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AHHOTANMA

Beenenne. OnTHKO-31€KTPOHHBIE CHCTEMbI KOHTPOJIS N3HOCA PAOOYHMX JIOMATOK IMIHHAPOB HU3KOTO JABICHUS TAPOBBIX
TypOuH 00eCIeunBalOT OIIEHKY BEIMIHHBI XOP/IbI paboueil JOaTKy B CTATHKE HAa 3aKPBITOM IIIHH/IPE, HO HE TTO3BOJISTIOT
OLIEHHUTH M3HOC C HEOOXOIMMOM ITOTPENTHOCTHIO TIPH BaJoNoBopoTe. KOHTPOIb 3aTpyIHSIETCS T€M, YTO BBIXOTHAS
KpPOMKa KOHTPOJIMPYEMOIl JIONAaTKH MOXKET IePeKPBIBAThCsl BXOAHOI KPOMKOH cireryromeil sonarku. CrieoBarensbHo,
TpelyeTcst 3a1aTh TaKoe HAIIPABICHUE BUICOHAOIIONCHHNS JUTS KaJK/I0TO CEUSHUsI, KOTOpOe 00ecrednT (JopMHpOBaHHE
BHUJICOKAJPOB, COACPIKALIMX N300paKCHNE JIOMATKH, U OyJeT BKJIIOUATh €€ BXOJHYIO U BBIXOAHYIO KPOMKH. Pexum
BaJIONIOBOPOTA TpedyeT NPUMEHEHHsI UMIYIbCHOI MTOJCBETKU MepeiHel U 3aJHell KPOMOK paboduX JIONATOK AJIs
YMEHBIICHNS BEJIMYMHBI CMa3a n300pakeHus. VIcxozs U3 3TOro, BaKHO OCYIIECTBUTH BBIOOP (POKYCHOTO paccTOSHUS
00BEKTHBA BHCOKAMEPHI, ANAMETPa BXOAHOTO 3pauka 00BEKTHBA M MOITHOCTH UMITYTbCHBIX HCTOYHHKOB H3ITyIeHHUSI.
Pa3paboTka METOAMKH IMapaMeTPOB CHCTEMBI SIBISIETCS aKTyaJIbHOH 3a7adeil ¢ IeNbI0 COKPAIICHNS TPYA0EeMKOCTH
MPOEKTHPOBAHUS CHCTEM IS PAa3IMYHBIX Mojesel TypOuH u TexHojoruii npumenenus. Meroa. Pa3zpaborana
METO/IUKA BEIOOpa ITApaMeTPOB CHCTEM KOHTPOJISI H3HOCA pabOdNX JIONATOK, KOTOpasi OCHOBAaHA Ha KPUTEPHH PaBEHCTBA
OCHOBHBIX COCTAaBJISIOMIMX CyMMapHOH ITOTPEIIHOCTH BEIMYHUHBI XOpABl. [Ipy aHATUTHYECKUX HCCIIeJOBAHUIX
HCIIOJIb30BAJIMCH BBISIBIICHHBIE CBSI3M MapaMeTPOB MaTPHYHOTO IMPUEMHHUKA ONTHYECKOrO M3JTy4eHHs], HCTOYHUKOB
NMOJCBETKHU U ONTHYECKON CXEMBI C TpeGyeMbIMI/I XapaKTEPpUCTUKAMU CUCTEMBI. KOMI’[]:}OTepHOe MOJCJIMPOBAHUE
nporecca npeodpa3oBaHust UHPOPMAIMU B HCCIEAYEMON CUCTEME YUHTHIBAIIO CBA3b MAPAMETPOB MEPEMEIIAIONTUXCS
TIPU BaJOTOBOPOTE PAbOUHX JTOMATOK U TTAPAMETPOB ONTHYECKOH CXeMbl. DKCHEPUMEHTAIbHAS OIIEHKA MOTPEITHOCTH
CHCTEMBI B CTaTHKE U B JUHAMHUKE HAa MaKeTe JOIATOYHOTO arapara NCIoIb30Bata MHOTOKPATHBIE H3MEPEHHS TOCIIe
KaJIHOPOBKY CHCTEMBI 110 H3BECTHBIM IapameTpaM pabourx jonatok. OcHOBHBIE pe3y IbTaThl. MeToayka odecrednBaeT
TIPU HEOOXOMMBIX yIJIaX HaKJIOHA BHIE030Ha TpeOyeMoe MoJie 3pSHUsSI ¥ 3aJaHHYIO0 MOTPEITHOCTD KOHTPOJISI BETUIHHBI
XOPJIBI 33 CYET BBIOMPAEMbBIX MaTPUYHOTO IPHEMHHKA ONTHYECKOTO M3IIydeHUs], (OKYCHOro paccTosHHs 00bEeKTHBA
BHUJICOKaMEpBbI, THaMeTpa BXOJHOTO 3pavyka 00bEeKTHBA, MOLIHOCTH UCTOYHHKOB M3yueHHs. Ha npumepe, Hanbomnee
CHJIBHO TTO/IBEPKEHHOM N3HOCY IISITOM CTYIEHH JIONATOYHOTO armnapara HUIHHIPOB HU3KOTO JaBJIeHHs TYPOHHBI OONBIION
ennanyHOi MommHoctu K-1200, mokas3aHo, 4To AJIsl MPEeleNbHO JTOMYCTUMbIX 3HAUCHHUH YIVIOB MOBOPOTA BUCO30HIA
19° 1 BpeMeHH 3aepKKH KaapoBoil cuaxpoHuszanuu 10 0,18 ¢ ¢pokycHoe paccTosiHre 00BEKTHBA BUIEOKAMEPHI
JIOJDKHO OBITH MEHee 2,4 MM ITpH BpeMeHH uMiyiabcHoi moacsetku 0,05 ¢. KoMiproTepHOEe MOIeTMpoBaHUEe MOKA3alo,
YTO TIpEeAeNbHas MOTPENIHOCTh CHCTeMBI MokeT gocturars 0,011 MM, 9TO yKa3bIBaeT Ha BOSMOJKHOCTH YMEHBIICHHUS
cymMMapHOif morpemHocT. C HCIIOIb30BaHUEM Pa3pabOTaHHON METOIVKH BEIOpPAHBI OCHOBHEIE SJIEMEHTHI M CO3/1aH
MakeT cucteMbl. ChopMynupoBaHbl TPeOOBaHUS K BPEMEHH SKCIO3HIUY U 3aJeP)KKH KaJpOBOH CHHXPOHU3AIMH.
Obcy:xnenne. DPGEeKTUBHOCTH METOMKH BHIOOpA ITAPAMETPOB ITOATBEPIK/ICHA SKCIEPUMEHTAIbHBIMU UCCIIEI0BAHUSIMH
MakKe€Ta CUCTEMBI, IOKa3aBIIMMHU, YTO OLUCHKA CTAHAAPTHOTO OTKJIOHCHUS CJ'Iy'-lal\;lHOI\/’I COCTaBJ’[SﬂOLU,eﬁ MOTpeUIHOCTH
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MeToauka Beibopa napaMeTpoB ONTUKO-3NEKTPOHHbIX CUCTEM KOHTPONSA N3HOCA paboymx 1onaTok NapoBbIX TYPOUH. ..

KOHTPOJISI XOp/ibl B IMHaMKKe cocTaBmia 0,26 MM, 4TO B TpU pa3a MEHbIIIE, YeM y paHee pa3paboTaHHON CHCTEMBI, U
YIOBJIETBOPSIET TPEOOBAHUSIM, PEABSIBIIEMBIM MPH OLlEHKE pabOTOCIIOCOOHOCTH pabOUUX JIONATOK MapOBIX TYPOHH
B IIPOLIECCe HKCIUTyaTalluy U peMoHTa. [IpennosxkeHHas MeToIMKa, HalpaBIeHHast Ha JOCTIKEHHE TpeOyeMoii TOUHOCTH
KOHTPOIIS, MOXKET OBITh HCIIOIB30BaHA Pa3padOTUNKAMHU APYTHX ONTHKO-3JIEKTPOHHBIX CPEACTB OECKOHTAKTHOTO
KOHTPOJISI TMHEWHBIX pa3MepoB JieTaneil, OpueHTHPOBAHHBIX HETIEPHEHANKYISIPHO THHIN BU3UPOBAHNS.
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Abstract

Optoelectronic wear monitoring system of rotor blades of steam turbine low-pressure cylinders provide an assessment
of the chord value of the working blade in static conditions on a closed cylinder. However, these systems do not allow
the operator to assess the wear with the necessary error during shaft rotation. The control process is complicated by the
fact that the output edge of the blade is overlapped by the input edge of the next blade; therefore it is necessary to set a
scanning direction for each section that will ensure the formation of blade video frames, including both the input and
output edges. The shaft rotation mode requires the use of pulsed illumination of the edges of the working blades to reduce
the amount of image smudge; therefore it is necessary to select the focal length of the camera lens, the diameter of the
entrance pupil of the lens and the power of pulsed radiation sources. The development of a methodology for selecting
system parameters will help to reduce the complexity of designing systems for various turbine models and application
technologies. Therefore, this is an important task. A methodology has been developed for selecting the parameters of
the wear control systems of the working blades, which is based on the criterion of equality of the main components of
the total error of the chord value. The analytical studies used the relationship of the parameters of the matrix receiver of
optical radiation, illumination sources and the optical circuit with the required characteristics of the system. Computer
modeling of the information conversion process in the system under study took into account the relationship between
the parameters of the moving blades and the parameters of the optical circuit. The experimental estimation of the system
error in statics and dynamics is based on multiple measurements after calibration of the system according to known
parameters of the blades. When using the developed methodology, it is possible to achieve the required field of view and
a given error in controlling the chord value, due to the choice of: matrix optical radiation receiver, focal length of the
camera lens, diameter of the lens entrance pupil, and power of radiation sources. Using the example of the fifth stage of
the vane device of the K-1200 high unit power turbine, which is most susceptible to wear, it is shown that for maximum
values of the rotation angles of the video probe is 19° and the delay time of frame synchronization is up to 0.18 s, the
focal length of the camera lens should be less than 2.4 mm with a pulse illumination time of 0.05 s. Computer modeling
has shown that the marginal error of the system can reach 0.011 mm, which illustrates the possibility of reducing the
total error. Using the developed methodology, the main elements were selected and a layout of the system was created.
The requirements for exposure time and delay time of frame synchronization are formulated. The effectiveness of the
parameter selection methodology was confirmed by experimental studies of the system layout, which showed that
the estimate of the standard deviation of the random component of the chord control error in dynamics was 0.26 mm,
which is three times less than that of the previously developed system and meets the requirements for evaluating the
operability of the rotor blades of steam turbines during operation and repair. The proposed technique can be used by
developers of other optoelectronic means of contactless control of linear dimensions of parts oriented non-perpendicular
to the line of sight.
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steam turbine, rotor blades, erosive wear, rotor blade chord, wear control of the rotor blade, optoelectronic system,
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BBenenue

Bxonnere kxpomku padounx momatok (PJI) mumuaapos
Huskoro gpasieHust (L{TH/I) mapoBeIx TypOuH moaBepraroTcs
CHJIBHOMY 3PO3HOHHOMY M3HOCY, UTO BE/IET K COKPAIICHHIO
pecypca ux paboThl 1 BO3MOXKHBIM aBapusaM. ITo o0ycra-
BJIMBAET HEOOXOMMOCTh IEPUOANYECKOI0 OCMOTpA JIoTIa-
TOYHOTO anmapara ¢ LeJblo IpeoTBpalleHus apapuii [1].

[TpumeHeHne COBpEMEHHBIX BUICOIH/I0CKOIIOB OTKPHI-
BaeT BO3MO)KHOCTH TOBBIIICHUS] TOYHOCTH OECKOHTAKTHOTO
KOHTpoJIst apameTpos (opmel PJT mpu ux crarnueckom no-
noxenuu [2—4]. OnHako CyIecTBYIOUIME BUAE0IH/0CKOIIbI
HEIMOCPEACTBEHHO HE MOTYT MPUMEHSTHCS ISl SHIO0CKO-
MUPOBAHS JIOMATOYHOTO ammapara B pekKHMe BaJlOIIOBO-
pota [5], KOTOpEIi MpeamonaraeT BpalieHne potopa 6e3
noctyrienus napa B LIH/I. ITpu sTom nuHeliHas ckopocTb
KOHTponupyemoii obnactu nocturaet 0,36 M/c, a B Buze-
09HJIOCKOTIAX HEe 00eCIIeuNBACTCS CHHXPOHHU3AIINS BHICO-
KaJpoB ¢ nonoxenueM PJI.

OnTHUKO-JIEKTPOHHBIC CUCTEMbI KOHTpOJIs u3Hoca PJI
(ODCPII) [6-8] obecreunBarOT OLICHKY BETHUHUHBI XOPIbI
PJI ¢ morpemrHocthio He 6osee 0,9 mm 6e3 BekpoiTust [TH/]
IIPY HETIPEPBHIBHOM BPAILICHUH POTOPA B PEXKUME BaJIOMO-
BOpOTa C 4acTOTOH 10 1 00/MUH.

OmHAKO KOHTPOJIb BEMIUHBI XOp sl PJI ipu nmprmMeHe-
Huu ODCPJI B pexrMe BaIOIIOBOPOTA 3aTPYIHSICTCS TEM,
YTO BBIXOAHAS KPOMKA KOHTPOIHUPYEMOH JTOMaTKH MOXKET
MEPEKPBIBATHCSL BXOIHON KPOMKOH CIIEAYIOLIEH JIONAaTKH,
TTO3TOMY HEOOXOANMO 3a/1aBaTh TAKOE HATIPABJICHNUE BUICO-
HaOJTIOICHUSI JITSL K&XKI0TO CEYCHHMs1, KOTOpoe odecrieunBaeT
(hopMHpOBaHKE BUICOKAIPOB, COACPIKAIINX H300PaKECHUE
JIOTIATKH, BKIIFOYAIOIIEE €€ BXOIHYIO U BBIXOJHYIO KPOMKH.
B pesysbrare Xopabl KOHTPOIMPYEMOTO CEYEHUsI JIONAaTKH
OPUEHTHPOBAHBI HEIEPIICHUKYISIPHO ONTHYECKOH OCH
CHCTEMBI, a TIOCKOCTh n300pakenus PJI He coBnamaer ¢
TUTOCKOCTBIO (DOTOUYBCTBUTEIILHON TUTONIAKH TPUEMHHKA.
HUcxons u3z storo, B OOCPJI BenuunHy XOpAbl NPUXOIUT-
CSl OIPENEIATh IO pac(hOKyCHPOBAHHOMY H300paKCHHIO
JIOTIATKH, TIOyYeHHOMY TIpU TpedyeMoM paKypce BHICO-
Habmonenns [9—11].

Pesxnm BaomoBopoTa Takxke TpeOyeT MPIUMEHEHUS M-
MYJTECHOM MOICBETKH TIepeJHeN U 3aIHEH KPOMOK pabodInx
JIOMATOK JJI1 YMCHBUICHU BEJIMYUHBI CMa3a 1/1306pa>1<eH1/151,
4TO TpeOyeT OAHOBPEMEHHOTO BhIOOpaA (POKYCHOIO pac-
CTOSTHUSI 00BEKTHBA BUICOKAMEPBI, THaMETPa BXOJHOTO
3pavyka 0OBEKTUBA U MOLIHOCTH UMITYJIbCHBIX HCTOYHUKOB
W3ITy4CHHUS.

HccnenoBanne coueTanust FeOMETPUIECKAX M BPEMEH-
HBIX napameTpos demenToB 1 OOCPJI B nienom, npu ee
SKCIUTYaTaIliH B OTPAHUICHHOM MIPOCTPAHCTBE aKTyallbHO,
MTOCKOJBKY TTO3BOJISIET COKPATUTh BPEMs OIICHKH M3HOCA
W TUATHOCTHUKU COCTOSTHHS TIEPEMEIIAOIIeHCs JIOMAaTKH C
TpeGyeMOl MOrPENHOCTLI0 KOHTPOIIs He Gosee 0,5 mm!.

Ienbro paboTHhI sIBIsIETCS pa3paboTka METOAMKHU BHIOO-
pa mapamMeTpoB ONTHKO-3JIEKTPOHHBIX CUCTEM KOHTPOJIS

L PJI] 153-34.1-17.462-00. MeToauueckue yKa3aHus O I0-
psiIKE OIICHKU pabOTOCIOCOOHOCTH PabOYUX JIOMATOK MapOBBIX
TYpOMH B IPOLIECCE U3TOTOBICHUS, SKCIUTyaTallid U PEMOHTA.
OtpacneBoil pykoBomsmuii 1okyMeHT. YTBepxaeH PAO «EDC
Poccun». M., BTH, 2001.

n3Hoca JionarovyHoro arnmapara [{H/] napoBsix TypOuH Ha
3aKpBITOM LWJIMHJpPE MPU BAJIONOBOPOTE, KOTOpas ole-
CHeYrBaeT TpeOyeMyIo MOIPEIIHOCTh KOHTPOJIS BEJTUYH-
HBI X0op/b! PJI mocpencTBoM codeTaHnsi reOMETPHUIECKHX,
9HEPreTHYeCKNX U BPEMEHHBIX IIaPaMETPOB IEMEHTOB U
CHCTEMBI B IIETIOM.

Bo3mokHOCTH TPIMEHEHUS pa3padaThIBaeMOI METON-
K1 OLIEHMBAINCH NP 3HAYCHUSX MTapaMeTpoB ISTOH (TI0-
CIeIHEeN) cTymeHu JonaroyHoro anmapara LIH/] TypOuabt
Oompiol eauaMIHON MotmHOCTH K-1200, KOTOpas nmeet
HauOoblIMe radapuThl 1 HanboJee CUIIBHO TOJIBEPIKEHA
H3HOCY, YTO MO3BOJIACT HAXOAUTH NPEACIILHO JOITYCTUMBIC
3Ha4YeHUs napaMmeTpoB 31eMeHToB 1 ODCPII B nienom.

PaboTa cucTemMbl PH KOHTPOJIE BeJIMYUHBI XOP/IbI
pado4yux J0NaToK

O06ob6mennas cxema paccmatpuBaeMbeix ODCPJI
(puc. 1) comep UT OCHOBHBIE 3JIEMEHTHI: BUIC030HA /,
CHUHXPOJATUHK 2, METKY 3 U KOMIIbIOTED 4.

Buneosony / BKIrOUaeT UCTOUHUKU U3IIyYeHUS S U 0,
BUJIEOKaMepy 7/, CoJepKallyto OObEKTHB &, U MaTpUUYHBIH
(oronpuemunk 9. Buneokanp, Gukcupyemslii BuIeoKame-
poii 7, IMeeT pa3MbITHE, BBUJIY TOTO, 4TO n3o0pakenue PJI
HE COBIAJIAET ¢ YyBCTBUTEIBHOM IIOMIAIKOW MaTPHIHOTO
dhoTonpuemHnka 9 u u3z-3a nepemerierus PJI 3a Bpems
MMITYJTbCHOI MTOACBETKH.

HudpoBoii curHam, B KOTOPOM COACPKHUTCS HHPOpMAa-
st o nmpoekiuu PJI Ha TI0CKOCTh MaTPUUHOTO (POTOTIPH-
eMHHKa, B HACTOsIMIEH paboTe Ha3bIBACTCS 0TOOpaKEeHNU-
eM oObekra. Pabora ODCPJI 3akimtouaercst B 00padboTke
KOMIIbIOTepOM 4 oTtoOpakeHuii PJI, momydaembix ¢ BU-
JleoKaMepsl 7 BUI€030HAA / MPU UMITYIbCHON MOACBET-
K€ MCTOYHHMKAMU Hu3iyueHust 5 u 6. Ilpu 3ToM UMITynbChl
TMOZICBETKH (DOPMUPYIOTCS 110 CUTHAJIaM CHHXPOJATYHKA 2,
OCHOBHasl (PyHKIIUSI KOTOPOTO — (PUKCHPOBATH MOMEHTEI
YINIOBBIX NoJ0eHui oceit PJI npu ux nepecedyenuu onrtu-
YecKOoW ocH BHJIeOKamephl. [Ipu 3ToM Buieo30H (huKcH-
pyeT n3obpaxeHue mepBoil ucciexyemoii sonarkn PJI; u

Puc. 1. CTpyKTypHas cXeMa CHUCTEMBI U JIOMIATOYHOTO armapara

Fig. 1. Block diagram of system and blades unit of turbine
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MeToauka Beibopa napaMeTpoB ONTUKO-3NEKTPOHHbIX CUCTEM KOHTPONSA N3HOCA paboymx 1onaTok NapoBbIX TYPOUH. ..

MIOCNIETHEN UCCIIeyeMOH onarkoit PJIy B JaHHOH CTyneHn
JIONIATOYHOTO arrapara Ipy BpallieHHH poTopa TypOUHBI C
4acTOTOH V.

Bxonnast u BeixozHast kpomku PJI TpeOytoT paziensHoi
TIOZICBETKH ISl 0OecTiedeHs] HeOOXOANMOTO OTHOLICHUS
CUTHAJI/IIIYM B 00EHX YacCTSAX BHJCOKAIPA, TOITOMY BHJICO-
30H/] COIEPKUT J[BA UMITYJIbCHBIX HCTOUYHNKA ONTHYECKOTO
m3mydeHus 5 u 6. Korrpons 3po3norHoro m3Hoca PJI mpo-
HCXOIUT Ha OCHOBAaHMM M3MEHEHHUS BEJMUMHBI XOPIHI b;,
KOTOpAasi OTPEEISeTCs 10 KOOPIUHATAM TOYEK BXOIHOW 1
BBIXOIHOW KPOMOK IPOQHJIS JIONATKK B KOHKPETHOM Ceue-
HUU I. BplunciieHue BeIMYUHbI XOpbl U OLICHKa u3HOoca PJI
OCYILIECTBIIIETCS C IIOMOLLBIO KomIbroTepa 4. [lomyuennas
nH]pOpMaIyst XpaHUTCs B 0a3e B TEUCHNE BCETO CPOKa IKC-
TUTyaTaluy TypOHHBI.

Oc00eHHOCTBIO SH/I0CKONTMPOBAHUS JIONIATOYHOT'O aTlIa-
para IapoBbIX TypOHH SIBIISIETCS TO, YTO BUJICO30H JOJDKCH
BBOJIMTHCSI B MEXJIOMIATOYHOE MTPOCTPAHCTBO HA BEIMUUHY
R; 11 mocnenoBaTeIbHOTO KOHTPOJISI O4EPETHOTO CEUeHHUS
i, ¥ TIpA 3TOM JOJDKEH 33/1aBaThCsl YTOJl IIOBOPOTA BHICO-
30HJA Y; C yUETOM YIIa HAKJIOHA XOPJBI 0;. YTOII ;, SABJISIO-
LIMKACS YIVIOM MEX/1y HOPMaJIbIO K IJIOCKOCTH OCEeH Jiomna-
TOK (0ch OZ) ¥ ONTHUYECKOH OChIO BHIEOKAMEPHI, 3aBUCUT
OT F€OMETPHUH KOHKPETHOTO JIOTIATOYHOT0 ammapara u o0-
YCIIOBJICH TE€M, YTO JJisi 0OCCIIeUueHUs] HaOIIOICHUST BCel
xopael AC (puc. 2) B OHOM KaJpe HEoOXOIUMO, 4TOOBI
Jy4n OT Toukd C BBIXOTHOM KPOMKH KOHTPOIIMPYEMOH JIo-
natku PJI; He sKpaHnpoBaICh MOBEPXHOCTBIO CIEAYIOLIEH
nonatku PJI, v onagany BO BXOIHOM 3padoK OOBEKTHBA
auameTpoM D. BennuuHza yria moBopoTa y; BUAE030HAA B
KOHTPOJIMPYEMOM CEUEHHH I B 3aBUCUMOCTH OT KOHCTPYK-
TUBHBIX mapameTpoB LIH/] nomkHa mMeTs BenuuuHy [8]:

S; 2nR; N nR;, D M
;= arctg— =arctg| ———— + — —— —ctga, |,
K gzo £ b;Nsina; zoN 2z, &t

e S; — BEJIUYUHA CMELIEHHs ONTUYECKOH ocU BUIEOKa-
MEpHI B TUTIOCKOCTH 0CEH JIOTIATOK IS i-TO KOHTPOIHPYEMO-
TO CEUEHNSI; Z; — PACCTOSHHE OT ITIABHOW TOUKH OOBEKTHBA
BHJICOKAMEPHI JIO0 IIEHTPa XOPABI B KOHTPOIHPYEMOM cede-
Huu PJI; R; — paccTrosgHue 0T KOHTPOJIUPYEMOTO CEYEHUS

PJI no ocu poropa; b; — BeIMYMHA XOPJbl B KOHTPOJIH-
Y's y
Bupeoszonn Ypis B PIL,.,
+ | | OObekTUB
A C __—
b';
B'; i -
V, C' D
HcTounnku
U3JTyYCHHS

Puc. 2. Xon ny4eii B ONTUYECKON CXeME ONTUKO-3IEKTPOHHON
CHCTEMBI KOHTPOJIS H3HOCA

Fig. 2. Ray diagram in the optical scheme of the video probe

pyemoMm ceueHnn; N — KOJIUYECTBO pabOUYUX JIOMATOK B
HCCIIelyeMOM CTYIIeHU POTOPa; 0; — yrojl HAKJIOHA XOPJbI.

[Ipu u3MeHeHUHU yIaa OBOPOTA Y; BBIIOJIHUM KO-
PEKTUPOBKY BPEMEHHU 3alla3/iblBaHUA [, IIPU 3aXBaTe BU-
JICOKaPOB, KOTOPOE 3aBUCHT OT JIMHCHHOTO CMEIICHUS ;
LEHTPa XOP/bl OTHOCUTEIBHO ONTHYECKON OCH, a TAKKe OT
YaCTOTHI BPALICHHUS POTOPA V:

S; Zy N 1 zoctgoy, D

fo 2nvR;, VbNsina, 2vN  2nvR, 4mvR; @

HWccnenoBanms mokasan [8, 9], 9To i peaabHBIX Te-
oMeTpruiecknx mapamerpos PJI Hanboree cuiIpHO moaBep-
JKEHHOM M3HOCY IOCJIEAHEN CTYIIEHM JIONIATOYHOTO all-
napara [{HJI TypOuH GONBIION eTMHUIHONH MOITHOCTH
CYLIECTBYET TaKas 'PaHUYHAs BEJIMUYMHA paanuyca R, Ipu
KOTOpOH yroi y; IpUHUMAET 3HaueHue [§]

YiT & (3)

Ecmu R; > R, TO 0Cb BUJEOKaMEPBI yCTAHABIINBAETCS
MEPICHINKYIIPHO XOpAe, U N300pakeHne XOpabl OyneT
c(hOpMUPOBAHO HA MAaTPUYHOM IIOJIE€ aHAIN34, B TO BPEMs
Kax 1mpu R; < R, 0Cb BUAECOKaMEPLI HEBO3MOXKHO yCTaHO-
BUTD MEPICHANKYIISIPHO XOPJIE, U TFIOCKOCTh N300payKEeHUSI
XOp/ibl Y’ OyeT OpHeHTHpOBaHa MOJ YIVIOM K MaTpUYHOMY
noo a”anusa Y'pg, 4YTO HIPUBOJUT K pac(oKyCUPOBKe
N300paKeHNUS 110 KPasiM XOPbI.

Haiinem Benuuuny R, u3 BelpaxkeHus (1) ¢ yuetom
cootHomeHus (3)

Nbi(4ZO + DSinZ(xi)

4ncosa(2z, + b;sino,)

Ry,

KommnproTepHoe MOJAEIUpPOBAHUE XapaKTEPUCTUK
ODCPJI ¢ yueToM mapamMeTpoB JIOMATOYHOTO amnmnapara
K-1200 (1500 MM > R; > 2500 mMm; 250 MM > b; > 150 Mm;
25° > a; > 10°) nokasano, uto ecinu R; < R, TO yroi noso-
POTa BUJICO30H A Y; P IKCILTyaTalluy MOXKET JOCTUTaTh
19°, a Bpems 3anasabIBanus ¢, yBennansaercs 10 0,18 c.

Ecnu pannycel KOHTPOJIMPYEMBIX CEUeHHH R; > R,
TO BBIYMCIICHUE BEIMYUHBI XOP/BI b; OCYIIECTBIACTCS 110
BEJINYMHE €€ N300pakeHus b'; Ha MaTpUYHOM (POTOTIPH-
eMHHKE C YIeTOM (POKYCHOTO PacCTOSHUS O0BEKTHBA f 1
paccuuThIBacTCs 1Mo (hopmyiie:

bi = (ZO _fCOSOLi)B'i/fCOS(xi, 4)

B TO BpeMs KaK Jls KOHTPOIUPYEMbIX CeueHuil npu R; <R,
BBIUHCIICHIE BETMIUHEI XOP/IBI b; OCYIIECTBISIETCS 110 Be-
JAMYMHE OPOeKUUHU B'; ee n300paxkeHus b'; Ha MaTPUYHOM
(horompuemuuke [8]:

20°f* = (20 — feosy;) )
“0 xB'#sin*(a; — y;)cos(0; — 7)) Zo.feosy;

- 0,5(zp — fcosy,);B ,iSinz(ai —7¥;)cos(ay; — ¥;)cosY; .

i ®)

B panee npoBeaeHHbix uccienosanusx [11] nokaza-
HO, YTO YMEHbIIECHUE MOTrPEITHOCTH KOHTPOJS BO3ZMOXK-
HO Ha OCHOBE WCIOJH30BAHUS METONA HAXOKICHUS CBSI3-
HOM KOMITOHEHTHI TOYEK BXOJHOM M BBHIXOJTHON KPOMOK
0 TTOJIOBUHE MaKCHMAaJIhHOTO YPOBHS OONYYESHHOCTH B
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OuHapu3upoBaHHOM oToOpaxkeHuu PJI B'; Ha MaTpuuHOM
¢doronpruemurke. OJJHAKO B 9TOM CiTy4ae HEOOXOIHMO Y4uH-
TBIBaTh NPOCTPAHCTBEHHOE PACIIPE/ICIICHHE O0IyYeHHOCTH
Ha MaTpUYHOM (OTONPHUEMHHKE, KOTOPOE M OIpeNeIIsieT
npenensHyto norpemsocts OOCPIL

IIpenejbHasi HOrPelIHOCTD ONpeieIeHUsl
BeJIMYMHBI X0P/bl Pa004nX J0NATOK

ITox npenensHoit norpemuoctsio ODCPII cnenyet
TTOHUMATh TaKyIO MOTPEITHOCTb, JJIsl KOTOPOW eTMHCTBEH-
HBIM €€ MCTOYHHUKOM SIBIISETCS LIYMOBasi MOTPEIIHOCTh
OIpeziesIeHNs KoopAnHaT rpanul kpomok PJI B mpoekiin
n300pakeHusT Ha MaTPUIHOM (hoTorpreMHuKe [ 12].

[Ipu Bcronb30BaHUM ANTOPUTMA ONIPEIEIICHUS KOOP-
JMHAT KPOMOK TI0 33JaHHOMY YPOBHIO OOTy4E€HHOCTH HX
TIpe/ieNbHast TIOTPELIHOCTD ONPECTICHUSI KOOPAMHAT TIPO-
exnuii Touek A’ u C' nzobpaxennii kpomok PJI 3aBucur ot
pa3mepa nukcesa, ypoBHs BHYTPEHHHUX IIYMOB MaTpU4-
HOTo (pOTONPHUEMHHUKA, Pa3pPsAHOCTH aHAIOTO-IU(POBOTO
npeobpaszosarest (ALIT) u MeTooB 00pabOTKU KaapOB
[13, 14].

Bennuunna cpenHero KBagpaTudeckoro OTKJIOHEHHS
(CKO) morpenrHocTH onpeeeHus pa3Mepa Xoppl Ha Ma-
TPUYHOM NPUEMHHKE onTHYeckoro m3nydenus (MITION —
digital image sensor, DIS) 86215 3aBucur or CKO norper-
nocteit 8BS u 8B!S onpenenenus xoopmuHar Touek A
u C xpomok. OCHOBHBIBAsICH Ha BRIpAXKEHUH (5), a Takke
otnomennu db.LIS/dB PfS, paccanraeM morpemHoCTs onpe-
JIeTICHUS] KOOPANHAT TOUKH A:

bi[,)fs _ zo/cosy; — 0,5b;sin(o; —y,) — f 55’ DIS

° Jeos(a; —vy) ia> ©

u juist Toukd C KPOMKH:
zo/cosy; + 0,5bsin(a; — ;) — f
Jeos(a; — ;)

TTocKOMbKY OTpe/ieienne KOOPIMHAT TPAHUI] KPOMOK
MPOUCXOAUT HAa €ANHOM MATPHUYHOM I10JIC, TO BBLIIIOJIHSI-
etcst paBenctso dB'S = 8B'/US = 8B'PS u cymmapnas
BEJIUYMHA MPE/IEIbHOI MOrPEIHOCTH ONpE/ITeH s BEH-
unnbl xopabl 8’3 pacemarpuBaeTest s pactionokeHus
ONTHYECKOH OCH BUIEOKAMEPBI COTIACHO TPAHMYHOMY
yenosuio (3). OnpeenuM cyMMapHyto BETHUHHY Tpe-
JIETBHOM MOTPENHOCTH € Y4ETOM HOPMATBHOCTH (hyHKIUH

pactmpeneneHus COCTABISIOMINX SB’iZIS (6)m SB’Z%IS (7):

3b 1S = SB'RYS. (D)

2 / i 2+O,5bi2 .nz i — Vi
SbiDés _ \/( Z(/COSY f) 51 ((l Y) SB'iD[S. (8)
Jeos(o; —v;)
W3 BeIpaskeHus (8) ciemyer, 9To B MPOILECCe IKCILTY-

aTaIuy CyIeCTBEHHOE BIMSHUE Ha MorpemHocts db L

GyyT okasbiBaTh BenmuuHa 8B’ P15, kotopas obycnosiena
IPEeX/ie BCEr0 OTHOLICHHEM CHTHAJ/IIYM M TaKUMH Ia-
pamMeTpaMu, Kak pacCTOsiHHE OT 00bekTuBa 10 ocu PJI u
(hOKyCHBIM pacCTOsIHHEM OOBEKTHBA.

B pabotax [15, 16] mokazaHo, 4To TIpU pa3psIHOCTH
AUII paBno#t 8, g HanboJiee pacrpoCTpaHEHHBIX Ma-
TpUUHBIX (QoTonprueMHnkoB Ha ocHoBe KMOII-ctpykTyp,
CKO norpenrHoct# ornpeaeneHns KOOpANHAT TOUEeK B OTO-

OpaskeHUM 0OBEKTOB 3aBUCST OT OTHOLICHUSI CUTHAI/IITYM
[13, 17]. OTHOIIICHNE CUTHAJ/IIIYM B THAITa30HE 3HAUCHUIHA
200 > p > 5 pomycTUMO anMpOKCUMHUPOBATH BBIPAKEHUEM
[18]:

3B'PIS = 0,9 p/y, 9)

Te p — pa3Mmep MHUKCella MAaTPUYHOTro (POTONPHEMHHKA;
L — OTHOIICHUE CUTHAJI/IIIYM.

BrinonHeHO KOMIBIOTEPHOE MOAEIHPOBAHUE OIle-
HOK TIPE/IeIbHON TOTPEIIHOCTH ONPEAEICHUS BETHYHHEI
xopasl PJI msaroit crynenu nonarounoro annapara LIHJ]
TypOUHBI 00NBIION enuHUYHOW MomTHOCTH K-1200 mpn
KOHTPOJIE XOpIbl BenuduHo b = 200 MM ¢ paccTOSHUI
zo =120 MM 1 2 = 160 MmM. MonenpoBaHue OCyIIECTBIIE-
HO TP MCIIONB30BaHUH BHAeOKaMepsl Ha ocHoBe KMOII-
CTPYKTYp C pa3MepoM IHKCceIa MaTPHIHOTO ()OTOIPHEMHH-
Ka p = 2,25 MKM, 4acToTe KaJpoB paBHOW 70, OTHOIIIEHUHT
curHai/mym He menee 10 nb, BenmuuHe (HOKyCHOro pac-
crosiHust 00bekTHBa = 4,5 MM u paspsimHoctd AT — 8.

[Tomyuennsle pe3ynbTarsl (puc. 3) MOKasaju, 4To OLEH-
xku CKO onpenenenus koopaunat Touku A 8b2f (xpu-
Bbie / u 3) u Touxu C 8b LS (xpusbie 2 u 4) kpomok PJI npu
R;= 1750 MM ¢ yrioM HakJIoHa XOpAbI o = 20° oTIMYaroTcs
Ha 35 %. Bmecre ¢ Tem onienka CKO npenenbHOM morpem-
Hoctu 8b,P (kpusbie 5 u 6) He npesbimaet 0,011 Mm.

[Tpn yBenmuennu R; Bemmunaa orienkn CKO npenens-
Hoit morpermocTn 8b°% (kpuBbIe 5 U 6) M3Mensercs He-
cymectBeHHO (Menee 1 %). CrnenoBarenbHO, A1 aHATN3a
MOTPEIIHOCTEH M BBIOOpa MapaMeTPOB CUCTEMBI B LIEJIOM

DIS & DIS DIS
8bis’s Obic” mdb;y”, MM

0,011.______.__ _____ S —
6
5
0,009 3
—fm - e === —— 0
0,007 *
4
0,005
1750 1790 1830 1870
R;, MM

Puc. 3. Tpaduku OIEHOK MPEIeNIbHOM OTrPeIHOCTH

onpejiesenns KoopauHar kpomku A (kpussie /, 3) 5b 1

u kpomkn C (kpussie 2, 4) 8bPL xopmer paboueit nomarkw,
a TaroKe MPeeIbHON MOTPEITHOCTH ONPE/ICICHNUS] BETMIHHBI
XOpAbL SbiD{S (xpuBBIC 5, 6) B 3aBUCUMOCTH OT PaJiyCOB
KOHTPOJIMPYEMOTO CeYeHHs R; 171 pacCTOsHUM z; =120 MM

(xpuBble 1, 2, 5) nzy = 160 MM (kpussie 3, 4, 6)

Fig. 3. Graphs of the limit error of determining coordinates of
the edge 4 (lines 7, 3) 8b,°15, of the edge C (lines 2, 4) 3b,°F of
the chord of the RB, and of the error of determining the value
of the chord as a whole 8,25 (3, 6) vs. radii R; of the section
controlled and values of distances z, = 120 mm (/, 2, 5)
and z; = 160 mm (3, 4, 6)
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MOYKHO PYKOBOJICTBOBAThCSI (JOPMYIION CBSI3M TTAPAMETPOB
(4), a u3 Belpakenus (8), u ¢ yueToM ycioBus (3), npesielib-
HYIO [OTPEIIHOCTH KOHTPOJISI BEIMYNHBI XOP/IbI JIOIYCTHMO
paccuuTaTh ¢ MOMOIIBIO BBIPAKEHHUSL:

(2o — feosa)\2 5

DIS —
dbPs =
fcosa;

+ DIS
B'PIS,

(10)

IIpu npoextHOM pacuete xapakrepuctuk ODCPJI, ¢
y4eTOM BBIOPAHHBIX MapaMeTpPOB 0OBEKTHBA BHJICOKa-
Mepbl U MaTpU4YHOTO (OTONPHEMHHUKA, BhIpaxenue (10)
T103BOJISIET HAXOANUTD PEEIBbHYIO ITOIPELTHOCTH KOHTPOJIS
BenuuuHbl Xopabl b3S s 11060T0 KOHTPOTHUPYEMOTO
ceuenus PJI R; npu yuere BeipaxkeHus (9), BKIIOUAIOLIET0

¥ OTHOILIEHHE CUTHAJ/ IyM.

MeTtoanka BbIGOpa U pacyeTa napamMeTpoB
BH/1€030H/1a CHCTEMbI

Just noctrkeHnst TpeOyeMoil MorpemHoCTH KOHTPOIIS
BesmanHbI Xop/s! PJI HeoOxonnmo obecrnieunBarh BEIOOD
pacuer reoMeTpHYECKUX MapaMeTPOB ONTHIECKOH CHCTEMBI
(doxycHoe paccrosiHEe 00BEKTHBA, TUAMETP BXOJHOTO
3padKa ONTHYECKOW CHCTEMBI, U IIp.), & TAK)KE YHEPreTU-
YECKMX MapaMeTPOB HCTOYHNKOB ONTHYECKOTO M3ITyYeHHS,
pa3Mepa MaTpU4YHOro noiist GoTonpueMHuKa /pq, pasmepa
MTUKCENa ¥ BPEMEHHU IKCIIO3ULINH.

[pemmnaraemast MeToIMKa BHIOOPA MTapaMETPOB JIEMEH-
ToB OOCPJI 1 OOCPII B 11e710M Oa3upyeTcst Ha OCHOBE KpH-
TCpHs paBCHCTBA BIMAHWA OCHOBHBIX COCTABJIAIONIUX CyM-
MapHO# MOrPENIHOCTH ONPE/IEIICHHSI BETHUUHBI XOPABI db~
1 COZIEPIKHT CJICIYIOIHE ATAIIbl: BEIOOP pa3Mepa IUIOIIAIK!
(oTonpreMHIKa 1 (POKYCHOTO PACCTOSHHSI OOBEKTHBA BU-
JIcOKaMephbl; BEIOOP TMaMeTpa BXOHOTO 3pavyka 0ObeKTHBa
1 MOIIHOCTH NCTOYHUKOB M3IIy4EHUsI; BEIOOP TpeOyeMoro
BPEMCHH DKCIO3HIIHUH [y, MATPUIHOTO (pOTONPHEMHHKA.

Jran 1. Bei6op pa3mepa ¢oTonpuemMHoil MIIOIMATKA
U (POKYCHOTO PACCTOSIHUSI 00beKTHBA BHAEOKAMepPhl.
DOKyCHOE pacCTOSHUE 0OBEKTHBA BUICOKAMEPHI f SABIIS-
€TCsl ONHUM U3 OCHOBHBIX [1apaMeTPOB, KOTOPBIH, ¢ OQHON
cropossl, ooecrieunBaer B ODCPJI Tpebyemoe rosie 3peHus
2pB;, a ¢ Ipyroil CTOPOHBI — MPEAENIBHYIO OIPEIIHOCTD
KOHTPOJIst BeuMHBI Xopsibl 8b K (8).

[TockosbKy BeIMUYMHA OJISL 3pEHUs] 00eCIeunBaCTCs
(hoKyCHBIM paccTossHUEM 00BEKTHBA f U pa3mMepoM (oTo-
IIPUEMHOI! IIoIanKy (pOTONpUeMHHKa /p;g, TO U3 pHC. 2
clletyer:

Ipis(zo — fcos(0; —77))
2zf .

Jns obecriedennst TpebyeMoro auamna3oHa KOHTPOIS
BEJIMYMHBI XOP/IbI (Kak MpaBuio, ot 120 MM 1o 200 Mm) u3
(8) u (11) mas ciyuyast, koraa R; < Ry, onpenenuM BeJINUHHY
(hOKYCHOTO pacCTOSHUS:

2B = 2arctg (11)

. Ipiszolzo — 0,5b;sin(a; — v;)cosy;]

zobicos(a; — ¥;)cosy; + Ipjscosy
x[zo — 0,5b;sin(a; — y;)cosy;]

axorna R;> R, (y; = a,):

J=Ipiszo/(b; + Ipg)cosa.

Ecnu 3anars PaBHOC BJIMAHUE OCHOBHBLIX COCTAaBJIAIO-
UX MOrp€HOCTH HA CYMMApHYIO MMOIrpC€IIHOCTL OIIpe-
ACJCHUA BCJIMYHHBI XOPAbI SbiZ, TO B 3aBUCHUMOCTH OT
KOJIMYCCTBA COCTABJIAIOMINX 171, MOXHO paCCYUTATh NOITy-
CTUMYIO BCJIIMYNHY npe/:[eanoﬁ HOrpCuIHOCTH:

3bPLS = 8bENm.

Jiist obecnedeHust TpeOyeMoi BETMUMHBI CyMMapHOM
[OTPEIIHOCTH KOHTPOJISt XOP/bI 8bF U € y4eTOM Mpe/elib-
HO#1 TIOTPENTHOCTH OTIPE/IETIeHNsT BeMUMHbI X0psibl 5b, L, B
cooTBeTCTBUH C BeIpakeHHsiMH (10) 1 (9) 1u1st BEIOpaHHOTO
THIIa MAaTPHIHOTO (hOTONIPHEMHUKA, TIPH R; > R;, paccunTa-

€M HCKOMOE€ (I)OKYCHoe paccrogHue 00BEKTHBA:

_ 1,8pzo\/Z
(uéib,—2 + 0,9p\/%)cosa,-.

/

Ha puc. 4 noka3assl pe3ysbTaTbl MOJIEIMPOBAHKS 3aBU-
cuMocTel TpeOyeMbIX (POKYCHBIX PacCTOSIHHI 00bEKTHBA f
OT BEJINUUH PACCTOSIHUH z(; U1 KOHTPOJIUPYEMBIX CEUCHUH
PJI B ee kopHeBoii (kpuBsble / u 3) (R; = 1750 mm) u nepu-
(epuiinoii (kpussle 2 u 4) (R; = 2090 MM) yacTax.

MonenupoBaHue BBITOJIHSIIOCH NPH OTHONIEHUH
CUTHAJ/IIyM paBHOM 5, pazMepe NHKcela MaTpUYHO-
ro ¢oronpueMHuKa — 2,25 MKM, pa3Mepe MaTpUIHOTO
noist — 7,3 MM, KOJIMYECTBE COCTABJISIOMINX TTOTPEIITHO-
¢t — 9 1 TpeOyeMol MOTPENIHOCTH KOHTPOJIS XOPIBI y
kpast PJI —8b%~ = 0,1 mMm.

Ha nagansaom stame npoextuposanuss ODCPJI Bce
pacdeTsl IPOBEJEHBI Il CEUEHUH, OMM3KUX K KOPHEBBIM
ceuenusM PJI (xpuBble / 1 3), Tak KaK JJIsl HUX YTOJ HAaKJIO-
Ha XOpIBI U €€ pa3Mepbl MaKCUMAIbHBI. V3 TOTy4eHHBIX
rpadukoB (puc. 4) cienyer, 4ro HeoOXoAMMAs BEJINYHHA
(oxycHOro paccTosiHus 00bEKTHUBA f,,, (IIePECeUCHHE KPH-
BbIX / 11 3) paBHa 2,4 MM IIpH PacCTOSTHUN OT OOBEKTHBA JI0
ocu PJI paBHOM z,,, = 106 MMm.

OTMeTHM, 4TO TIpH MEpEeMEICHIH BHIC030H/1a K Iie-
pudepnitapiv ceuenusim PJI hoxycHoe paccrosiare ObLTO

1, MM

100 120 140 160

Zy, MM

Puc. 4. I'padukn TpebyeMbIxX (OKYCHBIX pacCTOSHUN 00bEKTHBA
Jf BuIEOKaMepsl It KOpHEBOTO (KpuBble /, 3) 1 nepupepruitHOro
(xpuBbIe 2, 4) ceueHuit i B 3aBUCUMOCTH OT PaCCTOSTHUHN OT
00BbeKTHBA 10 paboueii JomaTku

Fig. 4. Graphs of the required focal lengths f of the camera lens

for the root section (7, 3) and for the peripheral section (2, 4) of
RB distance from the lens to the RB axis
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yBEIMYEHO /10 2,6 MM (miepecedeHre KpuBbIx 2 U 4). B atom
ciydae JOIMYyCTHMOE PaccTosiHue 0T 00bekTuBa 10 PJI us-
MEHEHO JI0 3HAYCHUS Z(,,, = 114 Mm. Ipu s1om B OOCPJI
HCIOJIb30BaH OOBEKTHB C NMEPEMEHHBIM (POKYCHBIM pac-
CTOSIHUEM, B IIPOTHBHOM CJIy4ae HEOOXOIMMO JIOIYCTUTh
YBEIMYECHUE MOTPEITHOCTH KOHTPOIIs Xopasl PJI.

Jrtan 2. Bei0op 1naMeTpa BXOTHOT0 3payKa 00beK-
THBA M MOIIHOCTH MCTOYHMKOB U3ay4yenus. B OOCPJI
JUTSL peanu3anun TpeOyeMbIX 3HAUYEHUN MOTPELUTHOCTH
onpezenenus BemnarHbl xop/pl PJI b~ Tpebyercst obecrie-
YUTh OTHOIIEHNUE CUTHAJI/IIYM |1, KOTOPOE 3aBUCUT OT BEJIU-
YHHBI pactpeiesieHns: 00Iy4eHHOCTH Ha (POTOIPHEMHHUKE,
(U3MUECKHX TTapaMeTPOB MaTPUIHOTO (POTONPHUEMHUKA U
xapaktepuctuk PJI [13, 19].

[Tpu BBIOOpPE MaTpHUHOTO (HOTONPUEMHUKA HEOOXOAH-
MO YUHTBIBaTh MHBapuaHT Jlarpamka—I enrpmMrossia, KoTo-
PBIi OIpesiersieT B3anMOCBS3b pa3Mepa BXOIHOTO 3padka
D, nions 3peHust 00beKTHBA BUAEOKaMePHl f3,,,, alepPTypPHOIO
yria ¢oronpuemuuka 0, u pazmepa GoTouyBCTBUTEND-
HOH 1owanku /e [20]. Toraa pasmep BXOJHOIO 3pauka
D nomxeH ObITh:

D < (IpgssinBp)/ 2t .- (12)

W3 puc. 2 creyert, 9To JUIst BOSMOXKHEIX TapaMeTPOB 0,
b;, zy 1 1pu TpeOyeMbIX 3HaueHusX ¥; (1) BeauuuHa yriaa
00BEKTHBA NUMEET BUIL:

0,5b,cos(a; — ;)
zo/cosy; — 0,5b;sin(a; — 'Yi).

B,p = arctg (13)

Torma u3 Belpakenuii (12) u (13) momyunm MakcuMab-
HO JIOIyCTUMOE 3HAUCHUE JHaMeTpa BXOJAHOTO 3payKa:

D< [2zy/cosy; — bisin(a,; — V:)]/psssindpys

14
bicos(a; — ;) 1

Jutst addexTrBHON paboTHI anropuTMa 00padOTKH Ka-
apos PJI makcuManbHas BelnvuHa oOnyuenHoctu EC B
n300pakeHnn HanOoee ynaneHHon Touku C kpomku PJI
Ha MaTpUIHOM (POTOIPHEMHHKE I0JKHA TPUOIIKATHCS K
YPOBHIO HAaCBIIEHNUSI MATPHYHOTO (POTONPHEMHHKA EQ{S,
HO He TpeBbImarh ero [21-23]. Ilpu ucnonb30BaHUH Ma-
TPUYHOTO (POTONPUEMHHUKA B PA3IMUYHBIX ONTHKO-DIIEK-
TPOHHBIX CHCTEMaX KOHTPOJISI TPUMEHUM COOTHOIICHUE
[20]:

EC=0,7EDPS, (15)

B kauecTBe NCTOYHNKOB UMITYJIbCHOM TTOJICBETKH 11€JIe-
C000pa3HO MCIIOJIH30BATh MOTYTPOBOJHUKOBBIC HCTOYHHKH
ONTHYECKOTO M3JIyUYCHHUs, Y KOTOPBIX JHarpamMmy H3i1y-
YEHHsI MOYKHO allpOKCUMUPOBATh KaK JIaMOEPTOBCKYIO
B Ipefenax ynia usnydenus 0,,. Torna u3 BelpaxeHui
(13)—~(15) momy4yrM OTHOCHUTEIIEHOE OTBEPCTHE 0OBEKTHUBA
BHICOKaMEPBI:

D (ZiC)ZSinel/2
—_— = X
1 [zo/cosy; + 0,5b;sin(a; — ;) — f]

(16)
2,8E ;" cos(a; —v;)

- -l
Tp,CKP.cosp,CcoseC

rie z;C — paccTosHue OT UCTOYHHMKA M3Ty4EeHHS O BbI-
xoxuoit kpomku C PJT; ¢,€ — yron Mexiy HOpMaibio K
noBepxHoctH PJI B Touke C KPOMKH ¥ NaJIAONIMM Ha HETrO
IIyYKOM ONTHYECKOro m3iydeHus (puc. 2); g, — yron
ME>K/y HalpaBiICHUEM JIyda U HOPMaJIbIO K KPOMKE B TOU-
ke C; K — K03 GUINEHT KOPPEKTUPOBKHU THUATPAMMBI
U3JLy4eHHs: UCTOUHHUKOB [20]; P, — MOILHOCTb U3/1y4YeHHs
HCTOYHHUKA H3ITydeHust; p,C — kosdurment anuddysHoro
oTpaxenus KpoMk# PJI; T — uHTErpanmbHbIif Koddduiment
MPOIMYCKaHUsl ONTUYECKONW CUCTEMOM OTPaKEHHOIO U3IY-
yenus ot PJIL.

Amnanu3 Beipaxxenus (16) moxaszain, 4yTo Jiist BO3MOKHBIX
paccTosiHuH z,, mapamerpoB PJI (a;, b;), yria mosopora
BUJEO30HMA V;, Benn4uHbl Kodddunuenta guddysnoro
orpaxkenus p;C U ypOBHs HACHICHUS MATPHIHOTO (HOTO-
npueMHuKa £.,°, OTHOCUTEIbHOE OTBEPCTHE 00BEKTUBA
D/f naxonurcs B mpenenax ot 1/2 mo 1/1.

Torma u3 BeIpaskeHus (16) cremyet, 9To sl BETHINH
D/f B yxazaHHOM Jnaria3oHe, TpeOyeMblii ypOBEHb MOIITHO-
CTH MCTOYHUKOB M3ITydeHUs P, Ui MOACBETKH BBIXOJHOM
KpOMKH B Touke C OnpeiensieTcs: BhIpakeHUEM:

2,8E£zls Z(ZiCZSinellz)ZCOS(ai =)

P,= .
¢ 1p, KD zo/cosy; + 0,5b;sin(a; — v,) — f]*cose,Ccose,C

[TonmyueHHOE BBIpa)KEHNE MTO3BOJISIET BHIOPATH BEJINUH-
HY MOIIIHOCTH UCTOYHUKOB M3IY4EHUs AJsl 0OecredeH s
HeoOxoanumoit obyuenHoctu PJI.

Jtan 3. Bb100p BpeMeHH 3KCNO3UINHU KaapoB. [1pu
BAJIOIIOBOPOTE PAaBHOMEPHOE ABMIKEHHE KOHTPOIUPYEMOTO
ceuenust PJI co ckopocTsto Vi, 3a BpeMst 9KCHIO3HLHH /),
BBI3BIBACT CMa3 B n300pakeHnu [24, 25]. DtoT cMa3 npu-
BOAUT K yBEJIMYEHUIO PazMepa LU(PPOBOro 0TOOpaKeHUs
nomnark. C y4eToM HEeCOBIAAEHUS IIOCKOCTel n3o0pa-
JKEHUSI U (DOTONIPUEMHOTO MAaTPUYHOTO TIOJIST PACCUUTAEM
MOTPENTHOCTD, BHI3BAHHYIO CMa30M M300paKEHUsL:

2 T[VRl‘t exp

Sbismear = VRite

xp/COS(ai - Yi) =

, (17
cos(o; — ;)
TJIe V — 9acTOTa BPAIICHUS POTOpPa MPH BAJIOIIOBOPOTE B
000opoTax B CEKyHY.

W3 Beipakenus (17) criemyert, 4To MOTPEUTHOCTD, BbI-
3BaHHAs CMa30M 8b;7¢4”, IpONOPLUOHANIBHA PAJUYCy KOH-
TPOIHUPYEMOI0 CEYEHHUSI U BPEMEHH SKCIO3HULIUH.

Kak orMmeueHo Ha Tamne 1, mpu paBHOM BIUSTHUU BCEX
COCTABIISIOLINX MOTPEIIHOCTEN HAa CYMMapHYIO MOTpell-
HOCTb KOHTPOJISI BEJIMYHHBI XOp/ibl 0D, IOMyCTUMYIO Be-
JIMYUHY HOTPELIHOCTH OT cMa3a 6b¢4" MOKHO paccuuTarh
o hopmyre:

b smear = 5b . (18)
B stom cirywae u3 (17) u ¢ yuetom (18) ompenennm

TpedyeMoe BpeMsl IKCIIO3UIINH f,,,, HA MaTpUUHOM (HOTO-
[IPUEMHHUKE:

exp

P 3bicos(a; — ;)
P 2nvRNm
Komneroreproe monenupoBanue ODCPJI npu yacto-

Te BpalleHus potopa v = 1 00/c, uncie cocTaBIsSIOMINX
MOTPENTHOCTH paBHOM 9, TpeOyeMoi cyMMapHO# rorper-

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

177



MeToauka Beibopa napaMeTpoB ONTUKO-3NEKTPOHHbIX CUCTEM KOHTPONSA N3HOCA paboymx 1onaTok NapoBbIX TYPOUH. ..

1 11 21 31
Howmep PJI

Puc. 5. YcTaHOBKA TS HCCIIEIOBAHMS MTOTPEIIHOCTH U3MEPEHHUs XOP/Ibl paboyeil JIONaTKH B JUHAMUKE (@) U OLICHKH
CPEIHEKBAIPATHICCKOTO OTKIOHCHHUS ITOTPEIIHOCTH OHPE/ICIICHUsI BENYUHBI XOPABI b~ 1151 KaX10# pabodeil JIOMATKU B CTATHKE
(xpuBas /) u B tuHamuke (kpusas 2) (b)

Fig. 5. Model for the study of the RB chord value measurement error in dynamics (a), and estimated RMS of the chord value 35>
determining error for each RB in statics — graph 7 and in dynamics — graph 2 (b)

HocTH 8h~ = 0,1 MM MOKa3aIo, 4To IS PaJNyCOB KOHTPO-
JIMpyeMbIX cedeHuil R; B quanasone ot 1500 no 2500 Mm
TpeOyeMOoe BPEeMsl SKCIIO3HLMH {,,, U3MEHSCTCs B Auana-
30He oT 0,05 1o 0,06 ¢, uro B ODCPJI obecneunBaeTcs
PETYIMPOBKOM BPEMEHU MMITYIbCHOM MOJICBETKH.

3KCHepl/lMEHTaJ]beIe HCCIeI0BaAHUSA
MaKeTa CUCTEMbI

Jast noprBepkaeHust 3QHEeKTUBHOCTH MPeI0KEHHO
METOJIMKH TIPOBEJICHO SKCIIEPUMEHTAIILHOE UCCIIEJOBAaHNE
XapakTepUCTHK dieMeHToB 00paszima ODCPJI, chopmupo-
BaHHOI /7151 pUMeHeHus Ha nsToi crynenu [{H/] maposoit
TypOunsl K-1200-6.8/50.

O6pazerr OOCPJI comeprkan: BUACO30H, UCTIONB3YIO-
Ui Bueosngockon Mereon 33251 u umeromuii pasperie-
Hue 640 x 480 MHUKCENOB; CHHXPOAATINK B BHIE AaTINKA
MeTkn ODY A44A5-49N-25C2H0 ¢ 3epkaabHON METKOM;
HCTOYHHUKH UMITYIbCHOM TTOJICBETKH, BHITIOTHEHHBIC B BH/IE
ceetoanonoB GNL-5053PGC, n koMmbIoTep, peaan30BaH-
HBII Ha ocHOBe HOyTOyka Acer Nitro 5 ANS515-54-52N7
(Intel Core i5 9300H 2400 MHz). Ilespto SKCIICPUMEHTOB
SIBISIOCH UCCJIEOBAHNE BEJIMYMHBI OTHOTO U3 OCHOBHBIX
napameTpoB OOCPJI — cymmapHoO#i morpenHocTu onpesae-
JICHUSI BETMYHMHBI Xop/ibl PJI 8b% mpy BaJIonoBopoTe potopa.

B makeTe somaTo4HOTO ammapara MCHOJIb30Ba-
HO 36 mpototunoB PJI (puc. 5, @), HameyaTaHHBIX Ha
3D-mpuntepe Ultimaker 2 Extended u nmeromux Benu-
yuHy Xopasl b; =102,1 + 0,1 mm. IIpororumnsr PJI 6pin
3aKperuIeHbl PpaBHOMEPHO Ha Bairy 2, auameTpom 200 MM,
KOTOPBIM yCTaHABIMBAJICS HA aBTOMAaTUUYECKOW yITIOBOM
moaBmkke 3 Standa SMRB240-152-59. Cunxponardnk 4
MO3BOJIAET OMPENENATh YIIIOBOE MOJIOKEHNE Bana 2 ¢ To-
rpemHocThio 12,

[TonBmkka 3 obecrieunBana cTadMIbBHOE BpalleHUE
Baja 2 CO CKOPOCTbIO 4 00/MUH, HMUTHPYIOIIEE PEIKUM
BAJIOIIOBOPOTA NPH PABEHCTBE JIMHEHHOW CKOPOCTH TOYEK
noBepxHOCTH PJI; ¢ NMHENHON CKOPOCTBIO TOUKH MOBEPX-

Hoctu PJI maroit ctynenun LIH/I mapoBoii Typounsr K-1200
pu BasionoBopore. PaccrossHue oT BuAeo3oHaa 3, 3aKpe-
IJIEHHOM Ha KpoHwuTe#n 6, 1o PJI; cocrasisano 70 mm,
Bpems rkcniosunuu 0,014 c. Ilepen sxcnepumMeHTamMu mpo-
BOJMJIACH KAJMOPOBKA MaKeTa CUCTEMBI IO OIPE/ICIICHHIO
MacmTabHOTO KOA(pPUIINEHTA HA OCHOBE M3MEPECHHBIX
KOHTaKTHBIMH CPEICTBAMH BEJIWYMH XOPJ KAKIOTO U3
36 npororunos PJI.

OreHKa MOTPEIIHOCTH OIIPEEIICHHSI XOPABI C TIOMO-
IIBIO BUACO030Ha TPOM3BOAMIACE TI0 Kaxkaoi u3 36 PJI mo
10 cepusim U3MepeHui.

AHanu3 pe3ynbTaToB dKCIIEPUMEHTa MOKa3al, YTO C
Y4ETOM IIOTPEIIHOCTU U3roToBieHus npororuna PJI, ve
npesbimasieid 0,1 MM ¥ OTHOIWIGHUH CUTHAI/IIYM HE
menee 10 ab, onenka CKO nmorpemHoctu KOHTPOJIs Be-
JM4rHbL XOpAsl 8bF B crartnke cocraBuna 0,22 MM (KpH-
Bas /), a B muHamuke — 0,26 MM (kpuBas 2) (puc. 5, b).
[omyuennsle pe3ynbTraThl MPaKTHUECKH B TP pasa JIydllle,
4eM B paHee pa3paboTaHHOH cucTeMe [8], 9To MoATBepIKIa-
eT 3(EeKTUBHOCTH TIPUMEHEHNS! PEUIOKCHHON METOIUKH
BBIOOpA M PacueTa MapaMeTpOB CHCTEMBI.

3akJ/iouenne

ITokazaHo, 4T0 Tpe/IeTbHAS TOTPEITHOCTD MPEIIOKEH-
HOTO METOJIa KOHTPOJISI BEJIMYHH XOP/IbI paO0OUYHX JIOMATOK,
OCHOBAHHOTO Ha HAXOXKJACHUU KOOPIAMHAT UX BXOJHOW M
BBIXOJIHOM KPOMOK JIJIsl OTHOIIICHUS CUTHAJI/IIIYM HE MEHEe
10 nb, cocraBnsger Bemmuuny 0,011 MM u Gonee yem Ha
MOPSIJIOK TPEBBIIIAET TPEOOBaHKS K CyMMapHON MOTrpel-
HOCTH OMPECIICHUS BEJIMYUHBI XOPbI, YTO JTOKA3bIBACT
BO3MOXHOCTHU CHUXCHUA l'lOFpeL[IHOCTI/I KOHTpOJ'lS[.

Pa3paborana MeTojriKa BbIOOpa MapaMeTPOB ONTHKO-
3J'Iel<TpOHH])IX CUCTEM KOHTpOJ'IH BCJIMYHHbI XOpI[I)I pa60qux
JIOTIATOK IIWJIMHIPOB HU3KOTO JTABJICHUS TAPOBBIX TypOUH
HA 3aKPBITOM IMJIHHIPE TPU BaJOMOBOPOTE, OCHOBAHHAS
HAa PaBCHCTBE BIUSHUS OCHOBHBIX COCTABJISIONINX CYM-
MapHOU MOTPEIIHOCTH OTPEICICHUS BETUINHBI XOPJIBI
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C y4eTOM YIJIa II0BOPOTAa BUAEO30HIA U PACCTOSHUSA [0

paboueii IonaTku, KOTopasi COAEPIKUT:

— BBIOOP (POKYCHOTO paccTOSIHUSI 0OBEKTHBA BUICOKaMe-
Pbl, 00eceunBaroIero TpedyeMoe 1ojie 3peHus U Ipe-
JIETIbHYIO MOTPEITHOCTD KOHTPOJISI BEIMYMHBI XOP/IbI;

— BBIOOp IMaMeTpa BXOIHOTO 3padka 0ObEKTHBA M MOIII-
HOCTH UCTOYHNKOB M3JTyUCHUsI, HEOOXOIUMBIX JJIsT 00e-
cIie4eHus: TpeOyeMoro ypoBHS MOACBETKH pabodmx
JIOTIATOK B 3aBUCHMOCTH OT PACCTOSTHUS OT HCTOYHUKOB
W3TY4YCHHUS IO BXOTHON M BBIXOTHON KPOMOK pabodmx
JIONIATOK, yIjla HAaKJIOHA BUE030H/a, KO uireHTa
nddy3HOro pacceMBaHus U3IYUYCHUS] KPOMKAaMH pa-
0OUMX JIONIATOK ¥ MaKCUMAaJIbHO JIOMTYCTHMOTO YPOBHS
00JIy4eHHOCTH Ha BHIOPAaHHOM MaTpUYHOM (OTOIPH-
€MHHUKE;

— BBIOOp TpeOyeMOTo BpEMEH! SKCIO3UINHA MaTPUIHO-
ro (hOTONIPUEMHHKA, UCXOJIS U3 JIOITyCTUMON BEJINYH-
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TOK mapoBbIX TypOuH // 3Bectus By30B. [Ipubopoctpoenue. 2020.
T. 63. Ne 3. C. 228-237. https://doi.org/10.17586/0021-3454-2020-
63-3-228-236

12. Todros K., Hero A.O. Measure-transformed quasi-maximum
likelihood estimation // IEEE Transactions on Signal Processing.
2017. V. 65. N 3. P. 748-763. https://doi.org/10.1109/
tsp.2016.2621732

13. Angpees A.JI. MozenupoBaHue U pacyeT aBTOMATU3UPOBAHHBIX BU-
JIeOMH(OPMALIMOHHBIX CHCTEM HAOIIONEHNS 32 O0BEKTAMU: METOH-

HBI CKOPOCTHOTO CMa3a B U300pakeHUU padoueii Jio-

[TaTKH.

DKCIepUMEHTAJIbHBIC UCCIICIOBAaHUS MaKeTa, pa3pa-
0OOTaHHOTO B COOTBETCTBHU C MPEIIIOKCHHON METOIUKOH,
MOKA3aJIi, YTO OLEHKA CPEIHEKBAIPATHISCKOrO OTKIIOHE-
HUSI TIOTPEITHOCTH NU3MEPEHHS XOP/Ibl B CTATHKE COCTABUIIA
0,22 MM, a B tuHaMuke — 0,26 MM, 4TO JydIIe, 4eM B
paHee pa3pabOTaHHBIX CHCTEMaX, PEIIAIONIUX MOCTaB-
JeHHyo 3aaady. [lonyueHHble pe3yabTaThl MOATBEPIHIN
3G (GEKTUBHOCTh MPUMCHEHHSI TIPEIOKCHHON METOIMKH
BbIOOpA M pacyera mapamMeTpoB CHCTEMBI.

Pa3paboranHas METOIMKA, HAITPABJICHHAS Ha JIOCTHIKE-
HHUE TPeOyeMOl TOUHOCTH KOHTPOJIS,, MOKET OBITh UCTIOJb-
30BaHa pa3pabOTYMKAMU JPYTUX ONTHUKO-IIICKTPOHHBIX
CPEICTB OECKOHTAKTHOTO KOHTPOJISI THHECHHBIX Pa3MepOB
JieTaneii, OpHeHTUPOBAHHBIX HETICPIICHIUKYIISIPHO JTHHAN
BU3UPOBAHMSI.
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AHHOTANMS

Beenenmue. [IpeacraBieHbl pe3ynbraTbl HCCIEI0BAHUS METOJ0B 00pabOTKH ONTHKO-2JIEKTPOHHBIX CHUMKOB 36MHOMN
nosepxHocTH. [TokazaHo npumeHeHne GppakranbHbIX MPeoOpa3oBaHMil Ul PELIEHUS 3aa4 aBTOMaTH3UPOBAHHOTO U
ABTOMAaTHYECKOTO aHaJIN3a M300paKEHU MECTHOCTH, 00ECIICUUBAIOIINX Pa3/eICHUE IPUPOIHBIX U aHTPOIOTCHHBIX
00BEKTOB 0€3 UCIIONB30BAHMS MAITMHHOTO 00y4YeHHs1. AHAIIN3 CYIIECTBYIOMUX PaOOT MOKa3all OTCYTCTBUE HCCIICIOBAHHM,
CBSI3BIBAIOINIMX Pe3yJabTaT (PaKTalbHOro MpeoOpa3oBaHus ¢ KaueCTBOM M300paKeHMUs, 3aPETrHCTPUPOBAHHOTO B
PeabHBIX YCIOBHSAX ONTHKO-3JIEKTPOHHON cheMKH. OTCYTCTBYeT 000CHOBAaHHE BBIOOpA KOHKPETHOTO ()PAKTAIBLHOTO
npeoOpa3oBaHus ISl IPUKIIAJHONH 00pabOTKM CHUMKOB, UMEIOIIHMX OIpe/elICHHbIe THIIOBbIE HCKakeHUs. L{enbio
JTAHHOM PaboTH! SIBUJIOCH BBISIBICHUE 3aBUCUMOCTH OTHOIICHUS CUTHAJ/IIYM ()paKTaIbHOH pasMEpHOCTH OT KauecTBa
HCXOJIHBIX M300pa)KeHH, OIpe/ieieHne THa (GpakTaabHOro rnpeodpasoBanus, Hanudosee yCTOHUYUBOIO K ACHCTBUIO
paccmarpuBaeMbIX HeraTHBHBIX (akTopoB. MeToabl. OnpezeneHsl MeTo/bl (pakTalbHbIX MPeoOpa3soBaHUl JuIs
TEMaTHYECKOM 00paboTKK H300paskeHNH, K KOTOPBIM OTHECEHBI METO PU3M U TU(PpepeHINaTBHbI METO MOACYETa
KyOOB, IIPE/ICTABICHO MX OnMcaHue. J{ist uccne0BaHus BHIOPAHHBIX METO/IOB HCIIONB30BaHbI PEaIbHbIC CHUMKH 36MHO
[TOBEPXHOCTH, MOACIUPYIOIINE HCKAKCHHBIC H300paKEHHsI MECTHOCTH. PacCMOTPEHbI HCKaXCHUS N300paKeHHH,
ompeiensieMble HeCTaOMIBHOCTBIO YCIOBHH CHEMKH M CBOHCTB ONTHKO-JICKTPOHHOTO KOMILIEKCa: pac(oKycHpoBKa,
cMa3 ¥ IyM. B 0000menHoM BHie peCTaBIeHbl MaTeMaTHIEeCKHE MOJICITH, UCIIOJIb3yeMble ISl UX OIHMCaHUSI.
OcHoOBHBIE pe3yabTaThl. 3110)keHa MeTOiMKa aHaJIM3a OTHOLICHHs CHTHAN/IIyM (paKkTaibHOro npeodpa3oBaHus,
npe/rnoararlas 00padboTKy STaJTOHHOTO M HCKaKCHHOTO M300pasKeHUIT MECTHOCTH. YKa3aHbl aCTIEKThI MOICTUPOBAHHS
MCKKCHUH U TOKA3aTelld, XapaKTepH3yOIIHe YPOBEHb HCKaKeHHs n300paxeHus. /s peannsanny SKCIepuMEeHTa
BBIOpAHbI H300paKEHUSI MECTHOCTH, XapaKTEPU3YIOIIHECs PA3ITMYHBIMU CIOXKETaMu. J[JIs KasK/10T0 CIOJKeTa Oy EHbI
3aBHCHMOCTH OTHOLICHHUSI CUTHAJI/IIIYM OT MOKa3aTelei, XapaKTepH3yIOIINX HCCIeayeMble HeKakeHHs1. Ofcy:keHue.
ITyTeM OLICHMBAHUsI OTHOLICHHUS CHIHAJI/IITYM BBIINOJIHEH aHAJIN3 BIHSHUS MCKaXKAOMUX (akTopoB Ha hopmMupyemoe
rosie (paKTaIEHON pa3sMepHOCTH. Pe3yrbTaThl SKCIIepuMeHTa ITOATBEPANIIN BO3MOMKHOCTD HCIIONB30BAHMS (PPaKTaTbHBIX
npeoOpa3oBaHUil ISl TeMaTHIECKOl 00pabOTKN MCKa)KEHHBIX ONTHKO-3JICKTPOHHBIX CHUMKOB. [lokaszano, 4To
3aBHCHMOCTb OTHOILICHMSI CHUTHAJI/IIYM OT MOKa3aTessi HCKa)KeHUsI NMeeT BhIPaKCHHBII HENMHEHHBIN XapakTep.
YeraHOBIIGHO, UTO /TS UCKKEHUH THITA PacOKYCHPOBKH U cMa3a 0ojiee yCTONUMBBIM SIBISIETCS METOJL IIPHU3M, a IPU
HAJIMYMU IIYMOB — MeTo AuddepeHunanbHeix Kyoos. st 00paboTKn CHUMKOB MECTHOCTH, NPEACTABICHHON B
OCHOBHOM HM300pa)KCHHUSAMH JIECHOH PACTUTEIIBHOCTH, JIyUIINH PE3y/IbTaT 0Ka3bIBaeT MPUMEHEHHE AU(PepeHIHATBHOTO
MeTo/Ia MmojicyeTa KyOoB.
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Abstract

The results of a study of methods for processing optoelectronic images of the Earth’s surface are presented. The
application of fractal transformations to solve the problems of automated and automatic analysis of terrain images,
ensuring the separation of natural and anthropogenic objects without the use of machine learning, is shown. The
analysis of existing works has shown the absence of studies linking the result of fractal transformation with the image
quality recorded in real conditions of optoelectronic photography. There is no justification for choosing a specific
fractal transformation for the applied processing of images with certain typical distortions. The purpose of this work
was to identify the dependence of the signal-to-noise ratio of fractal dimension on the quality of the source images,
to determine the type of fractal transformation that is most resistant to the effects of the considered negative factors.
Methods of fractal transformations for thematic image processing are defined, which include the prism method and the
differential cube counting method, and their description is presented. To study the selected methods, real images of the
Earth’s surface were used, simulating distorted images of the terrain. Image distortions determined by the instability of
shooting conditions and the properties of the optoelectronic complex are considered: defocusing, smudging and noise.
The mathematical models used to describe them are summarized. A technique for analyzing the signal-to-noise ratio
of fractal transformation is described, involving the processing of reference and distorted images of the terrain. The
aspects of distortion modeling and indicators characterizing the level of image distortion are indicated. To implement
the experiment, images of the area were selected characterized by various plots. For each plot, the dependences of the
signal-to-noise ratio on the indicators characterizing the studied distortions are obtained. By estimating the signal-to-
noise ratio, the analysis of the influence of distorting factors on the fractal dimension field being formed was performed.
The results of the experiment confirmed the possibility of using fractal transformations for thematic processing of
distorted optoelectronic images. It is shown that the dependence of the signal-to-noise ratio on the distortion index has
a pronounced nonlinear character. It is established that for distortions of the defocusing and smearing type, the prism
method is more stable, and in the presence of noise, the differential cube method is more stable. For processing images
of an area represented mainly by images of forest vegetation, the best result is shown by using the differential cube
counting method.

Keywords
remote sensing, optoelectronic photography, image, blurring, defocusing, noise, fractal transformation, signal-to-noise
ratio

For citation: Andrusenko A.S., Grigor’ev A.N., Korshunov D.S. Modeling and analysis of fractal transformation
of distorted images of the Earth’s surface obtained by optoelectronic surveillance systems. Scientific and Technical
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BBenenue

B HacTosimee BpeMs CyIIECTBEHHBIM COLMAIBHO-
SKOHOMHYECKUM M HAay4YHBIM 3HAUYCHHEM XapaKTepU3yeTcs
oTpacib MOJY4YeHNUs MPOCTPAHCTBEHHBIX HAHHBIX, 3HAUHU-
Mast 10J11 KOTOPOH MPEeACTaBIeHA TEXHOIOTUAMHU ONTHKO-
ANIEKTPOHHON CHEMKH 3eMIIU C OPOUTAIIBHBIX M BO3IYIIIHBIX
Hocureneid. O0paboTKa MOy4aeMbIX TAKKM ITyTeM H300pa-
JKEHUH 3€MHOU MOBEPXHOCTHU TSl PEIIECHUS MPUKIaJHON
3aJlaud TPAJAMIMOHHO BKJIIOUAET ABa KIIOYEBBIX HTama.
[lepBblii 5Tan COCTONT U3 TOIYYSHNUS M300pAKEHUsL, I0CTa-
TOYHO KOPPEKTHOTO B TE€OMETPUYECKOM U paJuOMETpUYIE-
CKOM OTHOLLIEHUSX. BTopoii aTan — Temaruyeckast UHTEp-
IIPETanusl, BBINOIHAEMAs: BU3yalbHO-HHCTPYMEHTAIbHBIMH,
ABTOMAaTU3UPOBAHHBIMY WJIM aBTOMAaTHYE€CKHMHU METOJIAMH.

MeTozas! aBTOMAaTU3UPOBAHHOM U aBTOMATUYECKON Te-
MaTHYECKOI 00pabOTKK B OCHOBHOM 0a3MPYIOTCS Ha OIpe-
JICIICHHOM KJIacce MpeoOpa3oBaHuil H300paXKECHUH HITH MX
couerannu. Cpe/in N3BECTHBIX KJIACCOB IPeoOpa3oBaHuii B
pamMkax obmnactu 00paboTKH N300pasKeHUH, TOJTYUYCHHBIX B
pe3ynbTare ONTHKO-IEKTPOHHOHN ChEMKH 3eMIIH, IPaKTH-
YEeCKNI MHTEPEC MPE/ICTABISIOT (PpaKTaIbHBIC TPeodpa3o-

Bauus [1]. [IpumMeHrMOCTh (ppakTanbHON reOMETPUH JUIs
OIUCaHUs N300paKEHUN TPUPOJHBIX 0OBEKTOB JIOKa3aHa
B u3BecTHOU pabote [2]. CymniecTBylomue NpuKkiajaHbe
HCCIIE0BaHMS TIOKa3bIBAIOT 1[EJIECO00PAa3HOCTh UCTIONB30-
BaHMs (paKTaIbHBIX NPe0Opa30BaHM ITPU PEILICHUH KOH-
KPETHBIX 3a/1a4 aHaJIM3a U300paKeHui MectHOCTH [3-5].
[Ipu 3TOM TOCTHKUMOCTH Liesin 00pabOTKH AEMOHCTPH-
pyeTcst Ha YacTHBIX NIpUMepax 0e3 aHannu3a 3aBUCHMOCTH
OTHOIIICHUS CUTHAJI/IIIYM pe3ynbTaTta mpeoOpa3oBaHus, B
KauecTBE KOTOPOTO IPEJUIaraeTcsl paccMarpuBarh (ppax-
TaIBHYI0 Pa3MEPHOCTH, OT UCXOAHBIX H300paskeHuil [6].
B cBot0 ouepe/ib ONTHKO-3IEKTPOHHAS ChEMKa BBIITOJIHSIET-
Csl B YCJIOBHSIX, KOTOPBIE OKa3bIBAIOT HEraTHBHOE BIMSHUE
Ha KayeCTBO PErUCTPHPYEMBIX U300paKeHUH U HE MOT'YT
OBITH B JIOCTATOYHOW CTENEHH YCTPAHEHBI WJIK KOMIICH-
CUPOBaHBI. B 4acTHOCTH, TaKue YCIOBHSI ONPEICIISIOTCS
HEeCTaOMJIBHOCTBIO NIEPEJaTOYHON XapaKTePUCTHKH OITH-
KO-DJIEKTPOHHOW CHCTEMBI, BUOpAINel ee KOHCTPYKIIUH,
JBIDKEHHEM Hecymel mardopmsl. Kpome Toro, chemka
MOKET BBITIOJHATHCS B PAa3HBIC MOMEHTBI CBETOBOTO JTHS,
B TEYEHHE KOTOPOTO CYIIECTBEHHO N3MEHSETCS OCBEIICH-
HOCTh NOBEPXHOCTH 3eMin. HeratnBHoe BiusiHIE TIPOSIB-
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JISIETCSI Iy TEM BO3HMKHOBEHUSI HCKaKCHUH N300pasKeHNH:
pachoKyCHpOBKH M CMa3a, KOTOpbIe HAOIONaloTCsl B BUJIE
HaIPaBJICHHOIO Pa3MbITHSI, BO3HUKAIOILIETO B PE3yibTare
JIBIKEHHUS CLIEHBI OTHOCUTENILHO PETUCTPHUPYIOIIEH CUCTE-
MBI B IIPOLIECCE ONTUKO-3JIEKTPOHHOM cheMKH [7]. B HacTo-
sei paboTe paccMaTpUBAECTCsl BApUAHT PaBHOMEPHOTO
TIOCTYMATENBHOTO JIBIKCHUS H300pakeHns. Taxke yMeHb-
LIEHHE 00Iy4YEHHOCTH TIOBEPXHOCTHU ITPHU COBMECTHOM HITH
HE3aBHCUMOM JeHCTBUH (DaKTOPOB: MAJION YIIIOBOH BBICO-
ThI CO.]'IHHa " BBIPAXKECHHOT'O pem)e(ba MCECTHOCTH, BbI3bIBA-
eT YCHICHHE IIIyMa TP PErUcTpaiy n300pakeHus. Takum
00pa3oMm, MpH KCIOIB30BAaHUN METOJIOB TEMaTH4eCKOi 00-
paboOTKH, OCHOBaHHBIX Ha MPe00pazoBaHUN M300paKEHHS,
HEoOX0IMMO pacroararb 3HaHUSIMU O YyBCTBUTEIBHOCTH
pe3ynbrara npeoOpa3oBaHus OT HCXOAHOTO N300pakeHHs,
BBIPKCHHOM B OTHOIIICHWH CUTHAI/IIyM [8].

B cuty 3T0ro TeMarmka HacTOSIIIErO NCCIIeIOBaHMs, MO-
CBSIIIICHHOTO aHAJIN3Y OTHOILICHUS CUTHAJ/IIYM (paKTailb-
HBIX ITpe0o0pa3oBaHUil OT MTOKa3aTeei, XapakTepU3YIOIIIX
JIEWCTBHE HETATUBHBIX (DAKTOPOB PETUCTPALIMH HCXOIHOTO
n300paXkeHus, ABSIETCS akTyanbHOU. Llens nccnenoBanus
COCTOUT B BBISABJICHHUH 3aBUCUMOCTH OTHOIICHUA CI/IFHaJ'l/
myM (pakTajbHON Pa3MEpPHOCTH OT KayeCTBA MCXOIHBIX
MU300pakeHUH, C ONpeIeICHUEM ThIla (PaKTATBHOTO pe-
00pa30BaHusl, yCTOIHYMBOTO K ACHCTBHIO pacCMaTpHBAEMBIX
HeraTuBHBIX (hakTopoB. J{iist TOCTHKEHNS YKa3aHHOH LeITH
TpeOyeTCsl PELINTh CIIEAYIONINEe OCHOBHBIC 3a]a4i: BBIOOD
(pakTambHBIX MPe0oOpa30BaHNUi, TPUMEHUMBIX JJISI TEMa-
THUYECKOI 00pabOoTKM N300pakeHNH TOBEPXHOCTH 3€MIIN;
BBIOOP MOJIeNICH HETaTUBHBIX ()aKTOPOB, BBI3BIBAIOIINX
HCKa)XeHHE M300pakeHnH; pa3paboTka METOIUKH HCCIIe-
JIOBaHMS U BBITIOJIHEHNE HKCIIEPUMEHTA C MOCIEAYIOINM
aHAJIM30M TOJIyYEHHBIX JaHHbIX.

®@pakTajbHble Peodpa3oBaHus
JIJISl TeMATH4YeCcKOoii 00padoTKH H300pakeHU

CymecTByeT nepedeHb npeodpa3oBaHnil A1 MOTyde-
HUST PpaKTaTBLHON PA3MEPHOCTH 110 ONITHKO-3IEKTPOHHBIM
M300paXCHUAM C Pa3THIHON MPOCTPAHCTBEHHOM CTPYK-
Typoi. Jns ppaxTampHOTO aHATN3a N300paKeHHH, MOy~
YCHHBIX B PE3YJIbTATC OHTI/IKO-3J'ICKTpOHHOI71 ChEMKHU 3eMIu
C 0p6I/ITaJ'H)HI)IX 1 BO3YHIHBIX HOCHTCHeﬁ, IMPUMCEHUMBI
npeoOpa3oBaHusl, 00eCIICUMBAIOIINE pacueT PPaKTaIbLHOMI
pa3MepHOCTH D Ha OCHOBE 3HAYEHHUS SIPKOCTEH 1IM(POBOTO
pacTpoBOro N300paKEHNsI, KOTOpast KOJINYECTBEHHO YUUThI-
BaeT XapakTep MPHUPOIHBIX IPOCTPAHCTBEHHBIX CTPYKTYP
(«1m1epoxoBaTOCTH, «ITyCTOTHI» U T. 11.). Kak nmoka3zain ana-
JIM3 CYIIECTBYIOMNX paboT 110 COOTBETCTBYIOMIEH TeMaTH-
Ke, TaKhe MpeoOpa30BaHus BBITOIHSIIOTCS, B YaCTHOCTH, C
HCTIONB30BaHMEM MeToIa pim3M [9] 1 muddhepertmaapHOro
MeTofa nosicuera Kyoos [10]. Omrcanue u orieHKa METOI0B
npeacTasieHsl B padorax [1, 11, 12].

B pabote [9] MmeTon mpu3M mpeioskKeH A BhIUUCIIe-
HUS (PpaKTaIbHON Pa3MEPHOCTH 110 U300paKEHUSIM MECT-
HocTu. COmIacHO METOLY, 10 U300PaKEHHUIO TIEPEMEIIACTCS
OKHO Pa3MEPHOCTHIO [€ X €], Te € — JNMHEHHBINH pa3mep
OKHa B IUKCeJIaX C IIaroM B oauH nukcen. Ckosb3siiee
OKHO pa30uBaeTcst Ha YEThIpE TPEYTOJIbHUKA U TSI pacdyeTa
9TUX TPEYTOJIBHUKOB OTPEACISIOTCS 3HAYCHUS SIPKOCTH
YIJIOBBIX M LIEHTPaJIbHOTO 1HKcenoB. [1o ¢popmyre ['epona

[13] BBIUHMCIICHBI TUIONIAIN TAHHBIX TPEYTOILHUKOB, CHOp-
MHUPOBaHHBIX COOTBETCTBYIOIIUMHU OTCUETAMH SPKOCTH.
CyMMmapHas IUI0Iaib BCEX YEThIPEX MPOCTPAHCTBEHHBIX
TPEyroIbHUKOB S, POPMUPYIOLINX (paKTanbHyIO 0BEpX-
HOCTB, OyzeT OoJIblIe WIIM paBHA EBKJIHMJIOBOH IIIOMIAH
CKOJB3sMIero OkHa. OKHO pa3MEepHOCTEIO [€ X €] pa3ouTo
Ha 11-0€ KOJIMYIECTBO CYOOKOH [g,, X €,,] N IS K&XKI0TO M3

em”

HUX HaiilieHo 3HaueHue S, , a 3areM obmee — S, = Y S;
i=1

MeTo/10M HAaMMEHBIITNX KBAPATOB BBIYUCICH YIIOBOM
ko3 dunueHt k 3aBucumoct 1gS, ot Ige.

DpakranbHas pasMepHOCTh D B METOJIEC MTPU3M HaiiIcHa
Ha OCHOBAHHU CJICYIOIIETO COOTHOIIICHHUS:

S, &2, D=2k

IIpoxomst CKOTB3AIMUM OKHOM TI0 BCEMY HUCCIECIYEeMOMY
ONITUKO-3JIEKTPOHHOMY CHUMKY TIOJTyYUM IT0JIe (ppaKTalib-
Ho# pazmepHocTH (IIDP), mporecc hopmupoBaHus KOTO-
poro mperncTasineH B padore [14].

Hubdepennuanpabiii MeTox Kyoos [9, 15] peanuso-
BaH cienyromuM obpaszom [1]. B ckomb3sieM okHe — B
Buje Ky0ba pazmepoM € X € X [, rae [ — MakcUMallbHOE
3HauYeHHUE ApKOoCTH NuKcesna. OCHOBaHHME CKOJIb3sIIe-
rO OKHa pa30MTO Ha PAaBHOMEPHYIO CETKY C BHIOpaHHBIM
paszmepoM pebpa O, IPH ITOM BBIITOJTHEHO COOTHOUICHHE
€/2>08 > 1. Ha ocHOBaHMH Ka)KIOTO TaKOrO KBaJpaTa Io-
CTpPOUM CTOJIOCI STYCCK, IMEIOIIX (POopMy MapaieseIuIe-
Ia pazmepoM O X & x §'. OOIIee 9ncio ssIeeK, ComeprKaIinx
HE MEHEe OJTHOTO INMHKCceNa H300pakeHHs TOBEPXHOCTH,
0603HaunM N(J). §' MOKHO BBIYMCINUTH U3 yPaBHCHUS
1/8' = €/ . IlycTh MUHUMATIBHBIC ¥ MAKCHMAITbHBIC 3HAYCHHS
SAPKOCTH B (i, j)-OM y3JI€ CETKU PABHBI gpin U Eax COOTBET-
cTBeHHO. Torna /iis Kax 10 SSUeKu orpeesiuM apameTp

. Smac Emin
nﬁ(laf ) 7 I
oowveme N(3). Cymmupys mapamMeTpsl 110 BCEM y3JIaM CETKH
B CKOJIB3AIIIEM OKHE, HalJJeM O/{HO 3HaUueHHE Ha PEerpeccu-
OHHOW KPUBOU TIPH 3aJaHHOM 3HAYCHUU pa3Mepa sUeHKu:

+ 1, 0003HavarONIUi ee A0II0 B 001IeM

N@) = i )
iy

I/ICHOJ'HJSy)I YHUCJIEHHBIN AJITOPUTM BBIYMUCIICHUS, I10-
CTPOMM 3aBHCHMOCTb U3MEPEHHbBIX 3HAYCHHUIT YhciIa KyOoB
N(d) ot 3HaueHuit pedpa & B JBOWHOM JIOTapr(pMUICCKOM
Mmacirabe. MeTo/1o0M HAaUMEHBIITNX KBAJIPATOB BHIYUCITUM
yIIIoBO# K03 dumeHT & 3aBucumoctu 1g(N(d) ot 1gd.

OpaxranbHas pazMepHocTh D B quddepeHnaibHoM
MeToie KyOOB OIpPE/IENseTCs Ha OCHOBE MOJTYYEHHOTO KO-
a¢¢urreHTa HakJIoHA KaK:

N@) « 5D, D = .

HesaBucumo 0T ucnonb3yemMoro Merona 3Hadenue D
BBIYMCIIETCS] B CKOJIB3SIIIEM OKHE, U ITOJTyYeHHOE 3HaUCHHUE
CTaBUTCSI B COOTBETCTBUE OJJHOMY MTHKCEITY N300paKEHHUSI.
B cuity atoro npu 00paboTke NCXOTHOTO M300paXKeHHs B
OKPECTHOCTH €ro rpaHuil HeOOXOAMM YUeT KpaeBbIX d(dex-
ToB [14]. [Toimy4aemble 3HaueHHS D 3aBUCST OT BEIOPaHHO-
TO pa3Mepa CKOJB3AIIEro OKHA U IIara CKaHUpPOBAHHUSI.
Jlnist onpenenieHnst yKa3aHHbBIX TapaMeTPOB CKAHUPOBAHUS
M300paKeHUS UCTIONB3YIOTCS PEe3yabTaThl paboTsl [11].
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Tabnuya 1. VicxonHble H300pakeHUs U pe3ynbTaThl ()paKTaIbHOTO Mpeodpa3oBaHus

Table 1. Source images and fractal transformation

Tone dpakranbHOI pazMepHOCTH

0O0630pHOE MAHXPOMATHIECKOE

Tum croxera
n300paxeHune

1o quddepeHnnanTbHOMy METOLY

110 METOAY TPU3M
Yy 1p rozicyera Kyoos

loponckas 3actpoiika

CenbCcKasi MECTHOCTD

JlecHast MeCTHOCTh

Tpumeuanue. ConocTaBleHNE AUANA30Ha IPKOCTU CO 3HAYCHUSAMH TT0JIeH (ppakTaabHON pa3sMepHOCTH:

| 3nauenue [1OP | 2,0 | 2,1 | 2,2 | 2,3

B nacTosmeit pabore uisi oTpabOTKN peanu3aniu
METOIOB (ppaKTaIbHBIX MPEOOpPa3OBaHUN M MPOBEACHUS
9KCTIEPUMEHTOB MCHOJIB30BaH HA00p 13 50 TECTOBBIX M30-
OpakeHHit — (parMeHTHl PealbHBIX CHUMKOB BBICOKOTO
MIPOCTPAHCTBEHHOTO pa3perieHus. Jlanabie momydensr U.S.
Geological Survey (USGS) ot xomnanuu GeoEye ¢ uc-
T0JIb30BaHNeM KocMuueckoro armnapara OrbView-3 u orpa-
HUYEHBI IEPUOAOM ¢ ceHTa0ps 2003 mo mapt 2007 roxal.

®parmeHTsl UMeroT pasmep 1024 x 1024 nuxcenos,
coziepKaT U300pa)KeHUs! pa3HbIX NPUPOAHO-TEXHOTCHHBIX
KOMIUIEKCOB M TIPUBE/ICHBI IO CTEIICHU MPOSIBICHUS aH-
TPOMOTeHHBIX 00BbeKTOB. Pesynbrar nocrpoenus [1OP ¢
HCIOJIb30BaHUEM MeToia npu3M U auddepeHuaisHoro

I ApXHB KOCMHYECKHX CHHUMKOB KOCMHYECKOIO anmapara
OrbView-3, nonyuennsie USGS ot xomnanuu GeoEye, orpau-
YeHHBIE eproaoM ceHTs0ps 2003 — mapt 2007.

2,7

MEeTo/Ia IojicueTa KyooB npezacrasieH B 1adm. 1. [Ipu pea-
JM3alUK METO/Ia MTPU3M HCIIOIb30BaH pa3Mep CKaHUPYIO-
mero okHa 15 X 15 nukcenos, qudhepeHInaibHOr0 METO-
Jla mozicaera KyooB — 16 X 16 muKcenoB, BEIOOP pazMepa
CKaHHUPYIOIIETO OKHAa OCHOBaH Ha pabote [16]. 3HaueHUs
(pakTaNbHOM Pa3sMEPHOCTH COOTBETCTBYIOT JHANa30Hy
SIPKOCTEH.

Mogaenu uckakeHHii H300pakeHMii TPU ONTHKO-
3J1eKTPOHHOII CheMKe IOBEePXHOCTH 3eMJIu

B pamkax mccriemoBaHus pacCMOTPEHBI CIEAYIONINE
BHJIBI MCKa)XCHUH, KOTOPHIE XapaKTEepHBI ST OTITHKO-
3JIEKTPOHHOM ChEMKH, BBINOJIHSAEMOMN cpelcTBaMu JuC-
TAHIMOHHOTO 30HAMPOBaHMs 3eMin: pacHhOKyCHpOBKa,
cMa3 M BO3JeicTBUE Ha U300paxkeHue myma. [IpuHsTo
JOTYIICHHUE, YTO OMTHKO-3JICKTPOHHAs cucTeMa (popMmu-
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pOBaHUs N300paKeHUs SIBISCTCS TMHEHHOW TPaHCISIH-
OHHO-MHBAapUaHTHOW McKaxaroleil cucteMoil. B cuy
9TOT0 HCKAXKAIOIIEee BO3JICHCTBHE MOXKET OBITH OIMCAHO
B NMPOCTPAHCTBEHHOHN 00JaCTH KaK CBEPTKa MCKaXKaIoMIeH
byHkmn A(s, £) ¢ n300pakeHneM

f(x’y)ax € [0’ (N_ l)]ay € [Oa (M_ 1)]3

e § — KOOPJMHATA XapAKTEPUCTHKH B TOPU3OHTATBHOM
HAIPaBJICHUH BIIOJIb OCHU X; § € [-n/2, n/2]; t — KoopauHaTa
XapaKTEPUCTUKHU B BEPTHKAILHOM HATPABIECHHUH BIOJIb OCH
v, t € [-m/2, m/2]:

glx, y) = h(x, y)*fix, y) + n(x, ),

rae g(x, y) — pe3yapTaT MOJEIHPOBAHUS NCKAKCHHOTO
n300paxenus; n(x, y) — BHOCUMBIN CUCTEMON CITyJalHBII
aJUTUTUBHBIH IIyM; * — 0003HAauEeHHE ONepaIy CBEPTKU B
MIPOCTPAHCTBEHHOM 00JIACTH.

Sapo uckaxaromeid GYHKIIUU 1 pacHOKyCHPOBKHU
N300pakeHHs] CMOJICITMPOBAHO T'ayCcCOBOM (yHKIIMEH pac-
CesIHUSI TOUKH:

hll ces hls
hs, 0=kl i i i | k=
hy ... b,

A

rAi¢ o6 — CpCAHCKBAAPATUYIHOC OTKIOHCHUC, k=

m/2  n/2
=1/ ( > > h(s, t)) — HOPMHUPYIOIHUH K03 duIreHT;

=m/2 s=n/2
m = n — pasMep UCKaAKAKLICTO (I)I/IJ'IBTpa B 3alaHHBIX
npeenax.

MozenupoBaHue CMa3aHHOTO U300paKEHUSI OCHOBAHO
Ha ONMCaHUH PAaBHOMEPHOI'O NOCTYIIATeIBHOTO JABHIKCHUS
N300pa’keHHs CIIEHBl OTHOCHTEJIBHO PErUCTPUPYIOLICH
CHCTEMBI B TIPOIIECCE ONMTHUKO-IEKTPOHHON ChEeMKH [7].
Snpo uckaxaromero GuiabTpa Npu OZHOMEPHOM CMa3e
OIUIIIEM BBIPAYKCHUEM:!

1
h(s)=—"1hy, ..., b,
( ) Zhs[ 1 s]
rae hy =1, n — pa3mep uckaxarouero Gpuisrpa B IUKce-
Jax.

@DaKkTOpbl BOZHUKHOBEHHUS IIIyMa B ONTHUKO-3JIEKTPOH-
HBIX CHCTEMax PerucTpanuy u300paKeHU UMEIOT pas-
ayHyto npupony [17]. B HacToseli paboTe ucronb3oBa-
Ha MOJIeNIb TayCCOBOTO IlIyMa, KOTOPBIN XapaKTepU3yeTcs
JBYMsI TapaMeTpaMH — MaTeMaTU4eCKUM OKUAAHUEM L U
pucnepcuei 6. B kauecTe JOIMyLLEHHs IPUMEM, YTO TaKOK
IIyM SIBISIETCSI a/INTHBHBIM, HE KOPPEINPYET C H300paxke-
HHUEM U HE 3aBUCHT OT KOOPIUHAT MTUKCEa.

DyHKUMS [UIOTHOCTU PaclpeiesIeHUs] BEPOATHOCTER
rayCCOBOM CIIy4aliHOW BEJIMYMHBI Z 3aJaIUM BbIPAKEHUEM:

1 —(z-p)y’
p@)= P\ T )

rJe z — CllydaiiHasi BellnuuHa ¢ pyHKIMei pacrpeieneHns
BeposiTHOCTEH 110 ["ayccy:

z=p+ Voln(l — ®),

IJie ® — TeHeparop CIy4alHBIX YHCET C PaBHOMEPHBIM
pacnpenenenuem B uatepsaie (0, 1).

VckaxkeHHbIe M300pa)KeHUs], CMOJIEIHUPOBAHHbIE C HC-
HOJIB30BAaHUEM ONHMCAHHOIO MAaTeMaTHYEeCKOro ammapara,
MIPeACTaBJICHBI Ha pucC. 1.

AHaau3 GpaKkTaIbHOIO Npeodpa3oBaHus
HCKAKeHHBIX CHUMKOB 3¢MHOIi II0BEPXHOCTH

B 0000menHoM Bue conepkaHne METOAUKH, B COOT-
BETCTBHH C KOTOPOH ITPOBEACH IKCIIEPUMEHT, Ipe/ICTaBIIe-
HO Ha puc. 2. B kauecTBe UCXOAHBIX N300pAKEHUN MECT-
HOCTH HCIIOJIb30BaHbl ()parMeHTbl CHUMKOB, OITMCaHHBIX
B TaOm. 1.

Jlist nonyveHust Tpex HabopoB UCKAKEHHBIX H300parKe-
HUH K MCXOIHBIM CHUMKAaM MO OT/JEIbHOCTH MPHUMEHEHEI
(yHKIMH, ONUChIBaIOIINE PAcOKYCHPOBKY, CMa3 U IIyM.
Jast coznannst HAOOPOB M300paXkeHHH ¢ pac(hOKyCHPOBKOI
M CMa30M U3MCHEH pa3Mep siapa UCKaKaIoImero (GuibTpa:
ot 3 1o 29 muKcenoB p ¢ maroM B 2 nukcena. HaGop m30-
OparkeHH, HCKAKCHHBIX aJINTUBHBIM IIYMOM, C(OPMH-
POBaH MyTeM M3MEHEHHs 3HAUCHUSI AUCTIEPCUH G B MOJICITH
aryma ot 0,1 1o 1,0 ¢ marom 0,1 mpu 3HAYEHNN MaTeMaTu-
yeckoro oxuganus L = 0. [To MCXOAHBIM U HCKAKEHHBIM
N300paKEHUSIM C UCIIOJIb30BaHUEM PACCMOTPEHHBIX (pak-

Puc. 1. [Tpumepbl 1300paeHuit Tsl TOPOIICKOIT 3aCTPOUKIL: HcXomHoe (a); pachokycupoBarHoOe (b); cMa3aHHOE (¢); HCKaKEHHOE IIyMOM (d).

Pasmep uzobpaxenuii 1024 x 1024 nukcesnon

Fig. 1. Examples of images: the original image (a); defocused image (b); motion-blurred image (c¢); image distorted by noise (d).
The size of the images is 1024 x 1024 pixels
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Hckaxenust
Pacdoxycuposka
Hcxonubie H3ob6paxenue
n300paKeHHsT Cmasz C HCKaKEHHEM

CryuaitHblii 1rym

OpakxraibHbIe IPe0Opa3oBaHHS

1P M [1DdP
10 HCXOTHBIM CTO/L HIPH3M 0 UCKaKCHHOMY
HM300paKEHHUSIM N300payKEHUIO

JnddepeHunanbHbI
METO[ MojcyeTa KyooB

Pacuet nokasareneii kauectsa o [1OP

Puc. 2. Cxema METOMKH HCCIISIOBAHUS BIUSHUS UCKKAIONIMX (aKTOPOB Ha MoJie (hpaKTaIbHON pasMepHOCTH

Fig. 2. Scheme of the methodology for studying the influence of distorting factors on the fractal dimension field

TAJIBHBIX TPE0Opa30BaHUN MMOJIYUYEHBI COOTBETCTBYIOIUE Nf Afl[f(x WP

[I®P. JIns KOTMYECTBEHHOIO OLICHUBAHUS BEIUUUHBI HC- & ’

kaxeHus [1OP, chopMupoBaHHBIX M0 00paOOTaHHBIM U30- SNR = 10log 0| v 5

Opa’keHHUsIM, MCIIOIB30BAH ITOKa3aTeNlh OTHOIICHHS CHUTHAJ/ > 2 x, y) —glx, )]
0 0

mryMm (SNR), paccunTeiBaeMBIi IO CIIeAyOIei Gpopmyre:

Tabnuya 2. Pe3ynpraTsl SKCIIEPUMEHTA TI0 aHAIN3Y KadyecTBa MMoJei (hpakTanbHON pa3MEepHOCTH

Table 2. Results of an experiment to analyze the quality of a fractal dimension field

I1®P, copmuposanHoe
Tun [1®P, chopmupoBaHHOE METOIOM > chopmup
HcxonHble H300paKeHHs CIOXKETOB I depeHIHaIbHBIM METOIOM
HCKaKCHUS HPH3M
nozicyera KyooB
Cwma3
Pacdoxycupoka
ym
Tpumeuanue. I300paskeHust CIOKETOB: - ----- - - TOpOJCKas 3aCTPOMKA; ————— CEIIBCKAS MECTHOCTB; - - JIeCHast MECTHOCTb.
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Pesynbrarhel pacuera cMrHaJI/IIyM B BUJE I'paduKoOB
3aBHCUMOCTEH OT MapameTpa NCKaKeHHs TIPEJICTaBICHbI
B TaOMI. 2.

Vxynmenune kadectsa pesynasrara [IOP cooTBeTcTBYET
YMCHBIICHUIO 3HAYCHHS CUTHAJ/TIIYM. BH]T MOITy4eHHBIX
3aBHCHMOCTEH MOKa3bIBACT, YTO CHUTHAJ/IIYM pe3ylbTara
[1®P, BRITTOTHEHHOTO ¢ UCTIOTB30BaHUEM AU PEPEeHIIH-
ATBHOTO METOJa MojcYeTa KyOoB, B 00IIeM, MEHEe JyB-
CTBUTEIICH K MCKaKEHUIO MCXOAHOTO M300paKeHH Jec-
HoOU MecTHOCTH. Kpome Toro, cyliecTByeT CBsi3b KadyecTBa
pe3yibTara mpeodpa3oBaHus ¢ 0COOCHHOCTSIMHU H300pa-
YKEHHOTO cloxera (Tadn. 1). B ocHoBHOM HabitomaeTcst
MOHOTOHHO€ yXyAlleHue kayectsa pesyiusrara [IOP npu
YBEJIMYEHUH YPOBHS HCKa)KeHUsI. Takast TeHACHIMS B TIOJI-
HOH Mepe TPOSIBISIETCS IIPH UCIIOIb30BAHUN METO/A ITPU3M
JUT M300paKEHUH CO BCEMH THIIAMH PacCMaTpPHBAEMBIX
CIOKeTOB. [Ipu 5TOM OT/IETbHBIE 0COOCHHOCTH [T PA3HBIX
CIO’KETOB TIPOSIBIIIOTCS TIPH MCTIONB30BaHUH AU HEepeHITH-
AIBHOTO METO/a MojcueTa KyOoB:

— B pesynbTaTe 00paboTKH M300pakeHUI C CIOKETOM
«l'opojsickas 3acTpoiika» UMeeT MECTO MOHOTOHHOE
YXYIIICHUE 3HAYCHUS] CUTHAJ/IIYM TPH yBEJIUYCHUH
YPOBHSI BCEX TUIIOB UCKaKEHUH;

— 0 pe3ysibTaTtaM 00pabOTKH M300paKEHHUI C CEOKETOM
«JlecHast MECTHOCTBY», NCK@XCHHBIX CMa30M, C yBe-
JIMYEHUEM YPOBHSI HCKQXXCHUSI OT MUHMMAJIBHOTO JI0
OTIpPE/ICJICHHOTO 3HAUYCHUsST HAONI01aeTCsl YXyAICHHE
3HAYCHUS CUTHAJ/IIYM, ofHako [1OP, chpopmupoBanHoe
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mddepeHnnanbHBIM METOIOM TT0/IcYeTa KyOoB, MmoKa-
3bIBAET JIYUILYIO0 YCTOMYUBOCTh K CMa3y MO OTHOLIEHHIO
K [I®DP, chopMupoBaHHOMY METOIOM HPHU3M;

— BHJI 3aBUCUMOCTEH, ITOITyYESHHBIX ITOCIIE 00pabOTKH H30-
OparkeHHi Co CITy49aifHBIM II[yMOM CO BCEMH CIOXKETaMH,
TMIOKa3bIBAET, 4TO C yBEIMUCHUEM YPOBHS HCKayKEHHS CHT -
HaJI/TITyM yOBIBaeT Ha HEOOIBIIIOM THaTIa30He 3HAUCHHUI.

3akJ/iouenne

Taxkum 00pa3om, pe3yinbTaThl BHIIOJTHEHHOTO HCCIie-
JIOBAaHUS TIOKA3bIBAIOT, YTO (hpakTasbHBIe TpeoOpa3oBa-
HUSI, KOTOPBIE TPUMEHUMBI 7151 00pabOTKH M300paKeHUH
MECTHOCTH, 00ECIIEUNBAIOT PA3HbIN 110 Ka9eCTBY PE3yIbTaT
npu 00paboTKe MCKaKeHHBIX n300paxkeHnil. [lomydenne
Ooree Ka4eCTBEHHOTO MO (PPAKTANBHON pa3MEpHOCTH
obecrednBaeT METO] MPU3M MPH padoTe ¢ HAOOPOM H30-
Opaxxenuii croxxetoB: «loposckas 3acTpoiikay u «Cenbckast
MECTHOCTB». Jlyiss 00pabOTKU MOBEPXHOCTH, OIM3KOH K
«JIecHOI MECTHOCTHY, JYUYIIUH pe3yabTaT I10Ka3bIBaCT
muddepeHnnansHbIi METO IojicueTa KyOoB.

AHanN3 SKCIEPUMEHTAIBHBIX JaHHBIX, TOIYYEHHBIX
myTeM 00pabOTKH peabHbIX N300paKeHNI U CMOAEIHPO-
BaHHBIX Ha MX OCHOBE MCKKCHHBIX M300payKEHHIA, 103BO-
JIWJ BBISIBUTH METOJI, YCTOWYMBBINA K BOSHUKAIOIMM HCKa-
JKEHMSIM Ha ONTHKO-JIEKTPOHHBIX CHUMKAaX, U BBISIBUTH
0coOeHHOCTH TIpH 00paboTKe PA3TUIHON TTOICTHIIAIOIICH
MOBEPXHOCTH.
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Abstract

Modern neural network technologies are actively used for Unmanned Aerial Vehicles (UAVs). Convolutional Neural
Networks (CNN), are mostly used for object detection, classification, and tracking tasks, for example, for such objects
as fires, deforestations, buildings, cars, or people. However, to improve effectiveness of CNNss it is necessary to perform
their fine-tuning on new flight data periodically. Such training data should be labeled, which increases total CNN fine-
tuning time. Nowadays, the common approach to decrease labeling time is to apply auto-labeling and labeled objects
tracking. These approaches are not effective enough for labeling of 8 hours’ huge aerial sensed datasets that are common
for long-endurance USVs. Thus, reducing data labeling time is an actual task nowadays. In this research, we propose a
fast aerial data labeling pipeline especially for videos gathered by long-endurance UAVs cameras. The standard labeling
pipeline was supplemented with several steps such as overlapped frames pruning, final labeling spreading over video
frames. The other additional step is to calculate a Potential Information Value (PIV) for each frame as a cumulative
estimation of frame anomality, frame quality, and auto-detected objects. Calculated PIVs are used than to sort out
frames. As a result, an operator who labels video gets informative frames at the very beginning of the labeling process.
The effectiveness of proposed approach was estimated on collected datasets of aerial sensed videos obtained by long-
endurance UAVs. It was shown that it is possible to decrease labeling time by 50 % in average in comparison with other
modern labeling tools. The percentage of average number of labeled objects was 80 %, with them being labeled for
40 % of total pre-ranged frames. Proposed approach allows us to decrease labeling time for a new long-endurance flight
video data significantly. This makes it possible to speed up neural network fine-tuning process. As a result, it became
possible to label new data during the inter-flight time that usually takes about two or three hours and is too short for other
labeling instruments. Proposed approach is recommended to decrease UAVs operators working time and labeled dataset
creating time that could positively influence on the time necessary for the fine-tuning a new effective CNN models.

Keywords
fast labeling pipeline, FLP, unmanned aerial vehicle, UAVs, long-endurance UAVs, adversarial attack, frames potential
information value, PIV
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AHHOTANMSA
BBenenne. CoBpeMECHHbBIC HEHPOCETEBBIC TEXHOJIOTUU aKTUBHO NMPUMEHSIOTCS ISl OCCHUIOTHBIX JICTATEIBHBIX
ammaparoB. J[Jis1 pemeHns 3a1a4 JeTeKTUPOBAHNUS, KIACCH(DUKAIINU U COTIPOBOKICHHS 00BEKTOB, PACIIONI0KEHHBIX
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A.M. Fedulin, N.V. Voloshina

Ha TIOBEPXHOCTU 3eMJIM, UCIIOJIB3YIOTCSI CBEPTOUHbIE HEHPOHHBIE ceTH. [lyis moBbILeHNsT 9()PEKTUBHOCTH PabOTHI
CBEPTOYHBIX HEHPOHHBIX ceTell TpeOdyeTcs epuoandeckoe 1000ydeHne NpUuMeHsIeMbIX MOJesIeil HeMPOHHBIX ceTel Ha
BHOBB TOCTYTAIONIMX MOJETHBIX AaHHBIX. Takne oOydaromue JaHHbIE HEOOXOAUMO JOTOIHUTENBHO pa3MedaTb. ITo
TIPUBOJNUT K YBETMIEHHIO OOIIEro BpeMEHH OATOTOBKH 1000ydYe€HHON MOAENN HEHPOHHOM ceTH. 3a7aua COKpaIeHHs
BPEMEHH Pa3METKH Yallle BCETO PElIaeTcsi MyTeM MPUMEHEHHs MPOLeTyphl aBTOPa3METKH W TPEKHHTA Pa3MEUeHHBIX
00beKkToB. OJJHAKO CYIIECTBYIOIINE TOIXOABI HE SBISIOTCS dQPEKTUBHBIMA IIPH pa3MeTKe CBEPXOOIBIINX JTaHHBIX
a’pPOCHEMKH CO CTAaHJAPTHOMU JUIsi OECHIIOTHBIX JIETATeNILHBIX allapaToB OOIBIION MPOAOKUTEIBHOCTRIO TONIETa
(6omee 8 u). Takum 0Opa3om, 3a7a4a MOKCKA JOMOIHUTEIBHBIX CIIOCOOOB COKPAIICHNST BPEMEHH Pa3MEeTKH SIBIISIETCS
aKTyaJbHOU. B maHHO# paboTe mpeaiokeH cnocod OpICTPOil pasMEeTKH JaHHBIX a9POCHEMKH, COOPAHHBIX C BUICOKAMED
B TIpoIiecce MOJIeTOB OSCITUIOTHBIX JeTaTebHbIX anmnapartoB. Meron. CranaapTHas Ipoleaypa pa3MeTKH JIOMONTHEeHa
MPOPEKUBAHIEM CHUIIBHO MEPEKPHIBAIOIIUXCS KaJpOB B COYETAaHUU C MOCIEAYIOIIUM MEPEHOCOM PE3YIBTUPYIOIEH
pa3sMeTKM Ha Bce KaJphl pa3MedaeMoro BHeo. [ KaxI0ro 0CTaBIIErocs MOCIe MPOPEKNBAHUS Ka/ipa BEIUHCIAETCS
3HaueHHue ero noreHnuanbHoit mapopmarnBaoctr (Potential Information Value, PIV), kak coBokymHas omeHKa
aHOMAaJHNH Kajpa, ero KauecTBa M KOJINYECTBA aBTOMATHYECKH JETCKTHPOBAHHEIX 00BEKTOB. [lomydeHHBIE
3nadenus PIV ucnone3yrores ais paHXHPOBAaHUS KaIpOB IO YPOBHIO 3HAYMMOCTH. TakuMm o0pa3om, omeparopy
0eCNUIOTHOTO JETAaTeILHOTO anmapara MpeJoCTaBIsIoTCs B Havdalle MPOLeaAyphl pa3MeTKH Hanbojee 3HaunMble
kaapsl. OCHOBHBIE Pe3yJbTaThl. DKCIEPUMEHTAIBHOE HCCIIe0BaHNne dPPEKTHBHOCTHU MPEIJIOKEHHOTO MOAX0/1a
BBITTIOJIHCHO HA IMOATOTOBJICHHBIX Ha60an JAHHBIX a3pPOCHEMKH, ITOTYUCHHBIX C OECIMMIIOTHOTO JIETATEILHOIO arrapara
C MPOJIOTKUTENBFHOCTBIO ChEMKH He MeHee 8 u. [TokazaHo, 4To BpeMsi pa3sMeTKH MOKET OBbITh YMEHBIIEHO B CPEIHEM Ha
50 % OTHOCHTENBHO TPHMEHEHUSI CYIIECTBYIOMNX MPOrPaMMHBIX cpeacTB. IIpu aTom nepsrie 40 % O0TCOPTHPOBAHHBIX
kagpoB conepxaT 80 % pa3medeHHBIX 00bekTOB. O0cy:kaAenue. [IpeanokeHHbIi crocod Mo3BONSET CyIMEeCTBEHHO
YMEHBIIUTH HTOTOBOE BPEMsI Pa3METKH BHOBB ITOCTYMAIOMINX MTOJIETHBIX BUICOJAHHBIX IS JANbHEHIIeTo 1000y IeH s
MOJIEITH CBEPTOYHBIX HEHPOHHBIX CeTel. DTO MO3BOJISIET MPOBECTH Pa3METKy HENOCPEICTBEHHO B MEXKIOIETHBIN
HHTEPBaJI BpEMEHH, COCTaBJIIONINH B cpeHeM 23 4. [Ipearaemblii oixo MOXKeT OBbITh IPUMEHEH JUTsl yMEHBIIEHHS
3arpy3KH OrepaTtopoB OECIMIOTHOTO JIETATEILHOTO ammapara.
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Introduction

Latest achievements in the object detection algorithms

[1] relying on the Deep Neural Network (DNN) machine

learning methods, such as Faster R-CNN [2—4], SSD [5],

U-Net [6], YOLOV2 [7, 8], YOLOV3 [9], YOLOvS5!, and

YOLOv7 [10], have contributed to a rapid development of

the on-board High-Performance Intellectual Computing

Systems (B-HPICS) for Unmanned Aerial Vehicles

(UAV) capable to process data streams from sensors using

DNN explicitly in-flight. Despite B-HPICS are always

less powerful than ground ones, their on-board location

provides a number of great advantages such as:

— Usage of the original data input instead of compressed
one is often more confident;

— Sensor auto-control allows to scan area much faster and
achieve higher search performance than manual one
(Fig. 1);

— Sensor auto-control mode allows to remove significant
part of the routine workload from UAV’s operators [11].
State-of-art UAVs equipped with B-HPICS [12] were

designed as long-endurance UAVs to handle in real time

radar station signals and infrared and optoelectronic camera
video streams data allowing detecting and recognizing
objects of the interest with the high accuracy. Such long-
endurance UAVs are usually equipped with both high-
quality sensors and powerful B-HPICS; thus, they may
become a real competitor over conventional aerial sensing

I Available at: https://zenodo.org/records/4679653 (accessed:
15.01.2024).

solutions, such as manned aircrafts, Earth remote sensing
satellites, and drones especially amidst huge areas [13].
B-HPICS should be flexible for the environmental changes
and capable for self-improvement of its DNNs by training
and fine-tuning processes on the new datasets collected
and prepared explicitly from the recent flights. This task is
still relevant for modern Convolutional Neural Networks
(CNN) used by long-endurance UAVs.

Problem Statement

There have been developed several effective
technologies [14—16] of the so called “few shot learning” to
improve already trained CNN model by a small number of
labeled images on which unrecognized objects of previous
CNN model has been labeled. But there exists an open
problem for such approach: how to label aerial sensed
video (huge dataset of a million significantly overlapped
frames) in a short inter-flight service time. Moreover, this
operation should be usually done by UAVs’ operator on-site
where there is neither high computer power no enough stuff
available. The time line of such process is shown in Fig. 2.

Nowadays there exist labeling frameworks like
SuperAnnotate (Fig. 32), CVAT, V7 Darwin, and VGG
Image Annotation [17] featured such powerful automation
tools as auto-contour tool, automatic object classification,
frames sampling and others.

2 SuperAnnotate labelling softwire observation on pipelines
for AT website. Available at: https://humansintheloop.org/tools-
we-love-vol-3-superannotate (accessed: 15.01.2024).
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Fig. 1. Sensor control schemas: ground data processing with manual sensor control (@), on-board data processing by B-HPICS with
sensor auto-control (b)

UAV

‘ Data collection (~2M) ‘

Operator ‘ Labeling time (2-3 hours) ‘

Inter-flight service time

Data collection (—~2M)

¢ ———>

Fig. 2. Time line of flight cycle

Our experiments showed that all these tools are usually
failed to process 8 hours video in a 2-3 hours of inter-
flight service time. Thus, our goal was to create a fast
labeling automation pipeline that allows operator to identify

e

O
2\

& il

and annotate as much as possible objects of interest in an
acrial sensed video with a computing power limit up to
10 TFlops involving only one operator in a required inter-
flight service time limitation.

Fig. 3. An example of SuperAnnotate user interface
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Proposed approach

As long as there is not enough time to process all long-
duration aerial video in a short inter-flight service time,
we propose several automated processes. One is to yield
frames for labeling not in the sequential order but by its
informativity metric defined as Potential Information Value
(PIV). PIV should demonstrate not only visual quality of
the frame, but if there are any objects of interest and some
animalities and how many of them are in the frame at the
same time. These parameters were chosen as the most
important video frame characteristics for labeling process.

Thus, the PIV of a frame is defined as a combination of
three parameters that we named as: image quality (IQ), the
number of auto-detected objects (DO), and the number of
found anomalies (AN) (frames zones with potential objects
of interest):

PIV;=F(AN,, DO,, 10,), (1)

1

where AN,, DO,, IQ; are corresponding coefficients that
are calculated for current frame and i — index of current
video frame that should be analyzed and labeled. F'is a
function with corresponding parameters that combine them
to represent informativeness of the frame.

The main hypothesis is that the more is the value of
of the frame the more is probability that it contains the
objects of interest that should be labeled and are able to
be noticed and recognized by the operator. Thus, if the
hypothesis is true, it allows to review just 30-40 % of the
most informative frames to be label a significant number
of objects of interest.

Besides of frames ranging by PIV and state-of-art
labeling automation we also propose another two features
to be included in the standard labeling pipeline:

1) to use auto-spreading of labeling results because aerial
sensed video often contains significantly overlapped
frames;

2) to sample video dynamically by dense optical flow
threshold exceedance instead of fixed time interval.

In addition, it is proposed to use image modification
detection step at the beginning of the labeling process to
make labeled data more reliable with aspect of information
security. Thus, resulting training, fine-turning processes,
and CNN models could become more stable to adversarial
attacks [18, 19] that make all labeling process more safe
and secure.

In accordance with proposed hypothesis, the typical
labeling pipeline have been modified. The proposed Fast
Labeling Pipeline (FLP) is represented in Fig. 4.

The proposed new labeling pipeline steps are marked
with gray color in Fig. 4.

Potential information value

When realizing FLP it is necessary to calculate the (1).
In our research we propose to calculate it according the
equation:

where C;p — image quality coefficient, Cjy € [0, 1];
C,y— anomality coefficient is calculated as:

CAN:AN/ANLIH’ CANE [0, 1],

where AN — number of anomalies that were found on
current frame; AN,; — number of anomalies that were
found on all frames; Cp, — meaningfulness coefficient is
calculated as:

CDO = DO/DOuH, CDO € [O, 1],

for trusted sources: to upload
video steam (data) directly

for untrusted sources: to check video-stream frames (data) for
unexpected modifications (poisoning) and filter them out

analyses

For video data: frame pruning with defined overlap to create a number of frames for detail J

quality coefficient (IQ)

For each frame: to detect anomalies (AN), auto-detected objects (DO) and calculate image

For resulting frames: to calculate PIV as F(AN, DO, 1Q)

L For all frames: to range all frames out according to their PIVs in a decreasing way

exceed:

For each frame in a ranged collection: to do following steps until time limit is

1. Automatically contour and annotate already detected objects (DO)
2. Automatically contour detected anomalies (AN) and manually annotate them
3. Manually contour and annotate other new objects of interest (NO)

L For all frames: Automatically spread labelling through overlapping frames

H For all frames: to verify all labelled objects ‘

I-»{ For all frames: to create labelled dataset ‘

Fig. 4. Proposed fast labeling pipeline
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where DO — number of objects that were detected by the
current pretrained model of CNN; DO,;; — number of
objects that were detected by the current pretrained model
of CNN on all frames of video.

In our approach all coefficients should be defined in
a way that the higher is its value the better is the frame
informativeness. In this case the higher is frames PIV the
more informative is the frame.

For the C;y we propose to calculate its value as a
complex quality coefficient according to the equation:

Cip=FL(N, H, Sh), )

where F'1 is a function with corresponding parameters that
combine them to represent frame quality. It was proposed
to define such quality parameters as: N — complex frame
noisiness parameter, / — complex frame histogram quality
parameter, Sh — complex frame sharpness parameter.
Complex frame noisiness parameter should show how
noisy is a frame because it is well known that the higher is
frame noise the harder to detect any object in it. Complex
frame histogram parameter should show how close is frame
histogram to the normal one. That means that it should not
contain many peaks or be concentrated in local part of all
histogram. Complex frame sharpness parameter should
show if it contains abnormal sharpen elements.

In addition, a Cjy value of each frame could be
transformed from quantitative to qualitative form to be
shown for an operator who labels frames of a flight video
to make it easier to understand if it has good quality or not.

Experimental part

The proposed fast labeling pipeline was implemented
as a cloud-based web-service featuring GPGPU support for
fast performance of image processing operations.

During the experiment, there used several pretrained
neural networks: YOLOv7 [20] with predefined classifier
for an object detection and classification, WideResnet-50
[21] as an anomality detector, and FlowNet2S [22] as an
optical flow definer.

To calculate quality coefficient C;, (2) we choose
following approaches to define quality parameters.
Complex frame noisiness parameter N is obtained by
analyzing results of smoothing filters such as Gaussian,
Wiener, mean, and median filters with 3 x 3 filtering
windows size in combination with analysis of one- and
two-dimensional Fourier spectrum in an aspect of higher
spectrum coefficients. The mean square distortion of
elements was taken to estimate noisiness. Complex frame
histogram quality parameter / is obtained by analyzing
average offset of normalized brightness, average offset of
normalized contrast, and histogram density. Complex frame
sharpness parameter S% is obtained based on analyzes of
both Gaussian and Laplacian filters output with a frame as
an input of the first one.

In our realization the OpenCV libraries! were used to
implement all applied filters and transforms.

1 OpenCv website. Available at: https://opencv.org/home/
(accessed: 15.01.2024).

Thus, in proposed method the frame quality is
calculated as quality coefficient C;y:

3

2
Cio =" TISigne, G)

=1

where C; — quality parameter, C; — frame histogram
quality parameter (equal to H in (2)), C, — frame sharpness
parameter (equal to S% in (2)), C3 — frame noisiness
parameter (equal to N in (2)), and Sigm, is a quality
parameters weighted coefficient that is calculated for each
corresponding quality parameter C;:

kSC;
Sigme, =1 TG0y k=~26/25.

This quality parameter weighted coefficients Sigm,
are proposed to balance influence of low values of quality
parameters in nonlinear way. So that value of quality
coefficient Cyy strongly drops down if any of quality
parameters C; become extremely low.

The frame quality is estimated by the resulting value of
Cjp € [0, 1] (3). For better visualization (Fig. 5, b) in our
experiment the transformation thresholds were expertly
defined as:

Cjp = 0.55 — good quality,
0.3 < Cjp < 0.55 — medium quality,
Cjp < 0.3 — low quality.

The examples of proposed fast labeling pipeline results
are shown in Fig. 5 and Fig. 6.

Fig. 5 and Fig. 6 show that the operator is provided
with the most informative frames and its parameters at
the very beginning of labeling process. Auto-labeling
process matches existing anomalies is they are proper for
predefined classifier. Additional parameters of the auto-
labeling results are also shown for the operator to check
labeling correctness and to find and label unlabeled objects
of interest in much shorter time.

For the experimental part there was chosen six types
of 8-hour FullHD aerial sensed video in a day time
over countryside area. Total number of objects lays in
a range from 5 to 100. The number of object classes is
3 (3 types of vehicles). One of the testing videos has
low quality (smoothed view with a block structure on
it). There are videos that have concentration of objects
of interest at a short part of the video (at the beginning
or end or somewhere in the middle) and the others have
approximately uniform distribution of objects over the
video frames. Three experienced specialists of labeling took
part in the experiment.

Experimental results are shown in Fig. 7. It shows
dependence between the average percentage of labeled objects
Nobj and the average percentage of labeled video frames Nfr.

Graphics in Fig. 7 show that with proposed Fast
Labeling Pipeline (FLP) 80 % of objects are labeled in
40 % of first pre-ranged frames in average in comparison
with CVAT [23]. It was shown experimentally that
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Fig. 6. An example of frame with anomalies with result of auto-labeling with current CNN of proposed software: an interface view
(a), auto-labeling parameters description (b)

resulting labeling time become 50 % less in average due
Nobj, % to the applied auto-labeling and proposed PIV ranging and
label spreading methods. HT is a hypothetic effectiveness

threshold that is based on practical needs of real labeling
process. HT could be looked at as a goal for future

80 . e /—// optimization.
/ / /
U4
Conclusion

]
g
{ / / In the presented research, a new pipeline was proposed
40 H allowing us to fit labeling time into a short inter-flight
f/ period. Such effect was achieved by combining both state-
of-art automation tools (such as object detection and auto-
contour tools) and proposed tools: ranging frames by its

4
0 / ,,  PIV, dynamic labels spreading through overlapped frames
60 80 100 Nfr, % and smart frames sampling. A cloud-based labeling web-

0 20 40
— CVAT ——FLP ---HT service was developed and it was shown experimentally
that proposed pipeline allows labeling 80 % objects of
interest of all existing objects just by processing 40 % of

percentage of labeled objects Nobj and the average percentage
of labeled video frames Nfi: CVAT — Computer Vision pre-ranged frames in average that fits 2—3 hours of inter-
Annotation Tool, FLP — proposed Fast Labelling Pipeline, flight service time. Future research will be aimed to find
HT — hypothetic effectiveness threshold optimal PIV parameters calculation algorithm (close to
hypothetic effectiveness threshold) by input video analysis.

Fig. 7. Experimental results of dependence between the average

195

Hay4HO-TEXHNYECKNI BECTHUK MHDOPMALMOHHbBIX TEXHONOMUIA, MEXaHUKM 1 ONTUKKN, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2



Fast labeling pipeline approach for a huge aerial sensed dataset

10.

12.

14.

15.

16.

17.

18.

References

Zhao Z., Zheng P., Xu S., Wu X. Object detection with deep learning:
A review. arXiv, 2019, arXiv:1807.05511. https://doi.org/10.48550/
arXiv.1807.05511

Ren S., He K., Girshick R., Sun J. Faster R-CNN: Towards real-time
object detection with region proposal networks. Advances in Neural
Information Processing Systems, 2015, vol. 28, pp. 91-99.

Liu S., Liu Z. Multi-channel CNN-based object detection for
enhanced situation awareness. Sensors & Electronics Technology
(SET) panel Symposium SET-241 on 9t NATO Military Sensing
Symposium, 2017.

Mahalanobis A., Mclntosh B. A comparison of target detection
algorithms using DSIAC ATR algorithm development data set.
Proceedings of SPIE, 2019, vol. 10988, pp. 1098808. https://doi.
org/10.1117/12.2517423

Liu W., Anguelov D., Erhan D., Szegedy C., Reed S., Fu C.-Y.,
Berg A. SSD: Single shot multibox detector. Lecture Notes in
Computer Science, 2016, vol. 9905, pp. 21-37. https://doi.
org/10.1007/978-3-319-46448-0_2

Ronneberger O., Fischer P., Brox T. U-Net: Convolutional networks
for biomedical image segmentation. Lecture Notes in Computer
Science, 2015, vol. 9351, pp. 234-241. https://doi.org/10.1007/978-
3-319-24574-4 28

Redmon J. Farhadi A. YOLO9000: better, faster, stronger. Proc. of
the 2017 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), 2017, pp. 6517-6525. https://doi.org/10.1109/
CVPR.2017.690

Chen H-W., Reyes M., Marquand B., Robie D. Advanced automated
target recognition (ATR) and multi-target tracker (MTT) with electro-
optical (EO) sensors. Proceedings of SPIE, 2020, vol. 11511,
pp. 115110V. https://doi.org/10.1117/12.2567178

Redmon J., Farhadi A. YOLOv3: An Incremental Improvement.
arXiv, 2018, ar.Xiv:1804.02767v1. https://doi.org/10.48550/
arXiv.1804.02767

Wang C.Y., Bochkovskiy A., Liao M. YOLOv7: Trainable bag-of-
freebies sets new state-of-the-art for real-time object detectors. Proc.
of the 2023 IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR), 2023. https://doi.org/10.1109/
CVPR52729.2023.00721

. Fedulin A.M., Evstaf’ev D.V., Kondrashova G.L., Artemenko N.V.

Human-autonomy teaming interface design for multiple-UAV control.
Russian Aeronautics, 2022, vol. 65, no. 2, pp. 419-424. https://doi.
org/10.3103/S1068799822020222

Barnell M., Raymond C., Capraro Ch., Isereau D., Cicotta Ch.,
Stokes N. High-performance computing (HPC) and machine learning
demonstrated in flight using agile condor. Proc. of the 2018 IEEE
High Performance extreme Computing Conference (HPEC), 2018,
pp. 1-4. https://doi.org/10.1109/HPEC.2018.8547797

. Fedulin A.M., Driagin D.M. Prospects of MALE-class UAVs using

for the huge territories aerial survey. lzvestiya SFedU. Engineering
Sciences, 2021, no. 1(218), pp. 271-281. (in Russian). https://doi.
org/10.18522/2311-3103-2021-1-271-281

Fei-Fei L., Fergus R., Perona P. One-shot learning of object
categories. /[EEE Transactions on Pattern Analysis and Machine
Intelligence, 2006, vol. 28, no. 4, pp. 594-611. https://doi.
org/10.1109/tpami.2006.79

Fink M. Object classification from a single example utilizing class
relevance metrics. Advances in Neural Information Processing
Systems, 2004, vol. 17, pp. 449-456.

Alajaji D., Alhichri H.S., Ammour N., Alajlan N. Few-shot learning
for remote sensing scene classification. Proc. of the 2020
Mediterranean and Middle-East Geoscience and Remote Sensing
Symposium (M2GARSS), pp. 81-84. https://doi.org/10.1109/
M2GARSS47143.2020.9105154

Sager Ch., Janiesch Ch., Zschech P. A survey of image labelling for
computer vision applications. Journal of Business Analytics, 2021,
vol. 4, no. 2, pp. 91-110. https://doi.org/10.1080/257323
4X.2021.1908861

Oprea A., Vassilev A., Fordyce A., Anderson H. Adversarial Machine
Learning: A Taxonomy and Terminology of Attacks and Mitigations:
Report NIST AI100-2E2023. 107 p. https://doi.org/10.6028/NIST.
AI.100-2¢2023

. Choi J.I,, Tian Q. Adversarial attack and defense of YOLO detectors

in autonomous driving scenarios. Proc. of the 2022 IEEE Intelligent

Jluteparypa

Zhao Z., Zheng P., Xu S., Wu X. Object detection with deep learning:
Areview // arXiv. 2019. arXiv:1807.05511. https://doi.org/10.48550/
arXiv.1807.05511

Ren S., He K., Girshick R., Sun J. Faster R-CNN: Towards real-time
object detection with region proposal networks / Advances in Neural
Information Processing Systems. 2015. V. 28. P. 91-99.

Liu S., Liu Z. Multi-channel CNN-based object detection for
enhanced situation awareness // Sensors & Electronics Technology
(SET) panel Symposium SET-241 on 9th NATO Military Sensing
Symposium. 2017.

Mahalanobis A., Mclntosh B. A comparison of target detection
algorithms using DSIAC ATR algorithm development data set //
Proceedings of SPIE. 2019. V. 10988. P. 1098808. https://doi.
org/10.1117/12.2517423

Liu W., Anguelov D., Erhan D., Szegedy C., Reed S., Fu C.-Y.,
Berg A. SSD: Single shot multibox detector // Lecture Notes in
Computer Science. 2016. V. 9905. P. 21-37. https://doi.
0rg/10.1007/978-3-319-46448-0_2

Ronneberger O., Fischer P., Brox T. U-Net: Convolutional networks
for biomedical image segmentation // Lecture Notes in Computer
Science. 2015. V. 9351. P. 234-241. https://doi.org/10.1007/978-3-
319-24574-4 28

Redmon J. Farhadi A. YOLO9000: better, faster, stronger // Proc. of
the 2017 TEEE Conference on Computer Vision and Pattern
Recognition (CVPR). 2017. P. 6517-6525. https://doi.org/10.1109/
CVPR.2017.690

Chen H-W., Reyes M., Marquand B., Robie D. Advanced automated
target recognition (ATR) and multi-target tracker (MTT) with electro-
optical (EO) sensors // Proceedings of SPIE. 2020. V. 11511.
P. 115110V. https://doi.org/10.1117/12.2567178

Redmon J., Farhadi A. YOLOvV3: An Incremental Improvement //
arXiv. 2018. ar.Xiv:1804.02767v1. https://doi.org/10.48550/
arXiv.1804.02767

. Wang C.Y., Bochkovskiy A., Liao M. YOLOvV7: Trainable bag-of-

freebies sets new state-of-the-art for real-time object detectors // Proc.
of the 2023 IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR). 2023. https://doi.org/10.1109/
CVPR52729.2023.00721

. Fedulin A.M., Evstaf’ev D.V., Kondrashova G.L., Artemenko N.V.

Human-autonomy teaming interface design for multiple-UAV control
// Russian Aeronautics. 2022. V. 65. N 2. P. 419-424. https://doi.
org/10.3103/S1068799822020222

. Barnell M., Raymond C., Capraro Ch., Isereau D., Cicotta Ch.,

Stokes N. High-performance computing (HPC) and machine learning
demonstrated in flight using agile condor // Proc. of the 2018 IEEE
High Performance extreme Computing Conference (HPEC). 2018.
P. 1-4. https://doi.org/10.1109/HPEC.2018.8547797

. @enynun A.M., [Ipsrun JI.M. IlepcriekTHBbI IPUMEHEHUS KPYITHO-

pasmephbix BITJIA nipu periennn 3a1a4 KOMIUIEKCHOTO 00C/Ie/IOBaHUS
tepputopuii // M3Bectust FODY. Texunueckue nayku. 2021. Ne 1(218).
C. 271-281. https://doi.org/10.18522/2311-3103-2021-1-271-281

. Fei-Fei L., Fergus R., Perona P. One-shot learning of object categories

// IEEE Transactions on Pattern Analysis and Machine Intelligence.
2006. V. 28. N 4. P. 594-611. https://doi.org/10.1109/tpami.2006.79

. Fink M. Object classification from a single example utilizing class

relevance metrics / Advances in Neural Information Processing
Systems. 2004. V. 17. P. 449-456.

. Alajaji D., Alhichri H.S., Ammour N., Alajlan N. Few-shot learning

for remote sensing scene classification // Proc. of the 2020
Mediterranean and Middle-East Geoscience and Remote Sensing
Symposium (M2GARSS). P. 81-84. https://doi.org/10.1109/
M2GARSS47143.2020.9105154

. Sager Ch., Janiesch Ch., Zschech P. A survey of image labelling for

computer vision applications // Journal of Business Analytics. 2021.
V. 4.N 2. P. 91-110. https://doi.org/10.1080/2573234X.2021.1908861

. Oprea A., Vassilev A., Fordyce A., Anderson H. Adversarial Machine

Learning: A Taxonomy and Terminology of Attacks and Mitigations:
Report NIST AI100-2E2023. 107 p. https://doi.org/10.6028/NIST.
AL.100-2¢2023

. Choi J.I., Tian Q. Adversarial attack and defense of YOLO detectors

in autonomous driving scenarios // Proc. of the 2022 IEEE Intelligent
Vehicles Symposium (IV). 2022. P. 1011-1017. https://doi.
org/10.1109/1V51971.2022.9827222

196

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2


https://doi.org/10.48550/arXiv.1807.05511
https://doi.org/10.48550/arXiv.1807.05511
https://doi.org/10.1117/12.2517423
https://doi.org/10.1117/12.2517423
https://doi.org/10.1007/978-3-319-46448-0_2
https://doi.org/10.1007/978-3-319-46448-0_2
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.1109/CVPR.2017.690
https://doi.org/10.1109/CVPR.2017.690
https://doi.org/10.1117/12.2567178
https://doi.org/10.48550/arXiv.1804.02767
https://doi.org/10.48550/arXiv.1804.02767
https://doi.org/10.1109/CVPR52729.2023.00721
https://doi.org/10.1109/CVPR52729.2023.00721
https://doi.org/10.3103/S1068799822020222
https://doi.org/10.3103/S1068799822020222
https://doi.org/10.1109/HPEC.2018.8547797
https://doi.org/10.18522/2311-3103-2021-1-271-281
https://doi.org/10.18522/2311-3103-2021-1-271-281
https://doi.org/10.1109/tpami.2006.79
https://doi.org/10.1109/tpami.2006.79
https://doi.org/10.1109/M2GARSS47143.2020.9105154
https://doi.org/10.1109/M2GARSS47143.2020.9105154
https://doi.org/10.1080/2573234X.2021.1908861
https://doi.org/10.1080/2573234X.2021.1908861
https://doi.org/10.6028/NIST.AI.100-2e2023
https://doi.org/10.6028/NIST.AI.100-2e2023
https://doi.org/10.48550/arXiv.1807.05511
https://doi.org/10.48550/arXiv.1807.05511
https://doi.org/10.1117/12.2517423
https://doi.org/10.1117/12.2517423
https://doi.org/10.1007/978-3-319-46448-0_2
https://doi.org/10.1007/978-3-319-46448-0_2
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.1109/CVPR.2017.690
https://doi.org/10.1109/CVPR.2017.690
https://doi.org/10.1117/12.2567178
https://doi.org/10.48550/arXiv.1804.02767
https://doi.org/10.48550/arXiv.1804.02767
https://doi.org/10.1109/CVPR52729.2023.00721
https://doi.org/10.1109/CVPR52729.2023.00721
https://doi.org/10.3103/S1068799822020222
https://doi.org/10.3103/S1068799822020222
https://doi.org/10.1109/HPEC.2018.8547797
https://doi.org/10.18522/2311-3103-2021-1-271-281
https://doi.org/10.1109/tpami.2006.79
https://doi.org/10.1109/M2GARSS47143.2020.9105154
https://doi.org/10.1109/M2GARSS47143.2020.9105154
https://doi.org/10.1080/2573234X.2021.1908861
https://doi.org/10.6028/NIST.AI.100-2e2023
https://doi.org/10.6028/NIST.AI.100-2e2023
https://doi.org/10.1109/IV51971.2022.9827222
https://doi.org/10.1109/IV51971.2022.9827222

A.M. Fedulin, N.V. Voloshina

Vehicles Symposium (IV), 2022, pp. 1011-1017. https://doi.
org/10.1109/1V51971.2022.9827222

20. Wang C.Y., Bochkovskiy A., Liao H.Y.M. YOLOvV7: Trainable bag-
of-freebies sets new state-of-the-art for real-time object detectors.
Proc. of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR), 2023, pp. 7464—7475. https://doi.org/10.1109/
cvpr52729.2023.00721

21. Defard T., Setkov A., Loesch A., Audigier R. PaDiM: A Patch
distribution modeling framework for anomaly detection and
localization. Lecture Notes in Computer Science, 2021, vol. 12664,
pp. 475-489. https://doi.org/10.1007/978-3-030-68799-1_35

22. Ilg E., Mayer N., Saikia T., Keuper M., Dosovitskiy A., Brox T.
Flownet 2.0: Evolution of optical flow estimation with deep networks.
Proc. of the IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), 2017, pp. 1647—-1655. https://doi.org/10.1109/
cvpr.2017.179

23. Guillermo M., Billones R.K., Bandala A., Vicerra R.R., Sybingco E.,
Dadios E.P., Fillone A. Implementation of automated annotation
through mask RCNN Object Detection Model in CVAT using AWS
EC2 Instance. Proc.of the 2020 IEEE REGION 10 CONFERENCE
(TENCON), 2020, pp. 708-713. https://doi.org/10.1109/
tencon50793.2020.9293906

Authors

Andrei M. Fedulin — Director for Software Development, “KT —
Unmanned Systems” JSC, Saint Petersburg, 199178, Russian Federation,
8¢ 57514263700, https://orcid.org/0000-0001-6951-4681, af@kronshtadt.
ru

Natalia V. Voloshina — PhD, Associate Professor, ITMO University,
Saint Petersburg, 197101, Russian Federation, s¢ 55511854200, https://
orcid.org/0000-0001-9435-9580, nvvoloshina@itmo.ru

Received 06.02.2024
Approved after reviewing 14.03.2024
Accepted 28.03.2024

QIO

20. Wang C.Y., Bochkovskiy A., Liao H.Y.M. YOLOV7: Trainable bag-
of-freebies sets new state-of-the-art for real-time object detectors //
Proc. of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR). 2023. P. 7464-7475. https://doi.org/10.1109/
cvpr52729.2023.00721

21. Defard T., Setkov A., Loesch A., Audigier R. PaDiM: A Patch
distribution modeling framework for anomaly detection and
localization // Lecture Notes in Computer Science. 2021. V. 12664.
P. 475-489. https://doi.org/10.1007/978-3-030-68799-1 35

22. Ilg E., Mayer N., Saikia T., Keuper M., Dosovitskiy A., Brox T.
Flownet 2.0: Evolution of optical flow estimation with deep networks
/I Proc. of the IEEE Conference on Computer Vision and Pattern
Recognition (CVPR). 2017. P. 1647-1655. https://doi.org/10.1109/
cvpr.2017.179

23. Guillermo M., Billones R.K., Bandala A., Vicerra R.R., Sybingco E.,
Dadios E.P., Fillone A. Implementation of automated annotation
through mask RCNN Object Detection Model in CVAT using AWS
EC2 Instance // Proc.of the 2020 IEEE REGION 10 CONFERENCE
(TENCON). 2020. P. 708-713. https://doi.org/10.1109/
tencon50793.2020.9293906

ABTOpBI

@enyand Auapeii MuxaiiJioBu4 — JUPEKTOp IIEHTpa pa3paboTKu
nporpammuoro odecrneuenusi, AO «KT — becnunoraeie CuctemMbi»,
Cankr-ITerepOypr, 199178, Poccuiickas denepanus, s¢ 57514263700,
https://orcid.org/0000-0001-6951-4681, af@kronshtadt.ru

Bosomuna Haranusi BUKTOpOBHA — KaHANAAT TEXHHYECKUX HAyK,
nouent, Yuusepcurer UTMO, Caukr-IlerepOypr, 197101, Poccuiickas
Denepanus, s¢ 55511854200, https://orcid.org/0000-0001-9435-9580,
nvvoloshina@itmo.ru

Cmamus nocmynuna 6 pedaxkyuro 06.02.2024
Ooobpena nocne peyensuposanus 14.03.2024
Ipunama x neuamu 28.03.2024

Pa6oTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

197


https://doi.org/10.1109/IV51971.2022.9827222
https://doi.org/10.1109/IV51971.2022.9827222
https://doi.org/10.1109/cvpr52729.2023.00721
https://doi.org/10.1109/cvpr52729.2023.00721
https://doi.org/10.1007/978-3-030-68799-1_35
https://doi.org/10.1109/cvpr.2017.179
https://doi.org/10.1109/cvpr.2017.179
http://Proc.of
https://doi.org/10.1109/tencon50793.2020.9293906
https://doi.org/10.1109/tencon50793.2020.9293906
https://orcid.org/0000-0001-6951-4681
mailto:af@kronshtadt.ru
mailto:af@kronshtadt.ru
https://orcid.org/0000-0001-9435-9580
https://orcid.org/0000-0001-9435-9580
mailto:nvvoloshina@itmo.ru
https://doi.org/10.1109/cvpr52729.2023.00721
https://doi.org/10.1109/cvpr52729.2023.00721
https://doi.org/10.1007/978-3-030-68799-1_35
https://doi.org/10.1109/cvpr.2017.179
https://doi.org/10.1109/cvpr.2017.179
http://Proc.of
https://doi.org/10.1109/tencon50793.2020.9293906
https://doi.org/10.1109/tencon50793.2020.9293906
https://orcid.org/0000-0001-6951-4681
mailto:af@kronshtadt.ru
https://orcid.org/0000-0001-9435-9580
mailto:nvvoloshina@itmo.ru

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° MapT-anpesns 2024 Tom 24 N2 2 http://ntv.ifmo.ru/ m
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS i
March-April 2024 Vol. 24 No 2 http://ntv.ifmo.ru/en/ "Hm“FMA““““HMX IEXH“"I"““' MEXAH“K“ “ “"I“K“
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

ABTOMATNYECKOE YMNPABJIEHVE NN POBOTOTEXHNKA
AUTOMATIC CONTROL AND ROBOTICS

doi: 10.17586/2226-1494-2024-24-2-198-207
VIIK 62-50

3agaya ajanTHBHOIO Cy0ONTHMAJILHOIO YIIPABJICHHUS U e¢ BADHALIMOHHOE pPelleHne

Austexceii Bukroposny Biaskenos!, Asexceii Asiekceesny Besikon2,
Exarepuna Bonciaasosna Munopanosuu3, Oanra Basepbesna Caurads,
Baagumup IOpbeBuy Teprorunbiii-daypu’

1.23.4.5 Vuusepcurer UTMO, Cankr-IlerepOypr, 197101 Poccuiickas ®eneparius

l'a_blazh@mail.ru, https://orcid.org/0009-0009-2682-9128

2 vedyakov(@itmo.ru, https://orcid.org/0000-0003-4336-1220

3 milovanovich@mail.ru, https://orcid.org/0000-0002-9069-8574
4 o-slita@yandex.ru™, https://orcid.org/0000-0001-7119-3629

5 tertychny-dauri@mail.ru, https://orcid.org/0000-0003-4671-7659

AHHOTANMA

Beenenne. Paccmorpena cybonTumanbHas TpaHCTPaHUYHAA 3a7a4a B IPUMEHEHHN K HETMHEHHBIM TUHAMHYECKUM
YTIPaBIsIEMBIM CHCTEMaM B YCIOBHAX JEHCTBHUS Ha HUX AETCPMHHUPOBAHHBIX, PABHOMEPHO OTPAaHNYEHHBIX BHEITHUX
HEN3BECTHBIX BO3MymieHHH. MeToa. 3afada pemaercs ¢ MOMOIIBIO METOJ0B KIAaCCHUECKOTO BapHaIMOHHOTO
HCUHCIICHHUS IS CITydast, KOTJa IPOMEKYTOK BPEMEHH aJalTalluy ¥ ONTHMHU3alUK 3apaHee He 3amaeTcs. OCHOBHBbIE
pe3yabTarhl. OnpeenaeHsl HEOOXOAUMBIE YCIOBHS ISl BEIOOPA SKCTPEMAILHOTO JBIDKCHUS 32 CUST HaJIe)kKallero
(opMupOBaHYs 3aMKHYTOH CyOONITHMAJILHON CHCTEMBI aIalITHBHOTO YIPaBIIeHNUs. TeOpeTHYEeCKHU aHaIn3 COIIOCTaBIICH
C KOMIIBIOTEPHBIMH pacueTaMy Ha KOHKPETHOM MOJIEJIBHOM ITPUMEpE, KOTOPbIH MoKa3ai 3 (eKTUBHOCTD IPUMEHSEMOTO
noaxona. O6cy:xaenue. [Iperoxennas cxema cyOONTUMAIbHOTO aJallTUBHOTO CHHTE3a MOXET OBITh UCIIOJIb30BaHA
TIPU pacueTe U MPOEKTUPOBAHUH HETMHEHHBIX yIPABISEMBIX AUHAMHYECKUX CHCTEM.

KanroueBsbie c10Ba
JUHAMU4YecKas cucTeMa, (GyHKIHOHAT KauecTBa, MHOXKHTeNN Jlarpanxka, cyOoNTHManbHOE yIpaBleHNe, aJanTalis,
ypaBHEeHHs Ditniepa, yCIOBHE TPAaHCBEPCATEHOCTH
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Adaptive suboptimal control problem and its variational solution
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Abstract

A suboptimal cross-border problem is considered about nonlinear dynamic controlled systems under deterministic,
uniformly bounded external unknown disturbances. The problem is solved by applying the methods of classical variations
calculus for the case when the time interval of adaptation and optimization is not set in advance. The necessary conditions
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for the choice of extreme motion are determined due to the proper formation of a closed suboptimal adaptive control
system. The theoretical analysis is supplemented with computer calculations using a specific model example, which
showed effectiveness of the considered approach. The proposed scheme of suboptimal adaptive synthesis can be used
in the calculations and design of nonlinear controlled dynamic systems.

Keywords

dynamic system, quality functional, Lagrange multipliers, suboptimal control, adaptation, Euler equations, transversality
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BBenenue

B 3ajauax onTuMH3anuK B yCIOBUSX HEIOCTATOUHOM
anpuopHOi MH(OPMAINK O JACHCTBYIOMINX BO3MYILCHUAX
Ba)XHO OPTaHHU30BATh MPOIECC aJanTalid — IPOIECC
BOCTIOJTHCHHS HEZIOCTAaTOYHOW HH(POPMAIIAH B XOZIE YIIPaB-
JeHUs IUHAMUYecKuM o0BekToM. [Iporece aganTanun
(mactpoiikn, 00ydeHus), IO KOTOPEIM MOAPa3yMeBaeTCs
BBIOOD OINpPE/ETICHHON CTPaTeruu, MPEANoaraeT BO3ZMOXK-
HOCTh UJICHTU(UKALUK JCHCTBYIOIINX Ha OOBEKT yIpaB-
JICHHs] BO3MYIIEHHU C MIOMOIIBIO CIIEUAIBHBIM 00pa3omM
c(hOpMHUPOBAHHOH aIAaNITUBHOWM 00PATHOMN CBSI3H.

OTMeTuM, 4TO 3aMeHa MJI€aJIbHOTO ONTHMAaIbHOTO
YIPaBJICHUS, 3aBUCSIIETO OT HEM3BECTHBIX TApaMETPOB
Ha a/IalTHBHOE CYOONITHUMAaJIbHOE YIIPABICHHUE U OT N3BECT-
HBIX HACTPaWBACMBIX MTapaMeTPOB (OICHOK HEM3BECTHBIX
rmapaMeTpOB), TIPOUCXOTUT B COOTBETCTBUU C OJHUM H3
JIBYX OCHOBHBIX MTOAXO/IOB K CHHTE3Y aJallTUBHBIX CHCTEM
ynpasmnenus [ 1, 2]:

— «UACHTU()UKAITMOHHOMY», KOT/Ia B HalICHHBIN HIIealTh-
HBI 3aKOH ONTHMAJIFHOTO YIPABICHHS MOACTABISIIOT
BMECCTO HEM3BCCTHBIX IMMAapaMETPOB UX HACTPAUBACMbIC
OLICHKH;

— «IpSMOMY aJallTUBHOMY YIIPaBJICHUIO», TJI€ HACTPOU-
Ka MapaMeTpoB OCYIIECTBISETCSl HEIOCPEJICTBEHHO
10 PAacCONIACOBAHHIO ANHAMHYECKHX XapaKTEPUCTHK
MOJICJIM ¥ HCKOMO cHCTeMbl 0€3 IpeBapuTeIbHOMN
UICHTU(UKAIIMYA O0BCKTa YIIPABICHHUS, T. €. KOTIA Ia-
paMeTpBI CHCTEMBI YTIPaBICHHUST MEHSIOTCS IO T€ TI0p,
ITOKa CHCTeMa HE CTaHET B HEKOTOPOM CMBICIIEC PaBHO-
CHUJIBHOW MOJIEIIH.

O4eBUIHO, YTO TaKas MPOIeypa 00eCIeINBACT CXOH-
MOCTh CyOONTHMAIILHBIX 3HAUCHUH (yHKIMOHAIIA KaYeCTBa
K €Tr0 OIITUMAJIbHBIM 3HAYCHUAM 110 MEPE CXOAUMOCTHU
npoiiecca aaanTUBHOW MapaMeTpuiecKkoil uaeHTupuKa-
UM, T. €. CXOAUMOCTH HACTPaHBaeMbIX ITapaMeTPOB K HX
WCTUHHBIM 3HAYCHHSIM.

3aaun cyOONTHMH3AINY aIaIITUBHBIX THTHAMHYECKUX
CHCTEM B paMKaXx JIMHEHHOM MOJIEJIN aKTHBHO U3Y4aJIUCh BO
MHOTHX HayYHBIX paboTax M pelasuch pa3HbIMU METO/A-
MU 1 ipueMaMi. OTMETHM HEKOTOpBIC M3 HUX, OKa3aBIINe
HanOoJIbIIIee BIUSHIE HA TTOCIIEIYOIIee Pa3BUTHE TCOPHH.
B pa6orte [1] paccMOTpeHBI CHCTEMBI BRICOKOH pa3MepHO-
CTH, OOJBIITUM YUCIIOM BXOJHBIX M BBIXOTHBIX MEpEMEH-
HBIX, IAPAMETPUUYECKON U CTPYKTYPHOU HEONpPEAEIIEH-
HOCTsIMH. B [2—12] uiccnenoBanbl B OCHOBHOM JIMHEHHBIC
YHOpaBiId€MbIC TUHAMHWYCCKHUE CUCTEMbI C HCU3BECCTHBIMU

nmapameTpami. JlaHHbie paboThl 00BEIUHSIOT 00IHi (PyHK-
IIIOHAJ Ka4eCTBAa, MUHAMH3AIINIO KOTOPOTO TpedyeTcs 0be-
CTIEUUThH B MPOLIECCE aJATUBHOTO YIPABICHUS P Pa3HBIX
JIOTIONTHUTENBHBIX OTPAaHUIUTEIBHBIX YCIOBUSIX B paccMa-
TPHUBAEMBIX 3a/la4ax aJanTHBHOTO CHHTe3a. B gacTHOCTH,
STHUMH YCJIOBUSAMH SIBJISTFOTCS: IPUCYTCTBHE MToMex [3], muc-
KpeTHOCTH [4], kpuTepuii 006001eHHO0# paboTsl [5], mowuc-
KOBBII UTPOBOI TTO1X01 [6], HHPOPMAIMOHHbIH MeTo [7],
METOJI LIeJIEBBIX HEPaBEHCTB [2, 8], MHPOPMaTHBHBINA METOJL
cTroxacTuueckon anmpokcumanuu [9, 10], rekoMno3uiu-
OHHBIH ITOJIXOJ1 C pa3JIoKEHNEM Ha COCTaBIISIOIINE, Ooliee
IpOCThIE NOACUCTEMSI [11], 3ama3apiBaHKe B yIpaBIeHUU
[12]. YyeT 3TUX U OpYruX OrpaHUYEHHUM B MEPEUMCIICH-
HBIX PabOTax MPUBOIMT K MOSBICHHUIO PE3YIBTHPYIOIINX
QJITOPUTMOB aJAITUBHOTO YIIPABJICHHS B BUJIE 3aKOHOB CY-
60NTHMaIBHOTO YIPABICHUSI (C HEKOTOPHIM YPOBHEM OITHU-
MaJIbHOCTH). HelTmHeHbpIM MOJIeTISIM M3-3a CIIOKHOCTH aHa-
J3a yIIeIeHO 3HAYUTENbHO MeHbIee BHUManue [13, 14].

Hacrosimast paboTa mocBsiieHa U3yu4eHHI0 BOTIPO-
COB BapHallMOHHOIO CHHTE3a CyOONTHMAJIbHBIX CUCTEM
aJIalITUBHOTO YNPaBICHUs /ISl HeJIMHEHHBIX AUHAMUUe-
CKUX 00BEKTOB PEryJIMPOBAHUS U MIPOJOIDKACT HCCIIEI0Ba-
HUS HA4aThIX B pabotax [15—-17] B obnacTu peneHus Takux
3aJa4 ¢ MOMOILbIO BapUALIHOHHBIX METOOB MPU HATUYUU
MOJIBUYKHOW MPpaBOW I'PaHULIBI.

ITocTanoBKa 3a1a4un

[Tycts nMeeTcst PyHKIHOHAT BUIA
4
J=V[x(t)), ;] + [F[x(9), X(?), v(2), {]ldt — extr, (1)
b

e maakue ckainsipubie Gynkun V(-), F(-) UMeIoT sHep-
TeTUYECKUI CMBICI: 9TO 3aJ[aHHBIE MOJIOKUTEIBHO OIpe-
JIeJIeHHbIE, HENPEepBIBHO An(pdepeHIpyeMble 0 CBOUM
MepeMEHHBIM CKalsipHble QYHKIMHU; X(f) € R" — n3Mmepsi-
eMblil V¢ € [t,, ¢] BekTOp cocTosHus; v(¢) € R" — Heus-
MepsiIeMbIil HEM3BECTHBI BEKTOP BHEIIHUX, PABHOMEPHO
OTPaHUYCHHBIX BOSMYIICHHIH: SUpe, 41V < C,, Te
C, >0 — n3BecTHas (JInOO HEM3BECTHAs) KOHCTAHTA, KO-
TOpast HE yJacTBYET B aHAJIM3E.

JIBrKeHNE UCXOIHOM CHCTEMBI ONUILIEM YPABHEHUEM
i(t) =f(X’ u, t) + v, X, u,v € Rn> (2)

rae u(f) € U € R" — BekTop ynpasieHuit, U — MHOXe-
CTBO JIOITYCTUMBIX OPaHUYECHHBIX HENPEPhIBHBIX (DYHKIMH
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u(t), t € [t, t1]. Ilpeanonoxum, 4to HauajabHblE 3HAYEHUs
X(ty), tp 3aAaHBI, HO 3HAYEHUsI IPABON TPAHCTPAHUIHOMN
TOYKH X(1,), #{ 3apaHee HEU3BECTHBI. JlOMyCTHM, UTO BEK-
Top-hyHKIWs f{-) € R” rnajkast v 3ajaHa.

Vpasuenue (1) ycTaHaBiIMBaeT JJis yIpaBIsieMO CH-
CTEMbI BCKTOPHYIO HCTOJIOHOMHYIO CBA3b BUAA

y(x, X, u,v,7)=0, 3)

rme ToxaecTBO W(X, X, u, v, ) = f(x, u, f) + v — X,
X, u,vER"

Taxxe cuamTaeMm, 9TO BEKTOP-(QYHKIIUS HEH3BECT-
HBIX BO3MYIICHHN V(f) YIOBIETBOPSCT ypaBHCHIIM Ha-
CTPOMKH ee OLEHOK V(f), T. €. HHTerpaJIbHBIM YPaBHECHU-
AM CBsI3eH, GOPMUPYIOMINX ONTHMAIbHOE yIpaBICHUE
uy(?) = ug[x(#), ¥(?), t]. DT CBA3M 337AIOT CXOAALIUICS
AJITOPUTM BHEIIHEH aJanTaluu 1o npaBuiIy:

(p[v(t), [v(s)ds, z] —0, )
ly
€ TOXIAECCTBO
(p[v(t), [j'v(s)ds, t] =[V() - v(D)] +
+ a(f [¥(s) — V(s)]ds) + B =¥(1), V(i) € RY,

X
a>0, B =v(t) — V(t)) — 3anannble yucia. iHTerpaipHoe
ypaBHeHue Bonbreppa 2-To pona (4) umeer pemieHue:

(1) = v(1) = Pet10) = 0, ©)

MIPUBOJIAIIEE K ACUMITTOTUIECKOH CXOAUMOCTH OIIEHOK V(7)
K V(f) B 3aBUCHMOCTH OT TpeGyeMOi TOYHOCTH OIICHHBAHHSI
d6>0:

lim|[¥(1) — v(0)| <& (©)
—1
1 BPEMEHH OKOHYAHUsI ITpoliecca ONTUMU3AIMY 1 a/1anTa-
uuH ¢;; ||a(f)|| — eBxummoBa HopMa BekTopa a(?), ||a(?)|| =
= (al(1), a(1))'2.

TpeOyeTcs HaAWTH TPOWKY HEN3BECTHBIX BEKTOP-(PYHK-
uit (x(7), u(?), v(¢)) co 3HaueHusIMu B R, ¢ € [f, t;], y10B-
JIETBOPSIIONIYIO HayallbHbIM YCIOBUAM (X(fy), V({), ty) U
00€eCTIeuHBAIONITYIO0 BBITIONHEHNE yeIoBuit: J — extr (1) on-
HOBpPEMEHHO ¢ obecrieueHneM TpedoBanuii y(X, X, u, v, ) =

~003)u (p[v(t), I¥(s)ds. 1] = 0 (), v1e 9. w() € R

3ajady Ha YCIOBHBIM SKCTPEMYM CBEIEM K 3a/1auc Ha
0e3yCIIOBHBII 3KCTPEMYM C IOMOIIBIO BBE/ICHNSI MHOYKHTE-
neit Jlarpanxa. C ygetoMm ycnosuii (2), (3) u (4) 3anuiieMm
BCIIOMOTaTeNbHBIN (DYHKIIMOHAT KaueCTBa B CJICAYIOIIEM
BUJIE:

4
Jo = VIx(a), 1]+ J{FIx, (05w, 0 ), ¥(0, 1+
)
+ IOy, X, u, v, 1) + (7)

+ XT(t)(p(v(t), jv(s)ds, t)}dt — extr,

rae u(f), AM(f) — HeompeneneHHbIe MHOXHUTEH Jlarpamka,
n(?), M1) € R

CornnacHo pabdote [15],
8X(1)) = X, + X(1,)31). ®)

A.]'Il"OpI/lTM aJanranuu
M €ro AaCUMIITOTHYECKHE CBOIICTBA

3anumeM WHTETPANbHBIN aNTOpUTM ajantanuu (4) B

BHJIE:
¢

y(0) + afy(s)ds + =0, a> 0, p = const, )

rae y(1) = ¥(¢) — v(?), B = v(ty) — ¥(#,). Haitnem perenue (9)
B aCHMITOTHKE IIPH ¢ — 0.
Jli1st 9TOTO BBEIEM B PACCMOTPEHHE 0003HAYCHHE:

t
(r) = 2(1p) + tf y(s)ds, z(1) = y(0),
0
Torma anroputm agantanuu (9) mpeodpasyem K BHIY:
#(1) + ofz(t) - 2(1p)] + B=0

WK K BULY JITHEHHOTO OHOPOIHOTO HU(PEepPEeHIIHATBHOIO
YpaBHEHUsI B HOBBIX 0003HAYCHUSIX 110 Z(1):

Z(t) + az(t) = 0. (10)
Ha tom OCHOBAHHH, YTO
(1) + az(t) + [-oz(ty) + Bl = 0 m z(¢y) = E
o

MOJTY4YUM
[-az(zo) + B] = 0.

Pewenne nuddepennuansaoro ypasHenus (10) xopo-
1110 U3BECTHO:

Z(l) = Z(to)efu(lfto) = Sga(t7[0) H_Oo) 0’
2(0) = 2(tg)e-w10(-) = P ae0) 0,
T. €. IMCEM
2=y(1) = V(1) = V(1) 7> 0, 160 ¥(¢) — V(1) npu 1 — 0.

OTtMmeTHM, 4TO U3 ypaBHeHUs (9) molydum TpedoBaHue
JUlsl BBIOOpa HAaYaJIbHOTO YCIIOBHSI:

¥(to) +B=0= B =v(1) - (7))

OcHOBHbIE pe3yabTaThbl

W3 nnTerpupoBanus no vactsiMm B pyHkiuonaie (7)
HOJTY4YUM

t
Jo = VIx(t), 1] = wOXO]} + [Gx, w, v, Ddr,
Gx,u,v,0)=G(x,u,V,1, p(t;, (), Mo)) =

(11)
=F(x,u, v, 1)+ pI()[A(x, u, t) + v] + pZ(H)x(¢) +

+ LT(I)(p(V(t), }v(s)ds, t).
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Bennuuny Bapuanuu ¢pynkuuonana J« (11) Ha ske-
TPEMaJIbHBIX JABMKEHHSIX C MOABM)KHOW TpaHCTpaHMLEH
(x(#9), t1), toe 6x(f) = 0, ¢ yyeToM BO3HHUKAIOIIUX Bapua-
it 0x(¢), du(?), dv(t), 8x(¢;), 6t; C TOYHOCTHIO J0 BEINYH-
HBI 2-T0 HOPs/IKa MaJIOCTH MPEACTaBUM B (hOPMYITUPOBKE
CIIEYIOLIEH TEOPEMBI.

Teopema 1. C yuerom HempepbIBHOH auddepermmpye-
MOCTH TIO BCeM IiepeMeHHBIM (pyHKIi V, G, a Takoke crpa-
BE/UIMBOCTH BBINIOJIHEHNUs COOTHOLICHNUS (8) Juist OX|p— ,
Bapuanuio GpyHkpoHana Jx (11) 3agaaum BepakeHUEM:

aV[X(tl), tl] _

0J« =dJs =
( ox(t))

llT(fl)> ox(#)) +

0 1), t
+ % + G(X, u v, t)‘Ftl + ILT(H)?'K(t]))?St] + (]2)

t
+f1 oG(x, u, v, t)UX+6G(x, u,v, t)Uu+6G(x, u,v, t)UV .
ox ou ov

)

HOJIYYEHHBIM C TOYHOCTBIO JI0 MAJIOCTH 2-TO MOPSIJIKA.
Jloka3arensCTBO TEOpEeMBI B HAcCTOsIIEH paboTe He mpu-
BEJICHO U3-32 MACCUBHOCTH. 3aMETHM, UYTO J0Ka3aTeIbCTBO
TIOJTHOCTBIO YKIIA/IbIBACTCS B U3BECTHBIE CXEMBbI, TUITHYHbBIE
JUTsL BapuanmoHHoro ucuucieHus [14]. lanee BeioepemM
BEKTOPHBIH MHOXKUTENb P(f) TaK, 4TOOBI (PyHKIIMOHAIbHBIC
ko3 puuenTs! npu 0X(¢;), 0x(¢) B coorHomenuu (12) 00-
paTwiInCh B HyJb. Toria moixydnM CHUCTEMY 7 ypaBHEHHH
Diniepa 1o x ¢ TpaHUYHBIM YCIOBHEM HA IIPABOM KOHIIE!

0G(x, u, v, 1) _ [ ovx(e). 0]\
o O ( ox(e) ) .

WIH, ¢ yaeToM obo3HaueHus (13), cocTaBuM CUCTEMY:

. [(eFkx,u, v, 1) ofx, u, 0\’
p(t)_<—6x(t) +"T(t)—ax(z) ) (14)

C rpaHUYHBIM ycsioBueM p(f) (13).
Takum o6pasom, Beipaxkenue (12) npu Hasmuuu Tpedo-
Banuii (13) nepenuiem B Buje:
oV[x(t), t
O« =dJy = (M + G(X9 u,v, t)|t=ll +

t

+ (15)
0
oG(x,u, v, t
+ (—)SV
ov
JomycTtiM, uto B paBeHcTBe (15) Kpyritast ckoOKa cieBa
paBHa HYJIO:
oVIx(®), 1]

o + G(x(1)), u(ty), v(ty),t)) + nl(t)x(t)) = 0.

4
+ I‘T(fl)?"(t]))&l + tj( oG(x, u, v,

dt.

Ortcrona, uctons3ys rpanndHbie yeiaosus (13), momy-
qUM

VIx(t). 1] | OVIx(t), 1]
ot ox(t)

X(1)) + G(x(1)), u(ty), v(t)),11) = 0

WK B 00Jiee KOMITAKTHOU (hopme:

@ + G(x(t)), u(t)), v(t)),t;) =0,

YTO B UTOTE 1aCT
dJ.

dt,

=0. (16)

Tpebosanue (16) mpencrapnser coboil ycioBue TpaH-
CBEPCAILHOCTH B IPaHUYHOM Touke #,. [Tomaras ycioBue
(16) B TOUKe ¢ = {; BBIMOJIHEHHBIM, TTOJyYUM, UCXOJS W3
BbIpaXeHUs (15), BBINOJIHEHHBIM TaKXKe M COOTHOILICHUE

t
S . j1<<7-3G(x, w0 G u. v, 0
X

v |dt. (17)
Ou ov
B unTerpane (17) ans BToporo ciaraeMoro, ¢ yde-
ToM oOo3HaueHus (11), Beibepem mHOXkuTenw Jlarpanxa
M?) € R" Takum 00pa3zom, 4TOOBI BBIMOJIHSIIOCH PABEHCTBO:
oG(x, u, v, t)
— =0, (18)
ov
MIPUBOJIAIIEE K CHCTEME 71 ypaBHEHHUN Ditnepa mo v

oo (V(t)j v(s)ds, t)
+ uI()L+ MT(r) a’v‘)@ =0,

OF(x,u, v, )
ov(t)

rae I = 0v(¢)/0v(f) — enuHn4Hast MaTpHLa pa3MEpHOCTH 71.
CrenoBarenbHo, uHTerpai (17) Oyaer uMeTs BU:
4

SJ*:dJ*:J.

1y Ou

oG(x, u, v, 1)
———dudk. (19)

C nernbio obecreueHust HEOOXOAMMBIX YCIIOBUH CTalno-
HAapHOCTH (IKCTpeMyMa) KpUTEpHs KadecTsa J« oTpedyem,

4TOOBI B HTETpaje (19) BEIOMHAIOCH pAaBEHCTBO:
oG(x, u, v, t)
—=0 (20)
ou

Cucrema n ypaBHeHui Ditsiepa 1o u (20) MOXeT OBITH
3amMcaHa ¢ IoMolbo 00o3HadeHus (11) B BUe CHCTEMBI
YpaBHEHUI

OF(x, u, Vv, ) N
ou(t)

ox,u,0)
out)

) 0. 1)

CoBokynHocTs 37 ypaBHeHuii (13), (18), (20) Bmecte ¢
ypaBHeHUsIMH cBsizel (3), (4) mpeacTasisier co00i 3aMKHY -
TYIO CUCTEMY YPaBHEHMH JUIsl HAXOXKJICHUST BEKTOP-(PyHK-
i x(7), u(?), v(¢), p(f), Mf), odecrieunBaromnX perieHue
MCXO/IHOH YCIIOBHOH BapHaIlMOHHON 3a/1a4l ONTHMAIBHOTO
(cyOonTHMaIBHOTO) aJaTHBHOTO YIIPABIICHUS C TIOBIIK-
HOM rpaHuLiel Ha IPaBOM KOHIIE.

TTosyueHHbli pe3yabTraT BapualOHHOIO UCCIIEI0BAHUS
JUISl CUHTE3a YCJIOBHOM yNpaBisieMON BO3MYILEHHOHN JU-
HAMHMYECKON CHUCTEMBI, OTCIIEKHMBAIOLIEH /1 HE3aBUCUMBIX
CBsI3eii 3amMIIeM B BUJIE CIIEIYIOIICH TEOpeMBbl.

Teopema 2. Tpoiika Bekrop-dyHKIwmit (x(7), u(?), v(t)),
peanu3yromux 3kcTpeMyM (MuHUMYM) dyHkumonana (1)
NpH HAaJWYUK ycroBuit (3), (4) yAOBIETBOPSIET MPU COOT-
BETCTBYIOLIEM BbIOOpe MHOXKUTeNeH (1), A(1), k=1, n
ypaBHEHHsIM Diisiepa, COCTaBICHHBIM JUIsl (QYHKIOHAIIA
J« (7). YpaBuenus Ditnepa mis onpeneneHus GyHKIUN
x(?), u(t), v(¢), p(¢t) u A(¢) mmerot Bug ypaBHeHui (13),
(18), (20) ¢ ypaBHeHussmu cBsizeii (3), (4). Pemenue 3amaun
(2), (4), (14) nopsinka 3n, tne ynpasnerne u(f) € U C R”,
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ompenenseTcs ypaBHeHHEeM (21) 1 ocymiecTBIsSeTCs MpH
HaJIMYUK /1 HA4aJIbHbIX YCIOBHH X\ = X(7) Ha JICBOM KOHLIE
1 1 KpaeBbIX ycioBuii (13) Ha mpaBoM KoHIIE.

K CKa3aHHOMY ZIOGaBI/IM, YTO IJIs BBIIIOJIHCHUSI MUHH-
MyMa KpUTepHs KauecTBa, Koraa J — min,,¢pj, HE0OXOAUMO
tpeGoBanue: 82/ = 82/, > 0, V3 u(z) # 0.

MoneabHblii npuMep.
CuHTe3 cy0ONTUMAJIBLHOIO AIANITUBHOIO YIIPABJICHHS

B kayecTBe HarmsAgHOTO U IMPOCTOTO NMPUMEPA BO3b-
MeM 3a7a4dy ¢ OHOOCHBIM (TI0 ocu Ox) TIPAMOIHMHEHHBIM
JBIKEHHEM MaTepHalIbHOM TOYKH C M3BECTHON MOCTO-
STHHOM Maccoil m moj IeHCTBUEM YINPABIISIIOIIEH CUIIbI
(ynpaBnenus) u(f), NPUIOKEHHON K TOYKE, M HEM3BECT-
HOTO PaBHOMEpPHO OTPaHMYEHHOT0 BO3MYHIEHUs V(1):
SUPery. 1, IV < €y, €, > 0 — HekoTOpast MOCTOsIHHASL.

Jlomyctum, 4To 3TO IBUKEHUE OCYIIECTBIIAETCS B0
a0COJTIOTHO IVTaIKOH OMOPBI (TOBEPXHOCTH), KOT/Ia CHJIA TS~
JKECTH YPABHOBEILIEHA CUIION PEAKLIUK OMOPHI B OTCYTCTBUE
CHIIBI TPeHUA. B 5TOM ciayyae ABMKEHHE TOUYKH OMMIIEM
YPaBHEHHUEM:

mg(?) = u(®) + o), (22)

e g = q(t) — o0oOmeHHast (JlarpaH)keBa) KOOpAUHATA,
npe/icTaBistonas co0ol OTKIOHEHHE TOYKU OT HeHTpa O
CHCTeMbl KOOpAUHAT. J[BrxkeHue Touku (22) onpenensercs

y y _ mg(f)
BEJTMYUHON KMHETHIECKOU YHepruu 1(f) = T:
d oT(t)y d - ’;
———=—0() = F().
dt 0q(t) dtQ( ) (23)

VYpaBHenue (23) oTBe4aeT BTOPOMY 3aKOHY AMHAMHUKH
Herotona ms konmmdectsa newkenus O(f) = mq(t) u aei-
CTBYIOIIEH Ha TOYKY aKTUBHOM cytbl F () = u(t) + v(1).

ITpn 3TOoM npeamnonoxum, 4to V¢ € [, t;] n3MepeHuro
mojuteskat GpyHkwn ¢(f) u ¢(f), Ho He §(1).

TpebyeTcst onTMaTbHBIM 00pa30M MPH JAaHHBIX yC-
JOBHSIX c(POPMUPOBATH YIIPABISIEMOE TBUKCHUE MaTepH-
AIBHOM TOYKH, YTOOBI 00€CTIEYNTh MIHUMHU3AIINIO YHEP-
TeTHYECKOTo (hyHKIIMOHANA KauecTBa (IHEPreTUISCKUX U
MOIIIHOCTHBIX 3aTpart) Buaa (1):

!
J=x2(t;) + [ [x2(t) + x2(¢)]dt =
4 0
=x2(1) + [ (20 + g{u(), (O]}t — min,
uelU

24

7€ BBEIAECHBI 0003HAUEHHMs Il BEKTOPOB X, g € R? cKka-
JIIPHOTO yrpasieHus u(f) € R v CKaJipHOrO BO3MYILEHUS
v(t) € R; 1= 1/m = const, V(x, f) = x2(?):

x= (3), g=/+ (Tov> - <r(uq+ v))’ = <Tq“)

x2 = q2 + qz, g2 = 6'12 + TZ(M + V)Z’ g2 =2+ TZV(Zu + v)

OTHOCUTECJIBHO KOMIIOHCHTOB YPaBHCHUA ABUKCHUA, TIEPEC-
MMUCaHHOT'O0 B HOPMAJIbHOM BUEC

s = () =G 5= ()

®yukiws ynpasienus u(f) € U, U € C'[0; ;] — mHO-
JKECTBO HENpepsIBHO anddepeHnnpyeMsix 1o ¢ € [0; #]
¢byukuuii, C! — MHOXKeCTBO Bcex HenpepbiBHO audde-
peniupyemsIx 110 ¢ € [0; ¢;] pynkuuit. Bextop x5 = x(0)
3aJaeTcsl, @ BEIMUUHBI X(¢), {| ONPENENI0TCS U3 A0MO0JI-
HUTEBHBIX YCIOBUIL.

DyHKIIMOHAT KayecTBa (24) MOXKHO 3arucarh Tak:

1 10
J= X0+ [+ 52+ ), A = (0 2), (25)

rae A — TOJIOKHUTENBHO ONpe/ieieHHas MaTpuna. B BbI-
pakennu (25) moapHTerpanbHas Gynkuus F(x, u, v) > 0
Hpe/cTaBisieT co00H CyMMY MOJIOKHUTEIEHO ONPEIeNICHHOH
KBaJIPATHIHOM (HOPMBI X/ AX ¥ MONOKUTENEHON (QYHKIIHH
2(u + v)2.

Ilepeiinem Kk penieHU0 UCKOMOM yCIIOBHOM Bapualu-
OHHOM 3aJ1a4u.

[TycTh uMeeM ABa ypaBHEHHUS CBsI3€H 110 X U 10 V COOT-
BercTBeHHO: Y(1) =0 (3) u (1) =0 (4).

Torna BcrioMorareabHbId (YHKIIMOHAI C TTOMOIIBIO
coortHotreHu# (3), (4) 3anuiemM B BUJE:

]
Je =2 + {200 + @I, 10, v +
0
‘ (26)
EWTOW % 1)+ 200 (v I, 1),
0

rae p(f) = (1;(0), ()T € R2, Mt) € R — MHOKUTENU
Jlarpanxa. [IpouHTErpUpyeM Mo 4acTIM MHOXHUTEIH
Jlarpamxa B ¢pyHKkunonazne (26), moryqnm:

Jo = X2(1y) — WXy +

gl
+ [[x2(0) + g2(x, u, v) + pT(Og(x, w, )+ (27)
0 ‘

+ nT()x(f) + x(t)cp(v, gv(s)ds, t)]dt.

Beinumiem 1o n3BecTHON cxeme BapHaluio (GpyHKIHO-
Hasa (27) cornmacHo BeipaxeHuo (12):

8Jx = [2x(1)) — p(e]Tox(1) + [x2(t)) + g(t)) +
+ul(e)g(ty) + pl()x(t) + nl(8)x()]6t, +
gl
+ g (2x) + [1)dx; + (4, + py + )0+ (28)
+ (2712u + 212 + py1)du + (2T2u + 202y + it — A —

- u%:{v(s)ds)éiv] dt.

B Boipaskenuu (28) BeiOepeM MHOXKHUTENU (1), Hy(7)
TaK, YTOOBI BBIIOJIHINCH ypaBHeHUs Diliiepa (13) mo x; u
X, C TPAHUYHBIMH YCJIOBUSIMU Ha IIPABOM KOHIIE!

[y =—2xy, py(ty) = 2x4(1)),

[y = —py — 4xy, p(ty) = 2x5(1)).

Toraa, pu HAJTMYUU YTUX COOTHOIICHUI, BRIPAIKESHUE
U1t 0J+« (28) 3amuriieM B BHIE:
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0w = [x2(t)) + g2(t)) + nI(#)g(t)) +
+ uI(5)x(ty) + pl(e)k(4)]0t, +
+ fl [(2’[21,{ + 272y + py1)du +

0

t

0
+ (212u + 202y + T — A — (xa—fv(s)ds)Sv]dt,
V0

e
2] ORI
s = W) d(iny)

di

[Ipennonoxxum, 4To yCIOBHE TPAHCBEPCATBHOCTH BbI-
TIOJTHEHO, B pe3yJbTare MOJydlM ypaBHEHHUE /sl BBIOOpa
MOMEHTA BPEMEHU 1:

x2(t)) + g2(t)) + nl(t)g(t)) + nl(t)x(t)) + nl(t)x(t)) = 0,

e X2 = x? + X2, g2 = xpr o+ Tz(u +v)2, uIg = px, +
T ), BIX =[x Xy, pTX = ) + o,
Torga nomyuum:
4

5. = | [(thu 220+ pyT)du +
0 5
+ (21:2u + 202y + Wyt — A — aa—fv(s)ds)Sv]dt.
VO

B sTOoM uHTETrpane BeiOepeM MHOKHUTENb A(f) TaK, 4TO-
OBl BTOpasi CKOOKa B TOJBIHTETPAIbHOM BBIPaKCHHUH Obliia
paBHa HYJIIO, T. €.

a t
A =212(u + v) + [yt — o—[v(s)ds.
ovo

Tem cambIM, U3 CTAMOHAPHOCTH (YHKIIMOHANIA Ka-
yecTBa Jx MONyInM GOpMyITy Ui 3adaHNS aJTalTHBHOTO
OINITUMAJILHOTO YIIPABIEHUS U (f):

u(t) = ug(f) = — +v(0)|. (29)

OTMeTHM, YTO 3aBUCUMOCTD u((?) (29), Ha3pIBaeMas
«UJCATBHOM», BKIIIOYACT B c€0s1 HEU3BECTHYIO (DYHKIIHIO
BHEIITHETO BO3MYILEHHUs V(f), OTKY/Ia CIEAYET, 4To Gopmy-
7011 (29) HanpsIMyI0 BOCIIONIB30BATHCSI HEBO3MOXKHO.

Dopmyny mns ug(t) (29) MOXKHO IPUMEHUTD JUIs TIe-
pexoza K CyOONTHMaJILHOMY a/lallTUBHOMY YIIPABJICHUIO
COIVIACHO CIIEAYIONIEH 3aBHCUMOCTH:

lvlz( )

o) ===~ T W), (30)

rie ¥(¢) — oneHka v(f), yIoBIETBOPSIIONIAs BHIXOAY alro-
pUTMa napameTpudeckoii Hactpoiiku (4)—(9).

Ipu Taxoii 3amene (u((¢) Ha tiy(f)) OUEBUIHO, UCXOIHBII
¢dynkmonan xadecrsa J (24) Oyaer npuHUMATh IpyTrHe,
Gosnbime 3HaueHHst. OOpaTHMCs B 3TOH CBSI3H K M3BECTHO-
My onpezeneHuto [7], o xoropomy ynpasieHnue i(t) € U
ipu HeKoTopoM uucie p € [0; 1] Ha3pIBaeTcs cyOONTHMATB-
HBIM C YPOBHEM CyOONTHMAILHOCTHU p ISl (PyHKIHMOHAIA
KauecTsa J, €CIIM BBIIIOIIHEHO HEPABEHCTBO:

mln'] ‘]]u =up —
uelU

2 Pz €2))

rae uy(x, v, f) — ONTUMaIbHOE, a iy(x, V, f) — cybonTu-
MaJlbHOE yIpaBJICHUsL.

B coorBerctBuu ¢ kpurepuem (31) uncio p oneHuBaeT
0an30CTh BEMYUHBL J|; () K HAUMEHBLIEMY 3HAYCHHIO
tdyakunonana J (24). IpubnrmkeHne p K SIHHAIE CBUJIC-
TEJBCTBYET O NPHOIMKCHUN BEIMYHHEL J]; ) K MEHHMAJIb-
HO Bo3MokHOMY. [Ipu p = | cybonTumansHOE yIIpaBIeHNE

to() cTaHOBUTCS OMTUMANBHBIM: Jl; () = minJ. [locnennee

uelU
ycaoBue TpebyeT OONbIIOro BpEMEHH afanTalny Wi,

JpYTHMH CIOBAaMHU, BPEMEHH HIYMOBOH (TlapameTpuue-
CKOM) MACHTU(HUKAIINKA 00beKTa yrpaBieHus: (f) — w(f)
npu ¢t — oo.

3aMeTuM, 4YTO CMEHA ONTHUMAJBHOTO pexnMa (GyHK-
IIMOHMPOBAHMS CHCTEMbI Ha CyOONTUMAJIBbHBINH OyJeT co-
MIPOBOXKAATHCS YXyAILIEHHEM KauecTBa IoKas3areiel Xxa-
pakTepucTHK paboThl cucTeMbl. Kpome Toro, pemenne
331291 CyOONTUMAIIBHOTO YIIPABJICHHUS CONPSKEHO C TAaKOH
CepbhEe3HOH TPYAHOCTHIO, KaK TPEOOBAHWEM M3MEPEHHUS
TONBKO (hazoBoro Bekropa X(¢), ¢ € [0; ¢;] n oTcyTcTBHEM
WHPOPMAIHX 0 BEKTOPE CKOpOCTH X(?). s pemeHns 3Toi
poOIEMbI BHIIOJIHUM CIIEYIOIIEe: B aITOPUTME aJlanTa-
iy (4)

t

[5(6) — v(0)] + a( 115() - v(s)]ds) +B=0

BMECTO V(f) TIOICTaBUM IPUOJIMIKEHHOE 3HAYCHHE V1),
MOJIB3YSCH alPOKCUMAIMEH YpaBHEHUS IBIKEHUS (2):
x(1) — X1 — &)

oy~ TR i () + v,
&

re vilt) = x(f) — xo(t — €)

MeTp. &t

[Tpu paccmorpennn cuctemsl U PepeHIInaTbHBIX
YpaBHEHHH JUTS ONpe/IeNICHNsT TepeMEHHbIX X(¢) 1 p(f) npu
3azaHHbIX X(0) ¥ X(#1) nocie NoACcTaHOBKYU B HUX 7 (f) (30):

x,(1)

(0 _
(5) [ 0 0w )
@\ _ =2x(1)
(ﬁu(t)) (—ul(t) - 4x2(t))’
6o ¢ yueroMm cooTHomeHHH (4)—(9)

(@) =0 - () =

— 1y(t), € > 0 — manblit mapa-

[7(0) = v(0)]e~,

monarasi, yto BenumanHa v(0) H3BECTHA, ITOTYyIUM:
. %)
)= s
X, ; + 1fe

(1))
Ho Myt 4x,

Jlas moucka OOIIEro pEIICHHS BBEAEM BEKTOP
Z = (x|, Xy, Uy, )7 OTHOCHTENBHO IMHEITHOW HEOTHOPOI-

HOU cuctembl quddepeHInanbHbIX ypaBHeHUN 1-r0 1o-
psiliKa C IOCTOSIHHOM MaTpHLel KO3 QHUIIMEHTOB CUCTEMBI:
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3agaya aganTMBHOIO cybonTUMasnbHOMO yrpaBieHns 1 ee BapnauyoHHOE peLleHne

() = Bz(t) + w(0), (32)
01 0 0 0
[0 o o0-12 | —ape
B- 0=
200 0 VO o /)
0 -4 -1 0 0
Z(t)=z,i= 1, 4.

OOmiee pemeHne HEOTHOPONHOU cucTeMbl Z(f) (32)
MPECTABISICT CO00M cyMMy o0Iero pemieHus Z(¢) omHo-
pomHoii cucteMmsl Z(¢) = Bz(f) u kakoro-116o 4acTHOTO pe-
nreHus z(¢) HeomHopoaHoit cuctemsr (32): z(¢) = Z(1) + z().

O6iee pemieHue Z(¢) MoxHO ompenenuts [15, 16] ¢
MOMOIIBIO (PYHAAMEHTATBHOI CHCTEMBI PEIICHUIL:

C,+Cyt
Ci+Cy+ Cyt
2(C,—-C - Cy)
2Q2C,+C+Cy)

C4 - C3 - C4t e,t
2C,+C3+Cq) |7
2(2C,—C5—Cyt)

() =

el +

e Cy, C,, C5, C4 — Npou3BOJILHbIE IOCTOSHHBIE, @ YUCIIA
A ==£1 KpaTHbIE IBYM SIBIISIOTCSI COOCTBEHHBIMH YHCIIAMH
xapakrepuctuieckoro ypasuenust A = det(B —AI) =0 ¢
enuHu4HON Marpuuel I pazmeproctu 4 x 4.

Y10 e KacaeTcsi 4aCTHOTO peieHust z(f), To ero cie-
JIyeT 3a/1aBaTh B M3BECTHOM BHJIC C HEOINPEICICHHBIMHU
KOO PUIHCHTAMH ;2

Yt T Y12
Y212 V20
Y31t Y30
Yarl T Yao

Y, = const, i=1,_4,j= 1, 2.

Z(t) =

efut’

[Tockonbky kod(pduIHeHT —Tf npu e % — MHOTOY-
JIEH HYJIEBOW CTENeHH (YKMCII0), a YUCIIO0 —0 B IIOKa3arelie
CTETICHH Y SKCIIOHEHTHI ¢ % He SBIISETCS KOPHEM Xapak-
TepucTHueckoro ypasHenus A = 0. MHorounex npu e %
JIOJDKEH UMETh CTEIeHb Ha €AMHUILY OoJbIlle, YeM MHO-
TOWICH HyJeBO# creneHu. [loacTaBisis BeipakeHue z(¢) ¢
HEOIPE/ICICHHBIMH KOO HIMCHTaMH V;; B cHCTeMy (32):

. 22 0
Zq Z4
2= 2|+ g e, 6 =—1f,
z
3 -2z, 0
Z
4 422723

MOJTyYMM TOCJIE COKPAIIEHHUs ClIeBa U CIpaBa Ha e %/:

Vi — oy +v12)
Ya1 — (Y212 + ¥22)
Y31 — Y312+ ¥32)
Ya1 — Y418 + V42)
Y21t t V2
_Yal Yo
= 2 2 +
=2y11t =271,
—Avat =4y — Y31~ V30

S o q o

[TpupaBHuBas ganee KodPPUIUEHTHI ClieBa U CIpaBa
IIPY ¢ U CBOOOJIHBIX YIEHAX, MMOJYyYUM aiIre0OpandecKyro
JIMHEHHYI0 HEOAHOPOIHYIO CHCTEMY YPaBHEHHUII 110 Yy,
pemrast KOTOpyIo HalaeM:

(24 + 1002 — 3a4) =
Y1 =K a?—-30%) k= ;
H (@2 + 6)(20* — 502 + 8)

k(0f + 8a% + 16)
Y=, 7y = ka(3a* — 1002 — 24);
k(o? —2)(4 - 3(12)_

a b
Y32 = 2K(0t + 8), v4; = 2x0u(2 — 02)(a2 + 6), 74, = 0.

Y22 = k(202 — 304 — a6 + 8), y3; =

Omnpenenum cyOdKeTpeMalb IpH iy (1):

x(1) = X(¢) + x(1),
(x(0) _ C,+Cht
X(0) = (xi(t)) B <C1 i C, +2C2t)et *

G+ Cyt ) ~ (Y11I+Y12>
+ el+ e,
(C4—C3—C4’ Y21l +v22

Taxum 06pa3zoM, YTOOBI HAMTH MMOCTOSTHHBIC MHTETPH-
poBanus C;, C,, C3, C4 1 KOHEUHBIIf MOMEHT BPEMEHH ¢,
HAaJI0 3aJaTh YeThIPEe IPAHMYHBIX YCIOBUS C BBIOPAHHBIMU
3HaYeHUAMH &y, Mg, &1, Nyt

(O = () G = (1)

W yClIoBUE TpaHcBepcanbHOCTH (17) U1 HAX0XKICHHST MO-
MEHTa BPEMEHU 1:

VXL, VXL, 3+ GEx(ey), utty), wity), 1] = O,
on ox(t)
e Vx(1)]
VIx(t)] = x2(ty), —81 =0,
M
% = (2x4(11), 2x,5(1y)),

2
N K
GIx1p). ooy, e 1) =[x+ 262+ B+
+ [32872(1” = 7()612 + 3x22)|t=t1 + B2¢2at1'
BaxHo, uto

Gy, = X2(ty) + g2(t)) + T (t))g(t) + pTtX(4) =

=x12 +x0% +xp% + (it (1) + V)2 + gy + (dg(?) +v) +
: =2 2P )
X Xy =% 207 T Ty ) b
M2 . .
+ llzT(z +J’> T X HpX
T
Ipu ¢ = £, TAL

Ry ==2x1, fy = —jy — 4,
mpu ¢ = ty; () = 2xy(¢y), mo(t)) = 2x5(1),

IpU4eM

Wty) =W(t,) —v(t)) = —Pe1, B =-1(0).
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A xl(t)’ p'l(t)’ M

b
A x(0), walo),
157 b
10 —
///
5k i
L () .7
0 oo e >
4, C
x2(f)
5L b
0 1 2

-8 L ! !

oY

Pucynox. T'paduku u3meHenuit 3Hauenuii: x;(¢) u w, (1) (a); x5(¢) n py(?) (b); u(?) (c)

Figure. Graphs of changes in values: x;(¢) and p,(?) (a); x,(¢) and p,(?) (b); u(?) (c)

CJ'IC,Z[OBaTCJIBHO, YCJIOBUC TPAHCBEPCAJIBHOCTHU HpI/IO6-
peTacT BUA:

20, (1% (1) + 2505(1 Vo (t) = X1 2(11) + 3x,2(t;) — BRe 20,
1100
EH(C+ G+ Gytpelt +(Cy = C3 = Cyty)eht +
[y (1 —at) —aypple i} +n {(Cp +2C, + Cyty)elt +
T (C3=2C4 + Cytp)e i + [yg (1 —at)) — aypple i} =

&2 + 3..,]]2 _ Bze—Zutl
) .

Paccmorpum uncnoBoil mpumep il CAEAYIOLUX Ia-
paMeTpoB M HavalbHBIX ycnoBuil: m =1, §g =4, §; = 0,5,
No=0,m;=-4,5,p =1, a=0,1 Obun BEIYUCIICHBI 3HaYE-
HusA 1) = 2,72, 1,(0) = 10,83, p,(0) = 4,78, J = 1140,5.

Ha pucyHke npesicTaBieHsl pe3ylbTraTbl MOJICIIUPOBa-
Hus B makete MATLAB Simulink.

Ha pucynxe, a, b BUIHO, 4TO 3a BpeMs ¢ peryliupyeMble
TiepeMeHHBIE X () U X,(f) IPUXOIST OT 33IlaHHBIX HauaJlb-

HBIX 3HAUeHUM &) U 1 K 3alaHHBIM KOHEUHBIM 3HAYEHUAM
&; 1 1. COOTBETCTBYIONINI ATUM IIEPEMEHHBIM Tpaduk
CUTHAJA yTpaBleHH u(f) n300pakeH Ha PUCYHKE, C.

3akJ/ioueHnne

B pabote BbINONHEH JeTaNbHBIN aHAIN3 HOBBIX THITOB
ONTHUMANIBHBIX (CyOONTUMAIIBHBIX) HEJIMHEHHBIX YIIPaBIIsi-
€MBIX IMHAMUYECKUX CUCTEM B YCIIOBUSIX AEHCTBUS HA HUX
JIETEPMHHUPOBAHHBIX (HE HAZEICHHBIX CTATHCTHYECKIMHU
CBOMCTBaMM) PAaBHOMEPHO OIPaHUYCHHBIX BHEITHUX HEHU3-
BECTHBIX BO3MYILEHUHU. [Ipu 3TOM POMEKYTOK BPEMEHU
aJJaTUBHOTO OLICHUBAHUS U ONTHUMHU3ALMH 3apaHee He
3a/1aH.

PesynpraroM mpencTaBIeHHOIO BapUALMOHHOIO HUC-
CJICAOBAHUA ABIIACTCA HOHy‘{CHHLIﬁ 3aMKHyTI)II71 CHHTC3
aJIaNTHBHON CYyOONITUMAJIbHOM allrTOPUTMHUYECKOM CXEMBI.
brnarogapst cuHTe3y rapaHTUpyeTCsi JOCTHKEHHE CyOOITH-
MaJIbHOTO pexnMa (PyHKIIMOHMPOBAHUS HCXOJHON yIpaB-
JIeMON CHUCTEMBI C JOCTATOYHBIM YPOBHEM ONTHUMAJIb-
HOCTH.
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AHHOTALUA

Beenenne. Paccmorpena fuHamMudeckasi CHCTEMa, Iie (paKTHdecKoe BO3/ICHCTBHE MPEICTaBIIET COO0H IIPOM3BEICHNE
MIPUKJIA/IBIBAEMOTr0 YIIPABIICHHS Ha BBIXOIHYIO NIEPEMEHHYIO JTHMHEHHOH TMHAMUYECKOW CHCTEMBI, IBIDKIMOW TeM XKe
NIPUKJIaIbIBACMBIM yripaBiaeHreM. Meton. CylHocTh IpeiaraeMoro MeToja COCTOUT B TMHAMUYECKON JIMHeapU3aLin
HEJIMHEHHOro oIepaTopa Mo YIpPaBJICHHIO, T03BOJISIONas COPMUPOBATH YIPABISIOLIEe BO3ACHCTBHE TAK, YTOObI
(axTHueCcKOe BO3/IEHCTBHE HA CHCTEMY COOTBETCTBOBAJIO JKEJIaeMOMY. B yacTHOM cityuae 3TOT MOJIXO/ COOTBETCTBYET
BEKTOPHOMY (TI0JIe-OPHEHTHPOBAHHOMY) ympaBieHH0. OCHOBHBIE pe3yabTaThl. [lokazaHo, 4To AMHAMHUYECKAs
IUHeapu3alus Ha OCHOBE METO/a BHYTPEHHEH MOJENH TO3BONAET JIeKOMIO3HPOBATh HETHHEHHYIO CHCTEMY Ha
Kackaj AByX moacucteM. [IpemnoxeHHbIH peryasaTop COCTOUT U3 IBYX MOCIEA0BATEIbHO COSANHEHHBIX OIOKOB, IIe
NIePBBIH OJIOK peIaeT 3aady pPerylIupoBaHuUs ¢ IOMOIIbI0 Habmronaresst Jiroenbeprepa, a BTopoii 010K KOMIEHCHPYET
HEJIMHEWHBIN quHaMHYecKui oneparop. st nemoHcTpanny 3pQeKTHBHOCTH MPEI0KEHHOT0 OAX0/a IIPUBEICH
MIPUMep YUCIICHHOTO MOJICIIMPOBAHMS HEUTPAIBEHO YCTOHYMBOTrO 0OBEKTa M aIAIITHBHOTO 3aKOHA YIIPABJICHHUS 10 BBIXOY.
Obcyxnenne. Ha npakTtuke 3TOT METOJ] MOXKET OBITh BOCTPEOOBaH B 33/1a4ax yIIPaBICHUsS ABUTATEIISIMU IEPEMEHHOTO
TOKa U MHOTO3BEHHBIMH POOOTAMH-MaHUITYIISITOPAMH.

KiioueBble cjioBa
yHpaBJIeHHE 110 BBIXOY, HEIMHEHHbIE CUCTEMBI, INHAMUYECKas TIMHEeApU3alis, OLICHUBAHHUE TaPAMETPOB.
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A.A. MbipkuH, M.LL. Ta, K.K. HryeH, A.K. lony6es

Abstract

A dynamic system is considered where the regulating impact is the product of the control signal on the output variable
of a linear dynamic system driven by the same applied control. The essence of the proposed method consists in the
dynamic linearization of a nonlinear control operator, which makes it possible to guarantee a desired regulating impact.
In a particular case, this approach corresponds to vector (field-oriented) control. It is shown that dynamic linearization
based on the internal model method makes it possible to decompose a nonlinear system into a cascade of two subsystems.
The proposed regulator consists of two blocks connected in series where the first block solves the problem of regulation
with the Luenberger observer, and the second block compensates for a nonlinear dynamic operator. To demonstrate the
effectiveness of the proposed approach, an example of numerical modeling of a neutrally stable plant with an output
adaptive control is given. In practice, this method may be in demand in the tasks of controlling induction and synchronous
motors and multi-link robotic manipulators.
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output control, nonlinear systems, dynamic linearization, parameter estimation
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BBenenune

B coBpeMeHHOl Teopun yIpaBiaeHus JaBHO CTAJIO IIpa-
BIJIOM (DOPMYIHPOBATH 331841 YIPABICHUS «I10 BBIXOLY»,
YTO O3HAYaeT HAJIMYNE HH(OPMAIIH TOIBKO O Perynupye-
MOl nepeMeHHOU. JInHaMu4YecKast MOJIENb, CBA3bIBAIOILAs
BXOJTHOE BO3JCHCTBHE M BBIXOIHYIO IEPEMECHHYIO, MOKET
HUMETb JIOCTATOYHO CIOKHBIH BUJ. C pa3BUTHEM TEOPETH-
YECKHUX METOJIOB TaKHUe MOJAEIH BCE BPEMs yTOUHSIOTCS,
ornuchIBast HaOmonaeMbie 3(P(EKTHl B MPaKTHUECKUX TPH-
noxeHusix. Ha cerogHsmHuil 1eHb NU3BECTHBI PELICHUS
BEChbMa CIIOXKHBIX 33J1a4, TJIe MPEAToaraeTcs mapamMmeTpu-
YyecKasi HeONpeAeIeHHOCTh Mozenu [1-3], HecTanoHap-
HBII XapakTep mapameTpoB [4—6], Hanu4re HeTHHEHHBIX
OTIepaTopOB, BOMYIIEHHS U 3ama3asiBanue [7—10].

B nacTosmieit pabote paccMaTpuBaeTcs Kiace CHCTEM,
IJie yIpaBJIeHHE BO3AEHCTBYET Ha OOBEKT Uepe3 Heu-
HeWHbI quHamuueckui oneparop. Ha npakrtuke takue
3a/1a4yll BCTPEUAIOTCS B AEKTPONPUBOAEC, POOOTOTEXHUKE,
THIPOAMHAMUKE, a9POJUHAMUKE, U B Ka)KJIOM OTIEIbHOM
MIPUIIOKEHUH U3BECTHBI HEKOTOPbIE YacTHBIE oaxoas! [11].
CuHTe3 perynsaropa B 00IIeM BUJIE SBISIETCS HETPUBUAIb-
HOH 3aja4eil, 0COOEHHO B KJIacce PEeryIsiTOPOB IO BEIXOTY.

PaccmarpuBaercst TuHaMHYecKasi cucTeMa, rie (paKTu-
YecKoe BO3AEHCTBHE MPEICTABISET cOOOH MPOU3BEICHNE
TIPUKIIABIBAEMOT0 Ha BBIXOAHYIO TIEPEMEHHYIO0 JINHEHHOM
JMHAMHYECKOM CHCTEMBI, IBH)KUMOHN TEM K€ MPUKIIAIbI-
BacMbIM YIpaBJICHUEM. B yacTHOM cilyyae Tak BBITJISIAUT
JIEKTPOMArHUTHBIH MOMEHT B JIBUTAaTENsAX NEPEMEHHOIO
Toka [ 12]. Hanpumep, maHHBII OAXOI COOTBETCTBYET BEK-
TOpHOMY (T10JIe-OpUEHTUPOBAHHOMY) yTpasieHuto [13].
B nacrosmielt pabote npeAnpuHsATa MObITKa 0000IICHHUS
M3BECTHBIX PE3yJbTaTOB Ha OoJiee OOIIYIO TTOCTAHOBKY
3a1aun. Pa3MepHOCTb U OTHOCUTENbHAS CTENIEHb TUHAMMU-
YECKOro OIeparopa MoryT ObITh TPOM3BOJILHBIMH, HaUaJIb-
HBIC YCIIOBHS OTIepaTopa He U3BECTHBI, H3MEPSIETCSI TOIIBKO
BBIXOJIHASI peTynupyemMas epeMeHHasI.

ITocTanoBka 3agaun

PaccMoTpruM 00OBEKT yIIpaBIEHHS C OHUM YTIPABIISAIO-
MM BXOJIOM U 1 OTHUM PETyIHPYEMBIM BBIXOJIOM Y

yO(0) = 0L, wyu (). M

[Mepemennas 0(¢, u) = 0(), koTOpast MOXKET UHTEPIIPETHU-
POBATHCS KaK MEPEMEHHBII MapaMeTp, SBISIETCS BBIXOIOM
JMHAMUAYECKOM CUCTEMBI

0() = hT&(0), &) = &) + Gu(), 2

C TEM e YIPaBISIONIMM BXOJIOM U, BEKTOPOM TIepEMEH-
HbIX cocTosinus & € R”, uzBectueimu matpunamu h, I,
G COOTBETCTBYIOUIMX Pa3MEPHOCTEH M HEU3BECTHBIMHU
HavaibHBIMU yenoBusimu &(0).

[To u3mMepeHusM BBIXOIHOH mepeMeHoi y(f) TpedyeTcs
CHHTE3HMPOBATh 3aKOH yIpaBIICHUS (), 00eCIIeUNBArOIINI
BBITIOJTHEHHE 1I€IEBOTO YCIOBUS

tlij)lo(y(t) -y*() =0, ©)

JUTSL HEKOTOPOTO 3aIaF0IIEer0 BO3ICHCTBUS )*(¢), ONMChIBA-
€MOro TreHepaTopoM

YE() = WATER(1), E5(1) = T*E(1),

C M3BECTHBIMH MapaMeTPpaMy W HadalbHBIMU YCIOBUSMHU
&*(0) € R

Jonymenue 1. Tpoitka marpun (h, I', G) asngercs
MOJTHOCTHIO YIPABISIEMOH 1 HAOIIOMAeMOH.

Homymenne 2. Marpunia I' He umeeT COOCTBEHHBIX M-
CeJI C TIOJIOKUTEJIFHOMN BEIIECTBEHHON YacThIO U COOCTBEH-
HBIX YHCEJ Ha MHUMOM OCH KpaTHOCTHU 60.]'[])1]16 CAUHUIIBI.

Homymenne 3. Marpunsl I' u I'* He umeroT 001mux
COOCTBEHHBIX YHCE]T HAa MHUMOW OCH KOMILICKCHOH ILI0-
CKOCTH.
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YnpasneHue no Bbixoay A5 Kinacca HeJIMHENHbIX CUCTEM Ha OCHOBE ANHAMUYECKOW InHeapusaumm

Cunre3 JIMHEAPU3YIOLIEro 3aKOHa ylnpaBJ/ieHUus

Ha nepBom 1miare 101yCTHUM, YTO H3MEPEHHIO JIOCTYITHEI
niepemMeHHble coctosust (7). Jlanee npexcraBum 0a30BbIi
3aKOH yIpaBJieHHs, 00eCICUNBAIOIINI TOYHYIO JTHHEAPHU-
3armro moxaenu (1).

Jlemma. 3akoH yIpaBieHus BHIa

u(t) =hTg (0 + K| TE, 4)

840 = [(T + GK ) + GhT(0)] 0. )

(1) = (hTE)2(x(t) «(hTEHN(K, TEy)), (6)

rae Bektop K, BeIOMpaeTcst U3 yCIOBUS I'YPBHUIIEBOCTH
marpunsl I' + GK; T; Hagansasie yenosus §4(0) € R” rene-

patopa (5) Berouparorcs u3 ycnoust h'E (7) # 0; v(¢) — mu-
Heapu3yIoliee BO3IeHCTBIE, MPUBOINUT cucTeMy (1) K BUIY

Y00 = (1) + &(0), ()

C HOBBIM YIPAaBIISIOIIUM BO3JEHCTBHEM T(f) U HKCIIOHEH-
[HATEHO 3aTYXAOIIHM WICHOM £(1).

JlokazarenbeTBo JIeMMbL. PaccMOTpUM BEKTOD HEBsI3-
ku § = § — &, 1711 IpOU3BOJHON KOTOPOro HOIY4UM

E(t) = &(t) — £1) = TE(D) + G[TEM(D) + K, TE] -
—[GhTv(?) + (T + GK, T)]&/) = (I + GK, ().

Bri6op BexTopa K U3 ycnoBus rypBULIEBOCTH MaTpu-
usl I' + GK, T rapantupyer 5KCOHEHIMATBHYIO CXO/IH-
MOCTb K HYIIIO BCEX JIEMEHTOB BEKTOpa &.

[Toncrasmnss (4) u (6) B mpaByto yacTh (1), momy4unm

O(@u() = (hTE@O)(hTEM(@) + K, TE) =

= (hTEL0) + hTED)(hv(D) + K))TELD) + K TE (1) =
= (hTEL0)2(0) + (WTEL)K, TELD) + e(t) = 1(2) + &(t),

C DKCIIOHCHIMAJIBHO 3aTyXaroIei (QyHKIelH BpeMeHu &(7):

e(t) = (hTELD)(K, TE()) + (WTE@))(hv(?) + K )TEL0) +
+ K, TE() = ADK, TE (6) + (WTE@)ADW(?) + K TEL) +
+ K TE(0) = ET(Oh(AV() + K TEL) +AE (1)),

rie A(t) = hTE(1); &(1) = ADK; T8 () + (hTEO)K, T8 (1) —
9KCMOHEHIINATBHO 3aTYXAFOIIUH YJICH. [

3akoH ynpaBieHus T(f) MOXKET ObITh CHHTE3UPOBaH Ha
ocHOBe MojienH (7), KOTOPBIH pacCMOTPEH B CJIETYOIEM
paszere.

CuHte3 cTadNIU3NPYIONIEro YIpPaBJIeHHs

Mopenb 00bekTa yrpasienus (1) ¢ 3akoHOM yrpasiie-
Hust (4)—(6) cOOTBETCTBYET BhIpayKeHUIO (7) M MOKET OBITh
MIPE/ICTaBIICHA B BU/IE

x(f) = Ax(¢) + Bt(¢) + Be(¢), y(t) = CTx(1), ®)

I7Ie BEKTOP MEPEMEHHBIX COCTOSHHSI COOTBETCTBYET MPO-
M3BOJIHBIM BBIXOIHOM mepemMeHHOo# X(f) = col(y(?), y(¢),

I

..., &) € RE, A =
YD) 0 o

,B=1:[,C=|"]
1 0
Herpynno yoeautses, uto Tpolika marputl (A, B, C) sBis-
eTcsl TIOJTHOCTBIO YIPaBIIsieMOH 1 HaOJIIoIaeMoH, ciieioBa-
TENBHO, cymiecTByoT BekTopa K, n L Takue, uto Marpuiist
(A +BK,T) u (A + LCT) rypBHLEBBI, IPUYEM C JIFOOBIM
3aJJaHHBIM aHCaMOJIEeM COOCTBEHHBIX YHCEIL.
YTBep:kaeHne. 3aK0H yrpaBiIeHUs BUAA

D) =Ky TR = x*(0) + R TINE@),  (9)
X() = AR() + Bu(d) + L(CTR(D) — (1)), (10)

h*T
e x*(¢) = &*(f), obecrieunBacT BHITOTHEHUE
h*T(*)k-1
1eneBoro ycaoBwust (3).
Jloka3aTejibCTBO yTBep:KIeHUs1. PaccMOTpUM Bek-
TOpbI HEBA3KH (1) = X(1) — X(7), e,(1) = x(¢) — x*(¢) u ux
MIPOU3BOHBIC

¢, =(A+LCT)e; + Be(),
&, = Ax(?) + BK, T(x(?) — e;(t) — x*(¢)) + Be(r) +
+ Bh*T(F*)ké*(t) _ X*(t) =
= A(ey(1) + x*(1) + BK; ey (1) - BKyTey (1) + Be(h) +
+ Bh*T(F*)ké*(t) _ X*(t) =
= (A + BKzT)ez — BKzTel(t) + BS([),
I[JIe YYTCHO COOTHOUICHUE
X5() = Ax*() + BR*T(I*)Re* (1),
KOTOPOE JIETKO MOYKHO ITPOBEPUTH TU(PEpeHIIMPOBAHNEM

BekTopa X*(f).
Mogens 3aMKHYTO# cucTemsl (8) ¢ perymsitopom (9),

(10) umeer Bup
&0 = (T + GK, &),

€ €
é €

&(t) = ET(Oh(AV() + K TE(D) + A1),  (12)
&0 = [(T + GK;T) + GhTv()]g (), (13)

A+LCT 0
-BK,T A+BK,T

B
B

= +

e(®), (11)

W(1) = A2(KyT(ey — e)) + h*¥T(T)RE¥(1) — AK, TE).
U3 mociieHero BoIpaKeHUs 3aIUIIEM COOTHOIICHUE
Av(t) + K T8, = A1(K,T(e; — €)) + h*T(I*)RE* (1))

u nogictaBum ero B (12) u (13):
e(f) = ET(HA1(hK, (e, — €;) +
+ RRFTORRER () + AED), (14)
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EAD =TE (1) + GAT (KyT(ey — e)) + h¥T(TM)RE*(0). (15)

Jlig mokasarenbeTBa CXOANMOCTH K HYIIO BEKTOPOB
€; U e, BOCHOJIb3yeMCsl apryMEHTaMHU TEOPEMBI O MaJIOM
koo Punmente (small gain theorem [1]), conocrapnss
(11) u (14). ITepemennas §(7) 3aTyXaeT K HYJIIO KCIIOHEH-
[MAaJBHO, B TO BpeMmst kak dyHkimst A-ThK,T orpannyeHa.
CreioBaTeNbHO, B CUITY TPEYTOIILHOM CTPYKTYPbI OJI0YHOM
MaTpHullbl cocTosHUS Monenu (11) u rypBuneBocTu ee au-
aroHaJIbHBIX OJIOYHBIX DJIEMEHTOB CIIEIYET CXOJMMOCTh K
HYJIIO BEKTOPOB €| U €, , OTPaHUYEHHOCTh IIEPEMEHHOMN
v(?), a TakKe BBITIOTHEHUE 1ieneBoro yciosus (3). U3 (15)
MOXHO [10Ka3aTh OrPaHUYEHHOCTh NepeMeHHOl & (7) B
CHIITY TIPUHATHIX JOMYIICHNH 0 cBoiicTBax Marpum I' u I'*.
OpHako ocTaeTcs HEOOXOAMMOCTH KOHTPOJIUPOBATH BHI-
noHeHne ycaoBus A(f) # 0 COOTBETCTBYIOIINM BBEIOOPOM

£(0). m

CuHTe3 3aK0HA YHunpaBJ/iecHHUA 110 BBIXOY

3ametnm, uto eciau Marpuna I’ rypBunesa, To, IpuUHSB
K, =0, perymsarop (4)6), (9), (10) pemraer nocraBieHHyIO
3amaqy 0e3 MCIoIp30BaHUsA BeKkTopa &(7), T. €. 10 BBIXOLY.
Ecnu matpuna I' conep>kUT KOpHU Ha MHUMOW OCH, TO He-
00X0IMMO JIONOJHUTEIBHO CHHTE3UPOBATh HAOII0ATENb
nepeMmeHHbIX §(7). st 9TOro BOCmonmb3yeMcsi METOI0M
GPEBO [5] s napaMeTpu3anuy Moeian 00beKTa.

Paccmorpum ¢uibTpsl BuIa

61(0) = T6,(t) + Gu(t), 6,(t) = To5(1), 6,(0) = ;.
JI1st HEeBSI3KHU E(t) = &(¢) — 04(f) nMeeM COOTHOILIEHNUS

é = Fé(t) u E(t) = qz(t)E(O). Torma moacTaBIIsAst BRIpOKEHUE
(1) = (1) + 6,()&(0) B (1), momyumm

y0() = u(t)hT(0,(2) + 0,(1)E(0)). (16)

Hcnonb3ys nn{;leﬁﬁmﬁ CTallMOHAPHBIN (QUIBTP BHIA
1

o+ a)"’ e p = E — omneparop audhepeHIIUPOBaAHNUS,

o > 0 — HacTpOeUHbIil mapameTp, U MacIITaOUPY IO
koa(duipeHT |, noayunm Ha ocHose (16) nauHelHOe pe-
IPECCHOHHOE COOTHOLIECHHE

z(t, 0) = @7(z, o)n, (17

IJIe BEKTOP HEM3BECTHBIX MAapaMeTPOB 1] = E(O), U BBIYHC-
JTUMBIE QYHKITHH
k
P 1
(0] -
p+a) p+ao)f

2(t, a) = u( [u(f)hTm(t)]),

1
ot a) = p o+ 0t)k[u(t)hTGz(t)]-

Ha ocHoBe (17) MmoxeT ObITh c(hOPMUPOBAH BEKTOP Olie-
HOK 1)(£), CTPEMSIIMIICS ACUMITTOTHYECKHU K HyI0. Jyist a10-
TO BOCTIOJIb3YEMCSI METO/IOM AMHAMUYECKOTO PACIIMPECHUS
u cMmemmBanus perpeccopa (Dynamic Regressor Extension
and Mixing, DREM) [14, 15]. BeiOpaB n pa3mu4HbIX Ia-
pameTpoB o, chopMUPYEM MATPHUUHOE PErPECCHOHHOE
COOTHOIIICHHE BH/a

9:(t, 0y)
n=®(n
(PS(t’ U“n)

Zl(taal)
zon= : |=

Z3(ta (x'n)
U 3alIUIIEM aJITOPUTM OLICHWBAHUA TapaMETPOB 1)

R =¥ — SR i =1, 7, (18)

e y > 0, 3(1) = det®(?), col(Cy, .. §,) = (adj®(H)Z(1).
3aKOH yNpaBlIEHHS IO BBIXOAY MPUMET BUJI:

u(t) = hTE (1) + K T(o(2) + 0,()1). (19)

YucioBoii npumep

Paccmorpum o0wekr (1), (2) ¢ mapamerpamu k = 2,

1 0 1 0
n=m=3,y0)=y0)=0,h=(0],=]0 0 1],
0 0 -1 1]

0 0 1]
G=10/,&(0)=1|, u3amarourum Bozaeiicterem h* = |0
1 0 0

0 1 0 )
r<=10 0 1[&©0)=|1]
0

0 4 0

Ha pucynke mpencTaBiIeHbl pe3ysbTaThl MOAEIUPO-
BaHUS 3aMKHYTOH CHCTEMBI C PETYISITOPOM IO BBIXOIY

3
(5), (6), (9), (10), (17)—~(19) u napamerpamu &40) = |1 |,
—1 0

-1
K1: -1 ,K2:[

-2
,L:[ ],azl,a=2,a=3,
Ja-Pha- ez

p=20,y=100.
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YnpasneHue no Bbixoay A5 Kinacca HeJIMHENHbIX CUCTEM Ha OCHOBE ANHAMUYECKOW InHeapusaumm

a
&y -
4 — %
I L
N
&n
2,
b a
\ I
0K Vot N VLV NAVA SR LR SNAVAY R L
‘J
2 . . ‘ |
0 20 40 t,c
. C
n—n|
il
0_
0 20 40 t,c

0 20 40 fc

) . . x . .
0 20 40 t,c

Pucynox. Pe3ynbraTbl MOJICMPOBAHUS 3aMKHYTOM CUCTEMBI: BpeMeHHas auarpamma &, (a); curnan ynpasienus u (b); ommOku
onenusanus 1 = §(0) (¢) u peryauposauus y — y* (d)
Figure. Results of closed-loop system simulation: time diagram &; (a); control signal u (b); estimation errors n = (0) (c) and
regulation y — y* (d)

3akiarouenne

B pabote paccMoTpena 3ajjada CHHTE3a CIEISAIIETO
yIpaBlIeHUs s Kjlacca HeJIMHEHHBIX CUCTEM, IJ€ JIBU-
YKEHHE CHUCTEMBbI 00YyCJIOBICHO MTPOU3BEACHUEM CUTHAJA
YIpPaBIEHUS U JUHAMUYECKONW MOJCUCTEMBI, ABHKUMON
TEM K€ CUTHaJIOM ynpasieHus. [Ipeanoxen MeTon nuHa-
MUYECKOW JIMHEeapU3alnu, IeKOMIIO3UPYIONNI MO/IETh
CHCTEMBI Ha J[BE YaCTH, ITOCIIEI0BATEIHLHO COCAMHEHHbIC
BUPTYaJIbHBIM ynpaBieHneM. CHHTE3UpOBaH 3aKOH yIIpaB-
JIEHUS1, UCIIOJIb3YIOIINNA U3MEPEHUE TOJIBKO BBIXOIHOM pe-
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TYTUpyeMoii mepeMeHHoi. McxomHas cucremMa MOKeT OBITh
HeycToiunBoi. [lapameTpsl IMHAMUYECKON OJCUCTEMBI
B KOHTYpE YIpPaBIJICHUS TPEATIONAraloTCsl N3BECTHBIMH,
OJIHAKO BEKTOP COCTOSTHMS M HadallbHbIE yCIOBHS 3apaHee
HEHM3BECTHHI. B nanbHEHIIMX nCCIeJOBaHUAXK TUNIAHUPYETCS
0CJ1a0UTh TIPUHSTHIC JIOIYILEHUS O MapaMeTPUUECKON HEeo-
MPEJIEICHHOCTH U COOCTBEHHBIX YMCIIAX MaTPUIbI COCTOSI-
HUS JUHAMUYECKON MOJCUCTEMBI B KOHTYPE YIpPaBJICHUS,
YTO TI03BOJIMIIO OBl CHHTE3UPOBATH 3aKOH YIIPABICHHS JUIS
Oosee MMPOKOro KiIacca CUCTEM B OOILEM BHIE.
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AHHOTAIUS

Beegenue. OnHuM 13 CrI0ocOOOB MOBBINIEHUS KAaYECTBA PAa3rOBOPHBIX areHTOB SIBISETCS MEPCOHU(UKAIUA.
Ilepconndukamnus ynydmaeT KadeCTBO B3aUMOAECHCTBHS MOJIB30BATENS C PA3TOBOPHBIM areéHTOM U TOBBIIIAET
YAOBIECTBOPEHHOCTH MTOIH30BATENCH 3a CUET MOBBIIIECHHS KOHCUCTEHTHOCTH U CTEIU(DUIHOCTH OTBETOB. Jlnanor ¢
areHTOM CTaHOBHTCS OOJIee ITOCIeI0BaTeIbHBIM, MUHIMHU3HPYETCS! IPOTHBOPEUHBOCTE OTBETOB, KOTOPBIE OKA3BIBAIOTCS
0oyiee KOHKPETHBIMU M MHTEpeCHBIMH. [l 00ydeHHsS U TECTHPOBAHHS MEPCOHU(DHUIIMPOBAHHBIX Pa3TOBOPHBIX
areHToB TPeOyIoTCs crenuUIHbIe HaOOPEI TAaHHBIX, COIEPXKAIINe (AaKThl O TIEPCOHE M TEKCTHI TUaJIOroB IIEPCOH, B
PEIUINKAX KOTOPBIX UCIIOIB3YIOTCS (GakThl 0 mepcoHax. CyIiecTByeT HeCKOJIbKO HAOOPOB HA aHIIIMHCKOM U KHTalCKOM
A3BbIKaX, COACPKAIUEC B OIMMCAHUU IEPCOHBI B CPEAHEM IIATH (.JpaKTOB. ]Inanom B Ha60an JAHHBIX COCTABJICHBI
M0JIb30BATESIMH KPAYICOPCHHTA, KOTOPbIE MHOTOKPAaTHO MMUTHPOBAIH Pa3iIuuHble epcoHbl. Meroa. B nannoit
pabote npenIokeHa METOANKa cOOpa OPUTHHAIBHOTO KOPITyca JIaHHBIX, COIEPIKALIECTO PAaCIIUPEHHbIH Habop (hakToB
0 MIEPCOHE U €CTECTBEHHBIC TUAIIOTH MEKAY nepcoHamu. HoBerii kopnyc nanabix RuPersonaChat ocHoBaH Ha Tpex
Pa3IHYHBIX CIEHAPHAX 3aIlMCH: HHTEPBEIO, KOPOTKas Oecea, JmHHAas Oecena. Briepsbie coOpaH KOpIyC JaHHBIX JUIs
NIepCOHN(HUKAIINN PA3TOBOPHBIX arCHTOB, BKIIIOUAIONIHI €CTECTBEHHBIE JMAIOTH U PACIIMPEHHOE OMHCAHNE EPCOHBL.
[Ipemioxkena 1omoIHUTEIbHAS pa3MeTKa Habopa JaHHBIX, KOTOpPasi CTAaBUT B COOTBETCTBHE PEIUIMKU IEPCOHBI U
(axTel 0 IepcoHe, Ha OCHOBE KOTOPBIX OHA OblIa chopmyarpoBaHa. OCHOBHBIE pe3yabTaThl. Pazpaborana MeToauka
C6opa OPUTHUHAJIBHOI'O KOpITyCa TECTOBBIX JaHHBIX, IMTO3BOJIAIOLICTO OCYHICCTBIIATh TECTUPOBAHUEC A3BIKOBBIX MO}:[C.]'Iei;l
JUISL peIeHust OOJIBIIero KOJIMYeCcTBa 3a/1a4 B paMKax pa3pabOTKH MepCcOHU(UIUPOBAHHOIO Pa3srOBOPHOIO areHTa.
CoOpannblii Habop maHHBIX BKiIrodaeT 139 amamoros u 2608 pernuk. Kopmyc mcnonb3oBaH A1 TECTHPOBAHUSA
MozIenel TeHepaIuy OTBETOB U BONIPocoB. Hammydmme pe3ynsTaTel HoirydeHs! ¢ Hcnons3oBanueM Moaenn Gpt3-large
(nmeprutekcust paBHa 15,7). O6cyxnenne. Cobpannblii kopnyc gaHHeix RuPersonaChat MokeT OBITh HCIIOTB30BAH
JUISL TECTUPOBAHMS TIEPCOHU(UIMPOBAHHBIX PA3TOBOPHBIX ar€HTOB HAa BOZMOXKHOCTB paccKas3arh 0 cebe coOeceIHHKY,
BEJICHMSI JJHajiora ¢ COOCCETHUKOM ¥ MCIIONB30BaHMs (paKTHIECKOH pedH, yuyeTa JUIMHHOTO KOHTEKCTa IPU BEICHUU
JIMAJIora C MOJIb30BaTeIIeM.
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MeTo/MKa cOopa JIaHHBIX, AUAJIOTOBbIE JaHHBIE, PA3TOBOPHBIE areHTHI, EPCOHU(HKALIHS, TeHEePaLys BOIPOCOB U OTBETOB
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Abstract

Personalization is one of the keyways to improve the performance of conversational agents. It improves the quality of
user interaction with a conversational agent and increases user satisfaction by increasing the consistency and specificity
of responses. The dialogue with the agent becomes more consistent, the inconsistency of responses is reduced, and
the responses become more specific and interesting. Training and testing personalized conversational agents requires
specific datasets containing facts about a persona and texts of persona’s dialogues where replicas use those facts. There
are several datasets in English and Chinese containing an average of five facts about a persona where the dialogues are
composed by crowdsourcing users who repeatedly imitate different personas. This paper proposes a methodology for
collecting an original dataset containing an extended set of facts about a persona and natural dialogues between personas.
The new RuPersonaChat dataset is based on three different recording scenarios: an interview, a short conversation, and
a long conversation. This is the first dataset for dialogue agent personalization collected which includes both natural
dialogues and extended persona’s descriptions. Additionally, in the dataset, the persona’s replicas are annotated with
the facts about the persona from which they are generated. The methodology for collecting an original corpus of test
data proposed in this paper allows for testing language models for various tasks within the framework of personalized
dialogue agent development. The collected dataset includes 139 dialogues and 2608 replicas. This dataset was used to
test answer and question generation models and the best results were obtained using the Gpt3-large model (perplexity
is equal to 15.7). The dataset can be used to test the personalized dialogue agents’ ability to talk about themselves to the
interlocutor, to communicate with the interlocutor utilizing phatic speech and taking into account the extended context
when communicating with the user.

Keywords
data collection methodology, dialog data, conversational agents, personalization, question and answer generation
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BBenenune

B nociieqHne HECKOIBKO JIET MONYYHMIN 3HAYUTEIb-
HOE Pa3BUTHE CHUCTEMBI PAa3TOBOPHBIX areHToB. OgHUM
13 MOAXO/0B, MO3BOJSIOUIMM ClIeNaTh YeJI0BEKO-KOMIIbIO-
TepHOE 00mIeHNe OoJiee PeaTMCTUYHBIM U €CTECTBECHHBIM,
SIBJISIETCS] IEPCOHU(UKAIMSI PA3TOBOPHBIX areHTos [1, 2].
[IpencraBneHue nMepcoHbl pa3rOBOPHOIO areHTa BKIIIO-
YaeT ONMCAHHUE JINYHOCTHBIX U NMPOo(ecCHnOHATBHBIX Xa-
PaKTepHUCTHK, NpeanouTeHuil u T. aA. Ilepconndukanms
TIO3BOJIIET MOJIEJISIM PEUINTh MPo0sIeMy OOBIYHBIX pas3ro-
BOPHBIX areHTOB, KOTOPBIE PETYIISIPHO 00Ia1a0T HEToCIIe-
JIOBaTeJIbHON MHIMBHUIYaIbHOCTBIO U HE 00JIaIat0T SIBHOM
JOJITOBPEMEHHOM MaMsThIO, YTO MPUBOJUT K Pa3IHIHBIM
OTBETaM Ha OJIMH U TOT K€ BOMPOC M CKIIOHHOCTH K HEKOH-
KPETHBIM OTBETaM THIIA «s1 He 3Hato». [lepconndukanus B
WHTEPAKTUBHBIX CUCTEMaX SIBJISETCS] BAKHBIM (DaKTOpOM,
YIAYUIIAOUUM Ka4eCTBO B3aUMOJICHCTBUS ¢ CUCTEMOIl 1
MOBBIIIAIOLIUM YIOBIETBOPEHHOCTD MOJIB30BATENEH 3a CUET
TIOBBINICHNUS COTIACOBAHHOCTH M KOHKPETHOCTH OTBETOB.
[Nepconndukanms nemaer quagor ¢ cCucTeMoi Oosee cBs3-
HBIM, MUHUMH3HPYET IPOTHBOPEIUBOCTH OTBETOB, JICTIAET
nx Oonee KOHKPETHBIMU W MHTEPECHBIMHU.

s oOydeHust U TeCTUPOBAHUS TTEPCOHM(PHUIINPOBAH-
HBIX Pa3rOBOPHBIX aAr€HTOB HEOOXOMMBI HAOOPHI JAHHBIX,
coneprkaiye HHPOPMALHIO O IEPCOHE U IIPUMEPbI AUAJIO-

roB. B HacTosiiiee BpeMsi cyliecTByeT HECKOJIBKO HaOOpOB
JAHHBIX C TUAJIOTaMU, B KOTOPBIX B TOM HJIM WHOM BHJIC
coJepkuTcs nHpopMalus o NepcoHe, WIN ApyTas WH-
(hopmarysi, KOTOpasi MO3BOJISIET MOJEIISIM, OOYUSHHBIM Ha
TAKUX JAHHBIX, BECTU C MOJIB30BATEICM JIHAJIOT, KOTOPBIH
Harbosee MPUOIMIKEH K €CTECTBEHHOMY JIHAJIOTy MEXITy
JIBYMSI JTFOJIbMH.

OJHMM U3 CaMBIX HCIIOJIb3yEeMbIX HAOOPOB JTaHHBIX
seisietcst PersonaChat [3] u ero pacmiupenHast Bepcus
ConvAl2 [4], B KOTOPBIX K K&KIOMY COOECETHUKY B THAIIO-
rax CTaBUTCS B COOTBETCTBHE HH(POPMALIUS O €TO MIEPCOHE.
B naHHOM citydae mepcoHa IpeJCTaBIeHa B BUJAE ISTH
KOpOTKHX Tpeokenuit, Hanpumep «I like to ski» nim
«I have a computer science degree». Onucanus MepcoH,
KaK W JIMaJoTu, ObIIM cOOpaHbl METOAOM KpayJACOPCHHTA.
[MpenmnonaraeTcs, 4TO ¢ MOMOIIBIO TPUCBOCHHUS TIEPCOHBDI,
SI3BIKOBAsI MOJIEITb CMOMKET T€HEPUPOBATH PETLTHKU, KOTOPBIE
OyayT B MEHbIIEH CTENEHU MPOTHBOPEUUTD IPYT JPYTY.

JpyriM BO3MOXXHBIM CTIOCOOOM TIEpCOHM(DHUKAIIN pa3-
TOBOPHOTO areHTa, MOXKET CIIY)KHTh €ro 00y4eHUE IMOIIH-
oHaJbHOMY juaiory. Tak, HanpuMep, B HaOOpe JaHHbIX
Empathetic Dialogues [5] kaxmgomy Iuanaory cTaBuTCs B
COOTBETCTBHE DMOIHUSI, KOTOpasi OTPakaeT HACTPOCHHE
OJTHOTO U3 cobeceqHUKOB. Takum 00pa3oM, y ABYyX cobe-
CEJIHMKOB TOSBIISICTCS BOBMOKHOCTh BECTH 3MOLMOHAIIb-
HBII TUAJIOT.
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RuPersonaChat: kopnyc aManoros ons nepcoHndunkaLmm pasroBOPHbIX areHTOB

Mexny TeM, eciin 00ydarh MOJIENTb HECKOJIBKHM HaBbI-
KaM, TO OHA MOJXET ITOKa3bIBaTh XOPOIINE PE3yJbTaThl B
JIMAJIOTaX, UCTIONB3YsI ATH HaBBIKK OT/IEIBHO IPYT OT JIpyTa,
HO y Hee BCE €Ile MOTYT OBITh MPOOJIEMBI TP UX CMEIIN-
BaHUH B OJJHOM JIHAJIOTe, [7Ie B 3aBUCUMOCTH OT CUTYalluH
HEOOXOMMO NPOSIBIIAT SMITATUIO HJIM PAcCcKa3arh YTO-TO
o cBoeii mepcone. B Habope mannerx Blended Skill Talk [6]
coOpaHbI JUAJIOTH, TJe COOECETHUKH MOTYT IEMOHCTPHPO-
BaTh Pa3INYHbIC HABBIKK: IOKA3aTh CBOM 3HAHUSL, Yy TKOCTb,
JINYHBIN OTIBIT WU TIEPCOHY.

SI3bIKOBBIC MOJICIIN OTPAHHYCHBI TEM, YTO MOTYT Pabo-
TaTb C TCKCTOBLIMU I10CJICJOBATCIIbHOCTSIMU OTHOCHUTEIILHO
HeOOJIBIIION AJTMHBI, 3-32 Yero MOJIeIIb IPH BEACHUH JUTHH-
HOTO Jualiora 3a0bIBacT, 0 YeM Bejach peub. B Habopax
nmanabix Multi-Session Chat [7] u DuLeMon [8] nanHas
npoOiemMa pelieHa myTeM oOydeHHsT MOJIEIH 3aIllOMUHATh
B XO/I€ BEJICHUsI IMajiora HOBbIe (PaKThl O IEPCOHAX CBOETO
cobecennamrka n cede caMoii.

Cy1ecTBeHHOH MPOOIEMOit B pa3BUTHH Pa3TOBOPHBIX
areHTOB SBIACTCS TO, YTO OONBIIMHCTBO COOPAHHBIX HA0O-
POB JTaHHBIX COIEPIKAT IUAJIOTH TOJIBKO HA aHIJIMHCKOM H
KUTaNCKOM SI3bIKaX, B TO BPEMsI KaKk Ha PYyCCKOM SI3bIKE CY-
IIECTBYET TOJBKO OJIMH HaOOp naHHbIX — Toloka Persona
Chat Rus!, koTopblii 110 CBOEH CTPYKTYpE CX0%K ¢ HAbOpaMu
PersonaChat u ConvAlI2. [1pu 9TOM OH HE TIO/IpazyMeBaeT
BO3MOYKHOCTH BECTH AMOLIMOHAILHBIN JTHAJIOT, ¥ HE TI03BO-
JsieT 00yYUTh MOZIENb MOJTy4Yarh U3 PEIUIMK HOBBIE (paKThI
0 TIEPCOHAX.

Bce BpinIenepeyrcieHHbIe HAOOPHI JaHHBIX HMEIOT
JIOCTaTOYHO KPaTKOE OIMCAHUE TEePCOHBI (ISATh (HaKTOB),
pH cOOpe TaHHBIX OJIMH U TOT K€ AUKTOP HMUTUPYET pPedb
HECKOJIBKUX NePCOH, AUAJIOTH IPEJICTaBIISAIOT COOO0M KOpOT-
kue Oecenpl. B HacTosel pabore mpemiokeHa METOANKA
cbopa kopryca ganubeix RuPersonaChat, otinyarorerocst
OT CYILIECTBYIOUIMX OOJbIIEH €CTECTBEHHOCTBIO 33 CUET
HCIOJb30BaHUA pCAJIbHBIX MEPCOH JUKTOPOB U pa3HO-
o0Opa3ueM TeM JMaoroB. JTO MO3BOJIUT MCIIOIb30BATh
coOpaHHBIA HAOOp JaHHBIX JUIS OLIEHKU KauecTBa SI3BIKO-
BBIX MOJIEJICH Ha HECKOJIbKHX 3a/1a4ax: BECTH KOPOTKHE U
JUITMHHBIC INAJIOTH, YMETh MCITOIb30BaTh (PAKTHl O CBOCH
MIePCOHE U MOHUMATh (PaKThl O MEPCOHE coOeCeTHUKA C
Y4YEeTOM, TOr0, YTO IEPCOHBI OyayT CoIepKaTh 3HAYUTEb-
HO OoJIbIIIee KONMNIECTBO (PAKTOB, UeM B HaOOpaxX JaHHBIX
PersonaChat u ConvAI2.

MeTtonuka c6opa Kopmyca JaHHBIX

Oo6mas cxema coopa xopmyca JanHbIX RuPersonaChat
mokaszana Ha puc. 1. OngHolt u3 3a1a4 cOopa TaHHOTO KOp-
myca SIBISICTCS TECTUPOBAHUE TOTO, HACKOIBKO XOPOIIO
PA3TOBOPHBIN areHT CIIOCOOCH MOHUMATh 3aJaHHYIO MY
TIEPCOHY W MEPCOHY COOCCeTHNKA W YUUTHIBATh UX MPHU
BeZieHn nuanora. [IpoBeneHne mogo0HbIX SKCIIEPUMEHTOB
OBLTIO HEBO3MOKHO Ha HaOopaxX MaHHBIX, COACPIKABIINX
ATh (JAKTOB O MEPCOHE M KOPOTKHE JUATIOTH, B KOTOPBIX
JUTSL TEHEepaIlii OTBETa MOXKHO OBLJIO MCIIOJIb30BaTh TOJIBKO
9TH (akThl. [Ipu reHepanuu oTBETa MOJIH30BATEII0 PA3ro-
BOPHBIN areHT OCYIICCTBISICT BHIOOP (hakTa O MEepPCOHE, B

! [Dnekrponnsiii pecype]. Pexxnm gocrymna: https://toloka.ai/
datasets/ (mara obpamenus: 26.02.2024).

3aBHCHMOCTH OT KOHTEKCTa Jfasiora, NpUOIMKEHHOTO K
ecTecTBeHHOMY. [lJIsl OLIEHKM CIIOCOOHOCTH Pa3roBOPHOIO
areHTa HeoOXOANMO UMETh CYIIECTBEHHO OOJIbIIee KOJIU-
4ecTBO (PaKTOB O MEPCOHE.

B pamxax pazpabarpiBaeMoil MeTOMKH cOopa KopIryca
JAHHBIX OBUIN BBIJICJICHBI OCHOBHBIE TEMAaTHKH OJOKOB
BOIIPOCOB: JeMorpaduyeckas nHPopManns, oopa3oBa-
HUe, npodeccus U OnbIT paboThl, HHTEPECH], HABBIKH,
JKU3HEHHAs! O3HULUS, KU3HEHHbIE cuTyauuu. s Gonee
JACTAJIBHOI0 ONMMCaHUusA MEPCOHBI, YEM B Ha60an JAHHBIX
PersonaChat u ConvAl2, Obuta cocrasiieHa aHkera u3 94
BOIIPOCOB 110 CPOPMYTHPOBAHHBIM TEMATUKAM.

Mertonuka cOopa Kopiyca BKIIOYAeT TPH CLIEHApHs Be-
JICHUSI INAJIOTA, [IBA U3 HUX (KOPOTKHE JJHAJIOTH-UHTEPBBIO
Y JUTMHHBIC JMAJIOTU-0ece/Ibl) SBIISIOTCSI OPUTHHAIBHBIMU
OTCYTCTBYIOT B CYIIECTBYIOIINX HA0OPaxX JaHHBIX.

1. KopoTkune quanoru-uHTepBbIO: OMH U3 COOECETHIKOB
3aJaeT BOIIPOCHI HA OAHY TEMY JPYrOMy COOECEIHUKY.
Llens Takoro crieHapust — MPOTECTHPOBATH, HACKOIBKO
XOpOIIO pa3padaTeiBaeMasi MOJENb CIIOCOOHA paccKa-
3aTh 0 cebe cobecenHuKy.

2. Kopotkue auanoru-oecensl, KOTOpbIe 0oee MOX0KU
Ha 00BIYHOE OOIICHKE JBYX YEJOBEK. 31eCh 00a cobe-
CeIlHMKa 00CYXKIAI0T O/IHY KOHKPETHYIO TEMY, 3a/1aBast
JIpyT Ipyry BOTPOCHI IO HeW. B maHHOM cueHapuu
TECTUPYIOTCSI HABBIKH SI3bIKOBOM MOJIEIIN B BEACHHUH -
ajiora ¢ co0eCe/IHUKOM M HCIOJIb30BaHUH (haTHUECKOH
peun.

3. JInuHHBIC AUANOTH-OECEe/Ibl, CXOXKNE C KOPOTKUMHU Oe-
celaMy, HO OTIIMYAOINecs JIIUTEIbHOCTBIO 3aliCH,
KOTOpasi B IAHHOM CJTydae JJOJDKHA TPeBhIaTh 20 MUH.
Taxue Oecenpl HEOOXOUMBI, YTOOBI MPOBEPUTH, KaK
XOPOIIIO MOJIENb PAOOTAET C JUIMHHBIM KOHTEKCTOM MPHU
BEJICHHUH JTUAJIOra C COOECEHUKOM.
3anuck IMalIOroB OCYIIECTBICHA JIBYMsI CIOCO0aMu: C

HCIIOJIB30BaAHUEM IIPOIrpaMMBI IJI1 OpraHn3alui BUJACOKOH-

(epennnit Zoom n meccenpkepa Telegram.

[Ipu nepBomM criocoOe BBINOIHEHA 3aUCh peun code-
CEIHMKOB, IIPH 3TOM PEUb KaXJ0r0 coOeceaHHNKa 3aIu-
caHa KaK OT/JCIbHBIM (aliIoM, TaK W B OJUH OOIIMH, YTO
B JIalIbHEHIIIEM HMCIIOJIB30BAHO JUIS 33J1aUi THAPHU3aIIH
peun cobeceTHUKOB. 3alHCh OCYIIECTBICHA B TUXOH KOM-
Hare, 0e3 MOCTOPOHHUX IIYMOB M PEYH IPYTUX JTIOACH.
Jlanee mosryueHHBIE 3alIMCH aBTOMATHYECKHU I1€PEBEICHbBI
B TEKCTOBBII (hOpMAT C MOMOIIBIO MOJIEJIN aBTOMAaTHYE-
CKOT0 pacrno3HaBaHus peud. J[Jis BblJIeJeHUS] TPOU3HE-
CEeHHMU M MX TPAHCKPUOMPOBAHMS MCIIOJIb30BaHA aBTOMA-
THYeCKas CUCTeMa paclio3HaBaHUs pedn U GppeiMBOpK
NeMo [9]. Cuctema pacro3HaBaHUs peYd OCHOBaHA Ha
npeno0y4eHHOW HeHpoCceTeBOH MOJIENN apXUTEKTYPHI
Conformer [10].

[Ipu ucronbp30BaHUM BTOPOTO criocoda cOOp TaHHBIX
COBEpUICH MyTEM BEACHUS TEKCTOBOTO JHAJIOTa MEXIY
JByMsI otb3oBaTersiMu. [lepern 3anmchro tuanora codeces-
HHUKaM TIPEJJIaraioch BEIOpaTh TeMyY, Ha KaKylo OHU OyayT
BecTH nuanor. CMcoK TaKUX TeM JUIs 00CYXKICHNS BKITIO-
yaJ TeMbl 00 MHTEpecax, CUTyalusax U3 MOBCEAHEBHOMN
KU3HU (TTOT0/a, TEXHOJIOTHH U JIp.), 00pa3oBaHMH, paboTe.
[Tpumep nuasora rnpeacraBieH Ha puc. 2.

J1st BKJIIOUEHMSI B MAJIOTH 3MOLIMOHAJIbHOW peun
ObUTH CHOPMYIUPOBAHBI JIOMOTHUTEIBHBIE TEMBI, Yepe3
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3amnucey AUaIoroB

B Telegram C6op mepcon

Aynuozanmcek B Zoom

Y

ABToMaTHyecKas
TpaHCKPHOALHS

Y

Pyunas
TpaHCKpuOanus

Y

L——— 3 Pa3merka quajorop <€———

|

IMepeBox B popmar JSON

I—

HTOroBbiii HaGOP TAHHBIX

|
J

Puc. 1. Cxema cbopa kopryca ganubsix RuPersonaChat
Fig. 1. A scheme for collecting the corpus

00cyXJIeHHe KOTOPBIX MOYKHO BBI3BaTh €CTECTBEHHBIC  YacTO UCIIOJIB30BAIUCH Takhe (akThl, KOTOPbIE HE ObLIN
MoIMHU y cobeceHuKoB. CaMu SMOLMH ONPEeNSUINCh B NPEJYCMOTPEHBI aHKETOW BBUY TOTO, YTO MHOTHE TEMBI,
COOTBETCTBHH C MOZENBIO DKMaHa (HeHTpanbHasi, paiocTh,  Ha KOTOPbIC BEIUCH AUAJIOTH, ObIIIM OYE€Hb CHCIU(HYHEI.

3710CTh, OTBpAIIEHNE, CTPaxX, IPycTh, ynusnenue). [Ipumep
Jaora npejacTaBleH Ha puc. 3. Permkam craBunuch B
COOTBETCTBHUE BBI3BAHHBIEC YMOLUH, JUIS KAKJON PETIIMKI
OTIPEEeIIOCH, KaKoi (PaKT MiTu (pakThl B HEH YIOMSIHYTHI. B nacrosmii MoMeHT kopityc qanHbix RuPersonaChat
B mpouiecce cOopa Anasoros BELICHHIOCH, YTO B PEIUIMKAX — COAEPKUT 63 auanora, 3alMCaHHBIX C MCIOJIL30BAHUEM

Onucanue Kopmyca JaHHBIX

(Bot u3 TOro, 4YTO Tbl HAa3Bas MHe NJIOB TOXe HPaBUTCA €CTb. Llpyroe Aeno, Yyto B )
nocnegHee BpeMa y MEeHA HeT Takoro CUIbHOrO XXenaHua camomy rotoButb eay. |

Yry, Hy Aia 3TO BMOMHE MOHATHO, MOTOMY YTO 3arpy)XeHHOCTb Kak |
MWHUMYM. A BOT €CIiv FOBOPUTb O Kakux-HWUByab aK3oTuueckux Gnrogax
ANA Halero perMoHa - 3To, HanNpuMep, cylum, Tebe HpaBuTCA? |

‘

A Boo6LUe HUKOrAa, HaBepHOe, Kak Tbl BbIPA3nNca, 9K30TUYHECKUE
6nioaa He npobosan, NO3TOMY He MOry cka3aTb U Hac4eT HUX B obLuem
W HacueT CyluM YacTHoCTU. MoxeT Koraa-Hubyap s 6bl vx nonpobosan.

\

_

[a a aymaio ux onpeaeneHHo cTout nonpotosathb. A Kakyto KyxHIO Tbl NpeanovuTaellb?

| Tak cpasy cnoxHo 6yaeT ckasarhb...

Oken, Hy MHe BOT JOMNYCTUM He TO YTOObI Kakas-To onpeaeneHHasn KyxHa Hpasutcs. Mory
cKasarTb, Y4TO A0NYCTUM ef HekoTopble 6nioaa U3 rpy3uHckon. OHa A0CTaTO4HO UHTEpeCcHas.
W3 06blvHOM Haluelt, nonyyaeTcs, pycckom KyxXHW, HaBepHoe. bonbluMHCTBO Bntoa B npuHUMne,
KOTOpbI€ 51 €N - 3TO OTTyAa TaKKe, BOT HanpuMep Cylm. OTo, KOHEYHO, eaa AaneKo He
nosceHeBHasn 1 oHa BbICTPO HaoeAaeT, HO B NPUHLMNE Kak ynoTpebneHne B peaxkux ciyyasx |
ynotpetneHns oHa XOpOLLO NOAXOAMNT, OHa OTHOCUTCA KQXETCA K ANOHCKON KyXHe.

(Hy 5 HaBepHOe Mory cKa3aTb, 4To No GoMbLUei YacTy en 6ioaa, KOTopble MOXHO
Ha3BaTb Halew KNaccu4yeckomn KyxHen, TO eCTb pOCCUICKOM 1 Benopycckoi, NoToMy
\4T0 A B BGenapycy poanncs, BOT U ee Toxe. Hy 1 K Heit Gonblue BCero NpuBbIK.

Takke KCTaTv MHe elle HpaBuTCs, TO eCTb A He ABNACH BeretapuaHueM, To
€CTb 2, AONYCTUM, €M MACO. Takke MHE HPaBUTCA MOPENPOAYKTLI. [JonycTuM,
BOAOPOCNM, MOpcKas kanycta? Mnu kakas-nubo ukpa nnm poiba.?Tebe yto-
HWUBYAb U3 ATOrO HpaBuTCA?

Puc. 2. dparMeHT U3 1uanora Ha TeMy NPEANOYTeHUI B efie

Fig. 2. Fragment of a dialog on food preferences
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N
MpuBeT. 1 BOT HeAaBHO urpan B Bonenbon fasaw y>X HEMHOro

’l‘lOI’OBOpMM o cnopte. Tebe kak Boob6Le Boneibon, HpaBUTCa?

[pmouns:: Hefirpansras |

MpuseT. [la, 3TO ABNAETCA OAHMM U3 MOMX NOOUMBIX BUAOB cnopTa. MHe
HpaBUTCA ObITb KaK Ha NnoAaye, Tak U OCHOBHbIM UIPOKOM. A Tebe?

| ®akTbl: MHe HpasuTCs Bonenbon

[Snounu: HeliTpanbHasa

Hy s npeanouuTalo, HasepHoe, 6onblue UrpaTb B HanaaeHUM.
XoTa nonyyaeTcs No4eMy-To Tak, YTO U NOAAYM Y MEHS BbIXOAAT |
AOBONbHO XOPOWO. A TaK Tbl TONbKO Urpaewsb B sonenbon nnu |
\Tbl MOXET eLe CMOTPULLL Kakue-HUGYAb TYPHUPLI MO Hemy?

|Oa|cn:|: MHe HpasuTCs BONen6on n 60nbLwow 'remmc]

[3Moumu: HeWTpanbHas

Puc. 3. DparMeHT U3 quanora ¢ pa3MeTKOi M0 SMOIKAM U yIIOMHHAEMBIM (haKTam

Fig. 3. A fragment from a dialog with markup by emotions and facts mentioned

Yucino Auajioros
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Yucino (HakToB o nepcoHe

b

—
[\

Ywucao auaioron
[ore]

~

02 4 6 8 10 12 14 17 19 22 24 27 36
Yucio (HakToB o nepcoHe

Puc. 4. Pactipenenenne BCTpeIaeMOCTH YrcIIa (DAKTOB O TIEPCOHE B JIHajorax, COOpaHHbIX B Zoom (a) u B Telegram (b)

Fig. 4. Distribution of facts occurrence in dialogs collected in Zoom (@) and in Telegram (b)

MPOTPaMM JIJIsI IPOBEACHUS BUICOKOH(DEepeHIni Zoom,
o0111ast JUIMTEeIbHOCTh AUAJIOTOB B ayano(opMare CoCcTaB-
qsiet 10 4. [TonydenHble quanoru BKiIro4aoT B cebst 1396
pertuk. Kaxkaas permka B CpeiHeM COCTOUT U3 36 CIIoB.
[Tpu 5TOM OMH AMANOT MOT BKJIIOYATh 10 15 dakroB u3
AHKETHI [T OJJHOTO cobOecennuka (puc. 4, a).

B cbope 1masoros ¢ UCIOJIIb30BaHUEM MECCEH/KEpa
Telegram (puc. 4, b) ygacTBOBaJO ISITh COOCCEAHNUKOB,
Bcero OBUIO cOOpaHO 76 MUANOrOB, KOTOPBIE CYMMapHO
cogepxar 1212 pennuk. B cpeqnem anuHa oqHON peruivku
cocraBmia 15,4 cnosa.

Hawnbonee gacto BcTpedanucek (akThl, KOTOPHIE 3a-
TparuBaM TeMbl HHTEPECOB COOECETHUKOB, HX PAOOTHI
u obOpasoBanusi. Ha puc. 5, ¢ mokasaHa ructorpamMma c
HauboJiee 4acTo 3a/laBaeMbIMK BOIIPOCaMU IIpu cOope B
Zoom, a Ha puc. 5, b — uepe3 Telegram.

OMoIMOHANIbHAS Peub UMUTUPOBAJIACh TOJBKO MPH
cOope muanoroB B Zoom. B nuasiorax yaiie BCero UCIolib-
30Basiach HEWTpanmbHas sMouust — B 1358 peruukax. [pu
9ToM B 17 nmanorax xotTsi ObI B OIHOW perIvKe BCTpeda-
JIaCh pyTasi SMOIIHS.

B Tab6n. 1 mpeacraBieHo cpaBHEHHE COOPAHHOTO KOPITY-
ca mauHbIX RuPersonaChat ¢ npyruvu HabopaMu JTaHHBIX C
JIAJIOTaMH, B KOTOPBIX K&KIOMY COOECETHIKY MOCTaBICHA
B COOTBETCTBHUE €T0 ITEPCOHA.

Pa3mep momydenHoro kopryca ganasix RuPersonaChat
HE [103BOJISIET MCIIOIb30BATh €0 IS IIOJTHOLIEHHOTO 00yde-
HUA, HO IOJTYYCHHBIX JaHHBIX JOCTATOYHO JIA ITPOBCACHUA
TECTUPOBAHUS y)KEe O0OYUCHHBIX MOJICIICH.

TecTupoBanue Mojeseil reHepauuu
OTBETOB M BOIIPOCOB

Co0OpaHHBIN KOpITyC JaHHBIX UCTIOIB30BAH IS pelie-
HUS 33/1a41 TeHEepaIiH BOIIPOCOB U OTBETOB C YUETOM Xa-
PaKTEPUCTUKH TEPCOHBI, Pe4b KOTOPOii OyAeT UMUTUPOBATh
Pa3rOBOPHBIN areHT Ha OCHOBE T€HEPAaTHUBHBIX MOJENEH.
Jlyis mpoBeieHusT SKCIIEPUMEHTOB PACCMOTPEHBI MOJIEIN
nByx apxutektyp: Encoder-Decoder [11] monenu T5-base
n T5-large ¢ 222 u 737 mun napametpos [12] n Decoder-
only monemm Gpt3-small, Gpt3-medium n Gpt3-large ¢ 125,
355 u 760 muH mapametpos [ 13]. Bce momenn 6b1tH 1000-
ydeHsl Ha Habope maHHBIX Toloka Persona Chat Rus. dns
CpaBHEHUS PE3yNbTaTOB PaOOTHI MOJEICH MCIIOIB30BAHBI
MeTpuku: nepruiekcus (perplexity, PPL) [14] u Bilingual
Evaluation Understudy (BLEU)-1 [15]:

— PPL — 0e3pa3mepHas BeJIuunHa, KOTOpAs SIBJISETCS
00paTHOHN K BEJIMUMHE CPEAHEH BEPOSITHOCTH, IPH-

MUCBIBAEMON KaXJIOMy CJIOBY TECTOBOIl cTpoku. Uem
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Kakas Bama qo6umas noroga?

Kakue xuBOTHBIE BaM HpaBsTCA?

Kaxoii y Bac ombIT paboTs1?

Kaxoii Baw camblii 1F00MMBIIl IpeMET B yHUBepcHUTeTe?
Ectb 111 y Bac JjoMalrHee »XMBOTHOE?

Ectb 511 y Bac moOnMBbIe KOMITBIOTEPHBIE UTPhI?

Kewm BbI paboTanu panblie?

Ectb 11 y Bac sitobumast KHura?

Kaxoe »aHpbl My3bIKU BbI IIpeJioynTaere?

Ectb 511 y Bac mo0uMBIe HACTOIBHBIE UTPHI?

(e}
[ee)

4
Yucmo AuaaoroB

Ib‘

Kakum BHIIOM criopTa BaM HPaBUTCHL...
Kaxkwuie sxaHpbI KHUTH BBI JIOOUTE YUTATh? M
YMmeete 71 BB ETh?

Kakyto mxosty Bbl OKOHUMIN? FEs

Kak Bac 30ByT? mmmmmmnm

Kakoli Bam camplil TFOOUMBII TPEAMET. .. M
Kakoe y Bac o6pasoBanue?

CKOJIBKO BaM JICT? B

I'me BEI xxpBeTe? I
10 20
Yucmo AuajaoroB

(]

Puc. 5. TucrorpamMma ¢ HanboJsiee 4acTo BCTPEYAIOIIUMHUCS BOIpocamu 1pu cbope auanoros B Zoom (a) u Telegram (b)
Fig. 5. Histogram with the most frequent questions in dialog collection in Zoom (@) and Telegram (b)

Tabnuya 1. CtaTucTrka Mo Habopam JaHHBIX

Table 1. Statistics on datasets

Haspanme 1aGopa Aarsix S3bix HaGOpa KonndecTso (paktos Yucio CpenHee KOIHYECTBO CIIOB
JaHHBIX O TIepCcoHe JIMAJIOTOB peruK B PEILTUKE B JiAJIOre
PersonaChat AHIIMACKAN 5 10907 162 064 11,9 177
ConvAlI2 AHTTTHACKUNR 5 19 893 145 873 13,7 100
DuLeMon Kuraiicknit 5 27501 400 472 19,7 287
Empathetic Dialogues AHnmuiickuit 1 24 850 64 609 15,3 40
Toloka Persona Chat rus Pycckwmii 5 10013 168 783 6,1 103
RuPersonaChat Pycckuit 94 139 2608 26,4 495
Tabnuya 2. Pe3ynsraTbl SKCIIEPUMEHTOB 10 T€HEPALlUi OTBETHBIX PEILIUK
Table 2. Results of experiments on answer generation
Toloka Persona Chat Rus RuPersonaChat
Monens
PPL | PPL | BLEU-1 1
Gpt3-small 13,6 17,9 0,191
Gpt3-medium 10,6 16,4 0,207
Gpt3-large 9,5 15,7 0,218
T5-base 16,8 20,7 0,201
T5-large 13,6 16,4 0,229
Hay4HO-TEXHNYECKNI BECTHUK MHDOPMALMOHHbBIX TEXHONOMUIA, MEXaHUKM 1 ONTUKKN, 2024, Tom 24, N2 2 21 9
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MCHBIIIC 3HAUCHHUEC AHHOW METPUKH, TEM KauyeCTBO

paboThI MOJIENIN CUUTaeTCs BhIMIE (|);

— BLEU npununmaet 31auenus ot 0 go 1, paccunrtsiBa-
eTCs KaK JOJs YHHTPAMM, COBITABIIUX C dTAJIOHOM.
UewM OoJpliie 3HAYCHUE JAHHOH METPUKH, TEM KadeCTBO
paboTBI MOZENTH CYUTACTCS BBITIE (1).

[TomyueHHbIe pe3yibTAaTHl MPEACTABICHBI B Ta0M. 2.
BrImonHaeHo cpaBHEHHE Pe3yIbTaTOB COOPAHHOTO KOpITyca
naaabix RuPersonaChat n Habopa manubix Toloka Persona
Chat Rus.

W3 tabi. 2 BUIHO, YTO AJIsi COOPAaHHOIO KOpITyca JaH-
HbIX RuPersonaChat nosydueHo Oosiee BICOKOE 3Haue-
uue PPL, uTo MOXeT ObITh 0OBSICHEHO TEM, UTO JHAIIO-
TU B HEM 3HAYUTENILHO JUIHMHHEE, ueM B kopiyce Toloka
Persona Chat Rus (cpeaHee KOJIMYECTBO CIIOB B JIHAJIOTE
B Habope manubix Toloka Persona Chat Rus — 103, a B
RuPersonaChat — 495) (Tabi. 1), 1 He Bcerna Best HCTOPHUS
Jraiora MOYKET OBITh IIOMEIICHA B MOJICITb.

3akJjoueHne

B pabore npejcraBiena Meroanka coopa Kopiyca
TEKCTOBBIX JIaHHBIX, OTJIMYAIOIIEr0 OT CYIIECTBYIOLINX
OoJibIIell €CTECTBEHHOCTBIO, 1 TTO3BOJISIFOIIETO TECTUPO-
BaTh MOJEIHM [UIs OOJIBLIOTO Kitacca 3aj1a4. Briepsbie npej-
JIO)KEHO UCIIOJIb30BaTh B KAYECTBE ONMHMCAHHUU MIEPCOH HE
HCKYCCTBEHHO CO3aHHBIC TPOQHIIH, a (haKThI O PeaTbHBIX
nepcoHax. AHKETBI, Colep Kalye (pakThl O IIEPCOHE, 3aI10I-
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memory // Findings of the Association for Computational Linguistics:

HSUTHCh YYaCTHHKaMHU cOopa KopIlyca U Jjajiee 3aruchiBa-
JIUCh IUAJIOTH MKy STUMH JIFOJIEMU, B OTJIMYHE OT CYIIe-
CTBYIOIIUX HAOOPOB JaHHBIX, IPU cOOPE KOTOPBIX OJTHOMY
Y TOMY K€ YCJIOBEKY MPEeJIarajJoch MHOTOKPATHO 3aITHCHI-
BaTh IMAJIOTH UMHTHUPYS Pa3HBIX iepcoH. [Ipu ncrons3oBa-
HUH UCKYCCTBEHHBIX OTMCAHHIA TIEPCOH TOCTaTOYHO YacTO
(haKTBI TOBTOPSUTHCH B PEIIMKAX AMATIOTOB JOCIOBHO, a HE
OBLTH BCTPOCHBI B PeUb KaK MIPH €CTECTBEHHBIX JUAIOTaX.
Takol oaXo/ M03BOJIMII OCYLIECTBUTh 3alIUCh JUAJIOrOB
10 paSJ’[I/I‘IHBIM cueHapm{M nu CyIJ_IeCTBeHHO paCH_II/IpI/ITB
OIMCaHUE NEePCOH C MsTH (HakToB 10 94.

[Ipenoxena opuruHaibHas pa3MeTKa Kopiyca JaH-
HBIX, BKJIFOUAFOINAs yKa3aHHe (pakTa, KOTOPBIH HCIONB30-
BaH IPU OTBETE, U IMOIMOHAIBHYI OKPAcKy OTBETa. DTO
CYIIECTBEHHO PACHIMPIUIO TOTCHIMAIBHEIN Ha0Op 3aad,
JUTSE KOTOPBIX OH MOXET OBITh UCTIONBh30BaH: M3BJICUCHHC
HHOpPMALIH O TIEPCOHE U3 TEKCTOBBIX TAHHBIX, TCHEPAITHS
SMOIMOHANBHBIX PEIUIHK, PACTIO3HABAHHE AMOIMOHATFHOTO
COCTOSIHHS Y€JIOBEKA B IHAJIOTE.

IIpoBeneHne KCIIEPUMEHTOB C COOPAaHHBIM KOPITYCOM
nanabix RuPersonaChat it 3amaun reHepamnuy OTBETOB
nu BOHpOCOB C UCIIOJIB30BAHUCM FeHepaTI/IBHBIX MOHCHCﬁ
Mokasajao, YTo Habop JaHHBIX UMEET 0oliee CI0XKHYIO
CTPYKTYPY U JUIsl PCIICHUS 3aa4u 00Jiee KaueCTBEHHOM
YEIIOBEKO-MAITUHHON KOMMYHHKAIIUK HEOOX0IUMa MOJIU-
(huKaIysl CymeCcTBYIOIIUX U pa3pab0TKa HOBBIX MOAXOI0B
K MICPCOHU(DUKAIIH Pa3rOBOPHBIX arC¢HTOB.
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Abstract

The goal of this study is to predict a software error using Long Short-Term Memory (LSTM). The suggested system is
an LSTM taught using the Whale Optimization Algorithm to save training time while improving deep learning model
efficacy and detection rate. MATLAB 2022a was used to develop the enhanced LSTM model. The study relied on 19
open-source software defect databases. These faulty datasets were obtained from the tera-PROMISE data collection.
However, in order to evaluate the model performance to other traditional approaches, the scope of this study is limited
to five (5) of the most highly ranked benchmark datasets (DO1, DO2, DO3, DO4, and DOS5). The experimental results
reveal that the quality of the training and testing data has a significant impact on fault prediction accuracy. As a result,
when we look at the DO1 to DOS datasets, we can see that prediction accuracy is significantly dependent on training
and testing data. Furthermore, for DO2 datasets, the three deep learning algorithms tested in this study had the highest
accuracy. The proposed method, however, outperformed Li’s and Nevendra’s two classical Convolutional Neural
Network algorithms which attained accuracy of 0.922 and 0.942 on the DO2 software defect data, respectively.

Keywords

deep learning, software defect prediction, whale optimization algorithms, long short-term memory, machine learning,
optimization algorithm
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A. Aliyu Aihong, B. ImamYa’u, U. Ali, A. Ahmad, M. Abdulrahman Lawal

AHHOTaNMA

Ienpio mccmenoBaHus ABISETCS MPOTHO3MPOBAHHUE OMMOKN MPOTPAMMHOTO 00€CTIEUeHHsSI C NCMOIb30BaHUEM
JIONTOBpeMeHHOH KpaTtkoBpeMeHHOH mamsth (Long Short-Term Memory, LSTM). [Ipennaraemas ciuctema mpecTaBisieT
coboit LSTM, o0yuaemyto ¢ ncnonb30BaHueM anroput™a ontumusannu kutos (Whale Optimization Algorithm).
Cuctema obecrieunBaeT SKOHOMHIO BpeMeHH 00yueHHs. OHOBPEMEHHO MOBBINIaeTCs 9P (HEKTHBHOCTH MOJIEIH [ITyOOKOTO
obyuenust (DL) u ckopocth oOHapy»xkenus. J{ns pazpaborku pacimpennoi mogenn LSTM npuMeHeH nporpaMMHBIi
naker MATLAB 2022a. Mcnone3oBans! 19 6a3 TaHHBIX A€(EKTOB IPOrPAMMHOTO 00ECTICHEHHUsI C OTKPBITHIM HCXOHBIM
koztoM. OrmbovHbIe HAOOPBI JaHHBIX MOMy4eHbI U3 Kostekiwn tera-PROMISE. [list otenku 3 heKTHBHOCTH MOZIEITN
10 CPABHEHHUIO C APYTHMH TPAAUIIMOHHBIMH TTOAXO0AAMU 00BEM HCCIIEOBAHMS OTPAHIUEH IISITHIO HAOOPAMH STaTOHHBIX
TAHHBIX ¢ Haubonee BeIcokuM peiftnarom (DO1, DO2, DO3, DO4 u DOS). Pe3ynbrarsl 5KCIEpUMEHTOB TTOKa3aJlu,
YTO KadeCTBO JAHHBIX 00YUEHMsI U TECTHPOBAHHS OKa3bIBAET CYIIECTBEHHOE BIHMSHIE HA TOYHOCTH MPOTHO3UPOBAHHMS
omubok. [Ipu ananmm3e Ha Habopax gaHHBIX 0T DO1 10 DOS5 BHAHO, YTO TOYHOCTH MPOTHOZUPOBAHUS CYIIECTBECHHO
3aBUCHUT OT Pe3yJbTaToB 00y4YeHHs M TecTupoBanus. Tpu axropurma DL, mporectiupoBanHbie Ha Habope naHHBIX DO2,
MIOKAa3aJId CaMyt0 BbICOKYIO TOUHOCTS (0,942) B CpaBHEHUU ¢ IBYMSI KJIACCHYECKUMHU aJITOPUTMAMHU C UCII0JIb30BAHUEM
CBepTOuHOIT HelipoHHoit cetu Li’s u Nevendra’s (0,922).

KnroueBnie ciioBa
ry6okoe o0yuenue, SDP, nporHosupoBanue aedektoB mporpammuoro odecneuetnsi, WOA, ainropuT™bl ONTHMH3ALUN
kutoB, LSTM, nonroBpemMeHHas maMsTh, MAIIHHHOE 00yUEHHUE, AITOPUTM ONTHMHU3ALUH

BbaaronapuocTu
HccnenoBanue ¢punancupyercs YaHuBepcuretom AdOybakapa Tadaser banesa (ATBU) B bayun, Hurepus.

Cceblika aas nutupoBanus: Anuto Ailixonr A., Umawm Sy b., Amu V., Axman A., AGxynpaxman JlaBans M.
OnTHMHU3UPOBAHHBIN METO ITyOOKOro 00y4YeHHs sl MPOTHO3UPOBAHUS NE(PEKTOB MPOrPaMMHOTO 00ECTICUCHHUS C
HCIIOJNB30BAHMEM aJTOPUTMa ONTUMHU3ALMK KuTa // HaydHO-TeXHHYECKHI BECTHUK HMH()OPMALIMOHHBIX TEXHOJIOTHH,

MexaHukH 1 onTuku. 2024. T. 24, Ne 2. C. 222-229 (na anri. s13.). doi: 10.17586/2226-1494-2024-24-2-222-229

Introduction

Long Short-Term Memory (LSTM) are recurrent
neural networks which are frequently used to model
sequential data such as time series or natural language
[1]. The Convolutional Neural Network (CNN) are built
neural networks [2], and they are mostly used for image
recognition and categorization [1]. Whale Optimization
Algorithm (WOA) is a novel optimization technique
for tackling optimization issues [3]. Recurrent Neural
Network (RNN) is a sort of artificial neural network that
processes data sequences [4]. Software Defect Prediction
(SDP) goal is to detect problematic modules in order
to allocate testing resources more effectively, which is
an economically significant activity in software quality
assurance [5].

Review of Related Literature

Software faults frequently result in incorrect or
unexpected outputs and unpleasant actions [6]. We
concentrated on models that outperform a randomly
selected defective class of greater than 80 % accuracy [7].
The prediction of software mistakes is crucial to delivering
the required software quality on a software project. Despite
the fact that Machine Learning (ML), particularly Deep
Learning (DL), has been advocated for forecasting software
problems, both suffer from insufficient accuracy, over
fitting, and complicated structure [8].

Statement of the Problem

The increasing quantity of software faults degrades its
quality and reliability [9]. Defect detection is becoming
increasingly critical, and present detection approaches
might be improved significantly. Creating a critical SDP
model on high-dimensional and restricted data remains
a difficult task. Thus, the current study in [10] provides
a strategy for detecting problematic modules in software
using modified CNNs. However, because network
training was slow, training time needed to be reduced and

accelerated. Also, as indicated by the author [10], more
robust DL algorithms can be investigated to improve
the prediction accuracy of SDP. As a result, this study
investigates the possibilities of the WOA-based LSTM
algorithm in the construction of a more efficient prediction
framework. According to the authors’ knowledge, this is the
first time an LSTM model has been adjusted with WOA to
improve the SDP method efficacy.
Aim and objectives
The goal of this research is to create a more efficient
and optimal DL model for SDP. This research has the
following objectives to:
— Develop an efficient LSTM-based WOA model for
SDP.
— Accelerate the network training time of the proposed
model.
— Enhance the suggested model overall prediction
performance in terms of detection rate.
— Evaluate the proposed model accuracy, precision, recall,
and F1.

Methodology

The primary purpose of this research is to outperform
the current system by employing the WOA to train an
LSTM for SDP. As a result, this part analyzes and discusses
the existing framework flaws, as well as the suggested
system, data collection, implementation, and assessment
metrics.

Fig. 1 depicts the overall workflow of the proposed
approach. The improved LSTM-based WOA model
developed here was used to predict flaws in software
projects. This method involves two stages: model creation
and prediction. The WOA is used to train the LSTM model
in order to reduce the training time of the DL model.
Because of its higher accuracy, LSTM is preferred over
CNN for processing time series data.
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Fig. 1. Workflow of the proposed model

Long Short-Term Memory

LSTM is more accurate than traditional RNNs [11].
It was first proposed in [12]. Memory blocks, as opposed
to RNN, are discrete units found in the LSTM recurrent
hidden layer [11]. Memory blocks are made up of memory
cells with self-connections that record the network temporal
state as well as specific multiplicative units called gates that
regulate information flow. In the original architecture, each
memory block featured three distinct gate types: an input
gate, an output gate, and a forget gate [11].

Whale Optimization Algorithm

The WOA makes use of a population of search agents
tasked with locating the best global solution to optimization
problems. Like alternative population-based algorithms,
the search process starts with the generation of a set of
randomly generated solutions (candidate solutions) for a
given problem [3]. WOA is distinguished from different
algorithms by rules that enhance the candidate solutions
at every stage of optimization. In reality, WOA imitates
the hunting behavior of humpback whales by locating and
attacking prey using a technique known as “bubble-net”
feeding. LSTM optimization for shorter training durations
is a critical problem, particularly when working with
large datasets and complex models [3]. As a result, the
WOA was used in this study to accelerate the training of
LSTM networks, as one of our key goals is to investigate
the computing time of the algorithms as a measure for
evaluating the model quality.

Dataset Description

This study gathered information from an article
published in [10]; many journals and websites were
consulted during the data collection procedure. The
University of California Irvine (UCI) ML repository is
a highly important site for collecting open source and
free datasets for ML!. The researcher used 19 open-

! Sayyad Shirabad J. and Menzies T.J. PROMISE Repository
of Software Engineering Databases, School of Information
Technology and Engineering, University of Ottawa, Canada.

source software defect datasets to estimate the prediction
abilities of the proposed LSTM base WOA model. These
problematic datasets were obtained from the tera-PROMISE
data collection. The scope of this study, however, is limited
to five of the best ranking benchmark datasets in order to
compare the model performance to that of other traditional
approaches. The PROMISE repository was inspired by
the UCI ML repository!. The datasets were read as XLS
file and were divided into 80 % for training and 20 %
for testing in order to develop a model. The dataset was
pre-processed by carrying out data cleaning/scrubbing to
remove typographical errors and inconsistencies in the
data. We then saved the dataset in the format required by

MATLAB through data formatting phase.

Table 1 shows the statistics of utilized datasets. Column
one shows the dataset ID (D.ID), column two shows the
dataset name, column three shows the line of code, and
column four show the number of instances and defects. The
line of code (LOC) it was also introduced.

Table 2 lists the characteristics of the dataset. Columns 1
and 3 include the feature Ids (F.ID), while columns 2 and 4
provide the features name for all datasets.

To obtain the desired result, the input size was set to
5, the number of hidden units to 200, and the number of
classes to 3. These parameters are described as follows:
— The series Input Layer function takes an argument

called Input Size. It is the feature dimension, or the

number of rows in the matrix in each cell.

— Num Hidden Units is an LSTM Layer function
parameter that specifies the number of hidden units in
the LSTM network.

— The argument of completely Connected Layer is the
number of labels which is the number of wolves to be
identified in this study.

Table 3 shows the parameters settings for the proposed
algorithm. In this work, the LSTM layer is used to analyze
the sequence both forward and backward. The XLS file
was opened. With a total of 600 iterations, the number of

2005. Available at: http://promise.site.uottawa.ca/SERepository
(accessed: 09.02.2024).
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Table 1. Statistics of Dataset

Table 3. Parameters Settings for the proposed algorithm

D.ID Datasets LOC Instance/Defect Parameter Settings
D01 log4j-1.0 21,549 135/34 Sequence Input Layer 4
D02 log4j-1.2 38,191 205/ 189 LSTM Layer 100
D03 lucene-2.0 50,596 195 /91 Fully Connected Layer 2
D04 lucene-2.2 63,571 247/ 144 SoftMax Layer 1
D05 lucene-2.4 102,859 340/203 Classification Layer 1
D06 poi-1.5 55,428 237/ 141 Max Epochs 7
D07 poi-2.0 93,171 314/37 Mini Batch Size 27
D08 poi-2.5 119,731 385/248 Verbose False
D09 poi-3.0 129,327 442 /281 Learn Rate Schedule Piecewise
D10 synapse-1.0 159,254 440/ 171 Maximum Iterations 600
D11 synapse-1.1 42,302 222 /60 input Size 5
D12 synapse-1.2 53,500 256/ 86 Num Hidden Units 200
D13 velocity-1.4 51,713 196 /147 Num Classes 2
D14 velocity-1.6 57,012 229/78
D15 xalan-2.4 225,088 723 /110 Table 4. Parameter Settings
D16 xalan-2.5 304,860 803 /387 Parameter Setting
D17 xalan-2.6 411,737 885 /411 Layer of Sequence Input Input size
D18 xerces-1.2 159,254 440/ 71 The LSTM Layer )
D19 xerces-1.3 167,095 453/ 69 Layer Completely Connected |
— Total 2,306,238 7,147 /2,358 Softmax Layer )
Classification Layer 1
Table 2. Features in the datasets Max Epochs 7
F.ID Features name F.ID Features name Mini Batch Size 27
1 wme 11 moa Gradient Threshold 1
2 dit 12 mfa Verbose False
3 noc 13 cam Execution Environment CPU
4 cbo 14 ic
5 rfc 15 cbm study to maximize the network optimal weight by searching
6 lcom 16 ame through the identified agents as indicated during design.
7 lcom3 17 ca
] npm 18 e Evaluation Parameters and Performance Metrics
9 loc 19 max_cc Following implementation, the suggested system will
10 dam 20 ave cc be evaluated basqd on its performance. The performance
parameters for this work include accuracy, convergence

search agents was limited to 40. The details of the chosen
benchmark function were loaded.

Table 4 defined all the layers of the network. We specify
the classifier’ training options. Set Max Epochs to 7, and
the network will iteratively run over the training data seven
times. We chose a batch size of 27 to allow the network to
evaluate 13 training signals at the same time. Plots can be
set to “training-progress” to show training progress as the
number of iterations grows. We set verbose to false to avoid
producing the table output that matches the data given in
the visual. We use the same mini-batch size as for training
to categorize the test data, which is then used to determine
the prediction accuracy. The WOA strategy is used in this

speed, and precision score. These parameters are computed
mathematically as follows:

Accuracy: This performance metric is concerned with
the model correct prediction, and it may be stated as:

TP + TN
TP+ FP+FN+ TN’

Accuracy =

Precision: Precisions tell you how exact or accurate
your model is in terms of anticipated positives and how
many of them are true positives. When the cost of false
positives is substantial, precision is a good metric to use. It
can be stated numerically as:

TP

Precision=——"""".
TP + FP
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Recall: Recall secks to determine what percentage
of true positives was accurately detected. It is written
mathematically as:

TP

Recall= ——.
TP + FN

F1: is a function of accuracy and recall; it may be
more appropriate to use when we want to strike a balance
between precision and memory and there is an even class
distribution (a high number of genuine negatives). It can be
stated numerically as:

ﬁPrecision x Recall

F1=2 — .
Precision + Recall

Where TP (True Positive) shows whether instances
where the actual class of the data point was 1 (true) and the
projected class was also 1 (true)?

TN (True Negative) shows whether instances where the
actual class of the data point was 0 (false) and the projected
class was also 0 (false)?

FP (False Positive) shows whether instances where the
actual class of the data point was 0 (false) and the expected
class was 1 (true)?

FN (False Negative) shows whether instances when the
actual class of the data point was 1 (true) and the predicted
class was 0 (false)?

Result and Discussion

We use a static analysis-based evaluation sub-module
to benchmark the DL architectures. On publicly available
datasets containing collected samples, the performance
of numerous traditional ML and DL methods for SDP is
studied. In this part, the proposed methodologies were
tested against the most extensively used software defect
classification approach (CNN) on benchmark datasets.
Precision, recall, accuracy, and F1 were all recorded for
each one. The study was carried out on a system powered
by an Intel Core 17 processor. The simulation output is
evaluated and compared in three stages, beginning with
accuracy and progressing to training performance.

From Table 5, each of the evaluation metrics (accuracy,
precision, recall and F1) was reported between 0 and
100. In each case, the higher is the value the better is the
model performance. It is quite obvious that the proposed
system achieved the best performance in terms of accuracy,
precision, recall and F1.

Classification Accuracy

The three DL algorithms used in this study had the highest
accuracy. In addition, the suggested system produced a
higher classification accuracy of 0.975 on the DO2 software
defect data than the other classical CNN systems utilized by
[6] and [10], which reached 0.922 and 0.942, respectively.
This means that the suggested model outperformed the
most recent DL approach in accurately predicting the
presence of faults. Fig. 2 compares the suggested model
performance to that of the existing CNN approach.

Precision

On the DO2 software defect data, the suggested
system achieved the highest precision score of 0.968 when
compared to the other classical CNN algorithms utilized by
[6] and [10], which achieved accuracy of 0.952 and 0.902,
respectively.

From the Fig. 3, we can see that the proposed system
achieved the best precision score of 0.968 on the DO2
software defect data compare to the other classical CNN
approaches used by [6] and [10] which achieved accuracy
0f 0.952 and 0.902, respectively.

Recall

The suggested method had the highest precision score
01 0.989 on the DO2 software defect data when compared
to the other classical CNN systems utilized by [6] and [10]
which had accuracy of 0.962 and 0.910, respectively.
However, precision and recall are sometimes merged into a
single statistic known as the F1 which strikes a compromise
between the two.

As seen from the Fig. 1, the proposed system achieved
the best precision score of 0.989 on the DO2 software
defect data compare to the other classical CNN approaches

—e— Li’s CNN Acc
—m— Nevendra’s CNN Acc
Proposed WOA-LSTM Acc

1.2
>
Q
£ 2
308 / \
<
)
S
504
o
o
[a B

0

DO1 D02 D03 D04 D05
Data

Fig. 2. Classification accuracy for all methods

Table 5. Performance comparison with classical CNN architectures on the same dataset

Data Li’s CNN Nevendra’s CNN Proposed WOA-LSTM
Acc Pre Rec Fl1 Acc Pre Rec Fl1 Acc Pre Rec Fl1

DO1 0.682 | 0.623 | 0.533 | 0.574 | 0.748 | 0.756 | 0.778 | 0.767 | 0.942 | 0.951 | 0.936 | 0.923
D02 0.922 | 0902 | 0.910 | 0.906 | 0.942 | 0.952 | 0.962 | 0.957 | 0.975 | 0.968 | 0.989 | 0.978
D03 0.468 | 0.528 | 0.570 | 0.548 | 0.628 | 0.638 | 0.646 | 0.642 | 0.969 | 0.927 | 0.932 | 0.930
D04 0.583 | 0.573 | 0.568 | 0.570 | 0.618 | 0.658 | 0.648 | 0.653 | 0.931 | 0.941 | 0.936 | 0.925
D05 0.597 | 0.586 | 0.592 | 0.589 | 0.697 | 0.721 | 0.732 | 0.726 | 0.903 | 0.974 | 0.932 | 0.926
Average 0.666 | 0.664 | 0.670 | 0.666 | 0.775 | 0.782 | 0.790 | 0.786 | 0.934 | 0.952 | 0.935 | 0.926
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used by [6] and [10] which achieved accuracy of 0.962 and
0.910, respectively.

F1

On the DO2 software defect data, the suggested system
achieved the highest F1 of 0.978 when compared to the
other classical CNN systems utilized by [6] and [10], which
achieved 0.957 and 0.906, respectively.

From Fig. 5, the proposed system achieved the best F1
of 0.978 on the DO2 software defect data compare to the
other classical CNN approaches used by [6] and [10] which
achieved accuracy of 0.957 and 0.906, respectively.

In general, it can be clearly noticed that our proposed
method (WOA-LSTM in Fig. 6) achieved the highest
accuracy with 0.934, precision 0.952, recall 0.935, and
F1 with 0.926, irrespective of the software defect datasets
used. Compared to the existing CNN in [6], which achieved

—— [i’s CNN F1
Proposed WOA-LSTM F1
—@— Nevendra’s CNN F1

12
y |
= V\E'f'
0.4
0
DOl D02 D03 D04 D05
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Fig. 5. F1 for all methods
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Fig. 6. Average performance score for all methods

the values: accuracy 0.666, precision 0.664, recall 0.67, and
F1 0.666 (Li’s CNN in Fig. 6); and existing CNN in [10]
which achieved the values: accuracy 0.775, precision 0.782,
recall 0.79, and F1 0.786 (Nevendra’s CNN in Fig. 6).

Computational Complexity

The recommended model, WOA-LSTM, achieved the
fastest run time of 112 s, beating 195 s in [6], and CNN
203 s in [10]. This means that the proposed technique
significantly accelerated network training while also
providing a more efficient DL model for early detection
of software flaws. After ten separate runs, the average
performance for the scenario of algorithm execution time is
shown. The testing of the three techniques on DO2 software
data is depicted in Fig. 7.

Discussion

This study presents an optimized DL technique,
specifically the LSTM employing WOA, to improve the
prediction performance of software problems.

Limitation

The research was limited to a simulation technique
and did not cover model upgrades, integration with
development tools, or developer cooperation. As a result,
real-world deployment must be thoroughly investigated.
Future research will look into the practical issues of
deploying LSTM-based defect prediction models in real-
world software development environments. Researchers
might focus on making LSTM models more interpretable
in the future, allowing developers and testers to understand
why particular predictions are generated. The research
relied on limited or specific datasets, which may have
resulted in a lack of diversity in terms of software projects,

—

Li’s CNN

[\
(]
(=]

Computing time, s
=
S

Nevendra’s
CNN

Proposed
WOA-LSTM

Method

Fig. 7. Average converging time for all algorithms
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programming languages, or sectors. This shortcoming may
limit the suggested method applicability to numerous real-
world settings. The study may have drawbacks due to the
proposed method sensitivity to hyper parameters or specific
setups. It may be necessary to investigate the method
resilience in relation to different parameter values further.

The study provided an optimized DL methodology
based on the WOA; however, it did not provide a full
comparison to other state-of-the-art defect prediction
models or approaches. The proposed method computing
requirements may be a limitation. Future research could
look at combining the proposed improved DL method with
ensemble techniques. It would be possible to investigate
how integrating various models could improve defect
prediction accuracy and robustness. Future research should
look on ways to make the model decisions more visible
and intelligible, allowing software programmers to better
grasp the reasoning behind defect predictions. An area of
interest could be the development of a real-time defect
prediction framework based on the optimal DL algorithm.
LSTM could be used in SDP research to detect, mitigate,
and assure fairness and ethical issues.

Recommendation

It is recommended in the future to look at transfer
learning approaches that allow pretrained LSTM models
(for example, on one project or domain) to be fine-tuned
for defect prediction on various projects or domains. This
may eliminate the requirement for large labeled datasets
for each project. In the future, we should address the issue
of imbalanced datasets in software prediction. Imbalanced
datasets are widespread in this domain; therefore, research
into how to employ LSTM networks successfully for
such datasets is critical. This research also recommends
investigating in the future how LSTM models may capture
and use time-related features of software development.
Understanding how historical data affects future defect
prediction might be useful as software projects change
over time. We also recommend in the future looking into
incorporating diverse data modalities (for example, source
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AHHOTAIUA

Beenenue. [TpeioxeHbl MeTo]] cTabMIM3auy 0OHAPYKEHHS CTPYKTYPHBIX aHOMAJINH B YCJIOBUSX aINTHBHBIX LIIyMOB,
a TaKKe aaropuTM (OPMATBEHOTO BEIOOpA MAPaMETPOB PELIAIONIETO MPAaBUIIa B 00HAPYKUTENE CTPYKTYPHBIX aHOMANHUH
Ha ocHOBe MeTozia Robust Random Cut Forest (RRCF). Metoa. B pamkax pa3paboTaHHOTo MeToza, 1S CTaOMITH3alui
nporiecca 00HAPYKEHUSI CTPYKTYPHBIX AaHOMAITHH B YCIIOBUSIX BO3/ICHCTBUS aJTUTHBHBIX IIIYMOB, IIPSTIOKEHO MO/IaBaTh
Ha BX07 RRCF-00HapysxuTelnst NOTOK JaHHBIX, KOTOPBII IpeaBapuTenbHo 00paboTaH OJHUM U3 METOI0B HU(POBOI
¢ubrparmy. [Ipu 5ToM npaBmIIO IPUHATHS pelleHus 00 00HAPYKEHUN aHOMAJIMH CTPOTO (OPMAITH30BAHO H ITPO3PATHO
unTepnperupyercs. OcHoBHBIE pe3yabTaTbl. @opMani30BaH BEIOOP MapaMeTpoB CTAOMIM3HMPOBAHHOIO METOIAMU
npeaABapUTeIbHON (GUIBTPALlMK JaHHBIX BXOJHOIO IMOTOKA oOHapyxutens anomanuii Ha 6aze RRCF. ITapamerp
oOHapyxuTes, BHIOpaHHbIH B paMKax MPEUIOKEHHBIIl CXEMbI, FapaHTHPYET alPUOPHO 3a/IaHHYI0 BEPXHIOIO TPAHUILLY
JUISL BEPOSITHOCTH JIOXKHOHM TPEBOTH MPU MPUHATHHU pelIeHns: 00 00HapyKeHHH CTPYKTYPHOH aHOMAIHH. DTO CBOHCTBO
CTPOTO J0Ka3aHO U 0(OPMIICHO B BHJE TeOpeMbl. D(Hh(HEKTUBHOCTH paboThl cTadmmm3upoBanHoro RRCF-o0Hapy kuresns
aHOMaJIM{ HCCIIel0BaHa YHCICHHBIM METOAOM. JJOCTUTHYTBIE Pe3ylbTaThl MOATBEPKAAI0T PabOTOCIIOCOOHOCTD
PaccMOTPEHHOTO MOIXO0/1A P YCIIOBUH BEIOOpA ITOpOTra 00HAPYKEHUS IPEITIOKeHHBIM criocoooM. [TpuBenen npumvep
MIPaKTHYECKOT0 HCHOIb30BaHus npeniokeHHoro RRCF-o6unapyxurens. Obcyxnenne. PazpaboTanHblii mOaX0N
NIePCIIEKTHUBEH JUTsl OOHAPY)KEHHUSI CTPYKTYPHBIX aHOMAJINH B YCIIOBHSIX 3aIllyMIICHUSI HAOIFO[CHUH aINTUBHOM IIOMEXOH,
B CjIy4dae€, Korjga Ba>XHO rapaHTHpPOBATh BEPXHIOK I'PaHULy 1J11 BEPOATHOCTU JIOKHOM TPEBOI'A. B YaCTHOCTH, IIOAXO0Q
MOXXET HAWTH NPUMEHEHHE NPHU KOHTPOJE TEXHOJIOINYECKUX PEKUMOB IPOKAYKH KUAKOCTH B TPYyOOIIPOBOIHBIX
CHCTEMAax WU B CUCTEMAaxX OOHAPYKEHHUS MIPETOTKA3HBIX COCTOSHUI TEXHOJIOTUUECKOTO 000PyI0BaHNSI.

KuroueBsbie ciioBa
Robust Random Cut Forest, oOHapy»)eHHe CTPYKTYPHBIX aHOMAJINH, TOTOKOBast 00paboTKa JaHHBIX, TApaHTUPOBAHHOE
oOHapyKXeHIe aHOMAaJTHIA

Ccpuaka pJs uutupoanus: Tumogeer A.B. ['apanTupoBanHOe 00HApYKEHHE CTPYKTYPHBIX aHOMAJIHI B TIOTOKOBBIX
JaHHBIX ¢ ucnonb3oBanueM Merona RRCF: BeIOop mapaMeTpoB oOHApYKHUTENS M €ro CTaOMIN3AIMs B YCIOBHIX
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Guarantee structural anomaly detection in streaming data using
the RRCF model: selection of detector parameters and its stabilization under
additive noise conditions
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Abstract

A method for stabilizing structural anomaly detection under additive noise conditions as well as an algorithm for formal
selection of the parameters of the solver rule in the structural anomaly detector based on the Robust Random Cut Forest
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(RRCF) method are proposed. In the framework of the developed approach, in order to stabilize the process of structural
anomaly detection under the influence of additive noise, it is proposed to feed to the input of the RRCF-detector a data
stream which is pre-processed by one of the digital filtering methods. In this case, the decision rule for anomaly detection
is strictly formalized and transparently interpreted. The selection of parameters of the RRCF-based anomaly detector
stabilized by pre-filtering methods of the input data stream is formalized. The RRCF-detector parameters choice within
the proposed scheme guarantees a predetermined upper bound for the false alarm probability when deciding to detect a
structural anomaly. This property is rigorously proved and formalized as a theorem. The performance of the stabilized
RRCF-detector is investigated numerically. The achieved results confirm the performance of the proposed approach
provided that the detection threshold is selected in the way proposed in this paper. An example of practical application
of the proposed method is presented. The developed approach is promising for the detection of structural anomalies
in conditions of observation additive noise, in a situation where it is important to guarantee an upper bound for the
probability of false alarm. In particular, the approach can find application in monitoring technological regimes of liquid
pumping in pipeline systems or in systems for detecting pre-failure states of technological equipment.

Keywords
Robust Random Cut Forest, structural anomaly detection, streaming data processing, guaranteed anomaly detection

For citation: Timofeev A.V. Guarantee structural anomaly detection in streaming data using the RRCF model:
selection of detector parameters and its stabilization under additive noise conditions. Scientific and Technical
Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no. 2, pp. 230-240 (in Russian). doi:

10.17586/2226-1494-2024-24-2-230-240

BBenenue

[Ipobnema omneparnBHOTO OOHAPYKEHUSI AHOMAJINH B
HeNpepbIBHOM ITOTOKE JaHHBIX YaCTO BCTPEYACTCSI HA ITPaK-
THKE, HalIPUMEp, B CUCTEMaxX KOHTPOJISI TEXHOJIIOTHYECKUX
TIPOIIECCOB, TIPH 0OHApYKEeHNHU MomeHHInuecTBa (fraud) B
0aHKOBCKHUX TpaH3aKIUAX, I oOecreueHust 6e30macHo-
CTH TEJIEKOMMYHHKAIMOHHBIX CETEH, a TaKkKe B JPYTUX
NpUKITaIHbIX obnactax [1-12]. B psae ciyyaes, mpakTude-
CKHU MPHEMJIEMbI YPOBEHb IoKa3zaresneid 3(h(hEeKTHBHOCTH
pelIeHus TaHHOU 3a/1a4i 00eCIIeYMBAIOT KIaCCHYECKUe
METO/IbI, OCHOBaHHbBIE Ha OOHAPYKEHUHU Pa3iiaIKH CIIydai-
HBIX TIporieccoB (change point detection), a Takke METOJBI,
OCHOBaHHBIC HA MCIIOJIb30BAHNU MAIIMHHOTO OOy4YeHHS
(«one class SVM» u 11p.). Bcem aTuM MeToz1amM XapaKTepHBI
KaK JIOCTOMHCTBA, TaK ¥ HenocTaTku. OCHOBHBIM HEZO-
CTaTKOM 3THX METOJIOB SBISICTCSI CPABHUTEIBHO HU3KAS
YyBCTBUTEJIBHOCTDh K MaJIOAMITITUTYIHBIM CTPYKTYPHBIM
AQHOMAJIHAM, KOT/Ia TI0 aMIUTUTYTHO-9aCTOTHBIM XapaKTepH-
CTHKaM aHOMAJIHs OTIIMYACTCSl OT HOPMbI HE3HAYUTEIBHO.
YacTUYHO 3TH HEJO0CTATKH CIOCOOEH KOMIIEHCHPOBAThH
CPaBHUTENIBHO HOBBI METOJ] aHCaMOJIeBOr0 0OHapYIKe-
HHUS aHOMaJIMIA, KOTOpBIit HazkiBaeTcst Robust Random Cut
Forest (RRCF) [13]. B nacrosimeit pabore uccienoBaHo
HECKOJIbKO B2)KHBIX CBOWCTB JJAaHHOTO MeTO/a, cPopMu-
pOBaHa METOAMKA ONPECIICHHS €T0 TAPaMEeTPOB, a TAKKe
M3Y9EHBI COCOOBI CTAOMIN3AINY TTPOoLiecca 0OHAPYKEHNUS
AQHOMAJIMH B YCJIOBHSX a/UIUTUBHBIX ITYMOB, OTJIMYHBIX OT
KJIACCHYECKOTO MeToja cTadbmnnsanuu «bagging» [14].
TTox crabmm3sanueii monnmaercs Buecenne B Mmetonq RRCF
OIIPEEIEHHBIX ANTOPUTMUYECKUX JJOMOIHEHNH, KOTOPbIE
00ecreunBaroT COXpaHeHNe CIIOCOOHOCTH JAHHOTO METOIa
K 3 heKkTHBHOMY OOHAPYIKEHHUIO CTPYKTYPHBIX aHOMAITHIA
NPU HAIMYUHU JIJUTUBHOTO LIEHTPUPOBAHHOIO IIyMa Ha-
OJrO/IeHHH C KOHEYHOMH JMCTIepPCUEH.

Onpe)lenemm H IMOCTAHOBKA 3aJ1a4H

[Tycts B MoMeHTBI BpemeHu 1 = (£, ¢}, ...) BBITTOJTHEHbI
M3MEpEeHHUs ClTydaiiHoro npouecca z(t), Vt € T: z(f) € Z, tae
MHOXXECTBO Z — anpuopHO 3a1aHo. CyIecTBYIOT anpH-

OPHO HEW3BECTHBIC BEJIMYUHEI T{, T, € T Takue, 4yTO IS
HEKOTOPBIX (PYHKIHH p, g (p # g) IOITyCTHMA 3aITHCh:

NPECEEORTICRS
D= o+ rem ) €T

rae GYHKIUH p, g — HEU3BECTHHI; () — myMoOBOH
CIIy4aiHbIi MpOLECcC ¢ HEU3BECTHBIM PaCIpPECICHUEM;
E&(1) = 0, EEX(F) = 62 < o0 l;z’kEé(t)&(k) =0; 6 — BenMYMHA

Heu3BecTHa. 31ech u najiee E(x) — maremMarnyeckoe 0xu-
JIaHWE BENYMHBI X, a P(®) — BEpOsITHOCTH COOBITHS .

HeoOxomumo co3nmarh  pemiaromiee  HpaBHIIO
W(t, 0|{z(?)|t € T}) Takoe, uTo

[Y(z, 0[{z()|t € T}) = true] = [t € o,([1y, 1,])],
[Y(z, 0]{z()|t € T}) = false] = [1 € o ([1), T])],

a I almpuoOpHO 3amaHHOM BenmnyuHb! o € |0, 1[ umeer
MECTO CIIeyIoIIee HePaBeHCTBO:

P(Y(, 0[{z(0)|t € T}) = truelt € o([1), 1)) <o, (1)

rae oy([1y, T,]) — €-OKpECTHOCTH 3aMKHYTOTO MHTEpBaa
[y, T5), e o ([}, To]) = 0.([T] — &, T, + €]) L1 HEKOTOPOH,
JIOCTATOYHO MaJION BeMU4uHbI € > 0; 0 — mopor npuHsTUs
pelieH s, BEIHYNHA KOTOPOTO 3aBUCUT OT (DYHKIUHU g U
arnpHOPHO HEN3BECTHOW KOHCTAHTHI G.

IMpouece @ = {z(?)|t & [1y, T,]} Ha30BeM 6a30BBIM ((po-
HOBBIM) TPOIECCOM, a nporiece Ay = {z(?)|f € [t, To]} —
aHoOMaJIneH.

Robust Random Cut Forest
JJIs1 00OHAPY/KEHHS AaHOMAJIHI

B ocnose metona RRCF nexut upes onmepaTHBHOTO
KOHTPOJISI CIIOKHOCTH aHAIM3UPYEMOTO (pparMeHTa mo-
TOKa HAaOMIOACHUHN, KOTOpas SBJISIETCS HOBOW JUIS 3a/1aq
nannoro kinacca [13]. B mocinennue rons metoq RRCF
4acTo MCHONb3yeTcs Ha npaktuke [15, 16]. Jomyctum, uto
QHOMaJINs TIPEJICTABISIET COO0M pesikoe COOBITHE, TOTAa
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lapaHTpoBaHHOE 0OHaAPYXXEHWEe CTPYKTYPHbIX aHOMAaJIIA B MOTOKOBLIX AaHHbIX C Ucnofib3oBaHneM metoga RRCF...

MOYKHO CYHMTATh, YTO B OCHOBY (yHKImoHupoBanusi RRCF

TIOJIO’KEHA CIIEAYIOIIAst T0CIIe0BaTEIbHOCTD I11AroB.

1. ®opmupyercs nec F (F-ancambip) n3 OuHapHbIX Jie-
peBbeB. UNCIIo IepeBbEB U JUCTHEB B KAXKIOM JIepe-
BE SIBIISIIOTCS HACTPOCUYHBIMHU IapaMeTpaMH, KOTOPBIE
a/IaTUPYIOTCSI MO/l aHAIM3UPYEMBIH ITpo1ecc.

2. Tlpu MOCTyTUIEHWH TTAapTHU HOBBIX HAaOIIOMeHU (TO-
4eK) popMHpyeTCs CIBUTAIOIIEECS OKHO, COCTOAIISE
13 TOYEK, KOTOPBIE BCTABISAIOTCS B KaXKA0€ JAEPEBO M3
F-ancamb6ns ¢ ucnonb3oBanreM (opMaIbHOTO METO-
Jla — «BCTaBKa B OMHapHOoe JiepeBoy. Hanomunm, 4to
KaK/IbIi y3eJ1 B OMHApHOM JIepeBe IPECTaBIIsieT co00i
«IPU3HAK pa3JIeJICHUs», KOTOPBII SBISETCS CIOCO-
O0M pasJiesieHus IPoCTpaHCcTBa HAOMIONEHHH Ha JBa
MOZIMHOXKECTBA. B cirydae OGMHapHOTO JiepeBa KaxIbIit
y3€JI MOXKET OBITh «JIEBBIM» MJIH «IIPaBBIM», YTO CO-
OTBETCTBYET JABYM BO3MOXXKHBIM 3HAYECHUSM IpPU3HAKA
paznenenusi. Korna peanusyeTcst onepanusi BCTaBKH
HOBOH TOUKH B OMHAPHOE JAEPEBO, BCETNA BEIOMPACTCS
MIPU3HAK Pa3JeNeHNs Ul 3TON TOYKH Ha OCHOBE HEKO-
Topoii ctparerun. [Ipu ncnons3oBanuu metona RRCF,
MIPU3HAK pa3eNIeHNs BEIOUpaeTCs CIIydaifHBIM 00pa3oM
U3 BCeX BO3MOXHBIX BapuaHToB. Takoil MeTos BbIOOpa
CIIYXHT JUIsl 00€CIIeYeHUsI yCTOHUMBOCTH K M3MEHEHHU-
sIM B JIAHHBIX, B paMKax bagging-uneonoruu. Takum
oOpa3om, orepanusi «BCTaBKka B OMHApPHOE JIepEBOY»
OCYIIECTBIISIETCS ISl CITy4aifHO BBIOPAHHOTO TIPU3HAKA
pasnenenus. B urore Bce nepebs u3 F-ancamOis mMo-
JuuIMpyroTCes pa3sTuYHbIM criocobom. [ToctenenHo B
cTpykrype F-ancam6mns oroOpaxaercs gpoHOBas (HOp-
MalbHas) Moziels ponecca 4. Uepes HekoTopoe Bpe-
Msl, B 3aBHCHMOCTH OT TEMIIa MOCTYIUICHHUS BXOIHBIX
JMaHHBIX, (pOHOBasE MOnENb OyneT oOyueHa WHKpPEMEH-
TallbHBIM MeTO/IOM. lpyrimMu crioBami, F-ancamoOnn Oy-
JeT HacTpOeH Ha HopMy D7, IPUYEM CII0)KHOCTb HOPMBI
U3BECTHA U OIIpEe/iesIeHa CTPYKTYPOH HHKPEMEHTAIbHO
oOyuenHoro F-ancamos.

3. OKHO M3 TOYEK C/IBUTAETCs Ha LIar [0 BPEMEHH U IPO-
W3BOANTCS OLIEHKA TOTO, HACKOJIBKO M3MEHMIIACH CIIOK-
HOCTb MOJICJIN TTOCIIE AOOABICHUS I'PYIIBI TOYCK W3
okHa? Eciy olleHeHHast CJI0KHOCTh MOJISITH TIPEBBICHIIA
HEKOTOPBII ITOPOT, CYMTAETCS, YTO B OKHE COAEPIKATCS
TOYKH, COOTBETCTBYIOIINE aHOMAJIMU. Takum 00pazom,
CJIOKHOCTh aHAJIM3MPYEMOH IOPLUUHU TOUEK (HM3Mepe-
HHI) 3HAUUMO OTJIMYHA OT CIOXHOCTH F-aHcamOns u
B pE3yabTaTe MOXHO CACJIaTh BBIBO/J O HAJIUYUHU aHO-
MaJIuu.

B kauectBe (hyHKIMHU, U3MEPSIIOIIEH CIOKHOCTH MO-
JIeJIH, UCTIOJIb3YEeTCsl HeKoTopas (DyHKIUsI, ONpeaeeH-
Has JUIsl KaXK1011 BEPILMHBI IepeBa U 3aBHUCSIIAs OT €ro
ITyOMHBI, KOTOpasi Ha3bIBaeTCs KOJTM3MOHHBIM IIepeMe-
menueM (Collusive Displacement, CoDisp). B ciyuae,
eciu Gyakuust CoDisp onpenensiercst Ut TPYIIIbI TOYEK,
00pa3yIomux cIBUIoBOe OKHO, BennunHa CoDisp cHadana
BBIUUCIIACTCA TS KaXKI0W TOUKH (TI0 BceMy F-ancamomo),
a B Ka4eCTBE UTOTa PACCUNTHIBACTCSI CPETHEE 3HAUCHNUE T10
BceM ToukaM. Paktnuecku Gpynkims CoDisp npencTaBisieT
co0oii Mepy pamKHpOBaHUS BEPIINH BHYTPH JepeBa, KO-
TOPOE€ B 3aBUCUMOCTHU OT BEJIMYMHBI HEKOTOPOT'O IMOpora 9,
IMO3BOJIACT OTACIIMTh aHOMAJIbHBIC UBMCPCHUA OT HOpMaAJIb-
HbeIX. B pamkax meroma RRCF, npu BeIOOpe moporoBoro

3HaveHus 0 st Benuunbbl CoDisp NMPaKTUYECKHU Opee-

JSIeTCS TO, KaKUe BEPIIMHBI OyIyT CUNTATHCSI aHOMAJIUSIMU,

B YAaCTHOCTH, K MHO)KECTBY aHOMAJIbHBIX OTHOCSTCSI BCE

BEPIINHBI, Uil KOTOpbIX (hyHKIMs CoDisp > 6. Uem Hike

nopor 6, Tem OoJIbIlIe BEPIINH CUUTAIOTCS AaHOMAJIUSIMHU,

1 Ha000poT. B psizie HaydHBIX padoT, I pacCMOTPEH Me-

tog RRCF, He mpuBoauTest MeTonuka BeIOopa mopora 0,

M03TOMY JaHHAs METOAMKA MPE/ICTABICHA B HACTOSIICH

pabore.

Hammomuum, 9o onepanus insert point (BcTaBka HOBOH
TOYKH B OMHApHOE JepeBo 77) OMUCHIBACTCA CIEAYIOIIEH
[IOCJIEJ0BATENBHOCTBIO JCHCTBUM.

1. Ilpouemypa HadMHAETCs C KOPHS JiepeBa.

2. 3HavyeHHe BCTABISIEMOM TOYKHM CPAaBHMBAETCS C TEKY-
UM y3ioM. Eciii 3HaueHe MeHbIIIe, TOUKa CJIBUTaeTCsI
BJIEBO (B HAINPaBICHUU «JIEBOTO» IIOJJIEPEBA), CCIIH
Gospiie — BIIPaBO (B HANPaBJIEHUE «IIPABOTOY» IMOJIE-
peBa).

3. Ilpomecc mpomomkaeTcs 10 TeX Mop, MoKa He OymeT
HalfeH mycToi y3en (nbo y3erd, B KOTOpOM HET HH
OZIHOTO M3 TIOTOMKOB), Ky/Zla ¥ BCTaBJII€TCSl HOBAs TOUKA.
Ha npakTrke omeparms insert point 03Ha9aeT CO31aHMe

HOBOTO y3J1a 1 100aBJICHUE €T0 B JIEPEBO B COOTBETCTBHH C

npaBuIaMu OuHapHOTO Aepesa. Kak ciemyer u3 [13], B or-

JIMYME OT CTaHapTHOro OMHApHOTO Aepesa noucka, RRCF

UCIIOJIb3YEeT MEXaHU3M CIIy4aiHOro BeIOOpA IPH3HAKA, 110

KOTOpOMY OyJeT IpOM3BOANTHCS pasneneHue. [Ipu sTom

OCTaJIbHBIE TPU3HAKU BCE PABHO yYaCTBYIOT B Pa3/IeIICHNH,

OIIpE/IEIIsAsl KAKOH y3el Oy/IeT SIBISATHCS POIUTEIBCKUM IS

HOBOM ToukHd. Takoit moxaxoxn nenaetr merox RRCF Ooree

YCTOHUYMBBIM K BBIOPOCAM M MEHEE YyBCTBUTEIILHBIM K BbI-

60py npuzHaxoB. Korna HOBYIO TOUKY JaHHBIX BCTABIISIOT

B aepeBo n3 F-ancamb6mns, gynkius CoDisp BEIYHACIACT:

HACKOJIBKO CHJIBHO BKJIIOUEHHE 3TOH TOUYKU MEHSIET CTPYyK-

Typy AepeBa. Eciu BKitoueHHe HOBOM TOYKH 3HAYUTEIILHO

YBEJIMYHUBACT CIIOKHOCTh MOJICTH (YBETHUUBACT OUTOBYIO

n1yOMHY JepeBa), TO aHOMAJILHOCTb 3TOM TOUKH CUMTACTCS

Oosiee BEepOSITHOM. 3aMETUM, YTO ISl BKIIIOUEHHSI B OMHAp-

HOE JIepeBO aHOMaJIbHON TOUKH 00513aTelIbHO MOTpedyeTcs

UCIIOJIb30BaHUE Oobuuelt OnToBoi ryounsl. 1 HaoOopoT:

JUISL BKITFOYCHUSI B OMHAPHOE JIEPEBO «HOPMAIIBHOM» TOUKH

OyzeT ucronabp30BaHa OMTOBas ITyOMHA, XapaKTepHAast IS

MHKPEMEHTAJIbHO O0yYEHHOT0 AepeBa. BakHO OTMETHTD U

TO, YTO BCTABISIEMBIC TOUKH, KOTOPBIE HAXOIATCS ONMMKE K

KOPHIO JIepeBa, CKOpee BCero He OyIyT cunTarhbesi BEIOPO-

camMu. ITo 00yCIIOBIIEHO T€M, YTO TOYKH OJIMKHHUE K KOPHIO

00BIYHO MMEIOT 0OJbIIe OOIIEro ¢ OCTaIbHONW YaCThIO

JAaHHBIX, U MTO3TOMY MEHEC BCPOATHO TO, YTO 3TU TOYKHU

IPUHAUISKAT AaHOMAIbHOMY IIpoLeccy Ar.

Oo6parum BHMMaHue, uTo JaepeBbsi B RRCF He 00y-
YaloTCsl B «TPAAUIIMOHHOM» CMBICIIC: OHH 00y4aroTcsi Ha
MOTOKE JAHHBIX 110 Mepe UX MOCTYIJICHUS IIPU yCIOBUH,
YTO MOCTYTIAIOIIUE JaHHBIE SIBISTFOTCSI HOPMaIIbHBIMU ((o-
HOBBIMH). MIHaue roBOpsi, 3TN JaHHbBIEC JOJDKHBI OBITH JJIe-
MeHTamu npouecca @ ITpu 3ToM Kaxknas BcTaBIeHHAas
TOYKA U3MEHSET CTPYKTYpy AepeBa B F-ancambie, uTto B
CBOIO O4Yepe/ib BIUACT Ha CIIOCOOHOCTH JiepeBa Kiaccuhu-
LIMPOBATh HOBBIE TOUKM JAAaHHBIX. TakuM 00pa3oM, BCTaBKa
TOYKH JaHHBIX B iepeBo B RRCF sBnsieTcst yacTwio mporiec-
ca UHKpeMeHmanbHo2o 0byuenus Monies. VI3 n3inoxeHHoro
CJIEJLYET, YTO CJIOKHOCTH MOJICJIH MOYKHO TIPEJICTaBUTh Kak
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CyMMY OHMTOBBIX TIyOWH BCeX y3J0B nepeBa. [Ipu aTom
AHOMAJIHsI OTIPEJICNIICTCS KaK ToYKa (TpyIina TOYeK), KO-
TOpasi 3HAUUTEIBHO YBEIIMYUBAET CI0KHOCTb MOJIEIIH [TPHU
ee BKJIIoueHuU B JepeBo. KonnuecTBeHHas! OLlEHKA U3Me-
Henus cioxHoctu mogenu B Meroge RRCF moxer ObITh
BEIpaKeHA KaK OKUIaeMOe N3MEHEHHE OMTOBOH TITyOHHBI
BCEX JINCTHEB B JiepeBe u3 F-ancaMOms mpr yaneHuw To4-
ku z. Takoe m3menenne obo3HaunM Disp (d-cmemierne).
M3menenue Disp siBisieTCs KIIOYEBBIM aClIEKTOM OIlpejie-
nenns anomanuii B RRCF u, cornmacuo pabote [3], mpuHu-
Masl JONYLIEHNUE O PAaBHOBEPOSITHOCTH JiepeBbeB 17 € F,
OTIpeJIeIIIeTCs B BUJE:

Disp(z,2)= ¥ (f0, Z. Tr)—fv, Z—z, Tr)) [F[™,  (2)
Try€Z—z
rae |[F| — mommuocts F-ancamb6isi; Z — MHOXECTBO U3-

mepenuit (touek); fly, Z, Tr) — riyOuHa Touku y € Z B
OounapHoM nepese 77

B pabote [3] paccMoTpeHa BaxkHast KOHIETIIHSI OTIpe/ie-
JICHUA d-CMelHeHl/ISI, KOTOpas YUUTBHIBACT TaK HaA3bIBA€MBIC
«ryOnuKaTey uin «oiuskue nyomukare («colludersy)
N3MEpPEHHH, CyIeCTBOBAaHHE KOTOPBIX CIIOCOOHO MacKH-
poBaTh HaJIM4yre BHIOpOcoB. OnpeneseHnst 3THX BaXKHbBIX
TIOHATHI Oy/TyT AaHBI Jajiee 1o TekcTy. JlaHHast KOHIEIns
COCTOUT B TOM, UTO €CIIM CYIIECTBYET TOJILKO OJIMH aHO-
MaJbHBIN BEIOpOC (Ha30BEM €ro MEepBEIM), TO MPOOIEM C
ompeneneHneM d-cMemeHus, cormacHo ¢opmyrne (2), HeT:
BenmuuHa Disp(z, Z) Oynet 3HaunTenbHa. [Ipobiema Bo3-
HUKAaeT B TOM ClIy4ae, KOT/ia PsiZIoM C IEPBBIM aHOMAIbHBIM
BBIOPOCOM CYIIECTBYET BTOPOH, ONM3Kui K mepBoMy. B
9TOM cityyae d-CMeleHUe MpU ylaJleHHH BTOPOro, B MPH-
CYTCTBHH TIEPBOTO, OYIET CPABHUTEIILHO MaJIbIM, TaK KaK
TIPY yAAJICHUHN U3 JIepeBa BTOPOH BBIOPOC CABUHET MEPBBIi
BHYTPH JiepeBa. Takoe moBeieHne MOXKeT NPUBECTH K TOMY,
YTO BTOPOW BBIOPOC OyIeT Mackuposams HAIWYHNE Tep-
BOTO BBIOpOCA, JIeNasi ero MeHee 3aMeTHBIM ISl METo/Ia
RRCF. B stom ciyuae niepBasi 1 BTOpasi aHOMaJIMi Ha3bl-
BAIOTCA «AyONMKaTaMm» Win «OIN3KUME TyOIuKaTamMmy,
JUISl KOTOPBIX Ha aHIIMHCKOM SI3bIKE MCTIONIB3YIOT TEPMUH
«colludersy». UToObI HUBENHPOBATH JAHHYIO MPOOIIEMY, B
[3] mpemnoken kounent «Duplicate Resilience», B pamkax
KOTOPOTO ocyiiecTsiaeHa Mmoauduxais Gpopmyssr (2). [pu
MOAM(UKAIK TaKkxke BbrurcieHo d-cmemenue (QyHKIus
CoDisp), KOTOpOe peaanu30BaHo MPU OTHOBPEMEHHOM y/a-
JIeHuH 11es10ro Habopa «colluders», npencrasisiomniero co-
60ii MHOecTBO C, € Z U HAXOIAMUXCA PAAOM C LIEJIEBOH
Toukol z € Z. B pabote [1] ¢pynkuus CoDisp onpenenena
CJICITYIOLIM 00pa3oM:

CoDisp(z|Z|S|) =

1
= E max - Z(f(y,S,TV)—f(y,S_CZ,Tl”)) P
sezr\c.cs ISlyesc.

rne f{y, S, Tr) — tnybuna Touku y € S € Z B OMHApHOM
nepese 7r, IS HEKOTOPOTO (OCTATOYHO OONBIIOTO)
S € Z; C,— muOo)kecTBO «colluders», cooTBeTCTBYOMMX
Touke z € S € Z. OTMeTHM, 9TO MPHU YCIOBUU KOHIIETI-
ta «Duplicate Resilience», anementsl «colluders» coor-
BeTCTByIOT TaKuM 3JICMCHTaM JIaHHBIX, KOTOpI)Ie UMCHOT
CXOXKYIO CTPYKTYPY HIIM IOBEIEHHUE, U ITO3TOMY MOTYT

OBITH PACCMOTPEHBI B Ka4eCTBE 0yOIUKamos (WA OIUSKUX
dybnuxamos) npyr Ipyra.

Omnpenenenue Gynkunn CoDisp(z|Z|S|) pacuupsieT
MOHATHE MOAN(DUKAIIMK MOJIeJIn OMHAPHOTO aepesa 1r ¢
YUETOM JTyONTMKATOB yAaasieMol (00aBIsieMoi) TOUKH, a
TaKXkKe ONM3KUX TyOJIMKATOB, KOTOPBIE MOTYT «3aMacKH-
poBaTh» Hanmane BeIOpocoB. [Ipu stom pyukius CoDisp
BBIYUCIISIETCS KaK OXKHAaeMOe U3MEHEHHE ITyOHHBI TOYEK
B OuHapHOM niepese 7r 3 F-ancamOms, korga Habop Togex
C., coneprkaliii HHTEPECYIOLIYIO HAC TOUKY Z, YAaJIseTcs
u3 ounHapHoro aepesa 7r. DiemeHThl «colludersy B 3TOM
KOHTEKCTE — DJIEMEHTBI JIaHHBIX, KOTOPbIC YAAJSIOTCS
BMECTE C 2JIEMEHTOM Z.

IapaMeTpsbl U HEKOTOPbIE 0COOEHHOCTH
meTona RRCF

OcHoBHbeIME TTapameTpamu Metoa RRCF sBnsrores:
— wMoirHocTh F-ancamons: |F|;

— BepXHsisl rpaHuIa pasmepa JepeBbeB 7r € F: tree_size;
— JUTMHA CABUTOBOTO OKHa: shingle size;
— TIOpOT MPUHSATHS pemeHust: 6.

UYem Oombnre BeanunHa |F|, Tem ycroiiunBee pesynbrar
U BBILLC BBIYMCIUTENBHBIC 3aTpaThl. B HHOM ciyuae, 4em
Oonplie tree size, TeM ycTOWYMBEE Pe3yJbTaT M BBIIIE
BBIYHCIIMTEIIBHBIC 3aTPaThl. B CBOO ouepe/p, yeM Gosiblie
shingle size, Tem GobpIlie TyBCTBUTEIBHOCTh METOAA K
cl1abOBBIPayKEHHBIM aHOMAJIHSM, HO TIPH 5TOM yBEJINYMBA-
ercst BeinunHa [0.([1y, T,])| — |t — To| = 2¢, T. €. magaer Tou-
HOCTb OLICHHBAHUsI MHTEpBaJa [Ty, T,]. BeiOOp mapamerpos
|F|, tree_size u shingle size B OCHOBHOM oIpeensercs
BEJIMYMHAMH P, g ¥ G, KOTOPbIE, KaK IMPaBUIIO, HA IPAKTHKE
aINPUOPHO HEU3BECTHBI.

OJtHaKo BayKHO TO, YTO CaM MPUHIHIT TOCTPOCHUS BEJH-
unHbl CoDisp CBUAETENbCTBYET O TOM, UTO JUId ¢ € [T(, T, ]
pacnpenenenue BenuuuH CoDisp(z(£)|), Anst cpaBHUTEINb-
HO HeOONBIINX 3HAYCHUIl mapaMeTpa G, B 00IEeM Ciy-
Yae JOJDKHBI HMETh NOumu CmayuoHapHulll XapakTep.
MHOTrO4YHCIICHHBIE BBIYUCIUTEIbHBIE YIKCIEPUMEHTBI O]
TBEPIKAAIOT 3Ty THIIOTE3Y.

Paccmotpum crenyromryto moaens 1ist CoDisp(z(£)|):

Vt & [ty, 15]: CoDisp(z(?)|') = m(p, g o) + ¢(¢). (3)

3neck mis nHabopa p, g, ¢ BenuawuHa m(p, g, ©) =
= const(p, g, ), a w1 BenmanH {¢(7)} Bepuo: E¢(f) = 0,
Ec2(¢) = const < oo, ]{V;Eg(k)g(l) = 0. CnyyaiiHas BeTUIMHA

¢(?) 3aBucut ot {&(£)} u p.
Hus nexoroporo T <Tt; obo3Hauum: CoDisp(t) =

=Y CoDisp(z(t)|-)T 1.
<t
Teopema. [1ycTs:
JIoTycTUMO Tipencrapienue (3);
1utst Hekotoporo P, € 10, 1[: 6. = CoDisp(t) + (1 + T 0:5)x
ZEQZ(‘C) 0,5
(1-P)
Torna P(CoDisp(t) <0,) > P,.
Joxa3arenabcTBO. PaccMOTpUM 04€BHIHOE TIPEACTAB-
JICHUE:

N =
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lapaHTpoBaHHOE 0OHaAPYXXEHWEe CTPYKTYPHbIX aHOMAaJIIA B MOTOKOBLIX AaHHbIX C Ucnofib3oBaHneM metoga RRCF...

CoDisp(t) = m(p, g, o) + Y.5(t) T ! =m(p, g o) + (1)
=<t

Ha ocnoBanuu HEPABCHCTBA YeOpImeBa IMEET MECTO
CJIeAyrouee HEPaBEHCTBO:

Egi(r) \0?
P<m(p, g, 6) < CoDisp(t) + (m) ) >P,.

U3 koTOpOTO ClielyeT HepaBeHCTRO:

. 2E€2(T) 0,5
P| m(p, g, 6) < CoDisp(t) + —'c'(l ) >P,.

PaccmoTpruM COOBITHS W,,, W,,,, W
HBIE CIIEAYIOMNAM 00pazoM:

Wg U W, OTIPE/IeNeH-

EGZ(T) )

E 2
Wt {m(p, g, c)>CODzsp<r>+< g(r)) ,

E¢(r)
(1 - c
2EC(1) \ %
ls(D]> <—(1 - Pc)> ,

wy: {CoDisp(t) <0.}.

[«

m(p, g, 6) < CoDisp(t) +

m.

()l =

Ha ocHoBanuu HepaBeHcTBa YeObIlieBa HIMEIOT MECTO
HEPaBEHCTBA:

P(W,) < (1 - P2, P(W) < (1 —P,)2. (4)

Hcnonw3yst coBMeCTHO HepaBeHCTBa bymns u (4), mo-
JIy4UM:

P(w,,w) > 1 - (P(w,,) + P(W)) >
S 1o ((1-PY2+(1-P)2) =P, )

O‘IeBI/I,Z[Ha HUMIITHKaI s

W, W, = Wg. (6)

W3 Beipaxenuii (5) u (6) cienyer 1oka3bplBaeMoe
yTBepKICHHE.O

Hcnonb3oBanue 0, B KadecTBE MapaMeTpa «II0por MpH-
HSTHUSL PELICHHUS», COIVIACHO CACIAHHBIM ITPEIIIOI0KESHHUM
U J0Ka3aTenbCTBY TeopeMsl, rapaHTHPYET, YTO

PCY(z, 0[{z(D)|r € T}) = truelt & o ([1}, ,])) =
=P(CoDisp(1) >0t <1)<1-P,

Ecim utst 3aianHOr0 3HAa4EHNs oL BRIOpaTh P, = 1 —

P(¥(, 0l{z()|c € T}) =

a, TO
truelt & oy([1, 1,])) < o

B pesynbrare BoinmonHeHO ycioBue (1) mMOCTaHOBKH
3ajia4ul.

[Tpu sTom mpaBmiio npussaTHs pemenus V(-) umeer
BUJI:

(‘P(¢, 0|{z(0)|t € T}) = true) eciu (CoDisp(t) > 0,)
(P(z, 8|{z(0)|t € T}) = false) eciu (CoDisp(t) < OT).

Taknum 06pa3om, TpeOOBaHUsI TOCTAHOBKH 33/1a4H BbI-
TIOJIHEHBI: TTPABUJIO TIPUHSATHS PEHICHHs c(hOPMYITNPOBAHO,
a CIIEJIOBaHHWE YTOMY NPaBUIIY TapaHTUPYET 3aTaHHYIO
BEPXHIOIO TPAHUILY JJIsl BEPOSITHOCTH JIOKHOM TPEBOTH.

Tak xak Ec2(t) anpuopHO HEM3BECTHO, OTY BEIMYHMHY
CJIe/lyeT OLEHUTH MO JTOCTYIMHBIM HabmrogeHusM Op. s
JTHX IIEJeH 1eecoo0pa3Ho UCTIONB30BaTh OOBIYHYIO BHIOO-
POYHYI0, HECMELIEHHYIO OLIEHKY BellnurHbl Ec2(T), KoTopast
a¢dexTrBHA ISt OOIBIINX BEINYMH T

Var [CoDisp(t)] =
= Y (CoDisp(t) — CoDisp(z()|-))>(t— 1)1

<t
B sTOM ciyuae BbIpaxkeHHe AJIsl TOpOra UMEET CIIey-
IO BUT:

. 0,5
ét = CoDisp(t) + (1 + T—O,S)(M) o

(I-FP)

Jlist ycTpaHeHHsI HeraTUBHOTO BO3JCHCTBHUS TOMEX
{&(%)} m crabmmmzamuu meroga RRCF, mox xotopoii moz-
pa3ymeBaeTcsi COXpaHEeHHUE CIIOCOOHOCTH K 00HAPYKEHUIO
CTPYKTYPHBIX aHOMAJIHMH B YCJIOBHAX MCKaXEHHUs HaOIIO-
JCHUN aJANTUBHBIM [IEHTPHPOBAHHBIM IIYMOM C KOHEY-
HO¥M qUCHepCHeH, TpeiaracTcsl MPUMEHUTh ITUPPOBYIO
(GuabTpALMIO K BXOJHOMY MOTOKY JaHHBIX. [Ipu aTOM,
nepen ucronb3oBanuem Meroaa RRCF, nadnronenust {z(7)}
TIOJIBEPratoTcst 00paboTKe OTHUM U3 33/IaHHOTO MHOMKECTBA
1 (poBBIX QUIBTPOB.

B kadecTBe 1mokasaress, KOTOPBIH XapaKTepH3yeT cTa-
ounsrocts RRCF mipu ukcupoBaHHoil qucrnepcun 62
QTATUBHOTO IIEHTPHUPOBAHHOTO IITyMa W MCIOJIb30BAHUH
¢unpTpa f IpeanaraeTcsl NCIOJIB30BATh CIETYIONIYI0 Me-

TPHKY:

2(1 + PY)
SW(o|PY, PY) ZPg)(10g104)10g10<_1 + po )

rue Pg) u Pgo) — BEpOSITHOCTH OOHAPYKEHHsI CTPYKTYp-
HoM aHoMmanuu MetonoM RRCF B ycnoBusx mckaxeHus
HaOJTIOCHUH aJIMTUBHBIM IEHTPUPOBAHHBIM LIYMOM C
Jucniepcreil 62 mpu Uenoib3oBanuu GUibTpa Thna f u 6e3
UCIIOJIb30BaHMs (PMIIBTPALIMK 3AIIyMIICHHBIX HAOIIOIEHHH.

B nanereiimem, B ToM ciaydae, Korna 3T0 He BBI3BIBACT
HEOJHO3HAYHOCTCH, BMECTO S(f)(0|P(/) P ) Oymem wmc-
TIOJTH30BaTh COKPALICHHBIN BapI/IaHT 0603Haqu1/Iﬂ Sh(o).
C yderoMm TOro, 4To P(/) P( ) e € [0, 1] merko BUAETH, YTO
‘;’:S(f)(c) € [0, 1]. Ora (1)yHK].[I/DI JIMHEHHO 3aBHCUT OT ng)

U ee BeTHYHHA HgOHOpHI/IOHaHBHa norapu(mMy BeJINUHNHbI
(1 + PDYA + POy, Takum o6pasom, senmanna SO(c)
TeM OoJblue, yeM Oouiblie BeJnYuHa P2’ NPeBOCXOIUT
P(O) 1 Hao0opoT. J[pyrumu ciioBamu, eciii BEPOSITHOCTh
o6Hapy>1<eHm CTPYKTYpPHOI aHOMAJIUU C UCTIOIb30BaHUEM
¢wuibrpa f Benuka, ¥ OHa BBIIIE, YEM BEPOSITHOCTH OOHa-
PY’KeHHMsI 5TOI aHOMaINK 0€3 MCIIOIb30BaHusI GHIBTPA, TO
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noxkasarenb SO(c) BospacTaer. MakcuMabHOE 3HAYEHUE
pesmunnbl SN(6) — enununa. U Hao6GopoT, eciu BeposiT-
HOCTbh OOHAPY’>KeHNUS CTPYKTYPHOW aHOMAJIUH C UCTIOIb30-
BaHMeM (WIbTpa [ HU3KA, U OHAa HHUXKE, YeM BEPOSTHOCTh
OOHapy>KeHUS ATOH aHOMAIMK Oe3 MCITOIb30BaHUS (HHIIb-
Tpa, To mokasareib S(c) ymeHbiaeTes. MUHHMAIBHOE
3Hauenue Beanuunbl SN(c) — Hyas. Takum oOpasom,
S()(c) nETEpIPETHPYEMO XapaKTepu3yeT >p(GEKTHBHOCTh
HCTIONB30BaHUs (GUIBTpa f IPU CTAOMIM3AIINN METOIa
RRCF. YcnoBumcst Ha3bIBaTh 3Ty METPHUKY «00OOIIEHHBIM
nmokasareneM crabmim3zanumn». B pasgene «HuciaeHHbIC
UCCIIeIOBaHMsI» MMOKa3aHa MILTIOCTPAIMS HCIIOIb30BaAHHS
Pa3JIMYHbIX TUIOB (DUIIBTPOB f, a TAK)KE MPEBAPUTEIBHBIN
aHaM3 ux 3(PYEeKTUBHOCTH.

YucjeHHbIEe HCCIET0BAHUS

Bpi00op KOHKpeTHOTo (hMIIbTpa 3aBUCHT OT CICHU(DUKH
HaOromaeMoro mporecca {z(¢)}. PaccMorpum pesysabrarst
ucnonb3oBanus trexnonorun merona RRCF ¢ mapamerpa-
mu: [F| =120, tree_size = 140, shingle size = 5. Boinonanm
MIpEBApUTENIbHYIO0 (DMIIBTPAIIUIO JUIS CJIEAYIOIIEro Mpo-
necca:

— p(f) = Asin®(Tt — To) + 0,54cos?(Tyt — To) + C + &(2),

A=30,C=70,¢0=20, T=2n/100, T} = T/2;

— g(t) = GeosX(Tht) + &(1), 1, = 445, 1, = 455, G = 90,

T, = m/500.

3neck A, G — aMIDIATYAHBIC TTApaMETPBI MOJCIH; f —
Bpemst; C — koHcTaHTa ypoBHs; 1, Ty, T, U ¢ — mapa-
METPbI MOJIEIIH, ONPE/EIISIONNE €€ YaCTOTHO-(ha30BbIe
XapaKTEePUCTUKH.

Benmmunnsl £(f) pactipe/iesieHbl 110 HOpMaJILHOMY 3aKOHY
C HYJIEBBIM CPEJHUM U CPEIHEKBAPAaTUUYECKUM OTKIIOHE-
HueMm o, ¢ € {0, 1,2, 3,4, 5, 6}. Ha puc. 1 npeacrasiex
rpaduK 3TOTO mporecca Mpu ¢ = 2.

Kax Buano u3 puc. 1, anomanus caado BbIpazkeHa U
3aMacKMpoBaHa aJJUTHBHEIM IIyMoM. Vcciemyem pac-
npenenenne CoDisp(z(f)]"), t & [T}, T,] AT pa3TUIHBIX
BapHAHTOB peanu3anuy MuPpoBoro GuisTpa. B nanHOM
9KCHEPUMEHTE HCTIONB30BaHbI CIIEAYIOMINE TUTIBI (PUITBTPOB
(tabm. 1).

Ha puc. 2 npencrapieHbl IWIOTHOCTH PacHpe/ieeHus
BenmnuuHbl CoDisp(+) Ui BCeX BapUAHTOB (QHUIbTpPAIMH

g 110
5]
=
o
2.
=
g 90
5
)
T
o

70

0 200 400 600
Bpewms, ¢

Puc. 1. MopenbHbIi iporiece (ipu 6 = 2) co cnabo
BBIPQ)KCHHOH aHOMAJINEH, KOTOpas BbIJEICHA IBETHBIM
TIPSIMOYTOJIEHIKOM
Fig. 1. Model process with a weak anomaly (highlighted by
colored rectangle)

(Tabm. 1). Kaxkmas cexius moly4eHHBIX 3aBHCHMOCTEH
CONEPXKUT M300pakeHNe MIOTHOCTEH pacrpeaeneHus
CoDisp(+), COOTBETCTBYIOIINX KOHKPETHOMY (QHIBTPY f 1
c€{0,1,2,3,4,5,6}.

W3 puc. 2 BUJHO, 4TO MJIOTHOCTH paclpeeeHus Be-
nuuunbl CoDisp(+) Bcera UMEIOT YHUMOAAIBHBIN THII,
C BBIp@XCHHOU mpaBoit acummerpueii (right-skewed
distribution, positive skewness). C yBenuueHueM AuUCIEp-
CUM TIOMEXH aCUMMETpHS JAHHOTO THUIIa YBEJINYNBACTCS.
3aBUCUMOCTH TTOKA3aJd, YTO PA3INIHbIC (PHIIBTPEI BIUSIOT
Ha TUIOTHOCTH pacnpeneieHuss CoDisp(-) pa3auaHbIM 00-
pa3oM, ¢ TeHIEHIIel K 000CTpeHH0 (PyHKIMH pacIpese-
JICHHUS B 00JacTH MakcuMyma. VHade roBops: 4eM Jrydrire
paboTaeT GUIBTP, TEM yXKe CTAHOBUTCS pacIpe/esieHne
BEPOSTHOCTH.

BusyansHo, pe3ynsrarsl paboTsl GprisTpoB median
n order_filter BBIDIAAAT nipeanouTuTENbHEE. YTO MOIHO-
CTBIO TIOATBEPKAACTCS Pe3yJbTaTaMi MOJEIHUPOBAHHUS,
KOTOpbIC MOKa3aHbl Ha pHc. 3 U B Ta0. 2. [y monydeHus
CPaBHHTENBHBIX JIAHHBIX 110 3()(eKTHBHOCTH cTaOMIIN3a-
un Metonia RRCF miist paznuuabix GUIBTPOB BBITIOTHEHA
Cepusl BBIYUCIIUTEIBHBIX KCIICPUMEHTOB, IMTPU KOTOPBIX
JUTst QHITBTPOB f OCYIIECTBIICHA OIICHKA BETUUNH ng), PC(SO),
cooTBercTBytommX ¢ € {0, 1, 2, 3, 4, 5, 6}, a Takke BBI-
ynciensl 3HadeHus SY(6). MOIHOCTD KaX 10| CepuH 9KC-
MIEPUMEHTOB, TIPOBOAUMON ISl YHUKANBHBIX f M G, paBHA

Tabnuya 1. Vicons3yemble (GUIBTPBI
Table 1. Digital filters used

O06o03HaueHne GUIBTpa

OO61re XapaKTepucTUKu GUIBTpa

symiirorder crnaxuBaronuit [IR-¢pumstp (pexypcusnstit Gprnsrp, BUX-GuisTp) ¢ 3epkaibHO-CHMMETPUIHBIMI
TPaHNYHBIMH YCIIOBHSIMHU € TIOMOIIIBIO KacKasia ceKIuii nepsoro nopszaka. [Tapamerpsr ¢pusrpa: CO:
2,71:0,01[17]

Ifilter (WITBTP ¢ KOHEYHOM UMITYTBCHON XapaKTePUCTHKON ((PHUIBTp CKOMB3sIIEro cpennero). Pazmep rayc-

coBoro okHa: 4 [17]

order_filter

HOpsAKOBBIN GuibTp 4-ro panra. Macka ¢unsrpa: [-1, -1, -1, 0,1, 1,1] [17]

median 0OBIYHBINA MeauanHbIi GunsTp. Pazmep okHa dumbrpa: 5 [17]

savgol ¢unbsrp Savitzky-Golay, KOTOpbIil IpUMEHSIETCs ISl CIVIQXKUBAHUS JaHHBIX M YCTPAHSHHMS IIyMa.
OcHOBaH Ha UCIIOJIE30BAaHNH JIOKAJILHOW TOJIMHOMHANBHOI anmpokcuManyu. [Tapamerps! ¢uisTpa:
JUTMHA okHa — 12; mopsiiok nonmuuoma — 10; pesxkum pacirpenust — nearest [ 18]

non 0e3 unpTpanuu

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

235



lapaHTpoBaHHOE 0OHaAPYXXEHWEe CTPYKTYPHbIX aHOMAaJIIA B MOTOKOBLIX AaHHbIX C Ucnofib3oBaHneM metoga RRCF...

a
0,4 1 —o0=0
p—o
~ —0c=2
=S
Z 031 —o0c=3
Q
§ i —oc=4
a —o0c=3
§ 0,21 —0=6
a
2 ]
)
2 0,11
S
=
= ]
0,0 7 . : ¢ .
0 10 20
3nauenus CoDisp, 1
c
0,4 1 =0
c=1
§n c=2
£ 031 =3
o
OE . c=4
% =5
S 0.2 1 6=6
a
A ]
S
g 0,11
S
=
= -
0,0
20
3uauenus CoDisp, 1
e
—o=0
0,4 - P
Eﬁ E —o=2
g 034 o3
5 —oc=4
3 1 _
a, —o=5
5 0.2 —6=6
e
A ]
)
£ 0,1
)
=
E -
0,0 - " ———————
0 10 20 30

3nauenust CoDisp, 1

b
0,4 — o0=0
i — o=1
:n — =2
5 0,31 — 0=3
[}
5] . — o0=4
g — o0=5
% 072' _
) — 0=6
Q -
W2
5
g 0,14
=
D)
E B
0,0- 7 T - - .
0 10 20

3nauenus CoDisp, 1

Q a a a a a aqa
Il
(o2 R A L I )

[InotHOCTE pacnpenenenus, 1

20
3uauenus CoDisp, 1
J
0.4 1 —06=0
- L
— —0c=2
s 0,3 - _
E —0=3
= ] —_o0=4
Q
2 02 —°
§ > . 0=6
a _
8
)
2 014
=
S
= _
=
0,0 T T y y y T
0 10 20

3uauenus CoDisp, 1

Puc. 2. Ilnoraoctu pacnpenenenus Gynkipn CoDisp NpH UCTIONB30BAHUHU PA3TUYHBIX (GHIBTPOB YISl PA3THYHBIX HMHTEHCUBHOCTEH
aJI/ITUTHBHOTO IIIyMa, OTPeesIeMbIX BelnuiHol : non (a); symiirorder (b); Ifilter (¢); order_filter (d); median (e); savgol (f)

Fig. 2. CoDisp distribution densities with different filters for various additive noise intensities defined by . Diagrams: no filters (a);
symiirorder filter (b); Ifilter filter (c); order filter filter (d); median filter (e); savgol filter (f)

50. B tabn. 2 mpencTaBiIeHb 3HAYCHUS Pg) JJISI MHOYKECTBA
¢unsTpoB Fs = {non, savgol, Ifilter, median, symiirorder,
order filter}, rme non COOTBETCTBYET CITydar0 OTCYyTCTBHUS
TIpeIBAPUTENBHON (prutbTparyuy. 3a1aiuM BEITMIUHY JIOMY-
CTUMO#1 HIKHEH rpaHuie P, € [0, 1] most Pg) Ha ypOBHE
09, ¢. P, =0,9. B rabn. 2 )upHbiM wpupToM Bbizese-

HBI 3HAYCHUS Pc(,/), KOTOpBbIC NMpeBbIIatoT P .. OTMeTnM,
YTO JaHHOE MPEACTaBICHNUE PE3ylIbTaTOB — OJHA W3
BO3MOKHBIX (pOPM IIpencTaBiIeHus (pakTa 0OHAPYKEHUSI
anomanuu MetogoM RRCF nist pa3HbIX BapuaHTOB pea-
JU3alny Ipeao0padoTku ((GUIBTpAIK) BXOIHOTO TTOTOKA
n3MepeHuit {z(¢)}, COOTBETCTBYIOUIUX HCIIOIb30BAHUIO
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Tabnuya 2. 3Ha4ueHUS BETMYUHBI P((jf) IUTS Pa3HBIX (QUITBTPOB f ¥ 3HAYCHUH G

Table 2. Values of P((,f) for various filters f'and values of ¢

3HaueHne 6 Tun dunerpa
non savgol Ifilter median symiirorder order_filter
0 1,00 1,00 1,00 1,00 1,00 1,00
1 0,81 0,98 0,98 0,98 0,99 1,00
2 0,32 0,95 0,90 0,97 0,98 0,99
3 0,00 0,30 0,20 0,35 0,40 0,98
4 0,00 0,10 0,05 0,03 0,20 0,96
5 0,00 0,00 0,00 0,00 0,05 0,35
6 0,00 0,00 0,00 0,00 0,00 0,00

pa3nuuHbIX TUIOB GHIbTpoB f € Fs. [lomydeHHbIe TaHHbIC
CBUJICTEIILCTBYIOT: PE3yJIbTaThl OOHAPYKEHHUSI aHOMAINH
JTAHHOTO THUHA JUISl pACCMOTPEHHBIX BapUaHTOB IMPEIO0-
OpaboTku f € F's, IpH MOBBINICHUN HHTEHCUBHOCTH IIIyMa
(BeIMUMHBI G), JaJIeKU OT UliealbHOro. B mepByro ouepensb
9TO 00YCIIOBICHO TEM, YTO CMOJCIHPOBAHHASL CTPYKTY-
Hasi aHOMaJTUs TIOBOJIBHO cilaba Ha (OHE BO3ACHCTBHUS ajl-
muTuBHOTO myma {&(7)}. Tem He MeHee, UCTIOTB30BaHNE
¢unbTpa order filter mo3BOMMIIO YCTOWYINBO OOHAPYKUTH
anomanuio s Bcex o € {0, 1, 2, 3, 4}. Oxugaemo Hau-
XyAILIAE Pe3yIbTaThl COOTBETCTBYIOT BapHAHTy non (IOJIHOE
OTCYTCTBHUE MPEI0OPaOOTKH).

Ha puc. 3 npexacraBienbl rpadukn 3aBUCUMOCTEH
SW(c) ot 3nauenuii ¢ qst GunsTpos f € Fs. Cepoii myH-
KTUPHOH JTMHHUEH 0003Ha4YeHa CIIIa)KCHHAs JIOIYCTUMas
HIDKHSISI TPAHMIIA BETMYMHBI 0000IICHHOTO ITOKa3aTerns CTa-
Oumusauuu npu P, = 0,9 B Buze Sp(Qr(G) =80(c] Py Pgo)).
Eciu S9(c) < Spe(0), CAUTACTCS: IPH JJAHHOM 3HAYCHUH G
cTabmm3npoBaHHbIN pu oMot f € Fs meton RRCF —
HerdexruBeH. 13 puc. 3 cnemyer: HanOoIBITyTO 3 hek-
TuBHOCTH oOecnieunBaeT RRCF-o0napyxuremns, ctabumm-
3upoBaHHbIi (usbTpoM order filter. B nannowm ciyvae nipu

P,er = 0,9 obecneunBaercst oGHapyKeHHE CTPYKTYPHOM

aHomayiuu 1yis1 Beex 6 € {0, 1, 2, 3, 4}. ®unbrpsr savgol,
Ifilter, median u symiirorder moxasanau IpUOIM3UTEIHEHO
paBHyI0 3(eKTHBHOCTH cTa0MIIM3anuu MeTo/a, odecre-
yKBasi oOHapyKeHHe aHOMaJInK 1u1st Beex 6 € {0, 1, 2}.

B nporiecce BBITIOIHEHHBIX PAaCYeTOB HOPOT NPHHATHS
petmeHust 00 0OHAPY)KEHUH aHOMAIIUHU BEIONPAJICS COTyIac-
HO BeIpakeHuto (7). Ha puc. 4 mpeacraBieHsl BApHAHTEI
peanm3anuu ciaydaitHoi BexmauHbl CoDisp(+), COOTBET-
CTBYIOILME Pa3InuHbIM QuiIbTpaM f € Fs 1 G IOMEXOBOTo
npotiecca. 3eneHast MyHKTHUPHAs TMHUS 0003HAYaeT Mopor
npuHsATUs perienus 0. O6nacTh peasn3zaluu aHOMaJHH
BBIJICJICHA PO30BBIM L[BETOM.

[pencraBieHHbIe pe3ysIbTaThl JOKa3bIBAIOT: UCIIOIb30-
BaHUE (QUIIBTPAIMHU B KA4E€CTBE IIPEeIBAPUTEIHLHOM 00padoT-
K1 J1aHHBIX cTabmmsupyer merox RRCF B ycioBusix Bo3-
JICUCTBHS aINTHBHON TIOMEXH BBICOKOH MHTEHCHBHOCTH.

IIpuMep NPaKTHYECKOI0 UCMOIb30BAHUSA

CrabunusupoBanubii Metong RRCF npumenen mis
0OHapyKCHUs aHOMAJIBHBIX BUOpaNUil TPyOONPOBOIHOMN
KOHCTPYKIIMHM B CUCTEME OTBOJIAa IIAXTHBIX BOJI B KPUOJIH-
TO30HE. [laBieHue paccona, KOTOPbI OTBOAUTCS YEPE3 3Ty

=
[ee}

=
~

3Hauenus metpuku S(c), 1b

0,0

— 1. savgol

— 2. Ifilter

— 3. median

— 4. symiirorder
— 5. order_filter
YPOBEHbB JIOITYyCTUMOM
HUKHEN rpaHuLbl

0 2

CpenHeKkBapaTnieckoe OTKIIOHEHHE aIITNTUBHOTO IIyMa HaOMIOACHUH G, 1

Puc. 3. 3aBUCUMOCTH BETMYMHBI 00001IEHHOTO MoKasarens crabmmsamnn SO(c) ot 3HaueHuit o st GuIBTPoB f € Fs
Fig. 3. Dependence SY(o) vs. o values for different /' € Fs
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Puc. 4. TIpumeps! peanuzauun pyHkiun CoDisp, COOTBETCTBYIOIIHE Pa3IHIHBIM 3HAYSHUSIM G TIOMEXOBOTO MpoLiecca st GUIBTPOB:
non, ¢ =2 (a); order_filter, 6 =2 (b); median, 6 = 6 (c); order _filter, 6 =6 (d)

Fig. 4. Examples of CoDisp realizations corresponding to different filters and different o of the noise process: no filtering, ¢ =2 (a);
ordinal filter, = 2 (b); median filter, 6 = 6 (¢); ordinal filter, 6 = 6 (d)

CHCTEMY, B 3MMHHI niepuox gocturaet 18 6ap u Gornee, a
3JIEMEHTBI TPYOOIIPOBOJHON KOHCTPYKIMU YaCTO PACIIONO-
JKCHBI Ha HEPOBHOM MOBEPXHOCTH, C SIPKO BBIPAKEHHBIMHU
cryckamu ¥ noxbemamu. OOlee HarpsHKeHHO-1e(pOpMu-
POBaHHOE COCTOSIHHE KOHCTPYKIIUU U3MCHSIETCS B 3aBH-
CHUMOCTH OT COCTOSIHUSI €€ OINOp, CTENEHU U3HOILEHHOCTH
9JIEMEHTOB TPYOOITPOBOIHON CUCTEMBI, TEXHOJIIOIMYECKUX
PEKUMOB MEPEKavYKH, a TAKXKE BCIICICTBUE BIMSHHS HHBIX
¢axtopoB. O coCTOSIHUH HANPSIKEHHO-e(DOPMUPOBAHHOTO
COCTOSIHUS KOHCTPYKIuH, cormacao TOCT 57727-20071,
MOXHO OOBEKTHBHO CyAWTh II0 XapakTepy ee BUOpaunu.
B mporecce onTOBOIOKOHHOTO MOHMTOPHHTA BHOPAIINN
TpyOompoBoIHO# KOHCTpYyKImH [19] cymecTByeT HEOO-
XOJMMOCTh OOHApPyKHMBaTh MOMEHTBI CMEHA PEXHMMOB BHU-
oparu (MCPB), koTOpBIe TPOUCXOIAT, HAPUMED, U3-3a
CMEHBI TEXHOJIOTHYECKOTO PEXUMa MPOKAYKH paccona, B
MOMEHT Haydajia HeyMpaBJIseMOro pa3pyIlIeHus IeMeHTa
KOHCTPYKIMH MW ITPY U3MEHEHHUH HaIpsHKEHHO-/1e(pOpMH-
POBAHHOTIO CTaTyca 3IEMEHTa KOHCTPYKIMU BO BpeMsl IIPo-
cellaHus ONOPHI Ha ciraboM rpyHTte. O6HapyxeHne MCPB
KpaiHe BaXXHO JUIsl pe3y/IbTaTOB MOHUTOPHHTA, TIOITOMY
9Ta 3aj1a4a BBIJEISACTCS B OT/ICIbHBIN HH()OPMALMOHHBIH
mpouecc. [Ipu sTtom camu MCPB, B 3aBucHMOCTH OT HX
TIPUYMHBI, MOTYT OBITh KaK JOCTaTOYHO YACTBIMHU (PeTyIsip-
HBIMH), TaK U KpaliHEe PeIKuMH (TIpOCEeNaHue OMOPHI HIIN
JTAaBHHOOOPA3HBIH MPOIIeCcC pa3pyIIeHns KOHCTpyKiuH). [1o

ITOCT 57727-2007 Texuuueckast IMarHOCTHKA. AKYCTHKO-
SMHCCHOHHAs auarHoctuka. O6mmue tpeboBanus. Beenen
01.10.2007. M.: U3narenscTBO cTannapros, 2007. 11 c.

9TOi puunHe, B 0a3e JaHHBIX HAOMIONEHNH 38 AMHAMHUKON
BUOpALMK KOHCTPYKIMH TPYOOIIPOBO/a B OCHOBHOM MPH-
cytcTBytOT peryisipabic MCPB. IMeHHO 1151 00HApY KEeHUsT
atoro turna MCPB u Obl1 npuMeHeH cTaduiIn3upoBaHHbIH
meton RRCF ¢ korduryparweii [F| =200 , tree_size = 150,
shingle size = 30, order filter. Micnonb3yrorces 1Ba Hesa-
BUCHMBIX OOHApPYXXHUTEIS, IEPUOJBI aJalTallud KOTOPBIX
paBHbl 30 MHH, HO CIIBUHYTBI JpyT OTHOCHTEIILHO JIpyTa
Ha 15 muH. CormacHO MCHOIB3YEMBIM ONPEACICHUSM, B
rporecce ajanranun crpoutcs monensb @ ITocie okon-
YaHWS IIePHUOJa aIalTaIlIH TIPOU3BOIUTCS COPOC HACTPOECK
K HavaJbHBIM U TIPOIIECC aJaNTAIlii HAaYNHACTCS BHOBb.
JlaHHas cxema IoKa3aia BBICOKYIO MPAKTHIECKYIO d(h-
(heKTHBHOCTB B YCJIOBHSIX, KOTZIa BUOPALIMOHHbBIE 00pa3bl
TEXHOJIOTHYECKHUX PEKUMOB OTIMYAINCH CPABHUTEIBHO
BBICOKOW HECTAaOMIILHOCTHIO BCIICICTBUE CrielU(UKH pado-
TBI HACOCHOT'O 00OPY/I0BAHMUS M UCKKEHU I, BOSHUKAIOIIINX
B M3MEPHTEIILHOM KaHaje. B pe3ynbrare MHOTOYHCIICHHBIX
9KCIIEPUMEHTOB OBIJIO BBISICHEHO, YTO CTAOMIIM3UPOBAHHBIN
merox RRCF ¢ BepositHOoCTBIO Om3koii k 100 % oGHapy-
xuBaet peryispasie MCPB, obecrieunBast 3a1€pKKy 1pH-
HAaTUA perieHus He xyxe 10—15 c. IlpeanoxxeHHblii MeTox,
obecriegnBan He Oojiee OTHOTO JIOKHOTO CpadaThIBaHUS
B CyTKH. JIOCTHUTHYTBIE TTOKAa3aTeIH MPHEMIIEMBI TIpaK-
TUYECKH U OB JOCTUTHYTHI ITIOTOMY, 9TO PETyIspHBIC
MCPB, B oTiume oT paHee pacCMOTPEHHOTO ITPUMEpa, CO-
OTBETCTBYIOT JIOCTATOYHO KOHTPACTHBIM, CKAYKOOOPa3HBIM
M3MEHEHHUSIM MHOJKECTBA [TapaMETPOB, XapaKTePU3YIOIINX
BUOPALIMIO KOHCTPYKIMU M OTPAKAIOIIUXCS B peaIi3aluu
HaOromaeMoro nporecca {z(7)}.

238

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2



A.B. Tumodees

Oocyxnenue

Kak noka3zanu npoBeieHHbIC HCCIIEIOBAHMS, CTAONIIN-
3HPOBAHHEII TIPU TOMOIIH PEIBAPUTEIHLHON (DHITBTpaIiiu
meron RRCF mpexncraBiser co00il MOIIHBIN METO st
oOHapy>XCHUSI aHOMAJIUH B MIOTOKE TaHHBIX, 00Ia1as CIo-
COOHOCTBIO OOHAPYKHIBATH CIIA00 BBIPAKEHHBIC aHOMAITUT
CTPYKTYPHOTO THIIa B IIOTOKE JTaHHBIX, HCKAKCHHOM al-
JUTUBHOM ITOMEXOH BBICOKOM MHTEHCUBHOCTH. B pamkax
JIAaHHOTO HMCCJIeI0OBaHUs OB CTPOro 0OOCHOBaH BHIOOD
nopora npuHsTus pemenus 0. Boamoxno, nopor 0, BbI-
YUCISAEMbIA B paMKaxX MPeAJIOKEHHON Mpoueaypbl, SBIIs-
€TCsl Ype3MEPHO OCTOPOXKHBIM, TaK KaK aJl'OPUTM BbIOOpa
9TOTrO NMapaMeTpa OCHOBAH Ha UCIIOJIb30BAHUH HEPABEHCTBA
Yeopimiesa. [IpeamonoxurenbHO, 9TOOBI BRIOpPATH MOpoT 0
0osiee ONTHUMAaJIEHO, HEOOXOIMMO BMECTO HEPaBEHCTBA
YeObl11eBa UCIIONB30BATh P ~-KBAHTUIIb, I0CTPOEHHBIH 110
BbIOOpOUHOMY pacnpenenennio @p. C 1pyroit CTOpoHsl,
crabunuzanus RRCF Ha 6a3e dunprpanun, HeCMOTPS
Ha €€ KaXXYIIyICs OYeBHIHOCTD, JTOJDKHA OBITh M3y4YeHA
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Oosiee rTyOOKO: ONTUMAIBLHO OBUIO OBI C(HOPMYIHPOBATH
6onee hopmanpHbIe MpaBiIa HACTPOHKH (QUIBTPOB B 3a-
BHCHUMOCTH OT CTATHUCTUYECKUX CBOMCTB O 7. DTH BOMPOCHI
SIBIISTIOTCS IPEIMETOM JANTbHEHIINX UCCIIeIOBAHHMI.

3akiaouenune

B pabore uccnenoBana crabmiIn3amys 1 BEIOOp mapa-
MeTpoB Metona Robust Random Cut Forest (RRCF) mns
0oOHapy’KeHHsI AaHOMAIBHOCTEH B TOTOKE 3aIIyMJICHHBIX
JaHHBIX. [IpennokeHHble METOMBI TMTO3BOISIOT CAEIATh
RRCF-o6napyxutens 60ree yCTOWIUBBIM K BO3ICHCTBUIO
aJIUTUBHBIX ITOMEX, a TaKXke (OpManIn30BaTh MPOLEAY-
Py oIpeliesieHus opora MPUHSITHSL pelieHus, 00ecIeun-
BAIONIYI0 BEPXHIOIO T'PAHUILY JUISI BEPOSITHOCTH JIOXKHOM
tpeBoru. [Ipemnoxennas moaudukaius metogqa RRCF
Obla anpoOMpoBaHa MPU PEIICHUN pealbHOW 3a/1auH,
pe3yJIbTaThl arpoOauy MOATBEP/IMIN €€ MTPAKTHIECKYIO
3¢ EKTUBHOCTb.
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Abstract

The development of methods for automatic recognition of objects in a video stream, in particular, recognition of sign
language, requires large amounts of video data for training. An established method of data enrichment for machine
learning is distortion and noise. The difference between linguistic gestures and other gestures is that small changes
in posture can radically change the meaning of a gesture. This imposes specific requirements for data variability. The
novelty of the method lies in the fact that instead of distorting frames using affine image transformations, vectorization
of the sign language speaker’s pose is used, followed by noise in the form of random deviations of skeletal elements. To
implement controlled gesture variability using the MediaPipe library, we convert to a vector format where each vector
corresponds to a skeletal element. After this, the image of the figure is restored from the vector representation. The
advantage of this method is the possibility of controlled distortion of gestures, corresponding to real deviations in the
postures of the sign language speaker. The developed method for enriching video data was tested on a set of 60 words
of Indian Sign Language (common to all languages and dialects common in India), represented by 782 video fragments.
For each word, the most representative gesture was selected and 100 variations were generated. The remaining, less
representative gestures were used as test data. The resulting word-level classification and recognition model using the
GRU-LSTM neural network has an accuracy above 95 %. The method tested in this way was transferred to a corpus of
4364 videos in Vietnamese Sign Language for all three regions of Northern, Central and Southern Vietnam. Generated
436,400 data samples, of which 100 data samples represent the meaning of words that can be used to develop and
improve Vietnamese sign language recognition methods by generating many variations of gestures with varying degrees
of deviation from the standards. The disadvantage of the proposed method is that the accuracy depends on the error of
the MediaPipe library. The created video dataset can also be used for automatic sign language translation.

Keywords
Vietnamese sign language, Indian Sign Language, sign language recognition, MediaPipe, coordinate transformation,
vector space, random noise, GRU-LSTM, one-shots, data augmentation
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AHHOTAIUA

Beenenne. Pa3paboTka METOJOB aBTOMAaTHYECKOTO PACIIO3HABaHUS O0OBEKTOB B BHIEOMOTOKE, B YACTHOCTH
pacrio3HaBaHHsI JKECTOBOTO sI3bIKa, TPeOyeT OONBIINX 00bEMOB BUICOIAHHBIX U 00yYeHUsI. YCTOSBIIUMCS METOIOM
oboraieHus TaHHBIX JUISI MAITHHHOTO OOYYEHUS SBISICTCS UCKaKEHHE M 3aimyMieHue. OTimdne si3bIKOBBIX KECTOB
OT JPYTHX KECTOB COCTOUT B TOM, YTO HEOOJBIINE M3MEHEHHUS O3Bl MOTYT PAIUKAILHO MEHSTH CMBICI JKeCTa. DTO
HaKJIabIBACT Crielu(uyueckie TpeOOBaHNs K BApUATUBHOCTH JaHHBIX. MeTon. HoBH3HA MeTo/a COCTOUT B TOM, YTO
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ViSL One-shot: generating Vietnamese sign language data set

BMECTO HCKa)KEHHH KaJIpOB C MOMOIIBIO aMHHBIX TPpeoOpa3oBaHui H300paKeHUH HCHOIB3YETCsl BEKTOPH3ALHS IT03bI
CYPIIOJIMKTOPA C TOCIIEYIOIINM 3allyMJICHHEM B BUJIE CTy4ailHbIX OTKJIIOHEHHH 3JIEMEHTOB cKenerta. J{is peanusannu
yIpaBIsIeMOil BAPHATHBHOCTH JKECTOB ¢ MOMoIIbi0 6ubinorekn MediaPipe sxect nmpeoOpa3yercs B BEKTOPHbIH opmar,
I KaXIbI BEKTOP COOTBETCTBYET SJIEMEHTY CKeneTa. Jlanee BBIMOIHASTCS BOCCTAHOBICHNE M300PasKeHUST (PUTYPBI
13 BEKTOPHOTO (popmara. JI0CTOMHCTBOM MPEATOKEHHOTO METO/[a SBIAETCS BOSMOMKHOCTD YIPABISIEMOTO NCKAKEHHS
JKECTOB, COOTBETCTBYIOIIETO PEAbHBIM OTKJIOHCHHUSM 1103 CypAoaukTopa. OCHOBHBIE pe3yabTaThbl. Pa3paboTaHHbIH
MeTOoJ] 00OTalIeHNsT BUICOJaHHBIX IIPOTECTHPOBaH Ha Habope u3 60 CIIOB MHAMHCKOTO S3bIKA JKECTOB (00IIeTro st
BCEX SI3BIKOB U JMAJIEKTOB, PACIIPOCTPAHEHHBIX Ha TeppHTOpuH MHanm), npeacrapieHHbIX 782 BUIeopparMeHTaMH.
Jlnst kaxaoro ciaoBa BeIOpaH Haubojiee pernpe3eHTaTUBHBIN xecT U crenepuposano 100 Bapuanmii. OcranbHbIe,
MEHEEC PECNPE3CHTATUBHBIC KECThI, UCIIOJIb30BaHbl B KAYE€CTBE TCCTOBBIX JTaHHBIX. B pe3ysbTaTe 1nojryucHa Moaeib
KJIaccu(UKaluy U paclio3HaBaHUS Ha YPOBHE CJIOB ¢ MCMoOib30BaHHEM HelipoHHOM cetn GRU-LSTM ¢ TouHOCTBIO
Boime 95 %. Meton anmpobupoBan Ha Habope HaHHBIX U3 4364 BHI€0 HA BHETHAMCKOM SI3BIKE JKECTOB IS TPeX
peruonoB CesepHoro, Llearpansaoro u Oxuoro BeetHama. Crenepuposano 436 400 00pa3oB JaHHBIX, H3 KOTOPBIX
100 06pa3IoB NpeaCcTaBIsIIOT 3HAYEHHUS CIIOB, KOTOPBIE MOTYT MCIIONB30BAaThCS JUIS Pa3pabOTKU U COBEPIICHCTBOBAHUS
METO/JI0B PAcIIO3HABAHMS SI3bIKA )KECTOB Ha BEETHAMCKOM SI3BIKE 3a CUCT TeHEepalii MHOXKECTBAa BapHalUil )KeCTOB
C pa3HOH CTENEeHBIO OTKJIOHEHHS OT 3TanoHOB. Ofcy:kaenune. HenocTaTrkoM IpeaIoKEHHOTO METOA SIBISETCS
3aBHCHMOCTbh TOYHOCTH OT omnOku onbmunorexkn MediaPipe. CoznaBaeMblii HaOOp BUACOJAaHHBIX MOXKET TAKKe
HCIOJIb30BaThCS U1 aBTOMATHUECKOTO CYPOTEePEeBO/Ia.

KiroueBblie ciioBa

BBETHAMCKHIA SI3bIK )KECTOB, HHIUMCKUIL SI3BIK HKECTOB, paclo3HaBaHKe s3bIKa xectoB, MediaPipe, nmpeobpasoBanue
KoOopAMHaT, BeKTopHOE nmpocTpanctBo, GRU-LSTM, oboramienue gaHHbIX

Cecepuaka s uutupoBanus: Jaur X., becemeprusiit M.A. ViSL One-shot: renepariust Habopa JaHHBIX BBETHAMCKOTO
sI3bIKA JKeCcTOB // HayduHo-TeXHH4YecKknii BeCTHUK HH(OPMAIMOHHBIX TEXHOJIOTHH, MeXaHUKH 1 onTuku. 2024. T. 24, No 2.

C. 241-248 (na anrm. s13.). doi: 10.17586/2226-1494-2024-24-2-241-248

Introduction

Artificial intelligence technology used to solve sign
language processing problems, such as sign language
recognition or sign language interpretation, has deep
humanistic significance in order to reduce communication
distances between people with hearing impairments and
society. The main problem here is the lack of representative
training datasets. Popular and published sign language
video datasets include: Word-Level American Sign
Language [1, 2], including 2000 American Sign Language
signs; RWTH-PHOENIX-Weather 2014T [3] — dataset of
German Sign Language. The most representative dataset
is the Indian Sign Language dataset [4] which contains
4287 videos depicting 263 words with 15 different word
categories that will be further used to test the method
developed by the authors.

It should be noted that all available video data with
gestures is formed in the form of a sign language dictionary
and is intended primarily for training deaf people and
sign language interpreters and cannot be used for training
automatic gesture recognition systems because the number
of samples is too small and will lead to overfitting [5].
To create a dataset for use in a deep learning model for a
sign language recognition task, you can use the following
methods:

— Manual method involving a large number of actors
who speak sign language, with different body sizes
at different ages. This method produces very good
data sets, but requires a lot of time and effort. There is
currently no published sign language dataset that meets
the above standards.

— Automatic method based on Generative Adversarial
Network (GAN), including discriminatory and
generative networks [6], where the discriminatory
network is responsible for trying to distinguish real data
from fake ones, and the generative network generates

fake data, and the goal is to generate data that is most
similar to the real ones, which makes the discriminator
indistinguishable [7]. GAN technology allows you to
generate another face from the original face [8], various
human poses [9], learn modeling from individual
images and videos [10], and create new data samples
containing invisible objects [11]. These techniques
implement affine transformations and do not reflect
the real variability of sign language gestures where the
deflection angles of skeletal elements and movement
trajectories play a decisive role.

— The method for generating simulations of poses and

gesture forms uses calculations of vector coordinate
transformations in space and the addition of random
noise based on the features of frame coordinate points
extracted from the MediaPipe library. This method
generates a large number of data samples, reduces
computation time, and is not complex but very efficient.
The characteristic of this method is that data samples
are generated from an initial data sample (one-shots).
The details of the method are presented in the next
section.

Presentation of the Research Problem

Extracting coordinate features of gestures in sign
language videos using the MediaPipe library

MediaPipe! is a fast, compact and powerful solution
for solving artificial intelligence problems, such as object
detection, hand landmark detection, gesture recognition,
image generation, etc. [12—16]. In our study, the MediaPipe
library will be used to extract the coordinates of objects
associated with sign language gestures. Fig. 1, a, b
describes the location coordinates of the characteristic

I Available at: https://developers.google.com/mediapipe

(accessed: 22.11.2023).
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Fig. 1. Extraction of coordinate features of sign language gestures in video (a, b) and representation in vector space (c).
1-24 — skeleton key points

points of interest to us. Fig. 1, ¢ converts coordinate objects
into vector space.
We can summarize the main research problem of
creating a dataset from one-off data as follows (Fig. 2).
The input sign language video sample will be processed
on every frame. At time ¢, corresponding to the i frame,
the MediaPipe library will extract the coordinates [x, v, z],
where the X, Y coordinates are local to the region of interest
and range from [0.0, 255.0]. The Z coordinate is measured in
“image pixels” as the X'and Y coordinates and represents the
distance relative to the subject’s hip plane which is the origin
of the Z axis. A K-means clustering model is used to ensure
consistency in the number of frames characterizing gestures
in a sign language video, and to set the input parameters

Sign language videos

A 4

Extract coordinate features of gestures for each
frame using mediaPipe library

A 4

Extract the number of characteristic frames for
the video using the K-means clustering algorithm

Generate sign language videos imitating the
original video sample with a previously set
number of video-specific frames

Imitator 1

for a neural network model processing time series data.
After obtaining data frames typical of a video, we proceed
to compute a vector coordinate transformation in space to
generate video samples that mimic the original standard
video. The problem with generating multiple video samples
that mimic the original standard video is the following.

Available data. A sign language dictionary with the
meaning of each word provided by a sign language expert.
We consider these to be standard sign language gestures.
To resemble the process of simulating real-life activities,
the original sample video was named “teacher video”. The
created video samples are video simulators.

Task. It is necessary to create videos of imitators
imitating the teacher’s gestures.

Teacher

Imitator 2 Imitator 3

Fig. 2. Summary of the process of generating sign language data samples from an input video sample (@) and simulating the
generation of gestures that imitate the teacher's gestures (b)
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Data samples have the following two important
properties:

Property 1. Different physical parameters of sign
language speakers;

Property 2. Different amplitudes of deviations of
skeletal elements.

Based on the above two properties, to generate a data
sample according to property 1, we will use the method of
calculating and transforming coordinates in vector space.
To generate a data sample according to property 2, we need
to add random noise to the characteristic coordinate points
obtained after building properties 1 & 2. In the next section,
we will analyze and present this method in detail.

Generating multiple samples of sign language video
data from the original sample

Generating imitator gesture samples based on
the original standard gesture samples by computing
coordinate transformations in vector space

Let A, be the point space of gesture feature locations
in the sign language video, extracted at the ## frame in the
input video. @ is the selected association map that turns 2
points into vector A, ;.

We can then write in general form:

®: A, xA,—V,

where V, is the vector space at the 7 frame.

According to the rule for selecting linked coordinate
points in the vector space at the 1 frame, every 2
consecutive points in the index order set in the MediaPipe
library are listed in Fig. 1, a will form a vector. Then,
choosing k consecutive points will represent a geometric
feature of a sign language gesture. In fact, this geometric
feature characterizes the movement tendency of an object
in space.

The (v9, v}, v2, ..., v& € V,) are vectors in the vector
space V,, and (v, v}, v2, ..., vk € V) are vectors in the
vector space V, at the ¢ and ¢ frames extracted from the
given standard sample video.

There exist the mappings F = (£, £}, 2, ..., f,tk) with
linear transformations:

SV = v

Similar to the sign language gesture video of the
generated imitator, we also have: (u?, ud, v, ..., u? € U)
which are vectors in the vector space U, and (u?, u?, u?,
..., u? € U,) are vectors in the vector space U, at the #"
frame and ¢’ are generated based on the # and ¢ frames
of the input standard video. There exist the mappings

G = (g, gl g%, ..., g) with linear transformations:
gi(u;) = uj.

We need to generate a video of the imitator with the
number of frames and frame order being the same as the
typical number and frame order of the teacher’s video.
Considering at the #" frame, choose n consecutive vectors
in one frame of the teacher’s video and the imitator video
to form a geometric shape. When having the same viewing

angle and the same linear transformation, the property of
distance between two points is preserved. So, to compare
the geometrical similarity of the teacher and the imitator,
we will compare the angular deviation between pairs of
corresponding vectors. The error in geometric similarity is
calculated according to the following formula:

|1 . abs((v) v}) — (u) U}))]X

(v vi)

£=

I abs((vL v?) — (u), u%))l

1+
(v vd)

[1 + abs((vi' vi) — (u! u;’))l,

v

where (v9, v1) is the angle between two vectors (v? and v});
abs((V9, v}) — (w0, ul)) is the absolute value of the angle
difference between (v?, v}) and (u?, ul).

Maximum geometric similarity is achieved when
(uf, uf'1) = (v, Vi) then:

u/fh =it A > 0. (1)

Calculate the value of coefficient L. According to the
property of preserving the length relationship between
vector u/ and v/ we have:

luil v
— =" 2
v )

where |u/| is the length of vector u/.
From (1) and (2) we can calculate:

_ ui

v

Adding a noise to each point after the calculation

The task is performed in three-dimensional coordinate
space Oxyz. Adding noise is intended to bring the
calculation results closer to reality. Noise is the error
between the MediaPipe library point detection prediction
accuracy, the similarity between the simulator and the
original standard gesture, and the error due to perspective
changes. Noise will be added to the point M(x, y, z) and
the point M'(x + €, y + ¢, z + ¢) will be formed, where
¢ =random (-0, 0), ¢ is the threshold value of adding
random noise. A larger threshold value means a larger
discrepancy.

Testing and results

To evaluate the effectiveness of the proposed method,
we build a word-level sign language recognition model
with a set of input data in the form of videos in Indian
Sign Language and a Gated Recurrent Unit-Long Short-
Term Memory (GRU-LSTM) neural network [17] used for
sign language recognition in time series. The choice of the
Indian data set (the same for all languages and dialects in
India) for testing is due to its greatest representativeness.
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The MediaPipe library was used to extract the coordinate
features of the data points. The data set is published on the
website zenodo.org!.

We randomly select 60 words to test. Each segment is
a video of one ISL sign recorded by deaf students from St.
Louis School for the Deaf, Adyar, Chennai. For each word
there are 15-20 data samples. For each word, we take only
one data sample corresponding to one video. The remaining
input videos are used as the test set. We consider the video
selection as a given standard gesture.

Training data set. We use the MediaPipe library to
extract 75 sign language gesture features for each frame.
Each object point is given as x, y, z coordinates, so the
data size is 75 x 3 = 225. 20 frames will be extracted
from each video using K-means clustering method. We
generate 100 data samples for each word. To generate data
samples for a word, we include images to obtain the initial
source frame size for the simulator. Then we calculate the
vector transformation in space to create the next frames.
In addition, we also set random scale values to increase

I Available at: https://zenodo.org/records/4010759 (accessed:
22.11.2023).

4 O 20231206-100434/train
categorical_accuracy O 20231206-100434/validation

1.0
0.8
0.6
0.4
0.2

0.0

0 40 80

the amount of data in the model. So the size of the training
dataset is (6000, 20, 225).

Test dataset. The MediaPipe library is used to extract
sign language features from videos and is stored as a numpy
file. Since the number of videos collected varies, the total
number of videos we tested was 782 videos of 60 Indian
Sign Language words. Test data set size: (782, 20, 225).

We use the GRU neural network to train a model to
recognize Indian Sign Language at the word level. The
GRU-LSTM neural network is a compressed variation
that improves the computation speed faster than the LSTM
neural network [18-20]. When processing time series data
in a GRU network structure, the deleted element helps to
capture short-term dependencies in the time series, and the
update element helps to capture long-term dependencies in
the time series. The training and testing results are shown
in Fig. 3 and Fig. 4.

The graph shows a big difference in the changes in
the values of the training data and test data. This is not
overfitting. The reason is that the test set data is very small
compared to the training set data, in addition, the data in
the test set is not evenly distributed in quantity. During
training, we choose the batch size value to be 256. This

120 160 epoch

Fig. 3. Accuracy of the model training process over each epoch

2 O 20231206-100434/train

loss
O 20231206-100434/validation

120

160

Fig. 4. Value of loss over each epoch during model training
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Fig. 5. Example showing different samples for the same gesture in the Vietnamese sign language data set

value is much larger than the number of class samples in
the test set. The result of the model accuracy evaluation is
that 745 videos were correctly classified out of a total of
782 input videos, which is equivalent to 95.26 %. Detailed
information about the training process is provided in the
following link!.

The method tested in this way allows us to generate
multiple data samples for the Vietnamese Sign Language
(ViSL) dataset. The Vietnamese Sign Language dictionary
contains 4364 words, each word contains a sample of data.
We enriched the dataset by generating 100 data samples
from each word. The Vietnamese Sign Language dataset
contains 436,400 samples describing the meanings of 4,364
words in Vietnamese Sign Language, the data samples
are stored as numpy files. Fig. 5 example shows different
samples for the same gesture “Hello!” in the Vietnamese
sign language data set.

Vietnamese Sign Language dataset and code
downloaded and updated here2.

I Available at: https://github.com/DangKhanhITMO/
oneshotsViSL/blob/main/ViSL_v2.ipynb (accessed: 22.11.2023).

2 Available at: https://github.com/DangKhanhITMO/
oneshotsViSL (accessed: 06.12.2023).

References

1. LiD., YuX., Xu C., Petersson L., Li H. Transferring Cross-domain
Knowledge for Video Sign Language Recognition. Proc. of the 2020
IEEE/CVF Conference on Computer Vision and Pattern Recognition
(CVPR), 2020, pp. 6204-6213. https://doi.org/10.1109/
cvpr42600.2020.00624

2. LiD., Opazo C.R., Yu X., Li H. Word-level deep sign language
recognition from video: A new large-scale dataset and methods
comparison. Proc. of the IEEE Winter Conference on Applications of
Computer Vision (WACV), 2020, pp. 1448-1458. https://doi.
org/10.1109/WACV45572.2020.9093512

Conclusion and discussion

In this study, the MediaPipe library was used to
vectorize sign language gestures in videos which then
became the basis for generating similar data samples. The
advantage of this method is that it does not require large
computing resources or computer configuration. Using
the method described above, it is possible to create an
unlimited number of data samples of different sizes, which
corresponds replacing people when creating many data
samples of different sizes and ages. In this study, we only
consider data generation for sign language. This approach
can be extended to other tasks related to human actions
and postures. The disadvantage of this method is that
determining the additional noise for the calculation process
requires several samples to adjust the error threshold
accordingly. The accuracy of the problem solution largely
depends on the similarity of the geometric position of the
input image compared to the first frame in the input video
after selecting the function and depends on the error of
the MediaPipe library. Future research direction: creating
a machine translation application for Vietnamese Sign
Language based on the created dataset. In addition, the
above method, combined with automatic pose generation,
can generate realistic videos from input sample images
and videos.

Jlureparypa

1. LiD., YuX., Xu C., Petersson L., Li H. Transferring Cross-domain
Knowledge for Video Sign Language Recognition // Proc. of the 2020
IEEE/CVF Conference on Computer Vision and Pattern Recognition
(CVPR). 2020. P. 6204-6213. https://doi.org/10.1109/
cvpr42600.2020.00624

2. Li D, Opazo C.R., Yu X., Li H. Word-level deep sign language
recognition from video: A new large-scale dataset and methods
comparison // Proc. of the IEEE Winter Conference on Applications
of Computer Vision (WACV). 2020. P. 1448-1458. https://doi.
org/10.1109/WACV45572.2020.9093512

246

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2


https://github.com/DangKhanhITMO/oneshotsViSL/blob/main/ViSL_v2.ipynb
https://github.com/DangKhanhITMO/oneshotsViSL/blob/main/ViSL_v2.ipynb
https://github.com/DangKhanhITMO/oneshotsViSL
https://github.com/DangKhanhITMO/oneshotsViSL
https://doi.org/10.1109/cvpr42600.2020.00624
https://doi.org/10.1109/cvpr42600.2020.00624
https://doi.org/10.1109/WACV45572.2020.9093512
https://doi.org/10.1109/WACV45572.2020.9093512
https://doi.org/10.1109/cvpr42600.2020.00624
https://doi.org/10.1109/cvpr42600.2020.00624
https://doi.org/10.1109/WACV45572.2020.9093512
https://doi.org/10.1109/WACV45572.2020.9093512

Dang Khanh, I.A. Bessmertny

11.

13.

15.

20.

Camgoz N.C., Hadfield S., Koller O., Ney H., Bowden R. Neural sign
language translation. Proc. of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, 2018, pp. 7784-7793. https://doi.
org/10.1109/CVPR.2018.00812

Sridhar A., Ganesan R.G., Kumar P., Khapra M. INCLUDE: A large
scale dataset for indian sign language recognition. Proc. of the 28
ACM International Conference on Multimedia, 2020, pp. 1366-1375.
https://doi.org/10.1145/3394171.3413528

Ying X. An overview of overfitting and its solutions. Journal of
Physics: Conference Series, 2019, vol. 1168, no. 2, pp. 022022.
https://doi.org/10.1088/1742-6596/1168/2/022022

Creswell A., White T., Dumoulin V., Arulkumaran K., Sengupta B.,
Bharath A. Generative adversarial networks: An overview. [EEE
Signal Processing Magazine, 2018, vol. 35, no. 1, pp. 53—65. https://
doi.org/10.1109/MSP.2017.2765202

Gupta K., Singh S., Shrivastava A. PatchVAE: Learning local latent
codes for recognition. Proc. of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR), 2020, pp. 4745—
4754. https://doi.org/10.1109/CVPR42600.2020.00480

Karras T., Aila T., Laine S., Lehtinen J. Progressive growing of GANs
for improved quality, stability, and variation. Proc. of the ICLR 2018
Conference Blind Submission, 2018.

Ma L., Jia X., Sun Q., Schiele B., Tuytelaars T., Van Gool L. Pose
guided person image generation. Proc. of the 315! Conference on
Neural Information Processing Systems (NIPS 2017), 2017.

. Sushko V., Gall J., Khoreva A. One-shot GAN: Learning to generate

samples from single images and videos. Proc. of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition Workshops
(CVPRW), 2021, pp. 2596-2600. https://doi.org/10.1109/
CVPRW53098.2021.00293

LiJ, Jing M., Lu K., Ding Z., Zhu L., Huang Z. Leveraging the
invariant side of generative zero-shot learning. Proc. of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR),
2019, pp. 7394-7403. https://doi.org/10.1109/CVPR.2019.00758

. Madrid G.K.R., Villanueva R.G.R., Caya M.V.C. Recognition of

dynamic Filipino Sign language using MediaPipe and long short-term
memory. Proc. of the 13t International Conference on Computing
Communication and Networking Technologies (ICCCNT), 2022.
https://doi.org/10.1109/ICCCNT54827.2022.9984599

Adhikary S., Talukdar A K., Sarma K.K. A vision-based system for
recognition of words used in Indian Sign Language using MediaPipe.
Proc. of the 2021 Sixth International Conference on Image
Information Processing (ICIIP), 2021, pp. 390-394. https://doi.
org/10.1109/ICIIP53038.2021.9702551

. Zhang S., Chen W., Chen C., Liu Y. Human deep squat detection

method based on MediaPipe combined with Yolov5 network. Proc.
of the 2022 415 Chinese Control Conference (CCC), 2022, pp. 6404—
6409. https://doi.org/10.23919/CCC55666.2022.990263 1

Quifonez Y., Lizarraga C., Aguayo R. Machine learning solutions
with MediaPipe. Proc. of the 11" International Conference on
Software Process Improvement (CIMPS), 2022, pp. 212-215. https:/
doi.org/10.1109/CIMPS57786.2022.10035706

. Mal., MaL., Ruan W., Chen H., Feng J. A Wushu posture recognition

system based on MediaPipe. Proc. of the 2"d International Conference
on Information Technology and Contemporary Sports (TCS), 2022,
pp. 10-13. https://doi.org/10.1109/TCS56119.2022.9918744

. Cho K., Merriénboer B., Gulcehre C., Bahdanau D., Bougares F.,

Schwenk H., Bengio Y. Learning phrase representations using RNN
encoder-decoder for statistical machine translation. Proc. of the 2014
Conference on Empirical Methods in Natural Language Processing
(EMNLP), 2014, pp. 1724-1734. https://doi.org/10.3115/v1/D14-1179

. Dey R., Salem F.M. Gate-variants of Gated Recurrent Unit (GRU)

neural networks. Proc. of the IEEE 60 International Midwest
Symposium on Circuits and Systems (MWSCAS), 2017, pp. 1597—
1600. https://doi.org/10.1109/MWSCAS.2017.8053243

. Kothadiya D., Bhatt C., Sapariya K., Patel K., Gil-Gonzalez A.-B.,

Corchado J.M. Deepsign: Sign language detection and recognition
using deep learning. Electronics, 2022, vol. 11, no. 11, pp. 1780.
https://doi.org/10.3390/electronics 11111780

Verma U., Tyagi P., Kaur M. Single input single head CNN-GRU-
LSTM architecture for recognition of human activities. Indonesian
Journal of Electrical Engineering and Informatics (IJEEI), 2022,
vol. 10, no. 2, pp. 410-420. https://doi.org/10.52549/ijeei.v10i2.3475

10.

12.

13.

15.

16.

17.

19.

20.

Camgoz N.C., Hadfield S., Koller O., Ney H., Bowden R. Neural sign
language translation // Proc. of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition. 2018. P. 7784-7793.
https://doi.org/10.1109/CVPR.2018.00812

Sridhar A., Ganesan R.G., Kumar P., Khapra M. INCLUDE: A large
scale dataset for indian sign language recognition // Proc. of the 28th
ACM International Conference on Multimedia. 2020. P. 1366-1375.
https://doi.org/10.1145/3394171.3413528

Ying X. An overview of overfitting and its solutions // Journal of
Physics: Conference Series. 2019. V. 1168. N 2. P. 022022. https://
doi.org/10.1088/1742-6596/1168/2/022022

Creswell A., White T., Dumoulin V., Arulkumaran K., Sengupta B.,
Bharath A. Generative adversarial networks: An overview // IEEE
Signal Processing Magazine. 2018. V. 35. N 1. P. 53—65. https://doi.
org/10.1109/MSP.2017.2765202

Gupta K., Singh S., Shrivastava A. PatchVAE: Learning local latent
codes for recognition // Proc. of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition (CVPR). 2020. P. 4745~
4754. https://doi.org/10.1109/CVPR42600.2020.00480

Karras T., Aila T., Laine S., Lehtinen J. Progressive growing of GANs
for improved quality, stability, and variation // Proc. of the ICLR 2018
Conference Blind Submission. 2018.

Ma L., Jia X., Sun Q., Schiele B., Tuytelaars T., Van Gool L. Pose
guided person image generation // Proc. of the 31st Conference on
Neural Information Processing Systems (NIPS 2017). 2017.

Sushko V., Gall J., Khoreva A. One-shot GAN: Learning to generate
samples from single images and videos // Proc. of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition Workshops
(CVPRW). 2021. P. 2596-2600. https://doi.org/10.1109/
CVPRW53098.2021.00293

. LiJ., Jing M., Lu K., Ding Z., Zhu L., Huang Z. Leveraging the

invariant side of generative zero-shot learning // Proc. of the IEEE/
CVF Conference on Computer Vision and Pattern Recognition
(CVPR). 2019. P. 7394-7403. https://doi.org/10.1109/
CVPR.2019.00758

Madrid G.K.R., Villanueva R.G.R., Caya M.V.C. Recognition of
dynamic Filipino Sign language using MediaPipe and long short-term
memory // Proc. of the 13t International Conference on Computing
Communication and Networking Technologies (ICCCNT). 2022.
https://doi.org/10.1109/ICCCNT54827.2022.9984599

Adhikary S., Talukdar A.K., Sarma K.K. A vision-based system for
recognition of words used in Indian Sign Language using MediaPipe
// Proc. of the 2021 Sixth International Conference on Image
Information Processing (ICIIP). 2021. P. 390-394. https://doi.
org/10.1109/ICITP53038.2021.9702551

. Zhang S., Chen W., Chen C., Liu Y. Human deep squat detection

method based on MediaPipe combined with Yolov5 network // Proc.
of the 415t Chinese Control Conference (CCC). 2022. P. 6404-6409.
https://doi.org/10.23919/CCC55666.2022.990263 1

Quinonez Y., Lizarraga C., Aguayo R. Machine learning solutions
with MediaPipe // Proc. of the 11th International Conference on
Software Process Improvement (CIMPS). 2022. P. 212-215. https://
doi.org/10.1109/CIMPS57786.2022.10035706

Mal., Ma L., Ruan W., Chen H., Feng J. A Wushu posture recognition
system based on MediaPipe // Proc. of the 2nd International
Conference on Information Technology and Contemporary Sports
(TCS). 2022. P. 10-13. https://doi.org/10.1109/
TCS56119.2022.9918744

Cho K., Merriénboer B., Gulcehre C., Bahdanau D., Bougares F.,
Schwenk H., Bengio Y. Learning phrase representations using RNN
encoder-decoder for statistical machine translation // Proc. of the 2014
Conference on Empirical Methods in Natural Language Processing
(EMNLP). 2014. P. 1724-1734. https://doi.org/10.3115/v1/D14-1179

. Dey R., Salem F.M. Gate-variants of Gated Recurrent Unit (GRU)

neural networks // Proc. of the IEEE 60th International Midwest
Symposium on Circuits and Systems (MWSCAS). 2017. P. 1597—
1600. https://doi.org/10.1109/MWSCAS.2017.8053243

Kothadiya D., Bhatt C., Sapariya K., Patel K., Gil-Gonzalez A.-B.,
Corchado J.M. Deepsign: Sign language detection and recognition
using deep learning // Electronics. 2022. V. 11. N 11. P. 1780. https://
doi.org/10.3390/electronics11111780

Verma U., Tyagi P., Kaur M. Single input single head CNN-GRU-
LSTM architecture for recognition of human activities // Indonesian
Journal of Electrical Engineering and Informatics (IJEEI). 2022.
V. 10. N 2. P. 410-420. https://doi.org/10.52549/ijeei.v10i2.3475

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

247


https://doi.org/10.1109/CVPR.2018.00812
https://doi.org/10.1109/CVPR.2018.00812
https://doi.org/10.1145/3394171.3413528
about:blank
https://doi.org/10.1088/1742-6596/1168/2/022022
https://doi.org/10.1109/MSP.2017.2765202
https://doi.org/10.1109/MSP.2017.2765202
https://doi.org/10.1109/CVPR42600.2020.00480
https://doi.org/10.1109/CVPRW53098.2021.00293
https://doi.org/10.1109/CVPRW53098.2021.00293
https://doi.org/10.1109/CVPR.2019.00758
https://doi.org/10.1109/ICCCNT54827.2022.9984599
https://doi.org/10.1109/ICIIP53038.2021.9702551
https://doi.org/10.1109/ICIIP53038.2021.9702551
https://doi.org/10.23919/CCC55666.2022.9902631
https://doi.org/10.1109/CIMPS57786.2022.10035706
https://doi.org/10.1109/CIMPS57786.2022.10035706
https://doi.org/10.1109/TCS56119.2022.9918744
https://doi.org/10.3115/v1/D14-1179
https://doi.org/10.1109/MWSCAS.2017.8053243
https://doi.org/10.3390/electronics11111780
https://doi.org/10.52549/ijeei.v10i2.3475
https://doi.org/10.1109/CVPR.2018.00812
https://doi.org/10.1145/3394171.3413528
about:blank
https://doi.org/10.1088/1742-6596/1168/2/022022
https://doi.org/10.1088/1742-6596/1168/2/022022
https://doi.org/10.1109/MSP.2017.2765202
https://doi.org/10.1109/MSP.2017.2765202
https://doi.org/10.1109/CVPR42600.2020.00480
https://doi.org/10.1109/CVPRW53098.2021.00293
https://doi.org/10.1109/CVPRW53098.2021.00293
https://doi.org/10.1109/CVPR.2019.00758
https://doi.org/10.1109/CVPR.2019.00758
https://doi.org/10.1109/ICCCNT54827.2022.9984599
https://doi.org/10.1109/ICIIP53038.2021.9702551
https://doi.org/10.1109/ICIIP53038.2021.9702551
https://doi.org/10.23919/CCC55666.2022.9902631
https://doi.org/10.1109/CIMPS57786.2022.10035706
https://doi.org/10.1109/CIMPS57786.2022.10035706
https://doi.org/10.1109/TCS56119.2022.9918744
https://doi.org/10.1109/TCS56119.2022.9918744
https://doi.org/10.3115/v1/D14-1179
https://doi.org/10.1109/MWSCAS.2017.8053243
https://doi.org/10.3390/electronics11111780
https://doi.org/10.3390/electronics11111780
https://doi.org/10.52549/ijeei.v10i2.3475

ViSL One-shot: generating Vietnamese sign language data set

Authors

Khanh Dang — PhD Student, ITMO University, Saint Petersburg,
197101, Russian Federation, https://orcid.org/0009-0009-5882-7653,
dangkhanhmta.2020@gmail.com

Igor A. Bessmertny — D.Sc., Full Professor, ITMO University, Saint
Petersburg, 197101, Russian Federation, js¢ 36661767800, https://orcid.
org/0000-0001-6711-6399, bessmertny@itmo.ru

ABTOpBI

Jaur Xaup — acnupant, Yauusepcuter UTMO, Cankr-ITetepOypr,
197101, Poccuiickas denepanus, https://orcid.org/0009-0009-5882-7653,
dangkhanhmta.2020@gmail.com

Becemeprhbiii Urops AslekcaHAPOBHY — JIOKTOP TEXHUYECKHUX HayK,
npodeccop, npodeccop, YuuBepcurer UTMO, Canxr-IletepOypr,
197101, Poccuiickas deneparus, s¢ 36661767800, https://orcid.org/0000-
0001-6711-6399, bessmertny@itmo.ru

Received 08.12.2023 Cmamwsi nocmynuna 6 peoaxyuro 08.12.2023
Approved after reviewing 06.02.2024 Ooobpena nocie peyensuposanus 06.02.2024
Accepted 14.03.2024 Ipunama x newamu 14.03.2024
@ @ PaGoTa goctynHa no nmueHsum
@ Creative Commons
«Attribution-NonCommercial»
248 Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2


https://orcid.org/0009-0009-5882-7653
mailto:dangkhanhmta.2020@gmail.com
http://D.Sc
https://orcid.org/0000-0001-6711-6399
https://orcid.org/0000-0001-6711-6399
mailto:bessmertny@itmo.ru
https://orcid.org/0009-0009-5882-7653
mailto:dangkhanhmta.2020@gmail.com
https://orcid.org/0000-0001-6711-6399
https://orcid.org/0000-0001-6711-6399
mailto:bessmertny@itmo.ru

HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° mapT-anpens 2024 Tom 24 N2 2 http://ntv.ifmo.ru/ HAYYHO-TEXHUYECKUM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“"“[““, MEXAH“K“ “ n"]“m
March-April 2024 Vol. 24 No 2 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2024-24-2-249-255
VK 004. 942

OueHka BepOITHOCTHO-BPEMEHHbBIX XaAPAKTEPUCTHK KOMIIBIOTEPHO# CHCTEMBbI
¢ KOHTEeHHEPHOI BUPTYyaJIu3alnuen

Ban Kio ®@yurl, Bragumup Anaroasesnyu Borarbipes2™,
Hukounaii Cepreesuu Kapmanosckuii3, Ban Xuey JIr?4

1.23.4 Yuusepcurer UTMO, Canxkr-Iletepoypr, 197101, Poccuiickas denepaius
2 Cankr-TleTepOyprekuii roCyIapCTBEHHBIH YHUBEPCUTET a9POKOCMUYECKOTo pubopocTpoenus, Cankr-ITerepOypr,
190000, Poccuiickas ®enepanus

I phungvanquy97@gmail.com, https://orcid.org/0009-0006-3278-1106

2 yladimir.bogatyrev@gmail.com™<, https://orcid.org/0000-0003-0213-0223
3 karmanov50@mail.ru, https://orcid.org/0000-0002-0533-9893

4 dragon220294(@gmail.com, https://orcid.org/0000-0002-9413-5138

AHHOTaNMA

Beenenue. JlJi1 KOMIBIOTEPHBIX CUCTEM C KOHTEHHEPHOM BUpTyalu3alueil uccieaoBaHa 3aBUCUMOCTD 3aJ1ePKKU
00CTy>KMBaHUS 3aIIPOCOB OT YHCIIA Pa3BEPTHIBAEMBIX KOHTEHHEPOB. MIcKoMast 3aBUCHMOCTE 00yCIOBIIEHA Pa3/ie/IeHHEM
OTPAaHUYCHHBEIX BBIUYUCIUTEIBHBIX PECYPCOB KOMITBIOTEPHOW CHCTEMBI MEXIYy AaKTHBHBIMH U HEAKTHBHBIMHU
KOHTeIlHepaMu, 3arpyKeHHbIMU B cucteMe. Mertol. B npoBeeHHOM HCClIeJOBaHUY MIPEATIOKEHO KOMIIJIEKCHOE
coYeTaHHe AaHAIUTUYECCKONH MOJEIH MacCOBOIO OOCITY)KMBAaHUs, MMHTALIMOHHOTO MOJEIMPOBAHMS U HATYypPHBIX
SKCIEPUMEHTOB. Vccienyemas KOMIIBIOTEpHasl CHCTeMa HHTEPIPETUPYETCs MHOTOKaHAJIBHOW CHCTEMOI MaccoBOro
00CITy’)KUBaHHs C HEOTPAaHUYEHHOH ouepebro. OCOOEHHOCTBIO MPEIaraeMoro MoAXo/Aa SBISAETCS UCCIEN0BaHIEe
BIIUSIHUSA YKCIIa CPOPMHUPOBAHHBIX B CHCTEME KOHTEHHEPOB Ha 3aJICPKKU B OUEPE/IH M HHTEHCHBHOCTh 00CITYKUBAHUS
3anpocoB. KaxxmoMy KOHTeHHepy COMOCTaBIAETCs KaHall 00CTyKUBAHU, IPHYEM I (PyHKIIMOHUPOBAHMS KOHTeHHEepa
B aKTHBHOM M HEAKTHBHOM COCTOSTHUSIX TpeOyeTcsl HCTIOIb30BaHNE YaCTH OOIMINX PECYPCOB BEIYHUCIUTEIBHON CHCTEMEL.
[Ipn mocTpoeHNN MOAEIN MpeIoIaraeTcs, 9YT0 BXOAHOH ITOTOK NMpocTeHmii, a 00CIyKUBaHHE YKCIOHEHIINAIBHOE.
VHTeHCHBHOCTH 0OCTY)KMBAaHMSI 3aBUCUT OT YHCIIAa Pa3BePHYTHIX KOHTCHHEPOB M OT YHCIA 3alIPOCOB B CHCTEME.
OcHoBHBIE Pe3yJbTaThl. DKCIIEPUMEHTAIFHO YCTAaHOBJIEHA 3aBHCHMOCTh HHTEHCHBHOCTH OOCITY)KMBAHHUS OT YHCIIA
AKTHBHBIX KOHTEHHepoB. VccnenoBanue BBHIIONHEHO Ha IuiaTGopMe, OCHOBAHHOW Ha TEXHOJIOTHUH BUPTyalU3alnu
Proxmox ¢ ¢puKcupoBaHHBIMU pecypcamu. i1 U3y4eHust BIMSAHNS YUCIIa AKTUBHBIX KOHTEIHEPOB HA MHTEHCHBHOCTh
00CITy’»KMBaHUS B PaMKaxX SKCIIEPUMEHTA Pa3BepHYT OJHOIOTOYHBIN BeO-CEPBEP B BHUJIE HECKOIBKHX KOHTEHHEPOB,
YIpaBIsieMBI ¢ MOMOIIBI0 MOPTAaTUBHOM pacmupsemoit muatdopmel Kubernetes k3s. Pesynbrarer pacueToB ¢
TIPIMEHEHIEM aHATUTHIECKON MOIEIH ITOATBEPIKICHBI Pe3ybTaTaMi HMUTAIIMOHHOTO MOJICTMPOBAHUSI, PEaTN30BaHHOTO
C HCIOJIb30BaHNEM ONOIoTeKH MoaenpoBannst SimPy Ha si3b1ke mporpammuposanust Python. Ha ocHoBe mpoBeneHHBIX
HCCIIe0BaHMH MTOKa3aHa HEOOXOIMMOCTh PEIICHNUS 3a/1adH ONTHMHU3AINH YUCIIa Pa3BePTHIBAEMBIX B KOMITLIOTEPHON
CHCTeMe KOHTEIHEepOB C yUeTOM BIMSIHHS UX YMCIIA Ha 3a/Iep>KKH 00CITyKHBaHMs 3arpocoB. O6cy:knenue. [IpoBeneHHbIe
HCCIIeIOBaHUS MOTYT HAWTH IPUMEHEHHUE IPU MPOSKTUPOBAHUHU KIACTEPHBIX CUCTEM PEaJbHOTO BPEMEHH, KPUTUUHBIX
K JIOMYCTUMBIM 3aJiep’KKaM OXMJaHHs 0OCITyKHBaHUS 3aracoB, K 00€CIEeUeHHIO HEMPEPHIBHOCTH BBIYUCIHTETLHOTO
MpoIecca U K COXPaHEHUIO YHUKAJIbHBIX JAHHBIX, HAKOTUIEHHBIX B Ipoliecce paboTsl cucteMbl. IIpennoxenHbie
TIOIXOZBI MOTYT OBITh MPUMEHEHBI IPH CO3IaHUH OTKa30yCTOWYUBBIX PACTIPEAEIEHHBIX KOMIBIOTEPHBIX CHCTEM, B TOM
yrcie QyHKIMOHUPYIONINX P HAKOIUICHUH OTKAa30B ¥ PEKOH(UTYPAIIH CHCTEMEI C IiepepacipeieIeHIeM Harpy3Kn
(3ampocoB) IMpU TMHAMUYECKOW MUTPAINN U C PEIUIHKAINeH KOHTeHHEePOB.
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Abstract

The dependence of request servicing delay on the number of deployed containers is investigated for computer systems
with container virtualization. The sought-after dependency is due to the allocation of limited computational resources
of the computer system between active and inactive containers loaded in the system. The conducted research proposes
a comprehensive combination of analytical queuing model, simulation modeling, and natural experiments. The studied
computer system is interpreted as a multi-channel queuing system with an unlimited queue. The peculiarity of the
proposed approach is the study of the influence of the number of containers formed in the system on queue delays and
request servicing rate. Each container is associated with a service channel, and for the operation of a container in active
and inactive states, the use of part of the common resources of the computing system is required. When constructing
the model, it is assumed that the input flow is simple, and the service is exponential. The service rate depends on the
number of deployed containers and the number of requests in the system. The experimental dependence of service rate
on the number of active containers has been established. The experimental study was carried out on a platform based
on Proxmox virtualization technology with fixed resources. To study the influence of the number of active containers
on service rate within the experiment, a single-threaded web server was deployed in the form of several containers
managed using the portable extensible Kubernetes k3s platform. The results of calculations using the analytical model
are confirmed by the results of simulation modeling implemented using the SimPy modeling library in the Python
programming language. Based on the conducted research, the need to solve the optimization problem of the number
of deployable containers in a computer system regarding the influence of this number on request servicing delays is
shown. The conducted research can find application in the design of real-time cluster systems critical to acceptable wait
service delays, ensuring the continuity of the computational process, and preserving unique data accumulated during the
system operation. The proposed approaches can be applied in the creation of fault-tolerant distributed computer systems,
including those operating with failure accumulation and system reconfiguration with load (request) redistribution during
dynamic container migration and replication.

Keywords

queuing system, container, virtual machine, intensive maintenance, average waiting time, container virtualization
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BBenenue

IIpoekTupoBaHue OTKa30yCTONUYMBBIX paCIpPEIEICHHBIX
KOMIIBIOTEPHBIX CUCTEM, 0COOCHHO (DyHKIIMOHUPYIOIINX B
peanrbHOM BpeMeHH, TpedyeT pa3paboTku Mep 1o odecte-
YESHUIO HAJICKHOCTH M CHW)KCHHIO 3/ICPIKEK Mepenad u
00pabotku gaHHbIX [ 1-3]. ObecrieueHre HaIeKHOCTH U OT-
Ka30yCTOHYMBOCTH PACIIPE/ICIICHHBIX CHCTEM TIPEAIoIaraeT
BBEJICHNE PE3EPBUPOBAHMS IIPH IIepeiade, XpaHEHUU U 00-
paboTKe TaHHBIX, C KOHCOJIMIallMel pe3epBUPOBAHHBIX pe-
cypcoB B Kiactepsl. COBpeMEHHbIE TEH/ICHIINH B 0Oecrede-
HUH BBICOKOH IIPOM3BOIUTEIEHOCTH, OTKA30yCTOWINBOCTH
1 Ha/IKHOCTH KOMITBIOTEPHBIX CHCTEM IIPU TPEOOBAHUY U
COXPaHEHHH HEMPEPHIBHOCTH BBIYHCIUTEIBHBIX TPOIEC-
COB, B TOM YHCJI€ B peaJbHOM BpeMeHH [4—7], BO MHOTOM
OIIMPAIOTCSA Ha TEXHOJIOTUH BUPTyaIU3allUU U KOHTEHHe-
puzarui [ 1]. KonTeitHepuzanms — MeTO BUPTYyaTH3aI[ui
Ha YPOBHE OIIEPallMOHHOM CUCTEMBbI, KOTOPBII 1103BOJISET
yHnaxkoBaTh U U30JIUPOBATH MPUJIOKCHUSA B JICTKOBCCHEBIC,
MOOMJIbHBIE KOHTeHHepbl. KaxIblil KOHTEHHEP CONepKUT
BCE HEOOXOAMMOE IS 3aITyCKa PHIIOKEHUSI, BKIIFOUast KOJI,
O6ubmmoTexu u npyrue 3aBucumoctu. Konrteitnepusanus

MPENoaraeT MHPOKOe MPUMEHEHHE MUKPOCEPBUCHBIX
apxutextyp [8], npu KoTopom Kaxkiasi GyHKIHMS WK cep-
BUC CUCTCMBbI pCATINU3YECTCA KaK OTI[CHLHLIﬁ KOMITIOHCHT,
YIaKOBAaHHBIM B KOHTEHHEP M Pa3BEPTHIBAEMBIN B KOH-
TeliHepHO cpene. s ynpaBiaeHUs U pa3BepThIBAHUS
KOHTEHHEPOB MOT'YT HCIOJIB30BaThCs iargopmel Docker
[9], Containerd u npyrue cpencraa.

J17151 TOBBINIEHUS IPONU3BOANTEILHOCTH 1 HAIEKHOCTH
[10] cucTemBl MOXET CO3AaBaThCsI MHOKECTBO PEIUIMK
KOHTEHHEPOB OJTHOTO M TOTO ke cepBrca. OIHAKO HCHONb-
30BaHHUE M3JIHUIITHETO YHCIIa KOHTCHHEPOB MOXKET ITPUBECTH
K M30BITOYHOMY TIOTPEOICHUIO PECYPCOB, a UX YBEITHUCHUE
BBIIIE OTIPE/IETICHHOTO I0POTra — OTPHLATENILHO MOBIUATD
Ha MPOU3BOAUTCIBHOCTb U 3aJICPKKU O6CJ'[y)KI/IBaHI/I${ B
crcreme. Bee 9To BhI3bIBaeT NOTPEOHOCTH PEIICHHUST OTITH-
MH3aIHOHHOH 33/1a4k, KOTOPOE MOXKET OITMPaThCs Ha coue-
TaHWE AaHAUTUTHYECKOTO ¥ MIMUTAIIMOHHOTO MOJICIIMPOBAaHUI
IIPY HATYPHBIX SKCIIEPUMEHTAX Ha O0BEKTE.

MonenupoBaHue KJIACTEPHBIX U OOJaYHBIX CHUCTEM
MIPE/ACTABISICT COOOH CIIOXKHYIO 3a7ady N3-32 MHOXKECTBA
ACTIEKTOB B3aUMOJICHCTBHS CUCTEM 00paOOTKH, XpaHECHHS
W TIepefavyn JaHHBIX. MaremaTindeckas MoAels 00IagHON
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B.K. ®yHr, B.A. Boratbipes, H.C. KapmaHosckuii, B.X. J1a

CHCTEMBI C KOHTEHHEPHBIMU TEXHOJIOTUAMHU MIPECTABIEHA
B pabore [11], a ux ycroitunBocth kK DDoS-arakam mpo-
aHanmsupoBaHa B [12]. B pabore [13] npemnoxeHn metox
MUHUMH3AIAA BPEMEHU OXKUIaHUS 0OCITY)KHUBaHUS B 00-
JAYHOW CHUCTEME C MUCIOIB30BAaHUEM MOMACIU M OYepen
OTPaHWYCHHOW JJIMHEI. B BBIIENIEpEUNCICHHBIX paboTax
HCTIONH30BAJIACh MOETb MHOTOKAHAIBHOW CHCTEMBI Macco-
Boro obcayxuBaausg (CMO) ¢ HeorpaHHIEHHOH 0YepebIo
[14]. OtmeTnM, 9TO TaHHAS MOJENb HE YUYUTHIBACT (DyHK-
LMOHAJIBHYIO 3aBUCUMOCTh CHI)KCHHUS MHTECHCHBHOCTH
00paboTKH 3aIpOCOB M3-3a pa3ieiieHus] OTpaHHYEHHbBIX
peCcypCcOB KOMIIBIOTEPHOM CUCTEMbI MEXAY KOHTEHHepa-
mu. Hacrosimast pabora HanpasiieHa Ha pellieHne JaHHOTO
YIYLIEHHS ITyTeM pa3paboTKN aHAIUTUYECKOH MOEIN
CMO ¢ nepeMeHHOM HHTCHCUBHOCTBIO 00paOOTKH 3aIpo-
COB, 3aBHCSIIEH OT OOIIEro YUcIia 3arpyKeHHBIX 3a/laH-
HBIX KOHTEHHEPOB M KOJHYCCTBA AKTUBHBIX KOHTCHHEPOB,
3aJIeiCTBOBAaHHBIX B OOCITY)KHBAaHUH IOCTYIIAIOIIETO B
KOMITHIOTEPHYIO CHCTEMY IOTOKa 3ampocoB. PazpaboTka
TaKUX MOJIeNeil BaXKHa IS MOJACPIKKH MPOSKTHPOBAHMUS
KJIACTEPHBIX CHUCTEM PEaJIbHOTO BPEMEHH, KPUTHIHBIX K
JOTTYCTUMBIM 3aJIep’KKaM OKUIaHUS 00CITyKHBaHUS 3a-
[IacOB, B TOM YHCJIE MPH HAKOIJIEHUU OTKA30B M PEKOH-
(burypanuu CucTeMsl ¢ IepepacnpeesieHueM Harpy3ku
(3ampocoB), MHUTpaNUeii U perUINKauel KOHTCHHEPOB, a
TaK)Xe YHUKAIbHBIX JaHHBIX, HAKOIUICHHBIX B TPOIECCe
(YHKIIMOHUPOBAHUSI CUCTCMBIL.

Moznesib KOMIIBIOTEPHOI CHCTEMBbI C Y4€TOM BJIUSIHUS
YHCJIA 3arpy:KeHHbIX KOHTeiiHepoB

PaccMoTpuM KOMIIBIOTEPHYIO CUCTEMY C KOHTEHHEp-
HOM BupTyanuzanueit. Mccnenyemas cuctema CuMTaeTcst
mHorokaHanbHol CMO HeorpanndeHHoi ouepeau [15].

OCoOeHHOCTBIO MTPEIIaraeMoro MoIXo/Aa sIBISIETCS UC-
CJIC/IOBaHNE BIMSHUS HA HHTEHCHBHOCTH 0OCITY)KHBaHHMS
3arpocoB Yucell, CPOPMHUPOBAHHBIX B CHCTEME KOHTEH-
HEpOB, KaXK/IbIif N3 KOTOPBIX B aKTUBHOM WJIM HEAKTHBHOM
COCTOSIHMHM TpeOyeT 4acTh OOIINX PECYpPCOB BBIYNCIHTEIb-
HOU CHUCTEMBI.

KaxnoMmy n3 n xaHaaoB 0OCITyKHBAHUS COMOCTAaBUM
OJuH KoHTelHep. [IpeanonokuM, 4To BXOAHOH MOTOK IPO-
CTeHILUii, a 00CITy)KMBaHNUE SKCIIOHEHIHAIbHOE.

Jnarpamma coCTOSIHMH U MEpPexoa0B UCCIeAyeMOU
CHCTEMBI IIPEICTaBIEHA Ha PUC. 1, HA KOTOPOM COCTOSTHUS
[IPY HAJIMYUK B CUCTEME k 3aIlpoCOB 0003HAUCHBI KaK 5.
Ouepenb HeOrpaHWYCHHA, TOTOMY YHCIIO 3alIPOCOB B
CHCTEME MOXKET OBITh MEHBIIIE MM OOJIBIIE YHCIIA KOHTEH-
HepoB. [Ipy MHTEHCHBHOCTH NOCTYIUICHHUS 3aBOK A, €CITH
YHCIIO 3aIIPOCOB B CHCTEME k HE OOJbIIe Ynciia KaHaJIOB
(KOHTEWHEPOB), TO MHTCHCUBHOCTH OOCITY)KUBaHHS OyneT
kw(n, k) (pu TOM OYepens ImycTa, a YUCI0 AKTHBHBIX KOH-
TEIfHEPOB m PaBHO YHCIY 3alpOCOB B cucTeMe k, m = k).

Ecin umcno 3anpocoB k B cucteMe OolibIle Yuciia KaHalloB
n, To o0pasyercst ouepelib, @ HHTEHCUBHOCTb 00CIIYKH-
BaHUS B HE3aBUCUMOCTH OT YHCIIA 3alPOCOB B OUEPEH
r =k — n Oynet paBHO n(n, n) (TP TOM YUCIIO AKTHBHBIX
KOHTCHHEPOB m PaBHO O0IIEMY YHCITYy KOHTEHHEPOB B
cUcTeMe n, m = n).

CiemyeTr OTMETUTD, IIPH BUPTYAIN3aUH TIPOM3BOUTCS
paseneHne oOIMX BEIYUCIUTENBHBIX PECYPCOB KOMITBIO-
TEPHOH CHCTEMBI MEX Ty KOHTeitHepamu. Takum oOpazom,
JUISL OLIEHKH BEPOSITHOCTHO-BPEMEHHBIX XapaKTEPUCTHK
00CITy’)KMBaHHUSI HEOOXOAMMO YCTaHOBHUTH BUJI 3aBHCUMOCTH
W(n, m), KOTOpast XapaKTepu3yeT HHTCHCUBHOCTH 00CITY)KH-
BaHUS 3aIIPOCOB OJIHUM aKTUBHBIM KOHTEHHEPOM C Y4ETOM
ee CHIDKCHUS M3-32 pa3/ielieHus OOIIUX BBIYUCIUTEIBHBIX
pPEecCypcoB CHUCTEMBI MEX/y aKTHBHBIMH KOHTEHHEpaMHu.
DKCTIepUMEHTAIBHOE PEeIIeHUE 3TOH 3a/1a4n Oy/ieT paccMo-
TPEHO B CIICAYIOIIEM pa3/eie.

[To mpencraBieHHo# quarpamme (puc. 1) coctosHmA
U TIEPEXOJIOB OTIPEJICIM OCHOBHBIE BEPOSITHOCTHO-BpE-
MEHHBIE XapaKTePUCTUKH PACCMATPUBAEMOI CHCTEMBI.
B pesynbrare nosrydnm BepoSTHOCTh OTCYTCTBHS B CUCTEME
3aIpOCOB:

fepo M ¥ L\ (1)
Po~ ) .
i=1 .1 . u . np,(n,n) -
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CHUCT
rae Ly, 1 L g — cpeHee YucIIo 3allpocoB B OUepeIy U Ha
00CITy)KUBaHHH.

Beraucnum 3HaueHnE L5, KOTOPOE PaBHO CPEIHEMY
YHCITy 3aHATHIX KOHTEIHEPOB:

A A A A A A A
> —> —> —> — >
SO Sl SZ Sn Srl+r
< < «— <« «— <
p(n, 1) 2p(n, 2) 3u(n,3) np(n,n)  ap(n,n) nu(n, n) np(n, n)

Puc. 1. I'pad) cOCTOSTHUS ¥ IEPEXOI0B UCCIIETYEMOI CHCTEMBI

Fig. 1. State transition graph of the investigated system
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3KC]’[epHMeHTaJ’leOC onpeaeJeHue 3aBUCUMOCTH
HMHTCHCUBHOCTH oﬁcnymm;amm
OT YUCJIa AaAKTUBHBIX KOHTeﬁHepOB

OnpeznenuM 3aBUCUMOCTb ()YHKIIUH WHTCHCHBHOCTH
o0CITy’)KNUBaHHS OHUM aKTUBHBIM KOHTEHHEpOM (7, m)
OT 0O0IIEro ymcia 3arpy’kKeHHbIX KOHTEHHEPOB /1 M KOIH-
YeCTBA aKTHUBHBIX KOHTEHHEpOB m. VIckomyro (yHKITHO-
HaJIbHYIO 3aBHCHMOCTb YCTaHOBHM 3KCIIEPHUMEHTAIBHO.
DKCIEPUMEHTHI pean30BaHbl B Ja00paTopHOil nHppa-
CTPYKTYpE, BKJIFOUAIOIIEH CIESAYOLIMe KOHPHUTYPALMOHHbIE
OJICMCHTBI:

— amnmaparHoe obecnieucHue: 4 X Intel(R) Core(TM) i5-
4570 @ 3,20 I'T;

— Bepeus spa: Linux 6.2.16-3-pve;

— BHUPTyaJM3alys U yIpasieHUe cepBepamMu: Proxmox;

— KoH(UTypanys U ynpaBlIeHHE KOHTCHHEPOM: KiacTep
k3s;

— KOH(UTypauusi BUPTYaJIbHOTO CEpBEpa: OHO BUPTyallb-
HOE SI/IpO, OIUH BUPTYyalbHEIN cokeT, 4 I'b omeparus-
HOM MaMsTH.

DKCIIEPUMEHT BBITIOTHEH TSI OJJHOITOTOYHOTO BEO-cep-
Bepa, YIIaKOBAHHOI'O B KOHTEWHEP M Pa3BEPHYTOrO B He-
CKOJIBKMX PEIUIMKax Ha OHOM y3ie kiacrepa Kubernetes
k3s (puc. 2).

B pesynbrare skcniepumMenTa (puc. 3) BUIHO, 4TO U3Me-
HEHHUE YKcia 3arpy’KEHHBIX (71) ¥ aKTUBHBIX KOHTEHHEPOB
(m) oxa3ayo BIMSIHME HA MHTEHCUBHOCTH OOCITY)KMBaHHS
3aIpOCOB.

Jlnst onpeienenus 3aBUCHUMOCTH HHTEHCHBHOCTH 00CITy-
JKMBaHWS OTHOTO AKTMBHOTO KOHTEWHepa (7, 71) OT KOJIH-
YecTBA UMEIOINXCS /1 ¥ aKTHBHBIX /71 KOHTEHHEPOB MOYKHO
UCTIOIB30BaTh PA3IIMYHbIC AIlTOPUTMBI MAITHHHOTO 00yUe-
HUS, CHIPOEKTHPOBAHHBIE ISl PELICHUS 3a/1a41 PErPECCHU.
B nanHoii paboTe Takas 3aBUCUMOCTh HalJIeHa C UCTIONB30-
BanueM anropurma Gradient Boosting [16]. Habop nannbIx
Juist o0yuenust umeer ciaenyromuii Bun ([X,X,],Y), roe Y
— BEKTOp 3HAUCHU MHTEHCUBHOCTU 00CITyKUBaHUs, X| U
X, — BEKTOpbI CO 3HAUCHUSIMU YHCIIA 3alaHHBIX KOHTEH-

[Torox 3anpocos

v

BbanancupoBuyk

2
Konreiinep 3

Konreiinep 1 Konreiinep 2

Web-cepsep Web-cepsep Web-cepsep

v Posemaesaaanan .
Konteiinep 5| 1 Kontelinep n |

Konreiinep 4

Web-cepsep Web-cepsep Web-cepsep E<_

V3en knacrepa

Puc. 2. Cxema 3KcIIepIMEHTAIBHON YCTAaHOBKH BeO-cepBepa
B Kubernetes k3s

Fig. 2. Experimental setup of a web server in Kubernetes k3s
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Fig. 3. Experiment results: correlation between service rate and
the number of containers

HEpPOB M KOJINYECTBA AKTUBHBIX KOHTEHHEPOB. AJITOPUTM
perpeccuu BBHIIIOJIHEH C UCIOJB30BAHUEM MPOTrPAMMBbI
Ha si3bike Python ¢ mpumenenunem Oubanorexu Sklearn.

I'paduk ocratkoB (puc. 4, b) oTpaskaet pa3HUILy MEKITY
(haKTHYEeCKMMH 3HAUYCHUSIMH 3aBHCHMOM NMEpPEMEHHOU U
3HauUCHHSMH, NPE/ICKa3aHHBIMU MoJieblo. KpacHas myH-
KTUpPHAs JIMHUS, KOTOpast POXOJNT uepe3 3HadeHune «0»
ocu abcuucce, BBeICHA /ISl HAVISIIHOCTH MIPEACTABICHHS
TOYHOCTH PE3YJIBTaTOB MOJICITUPOBAHMSI.

[IpencraBneHHblii HAOOP MaHHBIX CIyYallHO pasfe-
JIeH Ha JIBE YaCTH: OOy4aIOUIUi W TECTOBHIH, IPU 3TOM
TecToBBIH Habop cocrasisger 20 % ot obmero oovema
IaHHBIX. Pe3ynpraTel perpeccun (puc. 4) Ha TECTOBOM
Ha0Ope CBUJIETENILCTBYIOT O BBICOKOI TOYHOCTH aJlrOpUTMa
(R-squared: 0,989).

[Ipenen MHTEHCUBHOCTH 3aITPOCOB ISl CYIIECTBOBAHUS
CTalMOHAPHOTO PeXKUMa 00cykuBanus A < f(n) = nu(n, n)
nony4eH (puc. 5) u3 ycnosust Mnp(n, n) < 1.

W3 puc. 5 BUAHO, 4TO NPH yBEINUYEHUH YUCIIa KOHTEH-
HEPOB CIIOCOOHOCTH CUCTEMBI 3PPEKTUBHO 00padaTHIBATH
OorbIlIie HArpy3KN BO3PACTACT TOIBKO J0 ONPEAEICHHOTO
mpenena (mpuMepHo 20 KOHTSHHEPOB).

CpaBHeHHe pe3y1bTATOB AHATUTHYECKOTO 1
HMHTALMOHHOTO MO/IeJIMPOBAHMIT

JU1st *IMUTalMOHHOTO MOJEIUPOBAHUS HCCIEAYEeMO
CHCTEMBI UCTI0JIb30BaH nHCTpyMeHT SimPy [17]. SimPy —
O6nbIMoTeKA JUTS TUCKPETHOTO COOBITHIHOTO MOJICITPOBa-
HUSl, HaITMCaHHAs Ha s3bIKe MporpaMmuposanus Python.
OHa npeocTaBisieT HHCTPYMEHTBI JUISl CO3/1aHHS i CUMY-
JSIIUU AUCKPETHBIX COOBITHHHBIX MOJIENIEH, YTO MOIE3HO
TIPU UCCIIE0BAHUH U ONITUMHU3ALIUH CUCTEM, TJIE TIPOIIECChI
MIPOUCXOMAT B TUCKPETHBIE MOMEHTHI BpeMeHH. SimPy nc-
NoJb3yeT reHeparopsl Python mist mpecTaBieHus COOBITHI
U TIO3BOJISIET MOJIECIHPOBATh MPOIECChl, TAKHE KaK OXKHU-
JlaHue, 00paboTKa 3a/1a4, Mepexo/ibl COCTOSIHUI U JIpyrue
JCKPETHBIE COOBITHSI.

[Ipu coznanum 00bEKTa MOAETUPOBAHUS (MHOTOKA-
HanpHON CMO) B porpamMme CUMYJISIUM y4eT JUIs 3a-
BHCHMOCTH WHTEHCHUBHOCTH OOCIY’>)KHBaHHUsSI OT 00IIEro
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Fig. 4. Regression test results: graph of actual and predicted
values (a); residual plot (b)

YHCIa KOHTEHHEPOB M KOJIMYECTBA aKTUBHBIX KOHTEHHEPOB
ucnois3yercs GpyHKIus [W(n, m), HaliIeHHAS B TIPEIBIIY-
IIeM paszene.

Ha puc. 6 npezcrasnen rpaduk cpaBHEHUS Pe3yIbTaTOB
CUMYIISILIUM U TEOPETHUYECKUX PACUYETOB pa3paboTaHHOM
monenu (5) mpu A =15 ¢ L.

B pesysabraTe aHanu3a BBIIOJHEHHOTO CPaBHEHHUS
JTAaHHBIX, TIPEJICTABICHHBIX HA pHC. 6, B TEUCHNE TIPOJOI-

N
(e}

HOCTHU
CAI

3anpocos, f(n),
W
(e}

Hpeﬂen HUHTCHCHB

[\
(e}

0 20 40
Uwucno KOHTEHHEpOB, 7

Puc. 5. Ilpenen UHTEHCUBHOCTH 3alIpOCOB

Fig. 5. Request rate limit
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Puc. 6. CpaBHeHI/Ie PE3YILTATOB CUMYIIALUU U TEOPETUIECKOI'O
pacuera

Fig. 6. Comparison of simulation results and theoretical
calculation

JKUTEJIBHOCTH BPEMEHHOTO MHTEpBajla CUMYISALUHU, PaB-
Horo 1000 enuHUIIaM BpEMEHH, MOKHO OTMETHUTh, YTO
TOYHOCTh CUMYJISIIUM CTPEMHUTEJIBHO IIPUOIIMKACTCS K
TEOPETUYECKUM TIpeACKa3aHusIM (cpenHsisi abcoytoTHas
ommuoOKa: 2,98 %). B naeanbHBIX yCIOBHAX, IPHA CTPEM-
JICHUU BPEMEHH CUMYIISINH K OECKOHEUYHOCTH, TOYHOCTh
CUMYJISIIUM TIPAKTUYECKH JIOCTUTAET eAUHUIIBL. Pe3ynbTrars!
(puc. 6) MTOATBEPANIN HAINYHE 3aBUCHMOCTH 3aTEPIKEK OT
Y1CIa Pa3BEPTHIBAEMBIX B CHCTEME KOHTEHHEPOB, a TAKKE
CYILIECTBOBAHHE I'PAHUIBI dIPPEKTUBHOCTH KOJIUYECTBA
pa3BepThIBAEMbIX MalIMH. [0 TpaHUIBI IPU YBEIUYCHUN
quciia pa3BepPTHIBAEMBIX KOHTEHHEPOB MPOUCXOJUT CHU-
YKEHHE 3aJIepKEK 00CITy)KMBaHHs 3allpOCOB, a MOCiIe — K
UX yBeJIMYEHHIO. Takas 3aKOHOMEPHOCTb MOATBEPAKAAET
HEeoOXOMMOCTb PELICHHS 331a4K ONTUMHU3ALMH YHCIIa Pa3-
BEPTHIBAEMBIX KOHTEHHEPOB B 3aBUCUMOCTH OT CTOUMOCTHU
1 CKOPOCTH Pa3BEPTHIBAHMS, & TAK)KE OILICHKU BIMSIHUS MX
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YyClia Ha HaJISKHOCTh DHEPTrONOTPEOICHHS! KOMITBIOTEPHOM
CHCTEMbI ¥ BOBHUKHOBEHUS 33/I€PXKEK 00CITy>KUBAHUS 3a-
npocoB B Hel. [IpersioykeHHbIe MOJIETH MOTYT OBITh IPUMe-
HEHBI TIPH 000CHOBAHUH TTOCTPOCHHS OTKA30yCTONYNBBIX
pacmnpeneneHHbIX KOMIIBIOTEPHBIX CHCTEM, B TOM YHCIIE
KJIACTEPOB, (PYHKIUOHUPYIOIINX B PEATbHOM BPEMEHH
IIPY HAKOTUIEHUH OTKA30B M PEKOH(HUTYpPAIIH CHCTEMBI
[18-21].

3akaouenue

JI1s KOMIIBIOTEPHBIX CUCTEM C KOHTEHHEPHOU BHPTY-
anu3anuell MpoaHaIN3npOBaHa 3aBUCHMOCTH 3a/I€PIKKH
00CITy>)KUBaHHS 3aIIPOCOB BCIIEICTBHUE Pa3/ICJICHHUS OTPaHH-
YEHHBIX PECYPCOB CHCTEMBI MEX/y pPa3BEpHYTHIMH B HEH
KoHTeiHepamu. [IokazaHo, YTO 110 Mepe YBEIMUYEHHS YACIIA
3arpy’kaeMbIX B CHCTEMY KOHTEIfHEpOB BHavaje HabIrona-
€TCsl CHIDKCHHUE 3aJIepKEK 00CIyKMBaHUsI 10 HEKOTOPOi
IPaHUIb, TOCJIe KOTOPOIl ATO YBEIUYECHUE TPUBOIUT K
POCTY 3aJiepiKeK 00CITyKUBAHHSI 3aIIPOCOB.

[Ipennokena aHaIuTHYECKas MOJIETb KOMIIBIOTEPHON
CHCTEMBI IIPH €€ MPEeCTaBICHNH MHOTOKaHAILHOM cUCTe-
MOH 00CITy’)KHBaHUS ¢ OECKOHEUHON 04epeblo, yUUThIBA-
IOMIeH 3aBUCUMOCTDh MHTEHCUBHOCTH OOCITY)KHBaHUS OT
Yyciia MPEACTABICHHBIX M aKTUBHBIX KOHTEHHEPOB, pa3-
BOPaYMBACMBIX B CHCTEME. 3aBUCHMOCTh HHTEHCHBHOCTH
00CTy)KMBaHNSA OT KOJIMYECTBA aKTUBHBIX KOHTEHHEPOB
YCTaHOBJIEHA KCIEPUMEHTAIBHO.

[Tokazana HEOOXOAMMOCTD PELICHUS 33Ja4l ONTHMHU-
3allUK YHCIIa PA3BEPTHIBAEMbBIX B KOMITBIOTEPHOU CHCTEME
KOHTEIHEPOB C YUETOM BIIHSHHS 3TOTO YKCIIa HA 3aCPIKKH
00CITy>)KUBaHHUS 3aMPOCOB, HAJICKHOCTh, YJHEPromnorpedIie-
HHE, CTOUMOCTb IOCTPOCHUS U SKCILTyaTallii CUCTEMBI.
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Abstract

Modern artificial intelligence (AI) technologies are being used in a variety of fields, from science to everyday life.
However, the widespread use of Al-based systems has highlighted a problem with their vulnerability to adversarial
attacks. These attacks include methods of fooling or misleading an artificial neural network, disrupting its operations, and
causing it to make incorrect predictions. This study focuses on protecting image recognition models against adversarial
evasion attacks which have been recognized as the most challenging and dangerous. In these attacks, adversaries
create adversarial data that contains minor perturbations compared to the original image, and then send it to a trained
model in an attempt to change its response to the desired outcome. These distortions can involve adding noise or even
changing a few pixels. In this paper, we consider the most relevant methods for generating adversarial data: the Fast
Gradient Sign Method (FGSM), the Square Method (SQ), the predicted gradient descent method (PGD), the Basic
Iterative Method (BIM), the Carlini-Wagner method (CW) and Jacobian Saliency Map Attack (JSMA). We also study
modern techniques for defending against evasion attacks through model modification, such as adversarial training and
pre-processing of incoming data, including spatial smoothing, feature squeezing, jpeg compression, minimizing total
variance, and defensive distillation. While these methods are effective against certain types of attacks, to date, there is
no single method that can be used as a universal defense. Instead, we propose a new method that combines adversarial
learning with image pre-processing. We suggest that adversarial training should be performed on adversarial samples
generated from common attack methods which can then be effectively defended against. The image preprocessing aims
to counter attacks that were not considered during adversarial training. This allows to protect the system from new
types of attacks. It is proposed to use jpeg compression and feature squeezing on the pre-processing stage. This reduces
the impact of adversarial perturbations and effectively counteracts all types of considered attacks. The evaluation of
image recognition model (based on convolutional neural network) performance metrics based was conducted. The
experimental data included original images and adversarial images created using attack FGSM, PGD, BIM, SQ, CW, and
JSMA methods. At the same time, adversarial training of the model was performed in experiments on data containing
only adversarial examples for the FGSM, PGD, and BIM attack methods. Dataset used in experiments was balanced.
The average accuracy of image recognition was estimated with crafted adversarial imaged datasets. It was concluded
that adversarial training is effective only in countering attacks that were used during model training, while methods of
pre-processing incoming data are effective only against more simple attacks. The average recognition accuracy using
the developed method was 0.94, significantly higher than those considered methods for countering attacks. It has been
shown that the accuracy without using any counteraction methods is approximately 0.19, while with adversarial learning
it is 0.79. Spatial smoothing provides an accuracy of 0.58, and feature squeezing results in an accuracy of 0.88. Jpeg
compression provides an accuracy of 0.37, total variance minimization — 0.58 and defensive distillation — 0.44. At
the same time, image recognition accuracy provided by developed method for FGSM, PGD, BIM, SQ, CW, and JSMA
attacks is 0.99, 0.99, 0.98, 0.98, 0.99 and 0.73, respectively. The developed method is a more universal solution for
countering all types of attacks and works quite effectively against complex adversarial attacks such as CW and JSMA.
The developed method makes it possible to increase accuracy of image recognition model for adversarial images.
Unlike adversarial learning, it also increases recognition accuracy on adversarial data generated using attacks not used
on training stage. The results are useful for researchers and practitioners in the field of machine learning.
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AHHOTaNMSA

Beenenne. CoBpeMeHHbIE TEXHOIOTUH CKYCCTBEHHOTO MHTEJTIEKTA HAXOST MPHMEHEHHE B PA3IMIHBIX 001aCTIX HAyKU
1 TOBCEIHEBHOM kn3HH. [loBceMecTHOE BHEIpEeHNEe CHCTEM, OCHOBAaHHBIX HA METOJaX MCKYCCTBEHHOTO MHTEIIEKTa,
BBIIBIJIO TTPOOJIEMY HX YSI3BIMOCTH TePe]] COCTA3aTENbHBIMI aTaKaMH, BKITIOUAIOIIMMH METOIBI 0OMaHa NCKYCCTBEHHON
HEMPOHHOH CeTH U HapyIIeHHs ee paboThl. B paboTre 0CHOBHOE BHEMaHHUE y/IENICHO 3aIUTe MOJeIel pacrio3HaBaHHs
N300paKeHNIT OT COCT3aTENbHbIX aTaK YKIOHSHNUS, IPU3HAHHBIX B HACTOsIIIIee BpeMst Hanbosiee omacHeIMH. [1py Takmx
aTakax CO3JAI0TCsl COCTS3aTeNbHBIE JaHHbIE, COJepIKalliie HEe3HAUNTEIbHbIE NCKaXXEHHUSI OTHOCUTEIILHO HCXOHBIX,
U MIPOMCXOJUT OTIPaBKa X HAa OOYYEHHYIO MOJIEJNb C LIEIbI0 M3MEHEHHs €€ «OTBETa» Ha BapHaHT, HEOOXOAUMBII
3JIOYMBIIIJIEHHUKY. NckaxeHus MOT'YT BKJIKOYaTh )106aBJ'leHl/Ie myma Ui UBMEHEHUE HECKOJIbKUX ITUKCEIIOB
n3o0paxeHus. PaccMoTpeHsl Hanbosee akTyanbHbIE MTOAXO/bI K CO3AHUIO COCTA3aTENbHBIX JAHHBIX: METOJ OBICTPOTO
rpaguenta (Fast Gradient Sign Method, FGSM), metox kBanpara (Square Method, SQ), MeTox mporHo3upyemoro
rpamuenTHoro cirycka (Predicted Gradient Descent, PGD), 6a30Bb1ii ntepatuBHbIil MeTon (Basic Iterative Method, BIM),
metox Kapinan u Barnepa (Carlini-Wagner, CW), meton kapT 3HaunmoctH Slkoduana (Jacobian Saliency Map Attack,
JSMA). HccnenoBansl cOBpeMEHHbBIE METOABI IIPOTUBOJICHCTBHS aTakaM yKJIOHEHUsI, OCHOBAaHHBIC Ha MOAM(HKAIIN
MOJIETIH — COCTsI3aTeIbHOe 00y4eHNe U MpeBapuTelbHas 00paboTKa MOCTYNAIOINX JaHHBIX: IPOCTPAHCTBEHHOE
CrIaKMBaHue, cxarue npusHakoB, JPEG-ckarue, MUHIME3aIMs o0wel qucrepcuy, 000pOHUTENbHAS AUCTHILISLINS.
O1r MeTobl 3G(GEKTUBHBI TOJIBKO MPOTUB OMPEACICHHBIX BHI0B aTak. Ha CeromHsmIHUN TeHb HU OIMH METO.I
MPOTHBOJCHCTBHUS HE MOXKET OBITh MPUMEHEH B KaueCTBEe YHUBEpCAIBHOTO penieHus. Meroa. [Ipeanosxken HOBBII METO,
COYETAIOIINH COCTA3aTeNbHOE O0yUEHHE C MPEABAPUTENLHON 00paboTKol n300paxkenuil. CocTs3arensHoe 00ydeHne
BBITIOJTHEHO Ha OCHOBE COCTAI3aTeIbHBIX JaHHBIX, CO3/IaBAEMBIX C PACTIPOCTPAHEHHBIX aTaK, YTO MO3BOIISET H(P(hEeKTHBHO
1M npoTHuBozeiicTBOBaTh. [IpenBapurensHas 06padoTka H300paXkeHnH peTHa3HaYeHa JUTST IIPOTUBO/ICHCTBHS aTakaM,
KOTOpBIE HE YUUTHIBAINCH IIPH COCTSA3aTEIbHOM OOYYEeHUH, YTO JaeT BO3MOXKHOCTH 3aIIUTHUTh CHCTEMY OT aTak
HOBBIX THITOB. OOpaboTka ocymecTsieHa MetogoM JPEG-cxkarust n coxaTusi IPU3HAKOB JUIsSl YMEHBIICHWS BIVISTHUS
COCTSI3aTeNIbHBIX HCKaXKEHHH U Gosiee 23 (HEeKTUBHOTO IPOTHBOICHCTBHSI BCEM BH/aM PACCMOTPEHHBIX aTak. OCHOBHBIE
pe3yabrathl. [IpoBeseHa olleHKa MMoKa3aTesel KauecTBa paclo3HaBaHUs N300pakeHNi Ha OCHOBE MCKYCCTBEHHOW
HEeHpPOHHOI ceTH. DKCTIepHUMEHTAbHBIE JaHHBIE BKITIOUAI OPUTHHAIBHbBIE U M3MEHEHHbIE H300pakeH s, CO3AaHHBIE C
HCTIONB30BaHHEM MeTo0B arak TirnoB FGSM, PGD, BIM, SQ, CW, JSMA. Ilpu 3toM cocTs3aTenbHOe 00y4deHe MOACITH
B HKCIEPUMEHTAX BBIMOIHEHO HA JAHHBIX, COAEPIKAIINX COCTA3aTEIbHbIE IPUMEPHI TOIBKO It MeTonoB aTak FGSM,
PGD, BIM. Habop naHHBIX, HCIONB30BAHHBIN B SKCIIEPUMEHTAX, SIBISUICS cOaTaHCHpOBaHHBIM. OIeHeHa CpemHss
TOYHOCTB PACIIO3HABAHUS N300pKEHUH, B YCIOBHSIX OTIIPABKU Ha MOZICITb H300PaKEHHUH, CO3JAHHBIX C UCIIOJIb30BAaHUEM
YKa3aHHBIX BHJIOB aTtak. CenaHbl BBIBOJIBI, UTO COCTSI3aTeNbHOE 00ydeHne 3(QGEeKTHBHO TOIBKO ISl HPOTHBOACHCTBHS
arakam, KOTOpBIE HCIIOJIb30BAINCH BO BpeMsl 00yUeHHUs MOJIEIH, @ METO/IbI IIPEABAPHUTEIbHOI 00pabOTKH TOCTYIAIONIHMX
JAHHBIX 3(1)(1)BKTI/IBHI>I TOJIBKO IPOTUB 60nee IMPOCTHIX aTax. Cpe)IHﬂﬂ TOYHOCTb pacCliO3HaBaHUA B ClIy4ac MIPUMEHCHUSA
paspabotanHoro merona coctasuia 0,94, 4To CymIECTBEHHO BBILIE PACCMOTPEHHBIX METOI0B NMPOTUBOACHCTBUS
arakaM. [lokazaHo, 4TO TOYHOCTH 0€3 MPUMEHEHHUSI METOAOB MPOTUBOACHCTBUS COCTABISAET BeTHUUHY okoio 0,19,
a mpu coctazatenbHoM o0ydeHnn — 0,79, mpoctpancTBeHHOM crnaxkuBaHun — 0,58, cxxatnn npusHakoB — 0,88,
JPEG-cxarim — 0,37, muanMuzanmn ooieit qucnepenn — 0,58, o6opornTensHo# quetmusiius — 0,44. [lpu stom
TOYHOCTH pacno3HaBanus npu arakax FGM, PGD, BIM, SQ, CW, JSMA cocrasuina coorserctBerHo 0,99, 0,99, 0,98,
0,98, 0,99, 0,73. Pa3paboTaHHBII METO] NpPEJCTABISET OOJIee YHHBEPCAIBLHOE PEIIeHNe 110 IPOTHBO/ICHCTBHIO BCEM
BUJIaM aTaK, a TAKXKe JOCTATOYHO d(P(PEeKTHBHO paboTaeT MpH MPOTUBOJCHCTBUH CIIOXKHBIM COCTSI3aTE/ILHBIM aTakaM,
takuM kak araku CW n JSMA. O6cy:xnenune. PazpaboTanHbIi METO/] MO3BOJISIET TOBBICHTH TOYHOCTH PacliO3HABAHMS
C MPUMEHEHNEM MAIIMHHOTO 00YYeHHMs MPH aTakaxX yKJIOHEHHS U, B OTIIMYHE OT COCTA3aTETbHOrO 00yUeHus], OBBIIIAET
TOYHOCTb PACTIO3HABAHMS HA COCTSA3aTENbHBIX JAHHBIX, CO3AaBAEMbIX C MPUMEHEHHEM aTaK, He HCTOIb30BAHHbIX MTPH
o0yuenun. [lomyueHHbIe pe3ymbTaThl TOJTE3HBI HCCIEI0BATENAM 1 CIICIMAIICTaM B 00JACTH MAIIMHHOTO O00yIeHHS.
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A new method for countering evasion adversarial attacks on information systems based on artificial intelligence

KunrwuesBble cjioBa

MCTOABI MAIIMHHOTO 06y‘16HI/I$I, COCTA3aTCIbHBIC aTaK!, 3allIUTHBIC MEXaHHU3MBI, I/IHCbOpMaHI/IOHHBIe CHCTEMEBI Ha Oa3e

HUCKYCCTBCHHOI'O MHTEJIJICKTA, COCTA3ATCIIbHOC 06y‘{eHI/Ie
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2024. T. 24, Ne 2. C. 256-266 (na anri. 513.). doi: 10.17586/2226-1494-2024-24-2-256-266

Introduction

Artificial Intelligence (Al) and Machine Learning (ML)
methods are constantly being improved and applied in the
most diverse areas of modern life. Al-based systems are
vulnerable to attacks, so called adversarial attacks [1].

An adversarial attack is a generalized name for attacks
on Al systems including methods of deceiving a Neural
Network (NN) to change the system “response” to what the
attacker needs and disrupt its performance. These attacks
can be performed both at the stage of training the model,
and at the stage of its operation [2]. They can be carried out
on image recognition systems (photo, video, audio) and are
implemented using adversarial samples — data samples in
which minor perturbations have been introduced, leading
to incorrect recognition [3]. Such perturbations can include
adding noise or changing several pixels in the image. The
important fact is that the distortions are invisible to humans.

For example, in biometric systems, adding noise or
pixels to a person’s face image can cause the system to
misidentify them. This manipulation increases the security
risks for information systems and allows attackers to gain
unauthorized access. NN are most susceptible to these
attacks, but some classical ML methods are also vulnerable,
such as the support vector machine.

The relevance of this research is due to the increasing
use of information systems powered by Al, and the rise in
security risks associated with adversarial attacks on these
systems.

The goal of this study is to improve the accuracy of
an image recognition model based on a convolutional NN
under conditions of adversarial evasion attacks.

The image recognition problem considered in this work
is a multi-class classification task where an image must be
categorized into three or more classes. In adversarial evasion
attack images are perturbed in such a way that the model is
unable to correctly classify them. So, the image recognition
task in conditions of adversarial attacks is to correctly
classify both normal images and adversarial images.

The practical significance of this study lies in the
development of a new method for countering adversarial
evasion attacks in information systems based on Al. This
method, which we refer to as Counter-Evasion Adversarial
Attack (CEAA), will help to protect Al-based systems from
these attacks.

The research aims to create and integrate a method
that can counter adversarial evasive attacks targeting Al-
based information systems. It involves the development
and theoretical description of a specific algorithm designed
for this purpose. This method is then integrated into the
Al-based system. Experimental studies are conducted to
evaluate the quality and effectiveness of the method as well
as to compare it to other state-of-the-art methods.

Related research

The first who discovered the susceptibility of NN to
adversarial attacks were Christian Szegedy, Wojciech
Zaremba et al. [1]. They proposed a rather controversial
explanation for this phenomenon linking it with the
extreme nonlinearity of deep NN in combination with
insufficient model averaging and insufficient regularization
of the controlled learning task. Then Carlini et al. [4] and
Zhang et al. [5] independently found vulnerabilities in
automatic speech recognition and voice control systems.
Kurakin et al. [6] have shown attacks on autonomous
vehicles where an adversarial attack manipulates road
signs to trick a trained NN. Since Shegedi’s discovery,
scientists have focused on Adversarial Learning (AL) to
improve the security of NN. Also in recent years, various
methods of protection against adversarial attacks have been
proposed. All the proposed defense mechanisms proved
to be effective against certain classes of attacks, but none
of them can be used as a universal solution for all types
of attacks. In addition, the implementation of protection
methods can lead to a decrease in the performance and
efficiency of the NN.

In this study, we have considered adversarial attacks on
information systems that perform image recognition tasks.
These include systems for biometric identification, medical
image classification [7], and countering the distribution of
illegal content [8].

This paper focuses on the following types of
evasion attacks which are the most common due to the
ease of their implementation for the attacker (software
implementation in many well-known software libraries and
low requirements for computing resources):

— Fast Gradient Sign Method Attack (FGSM) [3];

— Square Method Attack (SQ) [9];

— The Projected Gradient Descent Attack (PGD) [10, 11];
— The Basic Iterative Method Attack (BIM) [12];

— Carlini and Wagner Attack (CW) [13];

— Jacobian Saliency Map Attack (JSMA) [14].

Important to note that these attacks have a high success
rate, do not require information about the target model,
and are resource efficient from the attacker’s point of view.

The increasing threat of the adversarial attacks is widely
known and described in reports from the IT-companies!, the
government?, and the intelligence services [2]. However,

L' IBM, Trustworthy Al [Electronic resource]. Available at:
https://research.ibm.com/topics/trustworthy-ai, free. In Russian
(accessed: 19.02.2024).

2 National Cyber Security Centre NCSC, Annual Review
2023 [Electronic resource]. Available at: https://www.ncsc.gov.
uk/collection/annual-review-2023/technology/case-study-cyber-
security-ai, free. In Russian (accessed: 19.02.2024).
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for the moment, most of scientific research focuses on
attacks itself, not on the countermeasures.

Depending on the measures taken, it is possible
to classify the protection methods into modification of
training or input data, models modification, and using
auxiliary tools.

Data modification can be performed during model
training or when the model is deployed within the system.
This does not require any additional configuration
of the model or extensive calculations. Methods
within this category include AL, portability blocking,
data randomization, data transformation, and data
compression.

In model modification, changes are made to the original
model architecture or model parameters (by adding extra
layers or sub-networks, changing the loss or activation
function). This does not require modifying the input data
or generating Adversarial Examples (AEs) for training,
but it does affect the complexity of model training and the
architecture of the model. Examples of methods in this
group include gradient masking, defensive distillation,
feature squeezing, Deep Contract Network, model masking,
and the use of Parseval Networks.

Using auxiliary tools helps to keep the original model
intact while adding external models to defend against
attacks. These techniques are quite effective in the face
of black-box and white-box attacks. However, the main
limitation of these tools is that they are quite complex to
set up and configure. Some examples of such tools include
Defense-GAN and MagNet.

An analytical review of relevant papers in this research
has allowed us to identify the most effective methods for
countering the attacks mentioned above. These include:
— Data modification:

— adversarial Learning (AL) [15];

— JPEG Compression (JC) [16];

— total Variance Minimization (TVM) [17];

— feature Squeezing with reducing the color bit depth

(FS) [18];

— spatial Smoothing (SS) [18].
— Model modification:

— defensive Distillation (DD) [19].

One of the promising methods for countering
adversarial attacks is AL. The basis of this method is the
addition of AEs to the training dataset, which leads to
an increase in the model accuracy on adversarial data.
This allows the model to correctly classify both original
images and adversarial examples. However, there is no
way to account for adversarial attacks of unknown types,
which limits the effectiveness of AL. The method is only
effective against adversarial attacks that were included in
the training process. Additionally, it is not resilient to black-
box attacks where the attacker creates AEs using a locally
trained model.

The main idea behind the JC is that the input data is
transformed into a more condensed form which is then
passed on to the model for processing. This process aims
to preserve the structure of the input data while making it
more challenging or impossible for an attacker to attack

the model directly. Compression can help reduce the model
sensitivity to minor changes in the input, which can be
exploited by an adversary to carry out an adversarial attack.
The JC has several benefits when it comes to defending
against such attacks. By reducing the model reliance on
small changes in input data and reducing the amount of
available information to an attacker, the attack becomes
less effective.

An alternative approach to address adversarial
perturbations is the TVM method which uses a compressed
sensing technique that combines pixel dropout and
minimization of total variation. In this method, a small
subset of pixels is randomly selected, and then an image
corresponding to those pixels is reconstructed. The
resulting image is free of adversarial perturbations. The
JC and TVM methods are quite effective against FGSM
and SQ adversarial attacks, but they still cannot provide
effective protection against more powerful adversarial
attacks such as CW attacks.

The main idea behind FS is to simplify the data
representation thus reducing the impact of low-sensitivity
attacks. If models are trained on the same data but with
different levels of FS, the results of their work will be
similar. Meanwhile, an AE that works successfully on
the original model is unlikely to work on another model.
By calculating the pairwise difference between the
outputs of the original and additional models, selecting
the maximum value from them, and comparing it to a pre-
determined threshold, it can be concluded that an input
example is adversarial. There are two heuristics methods:
reducing the color depth, which means encoding the
color with fewer values, and using a smooth filter on an
image (SS).

SS (also known as blurring) is a set of techniques used
in image processing to reduce noise in images or to create
a less pixelated output. Smoothing techniques are either
local (using nearby pixels to smooth each individual pixel)
or non-local (using larger areas instead of nearby pixels).
However, the SS method itself has some limitations. This
method is not very effective against certain types of attacks,
and using it alone to counter adversarial attacks may not
result in an acceptable level of model performance when
implementing attacks. While FS and SS methods can
effectively prevent certain attacks, they can also reduce
the accuracy on real-world data.

DD uses two-stage data processing through distillation.
Distillation is a training procedure in which a model is
trained to predict probabilities obtained from another model
that has previously been trained. The advantage of this
approach is that it provides a smoother loss function that is
more generalizable for an unknown dataset and has higher
accuracy even with AEs. However, with the rise of black-
box attacks, DD methods can be easily bypassed due to the
robustness of AEs against all models.

The developed CEAA method combines both the AL
approach and processes the images provided as input to
the model in order to reduce the impact of adversarial
perturbations on the model.
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A new method for countering evasion adversarial
attacks on information systems based
on artificial intelligence

In general, an information system based on Al has the
following components:

— a source of input data;

— an input data processor which prepares the data for
transfer to the ML model (this could be any type of NN
or “classical” ML algorithms);

— the ML model itself;

— a model output handler.

The input data processor is responsible for cleaning
and transforming the raw data into a format that is suitable
for the ML model. This could involve removing outliers,
normalizing data, or performing other pre-processing steps.
Once the data is prepared, it is passed on to the ML model
which uses algorithms such as deep learning or statistical
models to analyze it. The model then generates predictions
or outputs based on the input data. Finally, the model output
is processed by the output handler, which may involve
further refinement or interpretation of the results. This
ensures that the information system provides accurate and
reliable output.

The generalized scheme of an information system based
on Al is shown in Fig. 1.

The proposed CEAA method is designed to create
image recognition models (NN or ML-model) that are
resistant to adversarial evasion attacks. It aims to counter
these attacks by changing the existing model and adding a
data processing unit to the input.

The CEAA method includes two stages: AL of a model
(M) and preprocessing data supplied to the input of the
model. A flowchart of the developed CEAA method is
shown in Fig. 2.

At the stage 1 the following steps are performed:

— import of a dataset (data) containing original images
without adversarial attacks;

— generation of an adversarial dataset (advData) by
implementing adversarial attacks on the original
dataset;

— training the model M on an advData;

— validation of the model M on advData;

— saving the model M.

The stage 2 involves preprocessing the data that is fed
into a model, M. This stage is based on techniques for
modifying the data to protect against adversarial attacks.
Specifically, it involves transforming an image in order
to reduce the impact of adversarial perturbations on the
classification outcome. This process involves the following
steps:

1) obtaining an image (sample);
2) sample transformation to obtain sampleB using:

a) feature squeezing method;

b) JPEG compression method;

3) transferring the sampleB to the input of the model M

prepared at the stage 1;

4) recognition of sampleB, that is equivalent of the input

sample, with model M.

The scientific novelty of the method is characterized
by the original combination of methods for countering
adversarial attacks: AL of a model and data transformation.

Integration of the developed method for countering
adversarial evasion attacks with information systems
based on artificial intelligence

Thus, the method consists of the following blocks: input
data processing and training resistant ML model on AEs.

The input data preprocessing stage performs image
modification functions in order to reduce the effect of
adversarial perturbations on the model. The model trained
on AEs performs the function of classifying input data.

After embedding the proposed method for counteracting
adversarial attacks, the general block diagram of a data-
driven Al-based information system will take the form
shown in Fig. 3.

Thus, after integrating the proposed method of
countering adversarial evasion attacks into the information
system, the system would operate in the following way:
— collection of input data from sensors or data stores;

— transformation of input data to ensure correct work with
the model,

— transformation of the image to minimize the impact of
adversarial distortions on model operation;

— processing of the transformed data using the model to
generate the output;

— taking action based on the output from the model.

A generalized scheme of the Al-based system, after the
integration of CEAA, is shown in Fig. 4.

Input data /

——
/ Data / E :
1P Modeld |
Q" | —
| Data collectionand | yf Training of ML L P Model B » Decision making | |
! storage model(s) o '
‘ Training stage, E E
' ModelN |- E

Fig. 1. Generalized scheme of Al-based system
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]
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Save M

/
/
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l
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|
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/
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]
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/

Fig. 2. Flowchart of the developed method for countering adversarial evasion attacks on information systems based on Al

Input data

Prepared
input data

Input source

an adversarial dataset
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Fig. 3. Generalized block diagram of an information system based on Al, with the integration of the proposed method for countering

adversarial evasion attacks
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Fig. 4. Generalized scheme of Al-based system after integration of CEAA

Input data
from sensors or data stores

l

Converting input data to work correctly
with the model

l

Data modification to reduce the impact of
adversarial perturbation on the operation
of the ML model

|

Processing the modified data using
the ML model

Returning outputs of the
ML model

Action taken based on the outputs of
the ML model

Fig. 5. Flowchart of the information system after the integration
of the proposed method

The algorithm of the information system after the
integration of the proposed method is shown in Fig. 5.

Experimental studies to assess the quality of the
developed method for countering adversarial evasion
attacks on Al-based systems

There are two main objectives of the experimental
research. The first is to evaluate the impact of the proposed
CEAA method on the accuracy, precision, and recall of
image recognition using a ML model (Convolutional Neural
Network, CNN) under adversarial evasion attacks. The
second is to assess the effectiveness of CEAA compared to
other existing methods for countering adversarial attacks.

Experimental setup

As mentioned above, the image recognition task that is
considered in this paper is a multiclass classification task.
In order to evaluate the performance of a classification
model, it is common practice to use the following metrics:
accuracy, precision, and recall.

The accuracy is calculated using the formula

TP + TN
TP+ TN+ FP+FN’

Accuracy =

(M

The calculation of precision is made according to the
formula

TP
Precision=—"—"—"—. 2)
TP + FP
The recall is calculated using the formula
TP
Recall =——. 3)
TP+ FN

Where TP (True Positive) — correctly classified
objects of a positive class, TN (True Negative) — correctly
classified objects of a negative class, FP (False Positive) —
incorrectly classified objects classified by the classifier
as positive, FN (False Negative) — incorrectly classified
objects, classified by the classifier as negative.

For experimental purposes, a CNN with the architecture
shown in Table | was developed. The selection of this
type of NN is based on its high accuracy in recognizing
and classifying images, as well as its smaller number of
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Table 1. Architecture of the CNN model used in experiments

Layer Output shape Activation function
Conv2D (None, 26, 26, 32) relu
MaxPooling2D | (None, 13, 13, 32) —
Conv2D (None, 11, 11, 64) relu
MaxPooling2 (None, 5, 5, 64) —

Flatten (None, 1600) —
Dropout (None, 1600) —
Dense (None, 10) softmax

adjustable parameters and its resistance to rotation and
translation of the recognized images. The choice of this
particular architecture is justified by its high accuracy rates
on test data, with only a small number of layers in the
network.

During the preparation of the experiments, the
following requirements were formed for the dataset: all
images must be square and have the same size in pixels in
order for them to work correctly with the NN; the data must
be labeled; the minimum number of images for one class is
500, and it should allow us to assess the accuracy of image
recognition in conditions of adversarial attacks, before and
after applying the CEAA method.

To train the model, the Modified National Institute
of Standards and Technology (MNIST) image dataset
was chosen as it is the most efficient in terms of model
preparation and is widely used by the scientific community
for experimental evaluation of protection methods against
adversarial attacks.

The dataset was balanced, meaning that each class
has approximately the same number of training and
testing samples as the other classes. There are 10 classes
in the dataset, with approximately 1,000 images per
class, resulting in a total of 10,000 samples. In all of the
experiments, the dataset was divided into training and
testing sets in a ratio of 80:20.

At first the CNN was trained on a prepared dataset
that did not contain adversarial attacks. The following
parameters were used: batch size — 128, number of
epochs — 15. The model was given the following name:
Image Recognition Model (IRM). The performance of IRM
was then evaluated according to formula (1), the accuracy
obtained was 0.9922.

Then based on the prepared dataset and the IRM model,
adversarial examples for FGSM, SQ, PGD, BIM, CW and
JSMA attacks were crafted, six independent adversarial
datasets were created.

After that to implement the AL stage of the developed
CEAA method, a second model was trained on data
containing only AEs for FGSM, PGD and BIM attacks.
The model was not trained on all considered attacks for
the purpose of evaluating the developed CEAA method
objectively. The performance of this model was evaluated
according to formula (1), the accuracy obtained was 0.9911.

Evaluation of the quality of the image recognition
model under FGSM, SQ, PGD, BIM evasion attacks
before and after implementation of the developed
method

The aim of the experimental research is to determine
the accuracy, precision and recall of the image recognition
model, both before and after implementing the CEAA
method.

In two series of experiments the accuracy, precision,
and recall of image recognition were assessed using
formulas (1)—(3):

1) for the base IRM without any evasion attacks
countermeasures on normal images and adversarial
images;

2) for the image recognition model with the
implementation of the developed CEAA method on
normal images and adversarial images.

The inputs to the base IRM model and the model
prepared with CEAA were fed with images from the
generated datasets including images that had been subjected
to adversarial attacks, such as FGSM, PGD, and BIM. The
results of these experiments are presented in Table 2.

The results of the first set of experiments demonstrate
the vulnerability of the original model to adversarial
attacks. Although the model performance indicators on the
initial dataset are high, it would be easy for an attacker to
“trick” such a model with adversarial examples.

In the second set of experiments, the accuracy,
precision, and recall of the IRM after implementing
of the developed CEAA method were evaluated. The
results of these experiments showed that the values of
the performance metrics of the image recognition model
slightly decreased on the initial data after applying the
CEAA method. But at the same time, they increased
significantly in conditions of the implemented adversarial
attacks. It is worth noting that the model performance

Table 2. Comparison of accuracy, precision and recall of the image recognition using CNN under FGSM, SQ, PGD, BIM evasion
attacks before and after implementation of the developed method

Attack method Accuracy Precision Recall

Base IRM CEAA Base IRM CEAA Base IRM CEAA
No attack 0.9922 0.9887 0.9921 0.9886 0.9921 0.9886
FGSM 0.3754 0.9854 0.4563 0.9853 0.3764 0.9852
PGD 0.0735 0.9862 0.0811 0.9861 0.0747 0.9861
BIM 0.0671 0.9824 0.0671 0.9822 0.0686 0.9824
SQ 0.1695 0.9800 0.2155 0.9798 0.1721 0.9798
Average for all attacks 0.1714 0.9835 0.2050 0.9834 0.1730 0.9834
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Table 3. Comparison of the image recognition accuracy before and after implementation of the developed CEAA method with other
existing defense methods for various attack types

Adbversarial attacks defense method
Attack method IRM (NM) CEAA AL SS FS JC TVM DD
Accuracy
NA 0.9922 0.9887 0.9911 0.9686 0.9896 0.9921 0.7952 0.9916
FGSM 0.3754 0.9854 0.9871 0.7548 0.9659 0.4478 0.6508 0.5268
PGD 0.0735 0.9862 0.9872 0.1649 0.9284 0.0736 0.4772 0.0735
BIM 0.0671 0.9824 0.9827 0.1589 0.8301 0.0671 0.4749 0.0671
SQ 0.1695 0.9800 0.7992 0.5637 0.9766 0.4934 0.4021 0.6527
CcwW 0.4417 0.9873 0.9876 0.8930 0.8538 0.5651 0.7503 0.7406
JISMA 0.0011 0.7284 0.0010 0.9290 0.7410 0.5669 0.7175 0.5812
Average for all attacks 0.1881 0.9416 0.7908 0.5774 0.8826 0.3690 0.5788 0.4403

NOTE. IRM (NM) — without using any adversarial attack countermeasures, NA — normal images (without attacks).

remained acceptable even in the presence of adversarial
attacks, thus proving the effectiveness of the developed
CEAA method in counteracting adversarial attacks.

Evaluation the effectiveness of the developed method
of countering adversarial evasion attacks in comparison
with other existing methods

The aim of this experimental study is to compare the
developed CEAA method with the existing methods in
terms of accuracy.

In the series of experiments, the image recognition
accuracy was evaluated using formula (1) on adversarial
data, crafted with FGSM, SQ, PGD, BIM, CW, JSMA
attacks. Developed CEAA method was compared on
accuracy with various methods of countering adversarial
attacks (AL, SS, FS, JC, TVM, DD).

Normal and adversarial images were fed to the model
input:

— for the base IRM without any evasion attacks
countermeasures;

— for the image recognition model with the
implementation of the developed CEAA method;

— for the image recognition model with the AL, SS, FS,

JC, TVM, DD countermeasures;

— the results of the series of experiments are presented in

Table 3 and in Fig. 6.

It is worth noting the differences in indicators between
the CEAA method and the AL method. There is a slight
difference in accuracy between CEAA and AL for attacks
FGSM, PGD, BIT that were used to train the model in AL
method. However, at the same time, the developed CEAA
method produces much better results for attacks that were
not included during the AL, which can be clearly seen in
attacks such as SQ and JSMA. The accuracy for the CW
attack is approximately the same.

Average image recognition accuracy of the adversarial
data without any defense is around 0.19, and after
implementation of the developed method — 0.94. Method
performs better than the existing methods, accuracy of the
image recognition model only with Adversarial Learning
is 0.79, Spatial Smoothing — 0.58, Feature Squeezing —
0.88, JPEG compression — 0.37, Total Variance
Minimization — 0.58, Defensive Distillation — 0.44.

1.0

Average accuracy
for all attack types
o o
o

S o
[N

NM CEAA AL SS FS JC TVM DD
Adversarial attacks defense method

Fig. 6. Average image recognition accuracy on adversarial data
for various countermeasures

The experimental results indicate that the proposed
CEAA method is more effective in countering adversarial
evasion attacks than other methods analyzed. It provides
better image recognition accuracy compared to existing
methods. Therefore, the developed CEAA approach allows
for high performance indicators of a model, even when
adversarial attacks are present, which were not taken into
account when creating the adversarial model.

Conclusion and future work

In conclusion, the study on the development of a
method to counter adversarial evasion attacks in Al-based
information systems has shown promising results. When
using the novel method, there was a slight decrease in
model performance on initial data, but it significantly
improved resilience and accuracy against adversarial
attacks. Interestingly, performance remains acceptable even
under attacks highlighting the effectiveness of the method.

Comparative experiments also revealed that this method
outperformed existing techniques, especially against novel
adversarial attacks not considered during model training.
The significant improvement in model performance
against such unexpected attacks demonstrates the method
robustness and adaptability.

The developed method can counteract adversarial
evasion attacks. The novelty of the solution lies in the
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combination of adversarial learning and the preprocessing
of input data for the model. This approach has practical
value in improving the accuracy of the model under the
impact of adversarial attacks.

Future research will focus on optimizing information

systems based on artificial intelligence in order to
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AHHOTALUA

BBeaenue. B pabore pa3zBuBaeTcs TEOpHs yCTOMUUBBIX M-OIEHOK, OTHOCSIINXCS K KJIAcCy CHHIKECHHBIX OILEHOK,
00T Ial0IINX CBOICTBOM YCTOIYMBOCTH K ACHMMETPHIHOMY 3aCOPEHII0. MHOTHE H3BECTHBIC CHIDKEHHBIE OIIEHKH MOTYT
OBITh TIOJIYYCHBI B paMKax JBYX MOIX0a0B I.T.H. A.M. IllypbiriHa: JIOKaabHO YCTOWYHBOTO TOIX0/a, OCHOBAHHOTO Ha
aHaJIM3e MOKa3aTelsi HeyCTOHYMBOCTH OLEHKHU (L,-HOPMbI (DyHKIMH BIMSHUS), MM HOIX0/a, OCHOBAHHOTO Ha MOZEIIH
CepUH BBIOOPOK CO CITyYaiHBIM TOUECUHBIM 3aCOpPEHHEM (MOJIETH 0aileCOBCKOTO TOUCUHOTO 3aCOPECHUS ). DTH MOIXO/IbI
YAOOHBI ISl TIOCTPOCHHS PAa3IUYHBIX YCTOMYMBBIX M-OICHOK H, 10 CPABHEHHUIO C KIACCHYECKHMHU POOACTHBIMU
NpoLIeAypaMH, IPEAOCTABIIOT OoJiee UpoKKe Bo3MOKHOCTH. [IpemnoxenHoe A.M. ILlypbIrHHBIM B paMKax TEpBOTo
W3 TIEPEUMCIICHHBIX MTOAXOJI0B CEMEHCTBO YCIOBHO ONTUMAJIBHBIX OIIEHOK MOYKET OIPEEeNAThCS KaK ONTHMHU3UPYIOIIee
ACHMIITOTHYECKYIO TUCIICPCHIO ITPU OTPAaHWYCHHUHN HA BETMUMHY HEYCTOWYNBOCTH. COOTBETCTBYIOIIAS 3a1a9a JOITYCKaeT
TIPE/ICTaBICHNE B (JOpME ONTHMHU3AINH BECOBOH L,-HOPMBI (DYHKIUH BIHSAHIA. Bo BTopoM moaxose paccMarpuBaeTcst
CHeUAILHBIM 00pa3oM chopMHUpOBaHHAS HEMapaMeTpuIecKas OKPECTHOCTh MOJICIIFHOTO PACIIPEICICHUsS, U OH TOXKE
MOJKeT OBITh CBEJICH K aHaJIu3y BECOBOW L,-HOpMBbI (GpyHKIMHK BausHus. Takum 00pa3oM, NaHHbBIH KpUTEpHil KadyecTBa
OLICHUBAHHUSI SIBIIACTCS IOCTATOYHO OOIIMM U TMOJE3HBIM [Tl KOHCTPYHPOBaHUS poOacTHBIX orieHOK. Meton. Teopus
OICHOK, ONITUMAJIbHBIX C TOUKH 3p6HI/Iﬂ BECOBOM LZ—HOprI (byHKIlI/II/I BJIMSIHUS, B HACTOSIIICC BpeMS{ HEAO0CTAaTOYHO
pasButa. Tak, [UIg COOTBETCTBYIOLINX CEMEHCTB OIICHOK OCTAETCSI HEPEUICHHBIM BOIIPOC €IUHCTBEHHOCTH YJICHOB
ceMelicTBa. Bompoc cBOIUTCS K UCCIETOBAaHUIO BBIMYKIOCTH (BOTHYTOCTH) ONTHMHU3UPYEMOTO (pyHKIMOHANA B
3aBHCHMOCTH OT ITapaMeTpa, 3aJarolero cemMeiicTo. OcHOBHBIE pe3yasTarhbl. B padoTe B o0mieM B MOTYyYEHO
BBIpKEHHE JUTS IPOU3BOIHOM 10 TapaMeTpy (QyHKIOHAA KaueCcTBa ONTUMAIIbHOH orleHKH. [lomydeHb! HepaBeHCTBa
JUTSL BTOPOI TIPOU3BOTHOM, HEOOXOMMBIE JJIsl YCTAHOBIICHUSI €T0 BBITYKIOCTH (BOTHYTOCTH) TIO ITapaMeTpy. [lomydeHHbIe
pe3yabTaThl MPUMEHEHBI JIJIsl OMICAHMSI CBOMCTB YCIOBHO ONTUMAIBHOTO ceMeiicTBa. [locTpoeHb! GYHKIMN BIUSHUS
psila YCIIOBHO ONTUMAJIBHBIX OLIGHOK JUISl TapaMeTpOB CJBUra U maciiradba HopMallbHOW Monenu. MccienoBaHbl
XapaKTepPUCTUKH ITUX oleHOK. Ofcy:xkaenne. [TokazaHa ycTOHYMBOCTH OONBIINHCTBA PACCMOTPEHHBIX OLEHOK, YTO
BO)XHO JJIS UX MPAKTHUECKOTO MPUMEHEHHUs. TeopeTuyeckue pe3yabTaTbl MOTYT OBITh MOJIE3HBI MPH MCCIEIOBAHUH
CBOMCTB KOMITPOMHCCHBIX OI[CHOK Ha 0a3e IByX KPUTEPHEB, a TAKKe MPH H3yUYCHUH MUHUMAKCHBIX YPOBHEH 3aCOpPEHUS
B pamkax roaxona A.M. Illypeiruaa Ha 0OcHOBE MOzieNH 0aiieCOBCKOTO TOYEUHOTO 3acOpeHHs. Pe3yabTaTsl paboThl MOTYT
HalTH NPUMEHECHNE B CUTYAlHsX IEJICHAPABICHHOTO NCKAKEHUS JJAaHHBIX MPOTUBHUKOM, B TOM YHCIIC B 3ajavax,
CBSI3aHHBIX C BPEJIOHOCHBIM MAITUHHBIM 00yUCHHUEM.
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Abstract

The work develops the theory of stable M-estimators belonging to the class of redescending estimators, having the
property of resistance to asymmetric contamination. Many well-known redescending estimators can be obtained within
the framework of the locally stable approach of A.M. Shurygin, based on the analysis of the estimator instability
functional (L,-norm of the influence function), or his approach based on the model of a series of samples with random
point contamination (point Bayesian contamination model). These approaches are convenient for constructing various
stable M-estimators and, in comparison with classical robust procedures, provide wider opportunities. The family of
conditionally optimal estimators proposed by A.M. Shurygin within the framework of the first of the listed approaches
can be defined as optimizing the asymptotic dispersion under a constraint on the value of instability. The corresponding
problem can be represented in the form of optimization of the weighted L,-norm of the influence function. The second
approach considers a specially formed nonparametric neighborhood of the model distribution, and it can also be reduced
to the analysis of the weighted L,-norm of the influence function. Thus, this estimation quality criterion is quite general
and useful for constructing robust estimators. The theory of estimators that are optimal in terms of weighted L,-norm
of the influence function is currently underdeveloped. Specifically, for the corresponding families of estimators, the
question of the uniqueness of family members remains unresolved. The question comes down to studying the convexity
(concavity) of the optimized functional depending on the parameter defining the family. In the presented work, an
expression is obtained in general form for the derivative with respect to the parameter of the quality functional of the
optimal estimator. Inequalities are obtained for the second derivative necessary to establish its convexity (concavity) with
respect to the parameter. Corollaries from these results are applied to describe the properties of a conditionally optimal
family. The influence functions of a number of conditionally optimal estimators for the shift and scale parameters of the
normal model are constructed. The characteristics of these estimators are studied. The stability of most of the considered
estimators is shown, which is important for their practical application. The theoretical results obtained can be useful in
studying the properties of compromise estimators based on two criteria as well as in studying minimax contamination
levels within the framework of A.M. Shurygin’s point Bayesian contamination model. The results of the work can be used
in situations of purposed data corruption by an adversary including the problems related to adversarial machine learning.
Keywords

M-estimators, robust statistics, influence function, stable estimates, redescending estimators, conditionally optimal
estimators
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BBenenue

CoBpeMeHHbIE MTOIXOABI K PEIICHUIO 3aa491 OlIEHUBA-
HUS TApaMeTPOB CTaTUCTHUECKHUX Mojienel [ 1] Hampasie-
HBl Ha 00ECleYeHNnEe YCTOHUYNBOCTH TOIY4YaeMbIX pellie-
HUH K BO3MOXKHBIM OTKJIOHEHUSIM pEalbHOM CUTyaluu OT
MPUHATBHIX B MOJEIH NpeanonoxeHut [2—4]. Onqnum u3
Hanbosee TpyAHBIX JUTsl (popMan3anny SBISUIOCH aCHMMe-
TPUYHOE 3aCOPEHUE CUMMETPHYHO pacIpe/IeIeHHbIX JIaH-
HBIX, TIOCKOJIbKY alpHOpHAasi HH(POPMAIUSI O BO3MOXXHOM
NCKa)KCHWUH, KaK TPaBHUIIO, OTCYTCTBYET, a KIIACCHUECKHUE
poOacTHBIE MOIXOIBI B 3TON CHTyallld HE 00JaJatoT J10-
CTaTOYHOH yCTONUMBOCTRIO. J[JIs1 petiennst 3Toi mpooIeMsl
OBLITM MPEIIOKEHBI CHIDKEHHBIC OTICHKH [3, 4], B KOTOPBIX
BIIMsIHUE TIepr(epuitHbIX HAOIIOICHUH 3HAYMTEIILHO CHU-
YKEHO IO CPaBHEHUIO C KIIACCHYECKUMHU POOACTHBIMHU pellie-
HusMH. OJTHAKO 3TH PEHICHUS OCTaBaJIUCh, IO CYILECTRBY,
IBPUCTUYECKUMH.

BaxHBIM 11aroM K IOJIy4eHHIO TEOPETHYECKH 000-
CHOBAaHHBIX pEUICHHWH cTaja NpeajloXeHHas MI.T.H.
Anexcannpom MuxaiinosuueM Illypeirusasiv [2, 5] nocra-
TOYHO YHHBEpPCAIbHAS MOOeNb O6Aleco8CKO20 MOYEUHO20
sacopenust (6T3), kKoTOpast MO3BONISET ONUCHIBATL BO3/ICH-
CTBHE aCUMMETPUYHOTO 3aCOPEHMsI Ha HA0Op JaHHBIX.

Monenb npenronaraeT HaTMuYUe CEPUU BBIOOPOK, Kaxaast
13 KOTOPBIX UMEET 3aCOpeHUe B BUJIE pacHpe/iesIeH s,
COCPEJJOTOYEHHOTO B OIHOM TOUKe. DTa TOUKA SIBISIETCS
(hUKCHpPOBaHHOW B Tpeenax OJHON BBIOOPKU, HO UMEET
HEKOTOpOE pacrpeeseHue mo cepun Beioopok. Kakmaomy
pacIpeelIeHII0 3aCOPSIOIIeH TOYKH COOTBETCTBYET HaH-
Jy4Inasi OI[eHKa, TTOTyYeHHAs B Pe3yIbTaTe MUHUMH3AIHN
€€ aCUMITOTHYECKOTO KBAAPAaTHIHOTO OTKIOHEHHUs [2].
[Toxygaromuecs: OIEHKHA YacTO OKa3bIBAIOTCS CHIKEH-
HbIMH. B pamkax monenu bT3 onTuManbHBIMU SBIISIOTCS
MHOTHE W3BECTHBIE CHIKEHHBIE OIICHKH MTapaMeTpa CIBU-
ra, cpeau HuX OuBec-oleHKa ThIOKH, OIICHKH DHIpPIOCa,
bepnynnu, Cmuta, Memankuna, oneHka Xpo0epa Tumna
ype3aHHoro cpeaHero, o0oomeHHble oneHkn Lllapoonse
[2, 6, 7].

Eme onuH — n0KajJdbHO YCTOMYMBBIM — MOJ-
xo1 A.M. lllypeiruna [2] ocHOBaH Ha MoOKa3aTele He-
yemouiuugocmu oueHkn (L,-Hopme (GyHKIIMH BIHSHUSA).
OnTtuMu3anus HEYCTOHYUBOCTH TPHU OTPAHWYCHHUH Ha
ACHIMIITOTHYECKYIO TUCIIEPCUIO (WM, 9TO TOXKE, ONTHMU-
3a1us ACHMIITOTHYECKON TUCTIEPCHH TTPH OTPAaHWYCHNH Ha
BEJINYMHY HEYCTOWIMBOCTH ) TIPHBOINUT K CEMEUCTBY )C/106-
HO ONMUMATLHBIX 0YeHoK [2, 8], KoTophle, Kak MPpaBuo,
TOXKE SIBJISIFOTCSI CHIDKCHHBIMH.
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A.B. JincnumH, K.B. NaBpunos

XapakTepHO, YTO U YCIOBHO ONTUMAJIbHOE CEMENCTBO,
U pelLIeHHUs, oJlyyaeMble B MOAXO0J€ Ha OCHOBE MOJAENIN
BT3, MoryTt OBITh CBEIEHBI K ONITUMH3ALIUU BECOBOI L,-
HOpMBI (yHKIMH BiusiHUA [4]. Takum oOpa3om, maHHBIT
TIO/IXOJI SIBIISIETCS] IOCTATOYHO OOIIMM M BOCTPEOOBaHHBIM:
OH MOJKET CITy’KHTb TEOPETUYECKON OCHOBOM JUIsl KOHCTPY-
HMPOBaHMs MIIMPOKOTO CIEKTPa ONTHMANBHBIX YCTOMYMBBIX
orieHOK. OJTHAKO K HACTOAIIEMY BPEMEHN OCTaBaAJICSI HEU3Y-
YEHHBIM PS5/l CBOMCTB ONTHMAJIbHBIX OLIEHOK, B YACTHOCTH,
OTKPBITBIM OCTABaJICS BOMPOC CIUHCTBEHHOCTH UYJICHOB
UX CEMENUCTB, KOTOPBIN CBSI3aH C BOIIPOCOM BBIIIYKJIOCTU
(BOTHYTOCTH) ONITUMH3UPYEMOTo (DYyHKI[OHAJIA B 3aBHCH-
MOCTH OT IapameTpa.

B Hacrosield pabote B 0011eM BHE MCCIEIYIOTCS
CBOWCTBA OLEHOK, ONITUMHU3UPYIOLUX BECOBYIO L,-HOPMY
(YHKIUY BIMSHUS TP YCIOBUH, YTO BecoBast (GyHKIMs
3aBHCUT OT CKaJIPHOIo mapamerpa. OCHOBHBIE pPe3ylIbTa-
ThbI — IOJTy4EHHE BBIPAKEHUS JJIsl IPOU3BOJHOM I10 Mapa-
MeTpy (pyHKIIMOHAJIa KadecTBa U HEPABEHCTBA JUIsl BTOPOH
€ro TPON3BOIHON, HEOOXOIMMBIE ISl YCTAaHOBJICHHSI €TO
BBIITYKJIOCTH (BOTHYTOCTH). B wacTHOCTH, #7151 YCIIOBHO O11-
TUMAaJIBHOTO CeMencTBa [2, 8, 9] mokazaHa MOHOTOHHOCTh
(yHKLHMI aCUMITTOTUYECKOM AUCTIEPCUH M HEYCTOIYMBOCTH
OLICHKH, YTO 00eCIIeYBaCT SIMHCTBEHHOCTH 3JIEMEHTOB Ce-
MelicTBa [8]. B kauecTBe mpuMeHEeHUs TEOPUU PACCMOTPEH
PSA YCIOBHO ONTUMAJIBHBIX OLEHOK ITapaMeTPOB CBUTA U
Macmrabda HOpMaJIbHOM MOJIENH, NCCIIEJOBAHbI yCTONYH-
BOCTb U IPYTHE XapAKTEPUCTUKHU dTUX OLEHOK.

DJIeMeHTbI TEOPUH YCTOHYMBOIO OLICHHBAHUS

Iycts x4, ..., X,, — HE3aBUCUMbIC HAOIIONCHNSI CITyyaii-
HOW BeJIMYMHBI &, pacnpe/ieIeHHOH ¢ IIoTHOCTHIO f{x, 0),
rae x € X € R n napamerp 6 € ® S R. 3nech Xu ® —
MHOXKECTBA 3HAYCHHI MEpPEeMEHHOI X U mapamerpa 0 co-
OTBETCTBEHHO, R — MHOXECTBO BEICCTBEHHBIX YHCEI.
M-onenKa 0 Hem3BeCTHOTO TApaMeTpa MOYXKET OIIPEIEIIATh-
Csl KaK pelICHHue OLEHOYHOro ypaBHeHus [1, 3]

m ~

2 W(x;, ) =0,

i=1
rae y(x, 0) — oyenounaa ¢ynkyus napamerpa 0. Omenka
JIOJIKHA Y/IOBJIETBOPSTH YCIOBHIO aCHMIITOTHYECKOI Hec-
MemienHocTH Buza [1, 10]

Ev(E, 0) = )f(\p(x, 0)f(x, 8)dx =0, (1)

rae E — omeparop MareMaTHYeCKOTO OKUIAHUSL.
Huddepenmupys (1) mo 6 u gomyckas BO3MOKHOCTD

W3MEHEHHS TOpsIKa Tu(PepeHIMPOBAHUST U HHTETPUPO-

BaHUs, MOXKHO 3aIHCaTh CIeAyIonme paseHcTsa [3, 10]:

a 0 0
N(©) =-lim —Ey(&, 1) =-E—y(&, 0) =
t—0 ot 00

0
= )f(\y(x, G)a—e/(x, 0)dx, 2)

rae Gynkuus N(0) uMeer cMBIC HOPMUPOBOYHOM Xapak-
TEPUCTUKH OLIEHOYHOH (DyHKIIUH.

[Torpebyem, 4TOOBI B OKPECTHOCTH MCTHHHOTO 3Ha4e-
HHS TapaMeTpa O BBIONHSIIOCH YCIOBHUE aCHMIITOTHYSCKOM

HecmereHHocTH (1), ObUIH cIipaBeIMBEI paBeHcTBa (2),
(ynxumst N(0) Obl1a HenpepbIBHON U He paBHOU Hyto [11].
Bornee nomnHbIi HA0OP yCIOBHIA PEryIsIpPHOCTH, 00ECHeUH-
BATOILHI TAKKE V7-COCTOSTEIBHOCTD H ACHMITTOTHIECKYIO
HOpPMaJbHOCTb OLIEHOK [1, 12, 13], npuBeaeH, nanpumep,
B pabore [5].

PaccmoTpuM B KauecTBe MOKa3aTesisi KauecTBa OLCHHU-
BaHUsI KBaJpaT BECOBOH L,-HOPMbI ()YHKIINHU BIHMSHHUS C
BecoMm s(x, 0)

Nz(e))f(\ﬂ(x, 0)s(x, 0)dx = )J(IFZ(x, 0)s(x, 0)dx, (3)

rne IF(x, 0) = y(x, 0)/N(0), IF — dynkuus BausHus
Xawmmens [4]. @yaknuonan (3) BO3HUKAET, HAPUMED,
KaK aCHMIITOTHYECKOE KBaPaTHIHOE OTKJIOHEHHE OIICH-
ku B Moztem BT3 [2, 5, 14], roe BecoBas pyHkmms s(x, 0)
MIPEICTaBISACT COOOM TIIOTHOCTh PACIIPEeIICHIS 3acopsi-
fome Touku. B YaCTHOCTHU, ACHMIITOTHYCCKAs HCIICp-
cus [1] M-ouenku 0 ompenensercs xkak V(y) = U(y, f), a
HEYCTOWYUBOCTH ONEHKH [2, 14, 15] — W(y) = U(y, 1).
Munnmuzamnus GyHkuoHana V() IpuBOAUT K oyeHke
Makcumanbhozo npagoonodobus (OMII) [1], a MuHUME-
3aiust W(y) — K oyenke MakcumanbHoU YCmouyugocmu
(OMY) [2]. CooTBeTCTBYIOIIME 3HAYEHNUS ONTUMU3UPYE-
MbIX (yHKLHOHAIOB 0003HaYUM Vo U Wy Taxoke
UCIIOJIb3YEeM OTHOCHTEIIbHBIC XapAKTEPUCTUKN OLCHKH —
agppexmusnocmo [1, 2] effy = Voyn/V(v) u yemotiuu-
socms [2].

B [2] mokazaHo, uTo dhyHKIIHOHAI (3) TOCTUTACT MUHHU-
MyMa T10 ¥ Ha (QyHKITHH

Uy, s) =

0) = O Linfix, 0+ O 4
(s, )= (@) Jnfls, 0+ BO L )

rne ¢(0) — mpou3BoIbHAS HETpPEephIBHAS (PYHKIUA, HE
paBHas Hymro Ui Beex 0 € O; pynkums B(0) onmpenensercs
u3 yenoBus (1). Onenounyro ¢yHKIuIo (4) Ha30BEM ONTH-
MaJbHOW JJIS 3aJaHHON BecoBOM (hyHKINH s(x, 0).

OyHKIUSA (4) ABIACTCS TaKKE PEHICHUEM 3a/1a4l MaK-
cumuzanuu GyHkuuonana (3) mus yakuuu s(x, 0) < 0.
Taxum oOpazom, BecoBast pyHkuus s(x, 0) B (4) MoxeT
OBITH HEOTPHULIATEIILHOM MM HETIOJIOKUTEIBLHOM, YTO pac-
HIMPSIET UCXOAHOE orpesiesienne GpyHKIroHana (3) Kak KBa-
Jpara BecoBOM L,-HOpMbL. COOTBETCTBEHHO ()yHKIIMOHAITY
(3) pu 9TOM AOCTABISIETCSI MUHUMYM JTHO0 MaKCHMYM.

Jlanmee 11t KpaTKOCTH, KaK MPaBWIIO, OyJeM OITyCKaTh
aprymeHTHl pyHkumii. Hampumep, (4) 3anumem B BUIe
v = c(0f100 + Bf)/s.

Beenewm cnemnyromee cornamenue. Korma dyHkunonan
(3) nm ero "acTHBIH ciryyaii (V unmn W) ucrions3yeTcs 6e3
yKa3aHusl apryMEeHTOB, MOJIPa3yMEBAETCs, YTO B KA4ECTBE
OLIEHOYHOW (PYHKIIMU B HETO MOJCTABISICTCS BHIPAKECHHUE
(4), 3aBucsiee ot s. Eciiu mipu 3TOM BecoBasi (GYHKITHS
S SIBJISICTCSl YJICHOM MapaMeTpUUecKOro ceMencTBa, TO
(DyHKIIMOHAJT Tpe/ICTaBIsieT co00H (DYHKIMIO TapaMeTpa,
3ajaromiero 31o cemeiictro. lITpuxom Oynem 0003Ha4ATH
MIPOM3BOHYIO (DYHKINI IO JAaHHOMY TIapaMeTpy.

Tak, ceMeicTBY yCIOBHO ONTHMAJbHBIX OIIEHOK
[2, 8,9, 11, 16] B 3aBUCIMOCTH OT criocoba mapameTpu3a-
IIUF COOTBETCTBYIOT QYHKINH s = | + yf umm s = A + f, Tie
Y, A — MapaMeTphl, 331af0IIHe ceMeicTBo. JlanHoe cemeii-
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CTBO OLICHOK MOXKET OTPE/EIATHCS Kak MUHUMHU3UPYIOIIEee
HEYCTOWYMBOCTb IPU OrPaHUMYCHUH Ha aCUMIITOTHYECKYIO
JCTIEPCUIO (WJIM MUHUMM3HPYIOIIEE aCUMIITOTHYECKYIO
JUCIIEPCHIO TIPU OT'PAaHUYCHUN HA HEYCTOMYHMBOCTD).
[IpuyeMm B 3a7aue MHHUMHU3AIIMHA BO3MOXHEI JIBa BHA
OTpaHWYCHUI: OrpaHNYCHUI-HEPABCHCTBA M OTpaHUYe-
HUs-paBeHcTBA. [locnenHue mpuBOIAT K 0oJee MHPOKUM
JMara30HaM MMapaMeTpoB, 3aJa0IINX CEMEHCTBO, U TTOTO-
My OHO Ha3BaHO pacuiuperHblM YCIOBHO ONTUMATHHBIM
cemeicTBoM [8].

Juist obecrieueHust KOPPEKTHOCTH TIPUBOIMMBIX Jlajiee
paccykJIeHui JONOIIHUTEIBLHO TOTpedyeM, YToObI BCe 10-
JIyYeHHBIE TIPOM3BOJIHBIC M MHTEIPAJIbl CYIIECTBOBAIN U
ObLIM HENPEpbIBHBIMU (DYHKIMSAMU ITapaMeTpa, 3a/1alolIero
CeMeICTBO; JUIsl BHINMMCAHHBIX HHTETPAJIOB OBbLIO JOIYCTH-
MO, TJIe 3TO HEOOXOIMMO, BHECEHHE oreparun auddepeH-
OUPOBAHUS MO/ 3HAK HHTETpaa.

CpoiicTBa ONTHMAJIbHBIX OLIEHOYHBIX QYHKIUI

W3y4nm cBOHCTBA ONTUMAITLHBIX OLIEHOYHBIX (DYHKIIUH,
orpezielisieMbIX BeIpaxkeHneM (4). B pabore [11] nokazano,
YTO ISl BEJIMYMHBI (3) CIIpaBeUInBO:

c
U=—=c%[y2sdx,
N X
rae ¢yHKImA N onpenenieHa B BeIpakeHnH (2), a c — B (4).
[lepemnumiem paBeHCcTBa B BUIE [5]:

1 N 1
—y2sdx = [¢2sdx, ®)
U ¢ Ay X

rae ¢ = y/c = (0f100 + Bf)/s.

[TycTs dyHKIMS 5 MpeacTaBisieT coboil mapameTpuye-
CKOE CEeMEHCTBO, 3aBUCSIIEE OT HEKOTOPOTO CKaJISIPHOTO
rapamerpa, OT KoToporo He 3aBucHT f. Torna nomay4nm:

@' =B ps)s. (6)
Teopema 1. J{yist orieHouHOM (QyHKINH (4) CIIPaBEIUBO

1
U =—[y2s'dx = [1F2s'dx.
N’x X

Jloka3arenbcTBo. [[elicTBUTENBHO, UCIIONB3Ys PAaBEH-
ctBa (5), (6) u (1), Halizem

’

N
— | =2p'[ @fdx — [@>s'dx = [@@'sdx = ~[ 2s'dx; (7)
C X X X X

2 ' '
c N c
U=—|—=] |—|=(=|]¢¥'dx=
N c N/ x

1 ()
=—[y2s'dx = [1F2s'dx.
Ny X

Teopema nokazaHa.

Oyukiuonan U' B 3aBUCHMOCTH OT BHAA S U CIIOco0a
ee mapaMeTpPU3aIU MOXKET UMETh Pa3IUIHBIA CMBICI.
PaccMoTprM HEKOTOpBIE YACTHBIE CITydan TEOPEMBI 1.

CaencrBue 1 u3 Teopemsl 1. [Tycts s =yf+ h, tne y —
rapameTp, 3aIal0IIHid CEMEHCTBO; /i — He3aBUCSIIasl OT

v Gynkus. Toraa uist oNTHMaIIBHOM OLEHOYHON (DYHKIMU
(4) cupaBenyBo

1
U=—|ydx=Uly,f)=V.
N2)I(\|/f v./)

CaencrBue 2 u3 Teopembl 1. [Tyctb s = f+ AMh, tie A —
napamerTp, 3aJJaloluii ceMeicTBO; /i — He3aBUCSIIast OT A
¢byuknust. Torma At ONTHMATBHOW OIIEHOYHOU (DYHKIIHH
(4) cupaseyBo

1
U =—[y2hdx = [TF2hdx = U(y, h).
N’x X

OTMeTHM, YTO CIEJCTBUS U3 Teopembl 1 nipu i = 1
OIMCHIBAIOT CBOWCTBA YCJIOBHO ONTHUMAIbHBIX OICHOK,
nokazaHHbIe B [8] (Teopema 1).

Crenytommii pe3ynsrar Mo3BoJIsIeT MOITyYHUTh JT0CTaTou-
HBIE YCIJIOBHSI BOTHYTOCTH (BBIITYKJIOCTH) BEJTMYMHBI (3) Kak
(yHKIMHM TTapameTpa, 3a/1aloIero CeMeHCTRO.

Teopema 2. /Iyis oNTUMANBEHON ONIEHOYHOH (DyHKITHH
(4) cripaBeUTHBO OJTHO M3 CIEIYIOIINX HEPABEHCTB:

U" < [TF2s"dx, ecu U > 0; U" > [1F2s"dx, ecim U < 0.
X b'e
IIpruem paBEeHCTBO B HUX JIOCTHTACTCsI, TOJIBKO SCITH §
HE 3aBHCHUT OT X.
JokazareabcTBO. B cienyromux npeodpa3oBaHusx
BOCIIOJIB3YEMCsI IIEPBBIM PaBeHCTBOM B (7), He 0TOpachIBast
B HEM HyJICBOE cIaraeMoe, a Takke paBeHcTBamu (6) u (1):

n

2
MY = ape g+ 2L - 2 o -
c X XS XS

2
~ 2B’fﬂs’dx + 2I£(s’)2dx — [2s"dx =
XS XS X

2
= [ (B~ ¢s")2dx — [ 9?s"dx =
XS X
=2[(¢")2sdx — | @2s"dx.
X X

Ortcrona, uctions3yst (5), (7) u (8), HaxouMm:
3 3 ) at

1{N L, N N N B
2\ ¢ 2\ ¢ c c
- N ! 2 N N ”n -
c 2c\ ¢
N 2
=—[@2s"dx + (I (p(p’sdx) — [@2sdx [ (¢")2sdx.
2cx X X X

[Tocnenuue aBa cllaraeMbIX B TIOTYYCHHOM BBIPAKCHHUN
€CTh HEIOJIOKUTEIbHAS BEJIUYMHA B CHUIIy HEPaBCHCTBA
Komu—byHsikoBckoro. PaBeHCTBO B HEM J1OCTUTAETCH,
TOJIBKO Koryia (DYHKIIUH (@ U (' KOJUTMHEApHBI JINOO OHA U3
HUX TOXJICCTBEHHO paBHA HYJIIO, T. €. § HE 3aBUCHUT COOT-
BETCTBEHHO OT X JINOO OT IMapaMeTpa, 3aJaroIlero ceMei-
cTBO (B 06oux ciydasx BemmumHa ' = 0). Cioydgaif, korma
mapaMeTp OTCYTCTBYET, HE JOIMYCKAETCs IO YCIOBHIO.

Taxum 00pa3oM, IPUXOINM K HEPAaBEHCTBY

/N N 1/NY
- — U'<—[¢2%"dx=—| — | [IF2s"dx.
2\ ¢ 2cx 2\ ¢ ) x
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JIOMHOXXHM TOJIy4eHHOE BBIPa)KEHUE Ha BEIMUUHY
2083 = 2¢3/N3, 3HaK KOTOpO# COOTBETCTBYET 3HaKy U. B pe-
3yJIbTaTE MOJIYYUM HEPABEHCTBA B yTBEPIKJICHUH TEOPEMBI.
Teopema noka3ana.

CaencrBue 1 u3 teopemsl 2. Ilycts s = yf+ h > 0,
TJe § # const; y — mapamMeTp, 3aJaloIiii CEMEeHCTBO; I —
HesaBHcAmas ot y Gynkuus. Torna Juist oNTHMaNbHOM
oneHoyHOH pynkumu (4) U” < 0.

Joka3zareabcTBO. JJaHHOE HEPABEHCTBO CIEIyeT U3
TeopeMslI 2, mockonbKy s” =0 u U > 0 B cuity mpeacTaBie-
HU (3), Kpome Toro, s 3aBUCUT OT X. CleACTBHE JOKA3aHO.

CaencrBue 2 u3 teopemsbl 2. Ilycts 5 = [+ A, T
s # const; A — mapameTp, 3aJalolnii ceMeicTBo; h —
He3zaBucsmas oT A yHkuus. Toraa Uit ONTUMaJIbHON
OLICHOYHOH (DyHKIMH (4) CrIpaBeIuBo:

U"<0,ecus>0; U">0, ecimns <0.

Joxazare/ibcTBO. JlaHHBIC HEPABEHCTBA CIEAYIOT U3
TeopeMsl 2, nockosbky s” =0, U>0npu s >0, U< 0 npu
s < 0, KpoMme Toro, s 3aBUCHUT OT x. ClIeICTBUE JOKA3aHO.

EaMHCTBEHHOCTH 4JIEHOB YCJI0BHO ONITHMAJILHOTO
ceMelicTBa

[Ipumenum cnenctBust 1 1 2 U3 T€OpeMsbl 2 K yCIOBHO
ONTHMAaJIbHOMY CEMEHCTBY, paCIIMPEHHOMY 3a CUET OT-
pUlLIaTeNbHBIX 3HAUeHHUI mapameTpa [§]. B aTom ciyuae
h =1, a mapameTpsl, 3a1a10II1E CEMEHCTBO, YIOBIETBOPSI-
10T YCIIOBUSIM

y > —1/maxf;
XEX
A >0 mmm A < —maxf.
XEX

[Tocnennne aBa HEpPaBEeHCTBA COOTBETCTBYIOT Pa3HBIM
3HakaM U, MO3TOMY MCXOJHYIO 3a/ady MHHUMHU3AIUN
BETUYMHEI (3) B JaHHOM Ciy4ae CIeayeT MOHUMATh Kak
[1F2|s|dx — min.

X v
CornacHo cieacTBUSM U3 TeopeM | u 2 cripaBeuInBo

HEPABCHCTBO

o*U B oV
oy oy
IUISL BCEX JOMYCTUMBIX 3HAYCHUI ¥ > —1/maxf;
KPOME TOro, xEX
o*U oW ow
——="—_<0,ecm A>0; — >0, ecmu A < —maxf.
o o ex

Ortcrona cnexyeTr eIMHCTBEHHOCTh PELICHUsT BapHUaly-
OHHBIX 33/1a4, OTIPEACIISIoNMX ceMericTBo. Chopmymupyem
9TO B BUJIE CJIEAYIOIUX YTBEPKIACHUH [8].

YrBep:xkaenue 1. 3aoaua ¢ oepanuvenuamu-nepasen-
cmeamu. ITycTs 3a1aHa BepXHsis TpaHuLa W, HeyCTON4INBO-
ctu W uim BepXHsis TpaHuLa ¥, aCHMITOTHYECKON ICTIEp-
CUH V OLIEHKH, TaK YTO COOTBETCTBEHHO Wiy < W< W,
i Voyp < V< V. Torna xaxaoe Takoe OrpaHHYeHue
OZIHO3HAUHO OIPEEISIET YCIOBHO ONTUMAIIbHYIO OLICHKY,
KOTOpOfI COOTBETCTBYIOT HEKOTOPbHIC HEOTPUIATECIbHBIC
3HAYEHUS TapaMETPOB A U .

YT1Bep:kaenue 2. 3adaua ¢ oepanudeHusMu-pagen-
cmeamu. T1ycThb peraercst 3a1aua MUHUMA3AIMN HEYCTOM-
YHUBOCTHU WHpI/I YCJIOBUH, YTO ACUMIITOTUYECKAA TUCIICP-
cust oueHkH V=V, tie Vomn < Vo < Vinaxs Vimax — Ipeaen
ACHMIITOTUYECKOW JTUCTIEPCUU OLEHKH IpH Y — —1/maxf’
w A — —maxf. Torna pereHreM 3a/1a4u sBIseTCs paC);JE_I/}:I-

XEX
PEHHOC YCIIOBHO ONITUMAJIBHOC CEMENCTBO OLICHOK, MpHUYeM

KaXXJ10€ 3HAYCHUC VO OJHO3HAYHO OIIPEACIACT OLUCHKY U3
JaHHOI'O cemeiicTBa.

OueHnBaHue NApaMeTPOB HOPMAJILHOM MoJIeJIn

Ha mpakTuke B Ka4eCcTBE MOJCIBLHOIO PACIIPEICICHHS
omHO0K HAOJIIOICHNI YacTO BBICTYIIAET HOPMAIbHOE PAC-
npedenerue [1] ¢ ITNIOTHOCTHIO

2
(-

1
X, L, 0) = exp|——|, x ER, 9
Ax, p, 0) P ©)

rJe |L — [apaMmeTp CJIBHra; G — lapaMeTp maciirada.
[Toromy Juist uccienoBatess BaXHO UMETh B CBOEM ap-
ceHalie Ha0Op yCTOWYMBBIX OIIGHOK NapaMeTpoOB JaHHOM
MOJIEIIH.

B Tabn. 1 mepeuncieHsl HEKOTOPHIE YCIOBHO ONTH-
MaJIbHbIE OIIEHKH, COOTBETCTBYIONINE 3HAYCHUSM T1apa-
MeTpa A (3aJal0Iero IeMEHT CEMEHCTBa), a TAKKe ONTH-
MH3aLHOHHbIC 3a]1a491, IPUBOISIINE K JAHHBIM OLICHKAM.

[Ipucyrcryromas B Tabnmuune OMM — Hammydmas
B-pobactHas oneHka [4] B yCIIOBHO ONITUMAIIFHOM CEeMeii-
CTBe.

PaccMoTpuM ceMENCTBO yCIOBHO ONTUMAJIBHBIX Olle-
HOK mapameTpa casura | B Mojenu (9). CooTBeTCTBYIOIIHE
OLIeHOUHbIE (DYHKIIMHU, COBIAJIAIONINE C (DYHKIMSIMU BIIUS-
HUS, OTIPEICIISIIOTCS BEIpaXkeHueM (4) mpu s =A+ fu =0,
T. €. UIMEIOT BH]{

x—u

T (10)
1+ Mfix, u, o)

y(x, p) =c
rjie ¢ = ¢/c? — Oe3pa3MepHas KOHCTAaHTa, ONpeessieMast
ycrnoBueM N(0) = 1 (oHa HeCyIIeCTBEHHA ¢ TOYKHU 3PCHUS
pelIeHns OLIEHOUHOro ypaBHeHHs1). CTaHAapTHOE OTKIIOHE-
HHE G MPEAIoaracTcsi U3BECTHBIM. Eciii OHO Hen3BecTHO,
MOYKET UCIIOJIb30BaThCs OIHA U3 €ro OICHOK (Tadm. 2) [2].
Jlyist olleHKH mapameTpa CIBHUra CIpaBeJIMBbl PABEHCTBA
Vot = 6% Womy = 4\n63 [2].

B Tabn. 2 s yCIOBHO ONTUMAJBHBIX OLEHOK Hapa-
MeTpa CIIBHTA |l TPUBEACHO 3HAYCHHUE AG (ITOCKOIBKY A
00paTHO TPOTTOPIIMOHANBHO G), 3HAUYCHUE ¢ W 3HAYCHHSI
OTHOCHUTEJIBHBIX XapaKTepUCTUK 3()(PEKTHBHOCTH U yCTOU-
quBocTH. KpoMe mepeuncieHnbIx B Taba. |1 omeHok, pac-
CMOTpPEHA TAKXC OJHA 6C3BIM5[HH8.$[ OIICHKA, OTHOCAIIAsACSA
K pacIIMpeHuIo cemeiicTBa B oomactb A < 0.

Jiist OMY obmast popmysna (10) nmpuBoguT K Heorpe-
JIETICHHOCTH, TIO3TOMY 3alTUIIEeM OT/IEIBHO BBIPaXKEHHE IS
JAHHOM (DYHKI[MN BIMSHHUS:

(x—p)’ .

267

TF oy (X, 1) = V8(x — pexp|—

Ha puc. 1 moxa3ansl rpadpuku GyHKIIUNA BIUSHUS
paccMOTpeHHBIX B Taba. 2 oueHok npu p=0un o =1, 3a
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Tabnuya 1. HexoTopble YCIOBHO ONTUMAJIbHbIE OLICHKH

Table 1. Some conditionally optimal estimators

Haspanue CO::::;:;E:OG VYpaBHeHue 115t onpeaeseHus A OnruMu3aonHas GopMyIHpoOBKa
OneHkKa MaKCUMaJIbHOTO MPaB/Io- OMII A=0 V(y) — min
noxobus [1, 2] v
PaBHOONITUMaNBHAS O1IeHKa [11] OPO effy = stby min {effy, stby} — m‘?x
KomnpomuccHast onenka [2] OK A= TVom Womy eff ly + stb-ly — m“iln
PaBHOBecHas oneHka [17] OPB A=VIW>0 oy m(y) — mwi}n
OlreHKa MakCUMaJIbHOW yCTOM- (0)\%0% A= W(y) — min
quBOCTH [2] v
MuHHUMaKCHasI OLIEHKA OMM max|IF| — m&n —
x
Tabnuya 2. XapaKTepUCTUKH HEKOTOPBIX OLICHOK IapaMeTpa CIBUTa
Table 2. Characteristics of some estimators of the shift parameter
AG ¢ effiy, % stby, % HazBanue
0 1 100 0 OMIT
0,08304988 1,868355 85,04 85,04 OPO
0,1410474 2,334381 81,15 90,74 OK
0,1618861 2,496072 80,13 91,96 OPB
0,2916770 3,471798 75,93 95,97 OMM
) o0 64,95 100 oMY
-0,5 —1,755425 42,51 86,30 —

nckimouenneM OK n OMM (uTo0b! UM TpaduKoB HE
pacronaranuck ciumkoM miotHo). OK noBonbHO Omn3ka
k OPB, a OMM 3aHuMaeT NpoMeKyTOUHOE MOJIOKEHUE
Mexry OMY u OPB.

Bce paccmotrpennsie onenkn, kpome OMII, sBisttoTCst
CHI)KEHHBIMHU (MX (DYHKITMM BIMSHHSA UMEIOT aCHUMIITOTON
och abciuce), a caeoBaTeNbHO, 00J1a1al0T CBOWCTBOM
YCTOHYMBOCTH K aCUMMETPHYHOMY 3acopeHuto. OleHKam
¢ 66abIMM 3HaueHHEM A (TIpH A > 0) COOTBETCTBYET GOITb-
1iee 3HaueHHe XapaKTePUCTUKH Stby; COOTBETCTBYIOIINE

IF(x, p)

=-05 oMIl

Puc. 1. I'padykn HEKOTOPHIX (DYHKIUIT BIUSHUS TapaMeTpa
cABUIa

Fig. 1. Graphs of some influence functions of the shift
parameter

(yHKIMN BIUSIHUS OBICTpEE CXOIATCS K HYJIIO ITPH YBEIIHU-
4yeHud |x|, a Taroke ux |[F(x, )| ocTuraer MmakcuMyma npu
MEHbIIEeM 3HadeHHH |x|. OLeHKa, KOTOPOil COOTBETCTBYET
A =-0,5/c, c onTMCaHHOW TOYKH 3PCHHS UMEET HAUOOIIb-
HIYIO CPEIN HMCCIIEYEeMBIX OLICHOK YCTOHYMBOCTH (XOTS
mokasarens stby mpu A < 0 He crmocobeH TO OTPa3uTh
KOJINYECTBEHHO, IIOCKOJIBKY €r0 MaKCHMYM JOCTHI'aeTCs
Ha OMY), ofiHaKoO OHA UMEET HEBBICOKYIO A(PpHEeKTUBHOCTD
U CpaBHUTEIbHO OoJbIIoe 3HaYeHne max|IF(x, )|, uto He

0YEHBb XOPOIIIO [4], HO MOKET OBITH onp)acumaﬂo MpU 3HAYU-
TEJILHOM 3aCOPEHHH HAOIIOACHHH.

ITocTpouM yCI0BHO ONTUMAJILHBIC OIICHKH MTapamMeTpa
Mmacmrtaba ¢ B mozenu (9). CormtacHo (4) COOTBETCTBYIO-
M€ OIEHOYHbIE (DYHKIIUH, COBIAAONIME ¢ (PYHKIIUAMU
BJISIHUSL, MOTYT OBITh 3aIIKCAHbBI B BUJIC

L (-t

y(x, 0) = CGI e 0)’ (11)

e ﬁ =1 — o — Oe3pazMepHass KOHCTAHTa, OIpeesieMast
u3 ycnosus (1); ¢ umeer ToT e eMbici, uTo u B (10). Jlist
OLIGHKH IapameTpa maciiTada crpaBeIiBbl PABEHCTBA
Vo = 6%/2, Wony = 4mo3 [2].

B Tabi1. 3 npuBeeHBI XapaKTePUCTHKN YCIOBHO OITH-
MaJIbHBIX OIICHOK MapaMeTpa MaciTada c.

Jnst OMY o6mast popmyna (11) npuBoaur k Heorpe-
JIETICHHOCTH, TI03TOMY 3aITUIIIEM OT/EIEHO BEIPaXKEHHE IS
JAHHOH (DYHKIIMY BIUSHUS:
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Tabnuya 3. XapaKTepUCTUKH HEKOTOPHIX OIIEHOK IapameTpa Maciitaba

Table 3. Characteristics of some estimators of the scale parameter

Ao [; ¢ effiy, % stby, % Hazanmne

0 1 0,5 100 0 OMII
0,04348800 0,7904612 1,101824 73,36 73,36 OPO
0,07052370 0,7452787 1,349195 68,34 80,97 OK
0,09066582 0,7211837 1,521623 65,72 84,49 OPB

) 0,5 0 43,30 100 oMy
-1,315140 0,4512637 -8,106702 38,68 99,20 OMM

0,5 0,2993957 2,125707 24,90 85,75 —

Foyry(x. 0) = VB [(x W l I(x w’|

Ha puc. 2 npusenensl rpadguxu QyHKIUH BIUSHUS,
MIEPEYUCIICHHBIX B TabJ. 3 OIEHOK IapameTrpa MaciuTrada
npu p=0uc =1, xpome OK u OMM.

OK 3aHmMaeT MpoMeXyTOYHOE TTOJ0XKECHHE MEXKIY
OPO u OPB, a OMM noBonbHO Onm3ka k OMY. Jlns uzo-
OpakeHHBIX Ha pHC. 2 TPa(UKOB, B LIEIIOM, CIIPABEINBEI
Te JK€ 3aKOHOMEPHOCTH, YTO U IS TpadpukoB Ha puc. 1.

IF(x, 0)
I OPB
OPO
OMII oMY
2 2 x

Puc. 2. I'padykn HEKOTOPHIX (QYHKIUIT BIUSHUS TapaMeTpa
Mmaciurada

Fig. 2. Graphs of some influence functions of the scale
parameter

Ecnu HemsBecTHBI 00a mapamerpa moaenu (9), Toraa
pelaercsi cucTeMa OLEHOUHBIX YPaBHEHUN LISl KaX10TO
13 TIapaMeTPOB.

Oobcy:xaenue

B pabore nosrydeHs! cieaylomue pe3yibTraTbl O CBOM-
CTBaX OLIEHOK, ONTHUMHU3HUPYIOIINX BECOBYIO L,-HOPMY
(YHKIMN BIVSTHUS:

— JIOKa3aHbl JBE TEOPEMBI, CONNIACHO KOTOPBHIM HAWIEHBI

BBbIpayKeHHUE JJIs1 IPOU3BOIHOM 110 ITapamMeTpy (yHKIH-

OHaJla KauecTBa ONTUMaIbHON OLIEHKH U HEPABEHCTBA,
HEOOXOUMBIC JUIsI YCTAHOBJICHUS €r0 BBITYKIOCTH
(BOrHYTOCTH) IO TapaMeTpy;

— chOpMYITHPOBAHKI CIICICTBUS M3 TCOPEM, OTHOCSIIIUCCS
K YCJIOBHO ONTUMAJILHOMY CEMENCTBY OLIEHOK;

— B YaCTHOCTH, JIJIs YCIIOBHO ONTUMAIIEHOTO CeMEHCTBa
YCTaHOBIICHBI CBOHCTBa MOHOTOHHOCTH (DYHKITHH HEY-
CTOMYUBOCTH ¥ aCUMITOTHYECKON AUCIEPCUU B 3aBU-
CHUMOCTH OT ITapaMeTPOB, 33/IaI0IINX CEMEHCTBO, OTKY-
Jla cIeyeT eAMHCTBEHHOCTh SIIEMEHTOB CEMEHCTBA;

— MOCTPOCHBI (PYHKIIUU BIUSHUS Psla ONTHMAIbHBIX
OIICHOK MMapaMeTPOB CABUIA U MaciITabda HOPMaJIbHOM
MOJIEJIH, UCCIIEIOBAHBI XapaKTEPUCTUKU ITHX OILICHOK.
JlokazaHHBIE TEOPEMBl OKA3aJUCh MOJE3HBIMHU MPU

MCCIIeIOBAHUM CBOMCTB KOMIIPOMUCCHBIX OLIEHOK Ha

0a3e JIByX KPUTCPHEB, a TAKXKE MMPH U3YUYCHHH MHHUMAK-

CHBIX ypOBHEH 3acopeHus B pamkax monenu bT3 nus

3a7a4, aHAJIOTUYHBIX MCCIEJOBaHHBIM B pabore [18].

COOTBETCTBYIOIIAE MaTepUaIbl TOTOBITCS K OITyOIIKO-

BaHWIO. MOKHO CUHTATh MTEPCIIEKTUBHBIM HCIIOIB30BAHUE

TIOJYYCHHBIX PE3yNBTaTOB B YCIOBHUSX, KOT/IA NCKAKCHUE

JTAHHBIX TTPOM3BOIUTCS IEICHANIPABICHHO ACHCTBYIOIINM

MIPOTHUBHUKOM — B TIOCTAHOBKAX 3aj1a4, OJTM3KUX K MCIIOJb-

3yeMbIM BO BPEJOHOCHOM MaIlllMHHOM o0y4eHuu [19].

3akiaouenune

[Torydennsie B paboTe TEOPETUUECKHUE PE3YTHTATHI
CITy’KaT MHCTPYMEHTOM JJIsl aHAJIN3a OJHOMapaMeTpHhye-
CKHX CEMEHCTB OLIEHOK, 001aJal0MNX ONTUMAILHOCTHIO B
CMBbICJIE MUHUMYMa BECOBOH L,-HOPMBI (DYHKIINH BIMSHHUS.
B nepByro ouepenb, JaHHBIA UHCTPYMEHT [103BOJISIET OT-
BETHUThH Ha BOIPOC O CAMHCTBEHHOCTH YJICHOB CEMEiCTRa.

[Ipu moxxomsiieM BbIOOpPE BECOBOU (DYHKI[UU OITH-
MaJIbHbIC OLIEHKH OKa3bIBAIOTCSl CHUKEHHBIMH, T. €. 00-
Ja1al0T YCTOMUUBOCTBIO K ACUMMETPUYHOMY 3aCOPEHUI0
HaOJIOAEHHUH. DTO BaYKHO JUIS IPAKTHYECKOTO TPUMEHEHUS
JTAaHHBIX OLICHOK.

Teopernueckue pe3ynbTaTsl paboThl MPOUILTIOCTPHUPO-
BaHBI HA TIPUMEPE Psiia YCIOBHO ONTHUMAIBHBIX OLIEHOK
A M. Hlypeiruna, 1151 KOTOPBIX MPHUBEICHBI BCe HEOOXO-
JIMMBIE XapaKTEePUCTUKH.

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

273



O csoricTBax M-0OLEHOK, ONTUMUSVPYIOLLMX BECOBYIO Ly-HOPMY (PYHKLMM BANAHUS

12.

13.

14.

16.

17.

18.

19.

Jluteparypa

Borovkov A.A. Mathematical Statistics. Amsterdam: Gordon and
Breach, 1998. 570 p. https://doi.org/10.1201/9780203749326
ypeirna A.M. IIpukiagHas croxacTuka: poO0acTHOCTb, OLCHUBA-
Hue, nporHo3. M.: @unancel u crarucruka, 2000. 224 c.

Huber P., Ronchetti E. Robust Statistics. 2nd ed. John Wiley & Sons,
2009. 354 p. https://doi.org/10.1002/9780470434697

Hampel F., Ronchetti E., Rousseeuw P., Stahel W. Robust Statistics:
The Approach Based on Influence Functions. John Wiley & Sons,
2005. 536 p. https://doi.org/10.1002/9781118186435

Jucuuunn J1.B., I'apunio K.B. MakcumuHHas 3a71a4a OLEHUBAHUS
apaMeTpOB B YCIOBHUsIX 0alleCOBCKOrO TOYEYHOTO 3acopeHus //
BectHrk TOMCKOTo roCyIapCTBEHHOIO YHHBEPCUTETA. YIIpaBIeHHE,
BBIYHCIHUTENbHAS TeXHHKA 1 nHdopmatuka. 2023. Ne 62. C. 56-64.
https://doi.org/10.17223/19988605/62/6

Jlucuun J1.B., IaBpunos K.B. OuennBanue napameTpoB pacrpe;ie-
JICHUS! OTPAHMYEHHOMH CIly4ailHOI BEJIMYUHbI, POOaCTHOE K HapyIle-
uuto rpaxnn // Hayassiit BectHuk HoBOCHOMPCKOTO rocyaapCcTBeH-
HOro TexHu4yeckoro yHusepcutera. 2016. Ne 2(63). C. 70-89. https://
doi.org/10.17212/1814-1196-2016-2-70-89

Lisitsin D.V., Usol’tsev A.G. Minimum gamma-divergence estimation
for non-homogeneous data with application to ordered probit model
// Applied methods of statistical analysis. Statistical computation and
simulation: proceedings of the International Workshop. Novosibirsk,
18-20 Sept. 2019. Novosibirsk: NSTU, 2019. P. 227-234.
JIucuumn J1.B., I'aBpuiios K.B. O cBolicTBax yci0BHO ONTUMAJIBHBIX
oueHok // Hay4nslit BecTHuk HOBOCHOUPCKOTO roCyapCTBEHHOTO
TexHnueckoro yHusepcurera. 2015. Ne 1(58). C. 76-93. https://doi.
org/10.17212/1814-1196-2015-1-76-93

Jlucunun J1.B. YcToitunBoe oneHUBaHNE TTapaMeTPOB MOJEIH MO
MHOTOMEPHBIM HEOJHOPOIHBIM HEIOJHBIM AaHHbIM // HayuHbrii
BecTHUK HOBOCHOMPCKOTO rocy1apcTBEHHOTO TEXHUYECKOTO YHHUBEP-
curera. 2013. Ne 1(50). C. 17-30.

. Cmonsik C.A., Turapenko B.I1. YcToitunBbie METO/bI OLIEHUBAHMUS:

craTucTuieckas 00paboTka HEOJHOPOAHBIX COBOKYNMHOCTEH. M.:
Crarucruka, 1980. 210 c.

. JIucnnun J1.B., T'aBpuios K.B. O6 ycToifunBOM OlleHHBaHUH Tapa-

METPOB MOJIEIHU TIPU ACHMMETPHIHOM 3aCOPSHUH TaHHbIX // HayuHbrit
BecTHHK HOBOCHOMPCKOTO TOCY1apCTBEHHOTO TEXHUYECKOTO YHHUBEP-
cuteta. 2008. Ne 1(30). C. 33-40.

DasGupta A. Asymptotic Theory of Statistics and Probability. New
York: Springer, 2008. 722 p. https://doi.org/10.1007/978-0-387-
75971-5

Van der Vaart A.W. Asymptotic Statistics. Cambridge: Cambridge
University Press, 1998. 443 p. https://doi.org/10.1017/
CB09780511802256

Shurygin A.M. New approach to optimization of stable estimation //
Proc. of the First US/Japan Conference on the Frontiers of Statistical
Modeling: An Informational Approach. V. 3. Engineering and
Scientific Applications. Springer, Dordrecht, 1994. P. 315-340.
https://doi.org/10.1007/978-94-011-0854-6_15

. Shevlyakov G., Morgenthaler S., Shurygin A. Redescending

M-estimators // Journal of Statistical Planning and Inference. 2008.
V. 138. N 10. P. 2906-2917. https://doi.org/10.1016/J.
JSP1.2007.11.008

Shevlyakov G.L., Oja H. Robust Correlation: Theory and
Applications. John Wiley & Sons, 2016. 319 p. https://doi.
org/10.1002/9781119264507

T'aBpunos K.B., Beperenbnuxosa E.JI. O6 oxHom criocode BbiGopa
KOMIIPOMHCCA B CEMEHCTBE YCIOBHO ONTHMAJIbHBIX OL[CHOK //
Bectark TOMCKOTo rocyIapCTBEHHOIO YHHBEPCUTETA. YIIpaBICHHE,
BBIYMCIINMTEIbHAS TEXHUKA U nH(popmarrka. 2024. Ne 67. B neyaru.
Rieder H., Kohl M., Ruckdeschel P. The cost of not knowing the
radius // Statistical Methods and Applications. 2008. V. 17. N 1.
P. 13—40. https://doi.org/10.1007/s10260-007-0047-7

Ecunor JI.A., bywae A.f., Kepumbaii A., Ily3ukosa 5.B.,
Caiinymapos C.K., Cynumenko H.C., ITonos W.1O., KapmaHos-
ckuii H.C. Ataku Ha OCHOBE BPEJOHOCHBIX BO3MYIIICHUI HA CUCTEMbI
00paboTKN M300paKeHUI U METOJBI 3aMUThI OT HUX // Hay4dHo-
TEXHUYECKUI BECTHUK HH(OPMAIIMOHHBIX TEXHOJIOT Ui, MEXaHUKU 1
orrruku. 2023. Ne 4(23). C. 720-733. https://doi.org/10.17586/2226-
1494-2023-23-4-720-733

References

Borovkov A.A. Mathematical Statistics. Amsterdam, Gordon and
Breach, 1998, 570 p. https://doi.org/10.1201/9780203749326
Shurygin A.M. Applied stochastics: robustness, estimation,
prediction. Moscow, Finansy i statistika Publ., 2000, 224 p. (in
Russian)

Huber P., Ronchetti E. Robust Statistics. 21 ed. John Wiley & Sons,
2009, 354 p. https://doi.org/10.1002/9780470434697

Hampel F., Ronchetti E., Rousseeuw P., Stahel W. Robust Statistics:
The Approach Based on Influence Functions. John Wiley & Sons,
2005, 536 p. https://doi.org/10.1002/9781118186435

Lisitsin D.V., Gavrilov K.V. Maximin problem of parameter
estimation in conditions of point Bayesian contamination. Tomsk State
University Journal of Control and Computer Science, 2023, no. 62,
pp. 56—64. (in Russian). https://doi.org/10.17223/19988605/62/6
Lisitsin D.V., Gavrilov K. V. Estimation of distribution parameters of
a bounded random variable robust to bound disturbance. Scientific
Bulletin of NSTU, 2016, no. 2(63), pp. 70-89. (in Russian) https://doi.
org/10.17212/1814-1196-2016-2-70-89

Lisitsin D.V., Usol’tsev A.G. Minimum gamma-divergence estimation
for non-homogeneous data with application to ordered probit model.
Applied methods of statistical analysis. Statistical computation and
simulation. Proceedings of the International Workshop. Novosibirsk,
18-20 Sept. 2019. Novosibirsk, NSTU, 2019, pp. 227-234.

Lisitsin D.V., Gavrilov K.V. On properties of conditionally optimal
estimates. Scientific Bulletin of NSTU, 2015, no. 1(58), pp. 76-93. (in
Russian). https://doi.org/10.17212/1814-1196-2015-1-76-93

Lisitsin D.V. Robust estimation of model parameters in presence of
multivariate nonhomogeneous incomplete data. Scientific Bulletin of
NSTU, 2013, no. 1(50), pp. 17-30. (in Russian)

. Smolyak S.A., Titarenko B.P. Stable estimation methods: statistical

processing of heterogeneous aggregates. Moscow, Statistika Publ.,
1980, 210 p. (in Russian)

. Lisitsin D.V., Gavrilov K.V. On stable estimation of models

parameters in presence of asymmetric data contamination. Scientific
Bulletin of NSTU, 2008, no. 1(30), pp. 33—40. (in Russian)

. DasGupta A. Asymptotic Theory of Statistics and Probability. New

York, Springer, 2008, 722 p. https://doi.org/10.1007/978-0-387-
75971-5

. Van der Vaart A.W. Asymptotic Statistics. Cambridge, Cambridge

University Press, 1998, 443 p. https://doi.org/10.1017/
CB09780511802256

. Shurygin A.M. New approach to optimization of stable estimation.

Proc. of the First US/Japan Conference on the Frontiers of Statistical
Modeling: An Informational Approach. V. 3. Engineering and
Scientific Applications. Springer, Dordrecht, 1994, pp. 315-340.
https://doi.org/10.1007/978-94-011-0854-6_15

. Shevlyakov G., Morgenthaler S., Shurygin A. Redescending

M-estimators. Journal of Statistical Planning and Inference, 2008,
vol. 138, no. 10, pp. 2906-2917. https://doi.org/10.1016/J.
JSP1.2007.11.008

. Shevlyakov G.L., Oja H. Robust Correlation: Theory and

Applications. John Wiley & Sons, 2016, 319 p. https://doi.
org/10.1002/9781119264507

. Gavrilov K.V., Veretel’nikova E.L. On one way to choose a

compromise in a family of conditionally optimal estimators. Tomsk
State University Journal of Control and Computer Science, 2024,
no. 67, in press. (in Russian)

. Rieder H., Kohl M., Ruckdeschel P. The cost of not knowing the

radius. Statistical Methods and Applications, 2008, vol. 17, no. 1,
pp. 13-40. https://doi.org/10.1007/s10260-007-0047-7

. Esipov D.A., Buchaev A.Y., Kerimbay A., Puzikova Ya.V.,

Saidumarov S.K., Sulimenko N.S., Popov I.Yu., Karmanovskiy N.S.
Attacks based on malicious perturbations on image processing
systems and defense methods against them. Scientific and Technical
Journal of Information Technologies, Mechanics and Optics, 2023,
vol. 23, no. 4, pp. 720-733. (in Russian). https://doi.
org/10.17586/2226-1494-2023-23-4-720-733

274

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2


https://doi.org/10.1201/9780203749326
https://doi.org/10.1002/9780470434697
https://doi.org/10.1002/9781118186435
https://doi.org/10.17223/19988605/62/6
https://doi.org/10.17212/1814-1196-2016-2-70-89
https://doi.org/10.17212/1814-1196-2016-2-70-89
https://doi.org/10.17212/1814-1196-2015-1-76-93
https://doi.org/10.17212/1814-1196-2015-1-76-93
https://doi.org/10.1007/978-0-387-75971-5
https://doi.org/10.1007/978-0-387-75971-5
https://doi.org/10.1017/CBO9780511802256
https://doi.org/10.1017/CBO9780511802256
https://doi.org/10.1007/978-94-011-0854-6_15
https://doi.org/10.1016/J.JSPI.2007.11.008
https://doi.org/10.1016/J.JSPI.2007.11.008
https://doi.org/10.1002/9781119264507
https://doi.org/10.1002/9781119264507
https://doi.org/10.1007/s10260-007-0047-7
https://doi.org/10.17586/2226-1494-2023-23-4-720-733
https://doi.org/10.17586/2226-1494-2023-23-4-720-733
https://doi.org/10.1201/9780203749326
https://doi.org/10.1002/9780470434697
https://doi.org/10.1002/9781118186435
https://doi.org/10.17223/19988605/62/6
https://doi.org/10.17212/1814-1196-2016-2-70-89
https://doi.org/10.17212/1814-1196-2016-2-70-89
https://doi.org/10.17212/1814-1196-2015-1-76-93
https://doi.org/10.1007/978-0-387-75971-5
https://doi.org/10.1007/978-0-387-75971-5
https://doi.org/10.1017/CBO9780511802256
https://doi.org/10.1017/CBO9780511802256
https://doi.org/10.1007/978-94-011-0854-6_15
https://doi.org/10.1016/J.JSPI.2007.11.008
https://doi.org/10.1016/J.JSPI.2007.11.008
https://doi.org/10.1002/9781119264507
https://doi.org/10.1002/9781119264507
https://doi.org/10.1007/s10260-007-0047-7
http://I.Yu
https://doi.org/10.17586/2226-1494-2023-23-4-720-733
https://doi.org/10.17586/2226-1494-2023-23-4-720-733

A.B. JincnumH, K.B. NaBpunos

ABTOpBI

Jlucuuun Jannna BajepbeBUY — JOKTOp TEXHUYECKUX HAyK, IPO-
¢beccop, npodeccop, HoBocubupckuit rocyrapCcTBCHHBIN TEXHUUC-
ckuit yauBepcuret, HoBocubupck, 630073, Poccuiickas denepanus,
8¢ 57199594779, https://orcid.org/0009-0007-0723-6285, lisitsin@ami.
nstu.ru

T'aBpuioB Koncrantnn BHKTOpPOBHY — KaHIUIAT TEXHUUECKUX HayK,
noueHT, HoBocuOupckmii rocy1apcTBEHHBIN TEXHUYECKUH YHUBEPCHUTET,
HoBocubupck, 630073, Poccuiickas ®eneparnus, https://orcid.org/0009-
0001-9252-9942, aenigma77@mail.ru

Cmamws nocmynuna 6 pedakyuio 04.12.2023
Ooobpena nocne peyenzuposanus 18.02.2024
Ipunama x newamu 17.03.2024

N0k

Authors

Daniil V. Lisitsin — D.Sc., Full Professor, Novosibirsk State Technical
University, Novosibirsk, 630073, Russian Federation, s¢ 57199594779,
https://orcid.org/0009-0007-0723-6285, lisitsin@ami.nstu.ru

Konstantin V. Gavrilov — PhD, Associate Professor, Novosibirsk State
Technical University, Novosibirsk, 630073, Russian Federation, https:/
orcid.org/0009-0001-9252-9942, aenigma77@mail.ru

Received 04.12.2023
Approved after reviewing 18.02.2024
Accepted 17.03.2024

PaboTta focTynHa no nuueH3nm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

275


https://orcid.org/0009-0007-0723-6285
mailto:lisitsin@ami.nstu.ru
mailto:lisitsin@ami.nstu.ru
https://orcid.org/0009-0001-9252-9942
https://orcid.org/0009-0001-9252-9942
mailto:aenigma77@mail.ru
http://D.Sc
https://orcid.org/0009-0007-0723-6285
mailto:lisitsin@ami.nstu.ru
https://orcid.org/0009-0001-9252-9942
https://orcid.org/0009-0001-9252-9942
mailto:aenigma77@mail.ru

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° mapT-anpens 2024 Tom 24 N2 2 http://ntv.ifmo.ru/ T
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS i
March-April 2024 Vol. 24 No 2 http://ntv.ifmo.ru/en/ "Hm“FMA““““HMX IEXH“"I"““' MEXAH“K“ “ “"I“K“
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2024-24-2-276-283
VK 519.63

YeToituMBOCTh BHICOKOYIIPYIOil NPAMOYT01bHOM IJIACTHHKH
€ 3aIeMJICHHO-CBOOOIHBIMH KPAsIMHU IPH OJHOOCHOM C/KATHH

Muxaua Bacuanesnu Cyxorepun!™, Auna Anaroabesna CocHoBcKas?

1.2 TocyaapcTBeHHBIN YHUBEPCUTET MOPCKOTO 1 pednoro ¢uora umenn agmupana C.0. Makaposa, Caukr-IletepOypr,
198035, Poccwuiickas peneparims

! sukhoterinmv@gumrf.ru®<, https://orcid.org/0000-0002-8295-7089
2 sosnovskayaaa@gumrf.ru, https://orcid.org/0009-0000-6476-6783

AHHOTAIUA

BBenenne. 113y4eHsl cuMMeTpruuHbIe (GOPMBI IOTEPU YCTOHIMBOCTH MPSIMOYTONbHO# macTuHkl Kupxrodda ¢ aByms
3aIIeMIEHHBIMHI U ABYMs CBOOOTHBIMH TapaieIbHBIMU IPAaHIMHU TOJ JeHCTBHEM paclpeaeleHHOH CKUMaromen
Harpy3KH, IPUIIOKEHHOH K 3aIeMIeHHBIM TpaHsM. MeTtoa. OyHKIHs MporuOoB MIACTUHKY TIPU MOTEPe yCTOHINBOCTH
TIPE/ICTABIEHA JIBYMs THIIEPOOIO-TPUTOHOMETPUIECKUMH PSIJAMHU C HEOTIPEAEIEeHHBIMH KO3 (QHIINEHTaMH, KOTOPbIe
MIOTY4EHBI TIPH TOYHOM YIOBICTBOPEHHHU BCEX YCIOBHH KpaeBoi 3agaun. [Ipobiema moncka cBeeHa K PEIICHUIO
OTHOPOZHOM OECKOHEYHO CHCTEMBI JIMHEHHBIX alnreOpandecKiX ypaBHEHHH OTHOCUTEILHO OTHOM MOCIIeJOBATEIIEHOCTH
HEOIPeCTICHHBIX KO (PHUIIMEHTOB, KOTOpasi B KAYeCTBE MapaMeTpa COAEPIKUT HCKOMYIO KPUTHUECKYIO Harpys3Ky.
JUisl Ioy4eHus HeTPUBUAJIBHBIX PEIICHUI ONpeenTeNh CUCTEMBI JOJDKEH OBITh paBeH HyJI0. DTa 3ajada Ha
COOCTBEHHBIE 3HAUCHHS NMEeT OECUUCICHHOE MHOXKECTBO pelieHnil. HeTpuBnanbHble perieHus CUCTEMBbI IPEIOKEHO
HaXOJUTh METOJOM TOCJIEN0BATENbHBIX MPHOMIKEHHH ¢ TepeOopoM mapaMeTpa Harpy3ku. OCHOBHBIE pe3yabTaThl.
C moMOIIBI0 KOMMBIOTEPHBIX BBIYHMCICHUH HAWGHBI MEPBBIE YETHIPE KPUTHUECKHE HATPY3KH (BKIIIOUAst SUIEPOBY),
TIPMIIOKEHHBIE K 3aMIeMJICHHBIM TTapaIebHBIM TPAaHSIM KBaJPaTHON MNIACTHHKU U JAIONINE CHMMETPHIHBIE (DOPMBI
MOTepH ycTOHUMBOCTH. MccnenoBaHo BIMsHIE KOMHUYECTBA WICHOB, YCP)KUBAEMbIX B psiiax, M YHCIa UTepaluil Ha
TOYHOCTH BeruucieHui. [Ipencrasinensr 3D-n300paxenus HaiiieHHBIX (OPM ITOTEpH ycTOWYHBOCTH. [IpuBeneHo
CpaBHEHHE ¢ M3BeCTHBIMU perreHusiMA. O6cy:xkaenne. [lonydeHHbIe pe3ynbTaThl MOTYT OBITH HCIONB30BaHbI IIPU
MIPOCKTUPOBAHUH PA3JINUHBIX INIOCKUX NPSIMOYTOJIBHBIX JJIEMEHTOB B MUKPOAJIEKTPOHUKE U HAHOTEXHUKE.
Kirouesblie ciioBa

HPSIMOYTOJIbHASI [UIACTUHKA, JIBE [TapaJuIeIbHbIe CTOPOHBI 3all[eMJICHBI, JIBE CTOPOHBI CBOOO/IHBIE, KPUTUUECKHIE HAIPY3KH,
rUIepO0I0-TPUTOHOMETPUUECKUE PSIJIbI
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Stability of a highly elastic rectangular plate with clamped-free edges under
uniaxial compression
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Abstract

The symmetrical buckling modes of a rectangular Kirchhoff plate with two clamped and two free parallel faces
(CFCF-plate) under the action of a distributed compressive load applied to the clamped faces have been studied. The
function of plate deflections due to loss of stability is represented by two hyperbolic-trigonometric series with indefinite
coefficients which are found when all conditions of the boundary value problem are exactly satisfied. The problem is
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reduced to solving a homogeneous infinite system of linear algebraic equations with respect to one sequence of uncertain
coefficients which contain the desired critical load as a parameter. To obtain nontrivial solutions, the determinant of
the system must be equal to zero. This eigenvalue problem has countless solutions. It is proposed to find non-trivial
solutions of the system using the method of successive approximations with enumeration of the load parameter. Using
computer calculations, the first four critical loads (including the Euler load) were found applied to the clamped parallel
faces of a square plate and giving symmetrical forms of buckling. The influence on the accuracy of calculations of the
number of terms retained in the series and the number of iterations is studied. 3D images of the found buckling modes
are presented. A comparison with known solutions is provided. The results obtained can be used in the design of various
flat rectangular elements in microelectronics and nanotechnology.

Keywords

rectangular plate, CFCF-plate, critical loads, hyperbolic-trigonometric series
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BBenenune

ToHKHE U CBEPXTOHKHUE TUIACTUHKHU (MEMOpaHbI) IIHUPO-
KO UCIIOJIBb3YIOTCSl B MUKPOAJIEKTPOHUKE, SMart-KOHCTPYK-
LUSIX, HAHOTEXHOJIOTUSIX (HAHOIUIACTHHAX) M T. JI., @ TAKKe
B Ka4€CTBE YyBCTBUTEJIBHBIX JIEMEHTOB Pa3IMUHbIX JIaT-
YHUKOB (ITbE303JIEKTPUYECKUX MM TEH304aTYMKOB MHKPO-
JNIEKTPOMEXaHNYECKUX CUCTEM, CHAOXKCHHBIX CEHCOPAMH
1 aKTyaTopaMu). JTH INIACTHHKH Je(OPMHUPYIOTCS MO
BO3/I€HICTBUEM BHEIIHUX MEXaHWYECKHUX CHJI, JIEKTpUye-
CKHX WJIM MATHUTHBIX TIOJIEH U YePe3 aKTyaTOPhI BHI3BIBAIOT
OTKJIMK yHpaBIsitonel cuctembl. COBpEMEHHBIE BBICOKOY-
NIPyTHe MaTepuabl MO3BOJISIOT IUIACTUHKE MO IeHCTBHEM
BO3PACTAIOIINX C)KUMAIONIUX CHJI B €€ INIOCKOCTH TePSATh
YCTOHYMBOCTh HECKOJILKO pa3, MeHsisl popMy paBHOBECHSI.
DTO MOXKET 6])IT]) HCIOJB30BAHO JId UBMCHCHUS YITpaBJIs-
IOLIETo CUTHAaIA.

[To ycrnoBusiM onupaHust TNIACTUHKH-/IATYUKN B OCHOB-
HOM IIO/IPA3/IeIISIOTCS Ha: KOHCOJIBbHBIC IUTACTUHKHU (OIMH
Kpaii 3aleMiieH, OCTallbHble — CBOOO/IHBIC); IIIACTHHKH,
3aIeMJICHHBIC 110 BCEMY KOHTYPY; MIACTHHKH, JIBA MPO-
THBOIIOJIOXKHBIE Kpasi KOTOPBIX 3aIllEMJICHBI, a 1Ba ApyTue
cBoboxnwie (CFFF-, CCCC-, CFCF-tumactuHKH 110 00-
menpuaIToMy obo3HaueHmnio, C — Clamped, F — Free).
B nacrosmeii padbore paccmorpensl CFCF-mumactunakm, K
3alEMJICHHBIM T'PaHAM KOTOPBIX IPUIIOKEHBI pacipese-
JICHHBIC C)KMMAaIONUEe HArpy3Ku.

OOBIYHO MCCIIEI0BATENN HE Uy T JAIBILE ONPEIeICHUS
NIePBOIl KPUTHYECKOH Harpy3ku (dilyiepoBoOi), cuuras ee
paspymatoineii [1-7], mosTomMy cymiecTByer Mano padoT
[8—14], mocCBsIIEHHBIX ONPEAEIEHUI0 HAYAJILHOTO CIIEKTpa
KPUTHYECKUX Harpy30K U COOTBETCTBYIOIIHUX (OPM HOTEPH
yCTOHYMBOCTH ((POPM 3aKPUTHIECKOTO PABHOBECHS).

B pabore [9] criekTp KpUTHUECKUX HATPY30K JIIS
CCCC-nmnmacTHHKH TOTYyYEH UTEPAlHOHHBIM METOIOM C
HCTIOIb30BaHUEM THIIEPOOIIO-TPUTOHOMETPHUYECKUX PSIJIOB,
a B [11] — meTogom ["anepkuHa ¢ MOMOIIBIO MTOJIUHOMA.
B [10] paccmotpensr CCCC-, CCSS- u CCCS-ninacTUHKH
(S — cBoOoHO omepThIi Kpaii, «supported») mpu oaHOO-
CHOM C)KaTHH. 3ajja4a pelieHa MeToI0M CUMILIEKTHYECKOI
cyneprno3unuu. Mckomast GpyHKums nporuOoB npeicTas-
JIeHa KOMOWHANNSIMH TPUTOHOMETPHUYECKUX U IKCIIOHCH-
nuanbHbIX GyHknuid. Padotst [13, 14] mocesiieHs! uccie-
JIOBaHMSIM KOHCOJIBHBIX ITACTHHOK. CIEKTP KPUTHUECKUX
Harpy30K MOJy4eH METOJOM TTOCIIeI0BATEIbHBIX MPUOIH-
JKSHUH ¢ iepedopoM mapamerpa Harpy3ku. Dopma H30THY-

TOW MOBEPXHOCTH BBIOMpAJach B BUE THIIEPOOIIO-TPUTO-
HOMETPUYECKUX PSAJOB IO ABYM KOOPAUHATAM.

B [8, 12] uccnenosana ycToH4MBOCTb IPSIMOYTOIBHBIX
HAHOIUTACTUHOK B paMKaX HEJIOKAJIbHON TEOPUH DPUHIECHA
(Eringen), KoTopast paccMaTpuBaeT OoJiee CIOKHOE YpaBHE-
HHE paBHOBECHS, €M B KJIaccuieckoii Teopun Kupxrodda.
B [8] ucnonp3oBaH METO KOHEYHBIX TTOJIOC B COYCTAHUN C
SHEPreTHYECKUM METOROM. [IJIst OPTOTPOIHBIX MIACTHHOK
C Pa3JIMYHBIM ONHMPAHUEM CTOPOH (B TOM UYHCIE M IS
CFCF-nmnacTHHOK) MOTy4deHbl IepBble 6 KPUTHYECKHUX Ha-
TPY30K ITpU IBYXOCHOM ckatuu. B pabote [12] mpuBeneHb!
AQHAJINTUYECKUE PELICHUs ISl KOHCOJIbHBIX HAaHOIUIACTUH
Ha yNpyroM OCHOBaHMU O] JEHCTBUEM MJIOCKOIO MarHUT-
HOTO IOJISI METOJIOM CHUMILIEKTUUECKON CyNepHo3UIUu.
[Tosmyuens! 6 KpUTUYECKUX HArPY30K U COOTBETCTBYOIUX
(hopmM paBHOBECHSI.

Jns CFCF-nacTUHKY IPU OAHOOCHOM Harpy>keHUU
W3BECTHBI JIMIIb 3HIEPOBBI HATPY3KH AJISI PA3IMYHBIX OT-
HOIICHHH ee cTopoH [3, 15].

Lems HacTosAIIEeH PabOTHI — MOUCK C BBICOKOW TOYHO-
CTBIO HAYaJIbHOTO CIIEKTPa KPUTHYECKUX HATPy30K U (popM
paBHoBecus CFCF-macTMHKY NpU OAHOOCHOM CHKaTHUU
METOJIOM MOCIIeIOBATEIbHBIX MTPUOIMIKEHHUH C HCTIOIb30Ba-
HHEM TUIepOoIIo-TPUTOHOMETPHYECKUX psiioB. Ha kaxnoii
UTepaluu BCE YCIOBUs KPAeBOM 3a7auu BBIMOIHSAIOTCS
TOYHO. DTOT METOJ| YCIICIIHO PUMEHEH B paboTtax [13,
14, 16] nuis peuieHus: pa3iInYHbIX 3a4a4 YCTOMYUBOCTH U
KOJIeOaHM MPSIMOYTOJIBHBIX TUIACTHHOK.

IlocTanoBka 3agaun

Paccmotpum npamoyronsayto CFCF-mutactunky mno-
CTOSTHHOW TOJIIIMHBEI, K 3alIEeMJICHHBIM I'PaHsIM KOTOPOHM
B IUIOCKOCTH IJIACTHMHKH NPUI0KEHBI PABHOMEPHO pac-
TMIPE/ICIICHHbIE CKUMAIOIINE YCHUIINSI HHTEHCUBHOCTBIO 1y
(puc. 1). Pasmepsr mnactunku a X b. TpebyeTcs HalTH
HEKOTOPBIM HAadaJIbHBII CIIEKTP KPUTUYECKUX HATPY30K H
COOTBETCTBYIOIINX ()OPM PABHOBECHS B NIPEATIOIOKEHNH,
YTO MaTepuall INTACTUHKY 00/1a1aeT BHICOKOH YIIPYTOCTHIO.

ITomecTM Havaa0 KOOPAUHAT B LIEHTP IIACTUHKH, OCH
HalpaBUM IapajIeNbHO €€ CTOPOHAM.

B xiaccudeckoit Teopun miactus (teopust Kupxrodda)
muddepeHaibHOe ypaBHEHHE PABHOBECHS IIPU MTOTEPe
YCTOMYMBOCTH OT OCEBOI CKMMAIOIEH Harpy3Ku UMeeT
Bup [17]:
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Y
e
Ty —s e Tx
b 0 e >
— e

Puc. 1. CFCF-nnacTuHKa 1o JeHCTBUEM CKUMAIOIINX YCHIINH
B €€ TIOCKOCTH

Fig. 1. CECF plate under the action of compressive forces in its
plane

DVETIW(X, 1) + Ty 2 (1
W( ] Y) XaXZ s )
rne D = ER3/[12(1 — vZ)] — KeCTKOCTh IUIACTUHKHU HPH

n3rube, £ — Moy yrpyrocTi Marepuaina, 1 — TOJIIHHA
4

NTACTHHKH, V — kodbduiment Ilyaccona; V2V2 = — +
e P oX
22—+
ox*oy?  ov*

w(X, Y) — uckomast GyHKIUS TPOTHOOB, MEPIICHINKYIIAP-
HBIX UCXOAHON HEMTPaIbHOU IIIOCKOCTH INIACTUHKHU.

[Ipenmonoxum, 94TO0 pa3MEPHOCTh BCEX YKa3aHHBIX
(U3HUECKUX BEJIMYUH COOTBETCTBYET MEXIyHAPOIHOM
cucreme equnaui CU.

[epelinem K OTHOCUTEIBHBIM KOOpAMHATAM X = X/b,
y=Y/b. Torna ypasuenue (1) npumer Buz:

+ — OWUrapMOHHMYECKHUH oOIepaTop;

2

ow
V2V2w(x, y) + T, 32 0, (2)
X

e T, = Tyb%*/D — orHOcuTenbHbIe (Ge3pasMepHbIE) CHKH-

V22 2 w_ v
MAIOIIHE YCUITHS; w=—"+ +—
Y oxt Toxloyr oyt
wiacTuHK: —y/2 <x <vy/2,-1/2 <y <1/2 tne y = a/lb —
OTHOIIICHHE CTOPOH TUIACTHHKH.

Ha 3amemiieHHBIX Kpasix X = % y/2 JIOJDKHBI OBITh PaBHBI
HYJIIO IPOTHOBI U yIuibl noBopoTa [17]:

ow

w=0,—=0, 3
o ®)

pasMepsl

a Ha CBOOOHBIX Kpasix y = +1/2 — u3rudaroIme MOMEHThI
M,, (otHeceHs! k Benuunte b/D) 1 nepepe3bIBAIOLIHE CHIIBL
V, (OTHEeCeHBI K BelM4uHe b2/D):

Fw Fw
v 7 V@xz 0.
Fow S “4)
Vo=t (2 -
Y 8y3 ( )5)625

Maremarnyeckas 3ajiaua COCTOUT B OIPEIEICHUH He-
TPHUBHATBHON QYHKITUH IPOTHOOB W(X, V), YIOBICTBOPSIIO-

el ypaBHeHHIO u3rnba (2) u rpaHUYHBIM yciIoBHUsM (3),
(4). IIpoGiiema 3akiro4aeTcs B MOMCKE COOCTBEHHBIX 3Ha-
YEHUH — KPUTHYECKUX CKUMAIOIIUX yCHIni T, TaroIIuX
COOTBETCTBYIOIINE (DOPMBI PABHOBECHSI TUTACTUHKH ITOCTIC
MOTEPH yCTOHYUBOCTH.

OT™eTHM, 9TO (POPMBI PABHOBECHS MOTYT OBITH CHMME-
TPUYIHBIMH, AaHTUCUMMETPUIHBIMU U CMEIIAHHBIMH.

OnpenejieHne CHMMETPHYHBIX OPM paBHOBeCHSI

[lepBas (siineposa) popma J10KHA OBITH CHUMMETPHY-
HOW M COOTBETCTBOBAThH (popMe M3ruda IIaCTHHKH MPH
JEUCTBUM Ha Hee PAaBHOMEPHOTO JaBJICHHUS, TI03TOMY HC-
KoMasi (yHKLUSI IIPOrHOOB B TAaHHOM CJIydae JIOJDKHA CO-
JepIKaTh TOJIBKO YETHBIE (DYHKIIUH.

OyHKIUIO W(X, ) TPEICTaBUM ABYMsI THIIEPOOTIO-TPH-
TOHOMETPUYCCKUMHU PSAAAMU:

w(x, ) = wi(x, y) + wy(x, y) =

= 3 ()dch(og)cos() + )
=1

o0
+ X (1PCeh(E)cos(py),
s=1,3,...
rae Ay, Cy, oy, & — K03 UIUEHTBI, KOTOPbIe HEOOXOAUMO
OLIPENENNTD; Ay = 21k, L, = ms/y, § = (s + 1)/2, k=1,2,...,
s=1,3,....

Kpome sitnepoBoil Harpy3ku, HailieM ¢ MOMOIIbIO
¢hyakuun (5) 1 mocueayromue KPUTHISCKIEe HATPY3KU
JUISl CAMMETPUYHBIX ()OPM PaBHOBECHSI.

[Torpebyem, 4TOOBI KaxKABIH psin GyHKIHH (5) ymnoB-
JIETBOPSUI ypaBHEHHIO M3ruda (2); Toraa Juist onpe/eseHns
K03(D(ULUEHTOB 0, U & TTOIYUUM:

af = 20207 + A+ a?T, =0,

6
£ 282+ 2T~ . (©)

W3 ypaBHeHnii (6) HaliieM napbl KOpHEH, 3aBUCSIINE OT
HEHU3BECTHOM KPUTHUYECKOU HArpy3Kh 7T

(lk = \/0,5[27\113 - Tx + \/m]’
By = Jo,sm,f ~ T —NT; = 4T,
&=V + w7 m = Vi - VT ®

3nech a1 ynoocTsa uepes B, U 1, 0003HAUYEHBI COOT-
BCTCTBCHHO BTOPBIC BBEIPAKCHUS KOIPOHUIIMEHTOB oy U &
(OTIMYAIOTCSI 3HAKAMU MEPE/l BHYTPEHHUM PAJIMKATIOM).

B cuity uetHOCTH (DyHKIIUIT OTpHIIATENbHBIE KOPHH HE
YYHUTHIBAINCH. 3aMeTUM, 9T0 KopHH (7), (8) MOTYT OBITH
KaK JIeHCTBUTEIbHBIMU, TAK U KOMILIGKCHBIMH, OJIHAKO B
UTOTE pelIeHUe Oy/IeT BEIeCTBEHHBIM.

C y4eToM MOJIyYeHHbIX 3Ha4eHUH P, U M, PyHKIHH,
Bxozsiue B popmyiy (5), mepenuiieM B BUje:

(7

wix, y) = é(—l)k(@ch(akx) + Bich(Bo))eosh), (9)

W)= ¥ (DF(Cich(Ey) + Dych(ny))cos(p). (10)

s=1,3,...
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B Boipakenwus (9) u (10) nobaBneHsbl ciaraemble, cozep-
XKallue HeolpeieleHHble Kodhpunuentst B, u D,.

OyHKIUSA W,(X, ) «aBTOMaTHYECKN» YIOBICTBOPSIET
YCIIOBHIO OTCYTCTBUSI IIPOrHOOB Ha TpaHsax x = +y/2. s
TOro 4ToOBI U QyHKIUS W(X, y) YIOBJIETBOPSIA STOMY
YCIIOBHIO, KO3((OHUINEHTHI A, U B), JOKHBI OBITH CBSI3aHEI
COOTHOLICHHEM

Bk == Akchak*/chﬁk*,

e o " = ayy/2; B = Bry/2.

DyHKIMA Wi(xX, y) aHAJIOTUYHO YOBJIETBOPSET YCIIO-
BUIO OTCYTCTBUSI II€PEPE3bIBAIOIINX CHJI HA TPaHsIX y = +1/2
(BTopoe ycnosue (4)). TpeOys aToro u oT GyHKIUH Wy (X, V),
TIOJTY4UM:

CEJE: — (2 —v)Ishe ™ + DannZ — (2 - v)glshn, "= 0,

£J/2; " =n/2. Otkyna
E[& — 2 —v)lshg”
ns[ng - (2 - V)HﬂShﬂs* *

Tenepp nckomas ynkius nporudos (5) Oymer coxep-
JKATh JINIIIB JIBE MOCIIEA0BATEIBHOCTH HEM3BECTHBIX KO-
¢unuenros 4" u C,*:

e & =

D =—

s

oz Ny ch(oyx) Ch(ka) N
w(x, y) k;( ) k(ch o chpy cos(hy) +

+ Z (1Y C ™ (11)

s=1,3,...
X(ch@y) ag-e- v)u%]ch(w))cos )
shé” M- (2 - v)pdlshn,’ ’

e A" = Aychoy”; C* = Csh& ™

[ToTpebyem Tenepb 9T00BI (yHKITHSA TTpoTHOOoB (11)
YAOBIETBOPSUIA JIBYM OCTABIINMCS TPAHUYHBIM YCIIOBUSM
(BTOpOoe ycnoswue (3) u mepsoe ycnosue (4)). Torma nns
CBOOOJIHBIX CTOPOH TUIACTHHKH MOJYYHM CHCTEMY ypaB-
HEHUM:

S (1A, (aythar* — BythB,)cos(hy) +

k=1
+ Z THORES
s=1,3,.
(ch@y) 418~ (2—V)u§]ch(nsy)> 0
shg”  nni- Q2 - v)udlshn,’ ’
<k§ <( vog, - M)Ch(aix) (vBF lﬁ)Ch}(lzix)>+ (12)

e SE-Cwi
(Q e

X(n? - vu?)cthnf)cos(uyx) =0.

[Ipeobpasyem cuctemy (12). Paznoxum B mepBom
ypaBHEHHUH rurnepoonuueckue GyHKIHU B psiibl Dypbe 1Mo
cos(A,y), a BO BTOPOM ypaBHEHHU — 110 cOS([LX). B pe3yib-
Tare noxyuum [15]:

_ 2sh& os(Ay)
Ch(gsy) - + 4E.>s hés ]Z:( 1)k E_“ + )\‘
ehmg) = gshn,' S (- 1)k°°s(7‘ky )
MNs k=1 7\'k (13)

ch(o) =t 5y T o =

Yo os=13,... g+ Hq
4chp, = T

h(B o) = — chp; Sl )YHCOS(WC).

s=13,... Bi+ s

B nepBbix aByx dopmynax (13) uMeroTcs cBoOOJHbIC
YJICHBI, IO3TOMY IPU MOACTAHOBKE B NIEPBOC YPAaBHCHUE
(12) Takke MosIBUTCSI CBOOOJIHBIN YJICH, KOTOPBIH 0003Ha-

YHUM KakK
@ T2 (2 —v)2
G=2 3y B I*M cr. (14)
s=13....& s — 2 - v)wil
KomreHcupyeM 3Ty KOHCTaHTY JAOTOJHUTEIIBHOMN (yHK-
[IUCH TPOTUO0B, 3aBUCSIICH TOIBKO OT KOOPAMHATHI X

wo(x) = Rcos(tx) + H, (15)

rae t, R, H — k03 UIICHTHL.
Jis morrydeHns Ko QUIUEHTa ¢ TOJYNHIM (PYHKITHIO
(15) ocHoBHOMY ypaBHEHHIO (2) 3ama4un, TOTAA f = \/Tx
Koa¢ppumnmentsr R, H HaliieM W3 TPaHUYHBIX YCIOBHH
Ha rpaHsx x = £y/2 ¢ y4eToM MOsBICHHs] CBOOOAHOTO UJie-
Ha G:

{ Rcost* + H=0,
tRsinf* = G,

rue t* = ty/2.
Ortcrona

R = G/(tsint™), H=—Gctgt*/t.

IToce mpeoOpa3oBaHuUil MOTYYUM BCIIOMOTATEIBHYIO
(hyskumio mporu6os (15) B Bume
G[cos(tx) — cost']
W) =—— (16)
tsint
C yuerom nepBsix aAByX Gopmyi (13) (06e3 cBOOOTHBIX
YJICHOB) TIepBoe ypaBHEeHHUE (12) TpUMeT claeayomuii BU;

é} (—1)d " (aythoy” — BythB, cos(hyy) +
cos() E- (2
4 cH vy x
" 9123 s S<Z( 20l m-C-vi
kcos(kky)
z< M

[TepecTaBuM 3HAKH CyMMMPOBAHUS 110 HHIEKCAM K U §
1 0CBOOOIUMCS OT 3HaKa CyMMHPOBAHUSA IO UHJIEKCY k BO
BCEM BBIpAXKECHUHU. B pe3ynprare nomyyum
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(oythoy” — BythpB,")4,” +

7
@ 1 Ef, -Q-v 1 .
4 Y né&\ o2 G =0.
=13,... E+M M-Q-vuni+n
Ha ocnoBanuu Beipaxenus (17) 3anumem
4
K== . M
(xkth(xk — Bktth
F el geowe (18)
X M g — .
o \EF N M- Qe+

BcenomorarensHast ¢pynknus (16) mopoxmaeT HEBI3KY
10 M3TrHOAIOIIeMy MOMEHTY Ha TpaHsx y = +1/2:

~ vtGeos(tx) (19)
o sinf®
Bocnonb3yemcs pasiioxxeHuem
4cost” ® _ 1scos(pex
cos(tx) =— > ( 1) h.cos(p ).
Yo os=13,. us tz
Torna nessizka (19) npumer Buz
4vtG L Ly
My, = "etgr ¥ &S IO o)
Y s=1,3,. “’s tz

[oxcraBuM fBa mocnemHux pasioxkenus (13) Bo Bropoe
ypaBreHue (12) u nodaBum HeBs3Ky (20) oT wy:

G < My
w3 yeosti)
Y s=1,3,. l/la 7
& (=D’ucos(ux)
——ZAk ((vak M) % (i—z“—
s=1,3,. oy + ' (21)
z (=1)’pcos(pyx)
- (VB/{ Iy ) Z 2 2
=13, Pet s
+ Z (_1)§C9*\VSCOS(ny) = 0;
s=1,3,...

e
&8 - 2 -] ni -
Ns [ﬂ% - (2 - V)H%] thns*

[TepectaBum B (21) 3HAKH CyMMHUpPOBAHHS U 0CBOOO-
JIMMCS OT 3HaKa BHEIHEH CyMMBI:

4viG ctgl'pn, 4y, 2 )2 .
R G )

- + 1 +
YW Y k=1 o+ iy Prt (22)
+Cy = 0.

= (&7 — vi)ethe" —

U3 BeIpaskeHus (22) MOXyIHM pa3pemaronyo 0ecKko-
HEYHYIO CHCTEMY JIMHEWHBIX ajareOpanvecKux ypaBHCHUH
OTHOCHTENBHO KOG huumnentos C,*:

. Ao (viGetgtt 2 (vai-2F  VBE— A
C, =——<2—— Y Ay ( T W) ) (23)
W\ = Nt Bt
B KOTOpY!0 3ateM n3 (opmyisl (18) moacraBum koddhunm-
eHtel A", a 13 popmynsl (14) — semmanny G. [lomydeHuas

cucreMa (23) comep>KUT B Ka4ecTBE MapaMeTpa UCKOMYIO
KPUTHYECKYIO HArpy3Ky T,,. beckoHeuHoe MHOKECTBO
COOCTBEHHBIX Yncel (KPUTHYECKUX HATrPy30K) MOXKHO Haii-
TH U3 YCIIOBHS PABEHCTBA HYIIO OIPEICIUTENs] CHCTEMbI
(23). Ormerum, 9TO B HacTOSIICH paboTe MCIIOIB30BAIICS
Ooree MPOCTOIl UTEPAMOHHBIA METOJI, ONHCAHHBII B pa-
6orax [13, 14, 16], B coueTanuu ¢ mepedbopoM mapamerpa
HaTPY3KH (METOJ «CTPEIBOBD»).

[IpuBenem okoHYATENIBHOE BBIpaKCHUE JUIsl (DYHKIIMU
MPOruOO0B TUTACTUHKH:

G[cos(tx) — cost’] N

W, ) = —
tsint
h(ap) ch(Bw)
WORE A
’ Z( ) < chay” chf’ ) osthw)
£ 3 e
s=1,3,...
X(ch(@y) alg-e- v)u%]ch(w))cos )
sh&”  my[n?— (2 - v)uilshn,’

YucseHHble pe3yabTarbl. O0cyxnenne

JIn1st BEIYHMCIEHUSI KPUTHYECKUX YCHIIUH | TTOTyICHUS
3D-opm moTepr yCTOWYUBOCTH OBLIa COCTABIEHA TIPO-
rpamMma B Cpejie aHaJIUTUYeCKUX BbluncieHniit MAPLE,
peanusyromas aaroputM B paszaene «OnpeneneHue cuM-
MeTpUYHBIX (OopM paBHOBecHs». HauanbHble 3HAYCHHS
koo puumnenros C,"B Gpopmynax (14) u (18) npunsTel B
BHze mocnenoBarensHocti 1/, Ecnu nepebopom Obiia
OTpeJiesieHa Harpy3ka, Ipu KOTOPOH COOTBETCTBYIOIINE
ko3 durments! cocennnx urepauuit 4" u C,* He oru-
Yauch APYT OT Apyra (HeTpUBHAIBHOE PEIIeHNUE), TO 3Ta
Harpy3ka CYMTanach KpUTHIECKOM.

B kauecTBe mprumepa paccMOTPUM KBaJpaTHYIO ILIa-
ctunky. Koadpdumuent Ilyaccona npunsaT paBabM 0,3.
Urcno 9iieHoB B psiax (pa3Mep penylupOBaHHON CHCTEMBI
(23)) m3mMeHsI0CH B KOHTPOIHHOM BapHaHTE B IIHPOKHUX
npenenax: 29, 59, 79, 99, 109, yucno urepamuii: 10, 15,
20, 25; yncio 3HaYaNMX HUQP MPHU BBIYUCICHUSIX B CPEIe
MAPLE mnpunsto pasasim 10, 20, 30, 40. OxoHuaTeasHO
P JaTbHEHIINX pacyeTax B psAaax yaep)kuBaiock 99 une-
HOB, uKcy0 ureparmii — 20, yucino 3xavamumx mudp — 30.
JlanpHeliniee yBeJIMUEHUE YNCIIAa WICHOB M UTEpaLUil He
M3MEHSUIO IIECTYIO 3HAYaIyI0 HU(pPy IMPH BEIYUCICHUH CO-
OTBETCTBYIOMINX KOI(PPHUIIMEHTOB cUCTEMBI (23) B TTocien-
Hell UTepalyy Mo CPaBHEHUIO ¢ Ipeablayieil. B tabmme
MIPE/ICTaBICHBI 3HAYCHHUS TEPBBIX YETHIPEX KPUTUIECKUX
Harpy30K JUIsi CHMMETPUYHBIX ()OPM MOTEPH YCTOHUIUBOCTH
(dpopm paBHOBecust), a camu POPMBI IPHUBEICHBI HA PHC. 2.

B pabore [15, C. 304] nmpuBenena siinepoBa Harpy3Ka
4,03-72 = 39,77, B [3] COOTBETCTBYIONIEE 3HAYEHUE PABHO
3,984-72 =39,321, 40 GAU3KO K IIOJIyYEHHOMY PE3YJIBTATY
B HacTosiel pabore, oHAKO 00a pe3yabrara HeCKOJIbKO
3aBBIIICHBI, TAK Kak B padorax [15, 3] ObUIM HCIIOIE30BaAHBI
9HepreTHyYeckue MeTosl. Pesynprar padotsl [3] ciemyer
cuuTarh Ooee TOYHBIM, 4eM [ 15], Tak Kak aBTOp UCIIOJb-
30BaJl METOJI KOHEUHBIX JIEMEHTOB (9-y37I0BbIC KOHEUHBIC
9JIEMEHTBHI), OJHAKO OH MEHEE TOYEH, YeM pe3yibTarT Ha-
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Ta6nuya. Kputndeckue oTHOCHTeNbHbIE (Oe3pasmepHbie) cxxnumarornue yerus 7, = Tyb?/D B KBaJpaTHON IIACTHHKE JUIS CHMMeE-
TPUYHBIX ()OPM PABHOBECHS

Table. Critical relative compressive forces 7, = Tyb?/D in a square plate for symmetric forms of equilibrium

Pesynbrare! uccinenoBannii Ty Typ T3 Thep
Hacrosmieit paboTsl 38,675 150,468 246,800 351,915
Pa6otsr [15] 39,770 — — —
PaGortsi [3] 39,321 — — —

Ilpumeuanue: TOUHOCTH 3HAYCHUI 171 pabot [15, 3] mpuBeeHa B COOTBETCTBUU C aBTOPCKMMH TEKCTAMM; 3HAK TPOYEPKa 03HAYALT,
YTO COOTBETCTBYIOIIHE KPUTHUECKHE 3HAYCHHS B yKa3aHHBIX pa00Tax HE BBEIYHCIISUTUCE.

CTOHHIeﬁ pa6OTI>I, BBUY TOI'O, YTO YHCJIO 3TUX SJICMCHTOB HO C UCIIOJIB30BAHUCM I‘I/IHep6OJIO-TpI/II‘OHOMeTpI/I‘IeCKI/IX

6b110 Beero 16. KpurepueM TOUHOCTH YNCIICHHBIX Pe3yiib-  PsiIoB U OECKOHEYHOI pa3pelnaromieid cucteMsl. Mexoms
TaTOB CJIEAyeT CYUTATh TOYHOCTD BBINOJIHEHHS BCEX YCIO- M3 3TOT0, YBEIUUYEHHE TOYHOCTH CaMOI'0 BBIYMCIIUTEIb-
BHH 3aJja4M, KOTOPbIE B JAHHOM CJIy4ae BBINOJIHIIOTCS TOU-  HOTO MPOLEcca CBA3aHA TONBKO C aHAJIW30M YUCIEHHBIX

Puc. 2. CummeTpudHble (POpMBI PABHOBECHS TTOCIE MOTEPH yCTOHYMBOCTU IPH KPUTHIECKHX HArPy3Kax:
Ty = 38,675 (a); Ty = 150,468 (b); T3 = 246,800 (¢); Ty, = 351,915 (d)
Fig. 2. Symmetrical forms of equilibrium after loss of stability under critical loads: 7y = 38.675 (a); T, = 150.468 (b);
T3¢ = 246.800 (¢); Ty =351.915 (d)
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YCTOMUYMBOCTb BbICOKOYMNPYroi NPSMOYrOfIbHOM MAACTUHKN C 3aLL,eMIeHHO-CBOOOAHBIMU KPasiMMU...

Pe3y/IbTaToB MPU YBEIMUCHUM pa3Mepa peaylMpOBaHHON
CHCTEeMBI (UMCIIO WICHOB B Psijiax), YMCIIa UTEPALMi U KO-
JyecTBa 3Havaux nudp B cpene MAPLE.

Crnenyer OTMETHTB, UTO B HACTOALIEE BPEMsI HAHO- U
MHUKPOIIIACTHHBI PACCUUTHIBAIOTCS HA YCTOMYNBOCTD U
KOJICOaHMsI 110 PA3IMYHBIM YTOYHEHHBIM TEOPHIM (KaKk
JTUHEWHBIM, TaK ¥ HeMWHEWHBIM). [Tpr 3TOM 117151 TpoBepKH
TOYHOCTH TMOJyYCHHBIX PUOIMKECHHBIX PEIICHUH Hccie-
JIOBATEIH MCIIOJB3YIOT B KAUYECTBE 3TAJIOHHBIX PE3yIib-
TaThl KJIACCHYECKOW TEOPUM TOHKUX TJIACTHH, JAIOIINE
OCHOBHOH BKJIaJl B BEIYMCIICHHbIC 3HAYEHUSI KPUTHUECKUX
Harpysox.
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POBaHHMM M DKCIUTyaTallud 4YyBCTBUTEIBHBIX 2JIEMEHTOB
JIaTYUKOB B BUJIE MPSIMOYTOJIBHBIX MJIACTUHOK, KOTOPbIE
HAXOJATCS M0J1 BO3IEHCTBUEM Pa3IMYHBIX CUIIOBBIX TOJIEH
(MeXaHH9IECKHUX, HCKTPUICCKUX, MATHUTHBIX ) B TNTIOCKOCTH
TUTACTHHKY. YBEIIMUCHUE CIKUMAIOIICH HATPY3KH MOXKET
MIPUBECTH K TIOTEPE YCTOMYMBOCTHU U BBI3BaTh COOTBETCTBY-
FOIIYTO PEAKIINIO YTIPABIISIONICH CHCTEMBI.

B HacTosmmeit paboTe ncciaeoBaHbl TOIBKO CHMMETPHY-
HBIE ()OPMBI TIOTEPH YCTONUNBOCTH. AHTHCUMMETPUYHBIE
U CMelIaHHbIe POPMBI MOXKHO OOHAPYKUTH TPH COOTBET-
CTByIOHlI/IX COUYCTAHUAX YCTHBIX U HCUCTHBIX (I)yHKHI/IfI
POruOOB, MOATOMY JIJIsl TOJYUCHHSI [TOCIICA0BATEILHOTO
CIIEKTpa KPUTHYCCKUX YCHIUH U GOpPM CICIyeT B Jalib-
HeilemM paccMOTpeTh W 3TU ciiydyau. [Ipennonaraercs
YKa3aHHBIM METOJIOM HCCIIEI0OBaTh U COOTBETCTBYIOUIYIO
3aJla4y 1Mo YTOYHEHHOU TEOpUH.
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AHHOTALUA

BBenenne. Bo3MOXHOCTBH OBICTPOTO, yIOOHOTO W TOYHOTO OIPEJCICHHS MACCHl Tpy3a B BaroHax I03BOJSET
MIOBBICUTH 0€30ITaCHOCTH TPAHCIIOPTA, a TAKXKe 00ECHEeYUTh YUeT aKTHBOB B JKEJIE3HOIOPOXKHOU MHPPACTPYKTYpE.
V3BecTHBI TpeXMEpHbIE TBEPJIOTEIILHBIC MOJCIH Yy4acTKa XKEJIe3HOJAOPOKHOTO IIYTH ¥ METOIMKH MOJCIHPOBAHHUS
nedopmarinii, BO3HUKAIINX B PelibCax MO JACHCTBHEM MEXaHHYECKHUX HArpy30K, MEpeaaBacMbIX Yepe3 BarOHHbBIC
Kojeca. B cooTBeTCTBUY € 3TUMH METOAMKAMHU MTPOMCXOAUT MepecyeT BO3HUKAIOIHUX Je(opMaliuii B BEC BarOHOB.
Temneparypa penbca BIUSIET HA €0 MEXaHHUECKHE CBOICTBA M, COOTBETCTBEHHO, HA BEIMUNHY €ro Ae(opMaIiu.
B pabore BriepBbIe MpeaokeHa METOANKA, TIO3BOJISIONIAs YIUTHIBATh Je(hOPMAIINIO PeIbca MO ACHCTBIEM HAarpy3Kn
C Y4EeTOM M3MEHEHHs €r0 TeMIIepaTypsl IPU Pa3INYHBIX TPAaHUYHBIX ycIoBUsIX. MeToa. CortacHO NMPeAToKeHHOMY
TIOJIXOJLY, BEC BarOHa OIIPEe/eIsIeTCsl [0 BEJIMUHMHE IepopMariii, KOTOPBIE U3MEPSIIOTCS TEH30METPHUECKUMH TaTINKaMH,
PacIONIOKEHHBIMH Ha HIelKe penbca. PazpaboTaHHBIC MOJENIN BKIIIOYAIOT JKEJIE3HOLOPOKHOE KOJIECO, IIMAaIbl U
¢parment penbca. @parMeHT pesnbca, COOTBETCTBYIOLIMN yUacTKy IyTH, Ha KOTOPOM yCTAaHABIMBAIOTCS JAAaTUYUKH,
reOMETPHUYCCKU BOCIPOU3BOIUT CYIICCTBYIOIINI THI pesibca R50 u pasmeniaercs Ha mimnaiax, 3aQuKCUpOBaHHBIX
C HMXKHEH cTopoHbl. Mozienb Kojeca COOTBETCTBYET CYLIECTBYIOLIEMY THIy 11€JIbHOKATAHBIX BarOHHBIX KOJEC
C IMaMeTpoM 1o Kpyry karanus 920 mm, 6maromaps yeMy B MOJENH COXPAHSAETCA KOPPEKTHOE ISITHO KOHTAKTa.
CornacHO METOAMKE, Ha pa3paboTaHHBIE TBEPAOTEIBHBIC MOAEIN HAKJIAABIBACTCS KOHEYHO-3IIEMEHTHAs CeTKa,
YCTaHABIMBAIOTCSI COSANHEHHS MEXTY (PparMeHTaMHU MOJIEIIH, TIPUMEHSIOTCS] TPAaHUYHEBIC M TEMIIEPaTypHBIE YCIOBHS,
a TaKKe BO3JCHCTBYIONIHE CHIIBL. [10cie0BaTeIbHO BEIOIHACTCS KOHSYHO-IEMEHTHBIH aHaJM3 JUTsl BCEX BO3SMOXKHBIX
KOMOMHAIIMH KOOPJMHATHI KoJeca, Harpy)KaeMol Macchl U TeMIeparypsl. sl KaXk0ro cirydasi perucTpupyoTcst
3Ha4YeHus AedopManuii B 4eThIpeX y3iax peibca, COOTBETCTBYIOIIMX MECTaM YCTaHOBKH TEH30JaT4HKOB. [IpoBeneHo
CPaBHEHHUE Pe3yJIbTaTOB KOHEUHO-3JIEMEHTHOI0 aHalIu3a Ul IBYX pa3paO0TaHHbIX TBEPAOTEIbHBIX Mojeei. Moxenu
OTIINYAIOTCS CIIOCOOOM KPEIUIEHHsI Pelibca K MINalaM ¥ 3alaHieM IPaHUYHBIX YCIOBHI Ha Topuax (parmeHTa penbca,
MO3BOJISIOIINX YIUTHIBATH BOZMOKHOCTh PENaKCallMi TEMIEepPaTypHBIX HampsbkeHuil. B moxenu 1 penbe sxecTko
CBsI3aH CO IIMANAMH1, B MOAENIHN 2 PENbC U MIMaIbl COSANHEHBI KOHTAKTOM, TOITYCKAIOIIUM JBIKEHHE PEIbca MO HIane
C 3aJaHHBIM KO3 duunentom tpenus. Kpome toro, B Mogenu 2 UMATHPYETCS BO3ACHCTBHE NMPIKUMHBIX OONITOB.
OcHoBHBIE pe3yIbTaThl. MeTonKa pean3oBaHa B cpesie MynsTudusnaeckoro MozeanpoBanust ANSY'S st cBsi3aHHOM
TPEeXMEepHOH 3a]1auul C HCIoIb30BaHneM Mopyiiel Static Structural n Steady-State Thermal. Pe3ysbrarer MopenupoBanus
M0Ka3aJIi, YTO 3HaUeHUs AeopMalyii, 00yCIOBICHHbIE TeMIIePaTyPHBIM BO3ICHCTBHEM, B MPEIIOKEHHBIX MOJICIISIX
orMyaroTces. J(nanason BepTUKaIbHBIX JedopManuii pparMeHTa peiabca, Ha KOTOPOM 3aKPeryIeHbl TeH30AaTYUKHU, TIPH
Harpyskaemoi Ha xoneco macce 12 500 kr cocraBnser oT MUHYC 245 MM (M3rub BHU3) 10 15 MKM (M3ru0 BBEpX) AT
MoJienH 1 B 3aBUCUMOCTH OT TeMIepaTypsl penbca (B auanazone ot munayc 20 °C no 50 °C), a ana mopenu 2 — OT
MuHyc 225 MM 10 MuHYyC 100 MKM. DTO MO3BOMSAET CAENaTh BBIBOJ, YTO MOJEIH 2 Oosiee KOPPEKTHO BOCIIPOM3BOAUT
npouecc aehopManny, a Bo3AeiicTBIE TeMIepaTypsl Ha AeopManuy MeHee 3HaYUMO 0 CPAaBHEHUIO C BEIMUMHON
MexaHn4eckoi Harpy3ku. O6cyxaenne. [Ipearaemast Moziellb, B OTIIMYHE OT U3BECTHBIX, IIPEAIIOIAaraeT CTaTHIeCKOe
B3BELIMBAaHHE, XapaKTepU3yeMoe OOJbIIeH TOYHOCTBIO, HAJIeKHOCTBIO M IIPOCTOTON NpuMeHeHus. B nanbHeiimem
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TUTAHUPYETCS BBINIOJIHEHUE OoJee 1'[0}1]306HOF0 HCCJIENOBAHUA MOECIIN C IBYMs KOJIECAMU U OCBIO C LICJIbIO ONIPEACTICHUSA
OITUMAJIBHOTO BPEMEHHN MOACTIMPOBAHUA U TOYHOCTHU ITOJTYHa€MBIX PE3YIIbTATOB.
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Abstract

Possibility of fast, convenient and precise definition of wagons load mass allows enhancing transport safety and ensures
assets accounting in railroad infrastructure. There are known three-dimensional solid models of railway track sector
and approaches of simulation the deformation which emerge in rails by mechanical load effect transmitted through
wagon wheels. In accordance with these approaches, emerging deformations are recomputed into wagons weight. The
rail temperature influences on its mechanical properties and, consequently, on the deformation value. In this work,
for the first time, a technique has been proposed that allows one to consider the deformation of the rail under the load
influence, taking into account its temperature variance at different boundary conditions. According to the proposed
approach, the wagon weight is defined by deformation values which are measured by strain gauges located on the rail
web. The developed models include a rail wheel, ties and a rail fragment. The rail fragment corresponding to the railway
track sector on which sensors are mounted geometrically replicates an existent rail type R50 and is situated on the ties
fixed from bottom side. The wheel model complies with an existent solid-rolled wagon wheel type with tread diameter
920 mm, thereby correct contact patch retains in the model. According to the approach, finite-element mesh is generated
on the developed solid models, connections between model fragments are established, and boundary and temperature
conditions as well as acting forces are applied. Sequentially finite-element analysis is performed for all possible
combination of wheel coordinate, load mass and temperature. For every case, deformation values are registered in four
rail nodes corresponding to strain gauges placements. Comparison of finite-element analysis results for two developed
solid models is carried out. The models differ by the way of the rail on the ties mounting and boundary condition
setting on the end faces of the rail fragment, allowing to consider possibility of temperature stresses relaxation. In the
model 1 the rail is connected with ties rigidly, in the model 2 the rail and the ties are connected by a contact allowing
the rail motion along the tie with given friction coefficient. Besides that clamp bolts impact is imitated in the model 2.
The approach is implemented within multiphysical simulation environment ANSY'S for coupled three-dimensional
problem using Static Structural and Steady-State Thermal modules. Simulation results showed that the deformation
values determined by the temperature influence differ for the proposed models. Vertical deformations range of the rail
fragment on which the strain gauges are fastened, at the mass 12,500 kg loaded on the wheel, is from —245 um (bend
down) to 15 pm (bend up) for the model 1 depending on the rail temperature (in the range from —20 °C to +50 °C) and
from —225 pum to —100 pm for the model 2. This allows concluding that the model 2 reflects deformation process more
correctly, and the temperature influence on the deformation is less relevant compared to mechanical load value. The
proposed model in contrast to the known ones implies static weighing characterized by more accuracy, reliability and
simplicity of use. In the future it is planned the executing of the more detail research of a model with two wheels and
an axle for determining optimal simulation time and obtained results accuracy.
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railway monitoring system, loads identification, finite element method, solid state modeling, models updating
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Mogenu n metoguka mogenupoaHus gedopmaumin B CAMNP ANSYS ons cuctem xene3Hog0opOXHbIX BarOHHbIX BECOB

BBenenue

OmeHka BETMIMHBI HATPY3KH, OKA3bIBAEMOH JKETIEC3HO-
JIOPOKHBIM TPAHCIIOPTOM Ha OOBEKTHI JKEIE3HOTOPOKHOM
HHPPACTPYKTYPBI, HEOOXOANMA TIPH UX pa3pabOTKe, MOHH-
TOPHUHTE, TUATHOCTHKE M TEXHUIECKOM 00CTy>KuBaHuH [1],
HO TJIaBHOE — JUIS TIPEIOTBPAIICHUS CITyyaeB Meperpys3Ky,
KOTOpbIE MOTYT BBI3BaTh UX MOBpexkAeHue [2, 3]. B mepByto
odepesib 3TO OTHOCUTCS K IPY30BBIM COCTaBaM, IIPEBHIIIIE-
HUE Beca B BarOHAaX KOTOPBIX MOXKET IPUBOAUTE HE TOJIBKO
K Oosiee OBICTPOMY M3HOCY M Pa3pyLICHHIO JKEJIE3HOI0-
POXHBIX ITyTel U BarOHHBIX KOJEC, HO U K CXOJY COCTaBa
¢ penbeoB [4, 5]. BaxkHoe 3HaueHHe UMEET TaKkKe OLEHKa
PaBHOMEPHOCTH PaCHpEIeNICHNs TPY30B B Baroxe [6].

CucTeMbl B3BEIIMBAHNS B JABYKCHUH TTOJTYUWIIN IITH-
pOKO€ pacmpocTpaHeHHE B 001acTH MOHUTOPHUHTA, M-
arHOCTUKHU M KOHTPOJI COCTOSIHUSA KEJIE3HOJOPOKHOU
nHGPacTPyKTYpHI [7] 3a c4eT BO3ZMOKHOCTH BBITIOTHATH
M3MEpEeHHs BO3JCHCTBYIOIINX HATPY30K M MAacC BarOHOB
0e3 BMeIIaTeNbCTBA B yCTAHOBJICHHBIHN IpaiK CIIEIOBAHHS
noe3oB. OJHaKO TOUHOCTh TAKUX CUCTEM HUXKE, YeM y
crarnueckux [5, 8—10]. Cucrembl cTaTHYECKOTO B3BEIIH-
BaHUS (CHCTEMBI U3MEPEHHsSI CTaTUYECKUX HArpy3ok), B
CBOIO OYepelb, XapaKTepPU3yIOTCS BBICOKOW TOYHOCTHIO,
HaJIeKHOCTBIO, IIPOCTOTOM YCTAHOBKH M KCILUTyaTallHH.
Kpowme Toro, kak mokasaHo B [9], B ciryuae, Koria CKOpocTh
COCTaBa HEBBICOKA, AMHAMUUECKUMHU d(p(hexTamu npu 1BU-
KEHUH COCTaBa MOJKHO ITPEHEOPEYb.

JI1st OLIEHKM BEJIMUMHBI CIIBUTA PEIIbCa, N3TNOAIOIIEro
MOMEHTA U BEPTHKAIBHBIX HATPY30K MCIIOIB3YIOTCS TEH-
30METPUYECKUE JaTYMKHU JedopMannii 1 MEXaHU4eCKOro
HampspkeHud [11-13], nbe30pe3uCTUBHBIC U MHE303JICK-
Tpuueckue cucteMsl [ 14, 15]. ipyrum pacnpocTpaHeHHbIM
CPEICTBOM M3MepeHUst ie(hOpMaIHii SBISIOTCS yCTPOHCTBA
Ha OCHOBE BOJIOKOHHOM onTHYecKoil pemerku bparra [16—
18]. Yame Bcero maryuku aedopMaruii yCTaHaBIHBAIOTCS
Ha wieiike [ 13] unu nogouse [1, 19] penbca.

B paborte [9] uccrenoBaHo BIUSHIE HEPOBHOCTH ITyTEH
1 CKOPOCTH JIBMXKCHHUS COCTaBa Ha BEIMYMHY HArPy30K,
OIIPEAEIAEMYIO CHCTEMAaMH B3BEIIUBAHUS B JBIKCHUH, a
TaKke Ha OCHOBE YHCIICHHOTO MOZIEIMPOBAHNS BBIIIOIHEHA
OIICHKA BIHSHUSA, BHOCUMOIO CTATHYECKUMHU Harpy3KamH
B n3MepseMsble 3HaueHus. OHAKO MpeIaraeMbli OIX0
TpeOyeT JUIMTEIbHBIX BEIYUCICHUH 1 TOCTOOPabOTKH, 1O-
CKOJIBKY CaMU M3MEpEHUS NMPOBOAITCS B AMHAMUYECKUX
ycnoBusx. OlleHuBaHUEe CTaTUYECKUX HArpy30K, MPUXOs-
LIUXCS HA KOJIECO M OCh BO BPEMS JIBIKEHUS], C YUETOM Pa3-
JINYHBIX TUMOB MOE3710B, IPEIaraeTcs U B [5], B TO BpeMs
KaK IMHAMHYECKUE HATPy3KN UCCIIELYIOTCS C TOUKH 3PEHUS
BIIMSTHHS HA HUX KECTKOCTH U JIEMII(pUPOBAHHS PEITLCOBOM
TIPOKJIIaIKH, TIO3UIIHOHNPOBAHNS H3MEPUTEITLHON CHCTEMBI
1 KECTKOCTHY KOHTaKTa. B [6] mpuBeneHa MeToanka KiIacch-
(UKaIMK IBUKYIINXCSI TIO€3/10B TIPH TIOMOIIM CUCTEMBI U3
6 maTuuKoB AeOpPMAIK M OJHOTO IaTYMKa TeMIIEPaTyphl.
KagecTBO M3MepeHmii MOATBEPKICHO CTATUCTUYECKUMU
METOJ[aMH, OJIHAKO aJTOPUTM 3aBUCHM OT ITOJHOTHI 0a3bl
JIAHHBIX ¥ TIpeJIoyiaraeT KaTuOpoBKY MOJEIH OIpe/iere-
HUSI Harpy3ok. B cucreme, npeacrasieHHoii B padore [20],
JUISL OTIPE/ICIICHHsI BEPTUKAIIBHBIX Aedopmaruii npumeHe-
HBI TEH30/JaTYMKN HA OCHOBE BOJOKOHHOHN ONTHYECKON
pemetkn bparra, npukperuisiemMsle K pesbCy MocpecTBOM

MarHMTHBIX «IUIacThIpeiy. [lomuMo nuHammyeckoro, mpo-
M3BOJIUTCS TAK)KE U CTATUYECKOE B3BEIINBAHNUE, A [UIS BbI-
SIBJICHUSI paclpe/ieJIeHHs] Harpy30K 1 JedopManuii B pesbee
UCIIOJIb30BaH KOHEYHO-3JIEMEHTHBIN aHaIU3.

CyIiecTByeT MHOYKECTBO U3BECTHBIX CIIOCOOOB CpaBHE-
HUSl U COBEPIICHCTBOBAHUS KOHEYHO-3JICMEHTHBIX MOJIC-
JIeH: BEpOATHOCTHBIC, IETCPMUHUPOBAHHBIC, OCHOBAHHBIC
Ha aHAJIN3€ YyBCTBUTEIBHOCTH FITH MAaKCHMAJIHLHOM OO0~
Omm, CBA3aHHBIC C TOBEPXHOCTHIO OTKJIMKA U PETYISIpHU-
sarueit [21]. Tak, B [22] mpoBesieHO cpaBHEHHE KOHEYHO-
DJIEMCHTHBIX Moz[eneﬁ ydyacTKa IMO4YBbI 1 60pOHHOFO JUCKa
C LEJIbIO BBISIBUTH CTEIICHb BIMSHUS (OPMBI, Pa3MEPOB H
TUTOTHOCTH Pa3MEIEeHHUs BBITYKIOCTEH U BOTHYTOCTEH Ha
MOBEPXHOCTH JIUCKA Ha CUITY, JISHCTBYIOIIYIO Ha JIUCK CO
CTOpOHBI 00pabaTsIBaeMOi 1MOYBBI. B KauecTBe MHCTpY-
MEHTA JIJIsl OLICHUBAHUS MOBPEKICHUN B UCTOPUICCKHUX
KaMEHHBIX CTPOEHMsX B [23] mpeyioxkeHa reoMeTpuye-
CKasi KOHEYHO-3JIEMEHTHAsI MOJIeTh HCTOPHUYCCKOHN IEPKBU
(XVI Bek, Utanmst), MakcuManbHO TIPUOIIKEHHAS TIO CBO-
UM KHHEMaTH9YEeCKIM U THHAMUYIECKUM XapaKTePHCTHKAM
K pe3yibraTaM HaTypHBIX U3MEpeHM. BhinoiaHeHo cpas-
HEHHUEC MPCABAPUTCIBHBIX KOHEYHO-2JICMCHTHBIX MO}IeJ’IeI\/’I,
OTIINYAIIUXCA T'PAaHUYHBIMU YCJIOBHUAMU: B OJIHOﬁ u3
Moyieneil OCHOBaHME 3/1aHus (PUKCHPOBAJIOCH, B IPYTOi —
3aaBaJIOCh YIPYTUMH MPY>XMHHBIMH TIOJIBECKaMu, 1 Oojee
MPUOIIDKEHHBIC K IAHHBIM U3MEPEHUH Pe3y/IbTaThl O3B0~
JIMJIM Pa3padoTaTh TPETho, 00JIEe TOUHYIO MOJEIIb.

Ienp HacTosmel paboOTHI 3aKiI0daeTcsl B pa3pabor-
K€ TBEPIOTEIBbHBIX KOHCYHO-3JIEMECHTHBIX MOJENCH U
METOIUKH MOJCTUPOBAHUS IepopMaIuil B )KeIC3HOIO-
POXHOM penbce TIOA BO3ACHCTBHEM HArpy30K IS WACH-
TruKay Beca (Macchl) KeIe3HOIOPOKHBIX BarOHOB.
OCco0EHHOCTSIMH TIPEJIaraeMoro TMoIXo/1a SBISIOTCS Oosee
KOPPEKTHOE BOCIIPOU3BEICHHE FeOMETPUUECKHX U (hr3nye-
CKHX XapaKTePUCTUK MOJIEITMPYEMbIX OOBEKTOB, YUeT BIIHSI-
HU TEMIIEPATYPhI PEJIbCa U IMO3UIUOHUPOBAHUA BarOHHOI'O
KOJIeCa OTHOCHTEIILHO YCTAaHOBJICHHBIX JIATYNKOB Ha BEJU-
YuHYy Je(QOopManuil U, COOTBETCTBEHHO, HCIIBITHIBAEMBIX
Harpy3oK, a TaKKe UCCIIeIOBAHNE M YTOYHCHNE TPAHIYHBIX
yCIIOBHI JuTs 00J1ee KOPPEKTHOTO BOCIPON3BE/ICHNS MOJIe-
JUPYEMOTo TIpoIiecca.

TeepaoresibHbIE MOIEJIH
U METOAUKA MOJIeJTHPOBAHUSA

IlepBas TBepmoTEIBHAS MOIEINb (MO/EIB 1), IpeacTaB-
JICHHAs Ha puc. 1, a, U pa3paboTaHHAs METOIUKA MOJICIIH-
POBaHUS MMO3BOJISIOT ONPEACIATh 3HAUCHUS JehopMannii
U MEXaHWYECKUX HAMPSHKEHUI B MECTaX MPe/IIoiaraeMoi
YCTAHOBKH TEH30/IaTYUKOB CHCTEMbI JKEJIE3HOJOPOKHBIX
BecoB [24]. OcOOEHHOCTHIO METOANKH SIBIISICTCS YUET TEM-
HepaTypHbIX JiehopMaIHii, KOTOPBIM PENbC TOBEPraeTcs B
Iporiecce ero SKCcruTyaramy. Mozens | Ob11a uceaenoBana
B cpeane ANSYS Workbench (moaynu Static Structural u
Steady-State Thermal) ¢ psiiom nomyIieHuA: paccMOTPEeH
TOJIBKO yYacTOK peiibca AJIMHON 1 M, Jexamuii Ha ABYX
IINaax; pejabc )KECTKO CBS3aH CO IIMalaMH, IINalbl 3a-
KPEIUICHBI C HIJKHEH CTOPOHBL; 00a TOpIa peibca CBOOOTHO
neopMUPYIOTCS B OTBET Ha TEILIOBOC BO3JICHCTBHC Ha
pelbe; 3aada CYNTACTCS CAMMETPUIHON OTHOCHUTEITBHO
CepeIMHbI OCH KOJieca, ¥ PACCMATPUBAIIACH TOJIBKO MOJIOBH-
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Puc. 1. TBepnotensusie Mogenn 1 (a) u 2 (b). B yBenmdaenHoM Macurrabe moka3aHbl IPKUMHON OONT M IIIOCKOCTH, HA KOTOPYIO
JEUCTBYET NPHKUMHAS CHIIa

Fig. 1. Solid-state models 1 (a) and 2 (b); the clamp bolt and surface on which downforce acts are shown scaled up

Ha CTPYKTYPBI, T. €. OJIMH PEJIbC M OJHO Kojeco. Ha puc. 2
CXEMaTHYHO TPEACTABICHA KEJIE3HOAOPOKHAS TUIETh U
0003HaYEHBI KOMIIOHEHTHI ee (parMeHTa, oOpas3yromle
00BEKT, UCCIIeNyeMbIi B HACTOSIIEH padoTe.

Ilon Bo3neiicTBHEM TEMIIEpPATyphl OKpYIKaIOLIEH Cpebl
KEJIe3HO0POKHAs TIIETh (y4acTOK PElbCOBOTO MOJIOT-
Ha, O'PAaHUYEHHBI HECBAPHBIMH CTBIKAMH, B IIpEesax
KOTOPOTO PEIICHI COSIUHSIIOTCS MEXKIy co00i CBaApHBIM
CII0CO0OM) YIUIMHAETCS WM COKparnaercs. MoxHO mpef-
MTOJIOXKHTD, YTO AATYUKH IS )KEIE3HOJOPOKHBIX BECOB
JIy4Ille BCETO pacriojlaraTb Kak MOJKHO Onmxe K HecBap-
HOMY CTBIKY, T. €. K OJHOMY U3 KOHIIOB KeJIe3HOJIOPO’KHOI
TUIETH, TOCKOJIBKY B 3TOM MECTE ITyTeM U3MEHEHUS HINPHU-
HBI 3230pa HECBAPHOTO CTBIKA, TEMIIEPATYPHBIE HAIIPsIKE-
HUSI MOTYT PEIAaKCHPOBaTh, M MX BKJIAJl B BEPTUKAIbHYIO
COCTABJIAIONLYIO Je(OopMaIui peNbca MUHUMAJIEH, YTO
JIOJIKHO YMEHBIINTh HOTPELIHOCTh U3MEPEHUs MacChl XkKe-

naruuk 4

mraia

JIaTYhK 3

u udu

HECBAapHOU CTBIK aTyuK 2

naTyuk 1

Puc. 2. CxemaTn4yeckoe peICTaBICHUE PelIaeMoi 3a/1auu

Fig. 2. Schematic of the solvable problem

JIC3HOIOPOKHBIX BaroHOB. TakuM oOpa3om, B moxenu |
HEOOXOIMMO YUIECTh Pa3IMIHbIC YCIOBHUS IS IBYX TOPIIOB
penbca: BO3MOXKHOCTB €T0 YUIMHEHHUS CO CTOPOHBI HECBAp-
HOTO CTBHIKA ITOJT BO3JACHCTBHEM TeMIIepaTyphl OKpPYKako-
LIEeH cpelibl U OTPAHUYEHUE TAKOM BOZMOKHOCTH € APYTOH
CTOPOHBI BBHY TOTO, UTO MaTepHal OCTaJbHOI MacChl
TUIETH CONPOTHBIISIETCS PACIIMPEHHIO.

Bropas tBeprorensHas Moaenb (Mozens 2) (puc. 1, b)
Obl1a pazpaboTaHa ¢ y4eTOM BO3MOXXHOCTH TEILIOBOTO
pacuIMpeHus pebcoBOro MoJoTHA. B manHo# Moxenun
OTpaHMYEHUEM BO3MOKHOCTH YJIMHEHUS peibca U3-3a
CONPOTHBIIEHHS MACChI IUIETHU SBIISIOTCS TPAHUIHBIE YCIIO-
B Ha OTHOM U3 TOPIIOB PEJIbCa, 3alpeIarolie mepeMe-
meHus 1o ocu X, T. €. Ag, = 0. BO3MOXKHOCTb yIJIMHEHUS
penbca obecreunBaeTcs 3afaHIEM B MOZIETIH 2 HHOTO THITA
KpeTieHus pesbca K mmane. B mogenu 1 penbe coennneH
co mmaJioil koHtaktoMm bonded (xecTkoe 3aKkperieHue), B
Mojeiu 2 — KoHTakToM frictional, KOTOpEIiA 0OecieunBaeT
BO3MO)KHOCTD JIBHIKCHHUS pelIbca I10 MINaje ¢ 3aJaHHbIM
ko3¢ durrienToM Tperus 0,6. JI0MOTHUTENBHO PEbC MPHU-
JKaT K HInajie B ABYX Toukax ¢ cuiioil 20 kH, uro umMutu-
pyeT AeWCTBUS NPUKUMHBIX 00NTOB MM cKoO. Ha Hux-
HUX CTOpOHAX IINaJ IPaHUYHbIC YCIOBUS 337aHbI B BHJC
Asx,y’z = 0. B oboux ciaydasx MCCIeIOBaH JUAMa30H Ha-
rpykaeMbix Macc ot 2500 kr o 12 500 kr npu pacyere Ha
OJTHO KOJIECO BOCHMHKOJICCHOTO BaroHa Il TPEX pasiid-
HBIX TemIiepaTyp penbea: muayc 20 °C; 22 °C; 50 °C. Ilpu
3aJIaHuU IPAHUYHBIX YCIOBHI st 3anaun Steady-State
Thermal B ciy4ae BbICOKOIl TeMIepaTyphbl JJisi BEPXHUX
noBepxHoCTel Mojienu penbea ¢ = 50 °C, i 0CTalIbHBIX
MOBEPXHOCTEH 3a/1aHbl YCIIOBHS TerioooOMeHa ¢ koaddu-
ruenTtoM Temtonepeaaun 25 Br/(mM2-°C) u temmeparypoit
okpy»katomeit cpeast 30 °C; st HU3KOM TeMIeparypsl Ha
HIKHEH noBepxHocTu penbea ¢ =0 °C, a Ha 0CTaIbHBIX
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3aganbl Koddduuuent remwionepenaun 25 Br/(m2-°C) u
TeMIeparypa okpyxaroiuei cpeasl munyc 20°C. 3anaya
pelieHa Juisl CIeAYIOIUX TapaMeTpoB Marepuaa Koyieca
U pernbea: WioTHOCTh 7850 kr/m3, Momyis FOura 2- 1011 T1a,
ko3¢ durment Ilyaccona 0,3.

OcHoBHasl 3a/1a4a UCCIICIOBAHUSI — CPaBHEHHUE pe-
3yIbTaTOB MOCITUPOBAHUSA Mojenei | u 2, a MMEHHO,
YTOYHEHHUE CTENICHU BIIHMSHUS TEMIIEPATyphl HA 3HAUCHUS
nedopMaruii B MecTax mpeanojaraeMoil yCTaHOBKH TEH-
30METPUYECKUX JIATIYMKOB.

Ananus pe3yabTaToB

B cpeme ANSY'S Mechanical Bo3moskeH pacuet nedop-
Maruii, BOSHUKAOIIIX B KOHEYHO-3JIEMEHTHOM MOJICIIH TTO]
BO3/ICHCTBHEM PA3THMYHBIX MEXaHUYECKUX MIIA TeMIIepa-
TYPHBIX 3(P(PEKTOB, IO TPEM 0CAM KOOPIMHAT (TPEXMEPHBIH
ananm3). Ha puc. 3 mokazano pacnpesenenue aegopmanuit
0 TPEM OCSIM JIJISl BCeH MCCIIeAyeMOii CTPYKTYPBI (KOJIeco,
PpelibC, LINabl) MPU CIEAYIONMX UCXOJHBIX AaHHBIX: MO-
nenb 2; macca Harpy3ku 12 500 kr; Temmneparypa okpyxKa-
romeit cpenst 22 °C; KoopiuHaTa T€OMETPUUECKOro LIEHTpa
KoJIeca, OTCUUTHIBAeMas OT JIEBOTO Kpasi )parMeHTa penbca
(puc. 1) 350 MM. AHaTOTUYHBIC UCXOHBIC JAHHBIC OTHOCST-
csi K puc. 4 1 5 (32 HCKITIOUEHUEM 3HAYCHUH TEMIIEpaTyphI).

Monyas: Static Structural
Tum: Hanpasiennas pedopmars (1o Y)
Enunuua usmepenus: 107 m

8,9525 Makc.

6,9535

49544

2,9554

0,9564

~1,0426

-3,0416 Y
-5,0406

~7,0397

-9,0387 Mun.

VA

Monyas: Static Structural
Tum: O6mas nedopmarms
Enununa

mmepenus: 1074 m

9,4022 Makec.

0,000 0,500 1,000 m

Puc. 3. Pacupenenenue nedopmaruii B CTpyKType IIpH
temmneparype 22 °C

Fig. 3. Distribution of the deformations in the structure at
temperature +22 °C

0,000 0,400

Mopyas: Static Structural
Tumn: Hanpasnennas nedopmarys (1o Y)
Enununa nzmepenus: 10° M

6,5179 Makc.
2,9533
-0,6112
—4,1758
—7,7404
-11,305 Y
—14,869
—18,434
-21,999
-25,563 Mun.
Z

0,800 M

0,000 0,400

0,800 m

Puc. 4. Pacnpenenenus nedopmaruii mo ocu Y B pensce mpu temneparypax 50 °C (a) u munyc 20 °C (b)

Fig. 4. Distribution of the deformations along the Y axis in the rail at temperatures 50 °C (a) and —20 °C (b)
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Ansys

2021 R2

0,000

Monayas: Static Structural
Tum: Hanpasnennas nedopmanyus (1o X)
Enunuua uzmepenus: 107 m

3,6423 Makec.
2,9131

2,1839

1,4547

0,7255
—-0,0036
-0,7328
—-1,4620
-2,1912
-2,9204 MuH.

0,045

)
0,090 m

S 4 W
SOV AN

Puc. 5. Pacipenenenus nedopmaliuii: ¢ ykazaHueMm touek uameperus nedopmarmu 1 u 2 (a); mo ocu X B CeYSHUH pelibca
npu ¢ =22 °C (b)
Fig. 5. Distribution of the deformations with indication of deformation measure nodes 1 and 2 (a); along the X axis in rail section at
t=22°C (b)

PesynbraTel pacuera pacnpeneneHns BepTUKaIbHBIX
nedopMaIiuii o TONIINHE pelibea mpu Temmeparypax 50 °C
u munyc 20 °C npencrasiessl Ha puc. 4. Bugno, uto pas-
HUna aedopManuii B BEpXHEH 4acTH penbea, HaXosIencst
HETOCPEACTBEHHO TI0/] KOJIECOM, ISt IBYX KpalHHUX TeMIIe-
paTypHbIX ciyuyaeB gocturaet nopsjaka 200 Mxm.

Ha puc. 5, a mokazano pacrmpeneicHue aedopMariit
IO TPEM OCSIM B peribce TpH Temmeparype 22 °C, a OKpyx-
HOCTSMH 0003HauEHBI TOUKU M3MepeHus aedopmarmm |
2. IlockonbKy aHAIM3 TEMIIEPATYPHBIX U MEXAHUYECKHUX
BoznieicTBU B ANSY'S BBITIONHSIETCS JIs1 KOKIOTO y3i1a
KOHEYHO-3JIEMEHTHOM MOJEIH, 3TO MO3BOJISAET OLICHUTD
pe3ysbTaThl pacuera pacnpejaeneHus aedopmanunii B Tom
YHCIIe BHYTPU CTPYKTYPHI, & HE TOJIBKO Ha €€ IIOBEPXHOCTH
(puc. 5, b).

3aBUCHMOCTH JIeOopMaLiy Pebca Uil TOYEeK U3Mepe-
Hust repopmarmu 1 u 4 (puc. 2) ot Harpy»)aeMoi Macchl,
TeMIIepaTypbl pesibca M PACTIOIOKEHUSI [IEHTPa OCH Kojleca
s mozenert 1 u 2 npuBenensl Ha puc. 6. B pesynbrare

CpaBHCHUA MOACIIUPOBAHUA 11 MOACIN 1, BBITIOJIHCHHOT'O
0e3 ydyera 0COOCHHOCTEH TEMIIEpaTypHOTO BIMSHUS Ha
MPOTSHKEHHBIN PENBCOBBIN MyTh, C Pe3y/IbTaTaMH MOJEIH 2
(puc. 6) MOXKHO czienaTh BBIBOJ, YTO (pOpMa 3aBUCUMOCTEH
BEPTHKAJBHBIX JehopMaluii B MECTax MpearnoiaracMoi
YCTaHOBKU TEH30METPHYECKHX TaTIMKOB 1 U 4 OT pacnono-
JKEHHS KoJieca Ha pesibee, TEMITEPaTypbl U MacChl HAarpy3KH
COXpaHseTcs.

CoxpaHseTcs TakXKe TOJ0KeHHe Hanboee KPYTHIX
y4acTKOB rpaduka, KOTOpble COOTBETCTBYIOT AUANa30HAM
250450 mm 1 650-750 mm. TTosto’keHHE TOUYKH, COOTBET-
CTBYyIOLIEH HanOOJbIIEMY NPOTUOY pejibca MO BO3/IeH-
CTBHEM Harpy3KH, KOTOpoe JUisi MoZIeH | Bceraa CoOTBeT-
CTBOBaJIO KoopauHare 550 MM, Juist MOjIeNu 2 HE COBIaIaeT
¢ xoopauHaroit 550 MM npu Temneparype penbca MUHYC
20 °C u cootBercTByeT KoopauHare 450 mMm. B monenu 1
NPU HATPEBAHUU PEIIbC PACLIMPSIICS U U3THOAINCS BBEPX,
HPH OXJIAXKICHHH, HA000POT, CKMUMAJICS U U3THOAJICS BHU3.
AHAJIOTUYHOE TIOBEJICHHE MOYKHO HaOMIONATh U B MOJICIH 2,
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Puc. 6. 3aBucumoct nedopmariuii pesibca B TOYKax YCTAHOBKH IaTYHKOB | M 4 OT Macchl Harpy3KH M KOOPIMHATHI Kojeca
npu TeMreparypax peibca: munyc 20 °C (a, b), 22 °C (¢, d), 50 °C (e, f) nns mozeneii 1 (a, ¢, e) u 2 (b, d, f)
Fig. 6. Dependence of the rail deformations in sensor installation nodes 1 and 4 vs. the load mass and the wheel coordinate at rail
temperatures: —20 °C (a, b), 22 °C (c, d), 50 °C (e, f) for models 1 (a, ¢, ) and 2 (b, d, f)

OJTHAKO BIMSTHHE TEMIIEPaTypPHBIX nedopManuii s Mo-
nenu 2 Hike, ueM aust mopenn 1. Tax, mms Mmoxenn 2 pu
temmeparype 50 °C B obrmacTn MaKCHMaJIbHOTO MPOTHOA
penbca ¥ Ipu MaKCHUMalbHOW HArpy3Ke BepTHKaJIbHBIE
nedopmaruy IPUHAMAKOT OTPULIATESIIBHBIC 3HAYCHMS, TOTIA
KaK KpUBBIE HA COOTBETCTBYIOIIEM TpaduKe st Mozesu 1
HaXOAsSITCA B 00JIACTH IOJIOKUTEILHBIX 3HAYEHMIT; a0co-
JIIOTHBIC 3HAYCHUS Ae(opMaliuii TP TEMIIEPaType MUHYC
20 °C nnst Mozenu 2, COOTBETCTBEHHO, OKA3bIBAKOTCS HUAXKE,
4yeM 11 Monenn 1. MoXHO ¢/ieniaTh BBIBOJI, YTO ONMHCAHHAS
METOAWKA yYeTa BIHUSHUS TEMIIEPaTyphl OKpYyXKaromen
Cpebl Ha PeTbCOBOE TIOJIOTHO OTIpaB/IaHa.

B nanpHeiiiem riaHupyeTcst UCCIIEA0BaTh TBEPAOTENb-
HYIO MOJIEJTb KOJIECHOM Taphl IS ONPEACTICHUS BIASHUS
TIPUHATOTO B HACTOSATICH padoTe yIpoIIeH:s Ha BETHIHHBI

nedopMmanuii, a TakKe HCCIe0BaTh, HACKOIBKO JJINHA
perbea OT MecTa MPEATIoTaraéMoro pacioIoKeHNs TeH30-
JIATYMKOB JI0 HECBAPHOT'O CTHIKA BIMACT HA 3P (HEKTUBHOCTH
OIIPEEIICHNSI BEINUMHBI HATPYy3KH.

3akaouenune

B pabore BBITIONHEHO CpaBHEHHE KOHEUHO-AIIEMEHT-
HBIX MOJIEJICH CHCTEMBI B3BELINBAHMUS JKEJIE3HOTOPOKHBIX
BAaroHOB, a TAKXKE Pa3pabOTaHbI M YyTOUHEHBI METOAMKH MO-
nenupoBanus. [1o pesynbraram ucciieqoBanust Moaenu 1 u
MOZIeNH 2, KOTOpasi OTIIMYAeTCs] OT MOJEIH | TpaHUYHBIMU
yCIIOBUSIMHU, 00JIEe PETIEBAaHTHO BOCIIPOU3BOASIIIUMH OCO-
OCHHOCTHU MEXaHHYECKOTO BSaHMOHeﬁCTBHH KOMITIOHCHTOB
MOJIENH, YCTAaHOBIIEHO, YTO:
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— COINIaCHO pE3yJIbTaTaM MOACINPOBAHNS MaKCUMaJIbHAsA

14.

BEJIMYMHA BEPTUKAIBHOU JieopMaluyl y4acTKa pelib-
ca, Ha KOTOPOM 3aKpeIlIeH TeH30/1aTYHK, ITPH MTOJTHOH
3arpy»KEHHOCTH BaroHa COCTABIISACT ISt MOAETH | OT
MUHYC 245 MM (13ru0 BHA3) 10 15 MKM (M3rH0 BBEPX)
B 3aBHCHUMOCTH OT TEMIIEPaTyphl peibca, a Ui Mojie-
7m 2 — oT MuUHYC 225 MM 10 muayc 100 MM (13rH0
pensca BHA3 B 000HX CIydasx);

CTEIICHb BJIMSTHUSA TEMIIEPATYPHBIX yCIOBUI Ha BEIU-
YHHY BEPTHKAJIBHBIX JIe()OopMaInii pesibca B yCIOBHIX
MOJICIIBHOTO 9KCIEPUMEHTa (MOJeIb 2) OKa3bIBACTCA
MEHbIIIE [0 CPABHEHMIO C BIMSHUEM TEMIIEPATYPhI B
TIEPBOM JKCIIEpUMEHTE (MOJIeNb 1);
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AHHOTAIUSA

Beenenue. PaccMoTpeHbl BO3MOAKHOCTU MOJCIMPOBAHUS TEUCHUH BA3KOH HECXKUMaEeMON JKUAKOCTH IPU IOMOLIU
MeToJla pemeTouHbIX ypaBHeHuil bonbimana (Lattice Boltzmann Method, LBM). B otiuume ot kiaccuueckoro
MaKpOCKOITMYECKOTO MOJX0/1a, OCHOBAHHOTO Ha pellieHnu ypaBHeHni HaBbe—CTOKCa, B METO/IE PELIETOUYHBIX YPaBHEHU I
BonbliMaHna uCTIONb3yeTCsl ME30CKOITUUECKas MOAENb Ul MOAEIUPOBAHNS TEYEHUH JKUIKOCTH. MaKpOCKOUUeCKHe
TapaMeTphl KHUJIKOCTH, TaAKHE KaK MIIOTHOCTh M CKOPOCTh, BBIPAXKAIOTCSA Y€PE3 MOMEHTHI AUCKPETHOH (QyHKIMN
pacnpenenenus. Merod. JluckpeTusanus pemieTouHOro ypaBHEHHsI bonblMaHa OCYIIECTBISETCS MPU MOMOIIH
cxeM D2Q9 (aBymepHsiii cnygait) 1 D3Q19 (Tpexmepnslil ciayyait). s MOZETUPOBaHUS CTOJIKHOBEHUN MEKIY
NICeBJOYacTHIIaMK NpUMeHseTcsl npudnmkenne bxarnarapa—I'pocca—Kpyka ¢ ogHIM BpeMeHEM pellakCanuu.
O06cyxaaroTcsi 0COOCHHOCTH MOCTAaHOBKM HA4YaJdbHBIX U I'PAHUYHBIX YCJIOBHH Ha PAa3iIMYHBIX I'PAHHMIAX PACUCTHOM
obnactu. OCHOBHBIE pe3yJbTaThl. Pa3BUBAIOTCS NPEJCTABICHUSI O 3aKOHOMEPHOCTSAX (OPMUPOBAHUS BUXPEBBIX
TEYCHUH B KBaJpaTHON KaBepHE, a TaKXkKe IPOCTPAHCTBEHHBIX CTPYHHBIX MOTOKOB BHYTPU KPYINHOMACIITAOHBIX
BUXPEBBIX CTPYKTYP B IIPeJieNax 3aMKHYTOTO IPOCTPAHCTBA KyOUUECKOi KaBepHbl. BEIMOITHEHO CpaBHEHHE PE3yIIbTaTOB
pac4yeToB XapaKTEPUCTUK TEUEHUS B KBaJAPATHON M KyOMUYECKOW KaBepHE MPH pazIUYHbIX ynuciax PeifiHombaca ¢
JaHHBIMH, UMEIONUMICS B JINTEPAType U MOTyUCHHBIMH Ha OCHOBE METO/a KOHEUHBIX 00beMoB. VccnenoBana
3aBUCHMOCTH YHCICHHOTO PEIICHUs, a TAKXKE MOJOKEHH KPUTUIECKUX TOUCK Ha CTEHKaX KyOMYeCKOH KaBepHBI OT
pasmepa ceTKH. BbIoaHEeHO cpaBHEHUE BPEMEHH CUETa CO CKOPOCTBIO BBIYKMCICHUH B METOJE KOHEUHBIX PA3HOCTEH U
MeTo/Ie KOHEUHbIX 00beMoB. Ofcy:kaeHne. PazpaboranHas peann3anys METOAa PEIIETOUHBIX YpaBHeHHH Bombimana
IPE/ACTABIISCT UHTEpeC ANl Iepexoja K MOCIeAYIOEeMY MOJCIUPOBAHUIO HEN30TCPMUUECKUX U BBICOKOCKOPOCTHBIX
TEUCHUH.
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Abstract

The possibilities of simulation of viscous incompressible fluid flows with lattice Boltzmann method are considered.
Unlike the traditional discretization approach based on the use of Navier—Stokes equations, the lattice Boltzmann method
uses a mesoscopic model to simulate incompressible fluid flows. Macroscopic parameters of a fluid, such as density and
velocity, are expressed through the moments of the discrete probability distribution function. Discretization of the lattice
Boltzmann equation is carried out using schemes D2Q9 (two-dimensional case) and D3Q19 (three-dimensional case).
To simulate collisions between pseudo-particles, the Bhatnagar—Gross—Crooke approximation with one relaxation time
is used. The specification of initial and boundary conditions (no penetration and no-slip conditions, outflow conditions,
periodic conditions) is discussed. The patterns of formation and development of vortical flows in a square cavity and
cubic cavities are computed. The results of calculations of flow characteristics in a square and cubic cavity at various
Reynolds numbers are compared with data available in the literature and obtained based on the finite difference method
and the finite volume method. The dependence of the numerical solution and location of critical points on faces of
cubic cavity on the lattice size is studied. Computational time is compared with performance of fine difference and
finite volume methods. The developed implementation of the lattice Boltzmann method is of interest for the transition
to further modeling non-isothermal and high-speed compressible flows.

Keywords
Boltzmann equation, lattice Boltzmann equation, lattice, viscous fluid, cavity, vortex, stream function, critical point,
visualization

Acknowledgements

The research was carried out within the framework of the scientific program of the National Center for Physics and
Mathematics (project “Mathematical modeling on supercomputers with exa- and zettaflop performance”).

For citation: Brykov N.A., Volkov K.N., Emelyanov V.N., Tolstoguzov S.S. Application of lattice Boltzmann method to

solution of viscous incompressible fluid dynamics problems. Scientific and Technical Journal of Information Technologies,
Mechanics and Optics, 2024, vol. 24, no. 2, pp. 293-305 (in Russian). doi: 10.17586/2226-1494-2024-24-2-293-305

BBenenue

TpanuuoHHBINA MOAXOA K PEUICHUIO 3a]a4 JTHHAMMU-
KM BS3KOH JKUJIKOCTH OCHOBAH HA YHCJICHHOM PEHICHUH
ypaBHeHuit HaBbe—Crokca. Cpeau Ipyrux moaxoaoB K
MOJICIUPOBAHUIO TEUEHUN BA3KON HECHKUMAEMOMN XKUJ-
KOCTH NMPUMEHEHHE HaXOJUT METOJ PEIIEeTOYHBIX ypaB-
Henuit bonermana (Lattice Boltzmann Method, LBM)
[1-4]. B LBM Teuenue CIIOMHON Cpeabl pacCMaTpUBa-
eTcs Kak JABIXKEHHE OO0JbIIoro Habopa 4acTHIl ¢ HEKOTO-
poii dyHKIHEH pacnpenenaeHns Mo AUCKPETHBIM CKOPO-
cTaM. B ocHOBe MeTOo/1a JIeXKNT KHHETHIECKOE ypaBHEHHE
Bbxarnarapa—I'pocca—Kpyka (Bhatnagar Gross—Krook,
BGK). Pemetounsie ypaBHeHHS bonpMana momydaroTcs
n3 mozenn BGK myTem orpaHndeHus gucia BO3SMOKHBIX
MOJIEKYJSIPHBIX CKOPOCTEW HEKOTOPBIM JIMCKPETHBIM HAa00-
poMm u 3aMeHOH nuddepeHIMaNTbHBIX ONIEPaTOPOB Pa3HOCT-
HBIMU COOTHOIIEHUSMHU.

K noctounctsam LBM oTHOCHUTCS poCTOTa peanu-
3alUH ¥ BBIYUCINTEIbHAS d(PPEKTUBHOCTD, a TaKkKe IIn-
pOKHE BO3MOXKHOCTH JUIsSl paclapaeInBaHusl, KOTOpbIe
OIPEIEIIAIOTCS JTOKAITBHOCTBIO BhIUUCIIEHHH. [Ipun pemennn
ypaBHeHuil HaBbe—CToKCa JIJ1s1 HEC)KUMAEMOM HKUAKOCTH
LBM mMeeT cX0JICTBO ¢ IICEBIOCKNMAaEMBIMH METOIAMMU,
KOTOpBIE 00ECIeUYNBAIOT POCTOTY M MACIITAOUPYeMOCTh
BBIUMCIIUTENBHOM MPOIETyphl 32 CUET BBEACHUS HCKYC-
CTBEHHOH c)kmmaemocTd. Kak u mceBmocKuMaeMbie Me-
Toabl, LBM mno3BosisieT u30exkarh pelieHus: ypaBHEHUs

ITyaccoHa, HENOKaNbHOCTh KOTOPOTO OTPAHUYMBAET MPO-
M3BOJIUTEIILHOCTD BEIYUCIIUTEILHOM TIporieayphl. Tsokembie
BbrynciieHus: B LBM SBIISIFOTCSI JIOKaIbHBIMU (OTpaHUYEHBI
y3JIaMH), YTO CIIOCOOCTBYET €ro MPOU3BOIUTEIBLHOCTH U
pacnapauienuBanuio. B To xe Bpems LBM oGnanaer Hus-
KOI YCTOHYMBOCTBIO M HEBBITIOJIHEHUEM YCIIOBHUS CETOUHOM
CXOTMMOCTH, JIIsL yCTPAHEHHSI KOTOPBIX TIPOBOAUTCS MPO-
meaypa perymaspuszanuu [S].

LBM wucnons3yercs uisi MOAEIUPOBAHUS TEUEHUH B
0071aCTAX CIOKHOW reoOMEeTpHIeCcKOo (hOPMBI ¢ yueToM
pa3nuuHbIX (U3MUecKuX dPPEKToB (MOPUCTHIE U MHOTO-
(hazHble cpelibl, TEYSHUsS] CO CBOOOIHOW MOBEPXHOCTHIO U
TeronepeHocom) [6—11]. ITpu mogenupoBaHUM MHOTO-
KOMITOHEHTHBIX M MHOTO(a3HbIX TEUCHHH JHara3oH Bs3-
KOCTEH M IUIOTHOCTEH SIBJISIETCSI HECKOJIbKO OrpaHHYEH-
HbeiM [12, 13].

OnnuMm n3 HepoctatkoB LBM saBnsieTca orpanude-
HHUe Ha yucyio Maxa (CKOpOCTH YacTHIl IPUHAAIEXKAT K
TUCKpeTHOMY Habopy). s coxpanenus 3ppeKTuBHOCTH
LBM B mmpokoMm Iuama3oHe mapaMeTpoB pa3padaThiBa-
IOTCSI €T0 Pa3NNYHbIE MOAU(DUKAINH, TPUEMIIEMBIC IS
MOJICTUPOBAHMS HEM30TEPMUUIECKUX U BBICOKOCKOPOCT-
HBIX TeueHui [14—17]. Monenu, npegHa3HaueHHBIC IS
MOJICIIMPOBAHMSI COKMMAEMbIX TEUEHHH, 00CYKIAI0TCs B
paborax [18-22].

B rubpuaHoM 1moxxo/e MpeanonaraeTcsi COBMECTHOE
pelleHne KMHETHYeCKoro ypaBHeHHs bonbiiMana B Tex
obnactsx, e QyHKIUS paclpe/ieieHUs] B CyIIECTBEHHOM
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H.A. Bpbikos, K.H. Bonkos, B.H. EmenbsaHoB, C.C. Tonctory3os

CTENEHM OTJIMYAETCS OT PAaBHOBECHOM, U PEIIETOUYHBIX
ypaBHeHu#l bonbimMana tam, 1€ OTKIOHEHUE (QyHKIUH
pacnpenieneHust OT PpaBHOBECHON CPaBHUTEIBHO HEBEJIUKO
[23, 24]. Ha rpaHumax pa3Tu4HBIX MO00IACTEH Mpoms3-
BOJUTCS CIIMBKA PEIICHHM, MOJYICHHBIX TIPH ITOMOIIN
Pa3TUYHBIX OAXO00B. Peanm3arus ruOpugHOTrO MeToIa
MPUBOIUT K DKOHOMHH BBEIYHCIUTEIHHBIX pecypcoB 0e3
YMEHBIIICHUS TOYHOCTH BBIYHCIICHUI.

Paszpabotku B o6mactit LBM noBeneHs! 0 TporpaMm-
HBIX KOMIUTIEKCOB C OTKPBITBIM HCXOIHBIM KOJIOM, KOTOpBIE
MPUMEHSIOTCA JUI PELIeHNs 3aa4 pa3InyHoro knacca. K
KOMILIEKCAM € OTKPBITBIM HCXOIHBIM KOJIOM, B YaCTHOCTH,
OTHOCHTCS TIAKET, Peaju3alns KOTOporo o0cyKaaercs B
paborax [25, 26] 1 npenHa3HAYCHHBIN TS MOJICTUPOBAHHS
TEYeHUI CO CBOOOTHBIMU TPAHULIAMH.

Hecmotps Ha nomynsapaocts LBM u nmMeromuecst MHO-
TOYHUCIICHHBIC IPUMEPBI €TO PeaTU3aIliH U MPAKTHICCKOTO
WCTIOh30BaHUs, IPEACTABISICT HHTEPEC OICHKA BO3MOXK-
HOCTEH MOAX0/a JUTS MOJCITUPOBAHNS BUXPEBBIX TCUCHUN
BSI3KOH HEC)KUMAEeMOH sKuAKoCTH. B HacTosmielt paboTe me-
TOJI PEIICTOYHBIX YpaBHEHUI bopliMana mpuMeHseTcs s
peIIeHNs IBYX IIHPOKO PACTIPOCTPAHEHHBIX 3a/1a4, CBSI3aH-
HBIX C PACYETOM XapaKTEPUCTUK MOTOKOB B KBAJIPATHOH U
KyOHMuecKoll kKaBepHaX C MOJABM)KHON BEpXHEH CTEHKOM.
Pe3ynbpraThl UNCIEHHOTO MOAETUPOBAHUS CPABHUBAIOTCS
C JUTEPATYPHBIMU JAaHHBIMU. J{J1s1 OLIEHKU BBIYHCIINTEIb-
HOM 3(p(peKTUBHOCTH pa3IMYHBIX TTOIXOJOB IPOBOANTCS
CpaBHEHHE BpeMeHU cuera npu nomoiu LBM u xoneu-
HO-00beMHBIME TIoAXOomaMu. OMpeeSroTCs HallpaBICHUS
TATBHEHITNX MCCIIeOBAHHMA, CBI3aHHBIX C PACIIHPCHUEM
rpanul npuMmeHuMoctu LBM.

YpaBHenue boabumana
¢ IMCKPETHBIMH CKOPOCTSIMU

PaccMoTpuM KnHeTnueckoe ypaBHeHue bonbimana
IUTsL OTHOYAacTHYHOW (pyHKUIUU pacrpexneneHus f(r, &, 1)
(meficTBHEM BHEITHUX CHJI IPEHEOpEraeTcs)

0
a—fwf: Q. ). ()

rie t — Bpemsa; r = (X, y, z) — paaHyC-BEKTOp;
€= (& &, &) — Bexrop crxopoctn yacTuLpL; CX(f, f) — ore-
parop CTOJIKHOBEHHH.

MakpocKonn4YecKkre XapakKTepUCTHKU KHIKOCTH, Ha-
TIpUMep, TIOTHOCTE P(T, ) U CKOPOCTh u(T, f), HAXOIATCS
KaK MOMEHTBI (DYHKIUH pacnpeeieHus (MHTerpupoBaHue
MIPOBOJHUTCS IO BCEM BO3MOKHBIM CKOPOCTSIM &).

Huckpernszanus ypaBHeHus (1) mpoBoauTcs B mpo-
CTPaHCTBE CKOPOCTEH, OTPaHUINBASICH HEOOIBIITUM YHUCIIOM
TOYEK, OIPE/ICIEHHBIX B Ka)KJIOM 3JIEeMEHTE ITPOCTPAHCTBA.
Pemierka rpericrasisieT co00it paBHOMEPHYIO IO IPOCTPaH-
CTBEHHBIM KOOPJIMHATAM CETKY C siueKaMM OTpe/IeIeHHOM
¢dopwmel. [Ipenmnonaraercs, 4To 3a mar Mo BpeMEeHH BO3MY-
LIIEHMs [TepealoTCs He Jajiee, YeM Ha LIar pereTky. Takoi
TI0/1X0/] 00ECIICYNBACT BBIYNCIUTEIBHYIO (D (QEKTHBHOCTB,
HO OrpaHHYMBacT oOnacth npuMeHuMocTd LBM 3amadamu,
OJIM3KUMU K PaBHOBECHBIM. [1pn 3TOM HCHONB3yeTcst BUp-
TyaJIbHasi CHCTEMa CAMHUII, B KOTOPOH SAMHHIIBI BDEMEHU
U pacCTOSHUS He CBSA3aHBI ¢ (GU3MUSCKUMH eIUHHLIAMH
H3MEpEHHSI.

Bribepem B mpocTpaHCTBE CKOPOCTEH HEKOTOPBIH KO-
HeuHbIH HAOOp AUCKPETHBIX CKopocTeil ¢y, tae k=0, ..., m.
Kaxolf TUCKPETHOM CKOPOCTH COOTBETCTBYET (DYHKIIHS
pacnpeznenenus fi(r, £) = fr, ¢, t), KOTOpast 3aBUCHUT TOJIb-
KO OT BPEMEHH M IPOCTPAHCTBEHHBIX KOOpAMHAT. Bp1OOp
Ha0opa JANCKPETHBIX CKOPOCTEH MO3BOJIIET CBECTH ypaB-
Henwne (1) k cucreMe ypaBHEHUI OTHOCHUTEIHHO (QYHKIINI
pacnpeneneHus f;. YpaBHeHue bonbiiMana ¢ TUCKPETHEIMU
CKOPOCTSIMH UMEET BUJL

L/ + e,V =Q, 2)
ot
Tle €, — BEKTOpP AUCKPETHOW PEIIETOYHOW CKOPOCTH B
HaIpaBIICHUH .

W3 ypaBHenus (2), paccmarpuBasi paBHOMEPHYIO TIO
MMPOCTPAHCTBCHHBIM IEPEMEHHBIM CETKY C HIarom Ax 1
Mpemnosaras, 4YTo YacTHIIbI 3a IIar 1Mo BpeMeHu At mepe-
MEIIAIOTCSl B COCE/IHUE Y3JIbl PEHIeTKH (pa3Mep sSYeHKH
Ar), = ¢,At), OTy4HUM pelIeTOuHOe ypaBHeHUe bomblimana

Sl + AL, t+ Af) = fi(x, ) + Q[ fi(x, D)]. 3)

B LBM 1 npencrasieHus orneparopa CTOJIKHOBEHUN
00brgHO ucnonn3yercs npudmmkenne BGK (BGK collision
model)

1
Qk = ;{ﬁf[P(ra l)a ll(l’, t)] _fk(ra t)}:

r7ie T — napamerp penakcanuu (u3mensiercs ot 0,5 1o 2);
Jx¢ — paBHOBecHas (yHKLHUS paclpenereHus; u — Ma-
KpPOCKOIINYEeCcKast CKOpocTh. PaBHOBecHast yHKums pac-
npezeneHus 1mo ckopoctsim (Maxwell-Boltzmann model)
packiaapiBaeTcs B psij Teiopa (COXpaHsFOTCS ciaraeMbie
10 3-TO MOpsIIKa MATOCTH)

cu (cau)?  w?
SiEpwy=wyp [1+——+ ===, “4)

Cs 2¢t 2
e ¢,2 = ¢2/3 — BupTyanbHas (pelIeTouHas) CKOpoCTh
3ByKa (CKOPOCTH IEPeHOCa BO3MYIICHHUI HA CETKE), TIe
¢ = Ax/At. Ilog wy, B cooTHoleHuu (4) NOHMMAIOTCS Be-
COBBIC KOA(PUIMEHTHI, Pa3TUIHbIC ISl Pa3HBIX MOJeNei
pemeTok. OOBIYHO BecOBbIE KOI(PPUIIMEHTH MOA0Mpa-
IOTCSl TAKUM 00pa3oM, YTOOBI MIPUMEHEHHE K YPaBHEHUIO
(2) metoma Yenmena—DHCKOTa IPUBOAMIIO K YPABHEHUSIM
Hasre—Croxkca.

B mpakTHKe 4MCIEHHBIX PacueTOB IIUPOKOE PacIpo-
CTpaHEHHE MOIYyYHI OHONAPAMETPUIECKUI BapHaHT MH-
terpana croikHoBenuil (Single Relaxation Time, SRT).
MHoronapameTpuieckoe NpeICTaBICHNE PEIAKCAIOHHO-
ro omneparopa (Multiple Relaxation Time, MRT) mo3Bossiet
MIOBBICHTB YCTOMYMBOCTH YHCICHHBIX PACYETOB TP BBICO-
knx uncnax PeriHombzca [5]. [IpumereHne Takoro moaxona
K JUCKpETH3aINH MHTEPBaja CTOIKHOBEHUH MPHBOANT K
YBEITUYCHHUIO YHCJIa CTETICHEH CBOOOIBI (TIPOU3BOIUTCS
nepexo OT (pa3z0BOTO MPOCTPAHCTBA K MIPOCTPAHCTBY MO-
MEHTOB M HUCIIONb3YETCsl MATPHIIA CTOJIKHOBEHHIA).

[T10THOCTD U MaKPOCKOIMYECKAsi CKOPOCTh JKUJIKOCTH
B y3JIaX PELICTKN HAXOASATCS N3 COOTHOILICHUI

p(r. )= S Ar. 1), p(r, Du(r, )= 3 efilr. 1).
=0 =0
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MprmeHeHne meToaa peLleToYHbIX ypaBHeHU BonbLumana. ..

JlaBnenue nonaraeTcs NpornopHUOHaIbHBIM INIOTHOCTH
p(r, 0)=p(r, .

B cBs131 ¢ IUCKPETHOCTHIO BBIYMCICHUH, YHCIIEHHBIE
3HAYECHUSI CKOPOCTH U PACCTOSTHHUS COOTHOCSTCS HE C pe-
aJTBHBIMH, a C BUPTYaJbHBIMH 3HaueHUsAMU. Hampuwmep,
€JIMHUYHAs CKOPOCTH O3HAYAET TIepeMeIeHre Ha IIar pe-
IIICTKHU 34 1mar 1mno BpeMCHI/I, a HpI/I CANMHUYHOM IIare CCTKu
nu BpeMeHI/I BI/IpTyaJ'II)HaH IIJIOTHOCTHb YUCJICHHO paBHﬂeT-
Csl BUPTyaJIbHOMY JlaBlieHUI0. KuHemarnyeckas Bs3KOCTh
JKUJKOCTH OIPENENISIETCs uepe3 napaMeTp penakcaliuu

) 1
v=csl 1-— |AL
2

VYpaBHenwue (3) IMEeT CTPOroe TEOPEeTHIECKoe 000CHO-
BaHUE TOJHKO MIPH MAIIBIX CKOPOCTSAX MOTOKa. [ pacim-
penus obmacti npuMeHnMoct LBM Ha BBICOKOCKOPOCT-
HBIE TEUCHUS, KOTa HAYMHACT UTPATh POIb CKUMAEMOCTb,
GbyHKIWs pacnpesnesieHus B ypaBHeHun (3) packia/biBa-
ercs B psa Teisiopa 1o creneHsM mara no speMenu. lpu
COXpaHEHHUH JIBYX WIECHOB psJia TIOJyUYeHHbIE YpaBHEHUS
omn4arTes oT ypaBHeHuid HaBbe—CTOKCa, OMUCHIBAIOLTIX
TEUEHHUS BA3KOH HEC)KUMAEMOU >KUJIKOCTU, Ha BEJTUYH-
HBI 2-TO MOPSJIKa MaJIOCTH TI0 LIAry 10 BPEMEHHU U YHCITY
Maxa. Yucno Maxa paccuntsiBaercs 1o ¢opmyne M = u/c,,
e 1 — MaclTad CKOPOCTH 3aJa4u, a ¢, — CKOPOCTh 3BY-
ka. J[71st obecnieueHnst yCTONINBOCTH PacyeTOB HEOOXOIUMO
y10061 M < 0,1. [Ipn HEoOXOAMMOCTH unciio Maxa (Jrcio
Kypanra) ymensaercs 1u00 Ipy MTOMOIITH M3MEITBFICHHUS
CeTKH, MO0 MPHU ITOMOIIN YMEHBIICHHUS ITapaMeTpa pe-
nakcarnuu (0e30macHbIM 3HAYEHUEM SIBIIIETCS T = 1, 9TO
COOTBETCTBYET MAKCUMAaIILHOMY 3Hau€HUIO yrciia Maxa).

MeTton pemieHust

Pemerounoe ypaBHeHHe bompiiMana mpeacTaBiIseTCs
B CIICAYIOIIEM BUJIE:

A
i+ AL 1+ A~ fi(r, 1) = - {Wr, 0~ e, )]

nepeHoc —
peraKcarus
rae k=0, ..., m. Jljs penenus pemeToYHoro ypaBHeHUs

BOJ'II)IIMaHa NMPUMCHACTCA CXCMa PACIICIIIICHUA. Ha mare
10 BpEMCHHU CHavYaJla MPOUCXOAUT MEPEHOC, a 3aTEM — PC-
JJakcalus K paBHOBCCHOﬁ (byHKIII/II/I pacnpeaeiieHus. MGTO,H

Streaming

)’E:{>

peanusyeTcs B BUAE CleIyollell I0caeJ0BaTeIbHOCTH
I1aroB.

[ar 1. ITpoucxonsaT cronkHOBeHus yactuil (collision
step), KOTOpbIE OMHCHIBAIOTCS JIOKAJIBHBIM B3aUMOJICH-
CTBHEM YaCTHIl B y3JIaX PEIleTKH (IPUMEHSETCS MOJCIb
aOCOIIIOTHO YIPYTOTro CTOJNKHOBEHHs). CTOJIKHOBEHHS Ya-
CTHUII B y3JIaX PELICTKH IPHBOAAT K M3MEHEHUIO (DYHKIUH
pacnpeneneHuns, KOTopas Ha IIPOMEXYTOYHOM Ilare Haxo-
JHUTCS U3 COOTHOLICHHS

~ A
Fue )= i, 1)~ {[fk(r, 0 — (e, D).

Tunba COOTBETCTBYET (PYHKLIUU PACIIPEICICHUS MTOCIIE
CTOJIKHOBCHUS, 2 f;¢ HAXOUTCS C TOMOIIBIO f;.

[ar 2. [TpoucxoauT mepeHoc YacTHIl (streaming step),
KOTJIa YaCTHIIBI IIEPEMEIIAIOTCS MEXKIY Y3JIaMU PEILeTKH,
HE B3aUMOJICHCTBYS APYT ¢ ApyroM. Brnones HampasineHus
CKOpPOCTH k UMeeM

Fr+ AL t+ AN = f(r, 1),

CxeMy pacIieruieHus AEMOHCTPUPYET puc. 1, rae oqHu
YaCTUIIBI TOCTYTAIOT U3 [IEHTPAIBHOTO y371a K €T0 COCEISM,
a IpyrHe 4acTHIbl Bo3Bpalnarorcesi ooparno. Harpasnenus
JIBUYKEHUS YaCTUI] TOKA3bIBAIOT IIBETHBIE CTpenku. [Ipu
9TOM JUIMHA CTPENIKU NPUMEPHO COOTBETCTBYET PacCTOsI-
HUIO, KOTOPOE MPOXOAUT YaCTUIIA 33 OJMH IIar O BPEMEHH.

IIpocTpaHcTBeHHbIE pelIeTKU

B ornnune ot Kj1accCM4ecKoro MakpoCKOMHYECKOTO
M0JX0J]a, OCHOBAaHHOTO Ha pelleHuH ypaBHeHuil HaBbe—
Crokca, LBM ucnonb3yeT MOJeNIb IPOMEXKYTOUHOTO Mac-
mraba Uit MOACITUPOBAHUS TeUeHUs )uakocTn. B LBM
pemretka (lattice) mpexcraBisier coboit Habop pa3pemieH-
HBIX BEKTOPOB CKOPOCTH, NMPUYEM Takoi HabOp ocTaeTcs
OJMHAKOBBIM I BCeX y310B. Jltobas pemerka B 3aBU-
CHUMOCTH OT Pa3MEpPHOCTH 33/1auu U Habopa AMCKPETHBIX
ckopocteit obo3Hauaetrcst kak DpQq (puc. 2), tae p —
pasMepHOCTh (PU3UUECKOrO MPOCTPAHCTBA, & ¢ — YHCIIO
BO3MOXHBIX CKOpocTeil. PopMa sSUeeK PELIEeTKU sBIISIET-
Csl IPOU3BONBHOMN, HO IS IEKAPTOBBIX KOOPAMHAT Hau-
Oosiee MpUEMIIEMON SIBIISIETCS TPSIMOYTOJIbHAS pEeIIeTKa.
Pa3penieHHble HalpaBIEeHUS SABIISIOTCS OJJMHAKOBBIMU IS
BCEX y3JI0B peeTky. HyneBoli BeKTop, HanpaBIeHHBIN U3
y311a B ce0st caMOoro, OIMCHIBAET YaCTHUIIBI, KOTOPHIE HE JBHU-

Collision

;(

Puc. 1. I3menenne QyHKINHU pacTpeaeneHns Ha Iare Mo BpeMeHH

Fig. 1. Changing the distribution function at a time step

296

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2



H.A. Bpbikos, K.H. Bonkos, B.H. EmenbsaHoB, C.C. Tonctory3os
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18
D3Q19

Puc. 2. Bo3moxHble BeKTOpbI ckopocTy yactuil s mozaeneii: D1Q3 (a); D2Q9 (b); D3Q19 (¢)
Fig. 2. Possible particle velocity vectors for models: D1Q3 (a), D2Q9 (b), D3Q19 (¢)

JKYTCSL M3 TEKYIIETO y3JIa M HaXomsaTcs B okoe. CTpenku
yKa3bIBalOT BO3MOKHbIE HAIPaBIECHUs CKOPOCTEH ¢y, I1e
k=0, ..., m mpencTaBnseT co00¥ MHAEKC HATIPABICHNUS.

Br16op pemreTkn ompenenseTcs TOYHOCTHI0 MOACITH-
poBaHUs (pacIUpEeHHBIH HA0OP TUCKPETHBIX CKOPOCTEH
TI03BOJISIET MTOBBICUTH TOYHOCTh MOJICIIMPOBAHHS), JOCTYTI-
HBIMH BBIYMCIIUTEIBHBIME pecypcamu. Hanbonee pacrpo-
CTPaHCHHBIMH MOJICIIIMHU JJIs1 IBYMEPHBIX M TPEXMEPHBIX
3ana4 sBisitoTes pemetkn D2Q9 u D3Q19.

BecoBble koapuLneHTHI BEIONPAIOTCSl TAKUM 00pa-
30M, 4TOOBI 00ECTIEUUTh PAaBHOMEPHOE JIBM)KCHUE YaCTHUI]
MEX]y COCeIHUMH stueiikamu. BecoBble ko GUIreHTH
MIPUHUMAIOT 3HAYCHMUS:

— Monens D2Q9
4
—npu k=0
9
1
wy={ —nmpunk=1,...,4 ;
9
1
—upuk=5,...,8
36
— wmogens D3Q19
1
—npu k=0
3
wy = anﬂkzl 6
& 13 5 ey

1
—uapuk=7,...,18
36

CKOpOCTH B y3J1aX PCHICTKU MPUHUMAIOT 3HAYCHUS:
— moznens D2Q9
(0,0)
c,=1(1,0),(0,1),(-1,0),(0,-1) mpui=1,...,4;
(1, D), (-1, 1),1,-1),(,-1)ompui=>5,...,8
— wmogens D3Q19
(0,0, 0)
=1 (£1,0,0), (0, £1, 0), (0, 0, £1) mpui=1,...,6 .
(£1, £1, 0), (1, 0, %1), (0, 1, £1) npu i =17, ..., 18

mpui=0

npui=_0

3a maciTalbl JJIMHBI U BPEMEHU MPUHUMAIOTCS MPO-
CTPaHCTBEHHBINH U BpeMeHHoH maru cetku. lllar mo Bpe-

MEHH BBIOMpACTCSI TAaKUM 00pa30M, YTOOBI TIPH MIEPEX0/e
Ha HOBBIA BPEMEHHOM CJIOW YacTHLIa NoMaajia B COCEIHUN
y3eI CEeTKH.

HauaabHble u rpaHuvHbI€ YC/JI0BUSA

B HavanbHBII MOMEHT BpeMeHHU (pyHKIHSI pactipesese-
HUS T10J1araeTcsl paBHON PaBHOBECHOH (DYHKIIMH pactipesie-
nenns f(r, 0) = f¢(r, 0). B LBM HeoOxomuMo omnpeieinTs
COOTHOLICHHMS JUTsl BEIYHCIICHUS (DYHKIMH PACIIPEISIICHUS
Ha TpaHUIAX paCUETHOH 00IacTH.

VYcnoBue OTCKOKA MPUMEHSETCS s Pean3altu yc-
JIOBHI HETIPOTEKAHMS U NPHINIIAHKUSA Ha TBEPAOU CTEHKE.
Takoii MoaX0] UMEET CXOJCTBO C UCIOIb30BaHHEM (HK-
TUBHBIX Y3JIOB WJIN AYCCK, HAXOAAIIMUXCA 3a rpaHUlaMU
pacdeTHo 00s1acTH, B KOTOPBIX CKOPOCTh MEHSIET 3HAaK Ha
MIPOTHBOTIONIOKHBIH (YCIIOBHE 3€pPKaILHOTO OTPAYKEHHUS).
I'panuna Mexy *KHJIKOCTBIO M CTEHKOH pacriosaraercs
MEKJLy CJIOSIMH IPUTPAaHUYHBIX siueeK. B cioe sueexk, npu-
MBIKAIONIHNX K (PU3MUECKON TpaHuIle 00JIaCTH, PeaKkCaluy
K PaBHOBECHOW (DYHKIMU PACIPEACICHHUS HE IPOUCXOANT.
B atom cioe sueek GpyHKLIUH pacrpeaeieHus NpHHUMAa-
10T 3Ha4CHUsI (PYHKIHMH paclpeiesIeHns] YacTHIl, KOTOpbIe
JBHUTAIOTCS B IPOTHBOIIONOKHOM HamlpaBiieHny. YacTHLE,
HOIIABIINE B 3TOT CJION S4€eK, BO3BPALLAIOTCS HA CIIELYIO-
IIeM mare B IOTOK.

[lepuonuueckue rpaHUYHbIE YCIOBUS UCIOJIb3YIOTCS
JJId BOCIIPOU3BCACHMS IMTOBTOPAIOIIUXC yCJ'lOBI/Iﬁ TCUCHUA
(Ipu JOCTHIKEHUH I'PaHUIBI 00JacTH (QYHKIMS pachpesie-
JICHHs TIepeMelaeTCs Ha IPOTUBOIIOIOKHYIO TPAHUILY).
[ToTox BbIlIE IMHUM CUMMETPHH SIBISETCS 3€PKAIBLHBIM
0TOOpaKEHHEM MOTOKA HIKE JIMHUH CUMMETPHH, TOITOMY
MHTETPUPOBAHKE BBINOIHICTCS TOJIBKO JUIS OJHOH YacTH
oOmacTu.

Ha rpanuue, gyepes KOTOPYIO IIOTOK MOKHIAET pacdeT-
HYIO 007aCTh, 33/Tal0TCS YCIOBHUSA CBOOOTHOTO BEITEKAHUS
(pon3BoHAs OT (PYHKIIMU PACTIPEIEICHHUS 110 HOPMAIH K
BBIXOJIHOM TpaHulle 00palaercsi B HyJb).

Pe3ynbTaThl pacueToB

J11s IpOoBEpKH M CPaBHEHHS TOYHOCTH PA3THIHBIX
MMOAXOJ0B K OIMMCAHMUIO TCUCHUH BA3KOM HECKHMMAEMOM
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KUAKOCTH U AUCKpeTH3anuu ypaBHeHuit HaBre—CTokca
HCIIOJIB3YeTCs 33/1a4a O TSUCHUH B KBaPaTHOM (IByMepHas
3aj1a4a) MM KyOM4uecKoi (TpexmepHas 3aa4a) KaBepHe C
TIOZIBMYKHOW BEpXHEH KPBIIIKOW. XapaKTepHbIe 0COOCHHO-
CTH BHUXPEBBIX TEUCHUH, (OPMHUPYIOIIUXCS B KBAJPATHON
1 KyOM4YecKoi KaBepHe, HaOII0NatoTCsl U B 00JIEe CITIOKHBIX
BHUXPEBBIX U OTPBIBHBIX TeueHM:X [27, 28].

IMocranoBka 3agaun. HecrammonapHoe TeueHne Bs3-
KOM HECKMMAEMOM KHUIKOCTH PACCMATPUBAETCS B 3aMKHY-
TOM mosocTh. TeueHue B 3aMKHYTOM 00beMe KBaApaTHON
WM KyOM4ecKoi KaBepHBI MHAYLUPYETCS IBIIKECHUEM
BEPXHEHU CTEHKHU C II0CTOSSHHOU CKOPOCThIO U BIIOJIb OCH X.
CxopocTh nepeMeIieHnsl BepXHel KPBIIIKY MoJaraeTcs
paBroit U = 1 m/c. /Inuna pedpa MoJ0CTH COCTaBIsET
L =1 wm. luckpeTusanus OCHOBHBIX YPaBHEHUI MPOU3BO-
JUTCS Ha IEKapTOBOH CETKEe C OIMHAKOBBIX YUCIIOM Y3JI0B
B Pa3JIMYHBIX KOOPANHATHBIX HAIIPABICHUAX. YUCIIO y3110B
B KOOPJMHATHOM HAIpaBJIEHUH K [I0JIAraeTcsi paBHbIM NV,
Yuclo y3I0B B KBaJpaTHO! KaBepHe — N2, a B KyOuue-
CKOI — N,3.

XapaKTepHBIM ITapaMeTPoOM 3aadH, OMPEACIISIOIIUM
0c00eHHOCTH (POPMHUPYIOIIETO TEUSHUSI B 3aMKHYTOM 00be-
Me KBaJ[paTHOM M1 KyOMUeCKOH KaBepHbI, SIBISIETCS YUCIIO
Petinonbaca Re = pUL/p. B pacuerax mioTHOCTh KHIIKO-
CTH cumMTaeTcss (PUKCUPOBAHHOM 1 paBHO p = 1,2 kr/M3.
BapwsupoBanue uncioM PeiiHonb/ca ocyliecTBisercs 3a
CUeT HaAJIEXKAIOIIEr0 U3MEHEHUS TUHAMUYECKOH BSA3KO-
ctu Q. [Ipu »TOM n3MeHeHue JUHAMUYECKON BSI3KOCTU U
yrcna PeiHonmpaca o0ycnaBinBaeT M3MEHEHHE BPEMEHH
penaKcaryy.

B HaganpHBIA MOMEHT BpeMeHH ¢ = 0 MCTIOTB3YIOTCS
YCIIOBHS TIOKOSI ’KUAKOCTH. CKOPOCTH JKUJIKOCTH TOjIara-
eTcsl paBHOM HYJIIO, a JIABJICHUIO IPUCBAUBACTCSI 3HAUCHHUE
p =105 TTa. Ha crenkax KaBepHbI 1Jis TAHTEHIIUATIBLHON U
HOPMaJIbHOM KOMIIOHEHT CKOPOCTH MIPUMEHSIOTCS TPaHUY-
HBIE YCJIOBUS NPWINMAHUS U HEITPOTEKAHUS.

KBaaparnas kaBepHa. Yucno Peiinonbaca usmens-
ercst B unTepBasie ot 0 1o 5000. Pacuersl mpoBoasTCs Ha
CeTKax C pa3IMuHON pa3penaronieil CrrocoOHOCTHIO.

OOpaboTKy MmoJIs TEUCHHS B KaBEpPHE IPU MOMOIIH
TPaJAMLINOHHBIX CPEACTB BU3yaIN3alUuN (JIMHUU YPOBHS

W 3aJIMBKa [[BETOM) MOKa3bIBaeT puc. 3. [IpuMeHenue Tex-
CTYPHOTO TIOJIX0/1a JUIsl BU3yaJIM3al[K TEUEHHs B KBa/IpaT-
HOHW KaBepHE MOKa3bIBaeT puUC. 4 MPH PA3IMYHBIX YHCIAX
Peiinonpaca.

IIpodunym mponoabpHONW M MONMEPEYHONH KOMIIOHCHT
CKOPOCTH B CEPEIMHHOM CEUCHNH KaBEPHBI MOKA3aHbI Ha
puc. 5 mpu Re = 1000. CrutonrHbie THHANA COOTBETCTBY-
10T pe3y/bTaTaM YHCICHHOTO MOAEINPOBAHUS HA OCHOBE
LBM, a 3Ha4Ku — JaHHBIM (U3HUECKOTO IKCIIEPUMEHTA
[29]. HabmromaeTcss 1OCTaTOYHO XOPOIIEe COTIIacue pac-
YE€TOB C JIMTEPATYPHBIMU JaHHBIMU. HpI/I BBICOKUX YHUCJIaX
PeitHonbca pacnpenenenre npoaoibHON KOMIIOHEHTHI
CKOPOCTH UMEET 3HUr3aroodpasuyro ¢opmy [27], uto o0y-
CJIOBIIMBAETCSI CMEIIEHHEM HEPaBHOMEPHOTO MPHCTEHOY-
HOTO TIOTOKa, KOTOPBII yBJIEKaeTCs B ABHXKCHUE BEpXHEH
CTEHKOM, 1 TIOTOKA, KOTOPBIH IUPKYIUPYET B KPYITHOMAC-
mrrabHOM BHXpe [27].

J1nist OLIeHKH KadecTBa M KPUTEPHUsI TOUHOCTH YHMCIICH-
HOTO PEIICHUs TPUMEHSIOTCS] KOOPMHATHI [IEHTOB Pa3JInd-
HBIX BUXPEBBIX 00pazoBaHuii (OCHOBHOI BUXph P, BTOpmy-
HBIE yIIIoBBIe BUXpH L 11 R BOIM3HM HEMONBIKHOM HIDKHEH
CTEHKH) M 3Ha4YeHMs (pyHKIHNM TOKa B HUX. Pe3ymprarsl
pacyeToB B Oe3pa3zMepHOM Buje mnpu nmomornu LBM mpu-
BozATcA B Ta0m. 1 mpu Re = 100 (xp — npoponbHas koop-
JUHATa LIEHTpa, yp — IONepedHas KOOpIuHaTa LEeHTpa,
y,,, — 3HaueHue (PyHKLUUH TOKa). Pe3yibraThl UMCI€HHOTO
MOJICIINPOBAHUSI JOCTATOYHO XOPOLIO COIVIACYIOTCS C JaH-
HbIMU [29].

Brnusinue uncna PeliHonbca Ha pe3yabTaThl pacue-
TOB TEUEHMS B KBA/IPATHOHM KaBEepHE MOKa3bIBAaeT TalI. 2.
Pe3ynbraThl pac4eToB XOpOIIO COTNACYIOTCS C JTUTEpa-
TYpHBIM JaHHBIMHA [29-38] B IIMPOKOM JHana30He YUCel
Pelinonbaca.

Kybunueckasi kaBepHa. B pacuerax TeueHus B KyOuue-
CKOM KaBepHe uuciio PeliHombaca BappbupyeTcs: B UHTEpBa-
ae ot 0 10 2000. Yucro y3inos cocrasiser 813.

Pacnpenenennsi KOMIOHEHT CKOPOCTH MPUBOASATCS Ha
puc. 6 (CIUIOIIHBIC JINHUK) B CPAaBHEHHU C PACUCTHBIMU
nannbiMu [39] (cetka 633) u [40] (cetka 513). CpaBHenune
C TAaHHBIMH JABYMEPHOTO MOJICIINPOBAHUS TCUCHUS B KBa/I-
paTHOl KaBepHE ITOKa3bIBACT, YTO B TPEXMEPHOM CIydae

Puc. 3. Pactipenenenus GpyHKunu Toka (@), 3aBUXpeHHocTH (b) 1 KOMIIOHEHT BEeKTOpa ckopocTH (c) B kaBepHe rmpu Re = 500. Ha
(dparmeHTe (¢) KpaCHBIN LBET COOTBETCTBYET MPOAOIBHON CKOPOCTH, @ 3eJICHBIH — MOMEPEIHON CKOPOCTH

Fig. 3. Distributions of the stream function (a), vorticity (b) and velocity vector components (c) in the cavern at Re = 500. On the
fragment, the red color corresponds to the longitudinal velocity, and the green color corresponds to the transverse velocity
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Puc. 4. Jluauu Toka TeUeHUsI B KBaApaTHO kaBepHe npu Re pasrom: 100 (a); 500 (b); 1000 (c); 2000 (d); 2500 (e)
Fig. 4. Streamlines in a square cavity at Re: 100 (a), 500 (), 1000 (c), 2000 (d), 2500 (e)

BEJIMYMHA CKOPOCTH HIDKE. [IpH 3TOM ¢ yBEeIMdIeHHEM YHc-
Ja PeifHonbica pa3sHULIa MEXY 3HAYEHUSIMU CKOPOCTH
B KBaJPaTHOHN M KyOMYECKOH KaBEpHAX TAaKKe YBEIHUH-
Baercsa. B To Bpems, kak npu Re = 100 Takoif pa3mmuane
ocTaeTcs MPaKTUYECKU Hepa3INuUMbIM, IIPH YBEITHUCHUN
yucina PeitHonbaca 1o 400 MakcumalibHast pa3HUIIA TOCTH-
raet 13 %, a npu yBenmuenun yncia PeitHonpaca go 1000
pasnuune coctanisier 23 %.

0,8

0,4

0

-1 0,5 0 0,5

u

JluHny TOKa B Pa3NMYHBIX CEUEHMSIX KyOMUecKoit
KaBepHBI MOKa3bIBalOT puc. 7 u puc. § (mpu Re = 100 u
Re =400).

PesynbraTsl penieHus 3aAa4u 0 TEUCHUH B KaBEpHE
rpu nomou LBM He CTOJIb MHOTOUMCIIEHHBI 10 CpaBHE-
HUIO C IPYTHMU MOJX0/IaMU K TUCKPETU3AlMU YPaBHEHUH
HaBbe—Crokca (KOHEYHO-Pa3HOCTHBIE METO/bI, KOHEY-
HO-00BEMHBIE METO/IbI, CIIEKTPAIbHBIE METOIBI U JIPYTHE).

Puc. 5. TIpodunn KOMIIOHEHT CKOPOCTH B KBaJpaTHoii kaBepHe npu Re = 1000, nony4eHusle Ha ocHoBe LBM (CIUIOMmIHbIC THHNN) U
IKCIIEPUMEHTANIBHBIX JaHHbIX [29] (CHMBOJIBI W): TIPO/IOJIbHASI CKOPOCTH (@), TIOTepeuHast CKopocTh (b)

Fig. 5. Distributions of longitudinal («) and transverse (b) velocity components in a square cavity at Re = 1000, obtained with
calculations (solid lines) and experimental data [29] (symbols m)
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Tabruya 1. Pe3ynbraTsl pacyeToB TEUEHHs B KBAIPaTHOM KaBepHE Ha CETKaX pa3sIMuyHoro paspenieHus npu Re = 100

Table 1. Influence of mesh size on the results of calculations of flow in a square cavity at Re = 100

Buxps P Buxps L Buxps R
Cetka
Xp p Vi Xp p Vin Xp Yp Vi
812 0,6125 0,7375 0,1032 0,0324 0,0365 -1,22-106 0,9375 0,0641 -1,00-10-5
1012 0,6143 0,7361 0,1034 0,0321 0,0375 -1,62:10-¢ 0,9410 0,0620 —-1,62-10-5
1292 0,6172 0,7344 0,1034 0,0313 0,0391 -1,75-10-6 0,9453 0,0625 -1,25-10-5
Tabnuya 2. Brmstane uncna PeliHombica Ha pe3yabTaThl pacueToB TEUSHHMS B KBaJPaTHOH KaBepHe
Table 2. Influence of the Reynolds number on the results of calculations of flow in a square cavity
Re Buxps P Buxps L Buxps R R
Xp Jp Vi Xp Vp Vi Xp Yp Vi
400 0,5547 0,6055 | 0,1139 | 0,0508 0,0469 -1,42-10-5 0,8906 | 0,1250 —6,42-104 [29]
0,5608 0,6078 | 0,1121 0,0549 0,0510 -1,30-10-3 0,8902 | 0,1255 -6,19-104 [32]
0,5547 0,6055 | 0,1113 0,0508 0,0469 -1,25-10-5 0,8867 | 0,1211 -5,94-104 Pacuer
1000 0,5313 0,5625 | 0,1179 | 0,0859 0,0781 -2,31-104 0,8594 | 0,1094 -1,75-103 [29]
0,5333 0,5647 | 0,1178 | 10,0902 0,0784 -2,22-104 0,8667 | 0,1137 -1,69-10-3 [32]
0,5313 0,5664 | 0,1142 | 0,0820 0,0742 -1,84-104 0,8633 | 0,1094 -1,60-10-3 Pacuer
5000 0,5117 0,5352 | 0,1190 | 0,0703 0,1367 -1,36-103 0,8086 | 0,0742 -3,08-10-3 [29]
0,5176 0,5373 | 0,1214 | 0,0784 0,1373 -1,35-10-3 0,8078 | 0,0745 -3,03-103 [32]
0,5156 0,5586 | 0,1030 | 0,0781 0,1405 -1,79-104 0,8086 | 0,0741 -2,93-103 Pacuer

PesynbraThl cpaBHEHHS TOUHOCTH PELICHUS 3a/1auu MPH
TIOMOIIIY Pa3JINYHBIX TIOIXO0B ITPE/ICTABIISIIOT HECOMHEH-
HBII HHTEpEC.

st 00paboTKH pe3yIbTaTOB PACYCTOB OOBIYHO MPH-
MEHSIOTCS JINHUU PACTEKAHMS JKUIKOCTH 110 CTEHKaM Ky0a
(Takme pe3yapTaThl MPUBOAATCS Ha puc. 7 u puc. 8). B mo-
TIOJTHEHHE K 3TOMY TIPUMEHSIETCS CTPOTMi MaTeMaTHIeCKUH
anmnapar AJs ONpeesICHUs TTOM0KEHUS U THIIa KPUTHUE-
CKHX TOYEK Ha CTCHKaX KaBePHBI (OOBIYHO IS 9TOTO TAKKE
HCIIOJIb3YIOTCSL KAPTUHBI JIMHUM TOKA, @ TUI KPUTHUYECKOM
TOUKH OTPEJIeNsIeTCsl BU3yalbHbIM oOpa3om). [ Busya-
JU3AIMHA KPUTHYECKUX TOUYEK MPUMEHSETCs TeH30p Tpa-

JIUEHTa CKOPOCTH U JIMHEApU3allisl COOTBETCTBYIOIUX CO-
OTHOIUIEHUH, YTO MO3BOJIIET ONPEAETUTD TUI KPUTUUECKOI
TOYKH HAa OCHOBE 3HAKOB M 3HAYCHHH COOCTBEHHBIX YHCEI
sxobuana [41]. HecMoTpst Ha TO, 9TO B MaTeMaTHKE TaKOU
MIOXOJT XOPOIIIO U3BECTEH, MPUMEPHI €ro MPUMEHEHHUS K
BU3yaJM3alUH PELICHUN YpaBHEHUN TUHAMUKH BSI3KOU
JKUJIKOCTH SIBIISTIOTCS HEMHOTOUHCIICHHBIMH.

AHann3 cCOOCTBEHHBIX YHCEN SKOOHWaHa yKa3bIBaeT Ha
Hallnurue 0COOBIX TOUYeK THMa QoKyca, IIeHTpa U cejia.
[TonoxxeHne KPUTHYECKUX TOYEK Ha I'PaHIX KyOH4ecKou
KaBEepHBI 3aBUCUT OT urcia PeitHonbaca [41]. Ca3bs Mexay
TUIIOM M YHCIIOM OCOOBIX TOYEK YCTaHaBIIMBAET TEOpe-

0,5

0,5

_(),5 L I !
0 0,5 1

Puc. 6. TIpoduiiu cKopocTH B CepeIMHHOM ceueHHn KyOndeckoil kaBepHsl pu Re = 400, nosyuenHbie Ha ocHoBe LBM (crutomninbie
JIMHWH) U SKCIIEPUMEHTATIBHBIX TaHHBIX [39] (cumBonsl ) 1 [40] (CHMBOJIBI ®): IPOAOIBHOM CKOPOCTH (@), ToIepeyHast CKOpocTh (b)

Fig. 6. Distributions of longitudinal («) and transverse (b) velocity in the middle section of a cubic cavern at Re = 400 obtained with
calculations (solid lines) and experimental data [39] (symbols <) and [40] (symbols )
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Puc. 7. Jlunuu Toka B KyOndeckoii kaBepre npu Re = 100: miockocTs xy (@); miockocTs yz (b); m1ockocTs xz (¢)
Fig. 7. Streamlines in the middle planes xy (a), yz (b) and xz (¢) at Re = 100

b
1 Pl }nm T

) ) )|

’/ ".v")‘l'”
f{ /'." 1

Puc. 8. Jlunuu Toka B Kybnueckoit kasepre npu Re = 400: muiockocTs Xy (a); IIOCKOCTH Yz (b); MI0CKOCTh Xz (¢)
Fig. 8. Streamlines in the middle planes xy (a), yz (b) and xz (¢) at Re = 400
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Puc. 9. llpenensusie nuauK Toka mpu Re = 1000 (0 — ceanoBast TOUKa, ® — yCTOHUUBBIN y3€l1, O — HEyCTOWYMBBIN y3eT,
B — YCTOWYMBEIH (HOKYC)

Fig. 9. Limiting streamlines at Re = 1000 (0 — saddle point, ® — stable node, © — unstable node, m — stable focus)
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ma Ilyankape-benaukcona (N, — Ny = 2, rne N, — umuc-
JIO Y3JI0B MM LEHTPOB, Ny — YHCIIO CEAJIOBBIX TOUYEK).
Hanpuwmep, npu uucne PeitHonbaca, pasaoM 1000, momy-
uyum, uto Ny =10 N, = 12.

B mesom, pe3yabraTel pacdeToB XapaKTEPUCTHK Tede-
HHUs, oJlydeHHble pu nomoiun LBM, noctatouno xo-
POIIIO COTNIACYIOTCS C JIUTEPATYPHBIM TaHHBIMU [39, 40].
VBenuuenue uncia PefiHonbaca TPUBOANT K MHTEHCH(DH-
KaI[iy BUXPEBOTO JIBIKCHUS B KyOuueckoil kaBepHe. [1pn
yBeIu4YeHun dncna PeliHonbaca (yMEHbIIEHHE BSI3KOCTH)
MIPOUCXOAUT MEPEMEIICHNE IEHTPa KPyITHOMACIITaOHOTO
BUXPSI K TEOMETPUYECKOMY IIEHTPY KaBEPHBI, a TaKXKe yBe-
JIMYEHUIO Pa3MEpOB BTOPHYHBIX YIVIOBBIX BUXpEil BOIM3M
HIDKHEH CTeHKU KaBepHbI. BiusiHre G0KOBBIX CTEHOK KyOu-
YECKOH KaBEpHBI CKa3bIBACTCS HAa YMEHBILIEHUH CKOPOCTEN
BO3BPATHBIX TEUEHUH 10 CPAaBHEHUIO C KBAPATHOM KaBep-
HOH npu TakoM ke yucie Pelinonbaca. Takue u3amMeHeHUst
CTPYKTYPBI TPOCTPAHCTBEHHOTO TEUCHHS B KyOMUECKON
KaBepHE COMIACYIOTCsI C TEMH, KOTOpbIe HAOIIOIAI0TCS B
paborax [27, 28] npu m3mMeHeHnn uncia PelfHompaca oT
0 mo 2000.

KoopauHatsl KpUTHYECKHX TOUEK HA CTEHKAX KaBEPHBI,
KOTOpBIE MOTy4EHBI IPH TOMOIIN 00paboTKH pe3ysbTaToB,
paccunTaHHbIX 1pu oMo LBM 1 koHEYHO-00bEeMHBIX
MeTo10B [28, 41], XOpOIIO COracyroTcsi MEKy cOoO0OM, a
MaKCHMaJbHas omrOKa He mpeBbimact 3—5 %.

CpaBHeHHe BpeMeHH c4eTa. BpeMs pacueTa TeueHus
B KyOWYecKOl KaBepHE C MOABMXHOM BEpXHEH KPBIIIKOH
npu nomoiuu LBM cpaBHMBaeTcs ¢ BpeMeHeM cueTa, He-
0OXOIMMBIM /ISl JOCTHXKCHUSI CXOANMOCTH TIPU ITOMOIIH
KOHEYHO-00bheMHBIX 1mox010B [41]. [Tomumo LBM, ypas-
HeHns HaBpe—CTOKCa pemaroTcst Mpu MOMOIIH CXEMBbI
paceruieHus mo ¢uzndeckum mporeccam (meroq NS1).
Peanu3zanus cXxeMbl pacIlerIeHUs! TPUBOJUT K HEOOXOAN-
MOCTH pelIeHus ypaBHeHus [lyaccona s gaBieHHUs Ha
Ka)JIOM IlIare 1o BpeMeHH. B kadecTBe apyroro moaxona
K pemieHuo ypaBHeHnit HaBre—Ctokca asisi BSI3KOH HECHKH-
MaeMOM JKUIKOCTH PacCMaTpUBAETCsl METO] IICEBAOCIKUMA-
emoctu (Metoq NS2). OcoOOCHHOCTH pean3aluil METOIOB
NS1 u NS2 uznararorcs B padore [28].

LBM siBnsieTcst sSIBHBIM, IO9TOMY JUIsl TUCKPETU3ALUU
ypaBHeHnit HaBbe—CTOKCA MTPUMEHSIOTCS SIBHBIE KOHEY-
HO-PA3HOCTHBIE cXeMbl. /I ANCKPETH3aluK 110 BPEMEH!
UCTIONB3YETCs sIBHASA cxeMa Difiiepa, a Ul TUCKPETH3anu
KOHBEKTHBHBIX U BSI3KHX ITOTOKOB — Pa3HOCTH MPOTHB
MIOTOKA ¥ EHTPAJIbHBIE PA3HOCTH 2-TO MOPSIIKA TOUHOCTH.

CpaBHeHHE BpeMEeHH cueTa, HeOOX0IUMOTO s J10-
CTHXKEHUSI CXOJJUMOCTH, TOKa3bIBaeT puc. 10 (TeueHue B
KyOunueckoii kaBepue nipu Re = 1000). Bpemst cuera Hopmu-
pyeTcsl Ha MaKCHUMaJIbHOE BpeMsl cueTa, COOTBETCTBYIOIIEE
pacuety mpu nomorny Meroga NS1 Ha camoit mogpoOHOH
cerke. [Ipu ucnonp3oBannu nogpodHbIX cerok LBM B
CYIECTBEHHOI CTEIIEHH NMPOUTPHIBACT B CKOPOCTHU pacue-
TOB 10 ypaBHeHUsIM HaBbe—CTOKCa, AJIs1 HHTErPUPOBAHNUS
KOTOPBIX MCIIOIB3YETCSI METO]| IICEBI0CKUMAEMOCTH, HO
BBINTPBIBACT IIEPE] MOAXO0JaMH, OCHOBAHHBIMU Ha CXe-
M€ pacIIeIUICHUS TT0 (PU3UIECKUM IpoIieccaM (pernieHne

C1LBM
I NSI
I NS2

Bpewms

NN BN ESN EN)

61° 81° 1013 1213
CeTtka

Puc. 10. Bpems cuera, He0OX0AUMOE /s PELICHUS 3a1a49H
0 TeueHMH B KyOudecKkoii kaBepHe rpu omory LBM (Gebrit
L[BET), CXEMBI PACIICIUICHHS 110 GU3HYECKUM IIPOLIeccam
(cepblii IBET) ¥ METO/Ia TICEBI0CKNMAEMOCTH (YepHBIN 1IBET)
Fig. 10. Computation time required to solve the problem of flow
in a cubic cavern using the LBM (white color), the splitting
scheme by physical processes (gray color) and the pseudo-
compressibility method (black color)

ypaBHenwust [lyaccona jist 1aBieHus TpedyeT HeJIOKAIbHBIX
MIOJIXOJIOB).

3akaouenne

PaccMoTpeHBl 0COOCHHOCTH peanu3auu U IpuMeHe-
HUSI METOJIa PEIeTOuHbIX ypaBHeHnH bonbimana (Lattice
Boltzmann Method, LBM) juist MogenupoBaHusi Te4eHUH
BSA3KOM HECXKMMAEMOH >KUIKOCTH. BO3MOXKHOCTH noaxona
IIPOJIEMOHCTPUPOBAHBI Ha IPUMEPE MOJCIIUPOBAHNUS TeUe-
HUH B KBa/IpaTHOW M KyOWYECKOH KaBepHaxX C MOJBIIKHOM
BEpXHEH CTeHKOU. Pe3ynbTaTsl YMCIEHHOIO MOJENIUPOBa-
HUSI COIIACYIOTCSI ¢ UMEIOIUMHUCS YUCIEHHBIMU PELICHNUS-
MU U OKCIIEPUMEHTAIbHBIMU JaHHBIMH, IPEICTaBIEHHBIMU
B JINTEPATYyPE.

LBM 1103BOJSI€T NOAYUYNUTh XapAKTEPUCTUKU [1OTOKA,
KOTOPBIE COMIACYIOTCS € Pe3ylbTaTaMU YHUCIEHHOTO MO-
JIeNIUPOBAHNSA, TOIYYEHHBIMH IIPH IIOMOILU METOJO0B KO-
HEeYHBIX 00beMOB. CpaBHEHHE C STAIIOHHBIMH PEIICHUSMH
nokassiBaet, uto LBM mno3BossieT nojiyuuTs pacrpese-
JICHUS XapaKTEePUCTHUK MOTOKA C MOTPELIHOCThIO, HE Mpe-
Boimaromen 3—5 %. OTKIIOHEHHE JTOKalIbHBIX 3HAYCHUN
CKOPOCTH OT 3HAQUEHUH, MOTyYEHHBIX IPYTUMU METOAAMH,
OOBSICHSIETCSI HESIBHBIM TIPEJICTaBICHUEM MaKpPOCKOITHYe-
CKUX IPaHUYHBIX YCIOBHI MPH IOMOILU ME30CKOINYECKOI
(dhyskumu pactpenenenus B LBM.

IIpu ncnonp3oBanmy MoAPoOHBIX ceTok LBM B cyte-
CTBEHHOM CTENEHU MPOUTPBIBAET B CKOPOCTU PACUETOB
ypaBueHnit HaBre—CTOKCA TP TIOMOIIA METO/a TICEBIIO-
CKMMAaeMOCTH, HO BBIUTPBIBAET IEPEJ MOAX0IaMH, B KO-
TOpPBIX TpebyeTcst peuieHue ypaBHenust [lyaccona st
JIaBJICHUS.

Hamnpanenus nanpHeHIIMX UCCIIEOBAHUIN CBS3aHBI C
peanuzauueit LBM nns MoznenupoBaHus HEM30TEpMUUe-
CKUX TEUEHHMH U TEYEeHUIl C:KIMaeMOoro rasa.
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AHHOTALUA

Beenenmne. [l HempephIBHOTO BEHBIET-IPe0Opa30BaHus TPAAUINOHHO MUCTOIB3YIOTCS BEHBIETHI HA OCHOBE
MIPOM3BOAHBIX (yHKIHMH ["aycca, a a7t KpaTHOMACIITaOHOTO aHamn3a — BeBieTs! [lobenm. PaspaboTka axropurmon
MIPSIMOTO M 00PaTHOTO HEMPEPHIBHOTO BEWBIET-IIPe0oOpa30BaHMs B YaCTOTHOI 00JIaCTH MO3BOJIMIA B HACTOSIIEH
paboTe cuHTEe3npoBaTh NH(POBBIE PHIBTPHI ¢ KOHEYHOI MMITYyIbCHOH XapaKTEPUCTHKONH METOJOM, OTIIMIHBIM
OT cymecTByomux. KauecTBO CHHTE3UPOBAHHBIX (UIBTPOB MPOBEPSIOCH JACKOMIIO3UIMEH U Mocaeayomei
PEKOHCTpPYKIHMeit curHaioB. 1 TOro CHHTE3UPOBAINCH HECKOJIBKO (DHIIBTPOB, TIOTHOCTHIO MOKPHIBAIOIIMX YaCTOTHBIN
JMama3oH curHana. Tak Kak BeHBIETHI SBISIOTCS MOJOCOBBIMH (DUIBTPAMH, aBTOPHI Ha3Baln (UIBTPHI BEHBIETAMU.
UeM TouHEe PEKOHCTPYHPOBAHHBIN CUTHAT MOBTOPSET (pOPMY OPUTMHAIBHOTO CUTHANA, TEM Iydlle BEHBIET,
CKOHCTPYHPOBAHHBIM TeM MM MHBIM MeTofoM. CpaBHEHHE TOYHOCTH PEKOHCTPYKIMH CHTHAJIOB ITOKA3bIBACT, UYTO
JYYIIAN pe3yibTaT IpeoOpa3oBaHus MOMydYaeTcs NPH MPUMEHEHHN UMEHHO CHHTE3HPOBAHHBIX BEHBIETOB. MeTos.
VmmmynibcHBIE XapaKTePHCTUKY (GHIETPOB ¢ KOHEUHOH MMITYICHON XapaKTePUCTHKON CHHTE3UPYIOTCSI TAKHM 00pa3oM,
YTOOBI X aMIUTUTYIHO-4aCTOTHBIE XapakTepucTHKU (AUX) 6putn cxoxkn Ha AUX BelBIIETOB Ha OCHOBE MPOU3BOIHBIX
¢yukuuu [aycca 6onbioro mopsiika. Yem Gombiiie mopsaok GpuisTpa, TeM onmmxke AUX K IpsMOyronbHOM dopme.
OcHoBHBIe pe3yabTaThl. IIpennoxeHsl alropuTMbl MPSIMOTO U 00PAaTHOTO BEHBIET-MpeoOpa3oBaHus CUTHANA B
YaCTOTHOH 007acTH ¢ MpUMEHEHHEeM BEHBIETOB Ha OCHOBe Mpou3BoAHBIX (yHkiuu [aycca. [IpodunupoBanue
MIPOrpaMMBbl CHHTE3a MOKa3aJI0, 4TO BPeMs BEHBIET-IIPe0Opa30BaHusl C UCIIONb30BaHUEM OBICTPOTO MPeoOpa3oBaHUs
@ypre B 15 000 pa3 MeHbIIe, 4eM MPH MPSIMOM YUCICHHOM HMHTETPUPOBAHMHU JUIS SKCTIEPHIMEHTAIBHOI BRIOOPKH
curHana B 32 768 orc4eToB. DTU alrOpUTMBI MOXKHO HUCIOIB30BaTh AN BelBiIeToB ¢ mpsamoyronsHoil AUX. Ilpu
9TOM BpeMsl UUCJICHHOTO BBIYMCICHUS YMEHBIIAETCS €lle B J1Ba pa3a. TOUHOCTh PEKOHCTPYKLUK CPAaBHUBAJIACH IS
BEUBJICTOB HA OCHOBE MPOM3BOIHBIX BTOPOTO MOPSIKa, BeliBieToB JloOemn, 1 BEHBIETOB ¢ MpsiMoyroipHO AUX.
ToyHOCTb PEKOHCTPYKLUHU OKa3ajach HaWBBbICIIEH Ul BelBiIeTOB c npsimoyronsHoit AUX. B pabote npeacrasieHsl
UMITYJIbCHBIE XapaKTEPUCTHKU JIBYXIIOJIOCHOTO, TPEXIOIOCHOTO HU(POBEIX GuiabTpoB U ux AUX. ObcyskaeHue.
Vcnonp3oBanne NpeanoKeHHOTO MEeToa KOHCTPYHUPOBAHHs BEBIETOB Haubonee MPEANOYTHTEIBHO BBUAY €TI0
OTHOCHUTEJIBHON MPOCTOTH M BO3MOKHOCTH CHHTE3MPOBATh MHOTOIOJIOCHBIE QHIBTPHI ¢ M000# popmoit AUX.
[Ipn cuHTE3€ CymeCTBYIOMMUMHI METOAAMH MOXKHO TTOIYUHTH JIHIIb «KOPOTKYIO» IEPEXOAHYIO TOJIOCY TONBKO IS
«JUTHHHBIX» UMITYJIbCHBIX XapaKTePUCTHK, TO I CKOHCTPYHPOBAHHBIX IPEUIOKEHHBIM METOIOM BEIBIETOB IaXke
JUISL (QHITETPOB OYEHb MAJICHBKUX ITOPSIKOB IIEPEXOIHEIE MOIOCH MPAaKTHIECKH OTCYTCTBYIOT. LludpoBbie GuabsTps! ¢
KOHEYHOW HMITYJIbCHOH XapaKTepHCTUKOHN ¢ psiMoyToiibHOM AUX nmerot 6ombiol koadGuIEeHT ocnabieHus B onoce
3a/1ep)KUBAHMS 110 CPABHEHHUIO CYLIECTBYIOIMMH (QUIBTPAMU ¢ KOHEUHOH MMITYJIbCHOM XapaKTePUCTUKON U MOTYT ObITh
HCIIOJIL30BaHBI 1l 00pabOTKH OZHOMEPHBIX U JIByMEPHBIX CUTHAJIOB.

KiioueBnle c10Ba
BeliBiIeT-Ipe0o0pa3oBaHme, UMITYIbCHAS XapaKTEPUCTHUKA, PEKOHCTPYKIMS, KpaTHOMACIITaOHBIH aHAIN3, aJrOPUTM
Mauta, aMIUINTYJHO-4aCTOTHAS. XapaKTePUCTHKA, CHHTE3, HU(PPOBOH HUIBTP
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Abstract

For continuous wavelet transformation, wavelets based on derivatives of the Gauss function are used, and for multiscale
analysis, Daubechies wavelets are used. The development of algorithms for forward and inverse continuous wavelet
transform in the frequency domain made it possible in this work to synthesize digital filters with a finite impulse
response (FIR) different from existing methods. The quality of the synthesized filters was checked by decomposition and
subsequent reconstruction of the signals. To do this, several filters were synthesized that completely cover the frequency
range of the signal. Since wavelets are bandpass filters, the authors called the filters wavelets. The more precisely
the reconstructed signal repeats the shape of the original signal, the better the wavelet constructed by one method or
another. A comparison of the accuracy of signal reconstruction shows that the best conversion result is obtained by
using synthesized wavelets. The impulse responses of the FIR filters are synthesized so that their frequency response
are similar to the frequency responses of wavelets based on derivatives of the Gaussian function of a large order. The
greater the filter order, the closer the frequency response is to a square-wave shape. Algorithms for forward and inverse
wavelet transformation of a signal in the frequency domain using wavelets based on derivatives of the Gauss function
are proposed. Profiling of the program shows that the time of the wavelet transforms using the fast Fourier transform is
15,000 times less than with the direct numerical integration for sampling the signal of 32,768 samples. These algorithms
can be used for wavelets with a square-wave frequency response. At the same time, the numerical calculation time is
halved. The accuracy of the reconstruction was compared for wavelets based on second-order derivatives, Daubechies
wavelets, and wavelets with a square-wave frequency response. The reconstruction accuracy is highest for the latest
wavelets. The use of the wavelet construction method is preferable since this method is relatively simple and it is easy
to synthesize multiband filters with any form of frequency response. If, when synthesizing using existing methods, a
short transition band can be obtained only for long impulse responses, while the transition band using the method of
constructing wavelets is absent even for filters of very small orders. The paper presents the impulse responses of two-
band, three-band digital filters and their frequency response. FIR digital filters with a square-wave frequency response
have a higher delay-band attenuation coefficient compared to existing filters, do not have transition band, and can be
used to process one-dimensional and two-dimensional signals.

Keywords
wavelet transform, impulse response, reconstruction, multiscale analysis, Mallat algorithm, frequency response,
synthesis, digital filter

For citation: Semenov V.I., Chumarov S.G. From the construction of wavelets based on derivatives of the
Gaussian function to the synthesis of filters with a finite impulse response. Scientific and Technical Journal of
Information Technologies, Mechanics and Optics, 2024, vol. 24, no. 2, pp. 306-313 (in Russian). doi:
10.17586/2226-1494-2024-24-2-306-313

BBenenue

[IpoexTupoBanue HUPPOBBIX PUIBTPOB SBISIETCS aK-
TyaJbHO#H 3amaucii [1—4] B pa3inyHbIX 001aCTIX TEXHUKU
u texHosoruii. Cpesu MHOKECTBA METO/IOB CHHTE3a (priib-
TPOB MOKHO BBIZCIMTH METO/IbI, OCHOBAaHHBIE Ha MCIOJIb-
30BaHUM BeHBIeTOB [5]. BeiiBner-npeodpazoBanue mompas-
JIeJisieTcsl Ha HelpepbIBHOE U JucKpeTHoe [6]. CeMelcTBO
BeiBeT-QyHKIUIM ,,(f) TFeHepUpyeTcs: U3 OIHOM, «MaTe-
PUHCKOI», PyHKIMH ¢(f) IpH TOMOIIN PaCTHKCHUS (CxKa-
THS) ¥ CIBHTA 3a CYET OTepaIly CIBUTA BO BPEMEHU b 1
M3MEHEeHHSI BPEMEHHOTO MaciTabda a

1 [t=b
v ==\ 7~

Jis 3a1aHHBIX 3HaYeHUH napameTpoB a u b QyHk-
st (7)) 1 ecTb BeliBieT. B uactoTHO# 06nacTu crek-
TpPbI BEHBIIETOB MOXOKM HA BCIUIECKH (BOJIHBI) € TIMKOM Ha
4acTOTE W U MONOCOH Aw, T. €. UMEIOT BUJ OJIOCOBOrO
¢unprpa. ITogoca Aw ymeHbIIaeTcsi C pOCTOM Tapame-

Tpa a. CrenoBaTenbHO, BEHBIETH JOKAIN30BaHbBI KaK BO
BPEMCHHOI, TaK U B YaCTOTHOW 00JjacTsaX. MaciuTaOHbIi
MHOXHTEJb d, KOTOPBI MOYKHO ONPE/EINTh KaK BEJINUHHY,
00paTHyIO 4acToTe, SBISETCS OCHOBHOM XapaKTepPUCTUKOH
BeliBIeT-peodpazoBanusi. Ecnu macmTabHbIH Kodphu-
IIUCHT a U3MEHSETCS] KpaTHO 2" (n — IeJI0e YHCII0), TO
BEHBIIET-TIPEOOPA30BAHNE SBISIETCS TUCKPETHBIM, A MIPH
MPOU3BOJILHOM CKOJIb YTOHO MAJIOM U3MEHEHHH MacIiTa-
HOTO KO3 PUIIEHTA ¢ — HEeNpepbIBHEIM. {11 aHanmu3a
CHUTHAJIOB HETPEPBHIBHOE BEHBIIET-TIpeoOpa3oBanue Ooee
yno6Ho. Ero HexkoTopas n30bITOYHOCTD, CBA3aHHAS C HE-
MPEPBIBHBIM M3MEHEHHEM MacCIITa0HOTO KOd(ppHUIHEHTA
a W rapaMerpa caBura b, CraHOBUTCS HOJOXKUTEIbHBIM
Ka4eCTBOM, TaK KaK I103BOJISIET OOJIee TIOJTHO U YETKO Hpe/l-
CTaBUTb, ¥ IIPOAHAIN3ZUPOBATH MH(YOPMAIIHIO B TAHHBIX.

I{enbto paboTh! siBiIsIeTCSl CUHTE3 (DMIIBTPOB C KOHEU-
HOU mMmmynbcHOH xapakrepuctukoit (KUX-dumprpon),
nMerommx 0oiyee 6obIIoi ko3 dunreHT ocradieHus B
MI0JIOCE 3aJICP>)KUBAHNUS 110 CPABHEHHUIO CYIIECTBYIOIIUMHU
B Hactosmmee Bpems KU X-puinsTpaMul 1 ¢ 04eHb KOPOTKOH
[IEPEXOAHOM MOI0COH.
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OT KOHCTPYMPOBaHNSA BENBIETOB HA OCHOBE NPOU3BOAHbIX DYHKLMK [aycca K CUHTE3Y GUNLTPOB...

Metonsnl cunte3a KUX-dpuabrpos
M KOHCTPYMPOBAHMS BeiiBJI€TOB

Cunrez KUX-puiabsTpoB U KOHCTPYHPOBAHHE BEHBIIC-
TOB ITPOM3BOUTCS HE3aBUCUMO JIPYT OT APYra, HECMOTPS
Ha TO YTO BEWBIIETHI C caMbIM OOJIBITMM MacIITaOHBIM
k023 PHUIHEHTOM SBIAIOTCSA QUIBTPAMH HIKHUX YaCTOT,
CO CPEIHUM 3HAYE€HHEM — IOJIOCOBBIMHU (HIIBTPAMH, a C
CaMbIM MEHBIIUM — (PUIBTPAMU BEPXHHUX YaCTOT.

it cuareza KUX-GuabTpoB ¢ nuHe#HO#N (a3oil nc-
MONIB3YIOTCS METO/IbI: B3BEIIMBAHUSA C TIOMOIIBIO OKHA,
YaCTOTHON BBIOOPKH, a TaKXkKe pacdeTa ONTUMANbHBIX (110
YeOpimeBy) ¢puiabTpoB. VneanabHble 4aCTOTHBIE XapakTe-
pucTHKH M(GPOBBIX GMIBTPOB Hepea3yeMbl. Bo3moxHa
JIMIIb UX AIITPOKCUMAIUS C TOM WIIM MHOW CTETIEHBIO TOY-
HoctH. CrHTE3 HM(POBBIX (PHUIBTPOB BKIFOYAET HECKOIBKO
9TAroB, KOTOPBIC IS Ka)KJ0ro METo/a OTandatoTcs [7].
AnmpoxkcuMupyeMasi 1 anpoKCUMUpYIomas GyHKINH
JIOJDKHBI COOTBETCTBOBATH OTIPEEIICHHBIM TPEOOBAHMUSM.

KonctpyupoBanue BEHBIETOB NPOU3BOIUTCS IPYTHU-
MH MeTofamu. [Ipu KOHCTPYyHPOBAHUH BEWBIETOB HYXKHO
HUMETh B BHIY, YTO I'paduK HCXOTHOH (yHKLIHH HAOJDKEH
OCLMJLTUPOBATH (OBITH 3HAKOTIEPEMEHHBIM) BOKPYT HYJISI
Ha OCH BPEMEHH U UMETh HYJIEBYIO IIONIA b

Tyt = 0. )

Tax xe, 151 TOro 4ToObl aHATU3UPOBAThH 0OJIEe TOHKYIO
(BBICOKOUACTOTHYIO) CTPYKTYPY CHUTHala, MOJaBIIsAS Me/-
JICHHO M3MEHSIOIINECS] €r0 COCTABIISIOIINE, TOJDKHBI OBITh
PaBHBI HYJIIO BCE MEPBbIC 77 MOMEHTOB

o0

| thy(8)dt = 0. 2)
—00

Jlnist TUCKPETHOTO BEHBIET-NPEe0Opa30BaHUs UCTIOJNb-
3yI0TCS JIB€ UMITyJabCcHBbIe Xapakrepuctuku (MX), coor-
BETCTBYIOIIME (QUIBTPAM HU3KHUX M BBICOKHX YacTOT, KO-
TOpbIE HA3BIBAIOTCSl MacmITaOMpyromeld GpyHKINeH 1in
BeliBieroM. [loctaTtouno onpenenuts ko3ddurmentsr UX
HU3KHX 9acTOT ¥ BBIYHUCIUTE KO (UIMEHTHI BeliBeTa de-
pe3 HuX. 3amada KOHCTPYHPOBAHUS CEMEICTBA BEHBIICTOB
C TIepBBIMHU 77 MOMEHTaMH Oblia pemrena U. Jlo6emmn [8].
Takue BelBICTHI Ha3bIBAIOTCS BeliBaeTamu Jlodemu n-ro
nopsizika (dbN). [lyist monmy4eHus: BEHBIETOB HEOOXOMMO
pelmTh cUcTeMy ypaBHeHUH ¢ yuetoM dopmyn (1) u (2)
JUISL TUCKPETHOTO BapHaHTa, CBUTOBON OPTOrOHAIBHO-
CTH W HOpMUpOBKH. Beiiinerom Jlobemu 1-ro mopsiika
siBIIsieTCs BelBieT Xaapa. Y Belinera Xaapa TONBKO ABa
ko3¢ punmrenta UX. C yBennueHueM ropsijka BeHBiera
Job6emn xonuuecTBO KOAPPUINEHTOB YBEINIHBACTCS.
OTH BEWBIETH MPUMEHSIOTCS ISl KpaTHOMAcIITaOHOTO
aHajmM3a curHaios [9].

Jis HempephIBHOTO BEHBIIET-TIPEOOpa30BaHIS UCTIONh-
3yIOTCs BeWBIIETH Ha ocHOBE (pyHKunu ["aycca. Takue Beii-
BJIETHI ABJIAIOTCSI CHMMETPUYIHBIMU (DYHKIMAMH U UMEIOT
pou3BojHBIE n-opsaka [§—10]. B pabdorax [11, 12] uc-
TI0JIb30BaHO BEUBIIET-ITPe00pa3oBaHue Ha OCHOBE (DYHKIMU
lNaycca B 4acToTHOIT 00JIaCTH € MPUMEHEHHEM OBICTPOTO
npeodpaszoBanus Oypee (BI1D) Tonabpko mJIs aHATH3A CUT-
HasnoB. B [13] orMeueHO, 4TO ¢ IPUMEHEHHUEM BEHMBIIETOB
Ha ocHoBe (hyHKIMHM ["aycca aHayiu3 He SBISIETCS OPTOTO-

HaJbHBIM, BEHBIETH HE NMEET KOMIAKTHOTO HOCUTES,
OTCYTCTBYET MacIITaOupyro1ast GyHKINSI 1 BO3MOKHOCTb
PEKOHCTPYKIIMM HE rapaHTHpoBaHa. B padorax [14—-16]
pa3paboTaH aJTOPUTM KpaTHOMAacIITaOHOTO aHaln3a C
UCIIOJIb30BAHMEM BEIBIETOB HAa OCHOBE IPOM3BOIHBIX
¢yskuuu ["aycca.

AJITOPUTM YMCJIEHHOI'0 BHIYUCJIEHHUS IPSIMOIO Beli-
BJIeT-NPeo0pa30BaHusl B YaCTOTHOH 00JIaCTH C IIPUMEHE-
HHEM BEHBIIETOB HA OCHOBE ITPON3BOIHBIX (DyHKINHK ['aycca
BKJTIOUACT CIICAYIOIIHE IIIart.

ar 1. Beruucienue ko3 PpUIHEHTOB TPUTOHOMETPH-
4ecKoro psza a;(n) curnana S(k) ¢ uCoab30BaHUEM IIpS-
Mmoro bIID:

N1 2nnk
ay(n)=—73% S(k)cos ,
Ni=o N

rie k — Homep orcuera; N — 4HCII0 OTCUeTOB (BBIOOPKA).

[ar 2. Beruucienue ko3QPpUIHEHTOB TPUTOHOMETPH-
yeckoro psza by(n) curnana S(k) ¢ ucnonab3oBaHUEM Ips-
Moro BIId:

2nnk

b = L5 S(hsi
(0=, X SWpsin

[ar 3. Beruucienue ko3 PpUIHEHTOB TPUTOHOMETPH-
YECKOTO0 psifia a,(n) BeiiBneTa y(k) ¢ UCIOIb30BaHUEM IIpSI-
Mmoro BIId:

1 N-1
) = 3 w(kjoos

[ar 4. Beraucnenue k03(hUIIEHTOB TPUTOHOMETPH-
4ecKoro psifa b,(n) BeiiBnera (k) ¢ UCTIOIb30BAHUEM IIPS-
moro BIId:

1 N-1
by(n) =— 2 y(k)sin
Ni=o

[lar 5. Beraucienue KOMIUIEKCHO-CONPSKEHHOIO CIEK-
Tpa:

c1(n) = a(max(n) + by (m)by(n); (€)

ca(n) = by(may(n) — ay(mby(n). “)
bonbIIMHCTBO HEMPEPHIBHBIX BEHWBIETOB — YETHBIE
WIN HeueTHbIe QPyHKIMH. [ YeTHBIX BEUBIETOB P CO-
CTaBJICH U3 OJHUX KOCHHYCOB, a Ul HEYETHBIX — U3 Ofl-

HHX CHHYCOB.
Jst 4eTHBIX BEUBIETOB by(n) =0 1

cy(n) = ay(n)ay(n); Q)
cy(n) = by(n)ay(n). (6)

J11s1 HeUeTHBIX BEHBIETOB ay(n) =0 n

c1(n) = by(n)by; (7
cy(n) =—(n)by(n). @®)

[ar 6. s yetHoro BeiiBiera ¢ M + 1 pa3HbIMu Mac-
mTaOHBIMA KO3 PUIIMCHTaMH BeiiBieT-ciekTp W(a, b)
(maTpuma BeiiBietT-kodpduruentos (M + 1) x N) mms
BXOZHOI'O aHAJIM3UPYEMOIO CUTHAJA JUIMHOW N OTCYETOB
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paccunTHIBAETCS IIyTEM BbIYMCIICHUsI M 00paTHBIX TIPeod-
pazoBanuii Oypbe 0T KOMIIIIEKCHO-CONPSKEHHOI0 CIEKTpa

(5), (6) mo popmyme:

N-1 ) 2nnk
W(a, b) = ¥ (c(k) + icy(k))exp| i
k=0

[Iar 7. JIns HeueTHOTO BeiiBnera ¢ M + 1 pa3sHeiMU
MacITaOHbIME KO3 PHUIIMCHTaMU BeiiBneT-criektp W(a, b)
(marpuna BeiBieT-kodhdunnentos (M + 1) x N) nus
BXOJTHOTO aHAJIM3MPYEMOTO CHUTHANA JUIMHON N OTCUETOB
pacCUUTBIBACTCS C IIOMOIIBIO BhIYUCIICHUST M 0OpaTHBIX
npeodpazoBanuii Pypbe U3 KOMIUIEKCHO-CONPSIKEHHOTO
cnexrpa (7), (8) mo dhopmyre:

nk

N-1 2n
W(a, b) = 3 (c,(k) + icy(k))exp| i
k=0

J71st 4eTHBIX BEMBJIETOB HE BBINOIHSIIOTCS aru 4 u 7,
JUTSE HeUeTHBIX — maru 3 u 6. Beraucnenune kodddumm-
€HTOB ,(n) U b,(n) MPON3BOANUTCS TONBKO C BEHBIIETOM, a
HE C MCCIeTyeMBbIM CUTHAIOM. B CBSA3H ¢ STHM BO3MOXHO
3apaHee BBIYHCIUTD X U PE3YJAbTAThl paCieTOB XPAaHUTh B
3aMOMHHAIOIIEM yCTpoiicTBe. brarogapst 4eTHOCTH (HEueT-
HOCTH) HETIPEPHIBHBIX BEUBIIETOB KOJIMYECTBO YMHOKESHHIA
U CIIOKCHUH yMeHbInaeTcs mo dpopmyrinam (5)—(8) B aBa
pasa Juis Kaxjoro Macmraba. Takyke yMeHbIIaeTcs B 1Ba
pasa KOJINYECTBO MaMsITH, HEOOXOIUMOH IS XpaHeHHs ]y-
pbe-KodpPUIIMEHTOB BEHBIETOB ISl KAXKJI0T0 MacITaoa.

Tak xax HE0OXOANMO JIEKOMITO3UPOBATH CUTHAJ Ha He-
CKOJIBKO YPOBHEH, TO maru 3—7 Halo BEIOIHUTH CTOIHKO
ke pa3. Hapumep, ecnu B cTpoke n300pakeHHst pazMepoM
512 % 512 nukcenoB umeercs 512 oTcueToB, TO [T OHOM
CTPOKH KOJIMYECTBO YPOBHEH paziokeHUs paBHO 9, a 11t
BCEX CTPOK M BCEX CTOIOIOB 9 HEOOXOINMO YMHOXKHUTH
Ha 512. Ecnu uBetHoe nzobpaxenue B popmare RGB, To
o01ree KOJUYSCTBO YPOBHEH pa3iioKeHHUs OyneT paBHO
2754. B ormuuu ot anropurma Maiuia, kparHoMaciTa0-
HBIN aHanmu3 ¢ npuMeHenneM bI1d MoKHO TPOM3BOIUTE C
K09(hGUIMEHTOM M3MEHEHHUS] MaclITada MEHBIIETO JBYX.
B cBsi3u ¢ 3THM HEOOX0AMMO HANTH aJITOPUTM, ITO3BOJISO-
I YBEITMYUTH CKOPOCTH BEIYMCIICHHS, YEM ITPU HCIIOJb-
3oBaHuu BII®. Takoil anroput™ co3ian ¢ MpUMEHEHHUEM
JUCKPETHOTO Tpeodpa3zoBanus Oypbe U MpeacTaBiIeH Mo-
CJIe MCIIOTB30BAHUS ANTOPUTMA YHUCICHHOTO BEIUMCICHUS
00paTHOTO BEUBIET-IPEOOPA3OBAHNS.

AJITOPUTM YHCJIEHHOr0 BbIYHCJIeHUS 00pPaTHOIO
BeliBJIeT-NIpeodpa3oBaHusl B YaCTOTHOM 00JIACTH C TIPH-
MEHEHHEM BEHBJIETOB HA OCHOBE MPOM3BOIHBIX (DYHKIIMH
lNaycca BrutouaeT cieayromume niar.

lar 1. Beruncienue ko3QpPpUIHEHTOB TPUTOHOMETPH-
4ecKoro psizia a,(n) BeliBner-cnexrpa W(a, b) ¢ ucrons3o-
BaHueM mpsimoro bI1® mo gpopmyie:

1 N-1
a(n)=—73 W(a, k)cos
Ni=o

lar 2. Beruuciaenue ko3QpPpUIHEHTOB TPUTOHOMETPH-
4yecKkoro psiza by(n) BeiiBner-cnexrpa W(a, b) ¢ ucrons3o-
BanueM rnpsiMoro BII® o dpopmysre:
1 N-1
bi(n)=—73 W(a, k)sin
Ni=o

[ar 3. Beruucnenue kodpPpUIMEHTOB TPUTOHOMETPH-
4eCKOI0 PAla a,(n) BeliBiera y(f) ¢ UCIIONb30BaHUEM IIps-
Moro BII® mo dhopmyie:

LS .
ay(n) = N}ZO\V( )cos

[ar 4. Beruucnenue ko3PUIHMEHTOB TPUTOHOMETPH-
4ecKoro psia b,(n) BeiBieTa y(f) ¢ UCIIONb30BaHUEM IIPS-
Moro bII® o dhopmyre:

2nnk

b~ 1 M-I o
2(n) = ng,o\l/( )sin

[ar 5. Beraucnenye KOMIIEKCHO-COMPSKEHHOTO CIeK-
Tpa 1o gopmynam (3), (4). i1 4eTHBIX BEHBIETOB — I10
thopmynam (5), (6); st HedeTHBIX — 110 (7), (8).

[ar 6. [T getHoro BeiiBneTa mytem M + 1 oOpaTHBIX
npeoOpazoBannii Dypbe 0T KOMIIIEKCHO-COIIPSHKEHHOTO 110
thopmymnam (5), (6) Beraucisiercst GyHKIws S',,:

N-1 ) 2nnk
§'p(n) = 3 (c1(k) + icy(k))exp) i .
k=0 N

rae N =2m M = m. 31ech 1 Jajiee CUMBOI «'» HE 03HA4YaeT
nmudepeHIpoBaHue.

[ar 7. JIns HedeTHoro BeiiBuera myteM M + 1 obOpar-
HBIX TTpeoOpazoBanmii Dypbe 0T KOMIUIEKCHO-COTIPSDKEHHO-
ro criekTpa 1o dpopmynam (7), (8) Berancngercs GyHKIUA
S

) N-1 ) 2nnk
S'm(n) = 3. (c1(k) + icy(k))exp| i )
=0 N

rne N=2m M=m.

ar 8. Hopmanusyomuuii ko3dduineHT odparHoro
BeliBneT-npeodpazoanus C B pa3pabOTaHHOM aJITOPUTME
BBIYUCIISIETCSL U3 aHajora TeopeMsl [lapceBast i Bei-
BJIET-KOA((PHUILIUEHTOB!

dadb
[S@)S*(t)dt = C[IW(a, b)W*(a, by—-.
a

m

Hlar 9. ITo popmyne S(n) = C Y. §',,(n) pexoHcTpyu-
pyeTCsI CHTHAI. m=0

Brrancnenne ko3QpGUIUEHTOB a,(n) u by(n) mpouns-
BOJIUTCSI TOJBKO /TSI BEMBIETOB, a HE ISl HCCIEIYEMOTO
curHana. Mcxons U3 3T0ro, OHM MOTYT OBITh BBIUMCIIEHBI
3apaHee, a pe3ysIbTaThl pacueTOB MOTYT XPaHUTHCS B 3a-
[IOMUHAIOLIEM ycTpolcTBe. sl UeTHBIX BEHBIETOB HE
BBIMOJIHAIOTCS Iaryu 4 u 7, A HEYeTHBIX — Iaru 3 u 6.
KonnuectBo HE0OX0MMMOW NaMsITH 1JIsi XpaHEHHs BEH-
BJICT-KOO((HUIIMEHTOB N3-32 YETHOCTH MJIM HEYETHOCTHU B
JIBa pa3a MEHBIIIE /TSI KaXKJ0ro MacuTabHoro koadhumm-
eHra g. Tak e, KaK JJIsl QITOPUTMA YHCIEHHOTO BBIYHC-
JICHUSI TIPSIMOTO BEHBIIET-TIpe0Opa30BaHMsl, KOIMIECTBO
npeoOpa3zoBanuii dypre mpu 0OpaTHOM BEHBIET-TIPE00-
Pa30BaHUU MOXKET OBITH OYECHb OONBIINM.

IIpu KOHCTPYHPOBAHUU CTPOrO OPTOTOHAIBHBIX BEH-
BJIETOB C NPSIMOYTOJILHON aMILUIUTYAHO-4aCTOTHOM Xapak-
Tepuctukoi (AUX) mupuHy MOIOCH MPOMYCKaHHUS HAI0
MOI0MPATh, JJISl TOTO YTOOBI IOOPOTHOCTH ObLIIa OTMHAKO-
BOM /I BceX YPOBHEH pa3yioxkeHHs. B HEKOTOPBIX ciIydasx,
Koryia paspeliaroniasi CiocoOHOCTh BEHBIIETOB J10JDKHA
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OT KOHCTPYMPOBaHNSA BENBIETOB HA OCHOBE NPOU3BOAHbIX DYHKLMK [aycca K CUHTE3Y GUNLTPOB...

OBITh BBICOKOH, MOYKHO CKOHCTPYHPOBATh BEHBIIETHI C Iie-
PEMEHHOI JOOPOTHOCTBIO.

AHanmuTH4YecKyI0 (hopMyITy ISl IPEIIOKEHHOTO BEH-
BJIETa HEBO3MOXKHO TIOJIYYHUTH B IPSIMOM BHJE, TaK KaK
OH PaCCUUTBHIBACTCS B PE3YNIBTATEe YUCICHHOTO PELICHHS
[17]. Hampumep, BeitBneTs JloOemnn Takke TOIydatoTCs B
pe3yibrare YUCIeHHOro BIYMCIeH s . [IpeaokeHHbIe a-
TOPHUTMBI YHCIIEHHOTO BBIYHMCIICHUS MIPSMOTO U 00PaTHOTO
BEUBIET-NPe0OpPa30BAHMIA B YACTOTHOH 00JIaCTH MOI0OHBI
OKOHHOMY TipeoOpa3zoBanmio Dyphe, eciii BMECTo BeiiBieTa
HCIIOJIb30BaTh OKHA TIOCTOSIHHOI MIMPUHBI HA OCHOBE IIPO-
n3BoAHBIX (yHKIwMii [aycca.

CpaBHeHHe TOYHOCTH PEKOHCTPYKIINU CUTHAJIOB
¢ IpUMEHEeHHeM Pa3InYHbIX BelBICTOB

Jns HarsiHOM IeMOHCTpalMy TOYHOCTH CPAaBHUM pe-
3yJIBTAT JEKOMIIO3ULIUN U PEKOHCTPYKLUHU MPSAMOYTOJIBHOTO
OJMHApPHOTO0 UMIIYJIbCa JIUTCIbHOCTHIO 36 CAUHUILL 1JIA
BbIOOpKH 1024 otcueToB. [Tonmyunm pe3ynbrar 1eKOMIO3H-
LIUH ¥ PEKOHCTPYKIMHU JIBYX MPSIMOYTOJIBHBIX HMITYJIbCOB C
O4eHb OOJIBIION pazHUIEH aMIUINTY/l. TOYHO BOCCTAaHOBUTH
CHUTHAJI ITPSIMOYTOJIBHOM (hOpMBI Hanbosee TpyiHas 3a/a4a,
MIOTOMY YTO CIICKTP TaKOTO CHTHaJa TIOXO YMEHBIIAETCs
Ha BBICOKHX YaCTOTAaX, a JJIS IMOJIOTUX CUTHAJIOB CIIEKTP
Oornee y)xe, M TOATOMY TaKHe CUTHAJIBI TOYHEE PEKOHCTPYH-
pytotcst. DopMa MpsIMOYTOIIFHOTO CHTHAJIa HANOO0JIee CHITh-
HO MCKa)KaeTcs OKOJIO KpaeB. MOXXHO CyIUTh O TOYHOCTH
10 TOMY, KaK CHJIBHO OTJIN9aeTcs (hopma mpsIMOyTOIbHIKA
TIOCIIe PEKOHCTPYKIIHUH.

IIpu ucnonp3oBaHUM BEHBIIETOB HAa OCHOBE IIPOU3BO-
IHBIX (yHKIuK [aycca ¢popma peKOHCTPYHPOBAHHOTO CHUT-
HaJla He TOYHO TTOBTOPSICT OPUTHHAIBHBIH IPSIMOYTOIBHBIN
HUMITYJIbC, T. €. UMITyJbC HEMHOTO cMemiaercs BHU3. Ha
puc. 1, @ npesicTaBieHa 4acTh y4acTKa ClIeBa OT IPsSMO-
YTOJIHOTO MMITYJIbCa TTOCiie AIeKoMIo3unuu Ha 10 ypoBHeH
Y TIOCTIEAYIONICH PEKOHCTPYKIIUN CO BCEMH YPOBHSIMH C
ncronb3oBanrueM BeiiBiera Jlobemu (db2) B anropurme
Mamna. Ha puc. 1, b mpencTtaBinena 3Ta ke 4acTh y4acTKa,
HO PEKOHCTPYHPOBAHHAS C WCIIONH30BAaHUEM BEHBIETA,
CKOHCTPYHPOBAHHOTO B 4acTOTHOW obmactu. Ha puc. 1, a
MIpPECTaBICHA TOJIBKO YaCTh JIEBOTO Kpasi HMITYJIbCA, YTO-
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OBl OBLIO BUJHO, HACKOJIBKO OTIMYAIOTCSI 3HAUCHUS pe-
KOHCTPYMPOBAHHOTO CHTHajla OT Hyis. B BepxHell yacTu
UMITYJIbCa 3HAYEHHE €ro paBHO EAMHHIIE U ITOTOMY, €CIIH
MOKa3bIBaTh UMIYJIBC, TO PSAOM HENb3sl OyleT yBUACTD
HHUYEro, KpOMe IPSIMOH JIMHUH, KaXKyIIeHCsl paBHOH HYIIIO.
B norapudmudeckom Macmrade rpaduK HeJlb3s MOCTPO-
UTb, TaK KaK €CTh OTpHIaTeNbHbIE BeTnanHbI. Ha puc. 1, a
BH/IHO, YTO HYJIM OTJIMYAIOTCA B cpenHeM Ha 2-10-13, TIpu
YBETUUEHHUH TIOpsaKa BeiiBieTa Jlobemm 3To OTanyue eme
Oospliie, HarpuMep, s BeiiBiaera db40 pasHuia J0XOAUT
J0 1076, OueBuaHO, 5TO CBA3aHO C HEOOXOAMMOCTHIO pe-
1I1aTh OOJIbIIIEE YUCIIO YPABHEHUH JUISI OTYYCHUS TIEPBBIX
MOMEHTOB HYJIEBOTO TIOpsiJKa y BeiBieroB Jlobemu. Ha
puc. 1, b npescTaBieHa 4acTh y4acTKa cJeBa OT MPSIMOY-
TOJILHOTO UMITYJIbCa ITocie AeKoMro3unny Ha 10 ypoBHei
U TIOCIIEIYIONIEH PEKOHCTPYKIIMH CO BCEMU YPOBHSIMH C
UCIIOJIb30BaHUEM BeHBIIETA, CKOHCTPYHPOBAHHOTO B Ya-
CTOTHOH obmnacTu. BuaHO, 9TO TOYHOCTH PEKOHCTPYKIIUH
HMITYJIbCa HAMHOTO BBIIIE. 37IECh OTIIMYUE OT HYJIS TIOUTH
B THICSYH pa3 MEHbINE, YeM IpH 00paboTKe ¢ MCIIONIb30-
BaHMEM anroputMa Mauia, 03TOMy MOKHO CKa3aTh, 4TO
npeoOpa3oBaHue CTPOrO OPTOrOHAIBHOE.

Ha puc. 2 nmpencraBieH UMITYJIbC, aMIUTATYIa KOTOPOTO
B 1015 pa3 MenbIe, 4eM COCEAHUN IPSIMOYTOIBHBIA UM-
MyJIbC. DTOT UMIYJIBC Ae(hOPMHUPOBAH M3-3a TOTO, UTO MPH
JICKOMITO3UIIMU U MOCIIEAYIOIel PEKOHCTPYKIUU HYIN
psiIOM ¢ OOJIBIINM MMITYJIBCOM HE TOYHO PaBHBI HYIIO
(puc. 1, b). [Ipn pekOHCTPYKIINH JIBYX UMITYJIbCOB C pa3HH-
ueit B 1015 ¢ ucnonb3oBanuem anroputma Maiuia, Maiblii
MMITYJIC HENB3s YBH/ETh, TAK KK IIOTPEITHOCTh BBIUHCIIE-
Hus moutu B 1000 pa3 Oonpiie, gem 3ToT nMmyisc. [ paduk
OymeT Taxoi ke, Kak Ha puc. 1, . MOXHO cKa3arb, 4TO
MaJlblii UMITYJIbC «yTOINAET» B IIyME BBEIUYMCIICHUS.

HNMnyJbcHBbIC U AMILTUTYHO-4YACTOTHbIE
XapaKTePUCTHKHU cuHTe3npoBaHHbIX KUX-puiasTpos
MeTOI0M KOHCTPYUPOBAHHUS BeiiB1eTOB

JLi1st TOTO 9TOOBI YIOCTOBEPHUTHCS, YTO METOJ KOHCTPY-
MPOBaHUS BEHBIETOB MOJKHO MCIIONB30BAThH IS CHHTE3a
1 poBbix KNX-GuisTpoB, BHIMOIHEHO UCCIEIOBAHHE TIO
ceeprke X ¢ pasnnunbivu curHanamu. [Ipu BeiBier-mipe-
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Puc. 1. YacTb y4acTka cjieBa OT IPSMOYTOJIbHOTO UMITYJIbCA, PEKOHCTPYHPOBAHHOTO C HCIIOIb30BaHHeM BeliBieTos Jlobenm (db2)
(a) 1 ¢ IPAMOYTONBHOM aMIUTUTYAHO-YaCTOTHON XapaKTepUCTUKOIL (D)

Fig. 1. The part of the section to the left of the rectangular pulse reconstructed using a Daubechies wavelet (db2) (@) and a wavelet
with a rectangular frequency response (b)
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Puc. 2. Umnynibe, y Kotoporo ammuuryna B 1015 pas mensie,
4eM COCEIHHI MPSMOYTOJIBHBIA UMITYJIbC 1T0CiIe 00paboTKN
C UCIOJIb30BAaHHEM BEHBIIETa, CKOHCTPYHPOBAHHOTO
B YAaCTOTHOH o0sacTu
Fig. 2. An impulse with amplitude 1015 times smaller than the
neighboring rectangular pulse after processing using a wavelet
constructed in the frequency domain

oOpa3zoBaHnU cuTHATAa 00BIYHO MIKMHBI N BetiBnera (MUX)
curHana L paBHBL. B pesynbrare HEOOXOOMMO BEIUYUCIUTH
cBepTKy WX ¢ curHamoM B HECKONBKO pa3 OombIneit -
HbI, TaK KaK Mpu HU(GPOBON (DUIIBTPALINK TAK Yallle BCETo
MPOMCXOAUT. EcM mpormycTuTh CUrHaI Yepe3 pa3inudHbIe
(GUIBTPBI, Y KOTOPBIX CyMMapHasi 10JIoca 4acToT IPEBbI-
11aeT AMana3oH 4acTOT CUTHaja, TO MPU CyMMHUPOBAHUU
BCEX OTCYETOB, MPOLIEALINX Yepe3 Kkl (QUIIbTp, Ho-
JyYCHHBIN BBIXOIHOI CHTHAJI JIOJDKEH OBITH MPOIIOPIOHA-
JIEH BXOJIHOMY CHUTHAJTy WM TOXKIECTBEHEH. JTO yCIOBUE
TepeIavn CUTHajIa 0e3 NCKaKCHUH, T. €. BBIXOAHOW CUTHAI
JIOJDKEH OBITh KOTIHel BXOAHOTO curHajia. Hampumep, Opumm
BBIUHCIIEHBI cBepTkH MX ¢ curHamom st GHITbTpa HIKHUX
YacTOT, IBYX MOJOCOBBIX M BEICOKOYACTOTHBIX (DUITETPOB C
OJIMHAKOBOH I0JIOCO MPOITyCKaHUsl, KOTOPBIE ITOJIHOCThIO
nepexpsiBanyu uatepsai [0, f/2]. Jaxe 1t curnana, npes-
CTaBJISIOIIETO OAMHOYHBIN UMITYJIbC, CYMMa BCEX CBEPTOK
JlaBaJla TOYHYIO KOMHIO0 BXOAHOro curHajna. Jnuna UX N
paBHa 128 otcueram, a anuHa curHana L — 1024 otcue-
Tam. JITNTeIbHOCTh UMITyNIbCa paBHa 28 oTcueram. [locne
CYMMUPOBaHHMsI BCE€X OTCUETOB, MPOLIEAUINX OT KaxXI0ro
(UIBTpa, MONYYUIIOCH, YTO UMITYIIBC U aMIUINTY/Ia PaBHBI
JUTUTEITFHOCTH 28 OTCUCTOB, BUJ CUTHAIIA — MPSIMOYTOJb-
HOU QopMeL. 1111 TOro 4T00BI COONIOAANOCh yCIIoBHEe (pH-
3MUYECKOH pearn3yeMoCTH (PUIBTPOB, OTCYETHI BEIXOTHOTO
CUTHAJIa yYUTHIBAINCH, HAYWHAS C ITOJIOBUHBI UTHHBI M X.
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W npu npyrux cooTHOweHUsIX N U L BBIXOIHON CUTHAJ
IIPU CBEPTKE BXOAHOTO curHaia ¢ X QuibTpoB HIKHUX
YacTOT, JBYX IOJIOCOBBIX U BBICOKHX YacTOT ¢ OJAMHAKO-
BOH MOJIOCON MPOIMYCKAHUS SIBISETCSA KOMUEH BXOIHOIO
curHasa. Tak ke Beruucisuiach ceprka UX ¢puibrpos ¢
3aIllyMJICHHBIM CUTHAJIOM. B0 Bcex cirydasix HaOIr0manoch
YBEIMUYECHNE OTHOMIEHHs cUrHai/myM. MccnenoBanust mo-
Ka3aju, 4To cuHTe3upoBaHHble IX MOXKHO HCIIONB30BATH
JUtsl (QUIBTPAIIN CUTHAJIOB.

DTUM K€ METOJIOM JOMYyCTHUMO CHUHTe3upoBaTh MX
MHOTOMOJOCHBIX (uiabTpoB. Ha puc. 3 mokasana yacth
cumMetpruHoit UX nist punbrpa ¢ AByMSs 1ojiocamu mpo-
nyckanus 1 AUX sroro ¢uisrpa. Eciu Obl ObLIa TOJIBKO
OJIHA I10JI0CA HU3KUX 4acToT, T0O MX Obuia ObI TiagKoM
¢ysxnueit. Hanmuune BTOpoil 1mMoJIOCHI HAKIAABIBACT HA
(DYHKIHMIO HU3KUX YaCTOT OBICTPO OCHMILIMPYIOITYIO (DyHK-
uuto, T. €. UX paBHa cymme nByx UX, nonaydeHHbIX AJis
Ka)XJIOTO TI0 OTAETbHOCTH (priabTpoB. Ha rpaduxax AUX
puc. 3—5 4acToTbl HOPMHUPOBAHBI.

Ha puc. 4 nmpencraBiena 9acTb aHTHCHMMETPUIHON
WX nna puneTpa ¢ Tpems mojgocaMu npomyckanus n AYX
9TOTO QUIIBTPA.

Ha puc. 3 u 4 Buano, yto AUX nMEIOT NpsAMOyTOJIb-
HYI0 OpMY, ¥ HET MyJIbCAIMH B T1OJIOCE TPOITYCKAHHS
3ajepxkuBanus. HezaBucumo ot munasl UX nepexogHoit
MOJIOCHI HET.

Ha puc. 5 nokazana uyacts cummeTpuunoit UX nng
¢unerpa ¢ TpeyroasHoit AUYX u AUX storo ¢unbsrpa.
Buano, uTo Ha puc. 5 Takke HET EePEXOAHOMN MOJIO0CHI.

Paccmorpennsie 1udpoBbie GHIBTPEI MOXKHO UCTIOJb-
30BaTh 1A 00pabOTKH M300paskeHHUH 10 CTPOKAM M CTOIIO-
1am. JIByMEpHYyI0 CBEPTKY JIy4llI€ BBIIOIHATH B YaCTOTHON
obnactu ¢ npuMmenerneMm bIID, Tak kak B 3TOM ciydae
CKOPOCTb U TOYHOCTb BBIYHCIIEHHUS BO3PACTAET U3-3a TOTO,
YTO YMEHbLIAETCS KOJIMUYECTBO ONEPaLlUil YMHOXKEHUN
u cnoxkenuid. [Ipu cuaTe3e QUIBTPOB HE HAO 33]aBaTh
MaKCHUMaJIbHO JOMYCTUMOE€ OTKIOHEHHE OT €JUHUIIBI B
M0JIOCE MPOIMYCKAaHUS U MaKCUMaJbHO JOIYCTHUMOE OT-
KJIOHEHHE OT HyJI B MOJNOCE 3aJepxKuBaHus. Jl0CTaTOUHO
3aJaTh YacTOTHI Cpe3a JJIsl KaX10ro GHuiIbTpa OTAEIHHO.
CuHTe3 (UIBTPOB OCYLIECTBIATH OTHOCUTEIBHO TPOCTO.
He nago npuMeHsTh pa3nuyHble OKHA M IPOTPaMMBI OIl-
TUMH3ALHH.

YCIL. €1,

Koapduunent ycunenns,

0,2 0,4
Hopmuposannast yacrora

Puc. 3. CuMMeTpUYHAsI UMITYJIbCHAS! XapaKTePUCTHKA (¢) ¥ aMILTUTYIHO-4aCTOTHAsl XapakTeprcTrka (b) GUabTpa ¢ IByMs MOJI0CaMu
HPOITyCKaHUs

Fig. 3. Symmetrical pulse response (a) and frequency response of a two-band filter ()
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OT KOHCTPYMPOBaHNSA BENBIETOB HA OCHOBE NPOU3BOAHbIX DYHKLMK [aycca K CUHTE3Y GUNLTPOB...
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Puc. 4. AHTHCHMMETpHUYHAS UMITYJIbCHASA XapaKTepUCTHKA (@) M aMIUITUTYIHO-4acTOTHAsA XapakTepuctuka (b) ¢puibrpa ¢ Tpems
HOJIOCAMHU TIPOITYCKAHUS

Fig. 4. Antisymmetrical pulse response (a) and frequency response (b) of a three-band filter
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Puc. 5. CumMeTpuIHasl IMITYJIbCHASI XapaKTePHUCTHKA (¢) M aMIUINTYAHO-4aCcTOTHAs XapaKkTepucTHKa (b) GUIbTpa ¢ TpeyroapHON
AMIDIATYAHO-YaCTOTHOH XapaKTepPUCTUKOH

Fig. 5. Symmetrical impulse response (a) and frequency response (b) of a filter with a triangular frequency response

3akarouenne

CKOHCTPYHPOBAaHHbBIE BEHBIIETHI C IPSIMOYTONBHOM aM-
TUINTYAHO-9ACTOTHOM XapaKTepPUCTHKOM MO3BOJISIOT OoJiee
TOYHO PEKOHCTPYUPOBATH OJHOMEPHBIE U IBYMEPHBIE CHT-
HaJbl, ueM BeiiBieTs! Jlo0erm, NCIob3yeMble ITpH KpaTHO-
MacmTabHOM aHanm3e B anroputme Maa. Taxoke momy-
YECHHBIC BEHBIIETHI O3BOJISIOT OBICTPEE, UEM B AJITOPUTME
Manna, npou3BOIUTh AEKOMITO3UIUIO U PEKOHCTPYKIUIO
CUTHAJIOB. MeTo/1 KOHCTPYHPOBAHUS BEUBIIETOB MOYKHO HC-
TI0JTb30BATh YISl CUHTE3a IIU(POBBIX (PUIBTPOB C KOHEUHOMH
nmIyabcHON xapakrepuctukoid (KUX-punsrpoB) u ¢ nu-
HeliHOH (ha3zouacToTHOH XapakTepuctukoil. [To cpaBHEeHMIO
¢ cyuiecTByomuMu Metogamu cunteda KUX-dunbrpos,
HCIIONIb30BAaHKUE METO/Ia KOHCTPYHPOBAHHUS BEHBIETOB 0O-
Jiee MPEANOUTUTENEH, TaK KaK 3TOT METOJ OTHOCUTEIILHO
MIPOCT, HO BMECTE C TEM IMO3BOJISET MOIy4aTh (UIBTPEI
C IPSIMOYTOJNIBHONM aMILTUTYJHO-4aCTOTHOM XapaKTepu-
ctukoil. Koapunuent npsMoyroabHOCTH MOTyUeHHBIX
YaCTOTHBIX XapaKTEPHCTUK PABEH €IUHUIIE, T. €. HET Ie-

PEXOIHOH IOJIOCHl HE3aBUCUMO OT JJIMHBI UMITYJIbCHOM
XapaKkTepucTUKu. Eciin mpu cuHTe3e CylecTBYIOMUMU
METO/IaMH MOYKHO TTOJYYUTh KOPOTKYIO MEPEXOHYIO MOJI0-
CYy TOJIbKO JJId JJIMHHBIX UMITYJIBCHBIX XapaKTEPUCTUK, TO
METOZIOM KOHCTPYHUPOBAHHUsI BEHBIICTOB aKe Jy1sl (DUITBTPOB
OYEHb MAJICHBKHX TOPSAKOB HET MEPEXOAHOMN IOJIOCHI.
Takoke mysnbcany B TOJIOCE TPOIYCKAHUS U 3aJIepK1Ba-
HUSI QUIBTPOB, CHHTE3UPOBAHHBIX METOJIOM KOHCTPYH-
pOBaHUS BEHBJIETOB Ha HECKOJIBKO MOPSIIKOB HIDKE, YEM
y (GUIBTPOB, CHHTE3UPOBAHHBIX CYILIECTBYIOIMMH METO-
naMu. OTHOCHTEINIBHO JIETKO MOJIYYUTh MHOTOIIOJIOCHBIE
(huABTPEI ¢ THOO0H POPMON aMILTUTYIHO-4YaCTOTHON Xa-
pakTepuctuky. Ko huimeHT ycnieHnss MoKeT MEHAThCS
B pa3HBIX I0JIOCAX MPOIYCKAHHUs Pa3IMYHBIM 00pa3oM.
MoxHO MMOCTPOUTH CTYICHYATHIC, JIMHEHHBIC WU Tunep-
OonMyeckre 3aBUCMMOCTH YaCTOTHOM XapaKTepUCTHKH.
HemanoBa)xHo U TO, 4TO Juisi CHHTE3a (PUIIBTPOB HE HAJIO
TPaTUTh MHOTO BPEMEHH, ITOTOMY YTO T10 CPABHEHHIO C Cy-
IICCTBYIOIIMMH METOJITAMH MHOTHE STaIlbl TPOSKTUPOBAHUS
OTCYTCTBYIOT.
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AHHOTaNMS

BBenenue. [Ipeacrasinen HOBbIM METOJ INIAJIKOH KYyCOUYHO-ITOJIMHOMUAIBHON aHAJIUTHYECKONW alIpOKCUMAIUN
9KCTIEPHMEHTAIBHBIX JaHHBIX TI000H pa3sMepHOCTH M CTETIEHH U3MEHYMBOCTH. ANBTEPHATHBON JaHHOMY METORY
SIBIIAIOTCS KyOUuecKkre u OMKyOMuecKre CIUTaifHbI, KOTOphIe MMEIOT CBOM IOCTOMHCTBA M HefmocTaTtku. MccnenoBanus,
HalpaBJIeHHBIE HA CO3MaHMe Ooiee TMOKMX METOJOB IVIaJKOH aNIpOKCHMANUK OOJBIINX JAaHHBIX, aKTHBHO BELYTCS
YUYEHBIMH, HO MOJOOHOTO aHayora, IpeICTaBICHHOTO B HacTosmmel paboTe, aBTOPOM He Haif/[eHO, B TOM YHUCIIe U
JUISE MHOTOMEPHBIX 3aBHCUMOCTeil. MeToa. DKCcriepuMeHTaIbHBIC JTaHHBIE YacTO 3aBHUCST OT MHOTHX NEPEMEHHBIX,
KOTOpBIE JUTSl 337124 KOMITPECCUH, IIPOTHO3a 1 Mepe/iaull JaHHBIX JIOKAJIBHO MOTYT OBITh alllpOKCUMHPOBAHBI TPOCTHIMU
AHAJIMTUYCCKUMU (I)yHKLLI/IflMI/I. Onn MOryT 6bITb JIOKaJIbHBIMHU TTIOJIMHOMAaMHU KaK Ha UHTEPBaJiaX B OTHOMEPHOM Ci1ydae,
TaK M Ha MOJUTOHAX B MHOTOMEPHBIX cilyuasx. IIpeacTaBieHHbINH B paboTe METOJ TIAJKOTO COTTIACOBAHUS JIOKATbHBIX
(byHKIMIA MeKITy cOO0H MOJKET OBITh PACIIMPEH ¢ OHOMEPHON KyCOYHO-TIOIMHOMHAIBHON anmpoKcUMaInu Ha Oosee
BBICOKHE Pa3MEPHOCTH, YTO NMEET MHOKECTBO HAYYHBIX M MPAKTUIECKUX NMPUMEHEHUH. B 1aHHOM cirydae MOXKHO
COXPAaHSTh U TIepeaBaTh K0P HUIINEHTH JTOKAIBHBIX TOTMHOMOB WJIH JPYTHX JIOKAJIBHBIX (DYHKIHI BMECTO TOTO, YTOOBI
HCTIONB30BATh NCXOTHEIE JJAHHBIE, YaCTO NMEIOIIHE Ype3MepHO O0MbIIoi 00beM. B onnceiBaeMoM MeTo/Ie HCIIOIB30BaHO
KJIETOYHOE Pa3OneHne 00JIacTH NHTepeca M Ha OTHUX KJIETKAX ONPEAENICHbI JIOKAIbHbIE (ByHKI[HN — MOJIUHOMBI HU3KHX
CTeINeHEeH WM Apyrue napaMmeTpudeckue QyHKIUU. B MecTax coenvHEHHs KIIETOK 3aJal0TCsl IePEeXOHbIE 30HbI, B
KOTOPBIX JIOKaJIbHbIE (DYHKLHM COINIACYIOTCS APYT C APYroM, o0pa3yst JO0CTaTOYHO MIAJAKHI MEepexo MEeXIy HUMH.
KonnuecTBo JI0KaIbHBIX (YHKIMH B TOYKE COBIIAJAET C €€ HHJEKCOM TOIOJOIHYECKOTO MOKPBITHA. Pe3yiabratom
SIBISIETCST €JMHAs, ABaXIbl Auddepenippyemas ananuTudeckast GyHKuus. [ maaKkoro cortacoBaHMs JOKAIbHBIX
(yHKIUI HCTIOMB3YIOTCST 6a30BbIe (DYHKIIUH, OCHOBAHHBIC HA CIIEIMAIBHBIX TIOTHMHOMAX BTOPOH MM TPEThEeH CTeTIeHH.
3HaueHns STUX QYHKINII IIIAaBHO YMEHBIIAIOTCS OT SIMHUIEI 10 HyJs. 3HaYEHHs ITPOM3BOAHON 06a30BOil QyHKINH
Ha 000MX KOHI[aX MHTEpBasia paBHEI Hymo. CorllacoBaHUE MPEICTaBICHO TOMOTONNYECKHM IpeoOpa3oBaHueM,
0TOOpaXKAIOIUM €AMHUYHBIH WHTEpBaJl B MIPOCTPAaHCTBO (QyHKIMI. [y oqHOMEpHOM 3aBUCHMOCTH () (PEKTHBHOCTH
MeTojia MPEe/ICTaBIeHa MPUMEPOM COITIacOBaHMsI HAOOPa JIOKATLHO 33aaHHBIX Mapadoi1. MeTos paciipeH Ha JByMEpHBIH
cnyl{aﬁ IyTEM IPUMEHCHUS U3BECTHOTO B MAaTEMATUKE ITPpHUEMaA KJIIETOYHOI'O pa36nem«m KOMITaKTa C IMOKPLITUEM €TI0
TOMONIOTHUECKHUMHU KapTaMu. BeIducnnTenbHBIN SKCIIEPUMEHT TOKa3all, 4TO U B 3TOM CITy4yae JIOKaNbHbIE (QYHKINU
COINIAaCYIOTCS Ha BCEM KOMITaKTe, 00pasys equHyIo ABaXIb! TuddepeHmupyemyo GyHKIH0. OCHOBHBIE pe3ybTaThbl.
PesyneraTtoM nccnenoBaHus SBIAETCS pa3padoTKa HOBOTO METO/IA INIAIKOTO COITIACOBAHMS JIOKAIBHBIX TApaMEeTPHIECKIX
(YHKIHUH, OCYIIECTBISIONINX alPOKCHMANUIO SKCIEPUMEHTAIBHBIX JaHHBIX Ha HHTEPBaJe IPOU3BOILHOTO pa3Mepa.
[IpencraBieHHBIIT METOI OCHOBAH HA TOMOJIOTHYECKOM PAa30MEHNH €IUHUIIEI U COTIACOBAHUH JIBYMEPHBIX JIOKAIBEHBIX
(yHKIHUI, OCYIIECTBISIONIMX aNMpPOKCHMAINIO Ha IByMEPHOM KOMIaKTe. BrInoiaHeHo TeopeTnueckoe 000CHOBaHNE
BO3MO)KHOCTH PacCIIMPEHHs] METO/Ia COIIAaCOBAHUS Ha NMPOM3BOJIBHBIE PA3MEPHOCTH KOMITAKTa, Ha KJIETKaX KOTOPOTO
3aJlaHbl JIOKaJbHbIE MOJIMHOMHUANIBHBIE U APYTrHe annpokcumupyonpe ¢pynkunu. Obcyxnenne. Pemena 3agaua
pa3paboTKK M YaCTUYHOTO OOOCHOBAHUS KOHIIETITA CO3AAHUS MONE3HOTO WHCTPYMEHTA ATl XpaHEHHs W Tepeaadn
9KCTIEPHIMEHTAIIbHBIX NH()OPMAIMOHHBIX JAHHBIX.
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Abstract

This work presents a new piecewise polynomial method of smooth analytic approximation for any dimension and
variability of experimental data. Alternatives to this method are cubic and bicubic splines which have their advantages
and disadvantages. There are many researches in the field of big data flexible approximation; however nothing
similar was found to what is presented in the work, especially concerning multivariate dependencies. Experimental
data frequently depend on many variables which for the purposes of compression, prediction, and transmission
locally expressed by relatively simple analytic functions. It can be local polynomials, either on some intervals in one-
dimensional case or polygons — in two-dimensional cases. Presented in the work method of local functions smooth
matching extends from the one-dimension piecewise polynomial approximation method to higher dimensions that has
a variety of scientific and practical applications. Under this condition, it makes sense to store and transmit coefficients
of local polynomials or other local functions rather than use raw data for those purposes, which frequently requires an
unacceptably large amount of resources. In the method described, we use cellular subdivision of the area of interest,
and define low-degree polynomials or other parametric functions on the cells. At the junctions between cells, there are
overlapping transition zones where local functions match to each other. Their amount is defined by the index of the
topological compact covering. As a result, the matching obtains a single double-differentiable analytic function on the
entire compact. Defined in the work basic functions are second- and third-degree especial polynomials. The values of
these functions smoothly transit from one to zero within a closed unit interval. Derivatives on the interval edges both
are equal to zero. The matching is performed by the homotopy which maps a unit interval to the space of functions.
Efficiency of the method is demonstrated for one-dimensional case by matching a set of approximating parabolas. We
extend this method to the two-dimensional case by applying the known unit partitioning technique with topological maps
coverage. The computational experiment demonstrates that even in this case local functions smoothly match making
a double-differentiable function on the entire compact. First result is a development of a smooth matching method for
experimental data approximation by local parametric functions on a large interval. Second result is development of a
new method, based on a unit partitioning, for matching two-dimensional local functions making an approximation on
the two-dimensional compact. Third result is a theoretical proof of the method extension from dimension of one and two
to any dimension. Task of this study consisted in the development of a useful tool for efficient storage and transmission

of experimental data.
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BBenenue

CymiecTByeT MHOXKECTBO aJITOPUTMOB IMOCTPOCHUS
AQHAIMUTUYECKUX 3aBUCUMOCTEN OT OJHOW MJIM JIBYX Iepe-
MEHHBIX, APYTUMH CIIOBAMH, TJIaJKIX KPUBBIX HIIH TIOBEPX-
HOCTEH, anmmpOKCUMHUPYIOIUX OMBITHBIE AaHHBIE [1-7].
AHanu3 Hay4YHbIX paboT MoKasal, 4yTo Hauboliee MomyJsip-
HBIMU JIA alllIpOKCUMAalU OJHOMEPHBIX 3aBUCUMOCTEN
SIBJISIIOTCS KyOM4YecKue CIulaiiibl U B-criialiHbl — KpuBble
Besbe [8, 9], pexxe comtacyrorue (GpyHKIINU THIIA CHHYC-KO-
CUHYC Win uX kBazaparsl [ 10—12], u Gojee CII0KHOTO BHIA
¢Gynkiuul2, 0CHOBaHHBIE HA YKCIIOHEHTAX ¢ OTPHIATEIb-
HBIM aprymeHToM [13]. [l annpokcuManuy AByMEPHBIX
3aBHCHMOCTEH B OCHOBHOM HCITONB3YIOTCS OMKyOMUecKkre
CIUTalHEI [8], a TakKe pa3iIIYHbIC aITOPUTMBL, B OCHOBE KO-
TOPBIX JISKUT TTOIUTOHAFHOE CTIIa)KUBAHUE, TPATHUIIHOHHO
TIPUMEHSIEMOE TSI CO3aHus moBepxHocTel 3D-Moneneit B

| Murepromnsiuus 1 anmpoKCHManus [ DIeKTPOHHBIH pecypc].
Pexxnm nocrymna: https://ppt-online.org/128925 (nara obpamenws:
05.11.2023).

2 BBICOKOKAYECTBEHHOE MOJIEIMPOBAHUE CIOKHBIX TTOBEPX-
HOCTeH 1 Ten [DaeKTpoHHbIH pecype]. Pexxum moctyma: https://
www.caduser.ru/press/articles/cm 34 ai_step3.html (nara obpa-
menust: 15.02.2024).

COBPEMEHHBIX KOMIBIOTepHBIX urpax [ 1, 12]. B HacTosmeit
paboTe mpencTaBiIeH alrOPUTM, HO3BOJSIOLINI ITaJAKo
(BKJTIOUAs HETIPEPBIBHOCTH BTOPBIX YACTHBIX TIPOU3BOIHBIX)
MEPEBOAUTD JIOKAJIbHBIE OJHO- U ABYXMEPHBIC 3aBUCHUMO-
CTH OJIHY B APYI'YIO.

[To Teopeme Betiepmrpacca 06 anmpokcumarmu [13],
MOJIMHOMBI 00JIaZIaf0T CBOMCTBOM alIPOKCUMHPOBATH C
3a/IaHHOM TOYHOCTBIO HENPEPHIBHYIO (DYHKIIMIO Ha 3aMKHY-
TOM OTpe3Ke (a TaKkKe Ha KOMITAKTe ITPOU3BOIBLHOM pa3mep-
HOCTH, coracHo obobmennto CroyHna [13]). [ToanHoMBI
AKTHBHO HCIIOIB3YIOTCS TAKXKE JJISI HOCTPOCHNUS ITOBEPX-
HocTeil. HanbombIyTo BEIYUCIUTEIRHYTO TTPOOIeMy TIpe-
CTaBJISIIOT MHOTOMEPHBIE ITOJTMHOMBI BBICOKHX CTEIEHEN €O
CBOOOIHBIMH KOX(PPHUIINEHTAMI — OHH KpaifHe HEyCTOMN-
YWBbI IpHU MaJICHIIINX U3MEHEHUSX B JaHHBIX, 0co0eHHO
Ha KpasX MHTEPBAIOB (MM KOMIIAKTOBY) Ipyu OOJbLION
W3MEHYMBOCTHU B JAaHHBIX. [ pazmepHOCTEN npocTpaH-
CTBa apryMeHTa He BBIIIE JIBYX, 3PPEKTHBHBIM CPEACTBOM
noctpoeHust GyHKIMH Ha OONBIIMX KOMITAKTax, KaK mpa-
BUJIO, SIBIISIIOTCS KyOW4YecKne U OMKYyOMYEeCKHe CIUTaliHbI.
Takoxe MOXeT OBITh BBITOJIHEHa COOpKa (MM TOUHee Tiajl-

3 KoMmakTom Ha3pIBaeTCst 3aMKHYTO€ U OTPAHUYCHHOE MHO-
roobpasue. MHOroo0pasuemM Ha3bIBACTCS JIOKAIBHO EBKIINI0BO
HPOCTPAHCTBO.

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

315


mailto:victor.n.tolstykh@gmail.com
https://orcid.org/0009-0003-0202-5500
https://ppt-online.org/128925
https://www.caduser.ru/press/articles/cm_34_ai_step3.html
https://www.caduser.ru/press/articles/cm_34_ai_step3.html

MeTopn, pa36|/|eH|/|9| eVHNLbI 1 rMagKaa annpokcnmMaund

Kasi CKJIeHKa WM COINIAaCOBAHME) JIOKAITBHO ONPE/IEICHHBIX
JIOCTaTOYHO TPOCTBIX (PYyHKIUI — MOJIMHOMOB U JPYTHX
(YHKIMH, TUIAaBHO TEPEBO/IINX OHU JIOKAJIBHBIE (YyHK-
LM B JIpyTHE B TIEPEXOAHBIX 30HAX COTIACOBAHMSI.

Lenps paboTbl — pa3paboTaTb OPUTHHAIBHBIA METOL
COINIaCOBAHUS JIOKAJIBHBIX (QYyHKLIUH, Yepe3 mocTpoe-
Hue Habopa 0a30BBIX (DYHKITHA, pa30MBAIOIINX CIUHUILY
[11, 14] Ha HEKOTOPOM JABYMEPHOM KOMITaKTe (B 00IIEeM
ciIy4ae — THIEpPKyOe), KOTOPhIe MO3BONSIOT ITIaJKO CO-
CAMHSITH (COITIAaCOBBIBATH) JIOKAJIBbHBIC (DYHKIIUU IPYT C
npyrom. PesyibratroM Oyaer siBJSITHCSI MHOrOMepHast Tiiaji-
Kast pyukums knacca C2, T. e. qBax bl tudpepeHimpyemas
(GyHKIMS, OTpeiesIeHHast Ha BCEM KOMITaKTe.

Pazounenne eqmHUIBI

Pazouenunem equHuIp! [15] B TOMOMOTHH HA3bIBACTCS
KOHCTPYKITHUS JIJIsl paOOTHI C MHOKECTBOM KapT D, Ha KOM-
nakte M, ob6pasyromeM ariac MoKpseTua. KoHCTpyKIus
TpeOyeT, 4TOOBI JIMCTHI KapT MOKpbIBaiu [16] nanHoe
MHOroo0Opasue eInKoM, «c HaxyiecTom». [1pu atom Ha M
JOJDKHA OBITh 3aJlaHa CUCTEMa BEIICCTBCHHBIX (YHKIUN
{h,}, n € N Takux, 9410
1) 0<h,<1;

2) HOCHTENb KaXIOH M3 3TUX (QYHKIUH IEIUKOM COmep-

JKHUTCSI B Dy}

3) > h, =1 nna mo6oii Touku x € M.
neN

Jis MozieTMpoBaHus COTIACOBAHMS JIOKAIBHBIX (YyHK-
WY UCTIONF30BAaH YaCTHBIN CITy4ail MOKPHITHS ByMEp-
HOTO KOMITaKTa — KBaJpaTHOH 00NacTH, pa3neleHHON
Ha 9 KJIIETOK U TMOKPBHITOW YETHIPHMS JTHCTAMU TTOKPBITHS
(puc. 1). Yucmo mucToB HAM KaKJIOW TOYKON Ha3hIBACTCS
HWHIEKCOM TOKPHITHA. B paccmarpruBaeMoM citydae ecTh
TPU BapuaHTa — 3TO 30HBI C UHAEKCAMH MOKPHITUS 1, 2,
4. BbIemuM CpeIMHHYIO KIICTKY C HHICKCOM MTOKPBITHS 4,
B KOTOPOM Kaxkjas Touka x € M C M’ OKpbIBaeTCsi POBHO
YeThIpbMsl JIucTamu Kapt. Ha M’ 3aanbl «0a3oBbie» QyHK-
LUK COTVIACOBAHUSI, TIPEICTABIISIONINE PA30UCHUC CTUHUIIBI
Ha M, Takue, 4To Ha KJIeTKe KoMIaKTa M, TOKPBITONH BCEMU
JIUCTAMH, HX CYMMa TOXJICCTBCHHO paBHA CHHUIIC. TaKmM
00pa3oM, BBINIOJIHEHO YCIOBUE ) A, = | [11st F0GOM TOUKH
XEM. neN

Hazoem opHOMEpHYTO (DyHKIHIO g(f) 6a30BOM (PyHKIH-
eif, ecii oHa 00NaIaeT CICAYIONIIMMA CBOHCTBAMMU:

— g() € C2[0, 1];
— 0=<g(»=1;

—g(0)=1,9(1)=0;
— g +g(1-6)=1vte |0, 1];
—9'(0)=yg'(=0;
— ¢"(0)=-g"(D).

Takumu cBOMCTBaMU 00NagaeT KyOMYCCKUI TTOTHHOM
flx) =1 —3x2 + 2x3, 3anannblii Ha orpeske [0, 1], a Takxke
cOopka u3 (pparMeHTOB ABYX Mapadoi

1-2x2, 0<x<0,5

g(x)_{Z(xl)z, 0,5<x<1’

CornacoBaHue JOKAJIbHBIX (PYHKIHUII Ha oTpe3Ke

BoszbMmem aBe stokanbHbIe GYHKIUH f1(X) 1 f>(x), 3a1aH-
HBIC Ha TIepeceKaronmxcs naTepBaiax [a, 1] u [0, b], roe
a<0wub> 1, Torma ux cormacopanue Ha uaTepsaie [0, 1]
Oymet BRIIANETHh Kak romoronus g: [0, 1] — C*, tmaako
nepeBosiias oaHy (QYHKIUIO B JPYTYIO [IPU U3MEHEHUH
napametpa ¢ ot 3HadeHus 0 10 3Ha4eHus 1.

Sx) =g(O)fi(x) + g(1 — 0)f2(x), npu £ = x.

Ecmu nBe QpyHkmu nepecekarorcst Ha uatepsaie [0, 1],
TO MIX COIIaCOBAaHME Oy/IET BHIIVIICTh KakK IUIABHOE TIOHHU-
JKCHUE 3HAYCHUS MepBOH (DYHKIIMM OT Havaja MHTEpBasIa
JI0 HyJIsI ¥ OJJHOBPEMEHHO TaKO€ e IIaBHOE BO3pACTaHNE
BTOPOH (YHKIMHU OT HYJIS 10 €€ HACTOSIIEro 3HAYCHHUS
Ha KoHIle MHTepBanal. CTemneHp IaJKoCTH COrTacoBaH-
HOI (pyHKIIMM Ha BCEM KOMITaKTe OyZleT paBHa JIBYM, T. €.
f€ C2(M'). Do ciemyer U3 paBEHCTBA 3HAYEHUI, & TAKIKE
MepBOM M BTOPOM MPOou3BOAHBIX QyHKIMH g(7) 1 g(1 —7) B
TOYKaX, MPUHAJJIEKAIUX OHOBPEMEHHO JIByM MHTEpPBa-
JaM, T. €. B TOUKaxX X; = b; = a;+] I COCEJTHUX MHTEPBAJIOB
la:, bi] v [air1, bi].

Paccmorpum nmpumep cornacoBaHusi TpeX JIOKab-
HBIX (yHKIWH (puc. 2). 371ech U Ha CIEeTYIONUX PUCYH-
Kax eJMHHIIBI U3MEPEHUSI OTHOCHUTENbHBIC. JIOKaIbHbIE
(yHKIIMH — 11apa0oJIbl, ITOIyYeHbl METOAOM HAaUMEHBIINX
kBajaparoB K.®. 'aycca. BoljesnieHHON IMHUEN MOKa3aHO
KaK U3 Tpex nmapaloJI MoJy4niIach OfiHa CIOXKHAsS TIaIKast
KpuBas Ha UHTEpBaje [T, 37].

Ha puc. 2 nokanbHble GyHKIINN — rapabosibl — MoKa-
3aHbl [IyHKTUPOM. BBIIETICHHON JIMHUEN NIOKAa3aHO KaK U3

! Ecnu uartepBan cormacosanus ormuden ot [0, 1], To ero
CJIE/TyeT MPUBECTH K STHM TpaHUIIaM IpeodpazoBaHueM [a, b] —
— [0, 1].

Puc. 1. Pactonoxenue YCTBIPEX JIMCTOB IMMOKPBITUS HA KOMITAKTEC. pr)KKaMI/I OTMCYCHBI JIOKAJIbHBIC beHKIII/II/I

Fig. 1. Arrangement of four coating sheets on the compact. Local functions are marked by circles
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X

Puc. 2. Ilpumep coriacoBaHusl TPeX JIOKAIbHBIX (QYHKIUIA

Fig. 2. An example of three local functions matching

Tpex mapadoII MoTydrIach OHA CIOXKHAS ITIaIKas KpUBas
Ha uHTepBase (7, 3n]. JlokanbHBIE QYHKIIHH MOIYICHBI
METOJIOM HaWMEHBIINX KBaApaToB. ToukaMu 3aaHa Mo-
JIeNb JJIS allIPOKCUMALIMU M COIVIACOBAHUS — MOJIENbHAs
(YHKIMS ¢ HaJOXXEHHOW Ha Hee aJ/IATMBHON IMOMEXOH.
udpamu orMedeHb! JOKaIbHbIE (PYHKIIUH — MapadoJIbl.
BeprukanbHble MyHKTUPHBIE JIMHUW MTOKA3bIBAIOT IIEHTPbI
MTOCTPOCHUS TPEX JTOKAIBHBIX (DYHKIUA, OHU TaKXKE SBIIS-
FOTCS TPaHHUIIAMH WHTEPBAJIOB cormacoBaHus. [lapabois
MOCTPOEHBI Ha Nepecekaromuxcs orpeskax: [0, 2x], [, 3]
u [2m, 47].

IHocTpoenue noBepxHocrei

JiBymepHast 6a3oBasi GyHKIMSI COIVIACOBAHMS, KOTOPast
OCYIIECTBIISIET COTNIacoBaHnE (YHKIMH Ha JIByMEPHOM
kommakte /2 = [0, 1]2, CTpOUTCs HA OCHOBE OJJHOMEPHBIX
6a30BbIX QyHKIMHA. B oTmume ot oMHOMEpPHOTO cirydast,
«COCEIsIMI» KOMITAaKTa B BUZIE KBAApaTa sIBISIFOTCS yKe He
IBE, a 4eThIpe QYHKUWH: f1, /2, f3, f4 (pHc. 1), COOTBETCTBY-
FOIIME YeThIPEeM BepIrHaM KBajpara /2. COOTBETCTBEHHO,
(GyHKIUI cormacoBaHMs TaKkKe JOJKHO OBITh YETBIPE.
OyHKIMU TOTYYeHbl U3 (HOPMYJIBI IS OHOMEPHOTO CO-
IJ1aCOBaHMs. 3aMETHUM, YTO JUIsl YI0OCTBAa KOAMPOBAHMUS,
MPEANOYTUTEIBHO TOJIb30BAThCs 0a30BOM (DyHKITHEH OTHO-
TO apryMeHTa, MOJICTABIIsIsl [IPU BBHI30BE B HEE apryMEHTHI:
xumy; 1 —xum 1 —y.

B nanHOM ciydae HaboOp IBYMEpHBIX 0a30BBIX (YHK-
nuii 00pasyeT pa3OueHUe SIUHUIIBI, €CIIH 00NacTh JIei-
CTBHH JIOKAJIbHBIX (DYHKIMH YETHIPEXJIIMCTHO TTOKPHIBAIOT
I2. Aunpoxkcumupyromieil GyHKIHeH Ha HTOM ydacTKe,
TIPH YCIIOBUH, YTO YeThIpe (PYyHKINH f1, f>, /3, f4 €TO TIOITHO-
CTBIO MIOKPBIBAIOT, Oy/IET B3BEIICHHASI CyMMa. YCJIOBHS Ha
IpaHMIE KOMIIAKTa AOIYCKAIOT, YTO KJIETKa MOXKET OBbITh
MOKPBITA HE TOJBKO YETHIPbMSI JIUCTAMHU KapT, HO TaKKe
JIBYMsI WJTH JIQ)KE OJTHUM, €CJIM HAaXOIUTCSl Ha IPaHU WIIU B
yIIy KoMIakTa. B mocieanem ciydae 3Ha4eHHE ee JIOKalb-
HOU (DYHKIIMU HE MEHSETCs, T. €. COINIACOBAHUS HE TPOU3-
BoxuTCs. [Ipu MOKpPHITHN OBYMS JHCTaMU Kapt, OazoBast
(yHKIMS cortacoBaHus Oy/IEeT 3aBUCETh TOJIBKO OT OJJHOM
KOOPJIMHATB — OT X (£ = X) WK OT y (f = y) Ha KOMIIakte /2.

Ha perynsipHoii 1ByMEpHO# CeTKe ¢ KOOPAMHATAMH X 1
¥ BBITIOJTHUM pa30neHne eMHULBI TAKMM 00pa3oM, 4TOObI
LIEHTpaJIbHAS KJIETKA COfIeprKala YeThlpe (DYHKIIMH COTvIa-
coBanms. Jlasee MOCTpPONM HAOOpP JTOKANBHBIX (DYHKITHI
115 /2, /3, f4, aIIPOKCUMUPYIOIINX JaHHBIC, TTOKPBIBAIOIINE
KaXIYIO KIIETKY «C HaxJecToM» Ha pasmep kietku. Torma

JUISL KJKIOM TOYKU LEHTPAILHON KJIETKU MOJIyYUTCS HAaOOp
U3 YEeThIPEeX 3HAYCHUI OT YEThIPEX JIOKAJIBbHBIX (YHKIHH.
[Tocne yero cymmupyem 311 (GYHKIMH C BECaMH, ONpese-
JICHHBIMH 0a30BBIMH (DYHKIIMSIMH COTVIACOBAHMS, BCE OHU
MMEIOT CTaHapTHBINA BUA g(¢). Takum 00pa3om, ckiienBaeM
YETHIPEXJIUCTHOE MTOKPBITHE B OJMH II00ATBHBINA MOKPBI-
BAIOIIUI JIMCT, COCTUHSIONINNA YeThIpe PYHKIINA BMECTE
(puc. 3).

IlenTpanbHas KIeTKa HMEET YETBIPEXJIUCTHOE ITOKPHI-
THe (puc. 1) Tam, rJe MpOuCXOIUT pa3dNeHNEe eTUHUIIBL.
Kaxast u3 uetsipex QpyHKIUI [OJ] JIUCTAMH HOKPBITHS
MOXXET OBITh TOJIMHOMOM OT JIByX MIEPEMEHHBIX, HalIPUMeED,
napaboJIoNIOM WIIN CEAJIOBOH MOBEPXHOCTHIO, 3a/1aHHAs
MOJIMHOMOM TpeThe crenenu. Vnu ke nHoM napamerpuye-
CKOM, B YaCTHOCTH, PAllOHAILHOM (yHKIMEH. 3a npezaena-
MH 3JIEMEHTOB MOKPBITHS 9TH (DYHKIIUH paBHBI HyIr0. B Me-
CTe NepeceyeHHs-HaxJIeCTa IIEMEHTOB MOKPBITHS (DYHKIUH
COIIACOBBIBAIOTCSA JIPYT C APYTOM, T. €. CyYMMHPYIOTCS C «BE-
camMm» 3aJaHHBIMH 0a30BBIMH (PyHKIUSIMH COTJIACOBAHMSI.

Ha puc. 4 mpencrasieH BUA IEHTPAIBHON KIETKHU C
YETBIPbMS (PYHKIHAMH COTJIACOBAHUS, MOAUYNHECHHBIMU
YETBIPEM JIUCTAaM MOKPBITUS D,. Takoe npeacTaBieHne
MO3BOJISIET JIeJIaTh NPOU3BOJILHOE Pa30MEeHUe KOMIIAKTa,
MpUCTpanBast KJIETKY K KJIeTKe. Boinuiiem siBHO (GOpMyIIbI
Julsl BceX (DyHKIIMH COINIacOBaHMUs Ha EHTPAIbHON KIIETKE
1 100aBMM HapaMeTphl CABUTA 7y U Ny, MO3BOJSAIONINE
J00aBIISATh KJICTKH, TyOJIHpYs CYIIECTBYIOIINE 110 KOOP-
JIMHATHOM CETKe.

z1=g(x +n)g(y + ny)s
=g(l —x—nyg(y + "y)a
z3=gx+nyg(l —y— ny),
z4=g(1 —x—n)g(l -y —ny).

0,1, 1)

(1,0,0) *x

Puc. 3. ]IsymepHas 6a30Basi QyHKIHS COTIIACOBAHMUS
IJIaJIKO criajiaet ot 3HadeHus 1 ¢ rpagueaToM (0, 0)
B Havaje koopauHart 1o 3HadeHus 0 ¢ rpaguertom (0, 0)
B Toukax komnakra [1, 0], [0, 1] u [1, 1]. Taxxe Ha pebpax,
coequnstomux [0, 17c [1, 1]u[1,0]c[1, 1]

Fig. 3. Two-dimensional matching function smoothly decreases
from the value 1 with zero gradient (0, 0) to the value 0 with
zero gradient (0, 0) in points of the compact [1, 0], [0, 1] and

(1, 1]
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0,1,1)

(1,0, 1)

(1,1,0)

Puc. 4. Pa30ueHne eAuHUIBI B IEHTPATIBHOM KIETKE (@) M B IIGHTPAIBbHON KIETKE C T00aBICHHONW CyMMOM 4eThIpeX 0a30BBIX
¢bynkmii (b)
Fig. 4. Partition of unity in the central cell («) and in the central cell with a sum of basic functions (b)

[Ipumep cormacyromnieil MOBEPXHOCTH IS (PYHKIIHIA:
A0,0)=0,1; A1, 0)=0,2; 0, 1) = 0,3; /0, 0) = 0,4 npu-
BEJIEH Ha pucC. 5.

Jns mpakTHYeCKUX 3a/ad ¢ KOMIIAKTaMHU OOJIBIIOrO
pa3mepa Bech KoMnaktT M pa3OuBaeTcs Ha HEOOJIbIINE
KICTKH, Ha KOTOPBIX CTPOUTCS TOKPBITHE JIOKAIbHBIMH
Monensimu. Kiierounoe pasdoueHue BoIOMpPAeTCs TaKUM
00pa3oM, 4TOOBI B MpeJIesiaX OJHOW KICTKH arpOKCHMHU-
pyloIasl 3aBUCUMOCTb MOIJIa OBITH ONKCAHa MOJMHOMOM
TiepBoii (Tpu koaddunmenta), Bropoii (6 koahpunnueHTos),
MakcuMyM Tpethei (10 koaddunrenToB) crenenu or aByx
TIEPEMEHHBIX, HJIM MHOW ampoOKCUMHPYIOIEH (QyHKIHEH.
JleMOHCTpanus COrNIaCOBAaHUS JIOKAIBHBIX (QYHKIUH Ha
IpUMepe KOMITAKTa U3 9 KIETOK, HOKPBITHIX YEThIPbMS
JMCTaMH NOKPBITHA C 3aJaHHBIMU Ha HUX JIOKAJIbHBIMHU
(GYHKLIMSMY IPUBE/ICHA HA PHC. 6.

0,2

X ~
xy=(2/3,1/3)

Y
xy=(1/3,2/3)

xy=(2/3,213)

IToxakem, 94TO HECIIOKHO Pa3padboTaTh KOMITbIOTEPHBII
aNToOpuTM A1 (PYHKIUH COTIIacOBaHUS JIO00H pa3MepHO-
CTH, 110 AHAJIOTHUH C IByMEPHBIM COITIACOBAHHUEM.

Jlemma o cymme 6a3oBbIX ¢pynknmii. Cymma 6a3o-
BBIX (DYHKIMI HA KOMIIAKTe /2 TOKIECTBEHHO PaBHA €JlH-
HUIIE.

Jloka3zaTenbcTBO. PacueTHbie QYHKIIUU I COTIIa-
COBaHMS B IIGHTPAIBLHON KJIETKE C 3aMEHOW 0003Ha4YeHHS
MEPEMEHHBIX X, } Ha IEPEMEHHYIO C HHIEKCOM

z1 = g(x1)g(x2),
z2=g(1 —x1)g(x2),
z3=g(x1)g(1 —x2),
z4=g(1 = x1)g(1 —x2).

XY=(0, 1)

XY=(1,1)

Puc. 5. Pesynbrarsl COIIACOBAHUs B LIEHTPAIBHOI KJIeTKe (@) ¥ TI0 BceMy KOMITakTy (b). YIIOBbIe 3HAYEHHST JIOKAJIBHBIX (QYHKINH Ha
xommakre pasusl 0,4, 0,3, 0,2 u 0,1

Fig. 5. Result of functions matching in the central cell (¢) and in entire compact (b). Corner values of local functions are 0.4, 0.3, 0.2,
and 0.1 accordingly
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XY=(1,1)

Xy=(1,1)

Puc. 6. I'magkoe cormacoBanue ABYX (a) u 4eTsipex (b) pauuoHaNbHBIX (YHKIMK C TOTMHOMAMHU BTOPOH CTETIEHU B 3HAMEHATEIE,
MPE/ICTABICHHBIX SIMHUYHBIMH «ITHKaMI», PACIIOJI0KCHHBIX Ha YETBIPEX HIEMEHTAaX HOKPBITHUS

Fig. 6. Smooth matching of two (@) and four () rational functions presented by second degrees polynomials in the denominator with
a single «peak» on four covering sheets

CymMa ueTsIpex 6a30BbIi GyHKINI

z=g(xn)g(x2) + g(1 —x1)g(x2) +
+g(xng(l —x2) + g(1 —x1)g(1 —x2) =
=(g(x1) +g(1 —x1))(glx2) + g(1 —x2)) =11 = 1m.

Teopema o coriacopaHuu GpyHKuUMi. AJITOpUTM CO-
TJTaCOBAHUS JIOKAJBHBIX (DYHKIMI TPUMEHUM TSI KOMITAKTa
100011 pa3MepHOCTH.

Joxa3zareiabcTBo. Bocnonszyemcst MeToqoM Marema-
TUYECKOW MHYKIIUH.

baza nHnykumu: u3 pacueTHbIX QYHKIHN IS COIIAco-
BaHUS B [IEHTPAJILHON KJIETKE CIEAYET, UTO

n=1lz1+z=G;=(g(l —x1) +tg(x)) =1,
n=2:z1+tz+z3+z4=Gr=Gi(g(x2) + g(1 —x2)) =1,

rae Gy — QyHKUus oT k nepeMeHHbIx npu k=1, 2, ..., n.
KonmuecTBO criaraeMpIX zj MY MOBBINICHUN Pa3MEPHOCTH
Ha CIMHUILYy YBEIMYUBACTCS B JBA Pasa, PH ITOM YUCIIO
PaBHBIX €AMHMIIE HA eMHUYHOM uHTepBaje [0, 1] comHo-
JKUTEJICH YBETMUNBACTCS Ha CAMHUILY.

CremaeM WHAYKIIHOHHOE MPEATIONOKEHHE, YTO Ha
Nn-MEPHOH KIIETKE COTIIACOBAHHE BBITOIHICTCS.

Gp=(g(x1) T g(1 —x1))(g(x2) +g(1 —x2)) ...
o (g0en) +9(1 —xy)) = 1.

JobapneHne erre 0HON TepeMEHHOH X, +| IIPHUBOAUT K
(hopmyrte, TOoKa3BIBAIOIICH TeOpeMy

2n+1

Gyl = ];] 2k = Gu(g(xXn+1) + g(1 = xp+1)) = 1m0

O0cy:xaenue

OCo0eHHOCTB Mpe/IaraeMoro Mojxo/ia K OCTPOCHHIO
AQHAIMTUYECKHUX TIIAAKUX OJHO- U JIBYMEPHBIX, a B IIep-
CIIEKTUBE U 0OJiee MHOTOMEPHBIX 3aBUCHMOCTEH Ha Oase
JIOKJIBHBIX (DYHKINH, COCTOUT B TOM, 4TO OH padoTaeT Ha
TIOJINTOHAJIBHOM ceTKe JITo0BIX pa3mepoB. Kak Ha ceTke, co-
CTaBJICHHOH B IByMEPHOM CITydae U3 YeThIPEXyroJIbHIKOB
(JeTBIpexXyToNBbHUK KaK TPaHC(HOPMUPOBAHHBINA KBAIpaT C
JIOKaJTM30BaHHON KOOPIMHATHON CETKOH), TaK W Ha CEeTKe
U3 TPEYTOJILHUKOB (TPEYTONBHUK KaK BBIPO)KICHHBIN YEThI-
PEXYTOIBHHK) MTPOU3BOIBHBIX pa3MepoB U GopM. [Ipuaem
BCE BBIYMCIICHUS TPOU3BOISTCS JIOKAIBHO, B OTIIMYHE OT
CTaH/IAPTHBIX KyOUUECKHX 1 OMKYOMUECKHX CILIaAHOB, He-
3aBUCUMO OT TOI'0O KaKU€ y KaKJ0U KiueTku cocenu. Huuro
HE MelIaeT pacluIupUTh CEMEHCTBO JIOKAIbHBIX (DYHKIUH
C MOJIMHOMOB MJIQ/IIMX CTENEHEH Ha MPOM3BOJIbHBIC JIO-
KanbHble GyHKIMU (puc. 6). OcHOBHAs LeNb TaHHOW pa-
60TBI — pa3zpaboTKa MeToa OBICTPOTO MMOCTPOCHHUS OHO
W JIByMEPHBIX ITa/IKNX aHAJIUTHYECKUX 3aBHCHMOCTEH,
C MePCIIEKTUBON 0000IIeHNS HA CIIETYIOIINE Pa3MEPHO-
ctr. Haunnast ¢ MeToza HAaMMEHBIIINX KBaAPAaTOB U METO/Ia
TPYHIOBOTO yueTa apryMEeHTOB, K yI0OHOMY alropuT-
MY COTJIACOBAHHUSA JOKATHHBIX 3aBUCUMOCTEH U dpPek-
TUBHOW 3aMeHE KyOMUeCKHUX U OMKYyOMUYECKUX CTUIAifHOB.
[IpuHIMNHAIBHOE OTIAMYHE Pa3pabOTaHHOTO aJrTOPUTMA —
MPUMEHEHHE KJIETOYHOTO pa30MeH sl SANHHIIbI, TTO3BOJISTIO-
IIEr0 CTPOUTH MHOTOMEPHBIE 3aBHCUMOCTH MaKCUMaJIbHO
TOYHO, OBICTPO ¥ HA HEOIPAHUYEHHO OOJBIINX KOMITAKTaX,
€CJIM Ha HUX 33J]aH0 KaKOe-TO MOJMTOHAJIbHOE pa3OneHHE.
PesynbraTh uccie0BaHUsS YACTUYHO TPECTABICHBI B
paborax [17, 18].

3akJ/ioueHnne

B paboTe mpeacrtaBiieH OpUTHHAIBHBIN MOJIXOMA K
AQHAJIUTUYECKOMY IPEICTaBICHUI0O MHOITOMEPHBIX 3aBU-
CUMOCTEH B BHJIE eAMHON aABax /bl 1uddepeHunpyemoit
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(byHKIMH Ha 0a3¢ JIOKATBHBIX TOJIMHOMOB, a TAKKE JAPYTUX
JIETKO OTIPENEISIeMbIX (DYHKIIHIA, B TOM YHUCIIC C [IOMOIIBIO
MeTosa HauMeHblux kBajparoB K.®. ['aycca, mo3Boss-
FOIIETO TOTyYaTh Pe3yabTaT OBICTPO O€3 MCIIOIb30BaHUS
QITOPUTMOB IIOIIATOBOM oNTUMH3aIuH. JIOKaIbHbIE IO~
HOMBI CTPOSITCS Ha KapTax, IPUHAICKAIIIX aTaacy TOMO-
JIOTHYECKOTO TIOKPBITHS KOMITAKTa, KJIETOYHOE pa3OneHme
KOTOPOTO TI03BOJISIET B T€X MECTaX, II€ WHAECKC MOKPBITHS
MIPEBBINIACT SAMHUILY, IPOU3BOIUTH TJIAIKOE COTJIACOBAHNE
JIOKAIBbHBIX (DYHKIMH Mexay coOoil. Tem caMbIM MpenoT-
Bpalasi pa3pbIBbl B 3HAUYCHHUSX M [TPOU3BOIHBIX (DYHKIINH,
OIpeICTICHHOM Ha BceM Komriakte. Hanbosbinas mpuMeHu-
MOCTh METOJIa Ha JaHHBII MOMEHT OXKHIACTCS JIS AlIPOK-
CUMaIuu OOJIBIIUX OJHOMEPHBIX BPEMEHHBIX PSIIOB, YTO
03BOJIHT 3(pPeKTUBHO 00padaThIBATh JAHHBIC TI0 YACTSM,
TP TOM JeJIasi Pe3ysIbTaT OeCIIOBHBIM. DTO IMO3BOJISACT
XpaHHUTPH U TIepeaaBarh Mo KaHaiaM o0pabOTaHHYIO HH-
(dbopmaruio B Buje Habopa KOIPPUIMCHTOB JIOKATHHBIX
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(DyHKIIMI BMECTO OTCYETOB, YTO MOXKET JIaTh 3HAYMTEIbHBIH
BBIUTPBILI B 9KOHOMHHU KaK MECTa XpaHEeHUs], TaK ¥ B IPOM3-
BOJINTEJILHOCTHU KaHaja cBsi3u. [IpuMeHnMocTh MeTozia st
pa3MepHOCTEH KOMMAKTa OT JIBYX M BBIIIC OCIIOXKHIECTCS
TEM, YTO MBI C TPyZIOM ceOe mpejcTaBisieM Kakue-I1uoo
MHOTOMEpHBIE THIIEPIOBEPXHOCTH M HE CKIIOHHBI JI0BE-
PSATH TOMY, Ha 9TO HE MOXEM TIOCMOTPETH, YTO HE MOXKEM
n300pas3uth. OMHAKO HATWYUE HAIC)KHOTO W, TJIaBHOE,
anpoOMPOBAHHOTO METO/Ia OSCITOBHON ammpOKCUMAIIUH
MOXKET J]aTh TOJTYOK B PA3BUTHU HCCIIEOBAHUN B 007IaCTH
MHOTOMEpHOH anmpokcumanun. B qanHoe Bpems Hanbonee
9 PEKTUBHO C MHOTOMEPHBIMH JIaHHBIMU Pa0OTaIOT HEel-
ponuble cetH. [Ipu 5TOM MX 3PPEKTUBHOCTH HaNpaBiIcHa
B OCHOBHOM Ha 3aJIa4M KJIACTEPU3alMH U Kilaccu(uKaimy,
B TO BpEMs KaK 3a/[la4l MHOTOMEPHOH Perpeccuu JaHHBIX
B HEHPOHHBIX CETAX HE OYCHb IIUPOKO MPE/ICTABICHBI. 13
9TOTO CIIE/YET, YTO HallpaBJIEHHE HCCIe0BaHni, 0003Ha-
YEHHOE B JAaHHOH pa0doTe, IMEET AaJeKyr0 MEepPCIIEKTHBY.
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AHHOTAIUA

BBenenune. PaccMoTpeHo IieH3ypupoBaHue 00ydaloInX BHIOOPOK C yUeTOM CrelU(UKN pean3aluu aJropuTMOB
Mmeroza Ormkaiiiero cocena. [Iporecce 1eH3ypupoBaHus CBsI3aH C HCIOIb30BAHHEM MHOXKECTBA IPAaHUYHBIX 00BEKTOB
KJIACCOB MO 33JaHHOM METPHKE C IIENbI0: MOUCKA U yIAleHHUs IIYMOBBIX OOBEKTOB; aHAN3a KIACTEPHON CTPYKTYpBI
oOyuaromeil BEIOOPKHU 1O OTHONIEHMIO CBsI3aHHOCTH. MccnenyroTes cnennanbHble YCIOBUS yAaleHHs HIyMOBBIX
00beKTOB U (OPMUPOBAHUS 0a3bl MPELEACHTOB IS 00ydYeHHUs anropuTMOB. Pacmo3HaBaHHEe OOBEKTOB IO TAKOH
6a3e 10DKHO obecnednBaTh OoJiee BHICOKYIO TOYHOCTh C MHHUMAIBHBIMHA 3aTPAaTaMU BBEIYUCIHTEIBHBIX PECYPCOB
OTHOCHUTEIILHO HCXOAHOIT BEIOOpKH. MeToa. Pa3spaboransl HEOOXOANMEIE U JOCTATOYHBIE YCIOBHS I 0TOOPA ITyMOBBIX
00BEKTOB M3 MHOXKECTBA IPAaHMYHBIX. HeoOxoanmoe yciioBre NpUHAIISKHOCTH TPAHUIHOTO 00BbEKTa K MHOKECTBY
LIYMOBBIX 33Ja€TCsl B BHJIE OrpaHUUYeHus (Topora) Ha OTHOIIGHHE PACCTOSHUN 710 OJrKaifiero o0beKTa U3 CBOEro
KJacca U ero JomnoiHeHus. [IoMcKk MHHUMAaIbHOTO MOKPBITUS 00ydaroleil BBIOOPKH dTalOHaMH TPOU3BOJUTCS Ha
OCHOBE aHaJIM3a KJIACTEPHOW CTPYKTYpPBI. DTAJOHBI MIPEACTaBICHb 00beKTaMH BEIOOpKH. CTPYyKTypa OTHOIIECHUH
CBSI3aHHOCTU OOBEKTOB TI0 CHCTEME TUIIEPIIAPOB UCIIONB3YeTCs s uX rpynmupoBku. Coctas rpymni GopMupyercs u3
LEHTPOB (0OBEKTOB BEIOOPKH) LTS TUIIEPIIAPOB, B IEPECEUEHUH KOTOPBIX COEPKATCS TPAHUIHBIE 00BEKTHI. 3HAYCHNE
Mepbl KOMIAKTHOCTH BEIUUCIISETCS KaK CpPEeJHEe YNCIO 00BEKTOB 00ydaromeil BHIOOPKH 3a BHIYETOM ITYMOBBIX,
MIPUTSATUBAEMOE OJJHUM 3TaJIOHOM MUHHUMAJIEHOTO MOKPEITHS. BBIMONIHSIETCsT aHam3 CBsi3u 0000MIIalommei ciocoOHOCTH
QITOPUTMOB TIPU MAaIIMHHOM OOYYEHHMH CO 3HAUYE€HHEM Mepbl KOMIAKTHOCTH. Hannume cBs3u 000CHOBBIBAETCS
10 KPUTEPHIO (peryisipu3aTopy) Uit oTOopa 4rucia U COCTaBa MHOXKECTBA LIYMOBBIX 00beKTOB. ONTHMaIbHBIE
KO3(D(HUILMEHTHI peryssipU3aliy ONPEIeIIIOTCs KaK 3HAY€HHsT TOPOTOB IS YAaJICHHs IIyMOBBIX 00beKTOB. OCHOBHBIE
pe3yabTarhl. [lokazaHa cBA3b MEXAy 3HAaUCHHEM MEphbl KOMIIAKTHOCTH 00ydJaromiei BEIOOpKH U oOodmaronieit
COCOOHOCTBIO aATOPUTMOB pacro3HaBaHus. CBsA3b BBIABIEHA IO STAJIOHAM MHHMMAJIBHOTO MOKPBITHS BBIOOPKH,
13 KOTOpBIX cpopmupoBana 0aza mpeneaeHToB. OOHApYKEHO, YTO TOYHOCTH PACIIO3HABAHUS IO 0a3e MpEIeIeHTOB
BBIIIE, YeM Ha MCXOJHON BHIOOpKE. MUHMMANBHEIH cocTaB 0a3bl MPEIeICHTOB BKIIIOYAST ONMCAHUS HTAJOHOB U
TapaMeTphl JIOKAIBHBIX METPHK. [Ipn ncrons3oBaHuy pometyp HOPMUPOBAHUS TaHHBIX TPEOYIOTCS JOTIOIHUTEIIBHBIS
napameTpbl. AHAIN3 3HAYEHUH MEpbl KOMIIAKTHOCTH BOCTpPeOOBaH IJisi OOHAPYKEHHMs NepeoOyueHH s aJrOPUTMOB,
CBSI3aHHOTO C Pa3MEPHOCTHIO NMPHU3HAKOBOTO MPOCTpaHCTBa. Pacro3HaBaHue 1Mo 6ase MnpereeHToB MUHUMU3HUPYET
3aTpaThl BEIYUCIUTEILHBIX PECYPCOB C MOMOIIBIO aITOPUTMOB MeTo/ia Onmmkaiiniero cocena. O6cy:xmenne. [TpuBoasTes
peKOMEHAAINH T10 pa3padoTKe Mozenel u3 001acT HHPOPMAIIMOHHOH 6€30MacHOCTH, AJIst 00paOOTKU U MHTEPIPETALN
JAHHBIX COIIMOJIOTMYECKUX HCCIenoBanuil. [ls ncmons3oBanus B HHGOPMAIMOHHON Oe3omacHoCcTH hopmMupyercst
0aza mpeneneHToB Ui naeHTHGUKau DDOS-arak. HoBble 3HaHUS U3 00IaCTH COIMOIOTHH MTPEAJIAracTcs MoayvaTh
Yyepe3 aHaJIHW3 3HAYCHHUH MOoKa3aTelel IyMOBBIX OOBEKTOB M HHTEPIPETAINIO Pe3yIIbTaTOB PAa30UCHUS PECIIOH/ICHTOB
Ha HellepeceKaroliecs IPYIIbl 10 OTHOIICHHIO K CBSI3aHHOCTH 00bekToB. KoH(HTypaum rpynm mo oTHOMEHUIO
CBSI3aHHOCTH M3HAYaJIbHO HE M3BECTHBI. HeT cMBICIa BEIMUCISTE HX EHTPBI, KOTOPBIE MOTYT pa3MeIIaThes 3a peieaMu
xoHpurypanmit. [{1st 00bICHEHUS COASPIKUMOTO IPYII HPEIOKEHO UCTIONB30BATh STaJOHBl MUHUMAIIBHOTO TIOKPBITHSL.
Kirouesbie ciioBa

Mepbl KOMIIAKTHOCTH, 0a3a MpeneaeHToB, K03(Q UIHEHTH! peryispi3alui, MUHUMAIbHOE TTOKPBITHE dTAJIOHAMH,
LIIyMOBBIE€ OOBEKThI
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Abstract

The censoring of training datasets is considered taking into account the specific implementation of the nearest neighbor
method algorithms. The censoring process is associated with the use of a set of boundary objects of classes according
to a given metric for the purpose of: searching and removing noise objects and analyzing the cluster structure of the
training sample in relation to connectivity. Special conditions for removing noise objects and forming a precedent base
for training algorithms are explored. Recognition of objects using such a database should provide higher accuracy with
minimal computational resources relative to the original dataset. Necessary and sufficient conditions for selecting noise
objects from a set of boundary ones have been developed. The necessary condition for a boundary object to belong to the
noise set is specified in the form of a restriction (threshold) on the ratio of the distances to the nearest object from its class
and its complement. The search for the minimum coverage of the training dataset with standards is carried out based on
the analysis of the cluster structure. The standards are represented by sample objects. The structure of the connectivity
relations of objects according to the hypersphere system is used to group them. The composition of the groups is formed
from centers (dataset objects) for hyperspheres the intersection of which contains boundary objects. The value of the
compactness measure is calculated as the average number of objects in the training dataset, excluding noise, pulled in
by one standard of minimum coverage. An analysis is carried out of the connection between the generalizing ability of
algorithms in machine learning and the value of the compactness measure. The presence of a connection is justified by a
criterion (regularizer) for selecting the number and composition of a set of noise objects. Optimal regularization coefficients
are defined as threshold values for removing noise objects. The relationship between the value of the training dataset
compactness measure and the generalizing ability of recognition algorithms is shown. The connection was identified
using the standards of minimum sample coverage from which the precedent base was formed. It was found that the
recognition accuracy using the precedent base is higher than that using the original dataset. The minimum composition
of the precedent base includes descriptions of standards and parameters of local metrics. When using data normalization
procedures, additional parameters are required. Analysis of the values of the compactness measure is in demand to detect
overfitting of algorithms associated with the dimension of the feature space. Recognition based on precedents minimizes
the cost of computing resources using nearest neighbor algorithms. Recommendations are given for the development of
models in the field of information security for processing and interpreting sociological research data. For use in information
security, a precedent base is being formed to identify DDOS attacks. It is proposed to obtain new knowledge from the
field of sociology through the analysis of the values of indicators of noise objects and the interpretation of the results
of dividing respondents into non-overlapping groups in relation to the connectedness of objects. The configurations of
groups in relation to connectivity are not initially known. There is no point in calculating their centers which can be
located outside the configurations. To explain the contents of groups, it is proposed to use standards of minimum coverage.
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compactness measures, precedent base, regularization coefficients, minimum coverage with standards, noise objects
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BBenenue

Len3ypupoBanue 00ydaromux BEIOOPOK paccMaTprBa-
eTCsI KaK BayKHAs YacTh POIlecca MAIIMHHOTO OOyUICHNSI.
OCHOBHBIMH HETSMHU IIEH3YPHPOBAHUS ABISIOTCS MOBBHI-
meHne 0000IIArIIEN CITOCOOHOCTH W CHIYKEHNE CIT0KHO-
CTU aJrOpUTMOB. Peanuzaius 3TUX Lelel, KaK MpaBuio,
cBsizaHa ¢ (opMupoBaHHEM 00y4YarOIIMX BIOOPOK uepes
MOUCK U YIaJICHUE IITYMOBBIX OOBCKTOB U Mpu3HaKoB [1-3].
Crienuuky 1eH3ypUPOBAHUS ISt MCTPHUCCKUX aJITOPUT-
MOB paclio3HaBaHus B paboTe [2] MPemIokeHO paccMa-

TPHUBAThH Yepe3 Mepy KOMITAaKTHOCTH OOBEKTOB KJIACCOB U
BBIOOPKH B IIEJIOM.

[Ipouenypa nen3ypupoBanus B [4] mpemycmarpuBaia
KOPPEKLHUIO TMarHOCTUPYEMbIX 00bEKTOB Ha PUMEPE BbI-
60pOK TaHHBIX U3 001aCTH MeTUIMHBL. CMBICT KOPPEKLINU
3aKJII0YAJICS B YJIaJIEHUN TaKUX OOBEKTOB WM HUCIpaBIe-
HUM OIIMOKU B JMArHOCTHUPYEMOM (IIeJIEBOM) MPU3HAKE.
Peanm3anust nporiefypbl OCHOBaHA Ha aHAJIN3E N3MECHEHUH
B OIICHKE Pa3/IeIMMOCTH OOBEKTOB KJIACCOB, BEIYMCIIIEMO
IO ¥ TIOCTIC BHECEHUS MCIPABICHUN MIPH MCIIOIE30BAHHA
(hyHKITMH KOHKYPEHTHOTO cxozcTBa. OTKa3 OT (hMIIbTpanuu
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LleH3ypurpoBaHue oby4aroLLmX BbIGOPOK C UCMOJIb30BAHMEM PErYISPU3aLM OTHOLLEHW CBA3AHHOCTM. ..

UCTIOPYEHHBIX 0OBEKTOB MOTHBHPOBAJICS TEM, YTO TaKHE
JISMCTBUSI MOTYT OTPHILIATEIbHO OTPAa3UTHCS HA IpejcTa-
BUTEIBHOCTH 00ydJaromieil BHIOOPKH.

B pabote [5] oTmMeueHO HamuuMe BIMSHUS IIYMOBBIX
OOBEKTOB Ha CTPYKTYPY OTHOIICHUH OOBEKTOB 00yYarOIITHX
BBIOOPOK B METPUUECKHX aJITOPUTMAaX. Y TBEPKIAIOCH, UTO
MHOYKECTBO IIIyMOBBIX OOBEKTOB SIBISIETCS TOIMHOKECTBOM
TPaHUYHBIX 110 33/laHHON MeTpHKe. IHTepec K rpaHnIHBIM
00BEKTaM CBS3aH C UCIOJIb30BAHUEM HX JUISl BBIYUCIICHHS
OTHOILICHUII CBS3aHHOCTU OOBEKTOB KJIACCOB 10 CHUCTE-
Me runepinapoB. OTHOLICHUE CBSI3aHHOCTH IIPHUMEHSIETCSI
JUIsl pa30ueHust 00bEKTOB KIIACCOB Ha HEIEPECEeKAIOINECs
TPYIIIBI U BEIYUCIICHUS 110 HUM MUHUMAJIHOTO TIOKPBITHS
oOyuaromeil BEIOOPKH TajlOHaMHU. DTaJIOHbI IIPECTaBlIe-
HBI 00bEKTaMH BBIOOPKH. [Ipe/iitoxkeHb! 1Be Mepbl KOMITaKT-
HOCTH JIJISl OIICHKH:

1) cTpykTypbl oTHOIIEHM 00bekTOB B mHTEpBase (0; 1];
2) obobmaromieii crroCOOHOCTH aITOPUTMOB PacIiO3HaBa-

HUSL.

MHOXeCTBO IOy CTIMBIX 3HA4eHUH MephI | B WHTEpBa-
e (0; 1] 3aBHCHT OT KOTMYECTBA TPYIIT B KaXKIOM KJIacce U
UX MOIIHOCTH. Mepa 2 omnpejensieTcs: Kak cpeiHee YHCIIo
00BEKTOB BEIOOPKH 32 BBIYETOM LIIYMOBBIX, IIPUTATHBAEMOE
OJTHUM 3TAJIOHOM MHHHMMAJbHOTO IOKPBITUS. DTa Mepa
npeuIaraeTcst Ui OLlEHKH 0000Iaromei cnocoOHoCTH
JITOPUTMOB B KaU€CTBE aJIbTEPHATHBBI H3BECTHOMY METOJLY
Kpocc-Basnaanuy. Yuciao u coctaB IIyMOBBIX 0OBEKTOB
Mociie UX YIAJIEHUS] MEHSECT KOH(PUTYPanio rPaHUIHBIX
1, KaK CJIEJICTBHE, MOIIHOCTh MHO)KECTBA TAJIOHOB TIO-
KpBITHS. YNCIIO 3TAJIOHOB TIOKPBITHS CITy’KaT ITOKa3aTeIeM
MIPEICTaBUTEIEHOCTH O0yYaloIIel BEIOOPKH.

[Tpouecc moncka MUHUMAIIBHOTO TTOKPHITHSI B paboTe
[5] peanm3oBan xagHbIM anropuTMoM. [1o 3TON TIpUIH-
HE IIYMOBBIC 00BEKTHI MOTYT OBITH BHIOPAHBI B KaueCTBE
9TAJOHOB M IMOBJIHITH Ha 0000MIAIONIYI0 CIIOCOOHOCTD
AJTOPUTMOB PAaCIO3HABAHMS B CTOPOHY €€ yMEHbIIIe-
Husl. [TocKkosbKy 3a7jauu pacrio3HaBaHUS SIBISIOTCS He-
KOPPEKTHBIMH, BCTAET BOIPOC O HAIMYUH ONTHMAJILHOTO
pelIeHUs] — MOTy4eHHsI MAKCUMyMa 3HaUCHUST MEPhI KOM-
MaKTHOCTH. [TONCK ONTUMATEHOTO PEIICHNS OCYIIECTBICH
Yyepe3 COOTHONICHUE MEX/y YHUCIIOM 3TAJIOHOB MHUHHMAJIb-
HOTO TTOKPBITHS ¥ YMCIIOM OTIPEAEIISIEMOTO COCTaBa yajse-
MBIX [ITyMOBBIX 00BEKTOB. J{J1s1 MPOBEPKH MPHHAUICKHOCTH
K MHOXXECTBY IIIyMOBBIX OOBEKTOB MPEI0KEHO UCTIOIb30-
BAaTh JIOIOJHUTEIbHBIN KPUTEPUH — PETYIIsIpU3aTop.

Mepbl KOMIIAaKTHOCTH B OTJIMYMHU OT METO/a KPOCC-Ba-
JIMJALUH HE SIBIISIIOTCS] CPEJICTBOM ISl BBIYUCIICHUS TOYHO-
CTH pacrio3HaBaHus. BeeaeHue peryisipuzaropa mo3Bosisier
YIIOPSIIOUMBATH 3HAUYCHUSI MEPHI B 3aBUCHUMOCTH OT Pa3HbIX
(haKTOpOB, OIPENEIISIOIINX CTPYKTYPY OTHOILICHUH MEMX Ly
oObekTamMu 00y4aromiel BHIOOPKH 1 MCIIONb30BaTh UX JUIS
aHaJ M3a. YMEHBIICHUE 3HAUYCHHUS MEpbl IPH J00aBICHUN
IIPU3HAKOB B HAOOP MOXKET PacCMaTpHUBATHCs KaK MHIMKA-
TOP «IPOKJISITHS Pa3MEPHOCTH». AHAJIN3 MOPSIZIKa CIIEN0-
BaHUS 3HAUYCHUI BOCTPeOOBaH TPH BEIOOPE METPUKH IS
BBIYHMCIICHUS] PACCTOSIHUS MEKAY OOBEKTaMU M CIIOCOOO0B
HOPMHPOBAHUS TAHHBIX, OTOOpPE HHPOPMATHBHBIX HAOOPOB
MIPU3HAKOB.

Hpe}]MET HCCIeJ0BaHUsA

B pabote [6] ommcaHbl 0COOEHHOCTH HCTIONB30BAHUS
9BPUCTHYECKUX METPHUK B METOAAX THMA «OnmKkalmnx
coceneit». [lpu peanuzanuu 1aHHBIX METOAOB paccMa-
TPHUBAIOTCS HEKOTOPBIE COOTHOIICHUS PACCTOSIHUN MEKITY
Pa3IMYHBIMU TapaMu 00BEKTOB. METPHUKH, KOTOPBIE O-
POKIAIOT COBHAJAIOIINE COOTHOLICHUS PACCTOSHUN Ha
MHOYKECTBE OMUCAHUN OOBEKTOB, OKa3bIBAIOTCS IKBUBA-
JICHTHBIMH IIPY BBIYMCIICHUN 3HAYEHNIT MEp KOMITaKTHOCTH.
W3ydenne npuarH HeCOBIaICHHS 3HAYEHUH KOMITAaKTHOCTH
TpeOyeT MHBIX METO/IOB aHAJIN3a C LIEJIBI0 UCIIOIb30BaHUS
UX PEe3yJIbTaTOB JUIS IIEH3YPUPOBAHUSL.

CymecTByeT MoTpeOHOCTh B IPOBEPKE IMITOTE3BI O Ha-
JMYHHN TTOCIIEA0BATENILHOCTH MIPU3HAKOB, YAAJICHUE YacTH
U3 KOTOPBIX, COMIACHO MOPSIIKY MX CIIEAO0BaHuUs, obecrie-
YUBaeT MOHOTOHHOE HEYOBIBAaHHE 3HAUEHUI MEPbI KOM-
MakTHOCTU. JIOCTOBEPHOCTh 3HAUEHUN MEphl BO3pAcCTaET
3a CYET UCTIONB30BAHUS PEryIIpu3aTopoB. CBOWCTBO MOHO-
TOHHOCTH CHIYKaeT KOMOMHATOPHYIO CIOKHOCTB IpoIiecca
oTbopa NHPOPMATHUBHBIX MTPU3HAKOB.

O6o0matomiast crocoOHOCTh aaropuTMa Meroaa Onu-
JKaHIlIero cocefa 3aBUCUT OT CTPYKTYpPbl OTHOIICHUH 110
MHOKECTBY TPaHUYHBIX 0OBEKTOB KiaccoB [5]. Kak mpa-
BWJIO, 3Ta CTPYKTYpa MEHSIETCS NPH YJAJICHUN LIYMOBBIX
00bekToB 13 BeIOOPKH. [To cyTH nena, Ha 0OyJarorieil Bbl-
0opKe paccMaTpPUBAIOTCS MCXOIHOE U MEPEONPEICIICHHOE
MHOXECTBA I'PAHUYIHBIX 00BEKTOB, MOIYUYEHHBIE J0 ¥ TIOCIIE
yAAJIECHUsSI NIyMOBBIX OOBEKTOB.

VYrnanenne 9acTy rpaHUIHBIX 0OBEKTOB (IITyMOBBIX) pac-
CMaTpPUBAETCs KaK CII0CO0 MOMCKA OTCTYIa MEXIy Kiac-
CaMH C LEJIBIO MOBBINICHUs] 00001atoniel criocoOHOCTH
aJITOPUTMOB pacrno3HaBaHMs. OTCTYI SBISIETCSI OTHOCHU-
TEJILHOM BEJIMYMHOM, KOTOpasi BIAMSET Ha BHIYMCICHHUE 3HA-
YEHH apaMeTpOB JIOKaJbHBIX METPHK U COCTAB STAJOHOB
MHHHMAJIBHOTO TTOKPBITHSI BEIOOPKH.

Jlis BKITIOUSHHSI TPAHUYHOTO 00BEKTa B COCTAB IIy-
MOBBIX HCIOJIB3YETCsl OTHOUICHHE PACCTOSHUI 0 ABYX
OmmKalmmx 0OBLEKTOB M3 CBOETO KJIACCa M €T0 JOIOJHE-
HUSL. Y TBEPXKJIACTCA, YTO IJIS MTOTYHIEHHUS] ONTUMAIbHOTO
C TOYKH 3PEHMS TOUHOCTHU PACIIO3HABAHUS PEIICHUS He-
00XOJIMIMO BBOJUTH OTPaHUUYCHUS (ITOPOTH) HA 3HAUYCHUS
OLIEHOK OTHOUIEHHU. BBIOOP OPOTroB (OTCTYIIOB) CBSI3aH C
pelIeHneM 3a/1a4k OMCKa MAaKCUMAJIBHOTO 3HAYEHUS MEPBI
KOMITaKTHOCTH Ha 0o0ydaronieil BBIOOpKE MO0 KPUTEPHIO
peryaspu3anum.

YuciieHHOE pelIeHNe 3a/1aui peryssipu3alu CTpyK-
TYpbl OTHOIIECHUH OOBEKTOB IO MEpE KOMITAKTHOCTH U
(opmupoBanne 0a3 MpereneHToB Yepe3 MUHUMaIbHOE
MOKPBITHE BEIOOPKH 3TAJIOHAMH B HACTOSILEH paboTe mpen-
JIOKEHO BIEPBBIC. BEeposATHBIM 0OBSICHEHHEM OTCYTCTBUS
QHAJIOTMYHBIX HAyYHBIX PA0OT SABISIETCS TO, YTO CIIOKHOCTD
pelIeHus 3a1a4d O MUHUMAaJIbHOM MOKPBITHH OLICHHBA-
ercsa kak NP-nonHas. [IpakTuyecku moiayuuTh pelieHue
MOCTaBJICHHOM 33/1a4M HEBO3MOXKHO, TaK Kak TpeOyeTcs
BBITIOJTHUTH MOJIHBIN nepebop Bcex BapuaHToOB. s nc-
KJIFOYEHUS! TTOJTHOTO Tepedopa BapHaHTOB OCYIIECTBICHA
npeoopadboTka JaHHBIX Yepe3 TPYNIUPOBKY 0OBEKTOB 110
OTHOUIEHUIO UX CBSI3aHHOCTH 10 CUCTEME MEepeCeKaroIUX-
cs runiepmapos. [lonck sTanoHoB mocie npenoOpadboTku
MIPOU3BOJUTCS 110 KKIOH I'PyIIe B OTACIBHOCTH.

324

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2



H.A. Wrhatees, [.X. TypcyHMypOTOB

IlocTanoBka 3agaum.
MuHuMabHOe NMOKpbITHE BLIﬁOpKl/I 3TAaJOHAMHU

PaccmoTrpuMm 3a7aqy pacno3HaBaHUsI B CTAHAAPTHOM
MocTaHoBKe. bynem cunTars, 4TO 3aJaHO MHOXKECTBO M3 /M
obwexToB £ = {S, ..., S,,}, pasaenenHoe Ha [ Hemepece-
Karomuxcst kiaccos K, ..., K;. Onucanne oObeKTOB Ipo-
W3BOJIUTCS C TIOMOIIBIO /2 PA3HOTUITHBIX IPU3HAKOB X(7) =
= (xq, ..., X,), & N3 KOTOPBIX U3MEPSIOTCSA B MHTEPBATIBHBIX
mKanax, 7 — § — B HOMAHaJIbHOU. Ha MHOXecTBe 00BhEKTOB
E, 3apana Metpuka p(x, ).

Beenem o0603HaueHUs
= {S € E|p(S;, S) =  min

Si€K;, S€CK;
00bexToB KiaccoB; I’ © B(E, p) — LIyMOBBIX O0BEKTOB,
orpeznenaemMbix Ha £ o metpuke p(x, y); E = Ey\T.

OOBeKTHI S, SJ €K, t=1, ..., [ caurarorcs cBI3aHHbI-
MU MeXIy co00it S; <> S, ecin {S € B(E, p)|p(S, S;) <r;
u p(S, S) <r;} # @, tne rr;) — paccrosue 10 GiKai-
wero ot S(S;) obbexra n3 nononuennst CK(CK, = E\K,)
k K, mo merpuxe p(x, y). Muoxectso G, = {S,,, ..., S, },
c>2,G,, c K, v<|K,| npencrasuser odnacts (Ipymniy) co
CBA3aHHBIMU 00BEKTaMU B Kiacce K, eciu s MoOkIX S,
S, € Gy, CYLIECTBYCT HYTh S, <> S, <> ... <> S, OObeKT
S; €K, t=1, ..., ], IpUHAUIEKUT I'PYIIIIE U3 OZHOIO 3JIe-
MEHTa M CUMTACTCSI HECBSI3aHHBIM, €CJIM HE CYIIECTBYET
myTH S; <> Sj HU JUIA OJTHOTO 0OBEKTA Sj #8;m Sj €K,

Cumnraercs, 9TO Ha MHOXXECTBE £ OTpe/iesieH yKaJHbIH
anropuT™ (HOPMHUPOBAHUS MHOKECTBA ITAJTOHOB MUHH-
MAaJIBHOTO MOKPBITUS £, U BEIYUCICHUS. MEPbl KOMITAKT-
HOCTH

MHOXECTB: B(E, p) =
p(S;, Sd)} — IpaHMYHEIX

W(E, p) = |EVIEgl- (M

banzocts k oTanony S € E,, N K, BBIYUCIUM 110 JIO-
KaJbHOU MeTpuKe P (X, ¥) = a,p(x, ¥), TIE 0, — HapaMmeTp,
OIIpEeAEIAEMBIil 0 TpaHNYHBIM 00bekTaM u3 £ N CK,.

Tpebyercst onpenenuTs MOIHOCTH MHOMKECTBA LIyMO-
BbIX 00beKTOB 7'M €ro cocras, PU KOTOPOM

W(E, p) = maxp(Ey\T, p). (2)
TCE,

[Ipouecc GpopMHUpOBaHNS MUHUMAJIBHOTO MTOKPBITHUS
oOydJaromieil BRIOOPKH TAIOHAMU [5] peanusyercst myTeM
IOCIIEIOBATEILHOTO BHITIOIIHEHNUS CEAYIOIINX 3TAIOB:
— BBIJICJIEHHE MHOXECTBA TPAHUYHBIX OOBEKTOB KIIaCCOB

B(E,, p) 0o 3a1aHHO MeTpHKe p(X, V);

— TIOWCK 1 yAaJeHHE IIyMOBBIX 00beKTOB 7 C B(E), p) U3
MHO)KECTBA TPAaHUYHBIX;

— pa30OueHne 0OBEKTOB KJIACCOB HA HEMEPECeKAIOIIHecs
IPYIIIBL 10 OTHOIIEHHUIO CBSI3aHHOCTHU 110 MHOKECTBY
TpaHWYHBIX Ha E = E\T;

— (opmMHpoBaHHE MHHUMAIIBHOTO MOKPBITHS M3 3TAJIOHOB
10 K0 rpyre.

Brruncienre MUHUMaJIBHOTO MOKPBITHS 3TAJIOHAMH
E, 1 3HaueHUs Mepbl KOMIakTHOCTH (1) ciy»xaT ocHOBOI
Jutst (hOPMUPOBAHMSI MHOTOOOpa3ust 0a3 MpereeHTOB s
peanu3annu auropuTMOB MeToa «OnmKaimii cocem.
VYcnoBust N3MEHEHHs OTHOIICHUH MEX/y 0OBEKTaMH BBI-
OOpKM, 9acTh U3 KOTOPBIX TEPEUNCIIeHa B [5], 0OBACHSIIOT
MIPUYXHY TIOSIBIICHUS] TAKOTO MHOTOOOpa3Hsl.

OnTuMH3aIOHHAs [TOCTAHOBKA 33/1a4¥ 0TOOpa ATajo-
HOB, OCHOBaHHAas HA MUHIUMU3AIMU (PyHKIIHOHAJIA TIOJTHOTO
CKOJIB3SIIIECTO KOHTPOJIS, paccMoTpeHa B padore [7]. [pu
pasaeiIcHIN BHIOOPKU Ha 00YYarOIIYI0 M KOHTPOJIBHYIO
TIPE/IIIOIATaIOCh BXOXKICHIE B HUX O0OBEKTOB U3 MHOXKE-
cTBa 3TajJOHOB. OTKPBHITHIMH OCTABAIHCh MPOOJIEMBI YHC-
JICHHOTO PEIICHUsI ONMTUMHU3AIMOHHON 3aauil MPUMEHH-
TEJBHO K OOJBIINM JaHHBIM.

JI1st CHIDKEHUS BRIYMCIUTEIBHON CIOKHOCTH 33aa4u
0TOOpa STATOHOB B HACTOSIIIIEH paboTe UCTIONB30BaHAa Mpe-
noOpaboTka gaHHBIX. [Iporiecc nmpenodpaboTku 3aKIroyaeT-
Cs1 B pa30MCHNN OOBEKTOB BBIOOPKHU Ha HETICPECCKAOIIMECS
TPYIIIBI IO KAXKAOMY Kiiaccy. CYUTACTCS, YTO C POCTOM
00beMa BBIOOPKH U YIAJIICHHS 13 HEe BBIOPOCOB CHIDKACTCS
BapHaOEIbHOCTh KOH(PUTYpAIHH BEIOOPKH 110 MHOKECTBY
TpaHUYHBIX 00BEKTOB KiaccoB. Ha cHIKeHre Bapruadeb-
HOCTH JIOJDKHBI YKa3bIBaTh YMEHBIIICHHE pa3dpoca 3Hade-
HUH: 9HCIIa HeMePEeCeKAFOIIIXCS TPYIIT 00BEKTOB KIIACCOB,
OTIpENIeNIEMBIX TI0 OTHOIIICHHIO CBSI3aHHOCTH TI0 CHCTEME
TUMEPIIAPOB; YMCIIAa ITAJIOHOB MUHUMAIIFHOTO ITOKPBITHSA,
BBIYUCIISIEMOTO IO TPYIIIaM 0OBEKTOB KJIACCOB; BETMYMHBI
3a30pa (OTCTyIa) MEXKTy 0ObEKTaMHU KIacCOB.

[TpoBepka cOCTOATENLHOCTH JTAHHBIX 3HAYEHUH HEe0O-
XOJIMMa TSl OLICHKK 0000IIArOMICH CIIOCOOHOCTH ajiTOPHT-
MOB. cronp30BaHNe aCUMITOTUYCCKUX CITOCOOOB OIICHKH
JUTSL 3TUX TIeTICH, KaK MPaBUJI0, IPEACTABIISCT JIUIIb TeOpe-
TUYCCKUI nHTEepec. PekoMeHmyeMas aCHMIITOTHYCCKUMU
crioco0amH 3aBBINICHHAS JITTHHA 00YYarOIIX BEIOOPOK IS
MIPAaKTUICCKON peas3auy HeIPIMEHUMA.

Br100p MaTEeHTHBIX MPU3HAKOB B TPOCTPAHCTBE OOJIB-
IO pa3MEpPHOCTH MOXHO pacCMaTpUBaTh KakK CIIOCOO
pemuTs npodiemMy MpPOKISATHS Pa3MEPHOCTH IS Me-
TPUYECKUX alNropuTMOB. Kaplil 1aTeHTHBIN NMpU3HAK,
CHUHTE3UPOBAHHBIN 10 METOLy 00OOIIEHHBIX OIEHOK [8],
MIPE/ICTABIISIETCS KaK aHCaMOJIb U3 2JIEMEHTApHBIX KIIACCHU-
(hUKaTOPOB 10 TEXHOJIOTHHU CTEKUHTa. JJoKa3aHo, 4TO METO
KPOCC-BaIMIAINH JIISI IPOBEPKU TOYHOCTHU PACTIO3HABAHUSI
aHcamOJieM Ha KOHTPOJIBHBIX BEIOOpKAX HempuMeHnM. [1o
9TON MPUYHHE 3HAYCHUS MEPhI KOMITAKTHOCTHU (2) MOXKHO
3a/IeHCTBOBATh [Tt (hOPMUPOBAHUS 0a3 MPEIECHTOB Ha
pa3HBIX HAO0OpaxX JATSHTHBIX MPU3HAKOB.

ITonck mymMoBBIX 00bEKTOB H3 MHOKECTBA
rPAaHUYHBIX

OrmpesienneHne TUMTUYHOCTH 00bEKTa U3 £ (01H30K K
CBOEMY KJIaccy, SIBJISICTCSI TPAaHUYHBIM, OJIM30K K JIOTOJI-
HEHMIO KJlacca) M0 3HaYeHUI0 (yHKIIMH KOHKYpPEHTHOTO
cxozctsa B anropurMe FRIS-STOLP [4] npumensieTcs npu
(hopMUpPOBaHNM MHOXKECTBA M3 LIYMOBBIX M 3TAJOHHBIX
00BEKTOB. BBIMTOTHUM OIEHKY TUITHYHOCTH TPAHUIHOTO
00BEKTa M0 OTHOIICHHIO JABYX OMIDKAHIINX OT HETO pac-
CTOSIHMH O OOBEKTOB U3 CBOETO KJIacca M €ro JOIOJIHe-
Hus. Pernrenne o BKIIto4eHUH (HE BKIIIOYCHUH) TPAHUYHOTO
00BEKTa B MHOXKECTBO IIIYMOBBIX IPUHUMAETCS Ha OCHO-
BE€ aHaJIM3a 3TOro oTHomeHus. s aHanusa Tpedyercs
OIIpe/IeNIUTh IOPOrOBOE 3HAUYCHUE A U YCIIOBHS, HA OCHOBE
KOTOPBIX IPUHUMAETCS PEIICHUE.

Ha mHOXecTBe TpaHUUYHBIX 00beKTOB B = B(E, p)
chopmupyem MHOKecTBO 1ap BG ={(S;, S))}, S; € K, N B,
122,85 € CK, N B, p(S;,S) = min p(S;,S,). s

S,€BNCK,
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LleH3ypurpoBaHue oby4aroLLmX BbIGOPOK C UCMOJIb30BAHMEM PErYISPU3aLM OTHOLLEHW CBA3AHHOCTM. ..

(S, §;) € BG BBenem obGosnauenus r(S;) = p(S;, S)),
d(S;) = p(S;, S,), tne S, = arg min  p(S;, S,)-
S.EEQNKA{S;}
Ananornuno s S; € CK, N B onpenennm 1(S)) = p(Sy, S;) =
min p(S,, S;), d(S;) = p(S;, S,), rae S,

S,EBNK,
. r(Sy)
arg  min p(S;, S,). OTHOImIEHNE ——
S.EEGNCKNS;} i

<ALO0<A<l1

paccMaTpuBaeTcs Kak HeOOXOAUMOE YCIIOBUE OTHECCHHE
obbekra S; € K, N B K MHOXXECTBY LIyMOBBIX. JlocTaTou-
HBIM yCJIOBUEM SIBIISICTCS

&) <Awm
d(Sy)

GO

a(s)~ )

Wimoctparyst onpeieNieHust IPUHAIIKHOCTH TPaHNy-
HOro oobexra S; € K K MHOKECTBY IIIyMOBBIX Ha BEIOOPKE
Ey =K, U K, no orxowenusm paccrosuuii r(S,), d(S)),
d(S,) moxa3aHa Ha PUCYHKE.

3HaueHue A, onpesensemoe 1o (3) B kadecTBe napame-
Tpa (ko3¢ dunneHTa) peryaspu3aropa, IPUMEHIETCS I
TIOKMCKA SKCTPEMAIILHOTO 3HAYCHHSI MEPhI KOMIIAKTHOCTH (2)
pu (GUKCHPOBAaHHBIX (akTopax. Pemenne 06 rpdexTns-
HOCTH BBIOOpa (haKTOPOB (MEpa pacCTOSHHS MEXKTy 00bEK-
TaMH, CII0COO HOPMHUPOBAHHS, COCTaB HAOOPA MIPU3HAKOB U
T. /1.), I3MEHSAIOMINX CTPYKTYPY OTHOIICHUH OOBEKTOB, KaK
MIPaBHJIO, IIPUHUMAECTCS 110 PE3YJIbTaTaM BbIYHCIUTEIHHOTO
IKCIIEPUMEHTA.

[Tpu pazpaboTke nporpaMMHOTo oOecriedeH s JUIs pac-
103HABaHMS TIPOU3BOJILHOTO JIOMYCTUMOTO 00bEKTa B IPH-
JIO)KEHHH K 0a3e MpereaeHToB Kak MUHUMYM HeoOX0IuMOo
XPaHUTbH CBEACHHS 00 MCIIONb3yeMOI METPHUKE U 3HAYCHUS
BECOB JIOKAJIBHBIX METPHK TAJIOHOB.

O peryasipu3anuy OTHOLIEHMIT CBA3aAHHOCTH
00bEeKTOB KJIACCOB IPH MOJAJTHPOBAHMHI

Pe3ynbrarhl, MOJTyYEHHBIE NPU PETYNISIPU3AIUN OT-
HOIICHUH CBS3aHHOCTH OOBEKTOB KJIACCOB, BOCTpeOOBa-
HBI IPU IIOCTPOCHHUH MOjelIel, OCHOBAHHbBIX Ha 3HAHU-
SIX B CJIA0OCTPYKTYPHUPOBAHHBIX NMPEIMETHBIX 00JIACTSIX.
PexoMeH Ty I0TCsI ClleTyOIie BAPHAHThI IPUMEHCHHUS:

1) pacmo3HaBaHHE OOBEKTOB C MUHUMAJILHBIMHU 3aTPATaMH

BBIUHMCIIUTEIBHBIX PECYPCOB;

2) aHamm3 KIACTePHOH CTPYKTYyphl OOBEKTOB M CBOHCTB
9TAJIOHOB MUHUMAJIBHOTO MOKPBITHS;
3) wuccnenoBaHNE MPUYNH MOSBICHUS TYMOBBIX OOBEKTOB.

Peanuzanus BapuanTa 1 cBsizaHa ¢ pOpMHpPOBaHUEM
63,3])1 MpEenCcaACHTOB U3 3TAJIOHOB MUHHUMAJIbHOTO ITOKPBLITHA.
OnrtuManbHOE 3HaYeHHE MEpbl KOMITAKTHOCTH (2) TI03BOJIS-
10T OTCJIC)KUBATH IIepeoOydeHHe aJrOpuTMOB, CBS3aHHOE C
IpOOJIEMOH MTPOKIISATHS PA3MEPHOCTH MIPU MALTMHHOM 00Y-
yeHnu. MIHanKkaTtopoM nepeoOydeHust CIy>KUT yMEHBIICHE
3HAYEHHST MEPbI KOMIAKTHOCTH 1 CHIDKEHHE 00001Iaromeit
CIOCOOHOCTH AJITOPUTMOB TPH POCTE YHCIIA TPU3HAKOB.
Pa3mMepHOCTb MPOCTPaHCTBA, BBIIIE KOTOPOTO (puKCcHpyeTcst
HaJIM4ne NepeoOydeHns], ONPEAEISIETCs] IPU MIPOBEJCHUHT
BBIUMCIUTEILHOTO SKCIEPHUMEHTA.

DdheKTUBHOCTD paco3HABAHUS 110 0a3€ MPEIEACHTOB
JOCTUTACTCA 3a CYHET CHMIXKCHUA 3aTPaT BbIYUCIUTEIbHBIX
pPEeCypcoB ¥ BOBMOXKHOCTHU pacliapaijieIMBaHusl alllOpUT-

@ Kiacc K,
A Knace K,

Pucynox. OTHecenue rpaHnIHOTO 00BeKTa S; € K|
K MHOYKECTBY IIYMOBBIX II0 OTHOLICHHSIM PAacCTOSHUH 7(S;),
d(S)), d(S;)
Figure. Assignment of the boundary object S; € K| to the noise
set according to the distance relationship #(S;), d(S)), d(S;)

Ma NP BBIYMCICHUH MEPbl PACCTOSHUS OT MPOU3BOJIb-
HOT'O JIONyCTHUMOT'0 00BEKTa JI0 MPEIEICHTOB U3 0asbl.
MUHUMHA3AIKS PECYPCOB aKTyallbHa IPH pa3/esIeHUH po-
TOKOJIOB ¢ HOpMaJIbHBIM TpadukoM u ¢ DDOS-arakamu
(oTkazamu B 00CITy>KMBAaHHM ) T OOPHOBI C HECAHKIIMOHU-
POBAaHHBIM JIOCTYIIOM B KOMITBIOTEPHBIX CETSIX.

AHanm3 KIacTepHON CTPYKTYPbI OTHOIICHNIH 00BEKTOB
(BapmaHT 2) BocTpeOOBaH MPH MOUCKE CKPBITHIX 3aKO-
HOMEPHOCTEH B JAHHBIX IYTEM IPOBEPKH UCTUHHOCTH
TUIIOTE3, BBIABUTAaeMBIX dKcriepToM. CuuTaeTcs, 4To 3Kc-
MEePT 3a]aeT KIacCu(UKaIio 00bEKTOB U UCIOIB3YET ee
JUIsl YaCTUYHOTO 00y4eHUs pu rpynmnuposke. Hampumep,
B COLIMOJIOTMH TakKas KjlacCu(UKaLUs MPUMEHUMA MPH
UACHTH(QUKAIUN PECIOHACHTOB C HU3KUM, CPEIHUM H
BBICOKUM YPOBHSIMH J0X0/I0B. YacTiyHOE 00yUeHne Heoo-
XOJMIMO B KQUeCTBE YCIIOBHSI, YTO COCTAB KaXKIAOH I'PYIIIIBI
MIPE/ICTaBJICH PECIIOHICHTaMH OAHOTO Kiacca. C yueTom
9TOTO YCJIOBHS aJTOPUTM METO/Ia TapaHTHPYET €ANHCTBEH-
HOCTb YHCIIa TPYIH ¥ UX COCTaBa, KOTOPOE MCHONIB3YeTCs
MIPY TIOMCKE MHHUMAJIBHOTO TIOKPBITHS BEIOOPKH 3Tao-
HaMH.

[To OTHOLIECHHUIO CBA3aHHOCTH OOBEKTOB KJIACCOB
koHGurypanus (Gpopma) rpymn MOXET ObITh Pa3THYHOM.
Kaxnyro rpyniy uaeHTUGUIHPYET KaK MUHUMYM OJMH
stasnon. Her HeoOXoaumocTu (B ciiydae pasHOTUITHOCTH
MPU3HAKOB U BO3MOXXHOCTH) B BBIUYMCICHHUH IIEHTPOB
TPYII, BO BBEJICHUU OIPaHUYEHHUH Ha IIKAJIbl N3MEPEHNI
NPU3HAKOB. B KauecTBe ambTepHATHBBI LIEHTPAM I'PYIII
MIPY aHAJIM3E MpeJylaracTcs MUCIONb30BaTh ITAIOHBI T10-
KPBITHS.

DTaloHHbIE OOBEKTHI SABIAIOTCS MIPEAMETOM OTAEIb-
HOTO MICCJIEIOBAHNS KAK THUITMYHBIE IPEACTAaBUTEIH TPYTIIL.
[ITymoBbIe (HETUITHYHBIE) OOBEKTHI (BapHaHT 3) paccMa-
TPUBAIOTCS KaK BHIOPOCH WIIM OTKJIIOHEHHUS OT dMITUpHYE-
CKHMX 3aKOHOMepHocCTel. Hampumep, 1o coluoaoruyeckum
JIAHHBIM YPOBEHb MTOTPEOJICHUsI PECIIOH/ICHTA CYIIIECTBEHHO
pasiiMyuaeTcsi OT yPOBHs 3asIBICHHBIX MM JIOXO/O0B.
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BuruucauTeIbHbIH 3KCIIEPUMEHT

Jist meMOHCTpaIuu BIUSHUS K03(D(QUITUCHTOB peryJis-
pU3anuy Ha 3HAYEHHE Mepbl KOMIakTHOCTH (1), CBSI3U KO-
AP PUITHIEHTOB ¢ 0000IIAIOIIEH CITOCOOHOCTHIO AITOPHTMOB
MeToj1a OIKalIero cocena ObUIN UCTIONb30BAHBI JAHHbBIC
German! u Spambase?. CBs3b K09(hPHUIMEHTOB PETYIIsA-
pH3aLUK C pe3ylbTaTaMy 0TOOpa IIYMOBBIX U ATAJOHHBIX
00beKxTOB Ha naHHBIX German mo Metrpuke Kypasiésa
nokasana B Ta0i. 1. Onucanue kaxaoro u3 1000 00bekTOB
BBIOOPKH IIPH COOTHOLIEHHHU KiaccoB |K|:|K,| = 700:300
TIPOU3BOJIIIOCH 7-10 KOTMUECTBEHHBIMU U 13-10 HOMUHAITb-
HBIMU MPU3HAKAMHE. 3HAUYCHHUS KOJIMICCTBCHHBIX PH3HAKOB
B JIaHHBIX JPOOHO-IIMHCHHBIM IPeoOpa3oBaHUEM 0TOOpa-
»kanuck B quanasone [0; 1].

B kauecTBe ONTHMAaIbHOTO PEIICHUS IS JaHHBIX
German (ta6mn. 1) pekomeHayeTcs yaaneHne 42 IryMOBBIX
00BeKTOB 1 0TOOP 260 ATaNOHOB MpH KOAPPHUIIIEHTE pe-
rymspusanuu 0,8.

IIpu skciepuMeHTe Ha BBIOOpPKE JaHHBIX Spambase
KOJIMYECTBO 00BEKTOB ¢ UCXOAHBIX 4601 ObLTO yMEHbIIIe-
HO 10 4204, u3 Hux 2528 npencraButenel 1-ro kimacca u
1676 — 2-ro. YnaneHsl nepecekaronmecs 00beKThI U3 BYX
KJIACCOB ¥ M3 CXOJHBIX IO OMMMCAHUIO OOBEKTOB B KAXKIOM
KJIACCE OCTABJICHO IO OJHOMY TpejcTaButeato. OnHa u3
meJei SKCIepuMeHTa — JCMOHCTPAIHS BO3MOXKHOCTEH
aHaJTM3a MHOT0OOpa3uil OTHOIICHUH 00BEKTOB KaK MPH

1 [DrexTporHsbIit pecypc]. Pesxxum noctyma: https:/archive.ics.
uci.edu/dataset/144/statlog+german-+credit+data, ceobonubIit. S13.
aHr. (mara oopamenus: 19.01.2024).

2 [DnekTponubIil pecypc]. Pexxum poctyna: https://archive.
ics.uci.edu/dataset/94/spambase, cBoGoaHbIH. S3. anrI. (nara
obpamenus: 19.01.2024).

HOpMHUpPOBaHUM JaHHBIX B [0; 1] Tak U npu ucnoib30Ba-
P1 (x >V )
1+ pa(x, y)
merpukaM EBkiiiaa u YeObimesa. OnTuManbHbIe 3HAYCHHS
KO3(PUIIMEHTOB peryisipu3aly Ha pasHbIX METPUKAX 110
HOPMHUPOBAHHBIM B auamnasoHe [0; 1] manHbIM Spambase

TIPE/ICTaBJICHBI B TA0M. 2.

CuutbHast KOppEISIMOHHAS 3aBUCUMOCTB 10 (2) ¢ 6a3o-
BBIMHU MeTpukamu EBkimaa n Yeobimea (Tadi. 2) momyde-
Ha 1o komOuHauu EBkimra/(1 + YeObimena).

J1s mpoBepku 3(pPeKTUBHOCTH 0TOOpa ITATOHHBIX
00BEKTOB B KaueCTBE MPELEACHTOB sl 00ydeHHus: ObLIO
npousBesieHo pazouenue 4204 o6bekToB Spambase Ha
JIB€ PaBHBIE 110 MOIIHOCTH BbIOOpKH. [Ipu aTOM MCIONB-
30BaH MOPAAOK CJICJOBAHUA YETHBIX U HEYETHBIX HOMEPOB
HHJICKCOB 00BEKTOB B KoM Kiacce. Kaxmas BrIOOpKa
(Chet u Nechet) npumensiiach /it 0Oy4eHUS B KOHTPOJISL.
Pesysnbrarsr 0TO0pa MpereseHToB Mo ABYM BEIOOpKAM IIpeji-
crasieHs! B Ta0n. 3. [IperenenTaMn CUNTAIOTCS 3TAIOHBI
MUHUMAJIBHOTO MMOKPBITHS, TIPU (POPMUPOBAHIH KOTOPOTO
MCIIONTF30BAJIUCh JIOKAIbHBIC METPUKH IS BEIYACICHUS
paccTosHUS 10 OMICAHUAM MaHHBIX B [0; 1].

MuHIMaIbHBIE TOKPBITHS PABHBIX IO MOIITHOCTH BBI-
60pok (Tabi. 3), momy4YeHHBIE MIPH Pa3HBIX 3HAUYCHUIX KO-
s duItneHTa perysipu3anui, OTIHYAI0TC Pa3HO00pasueM
KaK 10 YHCIIy DTAJIOHOB, TaK U UX PACIPEACIICHUIO IO
kyaccaM. OOBSICHSIETCSI 3TO CIIOCOOHOCTBIO AITrOpUTMa
o0y4eHMsl alalTHPOBAThCSI K KOH(QUTYpaMK TPaHUIHBIX
00BEKTOB TI0CIIE Y/IAJICHHsI IIyMOBBIX 3a CueT BbIOOpa Ia-
paMeTpOB JIOKAJILHBIX METPUK TaJIOHOB.

Jist ipoBepkH 0000IIAOIIeH CTIOCOOHOCTH aJTOPHT-
MOB pacIlO3HABaHUS B KA4ECTBE MPELEACHTOB UCIIOIB30-
BaHBI 3TaJJIOHBI MUHIMAJIHHOTO MOKPHEITHSA BEIOOpOK Chet

HUM KOMOMHAIMU Buaa p(x, y) = 1o 6a30BbIM

Tabnuya 1. OTOOP MIYMOBBIX U 3TAJIOHHBIX 00BEKTOB Ha JaHHBIX (German B 3aBUCHMOCTH OT 3HAYeHUH K03 (PUINEHTOB
perynsipuzanuu o metpuke JKypaniéna

Table 1. Selection of noise and reference objects on German data depending on the values of regularization coefficients using
the Zhuravlev metric

Yucno 00beKkToB
Koaddunuent perynspuzarmn KommaktHOCTb 110 (2)
IIYMOBBIX ITAIOHOB
0,5 42 267 (126, 141) 3,4373
0,6 60 259 (120, 139) 3,4116
0,7 54 259 (112, 147) 3,4553
0,8 42 260 (114, 146) 3,5299
0,9 27 277 (127, 150) 3,4178

Ipumeuanue. B ckobkax (tadn. 1-3) ykazaHO YHCIIO 3TAJIOHOB K3 1-T0 U 2-TO KJIACCOB.

Tabnuya 2. OntiManbHbIC 3HAYCHUS KOG GUIIMEHTOB PEryIspU3aliy Ha JaHHbIX Spambase

Table 2. Optimal values of regularization coefficients based on Spambase data

Mertpuxka Koouumerr Hneno obkexron KomnakrHoCTb 110 (2)
peryiipu3anuu ITYMOBBIX STaJIOHOB
EBxnnna 0,7 70 395 (196, 199) 10,2915
YeObimeBa 0,7 115 370 (233, 137) 10,7490
Yeonimena/(1 + Epxiinia) 0,6 82 498 (239, 259) 8,1157
EBxmupna/(1 + YeOrlimiena) 0,8 83 400 (201, 199) 10,0991
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LleH3ypurpoBaHue oby4aroLLmX BbIGOPOK C UCMOJIb30BAHMEM PErYISPU3aLM OTHOLLEHW CBA3AHHOCTM. ..

Tabnuya 3. Pesynsrarsel 0TOOpa npeneneHToB mo Beioopkam Chet u Nechet

Table 3. Results of selection of precedents from the Chet and Nechet samples

Merpuku EBknnna YeoOblmea (;{E%;I:;;;/a) p +EI]?II:6HI:I$£; )
Bribopku Chet Nechet Chet Nechet Chet Nechet Chet Nechet
Koaddunuent perynsipusaryu 0,7 0,5 0,9 0,8 0,6 0,5 0,8 0,9
Umcio 00bEKTOB | ITYMOBBIX 41 15 55 65 41 17 45 43
ITaIOHOB 223 246 176 210 299 320 225 239
(113, 110) | (122, 124) | (159,17) | (137,73) | (154, 145) | (148, 172) | (119, 106) | (125, 114)
KommaxtHoCTb 110 (2) 9,0619 8,4232 11,3264 9,4000 6,7585 6,4629 8,9465 8,4388
Tabnuya 4. TouHocTh pacro3HaBaHHUs MO MeTpuke EBkanaa
Table 4. Recognition accuracy using the Euclidean metric
KonrponbHast BbIOOpKa
l'[peuez(eHTLI 110 BI:I60pKe
Chet Nechet
Chet — 88,20 (87,01)
Nechet 88,73 (88,63) —
Tabnuya 5. TouHOCTH pacno3HaBaHus 10 MeTpukam EBkinza, UeOblieBa U X KOMOMHAIIMN
Table 5. Recognition accuracy using Euclidean, Chebyshev metrics and their combinations
Merpka OO0yuenue Konrpons OOyuenue Konrponb

Chet Nechet Nechet Chet

EBxmuaa He onmpenensnocs 78,35 He onpenensnocs 77,55

YeOnbImea He onpenensinocs 71,27 He omnpenensnocn 74,02

Erxmuaa/(1 + YeObimiena) He onpenensiiocs 83,30 He omnpenensinoch 84,11

u Nechet, 9nciio kKoTopsIX puBeaeHO B Ta0. 3. TouHOCTH
pacmo3HaBaHUsA MPHU BBEIOOpE ONMMIKaiiero cocena Ha
OCHOBE Mephl paccTtosHus EBKinaa moka3zana B Ta0i. 4.
B croOkax yka3aHbI pe3yabTaThl 0 00y9aroIM BEIOOpKaM
0e3 ymaneHus IIyMOBBIX 00OBEKTOB U OTOOpA 3TAJOHOB.
HopmupoBaHue JaHHBIX HA KOHTPOJIE TPOBOAMIOCH 1O
rapamerpam o0y4arorieil BeIOOPKH.

B niepBoii crpoxke Tabi. 4 6a3a nperneneHToB u3 246 sra-
noHOB (Tabma. 3) mist BeIoopku Chet ncronb3yercs aus
tectupoBanus 2102 oO6bekToB u3 Nechet. AHaOrHIHO
BO BTOPO# cTpoke 0a3a mpereneHToB u3 223 3TaloHOB
(tabn. 3) mis BeIOOpKH Nechet mprMeHeHa [T TeCTHPOBa-
Hust 2102 o6bextoB m3 Chet. Tounoctn 88,63 u 87,01, yka-
3aHHbBIE B CKOOKax, HMKE PE3yIbTaTOB PACIIO3HABAHUS T10
0a3aM TpEeLeIeHTOB ¢ MPUMEHEHNEM JIOKAIbHBIX METPHK.
B pa3bl cHMKeHa CII0KHOCTh BBIYMCIICHUH allTOPUTMOM 110
9TaJloOHAaM MUHHUMAJIbHOTO IMMOKPBITHUS.

YMEHbBIINTH OIIMOKN Paclio3HABaHUs Yepe3 U3MEHEHHUE
CTPYKTYPbI OTHOLIECHUH 00BEKTOB TAK)K€ MOXKHO 110 MEpe
PAcCTOSIHMS, BBIYMCIIIEMON 110 KOMOMHAIUSIM METPHK.
B Tabn. 5 TouHOCTH pacro3HaBaHMS B MPOCTPAHCTBE M3
57 NCXOIHBIX TPU3HAKOB AEMOHCTPHPYETCS 10 METPUKaM
EBknupga, UeOblieBa u UX KOMOWHALIMH.

Pesynbrarsl nprMeHEHUsI KOMOMHAINN U3 METPHK B
Ta0I1. 5 OKa3bIBAIOT IIEPCHIEKTHBHOCTD MOUCKA PA3JIMIHBIX

MyTeH 715 TOBBIMICHUS Y(PPEKTUBHOCTH CUCTEM pacIio3Ha-
BaHUA. DPPEKTUBHOCTH MOXKET BBIPAXKATHCS B OTCYTCTBUHU
HEOOXOIMMOCTH XPAaHEHUs CIIELHAIbHBIX IIapaMeTPOB H
AJITOPUTMOB ISl TPEAOOPAOOTKH AaHHBIX ITPU POPMHUPO-
BaHUM U MCTIONB30BaHUU 0a3 MPELeCHTOB, HAIPUMED, IS
Pa3IUYHBIX CIIOCOOOB HOPMUPOBAHMUSL.

3akaouenne

Paspaborana HOBast MmeToaMKa GOPMUPOBAHUS Oa3 mpe-
[eICHTOB /IS allTOPUTMOB PACIO3HABAHUS 10 METOIY
ommkaiimero cocena. C Henpro MoBRIIIEHNs 0000Iaromeii
CIIOCOOHOCTH aJITOPUTMOB TIPEIUIOKEH JIOTIOTHUTEIbHBIH
KPUTEPHU-PETYISIPU3aToOp JUIsi 0TOOpa NIYMOBBIX 0OBEKTOB
0 3aJIaHHOMY OTCTYIly Mexay kiaccamu. OTCTyI onpe-
JIeNISieT OrpaHUYEeHNE Ha OTHOLICHUE PACCTOSTHUI MEXIY
TPaHUYHBIMU O0BEKTAMH U WX OJFDKAMIINMK COCEISIMHU.
Peryssipuzarop MCIoab30BaNICs MIPH BHIYUCICHUN MaKCH-
MyMa Mepbl KOMITAKTHOCTH TI0 MUHUMAaJIbHOMY TTOKPBITHIO
o0yyarolei BRIOOPKH STaJOHAMH MOCIIE YIAICHUS IIyMO-
BBIX 006eKTOB. D(h(HheKTHBHOCTH IPUMEHEHHS ITAJIOHOB B
KayecTBe 0a3bl MPELEICHTOB BBIPA3HIach B IMOBBILICHUH
TOYHOCTH PAaCHO3HABAHMS MPU CHIDKCHUH 3aTpaT BBIYKC-
JIMTETIBHBIX PECYPCOB.

328

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2



H.A. Wrhatees, [.X. TypcyHMypOTOB

Jluteparypa

1. Bopucosa N.A., Kytaenko O.A. Ilen3ypupoBanue omuOO4HO Kiac-
cu(UIMPOBAHHBIX 00BEKTOB BBIOOPKH // MammHHOE 00ydeHue U
ananmu3 ganHHbIx. 2015, T. 1. Ne 11. C. 1632-1641.

2. 3aropyiiko H.I', Kyraenko O.A. LlenzypupoBanue o0yyaromieil Bbl-
6opxu // BectHuk ToMCKOro TrocyIapCcTBEHHOTO YHUBEPCUTETA.
VrpasiieHue, BBIYUCIUTENbHAS TeXHUKA U uHpopmaruka. 2013.
Ne 1(22). C. 66-73.

3. Kytuenxo O.A., [TmscynoB A.B. NP-TpynHOCTs HEKOTOPOH 3amadn
LCH3yPUPOBAHNUS JAaHHBIX // JIUCKPETHBINH aHAIN3 U UCCIIE0BaHUE
oneparmii. 2021. T. 28. Ne 2(148). C. 60-73. https://doi.org/10.33048/
daio.2021.28.692

4. bopucosa N.A., Kyrhenko O.A. McnpaBieHue UarHoCTUUECKUX
OLIMOOK B 11€JIEBOM IPU3HAKE C TIOMOIIbIO (DYHKIIMU KOHKYPEHTHOTO
cxozcTBa // Maremarnueckas Ouonorus u ononHpopmaruka. 2018.
T. 13. Ne 1. C. 38-49. https://doi.org/10.17537/2018.13.38

5. Ignatyev N.A. Structure choice for relations between objects in metric
classification algorithms // Pattern Recognition and Image Analysis.
2018. V. 28. N 4. P. 695-702. https://doi.org/10.1134/
51054661818040132

6. PymaxoB K.B. O HEeKOTOPBIX (paKTOpU3ALMIUAX HOTYMETPHICCKHUX KO-
HYCOB M OLICHKaX KauecTBa IBPHCTUUECKUX METPHK B 3ajadax aHa-
nm3a qaHHbIX // Jloknanel Poccuiickoit Akajemun Hayk. Maremaruka,
Wndopmaruxa, [Iponeccer Ynpasnenus. 2020. T. 492. Ne 1. C. 101—
103. https://doi.org/10.31857/S2686954320030236

7. 3yx06a A.B. OneHka BbIYHCIUTEIBHON CIOKHOCTH 3a/1a4 0TOOpa
JTAJIOHHBIX OOBEKTOB U IMIPU3HAKOB: JUCCEPTAIHs Ha COMCKAHHUE
YUYEHOU CTeNeHN KaHauaTa (PU3NKO-MaTeMaTHIeCKIX HayK HayK. M.,
2018. 113 c.

8. Ignatev N.A., Rahimova M.A. Formation and analysis of sets of
informative features of objects by pairs of classes // Scientific and
Technical Information Processing. 2022. V. 49. N 6. P. 439-445.
https://doi.org/10.3103/S0147688222060053

ABTOpBI

UrnarseB Hukonaii AnekcanipoBu4 — JOKTOp QU3HKO-MaTeMaTH-
YEeCKUX Hayk, rmpodeccop, npodpeccop, HaroHanbHblli YHUBEPCUTET
V36ekucrana umenn Mup3o Yiyroeka, Tamkent, 100174, Y30ekucraH,
sc 39361638900, https://orcid.org/0000-0002-7150-5837, n_ignatev(@
rambler.ru

Typcyumypotos /laBpoex XyraépoBuu — nokTopanT, HarmoHansHbIH
yHHBepcHuTeT Y30ekucrana nmenu Mupso Yiyroexa, Tamkent, 100174,
V36ekucra, https://orcid.org/0009-0009-8664-9639, mr.davrbek@mail.ru

Cmamws nocmynuna 6 pedaxyuio 24.01.2024
Ooobpena nocne peyenzuposanus 05.03.2024
Ipunsma x nevamu 27.03.2024

©N0LS)

References

1. Borisova I.A., Kutnenko O.A. Outliers detection in datasets with
misclassified objects. Machine Learning and Data Analysis, 2015,
vol. 1, no. 11, pp. 1632-1641. (in Russian)

2. Zagoruiko N.G., Kutnenko O.A. Training dataset censoring. Tomsk
State University Journal of Control and Computer Science, 2013,
no. 1(22), pp. 66—73. (in Russian)

3. Kutnenko O.A., Plyasunov A.V. NP-hardness of some data cleaning
problem. Journal of Applied and Industrial Mathematics, 2021,
vol. 15, no. 2, pp. 285-291. https://doi.org/10.1134/
S1990478921020095

4. Borisova I.A., Kutnenko O.A. The problem of correction diagnostic
errors in the target attribute with the function of rival similarity.
Mathematical Biology and Bioinformatics, 2018, vol. 13, no. 1,
pp- 38-49. (in Russian). https://doi.org/10.17537/2018.13.38

5. Ignatyev N.A. Structure choice for relations between objects in metric
classification algorithms. Pattern Recognition and Image Analysis,
2018, vol. 28, no. 4, pp. 695-702. https://doi.org/10.1134/
s1054661818040132

6. Rudakov K.V. On some factorizations of semi-metric cones and
quality estimates of heuristic metrics in data analysis problems.
Doklady Mathematics, 2020, vol. 101, no. 3, pp. 257-258. https://doi.
org/10.1134/S1064562420030230

7. Zukhba A.V. Computational complexity estimation of the problems of
selecting reference objects and features. Dissertation for the degree
of candidate of physical and mathematical sciences. Moscow, 2018,
113 p. (in Russian)

8. Ignatev N.A., Rahimova M.A. Formation and analysis of sets of
informative features of objects by pairs of classes. Scientific and
Technical Information Processing, 2022, vol. 49, no. 6, pp. 439-445.
https://doi.org/10.3103/S0147688222060053

Authors

Nikolay A. Ignatev — D.Sc. (Physics & Mathematics), Full Professor,
National University of Uzbekistan named after Mirzo Ulugbek, Tashkent,
100174, Uzbekistan, s¢ 39361638900, https://orcid.org/0000-0002-7150-
5837, n_ignatev@rambler.ru

Davrbek X. Tursunmurotov — Doctoral Student, National University of
Uzbekistan named after Mirzo Ulugbek, Tashkent, 100174, Uzbekistan,
https://orcid.org/0009-0009-8664-9639, mr.davrbek@mail.ru

Received 24.01.2024
Approved after reviewing 05.03.2024
Accepted 27.03.2024

PaboTta foCTynHa no NMueH3nm
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

329


https://doi.org/10.33048/daio.2021.28.692
https://doi.org/10.33048/daio.2021.28.692
https://doi.org/10.17537/2018.13.38
https://doi.org/10.1134/s1054661818040132
https://doi.org/10.1134/s1054661818040132
https://doi.org/10.31857/S2686954320030236
https://doi.org/10.3103/S0147688222060053
https://orcid.org/0000-0002-7150-5837
mailto:n_ignatev@rambler.ru
mailto:n_ignatev@rambler.ru
https://orcid.org/0009-0009-8664-9639
mailto:mr.davrbek@mail.ru
https://doi.org/10.1134/S1990478921020095
https://doi.org/10.1134/S1990478921020095
https://doi.org/10.17537/2018.13.38
https://doi.org/10.1134/s1054661818040132
https://doi.org/10.1134/s1054661818040132
https://doi.org/10.1134/S1064562420030230
https://doi.org/10.1134/S1064562420030230
https://doi.org/10.3103/S0147688222060053
http://D.Sc
https://orcid.org/0000-0002-7150-5837
https://orcid.org/0000-0002-7150-5837
mailto:n_ignatev@rambler.ru
https://orcid.org/0009-0009-8664-9639
mailto:mr.davrbek@mail.ru

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° MapT-anpens 2024 Tom 24 N2 2 http://ntv.ifmo.ru/ m
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS i
March-April 2024 Vol. 24 No 2 http://ntv.ifmo.ru/en/ "Hm“FMA““““HMX IEXH“"I"““' MEXAH“K“ “ “"I“K“
ISSN 2226-1494 (print) ISSN 2500-0373 (online)
KPATKME COOBLLEEHWNA

BRIEF PAPERS

doi: 10.17586/2226-1494-2024-24-2-330-334
VIIK 004.4

Moaxon k pa3paGoTke NPOrpaMMHBIX MPOAYKTOB B CTapTamne
Haramus Bragumuposna Jlonkunal, JIio60ss Cepreesna Jiucunbinaz

1.2 Vuusepcurer UTMO, Canxr-ITetep6ypr, 197101, Poccuiickas ®eneparus

I nataliia.lonkina@gmail.com, http://orcid.org/0009-0002-2249-3822
2 lisizina@itmo.ru<, http://orcid.org/0000-0002-1493-5849

AHHOTAIUA

HccnenoBana npobiiemMa CpbIBOB CPOKOB PeJIN3a B YCIOBHAX CHCTEMATHYECKOTO M3MEHEHHUS TpeOOBaHUN pPBIHKA K
MIporpaMMHOMY MPOIyKTy. IIpoBesieH aHaau3 NpUYKH CPBIBOB HA BCEX ATAMAX Pa3zpabOTKU MPOrPaMMHOTO MPOAYKTa U
TIPEIOKEH TOJIXO01, HAMPABIICHHBIH Ha TIOMCK KOMIIPOMHCCA MEXTY KaueCTBOM M CPOKOM BHEJPEHHS pa3padaTbIBAEMOro
MPOAYKTA IS COKpAIIEHUsI BpEMEHH BBIXOAa penu3a. IIpeacTaBieHsl pe3ynbTaThl MPAKTHYECKOTO MPHMEHEHHUS
JAHHOTO TIOJX0/la Ha TMPHMepe cTapTarna o pa3paboTKe cepBHca TecT-IpaiiBa TEXHUKH, KOTOPBIC OATBEPIIN €T0
3 PeKTHBHOCTE: BpeMsi pelrn3a COKpaTHiIoch Ha 15 %.

KiioueBble c10Ba
cTaprarl, 3Tarbl pa3padOTKH MPOrPAMMHBIX ITPOIYKTOB, IPUYUHEI CPhIBA CPOKOB PEIIH3a, CIIOCOOBI COKPAILICHUS CPOKOB
pa3paboTKU MPOrPAMMHBIX ITPOIYKTOB
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H.B. JloHknHa, J1.C. JlncuubiHa

EsxenHeBHO Ha pbiHKe Poccu MOSBISIOTCS COTHU HO-
BBIX CTapTaroB!, cpeiu KOTOphIX 0CO00E MECTO 3aHUMAIOT
MIPOEKTHI 10 pa3pabOTKe MHHOBAIIMOHHBIX MPOTrPAMMHBIX
npoxykroB (ITIT).

B yciioBusiX BbICOKOW KOHKYPEHLUHMH KpalHE Ba)KHO
HE TPOCTO CO3/aTh HOBBIM MPOAYKT, COOTBETCTBYIOIINI
aKTyaJbHBIM TPEOOBaHMSIM PBIHKA, HO M CIEJIaTh 3TO B
MUHUMaJIbHBIE CPOKH. YacTo XapakTepHOil 0COOEHHOCTHIO
TaKMX CTapTaIlOB SBISETCS OTPAaHUUEHHOCTh PECYpPCOB.
B Takux ycloBUsSIX COKPATHTh BpeMsl pa3pabOTKH OT UjieH
JI0 TOTOBOT'O TIPOJIYKTa MOYKHO 33 CUET MPUMEHEHHs TH0-
KHX, MaclITaOUPyEMbIX M JIETKO aalTHPyEMbIX K H3MEHe-
HUSIM TIO/IXOZIOB.

B nacrosimeii pabore paccMOTpeH HOIX0/] K pa3padoTke
HoBoro 111 Ha ocHoBe MeTomonoruu Agile [1, 2], miaBHBIM
MIPEUMYIIECTBOM KOTOPOH SIBJISIETCS OpraHHU3alys Mpo-
LIECCOB pa3pabOTKH TaKUM 00pa3oM, 4TOOBI MaKCUMAIIBLHO
YIPOCTUTH BHECeHHE n3MeHeHui B kof 111 6e3 3naunTens-
HBIX TPYA03aTpaT ¥ BPEMEHHBIX MOTEPh [3]. DTO MO3BOIHT
HE TOJIBKO OBICTPO BBIBOAWTH Ha PbIHOK HOBBIE I1I1, HO 1
MIPOTHBOCTOATH KOHKYPEHTaM, ONIEPaTHBHO pearupyst Ha 3a-
MIPOCHI €T0 MOTCHIMATBHBIX MTOTPEOUTENeH U Ha pa3IMYHbIC
U3MEHEeHHUs1 TpeOOBAaHUI PBIHKA.

Ha pucyHke 1mokasaHbl OCHOBHBIE ATalbl pa3pador-
ku [1I1, kxoTopble MOBTOPSIIOTCS B IMKJIE, HaUMHAs ¢ (op-
MHpOBaHMS TPeOOBAHMI M 3aKaHYMBAs BHEJIPEHUEM.
PaccMOTpHM NpHYMHBL, KOTOPBIE MOTYT 3aME/UTHTh BBITYCK
MIPOYKTa Ha PBIHOK Ha KaXKJIOM 3TaIe 1 TOBJICYb 32 COO0H
HEOOXOIMMOCTD U3MEHSITh WM TTOJTHOCTBIO ITEPENHCHIBATh
xox I, ¥ mpUHIUTIB VI UX yCTpPaHEHNUSI.

Ha srane ¢hopmuposanus TpeboBanmii k [1I1 (atam 1)
HEOOXOIMMO OMHUPAThCs Ha TOTPEOHOCTH phIHKA. OIIHOKH
1 HEJI0YETHI Ha 3TOM 3Tale MOTYT CyIECTBEHHO CHU3UTh
neHHocTh paspabarsiBaemoro [1IT [4]. Tpedosanns x 111
JIOJDKHBI ObITH (DOpMaIM30BaHbl U HAIIKCAHBI PA3BEPHYTO,
MOJPOOHO M YETKO, YTOOBI OBITh MOHSITHBIMH JIJISI BCEX
YYaCTHHKOB Pa3pabOTKH.

[Tpu nnanupoBanuu pador o pazpadorke [1I1 (atam 2)
CJIE/IyeT OIMPATHCS, MPEXKJIE BCEro, Ha METPUKY time-to-
market [5]. B craprane maHHBIN 3Tanm MOXKET OKa3aThCs
MIPOOJIEMHBIM, TaK KaK MOT'YT BO3HUKHYTb ITPUHIUITNAIBHO
HOBBIE 33/1a4M, KOTOPBIE JI0 3TOTO HUKTO He peman. OxanH
3 3(p(heKTUBHBIX TPHEMOB TTAHUPOBAHHS OBICTPOTO BBI-
mycka [1I1 — pamxupoBaHue 3a1ad U TPeOOBAHUH K HX
PELICHHUIO C BO3MOYKHBIM MCKIIIOUEHHEM 3a/1a4d U/UIH Tpe-
0OBaHUI C HU3KUM MIPHOPHUTETOM [6].

Ha srane npoextupoanus I1I1 (aTan 3) mpeanourenue
OT/IaeTCsl TEM PEUICHUSIM, KOTOPbIE 00ECIIeUMBAIOT OIITH-
MaJIbHOE COYETaHHE CKOPOCTH pa3padOTKH, THOKOCTH U
Macirabupyemoctn uHGpopmannonnoit cucremsl (MC).
Ha sTom srare HeoOX0MMO CO31aBaTh TaKOM MPOEKT, KO-
TOPBIN MO3BOJIUT He pazpadarsiBaTh MC uim ee oTaenbHbIe
MOJIYJIH 3aHOBO.

B ycnoBusix c:kaTeIX CPOKOB pa3padOTKH Ha 3Tare Ko-
nupoBaHus (dTam 4) 9acTO BO3HUKAIOT OMIMOKH B KOJIE.
[Iumercs nam co3paercst KOA ¢ HU3KOM NPOU3BOAUTENb-

I Kneiimenosa JI. OT ujeu 10 eqUHOpPOra — CTapTAalbl
Poccuu u mupa B 22 undpax [DaexrpoHHbIi pecype]. Pexum
nocryna: https:/trends.rbe.ru/trends/innovation/5f04aeac9a7947
9¢07271494 (nara obpamenus: 07.02.2024).

1. ®opmupoBanue

” > 2. ILmaaupoBanue
TpeOoBaHUH P

6. Buenpenue 3. [IpoexktupoBaHue

1 5. TecrupoBanue 4. KopupoBanue

Pucynox. OCHOBHBIE ATaIbI Pa3pabOTKHU MPOrPAMMHBIX
MPOITYKTOB

Figure. The main stages of software product development

HOCTBI0, KOTOPBIH HEBO3MOYKHO JIOTIOJIHUTH B Oy/yIeM.
Hcxons n3 31010, 0CHOBHOE BHUMAHHUE B IIPOLIECCE HAMUCA-
Hus xona [1I1 B craprane yaemnsieTcst HOCTPOSHUIO YHCTOTO,
MOJYJIBHOTO KOZa C UCIIOJI30BAaHHEM COBPEMEHHBIX HH-
CTPYMEHTOB 1 (PpEHMBOPKOB, CIIOCOOCTBYIOIIUX CKOPOCTH
U [IPOCTOTE BHECEHUS M3MEHEeHUH. Bo Bpems sToro srana
B)KHO TPUAEPKUBATHCS MIPUHATON apXUTEKTYpbl pas3pa-
0aTpIBAEMOTO MPOrPaMMHOTO OOECIICUCHHUS, CBEPSITHCS C
YCTaHOBJICHHBIMU TPEOOBAaHUSIMM, TIIATEIBHO BHIOUPATH
HHCTPYMEHTBI KOIXUPOBAHUS, COOJIFONATh OOIICTIPUHSITHIC
CTaHAAPTHI, UCIIOJIb30BaTh KOHTPOJIb BEPCUM, JOKYMEH-
THUPOBATh KOJI U 00€CIeYrBaTh €ro MOAYJIbHBIMU TECTaMH.

Oran TectupoBaHus (3Tl 5) CBSI3aH C MOMCKOM OILIHU-
00K, KOTOpbIe He OBLIM OOHApY)KEHBI paHee Ha JTare 4.
BakHOCTB 3TOTO 3Tana OmpeaessieTcsi TeM, 4TO OCTaB-
IIMECs TTOCIIe HEro OIMOKM B KOJE MPUICTCS HCIPABIISATH
M0CJIe BHEJAPEHUS CUCTEMBI, YTO MOXKET CIIBUHYTbH CPOKH
pernm3a ¥ CyIIeCTBEHHO CHU3HUTH KauecTBO MpoaykTa. 1o
STOW MPUYHHE, OCHOBHOM aKIEHT yHEsIeTCs pa3padoTke
KaueCTBEHHbIX cLieHapueB TectupoBanus [111.

3aBepmatomuii otan paspadotku I1I1 — BHeapeHHE
(atam 6), B pesynbrare koroporo MC cTaHOBUTCS JOCTYTI-
HOM monb3oBarensM. Ha JaHHOM 3Tari¢ BBIITOJIHACTCA IO~
TOTOBKAa TECTOBOTO OKpy:keHus. Ilocie pa3BepThIBaHUS U
npoBepku pabortocrnocobHoctn UC Ha TECTOBOM OKpY-
JKEHUH MPOUCXOJHUT €€ BHEJIPEHHE Ha TOM OKPYKCHHUH,
KOTOPOE HCIIOIb3YIOT KOHEUHBIE MOJIH30BaTENIN CHCTEMBI.
Kpaiine Ba)xxHO mpenycMOTpeTh, YTOOBI pa3BepThIBAHUE
CHUCTEMBI TIPOMCXOAMIIO OBICTPO, @ camMa CHUCTeMa Oblia
3aIIUIIEHA OT Pa3IMYHBIX aTak 1 00J1ajana OTKa30yCTOHIH-
BOCTBIO. B ciryuae HecoOmoneHns 3Tux TpeOoBaHUI MOXKET
MIPOM30IMTH yTeuKa JaHHBIX, @ CHCTEMa MOXKET CTaTb JUIs
MoJib30Bareseil HenoCTymHOM. OT 3TOTro ATarna 3aBUCHT TO,
HACKOJIbKO 0€30MIHO0YHO 1 OBICTPO HAYHET CBOIO paboTy
NC ¢ peaIbHBIMU TOJIB30BATENSIMH.

Ha xaxxmom 13 onrcanHbIX 3TanoB pazpaborku 111 cy-
IIECTBYIOT YIPO3bl, KOTOPBIE MOT'YT CTaTh IPETSTCTBUSIMH
JUIsl CBOEBPEMEHHOTO pelii3a WIIM 0Ka3aTh BIMSHHUE Ha €T0o
JanpHeiee pa3puTye (tadm. 1).

Paspabotka I1I1 B craprame — 3TO Bcerna HEKHA KOM-
MIPOMHCC MEX/Ty TIOJTHOTOH (D)YHKIIMOHATBHOCTH U CPOKOM
BBITTyCKa (OOHOBJIEHUS) MPOAyKTa. YacTO MPUXOIUTCS
CTPEMHUTBCS HE K COBEPIICHCTBY, a K 3aITyCKy HOBOI Bep-
CHHM TIPOIYKTA B CPOK, YTOOBI 3aTEM TIOJTyHaTh OT3bIBBI €0
MOJIb30BaTeNel U Ha UX OCHOBE YJIydIlIaTh TAKOW MPOTYKT
[2]. B cBsi3u ¢ aTum mipu pazpadotke I1I1 B cTapramne BaskHO
YMETh PAaCCTaBJIATh MPUOPUTETHI M (POKYCHPOBATHCS Ha
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Moaxopn k paspaboTke NPorpaMMHbIX MPOAYKTOB B cTapTane

Tabnuya 1. IIpuauHbl yTpo3 CPhIBa CPOKOB Pesin3a

Table 1. The reasons for the threats of disruption of product release dates

Homep Orarbl pa3paboTKH NPOrpaMMHBIX ITPOAYKTOB
[Tpnanns! yrpos

yrpo3bl 1 2 3 4 5
1 Jlo6aBnienne HOBOTO (hyHKIIHOHAA + - + + -
2 V3meHeHme cymiecTByOMero (GyHKIMOHAIa + + + -
3 OTKa3 0T CylIeCTBYOLIEro (GyHKIHOHATA + + + - -
4 Hamwrame omu6ok B kozie - - - + -
5 Hepnocrarounas npousBoaurenbHocts MC - - - + —

Ilpumeuanue. «+» — TIPUCYTCTBHE YTPO3bI HA ATAIIE; «—» — OTCYTCTBUE YIPO3BL

rmaBHOM. Crpynmupyem yrpo3bl, BbIICICHHbBIC B Ta0I. 2,
1 OIUIIIEM CIIOCOOBI UX MPEIOTBPAILCHHS.

I'pynma yrpos 1 cBsizana ¢ qo0aBjieHHUEM, U3MECHCHHU-
€M WM OTKa30M OT (DYHKI[OHaJIa, KOTOPHIC BBISBICHBI B
aKTyaJIbHBIX MCCIIIOBaHUAX phIHKA. HeonpeneneHHocTh
TpeOOBaHMH, HEOOXOANMOCTh peli3a B 3aINIaHUPOBAHHOE
BpEMsl, OTPAaHUYEHHOCTb PECYPCOB — BCE 3TO JIENAET 3TU
YTPO3BI UPOKO PACIIPOCTPAHEHHBIMHU B CTapTAaIle.

[Ipu cocraBnennn TpeOOBaHMI Ba)KHO IOHUMATh, KAKOH
MMEHHO TIPOAYKT HY)KHO Pa3BUBaTh, KaK BBHITTOJHHUTH BCE
TpeOoBaHMA,  KaK CBOEBPEMEHHO M KOPPEKTHO JOHECTH
WHPOPMALINIO O TPEOOBAHMSX /10 YIACTHUKOB pa3pabOTKH
[II1. JIast 9TOTO ClAeayeT UCI0JIb30BaTh (PUKCAIIUIO BCEX
TpeOOBaHUI B BUKH WJIM TPEKEpe 3a/1a4 C PACCTAHOBKOM
MIPUOPUTETOB (HEOOXOAMMO ITOMHHUTH, YTO B Cllydae Ha-
PYIICHHS CPOKOB 3aJIa4¥ C HU3KHM IPHOPUTETOM B IUIaH
pa3pabOTKK MOTYT HE IONAaCTh), a TAKXKE 3apaHee Co3-
naBatb U cornacoBbiBaTh Maket [II1. lannbie neiicTBus
MOTYT YMECHBIINThH KOJIMYECTBO PA3HOIIACHI MEXTy pas-
paboTuuKamm.

[Ipu mmaHUpOBaHUY HY)KHO HE MPOCTO PACCTABISTH
TIPUOPHUTETHI 3a71a4, HO M ACTaTh OLEHKY UX TPYIOEMKOCTH,
KOTOpasi 9acTo OBIBAET JAJEKOIl OT pea’bHOH (0COOCHHO
TOT/Ia, KOT/Ia pa3padOTINKY HU pasy He Perrai Mogo0HbIe
3ama4n). PekoMeHayeTcs He TOJIBKO NCTIONB30BaTh Pa3ind-
HBIE METO/IbI OLICHKH, HO ¥ BHEAPSTH B pabOTy CTOPH-TIO-
WHTBI, ¥ UCIIOJIb30BaTh SKCIIEPTHBIE OLICHKH.

IIpy mpoeKTUPOBAHUU CUCTEMBI CIEAYET 3aKJIabl-
BaTh (DYHIAMEHT Ul €€ MaclITaOUPOBaHUS M TMOKOCTH
K U3MEHEHHMSIM [7], CTPEMHTBCS K COOTBETCTBHIO MPUHIIN-

nam SOLID (Single responsibility, Open-closed, Liskov
substitution, Interface segregation u Dependency inversion)
[8]. B pe3ymnbrare BaxHO pa3OUTh CUCTEMY Ha HE3aBU-
CUMBIE KOMITOHEHTBI, KX/l U3 KOTOPBIX UMEET eNH-
CTBEHHYIO 30HY OTBETCTBEHHOCTH. TOrJa NpH HeyJadHOU
peanuzanuy dTana 4 MoXHO OyJieT OOHOBHUThH CUCTEMY I10-
9TarHo 0e3 MPUOCTaHOBKHU ee paboTsl. [Ipn Bo3MokHOCTH
CJIeIlyeT UCIIONb30BaTh YK€ FOTOBbIE KOMIIOHEHTHI, HAIPH-
Mep, Pa3BepHYThIE XPaHUIUIIA JaHHBIX. CHCTEMa TOIKHA
pa3BopaumBaThCs OBICTPO ¢ COOMIONEHNEM TpeOOBaHUS
HETIPEephIBHON MHTETPAIMHU U PA3BEPTHIBAHMS HA CEPBEPaXx,
YTO 00ECHEeYNBACTCS 32 CUET aBTOMATH3ALUH 3TUX PadoT.
Jist obecriedeHust 0€30MACHOCTH CHCTEMBI 371ECh CIIETYeT
CHpSITATh CEKPEThl, HACTPOUTD 3EPKAIUPOBAHUE, TIPEIY-
cMoTpeTsh 3ammty ot DDOS-arak u T. 1.

['pynma yrpo3 2 cBs3aHa ¢ HaJIM4YMEM OHIMOOK B KOJIE
U C HEeJIOCTaTOYHOCTHIO MPOU3BOJIUTEILHOCTH pa3pada-
teiBaeMoi MIC. Pa3paboTka HOBBIX ITPOJIYKTOB B CXKAThIC
CPOKH B CTapTare 4acTo BJIEYET 3a cO0O0H OO0JIbIIOe KOJTU-
YECTBO OMIMOOK M HEIOPAOOTOK B KOZIE M, COOTBETCTBEHHO,
€ro HU3KYIO IIPOM3BOANTEIBHOCTE. Kak MmpaBmiio, B Taknx
CiTydasiX MPOrpaMMHUCTaM HY’KHO MCIPABIATH OMIUOKH U
MPHUMEHATh HOBBIE TTOAXO/BI ISl TIOBBIMIECHUS TPOU3BO-
JUTEIBHOCTH, OFHAKO, B ClIydae pa3pabOTKH MPOLYKTOB B
CKaTbhle CPOKH, 9TO HE BCEI/Ia BOZMOXKHO.

PaccmoTpuM crioco6s! yCTpaHEHHS TaKUX yrpo3.

[Tpu kopMpOBaHUH CIEAYET MUCATh KOJI TaK, YTOOBI €ro
OBLTI0 MAaKCHMAJIBHO JIETKO TTOHSTH, UCIIPABUTh U HCIIOJb-
30Barhb MOBTOPHO. [Ipu 3TOM 0coboe BHUMaHKE CIeTyeT
YACTSTH BBIOOPY MHCTPYMEHTOB pa3paboTKu. SI3bIK mpo-

Tabnuya 2. CiocoObl peIOTBPALICHHUS YTPO3 CPBIBA CPOKOB perin3a

Table 2. Ways to prevent threats of disruption of the release dates of software product

Homep Yrposst

criocoba Criocod 1 2 3 4 5
1 Duxcanyst 3a71a4 B BUKH WIN TPEKepe ¢ pacCCTaHOBKOH UX NPUOPUTETOB + + + - -
2 Hcnonp3oBaHue pa3InyHbIX METOIOB OLEHKH 3a/1a4 + + + - -
3 Pa3buenne cucTeMbl Ha KOMIIOHEHTBI C €IMHOI 30HOH OTBETCTBEHHOCTH + + + - -
4 HMcnonp30BaHue roroBbIX KOMIIOHEHTOB + + + - -
5 ABTOMaTH3aLUs IOCTaBKU U PAa3BEPThIBAHUS CUCTEMbI + + + — —
6 Hcnonb3oBaHue KOHTPOJIS BEPCUi - - -
7 [TokpeITHE KOJ]a TECTaMH, UCIPABICHHE TOIBKO KPUTHUSCKHUX Ae(DEKTOB - - -

Tpumeuanue. «+» — BO3MOKHOCTb CIIOCO0A NPEAOTBPAILICHUS YTPO3; «—» — OTCYTCTBHE YIpPO3.
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Tabnuya 3. [TpuHATHIEC pELICHHs U PE3YJIbTAThl UX peali3aluu B craprane Lampu

Table 3. The decisions made and the results of their implementation in the Lampu startup

TpynoeMKOCTh CoxparieHie TpyI0eMKOCTH
Homep Homep pyR pa pyA
Pean3oBaHHOE pEIICHIE 6e3 UCIIOIb30BaHHS 3a CYCT MPEITI0KEHHOTO
crnocoda uTepanuu .
MPEITIOKCHHBIX PEIICHUH, 4 pereHus, 9
2 JlexomIio3unus 3a1a4 ¢ UCIOIb30BAaHUEM pas3- 2-6 130 20
JIMYHBIX METOIOB UX OLICHKH
3 Brinenenue He3aBUCUMBIX MOIYIIEH ¢ €IMHON 3-6 150 40
30HOM OTBETCTBEHHOCTHU
Hcrnonp3oBaHue rOTOBBIX KOMIIOHEHTOB 4-6 140 30
Hcnpasnenne TonbKko KpUTHUECKUX 1e(EKTOB 5-6 117 7
KozIa
5 HWcnonszosarue CI/CD pipeline na miardop- 6 113 3
me Gitlab mis aBromMaTH3anuu pa3BepThiBa-
HUSI CHCTEMBbI
Hroro: 650 100

rpaMMHPOBaHHUSI, OMOIHOTCKH — BCE ATO JIOJIKHO OBITh
3HAKOMO pa3pabOoTYMKaM M MPEJOCTaBISATh BOZMOKHOCTh
nucars npoctoit kox [9]. Kpome Toro, npu kogupoBaHuu
HEOOXOJIIMO BECTH KOHTPOIIb BEPCUH U TECTHPOBAThH HAIIH-
CAHHBIH KOJI, 9TO IMO3BOJHT CIENATh €TO pa3padoTKy Ooree
yIO0OHOI, KaueCTBEHHOU 1 OBICTPOIA.

[Ipu TecTupoBaHUN Ba)XEH MPOILECC Tepeaadn aedex-
TOB pazpabotunkam. MiMeer GonbIlioe 3HaYeHHUE OTpee-
nenue nedexros I1I1 B Tack-MeHEHKEPE U, aHATOTHYHO
TpeOOBaHUsIM, IPOCTABUTH YPOBEHb MX KPUTUUHOCTH (BaX-
HocTH). [Inis coxpaieHus Bpemenu Boimycka 111 cienyer
B MEPBYIO OYEPE]b 3aKpbIBaTh KPUTHUYHBIE Ne(DEKTHI, a
OCTaJIbHBIE BHOCHUTH B OJKJIOT.

OmnwumieM pe3ysbTaThl MPaKTUYECKOTO MIPUMEHEHHUS
MIPETIOKEHHOTO TT0/1X0/1a B cTaprane Lampu. B crapramne
paspaborana VC, kotopas sBIsSETCS, C OJHOH CTOPOHBI,
arperaTropom, a ¢ IPyroil — Mara3uHOM TOBapOB, U COCTO-
UT U3 CICTYIONNX MOMYIei: hpOHTEH I, O9KEeHI, PeIsIn-
oHHas 0a3a TaHHBIX, HEPEIIOHHAs 0a3a JTaHHBIX, CEPBEP
nepeaapecanun. C oktsaops 2023 roma B pazpadorke NC
MIPUHSIIO YYaCTHE YeThIpe MPOrPaMMHUCTA, J1BA U3 KOTOPBIX
ABJIAJIUCH CTAPpIIMMU MHXXCHEPAMHU, a JIBa — CTAXXECpaMu 13
ymcia cTyeHToB YHuBepcutera UTMO.

B pamMkax sKkcriepuMeHTa M0 NPEO0ICHUIO YTPO3 CPbI-
Ba CPOKOB pein3a (Tadi. 1) ObUIH UCTIONIB30BaHbI 6 KOPOT-
kux urepanuii [10] w1 pazpabotok: 1) rIaBHOM CTpaHUIIBI
BeO-mipriokenus!; 2) cTpaHuibl KaraaoraZ; 3) CTpaHUIbL

! [Dnexrponnsiit pecype]. Pesxxum mocrtyna: https://lampu.
store (CepBuc TecT-apaliBa TeXHHWKH) (HaTa oOpameHus:
07.02.2024).

2 [DnekTpouHbIi pecypc]. Pexxum moctyma: https:/lampu.
store/catalog (nara oOpamienus: 07.02.2024).
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N 1. P. 24-31. https://doi.org/10.1109/ms.2007.3

2. Tegegne E.W., Seppénen P., Ahmad M.O. Software development
methodologies and practices in start-ups // IET Software. 2019. V. 13.
N 6. P. 497-509. https://doi.org/10.1049/iet-sen.2018.5270

ToBapoB3; 4) Kop3uHbI?; 5) cTpaHULBI I ayTeHTH(HU-
Kalll{, aBTOPHU3ALMH, PETUCTPALMK; 6) CTPAHUIIBI IS
oopmienus 3akazal. Urepauus | mpoBeeHa ¢ UCIOIb30-
BaHHEM CII0CO00B | 1 6, a Ha uTepanusx 2—6 IPOBEICHEI
SKCTIEPUMEHTEHI, B KOTOPBIX M3MEPEHO BPeMs pa3padOTKH Ha
KaXI0M UTepalnu ¢ U 0e3 mpuMeHeHns permeHmid. [lamee
obHoBerne [111 BEITIOMTHEHO ¢ TPUMEHEHHEM MTePeINCIICH-
HBIX cr10c0o00B (Tadm. 2). B Tabmn. 3 mpencTaBieHs! pe3yiib-
TaThl peasiu3alui NPEeUIOKEHHBIX PelIeHui: oduas Tpy-
JIOEMKOCTb pa3pabOTKH Kojia MPOayKTa 0e3 UCII0Ib30BaAHMUS
TaKMUX peleHuit coctaBuia 650 4, ee yIanoch COKpaTUTh
npumMepHo Ha 100 4, uto cocranser 15 %.

W3noxeHHsbIi B pabote moaxon k paspaborke I1I1, a
TaKXKe ero MpaxkThieckas peanusanus B craprane Lampu
MOXKET OBITH ITOJIE3HBIM IS co3naresnel HoBrix VMIC u mo-
MOTYT UM MHUHHUMH3UPOBATH CPOKU PEIU30B B OTBET HA
aKTyaJIbHBIC BBI30OBBI pbIHKA. Cpemu MpeIoKeHHBIX pe-
IICHUH JaHHOTO TIO/IXO/A CIEAYeT OTMETHTH CIIeTyIOIIHe
pean30BaHHbIC PEIICHHS: FCIIOIh30BAHNE PA3THIHBIX Me-
TOZIOB OIICHKH 3a/1a4; pa30neHNne CUCTEMbI Ha KOMITOHEHTHI
C €IMHCTBEHHOM 30HOI OTBETCTBEHHOCTH; UCIIOJIb30BAHHE
CTOPOHHUX I'OTOBBIX KOMIIOHCHTOB; aBTOMAaTHU3allUI0 I10-
CTaBKHU U pa3BCPThIBAHUA CUCTEMbI; UCIIPABJICHHUEC TOJIBKO
KPUTHUYHBIX J1e(hEKTOB KOAA.

3 [Dnexrponnsiii pecypc]. Pexum pocryna: https:/lampu.
store/product-list/smartphones (nara obpauienus: 07.02.2024).

4 [DnextponnbIit pecypc]. Pexxnm moctymna: https:/lampu.
store/cart (mara oopamenus: 07.02.2024).

5 [DnexTpoHHbIi pecype]. Pexum pocryna: https:/lampu.
store/authentication (mzara obpammenus: 07.02.2024).

6 [DnexTponHbIii pecypc]. Pexxum nocryma: https:/lampu.
store/gocheckout (nara obpamenus: 07.02.2024).
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AHHOTANMUS

IIpencraBnensl pe3yabTaThl HCCIEA0BAHUS BOCIPHATHA CUCTEM MOJACPKKH MPUHATHUSA BpadyeOHBIX pEHICHUN B
paMKax IPOBEICHNS €KETOTHON TUCITIaHCePH3aIMU BpauaMH-CTOMATOIOraM1 B 00111e00pa30BaTeIbHBIX OPraHU3aIMAX
Muno6opons! Poccnn (CyBOPOBCKHX M HAXMMOBCKOM BOGHHBIX YUMIIUINAX, IPE3UACHTCKUX KaJSTCKUX yUMIHINAX U
Ka/ISTCKUX BOCHHBIX Kopmycax). Ha mpumepe paccMarprBaeMoro crieHapust IpoBe/ieHa anpoOanus IPOTOTHIIA CUCTEMBI
Ha OCHOBE MAIIMHHOTO 00y4ueHus. [IIst OLEHKH BOCHPHATHS BEIIIOIHEH OIIPOC Bpaveii-CTOMATOIOTOB ¢ JEMOHCTpanueit
pe3ynbpTaToB pabOTHl IIPOTOTUIIA U OLEHKOH BOCIPHHHMAEMBIX XapaKTEPUCTHK MPEIOCTABISIEMBIX PE3yIbTaTOB
npejckasare’abHoro Mozaenuposanys. [Toctpoena Monens Ha ocHOBe GaiieCOBCKON CeTH IS OLIGHKH pacCMaTpUBaeMbIX
HoKa3aTerneil, MpoAEeMOHCTPUPOBABILIAs [OBBIICHHIE KaueCcTBa IPEACKa3aHKsl BOCIIPUHUMAEMBIX TI0OKa3aTeliel ¢ y4eToM
BIIMSIHUSL JIATEHTHBIX COCTOSHUI CyOBEKTHBHOIO BOCIpPUATHS omnepaTopa. [IpennoskeHHblit MoaXox B AadbHEHIIEM
TUIAaHUPYETCS NCTIONB30BATh JJIsl TTOBBIIEHUS Y (EKTUBHOCTH B3aUMOEHCTBHS Bpaua M CUCTEMBI MOJIEPIKKH TIPUHATHS
BpadeOHBIX PEIICHUN.

KaioueBbie c10Ba
CHUCTEMBI MOAACPKKH MPUHATUS PEIIeHNH, YelTOBEKO-KOMITBIOTEPHOE B3aMMOJCHCTBHE, MpeAcKa3aTeIbHOe
MOJIENIMPOBAHNE, MAIIMHHOE 00ydeHne, Kaprec, TPOPHIaKTHIECKUI 0CMOTp

Cceblaka niusa uurupoBanusi: ConmaroB A.H., ConmaroB U.K., Kopanpuyk C.B. MonenupoBaHue BOCIPUSATHS
PEKOMEHIAIINI CUCTEMBI MOICPKKH MIPUHATHS BpadeOHBIX PEIICHHI Ha OCHOBE MPE/ICKA3aTEIIbHOTO MOICITUPOBAHHUS [IPH
MPOBENICHUHN MPODIITAKTUYECKAX OCMOTPOB BpayaMU-CcToMAaToIoramu // HayqHO-TeXHIHYECKIIA BECTHUK MH()OPMAIIOHHBIX
TEXHOJIOIUH, MexaHuku u ontuku. 2024. T. 24, Ne 2. C. 335-338. doi: 10.17586/2226-1494-2024-24-2-335-338

Modeling perceiving of recommendations provided by clinical decision support
system based on predictive modeling within dental preventive screening
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Abstract
The results of a current study of the perception of clinical decision support systems (CDSS) in the framework of
preventive screening by dentists in schools of the Russian Ministry of Defense (cadet corps) are presented. Using

© ConparoB A.H., Connaros 1.K., Koanbuyk C.B., 2024
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MopnennpoBaHne BOCNPUATUS PEKOMEHAALINIA CUCTEMbI MOALEPXKKN NMPUHATHS BPaYeOHbIX PELLEHWIA. ..

the example of the scenario under consideration, a prototype of the CDSS based on machine learning was evaluated.
To assess perception, a survey was conducted demonstrating the results of the prototype and assessing the perceived
characteristics of the provided predictive modeling results. A model was built based on a Bayesian network to evaluate
the considered indicators, which demonstrated an increase in the quality of prediction of perceived indicators, taking
into account the influence of latent states of the operator’s subjective perception. The proposed approach is planned to
be used in the future to increase the efficiency of doctor-CDSS interaction.

Keywords

decision support systems, human-computer interaction, predictive modeling, machine learning, caries, preventive

screening

For citation: Soldatov A.N., Soldatov [.K., Kovalchuk S.V. Modeling perceiving of recommendations provided by
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Kapuec 3y00B siBIIsIeTCsSI BTOPBIM 110 PACIIpOCTPaHEHHO-
cTH 3a00JI€BaHEM BO BCEM MHUPE U CaMbIM paclpocTpa-
HEHHBIM M3 CTOMAaTOJIOTMUYECKUX 3a00JIeBaHMM, JOCTUTras
100 % u HE MMeeT TeHACHIHN K cHIKeHUIo [1, 2]. Ipu
9TOM Npo(HUIAKTHKA U PAHHAA AMArHOCTHKA UMEET Cy-
IIECTBEHHOE 3HAYCHME JUIsI CHIDKEHHS 3a00JIEBaEMOCTH.
bonburoe BausiHUE B MOZOOHBIX 3a/1a4ax MOTYT OKa3bl-
BaTh CUCTEMBI TTOJJICPIKKU ITPUHSTHUSI BpA4EOHBIX PEIICHUI
(CIIIIBP), ocHOBaHHBIE Ha MPEACKAa3aTEIEHOM MOJICINPO-
BaHuU. Tak, HarpuUMep, MpeIcKa3aTenbHOE MOJCIUPOBAHNE
nnzekca KITY (cymma gmcia 3y00B B COCTOSIHHSIX Kapu-
ec-TIoM0Oa-y/1alieH) I03BOJISIET PeasiM30BaTh INIAHUPOBAHKE
JIONIOJIHUTENBHBIX TIPOUIIAKTUIECKUX MEPONPHUSITHH, BbI-
JIaTh TIEPCOHAIIM3UPOBAHHBIC PEKOMEH IAIINH /IS TTAIlNeHTa
[3]. Tem HE MeHee, TpaKTUYECKasi IPUMEHUMOCTb TaKUX
MoJieJIell BO MHOTOM 3aBHCHUT OT MOJIOKHUTEIHHOTO BOC-
MPUSITHSL PEKOMEHIALIUI cO CTOPOHBI Bpauel. Bocnpusitue,
B CBOIO OYEpEb, MOXKET 3aBUCETh KaK OT OOBEKTHBHOMN
CHUTyalll{, TaK U OT NEPCOHAIBHBIX 0COOCHHOCTEH Bpaya
[4]. Curyanust MOKET YCIOXKHSITHCS TPU UCTIOIB30BaHUU
COBPEMEHHBIX MO HCKyCCTBEHHOTO MHTEJUIEKTa, 3a-
YaCTYI0 OTIIMYAIONIUXCS] HU3KOH 00BSICHUMOCTBIO U «IIPO-
3padHOCTBIO» [5].

Juist noBblieHnst 9pHEKTUBHOCTH B3aUMOACHCTBHS B
paMKax MpeaCTaBIsIeMbIX MCCIEI0BAaHUN MpeiaraeTcs
aKICHTHPOBATh BHUMAaHHE Ha WHJIMBUAYAIbHBIX YepTax
Bocupusatus pexomennanuii CIIIIBP (B mepByro oue-
penb — peann3yeMbIX C NCMOJIb30BaHUEM HCKYCCTBEH-
HOTO MHTEJUIEKTa). B paMkax maHHOTO mmoaxopa mpejyia-
raeTcsl paclIMpeHne MPOIETyphl BbIIAYM PEKOMEHAAINH
CIIIIBP (pucyHoxk, a), Bkirodaromee: 1) mpoduib Bpa-
4a, OTPEACTAIONINHA ero NHIANBUAYyaIbHbIE 0COOCHHOCTH
poheCcCHOHAIBHOIO MOBEACHHUS; 2) MPEACKa3aTeIbHYIO
MOJIEIIb, IPUMEHIEMYIO Ul OLEHKH BOCIPHUATHS BPauoM
JOCTYIHOM nH(pOopMaIyy (IPOrHO3a COCTOSHHUS MAlUeHTa,
OIIMOHAJIEHO JIOTIOJIHSIEMOro OOBSICHEHNEM, alIbTepHa-
TUBHBIMH PEIICHUSMH U I1p.); 3) MEXaHU3M (QUIIBTPALUH
nHpOpPMALNU C TOUKH 3peHHs Hanboiee 3PEKTHBHOTO
B3aumozeiictus Bpaya u CIIIIBP. B nanno#t cutyauuu
MIPOTHO3UPOBAHNE CyOBEKTHBHOTO BOCHPHUSTHS B COUYETA-
HUH C OIIEHKOH 3()(hEeKTHBHOCTH «COBMECTHOTO» MTPUHSTHS
pemennii Bpada u CITIIBP mo3Bomut B mepcnexTuse chop-
MHPOBATh NPHHIUITHAIBHO HOBBIE CXEMBbI B3aNMOJICHCTBUS
YeITOBEK-NCKYCCTBEHHBIN MHTEIUIEKT B CJIIOKHBIX 3a7a9ax
NPUHSATHUS BPa4eOHBIX PELICHHH.

B pamkax mpezacTaBisieMoro uccieoBaHus paspaboran
npororun CIITIBP (pucyHok, b) 1uist oAJIep>KKN TEKyIIei

JIESITEIbBHOCTH BPadyeli-CTOMATOIO0r0B, OCYLIECTBIISIOLINX
NpopIIaKTHIECKUH MPUEM BOCITUTAaHHUKOB 0011eoOpa-
30BaTeNbHBIX opraHu3anuii Muno6oponsl Poccuu. Ha
OCHOBE aHOHMMH3HUPOBAHHBIX JaHHBIX 3701 oOywaromux-
cs B Bo3pacte 10—18 meT [6] mocTpoeHa mpeacka3zaTelb-
Hasl MOJZIEJIb C MCHOJIB30BAHUEM aJITOPUTMOB MAIINHHOTO
oOyueHus I mpencka3anus n3Menenus maaexca KITV.
Jlyuiie moka3areian OBIITH TMOMYyYEHBI C HCTIONB30BaHUEM
monenu CatBoost (cpeansist abconmtorHas ommuodka 0,86 e
KIIY) [3]. B pamkax mpotorumna CIIIIBP Bpauam npu 3a-
MOJIHEHUHU KapThl MPEJOCTABISICS MPOTHO3 U3MEHEHHUS
KIIY naunuenTta B Te4eHUE rofia, a TakXke peKOMEH,TyeMblit
IUIaH JIeYeOHO-TTPO(PHUITAKTHUECKIX MEPOTIPUATHH U PEKO-
MEHJIalUH MalnueHTy.

Jliis u3ydeHust 0COOEHHOCTE! BOCIIPUATHS PEKOMEH-
nmanwii, BeigaBaeMbeix mporoturnom CIIIIBP, mposenen
OTIPOC TIOTEHIIMATBHBIX TOJIB30BaTENCH (Bpaueii-cToMa-
TOJIOTOB) C IEMOHCTpAIel aHOHUMHU3NPOBAHHON KapTHI
naryeHTa u copMUpoBaHHOTO TIPOoTHO3a TuHAMHUKH KITY.
[Tomb30BaTemnsiM Tpe/Iarasoch MPOBECTH OIEHKY MPOTHO3a
M0 TPEM XapaKTePUCTHUKAM: MOHATHOCTh NMPOTHO3A IS
KOHKPETHOTO MallMeHTa; COIIache C MPOTHO30M; BOCIPH-
HUMaeMasi oJIe3HOCTh NIPOTHO3a MPHU MJIAHUPOBAHUN J1AJTb-
HeHmumx Meponpustuil. OLeHKY TPOBOAUINUCH IO MATHCTY-
neH4aroi mkaie Jlukepra (OT MUHYC 2 — IOJHOCTBIO HE
COITIaceH JI0 TUTIOC 2 — TIONTHOCTBIO coraceH). B ompoce
ydacTBoBajM 15 monb3oBarenel, npeaocTaBuBLInX 427 Ha-
60poB o1eHOK. B 11e110M pekoMeHgay ObUTH BOCIPHHSTHI
CTIEIMAIICTaMU HEUTPATBHO WM MOJIOKUTEIIBHO: 10MIS He-
OTpPHUIATETBHBIX OLEHOK ISl PACCMATPUBAEMBIX MTOKa3aTe-
JIet COCTaBHIIA 110 TPEM HPEIOKEHHBIM XapaKTEePHCTHKAM,
COOTBETCTBEHHO, 92,7 %, 89,9 % u 97,0 %. [TonyueHnusie
OLICHKH OTIINYAIOTCS MPUEMIIEMOH COIIaCOBAaHHOCTBIO C KO-
a¢¢urrentom anbda Kponbdaxa 0,736. [1Ipu 3ToM qaHHBIN
MOKAa3aTellb BApbUPYETCs ISl OTACIBHBIX KapT MAallUEeHTOB
ot 0,511 10 0,910, 4TO KOCBEHHO CBUAETEILCTBYET O MPO-
SIBJICHUH CYObEKTHBHOCTH B BOCIIPUSITHN OTACIBHBIX KapT
Pa3HBIMU CIICIIHAINCTAMH.

Jlnist uccneioBaHMs BIMSIHUSL MHANBHUTYaIbHBIX Xapak-
TepUCTHK Ha BoctpusTie pekomeHaanuii CIIIIBP moctpo-
eHa OaifecoBckast CeTh JTOBEpHs, BKIIOYAIOIIAsl paccMa-
TpPHUBaEMbIE TP TOKA3aTels (CBA3M MEXy [TOKa3aTeIsIMU
c(hopMHPOBaHBI 110 AHAJIOTHH ¢ paboToii [4]) 1 TaTeHTHYTIO
MEPEMEHHYIO «KOTHUTHBHOTO COCTOSTHHSD) Bpada, BIUSIO-
IIMe Ha BCe OCTaJbHBIC IMOKa3aTedn. B paMmkax mepBoro
SKCIIEpUMEHTA JIATeHTHAs IIepeMEeHHas 3aKOJMPOBaHa Kak
one-hot sMOeMHT Bpava. baiiecoBckas ceTh HCIOJIb30Ba-
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Figure. Implementation of clinical decision support system (CDSS) with doctor’s perceiving assessment: general approach to CDSS

extension (a); CDSS prototype

Ha 1 IIpEACKasaHusA 3M6e)1)1PIHFa IO KaXXJI0MY OTACIIbHO-
My ciydato (crparerus leave-one-out). [lanee nposenena
KiracTteépusanus MoJTy4YCHHBIX 3M6e£lZ[I/IHFOB, C 3alaHHBIM
YHCIJIOM KJIacTepoB N M HCIOJIb30BAaHUEM METOK KJIaCTEpPOB
B Ka4eCTBE 3HAYCHUS UACHTH(UIIMPOBAHHOMN ITepeMEHHOM
KOTHUTHBHOTO COCTOSIHUSI Bpaya. [IpenckazaHHoe cocTos-
HUE JIATCHTHOH MMEPEeMEHHOW MOXKET OBITh HCITOJIB30BAHO
JUTS TIPEJICKA3aHUs SBHBIX CyObEKTUBHBIX XapaKTEPHCTUK
BocpusATHA. Tak, B paMKaX dKCIIEpUMEHTA TIOKA3aHO CHU-
JKEHHE CpeiHell aOCOMIOTHOW OMMOKH TIpeICKa3aHus IIe-
JIEBOU NIEPEMEHHON «BOCHPUHUMAEMasl MOJIE3HOCTH) C
0,337 en. mo 0,039 en. mkansr JIukepra (MpU YKCIIE BBIE-
JIsieMbIX KiacTepoB N = 3).

for dental preventive screening (b)

[TonyueHHble pe3ynbTaThl TPEABAPUTEIBHBIX dKCIIE-
PUMEHTOB MO3BOJISIIOT TOBOPHUTH O TOM, YTO JIATEHTHOE
COCTOSIHHE Bpaya-CTOMATOJIOra, BIMSIOIIEE Ha BOCIIPUSITHE
pexomennarmii CITTIBP, moTeHImanbHO MOKET ObITh IIPE-
CKa3aHO U UCIIOJH30BaHO IS ONTUMHU3AIUK B3aUMOJICH-
CTBUSI Bpaya ¢ CUCTEMOMH, JOCTHXKEHUSI KOHCEHCYCa B 9TOM
B3aUMOJICHCTBHH, IOBBIIICHUS 3(P(HEKTHBHOCTH IPUHAMAC-
MBIX pelIeHui. B paMkax mampHEHIero pa3BUTHs JAHHOTO
HaIlpaBJICHUS UCCIEIOBAHUN TUTAHUPYETCs pa3padoTka
0oree AETambHBIX, CTPYKTYPHUPOBAHHBIX U BMECTE C TEM
MHTEPIPETUPYEMBIX MOJIETICH JTaTeHTHBIX KOTHUTHBHBIX
cocrosiauii nonb3oBareseii CITIIBP Ha ocHOBe H3BECTHBIX
MoJieliell mpodecCHoHaNbHOrO MoBeICHUs Bpauei [7] u
BOCIIPHSITHS TEXHOJIOTMUECKHUX petieHui [8].

Hay4HO-TexXHUYeCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukKn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2

337



MopnennpoBaHne BOCNPUATUS PEKOMEHAALINIA CUCTEMbI MOALEPXKKN NMPUHATHS BPaYeOHbIX PELLEHWIA. ..

Jluteparypa

1. Kysbmuna D.M., fuymesnu O.0., Ky3pmuna U.H., Jlanatuna A.B.
TeHAeHINN PACIPOCTPAHEHHOCTH U HHTCHCHBHOCTH Kapueca 3y0oB
cpexn Hacenenus: Poccun 3a 20-netHuit nepuoy // Dental Forum.
2020. Ne 3(78). P. 2-8.

2. Bonomuna .M., benukosa E.B. Kapuec 3y00B BBICOKOI CTEEHH
pHCKa ¥ KOMIUIAeHTHOCTb nanuenra // Dugonontus Today. 2020.
T. 18. Ne 2. C. 41-44. https://doi.org/10.36377/1683-2981-2020-18-
2-41-44

3. Conparos N.K. u nip. I[Iporao3upoBaHue MHTEHCUBHOCTH MOPaKEHHs
KapHecoM 3y00B BOCIIMTaHHUKOB 00111e00pa30BaTeIbHBIX OPraHu3a-
it MuHOGOpOHBI PoccHn ¢ MOMOIIBIO aIrOPUTMOB MAIIHHHOTO
o0yuenus // KpemeBckast Mequiuna. Kitnamdeckuit BectHuk. 2024.
(B meyarn).

4. Kovalchuk S.V., Kopanitsa G.D., Derevitskii I.V., Matveev G.A.,
Savitskaya D.A. Three-stage intelligent support of clinical decision
making for higher trust, validity, and explainability // Journal of
Biomedical Informatics. 2022. V. 27. P. 104013. https://doi.
org/10.1016/j.jb1.2022.104013

5. Abdul A., Vermeulen J., Wang D., Lim B.Y., Kankanhalli M. Trends
and trajectories for explainable, accountable and intelligible systems:
an HCI research agenda // Proc. of the 2018 CHI Conference on
Human Factors in Computing Systems. 2018. P. 1-18. https://doi.
org/10.1145/3173574.3174156

6. Conpmaros A.H., Connaros UK., I'pe6nes I'A., Koansuyk C.B. baza
JIAHHBIX COCTOSHUSI CTOMATOJIIOIMYECKOT0 3/0POBbsI BOCITUTAHHUKOB
obmeobpa3zoBareabHbIX OpraHu3anuii Muno6oponsr Poccuu.
CBUIETENBCTBO 0 perucTpanun 6a3el qaHHbIX RU2023622392,
13.07.2023.

7. Presseau J., Johnston M., Francis J.J., Hrisos S., Stamp E., Steen N.,
Hawthorne G., Grimshaw J.M., Elovainio M., Hunter M., Eccles M.P.
Theory-based predictors of multiple clinician behaviors in the
management of diabetes // Journal of Behavioral Medicine. 2014.
V. 37.N 4. P. 607-620. https://doi.org/10.1007/s10865-013-9513-x

8. Dillon A. Human Acceptance of Information Technology //
International Encyclopedia of Ergonomics and Human Factors. 2006.
V. 27.N 3. P. 425-478.

ABTOpBI

Coanaros Anexcanap HukomnaeBuy — crynent, Yuusepcurer UTMO,
Cankr-IletepOypr, 197101, Poccuiickas ®enepauns, https://orcid.
org/0009-0008-5962-8931, 371755@niuitmo.ru

Counnaros Ban KoHCTAaHTHHOBHY — KaHIUIAT MEIULIMHCKUX HAYK, 10~
LIeHT, TOKTOpaHT, Boenno-menununckas akagemus umenn C.M. Kuposa,
Cankr-IlerepOypr, 194044, Poccuiickas ®enepanus, s¢ 57195325408,
https://orcid.org/0000-0001-8740-9092, ivan-soldatov(@mail.ru
KoBaapuyk Cepreii BajepbeBu4 — KaHIUJAT TEXHUYECKUX HayK,
nouent, Yuusepcurer UTMO, Cankr-IletepOypr, 197101, Poccuiickast
Denepanus, s¢ 55382199400, https://orcid.org/0000-0001-8828-4615,
kovalchuk@itmo.ru

Cmamws nocmynuna 6 pedakyuio 27.02.2024
Ooobpena nocne peyenzuposarus 01.03.2024
Ipunsma k nevamu 17.03.2024

IOl

References

1. Kuzmina E.M., Yanushevich O.0., Kuzmina I.N., Lapatina A.V.
Tendency in the prevalence of dental caries among the Russian
population over a 20-year period. Dental Forum, 2020, no. 3(78),
pp- 2-8. (in Russian)

2. Voloshina I.M., Belikova E.V. High risk dental caries and patient
compliance. Endodontics Today, 2020, vol. 18, no. 2, pp. 41-44. (in
Russian). https://doi.org/10.36377/1683-2981-2020-18-2-41-44

3. Soldatov A.N. et al. Predicting the intensity of caries damage to the
teeth of students in educational institutions of the Russian Ministry
of Defense using machine learning algorithms. Kremlin Medicine
Journal, 2024, in press. (in Russian)

4. Kovalchuk S.V., Kopanitsa G.D., Derevitskii I.V., Matveev G.A.,
Savitskaya D.A. Three-stage intelligent support of clinical decision
making for higher trust, validity, and explainability. Journal of
Biomedical Informatics, 2022, vol. 27, pp. 104013. https://doi.
org/10.1016/.jb1.2022.104013

5. Abdul A., Vermeulen J., Wang D., Lim B.Y., Kankanhalli M. Trends
and trajectories for explainable, accountable and intelligible systems:
an HCI research agenda. Proc. of the 2018 CHI Conference on Human
Factors in Computing Systems, 2018, pp. 1-18. https://doi.
org/10.1145/3173574.3174156

6. Soldatov A.N., Soldatov 1.K., Grebnev G.A., Kovalchuk S.V.
Database of the dental health state of students in educational
institutions of the Russian Ministry of Defense. Database registration
certificate RU2023622392, 13.07.2023. (in Russian)

7. Presseau J., Johnston M., Francis J.J., Hrisos S., Stamp E., Steen N.,
Hawthorne G., Grimshaw J.M., Elovainio M., Hunter M., Eccles M.P.
Theory-based predictors of multiple clinician behaviors in the
management of diabetes. Journal of Behavioral Medicine, 2014,
vol. 37, no. 4, pp. 607-620. https://doi.org/10.1007/s10865-013-
9513-x

8. Dillon A. Human Acceptance of Information Technology.
International Encyclopedia of Ergonomics and Human Factors, 2006,
vol. 27, no. 3, pp. 425-478.

Authors

Alexander N. Soldatov — Student, ITMO University, Saint Petersburg,
197101, Russian Federation, https://orcid.org/0009-0008-5962-8931,
371755@niuitmo.ru

Ivan K. Soldatov — PhD (Medicine), Associate Professor, Doctoral
Student, The S.M. Kirov Military Medical Academy, Saint Petersburg,
194044, Russian Federation, s¢ 57195325408, https://orcid.org/0000-
0001-8740-9092, ivan-soldatov@mail.ru

Sergey V. Kovalchuk — PhD, Associate Professor, ITMO University,
Saint Petersburg, 197101, Russian Federation, s¢ 55382199400, https://
orcid.org/0000-0001-8828-4615, kovalchuk@itmo.ru

Received 27.02.2024
Approved after reviewing 01.03.2024
Accepted 17.03.2024

Pa6oTta gocTynHa no nuueHsum
Creative Commons
«Attribution-NonCommercial»

338

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2024, Tom 24, N2 2
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 2


https://doi.org/10.36377/1683-2981-2020-18-2-41-44
https://doi.org/10.36377/1683-2981-2020-18-2-41-44
https://doi.org/10.1016/j.jbi.2022.104013
https://doi.org/10.1016/j.jbi.2022.104013
https://doi.org/10.1145/3173574.3174156
https://doi.org/10.1145/3173574.3174156
https://doi.org/10.1007/s10865-013-9513-x
https://orcid.org/0009-0008-5962-8931
https://orcid.org/0009-0008-5962-8931
mailto:371755@niuitmo.ru
https://orcid.org/0000-0001-8740-9092
mailto:ivan-soldatov@mail.ru
https://orcid.org/0000-0001-8828-4615
mailto:kovalchuk@itmo.ru
https://doi.org/10.36377/1683-2981-2020-18-2-41-44
https://doi.org/10.1016/j.jbi.2022.104013
https://doi.org/10.1016/j.jbi.2022.104013
https://doi.org/10.1145/3173574.3174156
https://doi.org/10.1145/3173574.3174156
https://doi.org/10.1007/s10865-013-9513-x
https://doi.org/10.1007/s10865-013-9513-x
https://orcid.org/0009-0008-5962-8931
mailto:371755@niuitmo.ru
https://orcid.org/0000-0001-8740-9092
https://orcid.org/0000-0001-8740-9092
mailto:ivan-soldatov@mail.ru
https://orcid.org/0000-0001-8828-4615
https://orcid.org/0000-0001-8828-4615
https://e.mail.ru/compose/?mailto=mailto%3akovalchuk@itmo.ru

TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb HYETKYIO CTPYKTYPY, BKJIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KJloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynMTaHHOM Ha caMbll LUMPOKNI KPYTr YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) nsnoxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, METon, AN MEeTOAOSorns npoBedeHuss paboTbl, KpaTkoe
onMcaHne aKCNepUMEHTa, NOMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALINN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npencraB-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeaoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
JNIN3 U3BECTHbIX N3 HAYYHOW NUTEPATYypPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
HY 1 NPENMYLLLECTBO (OCOOEHHOCTU) NpeanaraeMoro noaxoaa.

B 0CHOBHOM TekCTe cTaTbM A0MKHA ObITb NPEACTaBNeHa cTporas
MOCTaHOBKA peLlaeMon 3aa4u, N3N0XeHbl 1 0OCTOSATENBHO pa3bsc-
HEeHbl (J0Ka3aHbl) NOJlyYeHHbIE YTBEPXAEHUS U BbIBOAbI, MPUBELEHDI
pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLME COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTbM OOKEH OblTb Pa3buT Ha coaepXaTesbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTUN MPUMEHEHUS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcs): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbBIE MHTEPHET-PECYPChI B CMNCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOM CcTaTbW NpenBapuTeNbHO COrNacoBbLIBAETCSH
C pefakumen.

O6beM NONHOTEKCTOBOW CTaTby, BKAKOYAA UNOCTpaLmMm, Tabnm-
Libl U CMNCOK NUTEPATypbl, HE AOKEH NPEBbIWATL 8 CTPaHUL, MaLluun-
HOMUCHOIrO TekcTa (C pucyHkamm u Tabamuamm), wpudT 12 pt, oanH
VIHTEepBa.

0O6beM KpaTkoro coobLueHns — 0o 3 cTpaHu, wpudT 12 pt, ogmH
vHTepBan. Pybpukauus TekcTta He TpebyeTcs. CTaTby NPUHUMAIOTCS B
3NeKTPOoHHOM Buae (ntvitmo@itmo.ru). B pacneyataHHOM BUAE C Noa-
NUCsSMN aBTOPOB MaTepuanbl NPeacTaBasioTCs B pefakuumio no 3a-
NpoCy peaakLmm Nocsie NPOXoXAeHNs NpoLueaypbl PELEH3NPOBAHMS.

KomnnekT LOKYMEHTOB LO/MKEH BKIKOYATb:

+  TEeKCT CTaTbyM C 3aBEPCTaHHbLIMU PUCYHKaMM 1 Tabnnuamu;

+  ¢dopMbl cBeaeHMM 06 aBTOopax (Ha Kaxaoro aBTopa); AonyckaeTcs
yKa3aHue HeCKOJbK1X MecT paboTbl aBTopa;

+  dannbl C pUCyHKaMm K ctatbe B OpurnHanbHoM dpopmaTte (npen-
noytutensHo JPEG) ¢ mMakcumanbHbIM paspelleHnem; aonycka-
eTCsl NpeacTaBfeHne LBETHbIX PUCYHKOB, €CNN B Y4epHO-Oenom
BapuaHTe TepsieTcs nonesHas nHhopmaums;

*  JINLEH3NOHHOE COrMaLleHue;

+ cornacue Ha 06paboTKy NePCOoHasbHbIX OAHHbIX.

REQUIREMENTS FOR EXECUTION OF PAPERS

Scientific reviews, full-text and brief papers are published.

A full-text paper should have a well-defined structure, including
an abstract, keywords, introduction, several substantive chapters and
a conclusion.

An abstract is intended for general public. It is necessary to set
forth the scientific content of the paper limited by 200-400 words in the
form of a brief abstract: the subject, the work objective, the method or
methodology of work, a brief description of the experiment, obtained
results, recommendations for their application.

Keywords should be connected with the information presented in
the paper. The main keyword is given first.

The introduction should contain a meaningful statement of the
issue in question, a brief analysis of the solutions known from scientific
literature (with references to sources), a criticism of their shortcomings,
scientific novelty and advantages (features) of the proposed approach.

The main body of the paper should represent exact statement of
the problem being solved, obtained assertions and conclusions are to
be set forth and explained in detail (proved), the results of experimental
studies or mathematical modeling should be given to illustrate the
statements made. The main text of the paper needs to be split up into
meaningful sections (2-3 sections).

In conclusion it is necessary to summarize the main results,
comment on them and, if possible, to indicate the areas of future
research and application.

A list of references is recommended: for a review paper — at least
50 items, for full-text paper — not less than 15, for a brief paper — at
least 8 references. References to standards and other regulatory
documents, as well as to Internet resources, are not included in
a reference list and are documented as footnotes.
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The length of a full-text paper, including illustrations, tables and
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