHe aMIUITTYAbI Kojeba-
HHIi, ec/IM TOJBKO 3TOT WEH He sABJSeTCs 3alla3bIBalonuM, XOTs 3/eCh
BBEIMTPBIIT BOZMOKEH JIHIIL JIJISI METOJOB MATOr0 MOpaika ¥ Bbinie. Pa-
00Ta Ha ITY TEeMY HAXOIUTCS B CTALIE [OJIOTOBKH.

3Jech e CTOMT YHOMSHYTh, YTC HJEH, OCHOBAHHbLIE HA M3HAYAJL-
HoM moaxose Hiocrpéma, momyunmian cpoé passurue B padorax Ounem-
CKOTO M JIaJIH CeMefcTBO cmpywmypnsts memodos Pynre — KyTTer, KoTo-
poie jyia cucrem OJ1Y, umeromux ocobyio CTPYKTYPY, TPeOYIOT MEHBIIIE
STANOB HA PeASIH3ALUIO, YeM Kjaccuueckue Meroinl [44-46|. Crpykryp-
HBIE METOJBI TAK¥KE MOIYT OBITH PACHIMPEHBI J10 HEUpPepbiBHbIX (47| u
by HKIMOHAILHO-HEIPEPBIBHBIX MeTOA0B [48,49| ¢ coxpanenuem npenmy-
HIECTBA 110 “IHCIY ITAILOB.

4. AxryansHble npobhaembl. B nannom pasgene obpaTumcs K
HEKOTOPBIM 3aJa4aM, CBA3AHHBIM C PACCMOTDEHHON TeMaTHKOM, KOTO-
pble BCE eImé »KIyT CBOEro PelleHus,

4.1. JIuaroHajibHO-HEesIBHBIE MeToJbl U Meroabsl Po3eHbpo-
ka. B paBorax [35, 38, 39] usyuaiorcs reopus hyHKIHOHANLHO-HEIPE-
PLIBHBIX METOJIOB, HO B Ka4ecTBE [HPUMEPOB LPHUBOIITCH TOJILKO SBHBLIE
Meroabl. B 1o e Bpems, TpeboBaHus HA YHCIEHHYIO YCTONYHBOCTE [IPU-
MEHSIEMBIX K MKECTKHM 3aadaM MeTOJI0B, ABISIOTCH aKTYAJIbLHBIME 1 1151
YPaBHEHHUI ¢ 3aI1a3/bIBAHMIMHU,

st sK8CTKUX 38184 IPUMEHSIIOTCS HeSBHBIE METO/IbL, B, ¢ OJHOH ¢TO-
POHBI, KAK MOBOPHJIOCH BBIIIE, [/ HUX HpobieMa MepeKphITUs He CTOUT
Tak ocTpo. C Apyroit ¢TOPOHEBL, MOJHOCTBIO HESIBHBIE METObI SABJISIOTCS
BECBMA TPYIAOEMKHMHM, K TOMY K€, YKeJAeMBIl PaBHOMEPHBIN IIOPSI0K
HAKJIAJIBIBACT JIONOJHUTEIbHEIE OIPDAHMYEHNS Ha MUHHMAJBHOE YHCJIO
ATAIOB H Peaji3allis TAKHX HesBHBIX MerogoB jis AV3A moxker mo-
BJeYb KpaliHe BLICOKHE 3aTPAaThL.

Bo3MOMXKHBIM KOMIIPOMHCCHBIM DPEIICHHEM CTal0 Obl NpUMeHeHHe
JMATOHAJBHO-HESIBHBIX MeToA0B [50|, /Isi KOTOPBIX pelneHne IOJHOM
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AJIrefpanIecKoil CHCTEMBl PACHAJLACTCS HA OT/EJNbLHBIE CHCTEMBI MEHb-
[IEr0 HOPSIKa IS KaXXJI0ro u3 3ranos. Taxue Meronsl 00bIYHO pabo-
TalT OBICTPEe, B TO YK€ BPEM# IO3BOJIAS COXPAHHTH KEJIACMBIe CBOI-
cTBa yeToWuHBocTH. llepBble MONBITKH ITOCTPOEHHS (DYHKITMOHAIBLHO-
HEIPEPBIBHBIX AHATOHAJLHO-HEABHBIX METOIOB IpeAnpuiaTsl B [51], Ho
9Ta TeMa JAJCKO He HCYePIAHA.

Meroupt Pozenbpoka sBISIIOTCS JAMLHEHIIIM PAZBUTHEM JIHATOHAb-
HO-HEABHBIX METOJOB, IVI¢ PENICHUE HeJHHEHNBIX CUCTEM 3aMEHsIeTCs Ha
peleHne HEeCKOJILKHAX JIMHEHHBIX CHCTEM, MOJIYUEHHLIX 38 CUET aHaIH-
THYECKOTO BBIYUCACHNS MATPHIBI AKko6n cucremsl ypasuennii [50]. IIpu
ITOM JIjIsl HUX TAK¥KEe MOXKHO 00eCIHeUHTh HeOOXOJUMYIO YCTONUHMBOCTD.
Taxue MeToabI OBLIO OBl HATEPECHO MOCTPONTE M JIIA (DYHKIHOHATLHBIX
YpaBHEHUII.

4.2. Yucaennas ycroduBocTh. Ha macroammit MOMEHT \wuc-
JIEHHAS YCTONYIHUBOCT HEIIPEPHIBHBIX MeT010B Pynare — KyTTol iuig ypas-
HEHHUIl ¢ 3alIa3/IBIBAHHIMH N3YUeHA BECHMA HEIIOXO, €CTh HECKOJBKO
Onpeie/eHnil U MOAX0A0B K eé orenke. IIpu mocTpoenun quaroHajibHO-
HesABHBIX MeToJoB B [51] cBoiicTBa YCTONMHBOCTH paccMATPHBAJIHCH
TOJIBKO JUIsl JUCKPETHOH wacTu Mmeroja npumenurensno x OAY. s
HUX, & TakKe s Meronos Posenbpoka, HEOOXOMUMO HPOBOJUTEL DoJee
TIHIATENLHBIN AHAJIK3 M OINEHHBATEL YCTOWYHBOCTHL Ha IPUMEpEe CHCTeM
AV3A. MoTHBHPYIOIIUM IPUMEPOM, MOKAZBIBAIOIINM HEJOCTATOYHOCT
HCCJIEI0BAHIS JIMIIE YCTORINBOCTH JucKpernoit wactu jiust OLY, Moxuo
HA3BATH MAMHCTEPCKYIO JUCCEPTALMIO « YCTONYUBOCTL U IPUMEHEHHIE Me-
10108 Pyure — Kyrror — Yebbinépa i ypasHeHHIl ¢ 3a11a3/1bIBAHUSIMUY,
samumgnnyio T. C. Bybaxunoit B 2022 rony 8 CIIGI'Y, B KoTopoil paszubie
HEIIPEPBIBHLIE PACHIHPEHUSA OJHHUX U TeX 3Ke 1eObIIeBCKuX MeTo 108 PyH-
re—Kyrrel na caygait JJY3A npusoguin K pasHbIM XapaKTepPHCTHKAM
YCTORIUBOCTH,

Orie/bHBIM BayKHBIM HCCHIEJOBAHMEM SIBJISETCS OLPEAeIeHHe Y10~
BMIl, HAKJIAAbIBAEMBIX TPeDOBAHUAMHE YCTORYUBOCTH HA (DYHKIIHOHAIBHO-
HernpepsiBHbIe MeToibl. C 0JIHOI CTOPOHBI, TANHBIE HHTEPIOJSHTLI
YUACTBYIOT B PEIICHUM W CJIEAYET BLISCHUTL, HACKOJLKO CBODOIHO MOK-
HO BLIODHPATL X M HE JOJXKHLI JIH OHH caMi 110 cebe JaBaTh KaKyIO-TO
yeroitaupocTh, C apyro# cToponbl, JJis GYHKIHOHAILHBIX YPaBHEHUH
Takue TpeboBaHH MOIYT OKasaThes Dojee crporumu, deM s JTY3A ¢
[EPEKPBITHEM.
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4.3. Pacupenenénnble 3anazapiBanns. Broixojsmye 3a paMxu
PACCMOTPEHUSI HACTOSAIIEH paboThl yPABHEHHs! ¢ PACHPELEIEHHBIME 3a-
nas3JplBalugAMMI, TO €CTh YpPpaBHECHHA B KOTOPLIX IIpaBasd IaCTh 3aBUCHT,
HAIIPUMED, OT CBEPTKH pelleHus ¢ HekoeH (hyHKIWe!l pacupeienenus
v(t):

it
y(t) = f (t,.u(t), [ - f,,,)y(u,)du) Lt

—00
y(t) = o(t), t < to,

SABJISIIOTCS TACTHBIM CIydaeM (DYHKIMOHAJIBHBIX YPABHEHHH H, B IPHH-
numne, MoryT 6uiTh pemennt ¢ nomonbio PHPK. B o ke Bpems neob-
XOJMMO pEIlaTh TAKHE BONPOCHl KaK BBIMHCICHHE HHTErpaja Ha KaiK-
JIOM H3 9TANOB, YHCACHHAS YCTONUIHBOCTE TOIYYACMON PASHOCTHON cXe-
MBI ¥ 1p. PakTHUecKN, TaKHe YPABHEHHS TIPEJICTABIIAIOT coboil HHTerpo-
JudbepeHIaIbHbIe YPABHCHNS, U HIECH METOJOB UX PEIIeHud (CM., Ha-
npumep, [52]) MoryT 6LITH npuMenensl K (12).

Tem He Menee, MeTOABI, KOTOPBIe OYAYT 3D DEKTUBHO TPUMEHUMBI K
YPABHEHUSM, COJICPYKAIIIM U JUCKPETHLIC, U PACIIPEICIEHHBIC 3aIa3bl-

(12)

BaHUs, JOJKHBL 00beuHITEL B cebe cBoiicTBa 00EHX IPYILI.

4.4, O6mue nuHeliHble MeroAbl. HecMorTps Ha apryMmenTsi,
NpUBeJIEHHbIe B mogpasfiene 1.3, B 1063y BHIGOPA OJHONIATOBLIX Me-
TOJIOB, TOUKH Pa3pbiBA [IPOM3BOJAHBIX HU3KHUX IOPSIKOB BCTPEIAIOTCS B
pereHnn oOBITHO JAJEKO He Ha KayKIoM mmare. Mexky coceHuMHI TO-
KAMH 3a49aCTYI0 COBEPINAeTCs JOBOJLHO MHOTO IIATOB, HA KOTOPBIX HET
npobieM ¢ IIAAKOCTBIO PEIIeHUs] U, COOTBETCTBEHHO, MOIYT ObIThH HIPHU-
MEHEHBI MHOPOIIANOBBIE METO/IbI, KOTOPBIE TPebyIOT KA MEHbIIe PacHé-
TOB HA CBOIO pean3aliuio. XOPOIUIHM KOMIPOMUCCOM MEXKJIY HOPSIKOM
MeTO/1a (KOT()pI:IfI MBIl CTPEMHMCSL lIOBhICHTI)) U YHCJIOM HIaron (KOTODDB
BCE 2Ke JKeIaTe/bHO 6parh MEeHBIIUM) MOTYT CTAThL 001Ie JIHHEeHHBIE Me-
OBl [26], B wACTHOCTH, TAK HA3BIBAEMBIE MHOTOIIATOBEIE MeTO/LI PyH-
re—Kyrrel. Qi npuMep nDOCTPOEHHs JIBYXIIATOBBIX (DYHKIIHOHAIBHO-
HelnpepsIBHBIX MeTooB Pynre — Kyrro npueesén B npenpunre [53]. Pas-
BHTHE 9TOTO HAIPABJICHHS TAKYKE IPEJICTABIILET HHTEPEC.
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ocraToyHble yCJIOBUS YKCIOHEHITHAILHOM
YCTOMYHUBOCTH [IJId JIMHEHHON cHUCTeMBbl
C 3anasablBaHHEM

Pexomendosano x nybauxauyuu doyenmom Anewcandposoti H. B.

1. Beegenne. OjHuM U3 OCHOBHBIX MOXO0/I0B MCCICJIOBAHN IKCIIO-
HEeHIMAIBHON YeTONIHBOCTH JUHEHHBIX CHCTEM ¢ 3al1a3/bIBAHUeM sIBJIsi-
ercst Mero)t pyukuuonanos Janyuosa—~ Kpacosekoro. Ou 3akiiouaercs
B IIOCTPOCHUH (DYHKIMOHAIA ¢ 3aJaHHON OTPHIATEILHO-0IPECIeHHON
BJIOJIb PEIIEHHH CHCTeMBbI [IPOU3BOIHON M MOCIEIYIONIEM HCCICIOBAHIY
€ro Ha IIOJOXKHTENIbHYIO onpejesnentocts |1]. Ocnosroit npobiemoit, Bos-
HUKAIOMEH TpH TPUMEHEHHH 9TOr0 TI0IX0/1a, ABJISCTCS KOHCTPYKTUBHAS
HPOBEPKa TOJIOKUTEILHON OnpeAeaenHocTH (pyHKInonata. B jannoil
pabore KBaapaTHuHblil pyHKIHOHAN 3aMeHsieTcst DIN3KHM K HeMy (DYHK-
IUOHAJIOM, MOJIYUYACMBIM IIPH [OMOIIM NPOLEIYPEl KYCOUHO-THHEHNOM
JUCKPETH3AIMH, OMUCAHHOI B [2]. AHAINS HOJIOKUTENLHON ONpe/eeH-
HOCTH JUCKPETU3HPOBAHHOTO (DYHKIMOHAJNA CBOJMTCH K [IPOBEPKE I10-
JIOKUTEIBHOM ONpele/IeHHOCTH HEKOTOPOH MATPHUIILI, UTO NPEICTABISICT
coBoil MOCTATOUHOE YCIOBHE SKCIIOHEHITHAILHON YCTONIHBOCTH CHCTEMBI.

Bsegem obosunavennst. [ycrs H := PC ([—h,0],R") — npocrpancrso
KYCOYHO-HeIPePhIBHBIX (PYHKIHIL, onpeieneHunx Ha [—h, 0] u jeiicrsy-
omux 8 R™, Yepes ||x| obosnaunm eskiauioBy nopMmy sekTopa © € R™,
[ox sanuceio ||¢||, Gysem nonumars sup |@(8)||, 6 € [—h,0]. Yepes
Opxns £y OBOZHAMEM HYJIEBYIO U eIMHHYMHYIO (1N X N)-MATPHILY COOTBET-
creenno. Iog ||U|| 6ynem nonumars maxge(o,n) [|U(0)]| .

2. OcHoBHbIe NOHATHA. PaceMoTpuM cucremy
2(t) = Agz(t) + Ayx(t = h), t=0, (1)

riae h = 0 - sanasupisanue, x(t) € R", Ag, A; — BelmecrseHHbIe MaT-
punsl. llycrs ¢ € H. OGoznauum depes x(t, @) pemenue cucremsr (1),
YAOBJIETBOpsIIONIee HavaabHOMY yernosuio x(f, ) = ¢(f), 6 € [—h,0].
Beaos Anexcandp Heonoeuw — crypenr, Cauxr-llerepbyprekuil rocymapersen-
uplit yausepeurer; e-mail: famesyasd@gmail.com, res.: +7(911)704-23-97
PaBora seinonnena npu noguepsxxe rpauTa [Ipesugenra PP nna rocynapersen-
HOH IO/IEPsKKH MOJIOABIX yHeHbIX, npoexkT MK-2301.2022.1.1
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Onpenenenune 1 [1]. Cucrema (1) 9KCHOHEHIMANIBHO YCTOHINBA, ec-
JIM CYIECTBYIOT Yucia v = 1,0 > 0 takue, 4To 11060¢ PEIICHEE CHCTEMBI
z(t, ) ynosiaersopsier nepasenctsy ||z(t, ¢)| < ve=7" ||, . t = 0.

Onpegenenue 2 [1]. Yucno s € C naseiBaeTcst COBCTBEHHBIM *HC-
aom cucrembl (1), ecm det (sB — Ag — Are™*") = 0.

Onpenenenne 3 |1]. Marpuna U(7) mazsizaercs marpunei Jlsmy-
HOBa cHCTeMBbl (1), ec/ii OHA HELPEPLIBHA U YUOBIETBOPSET CBOfCTBAM:

LU (r)=U(r)Ag+U(r = h)A1, 7>0,

2. U(=7) =UT(r),

3. U(0)Ag + ATU(0) + U(=h)A; + ATU(h) = -W,
rie W — cuMMeTpuiHas MaTpHiia.

Onpenenenne 4 [1]. Cucrema (1) ynosnersopser yeaosnio JIamnyno-
Ba, €CJIM He cymiectByer uncia s € C Tagoro, 410 8 1 —s — cobcTBEeHHbIE
UHCIA CHCTEMBI.

[Iycrs cymecrsyer marpuna Jlsnynosa. Oupeneinum (hyHKIMOHAI
vy H =R,

0

v1(9) := @7 (0)U(0)p(0) + 27 (0) y U(=h —0)A10(0)d6 +

0 Q
‘l‘f [ T (01)ATU (81 — 02) A1p(02)d01dB; + / " (0)W p(0)db.
—hv=h

S

B pabore [3| paccmarpusaercs S — MHOMKECTBO HENPEPBIBHLIX (DYHK-
i, onpeJesennsix Ha orpeske [—h, 0] u geitcrsyomunx 8 R" rakux, uro
Il = llp(0)].

Teopema 1 [4]. Cucmema (1) sxcnonenyuansvruo yemotivusa, ecau
ona ydosaemeopaem ycaosuio Janynosa u natidemesn wucao o > 0 ma-
xoe, wmo Y € S v1(p) =2 a|p(0) |2.

3. IIpoueaypa OUCKPETU3ALMH KBAAPATUYHOrO (hyHKIUOHA-
sa. pumenun nporeypy Auckperusanuu 13 |2, ¢. 183] mus dbyukiuo-
HaJia v, B3gB B KauecTse (pyHKIHH

P:=U(0), Q(8):=U(—8—h)A;,
R(81,62) := ATU(0, — 02)A;, 8(8) := W.

Badurcupyem qucao yaaos pazbuenns N, Ha KOTOPbIE JEJUTCH OTPE3OK
[—h,0]. ¥ausl 3agatores dopmyioit 0, := —ph/N, p=0,1,...,N.
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Bregem obosmadenust @y 1= Q(8,), Ryy := R(6,.8,), Sp = S(0,).
HpcKpeTnsnpoBatibiil hyHKIMOHAT BHIPaxKaeTcs (hopMytoi

1 ~
oy o= ToyeT (o)) [ L0 Qn ) (#(0)
M= [ (o ())(Q% RN) (\P(a)) o

+ ] ST (0)W o(8)db,

—h

Rog Ror ... Rown

- - Ry Ry .. Rin
e Qnv = (Qo,...,Qn), By = ; T

Ryo Rn1 ... Rwnw

1 V(@) — HeKOTOPBIH BEKTOP, ONPEEIACMBIH HHTErPaJaMi 0T HAYAb-
HOI (pyHKIHM @, N

Beejgem marpuny Sy = Ndiag(%‘l, m— ijf’—)

st IOy MEeHHOTO JIUCKPETH3UPOBAHHOIO (DYHKIMOHAJIA CIIPABELIN-
Ba CJIEYIONIAs

Teopema 2 [2|. Jaa awbozo wucaa ysnoe pasbuerus N u moborti

mavaarvnotli pynryuu @ € H evnoanaemes

1 ~
() TovwT (o)) (L0 _ @n_ ©0)Y 4,
1 () 2 L (e (0)¥ " (a)) (Qf{r T SN) (\If(n)) dov.

4, Jlemma 06 onenke umcaa paszouenusi N O JOCTHXKEHHA
g-ToOYHOCTH npubiamxxkenus pyHKUUoHANA, g 3aaHHOrO “HCIa
£ > (0 paceMOTpUM HHCIIO

[ Aoll + lALl) | A | max([| AL, 1) |U| h max(h, 1)
N(e) := P ) - (2)
€
Jemma 1. Jasn mobozo zadannozo wueaa € > 0 u N := N(g)
dopmyav. (2) ewnoanerno

us

N
Yoe H |ui(p) — o (p) < ellelly
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5. JocraroyHoe ycjaoBUe yCTOHYMBOCTH JIMHEHHOH cHCTEMBI
¢ 3anmasfbiBanueM. IIpuBesemM 0CHOBHON pesybTar JanHoH paborsl.

Teopema 3. 3adadum wucro € > 0 u ewvucaum wucao N := N(e)
no opmyne (2). Eeaw svnoaneno yeaosue Jlanynosa u mampuua

Ao (VO —cln Qn_
m Q%  Rw+38n

NOAOHCUTNEABHO rmpe(?e&eua, mo  cucmema (1) IRCHOHEHUUANBHO

Yemotinuea.
HdokazaTenbcTBo. Bo3bMeM Mpou3BOILHOE YHCTI0 € > () B HOCTPONM
e N
JUISL HETO JIMCKPeTU3UPOBAHHBIN (DyHKIMOHAT ug ) gt N o= N(g) us

bopmyner (2). W3 memmbl 1 umeem

N 2
Voe s |ule) — oM (p)] < ellp(0)]?,
OTKY/J1a

(N)

Voe 8 iV (p) —ellpO)® < vilp) < vV () +elle@)®.  (3)

ITo Teopeme 2, BRIpazKeHue 'UgN)(ga) — £ ]p(0)]|* ma moboit by

@ € H MOXKHO OIECHHTDL CJEYIONIHM 06pa3oM:

) .
v (p) = elle(0)|® = [D (#T(0)¥7 () (Ul;” QN) (l‘l‘jg”)) do +

(0) S .
(\If(af.)) d”?/n Amin (AN) lp(0)]|” dov =

= Amin(AN) ”90(0)”2 . (4)

0

Oxonuarensuo, us (3) u (4) umeem

le es 'Ul(LP) > )\llnill(AN) ”90(0)”2
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DxenoneHnUANLHAS yeroiiunsocTs cucreMmsl (1) cienyer u3 reopeMst 1,
©CJIH B3ATD YUCI0 ¢ = Ay (A ), ABASIONIEECS TOTOKHTEIBHLIM 38 CYET
HOJIOMKHUTEIBHON ONPEIEIEHHOCTH MATPHIBI Ay .

6. 3akmwouenue. B JI.«"LHHO!A:I 1)?160’1‘('3 IOJIYYEHO JOCTATOHOE YC/IOBHE

IKCIOHEHIHANBHON YCTORUHBOCTH JJIsl JIMHEHHON cranponapHoit cucre-
MBI C OJIHMM 3AIa3/bIBAHHEM. YCJIOBHE 3aKJIOMALTCS B IPOBEPKE I10J10-
FKUTENbHOI OlpPeJe/IeHHOCTH MaTPUILL, HARIeHHOH ¢ IOMOIIBIO KYCOYHO-
JIMHEHOH JIHCKPETH3aIMH KBaJpPaTHIHOro (GYHKIHOHANA ¢ 3aJaHHOi
IIPON3BOJIHOIN.

JIuteparypa

. Xapuronor B. JI. ®ynxnnonans JIsrynosa ¢ 3aaHH0 ITPOR3BOIHOI.

1. @yuxnponans: nonuoro tuna // Becruuk Cankr-Ilerepbyprexoro
yuusepeurera. Cepus 10. Ilpuknaanas maremarnxa. Mndopmarnka,
IIponecent ynpasaenns. 2005, Bom. 1-2. C. 110-117.

Gu K., Kharitonov V. L., Chen J. Stability of Time Delay Systems.
Boston: Birkhéduser, 2003. 353 p.

2Kabko A.Il., Mensenesa 1. B. Anrebpauteckuil moaxol] K aHalu-
3y yerofauBocTr Judpepennuanbuo-pasHocTusix cucrem [/ Beer-
nuk Cauxr-Ilerepbyprekoro yuusepcurera, Cepus 10, Ipuknanmas
maremaTuxa. Mudopmaruxa. Ilponecent yupasnennsa. 2011, Beimn. 1.

C. 9-20.

. Egorov A. An improved Lyapunov stability test for Linear Time-Delay

Systems // 59th IEEE Conference on Decision and Control (CDC).
2020. P. 2489-2494.
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YK 517.929.4
Estuna . C.

dyuxknunonasibl JIsmynosa— Kpacosckoro
IJIsl OJTHOPOJAHBIX YpPaBHEHUIl ¢ pacrpe/aeaéHHbIM
3anasablBaHUeM

Pexomendosano x nybauxauyuu doyenmom Anewcandposoti H. B.

1. Beegenune. Meroy dynknnonanos Jlanynosa—Kpacosckoro [1]
HCIOJIB3YEeTCs [P PEeIIeHnH MHOIHMX 38/a4, B YACTHOCTH, sl aHAJIH3a
YCTOMMUBOCTH PEIIeHUM HEeJHHEeHHBIX CHCTEM C 3alla3/bIBAIOIUM APIY-
MmenToM. B paborax (2, 3| mis OJHOPOJHBIX CHCTEM € COCPEIOTOUCHHBIM
3anas3plBanueM npu noMomu gpyuknuit Jlanynosa - PasymMuxuna J1oKa-
3aHO, YTO eC/M cucTeMa 6e3 3alas3iblBAHHA ACUMITOTHUUYECKH YCTOM 1=
Ba, TO HYJIEBOE PEIICHUE COOTBETCTBYIONMIEH et cHcTeMbl ¢ 3anasibiBa-
HUEM acHMITOTHYeCKH yeToiunso. Crpykrypa (yukimonamsos Jlamy-
HoBa ~ Kpacosckoro st OJHOPOAHBIX CUCTEM BIEPBbIE NPEIJIOMKEeHa B
crarbe [4]. Henpio panHoit paGoTsl sBIsieTcs TOCTpoeHne (PYHKIMOHA-
J08 JIsnyrosa —~ KpacoBcKoro jyist aHajnsza yeTOHUHBOCTH peieHuii oji-
HOPOJHBIX CHCTEM ¢ PACHpPEIe/EHHbIM 3alla3/IbiIBaHueM Ha IpUMepe CKa-
JISIPHOTO YPABHEHMSI,

B kauecrBe mpocrpancrea HauanbubIX (PYHKINHE GyjIeM paccMarpu-
sath PC([—h,0],R) — npocTpancTBo KycodHO-HEIPEPLIBHBIX (byHKILMIT
¢:[—h,0] = R, one h = maxh;.

J

2. ITocranoBka 3amaun. PaccMOTpUM ypaBHEHHE
0
me m

z(t) = Z a;xzh(t — hy) + Z b, / xt(t + 0)do, (1)

j=0 Jj=1 —hy

rae a;,b; € R, hog =0, hy =0, j = 1,m, — sanasasBanus, a u > 1 -
PAITHOHAJILHOE MHCIO ¢ HeUSTHBIM MHCINTEIEM H 3HAMEHATEIEM.

BaJiaua 3aKJII0YACTCs B HocTpoenun (hyukiuonaia Jlamynosa— Kpa-
COBCKOrO Jyist ypasHenus (1) ¢ 1e/Ibio HCCIeI0BAHNS ACHMIITOTHIECKOH
YCTOMMHBOCTH HYJIEBOTO PENICHHS 9TOT0 YPABHEHHS.

Eemuna Huana Cepeecena — cryaent, Cauxr-Ilerepbypreknii rocyrapersensstit
yuusepceurer; e-mail: diana.evtina@mail.ru, ren.: +7(981)883-27-89

44



3. Koncrpykuus dyukuuonasna. llo ananorun c |5, 6] 3aganum
dbyuxnmonan Ha npocrpancrse PC([—h, 0], R):
™ (]
n@) = #0)+200) 3 0; [ 0"(0)a0+
E Jo=l —hj

~ -
-

m 0 I

+26(0) b, [ (6 + ;)" (9)d6 +
j=1

=hy

Iy

>

v

+ {i /0 (r;-.j -+ (hj-3+ 9).’;“,,)(/,)“(9)(19] 2 |

‘:,:lfhj

~\
1

e

0
+ Z f (Wl + (hj -+ 9)W2> (,b“‘*l(ﬁ)dé), W1, Wy > 0.

-"'A:lfhj

-

'

Iy
,Z[.J'[SI JoKasaTe/ibCTBa ACUMTOTHUICCKOM yCTOﬂ‘II/IBOCTH HOyJnesoro pe-
IIeHus ypaBH()lIH}l (1) BOCIIOJIBBYEMCE JJOCTATOTHBIMK YCJIOBHSIMM yCT()ﬁ-
YHUBOCTH U3 CTaTbHn [7] ﬂ.]’[ﬂ ATOrO ONEHUM CBEPXY ITPOU3BOJIIYIO (byHK-
muonasa (2) Broab peuenuii ypasuenns (1) 1 nocTpouM OLEHKY CHUBY
camMoro (l)yIII(IIHO]Iﬂ..II?L.
4. Onenka npousBoiHoi dyHkmoHana. Beeném obosuatuenne

m
o =ag+ Y. (a;+Db;h;) u npeanonoskum, uro o < (. Buibepem sesnunmbl
j=1

L

W1 u Wy us yenosus Wy + Wa > hy = |al.
j=1

[pomuddepentupyem dyuxuuonan (2) BIOIL DPEIIEHHN ypaBHe-
aua (1)

m

d \ )
EQJ'L(.’L‘{,) = az*t(t) - W Z 2P (b — )+
m 0 J=1
+2ax(t) Z / (aj + (hy + l‘))bj):r:"'(t + 0)df— @)
j=1—lh,., l
' m v
-Wy ) / a#t (¢ + 6)d6.
j=1—lhl.,
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B npagoit wacTu (3) onenum TperThe claraeMoe, IPUHUMas BO BHUMAHNIE,
ato 0 + h; < hy, j = 1, m, n ucnonssys nepasencrtso 2AB < A% + B2
Ilycrs |24|p < Hy, rie Hy = const. Torma

m

d ) .
Zv1(@) € —o ti(t)\a\(l — H! 1; hy)-

Wy @ttt — hy)-

J=1
m

—Z f gt f+9)d(7’(W_; Hi l\a\(\aj\ﬂbjua) )
—h

Taxum obpaszom, JgoKazama
Jlemma 1. [Ipoussoduasn dynwyuonaaa (2) edoav pewenull ypashe-
nua (1) donyexaem ouenwy 0
m

d
Em(ml) < —coz"Ti(t) Zr / (4 0)do, |zyln < Hy, (4)

- —h;

20e "

2
co=lal(1- H{ T D hy), ¢ = Wa = HEVal (Jag) + Ibslhy )

J=1
e 1 W
HY b < min { — £ }
=L S o (Jag| + bylhy)”

5. Ouenka d)yHKuHOHaJIa. Teneps nepeitjiéM HEIOCPEICTBEHHO K
orenke cHu3y dyuxknuonana (2). OneHuM CBepxy 110 MOJLYJIIO CYMMY CJla-
raemoIx fo m Iy, on,zmnmx B COCTAB (PYHKIIHOHAJA:

‘ T U

26(0 52] il ,+(h +0)b ) 62(0)82 Y hy+

i=mlp, i=1
; ;
(|af|+|1;J\17 0

fq:?f‘ ydo, &> 0.

=1 —h;

Tak kak ecin \(}| < ¢, TO a > —c, 3all1lIeM

2
: NN (T L) I
B cpdysrte L Sl (0)(1 ~82 S h,,,-) -y / $2(8)do.
§=1 =1 Ry
Wexonst u3 yeiaosust 62 < —1— soibepen 4. '
ky

i=1
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Ilycrs |¢|n € Ha, voe Ho = const. Torma onenka dpyuxunonana (2)

npuMer B m
w®) > FO(1-8 3 m)+
m i—1 .
+Z ] oH1 (0 d@(W1 - H{; (a, h_;,‘) 2) + 1y
e lfh

Jlemma 2. Qynuryuonas (2) donyckaem ouenry cuuay 6udn
0

T

w(®)> 00+ ok [ ¢H@d, b <H O
j=1 .
2de b
. " H‘u,
]s:g:lué‘thj? kj =W - (|a1|+|bJ‘hJ) s
di=1
. 1 52
(52 IH Hﬁ < ‘m»-ig-- W—l'—.!.
Z h.? J=lm (},j - ‘IJ)“LJ)
j=1

6. OcuoBHoOIl pezynabTar. OCHOBHBIM PE3YJILTATOM PaAGOTHI SBJIS-
ercs JOCTATOYHOE YCJIOBHE YCTORYMBOCTH HYJIEBOI'C peHIeHHd ypaBHe-
uus (1), nonyuennoe nyTéM oObeIHHEHIS Pe3yIbTAToB JeMM 1, 2.

Teopema. Ecau
m

ag + E (aj + bjh;) <0, (6)
i=1
mo nyaesoe pewenue ypasrerus (1) acumnmomusecku yemoliuueo.
Bameuanue. Teopema ABJIAETCS UACTHBIM CIYYAEM PE3yJIbTaTa, [0~
aydennoro B [8] merogom dyukiuit JIsmynosa - Pasymuxuma.

7. Bakmodenue. B pabore mocrpoensl (hyHKIuoHAJB JIAmyHO-
Ba— KpacoBcKoro st 0JHOPOIHONO YPABHEHUs ¢ PACHPEeIe/JICHHBIM 3a-
ImasjblBanueM, KOTOPbIE MPUMEHeHbl K JJOKasaTeJIbCTBY aCHuMIITOTHYIe-
CKOIl yeTONUMBOCTH HYJIEBOIO pelIeHus 3Toro ypasuenus. llocTpoennsie
(hbYHKIMOHAJLI MOT'YT OBITH IIPUMEHEHBI K AHAJH3Y HEYCTONYMBOCTH pe-
HICHHUH OJHOPOAHBIX YPABHEHHIT, a TAKKe paciupocTpatens Ha 6oee 06-
IIMe KJIACCHI OJHOPOIHLIX CHCTEM € PACHPEIeEHHBIM 38143 ILIBAHIEM.
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VIK 517.977.1
Kuranos B. C.

ITpobaema punprpanuu B 3aja4e HaAOIIOIEeHMS
cocrosaHusa B qudpdepeHnabHO-Pa3HOCTHBIX
cucremMax

Pexomendosano x nybaurayuu npogheccopom Habxo A. I1.

1. Beegenune. B pabGore paccmarpuBaercs cucrema Jguddepeniu-
AJbHO-PA3HOCTHBIX ypaBHel—IHﬁ C HOCTOSIHHBIMM KOS(]_)(i)HlLHGI‘IT&]\’[H BHJIa

(t) = Apz(t) + Ayx(at) + f(1), (1)

riae Ao, A1 — (n x n)-marpuns, o € (0,1), f(t) - sagannas nva [to, T
KYCOYHO-HeNpepblBHas (yHKIHsI.
Bagaum Hab/ioienne

y(t) = Ca(t), (2)

riae y(t) — m3BecTHAs BekTOp-byHKIMA pasmepHoctH v, C — (r X n)-
MATPUIIA.

Onpegenenune 1. Cucrema (1), (2) massiBaercs HOJHOCTBIO HAGIIO-
JaeMoil Ha npomexkyTke [to, T, eciu o 3maveHusiM BekTopa HabIO/Ie-
unit y(t) wa [to, T') MOKHO 0JJHOZHAYHO BOCCTAHOBNTE JIBHYKEHNE CHCTEMb
HA HAMAJLHOM MHOMKeCTBE — BeKTop ¢(f).

CucreMbl U YPABHEHHs € JIHHEHHBIM 3al1a3/bIBAHUEM BCTPETAIOTCS
B MATEMATHUICCKHX MOJEIAX PaJMOAKTHBHOTO pacuaia [1], paboro mu-
bopmannonnoro ceppepa (2], cMecnTensHoro Gaka [3] u B page Apyrux
CILYIaes.

B paccMaTpuBaeMoM JaJiee MeToJIe IPEATIoNaraeTcs HabloaeHue Bee-
ro BEKTOPa COCTOAHUS x(f) M HCIOIB3YeTCs MPOU3BOHAS HAG/IIOCHHS,
UTO BJIEYET CYIECTBOBAHHE IIYyMa, II09TOMY B paboTe Ipeiaraercs Me-
O (PUALTPAIIY JI/IS BOCCTAHOBICHI JABuxKenus cucremst (1), Pacemar-
pHUBaeTCs TAKYKE CIyqall HEloJHOro HaBJIONEHNs, B KOTOPOM DPelleHne
OCHOBAHO HA HPUMEHEHUH ACHMIITOTUYECKOIO HAGIIOLATE LS.

Kuzanoe Basenwmun Cepeeeeun — crynent, Caunkr-Ilerepbyprekult rocysap-
crBeHHbit yuusepcnrer; e-mail: zhigalovvs. 98b@gmail.com, ren.: +7 (914) 324-31-26
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2. BeriomoraTebHble  CBeOeHUs. PaccMOTpuM Ha  OTpesKe
[tg,a 'to] cucremy (1) ¢ Kycouno-HenpepbiBHOi HavaabHON QyHKIMEH
¢(t), samannoit ma npoMexKyTKe [aty, to.

Onpegenenne 2. PyngaMenTanabHOll MaTpuIeil cucreMsl (2) HA3BI-
Baercs MaTpuanas pyaxims (¢, ty), yA0BIETBOPIIONIAL COOTHOIEHHAM

(I)(t: t(l) = 0: t < tﬂ:
(I)(ta t(l) = E: t= t[):
90to) = Ag®(t,tg) + A1®(at, to), t > to.

Hasecrno, uro obimee permenne cucremel (1) B ¢popme Komn umeer
BHJ,

o tg t

x(t) = ®(t, to)wo -+ / <I>(t,T)A1¢((x'r)dT+f‘I’(t,T)f('r)dT.

to to
B pab6ore [4] nokazano, aro upu t € [to, @~ tty] BeImomHAETCS

(I)(t,t(]) = ('TX].)(AU(t = 1}[))).

3. [Ipensapurensubie paccyxKaenus. Paccmorpum ciaydail Bbl-
POXKJIEHHON MATPHIBL Aj.

Cymecrsyior rakue marpunst D, aro DA, = Q. Ecau s kaxoii-
Hubyap u3 Hux DAy = AD, To npu JOMHOMKEHNH JIeBOil U npaBoil uacrei
cucreMsl (1) na D n samenst Dz = z moaydaem cucteMy

z=Az+ Df(2). (3)

Cucrema (3) — nenabmogaemast qactb cucreMs (1), Janusie paccyx-
JIeHUST IPUMEHHMBI JIJIs JTI00BIX HAYAJIBHBIX TOUeK ty. U3 uero ciemyer
Teopema 1. Ecaw mampuya Ay - ewpoxcdennas, u Oaf HEKOMO-
poti nenyaesol mampuybe D ewnoanenv yeaosus DAy = O u DAy =
= AD, mo cucmema (1), (2) ne asaremea noanocmvio nabarodaemod.
Hajee cunraem MaTpHIy A HEBLIPOKIEHHOI.

4. ITocrpoenune Havanbuoil byukmuu. Cuenaem B cucrenme (1), (2)
sameny x(t) = edotz(t). Homyunm
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(4)

{ef‘@zﬂ(t) = A g(at) + f(t),
y(t) = edotz(t).

W3 nepsoro ypasuenus: cucremsl (4) upu yenosun det Ay # (0 maiinem
$lat) = AT e 2(8) — f(0)].

Hudpdpepennupys sropoe ypasuemnne cucreMsl (4), momyvaem
§(t) = Ageotz(t) + etotz(t).

OTKY/Ia MOKHO BBIPa3HTDh eA”'"é(l’:).

5. [Ipumep duabrpa. O603HAIUM 38 Tyer(f) peanbHOE ABIKeHHE
cucremel (1). Torga B kauecTse GUIBTPA, PENIAIOIICIO 384y HAOJIIOIe-
HUST, MOYKHO NPEIJIOKUTD CIeLY IOl

K
Eyen(t) & %Z[m(t - 248) — z(t — (25 — 1)8)], (5)
j=1

rje 6 — MaJiasi enuuauna, K — mneioe.

6. Ciyuaii Henonnoro Habmiogenus. llpejanonoskun, uro B (2)
MaTpHIla C # E. BBG}IG]\*{ BCIIOMOTaTeJILHYIO CHCTEMY ypaBHGHHﬁ

2(t) = Aoz(t) + Arz(at) + Lo(Cz(t) — y(t)) + L1 (Cz(at) — ylat)), (6)

KOTOPYIO HA30BEM ACHMIITOTHYCCKHM HAGJIIOLATEICM.

Teopema 2. Eeaw cywecmeyom maxue mampuuvs Lo w Ly, «wmo
(Ag+LyC) - eypsuuesa mampuya, a mampuya (Ag+LoC) (A +L,C)
UMEEM, GCE COOCMBEHHDIE WUCAL 6 EOUHUNHOM KpPY2e, Mo CRPpasediuco
NPedesbHOe COOMMOULEHUE

z(t) = x(t) npu t — oc.

HokazarenbscrBo. Brrauras nz cucremst (6) cucremy (1), ¢ yderom
pasercrsa (2) u oboznavenus u(t) = z(t) — z(t), noayuaem cucremy
YPaBHEHUI

u(t) = (A() + L()C)’lb(?f) + (.A.]_ + LlO)'u.(cut).
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Torpa B coorBercrsun ¢ padoroit 5] w(t) — 0 opu t — oo.

Teopema jloKazama.

Hasee nauanpuas GYHKIHEA CTPOUTCS [0 U3IOXKEHHOMY B IIYHKTE 4
anropurMy ¢ HabmogenueMm y(t) = x(t), roe BexTop y(t) paseH acumi-
TOTHYCCKOMY TPHOIHKeHnio z(t).

7. Bakmouenue. B paboTe npescTaBieHa KOHCTPYKTHBHAS Teope-
Ma, Jaolas HeobX0AUMOe YCJIOBHE IIOJHOM HABJIIOMAeMOCTH CHCTeM BH-
Ja (1), (2) u nosyyen MeTO ONpeIeaeHnsl ABHKENNH CHCTEMBI B C/IYYae
nenosoil nabmogaemoctn. Takzke upeyoxken Guintp (5), no3BoIIIIO-
muil Ha ocHoOBe HAGIONEHHS NPUOINKEHHO HANTH LIPOUSBOAHYIO Delile-
aus (1), (2).
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VIK 519.62
Knaumenko . C.

Peanuzamnus MeTona MaTpUYHBIX OTOOpa>KeHU AJisd
peinenusi cucreMbl quddepeHuaabHbIX YPaBHEeHUI

Pexomendosano x nybauxayuu doyenmom lonosrunot A. I

1. Beegenue. B nannoii pabore npejjiaraercst alropuTM Ha OCHOBE
MATPHYUHLIX OTODPayKeHHH JUIsl pelleHuil cucreM OOBIKHOBEHHEBIX JH]-
bepentmansueix ypasuenuii (COUY) B nomnnomuansuoii hopme. lirap-
HOE OTIHYINE OT TPASHIMOHHBIX IIOIIATOBLIX METOJOB MHTEIPUPOBAHNS
3AKJII0YAETCA B OQHOKPATHOM BBIYHCICHUHM MATDHIL 0TOGpAaKeHUs, KO-
TOPBLIE MOJTHOCTHIO ONMHCHIBAIOT JIMHAMHIKY CHCTEMBI TIPH JTIOOBIX HAUATb-
HbIX ganHpix. OTobpaikenne CTPOUTCS TAKMKE B IOJHHOMHAILION (op-
Me ¥ OIPEILJAeTCs] CHMBOJILHBIMEI (MHCIOBLIMI ) MATPHIIAMH BIUIOTE JIO
HeobxoauMO TopaIKa HesnnHeitnocTH. OCHOBHBIE IPEHMYINECTBA TAKOTO
HOJXO/IA 3AKJIIOMAIOTCST B TOM, YTO: &) UCIIOJIBIOBAHUE CHMBOJBHEIX BhI-
quCIICHUH TO3BOJSIET MEISATE KO3(MUIMEHTH B y¥Ke IOCTPOCHHBIX MaT-
purax orobpaxenns; 6) orcyreTByer HeobxoauMocTs pemnaTh COMY 3a-
HOBO IIPH U3MEHEHHH HAYAILHBIX YCJIOBUIL MM TApAMETPOB CHCTEMBI; B)
HCIOJIL3YIOTCS TOABKO OIEPAIIMHE YMHOYKEHHS MATPHIILI Ha BEKTOD U CJI0-
JKEHHST BEKTOPOB.

Bee aru cpoitecTBa 3HAMUTENLHO CHUMKAIOT BPEeMsi BLIMUCJIEHUI 10O
CPABHEHUIO ¢ TPAJUIMOHHBIME METOJAMU B CIyUae, KOrjga HeobXoauMo
muorokparao pemars COY upm pasubix napaMerpax U HAYAJIBHBIX
yeraosusx. Kpome 1010, ajroputM HOCTPOEHUs MATPUUHBIX 0TOOpaKe-
HUIl JIONYCKAET UCIIOIb30BAHKE ITapAJJIeIbHbIX BBIMUCICHUNE Ha rpacu-
YEeCKUX MPOIEccopax, u4To JAaeT 3HAYUTENLHBI IPUPOCT B CKOPOCTH BbI-
qUCJIeHUH 110 CPABHEHHIO C TPAJAMIMOHHBIME METOIAMH,

2. Kparkoe onmcanue MeTona. B JAaHHOM pasjielie IPHUBOJIHTC
KPaTKoe OIMHCAHIE MeTO/Ia Ha OCHOBE MATPHYHBIX 0TOOpaykeHuii 1s pe-
menus COIY B nonunomMuannuoi gopme. MaTpuipl oTobpaskeHns Mo-
ryT OLITH TOJYYEHBl B CHMBOJILHOM HJIM THCJICHHOM BHJIE.

Kaumenro Hava Cepeeesun — crynent, Cauxr-Ilerepbyprekuii rocyrapersennbii
yausepceurer; e-mail: tweetklim@gmail.com, Ten.: +7(900)651-88-14
PaGora soinonnena npu dhunancosoii noguepskke CIIGIY, npoext ID 90317740
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2.1. ITocranoBka 3amauu. PaccMoTpuM HENHHEHHYIO CUCTEMY
JaudpbepeHnanbupx ypasaennit [1] B mosmnoMuansaoit hopme

1X < :
— =Y PxW, (1)

e X € R", XI¥ — crenens Kpomekepa k-ro nopsijika jas (pasoBoro
BexTopa X (ABIAETCA YACTHBIM CIYyYaeM TCH30PHOTO YMHOXKCHHS, IIPH
KOTOPOM 3JIEMEHTBI IIOJIYHBIIErOCsl BEKTOPA 3AlMCBIBAIOTCS B JIEKCH-
KorpadgpudaeckoM nopsjake 6e3 mopropenuit), P, — uHCIeHmags MaTpHIa
K03 b UIIEHTOB.

By)lel\d HCKaTDhL l'IpI/16.TII/I}KGHH()G penienne 3aJia s KOH_H(I JLTEL CHCTEMBI
(1) B BHjE TOTHHOMA 110 KPOHEKEPOBBIM CTENEHsIM HAYAIbHOIO BEKTODA
X =X

X(t) =S Ri)x}". (2)

Mopmyna (2) zamaer orobpaxkenue M : Xo = X (to) — X (), maTpu-
et R Koroporo onpejensiores MoMenToM BpeMenn ¢ danee Oyiem pac-
cMaTpuBaTh oToGparkenne (hpazoBOTO BEKTOPa Ha (DHKCHPOBAHHOM Bpe-
MeHHOM uHTepsajge Af, rakom uto { = ty + Al

2.2. AnropurM pemieHus 3afadu. Jjsi HAXOXKJICHHST HEU3BECT-
HbIX MaTpurn R; orobpaskenus npoguddepennupyem pasencTso (2):

dX <~ dRi(t) L ‘
& S Tar o ®)

IIpupasuss npassie sacti ypasuennii (1) u (3), nomxyunm

i

S At =% ARilt) i) (4)

h=1 =l dé

Conocrapisiag Koa(pDHIMEHTH! B JIEBOH M NPaBOH 4YacTH ypasHe-

. — (k]
s (4) npm omMHAKOBBIX crenenax X, momyunM cucremy ucde-
PEHIMAJBHBIX YPABHEHUI [JIsl HAXOMCJIEHHS HEM3BECTHBIX marpui; I,

i=72,7.

dR;(t) AX %]

&~ g o
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Pemasi cucremy (5) ¢ mauanbupiMu yenosusivu Ry = E, R, = O,
= 2, 7 Ha npomezkyTke [0, Af] m106BIM JOCTYIHBIM YHCICHHBIM METOI0M
perrenns COY, nosyunm HekoMble MATpuisl R; otroGpamenus (2).

3. Ocobennoctu ynciaeHHoi peanmsauuu. [lpu guciennoii pea-
JIM3AIAN AJITOPHTMA IYHKT 2.2 HeoOXOMUMO PEIUTEL TPH 3a/IaYH:

1. Peanuzarius onepaliul BO3BeJeHHs B cTenenb Kponekepa.
2. Ilocrpoenne ypasuenuit (5) st HAX0KAeHNsT MaTpui [,

3. Pemenne cucremsl (5) 1 HAXOXKJeHHe MaTpuil 1.

3.1. KponekepoBckasi creneHb. Kponekeposckasi crenenn |2
ApJIAeTCH  MaCcTHbIM - ClIyvaeM  TeH30PHOI'O  IPOH3BEICHHA BEKTOPOB.
Hanpumep, mua n = 2, nonyunm X ® X = (22,2129, x021,22)7, a
X[2] = (.’]’J%,.TCJ_.TJQ,.’II%)T, T. €, JIEMEHTDBI IIOJIYUIHBIICI'OCH BEKTOpa 3alll-
CLIBaIOTCH B J]CKCHKOI‘I’)FL(I)H‘IGCKOM ImopAJKe oe3 HOBTOI’)GI“/II:'I.

3.2. ITocrpoenue ypaBHeHUil NJisi HAXO0XKAeHHUA Marpul [7;.
[opcrasum (2) B ypasnenne (4), nonyanm

(K]

J
Zd.ﬁ’ R]"‘ZI) ZR

i=1 =1

Il

1 (Rl(t)Xo + Ryt X+ .+ Rj(t)th)j]) i

. N [n]
+P, (Ra(t)Xo + R XF + ..+ Ry)xXE) . (6)

Hagee neobxoauMo HeperpynimuposaTh KoapUIHEHThl IPH OJuHA-
KOBBLIX CTelIeH X X[) AT TTOJIYVUICHR S CHCTEMEBL ypaBHOHl/Iﬂ OTHOCHTECJILHO
HEU3BECTHBIX MaTpHIL R;. ,.H‘J'I}I ATOr0 HMCIIOJNbB30BaJach Ollepalus CHuM-
BOJILHOTO jinphepeHImpoBanns npasoii yacTn pasencrsa (6) mo xax o
KOMIIOHEHTEe BeKTOpa X[A'] . B peansalun HCIIoJIb30Basiach 6H6HH()T(3KH
s3bpika Python sympy, npegocrasigiomas HeobXo UMb HHCTPYMeHTa-
PHil CUMBOJIBLHBIX BBIMHCJICHWIT.

3.3. Haxoxnenune marpui [; B 4uMcJIeHHOM BHIe. B3ap 3a
nauanepnoe yeaosne (3] Bi(0) = E, Ry = ©,...,R; = @ na unreppae
[0, Af] u uncnenno pemus 3agady Kommn s cucremsr (5), Haitgem R;.
Crour OTMETHTDb, 9TO MATPHILL [?; BEIYACIAIOTCS HE3ABUCHMO OT 3a/aH-
HOI'O BEKTOPa HavaJbHbIX sHadenuit Xo. Jua maxoxpenns marpun R,
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MOIKET HCIIOJIb30BATHCS JI0BOI U3 METOJ0B THCICHHOIO PEIIeHU 3a1a K
Kormn.

4. PesynbraTsl pac4eToB. PaccMOTPHM B KauecTBe HIPHMEPA CHC-
remy XeHona— Xeilyleca ¢ XaOTHIHON JMHAMUKON, 3aaBAEMOI CIIELYIO-
meit meauneitnoit COIY:

-z — 2Axy,
B Y8

T = P, D

) ; 7
¥ = py, Py =—y— Az ™

® MaTpHbIE OTOBPAM IR 0.4 4 * MarBmimbE orocpamen
0.4 | = PRy d — Pynreyrad
o 0.2
< o4 0.0
-0.2 ~0.2 \
~0.4 - ~0.4 t
-0.4 -0.2 0.0 02 -04 =02 0.0 0.2
P ¥
034 MaTpiHbE 0T00pAMEH & MATRAIMbID OTEIEI NN IR
— iRy 0.4 | = Ppiekyinad

0.2 o

014 0.2

00+

o 0.0
=01+
-0.2 4 =02
-0.3
~0.4
=04 - T " T - r
0 2 4 ] 8 10 0 2 ] 6 8 10

Puc. 1. Pesynaprarer unrerpuposanus (7) METOAOM MATPHHUHBIX 0TOOPaXKeHHH H

merojgoM Pyure - KyrrTol yerseproro nopsika

IIycre napamerp A = 1, X, = (-0,5;-0,1; —0,1; -0,2)T, j = 3. By-
JieM CUHTATh MATPHIBL oTobpaxenus Ha npomexxkyrtke [0;0,1], a meTon
Pyure - KyrTel gwerseproro nopsika Oygem npuMensTs ¢ marom 0,001,
CrouT OTMETHTL, YTO €CJIM HapaMeTp A HeM3BecTeH, MaTpuibl R; Mo-
YT OBITH BLIYHCIEHBI ¢ IAPAMETPOM A, 38JIAHHOM B CHMBOJIBHOM BHIE.
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ITpu 9roM KOHKpeTHOE 3HAMEHHE A MOXKHO HOJCTABUTH HEIOCPEICTBEH-
HO B R; mym HaHTH, COIOCTABIAS H3MEPCHHBIC M BBIYHCICHHBIC TPACK-
TOPHH CHCTEMBI. YKa3aHHad 0CODEHHOCTD JAET BO3MOMKHOCTH HCIOJIB30-
BATb METOJ MATPUUHBIX OTOOPAXKEHHH, B TOM YUC/Ie JUId HapaMeTpude-
ckoit maentuduranun COLY.

Ha puc. 1 npejcraBieHbl pe3yibTATH HCICHHOIO PEIIeHHS 388~
u Komm MeTosoM MATPUUHBIX OTOOPAXKEHNH ¢ HCIOIb30BAHUEM METO-
Ja Pyure - Kyrrsl derseproro nopsiiika JUis BhIUUCICHNS MATPHIL [T n
KJTACCHYECKHM HOMIaroBsiM MetogoM Pynre — Kyl gerseproro nopsi-
Ka. Buygno, uro rpadukn pentennii nosnocrsio cosuajator. Jiusa ykazan-
HBEIX HApaMeTpOoB aJIlOPHTMA OIMTHOKa OJHOT0 mara 0TodparKeHus cocTans-
aster— 51078, rnobanbuas ommbKa Ha BCeM IPOMEXKYTKE HHTErPHpPOBA-
nust —5-107%, a pems surancienus 0.001 cex. B 1o e Bpemst riobasibhas
ommbka merosa Pynre - Kyrrer pasna 1072, a spems seruucienus 0.01
CeK.

5. BI:IBO,IU:[. Pﬂ.C(:MOTp(—)HI—IbII‘/‘I METO/[ pelleHn:d CUcTeM OOBIKHOBEH-
HBLIX )II/l(l’)(E')GpCH]J‘IfIaHbeIX ypﬂ.BI'I(')I'II/ll‘?‘I IO3BOJIACT COXPaIATL CBOMCTBO
KaHOHMIHOCTH Hp006p&30BaHHﬁ Ha INPOTAXKCHHUN JJINTEJNbHbBIX HHTEepBa-
JOB BPEeMEeHH. Ouucannas B DEL()OTG HHCJIeHHaAs) pPeaJii3allisd Jlael BO3-
MOZKHOCTEL peniaTh CUMCTeMbI OOBLIKHOBEHHBIX )IH(I)(l)epeHLU/l?LJII)HbIX ypasB-
Henuit a106oit pasMepHOCTH B C 1000 TOUHOCTBIO.
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VIK 517.929.4
Kynpakos . A.

HoBplit Kpurepuii ycTOMYUBOCTH s JIMHEMHBIX
CUCTEM HeHTpaJIbHOI'O THUIla

Pexomendosano x nybaurayuu doyenmom Anexcandposoti H. B.

1. Beegenne. llennio macrosimeii paBorel sBJsiercs pazpaboTKa
HOBBIX METOJOB HCCJIEI0BAHHSA YCTONUHBOCTH JIMHEHHBIX CTAIMOHAD-
HBIX U hepeHnInanbHO-PAZHOCTHRIX CHCTEM € MapaMeTpaMu MeToL0M
byuakmmonanos Jlanyuosa ~ Kpacosckoro. B pafore |1] moxasano, uro
JUIS AHATH38 YCTOMYHBOCTH TAKHMX CHCTEM MOJIOKHTENBLHYIO OIpEie-
JIEHHOCTL (DYHKIMOHAJIOB € 3aJaiHoi NPOU3BOJHON JOCTATOUYHO HpO-
BEPITH TOJNLKO HA MHOMKeCTBe (PYHKIHI, YIOBJIETBOPSIONMUX YCIOBHIO
IO < le(O)], 1¢/(8)] < kll@(0)], 6 € [~h, 0] anst nexoroporo k > 0.
B nanmoit pafore mOKA3AHO, YTO 9TO YCJIOBHE MOXKET OBITEH NPHMEHCHO ¢
JUJISL IIPOBEPKU OTPUIATEIBHON OIPeeJIEHHOCTH IPOU3BOAHON byHKIHO-
HAJIOB BJIOJIL PeIIeHUil CHCTeM, BABHCAIIUX OT mapaMmeTpon. Ilpm srom
UCHONB3YIOTCs (DYHKIMOHAIDL, OIPEIeICHHbIe HA KOMILIEKCHBIX (DYHK-
nuax. [Ipegsapurenbibie pe3yabTaThL s CUCTEM 3al1a3/IbIBAIONIEro TH-
1a IoJIyUeHbl B crarse [2).

Bregem obozmauenus: ||z|| — esknmposa Hopma BekTopa x € C';
pC! ([=h, 0], C™) — npocTpancTBO KycouHo-HenpepuiBHo-1udg depennupy-
eMBIX yHKuui, geiicreyiomnx us [—h,0] 8 C", ¢ wopmoit |¢l, =
Supge|-n,o) le(@)]; A" = (A)T — spmuToBO Cconpskenue MaTpuisl A;

" LB,
5]?(2) — JeMCTBUHTe/IbHaM 1aCTh 2 [ C, = = pPaBeHcCcTBO I1OYTH BCIOY.

2. ITocranoska samaun. PaccMmorpum cucremy audpepenimalib-
HLIX YPABHEHHH ¢ OJIHHM 3alla3ibIBAHIeM BHIA

1
%(m(t) — Dx(t—h)) " Ax(t) + Bx(t—h), t3>0, (1)
dt

rae z(t) € C*, A, B,D € R"™" h > 0, a(t) — Dz(t — h) abcomorno
nenpepsisaa Ha [0, ] mpr t = 0. Ilycrs ¢ € PCI([—I'L, 0], C") — nauasnsnas

Kydpaxos HAmumpuit Anexcandposun — crygent, Cangr-Ilerepbyprekumii rocy-
Jgapersennniit yausepeurer; e-mail: st068497@student.spbu.ru, ren.: +7(922)218-
75-90

PaGora spimonnena 1pu  cpunancosoi  nomuep:kke MMII-CIIGIY, HHP
Ne 075-15-2019-1619
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dbyuxmus: (0, ) = p(0), 0 € [—h,0); 2(p) : 0 — xz(t+0,¢), 0 € [-h,0],
— cocrosume cucteMsl. IIpenmosoxkum, uro D yeroitansa o lypy (B
HHOM ciiydae cucreMa (1) He sABIAETCH SKCIOHCHIHMAILIO YCTORYIHBOI
[3]). Beeaem myst nekoroporo k = () MHOMXKECTBO

8= {cp € C' ([=h, 0,C") | llp(®)Il < lle(0),

e’ (@) < klle(O)l, 6 € [~ 0]}-

Hens nacrosineil paboTel — UCC/IeI0BAHIE BO3MOXKHOCTH UCIOIb30BAHNS
MHOKeCTBa S B YCJIOBHH 00 OTPHIATEILHON ONPEIEJeHHOCTH TPOU3RO/I-
HBIX yuknnonanos Jlsmynosa - Kpacosckoro B cuny cucremst (1) st
AHAJI38 KCIOHEHIINAIBHON yCTONYNBOCTH.

3. IlpeasapuTrenbuble cBegeHns. BaereM 6a30BbIe YTBEPIKJICHUS.
Jlemma 1 [3]. Eeau mampuya D yemotivusa no Llypy, mo

3d21, pe(0,1): |D|<dp, jeN.

IMonoxkum reneps k = (|| 4] + [|B)d/(1 — p).
Onpenenenne 1. Henpepeisuas marpuna U (r), npu 7 = 0 yaosie-
TBOPSIONIAL

S(U(r) = Ulr = WD) = U()A+U(r B, U(-7) =U"(r)
-W =U(0)A+ U(-h)B + ATU(0) + BTU(h)-

-ATU(-h)D - DTU(R)A - BTU(0)D - DTU(0)B,

HasplBaeres mempuyett Janymosa cucremsr (1), acconuupoBaHHON C
marpuneit W = W7 e R"*",

Bameuanue 1 [3|. Eciu cucrema (1) skcnoneHnuansuo yeroiinea,
TO CYHIECTBYET eJMHCTBeHHAs acconunposannas ¢ W marpuua Jlamnyno-
Ba, [IPUYEM OHA SIBJISETCS BEIIECTBEHHOIM,

4, PyHKIUHMOHANI € 3aJaHHOU NPOM3BOJAHOM, oIpeaeeHHbIN
Ha KOMILIEKCHbIX dyHkumax. Ilycrs marpuna W € R™*™ nojoxu-
Tensio onpegenena. Gyukuuonan vy(yp) Taxoit, 1ro

n.B

’f)()(.’ﬂt) = —’L*(f)W?’,(t), t 2 0,
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OHPGJZLGJIE.‘I-IHHP'I Ha KOMIIJIIEKCHBIX (1)yI-IKl.HfI}'[X, umMeer BUa
vo(p 0) (U(0) —h)D - DTU(h) + DTU(0)D) ¢(0) +

+ 2R ( /(: —h —0) — DTU(-8)) (Be(6) + D¢'(6)) dB) -

0 0
+ /’ (B(,D(91) + D@’(fgl))* ; U(F)l = 92) (B(,D(f)g) + D(,D’(fgg)) df)gdf?l

W SIBJISIETCS HEMOCPEJACTBEHHBIM 0600IIEeHHEM BHIPAYKEH U, TPUBEICHHOTO
B [3] s caydas BemecTBEHHBIX HAYAJBHBIX (DYHKIHIN.

BHMellaHI'le 2. (I)yHKJ'_IHOHFLJIbI Uo K1 ’(.)(), olpeJjieJIeHIbIe Ha KOMILICKC-
HBIX beHKL[I/lSIX, IPHHIMAIOT TOJHKO BCIICCTBEIILIC 3HaAYCHIA.

Kp()Me TOro, uMeer Mecro

Jlemma 2 [1]. Ecau cuemema (1) akenonenyuaavio yemotinuea, mo
Pyrryuonaa vo donycraem KeadpamurHyo oueHKy

. 2
Japg>0: vole) = aplle@)]*, »es.
5. OcuoBHoii peayabrar. [lonyueno ciegyiomee yTBepsKIeHAe.
Teopema 1. Cucmema (1) sxcnonenyuaivno yemotivuea mozda u

moavko moeda, Koeda cywecmeyiom Pynkyuonars v(p), w(p):

PCY([-h,0],C") — R maxue, wmo
v(Ae) = |A[*v(p), A €C;
2. 3 ag > 0, maxoe wmo v(p) = aglle(0)|?, ¢€S;
8 (xS —w(zy), t=0;
4. 3w > 0, maxoe wmo w(p) = wole(0)||?, ¢ €S.

Beegem ang v = h B pacceMoTpenue MOAMQPHUIMPOBAHHBIA aHAJIOT
MHOZKecTBa S, yiI0OHBIH JIJIs8 IPUMEHeHusI B 3aa4Me pobacTHON yeToiiyiu-
BOCTH:

ﬂﬂm={w€CZF7m )| 2@ < el 1€ ®)] < ke )]

IwﬂﬁlskamN=9€Fﬂm}-
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Bameuanne 3. Teopema 1 ocramercs: crpaBe/UINBOI, ecii MHOMKe-
crBo S B Helt 3aMenuTh Ha S(T, k).

6. Ilpumenenune Teopemsbl 1 K aHaausy pobacTHoll ycToitum-
poctu. Ilpennonoxum, aro cucrema (1) 9KCHOHEHIIMATBHO YCTONIMBA 1
PacCMOTPUM BO3MYIIEHHYIO CHCTEMY

g(t) = (D+ Ap)y(t —h—n) + (A+ Ax)y(t) =
= Dy(t - h)+ Ay(t) + By(t —h) + f(ye), 20,  (2)

rie Ap,Aq,Ag € R™*™, h+n >0, D+ Ap ycroituusa no Ilypy.
Torya nponseoanas dhyHKIHOHAIA Vo) BIOIL PelIeHuii cucTeMsl (2)

bo(ye) = =y (OWylt) + ),

gl = 2%(1’*(@) ( [U(0) — U(~h)D] p(0) +

0

+ | Ul=h=6)(Be(®) + Dgo’(ﬁ))dﬁ) ) . (3)

Beipazkenne (3) spisiercs upsiMbiM 00OOIIEHHEM BBIDAXKEHHSI, [IPIBE-
EH

gdennoro B (3|, Ha ciyuail KoMIUIeKCHBIX aprymenTos. s ananunsa

yeroifunBocT cucreMel (2) npumennm samedanue 3. Ilyers w(p) =

= ¢"(0)W(0) - I(¢), Torza
w(p) 2 (Amin(W) — f’)l|‘P(O)H2= 0 € S(r,ka),
p=2(pInlka + |1AsI + |Aal + p2lnlkX + | Ap|ka) x

]
X (||U(0) —U(-h)D| + / |U(=h — 6)B||d6 +
J—h

0
+ ka f |lU(=h — B)DHdﬂ) g
—h

pr = min{| B, B + Agll}, p2 = min{|ID], 1D+ Apl),

_ A+ Aall + 1B + Apl)Ad

k
A T — Ap )

T =max{h,h +n},

Ag, A, — ancna, ananoruunsle d, p U3 JeMMbl 1, onpeJiesisseMble IO MaT-

y B ) g

pune D+Ap, Apin (W) — Munamaisioe cobersennoe 9uciio MaTpuist W
Ilosromy m3 3ameuanus 3 ciemyer
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Teopema 2. Ecau cucmema (1) axenonenyuaivno yemoiivuea, u
)\min(W) > p,

mo cucmema (2) IKCNOHEHYUAILHO Yemotvuea.

7. Baknwouyenue. llpejicrasien HOBLIH KpPUTEPHHA YCTOHYHBOCTH,
IPUMEHEHHBI JITs1 JIMHeRHLIX cTaluoHapueiX JuddepennnaibHo-pas-
HOCTHBIX CHCTEM, 3aBHCAIIHX OT HapaMmerpos. Ilonyuens: nosble yeio-
BUsl pobacTHO# yeroiftusocrr. x npenmyiecrsomM sBisiercs ¢oboja B
BBIGOpE 3aBHCHMOCTEN MapaMeTpoB IIPaBOH YacTH cucTeMbl. B janbHeii-
meM [JIAHUPYeTCs CPaBHUTH HoJyueHHble B |4, 5| yvenosus pobacTHoil
YCTOWYHUBOCTH € YCIOBHEM TEOpPEMLI 2.
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JInteumxo H. P.

ﬂI/IHaMI/I'-IeCKOG IIO3HNIUOHHUPpOBaHHE
aBTOHOMHOI'0 HeoOHUTaeMoro IIOABOJHOIO allllapaTa
B MEJ'IKOBOJI,HOIT’I 3o0rme

Pexomendosano ® nybaukayuu doyenmom AKabro H. A.

1. Beegenune. 3ajaga JUHAMHIECKOrO MO3UIMOHHPOBAHUS — OJIHA
U3 OCHOBHBIX 38184 YIpaBJeHus: MOPCKHMH obbexTamu. B Hacrosimmii
MOMEHT IIPEJCTABJIEHbl MHOIOYUC/ICHHBIE PEIIeHUs] JAHHOM HpPOoBieMbl
JUIST HAaJBOAHBIX cyaoB [1-5]. Opmaxo mis aBTOHOMHBLIX HEOGHTACMBIX
nojasoansx amapaTos (AHITA) mojyueno MeHbIee KOJIHYIECTBO PE3YIlb-
raros. B uactnocTu, B |6, 7] mpeiozken moaxo 1, OCHOBAHHBIH HA [IPHUH-
IUTIE pas3JieIeHns] HACTPONKH HabIIOIaTeIsl U PeryjIsTopa, Ho pecTas-
JICHHAST CHCTEMAa YIPABJICHHS He sBJISAETCH acTATHUYECKOH, UTO orpanu-
YUBACT ee [PHUMEHEHHEe B pealibHbIX yCJIoBHsX. B jaHHoil crarbe pac-
CMOTPEHA YKA3aHHasl CHCTeMa W BBEJCHO JOIONHUTEILHOe CIArAeMOe B
3aKOH YIIPaBJICHHUA, KOTOPOE JOCTABIAET ACTATH3M, DTOT ClIocob aHalo-
PHYCH YIKEe HMEIOHEMYCs IOJAX0AY K CHHTE3Y CHCTEMbl YIIPABJICHUS J1s1
MOPCKOTO HAJBOJHOIO CY/IHA, HpejicTaBieHHoMy B [5].

2. Maremaru4deckaa mozens AHITA. na onpenenenus moje-
JIM AlllIapaTa PacCMATPUBAIOTCS ABE CHCTEMbl KOOPAMHAT: abCOIOTHAS 1
OTHOCHTe LA, JIBHyKenne B OTHOCHTENBLHON CHCTEME KOOP/MHAT OIH-
CHIBACTCH IIECTDIO KOMIOHEHTAMI CKOPOCTH ¥ = [u, v, w,p,q,r|T — nu-
HelHBle CKOPOCTH INPOJOJILION, MONepednoil U BEePTHKAJLHON KAuKH,
YIVIOBas CKOPOCThH Kpena, juddpepenta U phICKAHUS COOTBETCTBEHHO.
B abcomoTHoil cueTeMe KOOPAMHAT, CBA3AHHON ¢ 3eMieil, HCIONL3Y-
I0TCsl TPU KOMIIOHEHTA [TOJIOKEHHS H TPH YIVIa OPUEHTAIMH AllllapaTa
n = [x,y,2,¢,0,¢]". Cease ckopocreli B ofenx cucTEMaX KOOpAUHAT
OIUCBHIBAETCS BLIPAYKEHHEM

JIhumeuwwo Hpuna Pomanoena — cryaent, Cankr-Ilerepbyprekuit rocygaperses-
HBIH yauBepcnTer; e-mail: st069069@student.spbu.ru, Tes.: +7(909)843-54-22
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rjae MaTpHia rnepexosla

J(n) = [Jlé;?) Jz?ﬂ)] ,

IVC'(/) o (e s s —sthcp) (sY-sp+cy-cp- sf))-l
Ji(n) = rs’tf) e (et -cO+sp-sO-sh) (8O sth e —crp- h'cp)-l i

—s6 cf - sy cd - cp
[1 sp-t8 cp- t9-|
Ja(m) = LO o 7$<’OJ -
0 % &)

3uech ¢, 8 Ut 03HAYAIOT COS, Sin U 1g COOTBETCTBEHHO.

TospoBHBLil BEIBO MOJENH IO IBOHOIO alllIApaTa IpeicTaBieH B (8.
Heo0x01MM0 OTMETHT, UTO Ie/Ib JHHAMHYECKOTO TOBHIIMOHUPOBAHUST —
JIOCTHYL 3aJJAHHON TIOZMIIMM B OpHeHTAluH. B TakoM ciydae B MeJKo-
BOJIHOI 30HE OTHOCHTEJNbHASI CKOPOCTh ALIAPATA 110 OTHOLUIEHHIO K BO-
Je Byjer oueHh MaJa, 94To, coracHo |9, mos3podiger ommcaTh JBUKEHHE
AHIIA cnenyomeit cucremoii:

My + Dv +g(n) =7+ d(t),

i = I, i

rme M € R%*® — marpuna unepmun u nobasiennoit Maccehl (HOIOXKH-
renanno onpejenennas), D € RO*6 — marpuna pemnduposanus (momo-
KHTCALHO onpejencunas), g(n) € RY — sexTop rpaBuTamONHLIX 1 BOC-
CTAHABIMBAIOMNX ¢l 1 MoMenTos, d(t) € R® — sexrop cui u MomenTon
BHEIIHEro BO3MyIeHus a06oii npupoas:, T € R® — pexrop ympasmsio-
1ero Bo3AecTBIsL.

3. Cucrema JOUHAMHUYECKOrO  IO3HUWOHUPOBAHMS  JJIS
AHITIA. Ot 3aMKHYTOIl cHCTEeMBI YIIpaB/JeHnus TpeGyeTcs, IT00bL:
® CYIIECTBOBAJIO MOJOXKEHUE paBHOBecust v = 0, 1 = ng, rae
Na = (Ta, Ya, 2d, Pd, Oa, ) — KeJlaeMoe IoJI0KeHne AllllapaTa;

® IIOJIOKCHHE PaBHOBECHSI OLLIO TVI06AIBEHO ACHMITOTHUYECKH yCTOffI-
THUBbIM;

® yIiIpapJiecHHue obecre THBAIO aCTATH3M 3aMKHYTOH CHCTEeMBI.
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3.1. CTpyKTypa CHCTEMBI JUHAMHYECKOIO IO3UIMOHUPOBA-
HuA. CucreMy ¢ JKeTaeMbIMHA CBOHCTBa MOMKHO NIPEJICTABATL B BHJIE

Mz, =—Dz, —g(n)+ 1+ J (MKi(n — zy), @
Zp=. (m)zy + Ka(n — zn):
T =9(n) — Kazu — JT(0)Kp(2n — Na) + F(s)(n — 2zq), (3)

rje s — nepemennas Jlamiaca, z, € R® u 2z, € R® - onenxu sekropos v
u 1 coorsercTBento, Ky, Ka, Kq, K, € R%%% - zajannsie nocrosmmsie
MATPHILL

HaGmonarens suja (2) mocTpoe Ha 0CHOBE HAGJIOIATEIS, IPEICTAB-
JIEHHOT'O B padore [6], B KOTOPOI JOKA3aHO, 4TO sl 00eCHeTeHIs] 1J10-
6?]..?1]3]'101‘:{ ACHMIITOTHYECKOM ‘YCTOI‘/JI‘II‘IBOCTI/I HYJIEBOT'O HOJIOZKCHH PaBHO-
BeCHs CUCTEeMbI OILIPI6OK

Mé, = —De, — J"(n)Kieyn + d(t), @
En = J(Me, — Kaey,
noJtysennoil sorantanneM (2) us (1), rue €, = 2, —V, €y = 25 — N, IPH
d(t) = 0 pocraTouno, 4robbl MaTpHILl /1, Ky HMeIH AUATOHAILHEI
BUJ, 1 OBLIHE TOJIOMKATEIHHO ONPEIeIeHHbIMU,

Bakon yupasienus (3) IMOCTPOEH Ha OCHOBE YIPABICHUSI, IPECTAB-
nennoro B pabore [7], ¢ mobapnennem ciaraemoro F(s)(n — z,). B co-
OTBETCTBUH ¢ NPHHIAIOM Pasjesenns 7], MATPUIBl HeOOXOAUMO B3ATH
TAKUME, YTOOBI YIPABJICHIE

™ =g(n) - Kav — J"(n)K,(n - na) (5)

IPH 3aMBIKAHIH cHcTeMbl (1) cTabHIN3npoBAJIO ¢ B IOJIOKCHUN PABHO-
Becust ¥ = 0, 1) = Ng, UPU TOM HTO IOJOKEHHE SBJISLIOCH IIODAILHO
ACHMIITOTHYECCKN yCTOWYMBBIM. Torja 3akoH yHIPABIEHHS, HCIOIL3YIO-
Uil OLEHKH [TOJIOZKEHHH U cKopocTeil, Oyuer obiajarh TeMU e CBOIi-
creamu. g sroro marpunet K, Ky 10CTaTOMHO B3ATH [OJTOKUTENLHO
OIpeIe/IeHHBIMH.

Taxum obpazom, 3anaua CHHTE3a 34KOHA YIPABJICHUS CBOJHTCI K
omnpeienennio nonpasku F(s)(n — z,). Bo-epsbix, ee mpucyTcrBHe B
3aKOHE YIPABJIEHUS HE JOKHO H3MEHATH IIOJIOMKEHHE PABHOBECHE 3a-
MKHYTOH cucremsl (1)—(3) u B IeJI0OM HAPYHMIATE YCTOHUHBOCTL CHCTEMBI.
Bo-Bropeix, ona J0KHA 0DECIETUBATL ACTATU3M CHUCTEMBI,
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3.2. Onpepgenenne JOMOJHUTENLHOTO CJIATAEMOrO B yIpPaB-
genun. s Hadaja BBEJIEM [OCTOAHIBIC MATPHIBI o, B, 7, 4, OpH
9TOM MATPHIA @ — I'YPBHIEBA, W 3alUIIeM IIEPEAATOYHYI0 MATPHIYY B
suge F(s) = v(Eis — @) '8 + w, eii cooTBeTcTBYET CHCTEMA B IIPO-
CTPAHCTBE COCTONHMIL:

pP=ap+ ,@En, (6)

£ =P+ pey,
rie p € R! — BekTop cocTosmmit cucTeME, €y = 2y —N € RS — Bxox
cucrenmsl, & € R® — prixos cucreMb.

DopMynupoBKa CaeyIoNel TeopeMbl HOBTOpseT (POPMYIUPOBKY CO-
OTBETCTBYIONEH TeopeMbl JIJIsl MOPCKOIO HajIBoAHOro cyaua (5], no pac-
CMATPUBAEGMBIC CUCTEMBI IMEIOT HHYIO CTPYKTYPY U3-38 YBCJINICHHS THC-
Jla, KOMIIOHEHTOB, OIHUCHIBAIONNX JIBUKEHHIE AllllapaTa, 0 yUeTa BIMsHHS
IPABATAIIMOHHBIX U BOCCTAHABIMBAIOIIAX MOMEHTOB U CHI g(n).

Teopema 1. Ecau cucmema (6) acusmnmomunecku yemoduea, mo
noaosicenue pasnosecun ¥ = 0, n = ng samxnymots cuememv (1)-(8)
2406040 ACUMNMOMUMECKY YCMOUNUBO.

Hokazarenbcrpo. 3aMeTuM, UTO Zp, 2, MOXKHO HCKJIIOUHTL U3
ypasHeHus (3), HCHOMB3Ys BEKTOPBI OMIUMOKH HABIIONATeNS £y, €, U T,
[Ipunnmast Bo Buumanue cucremsl (4), (6) u ypasuenne (5) u npejanosa-
rast, uto d(t) = 0, moykno sanucars (1)-(3) B sxBuBasenTHOi (hopme:

&y = -M"'De, - M~ () K ey,

& = J(Me, — Kogy,

P = ap + PBey,
v=-M"'Dv-M'gn)+M1 r*+

+ MY (Kaew + JT () Kpen + 40 + pey),
J(nv.

n
C yuerom Buja 7% gerBeproe ypasHenne cucreMsl (7) MOZKHO Ipej-

CTABHTL B BHUJ/IE

U=(—M"'D-MK)v - M ITm)K,(n — na)+

= T (8)
+ M7 (Kue, + T (M) Kpey +vp + pey).
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)T)T. Ty = (EuT,E'nT)T

Beeaem nepemennrie ;3 = (p?,v7,(n — ng
u 3anuneM cucremy (7) ¢ yaerom (8) B caemyiomeit dbopme:

'i:]_ = A(:(ml)wl = ga(wl)wz’

5'[:2 = A,,(:cl):cz.

JaHHas CHETEMA ¢ YUETOM YBEJIUYMEHHST PASMEPHOCTH MATPHIL HIICHTHUHA
cucTeMe, moaydennoii B padore [10], rue yerofMuBOCTh MONOKEHNST PAB-
HOBECHSI 3aMKHYTOM CHCTEMBI JIOKAZBIBACTCS LISl MOPCKUX cy 108, Takum
o6pazoM, JOKA3aTeNLCTBO II06adbHO ACHMITOTHICCKON yeTOHYNBOCTH
NOJIOXKeHUsl papHOBecHs v = 0, 1 = ng 3aMxHyTON cucreMsr (1)-(3)
HOJIHOCTBIO NOBTOPSIET JOKA3aTelbCTEO, Ipeacrasientoe B |10].

Teopema 1 noxaszamna.

N3z reopempr 1 caemyer, uro mabaiogarens, marpuisl Ky, K4 n me-
pejarounyio GpyHknuio F(s) B peryisarope MOxKHO HACTPAHBATE OT/IE]b-
HO Jpyr oT jpyra. MMeromasics ¢Bo60ja B HOCTPOCHUH IePelaToOTHOM
MATPHILBI IO3BOJISIET JOCTABUTE CHCTEME KeJIACMbIe JHHAMHIeCKHe CBOH-
CTBA KAK OTHOCHTEILHO BBICOKOMACTOTHBIX KOMIIOHEHT BHEIIHETO BO3MY-
HIeHHs, TaK W HU3KOYACTOTHLIX. B uacTnocTh, mjis obecrieuenus acra-
TH3MA 3AMKHYTON CHCTEMBI, T. €, JJisl 00eCIeueHns] CTPEMIICHUS HEBAZKN
e:n = 'f]—‘f]d K HYJIIO 1P t — 400 npn BO3H(—!ﬁCTBHH Ha cucreMy IoCTOsH-
Horo sosmyienus d(t) = do, Bepua cienyionias reopema. Ee dopmyiu-
POBKA COBIAJACT ¢ (POPMYIHPOBKOIl AHAJOIHUHON TEOPEMBI JIJIS MOPCKO-
ro cyana u3 |5|, Ho paceMarpuBaeMble OGBEKTLI COOTBETCTBYIOT MOJEIIH
HOJABO/IHOIO AIIIAPATA.

Teopema 2. Fcau 8uinoasHAemes CACOYIOUEE YCAOGUE!

=D =JV(na)Ky
det (J(’f]d) _K, ) #0

u ecan nepedamovnas mampuya F'(s) ydosaemeopsem pacencmey:
F(0) = Ka,

2de Kpn = —(D + K2)J" (na)Ke — JT (na) (K, + K1), mozda cucmema
(1)-(3) asasemesn acmamuyeckoli OMHOCUNEABHO BEKNOPA HEBAIKU
en =N — Na dax mobozo dg € RS,

HokazarenbcTBo. llpeanosokum, UTo I0JOMKEHHE PaBHOBECHS
v = 0, 7 = ng samMxuyTOl cucremsl (1)-(3) cymecrByer npu Heko-
TOpOM (PUKCHPOBAHHOM BHelrHeM Bosmyiuennu d(t) = dg. Pacemorpum

67



cucreMy (4) B HONOMKEHHH PABHOBECHS:

0= —De, — JT(na)Kien + do,
0= J(na)ey — Kaeq.

YUuTHIBAS HEPBOE YCJIOBHE TEOPEMbI 2, IPABOMEPHO YTBEPHKIATH, UTO
IIpuBeJJACcHIIas BLIIIC CHCTCMa HMeeT €JUICTBCHHOC PeIICHHue (egn, Ego)T
upu mobom do € R®. Teneps pacemorpum ypasHenus mabiojaress u
perysaTopa (2),(3) B HalileHHOM [OJIOKEHAN PABHOBECHSI:

0=-Dz, —g(Ma) + T+ JT('qd)Klsnn,
0 = J(na)zv + Kagno,

T =g(Na) — Kazw — JT Ma)Kp(2n — na) + F(0)eno.

W3 jannoil cucTeMbl ¢ HOMOIILIO HPOCTBIX MATEMATHYIECKUX Jeii-
CTBHIT MOKHO MOJYYIHTL BTOpoe yciosue TeopeMbr: F(0) = K.

Teopema 2 nokazana.

13 pokasaTenbeTBa TEOPEMbl BUHO, FITO JIBA YCIOBUS, IPUBEICHHBIE
B ee (hOPMYNUPOBKE, FapaHTHPYIOT HYJIEBYIO OMMOKY €y = 1 — 7)q 1PN
t — +00, TAK KaK €y = €y — Ep . DTO IKBHUBAJCHTHO TOMY, YTO JIst
KazKJI0r0 HOCTOSAHHOrO BHemnHero sosmynienus d(t) = dg ynpasienue T,
onpegenentoe popmyioit (3), obecrieuuBaeT acTaTH3M 3AMKHYTOI cucTe-
MBI,

Taxum obpaszom, jJist 0deCHeMeHNsl CHCTEMbL YKeJIaeMbIMK CBOUCTBAMEI
B KAYECTBE [epeJIaTouHoll MaTpuIs! F(§) 0CTATOYHO B3SATH IOCTOSHHYIO
Marpuiy KA.

4., MopgenupoBauue B cpege Simulink. na mimocrpanuu gan-
HOT'O [I0JIX0JIa IPOBEJIEHO MOJeIupoBanue B cpeje Simulink ma npumepe
AHITA Kambara, ncenenosannoro B padore [11]. Hauannnoe nonoxkenne
almapara IPpUHEMAIOChL paBHbiM 19 = (2,0,1,0,0,1), Kenaemoe moJo-
wenne — ng = (6,0,5,0,0,0).

Hist MojlemupoBanmsa BOJIH HCIOJIL30BAJIICH CYMMBI U3 IIEPEIaTOY-
HBIX PYHKIHI:

as —

M) e T

Takoil MoAx0], K yUYeTy BHEINIHEI0 BO3IMYIIEHUH HOAPOGHO MpescTaBieH

B [8]. Kaxzaas nepegaTounast (pyHKIHS COOTBETCTBYET BIIMSIHHIO BOJIH
ogHOI yacToThl. B KavecTBe JOMUHHUPYIOIINX YACTOT BOJHOBOTO CIIEKTPA
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B3sTEl wy = 00,6283 pan/c, we = 0,7628 paun/c, wy = 0,2762 pan/c.
[TapameTp, 0TBEIAIONTA 38 HHTEHCUBHOCTh BOJIH, TPUHAMAJCS PABHBIM
o = 1, koappunuent nemuduposanusa ¢ = 0,1.

Marpunsr Ky, Ko ans nabmogarens (2), B coorsercrsuu ¢ 6], nme-
10T CHEYIONAH BII:

K1 = Egxs, Ky = diag{30,0063; 35,3594; 15,9928 1; 1; 1}.

Marpue! yupasisionero sosjaeiicTsus (3) BeIOpanb! cienyoumuii 06-
pasom [7]:
Ky =10Esx6, K, =30Eqxs.

[Mosunuonnposanne annapara naunnaercst 8 50 ¢. Kpome roro, s
WJTIOCTPAIMH ACTATU3Ma 3aMKIYTO! CHCTEeMBI, HaYHHasd ¢ 25 ¢, Ha al-
napar JeHcTBYeT MOCTOAHHOE BOSMYIICHIE BA0AL oceil ¢ u 2. Heobxomu-
MO yHOMSHYTH, uTo Kambara umeer maTh HOJPYIHBAIOIIMX YCTPOHCTB,
YCTaHOBJICHHBIX B JABYX OT/ACJABHBIX INIOCKOCTAX, KOTODPBIE ITO3BOJIAIOT
EMY JABHIATHCS TOJBKO C MATHIO CTEHEHAMH CBODOJLI, TI0 OCH 3 AIIapaT
ABJIACTCH HEYIHIPAaBJILACMbIM.,
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Puc. 1. [lepexomubiii nporece 3aMKHYTOH CHCTEMBI IPH HAJUYUH [OTIPABKH

Ka(n— zy)

Paccmorpum pesyanrar Mojgenuposanus. Kak suano na puc. 1, am-
Hapar AeiCTBUTENLHO YCTAHABIMBACTCS B 3aJaHHON ITO3UINH C 3aJaH-
HOI OpHEHTAIIHEH ¢ yUeToM HEeYIPABISEeMOCTH 10 KOMIIOHEHTY Y, T.e.
3aMKHYTas cHcTeMa #aBgercs acrarudeckoii. Ha puc. 2 npexcrasien
HEPeXOMHLIH IPOLect cHcTeMEl 063 yueTa BREJIGHHON IONPABKY B 3aKOHE
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YIpaBJaeHus, allllapaT OTKJIOHAeTCH 0T 3aJaHHOr0 IIOJIOXKECHH A N3-3a BJIH-
AL ITOCTOAHHOTO BOSMYIIICHMA, acTaTU3M He o6GecIIeunBaeTCS.
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Puc. 2. HE])EXD,LIHLIﬁ nponecc 3ELMKHYTGﬁ CHCTEMBl B OTCYTCTBHE HIOIIPABKH

Ka(n— zy)

5. 3akarouenue. PaccMorpentas cucremMa yIpaBjeHusl Peraer 3a-
Jady auHaMudeckoro nosunuonnposanns AHIIA. Beenennas nonpaska
obecreTnBaeT ACTATH3M 3aMKHYTOH CHCTEMBI, IIPH 9TOM OHA CTPOHTCS
HA OCHOBE y’Ke MMEIOUIMXCsl MaTpul, HaBIIOfaTeN sl U Peryjsaropa U He
Tpedyer HACTPORKH JONOIHUTEILHEIX ITIAPAMETPOB.
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VIK 681.5.013
ITax H. B.

Crabunusanusa MmasgTHuka OypyTsl
C UCIOJIb30BaHUEM ODpaTHOIl CBA3U
C MHOTI'OLIEJIEBOIi CTPYKTYPOIi.
Ilepexon k nudpoBoOMYy yHIpaBIeHUIO

Pexomendosano v nybaurayuu npogdeccopom Ymuunvim J. B.

1. Beegenue. B nociemaue rojbl B HayUHBIX HCCIEIOBAHUSX DOJIb-
I0e BHUMAHHE YAEJACTCS MeTOJaM CHHTE3a 3aKOHOB YIPABICHHS s
HenuHeinpix jguaaMuteckux cucrem [1]. Heemorpst ma cymectsopanme
HO/JIXO/0B, 00EeCHEeUUBAIONUX YCTOHUUBOCTL OTAEIBHLIX JIBHIKCHHN, He
CYHIECTBYET YHHUBEPCAJIBLHOI'O METO/A PElIeHUud 3ajad s MUPOKUX
knaccos [2]. B kadecrre HenmueliHOTO 06beKTa JUIs HCCIIEOBAHIS Pas3-
JIMYHBIX METOJIOB CHHTE3a acTo paccMarpuBaercs MasTHUK Dypyrsl.
B pmamnoit pabore aus cTabMIM3AINE MasTHUKA TPUMEHCH MHOIOIEIE-
BOI I10JX0J] K CHHTe3y 0OpaTHOH CBA3M, KOTOPLIH paHee IPaKTHUCCKH
HE MCIIOIb30BAJICS I HeJIUHEHHBIX 00beKTOB, AeHCTBYIONINX B PA3JIH-
HBIX peskuMmax yHxiponuposanus |3|. Baxkuoit wacrpio paborTsl siBis-
€TCS TTOCTPOCHNE UG POBOTO PETYISTOPA JIJI PACCMATPUBACMOTO HEJIH-
HEITHOro 00beKTa, 1T0 0DYCI0BICHO XapakTepoM paboThl u(POBLIX BbI-
YUCAUTELHBIX CPEJCTB, UIPAIOIUX OCHOBHYIO POJIb B COBPEMEHHBIX WH-
bopmannonnsix cncreMax [4]. Ocoboe BHIMaHEE yjieageTcs HOJABICHIIO
KOJIEDAHMIT 9JIEMEHTOB CHUCTEMbI 1101 BO3AeHCTBHEM BO3MYIICHIH Koeba-
TEALHOTO XapaxTepa.

2. ITocranoeka zagaumn. Magrunk OypyTel — 310 HepeBépHYTHII
BEPTHKAJILHBI MasTHUK, PA3MEIIEHHLIH HA BPAIIAIONEMCs OCHOBAHUM,
[Tonokenue cuCTEMBI ¢ MAITHUKOM B IIPOCTPAHCTBE OJIHO3HAMHO OlIpe/Jie-
JISIeTCsl YIJIOM [TOBOPOTA IJIAT(OPMBI (¢ U YIVIOM OTKJIOHEHHS MasTHUKA
3 OT BEpXHEro BepTUKAJILHOrO nosoxkenus [5-7|.

B pammoit pabore craBuTC 3aJlaMa CUHTE3a IHMPOBOrO PEryssaTopa
JUISL HeJTHHEeHHOIo 06beKTa ¢ UCIOIbL30BaHneM 00paTHO CBA3H ¢ MHOIO-
neseBoil cTpykTypoii. Haiigennoe yupasieHne JOJIZKHO YIOBJIETBOPATH

Iax Heanuw Badumoerna — actnmpant, Cankr-Ilerepbyprekuil nojurexunydeckmii
yuusepeurer Ierpa Beaukoro; e-mail: st049271@student.spbu.ru, ren.: +7(950)034-
12-64
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CHIEYIONAM YCJIOBUSIM JJIS KAXKAOIO U3 PACCMATPUBAEMBIX PEKHIMOB
GYHKIHOHHPOBAHHA 06bLEKTA:

ily; I_.[prI COBCTBEHHOM JABHZKCIHHHA, OlIpeJe/isieMOM HEeHYJIeBLIM Havdajlb-
HBIM OTKJIOH€HHEM OT BePTHKaJIHW, YIpaB/JeHHe ITOJIXKHO BO3Bpa-
maTh MasTHHK B HYJIEBOE ITOJNIOZKEHHE PaBHOBECH I,

2. ].-.[pH ATOM JTOJIZKHA OBITH yuareHna HelloJIHoOTa HBMGPHGMOﬁ I/IH(bOp—
Malium., B JAHHOM CJIYYae¢ H3MEPsAIOTCA CKOPOCTEL Bpalllelngd ILJ1aT-
(b()pMIJI 1 yroJ OTKJOHEeHH: OT BePTHKAJIH.

3. Ilpn JABMIKEHMM, ONPEIEISCMOM BO3JIEHCTBHEM KOJIeDATENLHBIX
BOSI\*IYI]J,GHI‘IP‘I, OGP?],TH?LH CBA3L JOJIZKHa YACP:KUBaThb CHUCTEMY B
OKPEeCTHOCTH HYJICBOI'O IIOJIOZKCHHWM PaBHOBECHI, 1IOJAaBJIAA KOJIE-
6aHH$[ YIvla OTKJIOHCHH:A MadTHHUKa OT BEPTHKAJIH,

Kpowme Toro,

1. HeobxoaumMo yINTBIBATL JIMCKPETHZAIINIO 110 BpeMeHHn Jijia obpaba-
ThIBAEMOI nH(pOPMATIHIL,

2, ILOCTH)KGHHC OIINCAHIBIX TpeﬁOB‘rlHHﬁ Hne J0JIZKHO IIPUBOJNUTEL K MC-
MOJIL30BAHUIO 3HAYUTEBHO GOJLITHX FHEPreTUIeCKUX PecypcosB,
UCM IIpH peaJiu3alui yVIIpaBJCHHA, HC YYUUTLIBAIOIICT'O BHCIIHNAE
BOSMYIICHIM A,

[TpuEATEI TOAXO/ HO3BOJISET ACKOMIIOZHPOBATE OOIILYIO 38,189y CHH-
Te3a Ha [0CeJ0BATEILHOCTD JIOKAJbHBIX TOA3a,0a4, Kasjk 1as U3 KOTOPhIX
OTHOCHTCH K KOHKPETHBIM PeXKHMaM JBHKEHHs 00beKTa.

2.1. MaremaTn4deckas MoJeJb 00bekTa. Maremarnueckas Mo-
Jean MagTHuKa PypyTel NpeJcTaABISIeT s CICIYIONIeH cHeTeMoil 00BIK-
HOBEHHBIX HeJMHENHbIX (g depennnaibubix ypasmenuit [5-7):

Mo(q)§ + Mi(q,¢)¢ + Mz(q) = T,

rae g(a, 8) — BexTOp OBGOGIEHHBIX KOOPJMHAT CHCTEMBI, U — YIPABJIs-
IO CHPHAJ — HAIIPIAXKEHUE, IOJABAEMOe Ha IIPUBOJ, JEKTPOMOTOPA,
MATPHUILBI

Moo= Jo+miL3 + myl¥sin % —myLgly cos B
o= —TﬂlL(]h COS,B J(] +7Tlll%
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Co+ Kkt myLolyBsin B+
+iml3sin28%  +3m,l3asin2p°

M, =
—%mﬂ%dsin2ﬂ2 ol
0 KK,
My = . T={ . ],
. —myglysing )’ 0
Bumecs Jy m Jp — momenrTst mHepumm wiardgopMmbl u MasgTHHKA, Cp

u Cy ~ koddpunmueHTE CYXOro TPEHHs JIsl FTHX IEMEHTOB CHCTe-
mol, Ky, Ky, Ky, Ry — KO3 MUIEEHTEI 3JIeKTPOMOTOPa, MMEIONHe 110~
CTOsIHHBIC “IMCJIOBBIC 3Ha1eHM . OCOGbEﬁ HHTepec 1pejicraBiasier BepxHee
HeycTOﬁ‘-II/IBOG [IOJIOZKCHHE PaBHOBECHL.

2.2. Obman sapgaya cuHTesa. s obecrieuenus BBITOJIHEHUST
BCEX 'FpG)6OBaHI/Iﬁ, npeJIbABIACMBIX K JIMHAMHUKE IIPOIECCOB 06’1}6}('1":1,
GYJIGM HCIIOJIB30BaThb O()pﬂTHyIO CB#A3b C Ml‘IOI‘OHG.HeBOﬁ CprKTypOﬁ
(MP) [8-10], koropas B JUCKPETHOM BPEMEHN OIUCHLIBACTCS CJIEIYIONT-
MK Pa3sHOCTHbBIMA YPaBHCHHAMMA!

z[n + 1] = Agz[n] + bar[n] + Ha(y[n] — Caz[n]), (1)
7n] = Kyz[n| + £[n), (2)
§[n) = Fu(2)(y[n] — Caz[n]). (3)

3nece Ay, by, Cy — MaTpuns juc-
. 1 KPEeTHON JHHEeHHON cucTeMbl, KO-

: TOpas COOTBETCTBYET HElpepbiB-
. HOW nuHelHoll cucTeMe, oIy IeH-
” HOI U3 MCXOHON IIyTeM JIMHeapu-
y d sanuu obparHoii cea3bio. [lepebrii

IEMEHT CTPYKTYPDI IIPEJICTABJIS-
er coboil ACHUMIITOTHYCCKHU Ha-

P Y " Guoparens (1), npepmasmaten-

Puc. 1. CpaBrenue npoueccos 1o yray (3 Hplil JJ1sl BOCCTAHOBJICHUS UH(POP-
MAIIH 0 BEKTOPE COCTOSHUS 00b-

eKTa 10 pesyianraraM ero usMepenuii. C IOMONIIBIO BTOPOTO 3/IEMEHTA
CTPYKTYPbLL GOPMHpYETCs YUPABAAONMA curaad (2), nomasacMplii Ha
3eKTpoMoTOp. OCHOBHLIM HaZHAUEHHEM JAHHOIO 3JEMEHTA SBJISEeTCs
obecriedenye yCTONYUBOCTH 3aMKHYTOH cucTeMbl, TperbuM 3J1eMeHTOM

o
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SIBJISIETCS] AMHAMBICCKIH (GuibTp (3), KOTOPBIH O epyKUBAET YCTOHIH-
BOCTh M ODECIEUMBAET XKejlaeMble JHHAMHYECKHE CBOWCTBA 3aMKHYTOM
CHCTEMBI TIPH JIBUZKCHAH B YCIOBHAX BO3JCHCTBHA BHEIIHMX BO3MYIIE-

HUI.
3. Pe3synbTaThl KOMIILIOTEP-

HOro mopgesuposanust. Ilud-
posoit perynarop. 3jech npu-
BOJSITCSL PE3YIIBTATH] IPUMEHEHUST
ONMCAHHOTO IOAXOJA K CHHTC-
3y 0OparHOil CBA3M ¢ MHOTOLE-
JIEBOH CTPYKTYPOR JJIsl yIpaBsiie-
unsa MasituukoMm @ypyroi. Pac-

crlu

J N CMaTPUBAETCs! JIBUXKEHIE MasiTHI-

Ka IO BO3AeiCTBHEM BHEIIHUX

Puc. 2. Cpasnenne nporneccos 1o BOBMYINEHHI, HavaJIbHOEe OTKJIO-
VIPABICHUIO U HCHHC MadTHHKa CHUIUTACTCHA HYJIe-

BeiM. B kavectse Gosee peanucru-
YECKOI'0 BHEIIHEr0 BO3JACHCTBHS B MOJEIH NPEJIAracTes UCIHOIbL30BATE
CYMMY TPEX IApMOHHMK € PA3HLIMU YACTOTAMH. AHAJIMZUPYH JUHAMHKY
IPOIECCOB 3aMKHYTON CHCTEMBI ¢ IOCTPOSHHON IHMPOBON MHOTOIETE-
BOIl CTPYKTYPOIl yIpPaB/IEHUs IIPU BKJIIOUEHHOM M BBIKJIOUEHHOM -
poBOM (PHILTPE, IPEJCTABICHHYIO Ha puc. 1, 2, BUIUM, TITO JJIs JAHHOTO
PEIKUMA JBUYKEHHS MasTHUKA (DUILTP HOJABISET KOJeDaHUs 110 YIJLY,
a 10 YOPAaBJCHUIO AMILIHTYIa KOJebaHuil ocTaéTcsa NPUMEepHO Ha TOM
ke yposae. Takum o6pasom, nudpoBoii pervisaTop Lojasiser KoJjeda-
HUST MASTHUKA 10 HEOOILIINX BEJAUYUH, H XOTS YBEJUMIUBACT IIPH ITOM
3aTpavduBacMble Pecypchl Ha yIpaBJeHHe, TeM He MeHee, OHH 0CTAIOTCs
Or'PAHUIEHHBIMMU,

4. BeiBoapl. B pabore M3yueHbl BOIPOCH! HOCTPOCHUS CTaOUIIH3N-
PYIOIHUX 3aKOHOB YIPABJICHH JIJI51 BEPTHKAJBLHOIO MasTHHKA ¢ Bpallla-
omumest ocaopanneM (Magrauka Oypyrer). B orimdmue 0T u3BECTHBIX
IIO/IXO/I0B, CHHTE3 00PATHON CBSI3M OCYIILECTBIEH HA MHOYKECTBE 3AKOHOB
YHOpaBJeHus ¢ MHOronenesoit crpykrypoit. [Ipu sribope eé anemenToB
ONPEAEISIONIYIO POJIb HIPAJIH JIBA PEXKUMA JBUKeHNs cucTreMbl. [locTpo-
eH I POBOI PEeryiadaTop JJIsd PacCMaTpUBaeMOl JTHHAMHUYECKO!N cucre-
Mbl. Ha ocHoBanum npoBeA@HHBIX HPAKTHUYECKHX PACUYETOB BBIIOJHEHO
HMHTAITMOHHOE MOJE/JUPOBAHNE JUHAMUKI 3aMKHYTOH CHCTEMbBI ¢ CHHTE-
3UPOBAHHON MHOTOIEJIEBOM CTPYKTYPOR VIIPABJIEHN, II0Ka3aBIee pabHo-
TOCIOCOOHOCTD M A (PEKTHBHOCTE MPUHATOIO IOAXOA.
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VIIK 539.3
Anmazosa JI. A., Cenosa O. C.

YHuciaeHuoe uccJieJosanye InpoYyHoCTH a/JIllOMHHHNEeBOI'o
CilJiaBa C ;(e(beKTaMH IIp1 NAKJIMYEeCKUX Harpy3kKax

1. Beegenmne. B cospeMennom Mupe JuTeiiibe aaioMIHIEBBIE CILIA-
BBl HAXOJSIT BCe OOJBIIGE IPHMEHEHHE B IPOMBIILICHHOCTH OJIAroiapst
CBOMM MEXaHUUIeCKHM cBoiicTBaM. OHAKO JHTEHHbIE CIUIABEL BCEDIA CO-
JIEPIKAT OMPEJICICHHOE KOJHYECTBO MOPUCTOCTH B JAPYIHUX Je]eKToB, Ko-
TOPbBIC CTAHOBACH KOHICHTPaTOpaMu I'I?ll'lpﬂ)KeI'IPIf;I, CHAZAKAIOT IIPOYHOCTD
" yCTaJOCTHYIO JOJI'OBEYHOCTDL KOHCprKU‘Hﬁ.

].—.[Oi\rII/lMO ATOI0, CepbeBHOﬁ III)O6J'I€1\«IOFI AJIE MeTaJlJInIeCKIX OG']JGKTOB
ABJIACTCA KOPPO3KMA. HBI{OTOPBIB 3808 0 KOHCTPYKIIHNAX, IMOJBCPZKCH-
HBIX PaBHOMEPHOIl KOpposuu pemiensl anajurauecku |1, 2|. Ilpu pac-
CMOTDECHHHA 3aJial O JIOKAJILHON KOPpPO3WH pemenue MOXKHO ITOJTYYIUTDL
unciaenubiMu Merogamu [3,4|. Oznnoit us nanbosee unrencusubix hopm
JIOKAJIBHOM KOPPO3NH ABJIACTC:H TOYMETHAaN KOPPO3MI (IIHTTHHI‘), BO3HU-
Kalomniasd Ha ITOBEPXHOCTH B MecTax ,lIB(b(?KTOB NMOKPLITHSA WM TTCOJIIO-
POJAHOCTH CIIIABOB. TFLK KaK ITHTTHHI'M CHOXKHO ()GHHPY}KHTB BBUIAY HX
MAJIbIX PasMepoB M IIPOJAYKTOB KOPPO3HH, UX MACKHPYIOINWX, U3YyHUCHHE
Inporecca JIOKaJIBHOM KOPPO3HHX M €ro BJMAHKA Ha IIPOYUHOCTL MaTepHra-
JIOB 1 KOHCprKI,LHl‘;I nMeeT 3Na9YUTC/ILHYIO MPAKTHHICCKYIO ITeHHOCTDL.

OTl\JG‘I'r].eTCH, HTO HATTHHI'M Ha IHHOBEePXHOCTH cTaJieil 1 aJIIOMHIHUEBBIX
CILIABOB UMECIOT CJIOZKHYIO d)OpRIy, BEJAIOYAIONLY IO OCHOBHOM 1 JOIOJIHH-
TEJbHBINA NUTTUHT Ha JHe OCHOBHOI'O [r)l HpI’I ATOM IIOKa3amo, “ITo HaJlnu-
TYHE BTOPHUYHOIO IHTTHHNa HNPHBOJUT K 3HAYTHTC/ILHOMY POCTY K()Bd)(bl{l-
IHueHTa KOHIeHTPpalmn EI?].IIpH}KeI-Iﬂﬁ, a TaKKe U3MEeHEeHHI0 KavueCTBeHHON
KapTHHBI PACIPE/IE/ICHI O/ HallpsiKeHnii 6],

I_l(').]']b paGOTbI — OLeHKa ycTaJIOCTHOﬁ MMPOYIHOCTH aAJIIOMHUHMEBOI'O
CIIABA B CJIYYASX KIACTEPOB JedpeKTOB CIoxKHON (hopMbl 1 aedekTon
063 BrOpUYHOrO NOBPEXK ICHIA.

2. ITocranoBka 3agaum. PaccMaTpuBaeTcs MOJAENL IUJIHHIPHUIE-
cKoro 06pasiia ¢ KpyribIM ceueHneM, U3roTosjaennas us crasa AS7G06

Anmasosa Juana Anmasosne — crypenr, Cankr-ITerepbyprexkuii rocygapersen-
ol yuusepeurer; e-mail; st080595@student.spbu.ru, wen.: +7(931)211-14-40

Cedosa Onvza Cepeeesna — pouent, Cauxr-ITerepbyprekuii rocypapersedHblii
yuusepcurer; e-mail: o.s.sedova@spbu.ru, Tem.: +7(911)159-23-94
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¢ T6 nocr-repmuueckoit obpaborkoii. CsoitcTBa MATEpHAIA HOKAZAHLL B
rabune 1 [7]. [losegenne MaTeprasa OMECHBACTCH MOJRIBIO ¢ KOMBHHH-
POBAHHBIM H30TPOINO KHHEMATHYECKUM YIPOUHEHHEM, PEAJH30BAHHOMN
B ANSYS Workbench. B cepegune obpasia BIOIb HOHEPETHOIO CEUEHIS
PAaCHOJIOKEHDI TPH HOBEPXHOCTHLIX AedeKTa. PaccMOTPEHbI 1Be BO3BMOXK-
uele dhopmel gedexkros. HeobXoquMo ONEHNTE HALIPSIPKEHHOE COCTOSIHHE
U [IPOUMHOCTL 00pA3IA IPH [UKJINIeCKHX HAIPY3KAX.

Tabaunua 1. Mexannueckue csoiicrsa AS7TG06

E (monynnb Ry a0 (npegen Ry (npepent v koapdunment
Oura) (I'Tla) YHPYrocTH ) HPOYHOCTH) ITyaccona (%)
(MITa) (MITa)
73 275 335 0,33
PHC. 1. FEOMETPH'—IGCK&H MOJICJI. I-.[.J'IOCKOCT?I &,b — INIOCKOCTH ceuenns, CTpeJIkKn

YKa3pIBaIOT INVIOCKOCTE TIPHJIOXKEHHA W HallpaBJIeHe Hal'PY3KH

3. KoneuyHo-a3eMeHTHAsS MOAeJNb. 15 pemenus 1mocrapienuoil
3ajaun OBLIH IOCTPOEHBI PeoMeTpudeckne Mojgean B nakere ANSYS
SpaceClaim. B kadecrse ajieMeHTApHON MOJIEIH BBICTYIA HJIAHID C
auamerpom 10 MM u BbicoTol 20 MM, B KOTOPOM BBIPE3AHBI TPH OCHOB-
Hbix chepuueckux gederra paguyca R = 0,32 MM ¢ JOHOIHUTEIbHBI-
MM TOBPEKJICHUAMHI Ha nHe pajguyca r = 0,08 mMm. Paccrognne mex ity
Jedexravu 0,1 mm. Bropasa reoMerpus mMeeT JIMINL OCHOBHEIE chepH-
qeckue JedpekThl 663 BTOpUYHBIX HoBpexkaeHuil. B obeux reomerpusx
nebeKThl PACIONIOKEHL! B cepelintie 00pasia BIIOJIb [OIEPETHOrO Ceve-
HUS, T.€. Ha OKpyKHOocTH. B cuiy cuMmerpun 6bLIa [MOCTPOEHA O[HA
YeTBepTas YacTh OT PACCMATPUBAEMOIT MOJIEIIN.
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Ha IIOCTPOEHHDLIE T'eOMETPH'ICCKNEe MOMEJIH HaJ0XKCHbI I'DaHHU'IHDbIC
YCIOBH S (prl(‘ 1) CHJIa 0, COOTBETCTBYIOIIaA aMILIUTYIE B IMHKJIMICCKHX
HCIIBbITaAHUAX, Ha IMOoIepevTHoe ceueHnue, COOTBETCTBYIOIEE I'pannuIie pa6o-
el yacTu 06})&3]1,?1.', ycjaoBue CHMMETPHH Ha INIOCKOCTHAX CeUeHH:d, OI'pa~
HHYHUBAIONIUX pacCMaTpHUBaCMYIO OJHY “eTBEPTYIO YacTh MOJJIECIIH. ,ZLJTH
penrenns 3a/da'1i UCIIOJJIb30BaJICHA MeTOM KOHe'THBIX 3JIeMeHTOB. Peanuszo-
BaHHAas BOJIH3H ,ELG(I)BKTOB CeTKa IIpUBeJjeHa Ha PUC. 2

4. Uccnegosanue ycrajJocTHON gonroseuHocTH. [Ipu omnpese-
JICHUN JIOJITOBEYHOCTH B CJIyYae OJHOOCHOrO HATPYKEHHs [P MHOTO-
HUKJIOBOH yCTAJIOCTH IIMPOKO HCHoMb3yeTes Mojens Backsuna [8]. Co-
IJIACHO STOH MOJeJH, 6a3HpyOIeiics Ha KPUBBIX YCTAJIOCTH, PasHHIA
MEKJly MUHUMAJIBHBIM ¥ MAKCHMAJIBHBIM HANPSKEHUAMHE B [UKJIE JIH-
HelHO CBA3AHA ¢ KOJIHYECTBOM IMKJIOB J0 paspylienus. B jpanuoii pa-
BoTe uncaoBLIe HapaMeTpbl Mojean BackBuHa ONpeiesiebl 10 KPUELIM
YCTAJIOCTH PACCMATPHBACMOTO CILIABA, TOJIYYCHHBIM SKCICPHMEHTAILHO
B pabore [9].

5. Ananmus pesynsraroB. Pacnpejenenus HaIpsKeHHd jjs pac-
CMATPUBAEMBIX I'eoMeTpuil npejcrasiens Ha puc. 2. OHU HADISLIHO Jie-
MOHCTPHPYIOT 3HAYUTENILHOC YBEJIHUYCHEE 3HaUCHNA Hanpskennsa Muze-
ca IpH HAJTUYUE BTOPUTHOIO HOBpexKtenus. OTMeTHM, UTO B CIydae je-
hekTOB Ca103KNOI (POPMBI MAKCHMAJILHBIC 3HAMECHNS HAIPSIZKCHAS JTOCTH-
raloTcs Ha MecTe CThIKa BTOpU4uHOro jgedexra ¢ ocHoBHbIM. [ reomer-
pun ¢ jgederramu 6e3 BTOPUYHBIX HOBPEXKJACHHN MAKCHMYM JIOCTATAETCS
HA Kpasix B [POCTPAHCTEBE MeKy jgedexraMu,

€1 B YO MUK IIX Aad okTon |

£ S Irr——

Ty Tl
Unit: MPa

Time: 1 o
200220221359

5,309 Max
F 8,906
7450
54,186
53,785
43,303
2,982
22,581
1218
17767 Min

6,004
00,300
6,727
0,000
33449
78

2,700 Min

Puc. 2. Pacupejenenne nanpsaxennii Jus reomerpun ¢ jgecpexramu 6e3 BTopudaHbIx
nospexkaenuii u pedexramu caoxxuoi hopmer
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Ha puc. 3 npejcrasiens! rpaduki 3aBHCHMOCTH YCTAJIOCTHON JIOJIIO-
BEUYHOCTH IOCTPOSHHBIX MOJEIeH OT 3HAYEeHUH IIPUKJIAIbIBAEMBIX HATDY-
30K. BuaHO, UT0 MaKCHMaJIbHAS JONTOBEYHOCTh Y 00EHX KOHCTPYKIHIT
COBHAJAET, HO B CIyuae Ae(EeKTOB CJIOMKHOI (hOPMBI OHA JOCTHIAETCS
MaKCHMaJbHO 1pH Harpyske B 25 MIla, korna npu gedexrax Ges Bro-
PUUHOTO HOBPEKICHHS MAKCHMAIBLHAS JOJIOBETHOCTD COXPAHSIETCS 1O
narpysku B 37 MIla. Ilpu srom MaxkcumanbHash HArPY3Ka, MPH KOTOPOI
KOHCTPYKIUS ¢ BTOPHMHBIMU IIOBPEXKICHHSIME He HCIIBITHIBAET MIHOBEH-
HOTO paspymenus, nocruraer 38 Mlla, xorma s BTOpoit MogeIH 3To
suadenne gocruraer 56 MIla. Takum obpasom, HauuIHe BTOPUTHOIO Jie-
bexTa Ha e OCHOBHBIX IPHBOJUT K CHUIKCHHIO IPOYHOCTH.

e COHHBIE AEGEKTH === NpOCTbIE AederTsl

3HavenuA Hanpamendn, Mlla

0,000 0,020 0,040 0,060 0,080 0,100 0,120 0,110 0,160 0,180 0,200 0,220 0,240 0,260 0,280
x 10000000

Konuuectan UMUKNOR
Puc. 3. F})'r].(b]{l( BABUCHMOCTH KOJMYECTBA LMKJIOB OT 3HAUYCHMI HAllPAXKCHH A

6. 3axkmovenue. B paboTe npejacTaBieHo YHCJICHHOe MOIe/IIpoBa-
HHE HAIIPAZKCHIOr0 COCTOSHHA O()péLBL[OB U3 aJIOMHUHHEeBOI'O CIllIaBa B
YCIOBHAX MUKJINHIECKOr'O OJHOOCHOI'O HAI'DY2KEHIA ¢ ,]_L'r].JII;I-I(:!ﬁlUI/H\rI ueee-
JOBAHMEM YCTAJIOCTHON npounocTi. Ilokasamo, 4o, KOrja BO BHUMAHIE
HPHHEMAIOTCS TOJNLKO 1osyehepuieckie nedeKThl, Moy IaeM 3aBbIIIeH-
HYIO OICHKY 3Ha'IeHUs JOIYCTHMBIX HAPY30K 10 CpaBHEHHUIO CO CJiy'a-
eM nedexTos caoxkHOi (gopmbl. Takum obpazoMm, yaeT CJA0XKHON (op-
MBI KOPPO3HOHHBIX Je(PEKTOB CYIIECTBEHHO BIHSIET HA IIPOCHOZHPYEMYIO
IPOYHOCTD KOHCTPYKIIHIA,

Wcceneposanns Oblim NPOBEACHBI ¢ HCIOAL30BaHHEM MorHocTeil Pe-
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cypenoro enrpa «Beraucnurensustit nearp CII6IY ».
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VIIK 539.3
Baabsuesa B. B., Cegosa O. C.

ITpumenenne 06006IIEHHOTO METOAa KOHEYHBIX
9JIEMEHTOB C JIOKAJIbHBIM M IJ100a/JbHBIM pelieHueM
K 3amave Kupiua

1. Beenenue. Meroy KOHEUHBIX JIEMEHTOB IIHPOKO IIPHMEHSIETCS
IPH PeNIeHHH 38184 0 HAIPIZKEHHO-e(hOPMHUPOBANIOM COCTOSIHHE TEJI C
BBHIGMKAMH, TPEIIMHAMH, TTOpaMH [1], X0Ts 1715 OTASIBHBIX 38144 MOy Te-
HbI anaguTHIeckue pemenus |2, HecMorps Ha HMPOKYIO IPUMEHIMOCTD
MeTosa KoHedHbx ajaementos (FEM), nanpumep, [3], npn anannze samas
MEXaluKN paspylicHus OH UMeeT JOoCTaTOMHO CePLe3HbIC OI'paHn'ICHus,
KOTOPbIe CBA3AHBI C €r0 3aBUCHMOCTBIO 0T ceTkH [4]. Bo-mepsoix, npn
PACCMOTPEHHH TPEIUH U Ipatull 36pen Marepuaa, cerka FEM crpout-
Cs1 BJIOJIL 9TUX HEOHOPO/IHOCTEH, UTO IPUBOANT K HoJiee CI0KHOI ceTKe.
Bo-BTOpbIX, HAJMYIHE B PeOMETPHH TAKUX HEOJHOPOJSHOCTENR KAK MUKDPO-
TPENUHLL U APYTHEe MUKPOAe]EeKT, TpedyeT HOCTPOeHUs OUeHb MEJIKOL
CeTKH, TI0 KpaiiHel Mepe B MX OKPECTHOCTAX, IT0 IPUBOJUT K 3HATHTE -
HBIM BbIYHCAUTENbHBIM 3aTpaTaM. ITH 0COBEHHOCTH OTMEYEHbl B pPabo-
rax |4,5] u ap. CylecTsyer HECKOIBKO METOJOB PELIeHUs JAHHOM IIpo-
GuteMbl. Buicokyio s hekTHBHOCTE MoKa3aa o6o0IEHHBIT METO KOHed-
HBEIX 9JEMEHTOB ¢ JIOKAJIbHBIM U 1obaibubiM pentenuem (GFEMYY) [5].
B gaunnoii pabore paccMoTper oBOBUEHHLIH METO] KOHEUHBIX 3JIeMeH-
TOB € JIOKAJILHBIM ¥ TI06agbibM perenneM. Meroy peannsosan ma oc-
nose FEM ¢ ucnonbp30BammeM TPeyroabHbIX 2JIEMEHTOB [IEPBOTrO HOPi-
Ka. [IpuBeén npuMep TUCICHHOr0 pernenus 3aaaqu Kupiia ¢ IoMoIbIo
060BIIBHIOT0 METOAA KOHEUHBIX 9JEMEHTOB C JTOKAJILHILIM H [JIO6aILHEBIM
PELICHIEM.

2. OcHOBHBIE TIOJIOMKEHNS HCIOJIb3yeMbIX MeToma0B. Jlaiee
paceMoTpumM anroputymsl FEM u GFEMY!,

2.1. MeTon koHeuHbIX a7eMeHToB. Mnes FEM cocrour B ar-

IPOKCHMAIINN KYCOUYHO-HENIPEPLIBHON (pyHKIIHe!! HelpephbIBHLIX BEJIH-
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YHH, 3HATEHHS] KOTOPLIX U3BECTHLI B KOHEYHOM MHC/E TOUEK PAcCMAar-
puBaeMbIx ajeMeHTOB. TaknMm obpaszoM, HCcaeayeMblil 00beKT pasbusa-
eTCsl HA KOHEMHOE THCJIO FIEMEHTOB, KOTOPLIC HMEIOT (BPHKCHPOBAHHBIC
y3s0Bble Touky. C HCIOJIB30BAHKEM 3HAUEHUN MCKOMON BEJINYHHELL B y3-
JlaX M allpOKCHMHPYIONel (DYHKIMN OIPEIesioTCs 3SHAYCHHA BeTHTH-
HbI BHYTPH 5JI¢MEHTOB.

Pacemorpum anropurm FEM nis rpéxysioBbIX TPeyrobHLIX JIeMeH-
roB [6]. Haxomum MaTpuily yIpyrocTu s IJIOCKOrO HAIPSZKEHHOTO CO-
CTOSTHVSI:

1 » 0
D = l‘Eﬁ v 1 0 )
- 1—v
0 0 52

rie v — koadpdunpment Ilyaccona, E — momyis [Oura.
Haxomum marpuns Komm jpis Kaxkaoro ajieMenTa:

B,=(B; B; B,

riae
ONy,
Ow
ANy,
B‘m — 0 ('j‘m )
ONw  ONy
Dy dx

N, — dyuxuus popMel y3i1a m, 4, j 1 k — HOMepa y3J10B, COOTBETCTBY-
IOIUX JEMEHTY ¢ HOMEPOM 5.
Haxonum MaTpumny »KeCcTKoCTH KayKJIoro 3/IeMeHTa;

K, = BTDB,S,

rje § — IJIoIAaLb 3JIeMerTa. 3areM NIo0aabHyI0 MaTpuily xkectkoceru K
(aJropuT™M reHepUpOBaHU TIODATBHON MATPHIILI JKECTKOCTH IOAPOGHO
uzsoxken B [6]). Popmupyem cucremy ypasaenuit MIKD:

uy F
v Fy 1
E|ewe|l=]:+=], (1)
u‘H 'F‘:U'Hf
Un, Eyn

rje I — cuna, NpHIOKeHHAd K ¢-My y3Jy BJIOAL ocd &, Fy; — cuia,
NPUIOKEHHAS K -MYy Y3JIY BJOJL OCH ¥, N — KOJUYECTBO Y3JIOB, t; — Ie-
peMelleHne i-ro y3Jja Napajuieasno ocn O, v; — HepeMelneHue 4-Io y3Jia
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napasuiensao ocu OQy. Iloncrasnss B cucremy (1) rpanuysble YCIOBHS
IEePBOTO U BTOPOTO POJIa, IOJIyTaeM BEKTOp rnepemenienus y3ios. Ilocue
9eT0 HAXOAUM JeOPMAITME W HAIDSKEHH JJI8 KaXKJI0T0 3JIeMeHTA:

Uy
Vi
E:J! 0’.’1’.‘
U,
es=| &y | =B, o |0 Ts=| % = De,.
’Y:n'y 'ui: Ta Y
Vg

2.2. O606ImEHHEBII MeTOoJ KOHEeUYHBIX 3JIEMEHTOB C JIOKAJIb-
HBIM ¥ o6anbubiv pemenuem (GFEMYY). Mannmii mMeron ocHo-
BAH Ha AJUTUBHOM IIPEJCTABJICHUH PEIIeHUs 3aja4uu. Pemnrenne ckia-
JBIBAETCS U3 JIBYX ©ACTeil: HepBasl W3 HHX IpeJcTaBisier coboil raiKoe
r1o0aILHoe PeNIeHne, MOCTPOCHHOE Ha KPYIHON CeTKe KOHEMHBIX 3Jie-
MEHTOB, BTOPAsl — PELICHHE 3a/a41 B CPABHHTEIBHO HeOOIBIIOoN 00/1aCTH
(MM HECKOJIBKMX TAKHX 0BJIACTHX), KOTOPOE CTPONTCA Ha Haze MeKoil
CEeTKH M yuuTHIBaeT HeomHopoaHoctn [7]. [vobanbHoe u MoKanbHOe pe-
HIEHUS] CTPOATCS OJHHM U3 U3BECTHBIX MUCICHHBIX METOJIOB, HAIIPHMED
MK®D uan obobIEHHEIM METOJOM KOHEUHBIX 3jeMenTos (8], Mrorossrii
BEKTOD HepeMenieHuii MOXKHO HOJyInTh 110 hopMyie

'u, ZN T,TJ, Z NA 'U'q“( )1 (2)
=1

Kely

/ = i 29 T . i Tty —
rae Nj(z) — dynxuua dopmbr j-ro ysna rnobansuoit cerxu, iuj(x)
nepeMelenue j-ro ysia, Hainennoe niobajbubiM pernenuem, Ny(x) —
dbyukmua popMbl k-1o y3ia KpyHIHONR CeTKH, KOTOPBIA HONAJ B JOKAIL-

i
HOE pelleHne, uj '’ — nepemernenue k-ro ysia, HaiiJJeHHOE JIOKAJIBHEIM

pemenueM, @ — TOYUKa Ha ILIacTHIe.

3. Pemenne zamaun Kupina. PaccMoTpuM TOHKYIO IJIACTUHKY U3
OJHOPOIHOTO M30TOIHOIO MATEPHAJIA ¢ KPYIVILIM OTBEPCTHEM B IEHTPE.
Mopyns IOura E = 2000 MITa, koaddunnent pacupenenenns Ilyacco-
a v = 0,3. Ilnactura pasmepom L = 1 MM HarpyKeHa [OCTOSHHBIM
pacrarusaomuM yeusuem p = 10 Ila, pagunye orseperust R = 0,05 mwm.
st perenus 1y106a/1bHOM 380a49H MeHEPUPYEM Ha INIACTHHE KPYIHYIO
cerky, B kKoropoit 180 yznos u 260 snemenros (puc. 1),

Meronom FEM nonyuaem nedopmaniuu st 1100aJdbHON 3aJa4u U
HPUCTYIAEM K PELICHUIO JIOKAILHON, PEHEPHPYEM BTOPYIO CETKY JLIIs JIO-
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Puc. 2. Menkas cerka B6/M3H 0TBEPCTHS

KAJIbHOI 0bJiacTH, BhIJICJIeHHON Ha puc, 2, ona cogepxxut 123 yzmaa u 190
JIEMEHTOB.

Peamnzyem FEM st nannoit o6nactu, ¢ nomornsio (opmyns (2) na-
XOJHMM HTOTOBBIC IlepeMerenus, jgedopmMalinu, a 3aTeM U HAIPAKEHIS
(aseMenT ¢ MAKCHMAJIBHBIM HalpsKenuneM 1o Mmusecy mocie pemierus
JIOKAJIBHOM 3a/aum Bhljesen cepeiM Ha puc. 1.) Vrorosoe snatemnue ma-
upsizkenus o Musecy — 27,719 MlIla. Ananuruueckoe pemenne [9] naér
peayabrar 32,654 MIla. AnropurM, peainsyIoninit pemienue, HAIIMCAH Ha
a3bike Python.

4. BeiBoa. B nmaunnoii pabore nposenén obzop merogos FEM u
GFEM®Y'. Ha aseike Python peaimzosan asymepusiit meros GFEMY!
B KOTOPOM INI0BAJIBHOE U JIOKAJBHOE PeIleHHs UILYTCs MEeTOJIO0M KOHEY-
HBIX 9jemMenToB. Meros yenerno npuMenen K 3ajiade Kupia.
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VIK 51.73
Kazankos B. K., Xonoaosa C. E.

MaTtemaTuteckoe MOJeJIMpOoBaHUe
MartvuroruapojmaoaMmuIeCKmuX IIponeccoB B oKeaHax

1. Beenenmue. Ilpencrapisercs MareMaTHUecKas MOJEIb, OMHCHI-
BaIOIas reoU3NYecKe MPOIECChl SJICKTPOIPOROIAIIEH HeCKHMAEMOil
JKUJKOCTH, OIPAHNYEHHON CBOBOIHON OBEPXHOCTBIO ¢ yueToM auddy-
3UM MAPHUTHOTO I10JIs1, TpaBuTanuu U cuinl Kopuonuca. Mojenns cosjia-
HA HA OCHOBE PELICHHs KPAaeBOH MAIHUTOIHIAPOJMHAMUYECKON 3a/ati,
OLMCHIBAIONIEH JJIMHHBIE BOJHLI MAJIOH aMIIuTyabl. Vcnoabsys nanublii
HOJXOM, YIACTCA PEeAyIHpoBaTh cucTeMy JuddepeHnuaibibix ypasHe-
HHH BEKTOPHONO THIA ¢ YACTHBIMH MPOU3BOJAHLIMH K OJIHOMY CKAJSPHO-
MY YPABHEHHIO JJisl MOAHPUIMPOBAHHON (PYHKIMU, OIUCHIBAIOIIEH BO3-
MylleHre cBoboHol noBepxHocTH oKeana. Mojeas HUCIoNIb3yeTes Jiis
BOCIPOU3BEIEHNS MATHHTOIHAPOAMHAMMYECKHX IPOIECCOB OKeaHa B ce-
BeproM noaymapun. [Ipn MogenupoBanun MAMHHTHOIO HoJisl Hab/Io1a-
eTCsl ero MHBEPCHSI,

2. INocranoska 3agauun. Cucrema jgudpepeHiuaibibiX ypaBHeHH
ALJLEL HGC}KE/IM{—LGMOﬁ EJJIGKTPOHPOB()J_LHHL(—!fI KHUJIKOCTH II})G)ILCT?LBHM(’I B BH-
ae [1]

) % 1
(r—v+(v~V)v: ——p—2w><v—gz+ —[rot b x b,
ot P o
; = rot [b X V] -+ LAb,
ot po
divb = 0,
divv =0,

Kasankoe Bagducaas Konemanmumosun crypent, Yuusepcrurer MTMO;
e-mail: v.kazankov98@itmo.ru, Tes.: +7(977)300-20-48

Xonodosa Ceemaana Fezenvesna — pouent, Yuupeperurer MTMO; e-mail:
kholodovase@itmo.ru, res.: +7(965)021-00-41
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¢ PPAHHYHBIME YCJIOBUSIMH, 3aJIAHHBIMU HAa LHoBepxHoCTsX 2 = hg(z,y,t)
vz = Z(x,y), Buga

bz(m:yahB:t) = bz(](m::f :t): bz(m:y'ﬁzr‘ﬁ) = bi(;))n

rae hp — cBobDOHAs OKeaAHHeCKas MOBEPXHOCTH CJI0f, BPAIAIONIerocs
CO CKOPOCTBIO W, P — JABJICHHe, p — IJIOTHOCTH, b — BEKTOP MarHuTHOM
HHAYKIMHE IOJIs, (4 — MarHATHas IPOHUIAEMOCTh, ¢ — I'DaBUTAIIMOHHAS
HOCTOSIHHAS, ¢ — AIEKTPUIECKAsS [IPOBOAUMOCTE, Z(®, i) —~ HeIpoHHIIae-
MOe TBepjioe JIHO.

B npubiuzkeHnn JUIMHHBIX BOJIH MAJIOH aAMILIHTY/bl PEIIeHIe HCXOJ1-
HOIl KpaeBOH 3a/a4H CBOJAUTCA K PEIICHHIO YPaBHEHHs

. A yoL ple) — b
D (D? 2 D, — T Y ALe =120 720 1
(P54 (( ' Rf’) & MP) 2% (1p)*Ho )

JUISL HEKOTOPOH MOAUHIIPOBAHHON (DYHKIIMKM BO3MYIIEHUS IVIYOUHBI
ciost € |1], roe Rey, ~ marHuTHOE wHCI0 Peiinonsica.

B pabGorax |2, 3| mokazano cymecTBoBanne penterus ypasuenns (1)
B BHJIE TAPMOHUYECKON (DYHKIIHT

¢ = Im(Aexp(i(kz + ly — ot))), i=+—1, (2)

KaK JIJIs KOHCUHBIX, TaK H OCCKOHETHOTO 3HAYCHHUI MArHUTHOIO THCIa
PCﬁHO.HB)ICﬂ, npu4aeM "Tacrora ¢ ABJILACTC:d pelienueM JHUCIICPCHOIHOIO
YpaBHEeHM L

n
- k .
Pn,(a) — E Cra—, (‘3)
k=0
rje ¢ € C onpenensiorcst U3 COOTHOMEHUE (PU3NYCCKUX BEJHYHH.

3. Mopenuposanue. B pabore 4] paccmarpusaercs MeTo) U npu-
BOJAMUTCS aJIPOPHUTM pPeHIeHN: YPaBHeHMA (3), UTO IIO3BOJIAECT IIPOBECTN
aHaJIN3 BOJIOIHNA MArHUTOTUAPOAHNHAMAICCKUX XapaKTePpHUCTHK B 3aB1-
CHMOCTH OT MArHHUTHOPO dncia Peitnonsica [5] [Tpumem jpajiee 3HAMEHUS
BOJIHOBBLIX YHCEJ .k.' = |': = 1, a [MPOoeKIHUN BHEIITHEI0 MalrHiuTHOTO 1101 Ha
o @ Uy — boy = 0 m by, = 1, coorsercrBenno. Torja KOMIOHEHTDI
BEKTOPA CKOPOCTH HPUMYT BHJ

Uy =G (7) +3,,;) + o (n +By) ,
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v, =0 (n +3_,,) — o (n +'5:,,) .

07 eyA

JHy
) (z— 2) +’U:,,a +?)y0—y,

—iT 4 9 aH,
2= g e TV ——
v ( (e +a®)n+v Uy oy

Hyg dx

rjae Hy — dhyHKIms HeBO3MYMIEHHOM TiyOnnsl, a dbyukuun 1, b,, b, ume-
10T CJIeYIONUI BUT:

: )
_ 2 2 2 , 20 ;
n=|a" + ,u.,o(a 40) #m%—m - {0 £,

4 [(02 = ((rmﬂ — ippo) (—??U . %) + 1) 5]
- 1) §

Y (a2 — o?) ((aeu,o +iupo) | io —

Cm

KommnonenTsl BeKTOpPa MAarHUTHOMI MHJY K

I 2
b, = pp (a® — 02)’ ((ﬂwp —ippo) (—iff oz ) + 1) £,
e'm.

; 2
by = up (cv,‘! — 02)2 ((aup + ippa) (ia - ) + 1) £,
Reyn,
bz = 7:(]1]3 - Z) (bu; + by).

Ha puc. 1 nokazana sBosionus MarHUTHONO 0 B mockoct 0y,
HAYAJIO JHHAMUKH KOTOPOTO MPENCTABICHO HA H300PAYXKEHUH B JICBOM
BEepXHEM KBaJpaHTe, U 3aKJI0YMeHne — Ha H300parkeHnd B IPABOM HHIK-
HeM KBajpanTe. BHIHO, YTO IPOIECC MMEET BBIPAXKCHHYIO IEPHOIUYe-
CKYIO CTPYKTYDPY, IPH 9TOM YEpe3 PEryJspHBI IPOMEKYTOK BPEMEHH
HPOUCXOIHT Pe3Kas CMeHA HAIPABICHUs TeUYeHHs CHIOBBIX jaunuii, Ta-
KOe K€ MOBeJeHHEe MAIHHTHOIO I0JISI OIMCHIBACTCA B TEOPUH KOHTPACT-
Hbix crpykryp. Hanpumep, B pafore [6] paccmarpuBaercs KHHETHE-
CKAasl MOJE/b, IPEJICTABIISIONIAA CTPYKTYPY TaJakTHIecKoro MarHuTHOrO
HOJISI, B KOTOPO# TakyKe BOZHUKAET MHBEPCHS MAMHUTHOIO IIOJs. DTO
SIBJICHHE, KaK IIPABUJIO, PEIUCTPUPYETCs Ha TOHKOM CJI0€, IIPHIIETaIONIeM
K TpaHuie monobaacreil ¢ pa3sHbIMH 3HAKAMH BEKTOPHOTO I10JIS MATHUT-
HOI uHAYKIUH. VMeHnHo B 9T0M HOrPAHMYHOM CJI0€ DPAJSUEHT [I0JIs HMe-
er GoJibIIOEe 3HAYECHHWE M MeHseT 3HaK. llpeicTaB/ieHHBIN aHAINS TaKKe

89



JIEMOHCTPHPYET CYILECTBOBAHEE Y BEKTOPHOIO [IOJISI MATHUTHON MHYK-
IMKE 0COBLIX TOYEK JIBYX THIIOB, & MMEHHO, Y3JIa W CeJJa, IPHIeM Y36,
Oyayds yCTOWUMBEIM B HEKOTOPBLIH MOMEHT BPEMEHH, IIEPEXOTHT ¢ Teve-
HHUEM BPEMEHH B HEYCTOHYIMBOE COCTOSIHIE.
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Pue. 1. Busyanusanus 9Bo/IOIUH MATHITHOO 110J151

4. 3akmiouenne. llponemoncrpuposana (hyHKITHOHAILHAS 3aBUCH-
MOCTE IOJISI CKOPOCTEH M I0JIsI MATHHTHON MHAYKIHN /I OKeaHa B ce-
BepHoM nosymapuu, IIpn MogeanpoBaHun 9BOIONIH MATHHTHOTO [TOJIS
Ob1L10 3ahUKCHPOBAHO ABJICHNE HHBEPCUH MATHUTHOTO IIOJIS ¢ HEKOTOPOR
HEPHOAMITHOCTHIO.
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VIIK 532.591
Omnero H. A.

Ouenka ¥ aHaJIN3 HAIPY3KU BHYTPEHHUX BOJIH
HA MOpPCKHUe He(TEeIpPOMBIC/JI0BbLIE COOPYKEHUHA

Pexomendosano x nybaurkayuu npogdeccopom lepezydunmm C. H.

1. Beegenue. Bonmpl na IOBEPXHOCTH MKHUJIKOCTH — XapakTepHOe
busnueckoe sBeHne. Boabimoil BK/AaJ B PASBUTHE TEOPHH JBHIKEHHSI
suaxocern srecan Jleonapa Ditep n 2Koszed JIyu Jlarpamk. B pabo-
re [1] mogpobuo paccMaTpuBaeTcs JUHeHHAs BOJHOBAS TEOPHS, B MO-
Horpadgun [2| meTanbHO H3YUAETCS BOUPOC BHYTPEHHUX BO3MYIICHHI B
KHUJIKOCTH, a B CcTaThe |3] OIIHCBIBAIOTCS ABJICITHL BBaPIMOJIGﬁCTBl/IH BbLI-
HYZKJEHHBIX BOJIH Ha IIPOICCChI pa3jinBa 1 cBolicTBa KHJKOCTH, Tak KakK
B aKBaTOPHHU COBCEM HE PEIKOCTD HaXOxAeHue IIPGCHOﬁ OTOPOYIKK Ha CO-
.H('!H()ﬁ, GoJiee TsKe oM BoJie, aKTYaJIbHbBIM #ABJIZETC:H HCCJeJJOBaHHe BJIM-
LTINS BHyTpBHHGII;I BOJIHDBI ITa MOPCKHE H(’]d)T(’)HpOMbIC.II()BI)IG COOPYZKCHI
C TOYMKH 3peHH 0Ka3bIBAEMO HarpyskKH.

2. Pacuer mapaMeTpoOB BOJIHBI. PaccMarpuBaercs 3aja4a O JBH-
Kenun JIByX cJioeB H}LGH.HI:I'IOI‘;I I'ICOJJ‘I'IODO,JIHOI‘:I AHKNJIAKOCTH Ha/l MOPU30H-
TANBHBIM TBEPALIM HegedopMupyeMbiM gxoM. Tak B nepsoM npubinske-
HUH MOYKHO OIHCATH MACCHBHYIO AKBATOPHIO, B KOTOPOH HPeCHbIH 10l
HAXOJMUTCS HaJ, COJMEHBIM. Bce BeIMUHHDI, XapaKTepH3YIONue HIKHH
cooi, obosHaualoTes wHaeKkcoM 1, a Bepxuuil — najexcom 2. Beegem Je-
KapTOBY CHCTEMY KOODJMHAT TAKHM 00pazoM, UTOGLI HEBOSMYIICHHAS
HOBEPXHOCTL CJOEE KUJIKOCTH HMeJa HyJesylo amukary. Vexogs us
PEe3YJILTATOB HCCAe OBAaHU |2, 4], momy M Kpaesyio 3aiady st CucTe-
MBI VPABHEHHI ¢ YACTHBIMU IIPOU3BOJHBIME, PEIleHne KOTOPOoil — HCKO-
Mple BosHOBBIe (pynknuu. CHcrema ypaBHEHHIT COCTOMT N3 yPaBHEHUIT
JABUKCHIA Diliepa, YeJOBHHE HECKUMACMOCTH M HEPA3PLIBHOCTH IIOTOKA:

S a2y .

(),ﬁ +v;Vp; =0, Vi, =0, aijdﬂ =gp; + Vp;.

ot dt
Hjist paspenienus JaHHON CHCTEMBI HCIOJNb3YeTCs HAGOP IPAHHYHBIX
YCIOBHIL: IUHAMUYMECKHX, KUHEMATHIECKUX, & TAKIKE YCJIOBHE HEIPOTe-
KaHuI.

Onezos Huxuma Andpeesun — cryjent, Cankr-IlerepSyprekuit ropubtit yuusep-
curer; e-mailin.a.onegov@gmail.com, ren.: +7(953)153-37-99
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3. UccnemoBanue M OLEHKA BJIMSHUA BosmywieHwil. [Ipeano-
JaraeTesd, YTo IIOTHOCTE COMEHOr0 CJI0s IMOCTOAHEA W IPHHAMACT HEKO-
TOpOe yepeauentnoe suadenune. s omucanust HecaeyeMoro B3anMoaeii-
cTBUS OBLIN 3aJaHBI CJISAYIONIHE IIAPAMETPHL:

§;=10°, H, =80, H,=20, py=1000, 7 = 1050.

IIpunnmaercs, 110 dazoBas CKOPOCTh PACTPOCTPAHEHHST BOJHDI OJIH-
HAKOBA 110 BCEM HAIIPABJIEHUSIM, IPYIIIOBAs JKe CKOPOCTh OLEHUBACTCS 110
BBIPasKeHHUIO:

Jlinua BHYTpeHHEH BOJIHBI B aKBATOPHH KoJediercss B JOCTATOYHO
MIUPOKUX JUalla3oHax, IPUHIMAETCs cpejHee sHaveHue s Mmopeit — 100
MeTpoB. B JAHHBIX YCIOBNSAX IPYIIOBAs CKOPOCTL cocTasjser 1,95 m/c.

B paccmarpusamoit mosenn crparudukalny IACTOTa BHYTPEHHHX
koiebannii N;(z) nocrosiuna, u JHCIEPCHOE COOTHOIICHUE, CBS3bIBAIO-
1Iee YaCTOTY BOJHBI W ¥ BOJTHOBOI BEKTOD k, IS KOPOTKUX BOJIH MOYKHO
HOJIYUHUTE HpH oMoty npubiankenus Byceunecka. s pacemarpusae-
MOTO JIBHKeHHS w; = N;.

IIpn BeIMOMHEHHN TOCIEIYIONIErO aHAMN3a W BLIYHCIHTEILHOIO 9KC-
HePUMEHTa MCIOIB30BAINCh CTaHapThl Komnanun «lasupoms |5], ko-
TOPBIE JIEKIAPUPYIOT PEKOMEH/YeMble METONHKI pacteTa KOMILICKCHBIX
HAIPY30K Ha CHEIHATBIBIC MOPCKHE COOPYIKEHUS. YCHIINS, BOCIPUHIMA-
eMble KopabJieM, pacCUuThIBAIOTC IO CIIeNUalbHOM sMnupuueckoit g op-
Mmye:

F=a-b-C-U-3,287 4,448,

rie I — narpyska, H; a — ocajka cynna B dyrax, ft; b — pasmep Bocrupu-
HUMalomell yacti cyaua B dgyrax, ft; € — cnenumannuniii Koaddumnpment
opmsbl, B jannoM caydae pased 1; U — rpynmnosas CKOpocTh, M/C.

Pacemarpusaerca cymauo ¢ ocagkoit 10 merpos u mmmaoi 400 MeTpos.
B jaHHBIX YCIOBHSIX HAIPY3Ka 0T BHYTPEHHHX BOJH cocTasuT 456519 H.

C uenonb3oBaHHeM PEKOMEHIATEIbHBIX YKAZAHNN, BRIMHCIACTCS IPO-
puib MAKCUMAJIBLHBIX B CPEIHHX HAIPY30K Ha OIOPY IIAT(OPMEL ¢ JIHUa-
merpouM 25 merpoB u ocaiakoit 40 ¢dhyros (em. pue. 1). Makcumanbuas
HAIPY3KA B JIAHHBIX YCJIOBHAX HMeeT nopsiox 104,
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Bpewms, ¢

Puc. 1. [Ipocduan narpysok na onopy miardbopmbl

Cama onopa CKOHCTPYHPOBAHA Ha BOCIPUSITHE YCHIUIl CeIbMOIO [10-
PSJIKA, M3 Hero CJCAYeT, 4TO JONOJHHTENLHLIN BKIAJ OT BHYTPEHHEH
BOJIHBL HE OKAYKET 3HAUHTE/ILHOIO BJIMSIHUS, OJHAKO B TOUHBIX PACUETAX
HEOOXOIMMO €TI0 YUUTHIBATE.

C rouknu 3peHHdA pacveTa Ha-

‘ ' CBIITHOIO OCTPOBA HauboJiee BayK-

:jp Sap & ‘ 1 HbIM IIOKasaTeJeM dABJIAeTCs BbI-
E 021 E cOoTa BOJHBI, a He Harpyska, KOTo-
S0 PYyIO OH BOCIPUHHMAET. Pacemar-
:.°: 02f , puBaeMasl CcHCTeMa ypaBHEeHHH
g b4 /z [IO3BOJISIET BLISIBUTL aHaJUTHUIE-
CKOE TIPEeJICTaBJICHNe, ONHChIBAIO-

| |
a 100 200

AT AT A .
Bpewms, ¢ miee HM3MeHeHmne CBO()O,H,HOH IO

N L J— BePXHOCTH KujKocTH, Ecnm pac-
CMaTpUBATL OCTPOB € IVIYOHHOI
aksaTopun 10 merpos, rinybunoit
npecHoii 0TOPOUKHM 2 Merpa, TO NPOQMIIL BOJHBEL TPHHEUMAET BHJ KaK
Hokasano Ha puc. 2. BelcoTa BOJHBL IOJYYAETCS JTOCTATOYHO 3HATHMOIL,
OJTHAKO, CTOMT OTMETHTh, YTO OHA MOMKET HAXOAUTbCA B IPOTHBOMA3E
¢ BOJIHOH BETPOBOrO HAKATA, IIOITOMY BOIPOC O 3HAYUMOCTH JIAHHOIO
SIBJICHUS JIOJIZKEH PEIIATHCS B KayKJIOM CJIyUuae WHIUBHIYAJILHO.

CuejtyeT OTMETHTB, YTO HAIPY3KH H BLICOTA BOJHBI HAXOUSTCH B
HeUHEHHOH 3aBUCHMOCTH OT JIIMHBLI BOJHBI W IVIYOMHBI aKBATOPHU
(cm. pue. 3, 4).

4. BeiBoa. B pabore paccMmarpusaeTcss MOJENb aKBATOPHH C IIpec-
HOIt 0TOPOuKOil, [ToCTPOEHDI MOBEPXHOCTH KOJIEOATEIHHOIO JIBUMKEHUA 1
U3YUEHO BJIMAHNE BHYTPEHHMX BOJH Ha Mopckne obbekTol. Ilokasano
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B3aMMOJEICTBHE ¥ BAXKHOCTH ITOTO  SIBJIEHHS HA  HECKOJIBKUX
coopy:keHuax. IIpoBejeH BLIMHCAMTEILHLIN SKCIEPUMEHT W IIPOJIEMOH-
CTPHPOBAH HEJUHEHHLI XapakTep 3aBHCHMOCTEH.

Taxke ciaeiyer ynoMsiHYTh, 9TO IPYIIIOBAs CKOPOCTL BHYTPEHHEI
BOJTHBI HEIIOCPEJCTBEHHO OKA3LIBACT BIHAHUE U Ha CKOPOCTL BOJHBLI BET-
POBOIo HAKATA. BOJIHBL TAKON HPHPOALI BCETIa CYIIECTBYIOT B MOPSIX H
OKeaHAX B CBS3HM ¢ HAJUMUYHEM ILIOTHOCTHOH U TEMIEPATYPHON CTparu-
KAy, 370 MO3BOJSIET 3AKIIOUNTE, 1TO PACCUNTAHHbLIC HATDYSKHI $IB-
JAI0TCs AoJieit o 06ImuX, a He CYIIEeCTBYIOT B BH/JIE J00aBOYHON cocTas-
JISIONIEH, OJHAKO HX TOYMHBINA M IPABHJILHBIA DACUET MOMKET YMEHBIINTH
KoaphuIEenT 3amaca IpOUHOCTH COOPYIKCHUN, & 3HAYMHT YBEJHIHTH DKO-
HOMMIO CPEJICTB.

=~ BbicoTa
BO/IHBI

- -Harpyaxa

BbicoTa BOAHBI, M
Harpysykm, kKH

rny6uHa aKBaTopum, M

Puc. 3. 3asBucumocrn THAPOJAUHAMAIYCCKUX XapaKTCpPHCTHK OT JIJIMHBLL BOJIHELL

Harpysku, kH
BbicoTa BOMHBI, M

AnnHa sonHbl, M

—a—Harpyakn —e-BbicoTa BOAHE

Puc. 4. 3aBUCHMOCTD MHAPOAMHAMIYECKUX XAPAKTEPUCTUK OT [NIYOUHLL AKBATOPHU
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VIK 539.3

ITernusanosa M. M.

KOppOBIfIOHHbIﬁ M3HOC IIJIaCTHHDLI
U3 MaTepuaia C JIaCTUYIECKOMN aHIfIBOTPOHIerﬁ
np1 InucTomM usrube

Pexomendosano x nybauravyuu npogeccopom Hponunot FO. I

1. Beegenue. Ha ceromusmmuii gjennb npobieMa KOPPO3HOHHOTO H3-
HOCA METAJIMYECKUX KOHCTPYKIUI U 3aIUTa UX 0T KOPPO3HU SIBJISICT-
Csl OJIHOI M3 BAXKHEHIINX HAYUHO-TEXHUUYECKHX, IKOJOIHUECKUX H DKO-
HoMuueckux npobaem. Oma nprobpena ocobyio aKTyalbHOCTB B IIPO-
MBIIIJIEHHO Pa3BHUTBLIX cTpaHax ¢ 6oabimm Merasiodongom. Ilo omen-
KaM CHelUAIUCTOB HKOHOMHYECKUEe [OTepH B IPOMBIILICHHO pPA3BU-
TBIX CTPAHAX COCTABIAIOT 2-4 % BAJOBOIO HAIMOHAJILHOTO INPOLYKTA.
[Tpu sTom moTepu MeTaIA, BKIAOYAIOMNE MACCY BLIMIGANINX U3 CTPOS
METAUIMYECKHX KOHCTPYKIMHA, H3j1e/ani, 0BOPYIOBAHU, COCTABIILIOT
10-20% romosoro mpoussojcTBa crajgu. Takum 06pasoM, IPH OIEHKE
HPOYHOCTH KOHCTPYKIHN OUeHb BAYKHO YUHTBIBATH HAJIUINE KOPPO3HOH-
HbIX nporeccos. Jannas pabora HOCBsIIEHA UCCISJIOBAHUIO 3ajauu 06
OLEHKE JOJIIOBEYHOCTH INIACTHHBI IIPH YHCTOM U3rH6E B YCIOBUAX PABHO-
MEpPHO IIOBEPXHOCTHON Koppo3un. [Ipu 9ToM 1IacTHHa H3TOTOBJIEHA U3
MaTepHala, Y KOTOPOro IIPejies] TeKyUecTH Ha CXKATHe BhIIIe Ipejieia Te-
KY9ecTH Ha pacrskenne (T. e. 0b6aJaeT IIACTHIeCKOH ANn30Tponmeit),
YTO UMEeT MeCTO JIJIsi MHOPMX METAJLIOB M CINIABOB. 3ajadu o0 usrube
BaJIoOK ¢ IacTHYecKol anuzorponueil 6e3 yuera KOPPO3UH PaceMOTpe-
HBI, HALIpEMeD, B paborax [1, 2|. B pabore (3] nonyueno BbiparkeHue Jiist
JIONIMOBEYHOCTH TAKOH IIACTHHBEI B YCJOBHSAX KOPPO3HHU € IOCTOSHHOMN
BO BPEMEHN CKOpocTbhio. B nanmoii padore pemenue 3] oGobrmaercs ma
CIIyUall BOZMOXKHOI'O 3ATYXAHIS KOPPO3UOHHOTO IPOIECCa CO BPEMEHEM.

2. IlocranoBka 3amauun. Paccmarpusaercs 3a/ada 0 JIOJAIOBEYHO-
CTH ILIACTHHBI ¢ U3BECTHBIMU B KayKJbI MOMEHT BPEMEHH CKOPOCTS-
MM paBHOMepHO# 3aTyxalomeit Kopposun. Meenemyercs MeTammIecKkas

Iezausanosa Mapua Muzatinoena — crynent, Caukr-Ilerepbyprekuil rocysap-
crBeHHbI yHuBepcuTer; e-mail: st067846@student.spbu.ru, Ten.: +7(928)196-38-81

PaBora seionnena npn cdpunancosoit noggepxkie Poccuiickoro nayunoro dgronaa
(rpant Ne 21-19-00100)
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IJTACTHHA, TOJIIIIHHA KOTOPOH B HAYAJIbLHLIE MOMEHT BpeMeHH pasHa hg,
HAXOMSINAICS B YCJIOBHAX YHUCTOTO M3ruba Mo JeHCTBHEM H3THOAaIONero
MomenTa M. MarepHaa IIACTHHBI CUMTACTCS WACAJTLHBIM YIIPYTOILIa-
CTHUECKHM, HO IIpejies TeKyuectn na ckarue (0, ) B d pas sblme npejie-
Jla TeKYeCTH Ha PACcTIKEeHHe (ar,:,r ). CropocTH Kopposuu ¢ 06eHxX CTOPoH
ILIaCTHHBI CIUTaeM HU3BECTHBIMH H B O6LU,(-!M CJly1ae pa3/JIf*THbIMHI

Vi = vigexp(—bt), Vi = v exp(—bt). (1)

3nech b — xoaddhumuenT 3aTyXanus KOPPO3HH, ¥ig H Uy — CKOPOCTH
KOpPpO3HN Ha IIOBEPXHOCTIAX IIJIaCTHHDBI B HAYAJIBHBIH MOMEHT BpeMeHu.
Tp(:‘6yeTCH OIIPEeJeJIUTh BPEM: lIepexoia INacTUHDL B ILIaCTHYECKOe CO-
CTOsSIHME 110 BCeil Tomumne.

3. Pemenue. Ucexoma u3 dpopmyn (1), Tonupny miacTuHbl B KazK-
JIBIIH MOMEHT BPEMEHH MOKHO HANTH U3 ypaBHEHUs
dh
~ Vi + Vo = (vig + vao) exp(—bt). (2)
Pazyenne nepeMeHHbIe U IPOHHTEIPUPOBaB ypasHenue (2) 1o ¢t or 0 no
t, a o h or hg po h, nonyaum
(v10 + voo) exp(—bt)

h, = h(‘] - b . (3)

ECJ'II/E B HAYAJbHBIN MOMEHT BpeMeHH IJIaCTHHa HaXOAHUTCH B ITOJIHOCTBIO
YIHPYIroM COCTOMHNM, TO IIPOLECe ee lepexo/a B INIaCTHICCKOe COCTOdHNEe
IpHU YMEHBIICHUH TOJJIMUHBLI MOZKHO Pa3Jde/JIMTL Ha TPpH CTa/JHuHh! (I) cra-
JUs YHCTO YIPYroro uaruba (,[L.JII/ITCH J10 MOMEHTa JOCTUZKEHUS! IIpesesia
TEKYYECTH HA PACTAIMBACMOIl HOBEPXHOCTH); (II) cTaausl OJHOCTOPOH-
Hel I1acTUIHOCTH ()I.Hl/ITCS'[ A0 MOMEHTA JOCTHZKCHI IIpeaesa TeKyIecTH
HA CKUMAEMOI ITOBEPXHOCTH ); (III) cTa s ABYCTOPOHHEH IIacTUIHOCTH
(,EL.J'II*ITCEI J0 MOMeEHTa Ilepexoa ILacTHHbI B IJIacTHYIeCKoe COCTOsIHNE 110
BCei T()JIIILH!IG) [1, 2|. [Ipu sToM Ha BTOpOI B TpeThell CTAJMIX TPOHC-
XOJUT cMelennue I-IeﬁTp'rLJIbI-IOl'fI IJIOCKOCTH IJIACTHHBI B CTOPOHY CXKaTbhIX
BOJIOKOH.

B pabore |3| HOJYYEHO COOTHOIIEHHUE, CBA3BLIBAIONEE BEJIHUYUHY MO-
MeHTa C T().Il[[!,l/IHOfl IIACTAHLI B TOT MOMEHT BpeMeHHN, KoI'Jla ILIacTHIa
I[MOJIHOCTBLIO IIepellia B INIacTHYIeCKOe COCTOAHME:

M = af_hzd .
T 2(d4 1) )
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Bripazus u3 dopmynst (4) h 1 nopcrasus ero B (3), HOIYIUM HCKOMYIO
JIOJIPOBEYIHOCTE

1
t=—rin(l-k), (5)
ho — v/ 2M*(d + 1) /o7 d
B v b, 6)
U0 + V20

4. YucnenHsle npuMepsbl. B katecrse npuMepoB paccMOTpUM JBa
ciIydasl pacuera JOJNOBEYHOCTH ILUIACTHHBI ¢ 3aTYXAIONIEH CKOPOCTBIO
kopposuu B nakere MATLAB [4]. B neprom ciyuae 3agauM Hava -
Hble cKopocTu Kopposun vig = 0,001 u vey = 0,005 mm/rox, a Bo BTO-
pom vig = 0,0001 m vy = 0,0005. 3amagum Bemuuauubl hg = 14 MM,
M = 3 x 105 [Ta-m®. Beqmuuny d Gymem paccMaTpuBaTh Ha IPOMEKYTKe
(1; 1,5). PaceMoTpuM pasimuuHble 3HAUCHHS KOd(hD(MUINEHTA 3aTyXaHus
koppozuu: by = 0,001, by = 0,002, by = 0,003. Ha puc. 1 u 2 upegcras-
JIEHBI 3aBHCHMOCTH JIOJITOBEYHOCTH % OT BEJHMYMHBI d IPH PA3JIHIHBIX
3HAYEHUSIX 3AaTYXaHUs KOPPO3UU.

Ha puc. 1 Buj-
HO, MTO 1pH BOJb-
meM Ko dunmen-
Te 3aTyXaHUs I1J1ac-
THHA HMeeT 60JIb-
LIYIO JIOIrOBe-
HocTh. [loMumo aTo-
ro  HabJIoJaAeTCs
YBEJMYEHHE J0JII0-
BEUHOCTH C POCTOM
i e —— BEJIUYHHEI .

d Ha puc. 2. mox-
Puc. 1. Cayuait 1: vig = 0,001 1 vap = 0,005 Mmm/rom HO YBHIETb, WUTO
JJIs BCEeX TPexX Ko PUIMEHTOR 3aTYXaHUs, KOTOPBIE MBI PacCMaTpH-
BaeM, JOJIPOBEIHOCTE CTAJA OTPHIATEILHON. DT0 00bLIACHACTCA TeM, YTO
[P MAJLIX HAYAJBHBIX CKOPOCTAX KOPPO3NU, HAIIPSAYKEHNE, KOTOPOEe BO3-
HUKAET B IUIACTHHE BBIXOJUT Ha IIATO, TAK M HE JOCTHUIHYB Ipejelia
npouHocTH. Tak Kak JIOJNITOBEYHOCTD OIIPEIENIIeT s TOUKON nepeceyeHus
KPHUBOI HAIIPSXKEHUSA C HIPEJEJOM TEeKYHEeCTH, TO B JJAHHOM CJIy4ae, OHa
cunTaeTes GECKOHETHOI.

1" {(lonrosevkocTs, neT)
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Taxum o6paszom,
IPEKIE 9eM HPOH3-
BOJIUTDH PACIET J10J1-
POBETHOCTH [LJIACTH-
"Bl 110 popmyie (5)
HEOBXOIHMO CHAMA-
S JIa. OIIEHUTDL BbIPa-

Y
]

=2
8

]
a8

{AonroseusocTs, MEeT)
=

-10 e
_ Sl Kenue (6). Ecnn
=20 R R
) ono GoasIne 1, po.-
FT s 14 113 12 125 13 138 14 148 15 I'ose'THocTb ﬁy}leT

d

, GecKoHeUHOM, ecn
Puc. 2. Cuyuait 2: vig = 0,0001 u vzg = 0,0005 mm/rox !

pasHO 1, B 3aBUCH-
MOCTH OT IIOI'Dell-
HOCTH MOKeT KakK ObITh OeCKOHewHOMN, Tak M HaiigeHHON no dopmyne
(5). B Tom caiyuae, korga seipazkerne (6) Memblie 1, To JOJr0OBEUHOCTE
HaxoguTest 1o copmyne (5). 3aMerTHM, WTO IPH HAJHYHH HEOJHOPO/I-
HOCTEH B MaTepHaje IUIACTHHBL [OJIYUIeHHOE pelleHue nepecraer ObiTh
CIPABEIJIMBEIM, TAK KaK JIOKATLHBIC MOBPEXKAEHEA BBI3BIBAIOT KOHIEH-
TPAINIO HAIPSZKEHUI B X OKPECTHOCTH U MOIYT IIPUBECTH K U3MEHEHHUIO
s erruBubIx cBoitcTs |6, 7).

5. BeiBoawl. PaccmoTpena 3ajada 0 JOJTOBEUHOCTH IIIACTHHLI TPH
YUCTOM H3rHbe, [OJIBEPIKEHHON PABHOMEPHON 3aTyXAIONIel KOPPO3HH ¢
N3BECTHLIMU B KarKIblit MOMEHT BpeMeHu ckopocrsamu. [lomyuena dpop-
MYJIa JIJISl BRIMHCJIEHHS BPEMEHH IepeXojia IUIACTHHBI B INIACTHYECKOe
COCTOSIHME M VCJIOBHS €e IPUMeHUMOCTH, PaceMOTpeHbl IpUMeph U 11po-
H3BEICH X aHanus.
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YIK 539.3, 539.4, 539.5
Cemuna K. 1., Cegosa O. C.

Anaymms cocraBa 6;10k0B ciiaBa AMr5,
CO3/IAHHBIX C MOMOIIBIO IIPOBOJOYHO-/1YTOBBIX
aJJUTUBHBIX TE€XHOJOTU

1. Beegenue. AJIMTHBHOE [IPOU3BOJACTBO ~— IIPOIECC CO3MAHUS
TPEXMEPHOro OOBEKTA MYTEM IMOSTAIHOTO HAJOYKEHUS CIOEB TOTO MITH
UHOIO CILIABA € IIOMOIIBIO ABTOMATH3UPOBAHHON cucreMbl. B nocienune
HECKOJIBKO JICT JAHHBIH METO/L HAYAJ IIPHBJIACKATEL BCE OONIBITE BHUMATHST
BBUAY psga npeumyinects. [lo cpaBHeHMIO ¢ TPAIHIMOHHBIM CIOCOBOM
[POMU3BOJICTEA JIeTAJeH aJIUTHBHBIN MeT0o)| O3BOJISeT He TOJABKO CO3/1a-
BATL MOHOJIUTHBIE KOHCTPYKIIMK IIPOU3BOJILHOMN POPMBL JIIOOOH CIIOMKHO-
CTH, HO M 9KOHOMHUTE IIPH 3TOM PeCypc: BpeMs, MATepHaJ M JIeHeKHbIe
sarparsl [1]. Onucanuble IPeHMMYIIECTEA SIBJASIOTCH KJIOUEBBIMU, €CJIH
peub WIET O cO3JaHuM feTajeil 0cobo KPYHHBIX pasMepoB, KaK HAIPU-
MEp, B aBHAIMH MJIH MAITMHOCTPOCHUH. VIMEHHO 3TH OTPACN HPHUMEHS-
10T ueeaeayemblit Metasur, AMrb, B npoussojcrse yame scero |2, 3|

Hanumas Texnosorns Geper mauajgo ¢ konna XX Beka. 3a 210 Bpe-
M YJIaJI0Ch HE TOJMBLKO JOCTHYL TEOPETHHECKIX Pe3yJILTATOR, HO U BHE/I-
PHTE OIUCAHHBIE MeTOIBI B pakTuKy. K 2020 roay cucreMbl ajiuTHBHO-
r'o IPOU3BOJACTEA 110 CPABHEHUIO ¢ HPEAbLAYIIUMU JECSTHICTUAMN CTAJIN
HaMHOro 60J1ee JIOCTYIHBIMHE B Teleph MOTI'YT OBITH HCIOJIL30BAHLI B KY-
Ja GospineM KojguuecTse orpacieii. Ho mpu Takom Tuie npoussoicrsa
BOBHHUKAIOT CEpPhE3HbIE IPOOJEMBI, CBA3AHHLIE € MOTEpel WM H3MeHe-
HHEM HEePBOHAYAJIBLHBIX CBOUCTB METAJJIA, YTO MOXKET CHJILHO HOBJIUATL
Ha IOBEJEHUE U CTATH IPHYINHON HeXKeaaTeIbHLIX roceacTeuil. MMmenno
OATOMY HEOOXOIMMO IPOBOIHNTEL HCCACIOBAHIA HaJl 00beKTaMK, CO3AH-
HBIMH ¢ IOMOIIBIO &JIUTHBHOIO IPOU3BOJACTBA U3 PA3JIUUHLIX CILIABOB,
JJIsL BBISIBJIGHIS IIOTEHIMAIBHBIX 1eeKTOB, KOTOPbIe B JalbHeHIIeM MO-
I'yT BJAUATH HA XApaKTEPUCTUKH MaTepHAa.

UccnenoBaTesiMu IOJIYUIEHBEI HEKOTOPBLIE MATEMATHYIECKHE MOJIEIIN
IPOIECCOB CO3JAHNS U3JeAHit U3 MeTa/ia: Ipeccosanus [4|, nurhs u

Cemuna Kcenun Havunuwne — crypent, Cankr-Ilerepbyprekuil rocygapersen-
bl yausepeurer; e-mail: st087198@student.spbu.ru, Ten.: +7(919)086-62-38
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yuusepeurer; e-mail: o.s.sedova@spbu.ru, Tem.: +7(951)665-32-28

Pabora Beimonnena B pamkax unuuuarusnoro npoexkra CIIGIY, Ne 77993931

102



KpucTammsanuu ciiasos |5, 6], kosku |7], u T g, B nocnennee spemst
MOSIB/ISIIOTCS H MOJIENH JAHTHBHONO IPOM3BOACTBA, XOT HX HOCTPOCIHHE
CYHICCTBEHHO OIPAHHYCHO H3-3a CJIOXKHOCTH NPOIECCOB H HAMMYHA MHO-
xKecTBa HapaMerpos [8]. O HAKO HU 0J[HA U3 CYLIECTBYIONUX MOIeIeH He
YUHTBIBAET BCE BO3MOMKHBIE ACIEKTHI &JINTHBHOTO MPOM3BOACTBA H HE
O3BOJISIET JIOCTOBEPHO PACCUUTATL XAPAKTEPUCTHKH MOTOBBIX KOHCTPYK-
nuit. st pansueiiniero cosganust 60iee COBEPIIEHHBIX MATEMATHIECKHX
Mojle/Iell HeOOXOUMBL JKCIEPHMEHTANLHBIE U AHAJIHTHICCKHE HCCIEI0-
BAHHS, O3BOJIAIONINE ONECHUTE BANSHHE TeX MJIM HHLIX IAPAMETPOB Ha
CBOHCTBA H3IOTABJIMBAECMBIX KOHCTPYKIIUIL.

B panmoit pafore mccieloBano U3MEHEHHE XUMHIECKOTO COCTABA Me-
TAJIA B POIECCe AIJIUTUBHONO POU3BOACTBA.

2. Onucanve MeTOOB M MCIOJIB3YEeMBIX MaTepHuasios. s mo-
JIVIEHUS] METAJIHICCKHX 00BEeKTOB LyTEM a/JIHTUBHOIO POU3BOJICTBA
cymecTByer GoJiee ABAANATH PASJIMYHBIX METOM0B, OCHOBAHHBIX Ha MPH-
MEHEHHH Pa3HBIX (DOPM HCXOJIHOIO MATEPUAJIA, PACIIOI0KeHNs 06pa3ia B
CHCTEME, & TAKKe Ha IPUMEHEHUN JOTOJHUTEILHLIX TeXHOJOrH BO Bpe-
Msl HEIIOCPEICTBEHHOTO HAJIOKeH!s ¢I08B ciiasa |3]. Bee onu B uacTHbIX
CIIy1asX HMEIOT CBOM IIPEUMYIIEecTBa, 1103ToMy Haubosee ek TuBHbLIT
METO/ JJIs KazKJI0r0 CIUIaABA HAXOAAT B OTIEJILHOCTH.

Cy1mecTByIoT ¢riocobbl HOCTPOCHUS ¢ IpUMeHeHHeM paszHoil gpopmMbl
HCXOJHOIO CILIABA, KOTOPBIE JEJSITCs HA: IIOPOMIKOBLIA, ILJIACTOBOH ¥
upososioanstit. [Tocnenunii sssisercs nanbosnee apdekTuBHbIM pH pabo-
T CO CIJIABAMH AJIOMHHUS, HO CTOUT OTMETHTD, ITO IMPU IPOU3BOACTBE
HeGONBIINX [10 PazMepy JAerajeil MeTo] HeraTHBHO BJIHMSIET Ha UX IIOPH-
CTOCTH ¥, Kak ciejcrsne, yeroitunsoets [3]. Tem He Menee, npu cozanmun
KPYIHBIX 06pasiioB IPOBOIOYHAS aJIUTUBHAS TeXHOJOIHS BLINIPLIBACT
B IPOU3BOAUTEILHOCTH, JOCTYIIHOCTH, 3aTpaTax Ha MaTepualbl 1 Heob-
xojuMoe 060pYIOBaHNe, YTO MO3BOJsAeT 3(MEeKTHBHO NPUMEHATH e B
macurrabuom nponssojaetse [9]. danusiii criocob nenonb3osad s co-
3JAHIS HCCeIyeMbIX 00PAa3LoB.

Msrorosnenne o6pasios MpOU3BOANIOCL € NPUMEHEHHEM JIa3epHO-
JIYPOBOIO  CBAPOYHOIO TEXHOJOIHYECKOIO KOMILICKCa B J1aboparopun
Canxr-Ilerep6yprekoro rocyiapeTBeHHOIO MOPCKOI'O TeXHIYECKOro YHU-
sepcurera, O6pasnsl 1 1 2 pasanyaTes PesKHMOM H3IOTOBJICHUSI, O
U3 KOTOPBLIX NPUBOJUT K 0OPa30BaHMIO MEHLIIErO YHC/IaA 0P ¢ MEHBIINM
CPEJHUM Pa3MEePOM IODHI.
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obpa3ser, Al Mg Fe Cr Mn K Ti Ga Zn Ca

nposonoka 94,748 4,602 0,154 0,128 0.088 0.086 0.065 0.016 0.114
1 04,479 4943 0,165 0,132 0,021 0.164 0.063 0.016 0.018
2 94.742  4.712  0.140 0.119  0.096 0.091 0073 0.016 0.011

Tabmuna 1. XuMHUeCKHH COCTAB IKCIEPUMEHTATIBHBIX 06pasios, %

Haunee B pecypenom nenrpe CIIBIY «Merojsr anainsa cocrasa Bele-
cTBay GBLIO IPOBEACHO HCC/ISIOBANIE COCTABA U3TOTOBICHHLIX 06DA3IIOB.
Jtst 91010 BBLI MCIIONB30BAH PEHTIeHOMIIYOPECHEHTHBIH CIeKTPOMETD
EDX-800HS «Shimadzu», na 6a3e kpeMHHeBBIX JAPeiiOBBIX JETEKTOPOB
¢ TEPMONICKTPHUCCKHM OXJIAXKICHHEM. PesynbraTsl aHaln3a B IPOIEHT-
HOM COOTHOIIeHNH npuseiensl B Tabune 1.

BBHJIY OTHOCHTEILHO HEBBICOKOI TeMIIepaTyphl KHIICHIA HEKOTOPBIE
KOMIOHCHTHI HMEIOT TCHCHIMIO HCIAPATHCS WM BBIMOPATh BO BPEMs
IJIABJIEHUS MCXOJHOTO Marepuaja. Takum ofpa3oM, Kak BHIHO U3 Tab-
JinIel, HanBosiee CUIBHO AJJIITHBHOE IIPOUZBOICTBO CKAZAIOCH HA KOJIH-
GEeCTBEHIOM cofepxkannn Maruug (Mg), ¥To HecOMHEHHO IOBJINACT Ha
cBoiicrea obpasznos Nel u Ne2,

3. Auanus. Ilo pesyabraraM aHaJH3a XHMHUYECKOTO COCTABA MOK-
HO CJEIATH IePBOHAYAILHBIE BHIBOJLI O TOBEJCHHH IOMYUIEHHBIX 00pas-
HOB Ha IIpaKTHUKe. 33,]\*[9"[‘]‘10@ H3MEHCHHE IIPOICHTHOr'O CollepzKatns Toro
WJIH HHOPO JIEMEHTA B XOJ@ AJIJJUTHBHOIO POU3BOJICTEA MOMKET [IPHBe-
CTH K M3MEHEHHIO CBOMCTB H3MOTOBICHHOIN KOHCTPYKIMH 110 CPABHEHHIO
¢ HepBOHAYAJILHBIM MaTepuaaoM. Tax, yBejautuenne KOTUIecTBA MATHUS
(Mg) Benér Kk nosbimenuio koaddunuenra cropanus [10|, uro mozker
HPUBECTH K YXYJIIEHHIO TepMHUYecKoil croiikocTn obpasnos. Takwxke, y
obpasna Ne2 KOJHYECTBEHHOE COJePyKAHMEe IOD BBINIE 110 CPABHEHUIO C
obpaszmoM Nel. D10 MOKHO OOBSCHHTE TEM, YUTO BBICOKOE COJEPIKAHHE
MarHHsl OPH YCJIOBUH, 9T0 OHO < 6% Beceil Macchl JeTaiad, Jaér MeHb-
Y0 HOPHUCTOCTH Il nosytderHoro marepuana [10]. O6parnoe, coor-
BETCTBEHHO, HABIIOAAeTCs IPH NpOoIeHTHOM cogepxkanun > 6%. Kpome
TOro, Tak Kak obliee coaepKaHne MarHus He IPEBLIaeT 7%, B JAHHOM
clIy€ae BO3PACTACT Npee HpodHocTH Ha pacrsxkenue [10]. Ysemuue-
HHe KosmdecTsa ykeiesa (Fe) yBequuuBaer MpouHOCTh U IJIACTHYIHOCTD
amoMHEReBLIX citaBoB (11, 12|, a ysenuuenne xosmnuecrsa xanus (K),
HAIIPOTHE, cHuxKaer |13, oqHaxo B muTeparype OTCYTCTBYIOT JAHHBIE O
TOM, KaKoe KOJTHIECTBEHHO® H3MEHEHHE JAHHBIX HIEMEHTOB IIPUBOJUT K
CYHIECTBEHHOMY H3MEHEHHIO CBOWCTB.

Uszmenenne konugecrsa xpoma (Cr) Majo BausieT Ha I0BeeHIe IIPO-
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U3BEIEHHOIO OJI0Ka, Tak Kak Ko (puimenT nopucroct B obpasmax Ne 1
i Ne2 He KOppeaupyeT ¢ MPONEHTHBIM COJepKaHHeM JAHHOTO SJIeMEHTa
[14]. ¥VBenngenne NpoONENTHONO COMEPKAHE d1eMeHTOB Mapranna (Mn)
u nuHka (Zn), kax B obpasue Ne2, MOKET BECTH K [OBBINICHHIO TEPMO-
croiikocTn. Koneunnlit coutan, TakuM 06pasoM, MOXKeT OBITEL 60J1ee yCTOl-
YHB K OOPA3OBAHUIO TPENIMH BO BpeMms npoussojucrsa |15]. Ocranbubie
JIerupyIonue JoOaBKH OKa3a/IiCh MEHee HOABePyKeHbl BLINOPAHHIO B [IPO-
Hecce IPOBOJIOMHO-JLYIOBOIO AJMTHBHOIO Hpou3BoacTsa. Ux nsmendéu-
HOE COJePKAaNNe MAJO BJINACT Ha MOBEJCHHE IOIYUCHHOIO CIIJIABA.

4. Beiboapl. Takum 06pa3zsoM, MOKHO ¢JIEIATE HECKOJILKO BBIBOJIOB.

1. Ilpm wmzroTomnenun peraieil KoHCTpyKImit u3 cmmasa AMrS
HPOBOJIOYMHO-LYT'OBLIM AJIUTHBHLIM METOJA0M CYIIECTBEHHO N3MEeHIeTCs]
KOJIMYECTBO MarHus, JKeJes3a, XpoMa, i MapraHia.

2. Hanbosbiiee BIMsHNE Ha H3MEHEHHE CBOWCTB OOPA3IOB, IOJY-
YEHHLIX TI0CJIC MPUMEHEHHs JIa3epHO-IyTOBLIX &/ JINTHBHEIX CBAPOUHBIX
TEXHOJIOTHIT, OKA3bIBAET cojep:Kauue B Hux Maraus. [Ipu onperenéu-
HBIX YCJIOBHSX KOHEUHAs JIETa/lh MOYKET HUMETh CBOMCTBA, IIPEBOCXO/I-
IMe HePBOHAYAJNBHEI MATEPUAJ, JIHOO CHIBHO MY YCTYIIAIOIIHE.

3. UsMmenenust XUMHUUECKONO COCTABA B pPE3yJbTare Ipolecca ajl-
JIUTHBHOIO IPOM3BOACTBA BIHSIOT Ha MOPUCTOCTL, MPOYHOCTL, JPYIHE
CBOﬁCTBa ", B KOHCYHOM urore, rmna 3KCH.Hya.Ta.HI/IOHHI:IG XapaKTepUuCTHKH.

4. MeroJ1, IpH KOTOPOM B KA¥ECTBE HCXO/HOTO MaTepHasa HCIOJIb3Y-
10T METAJLIMYECKYIO IIPOBOJIOKY, sABJsgercs 6osee ap(HeK TUBHBIM 110 CPaB-
HEHHIO € IJIACTOBBIME ¥ ITOPOIIKOBBIMH CIIOCOGAME [TPOUZBOJICTBA, BBULY
DoJiee BLICOKOI IPOU3BOJHTEILHOCTH M MEHBIITHX MATePHAIbHLIX 3aTPAT.

5. Bakmouenue. B pabore NpoBeseHO UCCJAEOBAHUE H3MEHCHUS
XHMHYIECKOI'O COCTaBa aJMIOMUHEEeBOro ciiasa AMrd npu usrorosienun
l'IpOBO.TI()‘llIO-,)]'yI‘OBbII\'I aJJJUTUBHLBIM METOJOM. B paB.HH‘-IHbIX pG}Kl/Il\'[ﬂ.X
13 nposoJokn ciutasa AMrS 6buin usrorosaennsl obpasipl. Mecaeposa-
HEE XUMHYIECKOTO COCTABA MCXOJIHOIO MaTepHasa i 06pasios IpoBeIeHo
¢ HOMOIIBIO PEHTTEHOMIIYOPECHEHTHOIO CHeKTPOMeTpa. AHAJIHS Pe3yilb-
TATOB [OKA3AJ, YTO [0 CPABHEHHIO ¢ MCXO/HBIM MATEPUAJIOM B H3MOTOB-
JIGHHBIX &JIIHTUBHLIM METOJIOM 06pa3lax 3aMeTHO HU3MEHSIETCS Cofep-
JKaHMe MArHus, ¥KeJlesa, XpoMa ¥ Mapratiia, dTo BIHAET Ha HPOYHOCTD
COB/IABAEMBIX JAHHBIM METOIOM U3C/IUIi.

6. Baaropaprocru. Pabora nposegena B Hayunom Ilapke CIIGIY.
Apropsl 6narogapar A. C. Epemuna u H., B. CMUpHOEA 38 KOHCYILTAITH
IPH HOJI'OTOBKE TEKCTa CTATLH.
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VIK 517.977.56
Tpan 3.

IIporpamMMHubIii KOMILJIEKC [J1 pellleHus YpaBHEeHUs
IepeHoca CILJIOIIHOM cpebl C paclpe/iejeHHLIMU
napaMerpaMm B ceTenogobHoil obsactu

Pexomendosano ® nybaukayuu npogeccopom IIposomoposvim B. B.

1. Beemenune. B kiacce HOCTATOYHO TIaIKUX (PYHKIHH paccMar-
PUBAETCS HAUAILHO-KPAeBasl 3a/1a9a ¢ MHOPOMEPHOI [IPOCTPAHCTBEHHOI
LHePEeMEeHHOMN, H3MEHIOIeHcs B cererojobHoi obactu ¥, IpuHaeKa-
miedt eskaH0By npocrpancTey R (n = 2). OcobennocTbio Takoit 3a1aun
ABJIAETCS HATHYHE Y3JIOBLIX MECT (MCCT BETBJICHHS) B CETEHOA06HOIT 06-
JIACTU M, KAK CJEJICTBHE, IOTepsl IVIAAKOCTH PEIICHHsI B 9TUX MECTaX.
Pesyaprarel paboThl NPUMEHHMBl B 3aJa9aX ONTHMAJLHOTO YIIpPaBJIe-
HUSL NPOIECCAMH TIePeHOCca CIUIONIHBIX ¢pej, (3ajady TeIioMaccomepe-
Hoca [1-3]).

2. Ilpumep YucJaeHHOrO peuieHus. s yupoIenns npeicraBie-
HUSL PE3YJIbTATOB HCCJEIOBAHNS PACCMATPHBACTCH TECTOBASA HAYAJBHO-
Kpaesas 3ajaua s obnacreil npocrpaucrs R" (n = 2,3).

1. Jdsymepuas obmacts & C %, cocrosimast uz mogobiacreit Sy,
(k =1,2,3) ¢ yaaossiMu Mectamu &, &2 (JIBYXCTOPOHHUMM MOBEPXHO-
craMu HpuMbikanus (S u Sp). CTpykrypa Takoit 0b/1acTi HpejcTasiena
na puc. 1. Kosuuecrsennbie XapakTepuCTHKH CIJIONIHON cpenl B obia-
cru S, Sp = § x (0, T), onpeeinsiorcs HaMaJIbHO-KPAEBOIl 3aateil
Jutst by ulz, y, t):

Ou(z, y, t) _ Pulw,y,t) Pulz, gy t)

ot = (f);rz fr)'f)'2 ) €T, Y, te G{T\{ShSZ}: (1)

ou(x,y,t)

du(z,y,t)
st = u(z, y, s> ay 2

s Ay

u(z, y, t)

Oulz,y,t) oulx,y,t)
ox gt ___ Oz
u(z,y,0)q = coszcosy, m=1,3,

u(z,y,t)

w(z, Y, 1)

at 1=y
53 83

Tpar 3yii — acuupant, Bopone:mKckuil rocyaaperBennbiil yuusepenrer; e-mail:
tranduysp94@gmail.com, ren.: +7(952)438-17-94
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4 3,
T4+ 3
= 1
]
—>
0 i i
4 2
Puc. 1. Crpykrypa obnactn § C 1?2
u(0, :U?t)ye‘;}.“ =e %eosy, m=1,3, (5)
™ _ ™
u(—,g ,t) = ¢ % cos — cosy, (6)
4 ve[0,3]U[F,5] 4
w(Z, gt =0, wu(x,0,1) =e Hcosa (7
N2 ey e
T _ ™
u(:f:, —.,t) = e %! cos = cos z, (8)
6 zE€Y, 6
( % 1‘) =2 gog = ( =.t) 0. (9)
wla, =, t =e “cos—cosxw, ulmx =,t = 0.
? 3 ; 2EJa 3 ' ? 2, TET

3aeck (2), (3) — yeaoBus NPUMBIKAHUS B Y3JI0BBLIX MecTax, (4) — na-
qanbioe yeiaosue, (5)-(9) — rpannunbie yenaosus. Juciennbie pacuers
noJIst pactpeenenus u(z, i, t) TPOBOMINCE METOAOM, OUCAHHBIM B [1],
0 paBHOMepHOH cerTke obuactn Jp maramu 7 = 1074, h, = 0,1571,
hy = 0,1047. Ha puc. 2 npejcrasieHsl pesyabTaThl pacueTa I0Js pac-
upefenenns w(x, y,t).

2. Tpexmepnas ofmacts 3 C N3, cocrosmas us nomobmaacreit Iy,
(k = 1,2,3) ¢ ysnosbimu mectamu &1,y (ABYXCTOPOHHIME IOBEPXHO-
cramu npuMbikanug S; u Sy). Crpyxrypa Takoil ob1acTy npejcTaBiena
Ha puc. 3.
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npu £=5.10""

15

Puc. 2. Pesy/bTraTsl YHCIEHHOTO pacdeTa noss pactpeaenenus u(z, y, )

Konngecrsennsle XapakTepUCTHKH CILIONIHON cpesl B obnactn S,
Jr = § x (0, T') oupenensaiores, HAYAILHO-KPACBOil 3ajatueit s dy k-
i u(x,y, z,t):

u(z,y, 2,t) _ Pu(z,y,z,t)  ulz,y,z21t)  ulz,yz2,1)

= , (10
ot 522 T o2 T 82 (20)
u(z, y, z,t) g = u(m,y,z,tﬂsl_, (11)
Qu(e,y,zt)|  _ Oulz,y,2t) , (12)

By st By Cin
w@,y, 2, )|y = ule,y, 2, 8)lg; (13)

Oulx,y,z,t Oulz,y,z,t

(@928 _ duzy2t)| (14)

Ox Sz+ ox 97
u(z,y,2,0)g =coszcosycosz, m=13, (15)
u(0,9,2,t), Leq,, = e *cosycosz, m=1,3, (16)
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Puc. 3. Crpyxrypa obnacru & C R?

™ 5 T
u(z,'y,z,t) = e#”coszcosycosz, (17)
-;JE[IJ‘H]U[%,g-]‘:E{il.g}
s ;
u(-—,g e t) =0,u(z,0,2,t), ,eq, = e~ cos x cos z, (18)
2 1,2€93 Sl
™ ™
u(r::, —,z,t) = e™ 2! cos — cos  cos z, (19)
6 w,zEQy 6
T = ™
u(:r:, _—,Z,t) = ¢ " cos — cos z cos z, (20)
3 ©,26Q3 3
™
u(rf:, E,z,t) 5 = 0. (21)
L,% o

Bamecs (11)-(14) — yenoBus NpUMBIKAHIA B y3JI0BbIX MecTax, (15) — na-
aasbHoe yeaosue u (16)—(21) - rpannumnsie yeaosus, Yuciennsie pacte-
TBI 11015 pacipeaenaenus u(x,y,t) TPOBOIMINCH 110 PABHOMEPHOH ceTKe
oGnactu I maramu 7 = 1074, h, = 0,1122, hy = 0,0748, h, = 0,1571,
Ha puc. 4 npeacrasiensl pesyabTaThl YHCACHHIOIO PAcyeTa Mo Pacipe-
nemenus w(z,y, z,t) npu ¢ = 2.107% .

3. Bakmaiouenue. B pabore paccMOTpeH aHAINS HAYAILHO-KPACBOIl
384 ¢ MHOMOMEPHOl IPOCTPAHCTBEHHON NEepPeMEeHHOMN, IpUHAIIeKa-
mieil eBKIMAOBY npocrpacTsy R™ (n = 2), Jig ypaBHEHHS IepeHoca
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npir z=1.2566

Puc. 4. Pe3yjbTarTsl YHCIEHHOIO PAacUerTa HoJist pacupeaenernus u(x,y, z,t)

CIUIONIHON CPEJALI ¢ PACHPEEICHHBIME apaMeTpaMi Ha ceTenosobnoil
obutacru. Ilpn 9ToM HCIONB3OBAHBL JIOKAJBHO-OJHOMEPHBLIH METOJ U Me-
TOA, POroHKu. B Hccie0BaHuK MOy YeHbl Pe3yJIbTaThl J1Jisl HAatdaaIbHO-
KPaeBoil 384N B YACTHLIX CIYyYasgx IpH n =2 un = 3.
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VIK 517.929.2
Xoanr B. H.

uddepennmaibHO-pa3HOCTHAS CUCTEMA
B CODOJIEBCKOM IIPOCTPAHCTBE (byHKIIUIA
C HOCUTEJIIMH Ha ceTenoo0Hoi obJiacTu

Pexomendosano x nybauxauuu npogeccopom Iposomoposum B. B.

1. Beenenue. Hacrosias pabora siB/IsieTcs €CTeCTBEHHBIM IPOIOJI-
JKeHHeM Hccnenosanuit qudpdepennuanbupx cucreM Ha rpade |1, 2|
B HAIPABJICHUH YBEIHUYCHHS PA3MEPHOCTH CeTenoo0Hoil obiacTn u3-
MEHEeHHsI ITPOCTPAHCTBEHHON MepeMeHHoN NPU U3YyYeHUH TPexcJIoiHol
JuddepenanbHO-PA3HOCTHONR CXeMbl ¢ BecaMil M OLEPATOPOM, OIpe-
JIGJICHHBIM B COOONEBCKOM ITPOCTPAHCTRE.

2. Heobxogumbie obo3HaveHuss u onpeaenenus. lanee obia-
CTBIO M3MEHEHUS ApPryMeHTOB (PYHKIMH sBJsgeTcs cerenogobras orpa-
audeniasn obmacts § C R™, n =2 2 (9% - rpannna ), cocrosmas us
nogobaacreit Sy, | = 1, N (0% — rpanuna Jy), cOeAUHEHHBIX Onpe/ie-
JleHHBIM 0Opasom Mexy cooit B M ysnoebix Mecrax wj (j = 1, M,

N " N M
1S« MEN-1:3=03Ue,9=U%,0=Uw;, NSy =10
=1 Jj=1
/ - : 4 9 - ; P
A wiNwp =0 #3) SiNw; =0 1 # j) [3]. B kaxmom
Y3JI0BOM MeCTe w; OIpejeleHHoe Yncio nojobnacreit 3 umelor obmue
IPAHMIBL, OGPA3YIOITe IOBEPXHOCTh UX IpuMbIKanus S (measS; > 0).

HOBCpXIIOCTb IIPUMBIKAHMS CBA3BIBACT MEXKIY coboit IIPHMBIKAIOIIHE K
my

neit 1 +m;j obmacru S, u §y, (s =1,m;): §; = U Sis (meas S; > 0),
g=1

S; C 05y, Sjs C 09y, (s = l,_m,) Taxum oOpaszoM, KaxKjoe y3m0-
BOE MECTO W, OIPEJEJISeTCsl CBOCIO TOBEPXHOCTDIO IIPUMBIKAHUS S, s
KOTOPOii KasK/as IOBEPXHOCTh Sy TAKIKE SBJIACTCS [OBEPXHOCTBIO IPH-
Mbikaaua §;, K §y,. feno, uro npm sroM rpamuna obgactd § He Co-

N M
Jepxur nosepxuoerd Sy (j = L, M): 0% = J oS%\ U S;. Cunenyer
k=1 i=1

Xoane Ban Heyen — acuupant, Boponecekunii rocyjaperBenibiii yHuBEpCHTET;
e-mail: fadded9x@gmail.com, ren.: +7(952)544-27-74
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OTMETUTDL, ITO CTPYKTYpa obiactu & coBnajaer ¢ reomerpueii rpada-
JIepeBO ¢ BHYTPeHHUMH y3iaamu (Bepimunamu) w [1,3].

HcenonbayoTest obmienpuHaATbHe obo3HadeHuA TpocTpaHcTs JleGera
u Cobojiesa, npuuem maTerpas Jlebera NPpHMEHHTENIBHO K CCTCHO,ILOﬁ-«

Hoit obmactu § onpesensiercsa coornomtenuem [ u( Z [ u(:

3 =19,
IIycrs Lo(S) — ruanbeproBo MPOCTPaHCTBO JIeﬁCTBl/IFeJIthlX H3MepH-
Mbix 1o Jlebery dyukunit u(z), = (x1,...,x,), CKAIIPHOE IPOU3BE/IE-

aue u HopMa B Ly () onpeenensl COOTBETCTBYIONMMH PABCHCTBAMI:

o = /(u,u).

(u,v)g = fu(w)w(ac)drz:,

&

O6osnauny W(S)- runsbeproso mpocrpancrso dyuxmmit u(r) us
Lo (3), miust KoTopeix g, () € La(Q), & = 1, n. Coornomenust

1 du(z) dv(x)
(u, )& —f u( Z ()'1,. oz, dx,
3 (1)

lully = /(u,w,

ONpeENAIOT CKATAPHOe Hpousseenne u nopmy B W1(S), coorsercrren-
1o, CumBost § B 0003HAYCHUAX CKAJSPHOIO NPOM3BEJCHMSI ¥ HOPMBI B
HEKOTOPBIX CAYUAAX JJIA YIPOIICHHS 3alHCH MOXKeT onyckaThes. Torma

N N
Ly(S) = zH La(), Wi(S) = ’H W3(Si)
=1 =1
Bsegem jipyrue npocrpaHceTsa (pyHKIHI ¢ HOCHTEIEM Ha ceTernonob-
N

noit obnacrn § = |J $y. llpu onucanuu Takux MpOCTPANCTE HEOHXO M-
=1
= N
MO IPOJIOJIKATE jteMenTsl u(x) ¢ obnacrn § Ha § = |J 8. Muoxkecrso
=1
C(S3) nenpeprBubix B S dynkmmit u(z), maoxkecrso C1(S;) (I = 1, N)

dbyuxuuit uz C(SF), koropsle npu KaxkjaoMm dukcupoanuoM | B I ume-
. § § X ; Oulx) dulx) N
10T HENPEPHIBHbIEC YACTHBIE NPOM3BOHbIE ——*,. .., —2—= I MHOKECTBO
- N -
CHS) = [] CHS)) co ckanapubIM MpoU3BEAEHHEM W HOPMOM, ompeie-
=1

sasieMbiMu opmynamu (1), cOOTBETCTBEHHO,
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Hanee, nycrs CH(S) ~ muoxectso dbyuxmuit u(z) € CHI), s ko-
TOPBIX HMEIOT MECTO YCJIOBHS HPHMBIKAINSA B Y3JTOBLIX MECTAX W

™y

ou(x)s, ()s,
a(z)g, — " s 4 f s”—“d
_/ 8n, Z 81’1J, (2)

&y
z €8, i= l,ﬂ?.j,

Ha nosepxuocTax S;, Sji BCeX y3JIOBBIX MecT wj;. 3uech a(z) € Lo(J) u
a(x)s,, u(x)s,, a(z )g“. w(x)s,, — cyxenust pynkumit a(x), u(x) na S
u Sji; n; uong; — BHemnHe nopMaad K S; u Sy B pansueitmem s
YUPOIIEHHS! 3AIMCH UHCKCDI, O3HAUAIONINE CYKeHUe, MOIYT He HCIOJIb-
sosatbest. Buecre ¢ CF(S) BBeseM MHOMKeCTBO C“((\f), 9JIeMEHTE! u(x)
KOTOPOTO MMEIOT KOMIAKTHBI HOCHTENh B 06macTi & M OpHHAJIeKAT
CY(3); nocrenuee osmavaer, aro u(x )|dd = (.

Onpepenenune 1. Ilpocrpancrso W(I]( ¥) ~ sambikanue CH(S) B

Hopme (1).

3. Inddepennnansuo-pasHocTHaa cxema. Ha orpeske [0,7]

BBEJEM PABHOMEPHYIO CeTKY w, = {f), = kr,k = 1,..., K} ¢ marom
T = ;f%, wr = {0} Uw;. Bynem paccmaTpusarh abCTPAKTHLIC (DYHKIIHE
(orobpakenus) y,(t), fr(t) muckpernoro aprymenta ¢ = kT € W, co

s3HadeHnaAMEU B npocTpancrse Lo(3), Tak uro y.-(t) € WU( ) C La(S).
B janbreiiieM uppexe T OyjaeM onyckarh u nucars y(k) = y(x; k) =
yr(zs k), f(R) = flz; k) = fr(akr) (k=0,...,K).

CemeitcTso gudrpepeHinaibHo-PA3HOCTHBIX YPaBHEHNH

1
—[y(k+1) —y(k— 1)) =Ly + f(k), k=1,...,K -1,
-
y(0) = yo(z), w(1) = yi(x),

sapucamux or napamerpa o, y'%) = oy(k+1) + (1 - 20)y(k) + oy(k — 1),
L:WES) - La(9), Lu = > g (am,(zb') (}“) Jlpu arom B yenosusx

Ow OQuw
w,r=1 o

(3)

npuMeikanus (2) a(z) = am( ;). Cucrema (3) CBSIBBIBAET 3HAUEHHS HC-
KoMmblx qyuxmuit y(k), k= 2,..., K, na cuoax tpyq, te, th—1. Pyuxmun
yolz), ya(x), f(k), k=1,..., K oupenensior HaYaJIbHbIe JaHHbIE.
Ipu dbukcuposannom k, k =1,..., K — 1, n napamerpe ¢ yHxius
ylk+1) e Wl( ¥) onpejiesieHa Kak pelienne (3) € KPAeBBIM YCJIOBHEM

U('t") |:i:€(')‘3: 0. (4)
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HudbdepenimaibHo-pasHocTHYI0 CHCTEMY ypaBHeHHH (3) ¢ KpaeBbl-
Mu yeaosusamu (4) npu k = 2,..., K nazoseM TPeXCIOHHONH CHMMETDIY-
nolt udpepennuanbuo-pasHocTHOl cxemolt (3), (4). Ee koadybunmenTsr
@, (@) YIOBIETBOPSIOT YCIOBHSIM

0< G'*gz < GH!(T)Ekf.‘ < a*fza a,m(:j:) = a«t,m(m),

n

(},H,,(.’ﬂ)fh-‘f,‘ = Z G‘m(ﬁﬁ)fm&, 62 = Z ﬁf (5)
k=1

Kyb=1

¢ (PUKCHPOBAHHLIMU MOCTOSIHHBIME (y, a* U IPOM3BOJBHLIMH [1apaAMET-
pamu 1, ..., &y, KpoMe TODO

yo(@), yu(z) € WG(S),  f(k) € La(Q), ,h=1,....K.  (6)

Onpepnenenue 2. Cosokynnocers dbynxmuit y(k) € Wh(S), k=2, K
aBysiercs caabpiM pernenneM Jud epeHnmanbHo-pasHoCTHOR CHCTEMBI
(3), (4), ecan BBIIONIHEHO

vy, @tz + 6@y = [ fomiaide vate) € W),
) 3
k=1,... K —1.

3necnh y(k’)i = %[y(k + 1) — y(k — 1)], a 6umnneiinas dopma {f(y("),fr])
onpe/eaena CoOOTHOMEHUEM

T

g 5:,(7) Gp(m
£y, n) =/ Z r},m(m)dy dn(i)dr

ox, Ox,.

Teopema 1. Ifycmv daa dymwyud ag, (), yolz), y1(z) v f(z) ev-
noanenw, yerosus (5), (6). Qynwyuw y(k) (b = 1,...,K), onpedean-
wue caaboe pewenue cucmemve (3), (4), npu docmamouno maavxs T
u o > 0 00103nauHo ONPEJEAAIOTNCA KAK IACMENMBL NPOCMPAHCNGE

,Z[aﬂ()(? HCIIOJIB3YETCHd coOCTaBHasd HOPMa BHIa
1 ; ,
1Y (k+1)1% = Zlly(k + 1) + y(B)Ify + [y + 1) = y(R)),

L ’
||Y(1)H2 = ZHyl e ?JUH'(?l) + [lyr = ?Jn“fz),
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| ly 7]l - |l2) — HEKOTOpBIE HOPMBI HPOCTPAHCTBA FH?},(%)
Teopema 2. Jugifepenyuarvino-pasiocmuasn crema (3) yemotivusa
K MEABIM USMENEHUAM NAMAADHWE Yeaosut Yo(x), y1(x) w npasoti wa-
emu f(k), k= 1,...,K, ecau ewnoanens yeaosus (5), (6) u o > 1.
Has caabozo pewenus dugdepenyuanvio-pasnocmuoti cucmemst (3), (4)

rie

cnpasedausa anpuopnas ouenka npu ecex k=1,..., K — 1:
¥ G+ 1)1 < 3l + vollo + /7 = 178l =~ wolls + ==l
j =3 yolls o - Y1 — Yolls + — Il
= 5liy T+ Yolls y1— Yolls V. TTha
; 1/2
Boecv |[f(R)| = | 2 7If(K |4 U €] — NPOUIBOALHBLE NOAONCU-
k=1

MEeALBHDIE NOCTNOANHBIE, 3ABUCAULUC MOABKRO 0T I'IICFLSS‘, (£

4. 3akmovuenue. B pabore 11o/1yueHbl alpuHOpHbIe OLEHKH ciaaboro
petenus Tpexcioianoi auddepeHnuanbHo-PAZHOCTHON CUCTEMBL yPaB-
HeHHU Ha cerenoobHol orpannyaeHnol 06JIacTH U yeJOBNS YCTONYHBO-
cru pudrpepeHuaibHO-PABHOCTHON CXeMbl, COOTBETCTBYIONIEN 910l cu-
cremMe.
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YIK 51-72
Jlopuy E. M.

Pazpaborka ajropurMa ynakoBKU MOJIEKYJI BOJbI
B OrpaHUYEHHOM 00beme

Pexomendosano x nybauxayun doyenmom lybap E. A.

Beegenne. Boupoc o wiorHeiimeil yinakoBKe siBIsieTCsl 038 0aueii
HPEeJCKA3aHNs CTPOCHUS BEIIECTEA, B YACTHOCTH CTPYKTYPBLI KPHCTAJLIA,
uHdgopMalsgd O KOTOPOil MO3BOJIET NPEICKA3ATE MPAKTHYECKH BCE €ro
csoiicrsa. Jannas pabora nposopmiack B corpyauuiecrse ¢ Mucrury-
ToM Xumuu CIIGIY u gapisercs MeyKIHCIUIIHHAPHBIM HCCISJI0BAHHEM,

AKTyaabHOCTL JAHHOH TEMBI [TOATBEPKIACTCsS GONBITIM  KOJIe-
cTBOM paboT 0 mpejckasannu cTpykTyp Kpucramnos [1]. K. K. ®umep
UYL CIIOCO0 ITOMCKA CTPOSHUSI BELIECTBA ¢ HCIOJIb30BAHUEM MAIIMHHO-
ro 00y UeHNsl B COBPEMEHHBIX KBAHTOBOMEXaHWIeCKHX MeTooB [2]. I'pyn-
na yuensix u3 Hoio-Mopkekoro rocymapersennoro yuuasepenrera B Byd-
draso onucana ssomonuoHEb aaropurM XtalOpt u ero ycosepiiencTso-
saaus [3]. A. P. Oranos u K. B. I'tacc pazpaborann HaJeKHYI0 MeTO/I0-
JIOTHIO JIJIS HPEJCKAZAHNSI CTPYKTYPBI KPUCTAJIOB HA OCHOBE dBOJIOIH-
OHHBIX AJITOPHUTMOB M IPOAEMOHCTPUPOBAIH 3P PEKTUBHOCTD ITOI0 Me-
Tofla I cHeTeM ¢ uncaoM aroMmor jio 30-40 na kaerxy [4]. A sarewm,
A. O. JIaxos, A. P. Oranos, X. T. Crokc n K. 3xy nopaboranu npeib-
AV AJINOPUTM M AOCTHIVIN HAJIEZKHOTO IIPEICTABICHIS JJIsl CHCTEM U3
200 aromoB Ha KaeTky [5].

ITocranoska zamaun. [lenbio nannoil paboTsl ABISIETCS CO3AAHNE
AJTOPUTMA VIIAKOBKH MOJIEKYJI BOJBI C YYETOM MX XMMHYIECKHX CBOHCTB
B 3aMKHYTOM IIPOCTPAHCTBE, KOTOPOE SBJISETCS MPAMOYTOJLHLIM MapaJ-
JIeJICITUIIeOM,

st aroro MoJIeKyia BoAbl ObLIa IPeJACTaBIeHa B BHIE IPABHILHOTO
TETpaszpa, y KOTOPOTO JIBE BEPIIHHLI COOTBETCTBYIOT ATOMAM BOIOPO-
Jla B MoJieKyJie (BepHiuHbl THIA A), a JBe Jpyrue — 3JIeKTPOHHBIM IIa-
paMm (Bepmuunl Tuna B). CBsa3u MeXAY HUMM IPOJAEMOHCTPHPOBAHLL Ha
puc. 1. Benegersue XuMIYMECKUX CBOMCTB BOJIBI, CBSA3H MEXKY MOJIEKY-
JIAMHU MOT'YT 0BPa30BBIBATHCS TOJILKO MEYKJLY BOJOPOJIOM M 3JIEKTPOHHOM

Jlopuy, Examepuna Muzatinoena — crygent, Canxr-Ilerepbyprekuit rocysap-
crBenublii yausepeurer; e-mail; st077304@student.spbu.ru, Ten.: +7(952)237-91-92
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napoif, T.e. 6yAyT PacCMATPHBATELCS MCKIIOMUTENBHO CBs31 Biga A~DB
unn B~A [6]. Buaunr meoGxoauMo, 4T00bl AMNOPHTM YIUTHIBAIL THIIHI
BEPIHH IIPU NPHCOESIAHEHAN MOJIEKYJI M He JOIYCKaJ COeJINHEeHUH BHAa
A~A u B~B.

Puc. 1. an,L[CTaB.IIEll['IG MOJICKYJIBlL BOJILI. ]'Iym('rnpuble OKPYZHOCTH — aTOMBL

BOJOPOaA, HEHIPEePbIBHAM — aTOM KHCJIOPO/da

AJII‘ODI)ITM. A.HPODHTM uMeer lpaKTHYUeCKYIO IIeHHOCTDb, IIOCKOJIbKY
MO3BOJIACT OIIPEJACJIMTL KOJIUYICCTBO MOJICKYJT BOJBLI, KOTOPOE BO3MOIKHO

pasMeCTUThb B LIPAMOYI'OJBHOM I1apaJjuleselnuiesnse ¢ 3afaiHbIMI 3Ha9eH-

AMHI JJIMHDBI, INAPUHBI 1 BbICOTHL. AJ’II‘ODHTM COCTONT M3 ITOCIEYIOIMNX

maroB:

1.
2.

Basaercs 06beM, JONYCTUMBII JIJIs 3aII0JIHEHHS,

PopmupyeTcs Marpuig, Koropas Oyuaer cojep:Karb HH(pOPMAIHIO
0 KOOpJHHATAX BEPIIMH BCeX NODABICHHBIX MOJIEKYJI.

. B coorsercrsre ¢ npejcrap/jIenneM MOJEKYIBLI BOJALI, OIIpeIeJIAar0T-

Csl KOOPJIMHATHI BEPIIUH TeTpasipa JJId HepBOH MOJIEKYJIbI.

KoopauuaTsl BePIIMH MOJECKYJIbl 3aHOCATCS B MaTpHily, chopMu-
POBAHHYIO Ha mare 2.

. Ha rpacdux namocurcs nzobpakenne TeTpasipa, CoOOTBETCTBYIONIE-

ro gobaBIeHHONH MOJIEKYIIE,

. Oupegensiores JBe nepeMenHble, XPaHsiiue HH(HPOPMAIHIO O H0JI0-

JKEHHU [OCJIeIHEro M06aBJIeHHOr0 TeTpasipa. OnHa U3 HUX COXpa-
HSIeT KOOPJHUHATHI BEPIIMHEBI TETpasipa ¢ Hanbobieil abcIuccoi,
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a Apyras — KOJMYIeCTBO BEpINUH ¢ Haubosbinedl aberuccoit (1 min
2). D7u nepemenubie ByAyT OGHOBIATHCS TOCAEe AOOABICHUA KarK-
J0i1 HOBOH MOJICKYJIBI.

7. AnanoruaHbimM 06pa30M OlIpeJeJIA0oTCd JABe IepeMeHHnble, XpaHd-
mue Hlld)OpMaH,HIO O IMOJIOZKEHHH IIePBOTO TeTpal/apa B CTPOKE. Onn
6y)ly'1‘ OOHOBJISITBCS TI0CIIE nepexola Ha HOBYIO CTPOKY.

8. Peammzyercsa MUK NPUCOCTHHCHUA MOJCKYJT: TIPOBOIUTCS IPOBEP-
K&, OIPEIEJIsIIONIAs, MOKET JI HOBAasl MOJIEKYJIa ObITh 100aB/ieHa B
OJIHY CTPOKY C NPeAbLIyIneii. Eciau 910 BO3MOXKHO, 0CYIIECTBIISIETCS
J0DABIIEHHE MOJIEKYJIBL ¢ MCIOJIB30BAHNEM (DYHKIMH, OLPEeILEIsio-
meit koopjannaTel Bepiinn. [losropsaioresa marn 4-6. Mnawe, mose-
KyJa IomnajiaeT B caeayionmin psaa. Peamusyiores marn 4-7. Ecinu
U B 9TOM CJIYYAEe OHA BBIXOJMUT 3a IPEeJibl JOIYCTUMOro obbema,
TO OCYILECTBIIAETCs HODABIIEHUE B [IEPBYIO CTPOKY HOBOrO cjios. B
9TOM CJyUae MOBTOPSIOTCS tmaru 4-7.

B mukie Ha miare 8 aaropuTMa HCHOJIB3YeTCs MPOIELypa, T03BOJITIO-
asi COPHEHTHPOBATE [IPUCOEIMHACMYIO MOJIEKYILY TAK, ITOOLI CO3ATD
COEUHEHIE BOJIOPOJ] — JIEKTPOHHA Iapa., DTa MPOIE/LyPa OCYILecTBIs-
©T ONpPEIeIeHIe KOOPAHHAT BEPINUI TETPa3Ipa, COOTBETCTBYIONIEro 10~
OaBiageMOil MOJIEKY/IE, B 3ABUCHMOCTH OT PACHOJIOKEHHA [IPEeIbILy Ieil
MOJIEKVIIBL (¢ yueroMm Tpebopanus casu Tuna A~B, B~A).

Ilpouenypa una a3pike MATLAB. [Ipuseaennniil BoIIE aaropuTM
peasuzosan B cpege MATLAB. ITporpaMmMa BBIMHCIAET KOJTUUECTEO MO-
JIEKYJI, VKJIaJABIBAGMOE B JaHHbI 00beM, a Takxke QopMupyer rabiuily
¢ KOOPJAMHATAMU BEPIIMH TETPasApoB B JEKAPTOBON CHCTEME KOOP/H-
HAT ¢ LEHTPOM B OJHON U3 BEPLIMH HPIMOYIOJBHOIO HAPAJLIECJICIIHIIEIA.
Bouee Toro, B nporpammy jgodasiiena BO3MOMKHOCTE OIPEIe/IeHUs HHTeD-
BaJIa MEXK/Iy MoJieKyaaMu 1o joboit u3 xoopaunar. OparmenT kojaa na
azpike MATLAB pis nobasiennus HOBOH MONEKYILI B TEKYIIYIO CTPOKY
WJIH LIS IIEPEX0/ia Ha HOBYIO UMEEeT BUJL:

if (rightest(1)+3*step_xt+h_x) <= stop_x
k=k+ 1;
[M(4%k-3,:), M(4%k-2,:), M(4*k-1,:), M(4x*k,:),
rightest,type] = NewPutTriangle
(type,rightest,step_x,step_y,step_z,h_x);
elseif ((type == 1)&&((h_y+3*step_y+rightest(2))<=stop_y))
[l ((type == 2)&&((h_y+4*step_y+rightest(2))<=stop_y))
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=k 1
if typelstr ==

b2 = [r1s(1)-3*step_x, ris(2)+h_y+ step_y, ris(3)];
c2 = [b2(1)+3*step_x, b2(2)+step_y, b2(3)];
d2 = [c2(1), b2(2)-step_y, b2(3)];
a2 = [b2(1)+2*step_x, b2(2), b2(3)+step_z];
rightest = d2; type = 2;

else
a2 = [ris(1)-3*step_x, ris(2)+h_y+step_y, ri1s(3)];
b2 = [a2(1), a2(2)+2*step_y, a2(3)];
c2 = [a2(1)+3*step_x, a2(2)+step_y, a2(3)];
d2 = [a2(1)+step_x, a2(2)+step_y, a2(3)+step_z];

rightest = c2; type = 1;
end
typelstr = type; rls = rightest;
M(4%k-3,:) = a2; M(4%k-2,:) = b2;
M{4xk-1,:) c2; M(4x*k,:) = d42;
DrawTriangle(a2,b2,c2,d2);

PesyabraTbl. Pazpaboran ajropuTM yIakKOBKH, OCYILIECTBIIEHA €0
peasuzanus B cpege MATLAB, a TakKe IpoBeieH psiji THCICHHBIX 9KC-
HEPUMEHTORB.

JList MULoCTpain  PAcioIOKEHHsT MOJIEKYJ/I BOJbI, IIOJIYYEHHOIO B
pesyibrare paboThl AJNOPUTMA, IPOrpaMMa BeIBOAUT rpaduk ¢ uzobpa-
JKEHHEM TeTPasipos cM. puc. 2. 1 3. 3Be3j0YKAMH OTMEUCHE] BEPIIUHE]
Tumna A,

no A
AN
.'F.‘ (
250 APAN
/ r \
/S
Pl —N
200 /}”i.'_ LN
150 xf =
O
/’1? X
100 "? /\
[/
v

50 |

O 8 100 50 g

250 300 9

Puc. 2. Wnmocrpanus pesyibrata paboTel alropuTMa JIJs 8 MOJIEKYIL.
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200 300

Puc. 3. Miunocrpanus pesynbrara paGorn ajropurMa s 24 MOIeKym.

B pesyapTare Ceprun 3KCIHCPUMCHTOBR YCTAHOBJCHO, ITO OIITHMAJILHOE
MHCJIO MOJIEKYJIL, JUIH KOTOPOIro IIporpaMMHas pean3alldsd aJlropuTMa
paboraer jgocraTouno 6uicrpo, pasuo 1000. dug sroro kosudvecrsa Mo-
JIEKYJI BpeMsi paboTsl HPOrpaMMbl cocTapiisier npumepro 10 cexym,
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Cenaroposa H. M., I'yk K. II.

Pazpaborka cucreM yTOYHEHUA
OHKOJIOI'MYECKOI'0 JTMArHO3a HA OCHOBE TEeXHOJIOruii
obpaboTku n300parxkKeHuii

Pexomendosano x nybauravyuu npogeccopom Llezonesoti H. /1.

1. Beegenne. Cerojusa pak IpyjH — 0JiHA M3 OCHOBHBIX HPHYNH
CMEPTH KEHIITUH OT OHKOJIOI'MH., BI:.ICOKPI(—! InoxkasarTe/id CMCpPTHOCTH 1 Pac-
I[pocrparenue 3Toro BaGU.HGBaHI/l}I BO BCEM MHPE€ IMOKa3bIBAIOT BarKHOCTD
HCCJIeJJOBAINS 1 paapaﬁoTKH CPEJACTB BRIABICHIA U paI'II'lel‘/'I AWATHOCTHKH
TaKoOTro BHJIa pakKa. O}IH{'}I(O HCCJICJIOBaNUs IMOKa3hIBaloT, “ITO PaJnoJIoru
MOI'yT He ()()HH,py)KPITb SHa'IUTCJIbHYIO Y1acCTb aHoOMaJIMi B AOILIOJIHEHHe
K BBICOKOMY YPOBHIO JIOZKHOIIONOZKUTC/ILHLIX PE3Y/ILTATOBR [1] Nmenno
MOTOMY IOJIYTIACT ITHPOKOEC PACIIPOCTPAaICHIEe paapa,ﬁoTKa, CHUCTEM KOM-
[IbIOTEPHOrO OGHH.py)KGHHH U JUalHOCTHKH JJId 1IOBBIII€HH TOYTHOCTH
paboTel Bpaueil [2]. B ciygae ¢ pakoM TPy TaKAe CUCTEMBI OIIMPAIOTCS
Ha pacllo3HaBaHNe 06pa30B 11pH ()6})‘(],60'1‘1{(3 HH(b})()BbIX M'{lI\fIMOFp?.L(l)l/I‘IG-
CKHX CHHUMEKOB JJI# BbIABJICHHN IIPHU3HAKOB 3JIOKa'1eCTBCHHDBIX ()HyXOJ'IGﬁ
(MHK[)O}(&.}II:[[HIi&'I‘OB, KOJIIOYHNX MacCC H ,llpyl"]/IX), qTO Tp(—)6_YGT naBJiete-
HHU TEKCTYPHBIX, CTATHCTUYCCKHX U CTPYKTYPHBIX IIPH3HAKOB W3 obJ1a-
creit HSOﬁpa}KGHIfIﬂ u ()6})&60’1‘1{]{4 ITHX IIPHU3HAKOB € IIOMOIILLIO a/Il'OPpUT-
MOB MalllHHHOI'O Oﬁy‘-lGHHH.

2. [Tocranoska 3agaumn. lenbio nannoit paborsl sBIgETCS paspa-
00TKa CHCTEeMBI, CIIOCODHOI PACIIO3HABATL HA MAMMOI'DAMMAX IIECTh OC-
HOBHBLIX BHJIOB 3JIOKAYECTBEHHBIX H HOOPOKAYMECTBEHHBIX aHOMAJIMIL,

CyImecTBy10T pas3iuvHbIe BAPHAHTHl TAKUX CHCTeM, Hanpumep [3,4].
OjHako npejcTaBieHHbe CHCTEMbl MOUYT JIMIIb YKA34Th Ha HAJHYTHE
3JI0KATECTBEHHON MM JoOpOKavYecTBEHHON AHOMAJIUN HA CHHUMKE, HO HE
OIPEJICJIUTDL ee BUJL.
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3. Apxurekrypa nepsBoii cucreMmbl. B paMkax [ocraBieHHON 3a-
JIAYH TIPEJJIOKEHBI JBE CHCTEMBI, B KOTOPBIX KJIACCH(pHUKAIIHT MaMMO-
rpaMM IPOHCXOIUT ¢ IOMOIIBIO IIPEIBAPHTENBbHOI 0O6paboTKi m300pa-
JKEHUIT M U3BJIEUEHUs] HECKOJIBKUX KATEIOPUH NPU3HAKOB. 3aTeM I10JIy-
YeHHBIH BEKTOP NPH3HAKOB HCIOIb3yeTcs Jis Kaaccndukanumu. Obimas
CXeMa II(-BPBOﬁ CUCTEeMDBI IIpelcTaBljiena Ha puc. 1.

BroaHbie
n30GpaKeHna

Mp pUTENLHAA
ofipadoTtka
@unetp Matopa
xa';?;‘;:mg"““ Neckpuntop ORE
1 1
KnaccuaukaLma Knaccuamrauma

Puc. 1. Obman cxema nepsoil U3 JABYX [PEJACTABICHHBIX CHCTEM

3.1. Haracet. ns pemenust mocrapieHHOM 3a0a4u ObLIT HCIIOJb-

soBan Habop MammorpaMm mini-MIAS [5], cocroammuii nz 330 uzobpaske-
anit pazpemenusa 1024 x 1024 makceneit. Bee cuuMku B gaTarcere npe-
CTABJIEHBI B KOCOI MeAuoJiaTepaibioit npoekitu. B arom mabope kaxioe
n300pasKeHne OTHOCUHTCS K OJJHOMY M3 CeMH KJIACCOB:

NORM - snopoBas rpyjib;

CALC - ganbuudukanusa TKaHei;

CIRC ~ "eTKo BUHBIE MACChI;

SPIC — komioune Maceol,

MISC — apyrue 3/0KadecTBeHHBIC 0BPA30BANNS, He MOIAJLAIONINE
B IPeJbLAYIIHE KaTerOPHH;

ARCH - apxurexTypHOe HCKayKeHHe TKaHeii,

ASYM — acummerpust.
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Ecan na MaMMOI'paMMe [IPUCYTCTBYET aHOoMaJlisd, JOIOJTHHTE/ILIHO
yYKa3aHbl ee [eHTP W NPHMEPHBIH Pajnuyc B IHKCEIX.

3.2. IIpeasapurenpHas obpaboTka m3obpaxkenwmii. Bee 330
MaMMorpaMm us jgaracera mini-MIAS npegsapurensuo obpabarsisaior-
cst ¢ momoteio angroputMa CLAHE s ysenwuenns xonrpacrnoctu [6].
Takzke co Beex nzobpaxennil yaamusiores apredakrsl (bupku) u obpesa-
H0TCH H(EI/EH(b()pM?l’.l‘i/IBI'IbI(') qacTH (HaII})HM(Ep, HepHbie HOJI()CBI). ﬂJIH yBe-
JIMYEeHNs TOTHOCTH IIOCJIG;],YIOIILO]‘/J[ K.HHCCI’I(I)PIK?LI.],PIH CO BCeX I‘IBO()])&}I{OHHI‘:I
YHaJaseTcs rpy/jaHasd MBIIIa, Tak KakK OoHa HMeeT TaKyIOo Ke ILIOTHOCTD,
KakK 11 HeKOTOPbIE DaKOBbIE 06})?1.3(“5&[‘11/[}[. 1)(!3y.)]b'l‘a‘1‘bl HD('},I!,B?LpHT(!.I[bI'IOI‘:I
061)&6()'1‘[{[/1 MMOKa3allbl Ha PHUC. 2.

Puc. 2. Cpasuenne pesynsrara o6paboTKi MaMMorpaMmel (cripasa) ¢ ee

HeppoHadaJbHLIM BUAOM (ciesa) ma npumepe nsobpazkenns mdb012.pgm

[loce npeasapuTenbHOl 00PAbOTKU JlaTaceTa IPOU3BOIUTCS H3BJEUE-
HUE NPU3HAKOB M3 KaryKJ0# MaMMOIPAMMEL.

3.3. ®unprp labopa. K kaxj1oMy CHUMKY npuMensercs (pUuiabTp
laGopa, mupoko Hucnoab3yoImics B 3agauax obpaborkn u3obpakenuit
JUTSL BBLIEICHHs W yeuienus rpagur o6bexkros |7|. Qaunsiil dbuasrp ma-
TeMATHHYECKH [IPeICTABIACTCS] KAK MAyCCHaHt, YMHOMKEHHBIH Ha rapMOHE-
qecKkyio PyHKINIO. B npejgcraBiennoil cucreMe K M300paskeHuio Ipume-
HatoTes: PUABTPL ¢ opuenranueit or 0 o 180 rpagycos ¢ marom 11,25
rpajIycoB, 3aTeM Pe3yJIbTaThl (PUILTPAIIMH COBMEIIAIOTCH B €JIMHOE H300-
paKeHHe JIJIs JAJbLHEHIero aHajansa.

3.4. Marpuna cmexkHocreii yporHsa ceporo. Mampuya cmesic-
nocmeti yposra cepozo (WK HOJyTOHOBas MaTpuna cmexknocr, GLCM
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Gray Level Co-Occurence Matrix) — 910 MaTpuua, KoTopas I0KA3bIBAET
pacIpe/leJIeHIe YPOBHS CEPOT0 MEMKIY COCeTHHMH ITHKCEIAMH Ha H300-
pazkennu. Taxme MaTpHIBI IPEJCTABIAIOT CBOHCTBA TEKCTYPBI H300pa-
JKEHHUsE, HO He yJI00HBI [JIsl IIPSIMOro IPUMEHEHHUS [IPU AHAJIM3e MeIUIIHH-
cKHUX n300paskeHn n3-3a HOIBIIOTO pasMmepa. B ¢Bs3M ¢ 9TUM YacTo OHH
JIMILB MCIOJIB3YIOTCS LISl BBIMHCICHNS PA3IUUHBIX METPHK s DoJee
KOMIIAKTHOIO IIPEICTABJICHUS] TeKCTYP. B JaHHOM ciiyuae [iis KaskJ10ro
m30bpaykeHus n3piekaoTcs 14 xapakrepucruk, npegioxenuesix P. Xa-
pasukoM B 1973 1. |8] ¥ HMCHOAB3YEMBIX IS 3aa49K KJACCH(HKAIMI
TeKCTYP (Cpey HUX 3HEPrHs, KOPPeJIsIisl, SHTPOIH, KOHTPACT U ApY-
rue).

3.5. Heckpunrop ocobbix rTouek ORB. Haunusiii jgeckpui-
TOp upejgcranisier coboii komMOHHAIKMIO anropurmos jerekropa FAST
(Features from Accelerated Segment Test) u jgeckpunropa BRIEF
(Binary Robust Independent Elementary Features) ¢ HexoTOpbIMH Mo-
auduranusmu 9], ITor JecKpHITOP PaspabaThiBAJCs U CEHTIAC HCIOb-
3yeTcd B PasiiMYHBIX cucTemMax Kak sdrpexTusHas u ObICTpast aJibTep-
HATHBA IMUPOKO UCIIONB3YEMOMY JIJISI BBIABJICHUA JIOKAJIBLHBIX TPU3HAKOB
peckpunropy SIFT (The Scale-Invariant Feature Transform). B npesa-
CTABJIEHHON cHCTeMe s KayKIoro H300parkKeHusl H3BJICKAIOTCS 0CoObIe
TOUKH, UX JECKPUIITOPBL, U 9TH JAHHBIE HCHOAB3YIOTCH JJis JajbHeiiiei
KJIACCH(PUKAIIAN.

3.6. Knaccudukanus. [Tonyuennsie nocie BbIIOJIHEHUS IPEbI-
JAYIIIX 9TAIOB BEKTOPBI XAPAKTEPHCTHK XapPAJnKa i BEKTOPLI JeCKPHII-
Topa ORB nocrynatoT na Bxoj kinaccudgukaropam. s nammoit cucre-
MBI cpaBHMBAIKCEH KiaccudukaTopsl Random Forest (RF) u Multi-Layer
Perceptron (MLP). B pesyabprare paGoThl U3 BceX BapHAHTOB HAHIYY-
myio TounocTs 95% (oTHONIEHHE NPABHILHO KAACCHMDHIMPOBAHHBIX Te-
CTOBBIX JAHHBEIX KO BeeMy 00heMy TeCTOBLIX JAHHLIX) ITOKa3aaa KoMOU-
HALMS XapaKTepHCTHK XapaJuKa B COUETAHHH ¢ AJTOPHTMOM KJIACCH-
dukanun RE. Pesyiabrarsr padborbl KiaccHpUKATOPOB IPEICTABICHL B
Tabaune 1.
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Tabnuua 1. Tounocrs, 1yBCTBHTENBHOCTE U CHEHUPHILOCTD, HOIYYEHHDIE B
pesynbrare paboThbl HEPBON CHCTEMBI

Tounocts, | Yysers., | Cneuund.,
B % B % B %
ORB + RF 76 51 91
ORB + MLP 86 75 96
Haralick feat + RF 95 93 99
Haralick feat - MLP 72 35 89

N3 Tabauier 1 Takze BUIHO, YTO AJITOPHTM XOPOIIO PACIIO3HAET 3,10~
POBLIC TKAHH, OJIHAKO TOMHOCTDL JJIS CHEMKOB DOJBLHBIX TKAHEH CHHXKe-
HA, T. €. UMEeTCsl PHCK JIOKHOOTPULIATE/ILHOIO JUAIHO3A. DTO BHIHO 110
3HAYEHUAM YYBCTBHTEIBHOCTH — ITIapaMeTpa, 0TPasKalollero JI0JI0 I10J10-
JKUTEIBHBIX PE3YILTATOB, KOTOPLIE IPABUILHO HIAeHTUMUIUPOBAHBL KAK
TAKOBBIEC.

4. ApxuTekTypa BTOPOif cucTeMbl. Teneph paccMOTPHM BTOPYIO
cucremy. Ee obmaa cxema npejcrapieHa Ha puc. 3.

WcxoaHwie
uzoGpaxerna

MpeaoGpatoTka

| KoHKaTerauyma |

| Knaccudem kauna

| Knaccudpmkaumna

| Knaccudmrkaumna

Puc. 3. Obman cxema BTOPOi U3 JABYX HPEICTABJICHHBIX CHCTEM

4.1, MacmrabupoBanre BHU3 npoueaypoit Scale. Ilepsbiit
3Tall npegodbpaboTKH B JAHHON CHCTeMe AHAJOMHYEH PACCMOTPEHHOMY
panee (ynanenne nenapopMaTusubix yaactkos, CLAHE u 1. 1.). Ha cie-
JVIOMIEM dTale sl MIPUMEHEHHS MeTOI0B S9KCTPAKIIMN IIPU3HAKOB U300-
pasKeHus MpeABapuTe/IbHo HepeMaciTabupyiorea 1o pasmepos 128 x 100
nuxceseit. Jdas 9Toro HCHonb3yeTcs HPONEAYPa YCPeAHEHHs COCeIHHX
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nukceseil. Heobxogumocts Macurrabuposanust 00ycIoB/ieHa GOJIBIITIMI
06beMAMK HCXOJIHBIX TAHHBIX.

4.2. KonkaTreHaliiss B BEKTOP SAPKOCTHBIX IPHU3HAKOB. fIp-
KOCTHBIE MATPHILI H300parkeHnit 1peodpasyTes B BEKTOPLL IIYTeM KOH-
KATEHAIIUN CTPOK. B HTore Kaykioil MaMMOrpaMMe CTABUTCS B COOTBET-
crBue BekTop, cocrosmuil u3 12800 snemenros. CrouT OTMETHTH, UTO
JIAHHBII METOJ U3BJIEUEHHs SIPKOCTHLIX IIPH3HAKOB KpaiiHe IPOCT B pe-
AJIMBALME U IIPH 3TOM JOCTATOYHO 3(hpeKTHBEH.

4.3. 'mcrorpaMma HanpaBJIEHHBIX IpagueHToB. Creayiomnmii
METO/ FKCTPAKIMUH SIPKOCTHBIX NPH3HAKOB — IHCTOIPAMMA HAIIPABJIEH-
upix rpajguentos (Histogram of Oriented Gradients — HOG) [10]. Bxos-
HBIMHU JIAHHBIME SIBJISIOTCS MAMMOIPAMMA, KOJIUUECTBO HHTEPBAJIOB JJIs
COCTABJICHHS I'MCTOMPAMMBI, PA3MEPHOCTEL OJHON siMeiiKu (B IHKCENsX),
O KOTOPOH GyIeT COCTAB/ISTLCS THCTOIPAMMA, pasMepHocTh Giaoka (B
AveiiKax), IS KOTOPoOro OyeT NPOBOANTLCA HOPMAJH3AIMS [EpPeJl co-
CTABJIEHHEM MTOIOBOI'O BEKTOPA IPU3HAKOB. Pe3y/IbTaroM sIBJISETCS CO-
OTBETCTBHE H300pPAXKEHMIO BEKTOPA, COCTOMIEr0 U3 3HAMEHHH IHCTO-
IpaMMBl JJI8 KarK 00 S9eiKi, HOPMAJIH30BAHHBIX OTHOCHTEILHO BJIOKOB.

4.4. Anropurm Ksuun. Oneparop Kounu [11| rpagunnonno uc-
HOJIB3YeTCs JIJIsl 0DHApY KeHus Tpanul] n3obpaxkenns. B nanuoii pabore
AJIPCOPUTM HCIIOJIB3YEeTCs J1JIsl [IOJIYYeHUs] AJIbTePHATHBHBIX HABOPOB IIpU-
3HAKOB, [OMEIEHHBIX B BEKTOP, AHAJOIHTHO NYHKTY 4.2.

4.5. Knaccudukanusa. g anannza NpusHAKOB, TOJIYUAEMBIX
B pesyaprare paboThl MPEeJCTABJCHHLIX METOJ0B, OBLIN PACCMOTPEHLI
knaccuguraropsl dubanorexu Scikit-learn [12]|. Cambivu achdexTnBHbI-
MH OKABAJHUCH CJSAYIONINE YeThIpe KIacCupuKaATOpa:

e MeToj| OTOPHBIX BeKTopos (SVM);
e Jsiepeso npuHsaTns pemennii (DT);
e mero K-Gmmkaitimux cocefeit (KNN);

o JMHEHHBIT AUCKpuMHHAHTHBIA ananns (LDA).

Pesynbrarsl paboThl BRHIOpAHHBIX KIACCH(DUKATOPOB HPEJACTABICHEI B
Tabaume 2.
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Tabauua 2. Pesynbsrars paboThl BTOPOH CHCTEMBI

To4HOCTh, B % | UyBCTB., B % | Cnenud., B %
IIB + SVM 96 96 97
IIB + DT 57 45 87
I1B + KNN 68 12 68
IIB + LDA 70 40 94
HOG + SVM 94 83 99
HOG + DT 66 47 89
HOG -+ KNN 90 67 99
HOG + LDA 86 69 98
Canny -+ SVM 84 52 99
Canny + DT 52 47 83
Canny + KNN 88 66 99
Canny + LDA 79 38 99

ABanus JaHHLIX, HPEJACTABJICHHBIX B TabjaHle 2, NOKA3BIBAET, UTO
HAHOOJIee TOYHBIE PE3Y/ILTATHI HOJIYUCHE ¢ IOMOIILIO COUETAHMIS METOIA
ONOPHEIX BEKTOPOB ¢ IpeobpaszopanneM uzobpaxenuus B sexrop (I1B),
IyTh MEHCE TOMHbIE, HO 60JIee YeM NPHEMJICMbIC PE3YIBTATHI OJY 1aloT-
cst upu coveranun Kiaccuguxaropa SVM ¢ meronom HOG.

5. Bakmiouenne. Coryacno (1], «ana mammorpaduu Xapakrepen
BBICOKHI YPOBEHD JIOMKHOIOJIOKUTENbHBIX U JIOXKHOOTPHIATEIbHBIX 38~
KJIOYeHRT», 60JIee TOro, «PEeHTIeHOJIONH JI0 CHX IOp LpolyckaoT ot 10
10 30% cayuaes pakas, COOTEETCTBEHHO, TOUHOCTh AJTOPUTMOB KaK MU-
HUMYM JIOCTUTAET TOYHOCTH BpaveOHON JIMATHOCTHKY, & 3HAYHT, [IPUMe-
HEHHUE NPEJIOKEHHBIX CHCTEM MOXKeT CHATH 3HAMHTENbHYIO “acTh Ha-
I'PY3KH € MEIUIUIICKNUX COTPYANUKOB. BoJsiee TOro, B psjie ciydaes To4-
HOCTDL &JIFOPUTMOB BBIIIE PE3YJLTATOB BpauebHOl JIUANHOCTHKY, [103TO-
MY IPEIJIOKEHHBIE CHCTeMbl ABJsIOTCH 3 PeKTuBHLIM criocoboM obHa-
py¥KeHHs] 06pas0BaHUii, 10/J03PUTEIHHBIX Ha OHKOJIOTHIO.
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YIK 51
Xomaogosa C. E., Yepkait K. M.

MaremMaTu4yeckoe MOJAEJIMPOBAHUE
ABUKEHUs KPOBU II0 COCYJaM
c yuéroMm 3 deKToB gedopMaiiua CTeHOK

1. Beegenue. Kposb BHYTPH »KUBOIO OPraHu3Ma siBJISETCH HEOTb-
eMyIeMoil cocraBisionieil B obecieveHnl HOPMAILHOIO HPOLECCa KU3He-
neareasuoctn [1]. Takum obpazoM, moHUMaHue JUHAMAKH KPOBH B Opra-
HU3ME SIBJISETCs KIIOUeBOit IPpoB/1eMoil [isl CBOCBPEMEHHOTO [IPeIOTBPA~
IIEHAsT COCYMCTHIX 3abosesannii. OHAKO H3-3a HEBO3MOKHOCTH BH3Y-
AJILHO HABMIOAATL KAPTHHY TEUEHHs BCTAET BONPOC O MATEMATHUCCKOM
ONMCAHNH JIBUZAKCHUA KPOBH 110 COCY/IAM.

Bompoc onucanus ABHMAKEHUS KPOBU 110 COCYLAM HE sIBJISLeTCs] HOBBIM,
OJIHAKO 10 CHX TIOP OCTA8TCSA AKTYAJLHBIM,. B GOIBIIOM KOMIecTse mpe-
CTABJIEHHBIX PABOT, HOCBAINSHHBIX JAHHOMY BOIPOCY, ABTOPLI 3a4aCTYIO
YIPOIIAIOT HCIOAB3YEMYIO B CBOMX HCC/IEIOBANHX MATEMATHICCKYIO MO-
Jie/b, pACCMaTpUBas OJIOMEPHOE TeYeHne KPOBH 1o cocyaam |2|, mubo
IpeIIAraloT B CBOMX MCCEI0BANMAX THCICHIOE MOJICTHPOBANNE MEOMeT-
PUH PACCMATPUBACMBIX COCYJOB U [JBUMKEHUS KPOBH 110 HUM B COOTBET-
CTBUH € TIOJHBIME CHCTEMAMY YPABHCHU JBUJKCHHS sl JKUIKOCTH B
upocrpascrse [3-5].

OcnoBHOI 1POBIIEMOl COCTABICHUS OJAHOMEPHOI MOJEII U e¢ HCIIOJIb-
30BAHUSA B HPAKTHICCKUX IEJAX ABJIAETCS HEIOCTATOUHAS TOYHOCTD 110
CPABHEHHIO € HKCIEPUMEHTAIBHBIME PE3YIbTATAME, B TO BPEMs KaK 0/l-
HUM U3 HEJOCTATKOB HCIOJIB30BANNSA THCACHHBIX METO0B SBJISETCA OT-
CYTCTBHE AHAJUTHYCCKOTO PEIICHUsT, B CBA3H C UeM YCIOMKIHACTCS 3a1aMa
Onpee/IeHns KaueCTBEHHBIX 0COOCHHOCTel TeUenus KPOBH 1P Pa3jind-
HBIX 3HadMeHusAX napamerpos Mojesnn. Takum obpasom, ocradrest Hepe-
MIBHHBIM BOIIPOC 0 HAXOZKICHIH AHAJTHTHICCKIX (DY HKIMOHAIBHBIX 3aBH-
CHMOCTEl, KOTOpBbIe OBl ONUCHIBAIN JABHIKEHHE KPOBH L0 COCYHaM, 6u3-
KOe K MCTHHHOMY, BCJIEJCTBUE Yero B IIPe/CTaBiennoii pabore uzyvaer-
cAl JIBYMEpHAsT MOJED JBHKEHNS KPOBH, B YACTHOCTH, PACCMATPUBACTCSI
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OCECHMMETPUIHAS MOJE/E JIBHKEHHS] KPOBU KAK B IJIOCKO, TaK M B I[H-
JHHAPHYECKON TeOMeTPHH ¢ YIETOM HaJandusa 3pdeKkToB JAedopMalin
CTEHOK.

2. IlocranoBKa 3aga4u M MeTOAbl pelueHus. PaccMoTpum JBu-
JKEHHE BA3KON HeCcXKMMAeMOH OTHOPOIHON XKUIKOCTH B IHIHHIPHYCCKOM
cocyjie HepeMeHHON rIyBHHbI, K ITOBEePXHOCTH KOTOPOro MPHIOKEHO 10~
BEPXHOCTHOE HAIPSYKEHHE, U IPOBOAEM AHANNS3 BO3MYINEHHIT, HpH KO-
TOPBLIX HABJIIOJAETCs TIOCKOIAPAIeIbHAS WM OCECHMMETPHYIHAS JIH-
HaMuKa. B ciydae IJI0CKONApaJlJIebHoro JIBUKEHHST CUCTEMY KOOP/IH-
HAT BBEIEM TaKuM 0O6pasoM, 4TOOBI BHICOTA HOBEPXHOCTH COCYIA OTHO-
cHTeNLHO oTcuérnoro yposua y = 0 sajapanacek dyuxueit R+ n(z,t),
a nanpasiaenust oceit Ox u Oy BoIbEpeM HAPAJICIBHBIM OCH COCYIA U K
CTEHKE COCYJIa COOTBETCTBEHHO, TaK, 9To0b! cucrema Oy obpa3oBLIBaa
HPABYIO HPSMOYIOJBHYIO CHCTEMY KOOpAHHAT. B cilydae ocecuMMeTpH«-
HOTO JIBHZKEHHS IPE/IIOIAraeTcs, YT0 a3uMyTAIbHAd KOMIIOHEHTa CKO-
POCTH paBHA HYIIO, BCE THAPOAMHAMUUECKHIE IaPAMETPLI HE 3ABUCHT OT
AUMYTAJLHON KOOPJHHATEI M YPABHEHHE OBEPXHOCTH COCYJIa, BO3MY-
EHHOM HeKOTOPOit BostHOH 1)(z,1), umeer Bux r = R + (2, t), tae r, 2 —
IIJTHHIPHYIeCKUEe KOOPIMHATDI.

VpaBHeHUs JBUKEHIS 0JIHOPOAHON BAZKON HECXKHMAECMOI JKUJIKOCTH
umeroT Buj (6

(())—j +(v-V)v

—lvp-l—I/AV, (1)
p
divv =0, (2)

rje v = CKOpOCTb, p — JABJIEHHE, p — ILUIOTHOCTb, I/ — KUHEMATHYCCKHI
KO3(hPUIUEeHT BAZKOCTH.

Vpasuenue nHepaspbIBHOCTH (2) 03BOIAET BBECTH (DYHKIIMIO TOKA U
PABEHCTBAMU:

e JLjIs IIOCKOIIapaJlleJIbHOTO JABHUZKEeHM A

oy O

3= Vy = —%5—
oy’ Y oz’
® 1151 OCECUMMETPHIHOTO JIBHIKEHUST

1Oy 10
Up = —=———, U, = B

r Oz
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Torpa 3anaua oupese/IeHusl HOAsI CKOPOCTH CBOJMTCS K PELICHUIO YPaB-
HEHHUA 18 (DYHKITUH TOKA:

& JLjIA TITOCKOIIapaJuIeJIbHOTO JIBHZKCHI A

N2
dx Oy

b o 0

i) i . .
atAl/)+ ay 8$A1/J Ay = v A,

® JLjIsl OCeCHMMETPHUYTHOO JBHUXKCHNA

d (18%’) & 1% 1 81/)) _, (1821/; 3 1%
Ot \rdr2  rd2 r2or/) ror: oy 022
LY v (1 10010y
r2 Or r2 \r or2 oy 0z2 r20r)’
Orkyna
Y(z,y,t) = (Aek'” + Bel'”) gilhatat) = \/k2 + E,
v

wir, z,t) = (C‘lrfl(k:r‘) + %Il(h‘,’r‘)) gl

5 O
rae {1 (kr) — dyuxnua Hndensia nepsoro nopsaaka, k = \/k"a + =,
v

A,Cl = HOCTOAMHBIC JUJIA INIOCKOIApaJIJIe/ILHOIO W OCeCAMMeTPHYIIONO

)ZLBI'I)K(-)HPIfI COOTBETCTBEHHO,
VuuTeIBas IPaHUMHBIC YCJIOBHUA IIPHJIAITaAHNAA JJI JKUJIKOCTH [7]

. . _ 7~ ilketot
Vz|y=r = 0, Vyly=r = To e'ho+oh),
) — . pikztot ; .
U-r‘|-r‘=R =€ ) Uz‘-r-:R - 01
rje vy = —ikvy — HeM3BECTHAS COCTABIMIONIAN AMILINTYIbI MOIePeTHoi

KOMIIOHEHTBI CKOPOCTH Ha IIOBEPXHOCTH COCYAA, HOMYUHM CJETYIONHE
HpeJCTABICHUA PACHpeIesIeHIs CKOPOCTE:

gy = klvg (Ek:(y—R) _ ei(y—R}) c-i(k::r:+c'£)’

T -k

ik T T
vy = 4; _'”(;f (keuu—m - ;ew—m) eilkatat)
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ik "
b = ?go (fe.zlu(ff,R)Il(k:r) - k;Ig(kR)Il(m')) eiketat

k )
Uz = % (In(kR)In(ht'r) - Io(mR)Io(kr))e"'“*"",

rae D = klg(kR)1 (kR) — slo(kR) 1 (ER).

Hasee, npuMeHsisl K YPABHEHUIO JBHKEHUS OLEPATOD JUBEPIeHIU,
C YUETOM yPaBHEHHs HepasphIBHOCTH W MOCTPOEHHONO 110/ CKOPOCTH,
HOJIYIUM, 4TO (hYHKINS JABICHH SBseTcs rapMonnydeckoif. Toraa

p(x,y,t) = pyefvtitketat)

p(r, 2,t) = pyIo(kr)et+at,

st onpeiesienus JUCIepeuoHHOrO COOTHONIEHUA BOCIOIb3YeMEs JIU-
HAMUYECKUMHE TPAHHMHBIME yeaoeusmu. [lycrs Ha noeepxmocTu cocy-
Ja B CIyUae IIOCKOIAPAJLIeSbHOTO JIBUMKEHHs [AelcTBYeT HALPsKeHue
T = TyuX + 7y, ¥. Torma ma nosepxuoctu cocyna y = R + n(x,t), cun-
Tas BO3MYIIEHUE 1) MAJBIM 110 CPABHEHHIO ¢ [, NOJIKHBI BBIIOIHATHCS
IPAHHYIHBIC YCIOBHS

i(ka+tat) ilka+tat)
’ ’

Tyyly=r = T1e€ Tyaly=Rr = 1 T2e
rae g = pr — xoadppunmenr muHamudeckoi Bsskocru. Ilyers B cuy-
yae 0CeCHMMETPHYHOIO JBUMKEHHUS Ha IOBEPXHOCTH COCYA JIeHCTByer
HALIpsiZKeHue 7 = 7,,T + 7,,%, TOIJa Ha [OBEPXHOCTH COCYIa OyILyT Bbl-

[MOJIHATBCS I'PaAHUHbIE YCJIOBUSI

r=R = 1-2(R)eikz+rrt? T-r-z|7'=R — iTl(R)eiR:zu-l-a!..

Ty
OTKyILa. JUCIIePCHOHHOE COOTHOIIEHME 3allulieTcs B BUIe

e JIjIs ITOCKOIIapaJuIeJIbHOTO JBUZKEeHN A

[P [P 4

X i@ || . —

o(k) = ivk 2+ 1 -i-19 )
4 1 T
I‘JLG?D—].—E—'{?—E,T?—?I,
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® JLjIsl OCCCHUMMETPHUYTHOrO JBHXKEHHN

o(k) = 41 + _8;/19 — vk (% + i) -
7 R?  kR3 ‘L2 "R
v 8w ko o\1® 82 [ ., 2I(kR) kR+q9]
= k) I v kil it | Ry N R e
mtrm vk (2 +R)] T {"‘“ IkR) Rz )’
' (R)
e ¥ = el
1e 1 2(R)

JII/ICHCPCI’IOHHOG COOTHOIIICHUE ITIO3BOJIACT COCTABUTL 3aBHCHMOCTDL

CMEIEHU A CTEHOK COCYJa OT BOJIHOBOI'O “IHCJIA. Tak kax
TO BEPTHKAJILHOE CMellenue CoOCylia:l

}CUTl (k = l) i(ka-tot)
il f
lpo?

~ Vyly=r,

n
ot

nix,t) =

Nmes nonanoe aHaJHTUYECKOE ONHCAHUE pa.CCMaTIJI/IB'r].@MOﬁ MO/JeJIrn
JABHUZKCHHA KPOBH, MOXKHO BBIYTUC/THTL aMIIITATYALI KOMITIOHCHT IHallpsze-
HML Tl n TZ Ha CTeHKax cocylda, YIHUTLIBas BO3MOXKHOCTE ITPOBEJICHI
M3MBp@HI/H.;I AdaBJIeHH: W I1YJIbCa, a HMEHHO, T})B6yBMbIG BeJIM'ITHHDBI 6y-
AYT YIA0OBJACTBOPATEL CHCTEMe a.nreﬁpaﬂllemmx yp‘dBI—IeHHﬁ, ABJHATONINXCSL
CJICACTBACM aHaJUTHYECKOI'O IIPeJCTABJCHUA IT0JIA JaBJICHAA H JTHCIIeP-
CHOHHOI'O COOTHOIIeHNA, PelleHne I(OTOpOﬁ uMeeT BUx

rje P — aMININTY/1a JABICHNS, U3MEPEHHAsl Ha CTEHKE COCY/IA.

Taxke MOXKHO OLEHHTHL BEJMYMUHY CMEIICHHS CTEHOK COCY/a, KOTO-
poe IpH MaJibIX BO3MYIIEHHAX CBA3AHO € PaJHaJbLHON cocTaBIsAIoniel
CKOPOCTH cJieayioneit hbopMyoi:
ikvg glthztat

t
n(z,t) = f Vpl|p=p dt = —
0

Taxum oﬁpaaoM, IIOJTHOC aHaJINTHYICeCKOe OIINCaHe pélCCManIfIBELOMOﬁ
MOJeIN JIBHZKeHU I KPOBH [MO3BOJISIET BbIPA3HUTD aMILIATYAbI IIELIID}I}KQIIHﬁ
Tepes JaBJieHue, 1acToTy KOJIeOAHNIT B BOJIHOBOE YHCJIO:
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T(R) 2 L) _ 2l +2) )
Pyt —a? lo(z)  y(y? —a?) L(y)’
m(R) 222 [ Li(y)  Li(e)
=S e |'— - = 41,
p y? —a? lylo(y) aly(x)
rie x = kR, y = kR, p — ammurysa Jasienns, u3Mepenias Ha CTeHKe
cocyjia.

(4)

3. Peaynwsrarel. [Iposenénunlili anaans3 M03BOJIET COCTABUTH IPa-
(bH‘I(—)CKHG uareplperali 1HOJYICHHOTO [O0JIA M'MAPOJHHaAMII'CCKIX Be-
JIMYKMH, XaPAKTePU3YIOUX JHHAMUYECKUIT IIPOLEce B KPOBEHOCHOM CO-
cyJie, KOTOPbIe HPEJACTABICHLI Ha pHC. 1 — I IUIOCKOIAPAJIIEILHOTO
ABUZKCHW A, Ha PHC., 2= JJIEL OCECHMMETPHUYIHOIO JIBHAKCHN .

10 . ' 30 200,
% é’ 28 &
g 5 g 2 150
>.\" }x., e
26
0 100 .
0 0.5 1 0 0.5 1 0 0.5 1
y,mm 108 yymm . qo3 y.mm 103
(a) (6) (8)
105 -8
= 15210
L g 1
= g
5 £05
0 ‘ | 0
200 400 600 200 400 600

k, 1/mm k, 1/mm

(r) (@)

Puc. 1. I'padpuku sasucumocrei

IHApoJuHaMHUIeCKMX BEJIMYHI B IJIOCKOI reoMerpun

Ananus rpagpuuecKux 3aBHCHMOCTEH CKOpocTeil B ciiydae ILJIOCKOi
reOMeTPHH, [IPEACTABICHHLIX Ha puc. la, 6, IO3BOJISIET YTBEPIKAATh, UTO
paccMaTpuBaeMoe TedeHune obpasyer npod b cKopocTell, eXoxKuit ¢ mna-
paboinyuecKuM, XapakTepHbiM i Tedenus [lyazéitna. Taxum obpaszom,
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MOXKHO CHeJ1aTh BbIBOJ O JJaMHHAPHOM TEUICHHHN KPOBHU 110 COCY/IaM [67]
Fpa(bwlecxaﬂ 3aBHCHMOCTDL JaBJICHHAA ITIOKa3bIBaAECT, ITO IIPH npm().nn)xe—
HHHM K CTeHKaM COCY/Ja JaBJjleHHe KHJKOCTH YBeJIU'IHUBaCTCHA U JOCTHTaeT
CBOEI'0 MAKCHMaJIbHOI'O 3Ha'eHnuns: y caMoil CTEeHKU. Ppa(bHK 3aBUCHUMO-
CTH CMeIeHus CTCHKH COCYJia OT BOJIHOBOI'O “ITHCJIa, HpC,H,CTaB.HGHHI)Iﬁ Ha
pHcC. 1,[(, 1I03BOJIACT YTBEPZAK AT, ITO IIPH YBEJIUYICHHN BOJHOBOI'O THC/Ia
3HaveHnne CMelleHns CTeHKH cCocyla YMCHBIIAeTCH.

2 T 1 110,

v mm/s
-
p. kPa
S
wv

0! . y 0 100 . |
4] 0.5 1 0 0.5 1 0 0.5 1
rmm 03 rmmo g0 r,mm o 103
(a) (6) (5)
5 -6
10% 10 3 X 10
L £
=5 g2
5 &
0 - Ll '
200 400 600 200 400 600
k, 1/mm k, 1/mm
(r) (1)

Puc. 2. I'paduku sasucumocreit

' JIpoJHHaAMHYIEeCKHUX BeJIHYIHH B L[HJ'[MI-I,ILPHLIQCKOI‘X reomMeTpumn

B cayuae 0cecHMMETPHIHOIO JABHAKEHHU (PHC. 2) MOYKHO HAGIIONATE,
YTO IOJIYUEHHBIE PACIIPEIEICHIs CKOPocTeil 00pa3yioT HECKOIBKO HHOI
npoduIb [0 CPABHEHHUIO ¢ IJIOCKOIAPAJIIeIBEHEIM ABuzKenneM. HecmoT-
Ps Ha 3TO, HOJIYUEeHHBINH PO uiIb, KAk U I IJIOCKOH PeOMETPHH, HMEET
HEKOTOPYIO cxoxecTh ¢ TevenneM Ilyaséitns, u, ciaeqoBaresbHo, MOMKHO
IOBOPHUTDL O JIAMHHAPHOM TEMEHHH KPOBH 110 cocyaaM. M3 rpaduka 3aBu-
CHMOCTH JABJICHHUST MOYKHO CIEJIATH BBIBOJ: IPH YIAJICHUE OT [EHTPa CO-
CYJA JIABJICHHE KUJKOCTH YBEJIHIUBACTC 1 JOCTHIAET CBOENO MAKCHMY-
Ma y cTeHOK cocyna. [lonyuennas nucnepcuonHas Kpusast NpHOIUKEHHO
U3MeHseTcs 1o napabonnueckoMy sakony. I'paduueckas nurepuperais
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CMEIIEHHSI CTEHKH COCY/a IOKA3bIBAET, YTO ¢ POCTOM BOJHOBOIO YHCJA
3HAYCHUE CMENMEHU YMEHBIIACTCS,

ITonyuernuple 3aBUCHMOCTH aMIUTHTY/, HAIPSAMKEHAN OT TI'HMAPOJIHHA-
MHEYeCKHX mapaMerpos (3), (4) no3sossior IocTpouTs rpachulecke HH-
TEePHIPETAIH, KOTOPbIE IPEACTABICHbl Ha pUC. 3a, 6 — IJIs II0CKOo# reo-
METPHUH, Ha PHUC. 3B, T — IS IIHHIPHIECKON IeOMETPHU, U3 aHaJIH3a
KOTOPBIX CJIEJIYET, UTO HAIIPSAXKEHHE PACTET IIPOIOPIHOHAIBHO JABJICHIIO
BHYTPH COCY/JIA.

B cayuae mockoi
PeOMETPHH XapaKTepeH

2 1
poCT aMIIMTYJILI Ka-
By & ol CATENBHON KOMIIOHEH=-
= =
TLI HAIPSIZKCHUS ¢ YBe-
0 0 JUYEHHEM 3HAYCHUs ¢,
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
q q B TO BpeMs Kak aMILIH-
(a) (6) TYj1a HOPMAaJIbHOH KOM-
. T (Ry/p . T (R)/p
15, 15 MOHEHTHI HAIDAMKCHIST

He 3apuCcHT OT JJdaH-
w10 | HOH BeJUUHMHLI BOBCE.
' ! B cnyuae xe muamnpu-
qecKol I’QOMGTPHH Xa-~
paKTGpeH pocT aMIlJIA-
TYAbI KacaTeabHOoN KoM=
Puc. 3. I'pachuxu sasucumocreil orHomenms TOHCHTLI HAIIPAXKCHHST

aMILITITY I I{anpy[}](e[mﬁ K aMILIHTY/e JJaBJIeHHa C pocTOM OTHOIIEHUS

BEJIMUNHLI & K BEJIH-
YHHE ¥, B TO BpeMs KaK aMILIATY/1a HOPMAJIbHON KOMIIOHEHTBI HAIIPSIXKe-
HUs yOBIBAET.

4. BeiBoapl. [lposeeno Mojenuposanne IuIpoJHHAMIIECKUX IPO-
[eCCOB B KPOBEHOCHOM cocylie. B 4acTHOCTH, pACCMOTPEHBI MOJIE/H JIBH-
JKEHUsI B ILIOCKOW M IMIHHIPUYECKONH I'eOMEeTpPHSX ¢ yUETOM HAJIUYIUS
apexroB pepopmanun crenok. Juas kaxmoil reoMeTpun cocyia npej-
CTABJIEHA KpaeBasl 3a/a4a JJIsl YPABHEHUH ¢ YACTHLIMEI [IPOU3BOJHBIMIY,
AHAJUTUICCKH HAWIeHbl (PYHKIMOHAIBHBIC 3aBHCHMOCTH JJIs THIPO/H-
HAMMYMECKHX [apaMeTpoB KPOBH, HOCTPOEHO JUCIIEPCHOHHOE COOTHOIIE-
HUEe KaK (PYHKIUs v1acTOTh Kojebanwii ot BosHOBOro umcisa. Ilocrpo-
eHbl (PYHKIHOHAJIBHBIE B3ABHCHMOCTH JJIsl AMILIHTY) JEHCTBYIONEro Ha
HOBEPXHOCTH COCY/IA HAIPSKEHHS OT AMILIUTYILI JTABJIEHUS, BOJHOBO-
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I'o 1ucja 1 1aCTOThI KOJIE()?LI—II/lﬁ, ITO3BOJIAIOIITHE cd)opmy.ﬂup(ma"rb MeTOL
OIICHKH JHHaAMHWKH KPOBH II0 U3MEPEHHBIM 3HaYCHNUAM IIYJIAbCa W JaBJie-
HHAA.

B JI,H..HI)HGFILTIEM npeaioJgaraercsd IIpoBejenne MaTeMaTHu'1eCKoro Mo-

ACJHUPOBaHlA C IMOMOIIBIO IITPHUBJICUCHHUA HEMEHTOB TCOPHUH YIPYToOCTH
C LeJIbIO y‘léT& HaJIA'THA TOJIIIHHBL 1 HEOJHOPOAHOCTH CTEHOK COCy/da, a
TAKXKE CPABHHUTEJLHOI'O aHaJIln3a IIOJY'CHHBIX PE3y/IbTaTOB ¢ 3KCICPH-
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1. Introduction. Worldwide cancer study statistics [1] states that
breast cancer is the most diagnosed cancer type in the world and sur-
passes lung cancer with an estimated 2.3 million new cases (11.7%).
It is still unknown what causes this problem, but probably it reflects
lifestyle changes such as increasing obesity, alcohol drinking, cigarette
smoking [2], and a rare breast cancer screening examination [3]. Mortal-
ity rates are also increasing due to limited access to treatment [4,5].

To deal with high mortality rate it is necessary to detect cancer at
a very early stage before symptoms appear. Breast ultrasound imaging
is often used for tumor detection [6] though in case of high breast tissue
density the sensitivity can be low [7,8].

However, some patients with clear signs of breast cancer have no
tumor detected on ultrasonography [9]. To confirm cancer surgeons per-
form a biopsy, but it can have an impact on the patient, so breast imaging
is evolving to avoid unnecessary biopsy.

Ultrasonography requires a well-trained specialist to interpret a
breast ultrasound image and interpretation among specialist can have
a high variation rate. To help doctors to localize a tumor and make an
accurate diagnosis, pattern recognition technique were applied in this
field. The goal of this research is not to replace doctors with computers,
but rather to give them a second opinion during diagnosing.

Initially FCN is trained with training samples and one-hot images and
then after feeding with another set of images it can create segmentation
results. The chosen architecture of the full-convolutional network is U-
net [10] and its two other variants: Dual U-net and Tight U-net which are
based on the idea of deep convolutional framelets [11]. This idea has an
advantage over the initial U-net architecture because it allows to reduce

Viktor Andrienko — graduate student, Saint-Petersburg state University; e-mail:
st087306@student.spbu.ru, phone: +7(921)955-23-99

Aleksandr Molin — graduate student., Saint-Petersburg state University; e-mail:
st084824@student.spbu.ru, phone: +7(900)628-94-55
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noise during segmentation process thus giving more accurate result. All
three architectures were tested during experiments to evaluate which one
is better. Though FCN can give quite an accurate segmentation result,
they are still can be refined. This paper proposes two methods to achieve
such goals. One of them is to calculate wavelet form for every image in
the training set — such approach can give neural network more details
during training. Another method is to use conditional random field
which takes into account the whole context of an image and produces
smoothed prediction results removing coarse edges.

2. Related work. In semantic segmentation there are two problems
that need to be addressed in order to achieve high segmentation accuracy.
One problem is about effective different object classification. The other
is how to keep consistency of the classified objects. The first problem
was solved by early developed methods such as Scale Invariant Feature
Transform (SIFT) [12] and Histograms of Oriented Gradient (HOG) [13]
which extract image features. The extracted features are further used
to train machine learning algorithms including Support Vector Machines
and Random forest [14]. They are also used in cluster analysis [15] for
classification. The evolution of deep learning technics and neural net-
works has made a great advance in past years. Therefore, semantic
segmentation nowadays commonly means image classification by Convo-
lutional Neural Networks (CNN). To solve the second problem, context
models have been developed, such as Markov Random Field (MRF) [16]
and Conditional Random Field (CRF). These two models are quite effec-
tive in keeping object consistency by linking together neighboring pixels.
The newest technic developed to solve this problem is Recurrent Neural

Networks (RNN) [17].

3. Proposed method. The proposed method can be divided into
four major steps:

1. Image preprocessing: Before feeding neural networks with im-
ages from training set, they need to be prepared in order to improve
accuracy of segmentation. First, wavelet image transformation is
applied and then the size of training set is increased by augmenta-
tion.

2. Training: The prepared images are fed into a neural network to
produce a model.
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3. Segmentation: The trained model is fed with images from test
dataset to acquire segmentation results.

4. Post-processing with CRF': Since, full-convolutional neural net-
works perform classification for every pixel individually. This can
lead to misclassification of some pixels. So, the objects probably
won't be outlined in one shape. CRF solves this problem with
energy minimization which puts together pixels belonging to one
class.

In spite of unquestionable advantages, the original U-net has its own
drawback such as the duplication of low frequency branch which leads
to noisy output.

One way to deal with this previously mentioned limitation is to apply

dual frame. As opposed to the original U-net, in the Dual U-net the
residual signal is upsampled in the low-resolution part by the unpooling
layer. This can be easily done by adding new connections in the low-
resolution part as it illustrated in Fig. 1 (b). This small modification to
the network corresponds to the frame condition.

Similarly to the original U-net, Dual U-net at the end has the con-

catenation operation and convolution layer.

L W40 00 O O 0 B
P il
b D—@j}" U-Net H Foye

a) Cwiginal U-net

0 e e

— e

i I i b ’

i 1~
H Dl
— el i Brame ‘@ “D
LI-MNek

b Dual U-net

Figure 1. Simplified 1-D realization of the U-net architecture and its dual frame

U-net variation
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The other approach to improve the output accuracy of U-net with min-
imal noise is to use tight filter-bank frames or wavelet transformation.

There are some crucial tight filter bank frames. The simplest one is
the Haar wavelet transform with low and high sub-band decomposition
in which the low-pass subband is equal to the pooling operation.

Hereby, Haar wavelet transform is tight. Tight U-net based on this
idea is illustrated in Fig. 2. As opposed to the original U-net, it has
additional high pass connection. Like in the original U-net, in the Tight
U-net every subband signal is sent via single concatenation as shown in
the mentioned two figures. After that comes convolutional layer which
learns from data. The idea of this modification is the same as discrete
wavelet transform. The only difference is that previously wavelet trans-
formation was applied on every image before feeding them into the neu-
ral network, now the wavelet transformation is performed in the neural
network itself.

-—] I
p ‘ [ _|1’.
[ ey
' Tight [ gyr—
[ Iw2pe| reeme T2,
LMt —_

Figure 2. Simplified 1-D realization of the Tight U-net architecture

4, Experiments. This section gives result and explanation of con-
ducted experiments.

4.1. Dataset. The performance of the proposed methods and the
comparison with previous methods are evaluated using a BUS image
dataset of 141 cases. 140 cases in the dataset contain breast tumors,
and 1 case doesn’t have tumor. Since the resolution of each image is dif-
ferent, they were all resized to 128x128. Some cases are collected by the
Second Affiliated Hospital of Harbin Medical University. The imaging
systems are VIVID 7 (GE) and EUB-6500 (Hitachi); some other cases are
collected by the First Affiliated Hospital of Harbin Medical University,
and the machine is Aixplorer US system (SuperSonic Imagine). Ground
truths delineated by radiologists are utilized for training and evaluation
of models performance.

Because number of available breast ultrasound images is quite lim-

144



ited, it is necessary to use such technique as image augmentation. Ini-
tially, there were 141 images which were split into two groups saved as
numpy arrays. One array was created to train neural networks, it has
119 images. Another array was created to test accuracy of neural net-
works and it has 22 images. But 119 images are too few for training
and this can lead to model overfitting. In order address this issue new
additional images are created by rotation in range from 1 to 360 degrees.
This technique allows to create as many images as needed. During ex-
periments it was decided to feed into neural networks 300 images per
epoch.

4.2. Training. All three mentioned U-net architectures were
trained with Adaptive Moment Estimation optimization algorithm
(Adam). Initial learning rate was set to A = 1074 When accuracy
or loss doesn’t improve the learning rate reduces by multiplying with
number 0.15. The number of epochs was 30. In this research two ex-
periments were conducted with each U-net architecture. In the frst
experiment neural networks were tested for the capability for two class
problem: tumor and background. In the second they were tested for the
capability for five class problem: tumor, fat, mammary, muscle, back-
ground. Accordingly, the last convolution layer in the first experiment
uses sigmoid activation function and SoftMax activation function in the
second.

4.3. Evaluation metric. Evaluation metric of choice is Jaccard
coefficient [18]: a measurement that is used to compare similarity of the
predicted and the actual classes.

Formula for Jaccard coefficient is

B TP
" TP+ FP+FN’
where
e True Positive — both the predicted and the actual class equals true.

e True Negative — both the predicted and the actual class equals
false.

e False Positive (Type 1 error) — the predicted class equals true, but
the actual class equals false.

e False Negative (Type 2 error) — the predicted class equals false,
but the actual class equals true.
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4.4. Segmentation performance. Table 1 shows Jaccard coefli-
cients obtained by evaluating results of test set segmentation. The neural
networks were tested for performance for two class problem. As it can be
seen Dual U-net trained with wavelet transformed images demonstrated
the best results. Tight U-net wasn't trained with wavelet transformed
images because as it was mentioned above the architecture of this neural
network already includes wavelet transformation.

Table 1. Jaccard coefficients of single class classification results

Two class | Original U-net | intense | 0.695147777
wavelet [ 0.680443946

Dual U-net intense | 0.7256135564
wavelet | 0.746991613
Tight U-net intense | 0.720342889

Table 2 shows results of testing for five class problem. As it can be
seen this time Tight U-net demonstrated the best result.

Table 2. Jaccard coefficients of multiclass classification results

Five-class | Original U-net | intense | general | 0.803414993
tumor 0.775358005
wavelet | general | 0.795357218
tumor 0.835844763
Dual U-net intense | general | 0.803370201
tumor 0.817118021
wavelet | general | 0.797167636
tumor 0.827430818
Tight U-net intense | general | 0.815919729
tumor 0.839819759

As it was told previously there is another way to improve the result
of segmentation. Table 3 shows results of segmentation after application
of Conditional Random Field.

Table 3. Jaccard coeflicients of single class classification results

after CRF application

Two class | Original U-net | intense | 0.695147777
wavelet | 0.684523084

Dual U-net intense | 0.72715613
wavelet | 0.754702947
Tight U-net intense | 0.731257245
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Table 4 shows the improved results of five-class segmentation after
CRF application.

Table 4. Jaccard coefficients of multiclass classification results

after CRF application

Five-class | Original U-net | intense | general | 0.803694927
tumor 0.774838588
wavelet | general | 0.792494179
tumor 0.837104773
Dual U-net intense | general | 0.803659873
tumor 0.820206624
wavelet | general | 0.798690110
tumor 0.828299658
Tight U-net intense | general | 0.816118704
tumor 0.841585690

Table 5 shows comparison between results of three U-net architec-
tures combined with Conditional Random Field and the other four fully
automatic segmentation techniques. This time another set of images in-
cluding altogether 560 images was used for testing segmentation methods
for two class segmentation problem. To train neural networks these 560
images were split into 10 groups with 56 images in every single one. Nine
groups (504 images) were used for training and one group (54 images)
was used for evaluation. In general, 10 experiments were conducted tak-
ing one group of 54 pictures for evaluation and the over nine for training.
In order to prevent overfitting the same augmentation technic was also
applied feeding into the neural networks 1500 images per epoch.

After improving segmentation results with Conditional Random Field
ten Jaccard coeflicients were calculated for every experiment, the average
is shown in the Table 4.

Table 5. Comparison with other methods

Original U-net + CRF | 0,859241173
Dual U-net + CRF
(Proposed method 1)
Tight U-net 4+ CRF -
(Prcfposed method 2) ranadladnk
Graph Model [19] | 0.666968753
Neural Network [20] | 0.491215407
Saliency [21] 0.520361285

FCN + CRF [22] | 0.8211

0.865616481
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5. Conclusion. This paper addressed the problem of breast ultra-

sound image segmentation. In order to achieve better accuracy, such
approaches as wavelet images transformation and Conditional Random
Field were combined with new U-net architectures. According to the
results of experiments the best method for two class problem with tu-
mor and background is feeding Dual U-net with wavelet transformed
images and then refining the segmentation result with Conditional Ran-
dom Field.

For the five-class problem (tumor, background, fat, mammary, mus-

cle) the best method is to feed Tight U-net with original intense images
and then refine the result with Conditional Random Field.
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Determination of malignancy of neoplasm
from mammograms

1. Introduction. Cancer in general and breast cancer in particu-
lar has been a great threat to health and life for many years now [1].
GLOBOCAN data from 2020 shows that female breast cancer has ex-
ceeded all other cancers in terms of new cases, with an estimated 2.3
million new cases (11.7%) [2]. This can explain the increase in scientific
works for early diagnosis, among which much work has been done on
the classification of mammograms. With the coming of convolutional
neural networks (CNN), this technology has been applied in computer
vision problem resolution with impressive results: object detection [3,4].
In the classification of mammograms with success, or in the detection
of neoplasms in mammograms [5]. This paper proposes to determine
the malignancy of neoplasm in a given mammogram using convolutional
neural network. We successfully trained the model with pre-processed
images and obtained state-of-art results. The obtained result from the
model permits us to show area of interest on the input image and give a
degree of malignancy expressed in percentage.

2. Problem statement. Determining the malignancy of neoplasm
in a medical image (mammogram), by building a model based on CNN.

3. Dataset. The data set used in our experiment was derived from
the Digital Database for Screening Mammography, a publicly available
data set maintained collaboratively by the University of South Florida
[6,7]. Which has both mediolateral oblique (MLO) and craniocaudal
(CC) views of each breast (all gray scale images). Each image is tagged
with text-based disease definition labels (where each image can have
multi-level labels) derived from radiology reports. Data augmentation
and contrast-limited adaptive histogram equalization was used to pre-
process these images. The obtained data set has 13128 images resized
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to 277 x 277 pixels [8].The images were randomly divided into training,
verification, and testing sets (60%, 20%, and 20% of the full data set),
with the testing set not used in the training phase.

(d)

Figure 1. Examples of mammographic images of Benign (a-b) and Malignant
lesions (c-d)

4. Model. With CNN models, convolution layers extract data from
images to learn features (characteristics). Pullup reduces the dimensions
of the receptive fields as inputs to each layer, however it goes deeper (in
dimension) to learn more precisely what features are being identified
by the convolution network. In order to counter the problem of over-
lapping tissues, CNN uses a to-and-fro learning process (forward and
backward learning) [9]. In order to build our model we used the Tensor-
Flow library which is built on the Keras library. TensorI'low ease the
development of machine learning models with the help of its sequential
API. TensorFlow is one of the most used libraries in the recent years
to build machine learning models thanks to its parallelism, graphical
support and scalability [10, 11].

The proposed model is a sequential set of sixteen layers. The model
consists of 3 Conv2D layers, 3 MaxPooling2D layers, 6 ModuleWrapper
layers, 2 Dense layers,1l Flatten layer and 1 Rescaling layer. The Rescal-
ing layer takes in the input image and scale it to the desired dimension
in our 244 x 244 pixels. It is worth mentioning that the training and val-
idation dataset were autotune using the TensorFlow autotune function
to ensure that the dataset does not become a bottleneck while training
the model, there were later on normalised in the range of (0,1) which is
an ideal range for the model. In a model with backpropagation process
batch normalisation can be used to regularize inputs. It also helps avoid
overfitting. Batch normalisation layers were added after each activation
layer.Adam Optimization Algorithm was used with a learning rate of
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0.001, batch size of 32, 10 Epochs and other default values. The result
of the CNN model is shown in Figure 2.
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Figure 2. Accuracy and Loss functions value on the training and validation sets

5. Experimental results and discussion. Table 1 illustrates the
results of applying the model to the test data set.

Table 1. Classification results of the proposed CNN model
Predicted Classes
Malignant  Benign
Malignant 1431 2
Benign 1 1192

True Classes

A saliency map of some images is shown in Figure 3, which allows
us to estimate what each area contributes to the result of our model.
Diagnostic medical characteristics obtained are as follows: sensitivity of
CNN model determines the ability to identify breast cancer patients —
0.998; specificity determines the ability to identify patients with a be-
nign breast mass — 0.999; predictability of a positive result — 0.999; pre-
dictability of a negative result — 0.998; accuracy — 0.999. Neural network
model characteristics obtained are as follows: precision — 0.9989, recall —
0.9988. An analysis of the model’s quality revealed that the proposed
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Figure 3. Example of initial mammograms (Malignant (a,b) and Benign (c)) and
corresponding solidity maps (Malignant (d,e) and Benign (f))

CNN model classified benign and malignant images with a very high

degree of accuracy.

6. Conclusion. This paper presents the architecture of an ultra-
precise neural network for solving the problem of determining the on-
cology of a neoplasm by mammograms. The use of batch normalisation
layers and dataset cache in our model helped overcome the problem
of bottle neck, which is common in medical computer vision problems.
Proposed CNN model showed outstanding results as the calculation of
sensitivity, specificity, positive and negative values can show.
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1. Introduction. Since the Coronavirus was first discovered in
Wuhan, China, in December 2019, there has been a lockdown in al-
most all countries. In the health sector, telemedicine can reduce the
spread of the virus because it can minimize the social distance between
patients and healthcare provider. Telemedicine is a health service using
information technology to exchange information, diagnosis, treatment,
disease prevention, research, and evaluation to remove various obsta-
cles in health services and improve health services to patients. With
telemedicine Patients and doctors do not have to meet in person but
can use a particular application to conduct consultations and health ser-
vices [1,2]. Telemedicine also provides opportunities to be beneficial,
cost-efficient, and satisfactory for patients and provider [3].

In the UK and the US, telemedicine is actively promoted to reduce
the risk of transmission from the COVID-19 virus [4]. In Vietnam, tele-
health, which is part of telemedicine, has become a modern technology
during the COVID-19 outbreak and effectively shortened the patient
care [5]. A study conducted on patient satisfaction with endovascu-
lar neurosurgery consultations using telemedicine showed that patients
agreed that telemedicine was considered the safest way to consult af-
ter they received treatment telemedicine [6]. Digital medical technology
enables remote care and provides high-quality care for patients during
the COVID-19 outbreak [7]. Telemedicine is becoming a new structure
to help treat pediatric patients during the COVID-19 pandemic [8]. In
St. Petersburg, the satisfaction rating of psychiatric outpatients with
telemedicine services is very high. Most patients are ready to switch to
telepsychiatric care, and telepsychiatry is proven to provide accessible
outpatient care for psychiatric patients during the current COVID-19
pandemic [9].
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2. Methods. The method of this research uses the process of sys-
tematic literature review, where the technique of the literature review is
used to identify, assess, and interpret all findings on a research topic, to
answer the research question to guide this study, as seen in Figure 1 [10].

Data
Extraction

Inclusion

Research [ Search and Quality

Assesment IS8
Criteria

Finding
and
Discussion

Question [l Strategy [l Exclusion
Criteria

and
Syntesis

Figure 1. Method of study

The review protocol employed in this study depicts the review pro-
tocol, which comprises six activities: development of research questions,
search strategies, inclusion and exclusion criteria, quality assessment cri-
teria, data extraction, synthesis, and report findings and discussion.

2.1. Research question. Accordingly, this research aims to ad-
dress the following research questions:
RQ 1: How is telemedicine being implemented during the pandemic
COVID-197
RQ 2: How has telemedicine affected healthcare during the COVID-19
pandemic?
RQ 3: How is patient satisfaction with telemedicine changing during the

COVID-19 pandemic?

Records Identified through database searching
n=293

Articles belonging to telemedicine science X e/ ].Ll':‘““fi
‘with ni

categories

sgion on telemedicine
n =27

Figure 2. PRISMA Flowchart
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2.2. Search strategy. We searched through the Scopus database;
the search was carried out from January 2021 to December 2021 for the
following specific keywords separated by the specified Boolean opera-
tors: (telemedicine or telehealth) and (COVID-19’ or pandemic) in the
title of the article. The refinement in this review study was conducted
based on the Preferred. The search results retrieved 293 articles using
the keywords mentioned above. Next, 236 studies were removed after
confirming from the title and abstract that the papers were not asso-
ciated with the research questions being explored, resulting in 57 and
finally, 30 studies were selected based on inclusion and exclusion criteria
mentioned. The Papers Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) flowchart is presented in Figure 2.

2.3. Inclusion and exclusion criteria. Papers were eligible for
inclusion if they were focused on the theme of telemedicine and telehealth
during the COVID-19 pandemic. Articles were selected mainly from
January 2021 to December 2021. Besides, the review included studies
published as academic outlets, such as journals, conference proceedings,
and document reports, books, and online sources were excluded from
this review, as were papers not written in English [11].

2.4. Quality assessment criteria. A higher level of the rigor-
ousness of studies is employed to check the quality of papers. To this
end, a quality assessment checklist that evaluates if the selected articles
were indexed in the Scopus database was used to assess the quality of
the studies chosen [11].

2.5. Data extraction and synthesis. This review stage aims
to synthesise and categorise the selected papers based on their scope of
telemedicine and virtual software platforms during the COVID-19 pan-
demic. Thus, the selected studies were reviewed in detail, and relevant
data were extracted, analysed, and synthesised to provide answers to the
rescarch questions (see Research questions section) [12].

3. Information search results. In accordance with the questions
asked about the inclusion of literature in the review, the following sources
were found.

3.1. The implementation of telemedicine during the pan-
demic COVID-19. The development of telemedicine has increased
significantly during the pandemic COVID-19 [9,13,14]. Russia reported
an increase of 6000 calls every day after the Department of Health of
Moscow launched a service remotely via video call and voice call [15],
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Other studies have shown that telemedicine indicates a reduction in dis-
parity and an increase in access following the dramatically increased use
of telemedicine in the wake of the COVID-19 pandemic [19]. Telemedicine
application during the pandemic COVID-19 also positively impacts pa-
tients with type 2 DM where telemedicine can lower HbA1C with points
of 1.66 the average, where patients in the previous study had Baseline
HbAlc of about 10 in Saudi Arabia. Telemedicine helped with glycaemic
control and has reduced the risk of exposure to infection by having a min-
imal number of visits [16] Telemedicine also can improve patient safety,
improve the quality and accessibility of services and support scalable and
high-quality care during the COVID-19 pandemic [1,12,17,19].

Telemedicine also has proved to have benefits on patient outcomes
and provided valuable tools for care, treatment, and monitoring of pa-
tients with suspected or confirmed COVID-19 during the pandemic [18].
In Mumbai Telemedicine effectively helps patients guide their symptoms
drug side effects, monitor results and ECG, and arrange to receive pre-
scriptions without interruption [21]. In the UK, telemedicine is an ef-
fective alternative for providing neonatology prenatal consultations for
pregnant women with a diagnosis of fetal anomalies during the pan-
demic [22].

3.2. Impact of telemedicine on health care during pan-
demic COVID-19. The use of the platform IntelliSpace PACS DCX so-
lution on the radiology department in the region of Sakhalin IntelliSpace
Portal is a single solution that combines tools such as specialised 3D pro-
cessing tools, standalone workstations, remote access, and web viewers.
This platform helps the clinical analyse and provide information, in-
cluding a diagnostic room, using the PACS archive and remotely [15].
Telemedicine is an efficient way of care delivery because it can reduce the
number of in-person visits. A study conducted in Verona, Wisconsin, in
the United States reported an increase in the use of telemedicine during
the COVID-19 pandemic and a decrease in outpatient visits. The use of
telemedicine was considered compatible with the sexual medicine [23].

In Saudi Arabia, the use of telemedicine was able to reduce pa-
tient visits with type 2 diabetes during a pandemic where most patients
(64%) needed only a few in-person visits, and only approximately (20%)
required more frequent visits (i.e., four or more visits in a period of
4 months) [19]. Telemedicine is also helpful in identifying aspects of
the neuro-ophthalmologic examination and provided enough informa-
tion for medical decision-making. That could be improved with more
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technologically-accessible methods, even though the Doctor stated that
virtual health visits are limited by patient preparation, inability to per-
form certain aspects of examination (fundoscopy and pupil), and techno-
logical problems with connection to patient [24]. Telemedicine solutions
to the anticipated lack of healthcare personnel and the National Health
Service (NHS) vulnerability exposed by the COVID-19 pandemic [25].
According to other sources telemedicine minimizes the physical and geo-
graphic barrier of patient cared and improve access to care, opening the
opportunity for more patients to receive headache care from various lev-
els of healthcare professionals, including headache medicine specialists
and primary care clinicians [26].

3.3. Patient satisfaction with telemedicine during
COVID-19 pandemic. Telemedicine has driven its rapid expansion
during the COVID-19 pandemic. This represents an essential change
in delivering healthcare. The patient satisfaction survey in neuro-
ophthalmology during the COVID-19 pandemic reported that patients
felt satisfied and comfortable at virtual neuro-ophthalmology visits. Vir-
tual neuro-ophthalmology visits offer most patients appointments that
satisfy their needs, and the majority of providers obtain adequate clinical
information for the decision making [24].

The experience of patients with diabetes using home based TMTA
(telemedicine and teleassistance) services during the COVID-19 pan-
demic in Italy also showed that 64% of patients expressed their will-
ingness to continue using TMTA services even beyond the COVID-
19 of the total sample of 569 patients [27].These results are simi-
lar in the Netherlands. There was a positive response shown by pa-
tient satisfaction through telephone consultations, while the adoption
of other forms of telemedicine in providing care for patient RMDs [28].
During the COVID-19 pandemic, the use of telemedicine also experi-
enced an increase in patient satisfaction with the video visit experi-
ence [3,18,19,23,30-32]. Improved patient satisfaction based on several
factors, including less travel, ease of scheduling, and time savings [33].

4. Conclusion. Telemedicine provides care with technology through
personal proliferation computers, internet, mobile devices, and video
conferencing software to provide care directly to the patient’s home
or other non-institutional [34]. This study shows that the effect of
telemedicine during the COVID-19 pandemic has a positive impact.
Telemedicine can improve the quality and accessibility of services and
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support scalable and high-quality care during the COVID-19 pandemic.
Telemedicine can also assist doctors in analysing and providing diagnoses
in treatment. The use of telemedicine during the COVID-19 pandemic
also gives satisfaction to patients, especially when doing teleconsulta-
tion. Telemedicine has numerous advantages but also has additional
challenges with technology adaptation [34].
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YK 004.912
Aunppeiiuenko A.TI'., Baekanos U. C.

HeiflpoceTeBbIe MeTOdbl aHaJIN3a MHEHHI
noJib3oBaTeJsieii B AUCKYCCHAX coHa/IbHBIX cereit

1. Beenenne. Ilo gamueim Global Digital 2022 62,5% wnacenenus
IJTAHETHI 3eMJIA MCIONBL3YIOT HHTEPHET, UTO cocTasgasgeT 4,95 Map Jjio-
geii [1]. B roxe Bpemst 4,62 MuIpj M3 HHX SIBJISIIOTCS HOJIb30BATEISME
COMMANBHBIX ceTeit. Takast monyJIsIpHOCTD COLMAILHBIX CeTEl HrpaeT 3Ha-
YUTEIBHYIO POJIb JLIS COLIMOMOIHYECKUX, HTOJTUTHIECKIX WK IICHXOIOI M-
YECKUX UCCIIEJOBAHMMA, BeJlb KaXKJLIH IIOJL30BATEIb CO3JAET KOHTEHT,
KOTOPLIil BIOCHEICTBHIE MOMKHO AHAJIH3UpPOBAThL. Hayunoe Hanpasienne
Social Network Analysis mcciefyer pas/iHuHble B3aHMOCBA3ZH I10JIL30-
BaTeseil COUMANBHBIX CeTell, OTHOIIEHHS [10/1b30BaTeNell K PasiuTHbIM
COOBITHSAM, OCODEHHOCTH DeHEepallid U CeMAHTHYECKOTO AHAJIN3A I0JIb-
30BATENLCKONO KOHTeHTA W T.1. B obimeM JocTyle ecTh MHOMXKECTBO pa-
00T B 0DJIACTH AHAJN3A JAHHBIX COIUANBHBIX CeTeH PA3IMYHON HAIPAB-
aennocT [2,3]. B macrosimee BpeMs ocofo MONYJIAPHBIMU 3a/aMaMH,
oTHOCSIUMECA K obpaforke ecrectsennoro sabika (Natural Language
Processing, NLP) B konTeKcTe aHAJM3A COIMAILHBIX CeTeil, sIBJISIIOTCS
ceTuMenT-aHaMM3 [4,5] u gerekTuposanue daiikospx HoBocreit |6]. Ox-
HAKO [TPH PEIICHIH 3a/Ja4 aHAJIH3a TeKCTOBOIO KOHTEHTA HOJAL30BATEeH
BOZHUKAET psaj HpobieM, KOTOpPbIe BIAHIIOT HA KAYECTBO MCIOIb3YEeMbIX
JJ1g pentenus 3agaq Merosiop NLP. K rakum npobaemam oTHOCATCS 3a-
HIYMJIEHHOCTH TEKCTOBBIX JAHHBIX, KOPOTKHE TEKCTDI, MYJIbTUASBIMHOCTH
1 PasHoo0PA3HOCTDL JTHHIBUCTHYECKON CTHIMCTHKY TEKCTOBOIO KOHTEH-
Ta u ap. das pemnenns yKasaHHBIX NpoOJeM HPUMEHSIOTCH PA3/IMTHbIe
METO/IbI IPENPOIECCHHIa TeKCTOBOTO KOHTEHTa (HAIPUMEp, 0CHOBAHHBIE
HA SMIUPHYCCKHIX, CTATHCTHICCKIX H CEMAHTHICCKNX TEKCTOBBIX XapaK-
TEPHUCTHKAX ¥ CBSI3SX MEYKJIY HUMH), IO3BOJISIONINE BLIIEIATE Hanbosee
HOJIE3HYIO MH(pOPMAIMIO B ODIIEM IOTOKE TEKCTOBBIX JAHHLIX I0JbL30-
BaTeJleil U BAMATEL Ha KavecTBO HCHOAb3yeMblx Meromos NLP. Hawmmas
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pabora HalpaB/ieHa HA PaspabOTKy U PA3BHTHE HEHPOCETEBLIX METOIOB
npeaobpaboTKN OJIB30BATEILCKOTO TEKCTOBOINO KOHTEHTA JIJIs TOBBIIIE-
HUS KadecTBa HMHTEJICKTYAJILHONO aHAJH3a MHEHHIl IoJb30BaTeseil B
COLUAJIBHBIX CETSIX.

Bribpannbie MeTOIBI OCHOBBIBAIOTCS HA MYJILTHIBLIMHLIX HelfpoceTe-
BBIX MOJIEJISIX, KOTOPBIE aJAlTHPOBAHBL JJIsl AHAJIN3A TEKCTOB HA PYCCKOM
SA3LIKE, YTO ODYCJIABIMBAETCS OIPAHUYMEHHBIM KOJHUECTBOM BO3MOXKHO-
cTeil M MCCIIeIOBAHMNE B PYCCKOs3bIMHOM cerMenTe. [lpu arom Ha siHBApDL
2022 roga 72,7% nacenenus Poccniickoii Peepaliui sBIAIOTCS TOIL30-
BATEJISIMU COIMAJILHEIX ceredi [1].

2. Dkcnepument. Ha ceropuamumnii jnenn jansa 3agaa NLP naunbo-
Jlee YCIENIHBIME M COBPEMEHHBIMH IOJIXOMAMU SIBJISIOTCS HEfPOCeTeBble
MeTo/IBl Ha, ocHoBe Tpancdepuoro obyuenusa |7]. dddexrusnocrs u pac-
LHPOCTPAHEHHOCTL TAKUX METOA0B BO3POCIH IIOCJE [IPEICTABICHNS KOM-
nanueit Google Hosolt azpikoroit Mogenn BERT [8]. Ilpn ucnonbsosannm
TpanchepHOro 00yUueHns HeT HeOOXOUMOCTH 00y YATE MOJEIL ¢ HYJIsL Ha
DOJIBIIHX KOPIIYCAX JAHHBIX, KAK B KJIACCHYECKUX MOJIXOAAX MAITHHHOTO
00y eHHs, & TOJBKO J000YUHThL HA LENeBbIX jadHubix. Orciona ciemyer
COKpAIEHHE BPEMEHHBIX ¥ BBIMHCJIUTEIbHBIX PECYPCOB, TAK KaK Lpe/-
BAPHUTEILHO MOy IEHHBIE JIAHHLIE UCIOIL3YIOTCS HOBTOPHO.

2.1. ITocranoBka axcnepuMeHTa. B pabore nocrasien skcriepu-
MEHT II0 OLEHKE KAadecTBa 4YeThIpex mMojesell rpauncdepnoro obyuenus,
HpeJOBYIeHHBIX HA MYJIBTHAZBIMHBIX (BKIIOUAs PYCCKUIl #A3bIK) KOPIY-
cax TEKCTOB, JJId 3aa9i OMHAPHON KIacCH(PUKAIMN MHEHUI [10J1L30BAa-
Texeil ¢ HOMOULLI0 ODIIENPUHATEIX MeTpUK. Boibpanubie Mojgenn ObLIn
HACTPOEHDI C TIOMOMIBLIO CHENHAILHOI mpoueaypsl (fine-tune) na nexesnix
HabOpax JAHHBIX JIs KIACCH(DUKAIIN HOBOCTEH U KOMMEHTAPUEE,

2.1.1. Mopenn. [dna sxcunepumenTa OTOHPATIUCH MOJETH IO
HECKOJIBKUM KpUTepusiM. Bo-1epBhIX, 9TH MOJEIH ABJISIOTCS METOAMEI
TpaHcpepHOTO 00YUEHHS, T.e, yiKe HpeaodyueHbl Ha KOPIYce JTaHHBIX
IS HeKOTOpO# 3aaaun, Harne Becero mMojgenn obyteHs! s 3888 Ipeil-
CKa3aHMs CJIeAYIONIero npejioxennsd u 3agaun masked LM, npenckasza-
Hue ciosa Ha Mecte Mapkepa [MASK]. Bo-Bropsix, Mojenn nojieprxu-
BAIOT PYCCKHIl $I3bIK KAK OCHOBHOI MJIM KakK OfuH U3 HabOpa BO3MOMK-
ubix. Hanpumep, Multilingual DistilBERT [9] o6yuen na obbeainneHun
crpanun Bukuneaun na 104 pa3nuaHbiX g3bIKaX, BKIOYAs PYCCKHIT, KO-
raa DistilRuBERT Conversalional na OpenSubtitles, Dirty, Pikabu u
cermenTe Social Media kopryca Taiga. Cnoso Distil B HasBannu o3Hada-
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€T, ITO MOJIE/Ib JIMCTH/IHPOBAHHAS, KOTOPYIO 00YUal0T BOCIPON3BOIUTE
nosejenne Gosee Kpyuoit Mogenn |9, JducTriumapoBanias MojIesb KOM-
HaKTHee H OBICTPee OPUIHHANLHOK. B-TpeThix, H3HAYAIBHO IO JOKYMEH-
TAIMH MM HEKOTOPBIM HCCAEIOBAHMIM JI0Ka3aHa Bbicokas apdexrus-
HOCTDL BRIOpaHHBIX Mojenei g 3anad NLP u xnaccudukanum TeKeTon
B uacruocru [10,11].

Bee momenn mocTpoeHb HA KOHIEIIMH APXUTEKTYDPHL TpaHchOp-
mepos [12|. B apxurexrype mogeneit DistilRuBERT Conversational,
RuBERT [13] u Multilingual DistilBERT neskuT npejcrapieHuas B
2018 rony xomnanueii Google sisbikosast mojens BERT. DistilRuBERT
Conversational — 9T0 JUCTH/LIHPOBANHAS MOJIEL A3bIKa RuBERT, oby-
SEHHAs HA OTUIMMHOM OT OPUrHHANA Kopiyce ganabix. RuBERT xe oby-
“YeH Ha pyccKoil uacTu BuKHIe umu U HOBOCTHBIX JAHHBIX.

Mogens Multilingual USE [14] Berpansaer HpejlozKeHHs! ¢ HCIOJb-
30BAHHEM KOMIIOHEHTA KOJANPOBIIMKA aPXUTEKTYPHI TpaHcdopMepa. Jra
MOjeNb cxoxka ¢ BERT ucnojb3oBaHueM NBYHAIDPABICHHOTO BHUMA-
HUSL JIJIsT BBIMHCIIEH NS KOHTEKCTHO-3aBUCHMBIX [IPEJICTABICHUN TOKEHOB B
NPEJUIOMKEHNH, ¢ YIeTOM Kak MopsaIKa, TaK 0 HJeHTHIYHOCTH TOKeHos [15].

2.1.2, Haracersl. s omenkn MoJeseil B KavuecTBe IIEJIEBLIX
JAHHBIX OLLJI COCTABJCH ANPETHPOBANHLIN JATACET Ha OCHOBE CJIGLYIO-
IHUX JIBYX yZKe HMEIOIUXCH B OTKPBITOM JJOCTYIIE:

e IepBbI JaTaceT cobpaH ¢ HOBOCTHOrO nopraia [asera.ru u omny6b-
nukosan B [16]. Dus nocrasienioil sajaun 6bLIH BBLAEICHBL 3aI0-
J0BKH HoBocTel. B pesynprare 00beM JaHHOrO HabOpa COCTABHII
70 TeICSY YHUKAJILHDLIX 3ar0/IOBKOB;

e propoii maracer [17] mpegcrapien HaBOPOM KOMMEHTAPHUEB C
Pikabu.ru n 2ch.ru jng anmajguza TokcHuHOCTH TeKcTOoB. B mara-
cer ObIIM JTOBABIEHBI TEKCTHI KOMMEHTAPHUER, cocTasJsionmue 14,5
THICSY YHUKAJBHLIX 3HAYCHMIH.

B nponecce arperanuu B gannsie go00aBjeH HOBBI arpubyT pasmer-
Kk — «News», Takum 0b6pasom, mojyded arperupoBaHHBIA jlaTaceT st
Joobyuennsa Mojesei, pasMedeHHbIH Ha JBa Kjaacca: «(0» — KOMMeHTa-
puit nosnb3oBaTens, «ly — HOBOCTL., B ¢BA3M ¢ OrpaHMUYeHHSIMHE BBIMHC-
JUTENBLHBIX pecypcos obiuii paraceT 6bL1 yMensiien Jjio 10 000 coobie-
HUI ¥ paBHOMEPHO OTHATAHCHPOBAH 110 KOJHYECTBY COOOIIEHNN B KarK-
Jgom kiacce («Kommentapuit» u «Hosocrs» ). [onyuennsiii naracer 6n11
pasjielen Ha TPpH dacTH: obyualomyio (train), nposepounyio (valid) u
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TecTosyio (test) B uponenTioMm coornomenun 70, 20 u 10 coorsercTBen-
Ho. ObyueHrne Kaxkg0il MOJENH TPOXOANUI0 6 3IOX HIPH ONTHMH3ATOPE
AdamW, sxonsinero B naker transformers.

2.1.3. Merpuku. Ins onenku kadecrsa u moHHUMAHUS P ek-
THBHOCTH HACTPOMKH MOJeNeil B SKCHEPHMEHTe HCIOIb30BAJIUCH MeT-
puknu loss, accuracy, fl-mepa, precision n recall. g pacuera accuracy
BBIMUCJISIIIOCH OTHOLIEHNE KOJHYECTBA BEPHO HPEICKA3AHHBIX KIACCOB K
obmemy obbemy zabopa train wian valid, a upu oupegenenun loss mc-
HoJb30BasIachk pyuknua torch.nn.CrossEntropyLoss () co ciemylomei
opmyioii:

N
L=1/N3Y_ [t;log(p;) + (L — ;) log (1 — p;)],

i=1
rjae t; — smavenue wernnmocT, 0 wim 1, a p; — BepoATHOCTL aJs j-it
Toukn. Merpuka:

precision = TP/(TP + FP),

rae TP (True Positive) — KOIHYECTBO BEPHO ONPEJIEICHHBIX 3HAMEHUIT
kyacca Positive, 'P (False Positive) — KOJII1ecTBO 3HAMEHHIH, OMHOOIHO
oTHeceHHBIX K Kjaccy Positive. Cuemyionas MeTpuka;

recall = TP/(TP + FN),

rae FN — xonuuectBo ommbox suga False Negative. Fl-mepa Borauciis-
eTcst 110 hopmyJie:

f1= (2 precision - recall) / (precision + recall) .

2.2, Pe3yabTaThl 3KcIepuMeHTa. Tak Kak MOJENH 0ToOpaHbl
TakuM 00pas’oM, UTO BCe H3HAYAILHO OOYUaJMCh HA PYCCKOM d3BI-
Ke, HeobXoAuMO M3yuuTh 3hPeKTHBHOCTL UX HacTpoiiku. B Tabnuie 1
NpeJIcTABICHLl 3HAYeHUsT MeTpHK 0 HacTpoiikn (fine-tuning): recall,
precision, fl-mepa, loss u accuracy.
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Puc. 1, Basucumocrs a) accuracy u 6) loss ot snoxn nacrpoiiku DistilRuBERT

Ha nabope ganupix valid

Tabauna 1. 3uauenus METPUK KadecTBa Mojeiel 10 HacTpOKu

TPOMKMT

DistilRuBERT | DistilBERT | RuBERT | USE
recall 0,63639 0,49904 0,31867 0,49104
precision | 0,64956 0,26126 0,31867 0,48925
fl-mepa | 0,63197 0,34297 0,318 0,46793
loss 0,68306 0,69758 0,73664 0.7040
accuracy | 0,6205 0,511 0,309 0,4710
Tabauua 2. 3uaueHns METPUK KavecTBa Mojeseit rocjie Hac
DistilRuBERT | DistilBERT | RuBERT | USE
recall | 0,98797 0,98329 0,08014 | 0,07689
precision | 0,98797 0,98276 0,97982 0,97733
fl-mepa | 0,98797 0,98297 0,97996 0,97699
Toss 0,05226 0,00870 0,06161 | 0,0763
accuracy | 0,9905 0,984 0,98565 0,9750

B rabnune 2 npejacrap/ieHbl 3HAYCHNAS KAUECTBEHHBIX METPHK IIOC/IE
6 smox paboThl AJCOPUTMOB IIPH OJMHAKOBBIX HAbOpax JaHHBIX (rain u
valid. Ilpu cpaBuennn Tabmun 1, 2 ormeuvaercs apdexTnBHOCTL TIpOIE-
Aypsl fine-tuning Jurs KaXkaoit MoJIeH.
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Ha puc. 1 upencrasiennst rpahuku U3MeHEHHsI KadecTBa Kiaccudu-
Kaiun 1o snoxam Jas Mojenn DistilRuBERT Conversational. Vznauaiin-
HBIE TIOKA3ATEIH MOJE/IH JOCTATOUHO YCIENTHEL, YTO BUAHO ¥ B Tabuie 1.

Ha puc. 2 noxasamel U3MEHEHUsI B KaUecTBe KJIACCH(DUKAIMN MO/Ie-
abio Multilingual USE.

0077 S
e
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Puc. 2. Basucumocrs a) accuracy u 6) loss or sioxu nacrpoiiku USE

Ha Habope gaHHbIX valid

Monens Multilingual DistilBERT nocne nacTpoitkn uMeer HanboInh-
mee 3padenne gpyukuun loss. IonpobuocTtn obyuenus JaHHONR Mojesu
IpeJICTABJICHEI HA pUC. 3.

Pesynprarsr macrpoiiku sspikooit Mogenn RuBERT nokazapsl Ha
puc. 4 nas Kaxknoit smoxu. Ecam mo noxkasarensm loss M accuracy
RuBERT upesocxonur Multilingual Distil BERT, To o merpukam recall,
precision u fl-mepa B Tabnune 2 DistilBERT neMoHCTPHPYET 3HAYECHUS
BBIIIIE,

2.3. BeiBoapl. PesynbrarTsl 9KCIHEPUMEHTA [TOKAZBIBAIOT, UTO BCE
HccJeyeMble MOJIe/IN HMEIOT NpHeMJIeMble IoKa3aTe n loss u accuracy.
B rabmune 1 B cpemmem Jsyunine nokasarenan y monenn DistilRuBERT
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0.9908
0.8
0.9805
0,080

0.9005

Epoch

Puc. 3. Basucumocts a) accuracy u 6) loss or snoxu nacrpoliku Distil BERT

Ha Habope ganubix valid

Conversational. Ha nanupiii ¢pagr MOMVIM NOBIHATH HECKOJLKO (PaKTo-
pos. Bo-nepsuix, DistilRuBERT nenocpeactsenno pazpaboTan s pyc-
CKOT'O $3BIKA, YTO TEOPETHYECKU IOBBIMIaeT ero adgderrusnocrs. Bo-
BTODBIX, JAHHbIC jaracera KoMmenrapues [17| uMeor orauuuTesbibe
0cOOEHHOCTH, TAKHE KAK CJICHD, IPOCTOPEYINe W MAT, YTO TaKyKe CBOIi-
CTBEHHO KOPIYCAM, Ha KOTOPBIX 00yudasiach JaHHas Mojeab. [lo zasep-
MIEHUIO 1000y UeHHsT MOJEIeH JIy4Ine II0KA3aTe/[H TAKXKe ITOKA3hIBAECT
mojens DistilRuBERT Conversational, Ho Kakjas MOAeIb 110 ITOKa3a-
TeJNsIM TOYHOCTH H KavecTBa KiaaccuhuKaiuy OIH3Ka K HAHJIYdIIeMy pe-
3YJILTATY.

RuBERT sinsieTcst MOAEIBIO PYCCKOIO #A3bIKa, Kak U DistilRuBERT
Conversational, Ho nokazareaun ee paboTsl Xy¥xKe 10 HACTPONKI U HOCJIE.
Ipu srom Multilingual DistilBERT n Multilingual USE noxaseisaior
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Puc. 4. 3asucumocts a) accuracy u 6) loss or snoxu nacrpoiiku RuBERT

na naGope panupix valid

pesyabrarsl jgy4ie o goobyuenus, uem RuBERT. Ilocne nacrpoiiki
MojIeeil 3HAUYeHNS METPUK JJIsl JAHHLIX Mojeseil 63K,

Taxum 0bpazoM, IKCIEPUMEHT [T0KA3A/, UTO HA JIAHHBII MOMEHT HMe-
0TCs MOJeN TpaHcdepHoro obydueHus, TOTOBbIe K PEIIeHHIO 38 ati
KJACCH(PUKAIIAN PYCCKHUX TEKCTOB ¢ BBICOKMMH NOKasaTeasaMu 3¢ dek-
TUBHOCTH,

3. Bakno4yenue. DKCIEPUMEHT JAeMOHCTpUpYeT 3PPeKTUBHOCTDL
HPUMEHEHHs] HeHPOCEeTEBLIX METOJ0B B 3a/aue KJIACCHDUKAIMKN T10/Ihb-
30BATEJbCKOIO KOHTEHTA Ha HOBOCTL M KOMMEHTAPHH ISl PYCCKOI'O
S3bIKA, JIYUIIUM [TOJIXOI0M PEIIeHHs 3a/la4H 110 Pe3yJbTATaM sBJISeTCs
DistilRuBERT Conversational. Bo Bpems sxcriepuMenTa He 6LIIO 0OTME-
YeHO ABHON CBA3H 3(PQEKTHBHOCTH MOJENH ¢ MOHO- HJIH MYJIbLTHI3bIY-
HOCTBIO, TaK Kak Mojiesnb RuBERT nanada bHo HOKA3AIA KAYECTBO XY¥Ke
MYJIBTHSIZBIUHBIX MOJIGJIEH, & [0CIe HACTPONKY ToKa3a a OIN3Kui K HIM
Pe3YILTAT.

B nasnpreiinieM miaHupyeTcs pacliMpUTh 3KCIEPUMEHT U IPUMEHHUTH
HOJIYIEHHBIE METO/IBI HA PEAJIBHON OJIL30BATE/ILCKON JUCKYCCHH B COIU-
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asbHoil cern BKonrakre. Kpome Toro, nenecoodbpasuo oueHurs 3¢ pex-
THBHOCTL HCHOJIL30BAHMN [OJYHUCHHBIX MCTOJOB B KA€YECTBC HPOIEIY-
Pl IpeobpaboTKH MOJIL30BATEILCKOTO KONTECHTA, HAIPHMED, B 3aJa4aX
CEHTUMEH-AHATH3A.,
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Banbikun A. P.

MoaenupoBanue JUHAMHYECKUX XaPAKTEPUCTUK
aHAJIOTOBBLIX ay/U0 KOMIIPECCOPOB C MCIIOJIL30BaHUEM
PEKYPPEHTHBIX HEeipOHHBIX ceTeil

Pexomendosano x nybauxauyuu doyenmom Baexarnosum H. C.

1. Begenue. QUM U3 OCHOBHBIX HHCTPYMEHTOB LI PabOTHI CO
3BYKOM, Hap:Aldly C BKB?J,.HHIS?LILHBH, ABJIACTCH KOMIIPCCCH S, KUMHP(‘)CCHH
3BYKa — Hpeo6pa,30rsa,1-me CUI'HaJla, KOTOpoe CyxKaeT ero ,IJ,HHHI\*IH‘I(—)CKHI‘;I
JAWAIAa30H, IMoJaB I BCIICCKHA I'POMKOCTH, JieJIasd 'POMKIC 3BYKH THIIIE,
CymiecTByeT MHOMKECTBO BAPHAHTOB PEATH3AIMHE AYIHO KOMIIPECCOPOR,
HO Ka}KJLI)Iﬁ U3 HUX HCIOJIB3YeT CJIeLYIOHINEe OCHOBHDBIC IIapaMeTpbl Il]

e Threshold (dB) — mopor cpaGarbiBanms KOMIPECCOPA, GCIH CHI-
HAJI 110 PPOMKOCTH HPEBOCXOAUT JAHHBLH OPOT, TOMA KOMIIPECCOP
HauuHaer paboTarsb U JleJ1aeT CUIHAJ THIIE;

e Ratio (n:1) — xoadpdpumment ocnabnenus rpomkoct. Bee, 4To BbI-
me snagenua Threshold, ymennmmres 8 n pas. B Gonpmuncrse
KOMIIPECCOPOB JIONYCKACTCS MAPaMeTp 1 = 00, TAKas KOMIIPECCHs
HAZBIBAECTCH JIMMUTUPOBAHHEM

e Attack (ms) — BpeMs, KOTOpOe KOMIIPECCOp MKJAET, IIPeK /e YeM Ha-
qaTh OCJAGIATEL CUIHAJ IIPH HPEBLIIICHIN UM 3aAHHOI0 TOPOro-
BOI'O 3HAYMEHUS,

e Release (ms) — Bpems, B TeueHHE KOTOPOTO KOMIPECCOD HPOJI0JI-
Kaer paboTarh, IMOCJAe TOr0, KakK CHI'HAJ CTaJ HUXKe IIOPOroBOro
3HAYCHHS.

AHAJIOPOBBIE AYJIHO KOMIIPECCOPDI, IOCTPOCHHBIE HA TPAH3UCTOPHOI
HJIN JIAMITOBOH CBETOTEXHUKE, HA IPOTSMKEHNH JJOJITON0 BPEMEHH UCIIO/b-
30BAJIACH JJIS 3818 TeJIEPAIHOBEIIAHNS, IPOU3BOJCTBA AY/INO KOHTEHTa
u 3ByKopexkuccypbl. Takne npubopsl 061a1a10T yHIKAILHBIME XapakKTe-
PHCTHKAME M OKPACOM 3BYUYaHHsI, HO HMEIOT BBICOKYIO CTOMMOCTDL H3-3a
JIOPOrOBU3HBI KOMIIOHEHTOB |2].

Baavwun Andpeti Pedoposun — cryaent, Canxr-lIlerepbyprekuil rocymapersen-
HBli yausepenTer; e-mail: 4dantii@gmail.com, Ten.: +7(961)711-00-06
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Tloce Byproro pasBUTHs BBIYHC/IUTENLHON TEXHHKH U IEPCOHAIb-
HLIX KOMIIBIOTEPOB, HOJIBITHHCTBO ay/IHO 3aIHCHIBACTCA B IH(MPOBLIE pa-
Goune cranmun (DAW), mosTomy cymiecTByeT GONLIION CIPOC Ha MpaB-
JIO11000HbIe 1TH(pDPOBBIE IMYJISIIIMH AHAIOIOBBIX KOMIIPECCOPOB, KOTOPEIE
HO3BOJIAIOT 3AIIUCLIBATE 3BYK 063 JIOPOroCTOINX BIOXKeHHH B 06opy/10-
BaHUe.

YV KOMUBIOTEPHBIX MOJEJIeH HMeeTcst psiji HEOCIOPHMBIX IIPEHMYy-
HIECTB, 110 CPABHEHHUIO ¢ aHAJXoroBbiM obopynosanneM. Tak kax nudpo-
BBIC MOJICITH OIPAHHYCHLI TOJILKO BRIMHCINTENLHLIME MompocTamn TTIK,
MOKHO HCIOJIB30OBATE MHOXKECTBO TAKMX 9K3EMILISPOB OJHOBPEMEHHO,
063 TpaThl CPEJCTB Ha MOKYIKY W MOUCKA CBODOJIHOTO MeCTa Ha YCTaHOB-
KY JOHOJHUTEIbHOI0 AHAJIOIOBOIO 000pY10BAHNSL.

Hanmast pabora orHOCHTCS K HaywdHOI objacTu Ha cThIKe 11UPOBO
00paboTKN CHI'HAJIOB, TEOPHI YIPABJIEHUs M BBIMHCIUTEILHON MareMa-
THKH, KOTOPas CTABHT CBOCH IEABIO PA3PaboTKy METOO0B MPOrpaMMHO-
ro AIMYJHPOBAHMS JAHHOO 0bopyaoBanus 1 HasbiBaercs Virtual Analog
Modeling [3]. MeTos, paceMoTpennblit B JanHoil paboTe, MOKHO OTHECTH
K METOJIAM «UIePHOTO ITHKA».

2. ITocranoska sama4uu. Ilporece paborbl Kakoro-anbo amaIoro-
BOIO YCTPOHCTBA ¢ NMPOU3BOJBLHBIM BXOJOM & MOXKHO IPEJICTABHTL KaK
HenpepbiBHoe orobpaxenne f(x): R — R mas npuGopor paboraionimx
B Mono, f(x): R — R? pna pacmupsionux npubopos (pesep6 wiam -
Jait) i f(w) : R? - R? nus crepeonpubopoB B ciiyuae, eciii yeTpoii-
CTBO MMEET TOJILKO 0[O cocTognmne. Eenn yeTpoicTBO HMeeT BEeKTOp ITa-
paMeTpoB ¢ M3 MHOXKeCTBa IlapaMmerpos P, rorja umeem oTobpazkenue
flz,0): R* x P — R? B ciyuae crepeo.

B camom 001mieM ¢MbIC/Ie MOMKHO IOCTABUTH 3a/ady IIOMCKA JHCKPET-
Hoit pyuxiun g(n), koropas pasna f(n) ma BeceM HaGope BXOAMBIX JaH-
HBIX:

g(p,n) = fldyn) Vé,n. (1)

Oanaxo Ha IpaKTHKE HE YIACTCS IOCTPOUTL MOJE/E, BEITOJIHIIONIYIO
pasercTso (1), mosromy TpeGyercss NpUMeHATH (DYHKIMIO IIOTEPb, IO
3HAYCHUAM KOTOPOH MOYKHO OIPEIeIHTh, HACKOJIBLKO XOPOIIO IOCTPOCH-
Has MOJENL ClIpaBjsgercs ¢ aMmynsiueil dpusndeckoro yerpoicrsa. [Iyers
y = fléd,x) mny = g(¢,x) nua zapanee pUKCHpPOBAHHOIO . 3ajada B
00IIeM CIyUae MOMKET CTABUThLCH KAK:

L(‘T’-’ d)a Y, U) — min.
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I1pu nocrpoennu mozmenn, opuoi u3 Hanboiee CIOXKHLIX IPOGIEM sIB-
JisieTcst paboTa ¢ BBICOKOH wacToroll guckperusanyun. Hexoropsre nmpubo-
phl 1 3perTh, TAKHe KaK, HAIPHMEpP, IHTapHble Yeuaurean (4], memu-
HeliHble (GUIBTPHL WM IIEJAJN JUCTOPIIEHA, MOIYT ObITH CMOJIEIHPO-
BaHBI C IOMOIILIO yiKe pa3paboTaHHBIX MOJIeNeil, HCIHOIb3YIONHX pac-
HIHPEHHYIO CBEPTKY, UyBCTBHTE/ILHOCTL KOTOPOl MozKeT jocturars 2048
camiutos [5]. Opuako, upu uacrore puckpermsanun 44100 camniaos B ce-
KYHJy, JUisl MoJleiupoBanus napamerpa Release komupeccopa, KOTOpbIil
MOXKET OBITH PABEH 3 CEKYHAAM HMOTpeOyercs: pacHIHpeHHasl CBePTKa C
uyBeTBUTEAbHOCTLIO 132300 camiios, 4ro 3arpyiHser HIpUMeHeHue I10-
JIOBHBIX Mojeneil K 3a/aMaM KOMIIPECCHH.

Ucnomnesys tor (hakt, 1To 3apaHee U3BECTEH AJrOPUTM PaboThl KOM-
peccopa, MOXKHO IIOCTPOUTL MOJE/L CIeNHANBLHON CTPYKTYPLI, pasje-
JIsIsl MCXOHYI0, DoJlee CJIOMKHYIO 3ajauy, Ha HECKOJLKO Oojee IIpoCThIX
noj3ajiad:

® [IPOrHO3UPOBAHHEe U3MECHCHHS I'PDOMKOCTH CHI'HAJIA,

® IIpuMeHeHHne CHDOFHOBH[)OB&HHOﬁ I'POMKOCTH K CHI'HAJIY,

® U3MEHEHHEe AMIIHTYIHO-YACTOTHRIX XapaKTePHUCTHK B MOJICJIHPO-
BaHHE TAPMOHHYECKHX HMCKAXKEHHH C IMOMONILIO aKTYaJbHBIX 115
ITOI'0 MOJeJIEH.

Taxum o6paszoM, MOKHO CHOPMEPOBATL CYIEPIOZUITNIO U3 Mojleneil,
B KOTOPOH KazKJas MOJENhb JOJKHA Peliarh TOJLKO CBOIO 3aJa4y. DTo
YUPOIIAET OTJIAIKY, IOCKOJbKY MOMKHO TECTHPOBATL U OITUMU3HPOBATD
KasK bl MOJIYIIB 110 OTAeILHOCTH, YTO 3HATUTEILHO IIPOIEe OTIaIKN Beeil
cetn menaukoM. Jannas pabora (poKycupyercs Ha MEepPBBIX JIBYX MO/3a-
JLadax.,

B kauecrse neppoil mojzaiadu 66110 BLIOPAHO MOCTPOCHUE MOJIEIN,
CIIOCOOHOI 110 BXOAHON MPOMKOCTH H HACTPOEK KOMIIPECCOpa MpecKasbl-
BaTh JAMHAMHUKY CHIHaJa Ha Bbixoze. s sroro 3syk pasbubaercs Ha
Oydepsl 1 s Kaskoro 6ydepa mojgcuuThIBAeTCS BXOJHOE U BBIXOJIHOE
cpeanexBaiparnanoe 3nadenue (RMS).

B kauecrse Bropoit nogzanaun 6nuia BeiGpana paszpaboTka anropuT-
Ma [PHBEJACHHS TPOMKOCTH OPUTHHAILHOIO CUTHAJA K IPEICKAZaHHOMY
suagennio (gain matching). Takny 06pasoM, MOXKHO TOIYUHTE CHCTEMY
MOJICIHPOBAHNS JUHAMIYECKUX XaPAKTEPHUCTHK AHAJIOTNOBLIX ayIH0 KOM-
HPECcoPOB, KOTOPas IPH HTOM 3HAYHTEILHO He BIHACT Ha aMIIUTYIHO-
YACTOTHYIO XAPAKTEPUCTHKY CHIHAJA,
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3. AnropurMm peureHusi. Mexoust u3 nocTaBiIeHHON 3a0atH, ay/110
pasbuBaercsa Ha Oydepnl, HanpuMep, 1o 64 camIIa, B KOTOPBIX CIHTAET-
csl TOIBKO JBa RMS-3naueHns curiajia ajs JIeBOro H IpaBoro BXOJIHOTO
KAaHAJIA, BCJIEICTBHE 9TOr0 MCXOIHA 3ajava CHIIbHO yipomaercs. B ca-
MOM JIeJIe, BMECTO TOT'O YTOOBI IPEJCKa3bIBATE KayK bl COMILI, Ha 9acTO-
Te guckpernsanun B 44100 caMILIOB B CEKYHILY, JAHHOI MOJIEIN HYIKHO
pejckas3biBaTh TobKo 690 3nauenuit rpoMkoct 6ydepos B cekyHLy.

[Tirocs! TAKOrO HOJX0/1A 3AK/IIOMAIOTCS B CHIKEHUN PASMEPHOCTH UC-
XOJHOM 3a/1au, NMOJYUCHUH BO3MOMKHOCTH IPHUMEHEHHS KJIACCHUIECKHX
U yIKe M3BECTHBIX MeToJoB st obyuenust mogenu. Ilockonbky rakoe
obyuenue GyJIeT MPOUCXOJUTD DbICTPEE, MOABISETCS TEOPETHIeCKasd BO3-
MOYKHOCTB HCIHOJIB30BATL 9TY MOJIEIb B PEIKUME PEAJLHOIO BPEMEHH B
KadecTse IarnHa s nudpossix aynuo crannuii (DAW),

st MOJIe/IMPOBAHMS JINHAMUYECKOH paboThl KOMIIPECCOpa Oblia BbI-
Opamna apxuTeKTypa, COCTOSAINAA UX JBYX MOCIEAOBATCILHLIX MOICICH:
LSTM u MLP (Multilayer Perceptron). Uexoausie 6ydeprr cobupaior-
Csl B [IOCJIEIOBATEJIBHOCTH, K KAMKIOMY JIEMEHTY KOTOPOI 100aBIIsioTcs
anadenus napamerpos Attack n Release kommnpeccopa. Janee Takue mo-
caegoBaTeabHocTH cobupatores B Garun u nocrynaior Ha exos LSTM-
CeTH.

Cerp Long-Short Term Memory (LSTM) cnocobua yinasiuBaTh 3aK0-
HOMEPHOCTH Ha JTHTEIbHBIX IPOMEXKYTKAX BPEMEHH, I'eHePUPYS BEKTOD
CKPBITBIX [pPeAcTaBienuii iy B coorsercrBun ¢ dhopmynanmu [6).

iy = a(Wymy + by + Wiihy—y + bpi),
fo=o0(Wypxy + big + Wigphi_1 + bry),
G = th{Wigxy + big + Whghi—1 + bpg),
o = U(W-io-'rt + bio + Whohi—1 + b.'i,u)s
e =fi@ci_y1+ i @ g,
hy = 0, @ th(c,).

I‘I'.[‘()ﬁb[ NOJIYIHTEL KOHEYHBI pesyabpTaT N3 IOJYHUCHHOI'0 BEKTOPa h,l;
JJIE KaziK 1000 3JieMeHTa 1oc/Jae108aTeJIbHOCTH, Tp@()y@'l‘(:}] IIPOIIYCTHUTD €10
Yepes HeCKOJILKO CJIoeB replentpona ¢ gpyuakinueil akrusamun ReLU. Boi-
XOJAHBIE RMS-B]IH."-IOHI(I}I AL Ka2KJ0I'0 Kalada IOJYYIaloTcsd IyTeM aKTH-
saruyn depes MLP ¢KpLITOro BpeMeHHOI'O IIpejIcTABICHUs, KOTOpoe 3a-
IMOMUHAETCS MEXK/Ly coceiuumMu Borzosamu cetu (stateful LSTM). Apxu-
TEKTYpa MOJINH IIpejicTaBaena Ha puc. 1.

178



RMS Left RMS Left RMS Left
RMS Right RMS Right RMS Right
Attack Atack Atack
Xt () Release Xp41 Release Xp42 Release
( LSTM LSTM >—>< LSTM )

Q’IIIIH hy U_IIIIIJ Pt [;U’T TTHHZ
C MLP ) < MLP > ( MLP )
b . -

¥t () RrmsLen Y41 RMS Left Yee2 [ ) RMS Lett
RMS Right RMS Right RMS Right

Puc. 1. Apxurekrypa HCHOJB3YEMO cern

[Mocne npenckasamus 3HAYCHUE TPOMKOCTH, OPUIHHAJILHBIN CHIHAJ
HA KAXKJOM OKHE IPHUBOJUTCS K IOJYUEHHLIM 3HAUEHHSIM I'DOMKOCTH.
Koadppunmenr ocnabuenus curnaia paser orHomennio RMS-3navenii
HA BXOJIE U BBIXOJE:

_ R'MS{J'U..';
- RMS;‘,M;{J )

C mcnonn3oBanneM BEKTOPa TaAKHX KO3(D(PUIMEHTOR CTPOUTCS OrH-
fatomas rpoMocTH (envelope), Hoyvalomascs IyTeM HHTePIOJISINN
HPOMEXKYTOUHBIX IHAUCHUIT MEXKJy COMIIAMH OKOH 110 IEePeMEeHHOIl ©
u koapdunmentanu ociabienus y [8]. Ilpn caunikom GLICTpOM yipas-
JIGHUM T'POMKOCTH MOYKET BO3HHUKHYTH 3(P(PEKT MOIYINPOBAHHOIO JHUC-
TOpIIeHA, YT0 HETATUBHO BJMsET Ha KavecTBO 3BYKa. dTobbl mibexkarh
3TOro, K 0rubalomeil [poMKOCTH MOYKET OLITh NPUMEHEeH (PUILTP HU3KHX
YACTOT ISl CIVIAJKMBAHMS CHrHaJsa. B kauecrse Takoro puibTpa OLIIT
seiOpan duiasrp Casuikoro — Loses.

Ilocse sroro orubaiomias NIPHMEHATCH K CHIHALY IIYTeM CKAJAPHOTO
HpOU3BEIeHAd orubaiomeil Ha 3HAUCHNs CHIHAJA B KaykKJI0H Touke:

C

Yeomp = Yorig * envelope.
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B kadecrBe hyHKINE HOTEphL OpH OOYUEHHH MOJEIH HCIOAL3YETCsI
MSE (Mean Squared Error), Koropasi OITHMH3HPYETCS C IOMOIIBIO aJl-
ropurmMa ADAM. dna onenkn paGoThl aJropuTMa IpeIozKeHo HCIIoIhb-
30BaTh HeckoabKo Kpurepues: MAE (Mean Absolute Error), Integrated
RMS (ma Bcem daiine), Integrated LUFS (Loudness Unit Full Scale).

n&pﬂME)TphI MOJeJIH Hepe'HCcJIeHbl B Ta6JIHH,E 1s

Tatnuua 1. [Tapamerpnr Mojenn

Ne HazBanue napamMmerpa 3HayeHue
napaMerpa

Oxno pasbuenus (window) 64 comnion
Jnna nocnegosarensinocru (seq_len) 128 oxon
Pasmepuocrs LSTM cern (hidden _dim) 1024 nepemeHHBIX
Komnuecrso cnoes LSTM cern (n_layers) 3 chos

Pasmep 6arua (batch _size) 256 anemenrTon

Koadpdpunuent ckopoctu obyuems 1077

4, DKcnepuMeHT. B KadecTse aHaJoroBOTO KOMIIPEccopa JIJIs Mo-
Jennposanus Ob1 BeIOpan komupeccop Alesis 3630, mockonbKy oH siB-
JFETCsA PACTIPOCTPAHEHHON W JOCTYIHON Mojaeanio. s npeaycnnenus
1 onudpoBKK curnaia OB UCIONBL30BAH ayauo uxTepdeiic SSL 24 ¢
YCTAHOBJICHHON wacToroil puckperusanui 44100 ¢IMILUIOB B CeKYHILY.

Komnpeccop Alesis 3630 umeer pasnenbHyio o0paborky KaHaJIoB,
Ha KaXKJIOM KaHaJe HACTPAHBACTCH OIPEJICIeHHBIH Habop nmapaMeTpos:
Threshold, Attack, Release, Ratio, Output u asa nepexsogaress pexu-
ma Knee u gerexkropa. Bee pyukn napaMerpos ciesadbl B BHJE IOTEH-
IHOMETPOB M KOJMHYECTBO WX 3HAUCHUI HENPEPBIBHO.

IIpu arom, ecin cocuuTars KOJHIECTBO BCEX BOZMOYKHBIX ITOJIOMKEHIL
PyUeK 110 HAPHCOBAHHBIM Ha KOPIIYce MeTKaM, To noayunTca ~ 4200 sa-
PUAHTOB. Y UHTBIBAS JJINHY ayauo (baiiia B 7 MHHYT, JJIs CHATHS TAKOTO
Jaracera yuuio 6n1 490 vacon peanbHoro spemenu. B cBasu ¢ 31uM OBLIO
HPHHATO PEINICHHE OCTABUThL CBOOOIHBIMI TOJLKO JBa HapaMerpa Attack
n Release, a ocranbubie 3adukenposars. TakuM o6pasoM, JaTaceT npe-
crapisier coboit 25 ayauo (ailyioB ¢ pasHbBIMH HACTPOMKAMH paccMar-
PHBAEMBIX [IapAMETPOR, KayKJIblil U3 KOTOPLIX pasjeseH Ha TecTOBYIO U
TPEHUPOBOUNYIO BRIOOPKY B cooTHOIEHNH | K 6 COOTBETCTBEHHO.

O6yuenne npoBoAuIIOoChH ¢ ucnoiab3osanuem cepruca Google Colab na
sugeoxkapre Tesla k80 m zansiio okono 40 gacos. Ilpu srom undepenc
JAMHON MOJEIH Ha T-MUHYTHOM ay/ino gaitiie BLIIONHACTCS MEHBITE YeM
34 2 MHHYTBI, YTO MOYKET CBHACTENLCTBOBATE O TOM, YTO TaKas MOJE/Ib

180



MOZKeT OBITH MMILJIEMEHTHPOBAHA B BHJE ILIATHHA JIJISL padOThl B PEXKU-
M€ peasbHOI0 BPEMEHH. 3aJIep:KKa B peaJbHOM BPEeMEHH JIsl TAKOH ceTH
Oyner cocTaBiaTh 185 MUIIHCEKYH, TOCKOJBKY Ha BXOJ CETH MOJIACT-
cd TocJiejioBarebHocTh 13 128 anemenros no 64 caMiua wa okHo. Bee
HapaMeTphbl JaTaceTa MPUBEICHBl B Tabaune 2.

Tabanua 2. ITapamerps! garacera

Ne Hazsanue napamerpa 3HaueHUs NapaMeTpoB

Attack 0.1, 5, 50, 150, 200 ms
Release 50, 150, 500, 2000, 3000 ms

Threshold ~10dB
Ratio 2:1

Output 0dB
Knee Hard

Detector Peak

5. PeaynsTaTel akcnmepuMeHTa. B KadecTBe 0CHOBHOIO pPe3yibTa-
‘T'a, ,[I,?LHHOI':I pa,60TbI 651.}13, HOCTpoOEHa H 06y‘lEl-Ia, MOJEJIb, KOTOPasd KOM-
npeccupyeT BLIGPAHHLIN ay o ¢aill B COOTBETCTBUM ¢ 3a/IAHHLIME 1a-
pamerpamu. st recra Gepercs ciyuaiiHblit 97eMeHT TeCTOBON BLIOOPKY
U U3BJIEKACTCS JIEBBIH KaHaJl BbIXOJa MOJEJIH. CPFLBHGHI/IB BBRIXO/1a Hel-
pOHHOﬁ CCTH C TECTOBBIMH JAHHLIMHA IIPOJACMOHCTPHPOBAIIO Ha PHC. 2

— Uncompressed
— Alesis 3630

08 1 — Model

.HE 4

04 4

I
D2 o
'U‘G J

0 01 120

.;._
M
=
g

Puc. 2. Pesyasrar npeickasbiBaius MPOMKOCTH Ha TecToBoil Beibopke. [lo ocu x

obozHaveHbl OKHA, a 110 ocH iy — RMS-znavenns
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Boixoy HeHPOHHOH ceTH OTIPABISETCH HA BXOJ AJrOPHTMa HOJLABJIE-
HUs TPOMKOCTH, KOTOPBIH MPOU3BOAUT HHTEPIOJIANUI0 OTHOAIONIeil rpoM-
KocTH ¥ ee puabrpanuio. CpasHeHne MOJaBJCHHI TPOMKOCTH ¢ HCIIOJIb-
soBanneM puibrpa U Hes Hero nokasauo Ha puc. 3. CpasHenue BbIXOIA
MOJIEIH W OPUTHHAIBLHOIO NPUOOpa IPesoCTaBIeHbl Ha puc. 4, pesyibra-
Thl B TabJjume 3.

" -
h | 1 ’

a9 09

o8 o8

ur ar

h 06

as 08

ad 04

ay 03

oo

[ 10000 20000 0005 annno

[ 10000 ;00 000

Puc. 3. Cpa,BHEHHE anropuTMa nmoJapJieHnd rpoOMKOCTH JO U ITOCJIe HHTEePIIOJIAIH.

[To ocn @ obosHAYMEHBI OTCUETHI, & 1O OCH Y — KoappuiuenT nogasieHns

100 -
0.75 -
0.50 4
0.25 1
0.00 4
-0.25 4

=050 4
= Uncompressed
= Alesis 3630
= Made|

=0.75
=1.00 1

0 10000 20000 100D 0000

Puc. 4. Cpasaenunst BONHOBLIX hopM Mojenn ¢ opurnaaioM. [lo ocn @ obozHaveHbl

OTCHeTnl, a 110 ocKu Y SHAUCHAY aMIIUTYAbl CUIHAA

Tabauna 3. Pesyabrars: paboThbl MOIETH

Attack | Release MAE RMS LUFS
0.1 50 0,018125 0,046887 1,8
0,1 150 0,018897 0,048589 1,7

5 50 0,020094 0,049210 0,9
5 150 0,019580 0,049646 1,7
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6. 3aknouenue. [IpemioxKen ajgbTepHATHBHBIN MOAX0J] K MOIEIH-
POBAHHIO IPHOOPOB JUHAMHYECCKOH 06paboTKH ayIno, KOTOPLIH 3aKJIIIO-
YaeTCs B MOCTPOCHUH HelPOHHONM ceTH, criocobHoll mpe/IcKa3biBaTh IPOM-
KOCTb, ¥ paspaboTKH aJIropuTMa HPUMEHEHHs] IPEICKA3AHNS K CUTHAJLY.
ITocTaBien 3KCHEPUMEHT, Pe3yJILTATAMHU KOTOPOIO SBJIAIOTCH JTATACET,
CHSITBIN € AHAJIOIOBOIO IIpnGopa, Hu 06}"1(—!1—11{&}] MOJeJIb, 1IIPOTeCTUPOBA-
Hasl U aJeKBaTHO 1)?160Ta,10l1],a}1 Ha TeCTOBbLIX JaHHbIX. r]..‘FLI‘{}KL"! paspaﬁo—
TAH AJIOPUTM IIPUMEHEeHHs! IPOTHO3a MPOMKOCTH HA OKHAX K CUTHAJY,
KOTOPLI BKIIOUaeT B cebs MpUMEeHEHHEe MHTEPIIOJSIIMOHHBIX METOJ0B |
dunprpos. B nansueitimenm, miaHupyeTes pelinTh TPEThIO U3 I0CTABJIeH-
HBIX [0/13a/181.
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VIK 51-7
Besns P. 10.

MaremaTudyeckoe mMoeupoBanue (GopMUPOBaAHUS
CIIpOCa HA PbIHKE KOHTEUHEePHbIX I'DY30BbIX
2KeJIE3HOJOPOXKHBIX [1€PEBO30K

Pexomendosano x nybauxauyuu doyenmom Baavikunot 0. E.

BB@}IQHHG- MOTO}ZUJ! MaTeMaTHICCKOIO MOJACTIUMPOBAHMA SBJIAIOTCSH
MOIIHBIM MHCTPYMEHTOM J[J15 aHa/JIu3a MHOXKECTBa MaKPOIKOHOMHU Y IECKHX
noxKasaresein u (I)FLKTOPOB B OTPaC/IN XKeJIe3HOJ0POXKIBIX KOHTGﬁH(—JprIX
NepesBosoK B Poccun., Onn JAI0T BOSMOZKHOCTE TTOCTPOUTL ITPOI'HO3MNbBIC
MOJIeJIH HOTpGﬁHOCTIfl B IIEPEBO3Kax M HAWTH OIEHKHM BJIHUAHHA ITOKA3a-
Teseil Ha paccMaTpuBacMble d)aKT()pb! ALl HPHHSTHS OIITHMAJIBHDBIX pe-
IMeHuit KoMIanuei B MeHeIAMenTe.

TTocranoska 3amauu. lens mannoit paborsl — HPEIJIOKUTE U010
IHIO MATEMATHYIECKOIO MOAEJUPOBAHKUS IIPHMEHUTEeILHO K 3a1adaM 06-
JacTH POPMUPOBAHUS CIPOCA B IPY30BBIX KOHTEHHEPHBLIX IIEPEBO3KaX.
Jiis AocTHZKeHHs TOCTABICHHOMN HeI ONPeAeIeHbl CHe/YIONNe 3aIadi:
a) AHAJIU3 PBIHKA, BBIABJICHUE CYLIHOCTEl U mocTpoeHue HHMOPMAIHOH-
HO-JIOTHYecKol Mogesn; 6) cbop, 06paboTKa W AHAJMS JIAHHBIX; B) CTa-
THCTHICCKUN MH(MIIOCHTHLIN AHAJINS BBIABICHHLIX MOKA3ATEICH,

Ananus pbplHKAa KOHTEHHEPHBIX NepeBO30K. PaccMoTpensl oc-
HOBHbIE TPUHIUIIBI PBIHKA JKEIC3HOJOPOIKHBIX KOHTEHHEPHBIX IepeBo-
30k B Poccun. Bo-nepsprx, mus Poccun npumenumMa aparpaMma B3a-
MMOOTHOIIEHUH YYIACTHHKOB Ha pBbIHKEe, NpejicrasienHas ma puc. 1. B
YACTHOM cJIyuae 9Ta JuarpaMma MpeacTasiser coboil Tak HA3BIBACMYIO
cxeMy TpHaHTyaanuu. B memom obmias auHaMuka o6heMOB IepeBeseH-
HBEIX TPY30B KOHTEHHEepaMy 3a HOC/eJIHIe TOAbI TOJ0KUTENbHA 110 Beeil
HoMeHKJIaType [1].

Bo-Bropbix, 6bLIM H3YUEHbLI IPUHIMILI COOTHOIIEHIS CIPOCa U IPe/l-
JIOYKEHUST HA COOTBETCTBYIOMIME TpaHcIopTHBIE yoiayru B Poccmm. Oc-
HOBHBIE (PAKTOPDI, BAXAIONINE Ha (DOPMUPOBAHNE BHYTPHPErHOHAILHOIO
CIPOCA, MOYKHO CIPYIIIMPOBATL B CJIeAYIONue Kareropun |2|:

Bess Poman FOpvesun — marucrpant, Cankr-Ilerepbyprexkuil rocyrapersennsii
yuusepcurer; e-mail: maxysmart14@gmail.com, ren.: -7(914)666-00-06
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1. DKoHOMHUYECKHE (l)aK.TOpr, onpene/sionie THIIbI U KOJHYeCTBO
NIPOU3BOJHUMEBIX I'PY30B, a TakK e MecTa IIPOU3BOJICTBa M1 l'lOTpC6-

JEHH ITHX T'PY30B.

2. Jlorucrumueckue Cb&KTOpbl, OIpeleIsAolne Kak oTpac/al U OT1e/b-
HbI¢ (l)l’IprI MMOJIYYaloT, IPOU3BOJIAT, HAIIPABJIAIOT U IIPOAAIOT CBOIO

HPOTYKITHIO.

3. Tpa.HCHOpTHbIG (l)(‘lI(TOpI:I, BJIHAIONINE Ha TO, KaK Y/JI0BJICTBOPDACTC S

CIPOC Ha I'PY30IIEPEBO3KH.

4. Tlonuruaeckue (HaxTophl, PEryIupyIoNe YPOBHE SKOHOMUKH, J10-

IHCTHKHY B TPAHCIOPTA.

-
—— T~ Cuﬁup\m
2\ A0
=
BuyTpupoceuicion oo
— 4/(/"
™| Mockea

N
Uningpt
‘TpanauT

Fecnopr

M .

LECE)

TRARSA T

Puc. 1. Huarpamma
FKEJIEZHOIOPOMHKHEIX KOHTeHHEPHBIX

nepeBos3oK

Puc. 2. Crpykrypa BPII
Poccuiickoit ®epepamun B 2020 1.

B  xawecrse wmunocrpanum, Ha
puc. 2 npusejgens! gannsle Poccrara,
OTpaKaIoIUe J0JIH oTpacieil, popMu-
POBABIIUX BEJIMUMHY BHYTPEHHErO pe-
MHOHAABLHOTO Hpoaykra B 2020 rouy.

MO)KHO caesiaTh BbIBOM, YTO Ha
BHyTpeHHeM PbhIHKEe POCCI/ll/I B Ie/JIOM
nMeeTcs  IOJIOYKHTeNbHAaA JHUHaMHKa
IPYKEHBIX KOHTEHHEPOB M, CJejl0Ba-
TeJIbHO, CIIPOC Ha UX INEPEBO3KY ABJIA-
eTcs JNaACTUIHLIM.

Ha ocHoBe BBIIEH3JIOKEHHOIO ObI-
Jla cocTaBJieHa HI{(I)OPMH.HHOI'IHO-HOFH-
JecKasi MOJIeJb, 0TPazKalonas CTPpyK-
TYPY PBIHKa KEJIE3HOJOPOKHBIX KOH-
TeiHepHbIX IepeBo3ok B Poceun
(puc. 3). Hdamnoe omnmcanume IO3BOJISI-
€T PACCMOTPETEH PLIHOK KAK CHCTEMY
B3auMO3aBHCHMBIX (akTopos. Ha oc-
HOBE JIAHHOTO AHANH3A CPOPMYIHPO-

BaHa 3aJa'a MaTeMaTHIeCKOI'0 MOJASTHPOBaHM — CSOp " ()6p'r].60TKa JLAH-

HBIX.

C6op u obpaboTKa AaHHBIX. B Hacrogiee BpemMsl CTATHCTHKA O
JIeSITeJIBHOCTH TPAHCIOPTHLIX KOMIAHUNA M OTPACIN B IIEJIOM ArPEerupy-
eTcsl B HECTPYKTYPUPOBAHHLIX 6a3aX JAHHBIX WJIM B [IPOCTLIX MACCHBAX
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panueix (OLAP-xy6o1 win cogusie Tabaunst). lotomy meodxomumo uc-
[OJIB30BATH METO/IbI MHTEIEKTYAILHOIO AHAIN3a TAKHX JaHHbBIX — Data

mining. Hamee ciemyer BOCHOJIB30-
BaTHCA METOJAMHN IPEICTABJICHUAS HH-
hopMaIuy ¢ HIOMOIIBI0 TEXHOJOTHI

&

Business Intelligence (BI).

Otn
i T

Heobxomumo Tak:Ke OLpPeJe/nTh
Habop HauboJee 3HAUYMMBIX apaMeT-

|

Puc. 3.

WichopManHoHHO-/I0rHH ecKast

MOJEE PLIHKa

poB st Gyayiueil MareMaTHUYecKOi
mogenn. Ha npumepe pabor |3,4| 6prmm
BBLIJICICHBI CJIEJYIONIHC BaKHLIC Me-
TOJUKH: METOJ, IVIABHBIX KOMIIOHEHT
(Principal component analysis, PCA);
MeTos  KiaaccuHKAIH HA OCHOBE
ABC-ananusa; 3KcIepTHbIe ONEHKH.

Tabnuua 1. Ob6bacusonme HepeMennbe

X Onucanue

@] O61bem orpacin Toprosin (man py6.)

x O6bem oTpacan asromMobunecTpoenus (MiH py6.)

T3 O6beM MPOU3BOJCTEA OTPACTH CEIBCKOIO XO3s1i-
crBa (MaH TOMIL)

T4 ObbeM TPOM3BOACTBA OTPACIH XMMHYECKON IIpo-
MBIIICHHOCTH (MJII TOHI)

Ty OObeM  [POM3BOJACTBA  IHJIOMATEPHAIOB  (MJIH
TOHH)

T Besmanna BPIT (man py6.)

27 Crapka dpaxra Ha MOPCKUE HEPEBO3KU 110 JIAHHbLIM
HOPTOBLIX HHACKCOB (M py6.)

8 Tamozkenupie nowmas (M py6.)

TaGuuna 2. O6bacHAEMbIe HEPEeMEeHIbIe

Y Onucanune

Y1 Toposoii 06beM KONTEMHEPHDLIX IEPeBO3OK (ThIC,
TUE)

2 O6mit 0bbeM uMmiopra u3 crpan Azuu u Espons,
(roic. TUE)

Y3 O6uuit obbem axcnopra uz Poceun (Toic. TUE)

Y4 O61uit 0bbeM TPaH3UTHBIX nepero3ok (Teic, TUR)

Y5 O6wuit  ofbeM BHYTPHPOCCHHUCKHMX II€PEBOZOK
(rerc. TUE)
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Taxum 06pa3oM, HA OCHOBE IPOBEJEHHOrO (BYHAAMEHTAILHOIO AHA-
JIH38, B OCHOBY MaTeMaTHIECKON MOZENN B3ATHI cleAyolme (hakTopbl
X (rabuuna 1) n obbacugemMble nepemernnsie Y (Tabnuma 2).

[IpeacrasuM OCHOBHBLIE 3aBHCHMOCTH LOKazaTejell cjieiyomumM ob-
pasoM:

5

Y2 =1+ X2, Yz = Z-ﬂf:, Y4 = T7 + Tg,
i=3
(1)

8 5
Ys = Z-’Ei, Y1 = Z Yi-
i=1 i=2

ITpu cocrasieHnn MaTeMaTUIeCKOH MOJENIN KOJHYECTBEHHbIE l1apa-
METPBLI PACCMATPUBAIOTCH KaK ciydaiinble Begudaunbl. CoOTBETCTBEHHO,
BOZHUKaCT 3aJiavda B OIIPCACACIHNA OICHKN CTCIICIIH BJIMAITNZA U3MCITCHI S
9K30TCHHLIX (PAKTOPOB Ha sujorennsie. i pemenus namnoil npobie-
MBI [IPEJJIArAeTCs METOL0JIOT s HH(IIOEHTHOI'O AHAJIN3A, OCHOBAHHAS HA
perpeccuoHHOM (PaKTOPHOM AHAJIU3E.

Maremarnyeckasi Mmoaesb. Mmeercs 3anannas BeIOOPKa ILIAHO-
BLIX 1 (PAKTHYECKHX SHAMEHUH PE3YJILTHPYIONETrO MOKAZATENS 3 U BbI-
GpamHOl COBOKYIHOCTH (DAKTOPOB L1, . .., Ly, T e. 4O, 2% vt 2t rue 20 =
(),...,20) m a' = (21,...,2]) - sro nyanosele u akTHUecKUe 3Ha-
yeHnst (PaAKTOPOB X1, . .., Ty,. IIOCTPOUM, COOTBETCTBEHHO, JIBE PErpeccu-
onnele Mogean yo = fo(zy,...,2,) wyr = fi(z,...,2,). Heobxomumo
HAUTH OLEHKH BJMSHHS U3MeHeHuil 3Havuennii (hbakTopos x; Ha OTKJIOHE-
HHUE 3HAUCHIIT Pe3yILTHPYIONIETO TOKAATE 1, & HMEHIO, HANTH OIeHKH
A{' pimstius hakTopos x; Ha orkmaonenue Af = fl — f§ perpeccuonnbix
snavennit fl u f) pesymsrupyiomero nokazarens y.

CreoBaTe/bHo, HEOOXOAMMO BBLINOJIHEHIE PABEHCTBA

n
Af=h (TL s ='7"11L) = fo (.TT, s 73"2.) = Z (A?Li ge Aisr, o 5?/) )
i=1
rjue Af:_ﬂ ~ perpeccHOHHAsl OICHKA BJIMSIHHs HEy4YTeHHBIX (DAKTOPOR,
A{ — PErpeccHOHHLIC OIEHKHM BJIHAHUA (DAKTOPOB I,; HA OTKJIOHEHHE
Ay = yi — y) snavenuil pesyaLTHPYIONIEro NMoKazaTens y; 0y — AeBU-
auus suavenuii Ay [5]. Onenxu A, u AJ: HABBIBAIOTCS UNPAIEHTNAMU.

Hst naxoxpenns HHQIIIOeHT NPEMEHUTEILHO K JAHHON 3ajatde, Hc-
HOJIB3YETCsT KOMIIOZUITHOHHASL (hakTOopHAas Mojess perpecenn. Ona umeer
CHACAYIOIMI BUT;
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n

y=f(z1,...,2nla) = %Z (o fi(@5))

L

i=1

e fi(x;) = aoj+ 21 (mia]") — ommodakTopibIe KPHBBIC perpeccun
Y 110 2 ¢ COOTBETCTBYIOMUME Koabdbunuentamu, o = (aiy, ..., () — BeK-
TOP HEOTPHIATE/ILHBIX HAPAMETPOB, HAXOSIUXCS U3 YCIOBHS MIHIMH-
3anui ocTaTouHoi jgucnepenn. CleI0BaTenbHo, HHMIIOCHTH HAXOIATCS

B BHJIE
AP = [f}(a}) - £2(29)] - (ad; — aby).

[Ipu arom juis uamenenns Ay (oTKaoHenns pakTHIECKOTO 3HAUCHIS
y' o1 mmanosoro y”) JIONIZKHO BLIIOJHATLCA CICyIoNee pasencrso [6]:

Ay = i A;:i_.
=1

8
HMocste naxoxaenust NHGIIOCHT, JUIsl BBIDAYKEHUS Y5 = » ., ¥ U3
CHCTEMBI ypaBueHuit (1) nmonyunM paBeHcTso

8
Ay = Z Ay(x;),
J=1

rje

Ay(z;) = Az; = mll j

J
= Ay + (Af - AY) + (ad; - aby) + (Ay(zy) — Afi(a;))

Bakmouyenue. B jganHoi padoTe nposesieH (pyHiaMeHTAlIbHBIR aHa-
JIH3 IPeIMeTHON 0B6IaCTH H IOCTPOCHA MATEMATHYCCKAs MOJIEIb JJIs Ha-
XOYKJACHUST 3aBHCUMOCTEH MKy (hbakropamu. PaceMOTpeHsl KIIOUEBLIE
npobiaemMsl: ¢60p, aHAJUS JAHHBIX U BiauAHue pakTopos. B kavecTse HH-
CTPYMEHTa B3AT METO CTATHCTHIECKOTIO HH(IIOSHTHOro anaan3a. Iloka-
3aHO, YTO ONEHKH CTEIEHH BIHMSAHHUS M3MEHEHUs 3K30I'€HHBIX (hakKTopoB
HA 9HJIOTeHHBIEe (MHQJUIIOEHTH) MOIYT OBITh HAlIEHEL Mepe3 KOMIO3UTHYIO
daxkTopayo Mogens perpeccun. Takum oOpazoM, IPH IPOrHOZUPOBALHN
3nadeHnit Y HeobXoauMO MUHUMH3HPOBATE OTK/JIOHEHNS B COOTBETCTBUN
€ CHCTEMOI B3aMMO3ABUCUMBIX (haKTOPOB.
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VIK 519.688
Bacunses B. A., Kysnenosa /1. C.

AJnropuT™m posi 4acTHII
u aHajau3 ero 3¢ deKTUBHOCTH
[JIsl pellleHust 3aa4 6e3ycoBHOI
O/ITHOKPHUTEPHUAJILHOI ONTUMHU3AIAA

Pexomendoaano x nybaukayuu npogeccopom Kpviaamosvm A. 0.

1. Beegenune. B cospemennoil nayke nabiiojaercs yBejuieHe Ko-
JIMYUECTBA UCCISIOBAHNN, MTOCBAIIEHHBIX METOIAM POEBOI ONTHMU3AINN,
DTOT LPOLECC SBISETCH CHAENCTBHEM PA3BUTHS OKPYIKAIOIHX “eJI0Be-
Ka CHUCTEM, TJe JUIsl IPUHATHH ONTHMAJBHBIX YIPABICHICCKUX PEIIeHILi
HCIIOIB30BAHNE KIACCHYECKUX METO/I0B CTAHOBUTCS HEBO3MOMKHBIM, Ha-
HPUMEp, MHOIHE 3KOHOMHYECKHE 3aJa4i, B TOM UHCJE 3aJa4l TPAHC-
HOPTHOMH MAPIIPYTH3AINHN, ABJIAI0TC NP-TpyHbIMY U HAXOXK IEHNIEe TOY-
HOI'O PEHIeHHs] Ha GOJILIIHX PA3MEPHOCTIX CTAHOBUTCSH HEBO3MOMKHBIM.
VCIoKHIeTCs TOCTAHOBKA 38JaM1, U Y eIeBoi (PYHKIHH OTCYTCTBYIOT
CBOHCTBA BLINTYKIOCTH, JU(pQepeHImpyeMocTy, YHUMOAAABHOCTH [1].

B arom cayuae ggis perenust 3a/1a1 HCHOML3YIOT HPUOIIIKEHHBIE Me-
TOHBL ONTUMU3AIMH, OJHHM U3 KOTOPBIX $ABJISIETCS AJIOPUTM pOsl “a-
crur [2] u ero Mopuduxanuu. B paznuaneix obactsax 3HaHuil ecTh uc-
CJIEJOBAHUS, [IOCBSIICHHBIE 9TOMY [OJIXO0/Y: OT JIOPHCTHKH [3| 10 Me -
HBI, TJIe IPEeJIAragTcs BEIMHCIATE HapaMerpbl KaMepHBIX Mojleell mosu-
TpoHHoil aMuccnonnoil Tomorpadgun cepaia [4]. Ocobeiii uurepec mpe/-
CTABJISET MCIONB30BAHUE AJIFOPUTMA POsl MACTHIL B JHCKPETHLIX 3218~
yax, HallpUMep, B 3aJa9aX PABHOBECHOTO PACIIPE/IC/ICHIS TPAHCIOPTHLIX
norokos |5, 6]. BauacTyo ANrOPUTMBI POEBONO MHTEJIEKTA CPABHHBA-
I0TCs ¢ MOABUBIIMMUCS PaHee SBOJIOIUMOHHBIMU AJNOPHTMAME H IIEPBLIE
HOKA3bIBAIOT 00/bIIYI0 abderkTusHocTb. Bo MHOrOM 310 00bsicHIETCS
OJTHOBPEMEHHBIM OOHOBJICHHEM IOJIOMKEHHUA KAKIOr0o AreHTa IIONYJIsIInH
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HA BCEX HTEPAIUSIX, A He 3aMEHON JIHNOIL HeCKOJLKUX 0cobell, uro maer
fojiee paABHOMEPHOE NPUOIHIKEHNE K IKCTPEMYMY.

Henbro panuoil paboThl ABJISIETCS PEATH3AINS KIACCHIECKOrO AJII0-
purma pos gactun B cpege Wolfram Mathematica, a taxyke ananns ero
paboThl HA TECTOBBIX (hYHKINSIX.

2. Onmucanne aJropmT™Ma posi 4acTHUI. AJTOPHTM POs HacTHI]
ObL npepgozxken B 1995 roay conpansubiM ncuxosorom Jexeiivcom Ken-
HeJIU 1 MHMKeHepoM-asieKTpukoM Paccenom Dmbepxaprom |7]. Asnropurm
HCIIOJIB30BAJICS JJIsT OLTHMUBALNN HEIPEPBIBHBIX HeJIHHEHHBIX (DYHKIII,

Ha nepsom srame Kaxjas GaCcTHIA SBJISETCS CIYTafHBIM PEIICHIEM
Ha 00JIACTH JIONYCTHMBIX 3HaUeHuil onruMusupyemoit dbyukuun. Hanee
el npucBauBaercs BEKTOP CKOPOCTH — 3HaUeHHe, Ha KOTopoe clenyer
HePEMECTHTh “ACTHILY 110 06JIACTH IIOMCKA., DTO 3HAUEHHE ODHOBJISIETCS
Ha Beex urepanuax. Jis uacTHIB PACCUNTHIBALTCA BHAYEHHE [@IeBOil
byuknun., Hacruna samoMuHaer Jiydiiee pelleHre, KOTOPOe HAILLIA OHA
1 POl 3a Bce IPOIiJIEHHbIE HTePAaIlN,

Obuopienne BeKTOPa CKOPOCTH peanusyercs 1o dopmyiie

vij(t+1) = vii(t) + era(pii(t) — 2i5(t) + cara(pg;(f) — @45(t)),

rje 4 — KOJNHYMEeCTBO YacTHIl B poe, i € [1,...,n]; j — KoamdecTso mepe-
MEHHBIX B Hceesyemoii dpyukuun, § € [1,...,d]; v;; — KOMIIOHEHTA CKO-
POCTH YaCTHI! ¢ Ha urepannu t; Vi = [vg,..., 0] — BEKTOp CKOpPOCTH
GACTUIEL &, TAE Vij € [Umin, Vmax]; Tij — KOODANHATA YACTHILI § Ha NTE-
panuy ¢ alropuTMa; Pi; — KOOPAMHATA JIYUIIEro PelleHns, HalljleHHoro
wactaneit; P = [pi1,...,Pid) — BEKTOP KOOPJHHAT, COOTBETCTBYIOMIMIL
JIYVHIIEMY HAWJEHHOMY PEIeHHIO HACTHIILI ¢ HA IIPEJIbLIAYIITHX UTepPaliix;
Pgj — KOODPIMHATA j JIYUIIEro peleHns, HalIeHHOr'0 BCeMU YacTHIIAMM;
P, = [pg1,...,Pga] — BEKTOP KOOPIMHAT, COOTBETCTBYIONIMH JIyuIIEMY
PELICHUIO, KOTOpOe ObLIO HallIeHO YacTUIaMM Ha HPEJLIIYIINX HTepa-
HAX; 7y, T — Caydaitusie uncaa #a narepsade (0, 1); €1, e — Becosbie
KO3(hbhuImeHTHI.
Hajee KOPpeKTUPYEM TEKYIIYIO KOOPJMHATY KaXKI0H YacTHIIbI

[Tocse paccunThbiBaeTcs 3HaYeHUE IejeBoil (PYHKIUH B KarKJI0# HOBOI
TOYKE, YACTUIIA IIPOBEPSIET, He CTaJa JIM HOBad KOOpJAUHATA JyJIneil cpe-
JIM BCeX TOUEK, IJe OHAa MoOBIBaIa. 3aTeM Cpein BCeX HOBBIX TOYEK IPO-
BEpsieM, He HAILIM JIM MBI HOBYIO IVIOBAJBHO JIy4IIyIo Touky. B ciaydae
€CJI HAIILIH, TO 3alIOMHHAEM €€ KOOPJAMHATHI M 3HAYMEHHUE 1eJeBOH (PyHK-
MU B Hell.
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3. Anaynuz paborsl anropurMa. IPPEKTUBHOCTL PAbOTHL AJIIN0-
PHTMa IIPOBEPsIIACh Ha CASJYIONIMX TecTOBLIX (yHKIuAX: PacTpuruna,
Dk, chepsl, Byra n Buna. Dnobanbusit MEHEMYM 3THX (DyHKIHH pa-
BEH HYJIIO. DKCIHEPUMEHT HPOBOAMIICS JJIsl pos, cocrosamero u3 10, 100,
500 u 1000 ocobeit. Kaxxapiit Tect nposoamincs co 100 urepanuamvu. B
rabaunax 1, 2 3aduKcHpOBAHBL Jytillee MUHHMAJILHOE 3HAMEHHE, Hali-
JIEHHOE poeM, H CpejHee MHHUMAJIBHOE 3HAYEHUE, [I0JIYUIeHHOe PH pea-
Juzanun ajaropurma 100 pas.

Tabauua 1. MunuManbioe sHaveHne (hyHKIHA, HalIeHHoe PoeM

Dynxkuusi 10 ocoGeit 100 500 1 000
ocobeit ocoGeit ocobeii
Pacrpuruna | 1,274 0,833 0,006 0,028
DKin 0,019 0,005 0,001 0,0004
cchepnt 0,325 0,0298 0,001 0,003
Byra 3,78:10~1 5,79-10~° 1,94-1077 2,43-10~°
B 1,550~ 7 LIL10-° | 3,27.10°7 1,59-10~7

Pesynprarsl HoKazaad, 9To yBeJHYCHUE 9acTull B poe 10 500 arenTos
HPHBOJUT K YIYULIIEHHIO HCKOMOIO 3HadveHus neiesoit dpyuxuun. Tax,
A pyukmun Pacrpuruna jydinee HallIeHHOE 3HAYCHUE YMEHLITHIOCH
¢ 1,274 o 0,006 gt 10 u 500 wactun B poe coorsercrseHHo. OJHaKo
Janpieiiniee yseaudenue nonyasuuu ¢ 500 go 1000 yoyammuiao pesyib-

TaThbl TOJBKO B ABYX M3 IIfATH UCIILITAHHAX,
Tabauna 2. Cpejiee MUHHMANLHOE 3HAYCHNE DYHKIMY,

HaityerHoe poem 3a 100 nopropennit ajropuTMa

DyHkuus 10 ocobei 100 500 1 000
ocobeit ocobeit ocobeii
(810 pa3) | (B 5 pas) | (B 2 paza)
Pacrpuruna | 4,450 1,684 0,355 0,164
DKM 0,313 0,052 0,016 0,009
cchepbt 250,84 11,16 1,78 0,63
Byra 8,710 2 30107 4,210 17 1,010 7
Buna 0,310 2 3,210 7 5,1.10-° 2,110 7

Bazkmno OTMETHUTEL, ITO H3MCHECHNE COKPAIICHHIA ITOIPEHIHOCTH IeJie-
BOI'O 3HAYIEHU S HE ITPOU30NLIO HMCHHO JIJI JIYYIIero MMHUMaJIbBHOIO 3Ha~
YeHHs, B TO BpeMsda KakK cpeJHee MUHUMAaJILHOE 3Ha'YeHne YMEeHLITNIOCH
BO BCeX Clyuasdx. Bro rosopurT o I'IGOSXO,ILI/IMOCTH MHOT'OKPaTHOI'O II0-
BTOPEHNA IKCIHCPUMEHTOB JJIA ITOJIY ICHH S 6oJiee TOUHOTO pesyiabTraTa. C
YBeJIHYeHNeM YacTHIL B POE€ YBEJIHUYNBACTCH BEPOATHOCTL, YTO 3KCIIEPH-
MEHT JaJI pe3yJabTaT J0CTaTOYMHO OJIM3KHI K HacTOsAIIeMY 1‘.JIO6H..HI:!‘IOMy
FIKCTPEMYMY. AHanu3 U3MEHEHUsI OTHOCHTEILHOCTEI IIOrPenIrHOCTH P
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YBEJIMUEHUN YHCJACHHOCTH posi upejgcrasied B rabiaune 3. ¥V (yHkiumit
Byra u Buna B cpefieM morpeniocTsb aisd nepexona ot 10 xk 1000 yMeHb-
muaack npuMepno 8 500 u B 5000 pas coorercrBenno, or 100 x 1000 —
B 15 paz, u or 500 x 1000 — B 2 pasa.

Taﬁnmua 3. OrHocuresbHoe YMEHbIICHHE NOIPEeIIHOCTH

IIpy yBEJIMHUEHMN MCJASHHOCTH POos

DyHxumsa B 10 pasz B b pas B 2 pasa B 100 pas
(or 10 (or 100 (oT 500 (o 10
Kk 100) x 500) Kk 1000) k 1000)
Pacrpuruna 2,64 4,74 2,16 27,13
DKM 6,02 3,25 1,78 34,78
cchepbr 22,48 6,27 2,83 398,16
Byra 29,00 7,14 2,21 457,89
Buna 290,63 6,27 2,43 4428,57

B rabmune 4 npeacrapieHo BpeMsi paboThl aIrOpHTMa TPH BBITOJIHE-
aun 100 urepanuit s pos, cocrosimero uz 10, 100, 500 u 1000 ocobeit.

Tabauua 4. Bpems paGorsr 100 3amyckoB ajaropurmMa

DyuKums 10 ocobent 100 500 1 000
ocobeit ocoGeit ocobei

Pacrpuruna 1,31 9,04 46,17 89,41
Do 1,81 13,57 205,49 143,06
cpepnt 1,17 35,59 173,04 362,17
Byra 3,85 31,03 175,85 374,66
Buna 4,02 39,25 189,37 390,59

Barpars Ha paboTy AMroOpHTMA PACTYT JHHEHHO, TAK KAK C YBEJIHUE-
HUEM POsi B TAKOM 2Ke 00beMe BO3PACTACT KOJIUYMECTBO JeicTBUil, KOTO-
phle HeoGXOMMMO MPOBOANTE Hal dacTuiaMu. Iloarsepxaenne mpeno-
JIOYKEHHS O JTUHEHHOI 3aBUcuMOCTH paboThl AJIPOPHTMA MPEICTABICHO B
Tab. 5. Kax Bupno uz Tabaunsl, BpemMsa paboThl aaropuTMa U3MEHSIeTCs
[IPOIOPIMOHAILHO U3MEHEHHIO YHUCICHHOCTH POsl,

Tabnupa 5. 3aBMcUMOCTL BpeMeH paboThl alropuTMa

OT yBCJIHYUCHHS YNCIa HacTUIl B poe

PDyHKLINAA ¢ 10 ocobeit ¢ 100 ocobeit ¢ 500 ocobGeit
no 100 a0 500 no 1000
(B 10 pas) (B 5 pas) (B 2 pasza)
Pacrpuruna T ! 2
DK 9 [ 2
chepnl 9 [ 2
Byra 8 6 2
Buia 10 5 2
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Puc. 1 6B HOCTPOEH 1O 3HAUEHHUSIM, HANHJIEHHBIM KAk IIPOJIorapud-
MUPOBAHHOE TI0 OCHOBAHHIO OTHOMICHHS HHCIA YaCTHI] OTHOCHTEILHOE
H3MEHEHHE [OTPEIIHOCTH. DTa BeIMUYMHA NOKA3LIBAET IOPSIJIOK 3aBHCH-
MOCTH TOMHOCTH OT HHCJIA YACTUL] B OTHOCHTeNbHBIX Bennaunax. Ilo rpa-
(buKy BHIHO, UTO 5TH 3HAYEHHS NPUGIN3UTEIHHO OJIMHAKOBBIE JIJIS BCEX
hyukuuit, nputer HanboabIINi pazbpoc HADIIOIAETCS IPH IEPEX0/Ie OT
10 x 100 (or 0,4 x0 2,5). Ilpu yBennuennn uncna dactur B 2 pasa (¢ 500
20 1000) orrocHTeNbHAS HOIPEITHOCTE MEHsIeTcs IponopuroHansyo. Ha
BCEX 3aJ1a9aX (TAKYKE B CPEJIHEM ), HOJIYyIaeTesl YBEIHTCHHE BPEMCHH B 2
pasa 1 yMEHBIIEHHEe OIPEIIHOCTH 1eJIeBOI0 3HAMEHUS IIPUOIH3UTEILHO
B 2,2 pa3za. MOKHO CUHTATE, YTO 3ABUCHMOCTD JIMHEHHAS.

2,2

-~ 18

1.2

0,7

or 10 k 100 o1 100 k 500 o1 500 k 1000 or 10 % 1000
—PACTPUTUHE = o KN = = chepbl -

Byra  «esrseBuna

Puc. 1. HO})SI,.U'OI{ ZaBHCHMOCTH TOYHOCTH OT YMCJIa YacTHUIl B OTHOCHTEJILHBIX

JELCHIRGRERERE R

Takske OBl IPOAHATH3MPOBAH MHHUMAJILHBIN, MAKCHMAJLHBIN I
CPEJHUIT [Iar, Ha KOTOPOM poeM OBLIO HOMYUeHO Jaydinee penienue, Pe-
3VJALTATHL IIpejcTaBienbl B Tabuue 6.

194



Tabmuua 6. MunuMaibHbI, MAKCUMAJILHBIN U CPEAHUN HOMEP WTepalldy,
Ha KOTOPOM poeM 6bI0 HalileHo Jydliiee pereHue

PyHKLIUA 10 100 500 1 000
ocobeit ocobeit ocobeit ocobeit

Pacrpurnna 1;97:43 5;98;43 1;98;47 2;98;42
DRIn 2:97;39 2:97:36 1;97:;39 1;97:38
Cdpepnt 2:98;36 1;96;37 1,98;38 2;98;42
Byra 1:97:41 4:94:41 1;98:40 1;98;40
Buna 4;97:,62 1;97;:47 3;97:43 2;98;46

B cpegnem MunuMaannoe jgyuiee 3uadenue 3a 100 wrepanuil BeITHC-
asiercs poeM Ha 40 mare, oJ{HAKO 9TO 3HAMEHNE MOYKET BAPLHPOBATHLCS OT
1 mara, Korja Jiyuniee HaiijleHHOe 3HAYEHME HEe MEHSLIOCH ¢ IIepBOil ure-
paruu, o 98. Veenuuenue KOJHYCCTBA UTEPAIIN TAKIKE MOMKET YJIyU-
HIUTH PE3YIbTATEL paboThl AJIrOPUTMA.

4. Bakmouyenue. Taxum ob6paszom, B pabore peanuzosan [8| u mpo-
AHAJM3UPOBAH KJIACCHYCCKHI aJaropuTM pos dactui, lua pos, cocros-
mero u3 1000 ocobeit yuniee Haliennoe 3HaMEHHE OTIHYAJIOCH OT Ha-
CTOAIIEro 1J100aJbHOr0 MUHHMYMa 0T 1,59 - 10-7 g0 0,28 jst uceneny-
eMBIX (BYHKIHHA. DTO MO3BOJIET TOBOPUTL 00 3(hheKTHBHOCTH aJIropuT-
Ma B HAXOXK/IEHHM NIODAJILHOrO MHUHUMYMa, (BDYHKIHI pasHOro BHA, B
TOM YHCIE ¢ DOJLITNM KOJAMYIECTBOM JIOKAJILHBIX aKCTpeMyMoB. Mexoms
U3 IPOBEJEHHBIX HKCHEPUMEHTOB, MOXKHO CKA3aTh, UTO LEI1eC000pPa3sHo
IpOBOAUTL He MeHee 40 TOBTOpeHMIT AJTOPHUTMa HPHU THCICHHOCTH PO
Goaee 100 ocobeit. IIpu sroM ciejiyer OMHUTD, YTO JaHHbIE aAPpAMETPbI
HEODXOUMO BAPLUPOBATE JJIsl KAXKJIOH KOHKPETHOH pelracMoil 3a/1axm.
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YK 681.5.015
l'anaesa J. 1., T'osoBkuna A. I\

MeTO,IL PEKOHCTPYKIHN HeJIUHEeNHBIX AUHaAMHPYIeCKHX
CHCTEM II0O BpeMeHHbIM pdAdaM

1. Beegenne. IIpobiiema BoCCTAHOBIEHHS] HEJHHEHHBIX JUHAMUIIE-
CKUX CHCTEM I10 MMEIONUMCS U3MEPEHHSAM SIBJISIETCS IEeHTPaJIbHON BO
MHOTUX JUCIUILTHHAX [1]. DT0 06bscHsAETCS TeM, UTO JJisl PEHIeHus] pas-
JIMUHBIX TPHKJIAJIHBIX 3aJa9 Tpebyercs: NHdopMaliis o MOBeJICHHHI [TPo-
Hecea Mpu PasinaHbIX BO3JMEHCTBUAX U YCJIOBUSIX, HHBIMH CJIOBAMH, TPe-
Oyercst OCTPOUTH MATEMATHIECKYIO MOJIE/ID.

T'pa Ui OHHO BLIBOJL YPABHEHNIT MOJE/IN OCHOBAH Ha IIPeBAPHTE b
HBIX 3HAHUAX O [PUPOJIE CHCTEMBI, HAIIPUMED, Ha (PU3HYECKUX 3aKOHAX.
OJjHako BO MHOIMX CJVUAsX Jexallas B OCHOBE CHCTEMbI JIMHAMHKA
HEU3BECTHA WJIM M3BECTHA YACTHYHO, HO NPH HTOM JOCTYIHO GOIBINOE
KOJIMIECTRO HABIIOACHII nin usMepennii [2].

B nocnennee Bpemsi BO3MOMKHOCTE HOJYYaTh HEODXOLUMBIE H3Mepe-
HUSL CTAHOBUTCS GoJjiee JOCTYIHON 6Giarojaps pasBUTHIO TEXHOJIOIHI
JaTunkos u unrepuera semeil. Takum obpasom, npobiema uiuenrudu-
KAlMK HeJUHeHHbIX CHCTeM 110 JIaHHBIM ceifvac npHsiekaer K cebe 1o-
BbieHHbLT nuTepec [3].

B pammnoit crarhe npejiaraercs MeTo) PEKOHCTPYKIINE HEJIHHEHHBIX
OOBIKHOBEHHBIX JU(PPEPEHIUANBHBIX YPABHEHHH 110 BPEMEHHBIM DsIIaM.
IIpu 9ToM BHA IpaBoil YacTH HPeIIoJaracTes HeM3BeCTHLIM, a4 H3Mepe-
HUsI MOTYT HPOU3BOJUTLCS Yepes HeOIMHAKOBLIE TPOMEKYTKH BPEMEHH.
Pazpaboranublii aaropuTM cpaBHuBajcs ¢ 6UbIHOTEKOH ¢ OTKPBITHIM He-
xonupiM kojoM PySINDy [3,4], B ocHOBE KOTOPOI JIeXKUT METOJ paspe-
JKeHHOH naeHTHdUKAIMK cucreM [5).

2. ITocranoska szamaum. HeobxopuMo 110 MHOTOMEPHOMY BpeMeH-
HOMY PsJ1y JAHHBIX, COOTBETCTBYIONIEMY HEKOTOPOMY (PU3HYECKOMY HIPO-
1ecey, BOCCTAHOBUTE MATEMATHYECKYIO MOJIENb B BHIEe cucTeMbl nudde-
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peHIuaNbHBIX ypasHenuii. [Ipu sToM camu ganuble MOryT GLITH pacipe-
JleJIeHbI BO BPEMEHH C Pa3Hoif wacToToi.

3. Meron pekoncTrpykuuu cucreMbl gudrdepeHInalbHbIX
vpaBHenuii. [IpejnaraeMsit anropur™ peKOHCTPYKIUYE CUCTEMBL OBBIK-
HOBEHHBIX JuchdepenIuanbHbIX yPaBHeHN B HOJIMHOMUAILHOM BUIE HC-
IIOJIB3YET IIO/XO0/], OCHOBAHHBIN HA HCKYCCTBEHHOMN IN'eHePAIMH HOBBIX JAH-
HBIX, AHAJIOTHYHBIH OIMCAHHOMY B cTarhe |6).

Iycrs w3BectHbl 3madenus kommomentos X,(t),j = 1,n, Bexro-
pa X(t) € R" B mMomentsl spemenu to,...,ty. lpeanonaraercs, uTo
YKAZAHHBINA BPEMEHHOI! Psijl COOTBETCTBYET HEKOTOPOMY JHHAMUIECKOMY
NPOIECCY, KOTOPBIH MOXKeT BBITh IPEeJCTABICH CHCTEMO 0GIKHOBEHHEIX
nudppepeHIHANbHBIX YPABHEHUN € TOCTOSHHBIMYU KO3 hUHeHTAME:

N
X i
E;=§P*v)(l"'1, (1)

k=1

rie XK = erenens Kponekepa k-ro nopsijika jiuist Bekropa X, P¥ - neus-
BECTHBIE MATPHUIIBI COOTBETCTBYIONIUX pasMepHOCTeif.

Eecnu pammbie BpeMeHHOrO psifa M3MEPEHbL JOCTATOMHO YaCTO 4epes
PABHbLIE MPOMEMKYTKH BPEMEHH, TO HEH3BECTHbIE MATPHIBl PF MoxKHO
BBIMHCJIUTD, Pellas CHCTeMY JHHEHHLIX YpaBHEHHH, KOTOpas [10J1yYaeT-
Cs1 TIOCIIe 3aMEHbl TTPOM3BOHBIX &5 KOHEUHBIME PA3HOCTAMN B KazkIo0H

dt
TOYUKE BpEeMeHHOI'O pPsfial

AP = B, (2)

rae A — Marpuia usMmepenunii, P — Marpuna HemzBecTHBIX Kod(duIU-
enros, B — marpuna xonednwlx pasHocreil. Mexons uz pasmepnocreit
9TUX MATPHUIL U HEOOXOAMMOTO YC/IOBHS PA3PENIMMOCTH CHCTEMBI JIMHEIl-
HBIX yPABHEHHI, MOMKHO COCTABUTD YCIOBHE HA HEODXOHMOE KOJIHIECTBO
nsMepennit M. B 1o e BpeMs, 6CJIH U3MEPEHU [TOJIYIEHBI ¢ PA3HON Ya-
CTOTOMH, uepes3 DOJIbINHE IPOMEXKYTKH BpeMEHH, TO YKAZAHHBIR I0JX0 K
TAKUM JIAHHBIM IPUMEHUTE HEJIb3s1, B CHJIY TOTO, UTO cHeTeMa (2) Moxker
0Ka3aThCsl HEONPEJeJIeHHOM, & KOHeUHbIe PA3HOCTH JIJIsT AIIIIPOKCHMAILMH
HPOU3BOJHBIX OYIYyT BBIMUCIEHBI ¢ HOJILIION HOTPENIHOCTbIO,

Yrobwr 000iTH 9TO TPENSTCTBHE, IPEJIaraeTcs CHAYANIa allllpPOKCH-
MUPOBAThL KOMIIOHEHTB! BeKTopa namepennit X;(t;),7 = Tni=1,M,c
[OMOIIBIO CIIAIHOB M 3aTeM CIeHepPHPOBAThL € UX IOMOIILIO TOYKH JJIst
ANITPOKCUMAIIIH IPOU3BOAHLIX B (1) ¢ JOCTATOUHOI CTENeHBI0 TOTHOCTH
U penienus cucremsl (2).
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OHAKO NPeIBAPUTE/IBHO HEOBXOIHMO OIPEACIUTh HAPAMETPLL Me-
TOJla, KOTOPBIE BIHLIOT Ha KadecTBO annpokcuMarmu Y. s mo-
CTPOEHHUS CILIaliHOB B paboTe MCIOIL30BAIACH GHOIHOTeUHAS (DYHKITHS
scipy.interpolate.interpld sizpika Python, koropas npunumaer ma B
BEKTOP BXOJHBLIX TOYEK JAHHBIX H CTeeHb crtaitna n. KadecTBo anmpox-
CHMallil 3aBUCHT B TOM “IMCJIe 1 OT MAKCHMAJILHON cTerneHn K BEKTOpa
X B HpaBOﬁ "TaCTH CUCTeMbI (1) 1 KOJIH'IeCTBa HOBLIX TOWEK §, 'eHCPH-
PYeMBIX ¢ [IOMOIIBIO ciiaiina. Takum oBpasomM, y IpeIaraeMoro ajiro-
PHTMa €CTh TPH HACTPAHBACMBIX HapaMeTpa, KOTOPbIe, BOOBIIe ToBops,
JIOJIZKHBL OBITH HAlIEHbl KAK PeIleHue ONTHMH3AIMOHHON 3a,1au

n, K,s = argmin | X — Y.

4. PesynbraTel. Bpemennoil psj s peKOHCTPYKIHH CHCTEMBI
ObLI CHHTETMYECKN CIeHePHPOBAH € HOMOIIBLIO UUCJIEHHOIO DPEIIeHHs
(x(t),y(t)) cucremsr ypasrenuit ocupsnaropa Bau jgep o

dx

===l
dt
a (3)

= w(l — 2%y — z.

A uMeHHO, B KavuecTBe TPEHHUPOBOYHLIX JAHHBIX HCIOJIb30BAJIOCH
qacTHOE pemtenne cucreMbl (3) Ha npomexkytke [0,10] ¢ HavanbHBIM
yeaosueM (zp,yo) = (1,4) u mwarom h = 0,01. U3 mero dopmuposa-
JINCH PABHOMEPHDBIN BPEMEHHOM Pl ¢ 38JaHHLIM IIANOM IIPOPEKUBAHNS
¥ HEPABHOMEPHBIN, JIJIsl KOTOPOTO cJIyuaiHbIM 0Bpasom Gpaioch Heohxo-
JIIMOE KOJIMYECTBO TOYEK.

Pemenne onTuMusanoHHO# 381840 0CYIIECTBISLIOCH IIyTeM 1epebo-
pa mapamMeTpoB MeToja, B KadecTBe KpHTepusd OJIM30CTH HCIOIL30BAa-
Jachk BeJMuuHA cpeireil abcomorHoi ommnbku (MAE — mean absolute
error). B kagecTBe TeCTOBBIX JAHHBIX JIs POBEPKH KAYECTBA BOCCTA-
HOBJIGHHS CHCTEMEl HCIOJB30BAJIOCE YACTHOE pellenue cucreMsl (3) ¢
HAYAILHBIM yeioBueM (To,yo) = (1,1) na npomexyrke [5,15]. Pesynn-
TaThl NpeJicTaBiensl Ha puc. 1, 2. Ha rpadukax ciiesa nokazaubl TOUKH,
HCIIOJIL30BANHBIE B KauecTBe BXOAHOro mHabopa JAHHBIX, Ha Ipadurax
crpaBa — HCTHHHas (hbasoBas TpaeKTOpHus y(r) CHCTEMBI, & TAKXKE Tpa-
EKTOPUS BOCCTAHOBJICHHON CHCTEMBI € ITIOMOIIBLIO MPEJJIOKEHHOI0 METOIA
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u ¢ nomombio dubiunoreku PySINDy.
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Puc. 1. 15 paBHOMEPHO PacnoJIOKEeHHBIX ToveK, i = 5, I = 3, s = 50,
MAE = 0,00825, PySINDy MAE = 0,03941
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Puc. 2. 27 uepapnoMepio paciojozKenupix Touek, n = 5, K = 3,s = 70,
MAE = 0,00656, PySINDy MAE = 0,082

5. Bakawdenune. B pabore npeiozKed MeTo | BOCCTAHOBICHHS HeH3-
BecTHOH cucreMbl U pepeHIIANILHBIX YPABHEHHI 110 JOCTYIHBIM H3-
MEPEHHsIM, KOTOPBIH CPABHUBAJCS € MIMPOKO HCIOIL3YeMoi 6ubianore-
koit PySINDy. PezynpraTsl TecTupoBanus mokasasiu, 4ro mis PySINDy
TOYHOCTL BOCCTAHOBJICHUS AJIACT IPH YMEHBIICHUH KOJUIECTBa U Hepe-
IVIISIPHOCTH JAHHBIX, OJHAKO [PEJJIOYKEHHLIH B pabore MeTo JIaeT cTa-
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OHIILHBIN PE3YJILTAT HE3ABUCHMO OT YACTOTLI BXOAHLIX Janubx. Onmbka
BOCCTAHOBJICHHS JIJIs PEIYAAPHBIX JAHHBIX B CpejHeM B 4,77 pas MeHbIie,
gem y PySINDy, a nnsa meperynapueix — B 12,5 pa3.

6.
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YIK 510
Heppuiwies H. 9., X 10., Ilerpocan O. JI.

ObGuapy>keHne aHOMAJIMIT BO BpEMEeHHbIX PAgax
C IIOMOIIBIO METO/I0B IIPOrHO3UPOBAHUS

1. Beenenue. B uacrosiiee BpeMms: BbIMBJICHHE AHOMAJUN IPIMe-
HUMO K MIHPOKOMY Kpyry obmacreii |1]. Ono ucronbayercs GANKOBCKHMI
cucTeMaMu 0e30IaCHOCTH s OOHAPYAKEHUsT MOIICHHIIeCKUX JIeHcTBUIl,
B [IPOMBINLICHHOCTH — JIJIs TIPEAOTBPAICHNs HeucnpasHocTeit 06opyio-
BaHHUS H3-38 OTCYTCTBHSI CBOEBPEMEHHOI'O PEMOHTA, B CHCTEMaX IOHCKA
BTOpKeHU. B CBA3M ¢ BBICOKON BOCTpeBOBAHHOCTBIO METOLOB BbIsSBJIE-
HH# aHOMa/nil 6LLI0 paspaboTalo U IPOTECTHPOBAHO BOJILIIOE KOJIUUC-
CTBO TEXHHK JIs perenns janHolt 3ajgaun [1). B crarse pacemarpusa-
eTCsl METOJ, [IPOrHO3HPOBAHUS, KOTOPLIH BKJIIOUAET B cebsl AJINOPUTM, C
ONIPEIEIEHHON TOYHOCTBIO MPUGIMAKAIONINNA HCXOIHBIH BpeMeHHOM psij,
1 MOJIYIDb, TO3BOJMIONHIN KIACCH(DUIIMPOBATE OTKJIOHCHHA OT NPOrHO34a
MOJIEJIH B KAMECTBE AHOMAJIHIA,

TIpumenumo K 06HAPYKEHNIO AHOMAJIBHBIX 3HAYEHII BO BPEMEHHBIX
PSLIAX METOJI HPOrHOZUPOBAHUS MOYKHO BLIAEIHTL 110 MHOI'MM IIPHYH-
HaM. Bo-1epBbix, IPOrHOZHPOBAHKE BPEMEHHBIX PSJIOB — 3T0 OTJEIbLHAS
OpicTpopasBuBaloliascs cdepa, COOTBETCTBEHHO, HAM JIOCTYIIHBL BCe e
HHCTPYMEHTBI. BO-BTOPBIX, MeT0J NPOrHO3UPOBAHUS [MOKA3LIBAET BIIE-
YATIISIONINE PE3YAbTATH IOUCKA AHOMAJIHN KAK B OJHOMEPHBIX, TAK U B
MHOPOMEPHBIX BPEMEHHBIX PsjiaxX. B-TpeTbux, JanHas TeXHUKa IPo3pat-
HA M JIEPKO 00bSICHUMA.

B nacrosineit pabore npogeMOHCTPUPOBAHBL BCE BBIIIEYIIOMSIHY THIE
HPEHMYIIeCTBA HA HADOPEe JAHHBIX, [IPEIOCTABJIEHHLIX COPEBHOBAHHEM
mnardpopmel Hexagon-ML [2], ucnonesys st IPOrHOZUPOBAHHS aH-
cambiessie (LightGBM, XGBoost) u neiipoceressie (FCNN, Bi-GRU,
Bi-LSTM) agropuTmel, ¢ HOCAEAYIONIHM BEIGOpoM Hamtyumero. B npo-
1ecce MCC/Ie0BAHMIT GBIJIM HCIIONB30BARLL Pe3yabraThl pabor [3-6].

AHespuuee Hadup Savnyposun — crynent, Cankr-Ilerepbyprekuit rocygapersen-
uelil yausepenrer; e-mail: st077036@student.spbu.ru, Tes.: +7(902)182-90-11

Xo HOiayn — cryaenr, Cankr-Ilerepbyprekuil rocyaapcrBeHHBIR YHUBEPCUTET;
e-mail: heyulongl1998@gmail.com, Tea.: +7(999)226-63-45

Iempocan Osanec Jleornosun — ponent, Cauxr-lIlerepbyprexkuil rocymapersen-
HEIH yHUBepcnTeT; e-mail: petrosian.ovanes@yandex.ru, ren.: +7(911)740-80-19
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2. CopeBHoBanue. Meroj onpoboBan Ha Habope HAHHBIX COpPEB-
mosanusa «Multi-dataset Time-Series Anomaly Detection Competition,
SIGKDD 2021» 2| or nonyasapuoit miardgopmsl Hexagon-ML.

2.1. Onucanue maHHbIX. B onucannn JaHHBIX PACCMATPHBAEMO-
ro COPEBHOBAHUS COCTABHTEIH T'OBOPAT O JUIHTEIBLHOM 3aCTOE B IOHC-
Ke€ METO/0B BbLISIBJICHMsI AHOMAJNi, a TakxKe 00 0jHO0OpA3UH JIAHHBIX,
HPHHITBIX ITAJOHHBIMH, K KOTOPBIM HCCJIEIOBATENH LPHMEHSIIOT CBOU
METO/Ibl, TO He II03BOJSIET OTPA3UTh BCIO BapUATHBHOCTL 3ajadn. B
CBSI3H C 9THM OpraHu3aTopsl copesnoBanus «Multi-dataset Time-Series
Anomaly Detection» npenocrasisiior K n3yaeHuio 25() oHOMepHBIX He3a-
BHCHMBIX BPEMEHHBIX DAJIOB, KAMKIBIH U3 KOTOPBIX COJACPKHT POBHO 110
OJHOMY aHOMaJbHOMY yuacTky. [Ipeiuioxkenunsiii mabop orpaxkaer pe-
3YJIBTAT JBAJIATHIETHEIO HCCJIEOBAHMS HAyMHBIX craTeil Ha Temy 06-
Hapy»eHus anomasuii. Kpome toro, Takoe paznoofpasue JaHHBIX [IPU-
HYZKJAeT HANTH eUHBIH /I BCeX BPEMEHHBIX PAJIOB 000OMIEHHLI adl-
POPHTM BBISIBJIECHUs AHOMAJIUIA.

2.2. Busyanuzanus pganHbiX. [laxpbie npegcrasisior coboi
250 OHHOMEPHBIX BPEMCHHBIX DPsI0B, 0TOGpaxKeénnnix B 250 daitmax
dopmara .txt. B massannn kaxkjaoro daitina cogep:kurcs uabOpMAa-
UL O KOJHUECTBE TPEHHPOBOYHBLIX U TECTOBLIX JAHHLIX <id>_<name>
_<split-number>.txt. Haupumep, nassanne 004_UCR_Anomaly_2500.
tXt rOBOPHUT O TOM, UTO B UeTBEPTOM IO Nopsaxky Habope panubix 2500
3HAYEHHUH [IPEICTABIEHBI JJisl ODYUeHNs HAlleil MOJIENH, & OCTAIbLHBIE —
JUIst TecTHpoBanusa (puc. 1). YUacToK ¢ aHOMAJBLHBIM 3HAYCHHEM MOMKET
HAXOJMUTLCS! JIMIIL B TECTOBOH YacTH PACCMATPUBACMBIX JAHHDBIX.

Location of Anomaly
2759 2020

8000
6000 |
4000

2000 | | | |
0 200 600 1200 2000

Puec. 1. [Ipeacrasnenne gannbix ¢ pasbuenueM na recrosyio (uo 2500) u

TpeHnpoBouHyo (o1 2500) BRIGOPKN

Kaskipiit BpeMeHHoO pPsJi COCTOUT M3 HOBTOPSIONIMXCS BUIOB IIPO-
CTBIX NATTEPHOB U OJHOIO SAPKO BLIPAYKEHHOTO AHOMAJLHOIO ydYacTKa
(puc. 2).
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Puc. 2. Hpm\dep BpPEMEHHOT'O psaja 1 aHOMaJIbHOIO yaacTKa

3. Iloaxopn x peutenuro. Ha ceropusmunii jgeds Haiijgeno 6oibiioe
KOJIMMECTBO TEXHUK, ¢ PA3ZHOH CTEHEHBI0 TOUHOCTH PEHIAIONIMX 3aJATy
noMcKa aHoMaluil B pasauunbix eé sapuammax [1]. Hdaxke s meroma
HPOrHO3UPOBAHS HE CYLIECTBYET €IIHOI0 AJINOPHTMa, KOTOPLIH 6bI 0/u-
HAKOBO XOPOIIO OOHAPYYKHBAJ AHOMAJHE A0COIIOTHO I BCEX THIIOB
BPEMEHHBIX PSJIOB MJIM, 110 MEHBIIEH Mepe, JJis O0JbIIHHCTBA.

Bosnuknosenmio nacrosiiieil paborsl BeChbMa CUIBHO IIOCIOCOOCTBO-
BAJIO OTKPBLITOE COPEBHOBAHUE 110 OOHAPYKEHHIO AHOMAJIMA BO BPeMEeH-
ubix pajgax «Power Laws: Detecting Anomalies in Usage» |7] or xommna-
uun Schneider Electric, npegocrasusiieit B cBoOOIHBIN HOCTYI HE TOJIb-
KO HaDOP COBCTBEHHBIX JAHHBIX, HO U AJIrOPUTMBI (DHHAJNCTOB TYPHUDA,
KOTOpbIe U OBLIN B3sTHl HAMH 38 OCHOBY HcciaeioBanus. B kauecrse oc-
HOBHBIX AJIPOPHTMOB [POTHO3UPOBAHUS BPEMEHHOIO PSLIA, UCIOIb30BAH-
HBIX HPU3EPAMH COPEBHOBAHMS, MOYKHO BBLIACIUTE I'PAJIHEHTHBIH OYCTHHT
(XGBoost) n mpocTyio nosHocEA3HYI0 Helfipornyio ceTh (Fully Connected
Neural Networks, niu FCNN). Jannsie Mogenn ¢ BBICOKON TOUHOCTBIO
NPUOIIHZKAIN BPEMEHHO Psijl, TOCIe Uero aHOMAJLHBIMI [PUIHABAJINCH
3HAMEHUS], HEe BXO/ISIINE B JOBEPUTEIbLHBIH HHTEPBAJ IIPEICKAZAHMS.

Kawecrso meroga nporsosupopaniss B 3ajade [TOHCKA AHOMAJII
OIpPeJe/IAeTCd MPEHMYIIECTBEHHO KAUeCTBOM IIPOTHO3UPOBAHNS BPEMEH-
HOIO Psifia HCIIONB3yeMoit Mojenu, Heemorpst Ha BBICOKYIO TOMHOCTD HIPH-
GanKeHUsa BpeMeHHoro psja B Habope ganabix Scneider Electric, B pac-
CMATPUBAGMOM COPEBHOBAHUH IIPEJACTABJICHHLIC AJNTOPHTMBI MOIYT HE
obyragars TAKoil Ke HPOrHO3HOM crocobHoCThI0. B cBsaA3n ¢ 9TuM Obl-
JIO IIPUHSATO PELIeHIe 3aMEHUTH aJrOPUTMbL (PUHATUCTOB COPEBHOBAHUSI
Schneider Electric na apyrue npenoururebHble s IPOTHO3HPOBAHS
BPEMEHHBIX PAJI0B adropurMbl, Takue kak Light GBM, LSTM, Bi-GRU,
i CPABHUTH PE3YJILTATEL.
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3.1. IlonnocBsazHasa HelipoHHas ceTb. [lonnocssasnas Hellpon-
HAasl CeTh — 9TO CETh, B KOTOPO KaXK /LI HEHPOH CBA3AH €O BCCMH OCTAb-
HBIMI HEHPOHAMH, HAXOAAIUMECS B coceiHux caoax. Heemorpst na coto
IPOCTOTY, JAHHAS APXHTEKTYPa HEILIOXO CIPABJIAETCH C HPeIcKa3aHueM
3HAYCHEHE BPEMEHHOIO Psijia. 3auacTylo, s npejoTepamenns s¢ddexra
Hepeody UeHHs HCHOIL3YIOT TeXHOJIOIHIO IPOPEXKUBAHMS.

3.2. Bi-LSTM. /[Isynanpasienubie ceTl ¢ JOAr0H KPaTKOCPOTHOI
namarsio (anrs. bidirectional long short-term memory) — monuduxa-
U PEKYPPEHTHBIX HEHPOHHBIX ceTell, crocobuas yInThIBATE JOJTOBpe-
MEHHBIE 3aBHCUMOCTH. APXUTEKTYpa IOKA3aJIa HEIJIOXHE Pe3yJIbTaThbl B
3a/Ja49aX C JAHHBIMH, IPEJCTABICHHBIMU B BHUJIE HOCACIOBATEILHOCTEH,
B YACTHOCTH, B IIPOTHO3UPOBAHUM BpeMeHHBIX psifios. Kpome roro, mo-
JOBHLIE CeTH YIABIMBAIOT 3aBHCHMOCTH 3HAUCHUH [10C/IEI0BATEILHOCTEI
KaK ¢ HadMa/Ia, Tak U ¢ KOHIA.

3.3. Bi-GRU. VupasngeMmble pekyppentibe neiiponnt (amri. bi-
directional gated recurrent units) sipasiroTCs YIPOINEHHON, HO He MEHEE
adpexrusnoii Bepeueit cereit LSTM. Mo rak ke HCIOJIB30BALN JIBYHA-
HPABIEHHYIO APXUTEKTYPY H3-3a €6 MPEBOCXOJICTBA HAJ KJIACCHUECKOH B
HPOrHOZUPOBAHHH BPEMEHHBIX PIIOB.

3.4. XGBoost. I'pagnenrueii 6ycrunr (anri. extreme gradient
bDOSLng) = 9TO TeXHHUKa MaIllMHHOI'O ()63/‘[('}1‘]}19[1 CTPOsSAIIas MOJIEIbL HHpejl-
CKA3AHMA B BH/Ie aHcaMOJIs ciabbIX PE/CKasbIBAIONTIX Moeneit. ['pajiu-
EGHTHBIH OyCcTHHT 06yTaeT MHOMXKECTBO MOJeJel MOCTeNneHHo, alJINTUBHO
M TIOCJIEIOBATENBHO.

3.5. Light GBM. Light Gradient Boosting Machine — 6osee ac-
bexTHBHAM, SKOHOMHA U OBICTPAs PEATH3AIHA IPAJMEHTHOrO OYCTHHT],
OCHOBaHHAS Ha ancaMbiie HaJ PelalomuMK JepeBbaMu. JaHubiii aaro-
PHUTM [OKA3AT BIEUAT/ISIONME Pe3yIpTaThl Ha copesHoBanun «The M5
forecasting competitions B 2020-M rosy.

3.6. Cneayromuii mar. [lonck anomanunii He orpaHuuIHBACTCS OJ1-
HIM JIHIIEB IPOrHO3UPOBAHKEM BpemeHHoro psja. [loce obyuenus anro-
pHTMa ¢ XOpoIneil IPOrHO3HOM CrocoBHOCTBIO HEOBXOAUMO IOHATH, Ka-
KHMe HMEHHO 3HAYEHH: CUMTATH aHoMalbHeIMN. B 3ajgave ¢ meduxcn-
POBAHHEBIM HCJIOM AHOMAJMH HCIIOIBL3YIOT IOCTPOCHHE JIOBEPUTEILHOTO
WHTEPBAJIA [POrHO3a W 0003HAYAIOT AHOMAJHUIAMM 3HAYEHHS, KOTOPHIE
U3 JAHHOIO MHTepBaJsa BeIOuBatoTcs. s npaBmibHol paboTsl MeTONa
He0OX0uMO 06ecednTh OTCYTCTBHE B 00ydalomeil BHIGOPKE AHOMAIL-
HBIX 3HAMEHUI, 9T0OLI MOJE/IE He MOJACTPANBAIACE [10]] HUX. BButy cre-
b HKH 331841 HeoOXO/UMO BHECTH HEKOTOPbIE N3MEHEHHS B BBIIIIEOIH-
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CAHHBIN MeTo ] 0003HATEHNS AHOMAJNH, TAK KAK B PACCMATPHBAEMBIX HAa-
MU BPEMEHHBIX PsIax COIAEPIKUTCHA BCErO OJHO aHOMaJIbHOe 3HaveHne. Ha
HEePBBIR B3IVIS MOMKET MOKA3aThCH, YTO aHOMAaJHell MOXKHO 0603HAUHTD
HauboJiee OTKIOHUBIIEECS 0T IPOrHO3a 3HAUEHUE, HO HPAKTHYUECKHM IIy-
TEM OBLIIO BBISCHEHO, YTO JAHHBIA METOJ] He SBJISCTCS NeHCTBEHHBIM, H B
KAYeCTBE OTBETA BBLIIAIOTCS 3HAMEHHSI, HA KOTOPLIX OMNGIACE PACcCMAT-
puBaemasi Moje b, PelenneM sBisieTcs: HCIOIb30BAHNE UHTEIPAIBLHOIO
OTKJIOHEHHSI, T. €. CYMMBbI OTKJIOHEHHH HA OT/IE/NbHO B3STOM YUACTKE, BbI-
qHCIseMoit 1o hopMyre

'L:+1;_‘ w w
Ry = U'f'_ﬁ”a ]ﬂ=—,ﬂ—'—,
,;:Zk,ﬂ 2 2
2
rae n — JJIMHA BPEeMEeHHOI'0 pPilda, W — HIMpHHA OKHa, Y — HCTHUHHBIC

3HAMEHUS, J; — MPOTHO3UPYEMBIC,
O JApyrux HHTEPECHBIX MeTojax ODHADYKEHNS AHOMAJIHII MOXKHO
y3uaTh B cTarhax [6,8,9].

4. Pesynbrarsl. s Bcex BbIMUCIEHHN HCIIOIB30BAJICH KOMIIBIOTED
¢ nponeccopom Intel(R) Core(TM) i3-7020U @ 2.30GHz, oneparusuoii
naMaThio 4,00 I'6 u onepanmonnoii cucremoit Windows 10 Home. Peau-
3aIpd ONMMCAHHBIX AJTOPUTMOB NpoBoJuiachk B Jupyter Notebook 6.4.5.

3/1ech OIEHUBAIOTCH ¥ CPABHUBAIOTCS MeKIY cobOoil pesyibTarThl pa-
OOTBI IISITH AJIPOPUTMOB, O KOTOPBIX OLLJIO HAIIMCAHO B IIYHKTE 3.

4.1, TounocTs Momenaei. Kak yx)e ObIIO 3agBJIEHO paHee, Me-
TOJ, IPOrHO3UPOBAHUS B 3aJlatde IIONCKA AHOMAINN CHJILHO 3aBUCHT OT
KadecTBa IMPOrHO3UPYIOMIEH MOJENIH, T09TOMY Kpaiine BayKHo o0pATHTh
BHUMAHUE Ha BLIOOD HPABUILHOIO AJMOPHTMA.

B rabaune 1 npencrapieno cpasHeHue cpejHero Koagdunpenta me-
repmunanuu (R?, R-ksajpar) s HaTH MCHOAL3YEMBIX MOJeeil mpo-
riozuposamnust. Cpejinee CUUTAIOCH 110 NOJBLIGOPKE HAGOPOB JAHHBIX.

Tabiuua 1. KavecTso alropurMos

Koachpdbuuuenr

AeTepMUHALNA
Neural Networks 0,78577447
XGBoost 0,96153277
LightGBM 0,95830702
Bi-LSTM 0,85766110
Bi-GRU 0,86914308
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4.2, IMouck anomauumii. llocne npumenenust HporHO3UpyIOUIEH
MOJIeJTH JIJIs1 HprIGJ'IH}KeI'II/I}I BpeMCHHOI'O psja CICAYVIONUM BazKHBIM IITa-
I'OM SBJISICTCS JICTCKIIHA aHOMaJIHit. B TaﬁJ’II/llJ;e 2 npejacraBjieHa TO-
HOCTL ODHADPY KeHMsI aHOMAJIMN pasziauuabiMi ajropurmamu. s npo-
BEPKH TOYHOCTH IIOHUCKa anoMaJTnii 6uiIa BblﬁpaHa HO)],BbIﬁOpKa, TaK KakK
H3HAYAJILHO HADOD JIAHHBIX COAEpKa/ DOJIBIIOe KOJIHIeCTBO 0H00Opas-
HBIX BPEMEHHBIX 1 PsJ0B.

Tabauna 2. KauecTso anropurMos

IlpouenTt Bepno
oGHApY KEeHHBIX aHoMaJnii
Neural Networks 52,9%
XGBoost 23,5%
LightGBM
47,1%
Bi-LSTM
88,2%
Bi-GRU 58,9%

4.3. Beipoapl. [lonyuennbie pesyabTaThl MOKA3AIH 3aBUCHMOCTD
MEZK/Iy Ka9eCTBOM AJIIOPUTMA HPOTHO3MPOBAHUS U TOYHOCTHIO 00HAPY-
FKEHUsT AHOMAJIHIA,

Kak JIerko 3aMeTHTh, BLICOKAs [IPOTHO3HPYEMAas CIIOCOOHOCTDL HE Ta-
PAHTHPYET BLICOKOH TOYHOCTH BBISB/ICHHS AHOMAJBHBLIX 3uadennit. Ha-
060poT, JOCTATOUMHO Xopouue nporsosupyonme moxenu XGBoost u
LightGBM obagaior mioxoi ¢rnocobHOCThIO NPABHILHO 0OHAPYKUBATDL
AHOMAJIMH. DTO O0BLICHICTCS CJOYKHOCTBIO H MOUIHOCTBIO AJITOPUTMOB.
Onu crrocobubl NpubIHKATD HE TOJBKO JAHHbIe, BCTpevalonuecs B oby-
gatomeil BEIGOpKe, HO M AHOMAJBLHLIE 3HAYCHMS,

Hpyroit ke KpaliHOCTBIO ABJIAIOTCH IIOJHOCBIA3HBIE HEHPOHHBIE CETH
u cetn Bi-GRU, koropeie obaajaioT Gojiee ciaboil NPOrHO3HOH crocob-
HOCTBIO, H3-38 Hero cpeiu BOJILIIOr0 KOJNUYECTBA CHIIbHBIX OTKJIOHEHIH
UCTUHHBIX 3HAUCHUI OT HPOrHOZUPYEMBIX CJIO¥KHO BBIJAGIHTL AHOMAJIL-
HbIe.

Jlyummm BRIOOPOM JIJIsI PACCMATPHBAECMOI 381890 OKAZAJICSI AJIO-
purM Bi-LSTM, KoTopbIil J10CTATOUHO XOPOUIO BBHY CBOEH CJIOXKHOCTH
HPUBIMZKAET BPEMEHHYIO [I0CHIEI0BATEILHOCTh, HO IIPH 9TOM He [OJICTPa-
UBACTCS 107, AHOMAJLHEIEC 3HAYCHHS U3 TecToBoi BLIGopkH (puc. 3).

5. Bakmarouenue. Mero/ IpOrHOZUPOBAHNS ABJIAETCS OUeHDb 3 hek-
TUBHON TeXHUKOH obHapy:xenus anomanuii. TounocTs nannoro merona
KOPPeJHpPYeT ¢ NPOrHO3HON CIIOCOOHOCTLIO HeNoIb3yoteics Mogean. Ho
K BLIOOPY AJTOPUTMa CTOHT IIOAXOAUTEL OCTOPOXKHO, BLIOMpAs cpejiHee
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MCTHHBIE 3HaNEHAA
Mpubnnmenne Mopeisio
& AHOMaNkiLIa IHANRHHR

| i | ' | '
1000 160 52000 [ 3000 54500

Puc. 3. Ilpumep paborst anropurMa Bi-LSTM

MEKJIY CJIOYKHOI M MOIIHON MOJEIBIO U MOJEIBLIO coBeeM caaboii, obia-
Jarorieii mIoxoit obobdianieil crocobHOCThIO.
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YK 004.75
H3w06a B. .

ITpumenenue xounenuuu degeparuBHOro odyUYeHusd
IJ1s peleHns 3a0a4u KiiaccupuKanum TeKcTa

Pexomendosano x nybauxaeyuu doyenmom Koproswum B. B.

1. Beemenune. 3agaun 06paboTKH €CTECTBEHHOTO A3LIKA AKTHBHO
H3YTAIOTC HayIHBIM coobmiecTsoM |1|, M jJaHHbBIE OKA3BIBAIOT CyIIE-
CTBEHHOE BIMSHUE Ha IMPOIece MaIMuHHOro obyuenns. CoBpeMeHHBIE aJl-
FOPUTMbBI HYKIAIOTCS B OPPOMHOM 00'beMe JIAHHBIX, KaK [PABIJIIO, COCpe-
JIOTOUEHHBIX Ha KOHKPETHOH BblYHcHAuTeNbHOM Mamune. [loMmumo Tpyi-
HOCTEH ¢ MEHTPAJTH30BAHHBIM XPAHCHUEM, BOSHUKAIOT BOIIPOCHI, CBSI3AH-
HBIe cO cOOPOM YYBCTBUTE/IBHOI HH(OPMAIINN, HAIIPUMED, JTHUHBIX JAH-
HBIX KJIMEHTOB (PUHAHCOBBIX KOMIIAHUIA.

Deeparnsroe obydeHne — 5TO KOHICHIMA MAIIUHHOTO 00YUeHHsI,
HO3BOJIAIONIAS NCIOJIB30BATL KOH(UACHINAIBHEIE Janibe 6e3 arperu-
POBAHHS Ha LEeHTPaJIbHOM cepBepe. OCHOBHAs HIEsl COCTOUT B TOM, TO-
6Bl 0ByuaTh MOJENH MAIIMHHOIO 0O6YyYeHHs Ha JAHHBIX, KOTOpPLIE pac-
HPEJEJIEHBl 110 MHOMKECTBY YCTPOHCTB-KINeHTOB. BMmecro Toro, 4robb
OTHPABJISATL JAHHDbIE HA CEePBEp, KJIMEHTbI 06pabarblBAIOT CBOH JIOKAIbL-
Hble JIAHHBIE H OTIPABJAIOT Ha cepsep 0DHOBJIeHMs sl Mojenu. Beca,
HOJYUCHHBIE 0T BOJIBLIIOTO YHCIa KIHEHTOB, AUPETHPYIOTCS CEPBEPOM U
OOBENHSIOTCSI JIJIsI CO3JIaHMS YIIVUIIeHHOM 1100aabH0i Motenn (puc. 1).

B xome mccnenoBanusa comympoBaHa cucreMa (eIepaTuBHoOro oby-
MeHMs IS PEIIeHns KIacCu1eckol sajaqn kiaccudukanun rexera |2,

B gannoit pabore upejcrabieH aHaJn3 pelieHus, OCHOBAHHDLIA Ha
CPABHEHHUM I1apaAMETPOB TOUYHOCTH U BpeMeH:u paboThl (heepaTuBHol 1
HeHTPAJTH30BAHHON crcTeM.

2. ITocranoska zamauu. Ilennio gannoit paborsl sBJIsSIETCHA BhIABIIE-
Hue ocobeHHoCTel, IPENMYIIECTB U HeJOCTATKOB MeToja (helepaTuBHOro
00yUeHNs B CPABHEHHU ¢ KJIACCHUYECKNM MOAXOA0M Ha IPUMEPE pelneHus
TUITOBOM 3aa91 00pabOTKI eCTeCTBEHHOI0 A3bIKa.

Bajgaua cocToUT B pazpaboTKe MPOTOTHIIA CHCTEMBLI (re/IepaTHBHOIO
00y UeHNs, MTO3BOMAIONEN KIaccupUINPOBATE TEKCT 0 3MOIHOHAILHON
oKpacke.

As06a Buxmopus Heopesra — crygent, Caukr-Ilerepbyprekuii rocyiapcrBeHnbii
yuusepeurer; e-mail: st069505@student.spbu.ru, res.: +7(969)793-48-00
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Puc. 1. ITpouece deueparnsuoro obyuemnus

3. IIpouecc peneparuBuoro obyyuenns mogenu. Cepsep yupas-
JISIET TIPOIeccoM 00yHeHns JIO TeX 110D, MoKa nporece obydenus ne oyaer
OCTaHOBJICH (IVIOM(')I'IT OCTaHOBKH 3a/aeTCsl paBpa6OT‘-II/IKOM CHCTGMI)I)!

1. Buibop kimenta: cepsep BbIOMpaer KANEHTOB, VIOBIETBOPSIONINX
rpeboBannaM. Hanpumep, emaprdoH MoyKeT OGBITH TOJKIIOYMEH K
pPayHy 00yUeHMS, TOJBLKO eCJAH OH HOMKIIOUEH K CeTH, HMEeT 110/1-
KaodeHne K wi-fi 1 He 3aHAT 3a7avaMU I0JIL30BATE]IS.

2. Paccouika: BLIGpaHHble KIMEHTH 3arPYrKai0T TEKYIINe BEca MoJie-
a1 obyuatomyio nporpammy (nanpumep, TensorFlow graph [3])
¢ cepsepa.

3. Borumcienus Ha KJIHEHTAaX: KaXK bl KJIHEHT JIOKAJIBHO PACCUUTHI-
BaeT ODHOBJIEHHE MOJIEJIH, BHIIONHAS 00y aIolLyIo IPOrpaMMy, KO-
Topas MoxKer 6bITh 3amyckoM SGD Ha JOKANBHBIX JAHHBIX, TAK
HasplBaeMoe efepaTusHoe yepeauenue [4].

4. Arperuposamue: cepBep arperupyer OGHOBJICHU KJIHEHTOB, HPH-
YeM IIPOIEece 06HOBICHHS MNIOGAILHON MOJEIN MOXKET HAYATHLCH TI0
JOCTHKEHHH HeobXO0IUMOTO YMUCIa OTBETOB OT KJIMEHTOB, HAIIPU-
mep, Google Keyboard npoussoaur riuobalbHBIA TIOHUHD IPH Ha-
muann obrosiaenuit or 1000 kaueHTOB. DTO MO3BOJSIET YCKOPHUTL
uporecc. Ha aTom atane Moryr pobaBuThes JONOJHUTEIbHBLIE OIl-
THMH3BAINN, TAKHE KaK 6e30I1acH0e ArPEerupoOBAHNUe JJIsl JOHIOJIHI-
TEIBHON Ge30IIACHOCTH, CXKATHE ATPErATOB ISl IOBBIIIEHUST 3¢h-
exTHBHOCTH KOMMYHUKAIIAHN, 100ABICHAE IIYMa U OTCeueHHe 06-
HOBJICHUI 111 ubdepeHanb ol KOHpH IeHIMAIBHOCTH.
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9.

O6uosnenne MOJeJIH: cepBep OBHOBJIsIET [‘.IIOﬁElJII::HyIO MOJ/JeJlb, 0C~
HOBBIBasAChH Ha 06HOB.HGHI'I>IX, IMOJIYUECHIBIX B 3TOM payHJIe 06)"‘16-
HHA.

4. IIpeacraBnennoe pemenune. B pamrax mammnoit paboTsl paspa-
60TaH IPOTOTHII CHCTEMBI, pelralomeil 3ajauy GuHapHON Kiaaccubuka-
I HAacTpoeHuit B Texcre, Tekyniuil IPOTOTHII COCTOMT M3 TPeX KIHEH-
TOB U JBYX PayHIOB 00yueHUs], BBHY HeOOJIBLIIONO pasMepa jaracera u
IIPOCTOTHI MOJEJIH.

1,

Hanunsie. s obyuenus seidpan paracer Movie Review Data [5],
cogepkamuii okoso 2000 HOKyMEHTOB, Pa3MEUYEHHBIX ¢ yUeTOM HX
obImell MONAPHOCTH HACTPOCHUH ([OJIOKHTEALHON HIH HeraTHs-
Hoit). JanHble MONBePrINCE IOJIOTOBKE, B MACTHOCTH, OBLIN yiAIe-
HBI CIIEIUAIbHBIE CHMBOJIBL, €JIMHIIHBIE CHMBOJIBI, MHOKECTBEHHBIE
npoGeJibl, MPOU3BEICHA JIEMMATHIAIHS € [OCIEIYIONeil BeKTopH-
3anmeit.

. BblG()p AJIMOPHTMA. B kauecrse PeHIaloero aJropurMa Bblﬁpaﬂa

JOTHCTHYECKAs Perpeccus Kak KIACCHYeCKoe pelnenue Jjis Ounap-
HOI KITaCCH(pUKAIIH.

. Beibop 6ubanorex st mammuaaoro obyuenns st cozpanus mo-

JeJIN JIOMMCTHYECKOH perpeccun Boibpan scikit-learn, kax 6aszosoe
PelIeHRe SISt HCCIEIOBATEILCKIX 3a/1a9 KIACCHYECKOI0 MAITHHHO-
ro obyuenus. Jdig 06paboTKH TEKCTa JONOJIHATEILHO HCIIOIL30Ba-
nace oubanoreka Natural Language Toolkit.

. Brioop degeparusuoro dpeiimsopka. st nporoTuiinpoBanus Bbi-

6pan ¢peitmpopk Flower [6] azsika nporpamvuposanus Python,
BBUJY HaJM4us CTADHIBHON BePCHUM, IMOILEPKUBAIOLUIEIOC PEIo-
B3HTOPHS M AKTHBHOIO CO0DIIECTBA.

. Beibop anropurma deaeparusuoit onrumusanuu. s rexyriero

arara pazpaboTKu B3gT 6A30BBIT anropuTM ¢dejeparuBHON ONTH-
musanun Federated Averaging 7], Tak kax jaracer 0THOCHTENLHO
HeOOMBIION W CJIOXKHBIE OITHUMHU3AINH JIJIs HEIO He TPedyIoTcs.

. Oyuknua omubkyn u Merpuku. B kavecrse hyHKIUH OIMNMHMOKH BbI-

Gpana gorapudpmudeckas (PYHKIU HOTEPh, & KATECTBO OICHUBA-
JIOCh 110 MeTpuke Accuracy, Tak Kak BeIGOpKa cHa/iaHCUpPOBAHHASL,

5. Anamuz pesyabraroB. Cucrema degeparuBaoro obydenust B
JAHHOM cJydae paborasia JoJbIIe, 49T0 00YCJI0BIEHO HEODXOIMMOCTLIO
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KOMMYHHKAIIHN MeXKAy KJueHTaMW H KOOPJHHHPYIOIIHM 06y‘1(—3HHG cep-
BEpPOM. ny)lmenue TOYHOCTH TVIOOAJBHOM MOJIeJI 06y€ﬂ0BJ’IGHO CHUMY-
JAnHeit HaXoXK JIeHHs Pa3HbIX JaHHLIX Ha PasHBbIX y3JIax: KaxK 1bIi y3ea
IOJIYHaJ Ha 06y‘1(—.‘HH(—) BbI6()pKy MEHbLIIEro pasMepa, 1eM HCXO/Hasd. Pe-
SYJIbBTaThI IIPEJCTaB/ICHLI B Taﬁ.J'II/ILIB.

Tabnuna. Pesynbrars sxcnepuaMenTa

Tun cucremMbl Bpemsa DyHKIMA TounocTe
paborsl noreps
Lenrpanuzosannas 0,04 0,4683 0,835
Peneparupnas 4 0,5640 0,8133

6. 3akmrouenne. Pejeparusuoe obyteHHEe [O3BOMSIET DPacIpelie-
JICHHBIM KJIHeHTaM o6ydarh 06IMyI0 MOJeNb MAITHHHOTO O0YYeHUs, Co-
XpaH:dsl CBOM JIaHHBIC INPDUBaTHBIMM, Pa3J/eJigdsl MalllHHHOe OGYIIBHHG H
HeoOXOMUMOCTE XPAHUTL JIAHHLIE TeHTpaanzopanno. B jgannoit pabo-
Te caenad Kparkuii 0630p (degeparHBHOIO MOAXOJMA U IPEICTABICHDI
Pe3yNLTATE PAGOTEI MPOTOTHNA JITIS PEIICHHs 381890 KJIACCH(DHKAIIN
Texcra. Pesynprarsl nokasajin yBeautueHue BpeMeHH paboTsl CUCTEMbL 1
YMEHBIICHHE MOKA3ZATEIS TOUHOCTH B CPABHEHHH € NEHTPATH30BAHHBIM
HOJAXOJOM, UTO 06YCIOBIEHO APXHTEKTYPHBIMH 0COGEHHOCTIMH CHCTE-
Mbl, B panbueiiiem mianupyercs paciimpuTh CekTp 3ajad obpaborku
ECTECTBEHHOIO $3bIKA, PEIIACMbIX € IOMOIIBIO JAHHOIO METO/IA, & TAKIKe
YIYUIIATH MOKA3ATENN PABOTHI CHCTEMBI IyTeM e KOH(DUIYPHPOBAHMS.
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Honxenkos C. .

cpaBHI/ITeJIbeIﬁ aHaJli3 arjioMmepaTuBHbBIX MeTOJ0B
KJlacTepu3alluy Ha IIpuMepe MOAeJIbBHOT'O MHOzKeCTBa
TOYEeK GBKJIIII,H,OBOI'/JI IIJIOCKOCTH

Pexomendosano x nybaurayuu cmapitm npenodasamenc
Opexzosvm A. B.

1. Beegenne. KiacrepHslii aHamus — 370 MHOPOMEPHAST CTATHCTH-
YecKasl [NpoLeiypa, HpejlHasHaueHHas s KIacCHpUKAIUE 00beKToB
HEKOTOPOH BLIGOPKH 110 Mepe HX OJIH30CTH OTHOCHTEILHO ApyT Apyra. Pe-
3YNBTATOM KJIACTEPH3AINN SBJACTCA PA3bHEHHE HCXOJIHOTO MHOXKECTBA
HA [OJIMHOXKECTBA, Ha3bIBaeMble KiacrepaMu. «Mepbl Biau30CTH» MOIYT
OBITE BechbMa pazHO0OPA3HLI U B 0OINEM C/lIydae MPOU3BOJILHAS Mepa He
oba3ana OBITH METPHKOI.

Boiensiior gpa Kiaacca MeToI0B HePAPXUIECKON KIaCTePU3alUu: ar-
JIOMEPATHBHEIC U JUBU3UBHLIC. B arioMepaTHBHBIX METOJIaX HOBBIE KJla-
CTEPBI COBLAAIOTCS Y TEM 00beIMHEHHs MEJIKIX KjacTepos B BoJsee Kpyll-
HbIC, a B JIUBUSHUBIILIX METOJaXx I'IaO60pOT, 3a CUeT JCJICHN S KPYIHDLIX KJla-
crepos Ha Hojee meskue. Bo Beex ciiyuasix uepapXuueckoi KiacTepisa-
[N OJIHOH M3 OCHOBHBIX [POOJIEM SIBISETCS ONPEICICHUE JIBYX B3aUMO-
CBSI3AHHBIX [OHSTHI PEINOYTUTENLHOIO THCAA KJIACTEPOB 1 MOMEHTA
OCTAHOBKHM IIporiecca Kiaactepusanmu [1,2].

Ceituac nanboJsiee M3BECTHLIMU METOIAMH ONPEICICHES MOMEHTa
OCTAHOBKH IIPOLECCa ANNIOMEPATHBHON KJIACTEPH3AIMN U OIPEIe/IeHUs
HPEeJIOUTHTEIEHONO THCIA KIACTEPOB ABIAIOTCH «KO3((PUIIHEHT CHiTy-
aras [3,4] u «Meroj sokTa» [5]. o nocienero BpeMeHn «MeToJ IOKTS»
SABJISIICS CYIyDO0 IBPUCTUYECKHM, HO He TaK JABHO ObLI CO3/AH I10JX0I,
KOTODBIii SIBJIAETCS aHaATHTHIeCKUM 0600imennem sroro Meroaa [6,7]. Oc-
HOBHBIME 3JIEMEHTAMH HOBOI'O IOJAXOJA SBJISIOTCS ANITPOKCHMAIMOHHO-
onenounble Kpurepuu |6, 8] u «runoresa e — 2» |9].

Kak 6110 ormeueno Quuengepdepom (Aldenderfer) n Baemdmin-
gom (Blashfield), misi armoMepaTHBHBIX METOLOB KJIACTEPHU3AIMH Xa-
PAKTEPHO BO3HHKHOBEHME <«IenHoro addexras, Korga y:ke cdopMu-
POBABIIKECS KJIACTEPhl HAMHHAIOT OObEeJIUHATHCH MeKy coboil, u B

Honovicennos Cepeetl Jmumpuesun — crygent, Cauxr-IlerepSyprekuit rocysap-
cTBeHHEIH yuusepcurer; e-mail: st069751@student.spbu.ru, Tem.: +7(914)950-24-77
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KOHIe KOHIOB Besl BhIOOpKa o0bemuusiercst B oguu kiacrep [10]. Oc-
HOBHAs HJESA «IHIOTE3BI ¢ — 2» COCTOHT B TOM, 4TOGLI IPH IIOMOITH
ATITPOKCHMAITHOHHO-0IEHOYHOTO KPUTEPHS ONPEIeJTHTh MOMEHT Havasa
«uensoro aexrar |8,9].

Iens mamnoil paboTH — NPOBECTH CPABHUTEIBHBIN aHAIN3 arIoMepa-
TUBHLIX METO/OB KJACTEPU3AIMH HA HPUMEPE MOJEIBHOIO MHOMKECTBA
TOYEK Ha eBKJIMJIOBOI 11ockoeTH. [Ipn 9ToM CpaBHHBAIOTCS HE TOJIBKO
MEeTO/1b] KJIACTEPU3AIME, HO U jBa CIocoba OLPeJe/IeHIsl MOMEHTa, 0CTa~
HOBKH; 38 CUET «KO(DUIUEHTa CHIIYyITa» W HPH TTOMOIIH «THIIOTE3BI
e—2»,

B kavecTBe MOJEILHBIX JAHIBIX HCIOIL3YETCS MHOMKECTBO TOYCK Ha
eBKJIMIoBOl mrockocTu (eM. puc. 1), Touxu o6pasyior nsaTh KJIACTEPOB,
TPU U3 KOTOPBIX XOPOLIO 060COBIEHDI, & OCTABIIMECH JBA PACIOJIOMKEHDI
B HENOCPEACTBEHHON GJIH30CTH JAPYT OT Apyra.
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Puc. 1. Mogenbupbie gaduble

2. Meroap! arioMepaTUBHON KiaacTepusauuu. PaceMoTpuM mo-
Jpobiee UCIONb3YeMbIe METO/Ibl arJIOMepPATUBHON KIACTepU3aIuH.
2.1. «Mepsbl bBimsocTH» MexkKay Kiaacrepamu. s onpeje-
JIGHUsI TTOXOKECTH JIBYX KJIACTEPOB PACCMOTPEHBI CJIEIYIONIHE MeTOJIbI
BBIMHCICHUS «MepPbl BUIH30CTH» MEK, 1Y HUMH:
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® METOJL (),[LI’IHO‘IHOi’.[ CBs3H

Ronin (U, V) = min p(’“ ’U)

ucelUwev

® METO/JI IIOJIHOH CBA3H

Rrrm,:::(U, V) = UEIEF?J}éV p(?t. ’U)

® METOJL C})G,H,Heﬁ CB#3H1

R(IHJ(U V) |U|| Z Z ,0 U, ?)

uwell veV

® IEHTPOUHBIH MeTOJ]

R.(U,V) = Z Z\V\ ,

EU veV

e MeToj Yopia

R'lﬂu,'r'ri(Ua V) - Z [)2(-T’:E':) = Z Pg(”a TE) - Z 1)2(?)37‘7)9

xell gV uwels veV

rje

2.2. Onpenenenne Yncaa Kjaacrepon. Pacemorpum «koadyu-
IMUECHT CHJIYdTa» M «IHIIOTE3Y € — 2», OCHOBAHHIYIO Ha aHaJATHYICCKOM
0BOBIIEHHN «METOIa JTOKTS»,

«Cl/IJIyST» JJIEL KOI’IKPCTIIOI‘;] TOYKH 7‘:, KOTOpasl IIPUHHaLICKIT KJIacTe-
py Cy, onpejensercs, Kak

b(i) — a(4)

s(i) = e, b IC1| > 1,

'9(7;) =0, |Cf| =
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rie

. pli, ) : : pli, j)
a(i) = Z ——=— b(i) = min —_—,
sl 101 71 2 1e]

JjeCy
Haiee onpeaenauM «Ko3(GUITHEHT CHIy3Ta» I Beel BEIGOPKH

SC = max 5(k),
rje 5(k) aBisiercs cpegHuM s(i) st £ kiaacrepos. Takum obpasom, 3Ha-
JeHUE K, IPH KOTOPOM SC' JOCTHrAeT MAKCHUMyMa, SBJISCTCS ONTHMADL-
HBIM YHUCJIOM KJIACTEPOB sl pasbueHus.

Tenepb paccMOTPUM «THIOTE3Y € — 2%, OHA OCHOBAHA Ha aHAJIM3C
HOC/IeIOBATEILHOCTH MUHHMAILHLIX PACCTOSHUI, HalJCHHBIX Ha KayK-
AOM HIare. MS STOﬁ HocJj1eLoBaTe/JIbHOCTH BhLAE/IAeM 110 YeThIpe 3Ha TeHH
Fo  Fyiy, Fyyo, Fryps uonpu oMoy anmnpoKCHMAIHIOHHO-0LEHOMHOIO
KPHUTepHs ONPE/Ie/aeM MOMEHT, KOIJla XapaKTep BO3PacTaHus 10Cye10-
BATEJILHOCTH MHUHUMAJLHBIX PACCTOSHUN HAYMHACT MEHITLCH ¢ JIMHE-
Horo Ha napabosuteckuii [8|.

Kpagparuanas opma allpoKCHMAIHMOHHO-OIEHOYHOI0 KPUTePHs
JUISE YeTBIPEX TOUEK MMEeT BHI

i

o) = 245

(1997 — 11y3 + 41y3 + 12y19 — 64y1ys — 46y2y3),
rae y1 = Fn+1 - Fy, Ya = F-n.+2 —Fy, y3 = Fm+3 - Fy.

Ecin §%(4g) < 0, T0 BOZpacTamme y,, SBJISETCS JTHHEHHLIM, €CIH 3Ke
kBajparuanas dopma 62(4g) > 0, To BO3pacTaHue Y, CTANO HeJUHEl-
HBIM. DTO TOBOPHT O TOM, YTO B JIAHHBIH MOMEHT IIPOIECC HEPAPXUIECKOI
KJIACTEPU3AIHHE MOYKET OBITH OCTAHOBJIEH.

Ho annpokcuMalnmoHHO-OIEHOMHBIN KpuTepuil obiaajgaer OONBIION
YYBCTBHTEIBHOCTEIO, U B 0DIIeM ciiydae MOXKeT ObITh IHOJYYeH Heyilo-
BJIETBOPUTEIHHLII MOMEHT OCTAHOBKM KJjacTepusamun. Beeaém npeob-
pasoBanue y; = F; 4+ ¢i u OyaeM [OCIEeI0BATENBHO YBEIHIHBATL (.
Taxoe npeobpazoBaHie IOCACIOBATEIBHOCTH MUHHMAJLHBIX PACCTOs-
HUI MTO3BOJISAET IMOMYUYUTh CUCTEMY MHOXKECTB YCTONUHBON KIacTepusa-
i @1, Qo .., Qe_2,Qe_1, Qe, DJIe KazKJIbIH IPOMEIKYTOK (F; COIEPAKHUT
3HAMEHUS! ¢, IPU KOTOPBIX MOMEHT OCTAHOBKH OJIHHAKOB, T. €. jJis 1000~
ro ¢ uz (); HoayvaeTcs OJMH U TOT K€ pesyabrar kiaacrepusanun. Cob-
CTBEHHO, «[HIIOTE3a € — 2» 3aKJII0UAETCS B TOM, UTO HPEAIOUTHTEILHOe
KOJIMYECTBO KJIACTEPOB [OJIYYAeTCs IPH SHAUEHUAX ¢ U3 (Q._2, TAK Kax
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upu g u3 (.1 HabIOmAaeTCs «HenHoi apdexT», a upu g u3 jay4da (. Bce
00BEKTHI BBIDOPKH O0BEIHHAIOTCA B OTUH KJIACTep.

Jisa oleHKH KavecTBa KJIACTePU3AINN HCIoAb3yeTcda V-Mepa, KOTo-
past sIBJISETCs] CPEJHHM IMapMOHUYECKUM MEK/LY OJHOPOHOCTLIO U 110J1-

noroit. Jamnas Mepa npuauMaet 3uadenns ot 0 go 1, wem Gumke eé 3ua-
YeHNe K eMHIIE, TeM BBl KauecTso Kiaacrepusanun [11]. Ecan V-mepa
paBHa eIUHHUIIe, TO TO O3HAYAET, YTO PE3YILTAT ABTOMATHYECKON Kia-
CTEPHU3AIUH TOJHOCTHIO COBIAJ € HTAJOHHON KaacTepusaiineil o0bheKTon
MOJENBHON BLIGOPKH.

3. PesyneraTel MaTeMaTU4ecKoro mojejuposanus. s upo-
BEJICHHS BBIYHCIUTEIBHBIX DKCIICPHIMEHTOR OBLIT HCIOIL30BAH S3LIK IIPO-
rpammuposanus Python sepcun 3.9. Busyanusanus Bbiojnesa npu mo-
mormn 6ubnmorexkn Matplotlib. dyst Berancienus V-Mepbl HCHIOJIb30BA-
nack pynknus sklearn.metrics.v_measure_score uz 6ubmmorexku Scikit-
learn.

Mopenbublie ganable ObLIN KIACTEPH30BAHLL ANIOMEPATHBHBIMI Me-
Tomamu. s Kaxk 10l «Mephl OJIH30CTHY MEKIY KIACTePAMI OBIIH TIPU-
MeHeHbl 00a MeToja BbIGOpA ONTHMAJIBLHOIO “Hciaa Kiacrepon. Takum
00pazoM, MOAYUHIOCH JECATh BAPHAHTOB K/IACTEPU3AINH. Pesynprars
npejcTaBiaeHnl B Tabaunax 1-5.

IIpexie Beero CTOMT OTMETHTDL, UTO METOJ OJIMHOYHON CBAZM IIPH
HHCJE KIACTEPOB PABHOM I[ISTH JAET HEBEPHBIH pes3ysibrar, B TO BpeMs
KaK 0CTAJLHBIC METO/ILI JOCTHIAIOT 3TajoHnoro peayiabraTa. Ho koadydu-
IUEHT CHJIYydTa P KaxK 1o «Mepe GIH30CTH YKA3bIBAET, TO YeThipe —
TO NPEJIOTTHTE/NBHOE KOANUecTBO KiaacrepoB., Tax kKak npu KaxkJoi
«Mepe BimzocTH» BRIOOpPKA Pa3bHBAETCS HA UCTHIPE OJIMHAKOBBIX I10I-
MHOKecTBa, KO PUIHEHT crilysra BO BCEX CAYUasX JaéT ONUMHAKOBLI
pesyibrar Kiacrepusanui, Takke cTOUT OTMETHTS, YT0 «Ko3(hdunmenT
CHIIY?Ta» MPH PasbHeHuN Ha IATh KIACTEPOB JAXKe He CTOUT Ha BTOPOM
MecTe 10 BeJHYHHe.

B ornuune or «koadpHIMenHTa CHIYyITaA» «THIOTE3a € — 2» IoKa-
3LIBAET PA3IMYHLIC Pe3yabTaThl. [Ipeie Becero npu MeTo/e oHHOYHON
CBSI3M «TUIOTE3a e — 2» abcoJIIoTHO He cupasisiercs ¢ 3ajgaqeil, Ho B To
JKe BpeMsl CBsI3KA «IHUIOTE3bl e — 2» U MeTOoJja cpejiHeli cBa3n Obesynpey-
HO KJIACTePU3YIOT 0OBeKThl, 0 UéM CBHJETENLCTBYET 3HAUYeHHe V-MephbI,
PABHOE €JIMHUIE. B OCTANLHBIX CAYTAsIX «THIOTE3a ¢ — 2» BBIAACT TOT
JKe PE3YIBT, ITO U METOJ[ CHIYITA,
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Tabnupa 1. Meroa opunounoil cesasu

Konnuecrso | Koadduuuenr | Murepsan ycrohuupoi V-mepa
KJIacTepos CUIIyaTAa KJIACTepU3aLuu
2 0,493 - 0,398
3 0,720 e—1 0,724
4 0,825 - 0,856
5 0,735 - 0,834
6 0,751 - 0,820
Tabanua 2. Meroa noanoil ceasu
Koaundvecrso | Koadpunuenr | HMuarepBan ycroiumpoin | V-mepa
KJIacTepoB CUITYDTa KJIACTEPU3aL iy
2 0,580 - 0,537
3 0,726 e—1 0,766
4 0,825 e—2 0,856
5 0,658 - 1,0
6 0,596 - 0,973
Tabanua 3. Meroy cpejueil cnasu
Konuuecrso | Koadppunmenr | MuTepan ycrohuusoit | V-mepa
KJIaCTEepOB CHITY3Ta KJIACTEePHU3AIIN
2 0,615 - 0,592
3 0,720 e—1 0,724
4 0,825 - 0,856
5 0,658 e—2 1,0
G 0,596 = 0,973
Tabauna 4. Leurpouauniii MeTos
Koau4yecrso Koadrduuuenr | Hurepsan ycronuusoii V-mepa
KJIACTEePOB cuIyaTa KJlacTepusanuu
2 0,615 0,592
3 0,720 e—1 0,724
4 0,825 c—2 0,856
5 0,658 E—3 1,0
6 0,596 0,973
Tabnnua 5. Meroy Yopaa
Koanuecrso Koasdduuuenr | HMureppan ycroiuupoi V-mepa
KJIaCcTepoB CUIIy9Ta KJIaCTepU3aLuu
2 0,580 - 0,537
3 0,726 e—1 0,766
4 0,825 e—2 0,856
5 0,658 = 1,0
6 0,611 - 0,937
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4. 3akmiouenue. Pe3ysibraTsbl BEIMHCINTENbHBIX SKCIEPUMEHTOB 10~
3BOJISIOT CPABHHTE, KAK paboraeT «KO3MMUIIMEHT CHIy3Tas U «THIIOTE38
e — 2» ¢ OIHCAHHBIMH BBIIIE «MepPaMH OJIH30CTH» KIACTEPOB.

Kak BHIHO M3 Pe3yIbTaToOB, HEUSTKHE IPAHMIBLI MEXKJY KIacTepa-
MH CYIIECTBEHHO MEMIAIOT TOYHO ONPEJEIHTH HPEJIOYTUTEILHOE THCIIO
KJjacTrepos, Jazke HecMOTp:d Ha TO, UITO 'UeTbhbIpe «Mepbl 6.IIH30CTH>) Ha
OJIHOM M3 9TALIOB KJIACTEPU3ALMU JAI0T ITAJIOHHBIH pesynbrar. «Koad-
unpent cunysrar BoobIIe HE MOXKET HPABUIBHO OLPEIEIHTE PEIO-
YTHTENLHOE YHCI0 KJIACTEPOB, HOCKOJIBKY OH OCHOBAH HA CPEJIHEM Pac-
CTOSIHUU OOBEKTA JI0 00BEKTOB CBOErO KJIACTEPA U CPEJHEM PACCTOSIHIN
o0bekTa 10 06HLEKTOB APYTOro OIMKANIIETO KIacTepa.

OCHOB&HH&H Ha aHaJu3€e allllpOKCUMallHOHHO-0ICHOHBIM KPUTEPHEM
[ocJIeJOBATC/IbHOCTH MHUHIMAJBHBIX «MEp 6J'IH30CTH>), «IUIIOTE38a € — 2»
TAKHKC HMeeT TPYyAHOCTH C ollpeleJenueM IIPeArouTHTe/IbHOIrO FHC/ia
KJIacTepoB, HO 663yl'lp0‘-IHO CIIpaBJgeTcs ¢ Baﬂ,ﬂ.‘leﬁ B CBA3KEe ¢ MCTOJOM
(:pe)mei& CB3H.
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VIK 004.852
E:xos ®. B.

WccnenoBanne rubpugHbIX Moeseil HePOHHBIX
cereil ¢ npuMenenueM SSA Ha npumepe
peanbHbIX JaHHBIX

Pexomendosano x nybauxavyuu doyenwmom osandunoti H. 5.

1. Beegenue. B nacrosimee Bpemsi HPOrHO3MPOBAHUE BPEMEHHBIX
pAIOB sABJseTCa BaKHoH 3agadeil [1-3]. Bes meiipoceTeBhX MOAX0/0B He
000IIIIOCh | 3J1ech, B YACTHOCTH B cTaThe [2| onmucano npuMenenne ceep-
TOYUHLIX HEHPOHHBLIX CeTeil s LIPOrHO3HPOBAHUE BPEMEHHBIX psijioB. B
JaHHOol paboTe paccMaTpHBAETCS HCIIOJIb30BaHNe ajropurma SSA B ka-
gecTBe MpegobpaboTKH BMecTe ¢ METOJaMHU [IPOIHO3UPOBAHUS B PAMKAX
3a/a4H LIPOTHO3UPOBAHIS BPEMEHHBIX psiioB. Takue Meroipl HA3LIBA-
1orest rubpuHeiMi, B pabore [4] 6bu10 nIpogeMOHCTPHPOBAHO YyJIyUIile-
mue TounocTn rubpuaioro Mmeroga SSA-ANN 110 cpasHennIo ¢ OBBIYHBIM
ANN Ha npumepe MOJIEJIBHLIX U PEAJBHBIX JAHHBIX. PaceMmarpusasics
OJIMH U TOT ¥Ke HabOop THIEPHAPAMETPOB i MHOPHIHOTO U s 00bIY-
Horo Meroja. B mannoii paboTe cpapHeHne 0OBIYHLIX ¥ PHOPUIHBIX METO-
JIOB TpOBe/IeHo mupe. Pacemorpeno uersipe neiiponnnie cern. Menodn-
30BaJIach oaHocBs3Had cerh (MLP, nanee s pabore numenyemas ANN),
onucannas B pabore [5], a Takxke pekyppenTHsie Heifponnbe cern RNN,
GRU u LSTM [7-9]. Ha peaisHbIX JaHHBIX IPOBEICHO CPABHEHEE 00bIt-
HBIX ¥ THOPHIHBIX MeTojnoB. Mccnenosaiach yeTORMUBOCTL IHOPHIHBIX
METOJ0B K M3MeHeHNI0 Habopa runepnapaMeTpos. ['unepnapamerpsl Me-
TOJOB Hepebupaiuch 1o cerke. B KagecTse Mepbl OMHOKH HCIIOIbL30BA-
Jgock merpuka RMSE,

2. Metoxg SSA (Singular Spectrum Analysis). Merog SSA nc-
HOJIL3YETCS LIS PA3I0KeHHe HCXOMHOTO Pila B CYMMY PSJIOB, KOTOPbIE
JIEPKO MHTEPHPETHPOBAThL M HOHATH uX nosegenune, OOGBIMHO MCXOIHBIN
pAl PACKIAABIBAETCS B CYMMY TPEX PsIJIOB: TPEH I — MEJICHHO MEeHIO-
asicst KOMIIOHEHTA, CE30HHOCTD — [HKINYeCKas KOMIIOHEHTa ¢ (PHKCHPO-
BAHHBIM IepuonoM u myM. Undopmanunio npo 6a3osbiii anropury SSA u
CBSIBAHHBIC ¢ METOZOM (DYHIAMEHTANLHBIE TIOHATHsI MOXKHO HaiiT B [10].

Eorcos Pedop Banepvesun — crypent, Cankr-Ilerepbyprekuii rocypapersenubii
yuusepeurer; e-mail: morememes@yandex.ru, ren.: +7(921)867-32-56
PaGora Beinonnena npu dpunancosoii nogaepxkke POOU, npoekr Ne 20-01-00067
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Pacemorpum aaropurm SSA. st obuirocrn 0603HauuM BpeMeHHOM
pag Xy = (1,...,2x). CunraeM, 9T0 KaxK bl BPeMEHHONE Psijl cOCTO-
UT H3 KOMIIOHEHTH Sy — curuaga n £y — myma (caydaiublii mporecc ¢
HYJIEBBIM MATeMATHYeCKUM oxuganueM): Xy = Sy + €y
ITapamerpsl: L — minna OKHA, ©° — KOJUYECTBO HEPBBIX KOMIIOHCHT.
Bxoaupie ganubie: spemennoit paj Xy .

Pesysiprar paborsl: onenka curuaia Spy.

Anropurm paborsr SSA:

1. IMocrpoenne TpaeKTOPHON MaTPHILL:

€T To xrr,
€T €T3 T4l )

X = ; § . . , K=N-L-1.
TK TK41 TN

2. Ipumenenue meroga SVD k marpune X,
X=X, +...4+Xg, Xi=vVNUVT, d=max{i:) >0}
3. I'pynnuposka HepBuIxX r COOCTBEHHBIX TPOCK:
X=X1+..+X,, r<d

~
4. HVTPM ANaromaJibHOT'O YCPEIHCHNA MaTpPHRITLI X IoJjiyaaeM OIeHKYy
CHI'HaJI& BPEMEHHOI'O P SN.

3. Metoapnl. s IPOrHOZHPOBAHNS BPEMEHHOIO PAAA HCIOIb3YeT-
csl YeThIPEe HeHpOHHBIE CeTH: OJHA HOJHOCBA3AHHAS CETh ¢ OJHHM CKPbI-
TeiM cioem — ANN u tpu pexyppenrunix cetu — RNN, GRU, LSTM.
FubpuaHbBIMI METOIAMY HAZLIBAEM Te, KOTOPbIE HCIIOJIL3YIOT Hpeaobpa-
6OTKY JAHHBIX € TOMOIILIO SSA.

W KaxK 10 HelipOHHO CeTH ecTh rHIeplIapaMeTp — pasMep CKpbIToro
cios h.

O6bIaHBI METOJ, MOJIYYAeT Ha BXOJ, HOCIEJIOBATEILHOCTEL JIJIHHOMN
[1,...,27] 1 BBIJAET [IPOTHO3 HA OAHY TOUKY Bepeld (Tpi1).

Ha npumepe RNN:

.'/f:‘p.‘.l - R.NN,!,,{[.’L‘l, e ,.’L’T}}.
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Tubpuiusiit MeTox moJyYaeT Ha BXOJ HOCAEI0BATEILHOCTL, 06pabo-
TAHHYIO ¢ MOMOINEIO MeToia SSA — [§1, ..., 8], ¥ UPOrHO3HPYET Ha OHY
TOYKY BIEPE]I.

Ha npumepe SSA-RNN:

Fr41 = SSA-RNN,{[31,...,57]}.

4. Maunbie. B paszene onuchiBaeTcs IPOLECe HOJIOTOBKH JAHHBIX,
TaK ¥Ke IPHBOANTCS OIHCANNE JAHHLIX, HCIOIL3YEMBIX B CTATHE.

4.1. ITogroroBka maHHBIX. PaccMorpum Zy — BPeMEHHOH psij
anunnt N, Pazobbem paj Zy Ha TPEHHPOBOYMHYIO, BATHIAIMOHIYIO
TecToByo BeIOOPKY. CremaeMm pasbuenue, Mexofsg U3 Toro, 4ro Oyjaem
I[IPOr"HoO3UPOBATDL 110 T TOMKaM ps#Alla CJACJYIOHIYIO TOUKY.

IIycre oneparop 7, nmepeBoAuT BPEMEHHO P B TPACKTOPHYIO MAT-
pUILY JUia JJnHBL oKHa, panolt L. Torma obparnsiit oneparop T ! me-
PEBOJANT MaTPUILY BO BpeMeHHUﬁ P, HO(:TI)OI/IM TPaceKTOPHYIO MaTpUILy
Jais jumansl okaa 1+ 1:

Z1 2 T ZT41
22 23 RRTR 47 a5 2742

Z="Tr(Zy) =
EN=-T RZEN=T+41 "' ZN-1 ZN

Jlesyio wacths Marpuipl Z obosmaunm Z°, a npasyio uacth — 4Y.
Taxzke pazobbeM MaTpUIy [0 CTPOMKAM HA TPU HACTH: TPEHHPOBOU-
uyio (train), sammgannonayio (val) m recroByio (test). Ilycrs 7, v
i { HOMEpa MOCHEJSHUX CTPOYEK B KaXKJOH COOTBETCTBYIOILEH <ACTH.
O6oznaunm Z((::.;:” JacTh MaTpuubl Z ¢ @ 1o b cTpouky M ¢ ¢ 1o d
cronbern. Torma wacrm train, val, test sammceiBaiorcst Kak Zgain =
= Zil,;-T+1)a Zya = Zs.l_f_?:ll{,”, Liest = ZE::IT:-‘;-ll),J B s1ux e oboznate-

e _ m(1,T) y — p(TH+1,T+1)
nuax Z¢ = Zl,N—T’ ZY = Zl,N—T .

4.2. SSA-npenobpaborka. Ilpenobpaborka SSA s TpeHupo-
BOUHOI BBEIOOPKH OMHMCHIBACTCS CACAYIONMM AJTOPHTMOM:

1. Ilpeobpasyem train wacrb MaTpuubl Z BO BpPeMEHHOH D
L= T_I(Zermin)-

2. [onyunm psj 7= SSAL,.,.(i).

3. IMomyuaeM TPaeKTOPHYIO MATPHILY Z= TT+1(2), Koropas Oyuer
pesynbTaToM paboThl npeaotpaboTku SSA s TPEeHHPOBOYHON
BBIOOpPKH.
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IIpenobpaborka SSA s BaIMIAIMOHHON MJIK TECTOBOH BLIGOPKM
OTJIMYAETCS OT IPeAblIyIieil, BBHIY PasHbIX NpPeJHa3HAYeHHN BHIOOPOK.
B ommnune 0T TPEHHPOBOUHON BLIOOPKH, O KOTOPOI Bee U3BECTHO, CHNTA-
eTcsl, UT0 O BAIIIAIMOHHON U TecToBOH BEIOOpKax HeT uHopMmaruu. B
9THX caydaax SSA-o0paboTKy cyelyeT IPUMEHAThL TaK, ITOOBI IPebl-
JLYIIIE 3HAMEHHS PSIIa He HOJIYIaan HHPOPMAIHY OT By Lymux ( «3arisi-
JLIBAHIE B OyLymiees ).

Iycrs Zy e = (24, . .., 2e] HOAPSL Psifa Z, Die b — HAMAbHBIE UH]CKC,
e — KoHeuHbll uHpekce. Ilyers p — mHAEKC psja, Takoit uTo b < p < e.
Cireyomuii ajIropuTy OHHCHIBACT IIPOLEAYPY IOy YeHUsT Paia Zyii ¢,
obpaboTanHoro ¢ MoMOIMBIO SSA 663 «3ariaapBanne B OYIVIIEes:

1. Ilycrs ecrn psip Zy, . u 3agano p. Torga (@ = e — p — pasmep psana
Zypr1e yers Zg = (Z1,...,2g) — paj pasmepa Q.

2, Hna gaxgoro ¢ = [1,..., Q] noxyanm
~7
Zb—\»ifl,p+*£ = SSAL,-r(ZbJr-i—l.pH)-

-~
HpHCBOHM 3HaYeHue MmocjaeInero ajieMenTa IoJiyIennoro psia z’,”-l-'l:
= - -~
SHATCHHIO Plla ZQ C COOTBETCTBYIOIIUM MHJACKCOM, Z; = ZTH““"

3. Iomyunnum psy Zg pasMepa (0, 3HAMECHHS KOTOPOTO ABJISIOTCS 3HA-
YeHUAME PAia Zy 11 e, 06paboTannele ¢ moMompbio SSA Ges «3aris-
JIBIBAHES B OVyIIees.

O6oznauuM npouenypy nouydenns Zg = SSA("U}(Z[J!H). Torpa anropuTm
npeaobpaboTKM JIIsl BAJHIAIMOHHON BEIOOPKN 3aITHINETCH CJISYIOIIIM
obpazom:

1,7+1
1. 3anumem Z(l,.” 1) kax 2y vbT41

2. Buibepem p=7+T + 1.

3. Honyunm Zg = SSA®) (Zy 04141).

4. Tlepeitnem o6paTHO K TPaeKTOPHOH MATPHIE 2\,&1 = TT+1(ic3), KO-
Topast Oyner pesyabTaToM Ipeaodbpaborku SSA s BasHIAIHOH-
HOI BBIGOPKH.

PazmepnocTs Eval OyeT COBIAJATH € Pa3MEpPHOCTBIO Ziya. AHajo-
IHYIHBIM 0OPA30M CTPOMTCS TECTOBasI BLIOOpKA.

4.3. O6y4yeHue MeTOJ0B Ha IMOATOTOBJIEHHBIX AJaHHBLIX. Bo

BpeMsa O0yYeHHs, KaK ¥ B KJIACCHUYCCKHUX 3a/lavax KJIACCH(pDUKAIIHNH WK
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perpeccun, MeTONBl «yduarcs» (AIropurM 00pATHOIO PACHPOCTPAHEHHS
OIIHGKH ) 110 JIEBOI YACTH TPACKTOPHON MATPHUIIL TPEHHPOBOLHOH BHIGOD-
ki Z7,,;, TIPE/ICKA3BIBAT IPABYIO 9aCThb Ly, . JLIs TUOPHIHBIX METOIOB
B OTJIHYHE OT OOBIMHBIX JIEBAs YACTb TPAGKTOPHOI MaTPHIIBL Ipesobpa-
BoTana ¢ MoMoIEID SSA 1Mo AJrOpUTMaM, ONMUCAHHBIM B IYHKTE 4.2,
4.4. PeanbHuble naHHbIe, DKCIEPHUMEHT IIPOBEJIECH HA BPEMEHHOM
paje (em. puc. 1) manasr 1500 Towex, HA KOTOPOM OTOOPAYKEHEL CPEHe-
MecsTIHOe KostnuecTBo ocaakos B Muaun (nanee «Indian rains ). dannse

B3STHI M3 cTaThi |5| (npsMas ceblika Ha ckaunsanue [6]).

3500
3000+
2500
2000+
1500 1
1000
500

0

0 200 400 600 300 1000 1200 1400

Puc. 1. Jaunsie «Indian rains

5. DKcrepuMeHT. 3Jech NPUBOJUTCA CPaBHEHUE OOBIYHBIX M I'd-
OpuANLIX MeTojoB ¢ nomorpio Merpukn RMSE nma mamnbix «Indian
Rain». Bpemennoit pajg paszobbem na seibopku 750, 500, 250 rouexk
(r ="70-T, v =1250-T, t = 1500 — T") g TPEHHPOBOUHOIL,
BAJHJAIMOHHON M TecToBOM BHIOOPKU cooTBeTCTBeHHO. s rubpuaubix
MEeTO/IOB BOZBMEM cilejlyiomye runepunapaMerpst SSA: L = 500 (nonosu-
Ha TPEeHUPOBOoYHON BeiGopkH), © = 7. IlogpobuocTu BRIGOPaA rumepapa-
MerpoB SSA moxkuo maiitu B [10].

Cpasuum MeTojibl Ha cerke napamerpos 1" u h. ITapamerp T nepe-
Gupaem 1o cerke or 12 g0 480 ¢ marom 36, h — no cerke or 10 xo 100
¢ marom 15. Torga Juist Karkaoit MOJENH HOJAYIUTCH T Pe3yIbTATOB JJIsl
kaxkjjoro T,

Pesynbrarnl cpapaenns npejicrasiennl Ha puc, 2. Kaxaas Touka 1mno-
JIYYeHA MYTeM YCPEIHEHHsI COOTBETCTBYIONMX 7 Pe3yIbTATOB JJIs KarK-
Jgoro mMeroja. Kak suano nz puc. 2, crabuibHee Bcero BeJyT cebs I'i-
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225

220

Puc. 2. Basucumocrs omubxu or pasMepa BXOJAHOIO BeKTOpPa

Opuabie MeTobl. TakKe HAMJIYUIINNE Pe3yJIbTAT IPHHALIEKHT METO/LY
SSA-GRU. Mox10 3aMeTHTE CYIIECTBEHHOE YIYUIICHHE TOUYHOCTH Y I'U-
Opuaubix Meronos Juist T = 12, Mexons U3 pesynbTaros, MOMKHO IOBO-
PUTB, YTO KOPPEKTHOE HCIOJNb30BaHue npejobpadorku SSA yiydmaer
TOYHOCTH METOJOB, & TAKYKE YMEHBIIAET 3aBHCUMOCTH PE3YJILTATOB OT
napamMerpoB Meronos. Takrke MOXKHO MOBOPUTHL O BOJIBIIEM KOJIHYECTBE
TPEHUPOBOMHBIX JAHHBIX, BBIJY Xopoineil Tounoct g T = 12 (Menn-
e 7', Gosbiie TpeHUPOBOUHLIX 11ap). Eme rubpuusie MeTo/ILI IO3BOJIs-
10T BBIOPATH MEHEe CJIOXKHYIO MOJIENIb, ITO BEIET K YCKOPEHHUIO BhIMUC/IE-
HUl IIPY HECYIIECTBEHHOM IOTEPU B TOMHOCTH.

JLas pasHbix HAYAJILHBIX BECOB METOJIOB IIPOBEAEM CPABHEHHE, UTO-
OBl HCKJIIOUHUTH CIYYaHOCTH B IOJYYE€HHBIX pe3yabrarax. JapuKkcHpyem
T = {12, 156}, cerky ans h ocTaBUM TAKYIO ¥Ke, A KOJIHIECTBO pas-
JIMYHBIX HAOOPOB HAYAJIBHBIX BeCOB HOJIOXKHUM paubiM 7. [lonyuennsie
PE3YILTATE YCPEIHUM [0 HADOPaM HAYAJIBHBIX BECOB /ISl KAXKJI0T0 COOT-
sercrayiomiero h. [locrponm rpaduk 3aBUCHMOCTH YCPEIHEHHOH OIHOKI
o merpuke RMSE or pasmepa cxpoitoro cios h.
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Ha puc. 3 noxazans! pesynbrars: gis 7' = 12, Bujaum cyuecrsensoe
YILYUIIEHHEe TOYHOCTH JJIS THOPHIHBIX METOI0B.

250 '
.
!

ol * P
mn

g

W, sm
= W ssa-ann
& 0] W ssamn
W ssagru
25 m ssaslstm L]
l -
220 I l I I ' I
u 1] | ]
215
20 40 60 80 100

Puc. 3. BaBucumoctn ommbky 0T pasmepa cKpbiToro cios, ' = 12

Ha puc. 4 nokazan pesyiasrar pous T = 156, Ha mem moxuo Ha-
6110/1aTH, YTO THOPUIHLIC METOALI UMEIOT MEHBINHI pasbpoc, 4To jeda-
er Takyio Mojes crabunbiee. Takoke cpeauue omuboK Ajst THOPHIHBIX
MOJICJCH HUKe.

PesynbraThl Broporo skcrnepuMenTa MoKpPerIsiorT BLIBOALL [IEPBOro.
I'ubpugusie Momenu ¢ upegobpaborkoit SSA nmokazamm cebst yyume Ha
aanabix «Indian Rains.

. ann
. mn
240 . .
: " . lstm
234 ' W ssa-ann
' . W ssaemn
4 m ssaqru
w230 . % . B W ssaclstm
2 : ! i ¢ : . .
o . ¥
w{ b : ; i i
i L}
¥
220 i l ' l
215 . g :
20 4D 60 80 100

Puec. 4. 3aBucumoctn olubKH 0T pasMmepa ckpbiToro ciosd, T' = 156
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6. 3axkmwouenne. Ha npumepe pealbHbIX JAHHBIX TOKA3aHO, UTO
IpPABHJILHOE HCIOJL30BAHUE MeTola SSA B KadecTBe IpenobpaboTKu
JIAHHBIX TPUBOJUT K YIVUIIEHIIO TOUHOCTH B IPOrHo3e. TakKe MoKa3amo
YMEHBIIEHUE 3aBUCHMOCTH OMIMOKHU OT NapaMeTpoB MeToa IPOrHO3HPO-
BAHHS, 9TO JIeJIAeT MeToJ OoJiee YCTONYMBEIM. DTO MO3BOJAET BLIOPATH
MeHee CJIO0ZKHYIO MOJeJIb, ITO HIPUBOANT K MEHbIIEeMY KOJHUYEeCTBY BbIYIHC-
JIEHUA, T&K)K(‘! HCITOJIB30BaHHEe [‘1/161)14)1,1—11;1){ METO/M0B 1103BOJIfSIeT CHUSUTDL
PA3ZMEPHOCTH BXOJHOTO BEKTOPA, TeM CAMBIM YBEIUUHBAS KOJMYECTBO
TPEHHPOBOYHBIX AP,
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VIK 519.687.4
Nsxnu K. A.

Paspaborka nporpaMMHOro KOMILJIEKCA
AJisl yIpaBJeHus: poboTOM-MaHUIIYJISITOPOM
Ha npumepe FANUC M-20:A

Pexomendosano x nybaurauyun douenmom Ilumanwyxom . B.

1. Beegenne. B cospemennoM Mupe poGoTOTEXHHKA 3aHUMAET OCO-
boe mecro B Hayke. BpicTpo pasBuBaONEcs TEXHOJOIMU IIO3BOJISIIOT
JocTurarh Bee Hosiee BBICOKOTO YPOBHS POOOTOTEXHUKH U poboTOCTpOE-
aug. s ynpasiaenna poboTaMu pa3zaInuHOIO BUIA HCIIONB3YETCHA CAMOEe
pasHoobpasHoe nporpaMMuoce obecnedeHue, NoITOMY BOIPOC €ro paspa-
borku Beraer ocobenHo octpo. B nanHOoil crarbe paccMarpuBaercs Bo3-
MOYKHBII [OJIX0M K pazpaboTKe MporpaMMHOTO KOMILIEKCA JIjisi poboTa-
MaHunynaaropa. HeobxoauMo 3aMeTHTh, UTO NOCTPOEHHLIN B NPOIECCEe
paboThl HPOrPAMMHBIH KOMILIEKC MOXKHO MOAMMDHUIMPOBATE HCXO/s H3
ocobeHHoCTe! KOHKPETHOro poboTa U MOCTABJICHHON Iepe] HEM 3aJIatH.
Baarogapst romy, 1o npu paspaborke ObLI HCHOJIB30BAH [IMPOKO PACo-
CTPAHEHHBIN s3bIK Hporpammuposanus Python, nponece Mmogudukaiii
CTAHOBUTCS DOJIE IIPOCTBIM M ITOHATHBIM.

B xone paboTel Haj HOCTpOEHHEM MPOrPAMMHOTO KOMILIEKCA Pac-
CMOTPeHa HeOoDXOJUMAs TeXHIUECKas JOKYMEHTAIMS, a TAKXKe Psijl, WH-
Tepuer-pecypeos. punmun paborsr ¢ kourposiepom FANUC R-304A,
LIPH HOMOILE KOTOPOIO IPOUCXOAHT YIPABICHHE POOOTOM-MAHUILYJISITO
pom FANUC M-204A, npencrasnen s |1 Undopmanus o s3bike apo-
rpammuposanus KAREL, Henoib3yeMoOM IPH PeaU3allii COKeT-CepBe-
pa, a TakikKe MHCTPYKIMH KAK KOMIIMIMPOBATH KOJ M3JI0XKeHBl B |2, 3]
Hita peanusanuy cokeT-KJHeHTa IpuMenena Python-6ubanorexka so-
cket [4]. B kavecTBe dppeliMBopKa /Il HMILIEMEHTAIMH Beb-cepBepa BbI-
Gpan fastapi [5]. Pesynprarsr paborsl oopMIISHBI B BHIE PEHOZHTOPH

na GitHub [6].

2. ITocranoeka zagaun. Heobxonumo paspadboTaTh HporpaMMHbIi
KOMIIJIEKC € OTKPBLITBIM KOJOM JJIsl YIPABJICHUS PODOTAMU MAHUIIYJISITO-
pamu upu nomoru IBM. OTkpeITOCTE KOjta ClIOCOBCTBYET CBOOOIHOMY

Hexun Kupuan Andpeecsur — crynent, Caugr-Ilerepbyprekuit rocyrapersenubii
yausepcurer; e-mail: st054655@student.spbu.ru, remr.: +7(911)703-31-30
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UCIIOJIB30BAHKIO M MOAM(DUKAIINY OJIYIEHHBIX Pe3YILTATOB U II03BOJISET
HHTEIPHPOBATE B IIOJYYEHHLIH IIPOrPaAMMHBIH KOMILICKC Apyrue 6Hbiamuo-
TEKH ¢ OTKPBITBIM KOJIOM. ITO B CBOIO OUEPE/Ib TAPAHTHPYET BO3MOK-
HOCTH HENPEPLIBHON MOMMMDUKAIN U YIVUIIEHNS IOJIYIEHHOI'O Pe3Yilhb-
TATA B YCJOBHAX OLICTPO PA3BHBAIOIINXCH TEXHOJIOIMIL.

3. Peanuszanmsi. st pernenust 3ajatun BeIOpana CJIe[yIomas apxi-
TEeKTypa IPporpaMMHOIO KOMILICKCA (CM. pHC. ].) B Hei IIpUCcyTrecreyer
JIBE OCHOBHBIX COCTABJISIOMIMX: Beb-cepnep W KoHTposep pobora. Ilpn
IOMOIIHM BeH-cepBepa MPOUCXOUT KOMMYHHUKAIIHS MEXK /Ly KOHTPOJICPOM
pobora MAHUIIYIATOPA B OIlepaTopoM poboTa.

Cinepatop

Pafon | Kowtpomnep Bed
sammmynaTep | | pedora cepeep
Coner s ,__ Coner

cepeep | Tl mmment

Puc. 1. Cxema IporpamMMHoro KOMILICKCa

CXCM& pﬂGOTbI HIPOrpaMmMHOI'O KOMILICKCaA:

1. Oneparop ornpasisieT 3ar1poc Ha BeG-cepBep.

2. 3ampoc Bammaupyercss u npeobpazyercs B Gailrosoe coobuenue,
OTIPABISEMOE COKET-KJINEHTOM HA COKET-CepBep.

3. Coker-cepsep B CBOIO OUepe/h BAJMJAMPYET HPHIIEIIIHNE eMy 3a-
IPOC M OTJAET KOMAHLY PobOTY-MaHHILYJISITODY.

4. Pobor MaHUIIYIATOP COBEpIIAET YKa3aHHOE ONEePaTOPOM IepeMe-
nieHue.

Pacemorpum orpenbubie 3BeHbs onucannoil menu. KommyHuKaims
Me¥KAy poBOTOM M KOMIIBIOTEPOM OCYIIECTBJISIETCS TOCPEACTBOM COKET-
HOIl apXUTEKTYPHI.
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Coker — 910 cereBoil nporpamMusiii unrepdeiic, obecueunsaionuii
KOMMYHHUKAIUIO MEXKJLy rporeccaMu. IIpolecenl, HCHOIb3YIOMUE COKeT,
MOTYT HAXOJUTHCS B OJ[HON CHCTEME HJIM B PABHBIX CHCTEMAX, B PA3HBIX
cersix [7].

B cokeTHOI ApXUTEKTYPE YIACTBYIOT JBE COCTABIAIONINE: CepBep, Ko-
TOPLIL HACTPOEH Ha HoJyuenne u 06paboTKy JAHHBIX, CXeMa ero paborsl
HpeJecTaBieHa B Bije GJIOK-cxeMbl (€M. pUC. 2), ¥ KJIMEHT, OTIPABJILIO-
il 9T JIAHHBIE W TOJIYYAIOUNI B KAUeCTBEe 0TBeTa Pe3y/abTar obpabor-
KM OTHPABICHHBIX JAHHBIX.

Jloruka paboThl COKET-KJIMEHTa TaKOBA!

1. KiauenT mojxao<aeTcs K COKeT-CePBEpY, HCHOJL3Ys €ro CeTeBoil
ajpec 1 ceTeBoil IopT.

2. Hagee orupasisier Ha cepBep 3allpoc B Bujie DANTOBON CTPOKH.
3. Ilo 3apepuieHnIo onepanyii cepBep BO3BPANaAeT KJIUCHTY OTBET.

4. Kianenr orkimouaercs or cepsepa.

Beb-cepsep npejcrasiser coboil cBA3yIONiee 3BEHO MEKY OINEPaTO-
poM pobororexHuueckoll cucremsl 1 poborom. OH npeaHaszHadeH JJis
upeobpasosanus coobuieHuit u3 ynobuoro jgis oneparopa dopmara B
hopmat, HeobXOAUMBIT JUIa nepefadi coobuieHus cokeT-ceprepy. Bee
coobenus BeG-cepsepy nepenaiorces B sujie ceresuix (HTTP) sanpocos
K [porpaMMHOMY uHTepdeiicy npuiaoxerus. AnropurM paborsl onepa-
TOpa ¢ BeG-CepBEpOM NIpeJcTaBIeH B Buie 6J0K-cxeMbl (cM. puc. 3).

4. Sakmiouenue. Takum 06pa3oM HOCTPOCHHDI IPOrPAMMHBIL KOM-
IJIEKC HO3BOJAET yupasiiaTh poboroM-manunynaropoM FANUC M-20iA
¢ kourposiepom FANUC R-304A. Heofxoqumo 3aMETHTE, 9TO IIOCTPO-
CHHBIH NPOrpaAMMHBIH KOMILICKC MOYKHO MOIH(DUIUPOBATE JIJIsl paBoTLI ¢
JAPYTHMHE POOOTAMU-MAHKITYJISITOPAME HCXO/A U3 0CODEHHOCTEH KOHKPeT-
Horo pobora-ManunyssgTopa. Takike HoApa3yMeBaeTces, ITO CHCTEMa, [103-
BOJISIET YIPABJIATE POGOTAMU-MAHUITYIATOPAME B ABTOHOMHOM PEXKHME.
D70 peajauzyeMo HPH HOMONU JOHOJHUTEIbHBIX CKPUITOB Ha JI0G0M
A3BIKEe IporpaMMupoBanus, pabortaloniero ¢ nporoxkonamu HTTP, xo-
TOpBIe BYAYT B3aMMOIEHCTBOBATEL ¢ HHTeP(hEHcOM ¢ IMOMOIIBIO CETEBhIX
IpoToKoJoB. Hakomern, mocTpoeHHBI NPOrPAMMHBIN KOMILIEKC MOYKHO
MOINBUIUPOBATEL LISl YIPABJEHUS I'PYHIOH POGOTOB-MAHHIYIATOPOB
HJIH JKe BKJIIOYATL B cucreMy poboros apyroro Tuna (8. Bee stu daxro-
PBL JENaioT MOCTPOCHHBIH MPOrpaMMHbBIH KOMIIIEKC J10CTATOMHO THOKHM
MHCTPYMEHTOM JIJIsI YIPABICHHST POBOTAMH-MAHUITYJISITOPAMIL.

234



¥

Komaraa
Ha 3anyck
cokeT-cepaepa

WMruymanuzaymsa 1 kanmnbpoerka podoTa.
OnpegeneHre CHETEMb! KOGDAWHAT
QOnpageneHHe TINE SBKKEHHA poSoTa.

!

HHnumanmiauma cepeepa
CITEDLITAE CETEBOM NOPTE, OMULAHWE
ARAKNKHEHNA KNINEHTE

+

OwmgaHue coofweHns ot ¥
KIMEHTA

+

MNomydenne cooBweHna oT knueHTa.
MPOESPRE HE COOTEETETEHE TUNOE
OaHHB

Cepeep BoI8paLLAeT
KAMEHTY owwdKy

CoodweHne aepHo?

OEpadorra CoobueHnS
MocTpoeHne ToWEM ANA NEQemeLLe R

Cepeep B03BPALLAST
KAMEeHTY owwdKy

Toura aonycTHMa?

Mepexoq B YKA3BHHY D TOHKY.
Cepeap BOZEPALLEET KNUeHTY
cooBweHune of yCrewHoRi onepacmu

Puc. 2. Brnok-cxema paboTbl coKeT-cepBepa
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Oneparop 3arpyxaer
uHTEpchenc

EbiGop pesiia chopMupoBaKUA
UenesoR To4mA

NepemaLienus & "AoMALIH0I"
TOMKY

MepeMelLeHNe & JafaHRYID
ONEPATOPOM TOMKY

Mepemelienue Ha Ja0aHHYI0
oneparopomM AensTy

!

l

ONEPATON YEkALIBALT HENASMyK
TOUKY.

Oneparop ykaseieaeT aesTy

Ty

//

Touka BANHAWPYETCA Ha
sefi-cepaepe

OTnpasnAerca coofueHne

CoreT-cepeep ofpalarsigaet
FONYYHHOE CoOBLEHIE

GOKET-CepBepy.

PofioT NePEMBLLARTCA B YA HHYHD TONKY,
Cepaep yaeaoMnAeT oneparopa of ycnewHom

Bt i ownGku

Taudka gonycTima?

Cepeep aar ewndky

onepaTopy

Cepeep aar owndky

npu oBpatieria
coofiweHna?

nepemewenmin
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Pazpaborka cucrembl cbopa 1 06paboTKH JJaHHBIX
O pacupocTpaHeHHH BHUPYCHBIX 3ab0JieBaHMIA

Pexomendosano x nybauxayuu doyenmom Koprosum B. B.

1. Beenenne. Ha cerogusnuii gennb 3a1ada NporHo3upoBaHus pac-
HPOCTPAHEHUS] BUPYCHBIX 3aboJieBaHuii craja OgHOM U3 BasKHeHIIuX 3a-
Jlad. DTO CBA3AHO ¢ BOZHUKHOBEHHEM HOBLIX BHPYCOB, 0DJIAJAIONINX BbI-
COKOIl 3apasHOCTBIO M IIPEACTABJISIONIHX yIpo3y uenosedectsy. [lanje-
must COVID-19 nokasasa, 9To CymecTBYIONHE CPEACTBA He JAl0T Heob-
XOJUMBIX PE3YILTATOB M HYKJIAIOTCS B JaJbHENIIEeM COBEPIIEeHCTBOBA~
HHHN.

Cospemennble cucTeMbl cbOpa U aHAIM3a JAHHBIX O PACHPOCTPAHE-
HUYM BUPYCHBIX 3aboseBanuii obagaior pajjoM negoctarkos. Hekoropoie
U3 HUX [PEIOCTABJSIOT JUIIb CBOJKH [0 PEMHOHAM, YTO HE [03BOJISAET
JIOJAM Y3HATL UH(POPMAIHIO O KOJHUCCTBE 3apaykeHHLIX B MECTax, Ko-
TOpBIE OHK YacTo nocemaoT. [losToMy Takue CHCTEMDI TIO3BOJIAIOT UL
OLEHUTHL IIODANBHYIO KAPTHHY pacnpocTpanenus pupyca. dpyrue ke
cHCTeMbl KpaifHe YyBCTBUTENbHBI K PE3KOMY POCTY KOJMYECTBA 110J1b30-
BaTeseil 13-3a HEIPABUIILHO MOAOOPAHHBIX APXUTEKTYPHBIX perIeHmit.

2. [TocranoBka 3agaun. lensio nannoit paborsl sBIAETCS paspa-
GoTKa cucTeMbl cbopa 1 06pabOTKH JTAHHBIX O PACIPOCTPAHCHHN BUPYC-
unix 3abonesannii. CucreMa JIOJZKHA VAOBICTBOPATE PAY YCJIOBUR JIIIsI
obecreueHns KOPPEeKTHON paboThl IPH BLICOKUX HAIPY3KAX, & TAKKEe 115
OBICTPOrO MACIITAOHPOBAHMS IPH HOTEHIHANLHO OBICTPOM MHOIOKDPAT-
HOM VBEJIMYCHHM KOJHYECTBa IoJb3oBareneil. Taxxke cucrema JoJK-
Ha OBITH JOCTYIIHA K HCIOJL30BAHUIO IUPOKOMY KPYIY IOJIL30BATEIeN.
Hanupie, DOayUYeHHbIe B pe3yiabrare paboThl CHCTEMBI, JIOJAKHBLL ObIThH
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IPHUTOHBL JIJISL HX JAJbHEHIIEro AHAIN3A U UCIOAL30BAHIS IPU IIPOCHO-
suposannn [1].

3. Pazpaborka cucremsbl. B nociejgune HeCKOJILKO JieT OBLIO CO-
3/aH0 BOJIBIIoE KOJTUIECTBO CHCTEM, TO3BOMISAIONUX OCYIECTBIATL cbop
1 AHAJU3 JAHHBIX O PACHPOCTPAHEHNH BUPYCHBIX 3a00JICBAaHMil, B HacT-
woctu COVID-19. B umcrounnke |2] MoxKHO yBHjeTh BOJLIION CIHCOK
Takux cucrem. OQJHAKO BOJBIIAS TACTD U3 CO3NAHHBIX CHCTEM SIBJISIIOTCS
HEHTPAJTH30BAHHBIME W UMEIOT JOBOJBHO OMPAHHIEHHBIA HabOp (QyHK-
IIHOHAJIA.

B pamkax nocrasiennoil sagaqumn TpedbyeTcs co34aTh YHUBEPCAIbHYIO
cucremy cbopa 1 06pabOTKM JAHHBIX O PACIPOCTPAHCHUN BUPYCHLIX 3a-
BoJieBannii, KoTopast MO¥KeT ObITH HCIIOJIL30BAHA PA3JIUIHBIME KIHMEHTa-
MH W JJIsT PEIIeHns Pa3JIuuHbIX 32,144,

3.1. Apxurekrypa cucremsl. IIpoexkruposanue cucremMbl Hadu-
HAIOT ¢ BEIGOpa apXuTeKTyphl. Tak Kak B JaJnHERIIeM OT 9Toro GyayT
3aBUCETH MHOIHE IIAPAMETPBI CUCTEMbL, TAKUE KAK IIPOU3BOJAUTEILHOCTD,
MacmTabupyeMocTh U MHOTHE Jpyrue.

APXHTEKTYPbI CEPBEPHBIX HPHIOMKEH I MOXKHO pa3buTh Ha J1Ba 60J1b-
MIKX KJacca: MOHOJUTHBIC 1 MHKPOCEPBHCHbIE,

MomHonuTHEIE TPHIIOKEHUS IIPEICTABIAIOT CODOI eIMHDIN MporpaMm-
HBIH MOJLYIIb, BBIMOTHAONMN MUpokuil crekTp 3ajia [3]. Taxoii moaxox
He CrocobeH yJIOBJIeTBOPUTD [OCTABICHHBIM TPeOOBAHMAM.,

Ilpunoskenust, nocTpoeHible Ha OCHOBE MUKPOCEPBUCHON apXuTeKTy-
PBI, IPEJICTABIAIOT cobol Habop ¢1ab0 CBAZAHHLIX CEPBHCOB, KK LI
U3 KOTOPBIX MCIOJHSET CTPOrO ONPEIeIeHHYI0 HeGoAbIIYIO YacTh (hyHK-
npoHaa npuitoKenus [4]. Kasxapiii MEKPOCEPBHC ABISETCA OT/IENbHBIM
HPOrpaMMHBLIM MOJLYJIEM, KOTOPBIH pasBepThIBACTCS HE3ABUCHMO OT JIpY-
rux gacTed npuioxenus. Takoll moaxos mo3BoJIsgeT rHOKO HACTPaUBATDL
pecypesl, oTpebisieMble KOHKPETHBIME MUKPOCEPBHCAMH, & TakyKe IIpH
HeoOXOMMOCTH MACHITAOUPOBATL NEPErPyKEeHHbIe YACTH HPHIOMKEHIST
IYyTeM CO3JAHUS PEIInK,

3.2. InpgekcupoBaHue JAHHBIX 0 MECTOIOJIOKEHUH II0JIB30-
pareseii. 15 onTuMH3anIMN KOJTHUECTBA XPAHUMBIX JAHHBIX U YMEHD-
HIEHHUS KOJHUECTBA [IPOU3BOIUMBIX Olepalnii HeobX0HMO UCIIOIL30BATh
CHCTEMY MHICKCAIHH JAHHBIX O MECTOIOJ/IOMKEHHN T10JIb30BaTeIel,

Cucrema reonpocrpancTsennoit unjgexkcanuu H3 genur mup ma ime-
cruyroibubie sueitku |5]. Bubnunoreka H3 peanusyer cerodnyio cucreMmy
H3. Ona Briouaer B ceba PYyHKIHKM JIg NpeobpasoBanus KOOPAUHAT
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HIMPOTHL B A0JTOTHL B sueliky H3, naxoxenus nenrpa saeexk H3, onpe-
JesIeHnst reoMeTpun rpaunil sdeek H3, moncka cocemeit aueex H3 u Mmuo-
roro Jpyroro.

4. O030p HONYYEHHOI cucTeMBbl. PaccMOTPUM OCHOBHBIE PE3Yilhb-
TaTBl NPOCKTHPOBAHIA H Pa3pabOTKH CHCTEMBI.

4.1. KoMnioHeHTBI cucTeMbl. B pesyiabrare NpOeKTHPOBAHUS 1
paszpaboTKy OLLIA [OJYUeHA CHCTeMa, CXeMa KOTOPOU IpeicTaBieHa Ha
puc. 1. B nporoTune Bce KOMIIOHEHTH! B3aHMOACHCTBYIOT MexKay coboii
nocpegcreoM REST API, no npu nannueilieM pasBUTHH CHCTEMBI BO3-
MOXKHO ucnojib3oBanue nporokona gRPC uwin 6poxepos coobiuennii s
JIOCTHYKEHUS eIrie BOJIBIIeH TPOU3BOAUTENLHOCTH CHCTEMBI.

Pioxy AR AT ca Haxes slorage shurds
e 2
L ] g
! &
D Put user data
f— =B e e 0
I -0-s
I= 6o
t B \ Gnnlullu‘mu:lﬂuwr / T Blackup e
e

Puc. 1. CBasy KOMIIOHEHTOB CUCTEMbI

Bee cepsucn zanakopansl B Docker xonTefiepbl M pasMemieHnl Ha
miardopme Kubernetes. Taxoil moaxost mo3sossieT co31aBATL HeoOX0IH-
MOE MHCJIO KONl CePBHCOB, HE XPAHANINX MOCTOSHHBIX JAHHLIX B OIIe-
paruBHoOil namsTu (sta,teless), T. €. BCEX CEPBUCOB, KPOME XpaHUJIHUIILA,
Taxxke Kubernetes Boioinger poib 0AJAHCHPOBIINKA HATPY3KH MEXK Y
CO3/IAHHLIMY KOIIUSIMH,

CucreMa UMeeT IATh OCHOBHBLIX CEPBHCOB!

1. Xpanunume HakalnpaeT obpaboTraHHbie JaHHbIE O PACIPOCTpAa-
HEHUH BUPYCHBLIX 3a60/eBanuii,

2. Cepeuc cbopa JaHHBIX OT IOJb30BaTeIeH Ipeobpasyer JaHHbIE
(KOOPAMHATEL ¢ BPEMEHHBIMH METKAMM), OTHPABJISEMBIE HOJIB30-
pBareasaMu, B H3-UHIEKCh ¥ 3aIlHChIBACT HX B XPAHHJIHIIE.
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3 CepBHC BbIIaYH JTaHHBIX Oﬁpaﬁf—lTbIBa(:‘T IIoOJab30BaTe/JIbCKHIEe 3allpo-
CBI I10 BbLIAAYE JaHHBLIX U3 XPaHHJIHIILA.

4. CCPBI/IC aBTOPNU3alllK BBITIOJJIHACT 3aJaTl perucTpalin, aBTopHu3a-
MK 1 ay’Pel—ITH(I)PIKa.L’[.I/IH.

5. Proxy 06’1:C)IHII>IGT B cebe Bee JOCTYIIHBIC ITOJNB30BATCIAM METODLI.

4.2. Coop pmanubeix. Cucrema BefeT cbop JAHHBIX B BHJAE json
haitnos Bujia
[

{"lat":0.122465,"1lon":0.525335,"ts": 1646580739},
{"lat":0.122345,"lon":0.525655,"ts": 1646580850},
]
YerpolicTBo 1OMB30BaTENA BeJleT JoKadbHbIH cbop GPS koopaunar u
COXpAaHsIeT BPeMsl Kaykioro cbopa, jajee B J0O0i MOMEHT MOYKET OT-
IPaBUTE POM3BOIBHOE KOJUYIECTBO COOPAHHBIX JAHHBIX.

4.3. Bosspaiaemsbie nanubie. CepBuc, OTBEMAIONMIT 34 BbLIATY
JAHHBIX TIPH 3a1poce, coOUpaeT JAHHBIE W3 Y3JI0B XPAHWIUNA U POpME-
pyer oTBeT. [Ipu 3TOM cymecTBYeT HECKONBKO PEAJTHIOBAHIBIX MEXAHN3-
MOB d)Dp]\’[I’I[)DBﬂ.HHﬂ orpera.

[Tepsbiii U3 HUX HPHHUMAET HA
BXOJI IIapy KOOPJMHAT W BO3BpAalia-
er wabop H3-sweek (mecruyrosbHu-
KOB), HpecTaBigomuit coboit 06-
JIACTH HEKOTOPOTO PAJJAHYCca BOKPYID
B o MOJIB30BATENs, PAIHYC MOXKeT lepe-
\ ' JABATHCH  OTJEJNLHBIM IIAPAMETPOM.
DTH JAHHLIE MOTYT HCIOJBL30BATL-
Csl, HAIpUMED, MODMJIBHBIMH IIPHIO-
JKeHUSIMH JIJ1sl MOHHTOPHHTA CUTYalMH BOKPYT IoJib3osaress. [Tpumep
JAHHBIX ¢ pajunycoM 4 mpejcTaBIeH Ha pHC. 2.

Bropoit MmexanusMm HCHONB3YETCs [T TOJIYIEHIST JAHHBIX 110 IIPOU3-
BOJILHOM obsacTu. Takue JaHHBIE MOTYT OBITL IPUMEHEHBI B CIICIIHAL-
HBIX CepPBHUCAX-AHAJIN3ATOPAX sl OIEHKH 0OCTAHOBKM B OIPEIEICHHLIX

Puc. 2. OKp(‘!CTIIDCTb NOJIL30BATCIIS

obaacTsx.
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5. 3akmnrouenne. [loyyuensr cieayomue pe3yaibTaATh:

1. Paspaforannas cucreMa HMeeT BBICOKYIO IPOIYCKHYIO C€IOCOB-
HOCTH H IIPU HEOOXOJUMOCTH €& MOYKHO He3aMeIJIUTENLHO MaCIITa-
bupoOBATH.

2. CI/ICTGIVI& MOZKeT 6]3!'1‘}3 HCIIOJIB30BaHa 6OJII>HII/II\'I CIIEKTPOM KJIHEHT-
CKHX yCTpOﬁCTB. rT?lK, HJLEL C60p?l. AaHHBIX MOI'yT 6blT]’3 HUCITIOJIB30Ba~
uel IoT-yerpoitersa, obnanalomue GPS-rpekepoM # MoOgymneM j1o-
cryna k uHreprery. s riobajibHOr0 TeppUTOPHAILHOIO AHAJIN-
38 JAHHBIX MOTYT OBITH HCIOJIb30BAHDI BBLIJC/ICHHLIC CEPBEPBI JIJIs
aHaIN3a JaHHbIX. MOGHIbHbIE TPHIOKEHUT MOTYT OHOBPEMEHHO
CO6I/IpaTb JAHHDBIC M BBIITOJIHATD HX aHaJIu3 JJIH KOHKPeTHOI'O 110JIb-
30BaTeasd.

3. ,ZLFLHHI)IB XpaHATCHA H IIPeJoCTaB/IATCH [T0Jb30BaTe/{M B 06:[)8.60-
TalmHoM BHJIEC W I10 HHM HEBO3MOZKHO BOCCTAHOBHTL JAHHLIC KOH-
KPEeTHOI'O 11OJIb30BaTeJ1d,
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WccnenoBanne MeToq0B HPOTrHO3UPOBAHUS
B 3ana4e HedTenepepaboTKu

Pexomendosano x nybauxayuu doyenmom lonosrunot A. I

1. Beegenue. AKTyanbHOCTD 33240 IIPOTHOSUPOBAHUS OILPeIeIs-
eTCsl PA3BUTUEM PA3JIHMHBIX METOJ0B M AJIOPUTMOB MAIIHHHOIO 06y-
denus [1], a Takixke HoTeHIHANLELIM 3P QEKTOM OT HX HCIOJIL30BAHHIL,
Haupumep, ¢ 1OMONIBIO 9TOI0 MHCTPYMEHTA MOMKHO ABTOMATH3UPOBATD
OosbII0i 06beM PyUHOI paboThl, & TAKMKEe CYIIEeCTBEHHO CHU3HTD PHCKH
OT BO3HMKHOBEHHS HECTAHIAPTHBIX 3HAMEHHH aHAJIH3UPYEMBIX ITOKa3a-
Teseit, H1aroaAps CBOEBPEMEHHOMY NPOTHO3UPOBAHHIO JHHAMUKH MPO-
necca Ha 3aJaHHBIH IPOMEXKYTOK BPEMEHH.,

Hannas pabora npejcrasiger coboil onmcamne IpejjiaraeMoro pe-
HIEHUST 38/1a91 [TPOTHO3MPOBAHUSL IIEJIEBOI0 IIOKA3ATeNsl 110 3HAYCHUIM
KOCBEHHBIX IPH3HAKOB, H3MEPEHHBIM B JUCKPETHBIC MOMEHTBI BPEMEHH.
B kauecTBe npuMepa paccMaTPHUBAIOTCSH PEaIbHBLIC JAHHBIE TEXHOJIOIH-
YECKOTO MPOTecca OUUCTKH HedpTH, cobpaHible Ha OJHOM U3 Hedrenepe-
pabareisatonux 3as0y08 Poccun, IenesbiM nokazareaeM siBsieTcst NpU-
3HAK, XapaKTEePU3YIOMHMI KAYeCTBO NPOIECCa OUYHCTKH, OH 3aBHCHUT OT
XHMHYIECKOI'O cocraBa lepepabarbiBaeMoit Hed)TH, a TAKKe YIPaBJIsio-
HIUX HapaMeTpos U cocTosHud cucreMsl. IlocTpoennas nporHosxas Mo-
JIeJIb MOYKET HCIOJIL30BATHCSA NPH (DAKTOPHOM AHAJIM3E W JJIsl PeIIeHns
3aJa4 ONTHMAJIBHOTO YIIPABJICHUS IIPOIECCOM MHJIPOOUUCTKH,

2. Onucanune permenus. Jdannbrii pasmgen cojgepxKuT HHdOpMAaInio
00 ucxomHOM HabOpe JTAHHBLIX, METOJAX PENIeHHs, a TAKIKE MOJIYICHHBIX
pe3yIbTATAX.

2.1. Onucanue JaHHBIX. JJaHHbIE OBLINM [IPEJOCTABIEHB] B AHO-
HUMH3HPOBAHHOM BHJE OJHUM M3 KpyUHelmux HedrenepepabarbiBaio-
mux 3a80108 B Poccun, Habop JaHHBIX COCTOUT M3 OJHOIO IEJIEBOTO I1a-
pamerpa CV1 u mecrs KOCBEeHHLIX, paz0UTLIN Ha JBe KaTeropuu: Habiiio-
gaemele napaMeTpsl (DV1) u ynpasnsmiomue napamerper (MV1-MVE).

Kpasuoe Baadumup Muxaiaioeuw — crygenr, Canxr-Ilerepbyprekuit rocyap-
crBenublii yuusepeurer; e-mail; st077187@student.spbu.ru, Ten.: +7(906)680-04-97
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Bagaua cocTosia B TOM, 9To0bl 110 rpynnaM napamerpos MV, DV cupo-
HO3UPOBATEH 3uadenne napaMerpa CV. Bmadenus n3MepeHsl ¢ HHTCPBAa-
jgoM B 1 MunyTy. s obyueHns W BaJUJAIHN HCIIOIb30BAJINCH JAHHBIC
3a 16 pueil, cobpaHHble B ILEPHO TECTOBOH IKCILIyATALMH B OKTAOpe
2019 rona (coorHomtenue oSy aIOmel U BAIHIATHOHNION BRIGOPKH BBLIO
B3s1T0 pasHeiM T0/30). s TecTHpOBAHNS TOCTPOEHHBIX MO ObLTH
HpejocTaBieHsl jgadibie 3a Beck 2019 roa. Mssecrno, uro B HeKOTOpBIE
MOMEHTBLI BPEMEHH JATIHKH, U3MepsIOIiHe [I0Ka3aHusl, jasau cboit, mo-
9TOMY B TECTOBBLIX JAHHBIX IPHUCYTCTBYIOT IPONYCKH W HEJOCTOBEPHBIC
3HAYEHUS ITAPAMETPOB.

2.2. ITocTpoenne Moaesneit. s npormo3supoBanns HCIOIL30BA-
JINCH METOZBI MAIMHHOrO obyuenus. M3Hauanbuo jajs cpaBHeHus HbLI0
B3sITO TPH MOZesan — juHeiinas perpeccust (scikit-learn), rpajnenTusiii
Gycrunr (XGBoost) (2] u ogaocnoiinas LSTM-ueitpocers (keras) [3].
MeTpukn KaudecTna, BLIOpaHHBIC B JaHnoll 3ajatde — cpeiusas abco-
siorHas ombka (MAE) u cpeguss abcomorHas NPOLEHTHASL OMIHOKA
(MAPE). Ilepexn obyuenuem Tak:ke ObLIA NPOBEJIEHA CTAHIAPTHIAINS
JaHHBIX. PesynsTarsl, MOJIYUCHHBIC Ha BAJIUJIAIMOHHON BBIOOPKE, Mpe/I-
crapyiersl B Tabaune 1.

Tabauna 1. [leppuunbie pesynbTarsl HA BATHIAIMOHHON BeIGOpKe

Ne MAE MAPE
Jluneitnas perpeccus 2,13 14,5%
I'paguentipiii Sycruir 1,9 13,69%

LSTM 2,9 17,84%

Ha sTom srane 66110 pemieno orkazarbes or LSTM, Tak kak ona jaJja
HAUXY/IIAI pesynbTar Ipyu ToM, 94To ee¢ obyuenne Tpebyer HanboIbInero
KoJuuecTsa speMend. Js aByx apyrux Mogeneit ObLIH HaiijgeHsl My Ty
VIIYUIeHHs Pe3yabTaros. B Habop JanHbiX ObLIH JH0OABICHBI JONOJIHI-
TelbHbIe TPU3HAKK: TOMHMO 3HadeHuil npusnakos MV|E,_ |, DV[t;_1]
Obutn Takske Jobasiensl sHadenus MV|t_go, ti—120], DV[ti—g0, ti—120],
CVt;—60, ti—120], U3MEPEHHBIE YAC U JBA, TaCA HA3AJ], & TAKMKE H3 COCTABA
npeauKTopoB uckiaoven npusnak DV. Takke BMecTo oOBIMHON JnHEIi-
HOIl perpeccHu Henob3okatach perpeccust ¢ L2-peryisapusanueii (ridge),
a B KauecTse 6A30BOr0 aJropuTMa Jisl OYCTUHTA HCIIOIL30BAIACH JINHEI-
Has MOJIeJIb BMECTO PEeIlalonux JAepeBbeB. Pesysbrarsl IpejcTaBieibl B
Tabuie 2.
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Tabuuua 2. Pesyabrarsl HA BauallMOHHON BEIGOPKE
nocjie npeobpaszopains HaBOPa JAHHBIX

Ne MAE MAPE
Ridge 0,79 6,29%
IpaguenTubiii 6ycTUHT 0,81 6,37%

CpenHan abconoTHan NpoueHTHas owubka 5.39%
Cpepanan abconiotHan owmbka 0.67

{ n‘%wﬁr\'wﬁwﬁw‘!“ '\'ﬂj} -E‘E\J

4 NPOrHO3 MOALIN
peansHble IHa4eHWA

2019-10-13 2019:10-14 20101015 2019:10:16 20161017

Puc. 1. Cpasrenne nporuosa mojgenu Ridge ¢ momuHOMHATBHBIMA TPH3HAKAMH H

PEAJILHLIX JalHbIxX

Tax kax moxens Ridge nokasana Gojiee BHICOKOE KauecTBO, OT pa-
JUEHTHOrO OYCTHHIA TakiKe OBLIO PEeIleHO OTKAZATHCH M IPOJOJIKATD
yayuienue pesynsraros Ridge. Bumecro nuneiinoil 6niia nenoaszosana
HOJHHOMHAJNBHAS] PErPeccis BTOPO CTereH , Mocie 1ero ObLI IpoBeeH
0T6op NPHU3HAKOB ¢ HAUGOALIIIME Becamu. ONBITHBIM IyTeM BLLT 11010-
Opan runeprapamerp peryasipusanun « = 0,1. Urorossiii pesyibrar Ha
BAJIUIAIMOHHBIX JAHHBIX [IpeAcTaBied Ha puc. 1,

Ha puc. 2 unpexpcrasiena undopmanus o koapduiuentax uToro-
Boit mozenn. CaMbIMM BasKHLIMH IpH3HakaMu oxazajguch MV1(uac
nazan) x MV5(uac masan), MV1(uac masazn), CV1{uac masan)xMV1(2
yaca Ha3am).

ObGyuennas Mojeab OblIa MPOTECTHPOBAHA Ha JAHHBIX 34 BECh Lo/,
Kak yze oTMeUaJ0Ch, B JJAHHBIX IPHCYTCTBOBAJN POIYCKH H ¢GOH, UTO
OTPHUIATEILHO CKA3ZAJIOCH Ha pesyibrare. IIponycku GLLIH 3al10/IHEHD]
CPeJHUMM 3HAUTCHHSIMY, 8 K CAMHM JaHHBIM OLIJIO IPUMEHEHO CIVIasKHBa-
HUE CKOJL3SIIM CPeJHIM 10 BCeM IIPEeABLIYIINM Habaogernsm. [Ipo-
HOBBI TaKyKe OLIIM CIVIAXKEHDLI, OIMHOKH 10 MecslaM IPeJACTABJICHBI B
Tabaume 3.
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Puc. 2. Koappunmenrer mojenn Ridge

Tabauua 3. Oumnbka 110 MECAIAM HA TECTOBOM MHOMKECTBE

Ne MAE | MAPE
Mecs1,
01.2019 3,459 | 30,037%
02.2019 | 2,427 | 23,596%
03.2019 | 2,028 19,089%
04.2019 2,633 26,816%
05.2019 | 3,075 | 30,002%
06.2019 | 32,103 | 65,646%
07.2019 1,568 15,976%
08.2019 | 0,617 5,997%
09.2019 | 0,616 5,681% |
10.2019 | 3,301 | 26,444%
11.2019 | 71,436 | 66,539%
12.20190 1,182 12,474%
01.2020 | 3,485 | 37,860%
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Buavuenust omUBOK B HEKOTOPLIE MECAILI OKA3AIHCh JIOBOJIBHO BOJIL-
mumu. Ckopee Beero To ceazano co cbosaMu gaTankos. Ha puc, 3 Bumo,
qro jgaHnbie B HosGpe 2019 rojga CHIBHO OTIMYAIOTCS OT BaJIMIAIHMOH-
HLIX HA puc. 1 — MOJYIL MaKCHMAJIBHOTO M MHHUMAJILHOIO 3HAYMEHMS
sHaunTeabHo Gonbine B HOsOpe 2019 roja, TakyKe B 9TOT HEPHOJ €CTh
HPOMEXKYTKH, Ha KOTOPBLIX 3HAYEHHE IeJIeBOTO MPHU3HAKA MPAKTHICCKH
He MeHsercs, Bo3MOXKHO, IPpHYNHA B MAJIOM 00beMe 06yYaiommux JaHHBIX
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OTHOCHTEJILHO TecToBbIX. Tem He MeHee, MOZKHO cleJiaTh BBIBOL, ITO B
cpeJaeM, IMOCTpoeHHasd MOJAC]bL XOPOIIIo yaaB/JIuBaeT JUHaAMHIKY H3MeHe-
HHS IEeJIeBoro roxKasaTesis B TeUeHHe JJJIHUTEJLHOTO IIPOMEXXKYTKa BpeMe-
HH. Kp0Me TOI0, 3a cUeT HCIOJILB30BaHHA ITOJIMHOMHAJILBHBIX IIPHU3HAKOB
MOJICJIb ABJIACTCHA I/Il’ITepl',[peTI/IpyeMOI?I M MOZKeT GBITH HCIOMBL30BAHA JLJLEL
(b&KTOpHO[‘O aHaJIn3a lIponecca 'mJpoouHCTKI He(l)TPI.

CV1 Honbps 2019

10/
1}

019-11.01  2019-11-06  2010-11.09 20191113 2019-11-17  2019-11.21  2019-11-25  2010-11.20

w

2
=]

w
=]

e
S

Puc. 3. 3unauenus npusunaka CV1 B nosbpe 2019 roga (makcumansnas MAE u
MAPE)

3. Bakmouenue. B gannoii pafore npegcraBieHo necael0BaHIe OC-
HOBHBLIX METOJOB IIPOrHOZUPOBAHH Ha IPHUMEpe 3aiaun Hedrenepepa-
Gorkn. Ilposejerno uccaejoBanue JANHLIX, HX OpEABAPHTENIbLHAsS 0Gpa-
60TKa, mocTpoeHne U BEIBOP MOJICNH, ¢e HACTPOHKA, YIVUIICHNE U TeCTH-
poBaHue. HOCHB ITOrO IPOBEJAEH aHaJNU3 [HOJNYUeHHBIX pPe3y/lbTaToB. B
JANBHeIeM IIAHNPYeTCs IPOJIOJIKATE UCCIeJ0BalNs B 3T0il 0baacTH,
HU3YUIUTh ApYyIrue IIOJAX0Abl K IIPOrHO3HPOBaHNIO, a TaKzKe aBTOMaTHu3upPO-
BaTh 1OAGOP IHIepHapamMerpos Momeneit, TecTHpoBanHe CO3JABAEMOrO
WHCTPYMEHTAPHS /IS IPOIHO3ZUPOBAHNS TIPEJIIOJaraeTes B TOM UHCIe
Ha Jpyrux nHabopax JaHHbIX.
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Kysunenos M. M.

Paspaborka cepBuca 10puIudecKoil ImoMorm
HA OCHOBE METO/I0B MAIIMHHOI'O 00y4YeHUs:

Pexomendosano x nybaukayuy, cmapuium npenodasamenc
Cmynenxosvm A. B.

1. Beegenue. Ha cerogusimnuii jesnb npobiema oy aeHns 6a30B80i
IOPHIHIECKON TOMOIIH POSAB/IACTC JOCTATOUHO OCTPO B IIOBCEIHEBHOI
KusHe rpaxigai. HecMoTpst HA TO, 9TO B CeTH MHTEPHET IIPHUCYTCTBY-
€T OIPOMHOE KOJIMYECTBO MATEPHAJIOB 110 I0pHcHpyaeHun u Poceuiicko-
MY 3aKOHOJATEILCTBY, pa3obpaThcs B 9TOH Macce paszposnennoit undop-
Mali{ HelmoAroTOBICHHOMY YeJI0BEKY Kpaifie coxkuo. B To XKe Bpems
CEPBUCOB, VI0BJIETBOPSIONIUX IOTPEOHOCTL [10J1b30BATEIEH B OBICTPOH 1
AJEKBATHON 10pUAMIecKoil moMomu, (PaKTHIYCCKH HET.

Jluist aTuX 1esieil MOXKEeT HOJ0MTH HEeKOTOPasl ABTOMATH3MPOBAHHAS
cucTeMa JIUIS TOJYHeHHs I0PHINYeCKOl KOHCYALTAIMN Ha OCHOBE 3aKO0-
nogarennersa PP, Tak, genosek, HyKIAOMMICT B TOTYIeHIN OLICTPOR
KOHCYJILTAIIMN, CMOT OBI IIPOCTO 3alTH Ha H3BECTHLIN callT M IOJIYUIUTH
KPATKuil 0TBer, a TakKe [0A00PKY 3aKOHOB M HOPMATUBHBIX AKTOB JJIs
Gosee MOAPOOHOTO U3YUCHHI.

Taxum 006pazoM, HeNbIO JAHHON PADOTHL ABJIAETCs PEATU3ALN Cep-
BHCA, 0DECIEUUBAIOLIETO TOJIYYeHHe IOPHIIMIECKOl HOMOIY 10 BA30BbIM
BOIIPOCAM, HAIEJIECHHOIO Ha HEIOATOTORJICHHOE HACEJCHHEe, A TaKKe pas-
paborka penrenust B Buje eb-caiira,

2. O630p. lloayuenne Boupoca MONL30BATEN, & TAKIKE OCIELYIO-
MMl OTBET Ha HEro sBJSETCS JIOCTATOUYHO YacToi 3ajavell B COBpEeMeH-
HBIX NPHKIAHBIX 3a7a1aX 06paBboTKu ecrecTBeHHbIX s3bikoB [1]. Cu-
CTEMBI, PEIIAIOIINe JAHHYIO 33144y 3a4acTyIO HA3BIBAIOT “aMm-00MmanriL.
Har-60T — KOMBIOTEpHAY IPOIpaMMa, pazpadaTeiBaeMas I 00IeHus ¢
JHOABME, 0CODEHHO ITOCPEJACTBOM ceTn nHTepHeT. Takme cucreMbl pacro-
3HAIOT TEMATHKY PasroBOpa, HAMEPEHHsI MOJIL30BATES, KIIOUEBLIE CJI0-
Ba PasroBopa, a TaKyKe HMEIOT HEKOTOPYIO KPATKOCPOUHYIO IaMATh s

Kysnewos Maxcum Muzatinosun — crypent, Canxr-Ilerepbyprexuii rocypap-
crBennplit yuusepenrer; e-mail: kuznetsovmm@mail.ru, ren.: +7(919)504-59-18
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3allOMHHAHMS KOHTEKCTa pasrosopa. Ha ocHose sTux JaHHbBIX Takue npo-
IPaMMBI CIIOCOOHB! BBIOHPATH HJIH I'€HEPHPOBATH HEKOTOPHIM 06pas’oM
JYUIMUR 10 TeKyIei cuTyanmun oTBeT. PaccMOTPUM HX OCHOBHBLIE TH-
B

2.1. CucreMbl, ocHOBaHHbIe Ha npaBuiax. CymiecTByloniue
pelIeHns] Ha PBIHKE MONOOHBIX NPOAYKTOB IIPEACTABISIOT coboi gocTa-
TOYHO HPHMHTHBHBIE IIPOIPAMMBIL, JEHCTBYIONHE [0 NPUHIMIY GJIOK-
CXeMBbI C HEPEeXO/IAME B 3aBHCHMOCTH OT OTBETOB IOJIb30BaTe 1. Takoil
HOJXO0/, MOKET OBITH YMECTEH M Jayke B IOJHON Mepe adexTHBen s
perreHnst HeOOJILIINX 384 110 THILY BEIOOpa pecTopaHa Win 3akasa Ou-
Jeta B KuHO [2]. OJIHAKO ¢ POCTOM CJIONKHOCTH NpeAMeTHOH obracTi Ko-
JIMYECTBO PYUYHOIO TPYa, HEOOXOIUMOe sl HOCTPOCHUS KAUYeCTBEHHOMN
MOJIE/IH, COBEPIIAIONIEl aeKBATHLIH OTKIMK HA TI0O0H 3anpoc (Han Ha
HPUEMJIEMBIil IPOLEHT 3aIlPOCOB) HOJb30BATENs], YBEJIHIHBACTCS IKCIIO-
HEHIHAJIBHO. DTO 00YCIABIMBAECT HEBO3MOMXKHOCTD HCIOJIbL30BAHMS JIAH-
HBIX BJI0K-CXEM ISl IPOU3BOIBHON pejMeTHON 00/1aCTH U, B YACTHOCTH,
TAKONH KOMILIEKCHOI U MHOL/JA IPOTUBOPEMHBON KAK HOPUCIIPYIEHITHS,

2.2. ObyuyaeMbie yaT-00THI. [IaBHBIN HEIOCTATOK CHCTEM, OCHO-
BAHHBIX HA IPaBHax — orcyrcrBue rmOkocTu. OUUCAHHBIE IPOIPAMMBI
CIIOCOGHEI TPEKPACHO MOJICTHPOBATE OOIIEHHE 110 CTPOTO 38 JaHHOMY CIIe-
HAPHIO, OJIHAKO J1100as omubKa BBOJA MOJNL30BATENS UM HEOIHMCAHH LI
BAPHAHT OTBETA MOYKET [IPUBECTH K HEKOPPEKTHOMY OTK/INKY. lanmyio
npobieMy HPU3BAHO peluTh Mamnanoe obyuenue. Yar-60Tbl, ocHOBAH-
Hble Ha TAKOM NOAXoje [3], criocobHEl Kak 0606maTh MoIyIeHHbe JaH-
HbIE, TaK ¥ PeHEePHPOBATH OTBET. DTO JIHIIACT HOJHOIO KOHTPOJS HAJM
OTKJIMKOM CHCTEMBI H YCJIOXKHIET paszpaboTKy, 0JIHAKO KAUYECTBO B KOM-
IJIEKCHBIX MPEAMETHRIN 06JaCTAX 3HAYNTEILHO HOBBIIIACTCH.

B saBucuMOCTH OT HA3HAYEHHUH HaT-00TA BO3MOXKHA KOMOWHAIWS

JIBYX OIIMCAHHBIX OJXO0J0B.

3. ITocrpoenune moaenu. Opucnpypennus — Kpaifme cjloKHas U
obrupHas 0b6aacTh, MOITOMY paspaboTka CHTeMbl, OCHOBAHHON Ha Ipa-
BHJIAX, HE IIPEJICTABILCTCH BO3MOMKHBIM. Takum obOpasom, JJid peaju-
3aiun HeodXoIMMO HCIIOIL30BATE HOJAXOAL K 00paboTKe eCTECTBEHHLIX
A3bIKOB, a TaKzKe MeTO/ bl MalllHHHOI'O 06_‘3/‘[01—[1'151. C_YIIL@CTB_YOT HeCKOJIb-
KO (ppeliMBOPKOB, MIPEJOCTABILIONIHX HocTpoenne dar-6oTos. Hanbosee
HOMYIAPHBIME ¥ 3heKTUuBHBIME U3 HuX asisiorcs DeepPaviov [4] n
Haystack by Deepset |5]. O6e Gubnunorekn npegocTasisiorT 6a3oBbie Me-
TOJBI AHANM3A A3BIKA, OJHAKO CO BTOPOH BO3ZMOMKHO IMOCTPOHTbL IOpa3-
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210 Dosee rubKYIO CHCTEMY, IPEIHA3HAYEHHYIO Jjis OTBETOB HA, BOIIPOCHI.
ApxurekTypy 9aT-60Ta MOMKHO PasbHTL Ha CICIYIONINE CYITHOCTH:

1. Basa suanud, BKIIOUAIONAA B cebs OCHOBHBIC KOJCKCHI, 38KOHBI H
depepanbubie 3akousl PO.

Coopujur TOAXOIANNX JOKYMEHTOB U3 6a3LI 3HAHMI.

Feﬂepamop omeema 110 KOHTeKCTY HalJIeHHBIX JAOKYMEHTOB.

3.1. Baza zmauwmii. Ilpn paszpaboTke paccMaTPHBAINCL TOIBKO
OCHOBHBIE COOPHUKY 3aKOHOB 1 HopMaTuBHbIe akThl PO, Cynebuas npak-
THKA He BOILIa B 6a3y s3uanuil. TekeTsl JOKYMEHTOB OBLIM MIOJIYYeHbl U3
OTKPBITBIX HCTOUHUKOB ceru mHTepHeT. s cocrasienus aitinosoii 6a-
3b1 HanucaHa porpamma Ha Python, asromaruueckn cobupaiomnias uH-
chopmaruio ¢ caiira [6).

B nenrpe jpannoit apxuTeKTYpBl HAXOAUTCA Ga3a JTAHHBIX, XPAHSITASL
BCIO M3BecTHYIO uHpoOpManuio o npeaMernoit obnacru. Mmenno or ee
BBLIOOPA 3aBHCHT CKOPOCTH M KaveCcTBO OTBeTa Ha 3anpoc. ITockonbky
JAaHHAA ITpeaMeTHas 00JaCTh MOYKET BKJIIOYATL B ceOsl THICATH Pa3JIHd-
HBIX CTaTei, HEOOXOMUMO OCYILECTBISTh OBICTPLIA HOUCK 110 HuM. s
9THX Teseil 6euta Beibpana FlasticSearch |7], nossosnsiomasn paborars ¢
OIPOMHBIM KOJIUMECTBOM 3aluceil 6e3 HoTepu MpPOH3BOAHTEILHOCTH.

3.2. ITopGop moxkymenrtos. g nonbopa JOKYMEHTOB 110 3aJIaH-
HOMY BAlPOCY MOXKHO paccMorpers JjBa nojxosa. I[lepeeiit — ucnonibso-
Banue anropurma BM25 — momuduxkanun anropurma TF-IDF. Opuru-
HAJIBHBIN AJIPOPHTM HCIONL3YeT hopMyiy:

TF-IDF =tf(t,d) x idf (t, D),

rae tf(t,d) — aueno sxoxuenuii cuosa t B goxyment d, idf (¢, D) — un-
BEPTHPOBAHHASL ACTOTA BXOXJCHUS cJIoBa ¢ B HAOOP HOKyMeHTOB D).
Taxum obpaszoM, UeM 9alle CJIOBO BCTPEYAETCH B JOKYMEHTE M, B CBOIO
oUepeib, MEHBIIE — B OCTAJIBHBIX JOKYMEHTAX KOJLICKI[HH, TeM JAHHBIN
JOKYMEHT DoJiee PesIeBaHTEH.

B ocnose BM25 nexar Te e MIAEH, OJHAKO BROJSTCS JIOMOTHATE -
uple npepnonoxenus. llepsas 3akiiouaercs B TOM, 4TOObI KOHTPOJIHU-
posatb poct tf(t,d). Takum o6pasoM, eciii 4acToTa HEKOTOPOrO CIOBA
B JIOKYMEHTE JIOCTATOYHO BEeJIHKA, TO BKJAJ JOKYMEHTA, HMEIOIero j1a-
JKe BOJIBIIYIO MacToTy, OyAeT He3HauYnTelbLHO bosblne nepsoro. dpyroe
VIIYHIeHHe — NPUJAHHE BaXKHOCTH Dojee KOPOTKUM HoKyMmenTam. Ecin
HEKOTOPOE CJIOBO BCTPEYAETCH B KOPOTKOM JIOKYMEHTE, TO BEPOSATHO OHO
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Bojiee BayXKHO, YeM B JJIMHHOM TEKCTe, YIOMSIHYTOE OJMH MU JiBa pasa.
Dyunps idf (¢, D) B BM25 maxxe cunbhee mrpadgyeT cJIoBa, BCTpedaio-
MHAECH BO MHOTHX JOKYMEHTAX.

Wrorosast onieHKa 3a11poca IpeCTaBIseT U3 cebsl CYMMY OIEHOK KarK-
jporo caosa. Onucannsie Mogudukamnn TF-IDF 3anaiorcs hopMyoil

Ji.o(ky +1) In (1+ N—n,—i—O,S)
e ft,p + k1 (1 - b+ b%) ne 40,5

rae D — mokyment, () — Habop cioB B 3anpoce, fi p — dacTora ciosa t B
poxymenre D, ky — napamerp, orpanununsaomuit poct tf (¢, d), b — mapa-
METP JIJIsl HACTPORKH BayKHOCTH JUIHHBI JOKyMeHTa, A — cpejiusis Jinna
JOKYMEHTOB B KOJUIeKIuu, N — KOJUYecTBO JOKYMEHTOB B KOJIEKIUH,
7y — THCI0 JIOKYMEHTOB, COIepKallnil cioso .

Bropoii 110/1x0/1 K HOHCKY JOKYMEHTOB — UCIIOJIB30BAHUE HEHPOHHBIX
cerell A CO3/IAHAA TAK HA3BIBAGMOTO ILIOTHOTO BEKTOPHOIO NPEJICTAB-
serns |8]. Ero ormuune or npepcragnenust BM25 B ToM, 1TO pe3yianTu-
PYIONH BEKTOP HE SABJSETCH PA3pPeeHHBIM. Janubii MeTon JaydniuM

Score(Q, D) =

00pa3oM HoAbHpaeT JOKYMEHTDI, OJIHAKO BBIYHCAUTEILHO 3HATHTEILHO
Gosiee CIIOXKHBII,

3.3. ITouck orsera. [uiga moucka orBeTa Ha BONPOC B JOKYMCH-
Te Henoab3ytoTes Tpancdopmepst [9] n Mogenn, ocHosanabie Ha BERT.
Ha ceropusininuii jpenb Jauuble HEHPOMHHBIE COTH AOCTHIVIN HAMJIY YIINX
nokasaresueil B obaact 06paboOTKH eCTeCTBEHHBIX A3bIKOB, OIHAKO IIPH
BCEX CBOMX JIOCTOMHCTBAX, OHH TPEOYIOT MOIIHYIO AINAPATHYIO COCTAB-
JIAIONLYIO, & TaKKe, B OTIMUHE OT AJMOPUTMOB IOA00Pa AOKYMEHTOR,
SIBJISIIOTCS] BABHCHMBIMH OT SI3BIKA.

Haystack npenocrapisier BO3MOXKHOCTL HCIONIL30BATHL JIODYIO J10-
CTYNHYIO MOJIeah U3 penosuropus huggingface [10]. B xauecrse 6a30Boii
ucrionnzyercs RoBERTa [11], oxuaxo ona me ofyuena Ha pyCCKOM s3BIKE,
HOATOMY He siBjsiercst moaxossaiieit. Takum obpazoMm, B ganuoi pabore
B3sTa MYJbLTUA3BIMHAS MOLeNb Tim-roberta-large-squad?.

4. I'pacdhuuecknii uurepdeiic caiira. g BzanMoaecTBIA 10JIb-
30BaTENsl ¢ [IOCTPOEHHBIM CEPBUCOM paspaboraH rpaduuecKuit MHTEpP-
eiic, Brinoualonuii B cebst JBa [OJIs: OJHO JIJIst BBOJIA BOIIPOCA U JPYILOe
JJ1st oTobpazkeHus: oTBeTa. B TekyIiell peaanusanuu cucTeMa IpesiocTaB-
JISIET MSITh JIYUIINX OTBETOB, & TAKYKEe HX HCTOYHUKY st Goee 1o 1pob-
HOI'O CAMOCTOATENLHOIO U3YueHus. BHEIHIN BiJ| CepBHCA [IPEJICTABICH
Ha puc. 1.
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CePBUC IOPHANIECKOH NOMOLM oA KAWL

FIOMIIE OTHETON 110 B IOPIFNOEKINA BON{L M

crpacute / '

Puc. 1. I'pacdpuueckuit nnrepceiic

5. Anpobanusa. CeppepHas 4acTh JAHHOTO CEPBHCA PEATH30BaHA
Ha s3biKe nporpammuposanust Python ¢ nenonssosanunem dpeiitmBopka
flask. Beimonnena cieyiomnas nponeaypa IpoBepKu paboTh:

1. C momomipio rpaduueckoro nurepdeiica BBOLUTCS HHTEPECy IOILHT
BOIIPOC 1 HayKHMaeTcd KHonKa «Crnpocurhy. Knuent genaer POST
HTTP-zanpoc ¢ json-rejaoMm, HMEIOIEUM 1oJe qguestion,

2. Cepsep noJsywaer 3a1poc, BI3BIBACT METO GNsSwer U JOMKUIAeTCs
OTBeTA.,

3. Ilomyuenupie manpble OTHPABJISIOTCS KJIHEHTY Takyxke B opMmare
json. Hamnee kimeHT 0TOOpAsKaeT MOJNYICHHBIH OTBET HA SKpPaHe,

6. Pesynbrarel. PaccMorpensl ocHOBHBIE ClIOCOOBI PEATU3AIINN AB-
TOMATH3UPOBAHHON CHCTEMBI IOPHANYIECKON [OMOIIM, a TAKXKe HHCTPY-
MEHTBI st ee paspaborku. C HOMONIBIO S3BIKA TPOrPAMMHPOBAHIS
Python paspaborana nporpamma, crocodbHas OTBeYATL Ha BOIPOCH
nosbzosares. C moMonipio cbopuinka crareil sakoHojarensbcrsa Pd
noabupaiores Hanbosee moaxoadamue, u ganee neitpocers XLM RoBERTa
HPOUBBOAMUT MOMCK OTBETA 1O JoKyMmeHnTam. s BzaumoeiicTeus ¢ cu-
cremMoil paszpaboran rpadudeckuii nurepdeitc. B nanbueimeM mpeamo-
JIAraeTcsl PasMeleHe CepBuCca B CeTH MHTePHET.
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YK 004.932
Kynpusuos WU. B., Jasbigenko A. A.

Konopuszanusa depHo-06e/bIX N300pa>KeHuin
C NOMOIIbIO HelipoceTeil

1. Beegenne. Konopuzanus uepuo-6ensix (ororpaduit ~ obbem-
HAsl ¥ TPYJAoeMKasd 3aja4a. XYJIOKHHKH TPaTsaT OOLIIOe KOJHYECTBO
BPEMEHH JIJIsl BOCCTAHOBJICHHUS! 1[BETA, TAK KAK /ISl TOrO, YTOOLI IOHATD,
KaKOil MMEHHO OTTEHOK HYKHO INPHCBOUTE KaxJIoMy dparmenty goro-
rpadin, JacTo IPUXOAUTCH HAXOJAUTD IBETHBIE AHAJIOIH ITUX (hparMeH-
ToB. Ha onuo usobpaxkenne MOKeT yHTH Mecsl] paboThbl, €CJIH XYL0H-
HHK XOUeT JIOOUTLCS MAKCUMAJILHOM TOUMHOCTH. ABTOMATH3ALMS TOIO
npornecca [1] Mo3B0AUT 3HAYNTEIBHO COKPATHTH BpeMs JII0Jei, 3aHnMa-
IOIIMXCST KOJOPUBALHEH BPYIHYIO.

B nanmnoit pabore HCHOMBL3YIOTCA CEEPMONMBLE NEUPOHUBIE CEM T
HOCTPOEHUsT Mojenu rIyGokoro obydenns [2|, KoTopas, MpuHHMas Ha
BXOJ1 YepHo-Oes10e n300parkeHne, Ha BBIXOJ| BIIAET PACKPAILIECHHOE,

Tax xax pacxkpamupanne mo6nix dororpacduit Tpebyer obbeMHOTNO
HFL6()})H. JAaHHDBIX, 6[:!.1'[0 IIPUHATO DCHICHNE JLJIA Hatalia 1)'(16()T34Tb C HSO()-
PasKeHHsIMH OlIpejle/leHHOro Kiacca: grororpadun yiun, JoMOB, Lepeyil-
KOB M 1IPOYeil FOPOJCKONH cpejibl.

2. ITogroroBka JaHHBIX. B nepByio ouepejih HeOOXONMO 3a/aTh
[BETOBOE [POCTPAHCTBO JUIsl HPEJCTABICHHST U300 PasKe i,

2.1. IIseToBoe mnpocrpaHcTBo. Eciu paboraTh B KiaccHve-
ckoM RGB, 10 HA BXOJ, MOJIEJIH JIOJIZKHO MOJABATLCS TPH MATPUIEL, TAK
KaK YepHo-Oe/ible H300paXKeHUsl COCTOAT U3 OTTEHKOB Ceporo, KOTOphIE
HOJIydaIoTesT KOMOMHAIMEN KPACHOr0, 3€JIEHOI'O U CHHErO B PA3HBIX IPO-
nopruax. Ha Buixofe Mozenn tax »ke OyJeT TPH MATPHIILL JLIs KOMIIO-
wenr R, G, B.

Ho xpome RGB cymiecTByIoT u Apyrue [BETOBLIE NPOCTPAHCTBA, Ha-
IpHMeD I[BETOBOE NPocTpaHcTBO Lab, 31ech UCIOMB3YyEeTCs HHAS I[BETO-
Bas MOJIeNIb, IJie KOMIIOHeHTa L oTBevaeT 3a 3HAUYEHHUE <CBETJIOTHI», &

Kynpuanos Hava Baadumuposun — cryaenr, Canxr-Ilerepbyprekuit rocysap-
crBennntit yuupepeurer; e-mail: st075958@student.spbu.ru, ren.: +7(999)520-55-17
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KOMIIOHEHTBI @ 1 b — 3a IOJIOKEHHe I[BeTa B JIMAIA30HE 0T 3eJIeHOI0 MO
KPacHOI'O B OT CHHEro J0 YKeJITOI0 COOTBETCTBEHHO.

B cnyuae wepro-6enbix m300pazkennit Ha BX0J MOJeIH OyJeT 110/1a-
BATBCS BCEO JIMIIb OJIHA MATPHUIIA, TAK KAK KOMIOHeHTa L, 1o cyrn, u
SBJISIETCST YUEePHO-0EJIBIM HPEICTaBIeHHeM H300pDayKeHns, & KOMIIOHEHTHI
IBETOBOrO HpocTparcTsa a u b orcyrersyior. Ha sBeixone jpocraTouno
HOJIYIATh TOJBKO KOMIIOHEHTBL ¢ H b, TAK KaK 3a CJI0H L MOYKHO B3sTb
uexoHoe nzobpaxkenue. [loaromy BEIGOD 3TOr0 HBETOBOIO IPOCTPAHCTBA
HO3BBOJUT COKPATHTH 00HEM BLIMHCICHHI H KOJIMYECTBO 3aTPadHBACMOL
HAMSITH.

2.2. Habop oby4aomux JaHHBIX. B oTKpBITOM J0CTy1IE He OBI-
JIO HAJIEHO DOTOBOIO HADOPA JAHHBIX, KOTOPbI HOJXOAUT JIJIsl 1OCTAB-
sgenHoit 3ajaun. Ilosromy maunble cobupajuch caMmocrositensno. s
TOrO YTODBI NOHSTH, B KAKUX IIPONOPIMAX COCTABISATL damacem, Obl-
o ckadeno okoso 300 crapwix pororpaduii ropopckoit cpebi, nocie
wero uenosbsosadics kaaccudukarop InceptionResNet V2 [3], crassiuit
B COOTBeTCTBHE M300paykeHuo BekTop, couepxaiuit 1000 npusnaxos,
Il KayKJblil TPU3HAK — BEPOSTHOCTE NPUHAJICAKHOCTH OIHPEICICHHOMY
kiaccy. Jduist kazk 1000 n300pakeHnst ObLIO BHIOPAHO TPU CAMBbIX BEPOSIT-
HBIX KJIACCa, 3aTeM MOACTHTAHO KOJIHYCCTBO KIACCOB.

2.3. Obpaborka gauHHbIX. CKayeHHbIE ¢ OMOIIBIO YTHIHTHI
Yandex Grabber 4] nzobpazxenns 6puM HpeoOpa30BaHbl B KBAJPATHBIE,
pasmepom 256 x 256 nukcenei. B nserosom npocrpancrse CIE Lab sua-
YeHHe IBETOB Mensiorcs or —128 mo 128, Ecin paznennTs Kaijoe 3Ha-
wenne Ha 128, To OHE OKaXKyTCs B rpaHunax or —1 1o 1. 91o cuenano mis
TOPO, ITOOBI MOYKHO OBIJIO CPABHUBATE MOTPEITHOCTL BBIYHCICHHS, TAK
KaK Ha BBIXO/E CETH MBI IOJMYYacM 3HAUCHIA HMEHHO B TAKHX I'PAHIIAX.
A5t JOCTHKEHIS XOPOIIUX PEe3YJIbTaTOB HYKHO MHOI'O 00y 1AaIoMX IIpU-
MepoB. Jist HCKYCCTBEHHOIO yBeIHUEHHs pa3Mepa JaTacera UCloib3y-
10T TIPHeM, KOTOPBIN HA3bIBaeTCsd ayemenmanus dammuvix. LaBnas uues
METOJja — MOJIYIeHHe HEeCKOJbKHX H300parKeHui U3 OJHOI0 ¢ IOMOIILLIO
pasHbIx Manunyaanuit, B aroit pabore i ayrMeHTAEY JIAHHBIX 0Dy a-
I0IHe H300pakenus IpeodpasyioTcs ¢ MOMOIILIO CIABHIA OTHOCHTEILHO
HEeHTpa, NPpUOINKEHNs, IOBOPOTA U OTPAYKEHU 110 BEPTUKAJIH,

3. IlepBas Bepcua momenu. Hua pabGornl ¢ u30b6pakKeHUAMH B
r1yOOKOM 00YUEHHNN MCIONL3YIOTC céepmoyunbie Hetiponnvie cemu. Oun
CHPAaBJIAIOTCS HAMHOIO JIYYIle JIHHEHHBIX MOJeeil, IOTOMY YTO COXpa-
HSIOT IIPOCTPAHCTBEHHOE IIPEACTABICHIE H300pasKeHus.
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3.1. Apxurekrypa. B aroit pabore HCIOIL3yeTCSl MOLEIb, IIO-
crpoenHas Ha apxurexrype [5] Autoencoder co BIOMKEHHLIMH CBEPTOY-
HbIME coaMu. [lepsoiit 610K — KoaupoBIuK, cocTouT us Convolutional
cioes. Buecro MaxzPooling nenonb3yioTes Te 3Ke CBEPTOUHBIE C/IOH, HO €
mIaroM 2. 3ToT [Mo/IX0/L HO3BOJIAET He TePATh IPOCTPAHCTBEHHYIO HHMOP-
MAIUIO ¥ H30ABUTLCSL OT MCKAKEHUIl 1IPU HOHMIKEHUU pasMepa u300pa-
skennit. Bropoit 610K — JIeKOIUPOBIUK, HYKEH Jijisl [IOBBIIIEHIS pasMepa
H300pAYKEHM, TAK KaK B IIepBOM OJIOKe Mbl YMEHBIIAEM pasMmep B 8 pas.
s MOBLINIeHHsT HCHOL3YIoTest Tpu ciost UpSampling.

3.2. O6yuenune u pesynbrarsl. [lepsas Bepcus mozenn obyua-
Jack ¢ moMolbio google colab, 6e3 ucnonszopanus GPU. Pasmep 6ar1-
A, HKCHEPUMEHTANLHEIM yTeM 6l BeIbpan pasasiv 100, O6yuenne na
1000 snoxax zamsiio okoso 8 wacos. Ha pue. 1 supno, 1T0 Ha HEPBBIX
20 smoxax TOYHOCTH HA BAMMIAIMOHHOM MHOYKeCTBe GOJIbIIe, UeM IIPH
JansHeinem obygenun. Ho npu nonsiTke packpacuTh depHo-6enbie ¢go-
TUI‘p?l('bHH OHH IOJYHAJIHCH TYCKJIBIMH, H IIBET I[IOYTH HE 6]31.]']0 3aMeTHO.

— mcuracy o~
wl pecurncy

Puc. 1. 'paduk kauecrsa MOACIH B 3aBUCHMOCTH OT 9110XH 06yUeHns

Hust 400 snox kagecTso noayumiaocsk pasapiM 0,61, B nudpax ato e
MHOPO, HO BU3YAJILHBIC PE3YJILTATEl BLINJISIST IPUEMIECMO, XOTsI, KOHe-
HO, €CThb Olpejle/eHHbIe TPOBJIeMbI,

Ecnn eMoTperh Ha pacKpallleHHbIe ¢ TOMONILI0 MOJIEIN YepHO-0eIbie
H300PAKEHNS, ¥ KOTOPBIX HET [BETHBIX aHAJIOIOB, HEJIb3s OIEeHHTH, Ha-
CKOJIBKO TOYHO OHA CIpaBjsercs ¢ nepejpadeil npera. Ilosromy 6bLin
B3sITHI I[BeTHBIE M300parkenus, IpeodbpazoBatbl B MepHo-0eble, a 3aTemM
3AyIeHa MOJIeIEL Ha «obecisedeHnoM» n3obpayxkenun (puc. 4).

4. Bropasi Bepcusi Mogenau. Kiouesoe oOT/IMUHe ApPXUTEKTYPLI
BTOPOI Bepcun Mogesan [6] B TOM, UTO KOAMPOBIINK ¥ JEKOANPOBIINK
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cBsI3aHbl Yepes kiaaccuduxarop InceptionResNetVe (puc. 2).

4.1. Yayuiienue apxuTeKTypbl. Knaccudukarop obyden Ha
nparacere ImageNet |7], cocrosimem uz Gosmee MHIHOHA H306paKeHUI.
Ha Bxon knaccudpukaropy nojpaercs: nzobpakerue pasmepom 299 x 299
IHKceselt, a Ha BBIXOJ MbI IOJaydaeM BekTop pasmepom 1000, B xoto-
POM 3HAUEHHE 1-T'0 JIeMEeHTa 0003HAUACT BEPOSITHOCTL IIPHHAJIEKHOCTH
kiaacey 4. Janubii moaxo, Korjga yxe obyueHHAasT MOJE/b HCIOIL3YET s
B AHAJIOIHYHON 3aj1ate, HA3BIBaeTCs transfer learning.

ohnel >
g Colorized
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Pue. 2. Apxurexrypa BTOpol Bepcru HelpoHHON ceTH

KJ'I'(].CCPI(bHKELT()p IIO3BOJIAECT MOJIEJIN pacllosHaBaTbh, ITO l/I306pEL}K€HO
Ha KapTHHKEe, H COIOCTABJISATE IIpejcTaB/Iennue 06']381("[‘& co cxeMoit pac-
KpalluBarus, STO o3HavaeT, 1To MOAesb ()y)l(-!T «aKI(ypB.THeG» paCKpa-
HIBaTh H306})a}KBHl/IH, T. e, lHeJIbHbIe 00 BEKTBI HOJACHDBI ObITH pacKpalie-
HBI BoJjiee paBHoMepHO, “ICM B H})B,Il,bl}lyl,u@f/‘l BEPCHUM.

4.2, O6yuenune. Jna obyduennsa 91oil Mojean OB PACIIHPEH Ja-
Tacer, B urore Habop obyualommux ganubix cogep:xuT 4000 usobparkenmii
Pa3HBIX KJacCOB. H3-3a YBEJIHUICHUS JaTaceTa, gOOg].C colab me CclipaB-
JILLJIC € TeM, ‘ITOGI)I BH.I‘pyi?PITI; BCe JaHHbIE B IIaMsITb. T'd.K}KG B MO-
Adellb 6])1.]'] ,El()ﬁa.BJ'IGI'I K.J'I?lCCHd)HK&TOp, a 9T0 OYeHb CHJIBHO Harpy:xaer
BBIYIMCJIUTEJIBHBIE 3aTpaTbl Ha O6y‘IGHI/IG. B wrore 6bu10 IIPHHATO pe-
ImeHue o6yanb MOJEeNb Ha CTallHOHapHOM KOMIILIOTEpe C BI/l,I[‘eOK'r].pT()p’I
TESLA P100. Ogua snoxa 3aHuMaja OKOJNIO 3 MUHYT, HO BHJIEOKApPTa
CHALHO I'PENach, IOITOMY KayKJAVIO IATYIO MOXY IPHXOIUIOCH J1e1aTh
0CTAHOBKY Ha b MHUHYT, 4T0OBI KapTa He neperpesanach. B urore oby-
qeHHe JUIIoch 0Kogo 10 wacos, KadecTBO Ha TeCTOBOM Habope u306-
paxkenuit noayumnach pasusiM 0,56. Kauecrso cramo HeMHOTO XyiKe,
YeM B HPOILILIH pas, HO 9T0 3aKOHOMEPHO, Bejib MOJeIb 00y4uaiach Ha
BOIbIIEM KOJMYIECTBE JAHHDIX, IIPHYIEM HOBBIH JaTaceT HoJyduiics bosee
0BOBIIEHHBIM, “eM NPeIbl Iy IIIHii,

4.3. Merog cKOJIB3sIIEero oKHa. B 00HOB/ICHHON MO/ TTOSBU-
Jack HOBag npobiema. emno B ToM, UTO MOJeabL obyueHa Ha H30OpaxKe-
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Hustx paszmepoM 256 x 256 nukcesieii. Ilpomas Bepcust Mogean Moria
pacKpaInuBaTh H300payKeHus ITPOM3BOJILHOIO pasMepa, HO B TeKYIIeH
BEPCHU HTO He paboTaeT, N3-3a HATHIHS KiaccudUKaTopa, T.€. pacKkpa-
HIMBAHKME BO3MOKHO TOJBKO JJIsl H300parxKeHnil pasmepom 256 x 256.

[Teproit uyeeit 66110 pas3buTh M30bpaKenue Ha KBagpaThl 256 x 256,
PACKPACHTE MX OTJEJIbHO, H IOTOM CHOBA «CKJIeHTby. Ecinn uzobparxkenue
He KBaJIPATHOE, MOMKHO [IPOCTO JOIOIHATE €r0 YePHBIMY JIMHHSIME CIIPa-
Ba M CHU3Y JI0 KBAJIPATHOIO TAK, 1T00bl cTOPOHBI jgemiuch Ha 256. Ho y
TAKOT'O METOJIa eCTh OJHH GOJIbIN0H HeJOCTATOK — TaK Kak dacTH H300-
PasKeHHs PACKPAIIMBAIOTCS HE3aBHCHMO JPYD OT APYyTra, CTBIKH dacTei
MOJIyYaI0TCs OYeHE 3aMEeTHLIME (pHC. 3a).

Puc. 3. a.) q1acTh H306p&}KeHHF[, COCTOfAIIEEe U3 PACKPAIIEHHDLIX «CKJICCHBIX»

KkBaJparos; 6) cxema paboTbl METOLA CKOJBL3AIIEIO OKHA

Husa pemenns 1ot mpoGaeMbl OLIT NPUMEHEH METOJ CKOJIBL3SAIIETo
okua (puc. 36). Myest cocront B TOM, UTOBL JeNUTh H300pasKeHne Ha
KBaJparable OJ0KH, KOTOpble OyIyT Hepecekarbes, PACKPALIUBATL WX
OT/ICNBHO, & B NEPECEUCHUE 3TUX KBaJApPaTos Oparh cpepuuit nser. Yem
MeHBIIE 1ar (TUIepnapamMerp CKOIL3SIIero OKHa), ¢ KOTOPLIM Oyaer
JBUIATBCS 9TO OKHO, TEM MEHEEe 3aMeTHbI OV1yT JIMHHN CTLIKOB.

4.4. Pe3synbTaThl M CPAaBHEHHE C IIpeablaAyei Bepcueit. Bu-
3yalbHOE CPABHEHHE PEe3yJbTATOB paboThl IEPBOM M BTOPOI MOjeIH
MOXKHO yBHIETh Ha puc. 4. Buamo, uro BrOpas Bepcust MOJENH CTAJa
packpammusars gororpadun fojiee AKKYPaTHO, XOTs! OIPEEJICHHBIE IIPO-
OJeMBl, TAKME KAK TYCKJIOCTh U CKYIHOCTD I[BETOBOI MAJHTPLI OCTAJIUCE.
Ha puc. 5 npejicrasiieHo gerajibHoe cpaBHenne Ha depHo-beioit hororpa-
chun, y KOTOpO# HeT HACTOANNX HBETHBIX aHaJoroB. llBernyio Bepcuio
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HACTOSIIEH CTAThH MOYKHO IOCMOTPETh Ha pecypcee |9].

UepHo-6enas  PesynsTtar nepeoii Pesynestar BTOpoik OpurvHan
choTorpadous BEPCUW MOLENM  BEpCUW MOLENU dpoTorpadpmn

Puc. 4. Cpasnenne pesynbraTos pabors

opurHan nepeasa Bepcus BTOpaA BepcuA

Puc. 5. Heranpuoe cpasienne pesyibTaTon

5. Bakmouenne. B pesyasrare paboTsl O6BLIO0 cOGPANO HECKOIBKO
Bepcuit JaTacera, KOTOPBIE MOIYT OBITH HCIOJIL30BAHBI B JAJILHEHIIEM.
Tax:ke ObLIO PACCMOTPEHO JIBE APXHTEKTYPbLI CETH JIJIsl PACKDAIINBAHIS
depHo-6esiblx H300pakeHuil u peanuzosanbl oba mogxoxa [8]. Mojens
HEILJIOXO CIIPABJIAETCH ¢ ODIIMMHN IIJIAHAM YJIHIL, 3JMaHUH 0 JPYTHMH 1306~
paskeHHsIMH TopoacKoil cpeasl. C dororpacdbusamu jogeil 1 HHTEPLEPOB
Bce cioxkaee, B panbreiinieM miaHupyercda pasnHoodpasuTh HaDOp JaH-
HBIX, ITOOBI MOZE/IL MOIJIA PacKpamuBarh (poTorpadun pasHeiX Kjac-
COB.
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YK 004.9
Jlasposa A. K., Axymkun O. O.

O npobJiiemax U puckax AJisi IoJb30BaTeseil
cymiectByioieii apxurektypbl NFT

1. Beegenne. NFT, neszaumosaMedsieMbIil TOKEH — TOKEH, CO3/AH-
HBIH Ha ocHOBe cMapT-KoHTpakTok Ethereum [1-3]. Kiarouesoe ominune
NFT or xpunrosasiorsl, maupumep Bitcoin, sakiouaercss B ero yHu-
KAJBHOCTH, UTO JEJIAeT €0 IOAXOMSIINM /s HACHTH(HKAINNA OIpe-
gejienHoro upegmera. Jpyrumu ciaosamu, ocobennocrs NFT B cosua-
HUH eIMHCTBEHHOrO U POBOT0 IPEJICTABIEHHS HEKOTOPOro obbexTa [4].
B cBoo ouepenn, kpunrosasiora win FT sisercs crapjapTHOR Mo-
HeTON, KayKJbli ToKeH KOTOpol sxsuBajenren. Taxum obpaszom NFT
KOAMpYyeT yHHKabubli nudposoit apredaxt, F'T komupyer run nud-
posoii Baiorel. C Touky 3penus cvapr-kouTpakTos NFT xomupyercs
VHUKAJIBHBIM HaenTudgukaropoM. s mons3osaTess obpamiaionerocs
K CMapT KOHTPaxTy Bo3Bpalaercs ceblika Ha JSON-daiin, ocnoBannas
Ha 3TOM HjaeHTHdukaTope. Pailn TeXHHYECKH MOMKET XPaHHTH B cebe
JIOGYIO HENPOBEPAEMYIo Ha MoMenT cozaanus-seinycka NFT undopma-
U0 M CCLLIKK Ha jannble. Ha nanubiii MomenT nanbosiee momnyigpHbIMH
papuanTamMu ncnonabzosanng NFT ssisiores npeacrasienus B hopmare
TOKEHOB 00LEKTOB Pas3/IuIHBIX cep:

e udpPOBOE HCKYCCTBO, MY3bIKA;

® BUPTYAJbHAS HEIBUIKHUMOCTD;

® UI'DOBBIE AKTUBLI;

e OHJIeTHI HA MEPOIPHATHE, KBUTAHIIUN O IIOCEIIEHHN;
® JIOMEHHBIC MMEHA;

® TOKCHH3UPOBaHHbIC CTPaXOBbLIC ITOJIMCHI 1 0bA3aTeILCTBA.
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IIpepupunumalorcs nousirky upussasars NFT u k dusuueckum obb-
eKTaM, HampuMmep, sanareuroBannas B 2019 romy Texmosoruna NIKE
CryptoKicks [6].

2. Crpykrypa NFT. Ceiiuac GOJbIIMHCTBO HEB3aHMO3AMEHSIEMBIX
ToKeHoB paboraer nHa cramgaprax ERC-1155 uw ERC-721 Ethereum-
osokueitna. Bokpyr maTepdeiicoB, onpeieseHHBIX B 9THX CTAHJIAPTAX,
(OPMEPYIOTCS CEPBUCHL JeMOHCTpalul, obMeHa, co3ianns HoBbiXx NFT.
Wurepdeiic 3meck noapasyMeBaeT CMapT-KOHTPAKT C 3apatee [IpeJiope-
JICACHHBIM MUHHMAJIBHLIM HaGopoM (hyHKIHI, KOTOpbIe HEOGXOIHUMBI
JUIST KOPPEKTHOH PafoThl CTOPOHHHUX NPUIOXKEHHH, TAKUX Kak Oupriu
¥ KPHIITOKOMIEILKH.

JSON:

{
“mat
lonucarne” ...
"KAPTHHKA™.,

2

CTOPOHHIE pecypesl

BNoKYelH

Pue. 1. Apxurexrypa cBszeit komnonenros NFT

Yuusepcaapupiii anropurm cospanus NFT seirsur cieyonimm
obpasom (eMm puc. 1):
1. Cosganue cMApPT-KOHTPAKTa, B KOTOPOM OCHOBATENL IIPOEKTA 34~
JaeT Habop OCHOBHBIX XapaKTepUCTHK Jid nocaeayomux NEFT u
HACTPAUBAET JIOTOJIHATENbLHEIE (DYHKIUH K 0A30BOMY IaOI0HY;

2. MunTHHD — IpPOIECe CO3AaHus YHHKAILHOIMO TOKEHA;
3. Toprosist — 06MeH TOKEHAME MEXKJIY [10JIb30BATEJISIME.

Beaxnit pas, korga NFT coznaerca mim npogaercs za FT toro ke
KOHTPAKTA, KOTOPLIH ero BRIIYCTHII, TpeOyeTcst OTIPABUTEL HOBYIO TPaH-
3aKIUI0 B BIAE 3aIIpoca K COOTBETCTBYIOUEMY cMapT-KOHTpakTy. Ilo-
cJIe MOATBEPIKIACHIS TPAHBAKIIMN CBEJIEHUS O BAAJIECHUN JI00ABJISIOTC B
OuaoKueitH, TeM caMbIM rapanTupys, uro ucropusa NFT ocramercs mnems-
MEHHO{1, & IPaBO COBCTBEHHOCTH BYIeT COXpaHeHo. BayKHo, 4T0 M0Jb30-
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BATEJH MOI'YT IIPOJABATL H Japutrh apyr apyry NFT' B obxon Bbisosa Me-
TOZOB KOHTpaKTa sMHTeHTa. Takum o6pa3oM, 0CyNIecTBICHHE JOCTOBED-
HOT'O BHENTHEro HaGMIOMEHN 38 TeM, KaK [ePeJIaBaJiCs TOKEH BO3MOXKHO
HCKJIIOTATENLHO IIYyTeM aHaJIN3a IIPOXOJUBIINX B PEECTPe TPAH3aKIIHIi.

3. Xpanenune metanHdopManun 1 Mmeaua-ganueix NFT. B ca-
MOM PACIHPEJICJICHHOM PEECTPe COACPIKATCS MICHTH(IKATOPLL YHUKAIL-
HBIX TOKEHOB, CO3JIAHHBEIX CMAPT-KOHTDAKTAME, M HX Bjaajenbubl. Bee
XAPAKTEPUCTHKY MACHTUDHUIUPYEMbBIX TOKeHAME 00bEKTOB XPAHITCS B
sujie JSON-daitnoB na croponnux pecypcax. [Tomumo sToro, B Kaxk10M
TakoM JSON-aiine cogep:karcst cCblIKE HA MeHahalIbl, XapaKTepu-
BUPYIOIHE «KOJUPYEMBIi» TOKCHAMH 00BLEKT.

B macrosiimee BpeMst CYLIECTBYET TPH PASJIMUHLIX CIIOCO6A XPAHEHUSI
xapakTepuzupylomeil nugopmarun (JSON- u mexuadaitinos):

1. [epconansusiii daitnosetii cepsep — amurent NFT moxer xpanurs
daiiner Ha cobersennom HTTPS-cepsepe. DTor BapuanT aBiisieTcs
HauMeHee 0e301aCHBIM CIIOCOOOM, H3-38 BO3MOMKHOCTH H3MEHEHUS
WM yIAJIeHHs] COOTBETCTBYIONINX (DANHIOB JI0OBIM [10JIb30BATEIEM
¢ JIOCTYIIOM K CepBepy.

2. IPFS (mexmnaneraas (hailyioBas CHCTEMA) — JIEIEHTPAJIN30BAHHAS
ceTh XpaHeHus JanubiX. Eaunnna fannsix, nepejasacMast B TaKol
cerH, npeicrasisier coboit 6JI0K, KOTOPBLII MOMKET COJEPKATL KAK
gacTu (haiisa, Tax ¥ cebUIKE Ha gpyrue 6aoxn. Cam daitn (nmm ka-
TAJION U3 HECKOJbKUX (haiiior) cobupaeTcs 13 OPHEHTHPOBAHHOIO
amukanyaeckoro rpaca (DAG), B ocroBe KOTOPOro JIEsKAT OIpEe-
nennsie 6noxu. [lonszoparemo IPFS npenocrapnser yHuKaILHBIC
CCBIJIKH, COAEPXKAIUe X3 JAHHBIX, 3HAYHUTENbHO 3aTpPy/IHss HX
nommeny. NFT cogeprkammnit cchIIKH Ha MeTa- M MEJHAJIAHHLIC B
IPFS HeBO3MOMKHO M3MEHHTb, OJHAKO, €CJIH HE OCTAHETCS HHU Ojl-
HOIO y3Jla, XPaHsIIero JaHHble OJIOKa, [0JIb30BATENb TaKXKe Oy-
JIeT IOJIyUaTh OMNOKY IIPH IOIBITKE IPOCMOTPA COLEPIKUMOIO €ro
NFT. Ouurent NFT MoxKerT KOHTPOJIMPOBATE CBOH COOCTBEHHBIN
IPFS-y3es, rapanTupys JIOCTYIHOCTL HMEHHO TeX (ailyos, Koro-
peie cBazampl ¢ BeymenasiMue uM NE'T, npu sTom noansosarenn
UMeeT TapaHTHH, 1T0 ColepKUMoe MeTa- 1 Meanadaitios ne Oyer
MEHSITHC.

3. Buokueiin s xpanenus (ailyioB — JeNeHTPall30BaHHas CeTh, CO-
XPaHSIONAs IPH MOABICHHH KaXK0ro HoBoro dgaiiina dpparMenTon
U3 HECKONLKUX cTapbix. Taxoii noaxon 6omnee magexken, uem IPFS,
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Gaaromaps ANrOpUTMaM KOHCeHcyca [3,5] U pelHKanuy JAHHBIX
NPOIJIOTO: JAHHBIC, XPAHAIMEcs: B PacHpeleseHHOM peecTpe, He
MOIYT GBITD yaaJernsl nin 3amencHsl. Onuako Xpanenue DOILITHX
aiiyios B TAKOIO pojia CUCTEMAX MOPYT OBITH OYEHb JIOPOIOCTOSI-
muMu. B HacTosmee BpeMs MOABIAIOTCH GJIOKUEHHBI, ONTHMA3H-
poBaHHBIE LI XpaHeHust 6osbinux daitios, Hanpumep Arweave,
O/HAKO OHH TOJBKO HAMHHAIOT HAOMPATH IOLYISPHOCTE U IOM-
JIEPHKUBAIOTCS MEHBIINM KOJMYIECTBOM KPHIITO-KoeabKoB. B ciy-
4ae, ecIu KOJMHIeCTBO MOJIL30BATENECH STHX TOJILKO HOSBIAIONIXCS
BurokueitHOB It XpaHeHus (PAiliIoB CHIBHO COKPATHTCS, HEMUHYE-
Ma ITOTeps JIAHHBIX, KOTOPYIO He CMOMXKET KOHTPOJNPOBATL IMUTCHT
NFT.

Baxkuo oTMETHTE, YTO CCHLIKM Ha MeTajJaHHble H Mejuadaiiisl ocy-
mecrBagiorest 1o nporoxkony HTTPS, a suaqur daitis nonyuawot B co-
CTaBE CCHIIOK JAOMEHHOEe M. DTO 03HAYAET, YTO NP BIOKMPOBKE JIOME-
HA JIOCTYII K METaIaHHBIM IPEKPAILAeTC.

4, Bzaumogeiicreue ¢ NFT. Kax Obi10o nmokasano, OCHOBHBIME
cocrapisiomuMu NFT apnaiorcsa sanucu B 6iokdeitne, MeranudopMa-
nust B Mejuajiaaele, T.e. upaso Biaagenuss NFT sakpemieno B 6510k-
veline, OJHAKO B HENPHTOIHOM JJIsl IIPOCMOTPA IOJIL30BATENECM BHJIE.
[TosTomy, HecMOTpsl Ha pasHoobpasne BAPHAHTOB XPAHEHHNS MeTajaH-
HBIX, YHEKAJILHBI HOMep TOKeHa OyHeT OJUHAKOBO OTODPaXKATLCS BO
Beex NEFT-coBMecTUMBIX KPUIITO-KOIIEABKAX MOJb30BATENS, OJHAKO Me-
TOJILI YIPABJICHU U IIPOCMOTPA TOKEHA B KAXKJIOM ¢iIyuae O6y/IyT pasHbl-
MH.

losopst o NFT nudposoro TBopuecTBa, T. €. 0 MOIJIEPIKKE BH3YAJIL-
ueix aitnos (JPG, PNG, GIF u ap.), myssikansusix daiiios (MP3 u
ap.), 3D-daiinos (GLB n ap.) u T 1., H0JB30BATENh MOXKET IPOCMAT-
PHBATH M VIIPABIATH CBOMMH TOKeHaM# ¢ nomombio NEFT-cosmecrumbix
KPUIITO-KOIIEJLKOB, KOTOPLIE HOJIEPKUBAIOT COOTBETCTBYIONINI BIOK-
weiin (B cayuae Ethereum — Metamask /TrustWallet i ap.) wie va ciienp-
assnposanibix perakax NFT (takux kak OpenSea). Ojuako, Hanpumep
Metamask, ITO3BOJIUT IOJIL30BATENIIO IPOCMATPUBATE TOJLKO JIBYMEPHEIE
KapTUHKY, B TO BpeMs Kak OpenSea KOpPeKTHO 0TOGPA3UT TPeXMepPHbIe
u aynuodailiiel B jonoaneHnn K uzobpaykenusam. Takum obpaszom, pas-
JIMYIHST CHCTEM NPEJICTABICHHS] H OTCYTCTBHE COMNIACOBAHHEIX, OTKPLITHIX
IPABMJI XPAHEHUS TPUBOJAT K HEIMOJHOIEHHON HOJIEPKKe XPAHIMEIX B
NFT nannbrx.
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5. OcHoBHbIe IPoOGJIEMBI MCIOJB30BAHUA. [ak KAK OCHOBHLIE
cxeMbl uenoabzopanus NFT ocnopbiBaioTest Ha 6iokueitne Ethereum, To
OCHOBHBIMHM HEIOCTATKAMU SIBJISIIOTCS:

1.

Medanennas obpabomua onepayud. Tak Kax oneparun, CBs3aHHbIE C
NFT, oGpabarsiBaioTcss OTHPaBICHHEM TPAH3AKIHI Yepes cMapT-
KOHTPAKTHI, IPOXOJIs BAJIUIAINIO YePe3 eIUHYIO [ BCeX I10JIb30-
BaTeseil 6JI0KYeH ceTh, TO BpeMs MOATBepIK,IeHHS oIlepaluii upes-
Boruaitno mepnenno. Hanpumep, npoussonurensuocrs Ethereum-
cern — 20 Tpam3aKIMil B COKYHJY, B TO BpeMs Kak ILIATerKHas
cucrema Visa moxker obpabareiBars 1o 24 000 rpansaxiuii. Dra
upobnema pemraercs: Macirabuposanuem ceru Ethereum ¢ npume-
nenueM pacummpennii (manpumep L2 u Rollups), aro cnnbio ysemnu-
YUBAET CJIOKHOCTH PA3pabOTKH HPHIOMKEHHH M [IOBLIIACT CJIOXK-
HOCTB BXOJA JJIsI [10JIb30BATENe.

Buicoxas cmoumocms z2asa. I'az 8 Ethereum — aro epununa uamepe-
HUS KOJHYECTBA BBITHCIUTEIBLHBIX YCHIIHA, He0OX0IUMBIX JIJIsT CO-
Bepiienns Tpansakipn. Kaxcipas rpansakius, ceasannas ¢ NEFT,
JIOPOIKE, YeM IMPOCTas TPAH3AKIHS HePEeBOJa, MOCKOJLKY CMAapT-
KOHTPAKTEl TPeOYIOT BLIYHCAUTEILHLIX PECYPCOB W XPAHHJIMIIA
aast obpadorku. st uzbeskanus yIIATB! Ta3a MOXKHO HCIOJIBL30-
BaTh AJbTePHATHBHBIE IAT(OPMBL IS CO3AHU TOKEHOB, TAKHE
kax OpenSea uim nmepexofoM Ha MeHee IOMYJsSPHLIN OIoKUeiin,
wanpumep BNB Smart Chain, Polygon, Solana u npyrue.

Baokvetn-cosmecmumocmy. Cyniecrsyionpe OIOKIEHH CHCTEMBbI
H30JMPOBAHBl APYT OT JAPYyra, T.e. IpHoOpeTas TOKeH Ha CeTH
Ethereum u pelnns yMEHBIIUTH ILIATY 38 I'a3, HEBO3MOXKHO Oy-
JeT ocymecTBuThb rnepenoc cgoero NFT na apyroit 6iokqeitn, 1o
JKE SIBJISIETCs] CYIIECTBEHHBIM [PEISITCTBHEM JIIsl BHEIPEHMs KO-
cucreMbl NFT B KpUOTOHIpEHI, TAK KaK HEBO3MOXKHO OyIeT mepe-
HECTH CBOE UIPOBOE CHAPSIYKEHIE MEKILY JIBYMS OJUHAKOBLIMU HI-
PAMH, OCHOBLIBAIOIUMICH Ha pasubix Gioxueiinax. Opnaxo 60b-
HIMHCTBO NPOEKTOB, cBasaHubXx ¢ NFT, ucnonnsyior Ethereum B
kavecTse 06a3080i 1IATHOPMBL.

Hedoemynnocms NFT-dannvix, M3-3a Xxpanenus JaHHLIX BHE OC-
HOBHOI'0 OJIOKUYEHHA [JaHHBIE MOIYT HMCYE3HYTDH WJIH H3MEHHTbLCSH.
[ToMumo 9TOT0, €CaN IPHU CO3JAHIH METARH(OPMAIINN JIJjIs TOKEHA
ObLIH JOIVINEHB! OIMHOKH B YKa3aHHHM a/PeCcOB COOTBETCTBYIOINIHX
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Cb‘rlﬂ.]IOB, TO II0JIb30BaTe b 6y,u;e’1‘ BJIAAECTL JIUINL 3allUCBIO B BIIOK-
yeline 663 BO3MOKHOCTH IpocMOTpPpa CBOMX aKTHBOB.

6. 3akmogyenue. B crarbe paccMOTPEHO YCTPOUCTBO TOKEHA, BapH-
AHTHI XPAHEHHS METAJAHHBIX, & TAKYKe OCHOBHBIC HEJIOCTATKH CYIICCTBY-
omeit apxurekTypsl NFT. Pazobpaubl BOIpocs! XpaHeHus MeTa U MyJlb-
Tamenua gannbix NFT. ITokazanel cymecrsyonue mpobieMbl HEB3aK-
MozaMeHsAeMBIX Tokenos. Hanbonee ocTpoit npobieMoil 1o MHEHHIO aB-
TOPOB SIBJISIETCS BOZMOYKHOCTDH HOTEPH JOCTYIA HJIN HOAMEHBI (hailjion
nosib3oBaTeseit. Takas OnacHOCTh NOSBIAETCS M3-3a HAXOXKJICHHS METa
1 Meanadail/ioB BO BHE PACIIPEIEICHHBIX PEECTPOB H OTCYTCTBHA Tpebo-
BaHMi, HpaBuiI U raijjaiinos 1o obecriedennio 6e30IACHOCTH XPAHEHIS
JAHHBIX T0JIL30BATEICH B OCHOBHBIX cTamHgapraX, onuchiBalomux NEFT
(ERC-721 u ERC-1155).
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YK 004.852
Jlapun E. C.

HpI{IMEHHMOCTL HUCIIpaBJieHUns
CTaTHUCTHYeCKHX KpHUTepHeB Ha IITpuMepe 3aJavi
06Hapy}KeHHH CHUrnaJjia BO BpeMEeHHBbBIX pAdax

Pexomendosano x nybauxavyuu doyenwmom Losandunoti H. 5.

1. Beepenue. CymniecTByer GOJMBIIOE KOJHYECTBO CTATHCTHUYECKHX
KpHuTepHeB, KOTOPbLIE ABJIAIOTCA PaJHKa/JIbHbBIMHA, IIPHMEHCHHE Ha IHPak-
THKE KOTOPbLIX HEBO3MOZKHO H3-3a HEOI'DAHMYICHHOCTH omubxu HHepBoro
pPoaa, WK KOHCEPBATHUBHBIMK, MOIIHOCTL KOTOPLIX MeENbLIIE, YIeM Y TO-
HBIX. STO nopoxjgaer I'IGO6XO}J,I/IMOCTB B aJITOPUTMax HCIIPpaBJICHudg CTa~
THCTHYICCKUX KPUTEPHEB. B ,EI,ﬂ.HHOﬁ 1)?16()’1‘@ HpHB(:‘,LIéH AJTOPHATM IIpe-
()6})&3()]33.}11/{51 HECTOYHBIX CTATHCTH'ICCKHX KPHTEPHUEB B TOYNLIC U pac-
CMOTPeHa NIPUMCHUMOCTDE TTOJYUYCHIIONO aJropuTMa Ha IpHuMepe 3alia™ i
061—1apy>1<01—mn CUTI'HaJIa BO BPEMEHHBIX PaJlax.

2. AnropurM ronpasku. AJropurM, HpejICTaBlIeHubLI Jauee, mpe-

06pazoBBIBACT PAJNKAJILHBIC U KOHCEPBATUBHLIE KPUTEPUH B TOUHLIE.

2.1. Bxon, anropurma. Hynesas runoresa Hy, anbreprarusHas
runoresa Hyp, ucciepyemsle ganasie X, ypoBeHb 3HAMHMOCTH o, pajiu-
KaJbHBIH MJIH KOHCEPBATHBHLIN KPUTepHii IPOBEPKN CTATHCTHYIECKON I'i-
noresel {(X) (ecinn ((X) € Apur(”), To Hy orBepraercs), KOAUIeCTBO
MojIenupyeMbIX gannbix M. Ilpeamonaraercs nekoTopas napamMmeTpuie-
ckast Mogens panubix £ € P(S,0), Hy : S = 0. [lapamerpsl Mojenn ©
HPeJIIONIATAI0TCS H3BECTHEIMMT,

2.2. Beixon anropurMa. PopMasbHbIil yPOBEHb 3HAYHMOCTH ¢,
HpH KOTOPOM OIIMOKA IEepBOro pojla acuMIToTHYecKH o M, crpeMuT-
e kK ypopHIO sHaunMoctH o, Ilonywenusiit kpurepuit (eciu t(X) €
€ Awpur (&), T0 Hy orBepraercs) sBISETCH ACUMITOTHYECKH TOUHBIM
upu M; — oo.

Jlapun Eezenuti Cepeeesun — cryaent, Cankr-Ilerepbypreknit rocypapersenpii
yHuBepeuTeT; e-mail: evgeny larin@inbox.ru, rem.: +7(951)672-74-64
Pabora Boinonnena npu cpunancosoii nogaepxke POOU, npoexr Ne 20-01-00067
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2.3. Anropurm. B sToM pasjieie nHpeIcTaBIed AJNOPUTM HOIPAB-
KH,

1. Mopenupyerca M) BeiGopok 06béMa N COIVIACHO PACIPEIETICHIIO
P(0,0).

2. ITo cMojeIMPOBAHHEIM JANHLIM CTPOHTCH BABHCHMOCTDL OMIHOKH
IEPBOrO Poja OT ypoBHs 3HadMuMocTH o). s xaxpnoil Bel-
Gopku X; crpourca t(X,) M HAXOAUTCS BEPOATHOCTHBIN YPOBEHDL
Pi. 3aBHCUMOCTB (7 () OIEHUBAETCS KAK IMIHPHICCKast (PYHKIs
pacpeeenus MoTyYeHHOH BBIGOPKH P1, ..., DM, -

3. PaccunrniBaercst (HopMaIbHEI YPOBEHb 3HAMIMOCTH € IIOMOIIBIO
dbyuaxipu, obparHoit K ag(a), HOMYICHHON HA NPEIBIAYIIEM IIAre
at = a;l(a*). Tounslii Kpurepuil BeIrIAauT Tak: ecan (X)) €

€ Axpur (@*), o Hy orBepraercs.

[Topcranoska & B Kadecrse (POPMANBLHOTO YPOBHS 3HAYMMOCTH B Pajiu-
KAJBHBIN /M KOHCEPBATUBHBLI Kpurepuil cuejaer ero rounbiM. [Ipu
BTOM MOIIHOCTh MOJYIeHHOro MeTola 6viaer onuceiBaThea ROC-kpusoii
(rpadukoM, IHOKA3LIBAIOIINM 3aBHCHMOCTBL MOIIHOCTH KpuTepus (o)
HPOTHB AJILTEPHATHBHON runoTessl Hy or ommbku nepsoro poga ag(a)).

CrouT OTMETHTE, YTO Ha IPAKTHKE HapaMeTpsl Mojean © He uzsect-
HBl 1 Ha mare 1 axropurMa BoiGopka Mojgenupyercs coracto P(0, @),
rje 0 onenka ©, nocrpoennas 1o suibopke X . [Iposepum na npumepe,
ocTadTesd I KPUTEPHIt TOUYHLIM ITPH OIEHEHHBIX apaMeTpax.

3. Uccnempopanue TOYHOCTH WCIPABIEHHOIO KPUTEpUA HA
NPaAKTUYIECKOM MpuMepe. PaccMOTpUM HPUMEHEHUE HTOI0 AJIIOPHUT-
Ma K 3a/la'e BbLICJICHW: CHI'HaJla B paiae, SaIIIyl\'I.IIGI'II'IDM Kp&CHbIM H1y-
MOM. DTa 3ajada paccMmarpusacrcs B paborax [1-4|. Cpasnenune craTu-
CTHYCCKHX KPHUTEPHEeB 10 MOIIHOCTH ITOC/IC IIOIIPAaBKH C IIOMOIILIO ROC-
KPHUBBIX JIJIS 3a/a'TH OﬁHapy}KGHI/IH CUTHaJIa B 3alllyMJICITHOM BpeMeH-
HOM psijie MpUBEIeHo B pabore [1] OueHuM, HACKOJBKO CHILHO OIEHKA
HapaMeTpoB Ha Imare 1 ajropurMa MOJEIN MOMKET CAEJAThL KpUTepHii
HETOYHbLIM.,

3.1. Bagaua. Paccmorpum spemennoii pag F = S + R, e
S — cunycounanbubii curaan {A cos(2rwn + ¢)}_,, N — miuna paja,
R — wpacusiit mym ¢ mapamerpamu 0 < ¢ < 1 u §%. Hynepas runoresa
Hy zaxiovaercs B TOM, UTO Psiji COCTOHT U3 YHCTOrO IyMa, T.e. S = 0,

268



AnprepuarusHas runoresa Hy 3aKi09aeTest B TOM, UTO B PsJE UPHCYT-
CTByeT curuaj, T.e. S # (.

3.2. CrarucTudyeckue KpHUTepPHUHM. B KauecTBe pajHKaJIbLHOTO
Kpurepusi BozbMéM opuocroponnunit Multiple MC-SSA ¢ npoexuueit na
JIEBBIE CHHI'YJISPHBIC BEKTOPBI TPACKTOPHON MATPHIILI BPEMEHHOTO PsijIa.
Dror aaropurm obosnaden mel B pabore |4].

4. ITocranoBKA 3KcHepuMeHTAa. [jis1 JeMOHCTPALIMHE IPUMEHUMO-
CTH QJINOPHTMA K PEATBHEIM JTAHHLIM IIOCTPOUM JIBE I'PYIILI HCKYCCTBEH-
HBIX BPEMEHHBIX PssioB, 0 Mg paioB B Kaxoit. B onnoit rpynme 6ymyT
PSLABI, COCTOSIIUE U3 WHCTOro Iyma [ = R, juis HEX BepHa I'HIOTE3a
Hy. Ilo arum psajaM MOMKHO OIEHHTE OMKOKY mnepsoro poga o). Bo
BTOPOIi rpynmne OyayT psiapl, cogepzkainue curnan = S + R, juist Hux
pepHa runorTesa Hy. Ilo 5THM pagaM MOKHO ONEHHTH MOIIHOCTL [3(a).
Onennm or(e) 1 B(@) 10 DOCTPOEHHBIM PsIaM LISl PACCMATPUBAECMO-
I'0 CTATHCTUYIECKOIO KPUTEPUsl. 3ATEM HOCTPOUM OIEHKY HAPAMETPOB (:3,
IPHMEHUM AJITOPUTM IOIPABKH YPOBHS 3HAYHMOCTH M OUEHUM () H
f(or) monyuuBIIErocs KPUTEPH N0 TEM ¥Ke JAHHBIM. AHAJOIHYHO OIe-
HuM ap(e) 1 B(q), OPUMEHUB AJNTOPHUTM € M3BECTHBIMH HAPAMETPAME
©. Hua sToro Gyaem cTpouth M) psjaoB, Comep:Kaiux curuai, u M
psiioB w3 upcroro wmyma. llocrpoum rpadukn ommbxu nepsBoro poja,
mornaocTn 1 ROC-KpuBLBIe B CpaBHUM HX.

4.1. Hannabie. B kauecrse ganupix OyaeM HCIIOAL30BATE CHHYCOU-
JAaNBHBI CHTHAT ¢ KpacHbIM mryMoM. Takum o6paszom, hopmMyia curuaa
seirsnaT Tak { A cos(2rwn)}Y_,, ammmmryna A = 1, wacrora w = 0,075
Jmuna psga N = 100,

Iym — AR(1) ¢ napamerpamu ¢ = 0,7 u § = 1.

Bynem monemuposars My = 1000 psaioB /s HOCTPOCHHST (0 ¥ CTPO-
HTh My = 100 psijioB juist pacuéra ap U 3 ¢ OLEHEHHBIMH IIapaMeTpamMu
©. dns pacuéra o; u f Ipy NPUMEHEHHH AJITOPHTMA ¢ U3BECTHLIMH I1a-
pamerpamu @ nocrpoum M5 = 1000 psuos.

[Tapamerpsr kpurepusi (ommcanst B [1, 3, 4|) BozbMéM ciepyromniue:
L =90, G = 1000.

5. Pesyabrarsel. [locrpoum rpaduku onmmOKH MepBoro poia, MOoIl-
poctu 1 ROC-KpuBEIe JI0 ¥ TOC/Ie IPHMEHEHUs aJNOPUTMA HCITPABJICHMIS
KpUTepHus.

5.1. o ucnpasnenus. [lo rpacduxky omubku nepeoro poia Ha
puc. 1 Bujno, uro Kpurepuii pagukaabibiit, ROC-kpusas na rpaduxe
puc. 2 HOKa3BIBAET MOIIHOCTL, KOTOPYIO OYAET MMETh 3TOT METO/I HOCIIe
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IIPpUMCHECHUSA AJIOPHTMa IIOIPaBKH JLJI 3aJaH s (bOpM&JH:HOI‘O YPOBIH:L
SHaAYYMMOCTH.

Type | error
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Puc. 1. ay(cv) 10 NIPUMEHEHHS AJPOPHTMA TIONPABKH YPOBHS BHAMUMOCTH

ROC curve

[1%:]
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power

04

0.0
1

type | arrar

Puc. 2. R,OC-K})HB&.H A0 IIPpUMEHEHUA aJiropruTMa IOoIpaBKH YPOBHA 3HaATMMOCTH

5.2. ITocoe ucunpapmaenud. [lo rpaduky omubxu nepsoro poaa
puc. 3 BuaHo, uro KpuTepuii cran rounniM. ROC-kpusas na rpaduxe
puc. 2 1 rpadguk Momuocr puc. 4 copnajgaior. I'paduru na puc. 3, 4 no-
KA3BIBAIOT, YITO UCIIOIL30BAHNE OIEHEHHBIX IIapaMeTpoB Mojein & Bme-
CTO TOYHBLIX © He CHJIbHO YXYJIIaeT pe3yibraT. B JaHHOM 5KCIepUMeH-
Te KpUTEpHil [MOC/Ie MPUMEHEHHs AJrOPUTMA MONPABKH € OIEHEeHHBIMH
napaMerpamu © rounsiit. Hanuuane Gonbioro KojnuecTsBa H3JI0MOB Ha
rpadukax Ha puc. 3, 4 00bLICHIETCS HEAOCTATOMHO OOJBLIITHM 3HATCHHEM

M,.

6. BeiBon. Ha npojeMOHCTPHPOBAHHOM IIPUMEpE BHJHO, YTO OLEH-
Ka I[apaMeTpoB MOJEIH JAHHBIX IHOUTH He MCKAXKaeT KpuTepuil mocie
HPUMEHEHHST aJIPOPUTMA ITOIPABKH.
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VIIK 004
Ormo6auuna A. ., Ilnemxanos H. B.

Kiunaccudukanusa crareit Pikabu
10 II0JIb30BATEJIbCKUM Teram

Pexomendosano x nybauxayuu npogeccopom Andpuanoswm C. H.

1. Beegenne. Kiaccudpukarius TeKCTOB SBISETCS OJHON U3 TEM HC-
CIACIOBAHUS B 00JACTAX ITOMCKA WH(MOPMAIHH, ITOCTPOCHUS PEKOMEI A~
TEJIBHBIX CHCTEM, AHAJN3a TOHAJBLHOCTH U JpP. 3aJla4a HACTOSIILEro He-
CIICJIOBAHHS 3aKJII0YACTCH B YCTAHOBKE COOTBETCTBHST MEKJIY JIOKYMEH-
TOM M CEMAHTHYECKON MEeTKOIl, KOTopas CTPOHTCs, HA OCHOBE COJepIKa-
Hus Texera [1].

Pazpaborku B janH0il 00/1ACTH [TO3BOMISIOT AHAJIHIUPOBATE U CHCTE-
MATH3UPOBATH BOJIBIIHE 00BEMBI TEKCTOBLIX JaHHbIX. Hecmorps na To,
YTO CYLIECTBYET MHOMKECTBO AJIIOPHTMOB KJIACCH(UKAILMN, BOLIPOCHL O
TOM, KaK IOBBICUTH TOYHOCTH U [10J00parh ajJropuT™ sl KOHKPETHOMH
3aJIaY9H, ABIAIOTCA AKTYAJTLHBIMH.

B macrosiinee Bpems pasiudHbie coodiiecTsa u GOPYMbI, TAKHE KAK
Reddit, Habr, nu Pikabu, exxemuerno nybinkyoT MHUIIHOHLL TIOJIL30BA~
Tenbekux TekcToB. C IMOCTOSHHLIM PasBHTHEM HH(MOPMAIHOHHBIX TEX-
HOJIOTHIT KOJIMYECTBO JAHHBIX YBEINIHBACTCA [2], UT0 N03BOIAET TPONs-
BOJANTHL AHAJIHM3 JAHHBIX, KIACCH(PUKAINIO, KJIACTEPU3AIINIO IJIs IOHCKA
CXOXKHX 06BEKTOB B BHIOOpKE [3].

TexcroBele JOKYMEHTHI OINHCAHHLIX PECYPCOB BO3ZMOXKHO HMCIIOJb30-
BATL JIUIs OOYUYEHHS MOJIeNeH KIaccH(PUKAINY I0JIL30BATE/ILCKUX TEK-
cros. Crejgyer OTMETHTD, YTO cHCTeMa KiacCupUKAIMH JAHHBIX Croco6-
Ha YIPOCTUTH HOUCK M H3BJIETEHHE AHAJNTHICCKHX JAHHBIX [4].

2. ITocranoska zamauu. llennio paborsl apisgeTcs paspaboTka MO-
JIeJIH MYJbTHIeHOI-Kiaaccu(pUKAIMH TeKCTOB, ¢ HCIOIL30BAHNEM I10JIb-
30BATENILCKUX MIOCTOB ¢ caifra pikabu.ru m UX TeroB Kaxk MeTKOK KJac-
cucpuraropa. Kpome Toro, npejanonaraercs pazpaboTKa IPOrpaMMHOIO
pelIenns, IPoBeIeHne 3KCIEPUMEHTOB H CPaBHEHHE Pe3YILTATOB PaboTh
p'rlSHle MEeTOJJ0B.

Ozaobauna Anena Hmumpueena — crysenr, Canxr-Ilerepbyprexkuii rocynap-
crBeHnbll yiusepeurer; e-mail; alyona.ogloblina@mail.ru, ren.: +7(960)500-28-73

Haewranos Hukume Bavecaasosuy — cryigent, Canxr-Ilerepbyprexuit rocynap-
cTBeHHEIH yuusepcurer; e-mail: st054644@student.spbu.ru, Tem.: +7(981)965-43-64
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CyLLLECTBy(:}T HECKOJIBKO BHJIOB KJI&CCI/I(bHKﬁIUfIH!

1. Bunapnag knaccudguraims — crnocob KiaccupuKaIlum, pa3Ieasaio-
muiit Habop JAHHBIX HA JIBa KJacca.

2. MynpTukaaccoBas KJIacCH(PUKAINT 3aK/II0UAeTCI B IPUCBOCHHH
TEKCTY OJHOH MeTKH u3 Habopa KJACCOB, KOJIMYECTBO KOTOPBIX
Gosbie aByx [5].

3. MynpTureibn-kiraccudukarys — KakJIOMY TEKCTY COOTBETCTBYET
uabop kiaccos (mMerox) |5].

ITockonbky B X0/1€ TaHHOT PaBOTHI HCIIOIL3YIOTCH TEKCTHI K HAOOP Te-
roB, HeoBXOUMO PaccMOTPeTh MyibTmienbi-Kiacendukanuio. B rakom
caydae Jisa 06ydenust 6y1eT HCIOIb30BATHCH TEKCT MOJL30BATEILCKOTO
HoCTa, a TaKZKe Terd, KOTOPLIC TIOCTABIII ABTOD IPH IYOIHKAINH,

3. IloagroroBka paHHbIX. s cozpanusa momenn Kiaccupukaro-
pa HeobxoAuMbl HAGOPLI TEKCTOB U MeTku Kiaccos. [IpegocrasisiemMblit
ABTOPAME CTATHH KOjl, pealu3yIomuii cbop jJaHubiX, npejgcrapied B [6].

3.1. Coop crareit. Ilopran Pikabu me npemocrasisier cpencrs
JUIsT CBOGO/IHOIO aBTOMATHIMPOBAHHOTO cBopa JTAHHBIX, TTOITOMY JTATACET
COBUPAJICS ¢ IOMOIIBIO [TOCIEIOBATENIBHOTO CKATHBAHHS BCEX IIOCTOB,

Dot (2011 dE.head{)
ouk[2071
tilo author Id author namo  commonts rating rating full date tage views naves toxt
i
Kumaiean 5 2016:00- Lod]', ‘Comuat, Mo M Bpar,
4442434 o 1008643 Mot O 0 WM gupaiilian B Wm0 O o owy oot
Moot
wuratanm (K sotgan. Moo, Mo, AR W KPUTY
4442433 e 1410157 Tostokniinik 0N S Krw! 0 1 coomomon Tak Kb,
KnAGEWIBBKYIO Sl uraparypn’, ‘L. "
Mpwawoaoren ; :
[Konmuorep’ Moo noom
T 2016-00-
42430 220028 wlly w0 zm0 I ountopu, 0 1 mwayususam, amiw
OaRaMIm R THK OITOTIBATH000 o rmicTapbion ko, XN/ 1-60,.,
[Toanri, roti A o sadunn
442420 [Bom Mower  TI0825  Vinoherbd P 017 unnr—u::g.:n?:?ﬁ Qtlmf:‘;*;:: 0 1 DwHoeTH MowoK 6
oy MYCOPON, ...
Pownn
© Honai cuoTewe g, [IMod)', ‘Cvarwatch',
442428 P 742601 Nidara2 0B M gl a0 o OmGposnos
Ovorwaich D08 Hapscmin'.. Hhestid

Puc. 1. Cobpannble JJaHHbLIE

Cobpannsie Jannble npeacrasiedsl na puc. 1. Iponssesena (puiib-
Tpalis M0 KOAUYECTBY CHMBOJIOB M M3 IIOJYTOpa MHJJIHOHA IIOCTOB B
Jlaracere OCTABJICHO MOPSIAKA BOCHBMUJECATH ThIcAT. MHHIMAILHOE KO-
JHUYECTBO CUMBOJIOB B KazkJioM Texkcre — 2500.
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3.2. Beibop merok muis kaaccudpukamuu. OrMmernm, 4T0 B He-
HOJIB3YEMBIX JAHHLIX cofepkarcsa 31037 yHUKaabHBIX Teros. IIpoBoauTh
KJIACCH(DUKAIAIO, HCIONL3YS BCE TEIH, 33/1a4a ¢ BRICOKHMH TPeGOBaHNsI-
MH K BBIMHCJHTENLHBIM pecypcam. IlosroMmy npumsTo perienue — BbI-
OpaTh HEKOTOPOE MHOMXKECTBO TEroB, HA KOTOPBIX OYAET NPOH3BEICHA
KJIACCH(DUKALIHS.

Wsyuue rpadux pacupeieneHis KOJNIECTBA TEKCTOB 110 HCIOJIb30-
BAHUIO CAMBIX YACTO BCTPEUYAIOIIMXCS TEroB (CM. pHC. 2), OUeBHIHO, UTO
HCIONL30BATL Tern «Texers, «Innanonocrs u «|Moe|» He HMeeT cMBbIc-
Jla, TAK KAk OHM BCTpedaiorTcs Gojee WeM B KAayKIOM BTOPOM TEKCTE.
PaccmoTpes 3HaMeHN Ha CJIEIYIONNX 17 Terax, 65110 IPHHATO PEIICHIe
PeANIN30BATE KIACCH(DUKALIMIO, UCHOIbL3YSI UMEHHO 9TH METKH.

HO000
20000
0000
50000
40000
30000
20000

10000

0 u u
Heropnn Yepauwa Poccwn Monutkes Mok He woe  10OmMop nnnorexctPabors Kpunota  Mar

TekcT JAKHONOCT (k)

Puc. 2. FHC'POF})&MM& pacrpeaeenus KoJindecTsa [nocros 1o 4acro

BCTPpeYalIIMCs Teram

Tlockonpky ocHoBHAs 3ajada B Xo/e paboThl UMEHHO MYJILTHICHOII-
KJIacCH(pUKALHS, CTOUT YOeIUTHCsH, 1TO HOAYIeHHbIH Jaracer uMeeT 10~
CTATOYHO [TOCTOB, K KOTOPBIM HYKHO OTHECTH HECKOJIBKO MeTOK. Ie3yinb-
TAT TOTO aHAJIM3a NpecTaBaeH Ha puc. 3. Kak nokazano na rpachuxe, B
Jlaracere COJEPIKATCA HOCThI, MMEIOIHEe OT JABYX J0 [IecTH Teros. Byem
CUYHTATE JAHHBIE JIOCTATOYHBIMH.

OrmMeTnM, UTO A5 yA00CcTBA pabOThI € AIrOpUTMaMU 00y IeHHs, BMe-
CTO XPAHEHUS CIIMCKA BCEX TErOB, NPUHAJJICHKAIIMX [TOCTY, KayKIOMY 110~
cry nobapisiercs 17 mosieit, COOTBETCTBYIONIHE BLIOPAHHBIM METKaM, KO-
Topble 3anoaHaoTes «0» wian «ls, XapakTepH3YIOIMHMHE HAJUYHE HIH
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KaXXJIOM M3 HHUX

OTCYTCTBHE TErOB. Peannaalmﬂ OIIMCAHHOI'0 B INIaBe aHaJIU3a IIpejcTaB-
Jena B [7].

3.3. IlpeoGpa3oBaHue TEKCTOB B YHCJIOBON BekTOop. Onun n3
CAMBIX MHTYUTHBHO IOHATHBIX CIIOCOBOB LpPEACTABHTL TEKCT Kak Habop
YHCeNT — COBHATH CJIOBAPDL CJIOB M HCIOJL30BATH HOMEpD CJIOBA KAK €ro
HopsAKoBLI HoMep. OHako Taxoil noaxoj ¢aabo BLIPAXKAET CeMAHTH-
YECKYIO PA3HOCTH CJIOB M MX 3HAMHMOCTE B TEKCTE,

Ilopxon TE-IDF asnaerca momuduxaTopoM NPUMHITHBHOTO aJI0PUT-
Ma. OH 3aKJIovaeTcd B TOM, UYTO eCJIH TepMHH BCTpevdaeTcs HeCKOJILBKO
pPa3 B OJIHOM MM HECKOJbKHX JOKYMEHTAX, TO CIHTAEM, UTO CIOBO SBJIs-
eTCsl CYIIeCTBEHHBIM, H €My HeoOXOHMO IpUCBOUTE 3HadeHnne soinie. Ho
KOI'JIa TePMUH BCTPEUAEeTCsl HeCKOJIBKO pa3 BO BCeX WK B DOJBIIMHCTBE
JIOKYMEHTOB, OH CYUHTAETCs TUIUYHBIM U HMeeT Bojiee HU3KO0E MHCIOBOE
snadenue [8].

B nporpammuom kozne uenonssyerca monyab TdfVectorizer uz 6ub-
sauorexu sklearn. IIpeobpaszoBas TekcTOBBIE JaHHBIE B HAOOPEI BEKTOPOR,
OBLIIO IIPOU3BEICHO PA3JIEJICHIE JTAHHBIX HA TPEHHPOBOUHBIEC H TECTOBLIE
B COOTHOIIEHHHN & K 2.
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4. Obyuenue mogenn. [loaxoasl, onucanueie jJauee, IpeodpasyoT
3884y MyJIbTHACHOI-KIaccuduKayy B 3a0ady GHHapHoil Kaaccudguka-
ITHH.

4.1. Beibop meromos. s perenus: 3agadu OGbLIN HCIOJIBL30BA~
HBI CJIEIYIONTHEe METOJIbI MyJIbTHIeHb/I-KinaccnpuKaImm:

1. OneVsRestClassifier. Hanuprii nogxo pasbusaer 3aJiatdy MyJ/IbTH-
aeibr-kiaccnduKay Ha 103a4aMu OHHAPHON KiiaccudHKaIun,
HCIOJNL3YS. METKH KaK OTJelblble Kaaccubukaropst |9]. dis mar-
HODO KJIACCH(DHUKATOPA PEANH30BAHA [I0C/IEI0BATEIbHAS DUHAPHAS
KaaccH(PUKAIHS ¢ TOMOIIBIO JJOMHCTHIecKo#! perpecenn. Takum o6-
Pa3oM ¢ IMOMONILIO BEPOATHOCTHON Mojenn nocTpoensl 17 kiaccn-
dbuxaropos.

2. BinaryRelevance. 9ToT MOAYIL, peaJu3yionuil Hansubiil 6aciicos-
CKUI 10Jx0/ ¢ nmoMotbio Moayas GaussianNB, mcnosbsoBan s
obyuenna Habopa OJHOKOMIOHCHTHBLIX JBOUYHBIX KiaaccupuraTo-
pos.

3. Label Powerset. C ucnoIp30BaHIEM JAHHOTO MOJLYJISL U JIOTHCTHMIE-
cKkoil perpeccun ¢ nomoupsio LogisticRegression, 6suin nocrpoers
KJIACCH(PUKATOPE! €O BCEMU BO3MOMKHBIMH KOMOHHAIIMAMEI METOK.

4. ClasstfierChains. Peanusamnus MeToIa HOCTPOCHUS HEIIOYEK KJac-
cupUKaTOpa TAK JKe, KAK ¥ Peaau3alusd HEKOTOPLIX HOAX00B, CO-
JEePKUT JTOMICTHICCKYIO PEIPECCHIo.

4.2. AHanu3 noJy4deHHBIX AAaHHBIX. OH0ll M3 caMBIX 4YacTo
UCIIOJIB3YEMBIX METPHUK LISl OLEHKH KAYeCTBA KIACCH(DUKAIIMN SBJISICT-
cst TounocTs [10]. Ee snauenue BLIYHCIAETCS OTHONIGHHEM KOJHIECTBA
NPABHJIBHO KJIACCH(PUIMPOBAHHBIX JAHHLIX K HernpasuiabHeiM [L1]. Tlpn
ATOM K HPABHIBHO KJIACCH(PHUIUPOBAHHBIM JAHHLIM OTHOCIATCSA KAK HC-
THHHBIE II0JIOKUTE/IbHBIE PE3YALTATEL, TAK U HCTHHHLIE OTPUIATE/IbHBIC,
Jma moacueTa BeeX JAHHBIX CYMMUPYEM TAKZKe JIOXKHBIE OTPUIATEILHBIC
U II0JIOKUTEIBHbIE Pe3ybTarbl. s cpaBuennss Mojieseil HCIoIb3yeTcs
dbyuxuus accuracy _score 12| uz 6ubnnorexn sklearn.metrics.

TB.B.J']HLI.EI.. Pesy.nb'ra'rm MPOBEAEHHBIX 9KCIIEPHUMEHTOB

Meroy, | Tounocrs, % | Bpewms:, ¢
One-Vs-Rest 95 139
Binary Relevance 87 1155
Label Powerset 96 99
Classifier Chains 89 774
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B xauecrse cpaBHeHusI pabOTHI AJIMOPUTMOB PACCMOTPUM TAKIKE Bpe-
M 0byuenus Mojennd. CTOMT OTMETHTE, YTO IIOIYYCHHAS TOYHOCTh J10-
CTATOYHO BBICOKAS JIJIS BCEX PACCMOTPEHHBIX IMOJIXOI0B.

VYuureiBast HOJIYUeHHbIE PE3YILTATEI, METO, HCIOIL3YIONIHA aHcam-
Oan GUHAPHBIX KIACCH(PUKATOPOR, TTOKA3AJ] HAHXYAIINE Pe3YILTATEL 110
BpeMenn u 1o Tounocru. llenoukn knaccuduxaTopos noxasanu cebs
HECKOJIBKO JIyHlne, ojHako rounocts Menee 90% 6yiaem cuuTars Hemo-
CTATOYHOI.

CpaBHuBas pes3yanTaThl, MPEJICTABICHHbIe B TabINIe, OTMETHM, UTO
HOJXO, HCHOJBL3YIONHNA BO3MOIKHBIE KOPPEJISIIUE MeXKJy MEeTKAMI,
cupasysiercss ¢ 96% TOYHOCTBIO 38 HAHMEHBIIEe KOJUYECTBO BPEMe-
HU. YUNUTBIBASI IIOJIYUEHHBIE PE3VILTATHI, MOXKHO CJEJATH BBIBOL, UTO
Jutst 06y ueHust Ha BeIOpaHHBIX JaHabix 10jx0) Label-Powerset naunbosee
YIATHBIN,

Jorst KmaccHQUKAIIT HCIOIB30BAIHCh BCEro 17 Pa3IHuHBIX METOK,
a IIPU YBEJIUUEHUN KOJUIECTBA METOK, KOJHIECTBO UX KOMOUHALIMH pac-
rer skcnonennuanpuo 13|, Cremosarenbio, HeMb3s YTBEPKIATH, UTO
IpHU YBEJHUYCHHHM KOJHYECTBA KJIACCOB HE BO3PACTET BBIMHCJANTE/ILHAS
CJI0YKHOCTH METOJIA.

B rakoM cayuae B JagbHeHIneM npu pabore ¢ 9THMHE JAHHBIME CJIeTy-
€T [IpoBecTH JOIIOJIHUTe/IBHBIC SI(CHQPHIVI(:‘,HTBI, BRJIIOAIOIIIHNE B C(:‘.6ﬂ yBe-
JIMYUEHUST KOJIHIECTEA MeTOK. MOXKHO IPEJIIONOMKATE, YTO B 9TOM CIYUAC
noaxoi One-Vs-Rest npessoiter 110 BpeMeny 1, BO3MOXKHO, 110 TOYHOCTH
HOJIX01, HCIOMBL3YIOMUI KOMOUHAIINH KJIaCCOB,

5. BaknoveHnue. 3aiaua KiaccuOUKAIMT TEKCTa — 0MeHb HOIYJIsap-
Hoe u BocTpeboBannoe HapapaeHne, Paszjenenne TeKcTa M0 ceMaHTHIe-
CKUM I'PYIIIAM YIPOILAET AHAJMS JAHHBIX, & TAKIKE II03BOJIAECT PEATU30-
BBIBATL ITOCTPOCHHE PEKOMEHIATeNLHON CHCTEMEI, IIOUCK JIAHHLIX.

B pamkax mccaeIoBaHus peliena 3a/1a4a MyJaIbTHIeHDI-KiaccuhuKa-
UK OJIB30BATEILCKHX TocToB mopraia Pikabu. Onucan nponece mo-
POTOBKHM JAHHBIX, NPHBEICHHE TEKCTOBBIX JAHHBIX K YUHCJIOBBIM, Pac-
CMOTPEHBI pasHBle METOJALI 0byueHusa. B kauecTBe dKCIEPUMEHTA IIPO-
H3BEJCHO CPABHEHHE TOYHOCTH M BpeMeHHN paboThl UEeTHLIPEX IOJAXOI0B:
One-Vs-Rest, Binary Relevance, Label Powerset u Classifier Chains.

B xauecrse mommcpukanmuu paspaboTaHHOrO aJropHTMa HeoDXOIH-
MO IIPOMZBECTH [OAO0P HAPAMETPOB sl 00YUEHHSI [IOCPEJICTBOM KPOCC-
Basganur, TakKe BO3MOMXKHO H3MEHHTL BBIOOD Teros, Buibpars Gosblinee
KOJIMYIECTBO METOK, KOTOpBIE IepecekaloTes. B nanbueitneM npeamnoara-
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ercsl PACCMOTPETh JAPYIHE HOJAXOALI MYIbTHICHOI-KIACCH(DIUKAIIMY, Ha-
IPHMEp, He CBOAANMecs K OMHAPHON KiiaccuHKAIIIA,
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ACI’IBKTHO-OPHeI{THPOBa}IHIJIﬁ CeHTHMEeHT-aHaJu3
IIoJIb30BaTeJIbCKHX COOGUJ;EHI/II';I B COIIHAJIBHBIX CeTHAX

1. Beenenue. 3ajaca CeHTUMEHT-AHANN3A OJIB30BATEIBCKUX COOD-
ICHHI, T. €. ompeje/ienne IMOIROHAIBLHON OIEHKH MHEHUN MoJb30BaTe-
Jleif, sSIBJISIeTCsl AKTYAJILHOMN 1Jisi MHOXKeCTBa cdep: MapKeTHHr (B comu-
AIBHLIX COTAX AKTHBHO 00CYZKIAIOTC pasinyibie Topapsl) |1, commoio-
rust |2|, moauronorns (AOCTATOMHO YACTO HEOBXOAMMO 3HATL OTHONICHHE
Jofel K TOMY WM MHOMY cobbITmHiO mim Jjuuanoctu) [3] m 7.1 3ama-
Y4 COHTHMEHT-AHAINZA, CBOAANAIACH K 3aJade KIACCH(DUKAIIMA BLICKA-
3BIBAHUI TTOIB30BATE/ICH Ha TPH KATErOPHH: «IIOJIOXKHTEIBHOE», <Hel-
TPAJIbHOE», «HEraTHBHOE», MUpoKo usyuena [4]. Heemorpst na sro, npn
PeIIeHun JAHHON 3a/1a410 BO3HUKACT Pl CPLE3HBIX MPOOIeM:

® HAJU'HE HEOIPEJEJEHHOCTH B CJIyUasX, KOIYA HEBO3MOMKHO OJ-
HO3HAYHO OTHECTH COODIICHHE MOJIL30BATEN K [IO3UTHBHOMY HJIH
HeraTuBHOMY Kiaccy [5);

® [IYMHOCTE B TEKCTOBBIX JAHHBIX HoJb30Baress. IIpu rexepaiun
KOHTEHTA [10JIb30BATEb YACTO HCIOAL3YeT PA3JINYIHBIC CIIeIHAb-
HBIE CHUMBOJIbI, 9MOTHKOHBI, XELITEIH U T, II., KOTOPbIE YCJIOMKHIIOT
06paboTKyY TeKCTa NpH ceHTHMeHT-anamze [6);

e HAJUYHE KOPOTKHMX TEKCTOB B IIOJL30BATEILCKOM KoHTenTe. B
BOBLITNHCTEE CJIYHAEB [IOJIb30BATENH, BhIPpazkKas MHCHIE K KAKOMY-
aubo 06'beKTY, OrPAHMYMEHHO TeHepHpPYIoT cBoil KonTent. Muorma
ATO OIPAHHYUBACTCS COLMANLHON CeTbIO, HAIPUMED, MAKCHMAJIb-
HOE “HCJI0 3HAKOB B coobmiennn B Twitter — 280 cumBosios |7);

® BLIJEICHHUE ACIEKTHLIX CJIOB B TEKCTAX B IIOJIL30BATEILCKOM KOH-
TEHTE, KOTOPBIE IIO3BOJISIIOT ONpeesisTh Haubojiee BayKHbIe KIove-
BBIE CJIOBA B TEKCTAX I0JbL30BATENSI, OTHOCHTEILHO KOTOPBIX IO/
30BaTEIb BEIPAXKACT CBOG MHeHHe (MO3UTHBHOE, HEPATHBHOE, Heli-
TPAJIbHOE) .
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B maunoii pabore arm npobieMbl perraiorcs Oiaromapsi paciimpe-
HHIO KJIACCHYCCKOH 3aJadil CCHTHMCHT-aHAIN3a JO0 TAaK HA3LIBACMOIO
ACNERMNO0-0PUCHIMUPOGEHI020 CCHTHMEHT-AHANN3A C MTOMOIILIO A3BIKO-
BBIX MOJEJIeH, OCHOBAHHBIX Ha TpaHChepHoM 00YUeHNH, B YACTHOCTH,

CTABHTCH SKCIHEPHMEHT II0 CPABHUTEILHOMY AHAIH3Y KA4eCTBa TPEX MO-
neqeit: TNet [8], AEN 9], LCF-ATEPC [10].

2. ITocranoBka 3agaum. PaccMorpuM HOA3aJaMy  ACIHEKTHOIO
CEHTHMEHT-AHATN3a [10J] HA3BAHNCM KAACCUPURQUUA NOAAPHOCTAL GCNEK-
mos (Aspect Polarity Classification, APC) [8]. Umeerca mapa (W™, w),
rae wT = {w],..., w],} — HOAIOCIESOBATENBHOCTE IIOC/IE/I0BATEIEHOCTH
cioB w = {wi,...,wy} B BbicKaspiBanuE. Heo0Xo MO OTHOCHTEILHO
aclieKra w’ OLCHUTDL ITOJAPHOCTDL BbICKA3bIBaHHA W. I_];GJIIJ - HpoBecTH
CP?IBHI/ITGJ'II)HIJIﬁ allaJins3 KavueCcTBa CAMBIX JIYYIIIHX ITOJX0I0B K PEIIeHuIo
)_I&HHOI‘:I 3a/1a'Hi Ha Tpex jJdaTaceTrax (OTBbIBI)I 11O pecTopanaM, I10 I'IDyT6y-
kam, Twitter) [11], u nporpaMMHO peanu3oBaTh JYUNIHN U3 HUX.

3. O630p CcywecTBYIOIMX METONOB. PaccMOTpHM HEKOTOPBIE CO-
BPEMEHHBIE MOJICIH, KOTOphe OBIIH (MM 0CTAIOTCs) HAa MOMEHT CBOeii
nyouKamue Jyamume st pentenus sagaan APC. Ipu sroMm Kaxkjas
U3 MoJIesIel OIpeJe/sieT BEPOsATHOCThL BHEIGOPA TOrO MM HHOPO KJIAC-
ca CeHTHMEHTA, cO cieayiomeil goce-byukimeil (o1 HAZBAHEEM Kpoce-
INMPONUR):

K
Lapc=—Y  t;log(p;),
j=1

rjae I( — KOJIMTICCTBO Pa3/JIMYTHBIX METOK 3a/J1a'Tu APC, ]3J — BEPOATHOCTDL
CEeHTHMEHTa j Yy TeKyllero aHalu3upyeMoro acunekrta, £; = 1, ecam y
acrexTa MerTka j, uaaue t; = 0.

3.1. TNet. Oanoil U3 NEPBHIX HONBITOK HCIONL30BAHMS TIIYOOKO-
ro ()6y‘I(EHI/lH B 3aZiavue aclleKTHOI'0 CeHTHMeHT-aHaJn3a fABJIseTCH IITPH-
MEHEHHE PeKYPPEeHTHBIX HelipoHHbIX cereil [8]. ABTops! crarsbu paspaGo-
Taqgm cBOM moaxon noi massanumem TNet ma ocnose meiipocern LSTM.
CII&.‘!&.H& n3 31\’{6()JUIHPII‘OB (BGKTOPI—IOI‘O [peacraBjJeHns TOKEHOB TeKCTa,
Pa3MEepPHOCTD KasyKJIoro BekTopa oboznaunmM kak H — runeprnapamerp mMo-
JIEITH) TTOJIYHA0TCs BEKTOPDI h,,EO),?', € T, N, rme N — KOJIMYECTBO TOKCHOB
B AHAJIH3UPYEMOM COOBIIEHNUN, TAK HA3LIBAGMBIE KOHTEKCTYAJIUZHPOBAH-
Hble SMOEJIMHIE CI0B, ¢ HOMOIILIO AByHanpasiednol cerun LSTM. Ha-
Jiee, aTH AMOeIUHIH (KaXKILIH OT/AEIBHO B3SATHIN BEKTOP h,ﬁ) HOJAIOTCS
B Moxyin CPT (Context-Preserving Transformation), koropbiit ms na-
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“ajIa IPUMeHsIeT JIPYryio JAsyHanpasienuyio zeiipocers LSTM ronbko

Ha CJIOBA M3 aCIIeKTa, IHOJIydas KOHTEKCTYATH3HPOBAHHBIE 3MOe I THHIH

h7,i€ 1, N. 3areMm KaxK/i0e TaKOe IPEJICTABICHIE aCCOIHUPYETCs ¢ BEK-

ropom h!, Koropwii u Geur mogan B 6mok CPT. Ha ocmose sTux acco-
- !

nuanuii crpourcs sexrop rf = 3 i, hIF (hg ),h’j’), rae dyuxims F

0TOOPANKAET CXOXKECTh JIBYX 3MOEJIHHIOB U BBEIMUCISIETCH 110 (hopMyJIe
Ty r
exph; " h}

Sy exp(h"ThY)’

F (h.,ﬁ”,h,;) -

!
[Tony4yennbie BeKTOPHI 7] | h,g) KOHKATEHHPYIOTCS M IOJAIOTCH B I10JI-
HOCBSSHBII CJI0 ¢ HeJHHeRHOH (DYyHKIMel AKTHBAIINK, TAK 110y YaeTCs
3
BEKTOP h, .
Jliist coxpaHeHns: KOHTEKCTA ABTOPLL HPEJIATAIOT JBE CXeMbl IIpeob-
Pa30BaHUSA IIOIYYHUBIINXCSA BEKTOPOB:

o nepecuiara bes nomeps (Lossless Forwarding, LF). Bekrop seixoza
nz CPT h.,(;Hl) = h,!(;t) -+ hgﬂ),i el,N,t €0, T, rie T — KOIHICCTBO
upumenenuit Mmojayist CPT (sigsieTcst rutieprnapaMeTpoM MoJen);

o adanmuenoe macwmadbuposanue (Adaptive Scaling, AS). Taxoii
croco0 IO3BOJILET Beca BXOJA U PU3HAKOB M3MEHSITL JUHAMUYEC-
cku. s sroro oupepensiercss Tak HaspiBaeMast gating function
(roToKOKOHTPONUPYIONAS (DYHKIHS), BBOIATCH ePEMCHHAS

(0 _ ()
i, =a(Wh’ +b),

mie o — curmomanas Qynakims axtusamun, Woe REXH p o RH

obyuaemble napaMeTpsl. Takum 06pazom, hopMysia JIIs BRIXOAA U3

moayis CPT umeer su

B B 10 MY & 0
WD =1 0 7P + (1-¢0) 0 4,
rje CHMMBOJI ® 0bo3HaATACT MOIIEMEHTHOE YMHOZKeHue,

Ojma 13 9TUX JBYX cXeM IpuMenseTcs Ha suixoje u3 CPT, u pesyins-
Tar paboThl CHOBA MOJAETCS B TOT ¥Ke MoaAyab. Hamee, Korjga Kask bt
ambemruar npoxonuT 7' paz CPT, T0 Bce BEKTOPDI BEIXOAOB IOJAIOTCHA B
CBEPTOYHYIO HEHPOCeTh, HA OCHOBE KOTOPOH U IPOU3BOAUTC Kiaccudu-
KAIlHsl 110 CeHTUMEHTY.
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3.2. AEN. C nosiiesueM TaAKUX MEXAHH3MOB MAIUHHOIO 00yue-
oug, kKak attention u self-attention, u Ha ocHoBe THX MOJIYyJeH TAKHX
uetipocereit, kak BERT, apxutextypst g perienuns safnaan APC naga-
JII OCHOBBIBATLCS HA HHX, YTO, KOHEYHO K€, IIOBLICUIIO M METPUKH Ka-
gecrea. Hanpumep, B |9] pazpaforama apXxuTeKTypa, KOTOpas HA3BAHA
Attentional Encoder Network (AEN). Crauana He0BXOIUMO [HOJYUNUTD
IMOCIJINHIY CIOB MPEJUIOMKEHUs] (HX MOXKHO LPEJCTABUTL B KAUECTBE
marpunst e € RY*H) g acnexra (mx MOXKHO mpescraBuTh B KauecTse
marpunsl ef € RYM o — kxonmdecTBO TOKEHOB B acmexTe), AJIs 3TOTO
ABTOPBL PACCMATPHBAIOT ABE BOZMOMKHOCTH: B3fTh P00y IeHHbIE BEK-
Topnl 6o w3 GloVe, mubo nz camoit BERT. Brocneacrsum amu pasubie
apxurekTypnl Oyuyr nassisarbes AEN-GloVe u AEN-BERT.

K nonyuennsiv ambeppunram npumensiercss mexanusm Multi-Head
Attention [12], koTopslil mpeiaraeTest UCIOIL30BATE W JIJIsl CAMOTO BbI-
CKa3LIBANN, U JJIs AHAJIH3UPYEMOTO aCIIeKTa, ITPUYUeM

et = M((—",C, (-3“), e.t — M(fit, 6“),

T.e. IpH npeobpasoBaHul W IMOEIMHTOB COOOIIEHUSA, U SMOEIJIUHTIOB
ACIIEKTA BO BHUMAHME IPHHUMAIOTCH IMOEIIUMHTH COODIIeHNs.

Hanee obe HOBBIe MaTpPHUIBI IOJAIOTCS B MoAynas Point-wise
Convolution Transformation (PCT). ®opmanbro, 310 (byHKIHI

Plef =¢ (EW;” + bff)) W 4 b®,

rje o — IKCHOHeHIuAAbHAs PYHKIU aKTHBAIIMN, W}EI), ngz) € RE%H
b;(jl), b.f,z) € RVE — o6yuaempie mapamerpst. ITocie 9T0ro BBIXOIBI MOjA-
1orest B Softmaz u cauraercs J10Cc-pyHKINS.

3.3. LCF-ATEPC. D9ra mojens Blepsble npeicrasiena s [10].
ABTODBI HCCIIEJI0BAHKS 3aMEMAIOT, YTO [IEePej] TeM, KaK PeliaeTcs 3a1ata
APC, pnomxua ObITh penieHa 3a/a4ua BBIICICHHS ACIHCKTHBIX TEPMUHOB
(aspect term extraction, ATE), u Bo Bpemsi pemieHus 9Toil 3aJa4n U3
TEKCTa MOYKET OBIThL M3BJICUCHA OJIe3HAS HH(OPMAITHS, KOTOPAST MOYKET
ObITh HCIOb30BaHa s pentenus yaxe sagaun APC. Asropn nepepabo-
Taun cTpykTypy crapmapraoit BERT, monoiuus ee HEKOTOPBIMH CJIOf-
mu. CHauana npejioykenne nojgaercs B ase mogenu BERT: oamna ns mux
OyeT HOJIYUIaTh CBOHCTBA JOKANBHOMO KOHCTEKCTA, a JIpyras — iobalib-
HOTO (ABTOPBI JOIMYCKAIOT BOZMOYKHOCTD HCIONL30BAHUS JIJIA 9TUX [1esIei
onuny BERT, mna skomomun pecypcor). HazsoseM BBIXOf U3 JIOKAJILHON
BERT kax O; € RVN*H 4 u3 rmobansuoit — O, € RV*E,
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Ha ocnose O, pemaercst zanaua ATE:

p=S(0,W,),

N ©
Larp = - Z Z tij log(pij),

i=1 j=1
rje p;; — BEPOATHOCTb METKH j ¥ TOKeHa 4, t;; = 1, ecim y TOKeHa, i MeTKa
j, unaue ti; = 0, W, € R¥*C - ofyuaemas marpuna napamerpos, C' —
KOJHUYIECTBO PA3IIHEIX MeToK 3amadn ATE.

Hasiee jlokabHbIe IPpU3HAKY, HOIYYeHHbIe ¢ nomomsio BERT, noja-
10TCA B pazpaboTanmblil aBTopaMyu MOJIYIbL, HasbBaeMbll local context
focus. DT0oT MOJYIL OCHOBAH HA MOHSTHH CEMAHTHUYECKOI'O OTHOCHTEIb-
Horo paccrosinust (SRD), koTopoe 03BOJISIET OHATE, HAXOHTCS JIH CJI0-
BO B paJiyce BbljaejeHHOro acuexkrta. Boruuncasiercs SRD kax
i~ Pl =5,
rjie ¢ — MHJEKC aHAJIM3HPYEeMOro TOKeHa, PP, — HeHTpadbHasl O3UIIH ac-
HeKTa, M — JJINHA ACTIeKTa, [); IPeJICTABILET CeMAHTHICCKOE PACCTOIHIE
MEXK Y AHAJM3HPYEMbIM TOKEHOM M ACIIEKTOM.

Jagee, Ha 0CHOBE 9TOI0 PACCTOSIHIS, MOYXKHO TI0/IATL BBIXOMHYIO MaT-
puiy npusnaxkos n3 joxanbnolt BERT B onun us mopyneit (mycrs X —
9TO HOMYUEHHAT MATPUIIA U3 JI060T0 MOIYII):

D; =

o JUNAMUNECKOE MACKUPOGAHUE MG 0CHOGE KOMMEKCMMBLT NPUIHAKOE
(CDM). Ecin D, Tokena GoJbIle OLPEJeJeHHOr0 IOPOra v, TO M-
OEIMHD 9TON0 TOKEHA JOMHOMKHTCS Ha HOJb:

V= 1, ecnm D; € a,
"0, ecn D; > a,

V:[VJ.?"':I/'N,}a X:VOI:

o JUNHAMUNECKOE B3GEUUBGHUE NA OCHOBE KOMMEKCIMIBIL NPUIHAKOG
(CDW). Muoxkureib, Ha KOTOPBL JOMHOKHUTCH 3MOEIIHHT §-T0
TOKEHA, OIPEIe/ISeTcs U3 hOpMy/IL]

ecin D; € w,

econ D, > «,

V:[V17"':V;l.}7 X:VO“
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o causnue mackuposarun u 6ssewusanua (Fusion). Bepyres oba
BBIXOZa € TPEJILIAYINAX MOJAyJAeH M KOHKATEHHUPYIOTCS B
(N x 2H)-marpmmy.

B pesynbraTe BhIXOHAA MATPUITA 00pabATHIBACTCS MTOCTEIOBATEILIO
mexanusmamu Multi-Head Self-Attention u Self- Attention.

3.4. CpaBHeHne MeTOHOB. Bce Merozpl, onucaHHble BBIIIE, Te-
CTHPOBAJIMCH HA JATACETAX ¢ COPEBHOBAHUSI 110 OIPEIEICHUIO 3MOIUO-
HAJILHON OIEHKH BBLIIEJICHHOTO ACIEKTA. 13 KavecTBe JTATACETOB OLLIH
cODpAHBLL OT3BLIBLI [OJIL30BATENCH O HOYTOYKAX, PECTOPAHAX, & TAKIKe
NOJIB30BATENLCKHE COODIIEHNS U3 coluanbhoi cern Twitter [11]. B Tab-
gunax 1, 2 nokasanbl sHavenus Fj-mepbl u Accuracy Jiis acueKTHOrO
CEeHTUMEHT-aHATU3A.,

Tabauua 1. Buauenune ) -mepot

Haspanne meroja | Pecropanst | Hoyrbyku | Twitter
TNet 0,7127 0,7175 0,7360

AEN 0,7698 0,7631 0,7313
LCF-ATEPC 0,8054 0,7786 0,7504

Tabnuna 2. 3uauenue Accuracy

Haspanne merona | Pecropanst | Hoyrbykn | Twitter
TNet 0,8079 0,7654 0,7497

AEN 0,8446 0,7993 0,7471
LCF-ATEPC 0,8677 0,8097 0,767

Taxum obpaszom, mopens LCF-ATEPC sasinserca SOTA-monennio

Jyts pemmenus 3agaan APC.

4. 9kcnepumeHT. B paMrax skcnepuMenTa Oblia pealn3oBaHa Mo-
jgens LCF-ATEPC na aseike Python 3. Hna peanusanum nefiponmoit
cern ucnonbsosanbl dppeitvsopku PyTorch (juist mocerpoenus camoii Mo-
aesn) u PyTorch-Transformers (uis umnopruposanus BERT). Peasu-
30BAHIAsS MOJEJb TECTHPOBAJIACH HA ABYX jaracerax [13]:

e Tshirt — orseiser na dyrbonku. B naracere 1871 rpeHupoBotHbIX
IpUMEepOB, 472 TecTOBBIX;
e TV — orspisbl Ha Tenesnzopbl. B garacere 3746 TpeHMpoOBOUHBIX
IpUMEpPOoB, 942 TeCTOBBIX.
Wz rpenuposounoil BRIOOPKY BBLIO 0THeabHO BeIOpano 10% npumepos
JJIsT BAJIMJIAIIMOHHOIO MHOXKeCTBA. MTOroBble MeTPHKH, IIPUBEIEHHBIE
B (13| u moayvuennsle B XoJe JAHHOTO NCC/IEIOBAHNS, IPHBEJIEHLI B TAG6-
aunax 3, 4. Ha puc. 1, 2 npegcrapnenst rpadukn jgocc-byHKIIME 115
JBYX JATACETOR B 3ABUCHMOCTH OT 3II0XH 00YUEHHS.
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Pue. 1. 3nauenusn jsocc-chyuxumii qia paracera TV

Tabauna 3. 3uauenue Accuracy

Hazsanue meroga | Tshirt TV
Apropsl garacera | 0,9335 | 0,9036
LCF-ATEPC 0,9385 | 0,9002

Tabnuua 4. 3uauenue F)-mepsbl

Haspanue meroja Tshirt TV
Awproppr paracera | 0,7386 | 0,7601
LCF-ATEPC 0,7605 | 0,762

ATE and APC Losses

— ATE_train
------- APC_train

== ATE_val

=== APC_val

___________________ SN ’r' Sy
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Puc. 2. Buauenus jnocc-chynkuuii qna garacera Tshirt
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5. 3akmrouenue. [Iposenen 0630p COBPEMEHHBIX METOIOB DIyHOKO-
1o 00y HCHHUS B PEINCHUH 3aa4H KaaccH(PUKAIME TOHATLHON IOIAPHOCTH
acnexkTos. Peannzopana 1 oOyucHa JIydlias Ha JAHHBI MOMEHT He#lpo-
cereBasl MOJIE/b, KOTOPAs IOKA3AJIa BBICOKHE DE3YJILTATHl M Ha HOBLIX
JlaTaceTax.

Hanbueiinee pasBuTHe UCCHEIOBAHUS MOMKET [IPOBOJUTLCS BO MHO-
EX HAIPABJICHUSIX: BO-IIEPBLIX, BO3MOMKHO PACIHIUPEHUE 384U HA TaK
HaspiBaeMblil end-to-end aspect-based sentiment analysis, T.e. Mojenn
JOJKHA OyIeT KaK BBIACAATh ACHEKTHI, Tak H KIACCH(QHUIMPOBATL HX
HOJSIPHOCTE, e/ BOCHPHHUMATE ACIHEKTHl KAK TEMBbI AHAIHN3UPYEMOTO
TEKCTA, TO YKe CYNIECTBYIOT MCCJIGIOBANNS 110 UX H3BJICUCHUIO, HAIIPU-
mep, [14]. Bo-Bropsix, ImiaHEpyeTcs IPOBECTH PA3METKY JIATACETa, KO-
TOpBIH BB HCIONB30BaH B |6] B HOMYYHTL Pe3ylbTaThl PeaansoBanHOM
MOJIRJIN JIJIsE PYCCKOIO sI3bIKA.
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VIIK 338.24, 519.71
Cwmupuos H. B., Caukos A. B., Cmupnosa T. E.

YuciienHoe MoOoOeJIMpoBaHUEe 1 aHaJIU3
9KOHOMHYEeCKHX CHUCTeM

YncaeHHOe MOZEJIUPOBAHHME KPEIUTHBIX PHCKOB. MaremaTu-
YECKHEe MOJIEIN B 9KOHOMUKE HAXOMIT MHUpoKoe upumenenue. lus we-
BOJIBIINX KOMIIAHHIT MaJIOT0 H cpejiHero 6u3Heca aKTYaNbHBI BOIPOCHI
KPeAUTOBAHNUS, OCOOEHHO CTAPTOBLIX LPOEKTOB passurTus. Peun wujuer,
HAIPUMEP, O CUTYAIMSX OBICTPOro BBHIXOJA HA PhIHOK. Junamuueckme
MojIean ofoBHBIX Tporieccos npeacrasiensl B [1, 2], Caenys stum pa-
GoTaM, pACCMOTPHM CHEIYIONIYIO MOJIEIb:

Qi1 = Q1 + ApQ — Cy — Hy) — pQy,
241 = 2 + Pr — Hey, (1)
z(0) = z0, Q(0) = Az,

rie ; — obbeM HpoayKTa, HPOU3BeJeHHOro Ha arane b, O = n@, + ¢ -
U3JIePKKN  1IpU  IIPOU3BOJCTBE, N, ¢ HEKOTOpPbIE KOIDPHUINEHTEI,
H, = Hop + Hp, nupn srom Heyp — JeHLIH, BLIJICJCHHBIC HA MOTAIICHIE
kpegura, Hp — noxon siajernbiia OusHeca, p — 1eHa TOBApPA, Z; — BEJIH-
YHHA JONATa Ha yrane t, [ — KpeJuTHas cTaBKa, A U [ — KoxbDUuImenTs
GoHI00THATH 1 BBIOBITHS COOTBETCTBEHHO,

Mogens (1) npeacrasiser coboit cucTeMy PA3HOCTHBIX ypPABHEHMUI,
OJIHAKO €€ ABTOPbLL JeJIAI0T IIepexol K cucreme oObIKHOBEHHBIX Judde-
PEHIMAJIBHBIX YPABHEHUN M IPH ee aHAJIHU3e OI'PAHUYHBAIOTC “HCJICH-
upiM guddepennnposannem. B ¢BaA3H ¢ 9TUM MOMKHO OTMETUTH JBa CY-
MIECTBEHHBIX HIOAHCA. BO-IIePBRIX, aKTyaJNbHON 3a,1a9ei TNCIEHHOT0 MO-
JIeJIMPOBAHUS SBJISIOTCS HEIOCPeJCTBEHHAs pabdoTa ¢ pPa3sHOCTHONH cuc-
Temoit (1), 3pech mpexie BCEro AKTYAJBLHBI BOIPOCHl IPOIPAMMHOTO
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YUPABJIECHUS, AHAJIN3A YCTONUMBOCTH M CTAOHMIM3AIMY [TOJIOMKEHUI pas-
Hopecus. C 3TOH NEJLI0 MOMXKHO HCIIONL30BATL AJTOPHTMEL, HPEICTaB-
sennbie B paborax [3-11]. Bo-Bropbix, MOKHO MOAHbDHIHPOBATE JAH-
HYIO MOJIC/Ih, HACTPAMBAS €¢ Ha AHAJIHM3 PA3JMYHBIX creHapuen (12,13,
B TOM YMCJIE€ OPHEHTUPYSCH HA 38JIaYi MHOIOIPOIPAMMHOIO yIIpaBJe-
anst [14-20], KoTopble aKTyajdbHbl HE TOJBKO B YKOHOMHYECKHX CHCTE-
Max.

Tax B [13] npepnoxen sapuant mojenn (1) ¢ mepeMenHtoii neHol Ha
IIPOLY KILTUIO (1)HPMBI, qTO 60J1(—3e COOTBETCTBYET ,[LeﬁcTBPIT(:‘.TIbHOCTH. HeHa
MOACIUPYETCs HePHOJUHUecKol (DyHKIMel, mapaMeTphl KOTOPOR MOMKHO
HACTPAUBATDL ¢ YYeTOM PEAJbHBIX HAOMIOACHUIH, YTO O4YeHb yI00HO s
THCJICHHON peaau3ani., Ty HIe0 MOKHO 0DOOIIHTE, CIH UMETE B BHLY
HPOU3BOJIBHBINA CIIOCOD AIIIPOKCUMAIINN PEAJBHBIX JAHHBIX, B TOM THC/IE
C IPUMEeHEeHHEM 3JIEeMEHTOB HCKYCCTBEHIIOIO HHTE/LJICKTA. Tam ke pac-
CMaTPpHUBaACTCs BapHalT YIIPDaBJeHICCKOI'O ClieHapHsd € IeJbIo 6bICTp0[‘O
Noramrennsd JoJara u YBEJIHICHHS BLINTYCKa IITPOAYKIITHH.

JduHaMuyeckne Mogein MeXKoTpac/ieBoro bajaHnca M 4YUCJIeH-
HbIe 3KCHepuMeHTHI. Mojenn mexkorpaciesoro Ganamca (MOB) n3-
BECTHBI €Ie € HAYALa [POILIOrO BeKA, KOrJa MOSBHJINCL [epBbIe pa-
oorer B. B. JleouTsesa. B macTosimee BpeMs 9TO MEMKYHAPOIHO IIPH-
3HAHHBI HHCTPYMEHT AHAJN3A MAKPOIKOHOMUYECKUX IIPONECCOB U TEH-
gernuii [21]. OcHoBy MOJe/IH cOCTABIAET MATPHUIA «3aTPATLI-BBITYCK»,
B KOTOPOI OTParKeHO PACHpeie/eHe IPOU3BEIeHHBIX U OTPebIeHHBIX
TOBAPOB MEXKJY OTPACISIMU IKOHOMUKH.

3iech pacemoTpumM Moauduiuposannyio Moiaens MOB, nossossio-
IYI0 MOJEJIMPOBATEL B3auMHOe BiMsHNEe chep NPoU3BOJACTBA U HOTPe6-
JleHust apyr Ha jgpyra [22-24|. B ee ocnose nexkatr jape runoresnl. Hepeas:
HPEJIIIOIATACTCA, ITO B SKOHOMUKE YCTAHOBUJIOCH JHHAMUYIECKOE PABHO-
Becue, T. e, KOUJa BCs NPOJYKIMS, BLIIYIIEHHAS CeKTOPAMU SKOHOMHKH,
peajnzyercs 1o 3aJaHioi nere. Bmopas: aucras IpUOLIIL Wi HEKOTO-
pas ee 4acTh WJIeT Ha WHBECTHIUH ¢ [EJIbI0 PACIIUPEHUs POU3BOICTBA
B KasK/IOM CEKTOpPe SKOHOMHMKH. B aTOM cjiyuae Mojesb UMeeT B

Cp;(t) = FesLi(t), j=1,...,n, (2)

rje Cpj — HHBECTHIME HA PACHIUPEHHUE TIPOUIBOJCTBA j-I0 CEKTOPA KO-
noMuk, 1;(t), Fle; — BbITYCK NPOAyKIMH 1 (POHIOEMKOCTH KaXkK 00 CeK-
TOpa SKOHOMUKH.

Ecnu B cucremy (2) go6aBuTh BHENIHHE HHBECTHIINH, TO MX MOMKHO
TPaAKTOBATHL KakK ylpasjieHus. B makoMm BapHanTe MOJEIL XOPOIIO 3a-
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pexoMeroBata cebst B pasInuHbIX IpHioxenusx [24-27]. Bosee roro,
B paborax (22, 24] npeuioxKen MeTO NOCTPOCHHA MOIMH(DHIHPOBANHON
JunaMmuaeckoil Mozenn MOB. Ero ocunosHO# 0cOBEHHOCTBIO SIBIHETCS
BKJIIOYEHHE BAJIOBOTO BHYTPEHHETO IMPOJYKTa B BEKTOP COCTOSHHS CHC-
TEMBI. DTO MO3BOJSIET AHAJUSHPOBATE JHHAMUKY cdep HpOou3BOICTBA
i morpebieHust oJHOBpeMeHHO. TakyKe MOCTPOEHBI BAPHAHTHI MO/IEIH,
YUUTBIBAIOIINE PA3IMYHLIC BO3MOMKHOCTH YIPABIEHUS 1IPOIECCOM PO~
M3BOJCTBA M moTpebsienns. Ilokazamo, 4To BApHAIIMH HAJOI'OB, CTABOK
OIUIATHI TPYAA H JAPYTIUX MAKPOIKOHOMUYECKUX [TOKA3aTeseH PUBOJIAT
K HeJHHeHHbIM cucreMaM. TakuMm obpasoM, B paMKax JIaHHOTO MOJIX0J1a
MOKHO PeIIarTh 38/ HPOIHO3HPOBAHUS M YIPABJICHHS MHBECTUIHOH-
HBIMH IPOEKTAMH Ha PErHOHAJILHOM H OOIIErOCyIAPCTBEHIOM YPORBHAX.,

B uerseproit rinase [24| npeioxen KOHCTPYKTHBHBIH AJrOPHTM I10JI-
HOI MAeHTH(DUKAIME TapaMeTPOB MOIAN(pUIMPOBAHHON, HeJlMHeHHON MO-
nein MODB na ocuose tabuui, nybunkyemprx «OQpramusaiieil 9K0HOMU-
YECKOIO COTPYAHUYUCCTBA U PA3BHTHSA», a TAKYKE IIPHBEICHBI IPUMEPLI 1
peleHsl 3a4a41u ONTUMAJILHOIO YIPABJIEHNs CTABKAMU HAJOMOB M OILIa-
7ol Tpyaa na ocuose Tadann MOB CHIA, Mmpun n Kuras. Ilporpamm-
Hasl PEAJU3aIs 3THX aJrOPHTMOB HAXOJUTCA B OTKPBITOM JocTyte [28].

Bakmouenue. B jannoii paboTe npogeMOHCTPHPOBAHLI BOZMOMKHO-
CTH ONHMCAHHBIX MOJEJEH /ISl PEIIeHNs HIMPOKOr0 KPyra 3aja4 MOe/I1-
POBAHKMSA YKOHOMUUECKUX CHCTEM KaK Ha MHUKPOYPOBHE passuTust (hup-
MBI, TaK ¥ HA MAKPOYPOBHE YIPABICHHS TEHACHIMAME B 9KOHOMUKE I'0-
cyapersa.
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VIIK 004.9
Xuaonuu M. B.

Hpe,E[CKaBLIBaHI/Ie HaJn4yus 0oJie3Hu cepdra
Y 4deJioBeKa C IIOMOIIbIO MaIlTMHHOI'O Oﬁy‘-IeHI/IH

Pexomendosano x nybauxayuu doyenmom Ipuwrurvim B, M.

1. Beenenue. B GoubumHCeTBe PA3BUTEIX CTPAH WacToil NPHIHHON
YTPATBL 3/[0POBbsL SIBJISIOTCS CEPAETHO-COCYIMCTRIE 3a00/IeBAHMSL, 10T~
MY BayKHO HAHTH CIIOCO0 HPEKAECBPEMEHHOTO MPOrHO3NPOBANES ITHX 6Go-
Jlesueil. 3azata permaercs PasHbIMU clIocobamMu, ouH u3 caMbix 3 dek-
THUBHLIX U3 HHX — 9TO METOJI MAIIHIHOr0 00y9enns, KOTOPLIH MoyKeT 06-
JIEMYNTH JKU3Hb BpadaM, B3AB Ha cebd 9acTh paboThl N0 0BHADYKEHUIO
GoJlesHel cep/ila Ha OCHOBE HMEIONIHXCS JAHHLIX 0 namuente. Hanpumep,
MOYKHO CPa3y COCTABHTDL IPYIIY PUCKA U3 IAIUEHTOB, 1LOA03PUTEIbHBIX
Ha HAJTHYHE CePJeYHO-COCYAUCTLIX 3a00IeBanuil.

JoBOIBHO YaCTO 3a/a4K B MEJIUIMHE PEIIAIOTCS UMEHHO MAIIUHHBIM
oByueHneM, HalpuMep, IIpu paboTe co CHUMKAME JAHHbIH MeTo| 0coOeH-
1o adpexrusen (1.

2. IlocranoBka 3agaun. [Ipornosuposanue 60IE3HE CEPIIA — ITO
zajaua bunapuoit kaaceudukain, s peienus 9Toi 3808491 UMeeTCst
Habop JAHHBIX, KOTOPBLIK pasjesser HNalMeHTOB Ha JBa KJIacca: MMeeT-
e Godresns cepaia — 1, u me umeerca — (. ITogobubiv obpaszom MOK-
HO PelaTh JI00bIe 382491 JINATPHOCTUKH 3a00eBannii, 1ubo onpeaensaTh
Haubosiee 1eaecoobpasunlii crocob jgeuenus.

Habopom ganusix seicrynaer “Heart Failure Prediction Dataset” [2].
Ocuopras nupobiema — 3T0 MaJeHbKU 00beM jmaHHbIX, B nabope npu-
Mepuo 900 00BEKTOB, & €CJIM HCKIIOUNTL 00BLEKTEI ¢ HE3AIIOJNHEHHLIMN
npusnakamu, ocragercs 746, Manenbkuii Habop JAHHBIX CKa3bIBAETCS
HA TOYHOCTH perieHnd 3agaud. Ho 4rofbl yuy uinTh HoI0MKeHHe, MOYK-
HO HOPMAJIM30BATL YHCIACHHEBIC TapaMeTpsl B Habope JaHHBIX, & IPH3HA-
KU ¢ OrPAHUYEHHBIMH BAPHAHTAMH 3HAMCHHS PA3LeIHTh Ha OTIACIbHbIE
HPUBHAKH,

Xaonun Hezopo Baadumuposun — crygent, Cankr-Ilerepbyprekuit rocypapersen-
uelll yuusepcnrer; e-mail: khlopin2018@yandex.ru, rem.: +7(900)543-81-48
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3. Crpykrypa paHHbIX. Kaxkiaplii o0bexT mpescrasieH napoi
< x,y > (HaGop NpH3HAKOB, 0TBET). BeKTOp onmcanms oObLeKTa T Co-
cTouT U3 11 npusHakon:

Age: BozpacT nanuenra [ger|;

Sex: mos manuenta [M: My»xkunma, F: 2Kemmunal;
ChestPainType: tun Gonn B rpygu |[TA: Tunnusas creHokapmust,
ATA: Arumaunag crenokapus, NAP: Heanrnunannuas Gonb, ASY:
Beccumnromubiii|;

Cholesterol: ceiBopoTounsiil xomecrepun [Mm/ 171);

FastingBS: yposenn caxapa B kposu naTomax |1: eciin BS naromax
> 120 mr/mr, 0: B OpOTHBHOM cirydael;

RestingECG: pes3ysibTarsl 91eK TPOKAPIHOIPAMMBL B COCTOSIHUH 110~
kost [Normal: Hopma, ST: nanmane amomannu 3y6ua ST-T (unsep-
cun 3y6ua T u/unn nossimenue wim nommwxenne ST > 0,05 MB),
LVH: nagnuue BepoATHON HIN ONPeAeseHNnol runepTpodun geso-
ro eIy 0uKa|;

MaxHR: pocrurayras MakCHMaJbHAS YaCcTOTa CEPIEIHBIX COKpPa~
mennit [Yucnosoe snavenne or 60 o 202|;

ExerciseAngina: crenokapaus, BLI3Bamias (pH3AUCCKON HArPY3KOH
[Y: Ha, N: Her|;

Oldpeak: oldpeak = ST [Yucnosoe 3uavuenue, H3MEpEHHOE B Jie-
npeccu|;

STSlope: nakaon cermenta ST nukosoro yupaxuenus [Up, Flat,
Down)|;

RestingBP: aprepuaibHoe JABICHIE B COCTOSHIM MOKOS [MM PT. CT..

HeartDisease — aro snadenne y (1 — ecrs 6onesns cepira, 0 — HopMa),
B pannom Habope JaHHBIX KaxKIbli 00LEKT onuchIBAIOT 11 IpU3HAKOB,
KOTOpOMY cooTBeTeTByeT snadenue (1 gmnbo (), mokasbBaloniee HaJIuIue
zabogesanus cepina. CiegoBaTe/bHO, JAHHYIO 3889y MOMKHO OTHECTH
K 3aJ]aMaM KJIACCH(PUKAIINN,

3.1. IIpeobpazopanmne manubIX. lns yaobersa paborsl ¢ JiaH-

HpIMA: 1) OpU3HAKH, NPHHUMAIOMME IPOM3BOJLHLIC 3HAUCHHE, OLLIH
orobpaxkensl Ha orpesok [0, 1], rae 0 — MUHEIMAIBHOE 3HAYEHHE [IPU3HA-

Ka, 1

MAKCHMAJILHOE 3HAUCHIE IPU3HAKA; 2) IPU3HAKY, IPHHAMAIOIIHE

3HaveHue M3 3apaHee U3BECTHOI'O HEBOJLIIOTO MHOMKECTBA BaApHaHTOB,
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ObLIN pa3ldejeHbl Ha OTJAC/ILHBIC ITPH3HAKNA (K?L}K;Lblﬁ BapHaHT 3HaAIeHH
JAHHOIO IPHU3HAKA BBIHECCH KaK OTJIeJbHBLIH l'IpI/ISHFLK).

4. Apxurekrypa HellpoHHOU cern. Tak Kax JaHHBIE O HAIHEHTE
IPEJCTABISIIOT BEKTOD IPU3HAKOB, PA3MeEp KOTOPOrO JOCTATOUHO MAJ,
TO HENecoobpPa3Ho HCIONb30BATE APXUTCKTYPY NOJHOCBAZHON HelpoH-
uoit cern [3]. IlyTém sxcnepumMeHTANIBHOTO OABOPA BHIGPAHA ONTHMAJL-
HAsI ADXUTEKTY Pa HOJHOCBSIZHON HeliPOHHOIT CeTH, COCTOSIIASL U3 BXOIHO-
0 BEKTOPA, JIBYX CKPBITBIX CJI0ER (10 5 HEPOHOB KazKIBI) 1 BHIXOAHOTO
BEKTODPA Pa3MepHOCTH JBa. Brifpannas HelipoHHas ceTh pealn30oBaHa, B
cpeae Colaboratory |5], siseik nporpammuposanust — Python.

Dyuxnumeit omubkn peiGpana GuHapHas KPOCc-3HTPOIN, KOTOPas Xo-
POIIO IOAXOMUT JIJIsT 3884 KIACCH(DHKAIIH,

Merpuka moxaspBaeT, HACKONLKO KAYeCTBEHHO obydena cerh. [
pelieHusl 3aJaui B KadecTBe METPUKH B35TO OTHOIICHHE [PaBHIIbL-
HBIX HpejcKasamdii K oBMeMy KOJHYECTBY NPEeACKasanuii (npaBuiib-
uple/Beero). Onrumuzaropom seibpan Adam [4] ¢ nogobpanubiM marom
obyuennst, pasasiM 0,0001.

5. ITogroroska nanHbIX nepepn oby4denmem. mewompecs 746
06LEKTOB pa3/Ie/IuM Ha TPpH IPYNE! (train — TPeHHPOBOYHBIN HAGOD J1aH-
upix, valid — Banmpanumonnniit nabop Jamubix, test — TecroBoil mabop
JIAHHBIX ).

IlyTém KOppensiMoHHOro aHAIN3A BBISIBICHO, YTO CYIIECTBEHHEe BCe-
ro KOppeJupyloTcs ¢ HajgudmeMm Gosesnn cepgna 7 npusnakos: Chest
Pain Type ATA, Chest Pain Type ASY, MaxHR, Exercise Angine,
Oldpeak, StSlopeUp, StSlopeFlat.

O6yuus cers Ha JByx Habopax NaHHbIX (19 MCXOJHBIX NPH3HAKOR U
T npu3HAKOB ¢ HaHGOIbIIEH KOppesauel ¢ 0Ie3HbI0 Cepna), MOXKHO
cpaBHUTL UX 3P PEKTUBHOCTD.

6. O6yuenne. O0yuenne ceTH IPOMUCXOAUT HA TPEHHPOBOUYHOM HAa-
fope gaHHbIX train, oneHKAa KavecTBa BO BPEMsl CAMOTO Iporecca oby-
genus — Ha valid, a HTOroBBI BBIBOJI O pesyabrare paboThl 00yYeHHON
CeTH JleJIaeTcsl Ha TeCTOBOM Habope JAaHHBLIX test.

Ha kazkmoit smoxe nojaéres ma Bxoj Habop JaHHbIX (6aT4) pasMepoM
¢ caM TpeHHpPoBOUHLIH Habop manubix (600 06BEKTOB), HOC/IE BLIYUCIIS-
ercst PyHKIMs HOTeph Ha 9ToM Habope, M ¢ [MOMOIILIO OINTHMH3ATOPA
H3MEHAIOTC Bechl HelpoHHOI ceTH.

Kazknyio Teresauyio s1oxy GUKCHPYIOTC 3HAMEHIS OYHKIINH [OTePh
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¥ METPUKH Ha TPEHHPOBOYHOM M BAJIMIAIMOHHOM HabOPaX JAHHBIX.
O6y4yenne TpoOBOJNIOCH Ha HADOpEe JAHHBIX H3 BeexX MMerommuxcs 19

IPU3HAKOB M Ha Habope JAHHBIX, COCTOANEM H3 NPHU3HAKOB, Hanboee

CYHIECTBEHHO KOPPEJUPYIONUX ¢ HAJIMYHEM DOJE3HH Cepiila.

6.1. PesynsraT 06yuenuns ceru Ha 19 npusnakax. nga oby-
yenust cern Ha 19 npusHaxkax ObLIN BBIOpAHBI CJEIYIONIHE TAPAMETPbI
oByueHust: KoJuIecTBo 310X — 10 Thicsay, mar obyuenus OnTHMHU3ATOPA
Adam - 0,0001, pazmep baraa — 600.

Ha kaxk10i THICAMHON 2110Xe PUKCHPOBAINCH 3HAMCHHS (DYHKINI 110-
Tepb u Merpux. Ha puc. 1. upegcrapien rpadux 9TUX 3HAYCHUIN.

L L.metpura
0.9 [train)
2.METPWKE
08 {valid)
oy 5\
06
s
04 3.y HrumA
noTepk
03 [valid)
4. ByHKLMA
T T T u ' noTeph
0 2 4 6 a (train)

Pue. 1. I'pacdux obyuenus ma nojnom nabope npusznakos (10 Toicsd s10x)

Metrpuka na TecTosoM JlaTacere pasagercs (0,8, 3unauenuns obenx MeT-
DHK HA BAJHJIAIMOHHOM H TECTOBOM HATACETAX IPHUMEPHO PABHSIIOTCS
0,8.

Taxum o6paszoM, HelipoHHAS CeTh, 00YUeHHAS Ha IIOJHOM Habope IpH-
3HAKOB, IpeJcKasbiBaeT Haauaue Gosesnn cepana B 80% ciayuaes.

6.2. PesynbTar 00y4YeHHOII ceTu Ha Habope m3 7 npusHa-
KOB. /Jljs cetn ¢ nabopom JAHHBIX U3 7 IPHU3HAKOB BBIOPAHLI CIIEIYIO-
e mapaMerpsl 06y ueHns: KoauuecTso s1ox — 20 Toicad, mar o6y deHuns
onruMuzaTopa Adam — 0,0001, pazmep Garua — 600.
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Touno Tak ke Ha KaxKJ0H THICSUHOI 310Xe (QHKCHPOBAINCH 3HAYE-
aug GpyHriui noreps u Merpuk. Ha puc. 2. npencrasiaen rpadgpuk 3THx
BHAYCHMN.

09 1.meTpHKa
{train)

[18.} 2. meTpuka
(valid)

07 -~

ne

0s 3.pyHrLma
noteps

04 (valid)
A.ymruma

0.3 noTept

" r [train)

00 25 S0 75 100 125 150 175
DIOXH, ThIC.

Puc. 2. Dpadux obyuenus na uenonnom nabope (20 roicsy s10x)

Boruncnennasn ma rectrosBoM jaracere Merpuka pasusiercs 0,71, Kak
M OXKHJAIOCH, KAMECTBO 00YUeHHs] YMEHBIIHIOCh ¢ YMEHbIIeHHeM KOJIU-
YecTBa [NPU3HAKOB, HA KOTOPBIX CeTh 00y1alach.

Taxum 06pasoM, HeillpoHHAs CeTh ¢ 7 BXOAHBLIMH IPU3HAKAME (HAH-
foJtee KOPPEIUPYIOIUMI ¢ HAaJU4IHeM OOJIe3HH Cepjilla) BePHO MpeicKa-
apiBaeT najgudue Gosesnn cepiaua B 71% ciayuaes.

7. BeiBon. ApxuTekTypa HEHPOHHON CETH MOKA3a/Ia HPHEMJIEMYIO
paboToCIOCOBHOCTE B 3a/1ate IPEICKASBIBAHNS HAJHYIH OOJIE3HHU cepil-
na. pu arom sy«mmii pesyibrar mokasala nepsas HEHpOHHAS CeThb C
19 BXOJHLIME ITPU3HAKAMI.

B pesynprare sxcrnepuMenTa MOMKHO CJIEIaTh BBIBOJL, UTO [IOJIHOCBS3-
Has HelipoHHas ceTh ¢ 19 BXOAHLIMH HPH3HAKAMU, C JABYMS CKPLITHIMHA
cyrosiMi (1o 5 HelpoHOB KazkApii), ¢ GHHADHON KpOCC-aHTpONHel B po-
Jn PYHKIMKE T0Teph U ¢ ONTHMHE3ATOPOM Adam MOXKeT IIpeJcKa3biBaTh
najunune bosesuu cepana B 80% cinyuaes.

B ciyuae, ecnn me xBaTaer JAHHLIX O HAIMEHTe, HO HMeeTcs HabOp
JIAHHBIX U3 T NPU3HAKOB, HanbosIee CYNIECTBEHHO KOPPERIUPYIONIUX ¢ Ha-
JuaneM 60JIe3HN cep/iila, TO BTOpasi HelipOHHAS CeTh IPEICKAYKEeT HAJIH-
wue Gosesuu cepana B 71% cinyuaes.
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Hpe,“lﬂaI‘&EMhIﬁ IIOAX0 IO IIPOIHO3HPOBAHHIO HAJU TH I boresHu cepir-

IHa MOZKeT YCKOPHTD IIPponecc JUardHoCTHPOBalWsAd, IOBLICHTL €0 Ka9eCTBO
M COKOHOMHTEL BPEM:A BpatIaM.
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YIK 004.623
Xogmocos A. C., Kosrap A. B., ®unaros U. C.

CpaBHHUTEJbHBIA aHAJIN3 CUCTEM XPaHEHUs JTAaHHbBIX
B MOOHJIBHBIX NMPUJIOXKEHHUAX 1101 YIIPpABJICHUEM
i0OS u Android

Pexomendosano ® nybaurayuu doyenmom Koproswm B. B.

1. Beegenne. Mobuabipie TPUIOKEHH CTAIN HEOTHEeMJICMON Ha-
CTBIO YKU3HH /100010 uestoBeka. OHU MO3BOJIAIOT JIIOISIM ODIATHCS, Y3HA-
BATh HOBOCTH H OT/ILIXATH, & TAKYKe OMOTAIOT CICANTH 3a 3/10poBbeM [1].
B maie speMs pacupocTpaHeHie BUPYCHBIX 3a60/1eBaHIi CTaI0 OJHOM 13
CAMBIX SIBHBIX YI'PO3, [IOITOMY HPHJIOKEHUS, KOTOPLIE MOMOIYT KOHTPO-
JILPOBATD, LIPEJCKASBIBATD U, KAK CJIEJICTBHE, OCTAHABINBATE M IEMUN
KaK HHKOra akTyananinl. [Ipu pazpaborke MOOHILILIX TPUIOKCHHN BCe
Yallle MCIOAb3YIOTCH TeXHOJOTUH, (PPEeHMBOPKH M A3bIKHM IPOIPAMMHPO-
BAHMsI, KOTOPBIE MOZBOJISIOT MOJYUHTEL KPOCCIIAT(OPMEHIOE MPHIOMKE-
une. B wacriocty, 6ypro passusaerca (ppeiiveopk Flutter |2] ot Google.
B s1oM KomTexkcTe, npu paspaborke JI0DOro HPUIOKEHUS HeOOXOINMO
HPOAHAJMBUPOBATE CYIIECTBYIONINE CIOCOOLI XPAHEHHs JAHHLIX HA MO-
OUIILHOM YCTPOUCTBE U BEIOPATE ONTHMAJBLHBIN JIJ15 KOHKPEeTHOI 34,1841,
Bo Flutter cymecrsyer Tpu nonyispHble 6HOIHMOTEKH, KOTOPbIE [103B0-
JISIIOT XPAHUTH JAHHBIE HA YCTPOHCTBE [OJIb30BATENs], PEJAKTUPOBATE H
ussiexarh nx: hive [3], shared preferences [4] u sqflite [5]. B manmoii
cTaThe NPeJIaraeTes CPABHUTL UX Ha PUMEpPe HCIOJAL30BAHHS B IIPU-
JIOYKEHMUN JIJIs1 XPAHCHUS JIAHHBIX O [EPEIBHMKCHUH YeJIOBEKa, T. €. €ro
reO/IAHHBIX.

2. ITocranoska 3agaun. s paboThl NpuIoKeHns 1 0ToOpaKeHusI
KOppeKkTHOoi nudopMalmu o aMHAeMUIOJ0THYecKO# 06eTaHoBKe HeobX0-
JIMMO ODHOBJISTEH JAHHLIE O TEOJIOKAIUN HOJAL30BATEeNs B PEAJILHOM Bpe-
MEHH, OJJHAKO 9TO He BCerja BO3MOXKHO. BhiBaer, 4To 10 KAKHM-TO HIPH-
YUHAM ¥ I0JIB30BATEIs] HET JOCTYIA K CeTH HJIM K¢ OH CAM OTPAHITIII

Xodocos Anercandp Cepeeesun — crypent, Cankr-Ilerepbyprekuii rocygapersen-
uptit yuusepenrer; e-mail: khodosov2000@gmail.com, Tesn.: +7(981)956-84-50

Koezap Anexceti Bukmoposun — crypent, Cankr-Ilerepbyprexkuil rocyjapersen-
uplit yausepeurer; e-mail: aleksei kovgar@gmail.com, ren.: +7(952)793-01-33

Punamos Havsa Cepzeesun — crynent, Cangr-Ilerepbyprekuii rocypaperselibit
yuusepeurer; e-mail: st068845@student.spbu.ru, res.: +7(911)913-81-50
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HCIIOJIB30BaHue HHTepHeTa. B rakom CJyvae HYZKHO COXPaHsATh JaHHbIC
O NepeJBHZKCHHH II0JIb30BaTEJsA JIOKAJILHIO, a IIPH ITOABJICHIH BO3MOZK-
HOCTI CHHXPOHU3UPOBATL JAHHLIe C CCPBEPOM - 06HOBUTL MX. MMeHHO
AJIE 3TOIO I'eOJatlHbBIC HBO6X0,JILHMO COXPaHuTh Ha yCTpOf;ICTBG [IOJIb30Ba~
Teast. U OeIbIO ,T],FLHI’IOFI pa6OTI>I ABJIACTCE aHaJIu3 CYIIECTBYIOINX Me-
TOAOB XpaHeHus: JaHHbIX, CpaBHeHHe HX I BbIGOp OIITUMaJIBHOI'O. ,D;.HH
ITOrO IIpPoBeJeHo TeCTUPOBaHIe Kr‘l}KﬂOﬁ 6ubImoTeKn.

3. Onmncanne 6ubamorTex. PaccMorpuM Henob3yemble 6GubIHOTE-
KH.

1. Hive — sierkas u ObicTpas 6a3a JAHHBIX KJIOUEH B 3HAMCHHI, Ha-
nucannasg ma uucrom Dart. Buyrpmn jpamnoit 6ubimorekn peasn-
30BaHO CHIbHOE Imudposanne 1o craggapry AES-256. Ilpu srom
B CHHCOK 0COBEHHOCTEH MOMKHO 3aHECTH KpPOCCIIAT(OPMEHHOCTh
(coBmecTum ¢ ios, android, web, linux, windows, macos). s nc-
HOJIB30BAHUS 5Toil GUBIHOTEKH HEOOX0MMO IPOBECTH MOJTOTOBKY
JAHHBIX,

2. Shared Preferences obepThiBaeT HOCTOSHHOE XPAHHJINILE JJIs KOH-
KpeTbix mwiatdops s npoersix gannsix (NSUserDefaults B 108
u macOS, SharedPreferences 8 Android u v x.). Januere moryr
COXPAHATHCA HA JUCK ACUHXPOHHO, W HET FApaHTHH, YTO 3alliCH
Gy/IyT COXPAHATHCS Ha JIHCKE T0CIIE BO3BPATA, IIOATOMY 3TOT IIOI-
KJIIOYAEMBIH MOJIYIEL He CIeLyeT HCIOAL30BATE [ XPAaHeHUs BayK-
HBIX JAHHBIX.

3. ILnarnn SQFlite nozsonsier nenoabzosarsk SQLite BnyTpr MoGHIL-
HOPO UpuiIoXKeHusi. B ommvme oT onucasHbix Bbime 6ubanorex,
9Ta O3BOJISET UCIOJIL30BATL PEJIAIHOHHbIe Ba3bl Janubix. Tak e,
KaK M B JIPYyI'UX PEHIeHHsIX, JAHHBIE, KOTOPbIE HYYKHO COXPAHUTD,
HEOOXOIUMO CePUAITH30BATE.

4, Onucanue JaHHBIX. B KauyecTse JAHHBLIX, KOTOpPbIe HEOBXOIU-
MO 3alMCATE, OYIeT HCIOJIL30BAH HADOD 0OBLEKTOB, KOTOPLIE SBJISIIOTCS
METKAMH BPEMEHH M KoopjuHaT, ¢ nojsmu date tuma String, longitude
u latitude ¢ Tunom double. Cucrema Beger c6op HAHHBIX B BHJAE jSon
daitnos Bua;

{"time":"1646580739", "latitude":0.535, "longitude":0.52}.
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5. Tecruposanue. PaccMOTPUM Pe3yILTATEL HPOJETAHHBIX TECTOB.
5.1. Coxpanenue JaHHBIX. B KauecTBe JTAHHBIX BBICTYIHIH OT-
METKH €O CJYYIalHBIME 3HadeHuaMu. B nepeoM agcnepuMenTe ObIIA 110~
JIVIEHA OJ[HA THICSYA OTMETOK, BO BTOPOM — JIECATEH THICAY, B TPEThEM
CTO TBHICAY U B HOCJIEAHEM — MILIHoH (cM. puc. 1).

sqflite W hive [ shared_profarencas

Epema (ceryas)

05

0 —_— e — I_\_.

1000 aTMeaTOK 10000 oTmeTaok 100000 ommveTok 1000000 oTMeTok

KusiMes 180 0 TMe Tk

Puc. 1. Bpeumsi coxpaHenus JaHHBIX

5.2. Yrenue AaHHBIX. Baxkno OTMETHUTL, 49TO IIPH YTCHHUN ObLIN
MNONYYICHBI Te ZKe JaHHble, 9T0 U OBLIN 3altcanel, ITO CBRJACTENILCTBYET
0 TOM, YTO BCE ()I’I()J[H()’['QKH KOPPEeKTHO COXPaHWJ/IM JdaHHble.

safite B hive W8 shared_praferances

0016

0,01

Olzl—.!_JJ

1000 oTmeTOK 10000 oTMETOK 100000 oTmeEToK 1000000 oTMeETOK

EVHAH)

Bpema (

KONMMYECTBO OTMETOK

Puc. 2. Bpems urenust JanHbix
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Crour oTMeTHTH, UTO HECMOTPsl HA TO, YTO [PH YTEHHN JJAHHLIX
shared _preferences nmpourpeiBaer 110 BpeMeHH HCIIOJHEHH: KOJa Jpy-
ruM GubIHoTeKaM (¢M. PHC. 2), 9TOT KOJ HCIOJIHACTCS CHIXPOHHO, UTO
yupoumaer 06paboTKy IOIYYeHHBIX JAHHBIX JUIs PaspaboTuuKa.

5.3. O6HoBNIEeHMEe NAaHHBIX. [IpH TecTUPOBAHNN OGHOBIICHIS JAH-
HBIX [IPOU3BOIMIOCE 06HOBIEeHHE (hukcupoBanHoil 3anucu. Jlyumee spe-
M3l nokazaja oubnmorexa shared preferences (em. puc. 3).

sofite W hive W shared_preferences
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Bpema (CexyHIb)
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1000 oTMETOK 10000 oTmeTOK 100000 oTmeTOK 1000000 aTmETOK

KonuiecTeo aTMETOK

Puc. 3. Bpemst obHoBIeHNSs JJAHHBIX

6. Onucanue rtecros. s nposejenust cpapHeHHUs BhIOPAHHBIX
OuOIMOTEK OBLIM PEAJH30BAHBI KJIACCHI-MEHEIZKEPBI, KOTOPLIE NPE1o-
CTABJSIIOT HEOOXOMUMBIE METOJbI, & MMEHHO: 3aIlMCh JAHHLIX Ha JIUCK,
YTEHHE JAHHBIX ¢ JHCKA M ODHOBJICHHE OTIAEALHLIX 3aiuceit. Merpukoit
BBICTYIIH/IO BPEM# MCIOJIHEHUS, Be/lb OBICTPOIeiICTEBIE IPHJIOMKEHNS HA~
HPAMYIO 3aBHCHT, IIOMHUMO IIPOYEro, OT CKOPOCTH pabOThI ¢ JAHHBIMHU.
Dra MeTpuKa BaxKia, Tak Kak IOJL30BATENI0 BAXKHO, YTOOLI IPHIOXKE-
Hue paboraso 6e30TKa3HO U OBICTPO.

7. Bakmovuenue. [Ipu nposegenun TecTos 0OHAPYIKEHO, UTO IHpPH
pasHbIX 3ajavax OHOJIHOTEKH ITOKA3BIBAIOT PA3HOE BpeMs M HU OjHa He
ABJISIETCS ONTHUMANLHON. Mexo/is u3 pesyabTaToB, MOMKHO BBIICJHTE 0D-
JACTH HCHOJL30BAHUA JNAHHLIX Oubauorex. s paborbl ¢ HECIOMKHBI-
MH CTPYKTYPaMU JAHHBIX H IIPH OTCYTCTBHH HEOOXOJIUMOCTH BBIOJHATE
CJIOYKHBIE 3AIIPOCEHI K 9THM JIAHHBIM XOPOIIo noaxoaut hive, dra 6ubiuo-
TeKa 0DEeCIedYrBaeT BBICOKYIO CKOPOCTL UTeHHs M 3anucu. as pabors
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CO CJOMKHBIMU CTPYKTYPAMH JAHHBIX, JJIs BLIIIOIHEHUs HETPUBUAJBHBIX
3anpocos oTryHo noaxomut sqflite, Bean ona Gasupyerca na CYB gisa
pesAnHOHHbIX 6a3 ganubix. B cayuasnx ke, Korja HeOGX0IHMO COXPAHUTH
HEKPUTHYHbIE JJIsl PADOTH IPUIOKEHHs JaHHbIe, KOTOPbIE IPU HeobX0-
JIUMOCTH OYIYT TOJYYeHbl U3 MaMITH, HAIPHMED HACTPONKH MPHIONKE-
HH, KOTOPLIC HYZXKHO ITOJIYHUUTD IIPH 3allyCKe, HO IIPH 11oTepe JaHHbIX, O
KOTOPBIX IPHUJIOMKEHHE IPOJOJKUT (PyHKIMOHUPOBATD, JIYUIIE HCIOIb-
sosaTk shared preferences. [Ipuuem monyvenne maHHBIX OCYIIECTBIIS-
eTcsl CHHXPOHHO, YTO 3HAYHTEILHO YIpolaeT paspaborky. Mexoma ux
BBIIIECKAZAHHOIO, JJIsl XPAHEHUS TeOJAHHbIX, BBUILY IPOCTOTE CTPYKTY-
PLI 3amuceit M OTCYTCTBHS CIOMKHBIX 3aIPOCOB K HHM, PEKOMCH/LYyeTCs
HCIIOJIB30BaAThL hive.
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Research on occlusion detection algorithm
based on self-attention mechanism

Recommended for publication by associate professor Blekanov I. S.

1. Abstract. With the outbreak of the new corona epidemic, wear-
ing masks has become a necessary requirement for travel, but the tradi-
tional detection algorithm is difficult to complete the recognition of oc-
clusion targets. For the SSD algorithm model, there are some problems
such as anchor selection deviation and target box cannot be accurately
selected. This paper proposes an improved target detection model based
on deep learning SSD algorithm model to improve the recognition ef-
fect of occlusion targets. The model extracts the features in the image
by introducing the self-attention mechanism, generates the self-attention
feature matrix, and inputs the feature matrix into the SSD network for
target detection. Through the recognition of images, the model accu-
rately realizes the face recognition of faces wearing masks.

2. Introduction. In the field of image recognition, the accuracy and
efficiency of the traditional model can be tested by Wei Liu. SSD network
model has the most efficient and accurate characteristics. In this paper,
it is proposed that the SSD model of NvidiaTitanX on the VOC2007 test
set can reach 75.3% mAP and 59FPS [1] for the network with an image
input size of 300 x 300. In the process of occlusion target recognition,
the SSD network can not obtain partial occlusion information, making
the target frame deviation.

This paper uses the Self-Attention mechanism to extract and streng-
then the features of input images. In the process of occlusion target
recognition, the weight of the whole target in the feature matrix is im-
proved to improve the information acquisition of the occlusion target in
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the SSD network. The image is processed by the self-attention mecha-
nism to output its feature matrix and then enter the SSD network for
recognition. Compared with the direct input of the SSD network after
image compression, this model can make the input network information
more specific and detailed.

3. Basic target detection module.

3.1. Feature extraction network based on self-attention.
The construction of the Self-Attention feature extraction network adopts
the SAGAN framework [2]. The network constructed by the framework
splits the channel dimension of the input image by Convolution Feature
Maps. According to the RGB three-color channel of the image, the
network is divided into three levels: query vector, key vector and value
vector, as shown in Figure 1.

) f(x)

transpose
ol A attention

_imap

convolution
fenture m||!|1.\(\'l
i

softmax .
selt=attention

wature maps (0)

o & i—“l H
M
i

Figure 1. Self-attention framework

hix)

|
I

The model is realized by training W, vector, W} vector and W, vector
in data. In the framework of SAGAN, the hidden layer feature map
x € RY*N is extracted, and the query vector Q and key vector K are
calculated by the convolution layer processing of 1 x 1 convolutions.

f(7) = Wz, (1)

g(x) = Wex. (2)

The query vector and key vector are calculated by the above formula,
and the correlation vector S is obtained by calculation

Similarity (Query, Key) = S;; = f (:J:i)Tg (ay) . (3)

Then, the results are normalized. Through the softmax function, the
weight of the original calculation results is reduced to the order of mag-
nitude of the attention map, and C' = C/8 is calculated for channel C,
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so that the overall gradient is more stable and then the output S’ is
calculated to obtain the attention map:

eSim,:
8" = soft max(similarity)

EL:II eSimy ' (4)

J
The value vector V will be calculated by h (x;) = Wyx; to obtain the
value vector of correlation. The model will calculate the value vector
and the attention map vector set, and finally obtain the self-attention
feature maps result V (x) € R300%300 Ip this paper, a 300 x 300 matrix is
formed through pooling operation to facilitate the input of SSD network.

V(x) = S'h(x) (5)

3.2. Construction of SSD network model. SSD network
model [3] is a convolutional neural network based on deep learning.
This network is modified based on the VGG-16 network and obtained as
shown in Figure 2. By extracting six layers from different feature layers
generated by VGG-16, feature maps of different scales are obtained to
identify target features. By outputting a set of fixed size target bound-
ary boxes in different feature layers to the non-maximal suppressor [4],
the recognition results are screened and the best target boundary box is
finally outputted.
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Figure 2. SSD network structure diagram

SSD network determines the reliability of a pre-output value depend-
ing on the obtained target location and category information. According
to the algorithm [5], to obtain the ground Truth with compact target
completion and minimum error coverage, the model mainly uses Smooth
L1 Loss strategy and SoftmaxLoss strategy to calculate the loss value.
The location regression is obtained by smooth L1 Loss calculation of pos-
itive samples, and the discrimination of column identification is obtained
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by calculating the difference between positive and negative samples, to
obtain the credibility of the overall results through(6).

1
Loss = N (LH?TL()(J'LhLl + aLerft mnx) (6)
In the formula, N represents the number of positive samples, and «
represents that the equilibrium coefficient is a constant.

4, Target detection model establishment.

4.1. Construction of target detection model based on self-
attention mechanism. The model input 300 x 300 pixel images by
compressing the images. In the self-attention module, the target infor-
mation in the image is extracted, and the self-attention Feature Map is
output by the weight operation module. After entering the SSD net-
work, the feature matrix identifies and locates the target, filters the
results through the non-maximum suppressor, and outputs them.

Input | Self Output
(300%300)— Self-Attention “F':::‘:" » SSDNetwork |, result
imagc Map Of

| (300%300) survey

Figure 3. Target detection model framework

4.2, Improved target detection model construction. Self-
attention mechanism extracts target features through the correlation
of pixels. For the recognition of the target on the image, the location
information is a key factor affecting the target characteristics. Positional
Encoding is introdnced into the model, a position encoding e’ is defined
for different pixels on the image, and the position encoding matrix e is
generated with the input original image matrix.

Through the calculation of 2’ = e+, the obtained vector containing
location information is input into the self-attention network for process-
ing.

5. Experiment. In this paper, the model is constructed by the
open-source library provided by tensorflow2 to test the detection results
of occlusion targets. Taking the recognition of facial masks as an ex-
ample, the test model trained 7493 unoccluded faces and 7507 occluded
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images to identify the input random photos. The model can accurately
identify the occluded face in the photo as shown in Figure 4.

Figure 4. Test model demo output test results

6. Conclusion. This paper proposes a self-attention mechanism to

improve the recognition effect of occlusion targets. Can complete the
recognition of occlusion targets in photos, meet the needs of mask face
detection. At present, this model can be extended to many occlusion
target detection, and for different types of target models, a large number
of data set training models to need to be established. For real-time
detection systems, this becomes a direction of model optimization.

o
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Audio-visual speech recognition

1. Introduction. Although speech perception is considered an au-
ditory skill, human perception of speech is inherently multimodal, as
producing speech requires the speaker to make movements such as lips,
teeth, and tongue, which are often used in face-to-face communication
is visible, and information from lips and face contributes to better un-
derstanding of speech [1].

In the field of speech recognition, ASR (Automatic speech recogni-
tion) systems are quite mature and have achieved high recognition re-
sults [2], but these frameworks are completely based on audio. With the
requirements of the experimental environment, especially in the noise
environment, the recognition rate of the model drops significantly [3].
At present, how to reduce the influence of noise and improve the speech
recognition rate is an urgent problem that we need to solve. Experiments
show that in the noise environment, the visual information features are
completely unaffected, so the visual information can be used to make
up for the disadvantage of the poor robustness of the visual features to
noise in speech recognition [5], and effectively improve the speech.

The purpose of this paper is to demonstrate that audiovisual fusion
models outperform pure audio or pure video models for speech recogni-
tion. We use the TM-CTC [6] model based on the Transformer archi-
tecture as our test model, and use two of the most famous audiovisual
speech datasets in the world today as Our test dataset, where LRS2 [7]
consists of thousands of spoken sentences from BBC television; LRS3 [8]
consists of thousands of spoken sentences from TED and TEDx videos.
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Ultimately, we demonstrate that audiovisual fusion models outperform
pure speech/audio models.

2. Models. In this section, we introduce the model architecture for
audiovisual speech recognition, based on the existing Transformer self-
attention architecture for training the CTC loss. The architecture of the
model is shown in Fig.1:

2.1. Audio features. For audio, we define the size of the audio
features as 321, and use a 0.040s window to calculate the STFT. Since
the video is sampled at 25 fps (40 ms per frame), each video input frame
corresponds to 4 acoustic feature frames. We concatenate audio features
in groups of 4.

2.2. Video features. For video, we sample the image at frame
rate of 25fps. For each frame, resize to 224x224 and crop the central
112x112 region. It contains the mouth area, as shown in Fig.2. Then
normalise the frames and extract features for each frame using the vi-
sual frontend (A visual feature extraction module. Generates a 512-dim
feature vector per video frame).

2.3. CTC transformer (TM-CTC). The TM-CTC model con-
catenates the video and audio encodings and propagates the result
through a stack of self-attention/feedforward blocks, same as the one
used in the encoders. The outputs of the network are the CTC posterior
probabilities for every input frame and the whole stack is trained with
CTC loss. The structure of the model is shown in Fig. 1: (a) Common
encoder: the visual image sequence is processed by a spatio-temporal
ResNet, while the audio features are the spectrograms obtained by ap-
plying Short Time Fourier Transform (STFT) to the audio signal. Each
modality is then encoded by a separate Transformer encoder; (b) TM-
CTC: Transformer CTC, a model composed of stacks of self attention
and feed forward layers, producing CTC posterior probabilities for every
input frame.

3. Experiments. This section will present in details the datasets
we used to train and test our model, as well as the data augmentation
techniques we used to generate more training and testing data. It will
also show the results we got and discuss them with a comparision with
other mothods.

3.1. Experiment platform. For calculations we used a Google
Cloud VM with CPU: Intel(R) Xeon(R) CPU @ 2.20GHz; RAM: 250GB;
0S: Ubuntu 18.04.6 LTS. For implementation of the models Python-
Conda was used.
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Figure 1. Audio-visual speech recognition models: (a) Common encoder;

(b) TM-CTC

3.2. Datasets. In this paper we use two large audiovisual speech
datasets: LRS2-BBC [7] and LRS3-TED [8]:

e The LRS2-BBC dataset is divided into development (train/val)
and test sets. The dataset also has a “pre-training” set contain-
ing excerpts of sentences that may be shorter or longer than the
full sentences contained in the dev set, annotated with alignment

boundaries for each word. The structure of the dataset is shown
in Table 1 [9].

e LRS3-TED cousists of thousands of spoken sentences from TED
and TEDx videos. The dataset consists of pre-train, trainval and
test, and the videos of the three datasets do not overlap. The
dataset statistics are given in the table below. The structure of
the dataset is shown in Table 2 [10].
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Table 1. LRS2

Set Dates utterances word Vocab
instances
Pre-train 11/2010-06/2016 96,318 2,064,118 41,427
Train 11/2010-06,/2016 45,839 329,180 17,660
Validation 06/2016-09/2016 1,082 7,866 1,984
Test 09/2016-03/2017 1,243 6,663 1,698

Table 2. LRS3

Set videos utterances word Vocab
instances
Pre-train 5,090 118,516 3.9M 51k
Train 4,004 31,982 3568k 17k
Validation 06/2016-09/2016 1,082 7,866 1,984
Test 412 1,321 10k 2k

3.3. Data preprocessing. In this Section, we generate the re-
quired files for each sample. Firstly, extract the audio from the video file
using the FFmpeg utility and save it to a wav file. Secondly, for each
frame, resize to 224x224 and crop the central 112x112 region. Finally,
normalise the frames and extract features for each frame using the visual
frontend. After this step, for each sample, we can get four files: .mp4,
.wav, .png, .npy, .mp4 is the processed video; .wav is the audio extracted
from the original video; .png is the image collection of each frame after
preprocessing, shown in Fig. 2; .npy is the visual features of the image.

Figure 2. Preprocessed images

3.4. Training model. In this step, we train our model using the
existing weights. Firstly, we use the main file dataset from LRS2-BBC
as our fraining and validation datasets. We use an audio-visual speech
transcription model based on the Transformer architecture as our train-
ing model. Architecture: two stacks of 6 Transformer encoder layers
form the Encoder (one for each modality), a single stack of 6 Trans-
former encoder layers form the joint Decoder. The encoded feature
vectors from both the modalities are concatenated and linearly trans-
formed into 512-dim vectors. Use Adam as the model optimizer. Use
Ir_scheduler.ReduceLROnPlateau as the model scheduler. Finally, we
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Figure 3. Loss Curves and WER Curves

use the CTCLoss (The Connectionist Temporal Classification loss) func-
tion as the loss function.

3.5. Model demo. In this step, we will show the prediction results
of the model on several concrete video examples. We select some videos
in the Test set of LRS3-TED for model testing. The text of the video is
displayed in Fig. 4.

From the above Fig. 4, we can see that our model has successfully
performed the text recognition operation on the example video, and it
seems that it has achieved good results.

3.6. Model evaluation. We evaluated our model on LRS2-BBD
and LRS3-TED with or without a noise file, and the results are presented
in Tables 3-6, here:
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Figure 4. Video Text

Loss: The Connectionist Temporal Classification loss (CTCLoss).
Calculates loss between a continuous (unsegmented) time series
and a target sequence.

Word Error Rate (WER): WER is computed by dividing the total
number of word edits (computed using editdistance package) with
the total number of words.

Character Error Rate (CER): CER is computed by dividing the
total number of character edits (computed using editdistance pack-
age) with the total number of characters.

AO: Audio only Model.

VO: Video only Model.

AV: Audio-Visual Model.

Table 3. LRS3 — No Noisy

Loss CER WER
AO 0.824979| 0.102 0.228
VO 3.834045 | 0.55 0.881
AV 0.4556614 | 0.102 0.237
Table 4.
Loss CER WER
AO 1.695527 | 0.439 0.744
VO
AV 1.150616 | 0.299 0.545
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Table 5. LRS2 — No Noisy

Loss CER WER
AO 0.236904 | 0.061 0.150
VO 1.291037| 0.342 0.589
AV 0.171635| 0.044 0.118

Table 6. LRS2 — With Noisy

Loss CER WER
AO 1.325958 | 0.383 0.645

VO
AV 0.591563| 0.157 0.322

As can be seen from 4 tables above that the pure visual model per-
formed the worst, while the audiovisual speech model we tested per-
formed the best, with a WER of 0.118 in the absence of noise. Although
the pure speech model performed well in the absence of noise, but in the
case of adding noise, its accuracy drops significantly. In the noise case,
our model improves WER by 0.199 compared to the traditional pure
audio model.

4. Conclusion. In this paper, we use the Transformer architecture,
we propose an audio-visual speech fusion model to solve the speech recog-
nition problem on the LRS2 and LRS3 public datasets. It has achieved
advanced results, with an improvement of 0.199 in the LRS3 dataset or
compared with the traditional pure speech model. After testing on the
two datasets, we can obtain the accuracy of the audiovisual fusion model
It is far superior to the traditional pure voice / pure video model. We
finally demonstrate that visual information helps improve speech recog-
nition performance even when the clean audio signal is available. Espe-
cially in the presence of noise in the audio, combining the two modalities
leads to a significant improvement.
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portrayals recognition
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1. Abstract. Most people are unfamiliar with portraits of ancient
world characters, and proving who a portrait person is with little data
is exceedingly difficult when the images are in individual form. In recent
years, single-sample image identification algorithms based on deep learn-
ing have improved recognition results to a new level. The Siamese Net-
work, on the one hand, is better adapted to our demands when it comes
to distinguishing people’s portraits. On the other hand learns from pic-
ture data using a convolutional architecture, allowing us to achieve near-
state-of-the-art classification tasks. In terms of accuracy, the Siamese
Network surpasses other deep learning models with a modest number of
samples [1].

2. Introduction. Neural network learning is similar to human brain
network learning, but the neural network of the human brain has accu-
mulated over time to a very high standard and can learn new things very
quickly. The fact is that the network of recognizing this thing is already
in the brain similarly. The idea is that we can build such a network
using machine learning, and our machines can recognize this image.

Specifically, the most significant step in building an image differen-
tiation model is learning a neural network at first that can be used to
differentiate the identity of a picture from other relevant information,
allowing us to achieve our goal. After learning we will have a neural
network that will allow us to extract a dataset of learned photographs
and recognize the related person’s portraits.
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So we also need to meet such requirements for the recognition of
world legends characters, Siamese-Networks-for-One-Shot-Learning [2]
is the method we need to use. Such a method must be modeled and
trained.

3. Data Set. A network approach is used to collect portraits of
ancient Chinese emperors and well-known Russian international figures,
which are split into train data and test data. Because people’s portraits
still need to ensure authenticity, and the features of a person’s face are
the same for different portraits, we can ensure that there are one to three
portraits of each person in the datasets when building the train data set,
and at least have one test image when building the test data set.

Table 1. Database tables

Label = FileName Image
Li Shiming 01.png...
Lenin 0l.png...

Peter the Great 0l.png 02.png...
Hiowan Yei 0l.png...

The dataset is handled by first arranging the various photographs
in distinct folders and identifying them by name, then reading the data
using transform on the images, and finally saving the tags in an array
when it reads data.

In machine learning, the training data is required to train models. To
construct models, training data sets are utilized to learn hyperparame-
ters and feature mappings. The test data is used to see if the accuracy
rate of the established data model is high and evaluate the model’s ac-
curacy. And the test data cannot be utilized as data for the model
development process otherwise over-fitting would occur.

4. Based on Siamese-Networks image recognition.

4.1. Model Introduction. Siamese Networks is a similarity mea-
sure that can be used for category identification, classification, etc [3].
when the number of categories is large but the number of samples per
category is small. For the whole dataset, we have the amount of data,
but for each category, there can be only a few samples, so with the classi-
fication algorithm, we can’t train any good results because there are too
few samples for each category, so we have to find a new method to train
this kind of dataset, so we propose siamese networks. Siamese networks
learn a similarity measure from the data. The siamese network learns a
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similarity metric from the data and uses this learned metric to compare
and match samples from new unknown categories. This method can
be applied to classification problems where the number of categories is
large or where the entire training sample cannot be used in the previous
method.

4.2. Analysis Model. M images of N classes are randomly se-
lected from the train set, and then N x k < M images are randomly
selected to represent the small sample set of (z;, ), i =1,..., N x k for
training, where each class has k samples. Then, the remaining images
are represented as query images.

Fealure Extractor

Conv
&
FC layers

simllarity images

Decision network

Feature Extractor

Query images

Figure 1. Design model

Figure 1: Data training set after feature extraction, training, to get
the model, the photos to be identified will also be feature extraction,
into the model, the results will give a high degree of resemblance to the
photo.

Finally, N categories of recognition tasks are constructed and the
model is trained on the set. In testing, random samples are taken from
the test set to generate a support set and a test set, with the support
set labeled and the test set unlabelled.

4.3. Set Model. Image features are extracted in the convolution
layer, and parameters are set in the Conv2d method to be more accurate
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in feature extraction. Feature dimension reduction is used at the pooling
layer to compress the number of data and parameters, reduce excessive
fitting and improve the fault tolerance of the model.

Feature Feature Feature Feature Hidden Hidden
|I'|pl"§ maps maps maps maps units units Du:puts
3@32x32 2@18x18 32@10x10 4B@6XE A8@axd g

168 500 2
\\"

4.4. Train Model. Firstly, for the loss function, the loss function
used in the siamese network is the contrastive loss, with the expression.

Figure 2. Model image

N
1
LW, (Y, X, X5)) = N > YDw? + (1 - Y)max (m — Dw,0)>.

n=1

Thereinto

P i in2\ 3
Dw (X1, Xa) =l X1 - Xl = (327 (X1 - X))

We will use the Siamese network for training, and then we will get
the loss function. After continuous learning of samples, we will use the
gradient descent method to reduce the loss function, in this way we will
get a more accurate recognition rate. Experimental results show that we
have achieved this.

|
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Figure 3. Loss function image
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5. Conclusion. Based on a lot of reading and based on our needs
for picture identification and the establishment of a dataset, it becomes
evident that we have a relatively small number of sample types for recog-
nition.

Traditional picture recognition involves the existence of a large num-
ber of examples, which are taught and adjusted to enhance accuracy.
Our circumstance does not allow for such a criterion to be met.

A siamese network is a unique sort of neural network design. Unlike a
model that learns to classify its inputs, this neural network learns to dis-
criminate between the two inputs. It learns the commonalities between
the two inputs. When we're undertaking a single-sample classification
task, the network can compare each image in the test set with each im-
age in the train set and find out which one is most likely to be in the
same category as him. So we want the neural network design to input
two photos at the same time and output the likelihood that they belong
to the same category. This suits our demands.

After experimenting with learning from the training dataset, we ob-
tained more supported data, i.e. that is, we obtained in the experiment

Final accuracy 0.8797500000

In this paper, we analyze the feasibility of traditional image recogni-
tion and twin network-based image recognition, experimentally validate
our model, and can obtain the expected recognition requirements.
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Tweet sentiment extraction
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1. Abstract. In recent years, with the development of deep learning
technology, more and more scholars have devoted themselves to the study
of machine sentiment analysis, and have designed many excellent models
to quickly realize machine sentiment analysis of text [1]. Its famous are
LSTM, CNN-LSTM, BiLSTM-Attention, etc. In this paper, an optimal
analysis model is obtained through the experiments of these models. The
experiment was analyzed on the Tweet-sentiment-extraction dataset. In
the experiment, BILSTM-Learning had the highest recognition accuracy
of 89.75%. This paper proves the effectiveness of neural network in
emotion analysis.

2. Introduction. With the development of the Internet, social plat-
forms such as Weibo, Twitter and Facebook have become popular. More
and more users add emotional text in the text. And the emotions be-
hind specific tweets may affect the interests of companies, individuals
and the public. Especially tweets with negative emotions, or because of
negative tone will destroy the network community environment. How-
ever, on the other hand, analyzing some positive emotions and mining
valuable information are often helpful for companies and governments
to make decisions. Therefore, in this era of rapid development of the
network, the rapid analysis of a large number of tweeting emotions on
the network, often have a positive role in social decision-making,.

3. Experimental samples. Tweet-sentiment-extraction dataset
contains tens of thousands of twitter tweets. There are 27481 training
data and 3534 test data sets. For each dataset, there are four parameters:
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textID, text, selected_text, sentiment. Specific information is shown in
Figure 1.

Rest dlata Tranning data

uteal el
senbint

negative s tiwe
sentiment

Figure 1. Tweet-sentiment—-extraction dataset

4. RNN and LSTM network. Recurrent Neural Network (RNN)
output a sequence while output the content of the previous memory
sequence. The specific manifestation is that the network will memorize
the previous information and apply it to the calculation of the current
output, while LSTM network, full name Long short-term memory, is a
special type of RNN network . Its core structure is shown in Figure 2.

h"i
Ct-l f ® ) Ct
f".
hey | OB 5 h,
hl "
X

Figure 2. LSTM network structure

Brief description of LSTM core algorithm. The input gate is mainly
responsible for the preservation of the previous cell information and the
storage of new information. It is calculated by

ft —] rr(wf [h,n;_l,.m] = bf).

Secondly, the tanh layer will create candidate value vectors C and iy to
add values to the state, and integrate information to update the state:

C = tanh (W( [h,{_]_, 'I,,'} + bc) 3 ’.';t =0 ('U}.,; [hg_l, .’L‘f,] + b,) v
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Finally, update the state in LSTM, C;_; to C; update the short-term
memory of the memory and complete the output of the information:

Ci = fiCi—1 + 1:Ct,
oy = 0 (W (-1, 2] + bo)
hy = o, tanh (C}) .

5. BILSTMT" attention structure.

5.1. BILSTM™ attention. The model uses Bi-directional long
short-term memory network (BiLSTM) and combines attention mecha-
nism to capture the most important semantic information in sentences.
Using BiLSTM and attention mechanism, it can antomatically focus on
words that have a decisive impact on classification. The main idea is to
introduce a control mechanism to solve the problem of customer service
gradient disappearance, and to remember the characteristics of the data
and the data of the previous state.

Through experiments, this paper proves that BILSTM™* attention [2]
has certain advantages in the emotional analysis of tweets. On the basis
of BiLSTM, the attention mechanism is introduced to extract the upper
and lower relationship characteristics of the text, and the weight of the
information can be allocated. Finally, the weighted summation is carried
out. Therefore, the introduction of Attention method can make the out-
put information have strong explanatory characteristics. The BiLSTM*
attention framework is divided into five parts: Input Layer, Embedding
Layer, LSTM Layer, Attention Layer, Output Layer, as shown in Fig-
ure 3.

¥ Orutpaat
'II Layer
_,—/:;’-»’F"';F\‘—\ Attemtion
f—/' | Layer
Iy ™ ull iy . by
Wit F/\ LSTM
" - Layer
o o e B
o Embeiding
e T Layer
- e e
' Xy Layer

Figure 3. BiLSTM* attention model
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5.2. Attention. The introduction of Attention mechanism can help
the network get rid of relying solely on text content information for
text sentiment analysis, so that the model can learn the relationship be-
tween target words and emotions by itself. For the BILSTM™ attention
model [3], the Attention layer is mainly responsible for weighting the
output information and improving the feature to obtain the Attention
score. The calculation process is as follows

Wi = tanh (Wm h".",.', + b'm) )

where hyy is the output result of LSTM layer, 4 is the LSTM number,
and ¢ is the memory time. After tanh(:) activation function, u input
Softmax is obtained for weight normalization (1). Its dimension changes
to h € R¥*T, W e R%X4, y e RIXT,

. exp (uit )
Yit = T e 7,
‘ Zt exp (u'i.'[.Tu"m) '

where 'u,,';;'u.w is the core of Attention, u,, € R g the learning param-
eter, so the dimension of o is RT*!. At this time, Softmax normalizes
the entire sequence. Final Attention score is found as

S = Z iy

t

(1)

The obtained feature vector is § € R¥*!, Therefore, BILSTM™ attention
has more accurate results of sentiment analysis due to the addition of
Attention mechanism.

6. Experiment.

6.1. Control-experiment. This paper uses the method of Con-
trol experiment to demonstrate the advantages of the model, and con-
ducts comparative experiments on the model RNN, LSTM, CNN+BiLSTM
and BiLSTM™ attention under the Tweet—feeling-extraction dataset. By
identifying accuracy and Loss values, such as Table 1.

Table 1. Accuracy and loss comparison table

Model Loss Accuracy
RNN 0.412 69.25%
LSTM 0.4511 79.00%
CNN+BILSTM 0.2822 86.650%
BIiLSTMT attention 0.1775 89.75%
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6.2. Word clouds. Based on the BiLSTM™ attention model ex-
periment, the word cloud of words in Tweet—Sense-Extraction dataset
is drawn as follows: Figure 4. Two groups of words expressing different
emotions are obtained. It can be intuitively observed from the word
cloud that the model analyzes those words that are often filled with
positive or negative emotions.

T pative

storm™" O ne e day
o .

go.

want |

suicide bomber
Figure 4. Word clouds

7. Conclusion. In this paper, experiments were carried out on
the Tweet—sentiment—extraction dataset. The best experimental results
were obtained in the BiLSTM™ Attention model test, and the accuracy
of sentiment analysis reached 89.75%. The model has a profound under-
standing of the emotion of specific words for the text information in the
tweet. The model has high accuracy and high efficiency for classification
of negative and positive emotions. But the model also has certain insuffi-
ciency, regarding the practical application emotion often more abundant,
therefore the model optimization has become the new topic.
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Next running application prediction in OS using
time-series forecasting and XAI

1. Introduction. With the development of technology, mobile ap-
plications (referred to as Apps) are popularized on smartphones. In
order to facilitate life, users have installed a large number of Apps on
smartphones, and response speed is one of the most important indica-
tors of user experience, and due to the unstable network environment
of Apps, the speed experience is particularly important. For example,
after users use WhatsApp, they will use Gmail, if the mobile phone will
start Gmail only when the user clicks the Gmail icon, then the user
needs to wait for Gmail to load before using its functions, which will
greatly reduce efficiency and user experience. Trinh et al. [1] collected
the data of smartphone users using Apps and analyzed that the behavior
of mobile phone users using Apps has a certain pattern. Predicting in
advance which App the user will use next has a profound impact on im-
proving the user experience, which can fundamentally improve the user
experience of using digital services [2]. Much research has been done
in forecasting which app users will use. Much research work has been
conducted on forecasting which app user will use [3]. According to the
survey of [4], Liao et al. [5] forecasted the next application based on the
temporal profile mined by each application, and Huang et al. [6] pointed
out that in the next application forecasting, the most recently used ap-
plication and time are more than location and other contextual informa-
tion is more effective. After 2017, neurological methods became more
and more popular, some researchers proposed different neural models
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for predicting the next app, including CNN [7] and LSTM [8], etc. The
performance of these different forecasting models in different datasets
is not stable, which means they are difficult to compare and measure.
Therefore, choosing a better forecast model by comparing different fore-
cast models is crucial for solving practical forecasting problems. In this
paper, on the one hand, we use popular forecast models to forecast the
next application to be used, and conduct a comprehensive comparison
of forecast models to identify better forecast models from a practical
level, these forecast models include LightGBM [9], Random Forest [10],
Bi-RNN [11], Bi-LSTM [12] and Bi-GRU [13]. On the other hand, we
explain the forecast model to gain a deeper understanding of the features
learned from the forecast model and the explaination method chosen is
SHAP [14]. To achieve better define the prediction model, Section 2
details the relevant datasets information, Section 3 presents the forecast
model and the XAl algorithms, Section 4 shows the forecast results and
comparison results using classical measures, as well as the explaination
results using the XAI algorithms, and Section 5 shows the conclusions
and an introduction to future work.

2. Datasets.

2.1. LiveLab — measuring wireless networks and smart-
phone users in the field. The dataset appusage.sql for LiveLab -
Measuring wireless networks and smartphone users in the field includes
usage information for various apps: app name, usage time and date, and
duration, the app is running in seconds; apps.sql includes A list of all
apps the user has installed: app name, type, and price in thousandths
of a dollar [15].

2.2. LSApp — large dataset of sequential mobile App us-
age. The dataset lsapp.tsv includes usage information for various apps:
the unique user identifier, the unique session identifier, app name, times-
tamp, type of the event record [16].

2.3. Tsinghua App usage dataset. Each entry of the Tsinghua
App Usage Dataset contains the anonymous user ID, the timestamp
of the HT'TP request or response, the length of the packet, the vis-
ited domain, and the user agent fields. App Usage Trace.txt includes:
User ID, Timestamp (Second), Location (base station ID), App ID and
Traffic (Byte); App2Category.txt includes: App ID and Category 1D;
Categories.txt includes: Category ID and English Name; base poi.txt
includes: Basestation ID and Number of Pols (Points of Interests) for
each category [17].
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3. Solution approach. Both integrated models and neural net-
works are considered to be the best forecast algorithms relevant for
defining the direction of application usage. Among them, integrated
models are divided into boosting algorithms and bagging algorithms.
In this work, we chose the LightGBM [9] algorithm as a representative
of boosting algorithms and Random Forest [10] as a representative of
bagging algorithms. Bi-RNN [11], Bi-LSTM [12] and Bi-GRU [13] are
used as representation of neural network models. Explainable Al aims
to improve the transparency of “black box models”, not by showing the
details in the model but by focusing on the presentation of those details
in a way that humans can understand. Currently, a popular approach
is to calculate the contribution of a feature. On the one hand, a higher
contribution value of a feature means that the feature has a greater im-
pact on the predicted outcome. On the other hand, explainable AI can
also express the relationships between individual features and thus find
the features that influence the feature that has the largest contribution.
As a result, trust in the “black box model” is increased by the output of
the explainable AI [18-23]. In this paper, the Shapley Additive explana-
tion (Shapley Additive explained), a game theoretically optimal Shapley
value-based explanation of individual forecasts, proposed by Lundberg
and Lee [14], is chosen to explain the existing forecasting models.

3.1. Light GBM. LightGBM is a gradient boosting framework
that uses a tree-based learning algorithm [9]. On the one hand it uses a
histogram algorithm [9] that only keeps the discrete values of the features
instead of the traditional pre-sorted results, achieving reduced memory
consumption and thus increasing the speed of the algorithm. On the
other hand, it uses the GOSS algorithm [9] which balances the speed
and performance of Light GBM by keeping instances with larger gradi-
ents and randomly selecting those with smaller gradients.

3.2. Random forest. The Random Forest algorithm [10] is based
on independent decision trees. On the one hand, the random sampling
method results in a wide range of diversity, which means that it can
significantly control the variance of the prediction results, thus reducing
the correlation between multiple independent decision trees. On the
other hand, it is possible to select the best result from the results of
multiple independent decision trees by means of a “voting” mechanism.

3.3. Bi-RNN, Bi-LSTM and Bi-GRU. The idea of Bidirec-
tional is to split the neurons of the traditional neural network model
into two parts, one of which is responsible for the positive time direc-
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tion (forward states) and the other is responsible for the negative time
direction (backward states) [11]. It should be noted that the output of
the forward states is not connected to the input of the backward states.
Compared with the traditional RNN, LSTM and GRU, the difference
between Bidirectional is the addition of a backward layer.

3.4. SHAP. SHAP (SHapley Additive exPlanation) is an expla-
nation method developed based on Shapley values [23,24]. It uses co-
operative games as the theoretical basis, treats the black box model as
a game, and treats each feature as a player. Through the calculation
of the Shapley value, we can determine the contribution degree of each
player (feature) in the game process (black box model operation), and
then know the contribution degree of each feature.

4. Simulation results. For calculations we used a computer with
CPU-Intel(R) Core(TM) i7-8750H CPU @ 2.20GHz; RAM-16.0GB;
0OS-Windows 10; For the implementation of the forecast models Python-
Jupyter 3.8.3 was used.

4.1. Forecast results. In this section, for reasons of space, only
the results of the LiveLab dataset for the loss values (see Figure 1) and
the results of the comparison of the predicted values for the true values
(see Figure 2) are used as examples. The learning curve for all mod-
els shows a decreasing trend. And given the need for a comprehensive
comparison, a detailed comparison of quantitative metrics is required.

Table 1. Forecast quality of LiveLab

LiveLab R? MSE TimeSpent, s
LightGBM 0.9740 1.6030 0.34
Random Forest 0.9753 1.4650 12.34
Bi-RNN 0.9819 1.25562 61.49
Bi-LSTM 0.9600 1.8628 65.56
Bi-GRU 0.9606 1.8499 100.69
Table 2. Forecast quality of LSApp
LSApp R? MSE TimeSpent, s
LightGBM 0.9606 0.7738 0.15
Random Forest 0.9730 0.6400 1,63
Bi-RNN 0.3804 3.1356 33.74
Bi-LSTM 0.4576 2.9339 59.58
Bi-GRU 0.5267 2.7408 24.91
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Figure 1: LiveLab: Learning curves of forecast models. Note: The en-
semble algorithm learning curve within the LightGBM model is RMSE,
and the neural network is MSE.
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Figure 2: LiveLab: comparison of real and predicted values.
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Table 3. Forecast quality of Tsinghua

T'singhua R? MSE TimeSpent, s
LightGBM 0.8155 56.6592 0.20
Random Forest 0.7519 65.5902 10.356
Bi-RNN 0.6736 75.2260 54.85
Bi-LSTM 0.6291 80.1927 58.20
Bi-GRU 0.6257 80.65618 80.56

Tables 1, 2 and 3 show the results of all forecast models of the Live-
Lab, LSApp and Tsinghua datasets respectively. In this paper, perfor-
mance is measured mainly from the perspective of variance, while con-
sidering the algorithm runtime (TimeSpent means the training time of
the algorithms). Analysing Table 1, it is easy to see that all the forecast
models produce good performance on LiveLab, with Bi-RNN producing
the best performance and Light GBM the shortest runtime. Analysing
Table 2, the Light GBM and Random Forest forecast models produced
good performance on LASpp, and we can obtain that the neural network
forecast models did not produce good performance relative to the inte-
grated models, with the integrated model of Random Forest producing
the best performance and the Light GBM having the shortest runtime.
Analysing Table 3, all the forecast models produced good performance
on Tsinghua, with Light GBM producing the best performance and the
shortest running time.

4.2. Explanation results. Based on a combination of both vari-
ance and algorithm running time, we chose to explain the results of the
three datasets forecasted by the LightGBM-based algorithm using the
SHAP method. In Figures 3 and 4, the transition from blue to red in-
dicates an increase in the value of the feature, and the transition from
top to bottom indicates a decrease in the impact of the feature on the
model’s forecast results (the features can be ranked according to their
Shap values). In the left half of Figure 3 and in Figure 4, we conclude
that “genre” and “Category ID” have the greatest impact on App fore-
cast results, and in the right half of Figure 3, we conclude that “lag_App
ID1” has the greatest impact on the App forecast results.
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5. Conclusion. In this paper, we use integrated models and neural
network models to forecast the App Usage datasets for the time series
type, targeting the app that the user is going to use at the next point
in time, and we compare the performance of the five models on different
datasets. All things considered, we believe that LightGBM is a better
predictive model in the time series type App Usage dataset. We also pro-
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vide an in-depth understanding of the forecast models at an explainable
level, thus increasing the transparency of the black-box forecast models
and helping users to determine whether the features learned by the mod-
els are valid. Taking the explained results of this work as an example,
we conclude that the category features and lagging features of the app
are important in the forecast of the next app used by the user. In the
future, we will add a section on traditional time series forecast methods
and compare and explain them in the hope of finding forecast models
that are more suitable for the forecast problem of the next app a user
will use and improving the user’'s confidence in the results produced by
the forecast models.
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Unsupervised learning on narrowly focused data
aggregated automatically

1. Introduction. Information published by users in the public do-
main can serve as a good resource for collecting data when forming
datasets for training neural networks. Instagram is one of the largest
photo and video sharing platforms in existence. The main method for
users to interact with each other on this platform is the publication of
images. At the same time, functions such as adding a description to
images, hashtags, highlighting with a frame on image, etc. are available.
This allows researchers to use Instagram to apply machine learning and
image analysis methods.

2. Related work. Instagram provides resources that can be used
for creating datasets for image neural network models. With hashtags or
descriptions, tagged datasets for a given topic can be received. In addi-
tion, metadata obtained from an image can be useful for finding related
profiles, refining markup, and automatically interacting with users.
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Receiving data from the Instagram platform is possible in several
well-known ways: a sequence of requests to the official platform API,
using tools to automate the work of a web browser and all kinds of
web crawlers. The official API has some limitations described in the
documentation. Instagram’s changing interface makes it difficult to use
web browser automation tools like Selenium. A crawler is effective in
collecting publicly available images as well as related metadata using a
crawler.

The databases obtained this way, after preprocessing, can be used as
training datasets for neural networks. Preprocessing of such a dataset
is necessary because the data can be highly fragmented. Classification
models can be used to cleanse the dataset from markup errors made by
users in the descriptions of published images.

3. Problem definition. Our goal is to create an automated ap-
plication capable of creating thematic datasets based on hashtags and
profiles. The functionality of the application also includes hashtag track-
ing and automatic publication of a response generated image.

4. System description. Fig. 1 shows the approximate architecture
of our proposed solution. The metadata obtained with the image is
used to form the support set that is required for segmentation using the
FSL [1] segmentation model. In our case, it is advisable to consider the
use of models that solve this class of problems, since the data set can be
limited by the number of images.
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Figure 1. The system architecture

Image generation is carried out by applying a mask obtained by a
neural network for object segmentation. However, to improve the seg-
mentation quality, a super-resolution model was used before segmenta-
tion.
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4.1. Preprocessing. Before solving the segmentation problem [2],
it is necessary to create a set of classes of different species of animals
and plants [3]. After the object is detected, the data preparation stage
begins, without which it is impossible to proceed to the segmentation
stage, since the neural network needs small datasets with target objects
that need to be segmented in the image.

Figure 2. Example of support set and results of FSL segmentation

However, many open sea life databases [2] contain either multiple
species or rectangles as a set of objects, and thus fins and body parts can
often be cut off. Automatic formation of a dataset consists in solving
the unsupervised segmentation problem, as a result of which you can
automatically create classes and masks for each of the segmented objects.

Fig. 2 shows examples of a set of supports and the results of few shot
learning segmentation. As a result of our research, a sample of 6 images
was created for each of 60 species.
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Figure 3. The loss function
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4.2. DINO. We also tested the Self-Supervised learning method
DINO [4] (a form of self-distillation with no labels). This method allows
you to achieve state-of-art results and includes teaching two identical
architectures once, but with different parameters: student and teacher.
The collected data from the Instagram platform was used as a training
dataset.

Fig. 3 shows a fine-tuning process. At the 82nd epoch, the loss func-
tion reached a value of 2.24, using the obtained weights, attention maps
were created for previously unknown networks of images (Fig. 4)

Figure 4. Attention maps

5. Interaction. The program for the automatic aggregation of nar-
rowly focused data of the Instagram platform, through interaction with
users, uses the official API of the platform [5]. It also uses tools for
downloading images and obtaining metadata to collect data about pub-
lications marked with a hashtag. Data on authorship, time and date of
publication, author’s comments to the publication, attached image are
aggregated.

Registered users have access to both the original publication and the
resulting result of the neural networks through the official account on
the Instagram platform. The basic functionality is shown in the diagram
(Fig. 5) and consists in:
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1. Tracking the hashtag in a given period,;

2. Collecting metadata about authorship, date and time, signature,
etc.;

3. Reply in the form of a publication to the request received from the
user.

6. Conclusion. We have created a framework, the main goal of
which is the formation of thematic datasets by hashtags and profiles.
Also, hashtag tracking and automatic posting of the generated response
image is included in the functionality.

our solution
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Figure 5. The system architecture

To create an attention map image, we used a neural network model
trained using the Self-Supervised learning method — DINO, and also
considered the possibility of using the few-shot learning model to solve
the segmentation problem.
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Research on ceramic brick defect detection system
based on Siamese Network
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1. Abstract. The defects of ceramic tiles seriously affect the qual-
ity of ceramic tiles. The quality inspection of ceramic tiles is an im-
portant part of quality management, which requires a large number of
workers to observe the surface of ceramic tiles for a long time under
high light to find defects. This leads to low-quality inspection efficiency
and high cost. Siamese Attention FPN (hereinafter referred to as SAF)
based on siamese network combined with feature pyramid and attention
mechanism is creatively proposed in this paper to achieve high accuracy
and high-efficiency detection of complex ceramic tile surface defects with
template graph. The system starts with building the environment, then
analyzes and transforms the data set, trains the data set many times,
generates the final siamese network model, tests the model, and stores
the test results. Finally, the user interface based on PySimpleGUI is
developed to make the products better serve the public.

2. System design.

2.1. Program design evaluation index. In this system, ce-
ramic tile defects were detected, and the evaluation index was 0.2ACC
+ 0.8mAP. ACC is a defect or flawless classification index to examine
the defect detection ability, The mAP value of the defect is calculated
according to the PASCAL VOC evaluation criteria, and the formula is
as follows. The mAP was calculated at the intersection ratio of the
detection box and the real value at the threshold of 0.1, 0.3, and 0.5,
respectively, and the average mAP was finally taken. Single photo rea-
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soning time should not exceed 4 seconds,

P = > AP(q).
|QR| GEQR

2.2. Data set analysis. The data set used in this study is the
real data of the production process collected on the spot, covering almost
all the common defects in the production line of ceramic tiles, including
powder agglomeration, corner crack, drop glaze, broken ink, B hole, edge
crack, and corner defect. The feature of this data is that it provides
both the detected image and the corresponding template image. Among
them, the complex ceramic tiles contain defective images with templates,
flawless images, and labeled data, and the total number is about 12,000.

The defect categories of data sets are analyzed, and the difficulty 1:
How to guide the model to learn more fine-grained features; difficulty
2: How to use template graph and reasonable use of normal samples
without target graph. By analyzing the defect size of target detection, it
is found that large targets and small targets coexist and may appear in
the same picture at the same time, which is a typical problem. So it is
needed to take into account both large targets and small targets. Finally,
the edge anomaly for the length-width ratio of a typical bbox (bounding
box) is relatively extreme, which needs to be processed accordingly.

2.3. Overall scheme. The overall scheme is a siamese network
based on the FPN structure. The basic idea is to input the input image
to be detected into a backbone of Resent, and then get its characteris-
tics through FPN. At the same time, input the template graph to the
backbone and FPN. Since the upper and lower is a siamese network, the
network structure is completely consistent and the weights are shared.
We make up a batch at the time of input, thereby reducing the reasoning
time to some extent. After getting their respective characteristics, the
difference feature map is obtained by the difference between the two,
and the absolute value is calculated. The place with a relatively high
value on this feature map is that the original map does not correspond to
the template map. After getting the inconsistent feature map, through
the activation function of Sigmoid. The probability of serious inconsis-
tency tends to be 1, and the probability of relatively consistent tends
to 0. The attention map of defect perception is obtained, and then the
attention is multiplied by the feature of the map to be detected to en-
hance the feature. Enhance the target place, weaken the target place.
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Finally, the feature map was obtained by detector Cascade R-CNN de-
tection. Siamese Attention FPN was obtained, and the optimal results
were mAP 64.9 and ACC 86.3.
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Figure 1. Overall programme design

3. System implementation.

3.1. System construction and data processing. This design
system relies on Ubuntu. Actual training needs a 7-8g display. Python
version: python3.7; Nvidia dependence: Cuda: 10, cudnn: 7.5.1; Nvidia
driver version: 430.14. Deep learning framework: pytorchl.6.

Define eight types of defects: 1: “edge anomaly”, 2: “corner
anomaly”, 3: “white spot defect”, 4: “light color block defect”, 5: “dark
color block defect”, 6: “aperture defect”, 7: “marker”, 8 “scratch”.
Convert the dataset format to COCO format.

3.2. Training process and results. Use the dataset to train a
well-written twin network, setting a total of 36 rounds of training, the
model is saved every two rounds, and the log is saved every 50 steps.
The model is tested using the last trained model. Evaluate the bbox
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during the test: Use the official code provided by COCO to get the box
AP value and save the test results. The bbox in the graph marks the
defect location, and the defect types are marked above the box. Some
results are shown in Figure 2.

Figure 2. Test results

4. Key technologies and programmes. Through the reasonable
use of SAF template, without additional alignment, reduce the confu-
sion between defects and background color, effectively detect defects,
and can be extended to similar tasks based on template detection;To
solve the extreme problem of aspect ratio, the RPNHead: anchor box
assignment is adopted by ATSS, which can better adapt to the target
of different sizes and aspect ratios. The anchor scale decreases with the
training scale, and the cascade three head calculates you according to
the game map for the corresponding adjustment; Using {pl6 accelera-
tion training and increasing input area to alleviate some small target
problems. According to the mAP+Acc evaluation method, max score
post-processing is used. Non-maximum suppression and maximum score
post-processing are used. According to the maximum score of a single
image bbox, the image is filtered twice to determine whether the image
is a normal sample.

5. System testing. Interface test: Execute program repeatedly,
normal display, no delay and unclear display problems. Performance
test: response-ability test, single photo reasoning time 1.82 seconds; the
position and type of ceramic tile defects can be normally tested; stability
test, repeat this operating system can run normally. Function test: click
the first line of Browse to replace the config file position, click the second
line of Browse to replace the model position, click the third line of Browse
to replace the position of the image to be detected, drag left and right
to set the threshold slider to set the threshold size. After you choose,
click Detect button to detect tile defects.

This system will automatically identify and mark any defects encoun-
tered. The test is shown in Figure 3.
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Figure 3. Examples of testing ceramic tile defects

6. Summary. The basic framework of Siamese Attention FPN pro-
posed in this study inherits the advantages of CNN and transformer
architectures. Through the reasonable use of SAF template, without
additional alignment, reduce the confusion between defects and back-
ground color, effectively detect defects, and can be extended to similar
tasks based on template detection. Specifically, we use the inherent char-
acteristic pyramid of the lightweight network and use a transformer to
strengthen it to construct a robust target-specific appearance model. A
centralized architecture with horizontal cross-focus is proposed to con-
struct enhanced high-level feature maps. To avoid the computation and
storage strength of pyramid representation and transformer fusion, we
further introduce the focus module, which greatly reduces the memory
and time complexity and improves the robustness.
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Control of an unmanned underwater vehicle

1. Mathematical model of the UUV. As a basic mathematical
model of the unmanned underwater vehicle (UUV) a system of ordi-
nary nonlinear differential equations of the 12th order that describes the
movement of an object as a controlled solid partially submerged in a
liquid is accepted [1-5].

To set the dynamics equations UUV we will use the following coor-
dinate systems [6-10] (see Fig. 1).

w
r R/

Figure 1. The base and the associated coordinate system

The beginning of the basic earth coordinate system O.x.y.z. is the
point O, lying on the water surface of the Earth. Through this point
the trace of the desired trajectory of the vehicle passes. The 0.z, axis
connects the O, point to the center of the Earth and is directed down-
ward. In this case, the axes of the Oz, and O.y, lie in the plane of the
local horizon passing through the point O,, and the Oz, axis is directed
to some fixed target point of the desired movement, which is considered
stationary in space.
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The beginning of the related coordinate system Oxyz system is placed
in the center of mass UUV, the axes Oz and Oz lie in the longitudinal
plane of symmetry UUV, with the first of them directed to the nose (lon-
gitudinal axis), and the second — to the lower part of the UUV (normal
axis). The Oy axis (transverse axis) complements the system and to-
gether with the Ox axis lies in the plane of the UUV deck, and together
with the Oz axis - in the transverse plane, or the plane of the frame.

The orientation of the associated system in relation to the earth sys-
tem is determined by the following Euler angles: roll ¢(turn around the
Ox axis), trim #(turn around the Oy axis), and yaw ¢ (turn around the
Oz axis). To indicate the angular speeds of turns around the specified
axes, use the notation p, ¢ and r respectively. Projections of linear ve-
locities of the center of mass on the axis of the connected system are
denoted as u, v and w. We will assume that control in the vertical plane
is carried out by a pair of forward horizontal rudders that work syn-
chronously, deviating by an angle 4,,, as well as by the total deviation
8y = Ogp + 045 of the left and right feathers of the aft horizontal rudders.
The lateral movement of the AUV is controlled by a pair of aft vertical
rudders that operate synchronously, deviating by an angle d,. In addi-
tion, the difference deviation d, = 8, — d,s of the left and right feathers
of the aft horizontal rudders is used to control the roll.

In general form, the dynamics equations have the form

i (o) = (%) ®

where vectors V' = (u v w)T and w = (p ¢ ?”)T are columns and rep-
resent linear and angular velocities, and vectors @@ = (X YV Z )T and
N=(K M N)T are columns and represent forces and moments acting
on an object. Here the matrix M, containing constant coefficients for

the first derivative of speeds has the following form:

C11 0 0 0 C1h 0
0 ecoo 0 ey 0 cog
0 () C33 D C35 0

My =
f 0 ey 0 cyq cCy5 cCyp

(2)

cs1 0 es3 €54 C5p Cne
0 e2 0 cga Cos  Cos

The forces that make up the vector @ and N the moments that make
up the vector that are located in the right part of the system (1) in-
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clude terms that belong to one of the following groups: inertial nature,
hydrodynamic nature, groups of control components, as well as external
influences.

To form a complete system of nonlinear differential equations repre-
senting the model of the apparatus, the dynamics equations (1) should
be supplemented with kinematic relations that connect the components
of the positional vector and their derivatives with projections of the lin-
ear velocity vector and with projections of the angular velocity vector.
These relations have the following form:

#e = ezcou + (c3s251 — 83c1)v + (8381 + cacys9)w,

Ye = 83cau + (c103 + 815283)v + (c18283 — ¢381)w,

Ze = — 82U + €251V + ¢1c0W,
@ =p+ siteq + eitor, (3)
6= c1q — 817,
; § c
= 2L + _1..
Cod Car

Let’s present a mathematical model of the controller for horizontal
rudders in the mode of moving along a linear coordinate with the filter
enabled, which provides a given amount v, of trim during the transition
to a given amount 7, of displacement in depth [11], [12], [13], [14], [15],
[16]:

21 = a1121 + a1a22 + ayzzz + bi1dy + b2, + g1 (¢ — z3),
Z3 = Qo121 + aga2 + 2323 + ba10s + baad,, + ga() — 23),
2y = zo + ga(v) — 23),

24 = 4121 + aa3z3 + ga(n — 24),

- {,fnl?ll + pigzz + p13ds + v (Y — %) + X1, | n—n2 |2 0.05 | n; |,

P11 + pazde + piads + vt + x1, | 1 — 0. [< 0.05 | 9, |,

Uy = Jo131 + Hoda + p23ds + poaZao1tf + vao(n — ns) + Xo.
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The system of equations that defines the filter has the form:

p1=oapr + Bu(¥ — z3) + Bi2(n — z4),
P2 = agpz + Bar (Y — 23) + Paz(n — 24),
X1 = P12,
X2 = P22,

T T
where py = (p11 pi2 p1s) , p2= (pa1 P22 p2s)  p=(p1 p2)7.

2. Experiments and results. The coefficients of the filter that
provides filtering of the specified frequency wg = 0.5 take the following
values:

0 1 0 0 0 0
0 0 1 0 0 0
_ | —0.006 -0.11 -0.6 0 0 0
I 0 0 0 1 0 !
0 0 0 0 0 1
0 0 0 -2.725 -11.15 —=11.9
0 0
—54.3 6.6be — 16
_ | 38.774 —2.84e — 16
p= 0 0
—10609 —118.5

1.22e + 05 1547.2

5. &, grad

Figure 2. Deviations of the stern and bow horizontal rudders in a nonlinear model
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Figure 4. Depth variation in a nonlinear model

Fig. 2-4 shows graphs of functions representing changes in dynamic
variables in the process of stabilization of the UUV when it moves in the
moving along the linear coordinate mode for the speed V = 1.2 m/s.

This process is provided by the above control laws using horizontal
rudders. Fig. 2 illustrates the deviations of the stern d5(¢) and bow &, (t)
horizontal rudders. Fig. 3 shows variation of trim (¢) and depth n(t)
with their output to the specified levels. As we can see on the graph at
the 7Hth second, the angular coordinate reaches the set value v, = 12°
and stays in this position until the linear coordinate reaches the value
that is equal to 90% of the set value n, = 20 m. Next, the control
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actions stabilize the angular coordinate with a zero value and the linear
coordinate with a value n,. Similarly, the control action for moving in
the horizontal plane is formed.

3. Conclusions. The paper considers the problem of forming multi-

purpose automatic control systems for a unmanned underwater vehicle.
Controller for horizontal rudders in the mode of moving along a linear
coordinate with the filter enabled, which provides a given value i, of
trim during the transition to a given value 77, of displacement in depth
is formed. To check the quality of the control law, a specialized software
has been developed. Graphical results are performed.

6.
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UDC 519.6
Sun Q., Zhao C., Petrosian O., Li Y.

Power allocation in wireless cellular networks:
stochastic algorithm based approach

1. Abstract. The issue of optimal power allocation in wireless cellu-
lar networks with interfering multiple-access channels (IMAC) attracted
a lot of attention in recent decades. Although several model-based al-
gorithms have been investigated in this problem, most of them require
analytically tractable mathematical models and have high computational
complexity. In this context, we compared different model-free stochastic
algorithms and proposed a genetic algorithm based method to mini-
mize signal interference and maximize spectral effciency. The simulation
result shows the superiority of the proposed algorithms against the con-
ventional baseline algorithms.

2. Introduction. Power resource allocation in the communication
network has experienced explosive growth in recent decades. With the
rapid increment of user density, the network needs more capacity and
spectrum effectiveness urgently. Therefore, intracell and inter-cell inter-
ference optimization are essential for improving overall capability in the
cellular network system. This paper investigates the generalization rate,
which is non-convex, NP-hard, cannot be effectively solved.

Various model-based methods have been developed in the present re-
search for power allocation problems with interference as fractional pro-
gramming (FP) and weighted MMSE (WMMSE). We can observe the

excellent performance of these methods through numerical experiments,
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but there are still severe challenges in practical implementation. 1) These
methods highly require the mathematical model to be analytical and
tractable, but methods are generally imperfect in industrial communica-
tion environments because of the specific user distribution and geograph-
ical environment. 2) The computational complexities of these methods
are pretty high. Therefore, it becomes impractical to implement these
methods with interference management.

In recent years, stochastic algorithms have been rapidly developed in
wireless communications. GA-based methods do not rely on the math-
ematical model and are compliant with optimization in practical com-
munication scenarios. In this paper, we used the open-source simulation
environment as the model-free simulator, which simulates the SINR as
a given input and the average SINR as output. Then we compared the
performance of a wide range of existing state-of-the-art stochastic algo-
rithms. As a result, we concluded which direction of the algorithm is
the best for this PA problem.

3. Mathematical model. We investigate dynamic power allocation
in a wireless cellular network with IMAC. The system is composed of
N cells, at the center of each cell, a base station (BS) simultaneously
serves i users with sharing frequency bands. Let g, ;r represents the
independent channel between the n-th BS and k-th user in cell j at time
slot ¢, which is given by

= | 245
9n.,ik = |h”hj!k;‘ 6‘”.,3‘-'-27

where h!, ok 18 the complex small-scale fading component and and 3, ;
is the Lngc scale fading element which consider both Shadow effect and
geometric effect. Therefore, the SINR of link in time slot ¢ can be ex-
pressed as

t aal
gn,'n,,.k:pn,k:
t t t t 21!
ZA:’;&-A‘ g-n.,ﬂ,,l.:p-n.,k’ + Z‘M’ED,, -qn’,-n,,k Z_j p-n,’,j +a

[
fY‘n,,J«: =

where D,, is set of interference neighboring cells of the n-th cell, p,f,q i de-
notes the transmit power for the k-th user connected with the n-th BS at
time slot ¢,and o presents the variance of additive white gaussian noise.
Dkt Jhm Pl and 3 e ghy 1 20 Py express the intra-cell and
inter-cell interference power. Considering normalized bandwidth, the
SINR of link I, between n-th cell and k-th user at time slot ¢ is ex-
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pressed as Cﬁ,k = log, (1 -+ 'Y-f..,;‘:)- The optimization target is to maxi-
mize the sum-rate utility of the whole cellular network under the power
constraint. The problem is formulated as

max C (g, p')
pt

, ¢
s.t. 0<ppk < Puax, Yk,
where Ppax is the maximum transmit power; p' = {p’rl k,\Vn,k} is the

set of allocated power, g* = {g?"h,‘?,”k|V7?,’, 1, k} is the set of channel gain.

The sum-rate utility is given as

C (gt:pll’) = Z C':;,,A: &

n,k

For model-based methods, it is generally hard to evaluate the per-
formance gap from the optimal solution, and practical implementation
is limited because of the high computational complexity. More impor-
tantly, it is hard to adapt model-based method to heterogeneous cellular
networks and stochastic evolution environments. Thus model-free ge-
netic algorithm will be discussed and studied in the following part.

4. Genetic algorithm based method. We briefly summarize the
G A-based methods such as Artificial Bee Colony (ABC), Self-adaptive
Differential Evolution (jDE and iDE), Particle Swarm Optimization Gen-
erational (GPSO), Extended Ant ColonyOptimization (GACO), Differ-
ential Evolution (DE), Particle Swarm Optimization (PSO), Corana's
Simulated Annealing (SA). We also implement model-based conventional
methods such as FP, WMMSE for comparison and use Random strategy
as baseline. The brief decription of these algorithms is as follows:

ABC: An optimization technique which based on the intelligent for-
aging behavior of honey bees when seeking a quality food source. The
artificial bees randomly discover a population of initial solution vectors
and then iteratively improve them by employing the strategies: mov-
ing towards better solutions by means of a neighbour search mechanism
while abandoning poor solutions.

DE: A basic variant of the DE algorithm works by having a pop-
ulation of candidate solutions. These agents are moved around in the
search-space to combine the positions of existing agents from the pop-
ulation. If the new position of an agent is an improvement then it is
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accepted and forms part of the population. The process is repeated and
by doing so it is hoped, but not guaranteed, that a satisfactory solution
will eventually be discovered.

jDE and iDE: Two different variants of the Differential Evolution
algorithm exploiting the idea of self-adaptation. The first one which
does not make use of the DE operators to produce new values for I
and CR and is thus not self-adaptation, rather parameter control. The
second variant uses a variaton of the selected DE operator to produce
new CR and F parameters for each individual.

PSO: It solves a problem by having a population of candidate solu-
tions which called particles, and moving these particles around in the
search-space over the particle?s position and velocity. Each particle?s
movement are guided toward the best known positions in the search-
space, which are updated as better positions are found by other particles.
This is expected to move the swarm toward the best solutions.

GPSO: As opposed to the main PSO algorithm, this version of Par-
ticle Swarm Optimization is generational. In other words, the velocity
is first calculated for all particles, then the position is updated. This
PSO is suitable for stochastic optimization problems. The random seed
is changed at the end of each generation.

GACO: Extended ACO generates future generations of ants by us-
ingthe a multi-kernel gaussian distribution based on three parameters
which are computed depending on the quality of each previous solution.
The solutions are ranked through an oracle penalty method.

SA: This version of the SA algorithm is, essentially, an iterative ran-
dom search procedure with adaptive moves along the coordinate direc-
tions. It permits uphill moves under the control of metropolis criterion,
in the hope to avoid the first local minima encountered.

5. Performance Evaluation. We have carried out a simulation ex-
periment for the cellular network with N cells. Table 1 summarizes the
key parameters. In each cell, users distribute randomly and uniformly in
range r € [Ruin, Bmax]. The small-scale fading follows Rayleigh distri-
bution, and the Jakes model is adopted with f;. The large-scale fading
is formula as A = —120.9 — 37.6log,, (d) + 10log,, () dB according
to the LTE standard, where z is shadow effect element, and d is the
transmitter-to-receiver distance (km). The maximum number of gener-
ations is determined as 300 based on the simulation results. The per-
formance of the compared methods is evaluated by averaging 25 trail
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Iruns.

Notation Simulation Parameter Value

N Number of BS 4,9, 16

M Average users per cell 2,4, 8

K Total Number of user MN

Ja The Doppler frequency 10 HZ
Breaiin Minimum allocated power 5 dBm
Prax Maximum allocated power 38 dBm
Ruin Inner space distance 0.01 km
Rimax Half cell-to-cell distance 1 km

T Time period 20 ms

o? Noise power spectral density —114 dBm/Hz
z Shadowing 8 dB standard deviation

Table 1. Simulation parameters of cellular network

We briefly summarize the GA-based methods such as Artificial Bee
Colony (ABC), Self-adaptive DE (jJDE and iDE), Particle Swarm Op-
timization Generational (GPSO), Extended Ant Colony Optimization
(GACO), Differential Evolution (DE), Particle Swarm Optimization
(PSO), Corana’s Simulated Annealing (SA).

ABC
jDE and iDE
GPSO
EACO

DE

PSO

SA

[ TTETT

obj evals

2000 4000 6000 8000 10000 12000 14000

Figure 1. Final best fitness in respect of the number of fitness evaluations
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Figure 2. Distribution of best fitness over 25 trails

As GA-based methods are stochastic algorithms, we monitor 25 runs
from different initial populations and test how the average best fitness is
achieved as the number of fitness evaluations increases. Fig 1 shows that
the GA-based methods performances are similar after fixed generations.
ABC shows some single repetitions of the most successfull algorithms. We
can verify from Fig 2 that the distribution of best fitness, GACO is more
stable compare with other methods.

6. Conclusion. Simulation result shows that the GA-based meth-
ods achieve the highest average sum rate in a series of different scenarios.
It can be indicated that the proposed GA-based methods outperform
the selected conventional algorithms. However, we also observed that
the performance of the genetic algorithm would decrease significantly
as the dimension increases. The large-scale network will be studied to
accommodate the real scenarios with specific user distributions and ge-
ographical environments in our future work.
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Useinov L., Makarov D., Beloshapko A., Korkhov V.

Neural networks transfer learning
for KLT Bin pose estimation

1. Abstract. In recent years the object pose estimation problem
has been widely studied and used for numerous applications (e.g. au-
tonomous car driving, augmented reality, automatic bin-picking, surveil-
lance systems, ete.). A flexible and accurate object pose estimation al-
gorithm is the key to many of these applications. We investigate the use
of DualPoseNet [1] monocular category-level pose estimation algorithm
to a task of KLT bin (an industrial stacking container conforming to the
VDA 4500 standard) pose estimation problem. This state-of-the-art pose
estimation algorithm is built on top of a widely used Mask R-CNN [2] ob-
ject detector, thus allowing easy extension of existing systems with pose
estimation feature. Compare to previous applied methods to the KLT
bin pose estimation DualPoseNet is general and completely data-driven.

2. Introduction. Automation process of production plants changes
every aspect of the production pipeline, aiming to reduce costs and im-
prove worker conditions. It also involves a deep modernization of inter-
nal logistics, giving rise to a massive use of Automated Guided Vehicles
(AGVs). To be able to manipulate objects, AGVs rely on visual infor-
mation obtained with optical cameras. Thus, they require a solution to
object manipulation task based on visual data.

A typical production environment is not designed for such use case.
Classical object recognition methods fail because of lack of texture on
the objects, high amount of parallel straight contours and glare on reflec-
tive surfaces. This use case requires either to augment the environment
with visual labels, or to develop a data-driven object detection and pose
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estimation algorithm. This leads to the use of neural networks such
as [2-4].

3. Related Work. There has been little interest to the problem of
KLT bin pose estimation in the scientific world recently. In most studies
(e.g., on KLT bin-picking task [5]) KLT bins are assumed to be fixed
in 3D space. Thus, investigation on KLT bin pose estimation was not
conducted in those works. Nevertheless, few attempts have been made
to tackle related problems.

The problem of KLT bin semantic segmentation for images from fish-
eye cameras was investigated in [6]. Close range usage option and fisheye
image distortion are the key differences of their research area. In con-
trast, in this work there are no distance-related strict limitations and
RGB(D) images are used without the distortion.

The KLT bin detection task was studied in [7]. The authors focused
on the particular top view case. As a result, only edges of the sidewalls
of a bin are visible. They proposed an algorithm consisting of bin top
edges detection with subsequent RANSAC-based procedure to choose
the best hypothesis.

This paper can be considered as a direct continuation of KLT bin pose
estimation research by Beloshapko et al. [8] that adopted Mask R-CNN
and a plane-fitting algorithm to deal with the task. First, boxes are
detected and segmented by fine-tuned Mask R-CNN. Then obtained in-
stances are separated manually for the plane-fitting algorithm in three
data buckets, depending on the visible part of the bin: vertical, horizon-
tal and general view scenarios. The main difference of our approach is
that we replace plane-fitting by the neural network pipeline, which does
not limit the solution to a restricted use case. Thus, the main advantage
of our proposed method is that it is general and completely data-driven.

Our work was heavily inspired by the progress that has been made
in object pose estimation in the last decade [9]. This large field of study
can be separated in two distinct directions: instance-level object pose
estimation and category-level pose estimation. In the first case we are
trying to recover rotation and translation of the target instance on the
image, given an RGB(D) image and precise description of the object
model. In the second case, the goal is to recover rotation, translation
and size of the target instance, given its RGB(D) image.

Whereas instance-level methods generally are more accurate than
category-level ones, instance-level methods require availability of a CAD
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model and have reduced generalization ability as well (e.g., model can
be extremely good in pose estimation of a particular KLT bin model,
but not be able to do anything with other types of bins). We would like
to be able to do pose estimation on as many bin types as possible. It is
viable because most of the KLT bins are quite similar. That is why in
this work we are focusing on category-level methods, since category-level
methods can be still good enough at the pose estimation task and at the
same time do not require any CAD models, which can be hard to get for
every KLT bin type.

Since we have an Intel Realsense D435 camera at our disposal, which
is able to provide monocular RGB(D) images, our main focus was on a
subset of category-level estimation pose algorithms that accept monoc-
ular RGB(D) images as an input. However, there are other advantages
of such methods:

1. Single camera systems are generally cheaper than other ones, and
monocular algorithms do not require additional cameras.

2. It can be argued that RGB cameras are mostly cheaper than RGB
cameras with depth sensors (or standalone depth sensors). Never-
theless, without depth channel object pose estimation becomes an
ill-posed problem, because this way we are trying to estimate 3D
data from 2D pictures only.

In consequence, we decided to use DualPoseNet pipeline as a monoc-
ular category-level object pose estimation algorithm for our problem,
since it is a state-of-the-art algorithm and its implementation is avail-
able open-source.

4, The Approach. In this work we adopt the DualPoseNet al-
gorithm for KLT bhin pose estimation. The inference process involves
two stages: object detection and instance segmentation done with
Mask R-CNN followed by a pose estimation stage performed for each
detected instance separately. Fig. 1 depicts the overall structure of
DualPoseNet pose estimation pipeline. First, a color and depth pair
of images are processed with the Mask R-CNN. This yields a set of
bounding boxes for each object present on the image, and a segmenta-
tion mask defined for each bounding box. Thus, for each object instance
on the view we have its image bounding box and a segmentation mask.
Then the following steps are performed:

365



1. Patches of color X and depth images are extracted using the seg-
mentation mask.

2. The patches of depth images are converted to point cloud repre-
sentations P.

3. The color patches and the point cloud representations are con-
verted to spherical representations (S* and S¥ respectively) and
feeded to the Pose Encoder.

4. Pose Encoder embeds the data into a learned feature space.

. Explicit Pose Decoder then decodes the feature data into a pose
information such as object center I, object rotation matrix ¢ and
its dimensions s.
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Figure 1. DualPoseNet pipeline

Mask R-CNN and its DualPoseNet extension do not share the weights
and are trained separately. We use a set of M images labeled for the
KLT bin Instance Segmentation task to train the Mask R-CNN network.
The data labeling involved manual and semi-automatic procedures as
described in [8]. This semi-automatic procedure could be easily extended
to generate the pose labels. Although, we do not present these results
yet.
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5. Experiments. In this section, we present first results related
to the first stage of the algorithm, namely the Mask R-CNN detection
algorithm. A common way to evaluate accuracy of instance segmentation
is to use the Intersection over Union (IoU) metric. We consider the
detection to be successful only if it delivers the IoU value higher than 0.8.
We count correct, missing and false detection cases as the performance
metrics of our detector.

There are two test datasets. The Industrial test dataset contains
images taken at production plants. The Wild dataset contains images of
KLT bins in random environments, such as basements, shops and labs.
The Wild one is considered to be more challenging because the detector
is trained on the data related to the industrial environment.

Table 1. Evaluation of the Mask R-CNN detector on the Wild test dataset

Total Detected Not False
object instances detected detections
instances instances

1001 503 598 177

Table 2. Evaluation of the Mask R-CNN detector on the Industrial test dataset

Total Detected Not False
object instances detected detections
instances instances

353 346 7 46

The performance for the Wild data is quite low with detection rate
~ 50%. This happened since we test the algorithm on images from
domains different than used for training: the detector was trained on
industrial scenes. On the other hand, performance on the industrial
data is reasonable and allows a practical application.

6. Conclusion. We investigated the pose estimation task for KLT
bins with a combination of Mask R-CNN detector and DualPoseNet
extension. First results of Mask R-CNN application are obtained that
prove the detector to be applicable to the task. Further development
will involve data labeling for pose estimation.
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1. Abstract. Attendance is an important part of teaching quality
agsessment, and the research and design of school course sign-in and
clock-in system makes classroom attendance more efficient and conve-
nient. This project is mainly designed to facilitate teachers to take
attendance of students in the classroom, and an intelligent clock-in and
clock-out system based on face recognition mode is designed. After deter-
mining each specific functional module of the system, Python is selected
as the programming language and OpenCV as the development envi-
ronment. Through the comparison of various face matching algorithms,
LBPH algorithm is selected to process the face image, and connect with
MySQL database to store student information. When the camera cap-
tures the facial information, it matches the information stored in the
database to pinpoint the student’s information.

2. Introduction. There are many ways to take attendance in the
classroom, mainly teacher roll call, name sign-in and campus card recog-
nition. However, these methods often result in omissions and substitu-
tions, and are also labour-intensive and time-consuming. This paper de-
signs an intelligent check-in system based on face recognition technology
to address this problem. There are many algorithms for face recognition,
but this paper compares three classical face recognition algorithms based
on OpenCV and selects the lbph algorithm for the study.

By acquiring face features and converting them into data and then
encoding them, a recognition tag is obtained and aggregated to form an
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overall face information database, after which each time a face is scanned,
a recognition tag is obtained through system processing to match with
the face information in the database to identify the identity.

3. System framework design. The overall framework of the sys-
tem includes three parts: application layer, communication layer and
acquisition layer.

First of all by the acquisition layer of all kinds of camera face acqui-
sition, and through the communication layer of wired LAN or wireless
LAN will be collected information uploaded to the background, back-
ground application layer through OpenCV face image management, im-
age acquisition, face recognition, the system has realized the query func-
tion and five modules of the management function. The functional struc-
ture of the system is as follows (see Figure 1).

Face Image Management Image capture Face Recogmition
>
o Feature of fuce ]| Feature of the captured| | | Pinpointiag personal information
=X nodel Waining md storage of the face information and training of thy | | bY comparing the ideutification tag
o wnformation i a ditabase model 1o obtan recogninon labels with the inforsaation in the
=4 datalase
=
2 . ’
.:_’. Enquiry fanctions System administration functions
a8
l}fp Student Information Enquary System setup, user management, student
Attendance Results Enquiry attendance 2 resulls
Database Information Enquiry output
A
Q
58
FE Wired LAN Wireless LAN
4§ 'g_‘_
=
Q ;
T = Computer Camera Mobile phone Camera External Camera
< ©
g 8
e
-}

Figure 1. System architecture framework design

4. Algorithm analysis. According to the table we can get as a
typical binary feature descriptor, LBP is more integer computation than
EigenFace and FisherFace. The advantage of integer computation is that
it can be optimized by various logical operations, so it is more efficient.
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In addition, the value may change between locally adjacent pixels under
the influence of illumination, but the relative size will not change,so
LBPH feature has good adaptability to illumination. As a result, this
system adopts LBPH method of local feature extraction to develop and
design.

Table 1. Algorithm comparison

A series of faces are dimensionalised
by PCA to obtain a distinctive face
vector for each person, and a feature
face subspace is established after
several training sessions. Thereafter,
once a detected face is input, the
system projects the data into the
feature face subspace for comparison,
and identifies the identity if there is a
similar feature face vector.

By finding the maximum inter-class
variance and the minimum intra-class
variance between objects, a discrete
matrix is formed and the eigenvalues

Feature face algorithm based
on the principle of PCA
(principal component analysis)

Fisher Face method based on and eigenvectors are derived, then
LDA (linear judgment analysis) | LDA is performed to reduce the
principle dimensionality and after repeated

training, a subspace of eigenfaces is
formed. The measured face is mapped
into the subspace for comparison to
determine the identity.

The LBPH algorithm extracts the
features of the grey value image and
LBPH (Local Binary Patterns then compares them with the LBPH
Histograms) method based on features of the face already trained in
local feature extraction the database and the classification is
recognized so that the subject can be
identified.

5. System implementation.

5.1. Applied algorithmics. The face information matching func-
tion of the system adopts LBPH algorithm for research and design, and
the specific implementation process is shown in the Figure 2 below.

5.2. In-vivo detection. This attendance system human detection
method uses blink detection. Firstly, switch_bt is used as the control
function to determine whether to start attendance, and when a live blink
is detected, attendance is started. Face detection is first performed on
each image frame using OpenCV. The part of the region containing the
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eyes is intercepted after the face is detected, and then the number of
eyes in that region is detected using OpenCV. An array is used to store
the number of eyes for each time. When the size of the array is 3, if the
first number of eyes in the array is greater than 0, the second number of
eyes is equal to 0 and the last number of eyes is greater than 0, it means
it is a blink and the attendance is proved successful. The specific flow
chart is as follows (see Figure 2, 3).

( Begin |
switeh_bt function for control

flag2=0| | flag2=1 |
Start of attendunee | Exit Atendunce |
Fave detection for ench frame
Intereepting the eye aren

Number of eyos detected

Identify the number of eyes with an array

=3
¥

Y ¥ Y
First time eye count greater than () | Second eye count equal to 0 | |"Third eye count greater than 0|

Proof is a blz\k of an eye

Attendance Success \
¥

End |

Figure 2. Flowchart of LBPH algorithm implementation

Beghn | Image g ling LBP feature i ULBP reduction processing
Composition Histogram Colleetion +—— Obluin  histogrm of the region +— Divided into subsareas
Canirast
LBPH foatire extraction +— Extmetion of fice information ——  Enter a face
Obtabning u dutabusc of face image features —» | i |—»| Faco recogaition —»,  End

Figure 3. Defines the living detection class
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6. Interface. The system interface is shown in Figure 4.

INCAUE NS ¥ ]

ARRBE R RS r) bl :
Face recognition uttendance systen V.m‘;}*‘jf‘ir'mw . Race pecopnition personal T B
i information acquisition system N ;
R e S Start information collection
eal number
FRAY [ ] il PABE
Nmnl‘u';;)’\\';;wilruut Query personal information
iR
Lite number BEABR
L Tt Edit personal informal
WAEE I AT
tn e Migied Exil collection page
4 ST T
Altefuded class : Information 18 “?)‘*&‘
BUHEAL 1 RN - Enter the school number
Alteided [oeition : No, | teaching building L PN
PR RN | SDRIRN | | BRRR WAk ,"ﬁ'}l‘;ﬂ’:” hame
Information Start T on View results  Exit system Enter your class

collection attendnnce a eamera

Figure 4. Main interface of the system

7. Conclusion. In this paper, OpenCV and Python language is
used to achieve the face recognition university class attendance system
based on LBPH algorithm. After testing, the system realizes the com-
pletion of class check-in by recognizing students’ faces, completing the
comprehensive, automated and easy management of student attendance,
saving the time of teachers’ roll call and facilitating students’ check-in.
Greatly improve the efficiency of classroom management. In addition,
the technology can be applied to other sites where people need to punch
the card, and has a more practical use value.
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1. Abstract. The smart city refers to the use of information tech-
nology and the internet plus thinking to promote the development and
transformation of the city, so as to meet the needs of improving the level
of urban management services. Smart cities are based on the construc-
tion of urban intelligent network facilities and take communication tech-
nologies such as cloud computing and the Internet of Things as means to
maximize the integration of data and information resources and compre-
hensively promote the scientific development of cities. Starting from the
current situation of smart city construction in major cities in China, this
paper analyzes the security risks and security requirements of smart cities
in many aspects. On this basis, from three aspects of safety technology,
safety management, and safety operation, the feasibility suggestions for
the implementation and construction of comprehensive safety prevention
and control systems in smart cities are put forward [1].

2. Introduction. Under the background of smart city, many infor-
mation elements, such as infrastructure and data resources, can interact
frequently across regions through information and communication tech-
nology. The information flow is highly concentrated, the amount of in-
formation suddenly increases, the information categories are various, the
information security environment is complicated, and the evolution and
derivation of information security risks are highly complicated and un-
certain, which brings great challenges to the research of comprehensive
security prevention and control system in smart city.

3. Research purpose and significance. To ensure the indepen-
dence, security, and controllability of the information infrastructure and
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data resources in the construction and operation of smart cities, this
topic sorts out the present situation and characteristics of typical smart
cities in China through investigation, analyzes the security risks and se-
curity prevention and control needs faced by smart cities in China at
present, and develops a comprehensive security prevention and control
system of smart cities with smart city data security prevention and con-
trol as the core, covering security technology, security management, and
security operation. It also puts forward the implementation ideas and
suggestions for the construction of urban comprehensive network secu-
rity prevention and control systems and guides the security construction
and operation of smart cities.

4. Status and problems of smart city construction and devel-
opment in China. Since the 18th National Congress of the Communist
Party of China, building smart cities has been an important development
strategy of China, and smart cities have become the goal of new urban-
ization. Various ministries and commissions and regions of the country
have also taken the initiative to launch various types of pilot projects,
such as information consumption, information benefiting the people, and
broadband China. In the development process of more than 10 years,
there are more than 500 smart cities that have been built and planned
to be built (excluding duplication), which are facing new development
problems while achieving certain achievements.

The security risks of smart cities and the security risks faced by all
levels are macroscopic and concrete. This paper refers to this model and
specifically analyzes the main security risks faced by all levels of smart
cities from the perspective of security risks faced by all levels.

From a technical point of view:

Safety risk 1: Perception terminals are unsupervised, simple to op-
erate, and mobile to access, making security more difficult.

Safety risk 2: Communication networks are diverse and heteroge-
neous, making it more difficult for cities to resist network attacks.

Safety risk 3: Computing storage infrastructure platform resources
are highly concentrated, which is easy to become the focus of attack.

Safety risk 4: Massive data is highly open, shared, and deeply inte-
grated, making it more difficult to prevent data leakage and loss.

Safety risk 5: Ubiquitous business applications bring complex iden-
tity and authority management problems, increasing the difficulty of
legal compliance access verification and application security protection.
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From the management point of view:

Safety risk 6: The construction and operation of smart cities in China
are mainly planned and guided by the government and participated by
many parties [1]. It is difficult to organize and coordinate urban safety
management. The ideological concept of “emphasizing application and
neglecting safety” and “building first and then safety” still exists, which
makes it more difficult to formulate strategies, systems, and norms that
can effectively regulate and guide urban safety construction.

Safety risk 7: All levels and security management of smart cities
under the new model and new concept are facing new security challenges.
It is urgent to study a comprehensive security prevention and control
system that can integrate the goals of all relevant parties in the city to
meet, the new security challenges.

5. Security demand analysis of smart city. Because of the cur-
rent development situation and existing security problems of smart city
construction in China, the information network security of smart cities
in China should be further improved in technology application and secu-
rity management to protect the safe and harmonious operation of smart
cities [1]. Because of the security risks at all levels of smart city technol-
ogy and management level, this paper analyzes the security requirements
of urban ecological development and stable operation, specifically as fol-
lows:

Safety demand 1: China attaches great importance to network secu-
rity, and has promulgated laws and regulations such as network security
law, password law, data security law, and level protection 2.0. The se-
curity of smart cities is related to the national economy and people’s
livelihood, and compliance construction and operation should become
the city standard.

Safety demand 2: The industrial policy of smart city construction
promotes the operation of urban security construction, and the industrial
policy issued by the national competent department has always placed
the network security construction in an important position in the process
of guiding the smart city construction.

Safety demand 3: To analyze the safety requirements of urban ecolog-
ical development and stable operation according to the safety challenges
of smart city technology and management.

There are hundreds of information security-related standards pub-
lished and under research in China, but the related standards for smart
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city security are lacking, and there is far from a perfect smart city secu-
rity standard system. To improve the comprehensive security prevention
and control ability of smart cities, it is necessary to further formulate
and improve the smart city security-related standard system, and study
the smart city data sharing security, smart application security, security
management standards, and other related standards systems [2].

6. Comprehensive safety prevention and control system re-
search and implementation suggestions. The framework of smart
city network security system is based on system engineering theory and
methods, according to relevant laws, regulations, standards, and norms,
combined with the status quo and operation mode of smart city construc-
tion in China, the overall framework of smart city security prevention
and control is put forward.

Smart city data security is the core of prevention and control, cover-
ing three parts: security technology, security management, and security
operation. The three parts support and promote each other to form a
trinity comprehensive prevention and control system, which can meet
the compliance requirements and ensure the safe and stable operation of
the city. The functional hierarchy model of the smart network security
framework is shown in Figure 1.

Preventive Process  ex post facto
management control research

Figure 1. Functional hierarchy model of network security framework in Hui city
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Safety management: strengthen the construction of safety organi-
zation and safety management system to ensure the orderly progress
of urban network safety management and clarify the responsibilities of
relevant parties in urban construction and operation; Improve the co-
ordination, systematicness and overall planning of the safety manage-
ment mechanism, standardize the safety management, supervision, and
evaluation mechanism of various technology applications and business
scenarios in cities, and improve the safety awareness and safety ability
of relevant parties in cities.

Safety technology: build a strong robust and low vulnerability safety
technology system that can effectively guarantee data and operation
safety, and define safety technology mechanisms or measures.

Security operation: take city-level security operation as the design
goal, and build a smart city-level network security system. Gather the
security big data information of the whole region, and make intelligent
threat analysis and decision-making in the field of urban security, to
quickly and effectively perceive, warn, schedule, and deal with network
security risks of the whole network, improve management efficiency and
emergency response capability, and effectively realize risk control and
emergency support at the city level.
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O,J.IHa rnﬁpnnﬂas—x 3ajada OIITHUMaAJILHOI'O YIIpaBJIeHUA
C HECKOJIbBKHMU IIePeKJIIYeHNAMN

Pexomendosano x nybauxayuu npogeccopom I'pomosoti E. B.

1. Beegenne. B xiaccuueckoi nocranoepke teopus gaucdepeniim-
AJNLHLIX HI'P 3aHUMAETCs U3y IeHUEM ITPOIECCOB Ha (PUKCHPOBAHIIOM ITPO-
MexkyTKe BpemMent [1]. EcrecrBentpM pacimupeHueM JAHHOTO KJIacca Hrp
ABJsoTes uhhepeHIualbbe UIPLI €O CIIYYARHON [IPOIO/IZKHTEIbHO-
creio |2, 3], Ocobeiil mETEpec npejcTaBiger caydail cocrasHolt QyHK-
MU pacnpe/ie/leHns MOMeHTa OKOHIanus urpst [4, 5. B gannoit pabore
onucana auddeperuaibias Urpa paspaboTKi HeBO30OHOBJISEMbIX Pe-
CYPCOB, MOMEHT OKOHYAHHsI KOTOPOM sIBJIsteTcsl Clay4ailHoi BeauaHHOil,
oTBevalomell cocraBuoil GpynKimn pacupenenenns [6]. s npusegentoi
MOJIE/IM HaiIeHo PelleHne 3a A MaKCUMU3AIMH CYMMAapPHOro BIUIPhI-
18 B KOOHEPATHBHOI IIOCTAHOBKE.

2. Onucanue urpsl. Pacemorpum auddepennuanbuyo urpy IByx
man, T7 (20, to), Mosemupyionyio nporece paspaboTki HeBO30GHOBIIsIC-
MbIX pecypcos. IlycTh urpa HaunHaeTCs B MOMEHT BPEMEHHU to U3 COCTO-
SHUS T,

[lycrs AuHaMuKa UIPbI OMUCHLIBAETCS CJSIYIONIEeH CHCTEeMON OBBIKHO-
BeHHBIX T depeHInaNbHbBIX yPABHEHMIL

2
(t) = — Z wi(t), z(ty) = .
i=1

[TosozKuM, 9TO MOMEHT OKOHUAHHS HIPHI SBJACTCS CIyUYalHol Be-
JITIHHON, PACIIPe/Ie/IeHHOI Ha HHTepBaje BpeMeHu [ty, 00) CONIACHO CO-
crapHoil hyHKIUH pacupeaenenus (1) Ipu JBYX NepekIoveHnsax B (huK-
CHPOBAHHDLIC MOMEHTHI BPEMEHH Ty, To, jie ty < 71 < Tg < 00 :

1—e Mt t €[, 1),
=ALTL .
Flt)=¢1- :—_A%(- Azt t € [11,72), (1)
plr2=A1)Ty o= Aot
1_("\!(’—_"'-’)’ tE[TQ,OO).

Banac Tamvana Huronaesna — crynent, Cankr-Ilerepbyprekuil rocynapersen-
HBI yauBepcnTer; e-mail: st076855@student.spbu.ru, res.: +7(904)558-86-40
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[Tpumep cocrasuoil (hyHKIMKU PACIPEIEIEHHs] IpeJcTaBIeH Ha puc. 1.

on /
o6 f
or 1

06
06 S

o ' d

1 L L
0 50 100 150 200 250 w00

Puc. 1. Cocrasuan dyuxuus pacupegenenns F(t), (A = 0,01;0,1;0,01)

ycrs hy(xz(t),w(t)) ~ OyHKIEs MPHOBEHHOrO BLIMIPBLIIA B HIPE
I'" (29, t) mrpoka i B Moment Bpemenu f, rae u(t) = (ui(t), ug(t)). Ilo-
JIOKHM, MUIPOKH HCIOAB3YIOT HJICHTHIHOE 000DYIOBAHHE [JIsl IKCILIYA-
TAIHH MECTOPOXKICHIS U BEPOATHOCTEL OTKa3a 0BOPYIOBANMS OIPEIeIs-
eTesl PerKUMaMH IKCILTyaTaluy, a pyaknus moaesgoctu hy(x(t), u(t)) =
Vui(t). o yrnparnenuenm u;(t) ToHEMAEM TeMITLI pazpaBoTKH pecypea.

MaremMaTuuecKoe 03KUJAHKEe BEIUIPLIIA UPPOKA § IPUMET B

T
Ki(zg, tg,u) =E f hi(z(7T),u(r))dr| =

To

00 t
= f {/‘ hi(a(r),u(r))dr| dF(t). (2)
To To
Oyukiponan (2) Moxer OpITh yupouien [7] K ciaemyomeMmy BuLy:

OO

Ki(xo, to,u) = / (1 = F(r))hi(x(r), u; (7))dT.

VT
3. KoonepaTuBHas IIOCTAHOBKA MIphl. [lycTh HIrpokn Jlorosopu-
JICEH JEeHCTBOBATL COBMECTHO ONTHMANLHO. Ilomoykum Takke st 1npo-
crotsl tg = 0. UmeeM caeayomyo 3a1a9y ONTHMH3AINN:

maxuev 3oy [r (1= F(1)y/ui(t)dt,
E(t) = — 22, uil2), (3)

z(0) = xo.
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O603HaMUM TPU UHTEPBAJIA BPEMEHH, HA KOTOPBIX PA3BUBAETCS IIPO-
nece, kax Iy = [0,7y],1s = [r1,72] u I3 = [12,00). Hna pemenus 3aa-
an (3) memonsayeM MeToj mapamerpusanun (8], rae mapamerpamu Gy-
JLYT CIIYKUTH COCTOSIHESI CUCTEMBI Ha KOHIAX IIPOMEKYTKOB x(7) = @1
u x(79) = xp. Ha Kaxk/oM U3 MHTEPBANOB GyIEM HCIOIL3OBATH IIPHH-
nun MaxceumyMa [onrpsruna |9, 10]. Ha nepsom u Bropom muTepBaiax
38444 PEIIAeTcsl ¢ JABYMs 3AKPEIJIEHHBIMH KOHIIAMH, HA TPEThEM - C
HE3AKPEIICHHBIM [IPABBIM KOHIOM.

3.1. Marepsan I;. PaccMoTpuM 3a/1aMy MaKCHMH3AIIIT:

maxuey Ly [y (1= F()v/uif)dt,
8(t) = — Tiay wi(t),

z(0) = 29, x(m1)=mx1,

Pie rp - HapaMmeTp.
Ucnonszyem npuniun MakcumymMa [lonrpsruna, NaMmuiabronnan mpu-
MeT B/

2 8 am -
H(x,u, ) = —1) Z u () + Z f (1 — F(t))V u(t)dt.
1 i=1YT0

i=

BOC]‘IO.III:S.VGMCH I'ICO6XO}II/IMI:!M YCaoBHeM MaKCHMYMa:

oOH 1
ik B =P =
Ju; ( (®) 24/ u(t)
TOP)IH; OIITHMaJIbBHOE YIIpaBJIeHUuEe MOXKeT 6]3!'1‘]: 3allucano Kak
v o Gk —F )"
Uy (t) - 41/)2

VYenosue BBIIIYKJIOCTH TaK¥Ke BBIITOJIHEHO!

02 H 1
7 = PO s e <

VpapueHue Jijis CONPSKEHHON TepeMeHHo

ov _ OH _
ot dr
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carenoBaTeasio ¥ (t) = o, Takum obpazoM, ONTHMANBHOE YIPABICHHE

(1 - Fi(t)?
dopd '

YpaBI—leHHe JAAHAMHKH IIPHHAMAaCT BHJT

ul(t) =

*

2

e 2
&(t) = —Zu.,;(t) = —Lj}g&
i=1 0

Wenonpsyst kpaeBble yCaoBHs, HafIeM ONTHMAJBHBIE TPACKTOPUIO U
yIpaBJeHe JJis PaccMaTPUBACMOT0 HHTEPBAJIA!

(3’3(] . ml)[QQ)\JTl - 82)\11‘]

* _
2 (T)Il - (82/\1‘1’1 = 1)62)\11‘ + T4
Mz — 3:1)62)“-(""_1")
w; (1), = Ve

3.2. Uurepsan [, AHajoruuno ToMy, Kak 910 ObLIO CIEIAHO B
nyakre 3.1, MoxkeT OBITH pelieHa 3a/1a9a ONTHMHBAIINN Ha BTOPOM MH-
TEpBAJIE:

maxueu Siy J7 (L= F(1)V/ui(f)dt,
B(t) = — iy wilt),
z(m) =z, x(m) = 2.

OnruMalibHas TPacKTOPHA WU ONTHMAJBHOE VIIpaB/JIeHue Ha nHTepBa-
JIC B 3aBHCHMOCTH OT IlapaMeTpoB T'1 U Ty UMEIOT BHJ

(22 — '7"1)62/\2?2 (1-— ﬁzz)‘2(7—fl))
(1 - E'Zz\-z(‘rz—’r]))e2,\2-,- y

2" (7)), =z +

(2o — x1)Age2relr2—T)

i s
L! (T)I'3 - 1 — e2ha(m2—71)

3.3. UarepBaa [3. AHajJormuHo TOMY, KaK 3T0 OBLIO CIEIAHO B
nyakrax 3.1, 3.2, MoxKeT ObITH pelieHa 3a,/Jaua ONTHMI3AINE Ha TPEThEM
HHTEpBAJIE:

max,cu Z?=1 J.,.oj(l — F(t))y/ui(t)dt,
B(t) = — T iy wit),

z(rg) = x2, lim,002(T) =0.
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OnrumManbHast TPAeKTOPHA U OIITHMAJIBHOE YIIpaB/JICHUE Ha HHTepBa-
Jie¢ B 3aBHCHMOCTH OT IIapaMeTpoB 'y M o UMEIOT BH

(7)1, = $262(A2+>\3)(T2—T),

11‘,:‘('7')13 = .']’:2()\2 + /\3)62('\2+)\”)(T2_T).

4. ITouck napamerpos. OG03HAUUM CYyMMAapHBIH BBIMIPBIII BCEX
UTPOKOB Ha COOTBETCTBYIOIEM MPOMEKYTKE M €0 3aBHCHUMOCTL Ha HH-
TepBajie oT 3HaYeHus uncaennoro napamerpa Iy (xy), lo(2y, xa), Is(xs).

BuatieHus: IApaMeTpOB Xy M Xp MOTYT ObITL HailleHBl KAK 3HAUCHHS,
MAKCHMH3UPYIOIIHE CyMMAPHBIH BEIMTPHIN Beex Hrpokos. Jammas 3a1a-
“a onTUMHU3anun OyJeT pelieHa ¢ HCHOJAb30BAHHEM MeTO/a JIMHAMUIE-
CKOT'O MTPOrPAMMHPOBAHMS.

PemmM mocie/1oBaTe/IbHO B BCIIOMOTATE/IBHBIC 3aJaUi ONTHMHI3a-
Hn:

Iz(.’L‘l,.’Eg) + I;;(.’]’:g) — Il”'lrf—;.x,
Iy (@) + (w1, x0) + I3(ag) — max.

Boramcnum snavenune CYMMapHOI'O BBINI'PBIIIa Ha KazJ0M HHTepBa-
JIe B 3aBHCUMOCTH OT [IapaMeTpoB ¥ U Xz, HCIIOJb3YH COOTBETCTBYIONINE
BhIpaXKenus JiJ1sd ONITUMAJILHOMI TPpaeKTOPpHN W OINTHMaJILHOT'O YIIpaBJie-
HUL. BI::II'II‘I)I:IH.I Ha HHTEepBaJIe [3:

(o) = fm(l - F(t)) (\/’”.T(t)],; o \/?Lﬁ(t)h) dt =

2

C)\-J_TJ e—z\: T e—)\z’r‘z

VAg 4+ A

Brmurpeimn na narepsade [o:

P}

T2

Iy(wy,a0) = /; (1— F(t)) (\/uf(t)h + \/ug(t)h) dt =

—MT1—AaT2 2MoTy _ 20T _ o )
€ (6 e ) e2A27T] —p2AaTo
Vs
YucjioBoe 3HavyeHUE IIapaMeTpa o HNPH 3aBUCHMOCTH OT ) MOIKeT
OBITH HANJICHO IIYTEM PEeIIeHHs JOIOJHUTEILHON 3a/1aU1 MaKCHMUZAIIHE
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In(xy,29) + I3(22) 1O mapaMerTpy Ts ¢ HCHOJIL30BAHHEM IIEPBON IPOH3-
BOJHOI OT CyMMBI:

0(12 (ml,.’ﬂg) + I:a(fﬂz))
dxs

=0.

Torma
AQJJlCZAQ T1
- )\262/\272 — Azge:a)\g’rl + A‘.iez)\QTZ '
[ToficTaBUM OTYSCHHBIT TAPAMETD T2 B CYMMY BLIHIDBIIIC
Iy(zy,@9) + I3(xe). OnruManbHbIl BRIUCPLINT HA HHTEPBaJE [T1, 00):

#
Ze

Ipg(w1) = Ia(21,23) + Ia(23) =

VL (Mg + Ag)eMm—Nm = ge2hari-hin-dam)
v (Az + Az)e2rem2 — \ze2hem \/}\2()\2 + As)

BIJ]I/[PpI:IHI I23 3aBHCHT TOJIBKO OT ITapaMeTpa '), HOCKOJLKY Mbl MaK-
CUMHUBHPOBaJIN €I'0 OTHOCHTCILIO Xy, Brerancaum BTOPYIO IIPOU3BOIITYIO
Io+ 13 oTHOCHTENBHO Ty, YTOOBI YOEIUTLCS, YITO MOJNYUEHHBIH 9KCTPeMY M
).IeﬁCTBl/IT(-!.HbHO ABJLECTCH MaKCHUMYMOM.,

d'z
W—(I2(.’L‘1,.’Eg) -+ I;;(.’L‘-z)) =
ef\ﬂTl_)\lT'l_)\27'2 C—)\lfl—)\g‘rg

= < 0.

TN vy vl 4&2\/_%— (1 — x2)

e4r2TL —g4A2T2

D710 HepaBeHCTBO BLIMOIHACTCS, €CJIH X1 > Ty U 7] < Ta.
Bouurpsinn Ha uprepsade [7o;71] ¢ rpaHuMHBIME yegoBusmu x(Ty) =
xp ux(r) = 21

(6—2)\170 _@_ZA'TI) (d_—fl.lf{,}—fm
VAL

Makcumuaupyem cymmy Iy (xg, @1) + I23(21) no napamerpy ;. Ilocne
HEKOTOPBIX NMPeobpasoBaHui uMeem

Ii(zg,21) =

'I'?’I = [/\1)\2.1'()62)\”-"(32)\21-2 - A]_A:-;.’I}()ﬂz)\lm 62)\21-1 -|-/\1)\3.’35‘()(22)\‘l 7(362)\272] X
% {A§EZA1T1 82)\21-2 _ )\362&1-.,62)\21—2 +A1A282A1Tﬂe2/\37’2 —)\1/\362)\”—"62&“4-

4 )\1/‘\362/\”—{'82)\21-2 _ A2)\362A1‘me2)\2 T e )\2)\3624\171 62)\21'2]—1'
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Hpurmmaﬂ BO BHHMaHHE IIOJIYYICHHDIC 3HACHHA MJIS THUCJIOBBIX Ila~
paMeTpoB ’1’5{ n :L‘;, MOZKHO BBIITACATDH BHJ OIITHMAJILHOIO YIIpaBJCHHI K1
ONTUMAJILHOH TPacKTOPHH CHUCTEMBI Ha KarkKJIO0M M3 pacCMaTpHUBacMbIX
HHTEepPBaJIOB BpEeMeHH.

5. Bakmiouenue. B nannoil pabore onucana mMojyens guddeperiy-
AJBHON HIPLI PaspaboTKU HEBO3OOHOBIISIEMBIX PECYPCOB CO CIIYUaiiHOM
HPOAOIKUTEIBHOCTHIO U (DYHKIMEH PACHPEIeIeHNsl ¢ JABYMS IePeKJIIo-
yenusamu. s yKazaHHOM HIPEI pelena 3a1ata, MaKCHMH3AIITH CyMMap-
HOT'O BBIMT'PBINIA UIPOKOB B CJIydae PasBHTHs KOONEPATHBHOIO CIieHAPHs
UI'pLL.
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YK 519.852.3
Benoycoea A. B.

IlocTpoenune onTuMajbHOIO pacIUCaAHUs
HPOU3BOICTBEHHOTO IIPOIecca
¢ ucnoJub3oBanueM naxkera Gurobi

Pexomendosano k nybauxayuu npopeccopom Cmupnosvim H. B.

1. Beegenue. Pacrymmit crpoc Ha €BOEBPEMEHHOE H3IOTOBJICHHE
HPOIYKITMH 1 KEJAHHE COKPATHTH ITPOU3BOJCTBEHHLIC 3aTPATEI BHIHY K-
JAl0T IPOU3BOAUTENEH YIYUIIATE IPOLECC NPOU3BOJICTBA ¢ OMOIILIO OII-
THMH3AIMK paboThl obopynosanus [1,2]. 3a ocHoBY HanHON PaboTHI GBI
B3T KOHKYPCHBIA npoekr or xomnanuu BIA Technologies, 8 pamkax
KOTOPOTO TPebOBAIOCH HOCTPOUTE PACIHCANHE TTPOU3BOJICTBEHHLIX 3a-
JaHuil TakuM obpazom, UToObl 000pyAOBAHME PAOOTAIO MAKCHMAJILHO
adppexrunno |3].

2. INocranoBka 3agauu. Ecrb npepipusarie, Ha KOTOPOM IIPOU3BO-
JUTCS TPOJAYKIHSA PA3INIHOro accopruMenta. Ha npoussoicTso mocty-
HAI0T 38KA3BI HA U3IOTOBJICHUE OIPEIEJeHHON0 THIIA H 06beMa IIPO/1yK-
muu. [Ipeanonaraercs, 9To nopTdeis 3aKa30B U HX CTONMOCTE W3BECTHBI
nepej HavaJioM ILIAHUPOBAHMISL,

Kamapiit 3aka3z mMeeT CBOIO TEXHOJOIHMUECKYIO KAPTY ITPOU3BOJI-
CTBa, T. €. I0CJeJOBATEILHOCTD Ollepallit 0T ChIPbsl JI0 IOy YeHUs] IOTO-
Boit npoayxkinu. Oneparun 1o 06paboTKe MaTepruala BBITOJIHAIOTCI Ha
000pyOBAHNE, KOTOPOE IPEIHAZHAYCHO IJ15 BRITOJIHEHIS OIPeIe/IeHHO-
ro THia ouepanuii (Moxer ObITh YKA3aHO HECKOJBKO THIIOB OlEpaliiii
JUIST OZTHOTO OGOPYIOBAHUSI ).

[TpoMe:kyTOUHBIH NPOAYKT NPOH3BOACTBEHHON eI HAZBIBACTCS no-
aydabpuramonm. Llpexae veM OpHCTYINTh K CHEAYIOMEH onepalun Ha
0BOpYIOBAHIE HEOOXOAMMO IIPOU3BECTH ONEPAIINIO IepeHaNaJKn (nepe-
KJIIOUeHUe 000PYI0BAHI HA JIPYTYIO ONEPAIHIo, IO INOTOBKA K 06paboT-
Ke HOBOro noJydabpukara u T. 11.). Kpome T0ro, Hy»>KHO YIHTHIBATL Bpe-
M3l HepeMeIeHus 1oy gadpuKaTOB HPOJYKIIME MEXKITY IeXaMu.

HeobxoauMo mOCTPONTEL PACIHCAHHE NPOM3BOJACTBA 34KA30B TAKHM
00pazoM, 4To0BI MAKCHMH3MPOBATL BLHIPYUKY IPOM3BOICTBA Ha (DHUKCH-
POBAHHOM IPOMEXKYTKE BPEMEHH.

Beaoycosa Anacmacus Baodumupoena — cryuent, Canxr-Ilerep6yprekuii rocy-
JgapcerseHHsiil yuusepeurer; e-mail: 10bav2000@gmail.com, Tem.: +7(931)322-20-94
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2. OI‘PaHH‘IeHHH. Ha 3a4ay HaKJIaJAbIBalTCHA OI'PpanHIeHHs!

1. Ilepen kasxkmoit oneparueil o 06padborke nosaydadpukara Heobxo-
JIMMO 1IPOU3BECTH LIEPEHATAKY.

2. Onepanpn nepenajajxu 1 o6paboTku noaydabpukara He MOIYT
HPOUCXOJUTE OJIHOBPEMEHHO.

3. 3aka3 MOMKET COCTOSTH M3 HECKOABKHX KOHEUHBIX IPOAYKTOB. Ya-
CTHYHOE BBLITIOJIHEHHE 3aKa3a K oT4eTHOH jare mobasiaser 0emn. K
BRIDYUKE.

4. Kakapiit KOHEUHBI IPOAYKT B 3aKa3e UMeeT [10C/Ie0BATeIbHOCT b

TEXHOJOIMUECKUX Olepalyil, KOTOpYIo HeJIb3sl HAPYIIATE.

[epememenne, nepenanaika u odbpaborka nonydadpukara He MO-

I'Y'T BBEIIOJHSATECS OJHOBPEMEHHO JJIsl OJHOrO nosyhabpuKara.

o

2.2. Honymenusa. B 3agate npucyTCTBYET JBa JIONYIEHNS:

] 060py;1013a}me pa60TaeT oes NepeppIBOB, T. €. TEXIMOJOIMYICCKHE T1C-
PEPLIBLI U pervlaMeHTHDBIC ITPOLEAYPbl HE YUATBIBAIOTCH IIPpH ILJa-
HHUPOBaHHM]

® e BCC 3aKas3bl JOJIZKHDBI OBITE SallllaHupOBaHbI,

3. Bxoguble JanHbIe M IPOrpaMMHAas peajin3alus.
3.1. Onucanue BXOAHBLIX AaHHbBIX. Mcxonubie nampbie comep-
Jkarcs B ceMu Tabaunax Excel.

TaGauua 1. Equipment

Ne Hazsauune Onucanue noJist Tun
moJIst OaHHBIX
equipment id Upenrudpuxarop eguuniibl 0b6opyloBanns, Ha KO- string
- TOPOM BBIIOJIHACTCH pa60'1'a
equipment_mode| Pexum, B kKoTopoMm MoxeT paborarh obopyiosa- string

Hue:
e mode_ (1 ospnavaer, UTO Ha TOM 0BOpY-
JIOBAHUN MOKET BBIIOJHATLCH ONEPAaLys
TONLKO Hag opnum noaydabpuxarom (na-
HPpUMED, OKPACKA KOPILyca B KPACHJILHON
Kamepe);

e mode_ | ospavaer, uro Ha »rom obopy-
JIOBAHUU MOKET BBINOJHATLCH ONePaIus
JLIsL HEOPAHMYEHHOI0 KOJIMYeCTBA [10JIy-
dabpuxaros (HalupumMep, B KaMepe cyii-
KU MOYKET DPACIHOJOMKHUTLCA JI060e KO-
4ecTBO 1oty habpuKaTos).
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Tabauua 2. Subproduct

Ne Hazsanue
noJst

Onucanue noJisi

THUn JAHHBIX

subproduct_id

noaypabpukara,
[IPOMUBBOJICTBA

Naenrudpukarop
HeoOX0AUMOro
[IO/13aKA34,

I8

string

equipment_id

Naenrudukarop obopyiosanns, Ha KO-
TOPOM MOYKET HM3IOTABJIMBATLCS IIOJIY-
abpuxar subproduct_id

string

duration, min

Maurensnocts  M3roToOBJEHHA  TO-
sy habpukara subproduct_ id Ha
obopyposanun equipment_ id

float

Tabaupa 3. Switch Time

Ne Hazsanue
oJIst

Onucanue noJist

T JAHHBIX

equipment_id

HMaenruduxarop obopyaoBanns, Ha KO-
TOPOM MOMKET M3rOTABIUBATLCS IOJY-
chabpukar subproduct id

string

subproduct_ id

Waenrudpurarop nonydabpukara

string

duration, min

Bpemsi  nepenanajku  Hepej  Hava-
JIOM  MBTOTOBJICHHA  mojydgabpuxara
subproduct_ id Ha  ofopysoBaHHu
equipment_ id

float

TaGauua 4. Structure

Ne Hazsaune

Onucanue noJist

Tun gaHHbIx

1oJist
order _id M jaenTuduKaTop HTOrOBOIo 3aKasa string
suborder_id W paenTudukarop cocTasisionMx 3aKa- string
34, KOTOPbIH YKA3BIBAET, U3 KAKUX DJe-
MEHTOB BBINOJIHAETCH cOOPKA HTOrOBO-
ro 3aKasa
subproduct _id Wpentudpukarop nonaydgabpukara, Ko- string

TOPBIH YKa3bIBaeT, Ha Kakom obopyio-
BAHHM JOJIMKHA [TPOBOJHTLCH OIEPAILNS,
4T0OB! BBITOJHHTL COCTABJSIIONYIO 3a-
Kasa

Tabnuua 5. Order Graph

Ne HazBanue
noJst

Onucanue noJist

Tun gaHHbIX

from_suborder _id Wnenrudpukarop nojnzaxkasa, KOTOPBLIH string
JloJIzKeH OBITh BBINOJHEH [epej] Hava-
JIOM u3rorosiienns to_ suborder id
to_ suborder_id Waenrudukarop nogsaxkasa, KOTOPLIH string

MOKeT ObITh BBIIOJIHEH 10CJE H3IOTOB-
stenust from_ suborder _id
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Tabaunpa 6. Movement Time

Ne Hazsanue Onucanue noJist Tun gaHHbIX
oJIst
Jrom_ equipment_id | Wpentnduxarop obopyposamus, ¢ Ko- string

TOpPOro IepemeniaeTcd nosygabpukar
subproduct_id

to_ equipment_id Naenrudunkarop obopygosanns, Ha Ko- string
TOpoe Inepemeniaercs nonydabpukar
subproduct_ id

subproduct_ id Waentudukarop nonydabpukara string
duration, min Bpemsi nepemenienusi nonydabpuka- float
Ta  subproduct_id ¢ obopynopanus
from_ equipment_id na obopyjopanue
to_ equipment_id

Ta6auua 7. Orders

Ne Hazsanue Onucanue noJs Tun ganHbIx
noJIst
order _id W aentudukaTop 3akasa string
price CroumocTn 3aKasa float
final_ suborder_id Wapenrudukarop nogsakasa, xapaxre- string

PHU3YIOIMA KOHEUHYIO [IPOLYKIHIO

3.2. Ilporpammuas peanunsanms. s peinenus: 0CTaBJIeHHOM
saJaqn OB Henob3osan Moayah Gurobi Optimizer. YlTobni ¢ ero mo-
MOIIBIO HOJYYHTDL PEHIeHHe ONTUMU3AIMOHHON 3aau1, HeOOXOIUMO I10-
CTPORTH MOJEIb U nepetars ee Gurobi [4]. B mogenn npoucxoaur uiu-
[HAJUZAIHS TePEMEHHBIX, 3HAYCHU KOTOPBIX HYKHO HANTH, BBOJ OI'Da~
HUYCHHIT ¥ TOCTAHOBKA IeAeBON (hyHKIHH.

B xoje BoinonHenus: nporpaMmbl HEPBLIM HIATOM HPOHCXO/LUT CHUITHI-
BAHNE UCXOJIHBIX JAHHBIX. 34TeM, B CIJIY TOTO YTO H3HAYAJLHO MOACTCs
uudopmalisg 060 Beex BO3MOMXKHBIX 3aKa3aX, & He TOJNBLKO 0 TeX, KOTOPbIe
HOCTYIIMJIM Ha JAHHBIH MOMEHT OT KJIHEHTOB, JJif YMEHLIIeHHs 00be-
Ma BBIYHCICHUN M3 KayK 0N TabInIbl U3BJIeKaeTcd NH(MOPMAIHI TOIBKO
0 Tex noaygabpurarax, KOTOpbIe OTHOCATCS K TeKymMm 3axkazam. Ilo-
CJI€ TOr0 HNPOHUCXOMAUT [MOCTPOEHUE MOJIENH: HHUIHAIN3ZHPYIOTCS [epe-
MeHHBIe (BpeMs Havaja ¥ OKOHuaHus obpaboTku nosydabpukara; nepe-
MEHHBIE, OTBeYa0Nue 3a 0bpaboTKy rnoaydabpukaTa Ha TOM HJIH WHOM
0BOPYNOBAHHH, U T.JI.), HAKJIAJLIBAIOTCS OUPAHMYMEHHST M BBOJUTCS Iie-
seBast pyuxnus (MaxcuMuzanus npubsum). Kak Tonsko Mogens onTu-
MHU3HPOBAHA, HA OCHOBE NMOJIYUCHHLIX PE3YILTATOB CTPOUTCS JIUArDAMMA
lapra, HATIOCTPHPYIONIAA MOCIEI0BATEILHOCTE 006paboTku noJydabpu-
KATOB sl Kask (0¥ exununsl obopynosanug. C MogaHONR mporpaMMHO
pean3aluell MOYKHO 03HAKOMHTLCS B perioznTopue |5,
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4. Yucnenusit npumMep. [locrpoum pacuucanue jist ciy<ast ¢ msi-
TBHIO 3aKa3aMW, Ha BBIIOJHEHHE KOTOPLIX OTBeAeHO 15 muell HavuHad c
01.01.2022.

Tabanua. CriMcok 3aKasos

Ne order id | price | final suborder id
order 229 | 40247 | suborder 312
order_230 | 4524 | suborder_313
order_230 | 4524 | suborder_725
order 230 | 4524 | suborder 826
order 231 | 3033 | suborder_314
order_232 | 4224 | suborder_315
order 232 | 5280 | suborder_720
order 233 | 7579 | suborder_953

[To pesynbraram Berumciaenuii crpoum puarpammy Lamra u raiumy
¢ paclHCcaHHeM:

112 W ez 3525 Order 1D
125 | [EPS) 230
n W 110072 m 231
72 9848 m 232
a 8 | 3088
7] W40
T 0 | kil
E_ 113 36447 552¢ll soall 10218 5ol 11286 l7101
g 1 15251058 8835100 o277
w129 2700 4018 20/l 21 Wl 2067
131 o o5z oo aa @ 10177
139 2lvs
138 4580 oflioiny
141 [ [
Jun 2 Jan 4 Jan & Jan g Jun 10 Jan 12 Jun 14 Jan 16
2022
Puc. 1. Jduarpamma [‘anra
Tabauua. OTpLIBOK U3 OCTPOSHHOTO PACITHCAHUS
Ne order_id | suborder_id start end
equip id
141 230 313 15.01.2022 13:20 16.01.2022 0:00
141 230 725 15.01.2022 13:20 16.01.2022 0:00
141 230 820 15.01.2022 13:20 16.01.2022 0:00
96 231 314 15.01.2022 13:20 16.01.2022 0:00
141 232 720 15.01.2022 13:20 16.01.2022 0:00

W3 nocrynusmmx 5-u 3axa308 ObLM 3amnanuposadsl 3. CTouT orMe-
THTDL, MTO Ha 000pyaoBanun ¢ uueHTugukaropom 141 ¢ 15.01.2022 13:20
10 16.01.2022 0:00 npoucexoaur 06paboTKa HECKONBKHX KOHEMHBIX [10JIY-
abpukaTos, 4TO He OTOOPAIKEHO HA IOCTPOCHHON AuarpamMme, HO BHIHO
u3 Tabyunsl. 3navenne nenesoil dpyuxuunn: 26 109 e,
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5. Baknouenue. B xoxe paborel Oblia onmcana U hopMaIn3oBa-
Ha 384498 IIOCTPOCHHS PACIHCAHNS POH3BOACTBEHIOIO IIPONECCa, Bbl-
HOJIHEHA ITPOTPaMMHAs PEaJIN3alis 1 PeaJH30Bal UHCICHHBIH IpHMeD,
JEMOHCTPHPYIOMIHI BEIIIOJHEHHE OCTPOSHHOTO aaropurma. B nanbHeii-
HIEM ITAHMPYETCS MPOBECTH AHAJM3 YYBCTBUTEILHOCTH ONTHMAJBLHOTO
PACITMCAHUSI, TTOJIYYAEMOTO IIPEJIOKEHHBIM METOIOM.
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Benoycoea M. B.

IIporuosupoBanue HageKHOCTHU
TEeXHUYECKUX CUCTEM Ha OCHOBE
Mozesin XoJibTa— Y MHTepca

Pexomendoaano x nybaruraryuu npogeccopom Camupnoswm H. B.

Beenenune. B nporecce sKCIIyaTalui TEXHUYECKUX CHCTEM BO3HU-
KaeT He0OXOAUMOCTh IIPOrHO3UPOBAHMS 3HAUMEHHUN KOJIHYECTBEHHBIX [10-
Kazarejeil HaJeKHOCTH C 1ebI0 INIAHUPOBAHUS PACXOJOB HA TeXHUUe-
CKOC ODCHIYXKHBAHUE M PEMOHT, HepecMOTpa cocTaBa W 06beMa peria-
MEHTHBIX paboT B 9KCIUIyaTannonHoi jokymentamun [1]. Takzxke xapak-
TEep U3MEHEHUs! dKCIVIYATAIMOHHBIX IIOKasaTe/eil HaJeXKHOCTH HCI0JIb-
3yercd IPH MPOEKTHPOBAHNH Y3JI0B-aHAJI0r0B,

[Tpu mcnoNB30BAHNIN TPAJTUITHOHHONO MATEMATHICCKOTO allllapaTa Ha
OCHOBE 3IKCIOHEHIMAJBLHOIO paclpese/leHusl He Beerjia ecrTb BO3MOXK-
HOCTL CJICJaTh TOUHLIN KPaTKOCPOUYHBIA npornos. Bojee gocToBepHble
OLLCHKH HAJIEIKHOCTH MOYKHO CJIeJIaTh ¢ IIOMOIIBIO [PUMEHEHIST HHCTPY-
MEHTOB LPOTHO3UPOBAHUS BPEMEHHBIX PsJOB [2]. AJANTHBHBIE METOIbI
MOIYT HPUMEHSATLCS JJ1sl IPOIHO3UPOBAHUA KAK MaKpPOIKOHOMUUECKUX
noxasareseit, Tax M JJs ONUCAHUS U3MCHEHUS TEeXHHKO-9KOHOMHUYECKUX
XapakKTepUCTUK U3/e/IHi, TePeMeHHBIX [HapaMeTpoB XUMUUeCKHX [IPOLec-
COB, M3YUCHUS IOBEJCHUS IapaMeTpa MOTOKa OTKA30B 0D0pY/IoBAHNd B
3AaBHCUMOCTH OT €I'0 CPOKa dKCILIYyaTAILIH.

B pannoit pabore MeToAbl pacuera HAIEXKHOCTH M CTATHCTHYECKO-
r'o aHa/Ju3a IPUMEHSIOTC ¢ HeJIbIo MOJEJUPOBAHNS LTapaMeTpa I0TOKa
orkazos (IIT10) yana gsepu BaroHa JOKOMOTHBHOI TATH U NPOTHO3UPO-
BAHUs 3HAYEHUS JAHHOIO [I0KAa3aTe/l s HAJeKHOCTH Ha HeCKOJIbKO I1epHo-
JI0B. AKTYAJIBHOCTD UCCIIEJIOBAHIS BEITEKAST H3 HEOOXOMUMOCTH ONpee-
stenns 3uadenus IO qa pansueiimmero ncnoibzoBanus B pazpaboTke
U3J1e/IH-aHAI0r0B, IIPOrHO3UPOBAHNN HAJAEKHOCTH Y3JI0B KOMIIOHEHTOB
IOJABHUIKHOIO COCTABA M BIOCIESICTBUHE BO3MOXKHON ONTHMH3AINN pervia-
MEHTa TeXHHYECKOTO ODCIYKHBAHUSA U PEMOHTA.

Beaoycosa Mapus Baodumuposne — acimpant, Cankr-Ilerep6yprexuii rocysap-
crBeHnblil yiuusepeurer; e-mail: 27bmw1993@mail.ru, res.: +7(999)007-79-93

Hceneposanue soinoneno npu punancosoit noguepxiike POMU B pamkax nayu-
Horo npoekTa Ne 20-38-90218
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Yacroil HpHuUHOll HeaJeKBATHBIX PELICHUH 38,181 HAJIeXKHOCTH SIBJLSI-
eTCs MCIOJIL30BAHNE OJHOIAPAMETPHYIECKOTO SKCIOHEHIHAIBLHOIO PAac-
npegenenus. C OHOI CTOPOHBI, JAHHBIA ITOAX0M YIPOIIACT PEIIeHne
MHOPHX 34749 [0 OLEHKE HAJEKHOCTH, a C JAPYroi — HAKIAJBIBACT HA
MO/IeJIb PsIJI, OTPAHUYEHHH | ejaeT pacder rpybo npudamxennbim. Ha-
IIpuMep, HPOrno3supoBaHiie HaJleKHOCTH Ha HCIIOJIb30BaHHUEM 3KCIIOHEH-
[HaJIBHOI'O paclipe/elienus He YyUIUTbhbIBaeT IIPOIecChl, CBA3AHHBIC CO CTa-
penueM 1 u3HOCOM. TakKe CTOMT OTMETUTD, UTO JAHHBIH 1101X0) K pac-
qeTy IoKasaTeael HaJeKHOCTH XapaKTepH3yeTcs JOMYIICHHEM O TOCTO-
SIHCTBE IAPAMETPA IIOTOKA OTKAZ0B IPH ToM (haKTe, UTO PealbHOe 3HaMe-
HHE JAIHOrO MOKA3ATeNs 38 PACCMATPHBACMBIC TPOMEXKYTKH HapaboTKH
H3MeHndaeTcd B HeCKOJbKO JeCATKOB pas. BC.HGJ_LCTBHB AaHHBIX 0C066HHO—
crei 6bl.H0 IIPHHATO penienue oCyHtieCTBUTD HIPOIHO3HUPOBaHKe IlapaMeT-
pa IIOTOKa OTKa30B C IIOMOIILIO a/JallTHBHDLIX METOJ0B, a HMCHHO Ha OC-
HOBE MOJIEJIH XO.TILT&‘ yHHTepCFL C HUCIHOJIL30BaHHeM allllapaTa TeOpHH
BbIZKNBaeMOCTH.

ITocTranoBka 3amauu. OO0 U3 NEPCIEKTHBHBIX HAIIPABICHUN pas3-
BUTUS KPATKOCPOYHOIO IIPOrHO3UPOBAHNS CBA3AHO ¢ AJAITHBHBIMU Me-
Togamu. OHI H03BOJISIOT CTPOUTH CAMOKOPPEKTUPYIOUIUECS MOJENIH, KO-
TOPBIE MOTI'YT ONEPATHBHO PEArMpOBATHL Ha W3MEHEHHe YeJIoBuil. Ajar-
THBHLIE METOJIBI YUHTLIBAIOT PA3HYIO HEHHOCTH YPOBHEH psijia: HOBU3HY
u yerapesanne HHGOPMAIUH, YTO ABJSETCS BAYXKHON 0CODEHHOCTHIO JIJIs
IPOrHO3UPOBaHKs NoKasaTe el najexknaocru |3]. Ilomumo sToro, B Teue-
HHE IoJIa XapaKTep lapaMerpa MOTOKa OTKA30B MEHSETCI OT Ce30Ha K
CE30HY, & TAKIKE 3aBUCHT 0T HHTEHCUBHOCTH IKCILIYATAIIUN [1OIBUKHOTO
COCTABA M PEAJN3YEMBIX KOPPEKTUDYIONIUNX MEpPONPHATHIl, HallpaB/IeH-
HBIX Ha IIOBBIIICHHE HAJAEKHOCTH 0bopyaosanus. Takue npoueccsr omu-
CaTh M IPOCHO3UPOBATH OBIBAET CJIOMKHO M HAMIYUIINN Pe3yJabTar JJis
LPOLECCOB ¢ U3MEHIONEH s TeHIeHIHEeH TAI0T AJAITHBHbIE MOJIEIH.

Henpio JAHHODO MCCHIEJIOBAHIS ABJSETCS OIMUCAHNE, MOJICIUPOBAHNE
0 [IPOTHO3MPOBAHUE IIPOLECCA M3MEHEHMs! [IApPaMerpa I[IOTOKA OTKA30B
6JI0Ka YIPABJIEHHS JABEPH 110 JAHHLIM SKCIIyaTanuu ¢ supaps 2019 roga
1o greppans 2022 rofa u NPOrHO3UPOBAHNUE HA 3 IIArA BIIEPE.

Metoa Xonbra — ¥Yuarepca. [lo sxcrepuMeHTAILHBIM JAHHBIM 18-
paMerp MOTOKa O0TKA30B 0OLIMHO Olpejesaercs no GhopMye:

_Anft)
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rae An(t) — uucno orkazos Ha unrepsasne Hapaborku Af, N(t) - wmc-
JI0 OGBEKTOB (HCCIEAYEMBIX TOKazaTemeil), paboToCocoBHBIX K MOMEHTY
HACTYILICHHS mepuoia Af.

Meroyx Xospra - Yurrepea siBisiercss MOguuKanuell SKCIOHEHIU-
AJILHOTO CIVIAYKHBAIMSL JJIsl PAJOB ¢ CE30HHOCTBIO. B pesynnraTe mosy-
AIOTCsL YPABHEHUS € TPEMsl HOCTOSHHLIMYU CIVIAMKHBAHUS:

1. Craazkenusrit ps;:

Y,
Lo kS_f' + (1= k) ( Ly + Ti1).

t—s

2. TpeH,’lOBaﬂ COCTABJIAIOIIIA:

T‘l. = b(Lr — Lg_l) + (]. — l])T,l,_l.

3. CB3OHHHJH COCTaBJIATIOILA:
Y,
S = ¢== + (1 — ¢)Ss—s.
L,

3necy YY) — mexopublit pay vabatogennii; L, — croaxenusiit ps; Ty
Tpen; S; — ce30HHAsg cOCTABJsIONAN; k, b, ¢ — mapaMerpsl aJalTalum,
k,b,q € [0,1], s — uncio dhaz B HOTHOM CE30HHOM IUKJIE.

[Tpornos Ha p mIArOB BIEPE]T OCYIIECTBIIAETCS CJAEIYIONNM 06pa3oM:

i;r,+-p = (L.' + p,ft)St-}-p—x-

O].LEHK}’ HadexKHOCTH TeXHUIECKOH cucTeMbl 110 AKCILIYyaTallMOHHBIM
JaHHBIM MOXKHO IIpeacTaBUTh B BHJ/E 3a/JaH aHaJlu3a BLIZKNBaAeMOCTH,
MCTO}II:I araJin3a JaHHBIX O BBIZKHUBaAHHUN ITPOJOJZKAIOT aKTHBHO PDa3BH-
BaThed B nocienuue pecarmierns |[4]. pumenenie sTux MeTom0B Mac-
lIleL6I/IpyeTCFI OT UX UCIIOJIL30BaHHA B UCCJCJOBAHNAX paKa U HaJCHKHIO-
CTH J10 GU3Heca, KpUMUHOJIOTHH, SIHAEMUOIOTHE, 8 TaKKe COIUaIbHbIX
" IIoBeJieHIeCKNX HayK. HM(—)I—IH() NpUMEHECHHEe Cl')yHI(IJ,PII/I BbIZKHUBaeMOCTH
B GHOMEIMIIMHCKHX 38J1a9aX XOPOII0 MOAXOMUT JUIS aHAJIH3a JAHHBIX O
BLIKHBAHMHE ITOTOMY, 9TO HAIPSAMYIO OIMCBHIBACT ONLIT BLIXKHUBAHHS HC-
ciaeayemoit koropre! [5]. B eiayvae npuMeneHus JAHHOrO HOAX0Aa B 06-
JIACTH AHAJH3a HAJEKHOCTH B KAYECTBE KOIOPTHI BHICTYIIAET BHIOOPKA
HApabOTOK MEKIY /10 OTKA3AMHE /OTKAZA.
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Yucnennas peanusanus, Jist onTHMH3AINE IapaMETPOB ajall-
Tanun GLIIA TOCTPOEHA, OIeHKA (DYHKITHH BLIKUBACMOCTH JIIst (haKTHHe-

CKHUX JaHHBIX psJIa:
- d;
Sty =] (pﬁ),

1<t 1
rae d; — cyMMa <«BBIOBIBIINX» O0beKTOB 3a Hapaborky f;, R; — cymma
«JIOIKUBAIOIIMX Y [10 MOMEHTA ;, UCKJIOUAs] « BBIOBIBIIUX». AHAJIOTUTHEIM
06pazom Oblsia ocTpoeHa pYHKIHSA BHIKHBACMOCTH JULA CMOJCTHPOBAH-
HOIO psiJia [IAPAMETPOB HIOTOKOB OTKA3Z0B g (t).

ITapaMeTpbl ONTHMH3AIMH YCTAHABINBAIOTCS TaK, YTOOLI MHHUMA3H-
poBaTH cpeHIoN KBagparnueckyio omubky (Mean Squared Error) jmus
(hyHKIUN BBIXKHBACMOCTH:

e

MSE = % 3 (?(t) - E(t)) 2 )

=1
rjae T — ofimee KoJHIeCTBO HapabOTOK.

B pesynbrare nonyuaem rpadguku, nzodpakennsie Ha puc. 1 1 puc, 2,

1.2

0.8

06 —— 5 dhakr
—e—5mod
04

0.2

- = o= =
=@ @2 2@eeeg 8RR QNN ST Y
i L g @ d r & & o 5 @

o a g ] it} = @ ar & [
& 8 § é 8 o v & § 8 8 & § 8 & S e 0 g 3

Puc. 1. I'padur dyukuun BuIZKHBAEMOCTH

CpeanekpajpaTuiias omubKa MPOrHO3a JIJIs BPeMEHHONo Psjla a-
PaMeTpPOB [OTOKOB OTKA30B cocrasmia 4,2:107°,

BLIBO,EU:I. ,H‘a.l'IHbIﬂ MeTO/ ITPOIHO3a BRJIIOYaeT B cebs COBOKYIIHOCTDE
HECKOJIBKHUX TTOJAX0HM0B:
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Puc. 2. I'padbuk HHTEHCHBHOCTH OTKA30B A

1. UenonbzoBanne aHaln3a BHIXKUBAEMOCTH, KOTOPLI KOPPEKTHO yUuH-

ThiBa€T TOHKOCTH (i)yI-IKH,HOHlpr()BaHHH TeXHHYCeCKNX CACTEeM;

2. H})HM@HGHH(‘, MOJdeJIn XoJbra — yl/IHTepCEL, KOTOpasd I103BOJIfAeT CTPO-

HTH TOYHBIC KPATKOCPOYHLIC ITPOT'HO3DLI.

Pa:spaﬁorral-ma,ﬂ METOJMKa aHa/Jaus3a W HPOIrHO3UPOBAaHH:A JaHHDBIX O

HAJEKHOCTH Y3JI0B HPHMEHHMA I aHAIN3a JAPYIUX Y3J0B KOMIIO-
HEHTOB IIOJBUYKHOIO COCTABA € BO3MOXKHON KOppexnueil mapaMerpos
BPEMEHHBIX DPsJIOB (CE30HHBIX KOMIOHEHT, KO3(h(DHUIMEHTOB aJallTaliun
v ap.).
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VIK 519.7
Boaarbexk A.

Hennoctrs nugopManuu 0 rpaHUYHBbIX YCIOBUAX
B 3a/ia4e OINTHUMAaJILHOI'O PACXOJ0BAHUS 3aacOB
PecypcoB IIpU TEPMHUHAJILHBIX OI'PDAHUYEHUAX

Pexomendosano x nybauravyuu npogdeccopom I'pomosots E. B.

1. Beegenne. B pabore paccMaTpuBaeTcs TeopeTHUECKas 3a7a-
8 JOOBIMU HEBO30OHOB/ISEMBIX PECYPCOB IPU HAJNMYUN TEPMUHAJIBHBIX
orpasmiaeHuil. 3HAHHE O BXOJHBIX JAHHBIX BJHsieT Ha BLIOOD onTH-
MaJILHOTO YIIPABICHN H Ha NMPUOBLIL, MOMYTIacMyI0 0T JOOBIUN pecyp-
coB [1-3]. s necneioBalust JAHHOTO BAMAHUA PACCMOTPEHA BeIHIHHA,
onpejiejsieMast Kak nernocts uadopmaimn. Jdamnas Benuunna j1eMoH-
CTPHPYET BO3MOXKHEBIC HOTEPH ¥ HEOOXOJIMMOCTL MOJTHOTE! HHPOPMAIITH
0 BXOJHBIX JAHHBIX. B paMKax HPHOIHIKEHNS 3aJa4H K NPAKTHYeCKON
OBLIN TAKIKE HCIOJB30BAHbI JAHHBIE U3 OTKPBITHIX pecypcos [4-6| u mo-
CTPOEHA 3aBUCUMOCTH IIEHHOCTH HHMDOPMAINH OT IapaMeTpoB.

2. Teoperuveckas s3ajada J0OBIYM HEBO30OHOBISEMBIX pe-
cypcoB. Pacemorpum 3aiany go0bitu 3al1aCOB PECYPCOB.
2.1. ITocranoBka 3aga4u. PaccMOTPUM TEOPETHUECKYIO MOJICIDL
Ha ONPEJRIeHHOM IIPOMeXKYTKe BpeMenn [tg, T]. Jdns yao6crsa Beraucie-
uuit oupejenum o = 0. Ilyers umeercs: obuuit yposenns 3al1acos pecyp-
coB x(t), KOTOPBIl 3aBHCAT 0T 06beMa JOGLIUN PECYPCoB & H3 HEKOTOPO-
ro gouycrumoro muoxkecrsa U. Io yerosuam sanauu norpebyem, 1rodb
OBLIN 3aJAHLI YPOBHH 3AIIACOB PECYPCOB B HAYAJBHBIN X M KOHEUHBIN
X momentnl speMenn. Taxum obpaszom, guHaMHUKa, 0OIEro ypPoBHS 3a-
HACOB PECYPCOB 3aJIACTCS CISAYIONIM 00pa30M:

z(0) = X, (1)
z(T) = Xy

Boaamber Aticana — crypent, Cankr-Ilerepbyprexkuil rocyjapcTBeHHbIN YHUBEP-
curer; e-mail: st073528@student.spbu.ru, ren.: +7(900)637-60-40
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Hens onpenensiercst Kax mojydeHne MAKCHMAILHO BO3MOYKHON IIpH-
OBLIH 38 cUYeT HOOBIMH PECYpPCOB:

T

J(T,u) = /c\/ﬂdt — max, (2)

uely
0

rje ¢ 2 0 — koaddunuent, cBA3LIBAIONINN 06beM J06LIMH U OBIIYIO TPH-
OBLILE.

Taxum obpazom, 3ajada CBOIUTCI K 3ajade Jlarpamzka moucka or-
THMAJIBLHOIO yupasieHus u* ().

2.2. IIpumenenne npuHpuna maxkcumyma llonrpsiruna. B
3aJ1auax MOMCKa ONTHMAJBIOTO YIPABICHHS MOYKHO IPUMEHUTDL IPHH-
i Makcumyma [Tonrpsiruna, Koropsiit siBjsiercest HEOOXOJUMBIM YCII0-
BuemM onruMansocTy | 7], Hocrponnm dynkinmio I'aMuibrona Jis 3818
(1), (2):

H(1p,u) = Y(—u) + cvu,

riae ’l,':l - COlIpsAZKeHnHnas lepeMeHnasd.

HPHMGHHM YCHOBHA OII'TUMAJILHOCTHA % =0mu TpaHnCBepCaJIbHOCTH
’l,/ff = %L:" Takzke MOKHO IIOKa3aThb, ITO I'eCCHaH ABJACTCA OTPHIATE b~
HO olpeae/JieHHbIM ITPH ’n‘./'J > 0, TEM CaMbIM BBIIIOJIHACTCH JOCTATOTHOE
YCJIOBHE OII'TUMAJIBHOCTH. Pemas KamoOHnUICCKYIO CUCTeMY, IToJaYyYaeM OIl-
THMaJbHOE YIIpaBJICcHHEe I COOTBETCTBYIOLLYIO eMY OITHMaJAbHYIO TPacK-

TOPHIO:
Xo—X; X=Xy

u'(t) = | ——= " (t) = | —4/—— ] t + X,.

u" (1) ( T g ) 7 + Xo

HonycruMoe MHOKECTBO YIPABJICHHN B OJHOMEPHOM CJIyvae JJis 3a-
gaan (1), (2) moxmHO BBecTH Kak u € [0, Uy, 0, Beanauny t,,,, MOXKHO
00BACHUTL KaK HEKOTOPYIO BEJINUNHY, OIPAHMIHBAIONIYIO 00beM 065N
pecypcos. st BBIMOJHEHUS JAHHOIO YCJIOBHA moTpebyem, 9TOOLI BbI-
nonHanock cueaylomee coornomenune: Xy = Xg — Ttyqq. Homyuaem
3HavYeHne (DYHKIMOHAJA IPH ONTHMAJLHOM YIIPaBJIeHHN:

J(F, u*) = c\/(Xo -Xp)T.
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3. OnTuManbHOEe yNpaBJ€HHUE B YCJIOBHUSIX HEOIPEIEeIeHHO-
ctu. [lomyuennbie pe3yabTaTh IIOKA3BIBAIOT, YTO BXOJIHBIE JIAHHLIC BJIH-
SI0T Ha BEJIHYHHY ONTHMAJIBHOTO YIPABJICHHS W Jajee Ha TIPHOLLIb, M0-
JIYHAEMYIO OT JOOBIMH Pecypcos.

3.1. HennocTs mudopManun. IIpegcrasumM cuTyaimo, Koria
H3BECTHOEC 3HATCHHE YPOBHIA 3allaCOB pPecypcoB OTJIMYaeTCd 0T HCTHH-
HOTI'O. ﬂ\OH’:\[CTHM, UMEeTCs M3BECTHOE 3HAUYeHHEe B HAYAJbHBIIT MOMEHT
spemenn Xg. Torya coorsercrsyone 3ToMy 3HAMEHUIO OITHMAJILHBIE
yOpaBJIeHie, TPACKTOPHUA B (DYHKIMOHAT HMEIOT BI

X-(] . Xf i XJ’" — 2()

ar(t) = L) #0= =

t+ X(h

J(T,8") = ¢ ()?0 - Xf) T.

s onpegenenus BAMSHUS TOJHOTH MHGPOPMAIME 0 HAYAJIBHBIX
JAHHBIX HA YIpaBJIeHHE H IPUOLLIL BBEJEM MOHSTHE «IIEHHOCTL HHQOP-
marn» [1-3].

Onpeaenenne 1. Llennocts undopMaimyn onpeieIseTcs Kak

J(Tu*) — J(T,u")
J(Tur) '

-

riae J(T,u*) — npubbLib, mogydaeMas IPH HOJHON HHDOPMAIUH, B TO
Bpemsa Kak J(T,0%) — npuOLUIL, nojrydaeMast IPH HEeIIOJIHO.

Haunee, oupenenum )?0 = Xy ~ U3BECTHOE HAYAJBLHOE 3HAYMEHHE, [/
o > 1 cooTBeTcTBYET Cydalo, KODJA JIAaHHBIC IEepeoleHensl, a o < 1
CIIYIAI0, KOTJA HeJ00IeHeHbl.

st yaobersa onpeje/nM 3HaMeHHe B KOHEYHBI MOMEHT BpeMeHu
kak X; = (X, rie cornacHo mocraHoBke 3ajaqn 3 € (0,1]. pumu-
Masl BO BHHMaHHE JAHHbIe 0003HaUYeHUs, MOJAYIYUM BEJIUUHHY HEHHOCTH
uHpoOpMAaIuu

(3)

3aMeTHM, YTO BEJHYHHA (¢ COOTBETCTBYET TOYHOCTH OIGHKH 3aI1acoB
PecypcoB, KOTOpas BJIHIET H Ha TePMHHAJLHOE OrpaHuvenue, T. e. X,
Taxum obpasom, mozkno ssecrun Xy = X ;. Torjga onrumanbioe ynpas-
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JICHHE W COOTBETCTBYIOIIAM eMY OIITHUMaJ/JbHAMN TPACKTOPHUA UMEIOT BIJL

~ ~

T (t) = @ £t Ko,

JT,8") = ¢ (Xo - Xf) T.
B mauapix obo3HAYEHHAX EHHOCTH HH(MOPMAIHH

Va=1-va. (4)

Hazosem nennocru, noiaydennsie B (3), (4), cayqasvu 1 u 2.

B panbreiimenm npezioaraercst pelnTh 06paTHYIO 3a/1aty, & HMEeH-
HO, HCnosb3ys hopmynst (3), (4), uceneoBaTh, KAKHMH JOJKHBL OLITH
npejensl s o, 3, 9Tobul 3HAYeHNs OTHOCHTEIBLHLIX HOTEPh HPHOLLIN
HE NPEeBBIIIATH 38JJAHHOIO 3apaHee IIOPOroBOro yPOBHsI.

3.2. HennocTs mHpoOpManumu Ha npuMepe O00BIYM OXOT-
HUYBUX pecypcoi. IIpeicTaBuM cuTYaINo SKCIIyaTalun Gnotorue-
CKHX PecypcoB, B KOTOPOH HpeHebperaeM eCTeCTBEHHBIMHU IIPOLIECCAMH,
TAKHMH KaK POMKIAEMOCTh H CMEPTHOCTE 110 CCTCCTBEHILIM IIPHIHHAM.

[To panmeim Poccrara, momyss-

0 e nust Oypeix meapeieii na 2020 rogx
w e o cocrasnser 286100 ocobeit [4]. Mme-
> 02 S
e —— Coyweg 2 eTcsl 3aKOH O COXpaHeHHH OXOTHH-
w0 YBUX PECYPCOB, KOTOPBIH yCTAHABIIU-
who oh wie oM 11 L LB L ik
a BAEGT OIPAHUYCHMS Ha OXOTY, ECJIN
-t YUCJIEHHOCTL HENPEPBIBHO COKPAIa-
> Cnyuait 1, p=0.5
g~ Bt 3 s Jach B TeUeHHE He MEHee TpexX JeT
T . (o Cnyuaii 1, p=0.7
‘ s e B obmelt ciaoxkHOCTH Ha Dosee €UeM
e, Y, -
o o wie om i m Le L e 50% [5]. Taxaxe, nmeroTcs ycTaHOB-

a

JICHHBIE CPOKM CE30HA OXOTBI, K IIPH-
Puc. 1. Heunocrs undopmanmn u Mepy, OXOoTa Ha MeJBeJell Bejercs ¢
sorapudm tennocTH uudopMaII 21 mapra no 10 uonst u ¢ 1 aBrycra
1o 30 wosnbps [6], uro cocrapiser B obmedt crnoxkunoctu 606 nueit 3a Tpu
roja. JdonycTuM, Begercs MaccoBasl OX0Ta Ha XUIHUKA W TOILKO ¥ OTHO-
ro HpeJnpUaTHs UMeeTcs JIHIeH3us Ha oxory. IlocrpoumM 3aBHCHMOCTE
HeHHOCTH HHAMOPMALHHE s caydaes 1 1 2 0T napaMeTpa HeOolpPe/IeJIeH-
HocTH v (eM. puc. 1). MoKIO H0Ka3aTh JINHEHHOE N3MEHEHHE BeJIHYNHLL,
1 OTHOCHTEIBHOE Yepes JorapudMuuecknii rpaguk.
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4. 3akmouenue. B xone paboThl HOJIYUEHBl ONTHMAJbLHBIE YIIDAB-
JIEHHUSI U TPAEKTOPHS, & TAKKe COOTBeTCTBYIOMas npubbuib. Beeno mo-
HSTHE TEHHOCTH HH(MOPMAINH JIJI15 38/J]a9H ¢ TePMHUHATBLHBIMEI OTPaHHYe-
HirsiMu, TeopeTuteckue pesyibTaTsl IPOLEMOHCTPUPOBAHBL HA IPUMEDPE
JIOBBIMH OXOTHHYBHX PECYPCOB € YUETOM OIPEIeIeHHBIX YCIOBHIl.
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Kapeesa 0. C.

I_[PIHaMH‘-IeCKaH MOJJeJIb BJUAHWA Ha MHEeHUI
Y4aCTHHUKOB cou;naanoﬁ ceTn

Pexomendosano x nybaurayuu npogdeccopom Cedarosmm A. A.

1. Beegenue. Muorue Mojienn JUHAMIKYE MHEHHE (DOKYCHPYIOTCS B
LHEPBYIO OYepeLb Ha CXOAUMOCTU Hpolecca (hOPMUPOBAHUS MHEHHUI, KO-
P VIACTHHKYM CONMAIBLHON IPYINLI 0OHOBIAIOT CBOM MHEHHS 110 ONpe-
Jgepennomy upasmy |[1,2]. Masivu ciioBaMu, pessb HIET O JIOCTUKUMOCTH
KOHCeHCyca BHYTPH KOJUICKTHBA. BMecTe ¢ TeM 3a4acTVIO PacCMaTPHUBa-
I0TCS CIIYYaH, KOrja YUYacTHUKH CTapaloTcd H3MEHUTL MHEHUA JIPYTHX,
npecaeysa MHIUBHIyaIbibie e, Ho B IeficTBUTeIbHOCTH TakKe BO3-
HUKAIOT CHTYAIIMH, KOLJIA JTAJEKO He KAy I YiIeH MPYIIIbL nMeeT 110106~
HBI HHTepec, MHOrHE YUACTHUKH OTCACKUBAIOT MHEHHA JPYIHX M HHO-
/18 KOPPEKTUPYIOT CBOM COBCTBEHHBIE, B TO BPEMs KAK JIMIIb HECKOJIBKO
YYACTHUKOB HMEIOT BO3MOMKHOCTB BJIMATE Ha MHEHHSA OCTAJBHBIX, CTPe-
MICh JIOCTHYE cobeTBenHbIe Tesn [3-6]. B cBa3M ¢ 9THM Beex yIACTHHKOB
CONMABHON IPYIIIBI MOXKHO MOJEINTE Ha ITACCHBHBIX M AKTHBHBLIX.

B pannoit pabore uccsepyercs BAUSHAE AKTUBHBIX COLUAIBHBIX AeH-
TOB HA MHEHHA HEKOTOPOH T'PYIIL B TEUCHHE KOHEUHOTO IPOMEKYTKA
BPEMEHH U UX B3AMMOJICHCTBHE APYI € JPYIOM, AHAJUZUPYIOTCS U3MEHSI-
IONUECs] [IPH 9TOM MHEHUS YUACTHUKOB I'PYIIIEL.

2. Mogeas. PaccmaTpuBaercs colMaibHas CeTh ¢ KOHEUHBIM HHC-
JIOM HACCHBHBIX AICHTOB. B JAHHOM cJIyuae NPeJOIaraeres, UTo aK-
TUBHBIE AMGHTHL HE COCTOAT B CETH, HO O CYIIECTBOBAHHU KarKJIOUO U3
HHUX 3HAIOT Bece HaccuBHble arenrsl. [Iyers N u A — MHOXKecTBa AKTHB-
HBIX M [ACCHBHBIX Al€HTOB COOTBETCTBEHHO, UpH 3ToM |A| = a, |[N| =n
u a > n. lpeunonaraeres, 4To aKTHBHBIE areut (B jajbHeliiem
UEPOK) MOMKET BJMATH HA MHEHHS [IACCHBHBIX ATEHTOB (IIPOCTO a2eh-
Mo6) B CeTH B TEUCHHE KOHETHOIO [POMEKYTKA BPEMEHH € IEPHOJAMH
T ={0,...,T}. Ilpu T0M AreHTH He MOTYT BJIHATH HA MHEHUS OCTAI -
HBIX y9acTHHKOB. Ilycrs 1,9 € X C R — mauanbHoe MHEHHE areHra ¢, a
zi(t) € X C R - ero muenne B moment ¢ € T\ {0}. 1 mycrs BexTOpDLI

Kapeesa FOaun Cepeeesna — crygent, Caukr-Ilerepbyprexuii rocyrapersensstii
yuusepeurer; e-mail: st061419@student.spbu.ru, mesr.: +7(991)116-72-37
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x(t) ¢ anemenramu x;(t), ¢ € A u xp, T OTPAKAIOT MHEHUS AIEHTOB
COIMAJILION CETH B HEPHOJ § H B HAMAJNLHBIH MOMEHT BPEMEHH.

Vrpoky OKa3LIBAIOT BIMSHHE HA APCHTOB, CTAPASCH H3MEHHTL HX
MHEHHE B [IPEANOUTHTENLHYIO JUIst cebst cropouy. [lyers peiicTeue urpoka
i € N B moment spemenn ¢ € T\ {7} obosuauacrcs gepes w;(t) € U C R,
wu(t) = (ui(t),...,us(t)), t € T\{T'}. Arent, B cBOIO OUEpE/Ib, HE TOJL-
KO yUUTBIBAET CBOE COBCTBEHHOE MHEHUE, HO U TAKIKE OPHEHTUPYETCs Ha
MHEHUS JPYTUX YUACTHHKOB CETH.

Teopemuro-ueposas modean dunamury mrenuls Ppudkuna — Jocon-
cena OUUCHIBAETCS CUCTEMON

wi(t+1) =i | Y wigmi(8) + D bijui(t)| + (1 - si)wio, t€T\{T}

JEA JEN

¢ HavanbubiM yenosuem x;(0) = @i, i € A. 3aecs s; € [0, 1] upexcras-
Jsier coboit cTeleHb HEYCTOMUMMBOCTH areHTa i € A K U3MEHEeHUIO cob6-
CTBEHHOIO MHEHHs (IeM OHa HHZKe, TeM «yIpsMee» arcur), w;; € [0,1] -
creleHb Josepusi areHta i € A Muenmio arenta j € A, a by € [0,1]
MOKABLIBACT CTEIEHL MOBepudA arcnTa ¢ € A urpoxky j € N. Pasencrso
wi; = wj; He 00AZATENLHO JOJKHO BBIIOJHATHCS, HO NPEIIOIAraeTcs,
aro Y. Wij + 5 bi; = 1 gna moboro ¢ € A.

JEA JEN

Dynryus GLIULPLILLE URPOKG | 388€TCsl CJIeyIoNnIM 0bpasoM:

T-1
Ji(u) = Z Pt ) Z(T,(f) - %)+ (1 - ap)eiu(t) | +
=0 & JjeN

1[31 Foth b
+ PTE Z (23(T) — 2)°.
JEN

Buech 7; € X C R — kenaemoe Muenue urpoka ¢ € N, K KOTOpoMy OH
XOUeT CKJAOHHTEL areéHTOB 38 OTBEACHHOe BPEMS, BEIOUpPAas CTPATEruio ;)
¢; > 0 — 3arparsl JAHHOTO HI'POKA, KOTOPLIE OH HeceT, BuIOupas u;. C
BecoM «; € [0,1) UIPOK ¢ OPHEHTHPYETCs HA CBOH 38TPATHI, CBA3AHILIE
CO CPEeIHEKBAJIPATHYHBIM OTKJIOHEHUEM MHEHUI areHTOB OT JKeJIaeMOTo
urpokoM, u ¢ secom (1 — ;) — Ha 3aTparTs Ha Biuaaue. [lapamerp f; —
BeC, NPHAABACMBI CPeIHEKBAJAPATHIHOMY OTKJIOHEHHIO B TePMHHAJb-
uptii Mmoment, p € (0, 1] — mapamMerp AUCKOHTHPOBAHUS.
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Ecrecrsenno npeanososuTs, UTo MEXK1y UI'POKAMH BOZHHKAET KOH-
(bIHKT, HOCKOABKY KazK/IbIi 13 HUX CTPEeMHTCS YCTAHOBUTH B KOJJIEKTH-
Be MHeHHe, G/IM3Koe K cBoeMy KestaeMoMy. B ciyuae rakoro kondukTa
ompejiesieHne AeHCTBHN aKTHBHEIX YyUACTHHKOB OyJeT OCYINecTBJIATbCS
COTJIACHO KOHIEMIHHA papHoBecHs 1o Hamy [7].

I/II‘pOKH YHUHUTDLIBAOT JIMHAMUKY MHEHHUH areHToB ceTHu Hu BI)IGHP?LIOT
cTrpaTeruu u; TaKuM 061)&:30M, YTOOLI MHUHUMHU3UPOBATH CBOM BBIMI'DBITITN,

3. Meronmonorusa asanusa pelieHus MocpeJcTBOM MHCJIEHHO-
ro MOZEJUPOBaHMA. PaccMaTpuBaeTcs KJace MO3HIMOHHBIX CTPaTe-
I'Hii, IIOMCK PABHOBECHBIX IIO3UIIMOHHLIX CTPATErHil OCHOBAH Ha IIPHHIU-
e JMHAMIYIECKOTO IPOrPaMMHPOBAHHIS,

HucneHnoe Mo MPOBAHKE IPOBOJUTCH Ha Kiacce besMaciTabHbIX
cereit (scale-free networks). Beamacmrrabias cerh — 970 rpad, cremnenn
BEPIIMH B KOTOPOM PACIpPeeIeHbl 110 cTeneHHoMy 3akony. Cunraercs,
YTO TAKHMH CETSIMH XOPOIIO MOJCIHPYIOTCS MHOIHE PEATbHBIE COIHATD-
HbIE CEeTH.

C nomonipio Mogesn Bapabammu — Ansbepr [8] renepupyercs 1000 ce-
reit ¢ 50 ysnamu. CoracHo a1oit Mojenn, rpad U3 1 y3JI0B HOIyUaeTcs
IyTeM HPeJIoITHTeIbHOIO IPUCOeIHHEHH HOBBIX BEPIIHH ¢ YHCIOM pe-
Oep m K HEeKOTOpO# HavaJbHONH CeTH.

IIpennonaraercs, 410 ceTh (GOPMHUPYIOT HMEHHO AréHThl, HIDOKH ¥Ke
HAXOJATCS 38 ee lpejefaMi, TaK¥Ke BCe arleHTbl OCBEJIOMJICHBI O Cyle-
CTBOBAHHH KazJIO0 UI'POKA.

ADeHTHI OIEHUBAIOT CBOE JIOBEPHE UTPOKAM I10 CJICIVIONIEH ITKAJIe:

e () — «He JOBEpsIIO»;

0,25 — «cKOpee He JOBEePsIO»;

0,5 — «TACTHYIHO JOBEPSAIO»,

0,75 — «cKOpee JOBEPAIO»;
e 1 — «JIOBEPSIO HOJHOCTLIOY.

B paGote npeanonaraercs, 4ro JoBepHE AreHTA UIPOKY OLPEJIesIseT-
CsI COIVIACHO BEPOsATHOCTHOMY paclipelle/IeHHIO Ha IIp('!J.IC'l‘aBJIGHI'IOfl IIKa-~
Je JIoBepus.

B curyarmn, xonga erenenn JIOBEpHs AreHTOB JAPYT APYIY He H3BECT-
HBI, HMEeT CMBICJI HX OICHHBATEL 110 rpady Ha OCHOBE PA3JIMYHLIX MED
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HEeHTPaJbHOCTH. Mepa IeHTPaIbHOCTH IIOKA3LIBACT, HACKOJIBKO «BJIHSI-
TEILHBIM» ABJIACTCH TOT WJIH HHON y3e] B CeTH.

B pabore paccmarpmuBaiorcs JiBe MephI NEHTPAILHOCTH: Mepa IeH-
TpajbHOCTH 1O crenenn (degree centrality) B Mepa IEHTPaNbLHOCTH 110
Gumzoctu (closeness centrality).

Crenenn J1oBepusi OLNEHHBAIOTCS LIl KAYKION CeTH, H JJIsl KaxKJoii
peau3alni HaXO0AHTCHA PaBHOBECHE,

4. 3akmouenue. B gjannoit pabore nccienoBajsach TeOPEeTHKO-HIPO-
Bas MOJIENb JUHAMAKKE MHenuii @puakuna— [I:Koncerna, B paMKax KOTO-
poil HIPOKH CHOCOOHBI OKA3BIBATH BJIMSIHHE HA AUCHTOB B COLHAJBHOIN
cern. IIpeanonaraercs, 9To HTPOKH MOTYT OTJABATh MPEJIICUTEHHE, Ha
TTO UM JIYHILEe OPHEHTHPOBATLC:A: Ha OTKJIOHEHNEe MHEHHUH areHToB OT
ZKeJTacMOoro HIn Ha 3aTpaTbhbl, CBA3AMHNLIC ¢ YIIPaBJICHICM. Arenrtnl (bOp-
MHUDPYIOT MHCHHI, OIMUPasCh Ha CBOIO HaaJbHIYIO TOYUKY 3pPEHHs H Ha
MHCHMS JPYTHUX arcinToB B CETH. HO}IP?LSIYMBBF}.CTCH TaKzKe, ITO Ka}KﬂbIﬁ
H3 UI'POKOB ):L(—)ﬁCTByeT B COOCTBEHHBIX Harepecax.

Ha ocnose PE3YILTATOB, ITOJYHUCHILIX B XO/JA¢ THCJICHHOTI'O MOJIEJIHPO-
Banust Ha 1000 6eamacinrabHBIX ceTeil, Caenanbl CIeIyIOe BhIBOIbL:

e BuIfpaHHAs Mepa HEHTPAJLHOCTH, ¢ HOMOIILI0 KOTOPOH OLeHIBA~
I0TCSl CTEIEHH JIOBEPUs AreHTOB JIPYT JIPYTY, OKa3blBaeT Hecyle-
CTBEHHOE BJIMAHNE HA BEJMYUHY BLINIPBLINIA IPH PABHOBECHOM I10-
BEJICHUH;

® CM MeHee <«YIPsdAMbI» areHTbl, TeéM IIPOIe MaHHUIIYJINpOBaTh HX
MHEHHI MM

e ueM OJIHIKe cpejHee HavaJlbHOC MHEHHE areHTOoB K KeJlaeMOMY HI-
POKOM, TeM MEHDLIIIC Gy,IIGT €I'0 BBIMI'PBIIII.
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VIK 519.83
Mazanos I'. II.

06 ycroiitynBOCTH KOONEepaluu P KOCBEHHOM
B3aUMO/IefiCTBU UI'DOKOB

Pexomendosano x nybauxayuu doyenmom Hankpamosot 5. B.

1. Beegenue. Teopust urp — 910 MareMaTHUeCKH METOM, H3YYeHUs
ONTUMAJBHBIX cTpareruit B urpax. llog urpoit nonumaercs mnpouece, B
KOTOPOM yUacTBYIOT ABe u Hojee cTOpoH, Bejymue 6opsby 3a peannsa-
IO cBOMX uHTepecos. Karkias U3 CTOPOH MMeeT CBOIO LEIb U HCIIOJIb-
3yeT HEKOTOPYIO CTPATErHIO, KOTOPAas MOYKET BECTH K BBIUI'DBINIY HIIH
IPOUTPBINTY B 3aBHCHMOCTH OT MOBEJICHHS IPYTHX HI'POKOB. Teopust urp
[OMOTaeT BLIOpATH JIYUNIHE CTPATEIHH ¢ YUICTOM IPEeJCTABICHII O JIpy-
X yYaCTHHKAX, HX pecypcax H UX BO3MOXKHBIX nocryukax. OjHako,
HECMOTPSI HA JIMUHBIE NEJH KaXKJ0ro UI'PoKa, TeOPHs UTD IIPOYHO CB-
3aHa ¢ MaTeMaTHKOH u counmagbHbiMu Haykamu |1]. Benemersue sToro
OHa MOIKET HCIIOJIL30BATHLCHA KaK JACHCTBEHHOE CPEJCTBO IS JAOCTHXKE-
HUS JJOTOBOPEHHOCTEH MEXK/JIy PasJIMYHBIMK JIOAME. B manmoil crarse
PACCMATPUBAETCS CII0COD JOCTHYKEHHUST KOONEPaIul MeyK/Jy HI'DOKaMM,
KOTOpPbIE MOI'YT BHAETH IIPEJAbLAYIINE PEITEeHUs CBOUX OIIIOHEHTOB, H BbI-
OUpaTh, CTOUT JIM ¢ HUMH KOOIEPHPOBATLCS MJIH HET.

2. [TocranoBka 3amauu. B pabore paccMaTpUBAeTCsS ITOCTAHOBKA
3aJa4H1, pe/IokKentas B crarbe [2]. Jannas 3ajada OTHOCHTCS K KJlac-
cy aBomooHHEIX urp [3-5]. IlycTs umeercs GeckoHeuHAs! MOITYISAIMS
urpoxos. HerpepblBio u ciyuaino BeIOHPAIOTEs APLI UI'POKOB s B3a-
umogelicreus, Ha ka0 urepaliun B Kaxk 10l nape BeIOUpPaioTcs JOHOD
u npuemuuk. Jonop permaer, okasaTh nomomns (cxoonepuposarsest C)
win ger (oTkazars D) npuemnuky (coorsercrsento C u D — BosMoxKubie
CTPATErnd KaxkIoro urpoka). IloMolnp yMeHbIIAET BRIMIPEHIII JOHOPA HA
¢ ¥ YBEJIHYNBACT BLIMTPEHINI IpHeMHUKA Ha b, rae b > ¢ > 0. Hna yao6-
cTBa OylleM CIUTATh, UTO KAXKJIbIi Ye/I0BeK B [Iape OJHOBPEMEHHO MOMKET
OBITH 1 JIOHOPOM, M IIPHEMHHUKOM (BBIGOD CTPATErHil IPOUCXOIUT He3a-
BucHMO U oauospemenno). C nebomupinoil BeposTHOCTEIO @ > () J0HOP,

Masanos Iae6 Hempoeuw — crygenrt, Canxr-Ilerepbyprekuii rocypapersennbiit
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KOTOPBI COMVIACHIICS KOOLIEPUPOBATLCS, MOXKET HE HMETh BO3MOMKHOCTH
aroro caenarsk. Ho oTka3y oT HOMOIIM HUYErO IMOMENTATh He MOMKET.

Ilepen mem xak pomop BwIGHpaeT cBoe JeiicTBHe, eMy coobmiaer-
cel O UPEABLAYHNINX BLIOOpAX €ro naprHepa B ciIydaiHo#l Beibopke H3
n = 1. Pemenne JoHopa 3aBHCHT OT KonudecTBa orkason (D), koropbie
OH MOZKeT I'IH.GJ]IOJI?ITI).

Sameuanune. [pasuio Koonepayuy: JOHOP ¢ HOPOTOBOI i-cTpaTeruei
(nazoBeM ero ¢-duckpumunamopom) ByieT KOOIEPHPOBATLCA TOLZA H
TOIBLKO TOI/IA, KOIJa KOJIHYECTBO OTKA30B napTHepa Oyuer ne Gomee i.

Ilyers —1 < 4 < n, 4robbl MOKHO ObLIO HCIIOJIB30OBATH CTPATEIHH
Gesycnoproit koonepamun ALLC (i = n) u Gesycnornoro orkaza ALLD
(i = —1). Pemmenne ninercst B KJIACCe THCTHIX CTPATEIHIH.

B ).'["r].I'IHUﬁ p?l60’l‘(—3 JOKA3bIBaCTCe, “ITO BBC/ACHNE IIyMa « B BHJ/IE
HEIIpeJAHaMepPeHHbIX OTKa30B MOXKET CTaﬁPIJ]HBHpOBFLTb COTPpYAHHUYIECTBO
npu yeqaosuu n 2 2. MeximovenneM U3 npasuiia apisercs ciaydaii n = 1.

Taxske B paMKax ,[(?lI—ll—IOfI 3aJiatn e JeMOHCTPallin paccyx{,ﬂ,eﬂuﬁ
IPEJIATAIOTCS Pe3yIbTaThl HporpaMMHoil peanusanun na Python.

3. Maremaruyueckast Moaenb. IIpeonoxum, 4ro i- IHCKPHMHHA-
TOP BCTPpeUaeT UIPOKA ¢ OTHOCUTEILHON 1acTOTOH IPeiblyInX Koolle-
paruit p. Torya BeposSTHOCTL, UTO #-TUCKPUMHHATOD OKAMKET eMY II0-
MOIIb, ABJACTCH BYHKIMEN TONBKO 0T p. O6o3uaunM 91y (BYHKINIO KO-
onepaun vepes f;(p). Us nocranosBku 3a1atu ciaeiyer, 1To

f_l(p) = 07

fr(p) = (1 - Q)F(i:”:l _p)a i€ (19"':”)1

rie F(i,n, 1 —p) apuserca pyHKIEeR OHHOMHAILHOIO PACIIPEILICHHUS C
napamerpamMu n 1 1 — p, T. €. BEPOSATHOCTHIO TOTO, UTO “MHCJIO0 0TKA308 D
B 7 9KCIEPUMEHTAX He NpeBsinaer i (rje 1 — p — BepogaTHOCTL 0TKaza D
B KaXK/IOM 9KCIEPUMEHTE).

Havuurasn ¢ nannoro momenta, orpanudumes ciaydasvu 0 <@ < n—1.
I"'pachuk hysxnnn koonepanun npescrasyien na puc. 1 2], Taxzke na HéM
nokaszanbl yeroitunsnie (stable fixed point) u Heycroifuuseie (unstable
fixed point) menoxBuKHBIE TOUKYE f3.

Eecnn sanmcars (GyHKIHIO KOOIepariu, B KOTOPOil OHHOMHAJIbHAS
hyHKIMI pacnpeeenns IPeCTABICHA B BHAE [F-(DYyHKIMN, TO MOXKHO
3aMETUTh, 4T0 (hyHKIHs KOOIEPAIHH CTPOr0 BO3PACTACT HA IPOMEXCYTKE
[0, 1], n 3rauenns dbynkuun Menstores or f;(0) =0 go fi(1) =1 — o.
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l -«

stable fixed point p§* of f3

unstable fixed point p; of f>

stable fixed point 0 of f»

Puc. 1. Oynkuus Koonepamumn

Hcnonbsys B-hyHKIMIO, MOYKHO HOCUHTATE NIEPBYIO M BTOPYIO IIPO-
H3BOJNYIO (DYHKITUH KOOHEPAIH:

fip) = (1 —a)(n-d)Cy, p" (1 - p)’,

Yp) = (1= a)(n-9)CE p" 41 -p) tn—-i—-1-(n-1p).
[Tepsas npoussojiHas HeoTpHIATEIbHA 1 0OpalaeTcs B HOIb Hpu p = ()
(kpome i = n — 1) uw p = 1 (kpome i = 0). lIpu n = 1 BBIXOAHUT, UTO
Jo(p) = (1= a)p, folp) =1—ea, f'(p) = 0. Hpu n > 2 s m06oro
i€ (0,...,n—1) f/'(-) crporo Bospacraer or p = 0 1o Toukn nepernba
n—i—1

i dar—y
u jgajee crporo yopisaer 4o p = 1. Apyrumu ciuosamu, f;(+) BeIIyKIa Ha
[0, p] n BoruyTa Ha [p, 1].

4. OpguopoaHas nmonyasitust. Pacemorpum guist i € (0,..., n— 1)
OJHOPOIHYIO MOMYIAINIO i- THCKPHMHHATOPOB. ITPEano oKuM, 9410 B MO-
MEHT BpeMEeHHU { OTHOCHTENLHAS YacTOTa KOOIEPalun HOIYJISINT paBHa
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p(t). Ecin uepes mebosapinoil Bpemennoil muTepBan A st urpsl 6y-
JeT BLIOpAHA €ACTH IOMYJISIIHE, HPONOPIHOHANIbHAd /A, TOLJA YacThb
Afi(p(t)) ms mux Gymer corpyaandarh, noaromy p(t + A) = [tp(t)+
+ A filp()]/(t + A). Ecmm A — 0, 1o koahunyuenm roonepayui
p = [filp) — pl/t.

Caenosarensno, noka f;(p(t)) < p(t) xoadbdunuent kooneparuu 6y-
Jer yoeBars, a B cayuae f;(p(t)) > p(t) ~ sospacrars. Takum obpa-
30M, € TeUEHUEM BpeMeHH Koa(hduIuenT Koouepanun 6yer cXoinTbest
K HEeHOJBHKHON Touke dyukuun Kooneparmu f;(p(t)) = p(t).

Ha puc. 1 HEHOABHIKHBIME TOUKAMH (DYHKIHH KOONEPAIUH SIBJIs-
I0TCA TOUKK Iepecedenns f ¢ jguaronajano. s MAnbIX @ 3HAUCHHEe

P = 0 - CAUHCTBEHIAMN HEIOJABUZKHAM TO'MKa, W ITOIYJ/IALNA 3aKarin-
BaeT TOTaIbHbBIM OTKA30M OT KOOIICPAIlH, Dro BeerJa Taxk Jijis = —1

n i = (), HO 9TO MOMKET TAKIKEe UMETh MeCcTO JJisl DOJBIINX 3HATCHU i,
€C/IH YacTOTa OMMOOK @ BeJIuKa. Ecim e @ JoCTaTovYHo MaJo, TO Ha-
YHHAS ¢ HEKOTOPOI'O HEOIPEAeJIeHHOI0 3HAUCHUS ¢ HallleTcst yeToiauBast
HEIOABUYKHAS TOYUKA D; < p?" < 1— o, KOTOpAas MOABJISACTC Ha BOIHYTON
qacTH rpadpuka (pyHKINN KOOIEPAIMH - THCKPUMUHATOPA, 1 HEYCTONTH-
Bast HeropuzkHag Touka 0 < p! < pi*. Dru rouxku MoxHO HabIIONATD B
caydae, Korjaa (PyHKIMA KOOIEPAINN IepPeceKaeT JIMAroHaNlb CBEPXY.

Onpenenenne 1 (2. Vemetivueoti nenodeusrcnols mouxot Gyuem
HA3BIBATH HEIMOABUYKHYIO TOUKY p?x, JI0 KOTOPOit KoahpUIHEHT KOOIIe-
paiun yosisaer (p < 0), a mocse — Bospactaer (p > 0).

Onpenenenne 2 [2]. Heyemoiivueoti nenodsuscnotl movwkoti Gyuem
HA3BIBATE HENOABUKHYIO TOUKY P;, 10 KOTOpoil Koadpuiiment Koouepa-
nun sBospacraer (p > 0), a nocne — y6uBaer (p < 0).)

Taxum obpazom, B 00INeM ciaydae s 38JaHHBIX &, N = 2 U
—1 €4 < n, MOXKHO IIOJYUUTH HECKOJIBKO UCXOI0B:

1) uMeeM YHHKAJILHYIO HEYCTONUUBYIO HEIOABHIKHYIO TOUKY B HYyJIe
(ToranbuBIl 0TKAS);

2) umeeM GHYCTOIMHBYIO CHTYAIMIO, Ijle HAGIIOAAEM WIH TOTAIbHBLIT
O0TKAa3, MU BLICOKYIO CTEIeHL KOOIepPalul B JI0JIOCPOTHOM IIePHOJIE;

3) unMeeM Jyuist ¢ = n— L, T71e HOJIb — HEYCTONMUBAA HENOBUZKHAL TOU-
K&, U JIsi De3YCJAOBHBIX KOOIEPATOPOB § = 7 OMEHb KOOHEPUPYIOIIHeCs
HOIY/IAINKE B JIOJITOCPOMHOM HMEPHOJIE.

B mocneamux JABYX CAyUasX OJIHOPOJAHAS IOIMYJISINAS {-JIHCKPHMU-
HATOPOB CIOCODHA NOIEPKUBATEL BBICOKHN YPOBEHBL B3anMOJeHcTBHIL.
MozkHO CKA3aTh, YTO i-IUCKPHUMHHATOPLI CAMOKOONEpUpOBanbl, TexHu-
YECKN 4~ IUCKPUMMHATOPB! SIBIISIOTCH CAMOKOONEPHPOBAHHBIMH TOIJA U
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TOJIBKO TOIJA, KOIJA UX (DYHKIMS KOOIEPAIMU IIEPECeKAeT JIHANOHAJD
CBEPXY.

Onpenenenne 3 [2|. ByueMm naswBaTh i-IHCKPHMHHATOPOB CQMO-
KOONEPUPOSAHHBLML, SCJIM Ha HECKOJbKUX IIPeJIbLIyIUX HTepaluax Ha-
GJI10/1A718CH BEICOKASI CTEICHE KOOIICPAIMH B IOMysiuy, T. e. p(f) — 1—a
upu t — oo,

H100bI OIHO3HAMHO OIPEJIEIHTH OKOHUIATEIBHYIO CTEIeHb COTPYIHU-
YecTBa HOIYJISINUY, OUpele/nM HadaabHble yenosus. llycrs noBopoxk-
JleHHbIe, ¥ KOTOPBIX HeT 3amnuceil o NPOILIBIX UTpax, He IoJBepraiorcs
COMHEHHMIO, T. €. C HUMHU ODPAIAIOTCs TAaK, KaK ecju Obl OHH UMEJIH “u-
CTYIO HCTOPHIO TOTATBHOTO coTpyannuectsa. OTCiofa cleayer, 4To ca-
MOKOOILEPHUPYIOIIHECs] {-IUCKPUMIHATOPLL BCerjja UMeoT Koaddummenr
Koomepamuu B GUKCHpoBaHHON Touke pi* ¢ BRICOKON KOOIepalueit.

5. Beegenue myranToB B nonynsuuio. Teneps uccienyem, Mo-
KeT AU neboibliasg 9acTh MyTAHTOB (M-JAUCKPUMHHATOPOB) BLIZKHTH
WIH JlaXKe PaCIpOCTPAHUTBCS B OJHOPOJHON yiKe CyllecTBYIOel Io-
IYJISIITHH CAMOKOOIICPUPOBAHHEIX - AHCKPUMUIHATOPOB. B moboM Taxom
HCCJEN0BAHUK OYIeM IPEJIoNararhb, YToO 0 NPUXOLa MyTaHTa Koadh-
(hunpent Kootepaluy TEKYIEH HOMYISIMN yKe CTabUIM3UPOBAJICH Ha
yposare pli*,

Bameuanne. O6oznauum 7(j|i) — 0KHAAEMBIN BEIUIPBIIT OT B3AHMO-
JeeTBHSL  OJHOIO  j-JAUCKPUMHHATOPA B OJHOPOJHON  IIOIYJISIITUN
i-puckpuMugaropos [2]. Bygem paborarh ¢ HOPMAIM30BAHHBIMU 3HA-
YeHUAMH BBIUTPBIIEH (KpaTHbIMU Boiroge b), mosromy mycrns mw(jli) =
= b~ IR (4i).

Korpa MyTanTueil m-UCKPUMIHATOD BXOJUT B TEKYILYIO ITOIYJIs-
IO i-IUCKPUMIHATOPOB, o0muit Ko dunuent koonepamun ocraercs
na yposne pi*. 3uaunt, koacpdpunuent Kooneparun MyTanta 6yaeT pa-
Ber [, (pi*). Cienoarensuo, npu janbHelieil BeTpee ¢ MyTaHTOM M-
POK U3 JICHCTBYIONIEH NOIyaanul OyIeT cCOTPYIHHYATE ¢ BEPOSTHOCTBIO
fi (.f-m (}U?x)) .

Briurpsin myranra 7 (m

") = b.f’.‘,(ﬁm (pizx)) = c.f-m,(p-f,;ix) HJIH
i) = fiFm(B)) = 7 fm (0F),

rie r = ¢/b 0603HAYAET COOTHONICHHE 3ATPAT-BBITO KOOIEPAIIH,

Hst i-IECKpUMHEHATOPA BEPOSTHOCTL BCTPEYM € MYTAHTOM HE3HA-
YUTENLHA, [IOITOMY CPEJHUIl BBIMIPBIN IS §-TUCKpPUMUHATOPaA Oyner
m(ili) = (1 — r-)pf}"‘. Mozkio goKasarh, U4TO JaHHAS MYyTAHTHAs [OIYJIs-

w(m
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MU He CMOZKeT PaclipOCTPaHHuTbhCA B HpPIB(:‘)lGHHOf’I BbIIIE OILI{OPO;LHOﬁ
IO YJIATIAH,

6. PesynbraTsl nporpaMmmMHoi peanusauuu. s jemMoncrpaiis
PaBOTHL IPEIJIOKEHHBIX BBIIIE PACCY K ICHUN PACCMOTPUM IIPOIPAMMHY IO
peanuzanuio na Python mna n =5 n a = 0,1. IIposepum camoxoonepn-
PYEMOCTE OJIHOPOJHON IIOMYJISIIIMK M OTPaXKeHHe aTAKH MYTaHTA.

Jlist Havaga co3aa UM OJHOPOIHYIO HOLYJISIIUIO ¥ OyIeM UIpaTh B
1000 urp o 1000 nrepanuii B Kaxao#. s pasubix 3uadeHuii mopora i
IPOBEPHUM, CKOILKO pa3 u3 1000 momyssius cMOXKeT CKOOIePHPOBATLCS,
& CKOJIBKO Pa3 OTKAXKET B KOOIEPalUn JApyr JpPyry.

B xone nporpaMmMnoii peasM3aini MoIyueHbl Pe3yILTATHL, TPEICTAR-
Jiennble B Tabuune 1.

Tabauua 1. OgHopoHAs OILYISIINsT

Ilopor i Konu4uecrso urp ¢ KonuuecTBo urp c
Koormnepauuei OTKa30M

i =5 1000 0

i=4 1000 0

i=3 973 27

P=2 532 468

fi=1 18 982

i=0 0 1000
i=—1 0 1000

Janubie pe3yiibTaThl CONJIACYIOTCS ¢ PACCYAKJIEHUSIMU O TOM, KaKHe
HCXO/IbI MOXKHO IIOJIYUIHThL B HIPE.

Takzke MOABEAEM HTOT, KOTOPBIH KACACTCS MYTAHTHON CHTYAIUH.

PaccMoTpuM HOMYJISAIMI0 U3 HIPOKOB ¢ 3-IIOPOrOBLIM YPOBHEM M 3a-
MEHHM OJIHOTO M3 UIPOKOB HA MYTAHTA ¢ HPOH3BOJLHBIM, OTJINIHLIM OT
3-nioporosoro ypopusi. Mamenenune criocobHOCTH HOIY/ISIIHE K KOOLepa-
MY TIPEJICTABJICHEI B Tabaune 2.

Tabnauua 2. [onymsus ¢ MyTanToM

Ilopor ¢ ana Konu4yecrso urp ¢ Konu4yecTBo Urp ¢
MY TAaHTA Koonepauuei 0TKa30M
t=>5 1000 0
i=4 1000 0
=2 991 9
f=1 989 11
=0 982 18
i= -1 774 236
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Ilo nmosyuennsIM pesyabTaTaM MOXKHO CYAUThL O COXPAHEHUH TeHJICH-
IIHH K KOOIIePalllh IIOYTH BO BCeX Mrpax. Pesymbrar mpm i = —1 gisa
MYTaHTa, OTJIHYAETCS GOMBITHM THCIOM UID ¢ HOJHBIM OTKA30M, ITOTOMY
TTO caMa 110 cebe cTparerus 3-MOpOrOBOrO YPOBHSI HE BCEI A PUXO/IUAT
K ITOJIHOM KOOIlepalluu, a JaHHbIi MyTaHT CUJILHO MOJPBIBACT HOBEPHE He
TOJIBKO K cebe, HO M OCTaJbHBIX UIDOKOB Apyr K apyry. Tem He menee,
HOJABISIONIEe DOIBIIMHCTBO HIP ¢ HUM HIPAIOTCS ¢ HTOIOBOM IHIOJIHOM
Koolepaliueit.

7. Bakmouenue. B xoze paboThl uzyuena Teopernyueckas 6asa, 11o-
CTPOEHA MATEMATHUYECKAS MOJEIb, IPOBEJIEHBI HCCIEIOBAHUS JIJIs OJl-
HOPO/HON TIONMYJIAIMH, HCCAeJ0BAH PE3YILTAT TOC/AC BBEICHHS MYTaH-
TOB, IIPUBEjIEHA [POrpaMMHast peaausaiys. B ganpHeineM miaHupyer-
Csl pacCMOTPETDL CIIy'dan CMEeIIanbIxX CTI’)&TGFHﬁ " 1)&3})%160T8.-Tb COOTBET-
CTBYIOILYIO IIPOrpaMMHYIO PEAJIN3alluio.
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VIIK 519.83

Maxkoseesa II. E.

Mopens Ppuakuna — IKoHceHa IPpU OJHOKPATHOM
BO3JICMCTBHM HA MHEHUS COLMAJIBLHOU I'PYIINbI

Pexomendosano x nybaurayuu npogdeccopom Cedarosmm A. A.

1. Beepenue. CyujecrByer MHOXKECTBO MATEMATHUECKHX MOJeJiei
JUHAMUKH MHEHHH YUaCTHUKOB COLUAJBLHON Ipynnsl. B gannoii pabore
pacemaTpuBaerca Mojeas Opuakuna — Jxkorcena [1] ¢ ofHEM 1 HeCKOI -
KHUMH UeHTpaMu Bjusinust. B Heil yunreiBaercs ror hakt, 1T0 MHEHHS
APCHTOB MOTYT Ha KaykKJIOM INAre 3aBHCETh OT KaKuX-iaubo (dymjgaMen-
TaNBHBIX YOexk aenuil, npeay6exaeHuil, KOTopbie OLLIH 3aJI0KEHBl B XOJIe
BOCIIUTAHUS, B3POCJCHHA U IIP.

[penionoxxum, 4T0 HEHTPHI BIAHAHUA CHOCOOHBI BIHATL TOJILKO HA
HAYAJILHBIC MHEHHS YYACTHHKOB cOIMaJbHON rpymusnl. eanio pannoi
PABOTHL SIBJSETCS HAXOMKIEHHE ONTHMANBLHOIO [OBEJIEHU IEHTPOB BJIU-
AHUs, B TOM 4ucae pasHosecust o Hamy [2], a Takke wccnegopanme
COOTBETCTBYIONEN AUHAMAKN MHeHnil [3] naccuBHBIX arenTon.

2. Mopens. 3a ocHOBY B3siTa Mojiesh U3 [4]. Pacemorpum jmHAMUI-
KY MHEHUH AreHTOB COIMAJILHON PPYIIbI B TeUEHHe KOHEUHOTO IepHoJIa
Bpemenn. Muoxkecrso A GyjeM Ha3BIBATL MHOMKECTBOM ANCHTOB (Iac-
CHBHBIX YUACTHUKOB COIMAJILHON Ipynusl), a N — MHOMKECTBOM HIDOKOB
(nenrpor BanauuA), rae A NN = @. O6oznaunm |A| = a, |[N| = n.
Kaxpiii arenr ¢ € A cern obinaiaer coGCTBEHHBIM MHEHHEM, IIPE/I-
CTABJSIEMBIM BEIIECTBEHHBIM YHCAOM. Ero MHEHHE MOMKET M3MEHAThCs
BO Bpemenn. Bpemennoii upomexkyrox 7 = {0,1,...,T}, 20 obozunaua-
eT HAUAJBHOe MHEHNe arenTa i, a x; (t) — ero muenne B nepuoa t € T \ 0,
zg = (20,1 € A) mwa(t)= (x;(t),i € A) 10 HAGOp MHEHHII AreHTOB
CeTH B HAYAJbLHDI MOMEHT M B MOMEHT BpeMeHu L.

B mauvanbubiit MoMenT Bpemenu t = () HIPOKH MOTYT HOBJIUATH HA
muenns arenros. O6o3mauum wepes u; € [0, 1] erpareruio urpoka i € N,
WK ero yupasisiomiee sozgeiicrsue. Ilyers w = (ug, ..., up).

B mopenn @puakuna — JyKoncena npenoaaragres, UTo MHEHIS aleH-
TOB Ha KAYKJIOM IIIare 3aBHCAT OT UX cobeTBeHHbIX yHerxk penuii. Marpuna

Maxoeeecsa Iloauna Kezenveena cryaent, Canxr-IlerepOypreknii rocyaap-
crBenublii yausepcurer; e-mail; st076937@student.spbu.ru, Ten.: +7(912)241-52-32
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S = diag{s1,..., 84} OTpakaeT CKIOHHOCTHL ATCHTOB MEHATH CBOE MHE-
Hue,

3. Mogens ®Ppuaxkuna— I>koHceHa ¢ OOHHUM LEHTPOM BJIH-
sHu". PaccMOoTpuM ciIyuai eIUHCTBEHHOIO HIPOKA (IEHTPA BJIMSIHUS,
WM JIHJIEpa), KOTOPLIA OKa3LIBAeT BIMAHHE Ha MHeHus arenton. Tormga
JIMHAMUKA MHEHHH B 9TOH I'PYIIE BHIPAYKAETCS CJIELYIONUM 06pasoM:

2t +1) = S(Wag +biuy) + (L — Shag, t=10,
SWa(t) + (I — S)zo, t#0,
e W= {w;;}, wy; € [0,1]-crenens gosepus arenta i € A MHEHHIO
arenta j € A, a by = (by, 5 € A)',i € N, e bi; € [0,1] ects crenens
JIOBEpUst areHTa j € A MHGHHIO HIDOKA.

Lens urpoka Buipazkaercs (pyHKIHOHAIOM

T=1

) = Y o 23 (o) — 80)2 4 572 Y (1) - )

t=0 " jEA " jEA

+(1 — ay)eyul,

riae Ty € [0,1] — Muenne urpoxa, ¢; > 0 xapakrepuayer coboil 3aTparsl
3TOr0 UIPOKa, cBa3aHHbIe ¢ BhIOopoMm uy. Ilapamerpsr oy, 51 — Becosbie
koacpumenTsl, p € (0,1) — AMCKOHTHPYIONUI MHOKUTEID,

Hrpox BeibupaeT onTHMANLHOE YIIPABICHUE 1] TAK, YTOObI MUHUME-
suposarh dyuxiponan Jy (uy).

Ob6o3naunM
T—1 T—1 i

Mr =" p'[(SW)(SW)!, Np=D)_ p' D> [(SW)T(SW),
=0 t=0 =0

T-1
Lr = p'(SW)', mg =[SW)T)(SW)T,

t=0

T-1
np =Y [(SW)V(SW)T!, ip = (SW)T,
=0
( ) X
P
Q;ipb’ISMTSbl +9(1 - oy)ey + M;}TbLSmTSbI
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2 2 2
x %pmf)W'SMTSbl s %pmf, 5T = BYNpSby — %p%ll’LTSme

+M,{)T zompSby + x(I — S)npSby — T11'lpSby | |,

rae 1/ — TpaHCIOHUPOBAHHBIN BEKTOP U3 €UHHIL PASMEPHOCTH (.
Taxkum 06pas3oM, MOUCK ONTHMAJIBHOI'O YIPABJICHHS HIPOKaA B 3a1a4e

C OJHUM HEeHTPOM BJIMAHNA CBOAUTCA K PEHICHHIO 3a a1 KB?l,EI‘paTIfI‘IHOI‘;I
OINTUMH3AITAH.

4. Mogens ®puakuna— JIkoHceHa ¢ HECKOJBKUMEI LEHTpAa-
MM BIAMSIHUSA. PacCMOTPUM CHTYAILMIO, KOLJIA HA COUMAIBHYIO IDYIILY
MOIKET BO3JEHCTBOBATL HECKOJILKO HIPOKOB. B 9ToM ciydae HeNb3st Uc-
KATL YIPABJISIONIAE BO3CCTBHS UIPOKOB B BUJIE PEIICHUs 3aaUi Oll-
TUMAJILHOIO YIPABJIEHUS, IOCKOJBKY B 9TOM CIYy4Yae MEKIY HIPOKaMU
MOKET BOZHHMKATHL KOH(PIUKT., DTY CHTYAIMIO HEOGXOJHMO PaspelinTh,
UCIIOJIL3YS DICMEHTLI TEOPHH UI'P.

Onpepenenune 1. Cucrema I' = (N, {U;bien, {Jitien), toe U; ~
MHOYKECTBO cTpaTeruil urpoka i, J; — (byHKIMS BLINTPLINTA HIPOKa i € N
HA3BIBACTCS GECKOAJHITMONION UIpoil B HOpMaJLHoil (opme.

B cayuae meckosbKuX HIpOKOR ypaBHEHHE JUHAMUKHI MHEHHH are-
TOB 3818 [HM CXOAHLIM 06pa3zoM:

S(Wazo+ 3 biug) + (I —S)xg, t=0,
z(t+1) = iEN
SWa(t) + (I — S)xo, t#£ 0.

Hear urpoka i € N cOCTONT B MUHHMH3AIHU €10 (DYHKIIMN BBIMTPLIIIA
KBaJIPATHIHOTO BHIA:

T-1
(&9} ~
Alw) = 2 0 D (@t~ F
f=() jEA

Tﬁi ~ N2 2
+p' = E (2 (T) — T3)° + (1 — o) ezug.
" jEA
Onpenenenne 2. Curyanus v* = (uf,...,u),) Ha3bIBAETCH CHUTY-
anueil pasHoBecust 1m0 Hamy (B WHCTBIX cTpaTerusix), ecjim jjis Beex
w; € U, 1 € N, cupasemmuso Ji(u*) = Ji(u||ug), roe (u*||u;) =

417



= (U], U1, Ui Uy, ooy Uy) — CHTYAIUsS, OTVIHIHAS OT U TeM, UTO
cTpaTerus w; MIPOKa i 3aMEHeHa Ha CTPATervio ;.
Torya waunydamuit orser urpoxa ¢ € N Ha cTpaTerni u; HIPOKOB
J # { UPHHUMAET BHIL
1

T 20y 2(8; —
X ob SMpSb; + 2(1 — o1)e; + 2B — i)

U; = X

- pr-,;S?TLTSb-,;

2 Vi 2 Vi 2 i
x| Xt WISMpSbi + “=p | ST Wiuy | SMpSbi + 2 palyx
a a : [
jENNLi}

2000 2(8; — oy
x (I — §)NpSb; — %pm,;l’LTSb.,; + %pﬂ“ hyma Sbi+

+ D Yy | SmoSh + ah(I — S)npSb; — Fi1'lp Sb;
JENN{i}
Wcenonnsys BeIpaskenus HARIYUIIIX OTBETOB UTPOKOB, HailleM paBHOBE-
cue o Hamy w* = (u},..., u,).

5. Bakmouenue. B pabore npesoxena urposas mojens Opuj-
Kuga — JPKOHCeHA [P OJIHOKPATHOM BO3/ICHCTBUM HEHTPOB BJAMAHUS HA
MHEHHS YUACTHHKOB CONUAIBLION MPYIILL. B CHTYaIMN ¢ OZHUM HIPOKOM
HAXOAHUTCS €r0 OINTHMAJLHOE YIpasienue. B ciyuae HeCKOIbKHX HIPO-
KOB OIIpeJIesIsiioTes yirpaBsiienns, obpasyiomue paguosecue o Hamry.
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YK 519.834
Hemues . 10., Typ A. B.

ITozunmonHoe 3HaYEeHUE KAaK Mepa HEeHTPAJIbHOCTH
BepuiuH rpada

1. Brenenue. B cereBom amaiuse u B TeopHH rpahoB OFHUM H3
AKTYAJDHDBIX BOIPOCOB fABJIACTCH OlIpedeJieHrue KOJUYeCTBEHHOM OLeHKH
BasKHOCTH BeplnuH u pedep. B cBsA3m ¢ 9TUM KOHIENIIHS CeTeBOH IeH-
TPAJILHOCTH IUPOKO H3yUaeTesa B JuTeparype. B mocuemmnee speMs mo-
IIYJIAPHBIM CTAJ0 IPUMEHCHHEC MCTOJ0B KOOHCpaTPIBHOﬁ Teopun Urp Juis
ompejlesienns MeHTPalbHOCTH Bepiiun B rpacde [1-5]. B pabore [1] nan
HO,I“)O()HI::I}‘& 06301) CYHIECCTBYIOHINX TEOPETUKO-HI'POBLIX Mep HEeHTPa/lb-
nocru. B |2] OITMCaH METOJ[ BLITUC/ICHHUA MEPBI HEHTPAJLHOCTH KaK 3IHa-
"eHH BEKTODa Maf{epcor{a B I(OOI'IBPH.THBI‘IOI‘;I nrpe u 1npejyiorKen ajiro-
PHTM BLIMHCICHHSA DTOI MEpPBbI, HCIONBL3YIONUN NPOu3Bojane (QyHk-
uun. B 3, 4] npusesenst paznuanbie MOARGUKAIME 3TOrO AITOPHTMA.
ueJIblO HACTOLAIICTO UCCJICOBAITNSA ABJIACTCH MTOJTYHICHUEC MCTOJA BHIYTHC-
JICHHS TEHTPAaJNLIIOCTH BEPINNIT B Fpacbe Ha OCHOBE ITO3HUITHOITHOI'O periIe-
HUST KOOLEPATHBHOI Urpsl, npeptoxkennoro Meccenowm [6]. Ha ocuose (2],
TaKzKe pacCMOTpPel aJlropuTM, HCIIUJII;Byl()HE,lfIﬁ IIPOUBBOJLATIIIIE d)yHKH,PIH,
JJIEL BEIMTUCJICHES HeHTPAJBHOCTH BEPITHH COMNIACHO BB(’}JA{GHHOI‘:I Mepe.

2. Mepa uenrpansHocTH A5 rpadoB Kak pelleHHe KooIie-
paTuBHOi urpbl. s onpenencuus NeHTPATBHOCTH BEPIUH rpada
YCHEITHO HWCIOJB3YIOTCS MeTO/BI KOOIEepaTHBHON Teopunm urp. B rta-
KUX 3a/adaX 00bIMHO PACCMATPUBACTCS UIPA € OI'PAHHYEHHON Koolepa-
muei, npesicTaBiaeHnas HeOPUHEHTHPOBAHHEIM KOMMYHHKAITMOHHLIM I'pa-
dom. Ilpu arom Bepmmubl rpada NpecTaBIfgIOT UIPOKOB, a pebpa npei-
CTABJIAIOT CBA3HM Mexkay urpoxkamu. Mrpoku moryr ssanmojeiicTzoBarh
HAIPIMYIO, TOJLKO €CJIH OHH CBsA3aHbl. TaKKe BBOJUTCH XapaKTepueTu-
qecKasl (PYHKIMA U B KAUECTBE MEPbI IEHTPAIBLHOCTH BLIONPACTCS HEKO-
TOPOE U3BECTHOE KOONEPATHBHOE PeIlleHne 3TOR UIPHI.

Hust mocTpoenns XapakTepucTHYecKoN (hyHKIMH B KoolepaTHBHOIT
urpe Ha rpadpe GyJieM paccMaTpPUBATE METO, NPe/IoKeHHLIH B [2].

Hemues Jarnuwua FOpvesuy — crypnenr, Cankr-ITerepbyprekuii rocypapersenipii
yuusepenrer; e-mail: st069254@student.spbu.ru, res.: +7(981)757-06-13

Typ Arne Buxmopoene — nouenr, Cankr-Ilerepbyprekmii rocy1apcrBeHiblii y Hu-
pepeureT; e-maili a.tur@spbu.ru, Tes.: +7(812)481-71-59

PaGora seinonnena npu punancosoii nojguep:xke POOH, npoext Ne 21-011-44058
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Ilycrs sagan meopuentTupoBauusiii rpad ¢ = (N, E), Koropsli co-
CTOMT M3 MHOMKeCTBa Beprun N m Muoxkeersa pebep E. dna rpada g
HEOBXOAUMO JATh KOJINUICCTBCHIYIO ONEHKY BAXKHOCTH (IIEHTPAILHOCTH )
Beprnni. Beenem kooneparusuyio urpy {(N;v), B KOTOPOii BepIIMHEL Ipa-
ba acconunpyiorca ¢ urpokamu, a pebpo rpada ij oznagaeT, YTO UrPOKH
i M j MOI'YT B3aUMOJIEHCTBOBATL HAIIPIMYIO, €CJIU U TOMBKO eclin ij € I,

I'pad ¢ na muoxkecrse urpoko N CBA3HBIH, eciH sl JIIOOLIX JIBYX
BEPIIMH CYIIECTBYET [IYyTh B ¢ OT OAHON Bepiiuubl K Apyroit. Koanumus
S cBa3Ha, ecau mobas napa HIPOKOB B S CBA3aHA IIYTEM, COCTOSIIIM
TOJIBKO U3 UIPOKOB JaHHO# koanunuyu. Cea3HAs KOMIOHEHTA — MAKCH-
MAJILHOE CBAZHOE TOAMHOKECTBO, MHOKECTBO BCEX CBA3HLIX KOMIIOHEHT
B ¢ obozmaunM uepes N|E, a MHOMKECTBO BCEX CBSI3HBIX KOMIIOHEHT KOA-
guun S~ wepes S|E.

Iycrs N = {1,...,n} — muomxecrso urpokos. Yepes 2% obozuauum
MHOYKECTBO BCeX ero noamMuoxkecTs. Kooneparusnoit urpoit n jui 6yiem
naseBarh napy (N;v), rme v @ 2V — R — orobpakenue, npeinuchina-
omee Kaxoi koamuimu S € 2V mexoropoe unciaennoe suavenue. pu
sroM (@) = 0. OyEKIHA ¥ HASBIBACTCSH XAPAKTCPUCTHUCCKOI (PYHKIIN-
eit kooneparusuoil urpst. Coemyst |7], GyjieM HoJaraTh, 1TO KOOLEPAILUs
BO3MOXKHA TOJBKO MEYK/Ly CBA3AHHBIMH MIPOKAMHI,

P‘rlCCl\/IOTpI/H\/I urpy, B KOTOpOﬁ I‘pa(b g ABJIFICTCH JepeBOoM, COCTOSANIHM
U3 1 BEPIINH, & XapakTepucTudeckas (hyHKIUs 3ajaeTca Kak B [2]:

L

v(S) =) axr®, (1)

k=1

riae S C N|E, L — MAaKCHMAJILHOE PACCTOSIHIE MEXK LY JBYMS BePIIUHAME
B JAHHON KOAJHIIMH, Gj — YHCIO IyTeill JUIMHBI kK B HAHHOW KOAJHIIUH.
Cuauraem, uro v(i) =0, Vi € N.

Beenennyio rakium 06pazoM XapakTePUCTHUECKYIO (DYHKIMIO MOMKHO
HHTEPIPETHPOBATD caeayiomumM obpasom. Kaxiasa npsamas ¢Ba3b — IyTh
Jnunoi 1 — npunocuT urpoxam goxon r, rae 0 < r < 1. 33. KaXKJLI Iy Th
JUTHHOM 2 KoaJauuus nojryuaer 72, 3a myrh gauunolt 3 — 3w .

Henexkom B urpe (N;u) IIcLiI;IB'l(} rest BekTop € = (&1,...,&n)7, yio-
BJICTBOPAIONING YCIIOBHSIM: E & =v(N), & =v(i),VieN.

i=1
TeOp(-)THKO—PII‘p()B()ﬁ IIOJAX0J, B OIIpeae/lieHHu Mepbl IeHTpaJbHOCTH

BCPIINH rpa(ba npejaroJjaraer, ITo B Ka'lecTBe KOJIMYIECTBEHHO OlleH-
KH BaXXHOCTH BePHINHBI MOZKIHO BLI6paT]: BBINT'PBIII, KOTOpLIﬁ [oJjay-aer
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UIPOK, COOTBETCTBYIONIMH 9TOH BepIunHe, B ONHUCAHHON KOOHNEPATHBHO
urpe. Takum obpa3oM, HEKOTODBIH JejIe:K B HIPE 3a7aeT OLCHKH I
BepInuH rpada.

B paBorax |2-4| B kauecTBe JeseKa, OLPeJeIsioNIero IeHTPAILHOCTD
Bepinnn rpada g, ucrnoasayercs sexrop Maiiepcoma [7].

2.1. Bekrop Maiiepcona. B xooneparusnoii urpe (N;v) Ha rpa-

be g Bexrop Maitepcona Y (v, g) = (Yi(v,g),...,Y,(v,g)) oupenensercs
CHIEAYIOMIMI AKCHOMAMMU!

1. Eciu S — casuas xomnonenra (S € N|E), To

Z Yi(v, g) = v(S).

€S

2. HOna Vg, ij € E, oba urpoka oJMHAKOBO IIOJIYYAIOT BBITOAY MIIH
TEpSIOT OT CO3JAHUS CBI3N

Yi(v,9) = Yi(v, g — ij) = Yj(v, 9) — Yj(v, g — ij).

Econ st moboit koanuuuu S olpejenTsh XapakTepueTuieckyio (hyHk-
IO KaK

vE(8) = Y w(K),

KeS|E

10 BexTop Maiiepcona Moxer ObITh BbdHCAeH 110 (hopmMye

sliln—s—-1)1, & . B
Yiwg)= Y, ————(F(SUi) - "(9)),
SCN\{i}
rie s = |S|, n=|N|
B pabore [2| mokazaHo, 4To B HI'Pe ¢ XapaKTepucTHaeckol dhyHnkineit
(1) Bexrop Maitepcona umeer Bu

T.k
Y'-i('“’g) = Z Ak:,im:
k={1,..,L} '

riae Ay ; — 9ucao myreil JIMHBL Kk, CONEPKANINX HIPOKA i.

3. IMosunuonnoe pemenus. [lozunuonnoe 3HaueHHe A/ UIP C
KOOIIEPATHBHO CTPYKTYPOIl, 38//aBAEMON IPOUZBOJIBHLIM HEOPUEHTHPO-
BaHHLIM rpachomM, npejoxkennoe Meccenom [6] u mosyunsiiee ganbueii-
mee pazsuTue B pabore (8|, IpHNnCHBaeT KaxKI0My HIDOKY B urpe (N;v)
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cyMmy v(1) M HOJOBHHY ILIATEKA KAKJIOMY PeOpPY, CBSI3BIBAIOIIEMY 9TOI0
HTPOKA, OIPEIe/IseMoro nocpeacteomM sekropa [lenn B accorunposa-
Holt urpe ma pebpax. Ilpusenem onpeerennue TO3HIHOHHOIO 3HAMCHUS,
chopmysmposansoe B [9].

Onpegenenne. [lozunponnsiM 3uadenneM B urpe (N;v) ma rpade
g Ha3bIBaeTCi JleJIezK BULa

v o b ;
mi(v,g) = v(i) + 3 Z She(E,v%), Vi€ N, (2)
cE By
re B; = {e € E : i € e}, v° obosmauaer myneByio HOPMAIM3AIMIO
urpst v, T.e. gt seex S C N, 0°(S) = 0(S) — 3 v(d), u qua moboit
i€S

HOPMAJU30BAHHON HA HYJIL UTPBI U 06010 rpada ¢, acconnpOBAHHAS
urpa (F;vg) na pebpax u3 F, onpeaenaercs paBeHCTBAMU

vp(E') = v® (N), VE'€2”

Bnecy Sh(E,v%) — sexrop Ilenmmu B urpe {(E;v%).

3.1. ITosuuuoHHOe pelieHre Kak Mepa neHrpaabHocTu. [lo-
3UIMOHHOE PEIICHNE MOKHO NPUMEHATEH B KAUECTBE JIEJIeKa, OIPees-
IOIIEr0 HEHTPAIBHOCTL Bepluind B Ipade.

Vreepxkaenune. B uepe (N;v) ¢ xapaxmepucmuneckoti dynrnyuet,
zadannoti npasuaom (1), noauyuornoe snarenue umeem caedyrouyul eud

d; k
r i 5 ,
mi(v,g) = o Bk +2C)), VieN, (3)
k=1 *

2de B}, ~ wucao nymet daune k 6 2page g, epanunnoti mowxoti xomopur
asaremes sepuuna i, C — wueao nymed daunwe k, enympennets mov-
KOt KOMOPOLT ACAACTNCA GEPUUNG 1, di — OAUNA MAKRCUMANLHOZ0 NYMAL,
NPOTOAULL20 HEPE3 GEPUUNY 1.

JokazareabcTBo. 3aMernmM, UTo B JanHoit urpe v(i) = 0Vi € N.
Bexrop lemnu Sh{k, ’UE)E) B acCOLMHPOBAHHON urpe Ha pebpax Oyuer

HMETh BUJL
de

She(N,v%) = Z

k=1

[
Ak:, k
ko
rje d, — 9To JIHHA MAKCHUMAJILHOTO IIYTH, IPOXOsINero yepes pebpo e,
A} — 9710 unCHO myTeil IIMHBL £, TPOXOAAMNX uepes pedpo e.
Pacemorpum nyTh h JgauHBL A, TPOXOJAIIAN Yepe3 sepinuny i. Bos-
MOYKHBI JIBa CJIY9as:
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1. Ecnu i — rpannunas rouka b, a h; — pebpo Ha wyTu h, HHIEIEHTHOS
i, TO IS UrPOKa ¢ UyTh h B (2) Gyaer yuHTBIBATHCH TONLKO B
ciaraemoM Shy,, (N, v), Tak Kak 9TOT IyTh HPOXOJUT TOJILKO Yepe3
oau0 pebpo hy, nanpaenraoe i. [losromy Briaax aToro nytu B (2)
pasen %

2. Ecin ¢ — BayTpenusist Touka h, TO cyliecrsyeT asa pebpa Ha I1yTH
R, MHITUACHTHBIX 4. 3HAMHT, 3TOT IYTh JIJIsI HTPOKa § BYAeT YyIHTHI-
BaThbesl B paseHcrse (2) asa pasa. [losromy BrIaz sToro nyrtu B

T'k

(2) pasen AByM BKJIaZaM U3 HPEJBLIYIIETO CJLyHas, a UMEHHO .

CyMMHDPYsI 110 BCeM BO3MOYKHBIM IIVTIM, IIPOXO/SIHM Uepe3 BepIIu-
Hy %, nosyuaeM dpopmyny (3).
Vreep:Kaenne JoKa3aHo.

3.2. AnropuT™M BBIYHCJAEHHS MO3UIMOHHOTO 3HadeHuda. B
pabore |2| nokazaHo, UTO Jis BEIMHCACHIS THCIA IyTeil 3aJaHHOi 1JIu-
HBI, TPOXOASANINX YePe3 BEPHIMHY, MOXKHO HCIOJIL30BATL TPOH3BOIAITHE
dbynxpn. [IpogeMoncTpupyeM IPHMEHEHHIE 3TOTN0 METOJA JJIs BBITHC-
JIEHUS B,‘; u C",f:.

PaccMorpuM ziepeBo g, ¢ KOpHeM B BepIinue p. BBejgeM B paccMoT-
peHue IPOU3BOIANLYIO (hYHKIIUIO

op(@) = (N (2) + o (2),

1.
1 oLy h ]
rje c,o§, )(T) = Y a*z®, o - uncno nyreit, cocrostmux u3 k urpokos, B
k=1

s

KOTOPBLIX MI'POK P ABJIAETCA KPaiiHuM, cp-gz)(a:) = Ez Bhak 8k~ queno
IyTel, cocTosmuX U3 k UIPOKOB, B KOTOPBIX HF});K 31» SIBJISIETCSL TIPOME-
JKYTOUHBIM, 3jech di U do 9T0 JIMHBI MAKCUMAJBHBIX IIyTeil, KOTOpbIe
COMIEPIKAT § KAK PPAHHTHYIO M KAK BHYTPEHHIOI TOUKY COOTBETCTBEHHO.

Bynem serancnsts ¢, (z) pexyppentro. Buavane onpejienum B Ju-
crax Jepesa gp:

Py (.’L’) =

O6oznasaum vepes M UHCIO NIPOKOB HA MAKCHMAJILHOM IIyTH {p, ..., q}.
PaceMOTpHM BEPIIMHEL JIepeBa ¢, JJis KOTOPBIX YUCI0 UI'POKOB Ha IIYTH
{p,...,q} pasuo M — 1:

pq(z) =2z [ 1+ Z Pa.(@) |

L [ |
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rje cyMMa bepercsi [0 BCeM IOTOMKaM ¢; Bepmmubl ¢. Hanee crpoum
Takxe g0 M = 2.
st BepIuHbl P CTPOUM (BYHKITHY

D@ =2 Y wpl@), e2@ =23 en@e,@ |,

i=1,...,d i)

rjie cyMma DepeTcs Mo BCeM IOTOMKAM P BEPIIHHLL .
Torpa snavenne Bl moskuno nafitn kax xosdbdunuent upu x

o (), a C} — kax kosdppmpment npn z¥ 1 B ol ().
3.3. Ilpumep. [dna rpacda, nzobparkennoro na puc. 1, BHIMHCINM
HOKA3ATENN [EHTPAJLHOCTH BEpIINH, HCNOJL3Ysl BekTop Maitepcona u

MO3UIUOIHOC 3IHAa'ICHue, U CpaBHHM Pe3yJ/IbTaTb,

k+1 B

Puc. 1. I'pad ¢

HpO,,H,E)MOIlCTpprCIVI 1)?16()’[‘_'){ aJIropuTMa IpHu BBRIYTHCJICHWUHR ITO3UITHOH-
HOI'O 3HAYCHWA JJIS BEPIITIHBL 2.
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p1(2) = pa(z) = ps(x) =2, @3(z) = 2(1+2),

5 (@) = 2(p1(2) + w3(2) + pa(x)) = 322 + 2,

2 d
057 () = 2(p1(2)pa(2) + p1(x)pa(x) + @a(2)pa(z)) = 32® + 222,
Buauur, B = 3, B =1, C% = 3, C2 = 2. Jlnst sepmunsl 2 uMeeM

2 .
=3,

3 7
ma(v, g) = 3" + Zrz + 3

AHAJOTHYHO JIJI BCEX OCTAJNBHBIX BEPITUH MO3UIIMOHHOE PEIICHNAE HMEET
BHJI

1 1 1. 2 .
mv,g) = =r+ =r 4+ =r3, m(v,g) =r+r2+ Zrd,

2 2 6 3
1 1. < 1 1 s, 1
ma(v,g) = 5T+ ETZ %+ 67"3, m5(v,9) = 5r + ;17"2 o 57"3-
Bexkrop Maitepcona B 3T0il urpe
1 2 1. 3 4 45 1.
Yl(’l),g} = 57" + g’f‘z + ZT'a, YQ('U,Q) = E'n‘" + g'n‘"z + 57‘3,
1. 1 2 1.
Yl . 2,28 vy - 42, +.8
(v, g) =r+r°+ 57 4(v,9) 2?"—}- 3" + il

1 1 1
Ys(v,g) = " T 5?"2 + 57"3-

IIpu r = 1 nomyuaem
m(v,g) = (1,17;3,92;2,66;1,17; 1,08),

Y(v,g) = (1,42;3,33;2,5;1,42; 1,33).

BaMCTHM, TTO [MOSUIUOITHOE PelIeHne IIPUITHCHIBaeT Kp?LI‘:II'IPIM BepHIrumaMm
1, 4 u 5 mMenniue 3Havenusg, dem sexkTop Maitepcona. Ilpu atom s
BEPIIHH 3 ¥ 2 3HAMEHHUS YBEJUIHBAIOTCH.

Moo JaTh CIeyIoNyI0 HHTEPIPETAINIO TOJYYCHHOMY Pe3y/IbTa-
Ty. [Ipu noerpoennn sexkTopa MaelpcoHa BRIMIPLIIL, COOTBETCTBY IONITUI
HEKOTOPOMY I[YTH, JEJIUTCH [MOPOBHY MEXKJY BCEMH BEPIIMHAMH ILVTH.
B HO3UIHOHHOM DPelleHHH BBIMIPBIII, COOTBETCTBYIONIHIA IYTH, JeJIHTCs
MEKJIy BEepIIHHAMH C YUYETOM TOIO, CKOJILKO pebep 3Toro myTH HMEIoT
PACCMATPHBAEMYIO BEPIIHHY KOHIIEBOI,
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4. 3akmiouenue. B kauecrBe Mepbl INEHTPAJLHOCTH BEPIIMH Ipa-
da npeaIoKeHo paccMaTPHUBATEL TO3HITHOHHOE 3HAYEHHE KOOIEPATHB-
HOI urpel Ha rpade. AJNropuTM, HCIOAL3YIOMHNE AlAPAT TPOU3BOII-
X PyHKIHN, AJaITHPOBAH ISl HAXO0XKJIEHUSI HO3UIIUOHHOIO 3HAUECHHSI.
ITonyuennslil pe3ynbTaT TPOMJIIIOCTPHPOBAH Ha TIPHMEpE.
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YIK 517.977.5
Heuunnopyk A. A.

DKBUBAJIEHTHOCTh MoJeJieid
JAMHAMUKHN MHEHUH B COLAAIBLHBIX CETAX
C IIOBTOPSAIONIIECA CTPYKTYPOil

Pexomendosano x nybauxavyuu npogeccopom Hapuarunoti E. M.

1. Begenmne. [Iporece npuuATHS KOMIECKTHBHLIX PEHICHHI 00BITHO
HE SIBJISETCSI MOMEHTAJLHBIM, [OCKOJIbKY MHEHHS JIOLEH 1acTo pacxo-
garcs. Co BpeMeHeM MOXKEeT HPOHUCXOAUTH 0OMEH MHEHHSIMH, KOTOPBI
B MTOre YACTO NPHUBOJUT K Komcencycy. Mogenuposanue Takux CHTya-
Uil TO3BOJILET IPEJACKA3BIBATE MCXO/, & TAKYKE IPOBEPSTH PeHTAdE/ b
HOCTH BO3JAEHCTBHS HA MHEHHE HEKOTOPBIX YUACTHHKOB (HAIPHME]D, IO-
CPEJICTBOM YBCIHUCHHS 3aTPAT HA PEKJIAMY ).

Wecenepopanus Mojeseil, OnuChIBAIOIINX OOMEH MHEHUSAMI, HATHHA-
JIUCh C BOIIPOCOB O JOCTHXKUMOCTH KoHcencyca. QcHoporosaraomeii B
9TOM BOIpoce fABigercsa Monens He Ipoora [1], Koropas ocHoseiBaeTCs
HA B3BEHIUBAHUN KAXKJIBIM AreHTOM CODCTBEHHOIO MHEHUS ¥ MHEHHSI CBs-
3aHHBIX ¢ HUM YYACTHUKOB. DTa MOJEIb PACCMATPHBAJIACL U ¢ H06aBIIe-
uueM yupassienust. Hanpumep, 5 |2] pacemorpena 3ajjaua KOHTPOJIs Mie-
HUY areHToB Uepe3 BJANAHNE Ha HEKOTOPLIX ArGHTOB CONMAJILHON ceTH.
[ess KOHTPOJISE — MAKCHMAJIBHO HPUOIU3UTH CPEIHEe MHEHHE ATEHTOB K
KesraeMoMy. Ilpn yBesimuenny KoJIMIecTBa ATCHTOB B CETH YBEIHIUBACT-
Cs1 ¥ PA3MEPHOCTD 38181 YIIpaB/IeHus, HanpumMep B |3| paccmarpusaercest
METO/] BhIAeJIeH!s coobInecTs B ceTsax. Vaess MonepHU3aIMKT MOJIEIN J1J1s1
BO3MOKHOCTH Pe0OPA30BAHUS CETEBO CTPYKTYPBI 6e3 BIMSHUS Ha OIl-
THUMAJILHOE YIPABJICHHE ¢ IIPUMEPOM €€ IPUMEHEHUs [JIsl Ipada-3Be3/1b]
paceMaTpuBajach B [4].

Ilenn panmoit paborTel — passurne u 0600IIeHIE TPUMepa, PEeJICTaAB-
JleHHOTO B [4].

2. Mogensb. PacemorpuM jauHaMEKY MHEHHI B obmiecTse ¢ HeCKo-

HeunsiM BpeMenem. ObmecTso npeacrasieno rpadhom g = (N, F), rae
N ={l,...,n} — mHO)ecTBO arentos, F — mMHOXkecTBO pebep. ITomnmo

Hewunopyx Aaexcondpa Anexceesna — cryaent, Cankr-Ilerepbyprekuit rocysap-
crBennblit yuusepenrer; e-mail: st044395@student.spbu.ru, res.: +7(962)694-65-24
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aleHTOB CyllecTByeT HE3ABUCUMBIN WiIeH OﬁmeCTBa, KOTOpPOIro 6yﬂ8M Ha~
3bIBATHL HI'POKOM. Omn KOHTPOJINpYeT MHCHHEe areHTOB. )II/IH&MI'IKFL MHEHHH
B MOJICJIN OIIpeaesnaseTcsd CACAYIONIMMA YPaBHCHMAMM:

zi(t+ 1) = 2;(t) + oy (T*(f) +Slzjf; x;(t)

rye x;(t) € R! — muenue arenra i B Mmoment spemenu ¢, S; = {4 : (1,7) €
€ E} -~ MHOXKECTBO CMEXKHBIX YUACTHHKOB, JJISI Ar€HTA ¢ B rpade ¢,
a; € R, — sagannbiii koadunpent aaa aioboro arenta obIecTBa,
w; € U C [0, 00) ~ yupaBienue HIpOKa Ha areHTA 6.

Henbio urpoka sBASErcs HOJIEPIKAHIe MHEHIS AleHTOB 0DlecTBa
OuMke K ONPEeACICHHOMY YPOBHIO T ¢ MHHHMH3aIuedl ero 3arpar Ha
yupasjenue. [Ipayem B paceMaTpUBASMON MOJCPHU3AIIMN MOJE/IH AreH-
ThI H¢ PABHOICHHILI JIJIS HI'PDOKa. C.]'le)lylo]l{ﬂﬁ (byHKU,I’IOHa.JI IIpeacTaBJiid-
eT pacxo/bl NI'PpoKa:

Jw) =38 Y [aiwi(t) — )% + ()],
t=0 i=1

- .qc,,,(t)) +ui(t), i€N,

riae & € (0,1) — xoappunment auckonruposanus, v > (0 — cTOMMOCTH
JUHIIBI KOHTPOJIst, ¢; € Ry — nenHocTs arenra i,

3. Crpykrypa rpada. Byaem paccMmarpusars obiuil Buj rpacha,
B KOTOPOM VIPABICHHUE IPOU3BOJANTCA TOJLKO Ha OfHOro arenra. Jluma-
MHKa MHEHHIT OLpee/sieTcs] YPaBHeHUsIMU:

xy(f) + EJGSI z4(t)

z1(t) + ay G+l — a1 () | Fu), i=1,
7,(t+1)=
xi(t)+ > e it
zi(t) + ai ) Szf; "()—:m(t) : i# 1.

(1)
Oupegennm nopwiit rpad. Hazosem j-konueil rpady Toit ke CTpyKTYpbI,
rJle BEPIIHHE! HEPEHYMEPOBAHBI: BEPHIMHA MOJ, HOMEPOM | coxpamsercs
M MMeeT TOT yKe HOMEP, & BePIIHHBL 110]] HOMepaMu i = 2,...,n HyMepy-
IOTCs] KAK BEPIIHHDI 5, IPH 5TOM JyI'H MEKLY BEPIIMHAMU COXPAHSIOTCH,
™. e. ecan B rpade Goura gyra (k, 1), ro B j-xonmu Gymer gyra (kj,l;).
Ounpesgenum HOBbIN I'pad, obbeaunus j-xkonuu j = 1,...,m. IIpu Takom
00beJIMHEHNN Y KAk 108 Bepmunbl rpada, KpoMe BePIIHHLL ¢ UHICKCOM
i = 1, 6yaer m xonmit. OB03HAMIM MHOMXKECTBO KOIMH JJIs BEPIIHHDI C
unpexcom ¢ xax C; = {i1,... 4y }. s BepuIHHBI 4; U3 IOJIYyUEHHOrO
rpacba CBA3M GYAYT ONPEALIATLEs CASIYIONMUM 06pasom:
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U o i=1,
g'.ri,u‘ = k:ijl k. i#1
7 . ;
keSi,
DTu cBA3K NOKA3BIBAIOT, YTO KOIUH BCEX BEPIIMH, KOTOpLIe OBLIM CBI-
3aHLI ¢ YIPABIAEMBIM AMCHTOM B H3HAYAJILHOM rpade, Oy/yT CBA3aHbI
C YIPaBIseMBIM APCHTOM B HOBOM Tpade, U CBA3M KOIHUl 6yayT MOBTO-
PSITh CBA3H OPUIHHAJA ¢ COOTBETCTBYIOMUMY Kolusamu. Torga nunamuka
MHEHHIT J1J1s1 9TOr0 OYeT ONPEIeNIATLCT Kak

- L [ E(t) + ez, Ti(h)
z +a

Shill] A rwae0) EUTONR LS
Zi(t4+1) = = =
)+ | 2O B0 ), i1

4, DKBUBAJIEHTHOCTL Moaeseii. B pabore JIOKa3LIBAIOTCA JIBaA
YTBEPHKJECHUS, KOTOPBIE [IOKABBIBAIOT 9KBUBAJIEGHTHOCTL MOJIEJIe JIHHa-
MHKH B 9KBHBAJIEHTHOCTH COOTBETCTBYIONINX 388 YIIPABJICHMS.

Yreepxkaeuaue 1. Jaa modear dunamuru, onpedeaaemoti ypase-

wuamu (2), npu @, = ... =a;, v, (0)=...=%3; (0) Vie{2,...,n}
u modeau, sadasaemots ypasrenuamy (1), npu odunaKoBoM Ynpasaerl
U NPU COOMHOUWEHUL KOHCMANM a] = ":;Eli.jlii)ﬁl, G =04, = oo =0,
Vi € {2,...,n}, uw z1(0) = 2(0), 2;(0) = 7;,(0) = ... = &;, (0) Vi
Oydym BLINOANAMBCA DABEHCNGA:

ml(t) = .”fl (t), .’L’;.;(t) = .;;":1'] (t) =.,..= %;.;m (t) Vi V. (3)

W o6
G (o
@ g
3) (2 23y

1 I
}3_@ (43)

Puc. 1. Munocrpauus yrsepzienus 1
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Ha puc. 1 nzobpazken npumep upumenenust yrsepxxaenust 1. IlIpu yka-
3aHHOM COOTHOIIEHHUH IIAPAMETPOB ¢ areHTHl 1 6YIyT UMeTh OJIHHAKOBBIC
MHEHHS, H areHT ¢ cjeBa OyJeT HMEThL TO e MHEHHE, UTO H areHThl i,
cuopaga i =2,...,4,57=1,...,4.

HoxazarenbcTBo. Mcnons3yem MeTo 1 MaTeMATHIECKOW HHITYKITHH.
IIpu ¢t = 0 pasencrso (3) Bumosusiorcs. Ilpeanonoxkum, 410 OHM BbI-

HOJHAIOTCS Jiyis HekoToporo . Hokaxkenm, uro pageHcrsa (3) BBIIOIHEHEI
aua b+ 1. s i =1

1 (t) + X5, Tit)

?1?1(1:%—1) =§‘:l(t)-|-?}-:1 ( —El(t)) ‘|‘U(t)=

151 +1
m|Sy| + 1 (ml(t)+m2,esl z;(t) )
=x(l ] : -zt t) =
w1(t) alm(\S1| +1) m|Sy|+ 1 e ) + ule)

m|Sy|+1 (m’szsl a;(t) — m|31-’ﬂl(t))
= x1(t A [
L )+01m(\51|+1) m|S1| +1 +ul®)

ea () = |S1|®
=.’I,'1(t)+al (ZJG‘51|S.'1(-)+-1| 1| 1) +u(t)=;r;1(t+]_),

Hms i # 1

z;, (1) + E.!.;eﬁu. Tk (t)

18,1 +1

Fi, (t+ 1) = B, (t) + Gy, ( — &, (t)) +u(t) =

. (r::-.:(t) Tslef;, (1) B m,(f)) gl = e 13

Vreepxkaenue 1 gokasaro.
Yreepxkaenune 2. Ilpu yerosusaz, onucannmx 6 ymeepacdenun 1,
sadayu, onpedensemue GYHKUUONAAAMU

J(u) = Z 8t |:q1(.7:1(t) —7)% + yu?(t) + Z gi(zi(t) — T)ﬂ " (4)
=2

t=0

Jwy =36 @@ -2 + 20 + 3. S, G, () - 52|, ()
t=0

=2 j=1
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das modeaeti, onpedeasemunr 0buuM 2pahom ¢ YnpasieHueM Ha 00Ho-
20 azenma, U 2pador, NOCMPOCHIbIM OM HE2O KONUPOSGHUCM COOMGEM-
CIMGENN0, ABAANOMCHA IKCUGAALHIMMOMU NPU 1 = G1, ¢i = Giy + .+ Gipn
i.

Hoxkazarenberpo. Ilpu nojgcranoske paseHcrs (3) B (5) momyuaem

J(u) = i 5t {@1 (z1(t) — Z)? + yu?(t) + i (z;(t) — Z)* i i, } ,
i—2 =

=0

Ipu ¢, 3aaHiEIMI B yCI0BHE, paBeHcTBO (6) Bymer coBuagars ¢ GyHK-
nponagomM (4).
yTBGp}KJICHPIG 2 HAOKa3aHO.

5. BaknrouyeHue. PaccMoTrpena MOJEPHU3UPOBAHHAA MOJIEIb JIHHA-
MHKH MHeHHIT B obmiecrse ¢ OeckoHewHbIM BpemeneM. Oupejener Bu
rpada, conocTaBUMBIil ¢ rpadoM 00IIero Bua ¢ yupapiIeHneM Ha OJIHO-
I'o are’Ta M I10Ka3aHO COOTHONIEHHUE IIapaMeTpoB, IIPU KOTOPOM Olpeje-
JISIETCS B3aUMHO OIHO3HAYHOE COOTBETCTBHE MEXKJLY MOJACIAMHU, OIpejie-
gsiembiMu 3TuME rpadamu. Tlonyueno coornonenne nmapameTpos B co-
OTBETCTBYIOMNX (DYHKIMOHAIAX, IIPH KOTOPBIX 380K YIPABICHU K-
BUBAJICHTHDI.
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YIK 51-77
ITerpos M. M., Konbuu B. B.

MHoro1ie/jieBble CTOXaCTUYECKHUE OJHOITAIIHbIE
3a/1a4y [IPUHATUS PEIeHUiA.
JdoMuHaHTHBIN TPUHIIXII BBIOOpA

1. Beenenue. B janunoit pabore paccmorpena ojHa U3 Ipobjiem Ma-
TEeMATHIECKON ONTHMH3AIMNT H TEOPHU NPUHATHS PEleHuil — MHOTOIe-
JIeBas OJTHOdTAIIHAS CTOXACTHICCKAS 3a/ada NpUHATHA pertennii, Takoro
pojia 3aJlaMK BCTPEUAIOTCS BO MHOIUX OTPAC/ISX HAYKHM U TeXHUKH, KK,
HAIPUMEP, OITUMAJILHOE PACIIPEIC/ICHIE PECYPCOB € YIETOM JIOTHCTHYE-
CKUX HEONPEJIeNEHHOCTeH, IIAHIPOBAHNE pa3paboTKi MeCTOPOMKIeH I
n npouece. Ha npumMepe Mojeneil paBHOMEPHOIO PA3BHTHS W MHUHHMYMA
PACCTOSIHUSI M3JIOXKEHA IIePBOHAYAJLHAS IIOCTAHOBKA 34J[AYH, BBEJECHDI
KJIIOUeBbie onpegenenns. Jajee ncxomas cueTeMa cBeJIeHa K 3a/1a4¢ BbI-
LYKJIODO IPOrPaMMUPOBAHUS, & ¢ HCIIOAB30BAHUEM JOMIHAHTHOIO IIPUH-
U8 BEIOOPA MPOBEJICHA CKAJIAPHIAINS HCXOTHON 3aJa41, B PE3yIbTATe
qero ObLIA IOJIYUYeHa OJHOIIeIeBasT 3a/1a5a.

2. ITocranoBka 3agaun. PaccMOTpHM JIBYXICIEBYIO 3aJa9y pac-
HPEJE/IeHHs] PECYPCOB ¢ BePOATHOCTHLIMEI orpannvenusmu. B Kauecrse
KPUTEPHUEB ONTUMAJLHOCTH BLIOPAHLI MOJIEIL PABHOMEPHOIO PA3BUTHS
obbexToB Fy 1 Mojens MEHHMYMa paccrodnus Fo [1]:

n j—1 e i
i —yi(t+1 i —yi(t+1
F1: max E E ('U" pit+1) Y yi(t+ )> — min;
J

7i — yi(t) ¥ —ui(t)

i=1 i=l

n —?. - n 1 2
F2 . Z (M) — min.

i
i=1 Yi

(1)

Ilempoe Maxcum Muzatinceun — acnmpant, Canxr-Ilerepbyprekuit rocynap-
cTBeHHBIH yHuBepcuTer; e-mail: maxptl@yandex.ru, rem.: +7(911)776-72-88

Konbun Bavecaas Buwmoposuw — npodeccop; e-mail: vivakolbin@gmail.com,
Tes.: +7(812)428-41-54
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BBE,H\éM TaK 2Ke cjeJylomue MOIIOJHHTEC/ILHLIS (l)yHKLI.HI/I OI‘p?lHifI‘IGI'IHfIZ

P1{Zj’=1 it < cj(t,w)} = o;
Poly (b4 1) = g (1) + (¢, w)u (8) + di (£, w) } = ao; (2)
we® tel0,T-1),ij=Tn

ae(0,1), a; >005,

rje MCHOJAB30BaHBI ciaenyiomue obosuadenus:: Py{-}, Pa{-} — BeposrHo-
CTH COOTBETCTBYIOHIMX cOOBITHI; ¢ = 1,7n — BO3MOMKHBIE HAIPABICHHS
BJIOXKEHHS pecypcoB; y;(t) 2 0 — nokasaress pasBUTHS (-0 HAIPABICHHS
B MOMenT BpeMenn ¢ y;(t + 1) = 0 — HoKasaTeab pasBUTHS -0 HAIPAB-
JleHust B MoMeHT Bpemenu §+ 1; u;(t) — 06béM pecypcoB, BBLIEICHHEI HA
i-e HallpaBJleHune (HCKDMaﬂ HepeM(—}I—IHa}I); w — loKasaTellb BOJaTH/IBHO-

e (CTeleHb Heonpe e éHHOCTH SKOHOMUIECKOl cpept); T — ropuzomt
MTAHMPOBANKS; Gij — JIEMEHTHI MATPHILI PACIPEJEICHNs i-T0 pecypea
10 j-y HAIPABICHUIO; (v — CKAJISIPHBLI IAPAMETD, XapaKTePU3yIOUHii 10-
MUHHpPOBaHAe OAHOMN 1esteBoll byHKIMN Ha/1 Apyroil B CKaJIApU30BanHOI
MoJenu; §;(t, w) — IPHPOCT 4-I'0 HAIIPABICHUS HA €UHHILY BJIOMKEHIBIX
pecypcos; d;(t,w) ~ Bausaue sHemunx haxTopos (cayuaiinas Bejanvu-
na); ¢;(t,w) — cyMMapHoe KOJUYeCTBO MMEIONIUXCS PECypeoB B MEPUOT
t (cayuaiinasi BeJIMMHHA); §f; — STAJOHHOE COCTOSHUE JIs 4-0r0 06beKTa,
Ui 2 yi(t + 1), Vi, t.

B Mojiestn paBHOMEPHOTO pasBuTHst 00BEKTOB PACIPE/eIeHIe 3aTPaT
OCYIIECTBIACTCA POHOPIHUOHAILHO TPeGyeMbIM CpeJIcTBAM JIIsl JOCTH-
JKeHust dTajoHHoro cocrosinus. Takoit (yHKIMoHAN 103BOJIAET TIOCTE-
NEHHO CIVIAYKHBATDL JIUCIPONOPINH B PAsBUTHH Hanpasienuii. Mojens
MHHEMYMA PACCTOSHHS HO3BOJACT PACIPEJCTHTL Pecypehl TakuM 06-
pasoM, 4TOBBI «pacCTOAHME» [0 TATOHA Jid BeeX pabor OBLI0 MUHH-
masbibiM, Takoe pacnpejenenue nokaspiaer Kak Haubosee abdexrus-
HBIM CIIOCOBOM JIOCTHIHYTD JIjIs BCEX 7 HAIPABJICHHI 9TAJOHHOTO COCTO-
st [2].

C nOMOIBIO TAKOTO IOJXO0A IPH JIOMYIEHIH, YT0 HEBI3KH B OIPAHU-
YEHHSX HE MPEBLINAI0T HEKOTOPBIX 3aJaHbIX HCeN @; ¢ BEPOSTHOCTHIO
o; > 0, cTpeMEMCS OJLYUUTh TAKOE PACIPEIEICHAe PeCyPCoB, KOTOPOe
CTHMYJIUPOBAJIO Obl YHHITOKEHIE [UCIPONOPIMA 1 JOCTHKEHHE 0OIIero
addexTa, MpUUBM 1epesoj| Beex 00BLEKTOB U3 HAYAILHOIO COCTOSHUS B
TAJIOHHOE TTPOUCXOANI0 6B pasHOMepHO |3,4].
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3. CyuiecTrBoBaHue AeTepPMUHUPOBAHHOrO 3KBUBaIeHTa. lan-
HYIO 3324y ¢ BEPOATHLIMH YCIOBHAMIE C IOMOIILIO 3AMEHDI ITEPEMEIHHBIX
MOYKHO IPHBECTH K 001memMy By |5]:

bi = yi(t + 1) 4 wi(2),
6 = si(t w) wi(t), ®)

¢; = di(t,w).

B raxom ciayuae Mogean (1) ocramercs 6Ge3 u3MeHeHHil, a cHCTEMA J0-
HOJNHUTEIBHBIX (PYHKIMI orpanntennii (2) npumer caeiyioniuii su [6]:

Py Z aju; < ci(t,w)r 2oy, a20,5,
g=1
(4)

<l >ay, ay>0,5,
P{bi<c} >y, ay>05 we, ac(0,1).

Hanee, mpumem, uro aqy, b, ¢; ,c;,c;’ — HOPMAJIBHO PAaCIpPeIeIEHHBIC
CIyHAHHLIC BETHIHHDI ¢ MATEMATHICCKIMH OXKUJIANNAME Cyj, by, &, Ci) C;
U JUCIIEPCHAMHA ij,r/f,nf,n;?,n;hz coorsercreento. Jamee 6ynem cun-
Tark o > 0,5.

Teopema 1. 3adava ¢ GEPOAMMHOCTIHHMU 02PANULEHUAMY (4) cGO-
dumes ® demepmunuposanmoli 3adarne GuNyKA020 NPOZPAMMUPOCAHUA €

auretnot weaesoli Gynruuet u KeadpamusHsMU YCAOGUAMU-HEPAGE -

CMEAMU:
¢ 1/2
T n i
ot (ev) Z Vit + 2 Z Vijt; + 7}3 < G — Z Gijuy,
ik j j
4

& / 1 1/2 - -
® ~Hal) (Qr/.,; + 771;2) < cf = by,

/2 -

" s

" Ya,) (21/.:;, + 'r).:;fz) <c) — b

HokazaTenbeTBo 3T0# TeopeMbl BLIXOAUT 3a PaAMKH JaHHONK pabo-
rol. Ilonmoe ero onucanne moxkno Haiitu B [2]. Ilpuseném siech TOMBKO
ocuosHble marn. Ilpm gokasaTeabcTBe MCHONB3YETCS 3aMEHA IIEpPeMeH-
ubix (3). IoxasbiBaercs SKBUBAJIEHTHOCT HOBBIX BEPOSTHOCTHBIX OIPa-
HUYEHNH MCXOMHBIM KBaJIPATHYHLIM YeI0BUsAM-HepaBeHcTeaM. [locye ue-
I'o JOCTATOYMHO IPOCTO JIOKA3BIBAETCI, ITO HOBas IeeBas (PYHKINA IPH
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3aMeHe IIePEeMEeHHBIX Tak Ke ocraércest JuHelinoil. B konue joxkasareinb-
CTB&, YXKe HMes JHHEeHHYIO 1e1eBy0 MYHKIHI0 H KBaIPATHUYHbIE YCIO-
BH#A TOKA3BLIBACTCHA, YTO UCXOJHA 3a/a49a CBEJICHA K 3aJ/la9e BBITYKJIOTO
IPOrpaMMHPOBAHUS.

CrouT OTMETHTB, YTO JIMHEAPH3AIUd (DYHKIHOHAJA «PACCTOSHUSS
103BOJIsIeT paboTarsb ¢ JAHHON CHCTEMOH YpaBHEHUN MEeTOJaM# JINHeli-
HOT'O IIPOIPAMMHPOBAHUSL.

4. JoMuHAHTHBIA npuHIEN BeIGOpa. Chneayer OTMETHTH, UTO
IPUBEJIEHHAs BBIINE ITOCTAHOBKA 3aJaMH MHOTOIEJeBOI ONTHMU3AIMH
Hy2KJaercs B Jonoynenusx. s Toro, 4robsl pelmTs 3ajady U Ipu-
BecTH eé K Gosee NPOCTOMY BHJY MBI ONPEIEIHM IOHATHE CBEPTOK 1
cchopMysIIpyeM HPaBUIO, KOTOPOE yKa3bIBACT B KAKOM CMBICJE I[OHHU-
MAETCA ONTHMYM. DTO MPABHIO HABBIBACTCH NPUMUUN 6uOOPa MI020-
YeAesoli ONMUMUSALUL, 3aJaHIe KOTOPOrO HMO3BOJISET YCTAHOBUTL (&)
B KaKOM CMBLIC/IC IOHUMAETCS ONTHMAJILHOE perenne u (6) Onpee/nTh
MHOKECTBO OITHMAIbHBLIX 3jeMenToB. Hanbosee qacro HCHOIB3yeMbIM
HPHUHIMIIOM B 339X MHOPONEICBONH ONTHMH3AINN aBasgercs [lapemo —
ONMUMAALHOIT NPUHYUN 66100Da.

Baech u ganee nupuMeM f(x) — BEKTOP OLEHOYHBIX KPHUTEPHEB COCTO-
At 13 penrenuit nexopuoit sagaun f(x) = (fi(x),..., fu(x)).

Onpeaenenne 1. Diement z° € X maswisaercsa Ilapero — omrn-
MaJIBHBIM 110 MHOT'OLEICBOMY IIOKA3ATEII0, €CIM HE CYLECTBYET TAKOTO

@ € X uro semosnens nepasencrsa fi(x) = fi(2") nas seex k =1, N,
NpUIEM XoTs GBI OJIHO M3 9THX HepaBeHCTE crporoe 7).

Mpl paccMOTPUM perIeHus, OITUMAJBHBIE 10 JOMUHAHTHOMY IIPHH-
Uy BLIOOPA.

Onpenenenne 2. Duement x! € X HasbiBaeTcss ONTHMAILHBIM 110
JOMUHAHTHOMY HOpHHIUIY BuiGopa, ecnn fr(z) < fr(2%) mms mro6BIx
zeX,k=1,N.

Hasee BBeJIEM olpejieicHIe OHATHS «CBEPTKas».

Onpenenenne 3. CBEPTKON KOMIIOHEHTOB MHOIOIEG/IEBOI0 IIOKA3a-
rens f € ( maseiaercs orobpaxenne ((Q — R'), koTopoe npeobpasyer
COBOKYITHOCTL KOMIIOHEHT IeJIeBOr0 (PYHKIHOHANA B CKAJSPHBIA Iiese-
BOI IOKaszaTelb,

Hajiee mpuBeaémM JeMMbI, KOTOPBIE YCTAHABIUBAIOT CBA3b ONTHMAJb-
mocrn no llapero ¢ onTumuzanmeil JHHEHHON CBEPTKH B MHOTOKpPHTE-
pHaNbHbIX 3amadax. Clepyer OTMETHTh, 9TO 00e JIEMMbBI OCHOBAHBLI Ha
nepasencrise Mencena.
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Jlemma 1. Ecau mnooicecrneo X swnywao, dyuxyue fr, bk = 1, N,
gozuymat, 0 € X onmumaavno no Iapemo, mo cnpacedaueo caedio-
wee:

Ja e (0,1) : max(afy (@) + (1 - a) fo(@)) = afy(2°) + (1 - @) fa(a?).

Jlemma 2. Ecau das nexomopozo wucaa o € (0,1) evnoaneno cae-
dyrouwee yeaosue:
b
afi(z®) + (1 - @) fa(a®) = max(af1(z) + (1~ a)fa(x)),
ro sekTop ¥ onrumaden no Ilapero.

Ha ocHoBanu# THX JIEMM HOUCK pGHIeHHﬁ, OIITHMaJIbHBIX 11O HapeTo,
IKBHUBaJICHTEH HaXOXKJICHUIO

afi(z®) + (1 = @) fa(2") = max, o€ (0,1).

He rpysno Bujiers, 1T0 €CIu MHOMKECTBO PEIIeHHH, OITHMAJILHBIX 110
JOMHHAHTHOMY TPHHIIMIY BLIGOpa He MycTO, TO TOIJIA OHO COBIAJACT C
[Tapero — onTHMANBHBIM MHOXKECTBOM pentennit. QTciona ciaeayer, uro B
JAHHOM CJIVYae B 3ajlate MHOTOIEJIeBON ONTHMU3AINN MOYKET ObITh HC-
[OJIB30BAHA JIMHENHAs CBEPTKA., YUNUTBIBAs CKA3AHHOE BBLILIE, 38J1a1y B
0B1IeM BHE JICTePMUHUPOBARHON MOJIENH IPUBEAEM K CKANAPHON 3a1a-
e BBIIYKJIOIO HPOorpaMMUPOBAHMI:

fa(@) = afi(z) + (1 — a) f2(x) — max,

; , S\ (1/2) ‘
¢ Hey) (Z:,;, VighUsug + 2 Z: Vijthj + ?7,2) <G - ;' Biju s,
’ ’ I (1/2) - -
§ @ el (2w 4m?) T <d-
11_1 1 r "fz (1/2) T -
& ey ) (Zy*ﬁ +n; ) S¢ — by

ae (0,1).

3Jiech BHJHO, UTO MCXOHAS MHOIONE/IEBAs 3alada Teleph CBeJeHa
K OJHOIEJIeBON 3ajade (CM. IIepBoe yPaBHEHHE B CHCTEME), 3aBHCsIei
OT CKaJsIpHOTO napamerpa «. Jdanee 6ynaeM cauTarh, 9To PYHKIUNA fo 1
U~ (ev;) menpeprsro auddepennupyemnl. Tak:ke TpHIIMACM, YTO fq —
BOTHYTAsI, & 00JIACTE, BLICEKAEMAas HePABEHCTBAMM, BBITYKJIAL,
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5. 3amiouenune. B upejcrasiennoii pabore Ha IpuMepe Mojeeil

PABHOMEPHOI'O Pa3BUTHsA H MHHHMYM&a PaCCTOAHUS ITPOJEMOHCTPHPO-
BaH IPHUMED HCIOJB30BAHHS JIOMHUHAHTHOIO MPHHITHIIA BBIOOPA: HCXO/I-
Hasl OJHOITAIIHAM MHOIOIEJeBas CToXacTHuecKkas 3ajada IPUHSITHS Pe-
HmIeHdit ceejieHa K Of[HOIesIeBOl 3aja4e ¢ IOMOIIBIO CKASIPU3AINH 11eJIe-
BeIX (yrkuuit. Kpome 910ro mpojseMoHCTPUPOBAH JeTepPMIHHPOBAHHBI
IKBUBAJIEHT MCXOJHON 3a/1atu.

[y}
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YIK 519.6
Copokuna I1. 3.

HCCJ’IG,ILOB&HHG 1 IIPpOrHO3UpOBaHUe
NpoaoJIZKUTEJIbHOCTH KHU3HU

Pexomendosaro ® nybaukayuu cmapuutm npenodasamencm
Kymavesot C. 1.

1. Beegenue. YpoBeHb HPOJOIKUTEIBHOCTH KU3HH HACEICHUST 51B-
JISIETCsT OJIHAM M3 OCHOBHBIX IIOKa3aTesIel KauecTBa KU3HU 110001 cTpa-
Hbl. AHAJIN3 JAHHBIX O NPOJOJIXKHTEIBHOCTH KU3HHM HACCIEHUsT HEODXO-
JuM s oneHkH addekTuBHOCTH PaboThH cephl 3PABOOXPAHCHHET H
noc/IeayIonel KOPpPeKTUPOBKH e JeHCTBHII B CBA3M C IOKA3aTENAMH,
Taxzke JaHHBIC O NPOJOKUTENLHOCTH KU3HH HACEICHHS aKTHBHO HC-
HOJIB3YIOTCS B 3aJiavax CTPAXOBAHUS M PA3JIUYHBLIX COIMAJNBHBIX pacte-
Tax.

Bouee toro, Baxkno He TONBKO aHAIM3NPOBATH UMEIOIINECS JIAHHbBIE,
HO W JIGJIATH HPOTHO3BI 0 OYAYIINX MOKA3ATENAX ¢ [HEJbIo BEIOOPaA HAH-
Jaydmeil crpaTernn JAeHcTBHN B paz/IMmuHLIX cdhepax.

2. ITocranoBka zagaun. Llensio jgamnoit pabornl gBiseTcs onpe-
JleJleHne MOoJeIell, HAMIYUIIuM 00pasoM IPOrHOZHPYIONINX HPOI0/AK M-
TEJBHOCTD KH3HU jia Poccnu.

st roerusKeHnst MOCTABISHHOH 1eJIH HeoDXOoUMO cobpars JaHHbie
JUTST MCCIeOBANNS, TPEJCTABHTE UX B ITOJXOASAINEM BH/IE, AINIPOKCHMI-
pPOBATL MPHU MOMONIM AHATUTHUYECCKUX 3aKOHOB CMEPTHOCTH M BLIGpATS
MOJIEJIH, JIAOIIHE JIY UIYIO ALIIPOKCHMAIINIO, CIIPOTHO3UPOBaTh Koaddu-
IUEHTHI 15 BEIOPAHHBIX MOJIEJIeH U [IPH IIOMOIIH HEX HOCYUTATL OyI1y-
Hipe JAHHBIE, ONEHHTL PE3YILTATE IPOTHO3UPOBAHMISL,

2.1. AHaauTHYecKHe 3aKOHbI cMepTHocTH. Bo Bpems uccie-
JIOBAHUS HCIIOIb30BAJINCH KIACCHUECKHE AHAJHTHYCCKHE 3aKOHbl CMepT-
noctn [1]:

1. Modeav de Myaepa. B pannoil Mojean cauTaeTes, 9T0 BpeMsl yKHU3-
HI PACIpejiesieHo paBHoMepHO Ha uuTepsase (0, w), rje napamerp w,
HOJTHOCTBIO ONPEJEIAIONINNE 3aK0H PABHOMEPHOTO PACIpPE/Ie/IeHHs, Ha-
3BIBAEGTCH MpPEIeNbHBIM BozpacToM. [lpu ) < 2 < w BBIIOIHSIETCS

Copowuna Hoauna Ddyapdoena — crynent, Cankr-Ilerepbyprexuil rocygapersen-
el yausepenrer; e-mail: st069564@student.spbu.ru, ren.: +7(987)632-00-85
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) 9(T’l) =1-—, He = = '
w s(z) w-—u
rje s(x) — QYHKIHS BEIXKHBAHS, BePOSITHOCTE TOIO, UTO YEI0BEK JOMKH-
BeT 110 Boapacta z Jier; f(z) — KpuBad cMepreii, IIOTHOCTL pacipeie-
JleHns caydaiinoit sexnannnl X F(2) — DyuKIpa pacupeiesenns; (, —
(byHKIHA MHTEHCHBHOCTH CMEPTHOCTH,
2. Modeav Tomnepmuya. Crpapeijinso

iy = f@) _ Be™®,  s(x) = exp[-B(e™ - 1)/a],

f(x) = Bexplaw — B(e™ —1)/a],

rje Be™ — yuurnipacT BAHAHNE BO3pACTA HA CMEPTHOCTEL M B 3TOM CMBIC-
JIe COOTBETCTBYET CMEPTHOCTH OT «IIPHPOJIHBIX» IIPUUILH.

3. Modeav Modikzama. B mogenn MaiikxaMa HHTEHCHBHOCTL CMEPT-
HocTn npubimzkaerces Gosee obmeit gynkimeit suga p, = A+ Be™, e
napamMerp A yUHTBIBAET PUCKH, CBI3AHHDLIC C HECYACTHLIMH CIYYAIMH,

a Be™ — yuprniBaeT BAMANNE BO3PACTA HA CMEPTHOCTD.
s(z) = exp[—Az — B(e™ — 1)/q],
flz) = [A + Be™]exp[—Ax — B(e™® — 1)/al.
4. Modeav Belibyana. Umeer mecto

k
1y = ka" (z) = ka"exp | ———a" | .
pe = ka™,  f(x) x" exp { 2 Tk

2.2. Mopgenu pnsi nporHosupoBanud. lIporunosuposanue npo-
BOJIMJIOCH ITPU TIOMOIIH MO/JIeseit |_2]:
1. Hauennili npoenos

Yt = Yi—1-

2. Modeav croavaaueti cpedneti (oyenka cKoav3AUEee0 0KHA)

1 k—1
??n' = ; Z Yt—m+
" n=0
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B JAHHON MOenn pejgioJjaraercs, “ITo 6y;|,yu.:ee 3Ha'leHHe HEPEMGHHOﬁ
3aBUCHAT OT Cpeariero n ee npeablIy X 3HAYCHHUIL.
3. I]’pocmoe IKRCNOHEHUUAADHOE C2AAMHCUCGHUE

=1+ (1 = -1

3/1ech BMECTO B3BEIIHBAHUS MOCICIHAX 1l BHAYCHUH Dsi/a B3BEIIMBAIOT-
csl BCE JIOCTYIHBIC HAOIIONCHHS, IIPH STOM DKCIOHEHIIMANLHO YMEHLIITA
Beca 110 Mepe yriuybieHus B ucropuueckue janusie. Bec v — cruaskusa-
omuit dpaxrop. Oun onpejensger, Kak OBICTPO «3abbIBACTCS» IIOCIIEIHEE
JIOCTYIIHOE MCTHHHOE HAOUIOIeHHe.

4. Heotiroe aKcnoHeHUuaAbHOE C2AGNCUBAHUE

[.'L‘ (S:U:L' + (]- - ’5)(1:}:—1 + b_q:—l))

ﬁ(lw - lu:—l) + (]- - ;B)b:r—la
.ﬁm-\—l = l:a: + b.’t:'

b:l':

JaHEBI METOJ| HO3BOJISIET CTPOUTE IPOIHO3 CPa3y Ha JBE TOUKH BIIepe/,
Omnenka CIporHO3UPOBAHHBLIX JAHHLIX IIPOBOAUIACH IPH HOMOIIH TIe-
PEKPECTHOI IIPOBEPKU BPEMEHHBIX PJIOB.

3. ITocrpoenne momenu. Jaunsie o cMepTHOCTH 1O BO3pacTaMm Obl-
s Haiijensl Ha caiire [3]. Ha manuom pecypee ecth jannsie no Pocenn
TosbKO 3a 1959-2014 roma. Hamueie g 2015-2020 rogos ObLIH B3ATHI
Ha caiire [4]. HemocTaTkoM aTux JaHHBIX SBJSETCA TO, ITO OHH PA3BHTHI
[0 BO3PACTHLIM TPyIIaM HE 10 TOAY, a 10 HaTh jer. s pasbuenus
JIAHHBIX 10 BO3PACTHLIM [PYIIIAM II0 I'OJY HCIOJb30BAJACH METOJIUKA,
OCHOBAHHAA HA WHTEPIOJSAINN KYOHUecKHME cIitaiinaMu (pyHKIMH pac-
upejeaenus |3]. Boiasieno, ¥To HOMyUeHHbIE HPH HHTEPIOJSIAN JaH-
HBIE [LJIOXO ANNPOKCUMUPYIOTCS AHAJUTUYeCKUMHU 3akoHamu. lloaromy
OBLJIO PelIeHO HCHOJIb30BATE HaHHble ToJbKO A0 2015 roja.

Hasee ObIIN TOCTPOEHBI MOJEIH 10 AHAJIHTHUCCKHM 3aKOHAM CMEpT-
HOCTH, ¢ IOMOIILIO KOTOPBIX JaHHbIe ObLIM allpoKCHMUpoBaHbl, Tak
KaK IpeJIeJbHBIH BO3PACT 110 JAHHBIM TabJMIIL CMEPTHOCTH COCTABJISET
110 ner, To omenka mapamerpa s Mogenan jge Myaspa w — 110. Hna
HAXOMKJIEHMS OIEHOK IapameTpos mojeneil lomnepria u Beiibyaia ne-
HOJIB30BAJICS METOJ, HAMMEHbIIHX KBaJApaTos. Jsa HeauneHol Momgenn
Meilikxama 6bLIa COCTABICHA CHCTEMA U3 TPEX YPABHEHMH ¢ TpeMs Heus3-
BeCTHBIMU <, BB u A, pemenne KoTopoil M JAJMO0 OUEHKH HEH3BECTHBIX
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napamerpos. Pacemorpunm GyHKIMIO pacipeje/enust
F(z) =1 - exp[-Az — B(e"* - 1)/a].

Haiinem Mepuany, BepXHUN ¥ HHXKHII KBAPTUIN PaclipejiesieHust 110 Tab-
JuIe cMepTHOCTH. Tora cucTeMa HEeMHEHHBIX YPABHCHHH HMEeT BUL

1 — exp[—Az — B(e™ - 1)/a] = 0,25,

1 —exp[—Az — B(e™ —1)/a] = 0,5,
1 —exp[—Az — B(e™ — 1)/a] = 0,75,

rjie & IPUHUMAEeT COOTBETCTBYIONME 3HAUCHUSI HUIKHEIO KBAPTHIL, Me-
JUAHBI M BEPXHEro KBAPTHJIA PACITPEJICTICHNI,

[Tocaae mocTpoeHusT MOAEH OLLIN ANPOOUPOBAHLI HA UMEIOIINXCH JAH-
HBIX U BpIOpaubl HauboJiee TOUHBIE X HUX, T.€. ¢ HAUMEHbIIeH cpejiHe-
KBaJipaTuaHoi omubkoit: Momeas lommueprina u Mogens Meitkxama. s
BBRIOPAHHBIX MOAE/eH OBLITH TOCYUTAHBI TAPAMETDBI JII8 KaxKa0r0 roja ¢
[eJILIO UX JIAJNBHEHIIero IporHo3upoBaHusl.

Hanee npoBouIOChH NPOrHOZHPOBAINE TIPH MOMOIIHM ONMUCAHHLIX Pa-
Hee Mogedeit. CHavasa cTporiics HPoruos napamerpos ua 2010 roxg na oc-
HoBe 00yualoneil BLIOOPKY, cocTosdIel u3 napamerpos 3a 1959-2009 rr.
Cunranach omubKa MEXK Y MCXOMHBIMHE JAHHBIMUA U JIAHHLIME, [10JIY 4eH-
HBLIMM IIPH MOJCTAHOBKE CIIPOTHOBUPOBAHHLIX HapaMeTpos. Jamnee B 06y-
YAIONLYIOCs] BBIDOPKY BKJOYANHCH MCXOAHBIE mapamerpbl 1o 2010 roay
U Tenepsb nporuos crpomsics na 2011, cunranack omubka. Tax npojod-
skanock 10 2014 roga. B urore 6n110 nocunTano b omuboK U UX cpejHee
ABJISIIOCH OMMOKOM I paccMaTPUBACMON MOJEIN [IPOTHOZHPOBAHUA.

Bcee nponeaypsl 0 (pyHKIHH OBLIH IPOIUCAHBI CAMOCTOSITEIBHO C HC-
OJIL30BAHNUEM SI3BIKA IporpamMmMupoBanus Python.

4. Pesynbrarsl Mogenuposanus. [lo pesyibraraM nporHo3upo-
BAHUS BBLISBICHO, YTO HaubOJee TOUHLII IPOTHO3 CTPOUTCH HA OCHOBE
JAHHBIX, ANIPOKCHMHPOBAHHBIX IpH oMol Mogenu lomuepria. Han-
JIyHIIeH IPOrHO3HPYIONIEH MOJAEIBIO OKA3ANACh MOEIb JBOIHONO IKC-
HOHEHINAJBLHOTO cryaxkusanns ¢ koddduuuenramu ¢ = 0,87, 8 = 0,09
(puc. 1). Ouenka Mojiesell TPOU3BOINIACE IPH TOMOIIHM CPEAHEKBAIPA-
THYHON 1 aBCOMIOTHOMN OMHOOK.

K nepcuekTunaM JIagbHeIero Heeae 0BaHNs OTHOCUTCS MOJIEIHPO-
BaHUe IPOJOKATENLHOCTH JKH3HH € YUIeTOM BIMAHES HA IOCTPOCHHLIC
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Mo/jlesin Tokasaresei B snoxy namjgemun COVID-19.
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YIK 51-77
Dupsaro V. A., Kouepos W. II.

MopgenupoBanue JUHAMHUKH CIIpOca HA
CKOPOIOPTHAILYIOCH IPOIAYKIIHIO

Pexomendosano x nybauxayuu doyenmom Hankpamosot 5. B.

1. Beegenue. Qs BrajenblieB TOProBLIX ceTeil 0CTPO CTOUT BO-
LPOC IIPOrHOSUPOBAHMS: JJIsl YCIEHIHONO BeIeHusl ODu3Heca HeobXoumMo
IIAHIPOBATE GOMLIIOE KOMHYCCTBO BEJUYHH, 0T 00LEMOB ITPOIaK ool
KOHKPETHOI ¢JIMHUIILI TOBAPA [0 BBIPYUEK BCeil KOMIAHIH Ha OyiLyime
nepuojpl. Takum o6paszoM BO3ZHUKACT MOTPEOGHOCTH B MOCTPOCHUN MAaTe-
MaTHYECKON MOJeaN, KoTopas HanboJee TOYHO OMUCBIBAJA OBl TOT HIIH
HHOIT Ipoliece, TPOUCXOAAIINHN BHYTpH KoManuu. Ilocme nposepku aroit
MOJIEJIN HA MCTOPUUYECKHX JAHHBIX MOIYT OBITH IIOCTPOEHBI IPOIHO3LI,
KOTOPBIE TIPH JOCTATOYHO BLICOKOM KavyeCTBE MOJCIH CMOTIYT YBEINIUTE
HPOJAXKUA WK CHU3UTDL U3JIEPIKKH 118l KOMIIAHUH,

B nponecce nocrpoenus Moieu JTOMAKHBI OBITL YUTEHBI HEKOTOPHIE
(GaKTOpBl, KOTOpBIE, 10 TPEANOIOMKEHNI0 PYKOBOJICTBA KOMIIAHHUH, $B-
JISIOTCH 3HAYUMBIME TIPH TPOIHO3UPOBAHME, & MMEHHO: YIET B MOJIC/IH
HECKOJBKHUX BHJ0B CE30HHOCTEN — I'oJ0BOH, MeCsTHON, HeJeJ bHOM, 1IpH
TOM Heje/bHAS CE30HHOCTEL B Pa3Hble HEPHOILI I'0Jla MOMKET OTINIATH-
Csl; UPA3JIHUYHBIX WU HPeAIPA3JHUIHBIX JHEH, B KOTOPbIE IIPOUCXOIUT
BCILIECK IIPOJIAXK OTHEAbHBIX KATErOPHl IPOIYKTOB, & TAKKE HHBIX (haK-
TOPOB, BAUSIONINX HA IPUHATHE PEHICHUN Y MOKYIaTeseil.

B pmanwnoit pa6ore nocrpoena MareMaTHUIeCKas MOJIEAb IPOIHO3HPO-
BaHHs 0OBEMOB ITPOJIAXK /151 CKOPOIIOPTSIINXCS [TPOJIYKTOB ¢ MCIIOIb30-
BAHHEM METojla MaKCHMAaJIbHOTo npasuonogobus [1]. Kposme roro, as
MOCTPOCHUS MOJEJHU UCIHOJIL3YIOTCS PeasibHbIE JaHHbIe.

2. Onucanue JaHHBIX. PaccMOTPHM CeTh IPOIYKTOBBIX MATa3HHOB
«K». B Cankr-Ilerepbypre pacnonaraercs okoJo 20 Touex mpojax sroii
CEeTH, B KaXK/J0M MarasuHe HeCKOIBKO OTJINIOB, B KAXKI0M OT/e/Ie — COTHH
ToBapoB. Ha IpoTsa:KeHrH MHOMMX JIeT KOMIIAHUS eXKeJHeBHO cobupaJa

Qupazo Vavarna Aanexceesna — marucrpant, Cauxr-Ilerepbyprekult rocynap-
cTBeHHEIH ynusepcurer; e-mail: 86062251 @student.spbu.ru, Tem.: +7(999)537-39-78

Kouepos Hean Hasaosunw — marucrpant, Canxr-Ilerepbyprekuit rocygapersen-
bl yausepeurer; e-mail; st061387@student.spbu.ru, Ten.: +7(905)814-41-42
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JIAHHBIE, HA OCHOBE KOTOPBIX PYKOBOIUTEIH JeIaIH IpocTeilinne Iporio-
3bl, HEOBXOIUMBIE JJIsl IJIAHHPOBAHHUS BBIPYUKH, OIpeJeIeHHsT Pa3zMepa
3aKa3a KaykJoro rosapa u T. J. B mrore mmeercs 6asa JAHHBIX, B Tab-
JIMIAX KOTOPOil HECKOILKO MHJLITMOHOB ¢TpoK. B pabore onucan mpouecce
00paboTKN JAHHBIX U HCIOJB30OBAHNS OJHON MOJENH POrHO3HPOBAHUS
Ha si3bIKe nporpammuposanust R. Mexomubie pannbie xpansres B Tab-
JIMIE, KOTOPasl CO3/aBajach IPH IIOMOLIY CHCTEMBbl YIIpaBienus baszaMu
gannerx (CYB/) MS SQL. Tabnuna cogepKuT cieiyIonue croabIb:

e jiara;
® HOMEP MAIA3HHA;

® KOJI OTJIeIa;

e KO/ TOBAPA;

e KOJMUECTBO MPOJAHHOrO TOBAPA,

® I[ICHA EUUHUILI TOBApA;

e 00M1as BBIPYYUKA IO TOBAPY B IEHb;

& KOJIUYIECTBO OCTaTKa TOoBapa Ha CKJIalle B KOHIe JTH.

Tak kak Taﬁ.l[H]_Lﬂ. nMeeT HOLIToH 06’1361\'[, BLITPY3Ka BCCX JIAHHIDBIX 3a-
HHUMaeT MHOI'0 BpeMeHH, IIO3TOMY CO3JaeM dataframe (TaGJIH‘IHbeI TUIT
XpaHeHHs JAHHBIX B R), B KOTOPOM GyiIyT TOJLKO HEODXOIMUMBIC KOJIOH-
KH, & UMEHHO:

1. Hara.

2. Homep marazumna.
3. Homep ornena.

4. Bripyuka.

[Tocie npeobpazoBanus TabIUIA COAEPHKHUT IABA CTONOIA: JATA U BbI-
pyuka. ITocrpoum rpacuk paga (puc. 1). Ilo sromy BpemennoMmy psity
HOCTPOUM MOJIEb JJIs1 IPOTHO3HPOBAHMSL,

Xapaxrep BPeMEHHBIX PsJIOB MOMKET CHJIBHO PA3JINUATLECS B 3aBUCH-
MOCTH OT DJIYOMHEI arperupoBanns Jagabix. CoOTBETCTBEHHO [ KayK-
JIOI'O MCXOJHOIO BPEMEHHOT'0 Psijia cyIiecTByer npobiema BeIO0pa MO1eIH
IPOrHO3UPOBaHHs [2].
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Puc. 1. Mexomupie jannpie — 06bEM 1IPoaz

3. Onucanue MareMaTudecKoil Mogean. M3yuns Bu3yanbHO Jam-
Hble, HPUHATO pellleHrne BKJIOUHUTL CIeIYIONue KOMIIOHEHTBI: TPEeHJ,
Ipa3IHUKH, & TAKXKe NOJI0Bas, MECAUHAS U HeJAeabHAasd Ce30HHOCTH. Kpo-
M€ TOT'O, BBIABJICHO, YTO B MOJACINPOBAHMN HEOOXOJHMO yUECTh IOTOjI-
Hble YCJIOBHS, KOTOPBIE MOYKHO IIPEICTABUTL B UHAUKATOPHOM BUjE H
rpachux paborTel nepconana, TaK Kak IEPCOHAJ s HANIETO THIIA Ma-
rasuHoOB UI'PAeT BAXKHYIO POJIb B IPHHATHN pelleHnil y noKyuaresiei, a
TAKMKE HEKOTOPLIe Apyrue dhaxTopnl. TakuM o6pa3omM, CTPOUM MOJIEIb B
CIIE/IYIONEM BUJIe:

y(t) = trend(t) + h{t) + ys(t) + ms(t) + ws(t) + e(t),

rae trend(t) — tpeng, h{t) — upasmuuxu, ys(t), ms(t), ws(t) - rogosas,
MecsIMHAS U HeJleJIbHas Ce30HHOCTH COOTBETCTBeHHO. MTaK, I HaXoXK-
JeHHsT MaKCUMYMa (DYHKIMH NPABAOIOI00HS H, KAK CJIeJCTBUE, BBITHC-
JIEHHSI NCKOMBIX IIAPAMETPOB, TPeGyeTcs B3ATb [POH3BOMHBIE Jorapud-
MHEMECKOH (DYHKIMA HPABIONONObHs 10 BCeM HCKOMBIM IAPAMETDAM B
OTIENLHOCTH U IPUPABHATE UX K HyJo [3].

Hauném ¢ rpenjia, KOTOpbIi OpenonaraeTcs HCKATh B Buje 312+ 2.
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Torna norapudmuueckas dynknus npasgononobus (JIDID) ameer suz

N
log L(B,0%) = ~% log(2ma?) — % Z Wi =B = Bozi)

5 .
o
i=1
IIpupasusiem k mysmo uacrusie npoussojusie JIOII:
N
dlog L (yi — B1 — Bax;)
- R Al i TV
9B, ; 2 !
N
dlogL _ ) (yi = B1 — Bai) _ 0
a1 i a2 '

Pemup cucremy, maxogaum oteHku £ u Fo U yaaaseM TPEH U3 JIaH-
HBIX, TAKHM 0Dpa3oM MOJTyuaenM HOBbL pai yi = y; — (S12;+ B2), n naee
H3BJICKAEM M3 HEI'O OCTAJILHBIC KOMIIOHEHTHI, 8 UMEHHO Ce30HHLIE KOMITO-
HenTel. Bee ornmuumsa Mexkay pasHBIMM THIIAMH CE30HHOCTEH cocToaAT B
PAZIHYTHOM HePHOe KoaebaHnmii, a TAKKe B PA3IHTHOM KOJTUICCTBE UJIe-
HOB psga Pypoe, B3dTIX B cyMMe st onncanus Kojuebannit. CesoHnas
KOMIIOHEHTa B 0BIIeM BHE BBINVISIUT cheayionum obpasoM [4]:

N

2mnt 2mnt
s(t) = Z (an cos ( 7;{? ) + Dy, Sin( 7;1 )) .

n=1

rae 1T — nepuoj kosebanuii, a,, b, — HensBecTHBIE HapaMerpsl, N — Ko-
audgectBo wienos paga Pypwe. O6biuno npungro 6pars N = 10 gaa
rojosoit cezonnoctu, N = 5 — jus mecsiauoit © N = 3 — jyist Hejelb-
Hoit. Yem menpine N, TeM MeHee OCIMIIIMPYIOMAs (PYHKITUS IO THTCH.
Haiinem nenspecrHble apaMeTpbl AHAJOTHMHO TPEHIY METOJIOM MAKCH-
MaJbHOro npasaonoaobus. JIPII nmeer Bu

: N :
log L(8,0%) = — = log(2mo?)—

\ - 2mi - 1 o (271'12-14:
i — (18 — | — i, — oy Cog [ ——
i Y 1 T 2k T
=1

o? ?

e k — KOJUM4IecTBo rnap @ieHos psajga Pypee, Tpedbyemoe i onpee-
JICHHSI KOHKPETHOI'O BHJa Ce30HHOCTH. B nrore, uMeeM 2k HUCKOMBIX IIa-
panmerpos. Baas npoussojusie JIPII no BeeM nepeMeHHBIM U IPUPABHAB
UX K HYJII0, HOJIYYaeM CHCTEMY, PelleHHEe KOTOPOil JaeT OIeHKH HEeH3-
BECTHBIX IAPAMETPOB (1, ..., Ao,
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Coracuo [4, ayist MOZEIHPOBAHMS IOJOBOI CE30HHOCTH IPUHSTO
GpaTh KomuecTBo nap wieHos piajga Pypwe k& = 10, a nepuon T' = 365,25,
JUIst MecsraHO cesonnoctH — k = 5 u T = 30,4375, nys megenbHOl ce-
zouHOCcTH — k=3 u T = 7. Il nakoHel, npasaHuaHas KOMIOHEHTA OBLIA
B3sTa KaK BEKTOP JUIMHBI [N, B KOTOPOM Ha MecTaxX HPa3JHHYHLIX [IHe
CTOsT CpeJ/Hue 3Ha'CHHUA BCJIU'IUHDbI 34 HECKOJIBKO JIeT B ,IIH.I-II-lbIﬁ JACHDb,
a B OoCTaJIbHbIe JIHH HYJIH.

Ta.KI/IM 06pa30M, Ol€HeHbI BCe KOMIIOHEHTBI a/JlJUTHBHOI'O BPEeMEHHO-
ro psja. Pesyaprarsl MOJeTHPOBAHM NpeficTaBieHbl Ha puc. 2. Jlus
HalVIZJAHOCTH HaJOXKHIM MOJE/IbHDBIC NaHHIble ITOBEPX MCXOJHDLIX JlaHHbIX.

4e+05 1

Je+05

28+06 4

Bblpyuka

1e+05 1

0e+001

2019 2020 2021 2022
fata

Puc. 2. Mopenbupie gannbie

Paccunraem npejckazanme Mogenn, Jjisl 9TOr0 HaiijeMm 3HAYEHMS
KasKJ10if KOMIIOHEHTHI Ha TopH3oHTe nporHozuposanus (2021.12.13
2022.01.30). Pesynprarsl n3obpazkensl Ha puc. 3.

4. 3akmiouenue. [lonyuennas MoIeIb TOKA HEJOCTATOUHO XOPOIIO
ONUCBIBAET JAHHBIE, 9TO MOATBEPHK AT HEHOPMAJbHO PacIpe/ieeHHbIe
ocraTku. OaHAKO MOMKHO AOOUTHLCS YIYUIICHUsS TOYHOCTH, GCIH J106aB-
JSATh KAXK/JIYI0 KOMIIOHGHTY He aJJHTHBHO, & MYJILTHINIMKATHBHO, T. €.
YMHOKASL Ha TPEHJ, a caM TPeH], CAeJaTh He JUHEHHBIM, & KyCcOuHO-
JguaeiinniM, Takzke HEJIEJIbHYIO CE30HHOCTb CJeNyeT pasbuTh Ha «JieT-
HIOIO» M «HE JIeTHIOIO», TAK KAK IIPH COTPYAHHYECTBE C 3aBELYIONIMMU
MArasuHOB YJAJOCH BBISICHHTL, HUTO JIETOM JIOJAN 3aKYIAIOT HPOIYKTEHI
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Puc. 3. Ilpornos — obbem npoiaz

nepej BLIXOJAHNBIMHA, a B JIpYyroe BpemMs rojia Ha BBLIXOJHDLIX.
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VIK 51-77
IIxonna A. HO.

3amada 006 onTUMAJIBHOM MOJUTHKE (bUPMBI

Pexomendosarno x nybauxavyuu npodeccopom Cmuproswm H. B.

1. Beegenue. 3a/1a4u [OUCKA OITHMAIBHOIO YIPABJICHUS AKTYAIb-
Hbl B pasiudubX npunoxenuax [1, 2] Cymecrsylor pasmbie criocoGbl
pelIeHs] ITUX 3aJad, HO 0CODEHHO BAXKHBI METO/IbI, [I03BOJISIONIE CTPO-
HTH ONTHMAJBLHOE YIPABICHHEC B PEYKHME PEANLIOro BpeMenn. ABTo-
pbl paboThl |3 NpeAIOKUIN OMH U3 TAKHX METO0B, OCHOBBIBAIOILLI-
Csl Ha CBEJEHHM 3a/Ia'M OITHMAJBHOIO YIPABICHUS B KJACCE KYCOUYHO-
HOCTOSIHHBIX (DYHKIHUI K HHTEPBAILHON 3a/jate JHHEHHOIO IPOrpaAMMU-
posanng (M3JIII). B nanmnoit paGore paccMaTpHBaeTces MpUMEHEHNE JAH-
HOIO MeTO/Ia K 3a/1a8e 9KOHOMUYECKOH JuHaMUKH,

2. ITocranoBka zaga4un. PaccMOTpUM MaTeMATHYECKYI0 MOJEIDH
OITHMAIBHOIO ylpasjenus (pUpMoit, upeiokenuyio B |4]. Sanumenm eé
B Bije cucreMbl audypepeHInaibibIX yPABHEHNN

& = Az(t) + Bu(t), z(0) = o, (1)
e
2= fir (1= filpa—a—r) (pf—w)
A= —a 0 0 ;

—lsa 0 0

-1 0 0
B=[o 1 0o |},

0 Iy l—1ls

() = (X (), K(1), L))", o) = (D), 1(t),u(t)”,
€Trog = (X(], I{(), 52}'(() — (12 — 11.1).[{10)7‘ .

Ilosicanm ucnonssyemsie oboznavenns: X (t) — cobcTBeHHEIH KauTa
pupnbr; K () — o6mmit Kamuran GupMBL, CKIABIBAIOIINIICT U3 coBCTReH-
HOro KanmuTasa u kpejura; L(t) — 3arparsl TpyaoBbix pecypceos; D(t)

Hixonda Anacmacus FOpveena — cryaent, Cankr-Ilerepbyprekuit rocygapersen-
HBIH yauBepcnTeT; e-mail: st076942@student.spbu.ru, Tem.: +7(908)973-32-21
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JUBUAEHAB AKIOHepoB; (1) — nuBecTrimun; u(t) ~ CKOPOCTL HAPAIIHBA-
HHA KanuTana; X — HauaabHblil cobcTBeHHbIN KanuTas; K — Hauaabublil
obmuit KanuTans GUPMBI; ¢ — NPOA3BOJUTENBHOCTE J-I'0 TE€XHOTOTHYE-
ckoro npoussogersa (TII), j = 1,2; [; — rpynosete sarparer B j-m TII,
i =1,2; K19 — vacth craproBoro kKamuraya nepsoro TII; f — craeka
KOPHOPATUBHOIO HAJOTA HA HPUOLLIL; ©* — IPOLEHTHAS CTABKA; P — IeHA
GJIUHHUIB] POAYKIMN; @ — HOPMAa aMOPTH3AILME; W — CTABKA 3apILJIATDI;
_ qula — qaly q2 — q2

lp=dy " dg—15
TpeéyeTéﬂ HOCTI.)OI/lsz ,alonyCTHMO(-z YIPABJIEHHE TAK, YTOObI K KOHILY
nepuoja mwanuposanus [0, z] HOIYYUTH HAMOOILILYIO CYMMY COOCTBEH-
woro kanutaaa X (z) u pusnnennos D(t). C yueToM JUCKOHTHPYIOUIETO
MHOMKHUTENISA, UMeeM (hyHKITHOHA

E

T(z) + / d” (t)v(t)dt — maz, (2

0

~—

; T ; T
-2 3 —it
rjie ¢ = (e ,0, 0) Ld(t) = (e ,0,0) ;
[Ipu sToM Ha Kanurai (pUpMbl B KayKJblii MOMEHT BpPeMeHH [ HAJO-
JKEHBI OrpaHNYeHHs BHIA

Hal(t) < g, (3)

-1-% 1 0 0
= (70 4 0) 0= (o)

rie k — MakcHMaJbHAas H0J1A cOBCTBEHHOrO KAITHTAJIA K Kpeaury.
KpOMC TOT0, BBRITIJIATHI aKIITHOHEepaM M CKOPOCTL HapalllUBaHWg Kalll-
TaJia orpanuvienn, 1IOYTOMY

Umin '-<~. ’U(t) '~<-. Umax le [07 Z] (4)

BJIGCI’ Umin = (01 Im“*) H Ve = (-D‘nm‘::::-[*uu*); e Dyyqp — MaKcu-
MaJTbHAS CKOPOCTh HAPAINTUBAHHS PECYPCOB 3a CUET JUBHICHIOB, Lin,
Lnae — IPENENbl U3MEHEHNST WHBECTHIHN, Upin, Umaz — IPEICILI CKOPO-
CTH HapallUBalnd KalluTaJla.

ByJ_LeM CUUTATDL, “ITO YIIpaBJICcHHEe U (t) ABJISETCH KYCOYHO-ITOCTOSHHBIM
ma [0, 2], T. e, HMeeT B

v(t) = v(kh) = vpp, te[kh,(k+Dh[, k=0N-1, (5)

rjie h = % — mar guckpernoct, N — 9HCIO JUCKPETH3AINH.
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3. Ilepexon x M3JIII. [Ipumennm mMero, onucanuslii B padore 3],

K 3aja4e onTuMadbioro yupasaenus (1)-(5).

3.1. CBenenme neneBoil GyHKIUM. B pesynbraTe HCIOIL30BA-
aust dopmyinsl Ko dyuxiponan (2) npuauMaer Buj

CTV — maz, (6)

rie V- BEKTOP, COCTABJICHHDBINH U3 3HAUCHUN ?)(t} B MOMEHTBI IIePeKJIIO-
TCHHSA YIIpaBJICHHL:

V = (u(0),v(h),...,v(z—h)", (7)
a BexTop C' — BekTop KO3 DuImenToR neaesoit pynximn

C = (en(0),en(h), ..., cnlz — h)T,

t-h
en(t) = ] (7Y (2)Y ~Y(r)B(7) + dT (t)) dr.

3.2. CBeseHue OCHOBHBLIX orpanmdeHuii. OcHOBHLIE OrpaHy-
EHHST IPHHIMAIOT BHJL

DV < go. (8)

Crpoxu marpunst [ i 3j1eMeHThl BEKTOPa ¢y 38/1a10T OIPAHUYEHUS HA
CHUCTEMY B MOMEHTHI Bpemenn £ = ph, p = 1, N:

dp(0) 0 0o ... 0

Do | @2r(0) dan(1) 0 ... 0 ’
4(0) (1) (@) ... d(N-1)
go = (g0(h), g0(2h), ... ,go(z))ry

rje
(k1R
dpn (k) = / HY (ph)Y ~Y(r)B(r)dr, p=T,N,k=0,N—1,
kh

go(ph) = g — Hxo(ph), p=1,N.
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3.3. Ilpsimele orpanuuenmsi. Yuureigas (7), [IOIydaeM BHJ
orpannvueHuii
me < V < V"mam: (9)

rie

T
Vnm}n = (’U’Hl.'é'rl.: O alum‘én) »

T
‘xm,a:r: ™~ ('Umu,u:a ey 'U'm.u:r:)

3.4. Okonuarenpusit Bug samaan. Oobenuuss (6), (8) u (9),
MoJIyIaeM 3a/auy JIMHEMHOTo TPOrpaMMUPOBAHNS

CTV = maz,
DV < go, (10)
‘/THH;H s V S Vm.u.u::

KOTOpPYIO MOZKEM PeIIATh N3BECTHLIMHA METOJaMM.

4., Yncnenuniil asxkcnepuMmenTt. Ha aspike Python 3.7.12 6nina na-
mpcana nporpaMma, opmupyiomas koaddunuments! 3agaun (10) u pea-
smzyiomas ee. IlpomsumiocrpupyeM peaynsTaTsl paboThl TPOTPAMMBI SHC-
JIEHHBIM 9KCIEPHMEHTOM. BBIYHCIeHNe IPOU3BOJIMIOCH HA IPOMEKYTKE
[0,3] ¢ marom h = 0,5 ji1s1 CAeIYIONMX MOJEILHBIX IIAPAMETPOB 3a/1a%1:
f=02r=011i9i=008p=5ad=02 w=1q =08, g9 = 1,
lh =3, 1 =2, Xy =100, Ky =130, I{19 = 70, k = 0,5, Dpiar = 100,
Lin = 10, lpae = 100, tyin = 1, Upmaee = 50. B pesyabrare 6110
HOJIYUEHO ONTHMAJILIIOE yipasienue (cM. puc. 1).

00 o w0 £
i
w0 ! H B 0
i I ! g g
© o H & £l
-
) | 1 g )
i ! a0
| I =
ES ' 1 0
L K
Ty | [ ' | r ' | | [ ] 7 i ot [ I 1 '
LI 2 3 4 5 4 LI 3 50 [} Tz 3 s 5 [
Bpemn £ Bpemn b BpaMn t

Puc. 1. Onrumansuoe yupasaenue v(t) = (D), I(t), u(t))

Buauenune nenesoii dpyuknun F = 298,197647907612, rpaduk nsme-
HEHHsI 3HAYECHN (PYHKIIMOHAJIA H300paskeH Ha puc. 2.
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DyHkumoHan F(t}

EEEHERDYE

Puc. 2. Oyuxkunonan I

5. 3aknrouenne. B pamkax jaHHOi paboTbl HPOrPAMMHO PEaIH30-
BaH MeTOJ, PeIeHs 3aa1 OIITHMAILHOI'O YIIPABJIECHUL, 11PEJIOKCHH b
P. lN'abacoseiM. IIposejien YHCICHERIT SKCIEPUMEHT, B PE3YJabLTATE KOTO-
Poro BLIIO BHIMUCICHO ONTHMAJILHOE YIIPAB/ICHHE, MOJIEINPYIOIee HHBE-

CTHITHOHNHYIO IIOJHUTHKY (prMbI, a TakKzkKe 3HavdeHue LIG.HCBOl‘/i (byHKILI/IH
Ha HeM.
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Prediction of PM2.5 concentration
based on multiple linear regression model

Recommended for publication by professor Krylatov A. Yu.

1. Abstract. In recent years, people’s production and lifestyle have
seriously damaged the quality of air pollution, resulting in an increase in
the content of PM2.5 in the air, which has a great impact on air quality
and human health. Therefore, this paper establishes Lasso regression,
ridge regression and multiple linear regression models to analyze the ef-
fects of AQIL, CO, NO,, O3, SO,, PM10 and other substances on PM2.5
concentration and predict PM2.5 concentration. By comparing the resid-
ual square sum scores of each model and the predicted values of various
models, it is found that the prediction results of multiple linear regres-
sion models are more accurate. Therefore, the multiple linear regression
model can be used to predict the prediction results of PM2.5 content in
the air in the next 12 hours, so as to provide some help for public travel
and help government departments to target air quality.

2. Overall design scheme. The main steps of establishing the
model are data acquisition, data processing, model training, model test-
ing, and result analysis. The data of this paper is selected from the
national urban air quality real-time release platform of China Environ-
mental Inspection Station. The data source is authoritative and effec-
tive, which ensures the accuracy of the research and implementation.
After getting the experimental data, the data is processed. Then Lasso
regression, ridge regression, and multiple linear regression models are
established, and the parameters solved by the normal equation are used
to optimize the loss function until it reaches the optimal value. Then,
the optimal training model is used to predict the concentration of PM2.5
in the air. After comparison, the prediction rate of the multiple linear

Chen Gongyong — undergraduate student, Yanan University;
e-mail: ZGChenGongyong @outlook.com, phone: +8617829915658

Zhang Bowin — undergraduate student, Yanan University;
e-mail: zbx20000807 @outlook.com, phone: +8619991902009

Kou Zhihao — undergraduate student, Yanan University;
e-mail: kzh19981209 @outlook.com, phone: +8617829912512
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regression model is the most accurate. Finally, the multivariate linear
regression model is used to predict the PM2.5 content in the air in the
next 12 hours, and the prediction results are obtained and analyzed.

3. Data analysis. First, back up the data, then divide the data into
two parts: a training set and test set, and extract the AQI (representing

air quality index, the lower the value, the better the air quality) data of
each station.
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Figure 1. 24-hour change trend of AQI index in each urban area

74 A~ .\ — 8:
E ',"’.-. \ P o "._‘ PM[I}
f 3 -—':-( o ke
Iuimidity
hmm-m ur
= < 3 /.« — -
’;;
= ;—'—: —— h’&" ,7._b4_*\1‘,
2] < $ et ot ——
20-08/08 03.08/08 10:08/08 15:08/08 200808
16 8
1, —_— ﬁmw
i Lifoud

;'_:j: | e

WA 03-08/08 10-08/08 13-08708 20-08108

Figure 2. Trend curves of various pollutants changing with time in each urban
area 24 hours a day
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As can be seen from the Figure 1, the 24-hour AQI index changes
in various urban areas throughout the day. The overall maximum value
appears from 15:00 to 18:00 and then drops rapidly after 18:00.

According to different urban areas, the trend curves of pollutants
over time in each urban area for 24-hour a day were plotted. As can be
seen from the Figure 2, among the various pollutants in the urban areas.

(1) The fluctuation of ozone is the largest. It can be seen from the
figure that the ozone concentration in each urban area generally reaches
the lowest value after sunrise at 7:00 am and reaches the highest value
afternoon at 15:00 pm.

(2) The change of PM10 fluctuated greatly, and there are two peaks
from 8:00 am to 10:00 am and from 18:00 pm to 22:00 pm in urban areas.

(3) The changes in nitrogen oxides and carbon monoxide are small.

(4) The trend of PM2.5 does not change with any other pollutants
and meteorological indicators, and the correlation is not obvious.

4. Data modeling. The composition and influencing factors of
PM2.5 are complex. This paper discusses the correlation between each
index and PM2.5 by modeling. Multiple linear regression uses a multidi-
mensional linear function to fit all data points as much as possible. The
simplest idea is to minimize the square error between the function value
and the real value. There are the following objective functions:

m

J(0) = % Z (h(; — (a*) - :U(i))za

1=l
min J(0)
[

where the linear function is as follows:

h (m(";)) = fy + 61:1251.) + 923:9) 4+ 9.,ﬁ:n,£;.") = Z 6',7‘5’) = 9Tz,

The objective function of ridge regression adds a regular term to the
general linear regression, which makes the parameters as “simple” as
possible while ensuring the best fit error and making the model genera-
lizable. The regular term generally adopts one or two norm, making the
model more generalizable, while allowing for the resolution of the irrev-
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ersible cases in linear regression, such as the two-paradigm counterpart
of ridge regression:

g

mein % Z (h(; - (2%) - ?;(i))g + A6)%.

i=
Its iterative optimization function is as follows:

e

0;:=0; - aZ (he - (2') - y(“:)) 73') — 270;.

i=1

Lasso regression is constrained by a norm, which is suitable for the
case of a few parameters and generates a sparse matrix.

The residual sum of squares is used to see the predicted effect, and
the formula is shown below:

7 1 e w2
score = Hzlz(.m—!) ) .

Table 1. Residual sum-of-squares scores for each model

MSE score
normal 179.246590 —2.051366
normal_poly 35.945997 0.388081
ridge_poly 35.945955 0.388082
ridgeCV _poly 42.061735 0.283971
lasso 45.371600 0.388111

5. Experimental results. The results obtained from Table 1 and
Figure 3 show that the maximum error is the result of ordinary linear
regression with the original data. The training set of the other four
methods is added with polynomial, and the accuracy is greatly improved
and the results are similar. The predicted value has a certain deviation,
but basically reflects the trend of change. After comparison, the ordinary
linear regression model has the best effect.

6. Conclusion. Through training, a multiple linear regression
model is established, which mainly realizes the prediction of PM2.5 con-
centration in each urban area. This paper analyzes the performance and
accuracy of different prediction models, discusses the specific implemen-
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Figure 3. Predicted values of different models

tation process and core technology, and finally expounds on the results
of PM2.5 prediction. After a lot of data training, the model can give
better analysis results and high accuracy, which provides data support
for environmental governance.
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1. Abstract. In recent years, with the gradual maturity of big data
technology, many methods have emerged for predicting housing price
models and stock market models through machine learning. This paper
by using Python [1] to feed the collected several areas of housing-elated
information as the data set, put forward a kind of housing forecast model
based on multivariate regression analysis, a set of sample characteristics
including local per capita income, the local house average fixed number
of year, local number, the local population, the single building area, and
the actual price. The Sklearn library is trained and tested to predict
predicted house prices given any set of samples that do not include actual
prices. The correlation coeflicient R-squared value of this model reaches
0.918, proving that the model is highly correlated and can be used.

2. Data selection. The data in this experiment are all used in the
online real estate price statistics.

Time and housing price index extraction: housing price prime,
namely housing sales price index, is a relative number that reflects the
change degree and trend of the housing sales price in a certain period.
It reflects the rise and fall of housing prices in different periods in the
form of a percentage. Including commodity housing, public housing, and
private housing sales price changes.

Population factor: the base population is directly proportional to the
housing price.

The total number of local houses: The total number of vacant houses
is directly proportional to housing prices.
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Per capita income: residents’ income is directly proportional to hous-
ing prices.

Housing area: housing price is directly proportional to the area of
housing.

House fixed a number of years: house fixed number of years is in-
versely proportional to house price.

3. Model selection. In economics, compared with a single indepen-
dent variable, it is more effective to predict or estimate the dependent
variables together. Multiple linear regression equations are used to pre-
dict the impact of regional per capita income (), average house years
(x2), average house numbers (x3), local population (x4), and house area
(z5) on house prices [2].

4, Model establishment and data analysis.
4.1. Framework. Basic framework diagram is shown in Figu-
re 1 [3].

Machine learning

Figure 1. Basic framework diagram of the experiment

4.2, Establish a housing price prediction model based on
multiple linear regression analysis. A multiple linear regression
model is a linear regression model with multiple explanatory variables
used to account for the linear relationship between the explained vari-
ables and multiple other explanatory variables.

i. Create an algorithmic model of house price data, and house prices
and various factors are described in linear relationships

he (.L‘) =0y + 0y + Oowo + Osxg + 044 + Oy,
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The parameters of the algorithm model are unknown at this time.
Individual values were fitted by the data.

ii. Define models error

The cost function is used to measure the fit of the model on the train-
ing set. The cost function is a function that maps the value of a random
event or its relevant random variable to a non-negative real number to
represent the risk or loss of that random event. In applications, the loss
function is often linked to optimization problems as a learning criterion,
where models are solved and evaluated by minimizing the loss function.
This experiment calculates the error (cost function) caused by the algo-
rithm model through the square error to measure the gap between the
predicted house price and the real house price

m

1 . ™
J(00,01,...,0n) = — (ho(-‘ﬂ(” - ’U(‘)) ):

T 2m
m —

where m is the number of samples used in this paper.

5. Optimize the algorithm model.

5.1. Optimize the algorithm. The gradient descent algorithm
to find the appropriate value to minimize the loss function is used to
optimize the algorithm model. The gradient descent algorithm is to cal-
culate the gradient of the function by constantly iterating, and finally
obtaining the minimum loss function and target parameters. The gra-
dient descent method is used to find the local minimum of a function,
and iteratively search for the specified step distance point in the oppo-
site direction of the corresponding gradient of the current point (or the
approximate gradient) on the function

aJ(0) 1 & f o
a0, :EE[}"H(-??)—H]J:.

The algorithm is used repeatedly to obtain the minimum error.

5.2. The goodness of fit test. The goodness of fit refers to the
degree that which the regression line fits the observed value, and the
statistic measuring the fit is the determinable coeflicient.

In this experiment, R-squared was used to measure the similarity
between the regression equation and the real sample output, and to
determine the fit. According to the value of R-squared, the model is
judged: if the result is 0, the model fitting effect is infinite underfitting;
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if the result is 1, the model is infinite fitting. In general, the closer the
R-squared is to 1, the better the model fit is. R-squared reflects roughly
how accurate it is, because, as the number of samples increases, R-square
will inevitably increase, and it can not quantify the degree of accuracy,
but only roughly quantitative.

The determination index formula is as follows:

m 8 _gy(8) 2
, SSR SSE Zit, (00-v7)

_ =1 m =

92 o = _MSE(§.y)
" T SST T §SST s, (F0-y®)® Var (y)

m

where MSE represents the mean squared error, and SSE is known as the
sum of residual squares. SSR is called the regression sum, reflecting the
linear function of the observed values of the independent variables; SST
is called the square sum of the total deviation.

6. Optimized algorithm was used for training. We used part
of the data for training and part of the data for testing and adopted the
gradient descent method to reduce the loss function and make the data
obtained by the prediction model more accurate. Finally, the accuracy

rate is 0.9180229195220739 [4].

Ief Price vs Predict Price

AOEANFRS Noded to ovadunte
re_gaora il ki = ri_gcora (y, y_pradi ct_mi 1)
2_score_multl) #loss

0, 91802291952207:29

Figure 2. Loss function R-squared = 0.9180229195

7. Results analysis. In this paper, the relationship between vari-
ables and the data and the optimal fitting curve is obtained. R-
squared=0.91802, which is close to 1, there is a strong positive cor-
relation between dependent variables and independent variables, which
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shows that the multiple linear models have a good fit, and further proves
that this model can predict the housing price well, with strong operabil-
ity and accuracy. The level of the housing price represents the consump-
tion power of consumers in a certain sense. When consumer incomes
rise, housing areas increase, and population increases, the curve will
rise. Therefore, house prices should be positively correlated with hous-
ing area, population, and income. Housing prices should be negatively
correlated with the number of years of housing. From the combination
of these data and practice, this experiment is relatively successful, the
proposed multivariable regression model is worthy of recommendation
and widely used, and can achieve a good prediction effect. Through this
model, the predicted house price is given when [65000, 5, 5, 30000, 200]
is 817052.19516.
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Two-player opinion control game with limited
observation moments

Recommended for publication by professor Parilina E. M.

1. Introduction. Complex social networks can better present the
modern society. Building mathematical models can be a good way
to help us observe the changes of the network. Paper [1] considers
an average-oriented opinion dynamics model, in which players observe
agents’ opinions only at the last moment. The authors find the opti-
mal strategy for the optimization problem and the optimal trajectory
of each agent. In paper [2], the authors propose an opinion dynam-
ics model, in which the players observe changes in agents’ opinions by
choosing a fixed number of observation moments. Only one player par-
ticipates in the social network. In the real world situations, there may
be multiple players. In this paper, we also consider an opinion dynamics
model by choosing a fixed number of observation moments. We assume
that there are two players observing the opinions of the two agents. The
players choose a fixed number & of moments and add controls at each
moment so that the initial opinions of the agents become close to the
different target opinions, respectively. We find the Nash equilibrium and
equilibrium state trajectories using the Euler-equation approach [3], and
provide numerical simulations to demonstrate the theoretical results.

2. The model of opinion dynamics with limited observa-
tion moments. There are two agents with corresponding opinions
x1(t), z9(t) € R'. We consider the model with two players involved
in the game. We assume that they directly influence agent 1 and agent
2 by the controls uy(t),uz(t) € U € R', respectively. The players have
the same discount factors but they are different in their costs per unit
of influence intense (¢; and eg) and target opinion levels (s; and s3).
The state equations for the opinions of agents 1 and 2 are

Gao Jingjing PhD student, Saint Petersburg State University; e-mail:
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with initial condition
z1 (0) = 29, 23 (0) = 5. (3)

Players 1 and 2 are willing to minimize the functions

i
(uy,uz) E (‘11:1

: , (4)
"*“Z‘S!'( 1 (t)) "-Gl)z"l-(fﬂz(tj)--‘?l)g)
=1

47 ((ml(T) =50+ (a(T) = 51)?)

(w1, usz) E 5 (2:12

t=0
¥ =4
+ Z % ((7171 () — 82)° + (22 (t;) — .92)2) (5)
4'—1

+67 ((@1(T) = 2) + (@2(T) - 52)*)

correspondingly, where ¢; > 0 is player i’s costs per unit of influence
intensity, s, € R,i =1, 2.

We can define a two-player game with the set of players’ strategies
Uy, Uz, where U; = (u;(t) e R: ¢ =0,...,T —1), j = 1,2, players’ cost
functions Jy, Jy, defined by formulas (4) and (5) s.t. state equations (1)
and (2) with initial state (3). The game belongs to the class of linear-
quadratic games.

3. Main result. The following theorem gives the necessary condi-
tions of the Nash equilibrium for the game described above.

Theorem. Let {(uy,u2),u; = (u; (t): 6 =0,...,7—1),i=1,2} be
the Nash equilibrium in the game and {(z, (t), 29 (t)) :t=0,...,T} be
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the state trajectory corresponding to this equilibrium with initial condi-
tion x1 (0) = 2, x5 (0) = 23, then they satisfy the system.:

~ aic; (r (t+1) - (1 - %) @i (t) = %TJ (t))
- (1_%)?&;}—%21, t=2T—1, t#t,
—aics (2t + 1) = (1= ) 2 (0) - Sy () - 2025 (8) - 90)
= 1_@)1\:;—7‘\’{51, t=1t5,j =2k b

5 ) ki
i iy
¢ (T,(f)—(1—E)m,(f—l)—§TJ(T—1))
+ (i (t)—s4) =0, ¢t=T,
Lo
ij(t}=‘3:—ﬁ'}71, t="T,

where 4,7 =1,2,i % j and

% Kcﬁéci (1— %)2) 2 (t) — ¢ (1— %) 2 (t— 1)

—be; (1 - %) i (t+1) - %TJ (t—1)+ JC;'GHL (1 - %) Ty (z‘)] ,

t=T,T -1, t#ty,

= SK <sc,( —%)2>mi(t)—ci(1—%)m,;(t—l)

—d¢; ( ) (t+1) — %.nj (t—1)+ Soia (1 - {;—') x4 (t)

+S(@i(t) - )], t=t;,i=TF

k=

~ =l

taking into account the state equations (1) and (2) and initial state
(ml (0) ) L2 (0)) = (r(l)1 Tg)

Proof. Let us fix uz(t),t =0,...,7 — 1 and find the best response
of Player 1. We use the Euler-equation approach to find the Nash equi-
librium in the game. The goal of the player 1 is to minimize
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subject to condition (2). We form the Lagrange function

T—
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where k' = {k},t=0,...,T — 1}. Finding the derivatives —.»_m_-‘(”"z’k )

ALy (wy,wa k')
= 0 and T‘

tions to define the best response strategy of Player 1. We determine
the best response strategy of Player 2 in the same way and obtain the
system (6). The theorem is proved.

0,4 =1,...,7T, we obtain the system of equa-

4. Numerical simulation. We consider the following example. Let
the parameters of the game be considered as follows: a; = 0.8,a5 =
0.7,0 = 1,¢; = 0.7,¢5 = 0.9, and initial opinions be x,(0) = 0.7, 25(0)
0.9. The time horizon is T' = 10 and target opinions are s = 0.3,52 =
0.2. The equilibrium costs of Players 1 and 2 are 1.3684 and 1.1657, re-
spectively. The equilibrium state and strategy trajectories are presented
in Fig. 1 and Fig. 2.

Table 1. Nash equilibrium state trajectories and controls

t 0 1 2 3 4 5
x1(t) 0.7000 0.9906 0.805 0.6936 0.6266 0.5862
xa(t) 0.9000 1.0733 0.9409 0.8547 0.7979 0.7581

wy (t) —0.7800 | —0.4293 | —0.3764 | —0.3419 | —0.3192 | —0.3033
wa(t) 0.2533 0.2969 0.2901 0.2851 0.2794 0.2658
t 6 7 8 9 10

x1(t) 0.5608 0.5409 0.5151 0.4662 0.2917
xa(t) 0.7207 0.6501 0.5520 0.4222 0.2353
w (t) —0.2883 | —0.2600 | —0.2208 | —0.1689
ua(t) 0.2177 0.1619 0.0910 —0.0181
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Figure 1. Equilibrium state trajectories (blue — x1(t), red — xa(t))
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Figure 2. Equilibrium strategy trajectories (blue — uy(t), red — ug(t))

5. Conclusion. An average-oriented opinion dynamics model with
two players and two agents is proposed. The goal of the players is to min-
imize their costs of influence by making the society’s opinion closer to the
target one with the limited observation moments. We find the Nash equi-
librium, when there are two players in the society. The Euler-equation
approach is used to define the nesessary cinditions of the equilibrium.
Numerical simulations demonstrate the theoretical results.
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Spatial autocorrelation model of development
differences based on ESDA

Recommended for publication by professor Bure V. M.

1. Abstract. Based on the spatial autocorrelation analysis of ESDA,
taking Shanxi as an example, the global Moran index and the local
Moran index were calculated for the per capita GDP from 2011 to 2020,
The global spatial autocorrelation analysis shows that the economy as
a whole has significant spatial autocorrelation, and the spatial aggre-
gation characteristics are gradually enhanced; the local autocorrelation
analysis shows that Shanxi’s economy has gradually formed two spa-
tial aggregation areas, namely Taiyuan as the center and Datong as the
center. Finally, we analyze the reasons for the formation of economic dif-
ferences and make suggestions for the rapid development of the regional
economy.

2. Spatial autocorrelation. Spatial autocorrelation analysis is an
important method of spatial statistics. It studies the degree of corre-
lation of properties or phenomena of spatially adjacent area units. At
present, spatial autocorrelation analysis has become an important means
of quantitative research involving spatial relationships [1].

2.1. Global spatial autocorrelation analysis. In this paper,
Moran’s I is used to measure the degree of global spatial autocorrelation
[2]. Moran’s I reflects the similarity of attribute values of adjacent units
in space, and can quantitatively describe the spatial aggregation of a
certain attribute value of a unit. The value of Moran’s I ranges from
—1 to 1. When Moran's I tends to 1, it means that the research units
tend to be clustered in geographic space, that is, the closer the spatial
distance is, the more similar the values are; when Moran’s I tends to —1,
the study units tend to diverge, that is, the closer the spatial distance is,
the more different the values are [3]. The calculation formula of Global
Moran’s I (Global Moran’s I, GMI) is:

@i Dongfang — PhD student, Saint Petersburg State Universily; e-mail:
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where x; and 2; are the values of units i and j respectively; # is the
average value of all units, n is the number of units, and w;; represents
the spatial relationship between unit i and unit j. For different research
purposes w;; can be calculated according to the spatial adjacency rela-
tionship or the spatial distance relationship. In this study, the adjacency
relationship is used to calculate w;;: if unit 4 is adjacent to unit j, then
wi; = 1, otherwise w;; = 0.

In the global Moran’ I calculation, all regional units are used as sam-
ple data. When GMI = —1/(n — 1), it means that the variables are ran-
domly distributed. When the difference between GMI and —1/(n — 1),
whether the difference is significant or caused by random sampling needs
to be tested for significance. The test statistic uses the Z statistic:
Z(I;) = [GMI,; — E (GML)] /S (GMI;),where E(GML) is the expected
value of GMI, and S(GMI;) is the standard deviation of GMI. Then ac-
cording to the size of the Z value, the judgment of accepting or rejecting
the null hypothesis is made under the set significance level.

2.2. Local spatial autocorrelation analysis. The global spatial
autocorrelation reflects the degree of vergence of the studied variable in
the whole region [4]. But in fact, for a larger area, the degree of spatial
autocorrelation of different parts within it is often different, and it is
necessary to analyze the spatial autocorrelation of the local area. Local
Moran’s I (LMI) is to decompose Moran’s I into various regional units,
and its caleulation formula is:

T

. T )
LMI; = = ;w,-j (25— &), (2)

S=| 3 2] /(n-1)-22 (3)

In the formula: n, #, W;; have the same meaning as formula (1); x;
is the target unit, and z; is the unit other than x;. Z-test for LMI;,
where F(LMI;) and S{LMI;) represent the mathematical expectation
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and standard deviation of local Moran's I, respectively. According to
the Z value, the significance level is calculated [5].

3. An empirical analysis of the spatial correlation of eco-
nomic development. The data source is the Gross Domestic Prod-
uct(GDP) in the China Statistical Yearbook, and the time period is
2011-2020.

3.1. Global spatial autocorrelation. This paper uses ArcGIS
to calculate the global Moran index of per capita GDP in each region of
Shanxi Province from 2011 to 2020. The results are shown in Table 1.
Table 1 shows that the Moran index values in all years are greater than 0
and increase year by vear. The Moran index value in 2011 and 2012 years
is small, and the P value is greater than 0.05, so it can be counsidered
that the regional agglomeration characteristics in the two years are not
obvious, and the spatial correlation is weak. 2013-2020 passed the test
every year, and the value of Moran index is getting larger and larger,
indicating that the level of economic development has obvious clustering
characteristics, and the correlation is getting stronger and stronger.

Table 1. 2011-2020 Per capita GDP global Moran index and test

Year Moran index Z-value P-value
2011 0.0635 1.6509 0.1307
2012 0.1013 1.7634 0.0598
2013 0.1398 2.1978 0.0282
2014 0.1712 2.6748 0.0071
2015 0.1993 2.9732 0.0029
2016 0.2184 3.1473 0.0015
2017 0.2369 3.4548 0.0005
2018 0.2398 3.4997 0.0005
2019 0.2414 2.5986 0.0003
2020 0.4186 5.8793 0.0000

3.2. Local spatial autocorrelation. Due to the paper format
the Moran scatter plots over the years we don’t display. Most of the
areas are distributed in one or three quadrants, and the areas in the
third quadrant are more than the first quadrant, and the distribution
of the first quadrant is scattered, and the third quadrant is densely dis-
tributed [6]. It can be seen that there are more economically developed
areas than economically developed areas, indicating that the economy of
Shanxi Province is polarized, forming two types of convergence, namely
high-level convergence and low-level convergence, and this distribution
pattern does not follow the overall economy. Fundamental changes have
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been made with the improvement of the level of development. With
the passage of time, the number of regional points in the first quadrant
has increased significantly, and the regional points in the third quad-
rant have become more scattered, indicating that in recent years, the
economic development speed of some regions has increased, the regional
economic driving effect has been strengthened, and the spatial spillover
effect has been obvious [7].

150

0.40

-0.80

Figure 1. Moran’s I

4. Conclusion. There are obvious differences in economic develop-
ment. The research on the spatial correlation of economic development
shows that the level of economic development generally presents obvi-
ous clustering characteristics, and the correlation is getting stronger and
stronger [8]. The main factors for differences in development include dif-
ferences in natural conditions, differences in economic bases, and differ-
ences in human capital. Different regions have different available natural
resources, different degrees of transportation convenience, different levels
of industrialization, and different levels of talent aggregation, which have
resulted in uneven economic development [9]. The government should
give full play to the role of resource allocation, formulate regional de-
velopment policies according to local conditions, vigorously support the
development of technologically innovative industries, speed up infras-
tructure construction in backward areas, and coordinate the assistance
and driving effect of developed areas on backward areas.
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Research on loan strategy of commercial housing
purchase based on threat and risk assessment

Recommended for publication by professor Smirnov N. V.

1. Abstract. In this article, we build a mathematical model based
on bank home purchase loans and our daily common sense to derive
a formula for the total average monthly repayment, total repayment
and total interest burden. The two repayment methods, equal interest
repayment method and equal principal repayment method, are compared
once to give a better loan solution.

2. Introduction. For a long time after the founding of the coun-
try, China implemented the welfare housing allocation system, which
played a great role in solving the housing problems of the majority of
residents [1]. After more than 10 years of operation, the real estate in-
dustry is getting better and better. The credit business closely related
to real estate also began to develop rapidly. Since then, with the rise in
housing prices and the increase in the number of commercial houses, the
total amount of personal housing loans in China has also surged.

During the years of operation, it should not be overlooked that as
the scale of housing loans has expanded, the issue of risk has become
increasingly important. Commercial banks in China have been paying
close attention to the risk initiation of real estate credit business. Out
of their own interests, commercial banks have established relevant risk
prevention and control mechanisms for personal housing loans. However,
the emergence of personal credit crisis involves many aspects, and the
lack of corresponding crisis prevention theories and a lot of practice by
banks has led to the frequent occurrence of mortgage risks. Therefore,
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the risk assessment of personal housing loans is extremely important.

3. Problem analysis.

3.1. Assumption. A person has ¥z in funds and wishes to pur-
chase a home worth ¥y. We use mathematical modeling [2] to analyze
and compare various repayment methods by building a relevant loan
model and taking into account the actual situation to arrive at a better
solution. It is assumed that the influence of external factors does not
change the repayment period, that the value of Chinese currency is not
affected by external factors during the loan term, i.e. no appreciation
or depreciation occurs, that the bank loan interest rate is fixed for a
period of time, and that it is not affected by economic crisis, inflation
and national policies.

3.2. Analysis. The equal principal and interest repayment me-
thod [3] is to repay the principal and interest of the loan in equal monthly
installments until the end of the period. The equal principal repayment
method [3] means that the bank is paid back an equal amount of principal
each period, but the customer’s monthly interest burden decreases each
month.

The issues that need to be addressed are as follows: First, assuming
that the customer can pay two different repayment methods, by helping
him to build a mathematical model of repayment methods to meet the
customer’s needs. Second, calculate the amount of repayment needed
each month based on the customer’s willingness and actual situation,
including monthly salary and age, in order to derive his required loan
term (in months).

4. Model building and solving. The parameters of the problem
are as follows. A: Principal amount of the customer’s loan from the
bank. B: The average principal amount that the customer should repay
each period. C: Total amount of repayment due from the customer to
the bank. D: the total interest burden of the customer. «a: monthly
interest rate of the customer’s loan from the bank. n: the total number
of repayment periods of the customer. We can derive that y — xz = A.

4.1. Solve the equal principal and interest repayment
model. First, assume that the bank lends the customer the princi-
pal amount on the first day of a month. Repayment begins on the first
of the month following the principal payment and the monthly interest
rate remains the same during the repayment period.

Let the average total monthly repayment be = yuan.
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The amount that the customer owes the bank before the first repay-
ment of the i-th period is a;, i =1,...,n.
The amount that the customer owes to the bank after the first re-
payment in the i-th period is b;, i =1,...,n.
Based on the above analysis, there are:
The amount owed to the bank before the repayment in period 1:
a; = A(l + a);
the owed amount after the repayment in period 1:
bi=a —z=A(l+a) — x;
the owed amount before the repayment in period 2:
ag = by (1 + a));
the owed amount after the repayment in period 2:

by = as —

the owed amount before the last repayment (in period n):
an=bp_1=Al+a)" 1 —2(1+a)" 2 - ... —a;
the owed amount after the last repayment:
bp=ap(l+a)—z=Al+a)" —z(l+a)* 1 —... -z

Since the amount owed by the customer to the bank is totally paid
off after the n-th repayment, b, = 0.

This results in the total average monthly repayment amount, the
total repayment amount and the total interest burden

_Aax (I4+a)"

= (1 + )1 @)

4.2. Solve the equal principal repayment model. In the equal
principal repayment method, each installment pays the bank an equal
amount of principal, but the customer’s monthly interest burden will be
different, and the interest burden should be decreasing with the princi-
pal. Let the amount payable by the customer in the i-th period be x4,
i =1,...,n. Therefore, the amount to pay by the customer in the first
period is

x1 =B+ (4A- B

the amount to pay in the second period is

g = B+ (A —2B)e;
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finally, the amount to pay in the last (n-th) period is:
@y =B+ (A —-nB)o.
This results in the total amount of repayment and interest burden
Awy

4.3. Analysis and testing of results. We take the city of Xi'an,
Shaanxi Province, China as an example.

Wage distribution ratio

Under 2K 4.5% a0

2K-3K 29.1% o

3K-4.5K 21.6% n

4.5K-6K 20.8% T2 :

6K-8K 11.3% it : ‘ ‘ :

BK-10K 4.9% ; \% | | | =
10K-15K 4.4% Ll . N -

Under 2K 2K-3K  3K-4.5K 4.5K-6K 6K-8K 8K-10K 10K-15K 20K-30K
20K-30K 2.1%

Figure 1. Salaries in Xi'an in 2022

The graph shows that the average wage in Xi'an is W = ¥4,203 per
month. The monthly interest rate is 0.35% per month. It is generally
recommended to use 35% of the salary to repay the loan. Suppose a
person intends to take out a loan of 400,000 yuan to buy a house in
Xi'an:

A

T Wx035x12 ®)

Equal principal and interest. Using the formula obtained by
solving the model above, we find that monthly payment amount is
¥2,262.61, the total amount of the customer’s repayment equals to
¥ 624,500 and the total interest burden is 3 224,500.

Equal principal. Monthly payment amount (the amount payable
by the customer in the first installment) is 3 2856.34, the customer’s total
repayment amount equals to ¥593,900 and the total interest burden is
¥ 193,900,

Although the equal principal repayment method results into lower
total repayment, the burden of the first few installments or dozens of
installments will be relatively heavy.
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So since the equal interest repayment method is to pay the bank the
same amount every month, the customer’s regular burden is not so big,
so banks generally recommend the equal interest repayment method.

5. Advantages and disadvantages of the model. The advan-
tages are as follows. First, the mathematical model used has a mature
theoretical basis and high credibility. Second, the model established
away in this paper has corresponding software support, and it is easy
to push light. Third, this paper uses mathematical tools and rigorously
solves the model, which is scientific in nature. The disadvantages are
the following. First, there are more complex factors that cannot be
considered in a comprehensive manner. Second, different interest rate
accuracy, which causes certain errors. Third, more random factors in
the economy and society make the model less accurate.

6. Conclusion. After experiments, it is concluded that the equal
principal and interest repayment method has a fixed monthly repay-
ment amount, the borrowers monthly repayment pressure is balanced,
the family income expenditure can be controlled in a planned manner,
and it is also convenient for each family to decide the repayment pe-
riod according to their income and repayment ability when deciding to
take out a loan, but they need to pay more interest, so it is suitable for
those whose income is not very high but who are in a stable state, young
and engaged in teaching, doctors, sales, etc. with fixed salary. As for
the equal principal repayment method, the total repayment amount is
less because the principal is returned quickly and the interest is decreas-
ing month by month, but the initial repayment amount is large, so it
is suitable for those with high current income, middle-aged and in the
management class, business and other jobs.
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1. Introduction. Air pollution is caused by harmful particles and
gases emitted into the air, and there is a growing concern about air qual-
ity because it can cause heart disease, cancer, ete., and cause premature
death. According to the World Health Organization, air pollution kills
about 7 million people worldwide every year [1]. In order to predict the
air quality in Beijing and provide guidance for people’s life and travel,
we established six different prediction models for comparative analysis,
hoping to find the optimal model to better predict the future air quality
in Peking.

2. Dataset introduction.

2.1. Data sources. The main pollutant data (AQI, CO, etc.)
used in this article comes from the Peking air quality website http:
//zx.bjmemc.com.cn. We use Python crawler technology to crawl the
daily average data of 2018.1.1—2021.6.30, and then sort it with MS Excel.
There are 25 observation points in Peking, one observation every hour.
The meteorological data is taken from http://tianqi.2345.com/.

2.2. Data introduction. This dataset has a total of 13 features,
including a dependent variable AQI (air quality index), and twelve inde-
pendent variables for six major pollutant datasets and six meteorological
datasets. Each feature contains 1277 data, the daily average data from
2018.1.1-2021.6.30 (the specific data set is introduced in the appendix)

2.3. Air quality index(AQI) introduction. The air quality
index is an index that quantitatively describes the air quality. The larger
its value, the more serious the air pollution, and the greater the harm to
human health. The reference standard for AQI classification calculation
is “Ambient Air Quality Index (AQI) Technical Regulations (Trial)”
HJ633 — 2012, and the AQI indicator has been implemented in China

Tian Mengfa — graduate student, Saint Petersburg State University; e-mail:
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since 2012. The standard value of AQI is 0 ~ 500, the division criteria
are shown in the following table:
Table 1. Air quality index levels

AQI 0-50 51-100 | 101-150 | 151-200 | 201-300 | > 300

Level Levell Level2 Level3 Leveld Levelb Level6

Describe | Excellent so0d Light | Moderate| Heavy Severe
pollution | pollution | pollution | pollution

3. Model building. In order to predict the future air quality of
Beijing well, six prediction models are considered.

3.1. Discrete Markov prediction model. The first model we
built was the Markov prediction model. We only extracted part of the
dependent variable information in the dataset to predict the future air
quality in Beijing. A stochastic process is a Markov process if a future
state depends only on the immediately preceding state [2].

The level of each day is a random variable, and the level of 1277 days
constitutes a random process {X;}, t = 1,...,1277, and its state set
E =1{1,2,3,4,5,6}. The x? statistic,

N N
x* = ZZ Z Jig

i=1 j=1

P.j

El

log

equals to 212.18. Since its value x? > x2(25), it shows that the random
process has the Markov property.

From the stability of the frequency, when N is sufficiently large, the
transition frequency can be used to estimate the transition probabil-
ity. For the sake of simplicity, here we use the symbol p;; of transition
probability to represent the transition frequency, and call it “transition
probability”

Jij

E?;l fij

According to the discrete Markov prediction model established in the
previous section, we know that today’s air quality level is greatly affected
by vesterday’s air quality level.

In order to have more information in advance, better predict the air
quality index and find more changes and development laws of AQI data
over time, in the next sections we will build a simple exponential smooth-
ing model and Autoregressive Integrated Moving Average (ARIMA) time

Pij =
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series model through time series analysis to predict its air quality in the
short term in future.

3.2. Exponential smoothing method. Exponential smoothing
method is to use time series forecasting model to predict future phe-
nomena by calculating exponential smoothing coefficients, The simplest
of the exponentially smoothing methods is naturally called simple expo-
nential smoothing. This method is suitable for forecasting data with no
clear trend or seasonal pattern. Exponential smoothing method calcu-
lates the predicted value through a weighted average, where the weight
decreases exponentially as the observation value changes from early to
late, and the smallest weight is related to the earliest observation [3]:

Jroyr = oyr + o1+ a)yr—1 + a(l — a)’yr_a + ...

where 0 < o < 1 is the smoothing parameter.

The predicted value for the time point T + 1 is the weighted average
of all observations in the time series yq,...,yp. The rate of weight drop
is controlled by the parameter «. Therefore, it can be written as:

U1yt = aye + (1 4 a)ypje-1.

3.3. Autoregressive integrated moving average. The mod-
elling process mainly includes stationarity testing, model identification,
parameter estimation, model testing and comparison. Based on the au-
tocorrelation analysis of time series, ARIMA model estimates the data
set taking into account the trend and the seasonal components.

Analyzing the autocorrelation and partial autocorrelation coefficients
of the time series itself and different lag periods, namely the eutocorre-
lation function (ACF) and partial autocorrelation function (PACF) the
parameters of ARIMA model are estimated. The ARIMA (p, d, ¢) model
has the following structure [4]:

(1-®1B—...—®,B") Vi, = (1+©0,B+...+ 6,8 ¢,
E(e) =0, var(e) = o2,
cov(g,es) =0 (s#t), cov(Xge)=0(Vs<t),

where B is delay operator, ¢; is autoregressive coefficient, ©; is moving
average coefficient.

The determination of parameters in the model is closely related to
the autocorrelation function and partial autocorrelation function. ACF
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and PACF are important reference indicators for judging which model
the sequence is suitable for. In ARIMA(p,d, q), AR is “autoregressive”,
p is the number of autoregressive terms; MA is “moving average”, q is
the number of moving average terms, and d is the number of differences
made to make it a stationary series.

3.4. Decision tree regression model. In order to extract all
the information in the dataset and better predict the air quality index
of Peking in the future, I built three machine learning models. We com-
bined the main pollutant data and meteorological data from 2018.1.1 to
2021.6.30 as the independent variable, and the AQI data as the depen-
dent variable. 80% of the data is extracted as the training set, and the
remaining 20% of the data is used as the test set [5].

In the decision tree model, we use regression decision trees to predict
air quality index. A regression tree corresponds to a partition of the
input space (ie, the feature space) and the output value on the partition
unit. In the classification tree, we use the method in information theory
to select the best dividing point by calculation. In the regression tree,
if we have n features, and each feature has values, then we traverse all
the features, try all the values of the feature, and divide the space until
the value s of the feature j is obtained, so that the square loss function
is the smallest, so a dividing point is obtained.

min | min Z (yi — 01)2 + min Z (yi — 02)2 ,

9,8 €1 ‘ 2 )
#iER1(g,8) xi€ERa(g,8)

where R; is divided areas, ¢; is average value of the actual value of the
divided area, j is feature, s is corresponding to the available division
points for each feature.

3.5. K-nearest neighborhood. K-nearest neighborhood, re-
ferred to as KNN, is a theoretically mature machine learning algorithm.
KNN can be used for classification and regression. In the classification
task, the voting method can be used to select the category label that
appears the most among the K samples as the prediction result; in the
regression task, the average method can be used, and the average value
of the real-valued output labels of the K samples can be used as the
prediction result. For a given test sample, find the K closest training
samples in the training set based on the distance metric (Euclidean dis-
tance), and then make predictions based on the information of these K
“neighbors”.
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3.6. Random forest model.

1. Using the idea of bagging, randomly generate a subset of training
samples.

2. Using the idea of random subspace, randomly extract f features,
and select the optimal feature from them to split nodes and build
a single decision subtree. When the node is splitted, for the re-
gression model, a regression tree is built based on the mean square
error; for a classification model, a classification tree is built based
on the Gini index [6].

3. Repeat steps (1) and (2) to establish T decision subtrees, each tree
grows freely without pruning, thus forming a forest.

4. Combine the predictions of T decision subtrees to get the final
result. For the regression model, the averaging method is adopted;
for the classification model, the voting method is adopted.

4. Result comparison. We use the P, PV, P(2) of the Markov
model to only predict the air quality level of P in the last three days. The
predicted results are exactly the same as the actual values, and the air
quality levels are all two, but by calculating the steady-state probability,
we can macroscopically explain the development of air quality in Beijing
in the future trend, By comparing with the current percentage of AQI
levels. The prediction results show that the air pollution status of Beijing
will slightly improve in the future, But the probability of AQI levels 5
and 6, which are the most harmful to humans, has increased.

Table 2. The percentage of each level of AQI

1 2 3 4 5 6
The percentage of 24.28 | 44.24 | 21.53 | 6.97 | 2.70 | 0.23
each level of AQI (%)
the steady-state 24.29 | 44.20 | 21.55 | 6.97 | 2.74 | 0.24
probability (%)

In the two established time series models, we forecast the AQI data
for the next ten days respectively. We found that the prediction results of
the ARIMA model are more accurate, as shown in the following Table 3.
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Table 3. Time series model comparison

Dayl | Day2 | Day3 | Day4 | Day5 | Day6 [ Day7 | Day8

Actual value 82 100 81 68 80 95 110 86
modell 89 89 89 89 89 89 89 89
ARIMA 92 91 86 81 90 88 89 81

The ARIMA model is used to predict the air quality index in the next
eight days. By calculating the MSE of the prediction results of the two
models separately, we find that the ARIMA model MSE equal to 96.8
is much better than the simple exponential smoothing model’s 124.5 in
the first eight days of prediction, so the ARIMA model can be used to
predict the short-term air quality index.
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Figure 1. Comparison of actual and predicted values of ARIMA model

Then we compare the three machine learning models, we evaluate
the quality of the model by calculating Mean Absolute Error, Mean
Squared Error, Root Mean Squared Error and Mean Absolute Percent
Error. We found that the predictive power of the random forest model
was significantly better than of the other models:

Table 4. Machine learning model

Model MAE MSE RMSE | MAPE
Decision Tree Regression 2.09 58.18 7.63 2.47
KNN 8.14 161.78 12,72 10.62
Random Forest 1.42 25.44 5.04 1.79
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Visualize the prediction results of the three models, the red line is
the predicted value, and the green line is the actual value as shown in
Figure 2-4 below.

B o0 11 Bkt

Figure 4. Comparison of actual and predicted values of random prediction forest

Finally, By comparing all models, we found that the machine learning
model is better than the traditional prediction model, and the random
forest model is the best among all the models we established to predict
the air quality index in Peking.
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Calculation of the main macroeconomic parameters
of the China’s economy based on the Leontief table

Recommended for publication by professor Smirnov N. V.

1. Introduction. Data onto the input-output table (I0T) [1] en-
ables us to assess the economic efficiency by industry and the economy
as a whole, assessing large-scale economic projects of social significance,
and predicting trends in the economic development processed to improve
development policy [2]. This paper mainly revises the data onto China’s
10T, reduces the model, and analyzes the impact on the wage rate of
the economy. The conclusion is that employee compensation is low and
the relative cost of China's government officials is lower. We need to
raise the wage rate, especially about government workers, and it is not
affecting the economic benefits.

2. Preparation of data based on China’s official data. For
the China’s IOT [3], We make the following corrections to fit the model,
This gives the modified table [4].

The first quadrant of the IOT is (42 x 42)-matrix of production sphere
Ap with elements p;; (Yuan). The elements of this matrix are given by
expression p;; = Fyai;l,,. They are a product of the price of the con-
sumed product P; ( Yuan/i-unit), technological coefficient a;; (amount
i-product/j-unit) and the annual production I, (amount j-product)
of j-sector. a;; determines the amount of i-sector product needed for
j-sector per year and characterizes the perfection of technologies. All
diagonal elements p;, are the costs of each industry’s own needs. The
elements sum of each column of matrix Ap is equal to the value of in-
ternal consumption P, in j-sector. p;; determines the production cost.
The total output X; of the 4 sector is equal to the difference between the
original total output T; and the government consumption V, [4]. Then
final consumption ¥ = X;P, . The second quadrant of the I0T are
43-column of costs of the final consumption Y = (Yi,...,Yy)7.

Wang Dan graduate student, Saint Petersburg State University; e-mail:
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The third quadrant of the IOT is V. Its elements V; is indicators of
added values. V; created in every economy sector is determined by the
difference between the expected value of the annual output I; = P;l,, in
the j-sector and the value of internal consumption P, ,ie. Vy = I;—F, .
It includes four components. The first are employee compensation W;.
The second is valuing of taxes 7);,. The third is fixed asset depreciation
Wy, The fourth is the net operating surplus P, . Finally, the sum of
the cost of internal consumption and the compensation of employees is
the operating costs I, = P, + W,. Then P, = Ty, + Way, + Prp, — Vi,
The fourth quadrant of the IOT is the national budget V; [4].

3. Model reduction. The scalar form of Leontief’s IO model is the
following [2]:

(1 = Tll)‘[l = "‘”12‘[2 e T'l‘m-['m. ) Yl,
H‘T'Zl[l -+ (1 et T‘)Q)IQ —_— = T?‘!’rﬁf'm. — qu
_’r”"lll - T"”’QIQ S K (1 - T'm.'m,)I'm, - }/m.-

Consider auxiliary vectors Iy, In, Y1, Yo. These vectors are divided
into two groups, remaining types of products and cancelled products [2]:

(B = Ri)Ih = Rigly =Yy,
{ —RoIy — (B2 — Rp2)Ia = Yo,
where, B, E; are identity matrices of size n x n, (m —n) x (m —n), and
Io = (B2 — Raz) 'Ya + (B3 — Rao) ' Rol.
Simplified matrix is Ry = Ryj + Ri2(E2 — Rag) ™' Ray, and the reduction

model:

(Ey — Ry)I; = Yy.

According to the revised 2015 China’s IOT [3] and six (n = 6) important
industries we calculate:

0.45 0.01 0.02 0.02 0.01 0.02 488428995
0.14 0.41 0.03 0.03 0.01 0.01 489440225
Ry — 0.08 0.02 0.05 0.04 0.02 0.02 Yo = 811608282
V71009 003 007 019 004 0.03]° V= | 653740242
0.07v 0.06 0.08 0.10 0.09 0.02 630664131
0.08 0.03 0.02 0.02 001 0.19 994975904
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Table 1 presents the data of the most aggregated model to the sphere
of production and sphere of consumption.
Table 1. Combined matrices AP and R of the economy aggregation

Consumers —
Producer)

Sphere of
production

Sphere of
consumption

Annual Output

Sphere of
production
Relates cost

P, = 14011923983
R, = 0.7261063

Y = 5832006995
Y = 0.8573277

Is = 19843930978

Added value
Relative
added value

V = 5832006995
Vi = 0.3428021

Vj, = 970534166
rg = 0.1426723

Iy = 6802541161

Annual
Output

Is = 19843930978

14 = 6802541161

I35 = 26646472139

Employee
compensation
Relative
compensation

W = 3541099852
W, = 0.1784475

Wy, = 37120000
Wi, = 0.0054567

rw = 0.6071837
K!J = W!J/W
= 0.01048262

Profit before
taxes
Relative profit

P,, = 2290907143

Py = 0.1154462

Py, = 933414166
Py, = 0.1372155

P, = 3224321309

Operating
cost Relative
operating cost

P., = 17553023835
R,, = 0.8845538

P., = 5869126995
Ry, = 0.8627845

P. = 23422150831
R, = 0.8789963

Profitability

Rt = 0.1305135

Rutb = (.159038

Rntn = 0.1376612

4. Calculation and analysis of the main parameters.
4.1. The dependence on the relative cost i, on the wage
rates rw. Value rw, as a share of added value, is determined by the

ratio

™ =

w

W i,
V  Is(1-R,p)

where R, is the relative intermediate consumption.

= 0.6071837, rw € [0,1],

W
W, = 7 - rw(l - R‘.ﬂ) = 0.1784475,

8

R‘“’w =R, + W, =R, + rw(l — Ry,) = 0.88. (1)

e When rw = 0 in (1), this means there is no compensation for
employees, R, = Ry, = 0.7061063. The profit rate R, is the largest.
® When rw =1, it means all V' is paid wages, Ry, =1, Ry = 0.
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Conclusion 1: when !

rw < 1, the produc- 09
tion sector of the econ- 08
- Ry
omy is profitable; when 02
w — 0, the prof- o
itability increases and o

1 e 1 © 01 02 03 04 05 06 07 08 08 1
reaches its maximum o

1 : ;
value Ry, = v -1= Figure 1. Dependence of Ry, with rw

0.4162174 for rw = 0.

4.2. The dependence on the relative cost of the consump-
tion R,, on the wage rates rw .

The indicator of R,

also depends linearly on 1 =
the rw, it is also deter- 08| ___awmeen MR
mined by the generalized 08

. R,
tax rate rg and the budget 07
burden factor K. Tak- 06 =R
ing into account formulas 08

0 01 02 03 04 05 06 07 08B 08 1

Y, = -}«fr =1-—rg = 0.857, rw
Figure 2. Dependence of Rep,Rg, with rw

W, = Wy  rwVy,  (1-rg)GDPruk,
™~ GDP GDP GDP
Ry, =Y, +W,, = (1—-rg)(l+rwk,) = 0.8627845. (2)

o At rw = 0, the R,, is minimal, R, =1 —rg = 0.8573277, and the
profitability of the consumption sector reaches its maximum.

1 1
i .= -l=—
ty,man 1—rg 1 —0.1426723

o At rw =1, R,, = 0.8680909. If R,, = 1, therefore R,,;, = 0.

= (1 - rg)rwk,,

R — 1= 0.1664.

(I —rg)(1 4+ rwk,) =1,

U 1 i (3)
rw = Ky \1— " .

Value rg = 0.1426723 (see Table 1), therefore, straight line (2) cuts
off the segment 1 — rg = 0.8573277 on the R, axis.
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Conclusion 2: The consumption sector of the economy is profitable
when fulfillment of the condition.

rw < L ( : 1)
Ky \1-=rg '

Example. As follows

from (1),(2) (Fig. 2) at rw = 1

0.6071837, R, = 0.7061063 0

and R,, = 0.8845538. o

Therefore, the profitability Rsm

is R, = 0.1305135. With 0

rg = 0.1426723, R,, = igil

0.8627845, the profitability OREA A0 A0 B AT S8 A
is R,;, = 0.159038. With

rg = 0.1426723 and K, = Figure 3. Maximum allowed value of wage
0.01048262, formula (3) can rate rw

be used to find the maximum rw = 16.8753373. It means that prof-
itability does not turn negative at higher wage rates.

5. Conclusion and future research. We need to raise the wage
rate, especially for government workers, and it will not affect economic
efficiency. In the future, we will base on the revised China’s IOT, differ-
ential equations and research analysis under cybernetics.
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Investigation of optimal pollution control problem
with regime shifts
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1. Introduction. Among many mathematical models describing
the complex character of processes arising in ecological systems, the
pollutant-emission control model plays an important role. We note
that a class of hybrid dynamic systems with (potentially) infinite regime
switches has been studied [1]. However, no explicit solutions were found.
After the research in [2], in which a hybrid limit cycle (HLC) has been ex-
plicitly found as a solution of a hybrid optimal control problem. We con-
sider a disconted hybrid optimal pollution control problem, with time-
driven switching (a system that undergoes regime changes at fixed time
instants), such that the regenerative ability of the environment changes
with time. Furthermore, we consider the realistic meaning and set the
control variables within the admissable set. In this setting, this consid-
eration, based on sustainability, of taking into account environmental
protection and production profits is called environmentally sustainable.
At the same time, we constrain the instantaneous payoff to be posi-
tive by modifying the production strategy, we formed a new “myopic”
solution,the short-run profit increases at the cost of environmental degra-
dation, but in the long run this leads both to a critically polluted envi-
ronment and a negative profit stream. By comparing with sustaintable
optimal solution, we claim that a control bounded to lie within the inte-
rior of the admissible set is the only one which is both profit-maximizing
and environmentally sustainable.

2. Problem statement and optimal control. We consider the
pollutant-emission control model [3], the dynamics of the stock of pollu-
tion are governed by the linear differential equation

z=¢&v—-38z, 2z(0)= =z, (1la)
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where z is the amount of pollutants in the lake, v is the emission rate
of the company, for simplicity, we assume that there is a single source
of pollution, so the polluting agent is responsible for the whole amount
of pollution. & € (0,1) is the fraction of the emitted harmful substance
that gets accumulated in the lake, and § > 0 is the self-cleaning rate of
the lake. From (la) the amount of pollutants z(¢) in the lake intreases
with the company’s pollutants emission v(t), whereas a fraction £ of
those pollutants is translated into an increase of the pollution stock, and
latter decays over time at the self-cleaning rate 8.

The profit function P(v) = av(b—v/2), and then the payoff functional
is defined as the discounted net profit L(v,z) = P(v) — ¢z obtained by
the agent in the problem with infinite time horizon:

T(eo) = ma /0 T et {fm(w (b - %q:(t)) - qz(t)] dt,  (ib)

where b is the maximal admissible emission rate, the expression v(b—v/2)
describes the rate of production, the coefficient a is used to transform
the flow of production to the fHow of profit, ¢ is a positive constant,
corresponding to the fines the agent has to bear (e.g., an ecotax), r > 0
is the discount rate, and the control input satisfies v(¢) € [0,b] for all
t > 0. Furthermore, we have that for all z; > 0 the state z(t) is non-
negative. The problem (1) is normalized by introducing new state and
control variables: u(t) = $v(t), z(t) = - z(t).

After the normalization, both the control u(t) and the state x(t) are
now dimensionless. The optimal control problem (1) can be written as

follows:

ul-)
&= fu—dx, x(0)=um. (2b)

J(20) :=max fo " et {u(t) (1 - %u(t)) = :I:(t)] dt,  (2a)

Here f = % > 0, the state z(t) is non-negative, and control input
w(t) € [0,1] for all t > 0. Because in environmental systems, the re-
generation rate varies periodically over time (e.g., over the summer and
winter seasons). So the key assumption in this paper we made is that the
self-clean rate § in (2b) changes as a function of time, and the whole time
interval H = [0, 00) is divided into an infinite number of equal intervals
of length T, and in which interval is subdivided into two parts: [k, k+a)T
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and [k + a, k4 1)T, where o € (0,1) and k € Ny. When system located
in the first time subinterval, the system is in the first mode, § = §, > 0,
while system located in the second time interval, the system is in the sec-
ond mode, § = § > 0. And §; # &2, otherwise the assumption becames
meaningless.
i = {51 >0, te kT kT + aT), (3)
dy >0, telkT +al, (k+1)T).

As it is widely accepted that the nature’s regenerative capacity un-
dergoes seasonal variations, the self-cleaning rate of the lake § changes
with periodic regime shifts, and the company aims at achieving the best
trade-off between maximizing the profit and bearing the fines (ecotax)
of environmental deterioration at the same time. So it is important to
determine the optimal control strategy, so that the control is environ-
mentally sustainable.

By using Pontryagin’s Maximum Principle, over each interval, where
the coefficient d takes a constant value, the current Hamiltonian function
takes form

Hxz,\t) =u(t)(1 - éu(t)) — () + M) (Bult) — dz(t)), (4)

where A(f) is the current value of the adjoint variable. The canonical
system is

OH
&= (d_)\ = fu — dx, (5a)
'=T-A-£=T-A+1+5x, (5b)
O

with § given by (3). The optimal control is determined as

0, At) < —1/8,
u'(t) =< L+ BN At) € [-1/8,0], (6)
1, A(t) > 0.

Definition 1. The optimal strategy w*(t) is said to be environmen-
tally sustainable if it does not take on boundary values except at isolated
instants of time, i.e., AM(¢) € [-1/5,0] ¥t > 0.
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The motivation behind such a notion is as follows. The two boundary
values are interpreted in this way: When the loss of the company due
to ecotax exceeds the profit from production, company had to halt the
production (u = 0) in order to naturally reduce the level of pollution to
be below the level determined by the current production in the lake to
reduce the ecotax so as to allow normal production. When the level of
pollution is low enough, company can produce at maximum rate without
bearing a high ecotax. To implement the environmentally sustainable
strategy, this two situation only can happen in isolated instants of time.

Lemma 1. If the initial value A(0) is equal to MN(T"), which obtains
the equilibrium value Aoy, The solution of A(t) asymptotically approaches
the hybrid limit cycle, This limil cycle is located within the interval
[min(—;rl;—;_, —ﬁ), max(—ﬁ—;, —Ellr_rﬂ

Figure 1 shows the optimal control, the evolution of the state, and
the instantanecous profit for two types of solutions.

= x{l]
03 —'
Lil)

(a) 3=0.8

Figure 1: Level of pollution x(t), optimal control w*(t), and the instanta-
neous profit L(t) for different values of . Other values of the parameters
are set to x(0) =0, §, = 0.5, 3 = 1.5, r = 0.03, and ¢, = 0.5.

In Figure la, the case of § = 0.8, it can be seen that the control never
turns to zero, so production is ongoing. The instantaneous profit still
can be negative for some periods, but the overall profit remains positive.
The level of pollution, after an initial increase, converges to a stable
cycle. Figure 1b illustrates the case of 3 = 1, where we observe periods
of production halt (u(t) = 0),because 3 is higher, which results in a
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more stringent environmental regulation (ecotax), and generates more
negative instantaneous profit areas.

3. Myopic solution and comparison. To show the long-term
advantage of the environmentally sustainable solution, we formed a my-
potic strategy. If the company only focuses on instantanous profit, and
aversion to negative instantanous profit, which means the company keeps
the instantaneous profit nonnegative (L(t) > 0):

u(t) € [1 = v1-2z,1]. (7)

Note that if © > 1/2, the company takes its maximum production
rate to compensate for negative instantanous profit as much as possible,
where in this situation it inevitably becomes negative for some period.
From the constraint (7), we formulate the myopic control strategy.

1-vI=2z, —BAt)2VI-2z and z< i,

w*(t) =< 1, M) >0 or x> 3, (8)
L+ BA(t), otherwise.

The resulting optimal control problem is well defined, as the dynam-

ics of A(t) is decoupled from both the state x(¢) and the control w(t).
The resulting plots are presented in Figure 2a.

=
o)
0156 "

0.1

0.05

0.5
0,05

"o 5 10 1 2 25 P 0 PP 40 a8
(a) Myopic solution (b) Comparison of profit functions

Figure 2: The myopic solution (left) and compare the two payoff func-
tions for the optimal control and the myopic control (right)
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From 2a, we observe that when = > 1/2, the production profit

(u(l = 5)) can not compensate the ecotax(—z). The decision maker
(company) have to apply maximum production rate (u = 1) to keep
losses, due to the environmental deterioration, as low as possible. As we
can see that in 2b, at the initial stage, the “myopic” solution dominates
the optimal one, but at some time point it leads to a critical level of pol-
lution, at which production must be stopped and instantanous profits
become negative due to the ecotax, and the cumulative profit decreases

drastically.

4. Conclusion. In this paper, we consider a hybrid optimal pollu-
tion control problem. Based on the assumption under seasonal fluctu-
ations § (the regenerative capacity of the environment), we obtained a
unique optimal solution in form of hybrid limit cycle. And determined
the condation to ensure the environmentally sustainable optimal con-
trol strategy. To show the superiority of this strategy, we considered a
“myopic” control strategy.

After comparison various types of optimal and mypotic solutions,
in the short term the myopic solution provides a better payoff, but at
the cost of environmental deterioration. However, in the long term, the
sustainable solution provides higher payoff due to the more conserva-
tive use of environmental resources. we conclude that environmentally
sustainable solution is the only solution that maximizes profits and is
environmentally acceptable over a long planning interval.
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A simple variant of concealed voter model
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1. Introduction. Modeling of the opinion dynamics is a research
area mainly focused on studying the evolution of opinions in the social
network caused by the interaction between individuals. Opinion dynam-
ics models are usually composed of a few essential elements [3]: opinion
expression formats — how to represent opinion mathematically, fusion
rule -~ how individuals interact with each other, opinion dynamics envi-
ronments — the structure of such a social network.

In a social network, individuals will neither fully accept nor com-
pletely ignore the opinion of other individuals. To a certain extent, they
will consider these opinions in forming their new opinion in a process
defined by a fusion rule. Through group interaction, individuals contin-
uously update and integrate their opinions on the same issue. Eventually,
there are three varieties of stabilized fusion results — consensus, polar-
ization, fragmentation, and one unstable fusion result — oscillation. [4]

We will call the model proposed by Holley and Liggett in 1975 as
BVM (Basic voter model) [5], the model proposed by Gastner et al. in
2018 as BCVM (Basic concealed voter model) [1]. The concise introduc-
tion of these two models is provided in Section 2. This article assumes
individuals can interact in the internal layer, which is a more general as-
sumption than BCVM. We assume this because individuals always share
their real opinion with their close friends. Therefore, we call BCVM with
internal layer interaction as GCVM. The description of BVM, BCVM,
and GCVM can be found in Section 2 and 3, respectively. We applied
the Monte Carlo method to simulate these three opinion dynamic mod-
els under a complete network with 400 nodes in Section 4. Finally, we
briefly summarize the current work and outlook for the future research.

2. The basic/concealed voter model. This article assumes each
individual may have one of two opinions — red or blue. Before introducing
the GCVM, we briefly introduce the concept and the fusion rule of BVM
and CVM.
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2.1. Basic voter model. As shown in Figure 1, there is only
one layer in the BVM because BVM assumes everyone will express their
opinion publicly.

Figure 1. A representation of a BVM with 4 individuals

In the BVM, we represent the state of each individual as r — red opin-
ion or b — blue opinion. At each time step ¢, an individual k& is selected
with one of its neighbors, say v. Then individual & will copy individual
v’s opinion with probability ¢. The state of the BVM system can be rep-
resented as the rate of red opinion p = § € {0, "11?’ ceey ﬁf\?—l, 1}, where
N is the number of individuals, and » is the number of individuals with
the red opinion. If is not hard to represent changing between each state
by a (N + 1) x (N + 1) stochastic or transition matrix.

2.2. Basic concealed voter model. Different from BVM,
BCVM counsiders an additional internal layer in the network. In the
BCVM, each individual is represented by a pair of nodes rather than a
node in BVM. An example of BCVM is shown in Figure 2. The con-

External Layer

\ g -‘-‘“‘ ; -‘~.I' Lot --‘C .-'.

Internal Layer

Figure 2. A representation of a BCVM with 4 individuals

499



cept of hypocrisy was introduced in the CVM. Hypocrite is an individual
with different internal and external opinions. In addition to the copying
mechanism in BVM, BOCVM assumes a special mechanism for hypocrites.
Hypocrites can reduce their cognitive dissonance [6] by externalization —
express their internal opinion, or internalization — accept their exter-
nal opinion. We define the externalization rate e — the probability of
hypocrites choosing to express their internal opinion publicly, and the
internalization rate i is also given.

The state of the BCVM is represented by a triple (pye, pri, pr). Where
Pre = %, Pri = % Pr = # represent the rate of external, internal and
both layer red opinion, respectively. Correspondingly, re, ri, r represents
the number of individuals with external, internal, and both layer red
opinion. The state of each individual is represented as the combination
of R, B and r,b, that is, Rr, Rb, Bb, Br, where capital letters denote
the external layer. Therefore, the shape of the stochastic matrix and
transition matrix of the BCVM is (N +1)* x (N +1)3. The BCVM uses
the strength of red opinion m(pye, pri) € [0, 1] instead of the proportion
of red opinion to represent the overall strength of the red opinion, that
is:

Pre + €Ppi
m(pres Pri) = TR (1)
3. General concealed voter model. The idea of GCVM is
straightforward., We assume there exist connections in the internal layer.
It is reasonable that everyone has their close friends and would like to
share his or hers real opinion with the close friends. Therefore, a people
and his or hers friends can form a group - specifically, a clique ~ in the
network. Cliques are in the internal layer, and individuals never share
information with others outside the clique except they have connections.
In this paper, we consider the simplest case of GCVM, when both
external and internal layers are complete networks, as Figure 3 shows.
The GCVM and the BCVM share the same notation. The GCVM
has an internal interaction, which influences the internal opinion’s tran-
sition process. In the CVM, the changing of internal opinion can only be
performed by internalization. In the GCVM, internal opinion is changed
by internalization and the interaction between internal nodes. For ex-
ample, non-iypocritical (individuals with state Bb, Rr) can not change
their state to Br, Rb in BCVM, but it is possible in GCVM.
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External Layer

Internal Layer

Figure 3. A representation of a GCVM with 4 individuals — the symmetric case

4. Experiments. We run 500 times with parameters p = g—g% =0.75

; 0.50 % 358 4-0.01 % 00 y
in the BVM and m = G Xi00 ~ (.740196 in the BOVM and

GCVM to get the results shown in Figure 4.

consansus lime comparison
1800 - ™ T - ™ T -

1600

consensus tms
=
2

b

220
[-th of running

[BM GV BEVM ]

Figure 4. Consensus time in BVM, BCVM and GCVM

From Figure 4, we found the solid trajectory ends near 400, the
dotted one is a bit shorter than the solid one, and the dashed one ends
at around 300. The end of these three trajectories represents the number
of victories of the red opinion in 500 simulations.

According to our simulation results, the observed winning rate of
the BVM, BCVM, and GCVM are 0.794, 0.770, and 0.602, respectively.
Papers [1,2] already shown the corresponding expected winning rates of
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the BVM and BCVM are equal to the strength(ratio) of the initial red
opinion. However, for GCVM, this relationship does not any longer hold.
We also found that the average consensus time of these three models has
a relationship Tpym < TeovM < ToovM-

5. Conclusion and future work. We have changed the interaction
logic of BCVM and made some experiments for it. The next step of our
research is to find the mathematical expression of consensus time and the
winning rate of the red opinion in the GCVM. After that, we will split
the internal layer into serval cliques and add one link between each pair
of cliques. Then, the internal layer and external layer will have different
structures. We will focus on the opinion dynamics in such networks.
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Pollution control problem
with dynamic uncertainty updating

Abstract

This paper is devoted to examining a dynamic pollution con-
trol game model with both uncertainty and dynamic updating,
where each countrys emitted pollution depends on pollution accu-
mulation and its belief concerning the unknown parameter. The
dynamic updating approach is applied to the game model with
uncertainty to construet a model, where information about the
process updates dynamically. In order to deal with the uncer-
tainty, learning introduces the sources of risk, and renders control
and learning non-separable. Therefore, we introduce the Nash
equilibrium strategy with dynamic uncertainty updating of the
game model with both uncertainty and dynamic updating.

1. Introduction. In an earlier work, the use of Bayesian infer-
ence rules in the context of binary expression of choices was explored.
There, a continuous underlying probability was associated with each
choice, resulting in the continuous opinions and discrete actions (CODA)
model [1,2]. Each agent had a continuous opinion, but only observed
the discrete choices of its neighbors. In the paper [3], each agent ¢ hav-
ing a continuous opinion about the value of the unknown parameter. It
considered the opinion of player assigns a likelihood to that value that
is a mixture of a Gaussian and a uniform distribution. This represents
the idea that the other agent might have no idea about what is being
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talked about. They proved that depending on the probability of er-
ror and initial uncertainty, those opinions might be clustered around a
central value. In our example, we considered a simple form, which we
assume that the likelihood follow normal distribution, which means the
other agent is sure about what is being talked about.

In the game models with dynamic uncertainty updating it is assumed
that

1. the posterior belief of unknown parameter at the ¢ stage is consis-
tent with the prior distribution at the ¢ + 1 stage.

2. the belief of each player doesn’t change in the truncated subgame.

3. at each stage t, players have full information about the motion
equations and payoff functions within 1" stages, where T is a fixed
value, namely information horizon.

4. information about the game is updated dynamically. At the instant
stage f + 1, players have full information about the game structure
on the stages from ¢t +1tot + 14+ 1.

In Fig. 1, each blue oval shows the information available to players at
instant stage t, namely {t,t+ 1,...,t + T}, where T is the information
horizon.

The concept of the dynamic updating is new in game theory, espe-
cially in differential games, and it gives the foundation for further study
of differential games with dynamic updating. The first time the dy-
namic updating was presented in the paper [4], it was applied to the
cooperative differential game with finite-horizon. The paper [5] on the
subject is focused on studying dynamic updating with stochastic fore-
cast and dynamic adaptation in the case when information about the
conflicting process can change during the game. In the paper [6] the
dynamic updating was applied to a cooperative differential game of pol-
lution control. In the paper [7] the dynamic updating was applied to the
cooperative differential game with infinite-horizon. Papers [8] and [9] are
devoted to study of cooperative differential games and non-cooperative
dynamic games with infinite horizon where information about the pro-
cess updates dynamically. However, in this paper, we consider applying
dynamic updating to dynamic games defined in discrete time.
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! t41 t+T 14147

Figure 1. The solid line represents the real trajectory S;, where t € {0,1,...,0c0}.
Dashed lines in the information horizon represent parts of the expected trajectory

,‘;L at each instant time ¢ that are not used in the real, which k € {¢,t+1,...,¢t +T}

There are two main innovations in this paper. First, the estimator of
the unknown parameter is set as the conditional mathematical expecta-
tion of the unknown parameter condition on the distribution parameter
which we estimated at each stage. Second, we creatively apply the idea
of dynamic updating to infinite-horizon discrete dynamic games dealing
with unknown parameters, similar to continuous-time differential games.
In general, we can conclude that we are considering a new game model
with uncertainty and dynamic updating at the same time.

2. The model. In this section, we embed learning in a dynamic
game in which agents make pollution emitted decisions and at the same
time learn about the stochastic process governing the evolution of the
pollution. We first present the model and then we introduce the method
how to handle this specific model.

We consider N countries or players, indexed by ¢ = 1,..., N, each
producing quantity g; ; of a representative good at time t =0,1,...,c0.
Production generates revenues and, as a byproduct, emissions, e.g., COs.
Denote by u,, the emissions of country i at time t. We make the sim-
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plifying assumption that the ratio of production to emissions is equal to
one, that is, one unit of production emits one unit of pollution.

Emissions accumulate over time and damage the environment. De-
note by ) the pollution stock whose evolution is described by the fol-
lowing difference equation:

Si+1 = E(@|E(9)) (Z wiy + (1 — 5)8.',) Sy, = So, (1)

1EN

where 0 < § < 1 is the natural decay rate of pollution, 7 is a shock vari-
able, in our case, it can be ecological uncertainty, which can be due to,
among other things, lack of information about Mother Natures capacity
to absorb emissions [10]. E(7|E(@)) is the estimator of 7 and E(#) is the
estimator of #. Here n is a realization of the random production shock 7.
The p.d.f. of 7 is ¢(n|0*) for n € H C R, which depends on a parameter
0* € © C RV.

The learning planner makes pollution decisions, while learning about
f. That is, endowed with initial pollution storage and beliefs, pollution
emissions chosen. The shock » is then realized and the pollution stock,
in the subsequent period, is determined from (1). Information is gleaned
from observing n, which affects beliefs about 6.

Assuming a welfare maximization behavior over a infinite horizon,
the optimization problem of player ¢ € N is then stated as follows:

00 N
max E ot Upp | B — Ugp — S Uiy | — 05, (2)
1wy
"o=0 Geki

subject to the pollution dynamics (1), where p(0 < p < 1) is the common
discount factor, a;,% € N and ~y are constants, b;, i € N, is the (positive)
marginal cost of the pollution stock.

3. Truncated subgame with dynamic uncertainty updating.
For each given t € {0,1,...,00}, k € {¢,t 4+ 1,...,t + T}, the motion
equation of subgame I'(S,t,t + 1) is given as following:

Sty = B(IE®)) (Z b+ (1 - 6)5;;) , Si=8=5 ()

iEN

where S} 41 Is the state variable at the instant stage k& + 1, S is the
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trajectory at the instant time ¢, uﬁ’k is the pollution emissions of player
i at the time k.

For each fixed t € {0,1,...,0c}, the optimization problem of player
i in the subgame I'(S,¢,¢ + T') with uncertainty updating is then stated
as follows:

i+T N
max Z o uﬁ,k ai — uf g — Z u;‘k - b8k 1. (4)
ik =y Ji

In the framework of uncertainty updating, it is important to model
players behavior. We shall give it the following form: for any fixed
t € {0,1,...,00}, uf(S,&(0)) = (ui (S, &(8)),...,un(S,&(0))) coin-
cides with strategies in the game (3), (4) defined on the stages from ¢ to
t + T at the instant ¢.

Firstly, we can easily get the generalized Bayesian feedback Nash
equilibrium strategies for each player i € N in the subgame I'(S,, ¢, t+1):

LS, &(0)) =
a; DTG g gkl (5 1) (— B(|E(6)) )+

a7 (2 — 7)o" - (5)
¢ T k . . . o .
o+ Tiew Tito " bipht (6 - 1) (- B(@IEE)H
= k !
P

N = ]
where a = E‘é:l a;, C= = Z—7+7N) *

In order to obtain the Nash Equilibrium strategy with dynamic un-
certainty updating, we propose the following definition.

Definition 1. The definition for the Nash Equilibrium strategy with
dynamic uncertainty updating is as following:

ur,.‘(S?Ef(e)) = ﬁ::::(sv g-’;“”)‘k:h te {tﬂutla sy +00}:7’ € N. (6)

According to the Definition 1, we can easily check the NE with dynamic
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uncertainty updating for the game I'(Sp, to, 00):

. a E;‘T;ol b,;ﬂt+1+j(5 - 1)“"‘(*E(5‘E(9)))-7’+1
ly(5,66) =3 + i )

4+ Tiew Tiog bt (@ - 19 (- BEEE)P Y

ot

t=0,1,...,00,
(7)

N
where a =) ;. , a;, ¢ = P TP s
After substituting (7) into (1) and consider the observations x; as
the realization of unknown parameter at each time, then we shall get
the real trajectory

§A+1 =T (Z ’u,;-:,’ -} (1 - (S)E,l) ; g[) = 5p. (8)

iEN

In order to get the expected trajectory S for each fixed time t €
{0,1,...,00} and consider the truncated subgame I'(S;, ¢, ¢ + T7), then
we will get

St = EGIE®)) (Z T+ (1- 6)5“!;) » &=8. O

iEN

where k € {t,t+1,...,t + T}, S; is the real trajectory at time t. We
will see it from the following figure:

In order to compare the difference between the Nash equilibrium
strategy with only dynamic updating, but no uncertainty, we calculate
the following form of NE:

a | Lo biptHI(E - 1i(-g0p

’* 1 "7t1 S = - i -
gt =g + (2 - 7)pt
ot Tien Ty bipt (@ - 1)1(-%)it!
: 2 ,
t=0,:1; . oy 005
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As for the Nash equilibrium in the initial game model, we should notice
that it’s defined on a infinite time interval.

(L4 p8*(0 —1))(2 — v+ vN)a; — (1 + p8*(6 — 1))a
(2=7+yN)(2—7)(1+ p8*(6 — 1))
vpb8* — bi#*p(2 — v+ yN)
2=9+7N)2 =)L+ p*(d - 1))’
t=0,1;...,00,

ul (i, ) =

i

where a =3 a4, b= b;.

4, Numerical simulation. There are five players in this pollution
control problem with uncertainty. At the beginning of the game, the
belief parameter of each player for the unknown distribution parameter
isag =2, 8o =2, pp = 0.5, kg = 0. As for the game with dynamic
updating, we set the information horizon as T = 2, and the whole time
interval is T" = 10.

The comparison of Nash Equilibrium strategy with dynamic uncer-
tainty updating, dynamic updating, and without any updating is repre-
sented in Fig. 2.

T
* ——
~
L — U
THEgE—— e
0145 e
N
014 s .
~
e
0,185 r
013
0125
012
0115
+ + “ . + + * +
o
o e e s o s o i e e e e o s o o o
0108 " . . ! ! t . f !
0 1 2 a a 5 6 7 a ] 10

Figure 2. The comparison of Nash Equilibrium strategy with dynamic uncertainty
updating, dynamic updating, and in the initial case
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From Fig. 2, we can see that the Nash equilibrium strategy with dy-
namic uncertainty updating and with dynamic updating are more stable
than in the initial game model. It should be mentioned that the differ-
ence between a game with dynamic uncertainty updating and dynamic
updating is whether the uncertainty exists; there is uncertainty in the
game model with dynamic uncertainty updating.

About the simulation for the real trajectory, expected trajectory, tra-
jectory for the initial model, and trajectory with only dynamic updating:

1 T T T T
Thi real trajeetary

A= = Thoaxpedod rajostory
/ X H Thw rajetary for the initial modol
{8 Thw trajectony with onlly dynamiks updating
W

\\\-‘
i i\
V \

Figure 3. The comparison of trajectories under different models

We can see from Fig. 3, the difference between the expected and real
trajectories is due to the realization of unknown parameters. For in-
stance, at instant time ¢ = 3, the gap between 5(3) and S(3) is because
player observed x3. As for the trajectory for the initial model, the play-
ers are full-information, there is no uncertainty. However the trajectory
only under the dynamic updating, the players have the information of
the evolution of the stock of the pollution is on the fixed time horizon,
they are brave enough to emit more pollution than the initial model.

About the converge of the estimator as time evolves: Fig.4 is rep-
resented the dynamics process of the player’s belief about the unknown
parameter. As expected, we can easily derive that the dynamic of the
variance will tend to 0 as time goes on. This means the process will lead
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to the real value of unknown parameter.

T T T T T T T
i —#— tho estimator of the unknawn moan
12K — =~ tho vardance of the unknown mean

08 [

Figure 4. The dynamic of the estimator under uncertainty updating

Note that the players with homogeneous beliefs are considered here,
that is to say, at each stage, all players will commonly observe the re-
alization of the unknown parameter, and then jointly update the belief
according to the observed value, meanwhile the players will make deci-
sions at each stage.

5. Conclusion. We have considered the pollution control game with
uncertainty by using dynamic uncertainty updating; the critical point is
that the prior distribution for unknown distribution parameter at stage
t is consistent with the posterior distribution at stage t — 1. Moreover,
we have got the optimal control with dynamic uncertainty updating and
the corresponding trajectory. At last, we got the numerical simulation
and compared the NE and the trajectories under different mechanisms.
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