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AHHOTaNMSI

IIpeamer ucciaenoBanus. PaccMoTpeHa BO3MOXKHOCTb CO3JaHus AUPPAKIUOHHBIX 3JEMEHTOB Ha OCHOBE
rojorpapuyeckoro Goronoaumepa Bayfol HX, paGoraromux B OnmxHeM HHPpPaKpacHOM IHama3oHE CIEKTpa.
HccnenoBansl AMHAMUYECKNH AUAMa30H MOKa3aTesl MPeloOMICHHS (OTOMOINMEpPa U aMILINTYyTHO-(a30BbIe
XapaKTEePUCTUKH TOJIOTPAMM B MH(PaKpacHOM AmanaszoHe. M3ydeHo BIHMAHME MapaMeTpOB 3alHCH (MIOTHOCTH
MOIIIHOCTH 3aITMCHIBAIOIIET0 M3IIyYeHH s, BpeMEHH 3aIliCH) Ha pacipe/eeH e JHHAMIYeCKOro JHara3oHa IoKa3aTers
TIPEJIOMIICHHUS MEXTy TapMOHHKaMH pereTkd. MeToa. AHanu3 aMInmTy1HO-(a30BOro XapakTepa rojorpaMM BBITTOJTHEH
C MOMOIIBIO M3MEPEHUSI CIIEKTPOB MPOITYyCKaHUsI UCCIIeyeMOoro (oTorommMepa nocie peakiuu GoTomoIMMepH3aLHH.
[TpoBe/ieHa OlleHKa AMHAMUYECKOTO ANAIa30Ha [T0Ka3aTellst penoMIeHHs (JOTONOIMMEpPA B CIIEKTPAILHOM JAUaNa30He
oT 405 o 2099 um. [lpeaBapuTenbHO OCYIIECTBICHBl U3MEPEHNE M aHAIU3 KOHTYPOB YIJIIOBOH CElEKTHUBHOCTH
rosiorpamm c¢ nepuogamu ot 414 1o 2100 HM, ONTUMHU3UPOBAHHBIX MO Pa3HbIE YACTH UCCIEAYEMOTO CIIEKTPAILHOTO
JMara3oHa. BeImoaHeH aHann3 BIUSIHIS TapaMeTPOB 3aMHCH Ha PaciipeieIeHne AMHAMUYECKOTO THara30Ha MoKa3aTes
TIPEJIOMIICHUS MEX/Ty TapMOHHUKAMHU pemeTKH. [Ipon3BeieH pacueT aMIUTUTY ] IepBOif M BTOPOH TapMOHUK MOIYIISIIAN
ToKa3aTelisl IMPEIOMIICHHUS U3 SKCIEPUMEHTAIBHO U3MEPEHHBIX KOHTYPOB YIJIOBOH CENIEKTUBHOCTH TOJIOTPAMM,
c(hOPMHPOBAHHBIX TIPH PA3HBIX JUTHTEIHHOCTSIX 3aITUCH HPH ITOCTOSHHOM J103e o0mydeHnsi. OCHOBHBIE Pe3yJIbTATHI.
IToxa3zaHo, 4TO TUHAMHUYECKHE JHANa30HbI TOKa3aTels peoMIIeH s (OTonoNMMepa B OIMKHEM HHPPAKPaCHOM
JAHAIra30HE U B }ZU'[HHHOBOJ'IHOBOﬁ 4aCcTU BUAUMOTI'O Arara3oHa OTIIMYar0TCs Ha BEJIMYUHY, HE ITPEBLIIIAIOITYI0 TOUHOCTH
u3MepeHnil. [IpogeMoHCTpUpOBaHO SIPKO BEIPAKEHHOE HAPYIICHHE 3aKOHA B3aM03aMECTUMOCTH ITPH MacIITaONPOBAHUI
MHTEP(EPEHIIOHHON KapTHHBI 1/MITN N3MEHEHNH TNIOTHOCTH MOIITHOCTH 3anuchiBatoniero m3myuenus. [IpakTuyeckas
3HAYUMOCTh. HalfieHs! onTHMabHbIe YCTIOBHS 3aITHCH TOJIOTPAMM B HCCIIELyeMOM (OTOMOIMMEpE IS UX TIPUMEHEHHNS
B MH(PAKPACHOM JAMAlla30HE CHEKTpa. MccnemoBaHHbIH ronorpadmuecKuii MaTepuall MOXeT HalTH MPUMEHEeHHE B
TENIeKOMMYHHUKAI[OHHOH ONTHKE.

Kanrouesnbie ci0Ba
ronorpadus, Bayfol, porononumep, nappakpacHoe u3nydeHne, IMPpakIHOHHAS ONTHKA
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PaGora BrimonHena Ha 6aze Haywnoro mentpa mMupoBoro ypoBHs «DoToHHKa» npHu (UHAHCOBOW MOJIEpPIKKE
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Abstract

The possibility of creating holographic optical elements operating in the near infrared spectral range based on the Bayfol
HX holographic photopolymer has been considered. The dynamic range of the refractive index of the photopolymer
and the amplitude-phase nature of the holograms in the infrared range have been studied. The influence of recording
parameters (power density of recording radiation, recording time) on the distribution of the dynamic range of the
refractive index between grating harmonics has been studied. The analysis of the amplitude-phase nature of holograms
was carried out by measuring the transmission spectra of the studied photopolymer after the photopolymerization
reaction. The dynamic range of the refractive index of a photopolymer evaluated in the spectral range from 405 nm
to 2099 nm. For this purpose, the angular selectivity contours of holograms with periods from 414 nm to 2100 nm,
optimized for different parts of the specified spectral range, were measured and analyzed. The influence of recording
parameters on the distribution of the dynamic range of the refractive index between the grating harmonics was
analyzed by calculating the amplitudes of the first and second harmonics of the refractive index modulation from the
experimentally measured angular selectivity contours of holograms recorded with different recording time at a constant
irradiation dose. It was shown that the dynamic range of the refractive index of the photopolymer in the near infrared
spectral range, as compared with the long-wavelength part of the visible region of the spectrum, differs by a value that
does not exceed the measurement accuracy. A pronounced violation of the reciprocity was demonstrated with scaling
of the interference pattern or with changing of the power density of the recording radiation. The optimal recording
conditions for holograms calculated for the infrared spectral range for the studied photopolymer were found. The
possibility of using of the studied holographic material in telecommunication optics has been demonstrated.

Keywords
holography, Bayfol, photopolymer, IR radiation, diffractive optics
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BBenenue

B Hacrosiee BpeMs rosorpaduyeckne onTHIYECKUe
9JIEMEHTHI AKTUBHO TMPUMEHSIIOTCS JUTS YIIPABICHUS U3y~
YEHHEM B ITUPOKOM CIIEKTPAJIBbHOM JHara3oHe: OT ONK-
Hero ynsTpaduoneroBoro [1] mo cpenHero nHppaKpacHOTO
(UK) [2]. [Ipu pemieHnn pa3TUIHBIX 3a/1a9 BOSHUKACT T10-
TpeOHOCTH KaK B BEICOKOCEJIEKTUBHBIX OP3ITOBCKUX 3€pKa-
J1ax, TaK U B HU3KOCEJIEKTUBHBIX CIIEKTPAIBHBIX (QHIBTPax
U AMCHeprupyromux anemMenrax. Ha ceronHsmHuil 1eHb
HanOoJiee pacrnpoCTpaHEHHBIH 1 KOMMEPUYECKH yCIIell-
HBIH rojorpaduyeckuii GoTonoauMep, MO3BOISIOMIUI
M0JIy4aTh HU3KOCEJICKTHBHBIC TOJI0rpa)uIecKue CTpyK-
Typbl — Bayfol HX [3]. JlaHHbII MaTepHa UCIOIb3yeTCs

JUISL PELIeHNs] MAKCUMAJIbHO IIMPOKOro Kpyra 3anay [4—12].
Tonorpaduyeckas 3amuch B (GOTOMOINMEPE TPOUCXOIAHUT
TP WCIIOJI30BAHUH BUIUMOTO H3ITyUCHHUS, TEM CaMbIM
B OOJIBIIMHCTBE CIyYaeB OTPAHUUYNBAS CHEKTPAIHHYIO
obnacte npuMeHeHus. B padore [13] npegnoxena Mo-
nudukanus Marepuana, mo3BOJSIONMAas MPOU3BOIUTD TO-
norpaduyeckyro 3amnuch B OmmkHeM WK nuanasone, 4to
MOYET PacCIIMPUTh 00JacTh MPUMEHEHHS (POTOIONIUMEDPA.
Ho Ha naHHBII MOMCHT XapaKTEPUCTHKH OPUTHHAIBHOTO
Bayfol HX 200 B 6mmkaem UK nuamazone (iinHa BOTHBI
1-2,1 MKM) He HCCIIe/IOBaHBbI.

B mHacTostie#t paboTe MCCIeIOBaHBI CIIEKTPATbHEIC
XapaKTepUCTHKH MpomycKaHus Gotomornmepa Bayfol
HX 200 B 6mmkneit UK obmactu ciekrpa. CrenaH BBIBOI
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00 aMIUIUTYHO-()a30BOM XapakTepe ToJIOrpaMM B 3TOH
oOmactu criektpa. B ¢oromonumepe 3amicanbl HECKOIb-
KO cepuil romorpamm. [lapameTpsl rojorpamm Jiexar B
Jmana3zoHax: nepuopl rogmorpamm — ot 414 1o 2100 uwm,
IDIOTHOCTH MOIIHOCTH 3aITACHIBAIONICTO U3ITYYCHUS — OT
10 no 500 mxBt/cm2, Bpems 3anucu — ot 32 10 1000 c.
TomorpamMMe! 3amMcaHbl B BUIUMOM THANA30HE W3TYICHHS.
BrImonHeH aHAMN3 MOIYIANNN MTOKA3aTelNs MPETOMICHHUS
B quara3one JiuH BoH oT 405 mo 2100 am. PaccMotpeno
BJIMSIHUAC YCJIOBHH 3amucu (mepron nHTepdepeHIInOHHOM
KapTUHBI, TNIOTHOCTH MOIIHOCTH 3aITUCHIBAIOIIETO U3ITyde-
HUS) Ha pacrpesielieHne JUHaAMHUYeCKoro auanazoHa (An)
(dboTomnoarMepa MEKIY TAPMOHUKAMHU TOJIOTpapuIecKoit
peuwerku. MccnenoBano HapyllleHUE 3aKOHA B3aUMO3a-
MECTUMOCTHU IPU U3MEHEHUHU YCIIOBUM 3alCH, a TaKXKe
BIIMSIHUE KUCJIOPO/AA Ha IPOLECC 3alUCH.

MarepuaJjbl M MeTOAbI

Tlonorpaguueckas cpena. [onorpaduueckuii Mmarepu-
an Bayfol HX 200 peanu3yer MexaHH3M 3aIlUCH C OPTOTO-
HalnbHOU Xxumueil [14]: ucxonHas KOMIO3ULUS COACPKUT
T10 JIBa THIIa MOHOMEPOB Y MHUIIMATOPOB MOJIMMEPHU3ALHNH.
B marepuane nucronp30BaHbl 1Ba MEXaHU3Ma MOJIMMEpPH-
3anuu (B Mapbl «KMOHOMEP-MHUIIUATOPY), KOTOPbIe HE
TTOJIBEPIKEHBI MTEPEKPECTHBIM peakuusaM. [1epsoril mexa-
HU3M HMEET HU3KYIO0 CKOPOCTh W MHUIIMHAPYETCS 3a CUET
TEIUIOBOTO BO3JCHCTBHS, a BTOPOH — 3aIrycKaeTcs OJa-
rozaps GOTOpPEaKIUH, U €r0 KOMIIOHEHThl — KIIFOUEBBIC
Jutst rosiorpaduyeckoi 3anucu. VMcxoaHas KOMIIO3HUIIHS
HaHECEeHa CJI0eM TOJIIMHON 16 MKM Ha MOJIMMEPHYIO TIO-
JIOKKY W3 TpUaleTara HeJUTII03bl TOIIHON 60 MKM U
MOZIBEPTHYTA TETNIOBOMY BO3JEHCTBUIO, Onarojgapst yemy
MIPOMCXOANUT MOJUMEPHU3ALHUS 110 IEPBOMY MEXaHU3MY.
[TonmMepu3oBaBIIascst 4acTh KOMITIO3UIIMU BBITIOJIHSIET
¢dyHxmio cszyromiero (onuaep [15]) — xxecTroi MaTpu-
1IbI, B KOTOPOH HaXOJUTCSI OCTABIIASICSl YACTh KOMITO3HIIHH.
B TakoM Brzie MaTepral rotoB K roJiorpa)uueckoil 3armcu.

MexaHn3M 3amicH roxorpaMM B Marepuane Bayfol HX
OCHOBaH Ha paJINKaIFHON (OTOMOIMMEpH3aui 1 (PoTo-
WHAynupoBaHHOW auddysun [16] (mpyroe Ha3BaHne —
(dborounaypoBanHoe pazaencHue ¢as [17]). B mpocreii-
IIEM BapHaHTe AaHHbIH dYPPEKT MOKET ObITH PACCMOTPEH
IJI1 ABYXKOMIIOHEHTHBIX CUCTEM, BKIIIOUAIOMIUX B cebs
MOHOMEpP U XUMHUYECKN HEHTpPaJbHYI0O KOMIIOHEHTY. 3a
cueT (OTONOIIMMEPH3ALIUH TP rojiorpaduyecKoi 3anucu
o0pazyeTcsi NepuOANYECKUI I'PAJANEHT XUMHYECKOTO I10-
TeHIIMala, u co3naercs AU y3nOHHBII TOTOK MOHOMEpA
B 30HBI ITOJINMEpHU3ANHUU. TakuM 00pa3oM, XUMHUECKH
HEeHTpalbHas KOMIOHEHTA BBIHYK/ICHHO BBIMEINACTCS M3
30H TTOJIMMEpPH3AINN Ul COXpaHeHHus: o0bema. B pesyib-
TaTe rojorpaduuecKoi 3arucy BOSHUKAET MPOTUBOdA3-
HOE MEPHOINIECKOE PACIPECNICHUE IBYX XMMHUECKUX
(ba3: moauMepa U XMMUYCCKH HEHTPaIbHON KOMITOHECHTHI.
Jauublit 3G dext MoXKHO B rpyOOM NPHUOIMIKEHUH HA3BATh
o0OpatHbIM ocMocoM [18].

MeToabl Hccie0BaHusSI H annaparypa. Baxuyro
nHpopManuio 00 aMINIUTYAHO-(Pa30BOM XapaKkTepe ro-
JOTrpamMMBbl U O AMHAMHYECKOM JIMaIlla30HE MOKa3aTess
MIPEJIOMIICHUSI TOJIOrpaUIecKoro Marepruaia B pa3HbIX
CIIEKTPAJIbHBIX 00JIACTAX MOXKET MOKA3aTh €ro CIEKTpP K-

CTUHKIMN — MHHUMas 4aCThb KOMIIJICKCHOI'O ITIOKa3aTcCiid
IMMPEIIOMIJICHUS

n'=n-ixxk,

r1e n — AeUCTBUTENIbHAS YacTh IOKa3aTells IPEIOMICHHUS;
K — K03 GHUIMEHT SKCTUHKIINHU, KOTOPBIH nmeeT Bua [19]

K=", (1)
4n

rae A — JUTHHA BOJHBI MPOOHOTO M3IYYCHHUS; 0L — HATy-

palbHBII TIOKa3aTellb MOTIOIEHHS CPE/IbI

1 (1
o=—In[—],
[ \T
rae [ — NpOTSHKeHHOCTH cpefibl; T — Ko GHUIUMEeHT Tpo-
MyCKaHUs CPEIbl.

IIpoBenem n3MepeHus CeKTpa IKCTUHKINY UCCIeTye-
MOT0 MaTepuaa B criekTpansHoM auamnasone 800-2300 um
npu oMoty crekrpodoromerpa Shimadzu UV-3101PC.
W3-3a masoii TommuHbl (16 MKM) M BBICOKOH 3J1aCTHYHO-
CTH CIIEKTP SKCTHHKIIMHM HEMOCPEICTBEHHO (hOTOMOIH-
Mepa U3MEpHUTh CIIOXKHO. [lJIst moyueHnst nHPOpManuu o
nporyckannn Marepuana B MK obnactu ncnons3yem tpu
oOpasma:
obpazer; | — romorpaduueckuii poromonmmep 10 obec-

[[BEYMBAHUS (B CBETOUYBCTBUTEIBHOM COCTOSHUM) Ha

TIOJVTOXKKE U3 TPHAIeTaTa IeJUTION03bI;
obpaserr 2 — rojorpaduueckuit GOTOMOIUMED OCTE

obecrBeuynBaHUs (B HECBETOUYBCTBUTEIIEHOM COCTOSI-

HUM) Ha MOJUIOKKE U3 TpHUalleTaTa I1eJUTI0N03bI;
oOpazen 3 — MOJUIOKKA M3 TpUALETaTa IIEJIII0NI03bI, C

KOTOpOH (oTononuMep ObUT TOIHOCTBIO yHAJICH Me-

XaHUYECKH.

W3 momy4yeHHOTO criekTpa o0pasna 2 BBIUTEM CIIEKTP
obpasma 3 u, TakuM 00pa3oM, MOJTYYNUM CIIEKTpP SKCTHHK-
A (hOTOTIONMMEpPA TTOCIIE PEAKINH (HOTOTTOTMMEPU3AITHH.
Taxoke HaiIeM pa3HOCTH CIIEKTPOB 00pa3moB 1 u 2 u mo-
Ka)keM OTJIMYUE CHEKTPOB SKCTUHKIMU (OTOMOIMMEPA JI0
1 TIOCJIEe PeaKknnu (GOTOMOIMMEPH3AIINH.

AHanu3 MOAYJSAIMN TTOKa3aTeNs MPEeIOMIICHNS UCCIIe-
Jyemoro (otononumepa OCyIIeCTBAM C ITOMOIIIBIO 3aITHCH
rojorpa)u4ecKux pemeToKk U U3MEepPEHHsI UX KOHTYPOB
YIJIOBOW CEJIEKTUBHOCTH. 3alMCh TOJIOTPaMM IPOBEIEM
C MCIOJB30BAaHUEM ABYIYy4YeBOro nmHTephepomerpa. s
3anucu npuMeHuM oaHoMo0BbIH (TEMO0) HenpepbiBHbIit
OTHOYAaCTOTHBIN TBEPOTEIbHBIN JIa3ep ¢ IUOAHON HaKad-
koii (Cobolt Bolero DPSS) ¢ nimHO# BOMHBI H3ITydeHUS
A =639,6 HM 1 BeIXOmHOH MotHOCTRIO 500 MBT. Ha Bpems
3anucy (HOTOTOJIMMED PACHOIOKUM Ha TEMHOM CTEKJIE C
ONTHUYECKOW TIOTHOCTBIO HA JUIMHE BOJHBI 3anmucu D = 7
JUIS MCKIIFOUEHUsI OTPAYKEHUSI CBETA OT BBIXOJHOW IPaHU
oOpasiia u 3anucu 1moOOYHBIX rojorpaMm. OTMETHM, YTO
Bayfol HX o6nagaer XxopolmMmMu aare3nOHHBIMH CBO¥-
CTBaMH, Oyarogapsi 4eMy UMeeTcsi BOZMOKHOCTh HAKAThI-
BaTh €r0 Ha CTEKJISTHHBIC IOBEPXHOCTH, CO3/1aBasi IPaHUILy
pazznena cpen ortononumep — crekio. [locne 3amucu
TOJIOTPaMMBI OBUTH 00€CIIBEYCHBI OEIBIM HEKOTEPEHTHBIM
CBETOM C IJIOTHOCTHIO MOIIHOCTH okoio 20 MBt1/cm2 B
tedenne 60 MuH [16] ¥ IepeHECEHBI HA TIPO3PAYHYIO CTE-
KIITHHYIO TIOJUTOXKKY.
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XapakTtepusaums ronorpaduydeckoro potononumepa Bayfol HX B nHdpakpacHoii o6nactu cnekrpa

Jlis u3MepeHus yrioBoi CeIeKTUBHOCTH TOJIOTpaMM
HCIONb3yeM Jla3epHble AUO/bI ¢ JuHamMu BosH: 405, 450,
635, 850, 980, 1062, 1549 uM, BTOpasi TapMOHHKA TBEP-
notensHoro Nd:YAG na3epa ¢ JUIMHOH BOJIHBI H3ITyICHUS
532 HM U BOJIOKOHHBIH IOJIbMUEBBIN JIa3€p C AJTMHON BOJTHbBI
mmydenus 2099 um [20]. JlazepHOE U3TyUYCHHE S-TTOJISA-
PHU30BaHO TIPU MOMOIIH HOISIPH3aTOPa ¢ COOTHOIICHHEM
6omnee 100:1. TomorpaMMbl yCTAaHOBHAM Ha JIEKTpOMeXa-
HHYEeCcKoM TToBOpoTHOM ctoiuke Thorlabs HDR50/M ¢
3asBICHHBIM MUHHMAJIBHBIM I1aroMm mopsiaka 0'0.17, mar
MEXTy U3MEPEHHISIMU TIOCTOSHEH U HaXOAUTCS TS PA3HBIX
cepuit 00pasioB B mpeaeaax ot 3’ go 4'12”.

KoHTypBI yIioBoii CeIeKTUBHOCTH, MOTyUYCHHbIE Ha
Pa3HBIX AJIMHAX BOJH, ¢ yueToM DpeHeleBCKOro oTpake-
HUSI, allpOKCUMHUPYEM IIPH TOMOIIN TEOPHH CBSI3aHHBIX
BousiH KorenpHuka [21]. [TocTpoeHne TeOpeTuyecKkoro KoH-
Typa yIJIOBOM CEIEKTHBHOCTH BBIOJIHUM OTIEJIBHO JUIS
Ka)KI0H TapMOHHKH TOJIOTPAaMMBI, BUIUMOH B SKCIICPHMEH-
TaIBHOM KOHTYPE, 110 TEOPHH CBSI3aHHBIX BOJIH JUIS CITydast
(ha30BBIX NMPOMYCKAIOIINX pemeToK. [lanee ocymecTBUM
CYMMHPOBAHUE OTAEIBHBIX KOHTYPOB IPOINOPIHUOHAIBHO
sHadeHusIM 3ddexruBnoctu (puc. 1, a). [lonyueHnyro 3a-
BUCHMOCTH BBIYTEM U3 €AWHUIIBI. TeopeTH4ecKuil KOHTYP
CPaBHMM C DKCIIEPUMEHTAJIbHBIM, U IIyTeM Moj00pa napa-
METPOB TOJIOrpaMMBbI (TOJIIIUHBI, MOAYJSINM TTOKa3aTeNs
MIPEIOMJICHHST) MTOJYYMM MUHUMAJIbHbBIE OTIMYUS KOHTY-
poB (puc. 1, b). Annpoxcumanusi 3KCIepUMEHTaIbLHOTO
KOHTypa YITIOBOW CEJIEKTUBHOCTH TEOPUEH CBA3HBIX BOJIH
T103BOJIMJIA OTHO3HAYHO OIPEETUTH MOIYIIALMIO ITOKa3aTe-
JIS1 IPEJIOMIICHUSI TOJIOTpaMMBI. B pesyibrare moixydeHHas
TOYHOCTB cocTaBmia 10 Any =+0,001.

AHanu3 KaxJ0W rojorpaMMbl OCyLIE€CTBIISIICS B
OTIPE/IENIEHHOM CIIEKTPaJbHOM JHala3oHe, 00ianato-
IIUM JUIMHHOBOJIHOBOW M KOPOTKOBOJIHOBOW TPaHHIIAMHU.
MuHuMasbHas JUIMHA BOJIHA BOCCTAHOBIICHHSI O0YCIIOBIICHA
TpeboBaHMEM BEJIMUUHBI yria qudpakunu Menee 50°, no-
CKOJIbKY TIpH OOJIBIINX YIIaX BOCCTAHOBJICHHS CYIIIECTBEH-
HO M3MEHSIETCSI arlepTypa UCCIIeTyeMOi 00IacTH roorpam-

+ 1-p1it mops10K
+ 2-0l OpsIIOK
—— — 1-b1if nOpsIT0K
——— — 2-0ii Mops/10K

=
[oe]
1

e CyMMa

JudpaximonHas 3 PEKTUBHOCTb,
OTH. €]

Vrou, ©

MBI U3-32 HAaKJIOHHOTO MaJeHus Mmy4yka. MakcumanbHas
JUTMHA BOJIHBI BOCCTAHOBJICHUSI — TPEOOBAHHEM YIJIOBOTO
PACCTOSIHHSI MKy HCCICIyeMbIMH TOPSIAKaMU U pak-
nuu 6omee 14°, st MUHIMHU3AIWH BIUSHUAS TOPSIKOB
TU(pPaKIUIU IPyT Ha IpyTa.

IKCcNepUMeHTAIbLHbIE Pe3yJIbTAThI

CrekTpbl 3KcTHHKINH (poTomosmmepa B UK nua-
ma3oHe. Vccienyem aMIuuTy1HO-(pa30BbIil XapakTep ro-
norpamm B MK nnanazone, 3amucanusix B Bayfol HX 200,
ULt 3T0TO 10 (hopmyrte (1) paccuuTaeM CeKTp SKCTHHKITHA
(horomonumepa rmocie peakuu (poTOmOINMEPHU3aIIH, KO-
TOPBII COOTBETCTBYET CIIEKTPY BOCCTAHOBIICHUS 3aITUCAH-
HOU ronorpaMmsl (puc. 2, ). BumHo, 9T0 Ha MpUBEACHHOM
CIIEKTPE OTCYTCTBYIOT MOJOCHI IMOTJIOMICHHS, a Kodphu-
LMEHT YKCTHHKIIUK COOTBETCTBYET 3HAYeHHI0 ~0,5- 104,
MOKHO cliesiaTh BBIBOJ O MPEUMYIIECTBEHHO (Ha30BOM
XapakTepe TojiorpaMM B JaHHOM CIEKTpaJbHOM JHara-
30He. Takxke MoKa3aHoO OTIWYHE CIEKTPOB AKCTUHKIIMHU
dboTomonuMepa 10 U mocie peakiuu HOoTOmoIuMepH3a-
uu (puc. 2, b). Habnronaembie OueHUs Ha MPUBEICHHBIX
CIICKTpaX CBs3aHBI ¢ MHTEp(EPEHIUEH cBeTa B 00pasiax,
MPEACTABISIONINX CO00H TUICHKH TONIUHAME 60 MKM
(obpaszer 3) u 76 MM (00pasusr 1 u 2).

Criektp Ha puc. 2, b TEMOHCTPUPYET, YTO CYIICCTBEH-
HbIe U3MCHEHHUS MOTJIOMICHUSI MaTepruana B OIMKHEM
UK nmamazone npu (OTOMOIMMEPU3ANNNA OTCYTCTBYIOT.
Pa3HOCTHBIN CIIEKTP SKCTUHKIMY B CBOMX TPEICIBHBIX 3HA-
YEHMAX OLEHEH YnucioM ~1,5-104, a Momynsinus mokasare-
JIS IPEJIOMIICHUST KCCIIEAYeMOro (hOTOTIONIMMEpPA B BUMMOM
JyanasoHe JJMH BOJIH OLEHEHa 3HadeHueM 3-10-2, uro B
200 pa3 6ombie. OTcroAa CACIYET, YTO MOIYJISIINS MTOKa-
3aTelns MPEIOMIICHHUS MaTepralia He 00yCIIOBICHA U3MEHE-
nuem nonmomenust B UK nuamaszone. Takum o0paszom, 1mo
CIIEKTpaM MPOITyCKaHUS B BUIUMOM JTHAIIA30HE UTHH BOITH
(u3 pabor [3, 7] u3BeCcTHO, 4TO TOCIIE (POTOMIOTUMEPH3ALIUI
n obOecrBeunBanns B nuamnazone e BoiH 400-800 M
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Puc. 1. TIpumep anmpoKCUMannK SKCIIEPUMEHTAIBHOTO KOHTYpa TeOpuel CBA3aHHBIX BOJIH. TeopeTnueckne KOHTYpHI +1-To,
+2-ro, —1-ro U —2-ro NOpsAKOB AU(PAKINK U UX CyMMa (@), TEOPETUUSCKHUI 1 SKCTIEPUMEHTAIBHBIH KOHTYPBI HYJIEBOTO MOPSIIKa
nudpakyu (b)

Fig. 1. An example of approximation of an experimental contour by the Coupled waves theory. Theoretical contours of the +1st,
+2nd, —1st and —2nd diffraction orders and their sum (a), theoretical and experimental zero-order diffraction contours (b) are shown
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Puc. 2. Criextp sxerunKmy porononumepa Bayfol HX 200 nocie dporononumepuzannu (a) ¥ pa3HOCTb CIIEKTPOB SKCTUHKIIMH
10 1 1tociie poTonoaumepusauu (b)

Fig. 2. Extinction spectrum of Bayfol HX 200 photopolymer after photopolymerization (a) and difference between extinction spectra
before and after photopolymerization (b)

Marepuall XxapakTepu3yercst nponyckanuem oonee 85 %)
U criekTpam SkcTuHKImY B MK nuanasoHe, npuBeeHHBIM
B HACTOAIIEH padoTe, MOYKHO TPEIOIKUTh HATNYNE MO-
JYISIIAN KOS UIEHTa SKCTHHKIMN TOJIBKO B ylbTpadu-
0JIETOBOM JINAIa3oHe CIIEKTPa, U, B COOTBETCTBUH C COOT-
vomeHusmMu Kpamepca—Kponura [19] (acummtoTrueckoe
yOBIBaHNE MOIYJISIIINH TIOKA3aTeNs MPEIOMIICHHS C POCTOM
JUTMHBI BOJHBI). [Ipy M3ydeHun Apyrux MarepuanoB Ipu
nomoiu cootHouenuii Kpamepca—Kponura nosydeno,
YTO MOYJALMS OKa3aTels MPEeIOMIICHNST aCHMITOTHYE-
CKH YMEHBIIIAETCSI IPU OTAAIEHUN OT MAaKCUMyMa MOJYJIs-
un koaddurmenra sketuHkun [22].

CrnekTp MOIYJSIIMHU MOKAa3aTessl NpeJoMJIeHuUs.
OCHOBHOI1 BOTIPOC, HCCIIETYEMBbIi B IAaHHOM paboTe — BO3-
MOYKHOCTB JOCTHKEHHSI BHICOKOH MOIYJISIIMY TTOKa3aTesst
nipenomiienus roiorpamm B MK nnanasone, Haxozsemcst
Ha JOCTATOYHOM CHEKTPAILHOM OT/AJICHUH OT MaKCUMyMa
MOAYJISIINY KO3 PHUIINEHTA SKCTUHKIINH.

Js cpaBHEHMSI MOTYJISIIIMY [TOKA3aTeNs MpeoMIe-
Hus B Buaumoit u MK obnactsax cnekrpa B poTomonmmepe
Bayfol HX 200 tommruHO# 16 MKM 3amumieM 6 mpoIrry-
CKaIOMMX pemeTok ¢ nepuogamu (d) ot 414 no 2100 am
1 HOPMaJIBLHOUM OpHEeHTaIuel Toyorpad@uuecKux II0CKo-
CTeil K MOBEPXHOCTH 3eMeHTa (obpasen 4). [ImoTHOCTH
MOMNIHOCTH KaXXA0T'0 M3 3allMChIBAIOMINX MIYYKOB B O6Ha-
CTH yCTAQHOBKH 00Opasua cocraBuia P,,;, = 500 MxBt/cm2.
Bpewmst 3amucu BIOpaHO paBHBIM { = 32 ¢, IS TOCTHKCHUS
TUIOTHOCTH SHEPTHHU 3alUCHIBAIOIIETO M3JIyUeHHs (JJ03bI,
E=2P,, tcosb, rie 6 — yron najeHus Uin NOJOBUHHBINA
YIOJI CBEJEHUST) JUIS KasK 10k rosorpammsl E > 20 MJx/cm2,
KOTOpasi ABISIETCS AOCTATOYHON JUISl IOJTY9ICHUSI MAaKCH-
MaJIbHOW MOIYJISIIIAY TTOKa3aTelis PeToMIIeHuUs B (OTO-
monmepe (tadm. 1).

Jl1st mocTpoeHus CeKTpa MOAYIALUN TTOKa3aTess mpe-
JIOMJICHUSI U3MEPUM KOHTYPBI YIJIOBOH CEIEKTUBHOCTHU
roJIOrpaMM B HYJICBOM MOPSIKE AU(DPAKIIUK Ha HECKOIBKUX
JumHax BosH oT 405 10 2099 uwm. [lo pe3ynbraram aHanusa
KOHTYPOB TOJIOrpaMM 00pasiia 4 moayuuM aMILTUTYbI T1ep-
BOH (727) 1 BTOPOi1 (11,) FapMOHHMK MOZYJIAIIUY [10KA3aTeIs

MPEJIOMIICHHS HCCielyeMoro (GoTornoinmepa B pa3HbIX
YacTAX CHEeKTPalIbHOTO Jauana3oHa (puc. 3).

[To moy4eHHBIM pe3yibTaTaM BUIHO, YTO C POCTOM
MEPHOIa AMIUTHTY/IBI TAPMOHUK MOJIYJISIIUU ITOKA3aTEeIs
npeoMIIeHus (1] U n,) cHmkatorcs. Cymma ny v ny JUIs
peuieTok ¢ nepuonamMu B auanazone 661-2100 um Takxke
MOHOTOHHO CHUXkaeTcst co 3Hauenust 0,054 nis pemerku ¢
nepuogoM 661 aM 10 — 0,031 171 permeTky ¢ mepruoIoM
2100 am. CHMXXEHHE Ny U N, TIPHA YBEIMUEHUH TEpUOIa
PEIIETKH SIBISCTCS SBHBIM HApyIIEHHEM 3aKOHA B3aWMO-
3aMECTUMOCTH (TO *Ke, 4TOo U 3akoH byH3zena—Pocko [23]),
TaK KaK OH MOCTYJIMPYET 3aBHCHMOCTh aMILUTHTY BCEX
rapMOHUK MOAYJSALIMU TTOKA3aTeNsl MPEIOMIIEHHUs TOIBKO
OT 71036l U MHBAPUAHTHOCTH YCJIOBUSIM €€ JOCTHIKCHUS.
Habnronaemoe Ha puc. 3 CHUKEHHUE 1] M 7y MOKET 00b-
SICHATHCSL YMCHBIIICHIECM JTMHAMUYECKOTO JIana3oHa Ma-
Tepuayia mpuMepHo B 1,5 pa3a, OHaKO B IKCIICPUMEHTE
OTCYTCTBYIOT TPEAMOCHUIKA ISl TAKOTO SBIICHIS. Takke
CHIDKCHHE 11| U Ny, TP HEM3MEHHOM A7, MOXET MPOUC-
XOJIUTH W3-3a YBEIWUYCHHS aMIUTHTY/ BBICIIUX TapPMOHUK
MOAYJISILIUY [TOKA3aTeNs IpeIoMIIeHus (113, 1y U T. A.), T. €.
Tpancopmauu TpoduIs mokasarens NpeIoMICHUS K
HECHHYCOUIATIBHOM (hopMe U MOSBICHUIO BBICIINX MOPSII-
kOB Judpaxuyu. Takoii BIBO KOCBEHHO MTOATBEPIKIACTCS
BU3YaJIbHO HAOIOACMBIMH B 3KCIIEPUMEHTE MMOPSIKAMU

Ta6auya 1. Yenosus 3anucu obpasua 4
Table 1. Sample 4 recording conditions

Tepuon, um Jlo3a, mJIx/cm? Hono;l;lzg;ﬁ{yron
414 20,3 50°34'32"
661 28,0 28°56'4"

826 29,5 22°46'42"
1206 30,9 15°22'38"
1634 31,4 11°17'11"
2100 31,6 8°45'33"
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Puc. 3. Cuexrpsl ammutyg 1y (@) u n, (b) porononumepa Bayfol HX 200 nis ronorpamm ¢ nepuonamu 414-2100 um
Fig. 3. Spectra of n; (a) and n, (b) amplitudes of the Bayfol HX 200 photopolymer for holograms with periods of 414-2100 nm

J(pakIUK BILIOTH JI0 CeAbMOTo (pHc. 4) Ha JUIMHE BOJTHBI
BoccTaHoBIeHUs 405 HM AJIs TOJIOIPAMMBI ¢ HEPUOAOM
1634 M (1 10 9-T0 15t TOTOTpaMMBI ¢ TiepronoM 2100 HM,
¢oto He npuseneHo). TakuM 00pa3oM, MOXKHO 3aKITIOUHTH,
YTO POHITH MOKA3aTes! MPEIIOMIICHUS TOJIOTPaMM CyIIie-
CTBEHHO OTIINYAETCS OT CHHYCOU/IBL.

OnHO3HAYHO MPOAHATU3UPOBATH KOHTYPHI YIIIOBOH
CEJIEKTMBHOCTHU MOPSAKOB AN(PAKIUK BBIIIE BTOPOTO HE
yAanoCch U3-3a CYNEpPHO3UIIMN OTKINKOB BCEX MOPSIIKOB
TU(PPAKIIUH.

Kak BuaHO 13 pe3yabTaToB SKCIEPUMEHTA, MOTYIISAIS
nokasarenst npeiaomieHus: Bayfol HX 200 B GnmxHeM
UK 1o cpaBHEHUIO ¢ JJIMHHOBOJIHOBOM YacThIO BUJIUMOMN
00JIacTH CHEKTpa OTIINYACTCsl Ha BEINYMHY, HE TIPEeBbIIIa-
IONIYI0 TOYHOCTH M3Mepenuil. Takxke HabmromaeTCst IpKO
BBIPKEHHOE HapyIIEHHE 3aKOHA B3aMMO3aMECTUMOCTH B
3aBUCHMOCTH OT MaciuTaba nHTep(epeHIMOHHON KapTH-
HBI — JAU(pakmoHHas 3)PEKTHUBHOCT TOJIOTPAMM YMEHbB-
1aeTcs ¢ yBEIMYEHUEM IPOCTPAHCTBEHHOTO TIEPHOA.

Hccaenosanue BJINSIHUS MJIOTHOCTH MOLIHOCTH
3almyMcu Ha pacinpeaejeHHe JUHAMHYECKOro 11ana3o-
HA MoKa3aTessl NPeJOMJIEHUS] MKy FrAapMOHHKAMM.
BrImonHuM ananu3 coOmIoieHus 3aKOHA B3aMMO3aMECTH-
MOCTH TIPH Pa3IMYHBIX CKOPOCTSAX (POTOMOIMMEPH3ALINT
(KOoTOpble HANPSIMYIO CBSI3aHBI C TUIOTHOCTBHIO MOIIHO-
CTH 3anuchIBaroiero uainydenus [16]). s npoBeneHus
aHaJIN3a PacHpeesIeHUs] TMHAMHUYECKOrO TUana3oHa Io-

Puc. 4. dotorpadust ceMu TOPSAIKOB TU(HPAKIIN TOIOTPAMMEL
¢ ieprogoM 1634 HM (JIMHA BOJHBI BoccTaHOBIEHMS 405 HM,
yron BoccraHoBiieHHs 60°1011", 94T0 COOTBETCTBYET yIiLy
Bpoarra muist 7-0¥ rapMOHUKH PEIIETKH)

Fig. 4. Photo of seven diffraction orders of a hologram with
a period of 1634 nm (reconstruction wavelength was 405 nm,
reconstruction angle was 60°10'11” which corresponds to Bragg
angle for the 7th grating harmonic)

KazareJis IPeJOMIICHHUS] MEX/y FrapMOHUKAaMU 3allHIIeM
8 rosorpaMm ¢ OAMHAKOBBIMHU TieproaamMu d = 1634 Hw,
Pa3IMYHBIMU IJIOTHOCTSIMU MOIIHOCTH 3anucu (P, ot 10
J0 500 MmxkBT/cM2 B OIHOM KaHalle) U OAMHAKOBOM 1030
20 mJx/cm? (yenoBus 3anucu o0pasia 5 npuBeJeHbl B
Tabm. 2). Takum 00pa3om, IpU COXpaHEHWH HEN3MEHHOU
JI03bI B 3KCIEPUMEHTE BPEMsI 3alUCH BAPbUPYETCs OT He-
CKOJIBKHX JICCSITKOB 10 THICSIYU CEKYH]I.

st obpasma 5 u3MepeHsl KOHTYPhI YITTOBOH Celek-
TUBHOCTHU Ha JuiHaX BoiH 850 u 980 HM u ompenesneHa
mudpakimonHas agdexruBHOCTS B yriie bparra na — 1549
n 2099 uMm. [lo pesynbraram aHayin3a U3MEPEHHBIX JTU(-
PaKIMOHHBIX XapaKTEPUCTHUK rojlorpaMmM odpasua 5 no-
CTPOEHBI 3aBUCUMOCTH 1] U 1, (puc. 5). HeznauntensHoe
CHIDKEHHE MOJTYJISIIIAY TIOKa3aTelsl IPEIOMIICHUS Ha JUTHHE
BOJIHBI 1549 HM, NpeANOIOKUTENBHO, CBI3aHO C HU3KOM
CTETICHBIO KOJUTMMAIIMU HUCIIOJIB3yEMOT0 B 3KCHEPUMEHTE
HCTOYHHUKA.

[To momy4enHbIM rpadukamM BUIHO, 4TO C YMEHBIICHUEM
P, o1 500 10 25 MKBT/cM2 POUCXOIUT Tiepepacnpeese-
HHUE JUHAMHYECKOTO AMana30Ha MoKa3aTess MPeIoMICHHUS
MEXKAY 1 ¥ ny. C ymMeHbleHueM P, IPOUCXOIUT POCT 71}
W NOZIaBJIEHHUE 71,. VICKIIIOUEHNE U3 DTOW TEHIEHIIUHA COCTaB-
JISeT ronorpamMmma, sarmucansas npu P,,; = 10 MxBt/cm2.
SIBneHue MOXET OOBbACHATHCS TEM, UTO IIPU CHIDKEHUU P,

Tabnuya 2. Ycnosus 3anucu odpasna 5
Table 2. Sample 5 recording conditions

[110THOCTH MOIIHOCTH, MKBT/cM2 Bpewms 3anucy, ¢

10 1020,0

25 408,0

50 204,0

75 136,0

100 102,0
200 51,0
350 29,0
500 20,5
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Fig. 5. Dependence of n (a) and n, (b) for sample 5 on the recording power density with d = 1634 nm

U, COOTBCTCTBCHHO, YBEIUYCHUH BPCMCHH 3aIlUCH, YBE-
JUYUBACTCS BIUSHHE MPUTOKA KACIOpOaa U3 arMochepsl
yepe3 NoAIoKKy (Gortoronumepa. [10CTOSHHO MpUTEKaO-
M BO BPEMsl 3alMCH Yepe3 MOIOKKY (oTomoaumepa
KHCJIOPOJI OKUCIISIET Pa/IMKATM30BaAHHBIN (DOTOMHUIIHATOP,
KOTOPBIN HE MOXET YJYaCTBOBAThH B PEAKIIUHU TTOIUMEpH3a-
LUK, U TUHAMUYECKHUIT nara3on (OoTonoiumMepa CHUKa-
ercs [16]. Ilpu cHwkeHnu P, CKOPOCTh paguKaIu3alun
(hoTOMHUIMATOPA YMEHBIIIACTCS, TOTIA KAaK CKOPOCTh IPH-
TOKa KMCJIOPOJIa OCTAETCS MOCTOSTHHON U M3-32 YBEJINYCHUS
BPEMCHHU 3allMCU HAYUHAET BHOCUTL BCC 60.]1])1].[[/1[71 BKJIa
B YMCHBIIICHHUE JTUHAMUYCCKOTO JTUara3oHa MOKa3aTels
npeoMIeHus GoTononuMepa.
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Puc. 6. 3aBucumMocTs (1 + n,) st obpasua 5 OT MI0THOCTH
MOIIHOCTH 3anucH npu d = 1634 um

Fig. 6. Dependence of (n; + n,) for sample 5 on the recording
power density with d = 1634 nm

Ot1MmeTum, 4To CyMMa 1y U 7, I rojlorpaMm o0pas-
ua 5, 3anucansbIx npu P, 25-500 MxBt/cM2, ymeHba-
eTcs ¢ poctoM P, (puc. 6), 4TO KOCBEHHO CBUIETEIb-
CTBYET O IepepacIpeeieHIH JHTHAMUYIECKOTO Juana3oHa
TTOKa3aTessl MPEJIOMIICHUS MEKAY HU3IIUMH U BBICIIUMHU
TapMOHMKaMH TIPH U3MEHEHUH P, .

B skcniepuMeHTe pu BOCCTAHOBICHUH TOJIOTPAMMEI C
neprozioM 1634 uwm, 3amicannoit pu P, = 25 MkBT1/cMm2,
BUJHBI BCETO TISITh MOPSAAKOB audpaxiuu (puc. 7, a), Toraa
KakK MPU BOCCTAHOBICHUM TOJOTPaMMBbI, 3alIMCAHHON MPH
P, =500 MmxB1/cM2 — cemb nopsiikoB (puc. 7, b).

BBITIOJTHUM YHCIICHHBIN aHAU3 AU(PAKIIMOHHON d(-
(exTrBHOCTH. J{)11 HanboIee CHUITLHOM TOJI0rpaMMBbI ¢ 00-

pasua 5 (P, = 25 MxBr/cM2, n; = 0,039) nudpaxuuonnas

3aIt

3¢ PEKTUBHOCTH HA JTMHE BOJHBI BOCCTAHOBICHUS 1550 HM

Puc. 7. ®otorpaduut msITH MOPSAKOB AUPPAKIIAHE TOTOTPAMMBI
¢ iepuoznoM 1634 um npu P, = 25 MxBr/cM? (@) 1 cemu
nopsiakoB — P, = 500 MxB1/cm? (b). [nuHa BoJHbI
BocctaHoBieHust 405 HM, yron BocctanosieHus 60°10'11", ato
COOTBETCTBYET yriy Bparra juist 7-0if rapMOHHKH PEIIETKH

Fig. 7. Photo of five diffraction orders of a hologram with a
period of 1634 nm and a recording power density of
25 uW/ecm? (a), photo of seven diffraction orders of a hologram
with a period of 1634 nm and a recording power density of
500 uW/cm? (b), (reconstruction wavelength was 405 nm,
reconstruction angle was 60°10'11", which corresponds to
Bragg angle for the 7th grating harmonic)
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cocraBuia 97 %, a va guuHe BoaHBI 2099 HM — 75 %.
Hudpakuuonnas s3¢gdexruBHOCTs 97 % COOTBETCTBYET
morepsiM Ha snemente meHee 0,135 nb, uto nemaer Bayfol
HX 200 npuBnekarebHbIM MaTeEpHAIoOM JUIs U3TOTOBIEHUS
JU(PPAKIUOHHONW ONTHKH, B TOM YHCIIE JUISI TEICKOMMY-
HUKAIIMOHHBIX puMeHeHuH [24]. Taxke mpuBeIcHHBIC
U pPbl CBUACTENBCTBYIOT O BOSMOKHOCTH PaCIINpPEHUS
CTIEKTPaJIbHON 00J1aCTH IPHUMEHEHHS TU(PPAKIINOHHBIX OI-
TUYECKHX 31eMeHTOB Ha 0a3e Bayfol HX 200 mo 2100 aM.

Takum 00pazom, pH aHaIN3e CHEKTPa MOYJISIINH MO~
KazareJsisi IPEeJIOMIICHHUS] U NCCIICI0BAHUH BIMSHUS IIOTHO-
CTH MOIIHOCTH 3aIlMCH Ha pacrpe/ieieHle TMHAMUIEeCKOTO
JIMara3oHa rMoKa3areJis MPETOMIICHHUS MEXK/Ty TapMOHUKaMHU
IIPOJIEMOHCTPUPOBAHO BBIPAXKEHHOE HApYLICHHWE 3aKOHA
B3aMM03aMECTHMOCTH KaK OT Macutada uHTepdepeH-
LIMOHHOW KapTHHBI, TaK W TPH YMEHBIICHUH TUIOTHOCTH
MOIIHOCTH 3aITHCH.

HccaenoBanne BIUSIHUS YCJAOBHIl 3aNIMCH HA aM-
IJIMTYAY MOIYJISIHUH NepBoii TApMOHUKH NMOKa3aTeJIsi
npenomJenus. [lpamvennrensao k Bayfol HX, mapymenue
3aKOHA B3aMMO03aMECTHMOCTH MOXKET UMETh Pa3INYHbIC
(YHKIIMOHAIBHBIE 3aBUCUMOCTH B Pa3HBIX JHana3oHax
BPEMEHH 3aIUCH BCIICACTBUE HAJMYMS IBYX KOHKYpPHUPYIO-
LIHMX [IPOIECCOB, BEI3BAHHBIX A(PPEKTaAMU MACCONICPEHOCA:
(oTonHAyIMpPOBaHHOTO pazaeneHus das [25] u muddyzun
kucioposa [16]. Ilpu manom BpemeHu 3arucu GOTOUHIY-
LMPOBAaHHOE pazjenenne a3 BHOCUT JOMUHUPYIOLIMH
BKJIAJ] B HapyIICHHE 3aKOHA B3aWM0O3aMECTHMOCTH, 4TO
CBSI3aHO C M3MEHEHHEM CKOPOCTH (DOTOMOIMMEpH3ANN
IIPU U3MEHEHHUH TUIOTHOCTH MOIIHOCTH HM3ITydeHHs [26—
28]. M3-3a 9TOTO MPOUCXOAUT TIepepacIpe/ieicHue qHa-
MHYECKOTO JMara30Ha MOKa3aTels MPEeIOMIICHHS MEXKIY
rapMOHUKAaMH TIPH yBEINYEHUH BPEMEHH 3aIIHCHU C COXpa-
HeHUeM (PMKCHUPOBaHHOM /103bl. [1pH OONbIIOM BpeMeHH 3a-
IIMCH BO3pacTaeT BiusHue qU(Py3un KUCIOPO/a, KOTOPbIit
BHOCHUT 3aMETHBIN ITPOTHUBOIIOIOXKHBIN BKIJIa, BCICICTBUE

Yero MpOUCXOIUT CHIKCHUE JMHAMHUYECKOTO AMana3oHa
MOKa3arelis PeJIOMIICHUST MaTepuaia.

MexaHu3M HapyLIeHUs 3aKOHa B3aMM0O3aMECTUMOCTH,
CBSI3aHHOTO C ()OTOMHIYIINPOBAHHBIM pa3/ieieHueM a3,
OITCAH MOJIEJIBIO MTOIIMMEPH3ALNN 1 JIMHEHHON Tuddy3nn
B oTomonumepax [26], mpumernmoii mrst Bayfol HX [29].
B siBHOM BuJe B MOJieNI BBEIEH MapaMeTp R, CBs3bIBato-
UK MaTepraTbHble KOHCTAHTHI (CKOPOCTH (POTOMOTHME-
puzarmu k 1 nuddys3un D), U yCIOBUS 3aHUCH (CPETHIOI0

WHTCHCHUBHOCTbH 3alTUCHIBAIOIICTO M3JyUCHHS B cpeie [ u
2n
MPOCTPAHCTBEHHYIO YacTOTy peuieTku K = 7):

R=——. 2)

3HaveHue napamerpa R onpe/essieT aMIUTUTY bl TapMo-
HUK MOAYJISIIIMU 1TOKA3aTelisl PEIOMIICHHS TOJIOrPAMMBI.
Taknm 00pa3om, CONOCTABICHUE aMIUTATY/bI MOTYJISIIAH
TIOKa3aTess MPEJIOMIICHUS U BEIMYUHBI R MOXET paccMa-
TPUBATHCS KaK KPUTEPHIl BBIOOpA ONTUMAIEHOTO COOTHO-
IICHHUS YCIIOBHI 3aIHCH.

Jl1st aHanM3a ONMCAaHHBIX HAPYILIEHUH B TOTIOJIHEHUE K
oOpasuam 4 u 5 3anrcaHbl HECKOIBKO Cepuii pemeTok (00-
pasubl 6-9) ¢ pazabivu iepuogamu (414, 470 u 1206 um),
HeM3MeHHO 030l (E = 20 m[Ix/cMm2), pasHbIM BpeMe-
HeM 3armucu (0T 20 10 1365 ¢) ¥ MIIOTHOCTHIO MOLTHOCTH
3anuceiBatoniero usnyuenus (or 10 g0 500 mxB1/cm2)
(tabum. 3). A takxe onHa pemierka (oopaser 10) ¢ neprogom
d =661 um, no30ii E = 20 mJx/cM2, BpeMeHEM 3alKCH
t =457 ¢ 1 IOTHOCTHIO MOIIHOCTH 3alHCHIBAIOLIETO W3-
nydenust P, = 25 MxBt/cm2.

DKkcrnepuMeHTaIbHBIE Pe3yJIbTaThl 00paboTaeM ¢ Hc-
nonb3oBanueM Gopmynsl (2). [Ipu aTomM B HacTosmei
paboTe SKBHBAJICHTOM CpelHEeil HHTEHCUBHOCTH B Cpe-
Je SBJISIeTCS YIBOCHHAs IUIOTHOCTh MOIIHOCTH KaXKHo-

Tabnuya 3. Ycnosus 3anvcu 00pas3ioB 6—9

Table 3. Samples 6-9 recording conditions

[110THOCTH MOIIHOCTH, MKBT/cM2 Bpewms 3amucy, ¢

ITnoTHOCTH MOIHOCTH, MKBT/cM?2 Bpewms 3ammcy, ¢

O6paszen 6: d = 414 am, E = 20 mJIx/cm?

O6pasen 7: d = 1206 um, E = 20 M [x/cm?

25 630,0 10 1037,0
50 315,0 25 415,0
75 210,0 50 207,0
100 158,0 75 138,0
200 79,0 100 104,0
350 45,0 200 52,0
500 31,5 350 30,0
— — 500 20,5
Ob6pazen 8: d =470 um, E =20 m)[x/cm2 O6paszen 9: d = 470 nm, E = 20 mJIx/cm2
10 1365,0 25 546,0
15 910,0 50 273,0
25 546,0 100 137,0
35 390,0 350 39,0
50 273,0 — —
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r0 M3 3alKMCHIBAIONINX MTYYKOB YMHOXKCHHASI HA KOCHHYC
yria Bpoarra, xak ciaencrsue, / 3ameHuM Ha 2P, cos0.
[TockonbKy 3HAYCHHS CKOPOCTEH MOMMMEPHU3aUu U JuD-
(by3um — KoMMepUeckas TaitHa (k 1 D HEeU3BECTHBI), TalTb-
HeHIre paccy KIeHu s, CBI3aHHbIE C TApaMeTpoM R, mpo-
BOJISITCSL C TOYHOCTHIO JI0 MATEPUAIbHBIX KOHCTAHT:

2

K
RkID = ——. 3)
2P,,,c0s0

[TocuntanHble 3HAUCHUS 1| UL BCEX TOJIOTpaMM 00-
pasioB 4—10 comocTaBUM ¢ yCIOBHUAMH 3amucu (puc. 8).
ITpn 3TOM, 17151 TOTO YTOOBI OTAEIUTH HApPYIIEHHE 3aKOHA
B3aMMO03aMECTUMOCTH, CBsi3aHHOE ¢ AU dy3ueii KUcaopo-
Jla, TOJIOrPaMMBbI C XapaKTePHbIM BPEMEHEM 3allucH Oosiee
408 ¢ 0OBelIeHBI KPAaCHBIM OBAJIOM, KaK BEPOSITHO MOBEP-
JKCHHBIE BIMSHUIO KHCI0posaa. OCHOBaHMEM JIJISl TAKOTO
pasJiesieHts CTaJId 3aBUCUMOCTH, IOJTyYeHHBIE JyIsl 00pa3-
1a 5 Ha puc. 5 u 6, 13 KOTOPBIX CIEAYET, 4TO roJiorpaMma c
XapakTepHbIM BpeMeHeM 3armcu 6omee 408 ¢ moaBepxeHa
BIustHAO Auddy3un Kucaopoa.

W3 puc. 8 BUaHA 3aBUCUMOCTS 71| OT YCIIOBHII 3aIlKCH,
aHaJIM3 KOTOPOH Ba)KEH IS TOCTHIKEHHS MAaKCHMaJIbHBIX
3HaYeHui 1. HabmrogaeTcst 3akOHOMEPHOCTh BO3pACTaHUs
1| IpU COOIIONCHUH YCJIOBUH 3aricH, 00eCTIeUNBAIOLINX
Oosiee MeUICHHBIN Tporiece (OPMUPOBAHHS TOJIOTPAMMBI.
Takoii xapakTep 3aBUCUMOCTHU MPOCIISKUBACTCS TSI TO-
JIOrpaMM, 3aIMCAaHHBIX MPU 3HaueHusx Rk/D < 0,8 nBr1,
MaKCHUMaJIbHbIe 3HAYEHUS 71| JOCTUTAIOTCS B JUANA30HE
suauenuit Rk/D ot 0,8 mo 1,2 nBr-!. Onnako u3s sxcre-
PUMEHTA OCTAeTCsl HESICHBIM XapakKTep 3aBUCHMOCTH NPHU
RKk/D > 1,2 uB1~! u3-3a CyleCTBEHHOTO BIAUSHUS AU(-
¢dy3uun Knuciaopoja Ha JMHAMUYECKHH quana3oH (oro-
MoJIMMEpa IPHU 3aMUCH TOJIOTPaMM ¢ Iiepruojgamu ooiee
400 aM. 3anmuch TOIOTPAMM C MEHBITUMH ITEPHOIaMHU B
HCIOJIB3yEMOM MHTEP(HEpPOMETPEe HEBO3MOKHA B CBS3H C
€ro rabapuTHBIMHU OTPaHUYEHHUAMHU. B cBsA3M ¢ 3TUM [UIs
YTOUYHEHHUsI 3HAYCHUH 1| mipu Rk/D > 1,2 nBT~! Bo3HuKaer
HEO0OXOIMMOCTD 3aITUCH TOJIONPAMM C OIPaHUYEHHUEM MPH-
TOKa KHCJIopozaa B (orornoiumep.

J1y1st OKOHYATENILHOTO OT/CNICHUsSI BIUSHUS TUPPy3un
KHCIOpOJa Ha BEJIMYHUHY 71, 3anuieM oopasusl 11-14
(mapameTpsl ToJIoTpaMM M YCIIOBUS 3allMCH TIPUBEICHBI
B Tabxu. 4). Bo Bpems 3amucu obpasunos 11-14 orpanu-
YUM HPUTOK KHcinopona B (oromosnmmep. OrpaHnndenne
peaM30BaHO 3a CUYET UMMEPCHUPOBAHUS HETIPOHUIIAEMOM
JUISL KUCJI0pO/ia, HO MPO3pavyHOM ISl CBETA, CTEKIISIHHOM
IUIACTHHBI (Ipomyckanue 6omee 99 %, 6e3 yuera moreps Ha
OTpa)XeHHE) TOBEPX TMOMIOKKH (HOTOMOIUMEpPA Ha BpeMs
3amucyu rosorpammbl. CXeMaTHYHO YCIIOBHSI 3aITUCH TOJIO-
rpaMM MOKa3aHbl Ha puc. 9.

BrinonHuM 00pabOTKy MOJYYCHHBIX PE3yJbTaTOB B
COOTBETCTBUH C MOJICJIBIO TIOJIMMEPU3ALIUHN U JTMHEHHOW
muddysun B horononumepax rnpu nomouu Gopmyast (3).
3HaueHus n; Ui rosorpamm obpasuos 11-14 comocras-
JIEHBI ¢ ycloBUsSMU 3anucu Ha puc. 10, a. Takxke ans
HAIVISTHOTO CPaBHEHMS BIMSHUS KHCIOPOAA TPOLyOIu-
POBAHO pacHpeseNeHle 3HaYeHUH 71; JUISl TOJIOTpaMM 00-
pastos 4-10 (puc. 10, b)

Ha nmpuBeneHHON 3aBUCUMOCTH BHJEH POCT 711 IPHU
yBenndeHun Rk/D, opHako MaKCUMaJIbHOE 3HAUEHUE 71|

0,045 }‘g
S ¢ ~
S o 7 .ﬁ
==
=l
§ 5 ® o L ] é
23 0,035 -
o g ® i
23 %
%, ) ol ® nepuog — 414 um
E E ® nieprog — 470 HM
E E ¢ ® nepuog — 661 HM
= o 0,025
< g @ neprog — 826 HM
2 o? nepuox — 1206 um
®
7] o nepuox — 1634 um
i @ neprog — 2100 HM
0,015 T T T T
0,01 0,1 1 10
Rk/D, nBt!

Puc. 8. Pacipenenenne 7| roIorpamMM OT yCIOBHI 3aIIHCH
(4acTOThI PELIETKH M IUIOTHOCTH MOIIHOCTH M3JTy4CHHS),
MPUTOK KUCIIOPOAA HE OTPaHUIEH
Fig. 8. The distribution of »n; of the holograms on the recording
conditions (grating frequency and recording power density), the
oxygen flow is not limited

0, C

Puc. 9. CxematnuHoe H300pakeHNE YCIOBUHI 3alUCH
TOJIOTPAaMM: MIPUTOK KUCIOPO/Ia HEOTPAaHWYEH (&), TPUTOK
KHCIIopoaa orpaHuyeH (b).

IT — noIoKKa U3 Tprarerara Hemionossr; ® — doromnonmumep;
TC — temnoe crexio; C — cTeKIsIHHAS TUIACTHHA;

O, — kucnopozn

Fig. 9. Schematic representation of the conditions for hologram
recording: with oxygen flow (@), without oxygen flow (b).

IT— cellulose triacetate substrate; ® — photopolymer; TC — dark
glass; C — glass plate; O, — oxygen

B Cllyyae OTPAHUYEHUS NPUTOKA KUCIOPOJa JOCTUTAETCS
pamblie, yxe npu Rk/D = 0,5 uBr1. 3amerum, uto B ciy-
yae 3alKCU roJIOrpaMM C OrpaHMUYEHHEM MPUTOKA KUCIIO-
pona (puc. 10, @), B om4aue oT cirydast 3aIicu rojIorpaMm
0e3 orpannuenus (puc. 10, b), HaOMODACTCSA BBIXOI Ha
Hacblenne 1y = 0,043. Takke OTMETHM, YTO IIPU OTPaHU-
YeHWH TIPUTOKA KUCIIOPOIa HaOII0IaeTCsl HeCTaOMITbHOCTh
XapaKTEPUCTHK MOIy9aeMBbIX TOJIOTPAMM (HEKOTOPBIE TOJIO-
TrpaMMBbl HMEIOT O4Y€Hb MaJlble 3HAYCHUS /1], BHIOUBAIOIIN-
€csl U3 3aBUCHMOCTH), UTO, IIPEAIIONOKHUTENBHO, CBA3aHO C
HeoTpabOTaHHBIM IPOLECCOM UMMEPCHPOBAHMUS CTEKIISTH-
HOU IIaCTUHBI, OTPAHUYMBAIONIEH MPUTOK KUCIOPO/Ia.
DKCHEepUMEHTAJIBHO MPOJEMOHCTPUPOBAHO BIUSHHE
(doTonHAyUMpPOBAaHHOTO pa3nesieHus (a3 Ha Hapylie-
HUeE 3aK0oHa B3amMo3amectumoctu it Bayfol HX 200.
bnaronaps ananu3y HapyleHHs 3aKOHA B3aUMO3aMECTH-
MOCTH ISl HCCIIeyeMoro (hOTOnoIMMepa BBISBICHBI yC-
JIOBHS 3aMUCH, TIPU KOTOPBIX JOCTUTAETCS HanOOIbIIas
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Tabnuya 4. Ycnosus 3anucu odpasios 11-14

Table 4. Samples 11-14 recording conditions

ILI0THOCTH MOIHOCTH, MKBT/cM?2 Bpewms 3anucy, ¢

ILI0THOCTH MOIHOCTH, MKBT/cM?2 Bpewms 3anucy, ¢

O6pasen 11: d = 1206 am, E = 20 mJIx/cm?

Ob6paszen 12: d =470 um, E =20 mJ[x/cm2

10 1037,0 10 1365,0
25 415,0 15 910,0
50 207,0 25 546,0
75 138,0 35 390,0
100 104,0 50 273,0
200 52,0 25 546,0
350 30,0 — —
500 20,5 — —
Ob6pasen 13: d = 1634 um, E = 20 mJlx/cm? Ob6pasen 14: d = 414 um, E = 20 M x/cm?
10 1020,0 25 630,0
25 408,0 75 210,0
50 204,0 200 79,0
a ) b
SRR TR L
£ 0,040 ; < 0,040 )
£ : ; £
: i ¢ ¢
= . s g 2 .
= E 3= ° i
5.8 2.8
g g g g %’ o nepuox — 414 M
= E‘ 0,030+ S % 0,030 -
S = S = e nepuox — 470 HM
E E E‘ "E i * @ niepuo — 661 HM
= § s o nepuop — 414 um § g g ® nepuon — 826 HM
EE o nepuos — 470 Hu Zg $ 2 nepHon — 1206 Hy
0,020 nepuon — 1206 um 0,020 4 © epron — 1634 Hm
o mepuox — 1634 am i ® nieprog — 2100 um
0,01 0.1 i 10 0,01 0.1 I 10
Rk/D, nBT! Rk/D, nB1!

Puc. 10. PacnpesieneHue 7| TOIOrPaMM OT YCJIOBHIA 3aIMCH (YaCTOTHI PEIIETKH M TFIOTHOCTH MOIIHOCTH H3Iy4eHHs), IIPUTOK
KHCJIOpO/Ja OTpaHIueH (&), MPUTOK KHCIOpOoaa He OTpaHuueH (JIJIsl CpaBHEHMUS IPUBEICH puc. 8) (b)

Fig. 10. The distribution of 7| of the holograms on the recording conditions (grating frequency and recording power density), the
oxygen flow is limited (@), the oxygen flow is not limited (b)

MOAYJISALIMS TIEPBOM TAPMOHHKH [TOKA3aTes! ITPEIOMIICHHSI.
[TokaszaHo, 4yTo B ciryuae roimorpaduyueckoit 3amucu 0e3
OIpaHWYEHUsI IPUTOKA KUCIIOPO/a BpeMs 3aIHCH J0JDKHO
66T MeHee 408 ¢, a BenmmunHa Rk/D nomkHa BIOMpaTh-
cs Goabmie 0,8 nBT 1. B ciyyae orpaHuyeHus IpUTOKA
KHCIOoposa BenndnHa Rk/D momkHa BEIOUPATHCS OOJbIIE
0,5 nBt1.

3akJjoueHne

B paborte nccieoBaH noTeHIMan NCToIb30BaHus TOJIO-
rpaduueckoro gorononumepa Bayfol HX 200 B nranazone
IUINH BOJIH BocctaHoBieHUA 10 2100 uMm. Ilokaszano, 4To
MOJYJISILINSL TTOKA3aTes PEJIOMIICHHS B UCCIEAYEMOM
(doromonumepe B ONMKHEM HH(DPAKPACHOM THAITa30HE 10
CPaBHEHHIO C JUTMHHOBOJIHOBOH 9aCThIO0 BUIMMOTO JTHaIa-

30Ha CMEKTpPa OTJIMYAETCs HAa BEIUYMHY, HE MPEBBIIIAI0-
IIyI0 TOYHOCTU U3MEPEHUI.

BriepBble poBe/ieH YMCICHHBIN aHAIN3 HAPYIICHUS
3aKOHa B3aMMO3aMECTHMOCTH JIst poTononumMepa Bayfol
HX 200. C mpakTudeckoil TOUKH 3pEHUS aHAIU3 HapyIIe-
HUS 3aKOHA B3aWMO3aMECTHMOCTH B HAcTOsIIEH paboTe
TIO3BOJIMIT BBISIBUTH ONITHMAJIbHBIC YCIIOBHSI TSI 3aITUCH TO-
JIOTpaMM ¢ Han0oJee CHIIbHBIM MIEPBBIM MOPSAKOM JUppak-
WU JUTS IAPOKOTO JuarnazoHa nepuonos (414—1634 um).
OnTHUManbHbIC YCIOBHS 3aIMCH HAMICHBI IS IBYX CITyda-
eB: Tojorpaduueckast 3aruch MPOUCXOAUT C MIOCTOSHHBIM
MPUTOKOM KUCIIOpoza B (hoTornoaumep u 6e3 npuroka. Tax,
JUIsl CiTydasi, KOIjia KHCJIOpOJ] OCTynaeT B ()OTOMOIUMED
OecrpensaTCTBEHHO, HaliIeHO OrpaHUYEHHE 110 BPEMEHH
3anucu. J{7s cityyas 3alucy ¢ OrpaHU4YEHHEM [IPUTOKA KUC-
JIOpOJia — ONTHMAaJbHBIE YCIOBUS ONPEAEIISIOTCS COOTHO-
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B.H. bopucos, A.[l. 3Bepes, B.A. KambiHuH, M.C. Konbesa, PA. OkyHb, B.B. LiBeTkoB

HICHHUCM HpOCTpaHCTBeHHOﬁ YacCTOThI pCHICTKU U cpe}lHeﬁ
HWHTCHCHUBHOCTHU 3alIUCBIBAIOLICTO U3JIyYCHUS.

OrMeTuM, uto audpakuroHHas 3G (HEKTUBHOCTD

rojorpamm, 3anucanusix B Bayfol HX 200 Tommuno#
16 MxM, coctaBmia 97 % Ha JUIHHE BOJIHBI BOCCTAHOBICHUS
1550 HM, 4TO Jenaer ero npuBiIeKareabHbIM MaTEPUaIOM
JUTS U3TOTOBIICHUS TU(PPAKIIMOHHON ONTHKH, B TOM YHCIIE
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AHHOTAIUA

IIpeamer uccaenoBanus. Vcciienopana BO3MOXKHOCTB IIPUMEHEHHSI HOBOTO OECKOHTAKTHOTO METO/Ia BU3yaIM3HPYIONIEi
(doTormneTnamorpaduu A1 HCCIASTOBAHUS TEPMOPETYIITOPHON Bazoauiaranuu cocynos. Meroa. Peaxuust nepdysun B
00J1acTH BHEIIHETO MPe/IIieybsi B OTBET Ha JIOKaNbHbIH HarpeB 10 41 + 1 °C Obuta oLieHeHa y MecTH J0OPOBOJIBIIEB B
Bo3pacte 39—52 et ¢ MOMOIIbI0 BUACO3AMICH HCCIIeyeMOi 001acTH, CHHXPOHU30BAaHHOM C AIIEKTPOKAPANOTPAMMOii,
U TOCIEAYIoNIeil KOoppelannoHHOH 00paboTKOH Moy4eHHbIX JaHHBIX. OcHOBHBIE pe3yabTarhl. [lokasaHo, 4ToO
HW3MEHEHHe Mepdy3un IpH JTOKaIbHOM HarpeBe HOCUT ABYX(A3HBIH XapakTep U 0OyCIOBICHO OTKINKOM HEPBHOMH
CHUCTEMBI, OIIOCPEOBAaHHBIM aKCOH-pedIekcoM B mepBoi (a3e Ba3oAMIATAlNH, W CHHTE30M OKCHIA a30Ta B
KJIETKax JHIOTEIHs BO BTOPOH (a3e. YCTAaHOBIEHO, YTO MHOTOKPATHBIN pocT mepdy3uu B mepBoil (aze Harpesa
3aBUCHT KaK OT Ha4aJbHOM TeMIlepaTypbl KOXKH, TaK U OT Pa3HMIIBI TeMIIeparypbl ee HarpeBa. OOHapyKEHO, YTO JUIs
CYILLIECTBEHHOTO PA3BUTHSI COCYIUCTON PEaKIUK Ha THIIEPTEPMHIO, CBA3aHHYIO C aKTUBALMeH SHIOTEINAIBHOM (yHKIINH,
HEeOoOXOMM HarpeB TKaHel JUTHTeNIbHOCThIO Ooiee 15 muH. [lpakTHYeckast 3HAYUMOCTb. [10ATBEPXKICHO, YTO METON
BU3yaIM3UpYIOIIeil GpoTomieTusmMorpagun J0CTOBEPHO OTpaxaeT paboTy MEXaHU3MOB PETYIALUH Nepudheprudeckoro
COCYANCTOTO CONIPOTHBIICHNUS, YTO HIMEET OOMBIIOE MPOTHOCTHIECKOE 3HAUCHNUE [UIS BBIIBICHHS IEPBIYHBIX IPU3HAKOB
CEepJIETHO-COCYANCTHIX 3a00IeBaHUH.

KiioueBble cioBa
BH3yaIM3HUPYIOIas poTorieTu3Morpadus, MUKPOLUPKYIISIHS, PEaKTHBHOCTh COCYIOB, Tep(y3Hs, TEPMOPETYIISIIHS

Baaronapuoctu

HccnenoBanne peanu3oBaHo npu nojuepskke rpanta Ne 21-15-00265 Pocceniickoro HayqHOTO ()OHIA B 9aCTH pa3pabOTKH
H3MEPHUTEIEHON CHCTEMBIL, BKIIIOYasi IPOrpaMMHOE 00ecTiedeHne, U IPOBEAeHHUs SKcriepuMeHToB. OOpaboTka 1 XpaHeH!e
9KCHEePUMEHTAIBHBIX JaHHBIX OCYIIECTBISUINCE C HCIIONIB30BaHNEM 000pynoBaHust L{eHTpa KOJIIEeKTHBHOTO ITOIB30BaHMS
«/lanmbHEBOCTOUHBIN BEIYMCIUTEIbHBIN pecypcey MHCTUTYTa aBTOMATHKU M IIPOLIECCOB yNpaBieHus JanbHeBOCTOYHOTO
otaenenus Poccuiickoil akageMun Hayk.
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Abstract

The possibility of using a new contactless method of imaging photoplethysmography to assess thermoregulatory
vasodilatation of blood vessels was studied. Perfusion reaction in a region of the outer forearm in response to local
heating up to 41 + 1 °C was monitored in six volunteers aged 39-52 years using a video recording of the study area,
synchronized with an electrocardiogram, and subsequent correlation processing of the data obtained. It was shown that
the change in perfusion during local heating has a biphasic type and is due to the response of the nervous system mediated
by the axon reflex in the first phase of vasodilation and the synthesis of nitric oxide in endothelial cells in the second
phase of vasodilation. It was revealed that the multiple increase in perfusion in the first phase of heating depends both
on the initial temperature of the skin and on the difference in its heating temperature. It was found that for a significant
development of a vascular response to hyperthermia associated with the activation of endothelial function, heating of
tissues for more than 15 minutes is necessary. It was shown that the method of imaging photoplethysmography reliably
reflects the work of the mechanisms of regulation of peripheral vascular resistance which is of great prognostic value
for the detection of primary signs of cardiovascular diseases.
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imaging photoplethysmography, microcirculation, vascular reactivity, blood perfusion, thermoregulation
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BBenenue

MUKpPOUUPKYISATOPHAS CUCTEMa — YacTh CHCTEMBI
KpoBOOOpaleHus, Kotopas o0ecreunBaeT TKaHU MUTa-
TEIbHBIMU BEIIECTBAMH, yAaJIeHUE U3 HUX NMPOAYKTOB
MeTabonM3Ma U JOCTaBKy Kuciaopoza. PaboTy cucremsl
MUKPOUMPKYJISIMH 00ecIeunBaeT UEeblid P GpyHKIHU-
OHAJIBHBIX IPOLECCOB, PETYIUPYEMBIX TOPMOHATBHONU U
BEreTaTUBHOW HEPBHBIMU CHCTEMaMU. DHAOTENNN Mpe-
CTaBIET cOOO0I BYKHBIIN SHIOKPUHHBIA OpraH, HTPAFOIIHi
OTPOMHYIO POJIb B PETYIISIINH TOHYCa B MUKPOLIMPKYIISITOP-
HOM pycJe U B HOAJEPKAHUN COCYINCTOTO TOMEOCTa3a.
Cpenyt SHIOTCHHBIX PETYISATOPOB CEPACTHO-COCYIUCTON

CUCTEMBI, CHHTE3UPYEMBIX B KJIETKAaX SHAOTENUs, pas3jin-
YaroT Ba30IMIaTaTOPb! (IPOCTALUKIINH, SHAOTEIHAIBHBIC
rurnepnossipusytomue gakrops u okcua azora (NO)), u
Ba30KOHCTPUKTOPHI [1]. DuporennanbHas aucyHKms,
oOycioBieHHas AucOaTaHCOM CEKPETHPYEMBIX SHIOTe-
mueM NO u npyrux OMOIOTHYECKH aKTHBHBIX BEIIECTB,
MIPE/IIIECTBYET Pa3BUTHIO JIIOOBIX NMATOJOIMYECKUX M3Me-
HEHUH B COCYZlax U HOCUT CUCTEMHBIN xapakrep. Tak, 3H-
JOTEINAIbHON ANCHYHKINU CIOCOOCTBYET apTepHaIbHas
runeprensus [2, 3], kypenue [4], caxapHbiii nuader [5, 6],
HapyIIeHUE TOJIEPAHTHOCTHU K IIIOKO3€, OKMPEHNUE U JAUC-
munuaemust [7]. Takum oOpa3oM, OICHKA Ba30IuIaTallM-
OHHBIX CBOMCTB, CBSI3aHHBIX ¢ cojepxkanueM NO, MoxeT
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MPEIOCTaBUTh MH(DOPMAIUIO O HEIOCTHOCTU ¥ (YHKIIUU
SHJIOTEIUS U UMEET BaKHOE MPOTHOCTUUYECKOE 3HAYCHUE
IIPU BBISBICHUU MEPBUYHBIX CEPICUYHO-COCYIUCTHIX I1a-
TOJIOTUH.

VYyactue KO)KHOH MUKPOIUPKYISIHHA B TEPMOPETYJIs-
[IUH YeJIOBEeKa XapaKTePH3yeTCsl Ype3BbIUafHON TaOMITBHO-
CTBIO KPOBOTOKA B OTBET Ha TEMIIEPATyPHBIC BO3ACHCTBH
[8]. JlokanmpHBIN HarpeB KOXXKH BBI3BIBAET JOKAIBHYIO TH-
TIEPEMUIO, XapaKTEePU3YIOUTYIOCS IBYX(a3HBIM YCUICHUEM
KOYXHOTO KPOBOTOKA. BBICTpBIN Haua bHbBIH MUK HAOIIO-
JlaeTCs B TEUCHHE 2—5 MUH MOCJe Havyaia HarpeBaHUs U
00ycCJIaBINBaCTCsl aKCOH-PE(ICKCOM MECTHOTO YyBCTBU-
TenpHOTO HepBa [8, 9]. B padote [10] mokaszaHo, 4To B ak-
COH-pe(IICKC BHOCHUT BaXKHBIIN BKJIa]] KATHOH-CEJICKTUBHBII
MOHHBIN KaHai BaHwuionHoro tuna 1 (TRPV-1), npenmy-
IICCTBECHHO JIOKAIN30BAHHBIN Ha YyBCTBUTEIBHBIX HEPBaX.
3a mepBOHAYANBHBIM ITHKOM CIIEyeT KOPOTKUU chai, a
3aTeM MPOJODKUTENbHOE M1aTo B TeueHue 20—30 MuHyT-
HOTO HarpeBaHus. [lo3gHEE MIATO 3aBUCHUT MPEUMYIIIE-
CTBEHHO OT DHIIOTEIHAIBHBIX (DAKTOPOB, CPEAH KOTOPBIX
Ha NO mpuxoauTcs MPUMEPHO JBe TpeTH Bkiaga [11].
[loaTBep K IeHUE POITK SHIOTEIIUS MOTyUeHO B padote [12],
r7e 0OHapYKEHO, YTO IHOTENHaIbHbI HHrHOuTOp NG-
amuHo- | -apruaud (NOS) He oka3bIBaeT CyIIECTBEHHOIO
BIIHMSIHASL HA Pe(IICKTOPHBIN COCYIOPACIIUPSIFOLIHI OTBET,
HO cHWXaeT Oosee yeMm Ha 50 % TPUPOCT KOKHOTO KPO-
BOTOKA ITPY MECTHOM HArpeBe. DTH JIaHHBIC YOS TUTEIHHO
MOKa3bIBatOT BaXkHYI0 posib NOS 117151 Ko’KHOM BazoauiiaTa-
TOPHOH PEaKIMK B OTBET Ha JIOKAJTbHOE HATPEBAHUE KOXKH.
OdeBHIHO, YTO TETUIOBASI THIIEPEMHUS KOKH MOXKET OBITh
WCTIOTH30BaHA ISl OTIPENIEIICHNUS TIPU3HAKOB TIT00ATHHOM
MHKPOCOCYAUCTON AUCHyHKIINN.

Ha ceronusiunuii AeHb U1 OLEHKU HapyLUEHUH MUKPO-
LMUPKYISIIA KPOBU TPH PA3IMYHBIX CEPACUHO-COCYIUCTHIX
MaTOJOTHSIX IIMPOKO MPUMEHSIETCSI METOJT TETUIOBBIX P00
[9]. BoibmMHCTBO 0COOCHHOCTEH peakiuu MUKPOLUPKY-
JISIIUY Ha JIOKAJIbHOE HAarpeBaHME KOXKU TIOITYUYEHBI C TTOMO-
IIBI0 METO/1A JIa3epHOM JI01uIepoBcKoii uryomerpuu (JIJ1D)
[13, 14]. Cpenu HenOCTATKOB JAHHOTO METOJA BBIAEIISIOT
HHU3KYI0 BOCHPOU3BOJUMOCTh U UYBCTBUTEIBHOCTH pe-
3yJBTATOB K YCIOBUAM IIPOBEICHMUS HCCIenoBaHms. Kpome
Toro, narauk JI/I® oreHuBaeT mapamMeTphl KPOBOTOKA B O
HOM TOUKE KOHTAKTa C KOXKEH, a MEXaHU3M CKaHUPOBaHMUSI,
HEOOXOIMMBIH [T BU3yaIH3aIliH, OTPAHIINBAET CKOPOCTh
WCCIICAOBAHMS U YCIOXKHIET CUCTEMY. 3aMETHM, 9TO, He-
CMOTpS Ha TIOYTH TOJTYBEKOBYIO UCTOPHIO UCTIONTH30BAHHUS
meroza JIJID B uccnenoBaHud MUKPOLUUPKYJISALUU, OH JIO
CHX TIOp HE TPUMCHSICTCS B KIIMHUUCCKON MPAKTHKE.

B nmocnenHee BpeMs Bce dallle UCHOIB3YETCS METO
Bu3yanusupytomei oromnerusmorpapun (BOIID) mos
OIICHKH Itep(y3Hun TKaHEH in Vivo, II03BOJISIST KOJIMYCCTBCH-
HO OLEHUTH MPOCTPAHCTBEHHOE pacCIpe/ie]IeHUE rapame-
TPOB KpoBoTOKA [ 15, 16]. B HacTosielt paboTe uist OICHKA
M3MEHEHUH Tep(y3un TKaHU KPOBBIO, 00YCIOBICHHBIX
TEPMHYCCKUM BO3ACHCTBHEM Ha OMONOTHUYECKYIO TKaHb,
ucnosb3oBad Metox BOIIL, koTophlii 1aeT BO3MOXKHOCTD
0ECKOHTAKTHOTO MCCIIEIOBAHMS OOJBIIION TUIOIIA N TKAHH,
YTO 3HAYNTENIHHO MOBBIIMAET IOCTOBEPHOCTh TOTYUSHHBIX
pesyabraros [17].

Merton Busyajausupylouieii gporomiaerusmorpagpumn

Cxema N3MepUTEeNIbHON CHCTEMBI, OCHOBaHHAsI HA METO-
ne BOIIT, mpencrasiena Ha puc. 1. Ha BHemHIOO 001acTh
HpEeANeyYbsl HAJIOKEHA CTEKJISIHHAS MJIacCTHHA Pa3MepoM
70 x 20 X 2 MM ¢ MPO3pAavYHBIM TOKOTIPOBOJASIIUM CIIO-
eM, 00eCIeunBaOIIMM JIOKAIIbHBII HarPEeB MCCIIENyEeMOro
yuacTka. Mccnenyemas o0nacTb paBHOMEPHO OCBEIlEHA
3CJICHBIMH CBETOMUOAAMU (JTMHA BOJHBI A = 530 £ 25 HM,
BBIXOJHasi MolHOCTh P = 7,5 BT), a Habop n300pakeHui
B OTPaKEHHOM CBETE 3aperuCTPUPOBAH BUACOKAMEPOIl.
JlaBienne, oka3pIBa€MOE HAarpeBaTENIbHBIM JIEMEHTOM
Ha KOXXY, MU3MEPEHO ISl KKJ0ro HcIbiTyeMoro. Bo Bcex
CJIy4asix OHO HE TPEBBIMIACT 15 MM PT. CT., UTO HE TPETIsT-
CTBYET HOPMAJILHOMY KPOBOTOKY B 00IaCTH U3MEPEHHUS, 1
o0ecrieunBaeT CTAOMIBHYIO TEIUIOPOBOIHOCTD IS TIepe-
Jla4y TeIula OT HarpeBaTels.

W3BectHO [ 18], 4TO MMEHHO 3€JIEHBIN CBET MOCIE B3au-
MOJIEHCTBHS ¢ OMOJIOTMYECKON TKaHBIO, COEPIKaIei Kpo-
BEHOCHBIE COCY/Ibl, TPUOOPETACT HAMOOJIBIITYIO MOYJISLIHIO
Ha 4acToTe cepALeOneHnit, HeCMOTPSI Ha TO, YTO IIyOnHa
€ro NpOHUKHOBEHUS B KOXy He mpesbimaer 0,5 mm. B
pamMKax ajJbTepHAaTUBHON Mojesn GpopMupoBaHus (oTo-
TUICTH3MOT pahIECKOTO CUTHAIIA MOJIYIISIINS 00y CIIOBIICHA
MEXaHHYEeCKUM M3MEHEHHEM IUIOTHOCTH KalWUISIPOB B
JlepMe BCIIE/ICTBHE MyJbCalnii OMU3IIEeKAMMNX apTepuil U
aprepuon [19]. Takum 06pazoM, KamUJUIIPHOE PYCIIO OKa-
3BIBACTCSI PACTIPE/ICNICHHBIM IIPE00pa30BaTeIeM MyIbCaInil
DTyOOKOJEkKAIMX apTEPH B MOIYJISILIUIO CBETA HA YaCTOTE
cep/ueduennii. Tak Kak aMIUTUTY/a apTepUaIbHBIX MyJIbCa-
Uit onpeesset nepdy3uro B UCCIeayeMoit odacTu (uem
OoJbllle aMILTUTY/A MyJIbCAlMi, TeM BbIle nephysus),

Puc. 1. Cxema H3MEpUTETBHOM cHCTEMBI: /| — mHdpoBast
BHUJIeOKamepa; 2 — MepCOHAIbHbBINA KOMITBIOTED;
3 — CBETOIMOIHEIN OCBETHTEIb; 4 — OJIOK KOHTPOIIS
TEMIIepaTypbl; 5 — HarpeBaTelIbHOe YCTPOHCTBO;
6 — srekTpokapanorpad

Fig. 1. Schematic of the measuring system: / — digital video
camera; 2 — computer; 3 — light-emitting diode illuminator;
4 — heating control unit; 5 — heating element;

6 — electrocardiograph
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Puc. 2. Tlpumep IpoCTPaHCTBEHHOTO paCIpe/ICICHIS HHIIEKCA
nepdys3un B 001aCTH JIOKAJILHOTO Harpesa Ha 500 ¢ mocite
Harpesa
Fig. 2. An example of spatial distribution of the perfusion index
in the area of local heating at 500th s after the heating

TO aMIUINTYJa MOJYJISILIMU CBETA Ha 4acToTe cepAauedue-
HUH XapakTepu3yeT JIOKAJIbHYIO Nepy3uIo nccieyemMo-
ro y4yactka [20]. CoOTBETCTBEHHO, MPOCTPAHCTBEHHBIE
pacIipeielIeHHsT aMILTUTY/Ibl MOAY/ISIIUKM H300pakeHHs Ha
4acToTe Cep/ALeONeHUI OTpaXkaloT pacipeeseHue Tep-
¢by3uu (puc. 2).

Jlnist perucTpanuy OTpaXkKeHHOTO CBETa MCIIOIb30BaHa
MoHoxpoMmHast 10-pa3psanas suaeokamepa UI-3060CP-M-
GL (Imaging Development Systems GmbH, O6ep3ynbm,
I'epmanust) ¢ oovexTBoM M 1214-MP2 (Computar, Tokno,
Snonwmst, F'= 12 mm, yron o63opa 89° x 67°). Kamepa 3a-
KpeIJIeHa B OJJHOM KOPITyCE C OCBETHTEJIEM, COCTOSIIIEM
u3 250 cBEeTOAMOAOB, PACTIONIOKEHHBIX KOHIIEHTPUYECKHU-
MH KOJIbIITaMH BOKPYT JIMH3bI 00BEKTHBA (IUaMETp Hau-
Oosnpmiero xosbna 9,8 cM), 4To obecreunBacT paBHOMEP-
HOE OCBEIEHHE 00JIACTH MCCIIEIOBaHMS Ha PACCTOSHUHI
oxosio 30 cMm. Buneosanmck ocymiecTBiieHa CHHXPOHHO €
3aMHUChIO AIIEKTPOKAPIUOTPAMMBI (3JIeKTpoKapauorpad
«Kapnnorexanka-OKI'-8», mponssBoactea « THKAPTY,
Cankr-IletepOypr, Poccnst) amst mocrienyromero momydeHus
HAJEKHOTO cUTHaja (GoTorueTmMorpadun. Buaeokaaps
co c(hOKyCHPOBAHHBIMYI N300PaKEHUSAMH OCBEILEHHOTO
ydacTKa KOKM 3aIlIMCaHbl C 9aCTOTON 36 KaJpOB B CEKYHIY
Ha MIepCOHAJIBHBINA KOMIIBIOTED Yepe3 YHHUBEPCAIBHYIO 110-
cienoBaresbHyto mnHYy (USB) 1 00paboTaHbl ¢ MOMOIIBIO
CIEIHAJIBHOTO ITPOrPaMMHOT0 00eCTIeueHHs1, pean30BaH-
Horo Ha iarpopme MATLAB. Peructpupyemsiii curuasn
Ka)KJI0TO MHUKCeJIa N300pakeHUsI COCTOUT M3 IepeMeH-
Ho# coctasistomeil (AC), MOTYTUPOBaHHON Ha 4acTOTE
cepaueonennit, u MemeHHo Mersromreiics (DC), kotopas
OTHOCHTCS] K HU3KOYACTOTHBIM MOYIIALIMSIM, O0yCIIOBIICH-
HBIM TIPOIECCAMH JBIXaHUSA M paboTO¥ HEPBHOMN CHCTEMBI
[21]. Ans mocTpoeHUs KapT pacipeaeienus nephy3nn
ucnonb3oBano orHouienne AC/DC, koTopoe yMeHbIIaeT
BJIMAHHUEC HCOHOPOAHOCTU OCBCIICHUA U penbe(ba KOXXH Ha
BBIYHCIIsIEMbIi HHAEKC nepdysun [20]. s ymeHbIIeHHS
BIINAAHUA 6J'II/IKOB OT BCPXHETO CJIoA snuaACpMuUcCa U 10~
BEPXHOCTHU CTEKJIa HarpeBaTeJIbHOTO AJIEMEHTa TPUMEHEH
METOJI TOJIIPU3alMOHHON (QUIIBTPALNH, PEaTM30BaHHBII
TIOCPEJICTBOM YCTaHOBKH TOHKOIICHOYHBIX TTOJISIPH3aTOPOB
C B3aUMHO OPTOTOHAJILHOM OpHEHTAINEH TOCIIe N3TyJare-
ISl M TIepes KaMepoii.

B nponecce 06paboTku n300paxeHui AJis noayde-
HUSI JIOCTOBEPHOTO CUTHAJIa ITyJIbCOBOM BOJHBI B KQXKOM
MUKCEJIe HaYaJI0 KaXKJ0TO MMITYJIbCa HOPMAIM30BAHHOTO
curaana AC/DC ObIT0 COBMEIICHO C COOTBETCTBYOIUM
R-miukoM 3mexTpokapauorpaMMBl. 3aTeM IMYJIbCOBEIC
BOJHBI B 15 mocnenoBaTelbHBIX KapAHOMUKIAX yCPeI-
HSJTUCH IS BRIYUCIICHUS WHICKCA TepPy3un B KakIOM
mukcene [18, 20]. IIpoBenena oneHka nHAEKca mepPy3nu
Ha TOJOBHMHE IUIOMIAAN KOHTAKTA, XapaKTepU3yIOIIecs
Gonee BBICOKOH peakuueil Ha HarpeBaHue. PacueT MHIEK-
ca nepdy3uu BBIMOIHEH KaK Pa3HOCTh MAaKCHMaJIbHOTO U
MUHHMAJILHOTO 3HAYCHUI YCPEAHEHHOH (hOpMBI HMITYIIbCA
otnomenus AC/DC.

JlokanpHast THIIEPTEPMHUST KOXKHBIX TOKPOBOB JI0 TEM-
nepatypsl 41 £ 1 °C ocymiecTBieHa ¢ IOMOILBIO IPO3pay-
HOW TOKOTIPOBOJSIIEH TUIACTHHBI M IPOKOHTPOINPOBAHA
Ha MEPCOHAIBFHOM KOMITbIOTepe. OTMETHUM, UTO TOKOIIPO-
BOISILIUHN CJIOM HE KOHTAKTUPOBAJ C KOXKEH, a Ba3eJuH,
HaHECEHHBIN MEXJy CTEKJISIHHON MIACTUHOM M KOXKEH,
o0ecrneyr TeIIoNPOBOAHOCTE. PerucTpanus u KOHTPOIh
TEMIIEPATYPBl OCYIIECTBICHBI MOCPEACTBOM TEPMOIIAPHI,
paCIONOKEHHON MEXy TUIACTUHOM U KOKEU, CUHXPOHHO
C 3alMChIBA€MbIMH BUACOKaApaMHU.

IIporokoJ ucciae10BaHUS

Bce n3mepenust mpoBeieHB! B 3aTeMHEHHOM 1ab0paTo-
pUH B OTCYTCTBHE ITOCTOPOHHUX MCTOYHUKOB M3ITyHICHUS
IIpH TeMIepaType okpyskatomieit cpemasr 23 °C. B uccne-
JIOBAHUHU TIPUHSUIIO ydacThe 6 310pOBbIX JI00POBOIIBIICE
MY’KCKOTO T0J1a B Bo3pacte 39-52 ner.

[Mepdy3ronnas peakiys Ha JOKAJIBHbINH HarpeB OLCHe-
Ha B TpH dTana. Ha nepBoM srarne BBIIOJIHEHA HETIPEPHIB-
Hasl BUJIC03aIKCh UCCIIEYEMOr0 y4yacTKa CHHXPOHHO C
n3mepenueM curaania OKI' u Temnieparypbl KOKH B TeUCHHUE
5 muH. Ha BTOpoM — OCyIIecTBIIeH HarpeB o0IacTy mpe-
mteuss 10 41 + 1 °C co ckopocteio 0kono 3,5 °C B MUHYTY,
4TOOBI M30€KaTh OONIE3HEHHBIX OIIYIICHUH. JOCTUTHY THIN
YPOBEHb TEMIEPATYPhI KOXKH TOJIEPKUBACTCS B TEUCHNE
HECKOJBKUX MHUHYT. {711 Ka)/10T0 U3 10OPOBOJIBIIEB MPO-
BEZICHO 110 TPH HCCIIEAOBAHUS C PA3IMUHBIMU JUTUTEIb-
HOCTsAMH Harpesa B 7, 15 u 20 mun. Ha mocnennem stamne
Harpesareib BBIKIOYAJIC, U TeMIeparypa KOXU pellak-
CUpOBaJia €CTeCTBEHHBIM 00pa3om. [IpoBeneHo He Ooiee
OJTHOTO MCCJIEJ0BAHUS KaXKIOTO UCHBITYEMOTO B JCHb.
WccnenoBaHus BBHIITOIHEHBI C pPa3pelICHHUs] MEXIUCIU-
IUIMHAPHOTO KOMHTETA 110 3THKe PDesrepalibHOTO rocyaap-
CTBEHHOTO OIO/PKETHOTO 00pa30BaTEIbHOTO YUPEIKACHUS
BbIcIIero oOpa3oBaHus « THXOOKEaHCKHH roCy1apCcTBEH-
HbI MEIUUMHCKUN yHUBepcuteT» Munzapasa Poccuu,
mpotokon NelO ot 21.06.2021.

Pe3yabTarsl

C nomomsto cuctemsl BOIIT y Bcex uCHBITyeMBIX
OBUTO BBISBICHO MHOTOKPATHOE YBEJINYECHUE aMILTUTY/IbI
MyJIbCANH KOYKHOTO KPOBOTOKA MOCIIE JIOKAJIIBHOTO HarpeBa
Hapy)KHOU 4acTH Ipearuiedbs. VizmMeHeHne nanexca nepdy-
3UM HOCHUT ABYX(a3HbIN XapakTep. Bo Bpems ¢a3sr | Ba3o-
JIIaTayy (Tocie BKITIOUCHHUSI HarPeBaTeIbHON MITACTHHBI)
MIPOMCXOIUT OBICTPBINA POCT mepdy3uu, 00yCIOBICHHbIH
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Puc. 3. Orknuk nepdy3un Ha JIOKaJIbHBIA HATPEB IPH
PAa3IHYHOM ero AMUTeNbHOCTH: 7 MuH (a); 15 muH (b);
20 muH (¢)
Fig. 3. The perfusion response to local heating at different
durations — 7 minutes (a), 15 minutes (), and 20 minutes (c)

akcoH-pedekcoM (puc. 3). YCTaHOBIEHO, YTO BEITUIH-
Ha nep(y3MOHHOTO OTKJIMKA Ha TUIIEPTEpMUIo B daze 1
Ba30AMIATALMM 3aBHCHT OT HAadalbHON TeMIEpaTypsl
KOYKHOTO TOKPOBA M Pa3HUIBl TEMIEPATyp €ro Harpena.
[IpoBeneHHbIN KOppensunoHHbIH aHanu3 (tect [Iupcona)
M10Ka3aJ1 JOCTOBEPHYIO MOT0KUTEIBHYI0 KOPPEIALUIO PO-
cta nepdy3uu ¢ pasHHULEeH Temneparyp (KodpQuIreHT
xoppesnsiuu # = 0,92, yposens 3HaunmMoctu p < 0,001) u
OTPHIATENBHYIO ¢ HaYaJIbHOH Temmeparypoii (» =—0,90,
p<0,001).

@aza 2 BazoAMIATALIMN PAa3BUBACTCS TP MPOJOIKH-
TEJILHOM HarpeBe, MPH KOTOPOM, BCIIE 3a MaJleHUEM TIep-
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(y3uu ¥ NOSIBIICHUEM JIOKJILHOI'O MUHUMYMa Ha KPUBOA,
MPOUCXOANUT YCHUIIEHHE MHTEHCUBHOCTH KPOBOTOKA, 4TO
MPUBOUT K POCTY NEep(y3UH U TMOSBICHUIO BTOPOTO MaK-
cumymMma (puc. 3, b, ¢). Takoii poct nephy3uu cBsizan ¢
cunre3oM NO [11, 14]. Tak, ¢ yBenndeHneM NpoJOIKU-
TEITbHOCTH THIIEPEMHH, YBeITMIHUBaeTcs repdysus B daze 2,
YTO BBIPAXKAETCS B CTATUCTHYECKH 3HAYMMOM YBEJIIHUCHUN
MHTETPAIBHOTO OTKIINKA ep(y3un B rpymme ¢ 15-MuHyT-
HBIM HAarpeBOM I10 CPABHEHHIO C IPYIIION C 7-MHHYTHBIM
HarpeBoMm, p = 0,028 (TecT YHIKOKCOHA), B TO BpeMs Kak B
nepy3uoHHBIX peakuusax (Gaspl 1 paznndauii MeXIy rpyr-
namu He oOHapykeHo. TakuM oOpa3oMm, JUis CyIIeCTBEH-
HOTO Pa3BUTHS COCYIMCTON PEeaKkIMH Ha TMIIEPTEPMHUIO,
onocpeaoBanHyo cuaTe3oM NO, HeoOX0IUM HarpeB TKa-
Hel jmurenbHOCThIO Oonee 15 muH. [locne oTkitoueHus
HarpeBaTeJIbHOMN TUIACTHHBI POUCXOANT CHIDKEHHE TIep-
(y3uu 0 ee IepBOHAYAIBEHOTO 3HAYCHUSI.

BriBoabI

BrinonnenHoe ucciaeaoBaHue NpoAeMOHCTPUPOBAIIO
BO3MO)KHOCTB OIICHKU PEaKIUU KPOBCHOCHBIX COCYJIOB Ha
JIOKAJIBHBIN HATPEB METOIOM BU3yalU3Upyomiei (orornie-
tr3morpaduun. [IpencraBicHHEbBIC 3aBUCHMOCTH OTKITHKA
nepdy3un OT JTOKATBHON THUIIEPTEPMHUN SIBIIIOTCS Xapak-
TEPHBIMH U COTJIACYIOTCS C PE3yIbTaTaMH, MOTYICHHBIMU
IIpY UCCIEN0BAHMUAX BazoAunarauuu ¢ nomoiubto JIJID
[14]. TIpennoxxennstii Mmeroq BOIII™ mo3BossieT ocymiecT-
BIISITh MOHUTOPHHT COCYIMCTOW PEAKIIMH B 3HAUYNUTEIb-
HO# yacTu 00JaCTH MCCIICIOBAHUSA B OTBET Ha J03UPO-
BAHHYIO JIOKaJIbHYIO THIEPTEPMHUIO, YEM IIPUHIHUITHATIEHO
OTJIMYACTCA OT )lpyFI/IX OIITUYCCKUX MECTOJOB TUATrHOCTUKMU.
CrabuIbHOCTD JIOKAJIBHOTO HArPeBa KOXKU JIOCTUTHYTA C
UCIOJIb30BAHUEM HOBOW MYJIETUMOJAIBHON CHCTEMBI, B
KOTOPOH HarpeBaTeIbHOE CTEKIIO KOHTAKTHPYET C KOXKEH,
B TO BpeMs Kak repdy3us omneHeHa OCCKOHTAKTHBIM CIIO-
co00M ¢ TTOMOIIBI0 BU3YATH3UPYIOMIEH (OTOMIETH3MO-
rpacdun.

3akaouenne

Takum oOpa3om, MeTo] BU3yasnusupyroomen ¢o-
TOIUIETU3MOTpaUH TOCTOBEPHO OTPAXKACT PETYISIUIO
COCYIHMCTOTO TOHYCa, YTO ITO3BOJIUT B AAJbHEHIIEM H3-
yd4aTh poib JUCOYHKIUH SHAOTEIUS B MATOTEHE3e cep-
JIEYHO-COCYAMCTHIX MATOJIOTUN M HUCCIIE0BATh Pa3Iny-
Hble ()U3MOJIOTHYECKUE HApYIIEHHUs, BBI3BAHHbBIC CH.
[Ipennaraemas cuctemMa odnagaeT psaoM MPEUMYILECTB
M0 CPABHEHUIO C JOCTYMHBIMH METOJAMH OIIEHKH MUKPO-
LMUPKYJSAUN: OTIIMYAeTCs] HU3KOW CTOMMOCTBIO, BBICOKOI
MH(OPMATHBHOCTBIO ¥ BOCIIPOU3BOJUMOCTBIO PE3YIIETATOB.
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AHHOTALUA

Ipeamet ucciaenoBanus. [IpuBeneHsl pe3yabTaThl UCCIEAOBAHNS BO3MOXKHOCTHU TIepeaadn ronorpaduiaeckoit
napopmarmu no paguokanary Wi-Fi 40 MI'm. [Toka3aHo, 9To HCIIOIBE30BaHME IS 3TOTO ABYX OCHOBHEIX MOJAIBHOCTEN
3D-u3o0paxeHuss — KapThl IIyOuH rosorpadgupyemMoro o0beKTa U TEKCTYPhI €ro MOBEPXHOCTU JOCTATOYHO IS
CHUHTE3UPOBAHMS HAa NIPHUEMHOM KOHIIE KaHaja CBSI3M IOJHOIICHHOH roJIorpaMMbl, BOCCTaHABIMBAIONIEH 00BEKT
rojorpaupoBaHus ¢ HEIPEPHIBHBIM BEPTUKAIBHBIM U TOPH30HTAIBHBIM Napajuiakcamu. Meroa. Merox nepenaun
3D-ronorpadpuueckoit nHpopMannK Mog00eH U3BECTHOMY B PAAMOTEXHUKE METOY Tepeauy HHPOpMaLiK Ha OAHOM
6okoBoii mosoce (Single-sideband modulation, SSB). CymiectBeHHOE OTIHYHE MIPEATIOKEHHOTO METO/Ia COCTOUT B TOM,
YTO NMPOCTPAHCTBEHHBIE YaCTOTHI, 00pa3yIONIHe TOJI0TPaMMy, SIBISIOTCS PE3ylIbTaTOM OJHOBPEMEHHON aMITIHTYTHON
1 (a30BOH MOIYISIMU ONOPHOTO CUTHANIA. DTO 3aTPYyAHSIET X TEOPETHIECKUI aHaIH3. DKCIePHMEHTAILHOE IO~
TBEpIKACHHE BO3MOKHOCTH TaKOH Iepeadyl BBITOJIHEHO ¢ UCIONb30BaHHeM cBoOoaHOr0 FTP-KiieHTa ¢ OTKpHITEIM
ucxonHbM kontoM FileZilla. [TpiMeHeH npoToKo CBsI3H TS Tiepeadn nHpopMaIun o oecrpoBoqHoMy kaHany Wi—Fi.
OcHoBHbIe pe3yabTaThbl. [lokazaHo, 4To nepenaBaeMblii HHPOPMALMOHHBIN TOTOK JOCTATOYEH JUIsl CHHTE3a Ha
HPUEMHOM KOHILIE KaHaja CBA3M TOJIOrPaMMBbl, BoccTaHaBnuBatouieil 3D-uzo0paxenus. [Ipu 3Tom ronorpadpudeckoe
n300pakeHne TUHAMHUECKH MEHSIONIErocss 00beKTa ¢ TeIeBU3MOHHON 4acTOTOH KaJpoBON pa3BEPTKH MMeEEeT
HETIPEePHIBHBII TOPU30HTAIBHBIN U BEPTUKAIIBHBIN MTapalIaKChl, a IPOCTPAHCTBEHHOE Pa3peIICHUE BOCCTAHOBICHHOTO
H300paKeHUS HE XyKe TEIEBHU3MOHHOTO M300pakeHUs cTaHnapra Beicokoil yetkoctu Full HD. IpakTuyeckas
3HAYUMOCTb. DKCIIEPUMEHTAIBHO TTOATBEPKACHA BOZMOXHOCTD MIEPEAadr 110 paJroKaHaTy BCeH HEOOXOIUMOit
nH(pOpManUH JUTs BOCIIPOU3BEACHHS Ha IIPHEMHOM KOHIIEe KaHalia rosorpadudeckoro 3D-Braeonoroka ¢ pa3pemeHneM
HE HI)KE, YeM B CTaH/apTaX TEeJIECBUICHUS BHICOKOH YETKOCTH ¢ HEIPEPhIBHBIM IIapalIakCoM.
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Abstract
The results of the research on the possibility of transmitting holographic information over the Wi-Fi 40 MHz radio
channel are presented. It is shown that the use of two main 3D image modalities for this, — a depth map of the
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holographic object and the texture of its surface, is sufficient to synthesize a full-fledged hologram at the receiving
end of the communication channel, restoring the holographic object with continuous vertical and horizontal parallax.
The method of transmitting 3D holographic information is similar to the well-known in radio engineering method
of transmitting information on one sideband (Single-sideband modulation, SSB). The essential difference of the
proposed method is that the spatial frequencies forming the hologram are the result of simultaneous amplitude and
phase modulation of the reference signal. This complicates their theoretical analysis. Experimental confirmation of the
possibility of such a transfer was performed using a free FTP client with open source FileZilla. A communication protocol
has been applied to transmit information over a wireless Wi-Fi channel. It is shown that the transmitted information
stream is sufficient to synthesize a hologram reconstructing 3D images at the receiving end of the communication
channel. At the same time, the holographic image of a dynamically changing object with a television frame rate has
continuous horizontal and vertical parallax, and the spatial resolution of the restored image was no worse than a high-
definition television image of Full HD. The possibility of transmitting all the necessary information over the radio
channel to reproduce a holographic 3D video stream at the receiving end of the channel with a resolution not lower than

in high-definition television standards with continuous parallax has been experimentally confirmed.

Keywords
holography, holographic information, SSB method

For citation: Pazoev A.L., Shoydin S.A. Transmission of 3D holographic information over a radio channel by a method
close to SSB. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no. 1,
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BBenenune

Boxbmne o6beMbl rojorpapudeckoil nHGopmanuu
SIBJISIFOTCS. OOJIBIIMM [TPEHUMYIIIECTBOM B Pa3IMYHBIX 00J1a-
ctsax [1-5]. B To ke Bpemst B 00JIaCTH roorpaguuecKoro
tenesuneHus (TB) u 3amadax JOMOTHEHHON pealbHOCTH
OompIrie 00BeMBI HHPOPMALIIH — OJHO U3 CYIIECTBEHHBIX
MPETSATCTBUH Mepeaadn rojorpaduueckoil HHPOpPMaINH
o kaHajam cBsizu [6, 7]. FO.H. [enucrok [7] chopmy-
JIMPOBaJ AaHHYIO NMPOOJIEMy B 3aroJIoBKe CBOEH padoThI:
«JlocTaTo4HO J1 N3BeCTHBI (DYH/IaMEHTAJIbHBIC PUHIUIIBI
rojyiorpaduu Jyist CO3AaHHsl HOBBIX THIIOB 00BbEMHOTO KHHE-
Marorpada u UCKYyCCTBEHHOTO MHTEIUIeKTa?». [IpsmbiMu
peIICHUSIMH TTPOOIIEMBI SIBISIOTCS: JINOO CYIIECTBEHHOE
yYMEHBIIICHHE pa3Mepa rojiorpaduiaeckoro n3o0paxeHus,
YTO [UIOXO COOTBETCTBYET 3aa4aM JIOTOTHEHHON peasibHO-
cTH; MO0 cxKaTue rojorpapuIeckoil HHPOPMALUH TAKUM
o0pa3om, 9TOOBI ee 00BeM He TIPEBBIIIAT pa3yMHBIX Tpe-
JIeJIOB, T. €. BOSMOYKHOCTEH COBPEMEHHBIX KaHAJIOB CBS3H
3G u 4G.

Onenka KoJimvecTBa HHGOPMAMK B Kajipe
rojorpaguueckoro TejeBHIeHUS

Or1ieHKyY KoJTMYecTBa HH(OPMAIIUH B KJIACCHYCSCKOM aHa-
JIOTOBOH TOJIOTpamMMe, 3alIMCaHHON B BUIUMOM JHAaIra3oHe
JUTMH BOJH (GopMaToM A4 MOKHO TIPOBECTH 1O GopmyIie
[llennona:

N=SWW,log(1+m), (1)

rae S — IIoma s rojgorpamMmsl; W, Wy — X, ) KOMIIOHEHTBI
IIPOCTPAHCTBEHHBIX YacTOT IOJIOTPaMMbI C()OKYCHPOBAH-
HBIX W300paKeHUH, 0OpaTHO MPOMOPIMOHAILHBIE JTHHE
BOJIHBI A, 3aITUCHIBAIOIIETO TOJIOTPAMMY H3IIyUYCHUs; M —
OTHOILICHUE CUTHAJIA U LIIyMa, WJIH YUCIIO TUCKPET SIPKOCTH
ITUKCEJIOB (B TEPMHUHOJIOTHH 00paboTku (ororpapuii —
n1yOMHA 1BeTa N300paKEHHMs).

[Ipu kosMuecTBE OTUCKPETHBIX 3HAUYCHHH Ka)KIO0TO
nukcesa (nIyOuHe 1BeTa) paBHOM CTaHJapTHOMY B TB-
cucreMax m = 256, MOIy4uM Pe3yJbTaT OLEHKU KOIHYe-
crBa nHpopManuH (1) B oqHOM romorpagudeckoM Kajape —
1,7-1011 B.

Ilepenaua Takux MaccUBOB C YAaCTOTOM KaJpOBOW pasz-
BepTku 25 ' TpeOyeT mpoIrycKHO# CIIoCOOHOCTH KaHaia
mo llenHony [8], orieHNBaeMoil M0 MOPSAAKY BEITUYNHEI,
kak C=4-1012 B/c.

[[TupuHa 1os10Ckl NPOIyCKAaHUS OLIEHUBAETCS NOpsAKa
500 I'T'1, 9TO BHIBOIUT TAKYIO Mepenauy:

W L
" logx(256)

B TeparepuoBbIi Auana3zoH [9], TeM cambIM NPaKTUYECKU
3aKpbIBasi OKHO BO3ZMOXKHOCTEH MPSIMOM TIepeaun IMOTHOH
rojorpaduaeckoit mHpopmarmu Mo TB-kaHamam CBS3U.
Hpyrumu croBamu, npsimas TB-tpancnsanus 3D-kunHO
Komapa [10] HeBozMoxHA.

CreoBarenbHO, TPEOYETCsl TIOMCK IMyTel CHKATUS TO-
norpadudeckoil HHPOPMAIMK U KeJaTeIbHO 0e3 cyile-
CTBCHHBIX TOTEPh.

ITocTanoBka 3agaun

CormacHo marenty [11] ocHoBHas mHpopMarmst o 3D
JBIDKYIIEMCS )KHBOM 0OBEKTE roorpadupoBaHust conep-
JKUTCS B TIOTOKE JIByX MoJanbHOCTeH 3D-n300paskenus —
KapTe DIyOUH MOBEPXHOCTH rojiorpadupyemMoro oobexTa
U TEKCTYpEe ero MOBEPXHOCTH, YTO Ka4YeCTBEHHO UMEET
CXOJICTBO C Iepejaueii cooOIIeHHsI Ha OHOW OOKOBOIA
nojoce, 6e3 Hecymiei (Single-sideband modulation, SSB),
HO OTIMYAeTCs HAIMYMEM aMIUTUTYIHON 1 (ha30BOM MOaTy-
JSIUi curHana. AHaJIN3 CIIEKTPOB ATUX MOJ M CO3JIaHHOM
10 HAM TOJIOTPaMMBI ITOKA3bIBACT CYIICCTBECHHBII Pa3phIB,
00€eCTeunBarONNif OKHO BO3MOKHOCTEH U151 3(p(heKTUBHOTO
ckatus nepenasaeMoi nHpopmaruy. OHAKO TIPSIMBIE Ma-
TEMaTHYECKHE METO/IBI SHTPOTUITHOTO CHKAaTHs OKa3bIBAIOT-
cst Hep(pPEeKTUBHBIMU, Ha UTO YKa3bIBAaIOT padoTsl [12—-17].
Cpenu HUX HaXOIUTCS M HEJABHO CO3JaHHasl JIsl KOAUPO-
BaHMS 00BEMHBIX H300paskeHNH rpynnoi « O0beInHEHHBIE
dbotorpadsr» (Joint Photographic Experts Group, JPEG)
rpynma Pleno [18], kotopast cymerna npoaBHHYThCS B KOP-
pexunu (POKyCHPOBKH TPH HE PE3KOH CheMKe, HO He TOITy-
YuiIa 3HAYMMBIX PE3yJIbTaTOB B KOJUPOBAHUH TOJIOTPAMM
3D-00beKTOB.
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CrenosarenbHO, TpeOyeTCst IOUCK MyTeH, OrpaHHYH-
BaIOIUX TpeOyeMyIo JUlsl epeayr MoJI0Cy MPOIyCKaHUs
3D-ronorpagduueckoii ”HPOpPMAIMHN, SKBUBAJICHTHBIX C)Ka-
THIO HHpOpManuy 6e3 noreps. OANH U3 CIIOCOO0B M3I0KEH
B nareHte PO Ne 2707582 [11].

CyTh crocoba 3akiro4aeTcst B 0TKa3e OT Iepeadu Mo
paanoxanany Bceil 3D-romorpaduyeckoit nHGopmanuu, a
Tepeaade TOIbKO IBYX 2D-BHIEOOTOKOB € TEKCTYPOil Mmo-
BEPXHOCTH ronorpadupyemMoro o0beKkTa 1 KapToi IITyOHH.
CunTe3 1udppoBoii TOJIOTPAaMMBI IPH ITOM TTPOU3BOIUTCS
TOJILKO Ha MPHUEMHOM KOHIIe KaHaia cBsi3u. OCHOBHbIE
npoOJieMbl CO3/1aHMs TaKUX U300paKEHUH ONHMCaHbl B
[19, 20], rne TeopeTnyeckH JOKa3aHa BO3MOXKHOCTh CHKATHSI
3D-ronorpaduyeckoit ”HGOPMALIUK METOIOM, OJIM3KHUM 110
cmbicity K SSB. B [19] npuBenieH 4nclieHHbII SKCTIEPUMEHT,
TOKa3bIBAIOIINI, YTO BOCCTAHOBICHHOE TAKOH TOJ0TpaM-
MO Ha MPUEMHOM KOHIIE KaHaJIa CBSI3H M300pakeHHe aeT
Ha MOPSJIOK JIydIllee pa3perieHne, 4eM IpH CIEKTPaTbHOM
cxatuu roiorpamM. B [20] moka3aHo pacmpocTpaHeHHE
MeTO/1a Ha WHPPAKPACHBIH, YABTPa(QHOIETOBBIN U pamno-
JIMana3oH 3IEKTPOMAarHUTHOTO CHEKTpa. Takum o0pazom,
JUIsl 3aBEpILIEHHsI TIEPBOTO ATana padoT cyKaTus rojiorpa-
(uueckoii nHpopMaLUK TPeOyeTCsl IKCIEPUMEHTAIBHOE
HOJITBEPIK/ICHNE BOSMOKHOCTH TEPeiadr IPEACTaBICHHOM
3D-ronorpaduyeckoii BuneonHpopmanuu o 3D-o0bekTe
rosiorpadupoBaHMs ¥ Ka4€CTBEHHOI'O BOCCTAHOBJICHUS
3D-u300paskeHns )KUBOrO 00BEKTa ToJI0rpadpupoBaHus ¢
TB-yacToToll KaApOBOW pa3BEPTKH.

MeTtoauka 3KCIIEPUMEHTA
no nepenave 3D-rosiorpaduyeckoii nuHpopmanuu,
CHHTE3a roJI0rpaMMbl H BOCCTAHOBJICHHSI
ee 3D-n300pakeHHsi ¢ HeNMPePbIBHBIM NMAPAJLIAKCOM

Jlist 337124 IOTIONTHEHHOM pealibHOCTH MOIXOAUT ILTHPO-
KO pacnpoCTpaHEHHAs M aKTUBHO PA3BUBAIOIIASICS] CETOTHS
TEXHOJIOTHS OSCIIPOBOAHON repenadn naHHbX Wi-Fi. B Ha-
crosiell paboTe MccIeI0BaHa BO3SMOXKHOCTh 00€CIICUCHUS
nepenagn Bugeonoroka 3D-ronorpadudeckoit nHpOpMa-
un 1o OecripoBogHOMY KaHawy cBszu (Wi-Fi), ¢ kaapoBoit
4acTOTOU OoJbIne 25 Kaapos/c.

C nomomnrsto nporokoia File Transfer Protocol (FTP)
BBITIOJIHEH KCIIEPUMEHT M0 Iepe/ade rojorpagpuyeckoit

uapopmanuu mo Wi-Fi ¢ moMomIp0 AByX OCHOBHBIX
MojanbHoCTe 3D-n300paskeHust — TEKCTYPBl M KapThl
riryoun 3D-cuensr (puc. 1), KOTOpbIE Cily’)KaT OCHOBOM
3D-monenn 00beKTa IpU CHHTE3€ TOJIOTPaMM Ha MPHEM-
HOM KOHIIE KaHana cBsizu [11].

Jis mepenadn 3D-BUIEOOTOKA, TIO3BOJISIOIIETO CPop-
MHPOBaTh Ha MPUEMHOM KOHIIE KaHaJla CBSA3U rojorpadu-
YecKHe M300pakeHus, ONHOBPEMEHHO NE€PEIaHbl MaKe-
T6I 110 291 nBOitHOMY Kazapy. MI3MepeHHOE mporpaMMon
«FileZillay BpeMs mepemadu MakeToOB KaapoB MIPHU BOCIIPO-
M3BEJCHNH B pealbHOM BPEMEHH IT0Ka3ajo, 4yTo Ieperayda
NOJIHOW rosiorpaduueckoit nHpopmanuu o 3D-o0bexre B
pCaJILHOM BPEMCHU C KaJpOBOW YaCTOTON OOJIbIICH, YeM
25 KaJpoB/C BIIOJIHE OCYIIECTBHMA.

B TecToBoM 3KCIIEpUMEHTE UCTIOIBb30BaHbI JIBA YCTPOH-
crBa: nnepconanbHbIi Kommbiotep (I1K), ¢ moxkrodeHHBIM
K Hemy uepe3 cereBoil kabenp (Ethernet) poyrepom (mo-
nens ELTEX NTE-RG-1421G-Wac rev. Al), 1 MOOHIb-
HOE yCTpoicTBO Ha Oaze omeparmonHoil cuctemsl (OC)
Android (monens Xiaomi Mi A1) co BCTpOSHHBIM MOIYIIEM
Wi-Fi crangapra [EEE 802.11n.

[IporpammHOe coeuHEHNE MEXTY IByMs YCTpOMCTBa-
MH YCTaHOBJICHO Yepe3 MPOTOKoI mnepeaayn ¢aitios FTP.
ITpu TakoM THIIE COCIUHEHUS [1IEPBOE YCTPOUCTBO SIBIIAETCS
FTP-cepBepom, a BTopoe — KIMEHTOM (ITOAKIIIOUACTCS K
cepBepy), IIpU 9TOM nepenada GpaioB MOKET OCYIIECT-
BIIATBCS B JIIOOOM HaIlpaBIICHUU.

Ha I1K ncnons3osana nporpamma «FileZillay, pabota-
fommas ¢ nporokosnioM FTP, uepes nee OyayT oTpaBisThes
KOMaHJBI 110 Tiepeiade nanHbIX. [locie nmepenadn TaHHBIX
TporpamMmMa BO3BpaIliaeT o01ee BpeMst OTIPaBKH (aiiia, Ha
OCHOBE KOTOPOTO MOYKHO OTIPEJEIINTh CKOPOCTH Mepeiadn
JTAHHBIX U KaJPOBYIO YACTOTY TE€pPEaayn.

Ha MoOMIIbHOM yCTPOWCTBE HCTIONB3YETCS MIPUIIOKEHHE
ES-npoBoanuk (MeHempkep (aiisioB — MPOBOJHHUK), OJTHOM
13 QYHKIMH KOTOPOTO SIBJISIETCS co3/1aHne 1 paboTa ¢ Jo-
kanpHbiM FTP-cepBepom (puc. 2).

B kagectBe ronorpaduyeckoii nHpOpMAaIuy, T. €. TIPE/I-
BapuTeNbHBIX 3D-KagpoB miist «rojaorpauueckoro BU-
JIe0» UCIOJIb30BaHa cepus u3 291 MOHOXPOMHOIO Kajapa
¢ 3D-nopTperom 4esoBeKa, BpeMsi ChEMKH 3aBHCHUT OT
BBIOPAHHOM armaparypsl ¥ MO3TOMY HE YUYHTHIBAIOCH.
Kaaps! TekCTypsI ¥ KapThl IITyOHH MOBEPXHOCTH chopmu-

dz, OTH. ef1.

1000

Vo, TIHKC. X0, TIHKC.

Puc. 1. Tlpencrasnenne 3D-00bekTa B BUE IBYX OCHOBHBIX MOJaIbHOCTeH 3D-H300pakeHHs1 — TEKCTYPhI TIOBEPXHOCTH U KapThl
NIyOWH: X U V) — IIMPHUHA U BBICOTA MOJIst OCHOBaHMS 3D-u300paskenus (B nukcenax); dz — riryOuna 3D-u300paxeHus (Ha pUCyHKe
MOKa3aHa B OTHOCUTENbHBIX EANHUIIAX)

Fig. 1. Representation of a 3D object in the form of two main 3D image modalities — surface textures and depth maps: x;, and y, are
the width and height of the 3D image base field (in pixels); dz — depth of the 3D image (shown in relative units in the figure)
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CepBep —
MOOHIIBHOE YCTPOUCTBO,
mozens Xiaomi Mi Al
(OC Android 8)

Wi-Fi nepenarunk —
poyTep
(ELTEX NTE-RG-1421
G-Wac rev. Al)

Kmuent — T1K
(O3Y 12 I'B, npouieccop
AMD Athlon X4 860K,

MaTepuHCKas Iara
ASUS A88XM-Plus)

Puc. 2. bnok-cxema ycTpoicTBa nepeadan nHdopmanuu

Fig. 2. Flowchart of the information transmission device

POBaHbI C IPUMEHEHNEM CTPYKTYPUPOBAHHOTO U3ITyUEHHUS
AQHAJIOTUYHO ¢ METOAUKOH [20], HO OT IMHAMHUYECKH Me-
Hsitouterocst o0bexra. dororpaduu HEKOTOPHIX KaaApOB,
13 TepeaaBacMoil Cepum KaJpoB TEKCTYPBI MOBEPXHOCTH
o0bekTa 1 3D-KapThl MOBEPXHOCTH, MPUBECHBI HA PHC. 3.
Paspemenne Texctypsl o 500 x 500 mo 2000 % 2000 muk-
CeJIOB, W pa3Hble KOMOMHAIIMH 3HAYCHUH HH()OPMAIIHOHHON
eMKOCTH 3D-KapThl TOBEPXHOCTH.

Pesynbrarhl 3KCIICPUMEHTATBHBIX H3MepeHHit

Pe3ynbpraTsl n3MEpeHUl BpeMEHU Tepelayu MaKeTOB
00paboTaHbl M COOpPAHBI B TAOJHIIE, B TPETHEM CTOJIOIE KO-
TOPOW ITPUBE/ICHBI (POPMATBI Iepe/iaBaeMbIX KaJipoB. Beuy
crenu( KN MPUMEHSIEMbIX IPOTrpaMM NMpeoOpazoBaHUs
®DpeHers, MCMONb30BaHHOTO ITPU CUHTE3€ IoJI0rpaMM, CBS-
3aHHOH C armaparoM ObIcTporo npeodpazoanus Pypwe, Ha
JTare 3KCIePUMEHTA UCIOIB30BAaHO MPEICTABICHNE KaIpOB
B BUJIE KBAPAaTHBIX MaTPHLL. DTO MPUBEIIO K 3aBBIIICHHBIM
TpeOOBaHMUIM K IMPOITYCKHOW CIIOCOOHOCTH KaHala, YTo

Ne 1 Ne 20 Ne 40 Ne 60

Ne 220

Ne 160 Ne 180 Ne 200 Ne 220

n.

MO3BOJISICT PACCUUTHIBATh Ha Niepeaady OONBIINX pa3MepoB
KaJpoB B JanbHeHIeM. BuaHo, uto paspemienue mnepena-
BaeMbIX Iap KaJpoB TEKCTYPbI U KApPThl TIIyOHMH M3MEHs-
ercs ot 500 x 500 nukcenos, 4To OJIM3KO K YCTapeBIINM
TB-crangapram PAL u SECAM (720 x 576 nuxcenos),
10 2000%2000 mrUKcenoB, 9TO MPEBLIIACT pa3pelieHue B
cTanmaprax Bbicokoi ueTkoctd HD (1280 % 720 mukcemnoB)
u Full HD (1920 x 1080 mukcesnoB). Beropanmusie hopmaTs
KaJpOB COOTBETCTBYIOT HanboJee pacipoCTPaHEHHBIM
cerofiHs opMaramM ¢ pasHoOW creneHbto ckarusi. OT me-
TOJIa CHHTE3a roJOrpaMMbl KOJIMYECTBO MepeiaBaeMoi
10 KaHally CBsI3U MH(OpMaIMK HE 3aBUCUT, ¥ BHIOpaHHAs
Mojenb rojgorpamm Jleita—YnaTHuekca He OrpaHUYUBAET
OOIIHOCTH TMOJTYYEHHBIX pe3ysbraToB. Takum oOpazoM, B
9KCIIEPUMEHTE HCCIICIOBAHBI Pa3Hble 00bEMBI ITAKETOB T1e-
peraBaeMbIX JaHHBIX, YTO ITOKA3aJI0 BO3MOKHOCTH METO/1a
JUISL pa3HBIX PEKUMOB TIEPEIadH.

B Tabmure npuBeneHsr: GpopMartsl (ailioB, B KOTOPBIE
YIIaKOBBIBAIOTCSI TIEpeJaBaeMble JaHHbBIC, 00IIee Kounye-
CTBO IepezaBaeMoi HH(POPMAINH; YKa3aHO U3MEPEHHOE

Ne 80 Ne 100 Ne 120 Ne 140

Ne 240 Ne 260

Ne 120

Ne 240 Ne 260 Ne 280 Ne 291

Puc. 3. ®otorpaduu HEKOTOPBIX KAJAPOB U3 MEpeaaBacMoit cepuu, coctosieit n3 291 kaapa 3D-Buaeo: THHAMHYCCKH
M3MEHSIOMIEHCS TEKCTYPBI TOBEPXHOCTH 00bEKTa (@) M COOTBETCTBYIOIIEH KapaM TEKCTYphI KapThl TOBEPXHOCTH (D)

Fig. 3. Photos of some frames from the transmitted series consisting of 291 frames of 3D video: dynamically changing texture of the
surface of the object (a) and corresponding to the frames of the texture of the surface map (b)
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Tabnuya. Bpems nepeaun NakeToB U 4acTOTa KaJPOBOM Pa3BepTKU

Table. Packet transmission time and frame rate

H Paspemenue, 06 Bpewms nepenaun BeranciieHHas Kanposas wacrora | Kazmposas gacrora
< (1)'1MeEI TTAKCEITBI dopmar - KLiM makeTa CKOPOCTh TIPH BBIYUCIICHHON TIPH CpeaHen
K »;e}ffa " | (cronGupr x KaJIpoB aMeB & HIPH TOYHOCTH nepesayn 1nakera, | CKOPOCTH Mepelady, | CKOPOCTH Mepeiadn
CTPOKH) nusMmepenuii 1 ¢, ¢ Mb/c Kajp/c 11 Mb/c, xanp/c
1 BMP 1394 13 10,72 22,39 22,96
2 500 x 500 PNG 28,4 3 9,46 97,00 112,71
3 JPG 6,7 1 6,70 291,00 477,76
4 BMP 555.6 51 10,89 5,71 5,76
5 1000 x 1000 PNG 66,3 5 13,23 58,20 48,28
6 PG 18,6 1 18,60 291,00 172,09
7 BMP 2220,8 — — — 1,45
8 2000 x 2000 PNG 146,2 12 12,18 24,25 21,90
9 JPG 53,3 5 10,66 58,20 60,06

BpeMs TIepeiaun COOTBETCTBYIOLIMX Map KaapoB (IpsMble
naHHble n3 nporpammsl «FileZilla»); ckopocts nepenaun
JIAHHBIX KKI0TO MaKeTa; KaJpoBasi 4aCTOTa, BHIYMCICHHAS
10 CKOPOCTH HEpeady KaXKI0ro 13 IKCIEPUMEHTOB.

Buano, uto B axkcnepumentax Ne 2-3, 5-6 yacrora
KaJpOBOW pa3BEepPTKH OKa3aiach OOdbINe 25 KaapoB/c.
OT0 03HAYaAET, 9TO, Hanpumep, st cranaapra VGA u HD
MOXKHO TiepenaBath 3D-ronorpadudeckyro HHGOpPMAIIIO
B ¢popmare PNG u JPEG 6e3 kakux-1m0o 3arpyaHeHui.
Juis cranpapros Full HD, 2K u Bbllie (3KCIIEPUMEHTBI
Ne 8-9) — nepenaua B popmare PNG ¢ wactoToii Oosbiie
25 xaapoB/c MOXKET OBITH 3aTPYJHCHA, OHAKO, B (hopma-
te JPEG cranmaptHoro ko3ddumuenra kauectsa 70 %,
KaJIpoBas 4acToTa Iepe/ladl MOo-MPEeKHEMY OCTAeTCs B
JIOIYCTHMBIX TIpejiernax.

O0cy:kaeHne pe3yJbTATOB IKCIIEPUMEHTA

[Ipu ncnonb30BaHNM HEKOTOPBIX JOMOIHUTEIBHBIX MEp
CKOpPOCTb Nepe/iayi MOXKET ObITh 3HAUUTEILHO yBEJIMYCHA,
YTO, KaK CJIEJICTBHE, IIOBBICUT KaJIPOBYIO YaCTOTY Mepeaa-
un. Hanpumep, 370 BO3MOXKHO IpU Nepeaade He KBaapar-
Horo kajpa pazmepom 2000 x 2000 nukcenos, a BIUCAHHO-
TO B HETO U IOJTHOCTBIO COOTBETCTBYIOMIEro crannapty Full
HD-xanpa pazmepom 1920 x 1080 mukcenoB. ITo BIOIHE
BO3MOXHO, U OyZIeT CAeTaHo MpH pa3paboTKe MPOTOTHIIA
ycTaHOBKH Tonorpadudaeckoro TB. Bece BapuaHThI, ipu-
BE/ICHHbIC B TAaONUIlE, MOTYT OBITH IPUMEHEHBI B YCTPOM-
cTBax 3D-momonHeHHON peasbHOCTH, KaK HallpUMeEp: B
TeJIeMEeIUIMHEe, CUCTEMaX JAUCTAHIIHOHHOTO YIIPaBICHUS
CJIO)KHBIMHU OOBEKTaMH, BKJIIOUAsi CHCTEMbI O€30I1aCHOCTH,
3D-dotorenerpade u ap.

[To nepenanubiM 10 KaHaiy cBsizu 3D-ronorpaguye-
CKUM M300paKEHHSIM BBITIOJIHEH CUHTE3 LU(POBBIX TOJIO0-
rpaMm aHanoruyuHo [20-23], no BUpTyaJIbHO MOJIEIIUPYEMO-
MY U3ITy4EHHIO, TIOBTOPSIIOIEMY PaCIPOCTPAHEHUE B CXEME
Jletita—YmaTHHEKCa. DTHMH TOJIOTPaMMaMH B TaTbHEUTIIEM
OBLTH BOCCTAaHOBIICHBI BUPTYalbHBIe 3D-romorpadudeckne
n300paxeHns KUBOTO AMHAMHYECKH MEHSIOIIETOCS

00beKTa, 00JaIaf0IIUe KaK BEPTUKAIBHBIM, TaK U TOPHU-
30HTaJILHBIM MapajuiakcoM (puc. 4). x maTepuaibHbIC
aHaIOTH OBLTH peaTu30BaHBI paHee B TexHOmoruu Dot
Matrix [24, 25].

Puc. 4. Bupryansusie 3D-ronorpadudeckue n3o0paxeHus ¢
HETPEPBIBHBIM MapaJUIaKCOM: C BEPTUKAIBHBIM (a)
W TOPU30HTAIBHBIM (D)

Fig. 4. Virtual 3D holographic images with continuous parallax:
vertical (@) and horizontal (b)
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3akJjoueHne

C nomomsto npotokona FTP npoBeneH sxcnepumMeHT

riepeiauy 1o 6ecrnpoBogHOMY KaHairy cBsizu Wi-Fi nndop-
Maluu B BHJE IBYX 2D-KaapoB miisi CHHTE3a TOJIOrPaMM,
BOCCTAaHABJIMBAIOIINX C HENPEPHIBHBIM MapaJlIakcoM
3D-n300pakeHus ¢ TEICBU3MOHHOI 4acTOTOH KaJpoBOit
pas3BepTKH, UIMUTUPYIOMUX 3D-BHIEO ¢ NPOCTPAHCTBEH-
HBIM Pa3peleHueM He Xy)Ke, 9eM B TeJICBU3HOHHBIX CTaH-
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Muhamad R.K., Birnbaum T., Gilles A., Mahmoudpour S., Oh K.-J.,
Pereira M., Perra C., Pinheiro A., Schelkens P. JPEG Pleno

JlapTax BBICOKOW 4eTkocTH, kak Hampumep Full HD. C
yueToM cepur npeasyymmx pador [11, 19-25], npexcras-
JICHHBIN B HAcTOsMICH paboTe WX 3aKIIOYUTEIBHBIN JTall,
B KOTOPOM JKCHEPUMEHTAIBHO JOKa3aHa BO3MOXHOCTh
nepenadu quHamMudeckoit 3D-roxorpaduueckoii mHPOP-
MalliH, TI0Ka3bIBAeT OJHMH U3 BO3MOXKHBIX IMyTeH peannsa-
IIUX 3aJa91 CO3JIaHMs TOJI0rpapuIecKkoro TEICBUACHHS 1
3D-nonoTHEeHHON PeaTbHOCTH.
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AHHOTANMSA

Ipeamer ucciaenoBanusi. MccrnenoBanbl ONTHYCCKUE CBOMCTBA THOPUAHON MIa3MOHHON TOHKOIJICHOYHOM
HAHOCTPYKTYpbl. CTPYKTypa MPEACTaBIIET COOO0H MOPUCTYIO MATPHUILYy aHOTHOTO OKCH/IA aJJFOMUHHS HAa MTOBEPXHOCTH
OCTPOBKOBO# TUICHKHU cepedpa, chopMupoBaHHO# Ha KBapIieBoi momioxke. Meton. CepeOpsiHast MIeHKa U3 HAHOYACTHII,
JeKanias B OCHOBE CTPYKTYpBI, CO3JaHa METOIOM TepMHUYECKOro HamblieHus. OCcTpoBKOBasi CTPYKTypa cepebpa ¢
pasmepom HaHoudacTul nopsiaka 100 HM copMupoBaHa B mporecce OTKUra Ha Bozayxe. Ha moBepXHOCTb CTPYKTYpBI
METOJIOM JIIEKTPOHHO-ITy4eBOTO HCIApEHHs B BaKyyMe HaHECEHa IUICHKA allfOMHHUS. BBIOIHEHO OJHOCTyIIEHYaTOe
psiMOEe aHOAMPOBAHUE TUICHKH aIFOMHHHS, B PE3yabTaTe KOTOPOro oOpa3oBaHa HAHOMOPHCTAs IIEHKA OKCHIA
amroMuHus. [lomydeHHBIE CTPYKTYPBI MCCIEIOBAHBI METOJIAMH CIIEKTPOMETPHH U DJICKTPOHHON MHKPOCKOIHH.
OcHOBHBIE Pe3yJbTaThl. PACCMOTPEHBI CIIEKTPhI OTPAKEHUSI i ONTHYECKOM TNIOTHOCTH HAHOCTPYKTYP, TOIYYCHHBIC TIPH
Pa3IHYHBIX TPOJOKUTEIBHOCTH 1 TOKE aHOTUPOBAHMS. BBIMOIHEHO CpaBHEHHE MOMYYECHHBIX CIICKTPOB HAHOCTPYKTYP
JUIA OKCHUJa aJrOMHHUA, CeperﬂHle HaHOYaCTUIl U OKCHJIa aJIIOMUHHKA HA MMOBEPXHOCTHU cepe6psmblx HaHOYaCTHLI.
IToka3zaHo, 4TO C yBEeJIMYCHHEM BPEMEHHU aHOAMPOBAHMS, KOI(DDUIMEHT OTpaskeHHsT CTPYKTYPbI NPUOIIIKAeTCs K
BEJIMYMHE TTOKA3aTels JUId aHOTHOTO OKCHA AIIOMHUHNS, BCICACTBUE OKMCICHUS aIFOMUHUEBOM TUICHKH. YBEIHYCHUE
TOKa aHOAMPOBAHUS MPUBOJNT K CABUTY MUHIMYyMa KO9(GHUINEHTA OTPaKeHNUS B JITMHHOBOIHOBYIO 00IaCTh CIIEKTPA.
OTO sBIICHUE TOATBEPKAACTCSI paHEe BBHITOJTHEHHBIMU UCCIEIOBAHUSIMU M OOBSCHSICTCS YBEITHUCHHEM PACCTOSHUS
MEXIy TIOpaMu, 00pa3yONINMHUCS B Pe3yIbTaTe aHOAUPOBaHMs. YHCICHHOE MOJEIIHPOBAHIE CIIECKTPOB CCUCHUS
SKCTUHKIMH C UCIIONb30BaHHEM Mie KalbKyJsITopa MoKa3alo, YTO Pe3yabTaThl MOJCITHPOBAHMS ONTHYCCKUX CBOWCTB
CTPYKTYPBI C pa3MepamMy HaHOUYACTHUIbI opsaka 100 HM COMOCTaBUMBI CO CIIEKTPAMHU ONTHYECCKOW MIOTHOCTH,
HOJTyYeHHBIMH B Pe3yJbTaTe dKcepuMenTa. [Ipi MoaeTMpoBaHuH HCIIOIb30BaHO MPUOITIDKEHNE ChepHUIecKOi YaCTUIIBL.
[l Oonee TOUHOTO OMpEAETICHU TOJMINUHBI OKCUIHON MICHKH U NPUOIMKECHHUS PACUETHBIX CIIEKTPOB ONTHYECKOH
MJIOTHOCTH K 9KCIIEPUMEHTAIBHBIM pe3yibTaTaM Tpedyercs yuer ¢popm-dakropa. [lpakTuyeckass 3HaYUMOCTb.
PesynbraTsl paboThl MOTYT OBITH HCITOJIB30BAHBI MPU MPOESKTUPOBAHUU M W3TOTOBICHUH CEHCOPOB, ONTHYECKUX
MTOKPBITHI U HCTOYHUKOB (DOTOHOB ISl IPUMEHEHUS B 9KpaHaX, ONTHIECKUX CXeMaX M yCTPOHCTBAX TIa3MOHHKH.
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Abstract

Optical properties of hybrid plasmonic thin film structure in the form of anodic alumina porous matrix above silver
island film on the quartz substrate have been investigated. Silver nanoparticle film in the bottom of the structure has been
obtained by physical vapor deposition in a vacuum chamber. The silver island film with the island of average diameter
of 100 nm has been formed after annealing in the air atmosphere. Above the silver nanoparticle film an aluminum film
has been deposited by the E-beam evaporation. As a result of one-step straight anodization, a nanoporous alumina thin
film has been formed. The obtained structures were investigated, using spectroscopy and electron microscopy methods.
The structure reflectance and optical density spectra have been obtained and analyzed for different anodization times and
currents. To compare the results, the reflectance and optical density spectra have been obtained for silver nanoparticles
and anodic alumina. When anodization times are increased, structure reflection coefficient spectra become more like the
same characteristic for anodic aluminum oxide, which can be explained by film oxidation. At the same time a red shift
of reflectance spectrums is observed in the structures with bigger maximum anodization currents. This effect has been
observed in other works and can be explained by the increasing distance between the pores. A numerical modeling of
optical properties with the help of Mie calculator for the structure with the nanoparticle size of 100 nm has shown that
the results of the modeling can be compared to the experimentally obtained optical density spectra. The modeling was
performed using spherical approximation. To obtain more precise results for alumina film thickness and nanoparticle
optical properties, a silver nanoparticle form factor has to be considered. The results of this work can be used in sensors,
optical coatings and photon sources fabrication methods. These can be used in screens, optical schemes and many other
plasmonic devices
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BBenenue

C coBepIIeHCTBOBAHUEM YCTPONUCTB TUIA3MOHHUKH HC-
CIIEZIOBAaHHE ONTUYECKUX CBOHCTB THOPHIHBIX TIA3MOHHBIX
HAHOCTPYKTYP Ha OCHOBE MOPUCTBIX MAaTPHIL U METaJINIE-
CKMX HAHOYACTHII OKa3bIBaeTCA aKTyalbHBIM. Benencteue
YCHJICHHOTO TMOTJIOIICHNUS U paccesHus ceera [1], a Taioke
CIOCOOHOCTH K YBEJIMUYCHUIO HHTCHCUBHOCTU COOCTBEHHO-
TO U3JTyYCHUsI OOBEKTOB, TOMEIIEHHBIX B SIMEWKN MaTPUIIbI
[2,3], Takue CTPYKTypbl MOTYT IPUMEHSTHCS B KaueCTBE
HCTOYHUKOB OIMHOYHBIX ()OTOHOB B KBAHTOBBIX KOMMY-
HUKAIUAX ¥ (POTOHHBIX KOMIbIoTepax [4], ycunureneit no-
IVIOIIEHMS B COJTHEUHBIX Oarapesix [5], a Takxke pa3aIuIHOro
poOza CEHCOPOB U JIaTYHKOB.

B mocnennee Bpemst co3/1aHO OOIBIIOE KOJINYECTBO
00pa31oB THOPHUAHBIX IIa3MOHHBIX HAHOCTPYKTYp, Ha
OCHOBE METAJTMYECKUX IMJICHOK M HAHOIMOPHUCTBIX Ma-

TPUI, TOTYYEHHBIX B pe3yabTare aHoaupoBaHus [6—8].
[Tox HaHOMOpUCTON MaTpuUlle B JAaHHOM CiIy4yae paccMma-
TPUBACTCA MaCCUB U3 KBASUIUJIUHAPUYCCKUX HECKBO3-
HBIX OTBEepCTHH, nuameTpoM 11-37 HM B mieHKe OKcHJa
AIIOMHHUSI, 00pa30BaBIINICS B pe3ysbTaTe Ipolecca aHo-
JUPOBAHMS, IIPUHIIMITEI KOTOPOTO MOJPOOHO ONHCaHBI B
paborax [9—12]. I'myOuHa u quameTp OTBEpPCTHIl 3aBUCAT
OT YCIIOBU aHOMpoOBaHus. B HacTosmei padore mpesio-
JKCH HOBBIH MOAXOJ K CO3MaHUI0 THOPUIHBIX ITa3MOHHBIX
HAaHOCTPYKTYp Ha OCHOBE HAHOTIOPUCTHIX MATPHII, IPU
KOTOPOM METaJUIMYECKHIEe HAHOYACTHIIHI PACIIONAraroTCs
B OCHOBAaHWU TIOP aHOIHWPOBAHHOTO amiOMUHUSA. [laHHAsA
KOMIIOHOBKA MMEET CYIIECTBEHHBIC JOCTOMHCTBA. Tak,
Hanpumep, OMMKHUE TT0JIS METAJUIMYECKUX HaHO4YacCTHIl,
o0pazyroiiuecs Ipy Bo30yKAESHUH JIOKAIN30BAHHOTO I1J1a3-
MOHHOTO PE30HaHCa, (POKYCUPYIOTCS BOIM3HM 0aphepHOTO
CJIOST TUAJIEKTPUUECKUX TTOP OKCHUJIA, T7I€ OOBIYHO OCENAI0T
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nccieyeMble HaHOpa3MepHbIe 0OBEKTHI, TOMEIAeMbIC B
Marpuiy. K Takum 00beKTaM MOTYT OTHOCHUTBCS KBaHTO-
BbI€ TOUKH U Kpacutenu [13, 14].

B paboTe paccMoTpeH MeTo[ MOTy4YeHUs] THOPHUIHOM
CTPYKTYpBI HA OCHOBE OCTPOBKOBOM IIEHKH cepedpa u
TOHKOH TUIEHKW HAHOTIOPHCTON MaTpHIIBI OKCHJA aJTio-
MUHHS, @ TAKXKE BIMSIHAE TapaMETPOB aHOAWPOBAHUS Ha
ONITHYECKHE CBOWCTBA KOHEYHON THOPUIHON CTPYKTYPHI.
IIpoBeneHO cpaBHEHME CIIEKTPOB OTPAXKEHUS U ONTHYE-
CKOM TIOTHOCTH JIJISl CepeOpsIHBIX HAHOYACTHII, TOHKOI
TUICHKH OKCH/JIA QJIFOMHHUSI U THOPUTHOM HAHOCTPYKTYPBI.
BrINoMHEHO YNCIEHHOE MOJEIMPOBAHME C LIENbI0 OMpe-
JICTICHUS] BO3MOXKHBIX pa3MepoB cepeOpsIHbIX HAHOYACTHUI]
1 TOJIIMHBI OKCHJTHOH TUIEHKH Ha UX TIOBEPXHOCTH B ce-
pHUYECKOM MPUOIMKEHNH. PaccMOTPEHBI CIIEKTPBI OTpasKe-
HUS B 3aBUCHMOCTHU OT BPEMEHU M MaKCHUMAaJIbHOTO TOKa
AHOJIMPOBAHMSI.

MarepuaJjbl M1 MeTOAbI

[Monyuyenne 00pa3ioB THOPUIHON ITa3MOHHOM CTPYK-
TYPBI BKJIFOYACT CIICAYIOIINAE 3TAIIbI.

[TonroroBka KBapIEBBIX TOATIOKEK — 00C3KUPHBAHUC
1 OYMIIEHHUE B M30INPONAHOJIC U ACHOHU30BAaHHOMN BOJIC.
[Tocie BBICBHIXaHUS — Pa3MEUICHUE MTOUIOKEK B BAKYyM-
HO#t kamepe PVD-75 (Kurt J. Lesker Itd.), tne meTomom
OCXICHUS TTapOB U3 Ta30BOH (pa3bl HANBLIACTCS TUICHKA
cepebpa (99,99 %) Tommuuoit 15 um [15]. IlpoBenenue
oT)Kura o0pa3noB Ha Bo3ayxe npu Temmepatype 200 °C
B TeucHue | U it GOpMHUPOBAHUS OTACIBHBIX OCTPOBKOB
cepeOpa, Oaroapst sSIBICHHIO IOBEPXHOCTHOW U dy3un.
[ToBTOpHOE pa3MelieHHe MOUIOKEK B BAKYYMHYIO Kame-
py ¥ HanbuleHue MieHku amoMunus (99,999 %) sxBuBa-
nentHo# Tonmmekl 100 1 160 uM. Mcnapenue cepebpa u
ATFOMHHUS OCYIICCTBISCTCS MPH AaBICHUU OCTaTOYHBIX
napoB nopsaka 100 Topp pe3sUMCTUBHBIM HATPEBOM U ITy4-
KOM BBICOKORHEPTETHIECKUX 3JICKTPOHOB COOTBETCTBEHHO.
[ocrne HATBIIICHAS ATFOMUAHUS OCYIIECTBISCTCS OHOCTY-
TIeHJaToe MpsMoe aHoaupoBanue obpasios B 0,3 M pac-
TBOpE IIaBEJIEBOH KUCIIOTHI IPH TOCTOSHHOM HANPSIKSHUN
40 B [10, 12]. Tlepen aHogupOBaHHEM KaXKIOTO 00pasia
Ha OJIOKE MUTaHKS HAOIIOIATUCh U3MCHCHUS 3HAYCHUN
TOKa. B KauecTBe ONTUMAJIBHBIX TAPAMETPOB CTPYKTYPHI C
TOJNIIMHON ayitoMuHUsI 160 HM BBIOpaHBI apaMeTpbl aHO-
nupoBanus 45 ¢ pu 0,15 A MakcuMallbHOTO TOKa aHO/H-
POBaHMsI, KOTOPBIC UCIIOIH30BAHbI IIPU CPABHECHUU THOPUI-

HOW CTPYKTYPBI C MOPHUCTON MaTpulieii 0e3 cepeOpsiHbIX
HAHOYACTHUI] M OCTPOBKOBOH IJIEHKH cepedpa. JlanHble s
SKCIEPUMEHTOB IO BAPbUPOBAHUIO TAPAMETPOB aHOAUPO-
BaHMS TPEJICTABIICHBI B TAOJHIIE.

OKBHBaJICHTHASI TOJIIIMHA XaPAKTEPU3YET KOJIMIECTBO
Marepuaia, KOTOpoe MOXKET COAEPKaThCsI B INIOCKOW TOH-
KO TIIeHKe MaTepuaia. B manHoi paboTe SKBUBaJCHTHAs
TOJIIMHA U3MEPEeHa MPH MOMOIIN U3MEPUTEIHHOTO OJI0Ka
yctanoBku Sigma 242 (Sigma Instruments) pe3oHaHc-
HO-9aCTOTHBIM METO/IOM.

[Tocne kaxoro aHOIUPOBaHMS 00Pa3Lbl CTPYKTYPHI
BMECTE C KOHTaKTaMH OBbLIM HECKOJIBKO pa3 MPOMBITHI Jie-
MOHM30BaHHOW BOJIOW ¥ BBICYIICHBI B BBITSDKHOM HIKa(y.

Ha xaxxaom sTane skCrepuMeHTa MOJTy4eHbl CIIEKTPhI
ONITHYECKOH TUIOTHOCTH 00pa3loB Ha CHEKTpodoToMe-
tpe CP-56 (JIOMO) 1 crekTpsl OTpaKCHHS Ha CIICK-
tpomerpe PMA-12 (Hamamatsu) mpu yrie naneHus 45°.
Mopcororust 06pa3oB McCIen0BaHa C TOMOIIBIO CKaHHU-
pytoriero aekTpoHHoro Mukpockomna (COM) (JEOL).

Pe3ysibrarhl U 00Cy:KIeHHE

B pesynbraTe SKcriepuMeHTa MoJydeHa ruOpuaHas
TOHKOIICHOYHAs! CTPYKTypa Ha OCHOBE TIOPUCTON MaTpu-
(bl OKCHJIa AJIFOMHUHUSI TIOBEPX cepeOpsTHO 0CTPOBKOBOI
TuIeHKH cepedpa (Ag). Ha puc. | moka3aHbl cxeMaTHYHBIC
n300pakeHns cepeOPsTHOI OCTPOBKOBOM TNICHKH U3 HAHO-
YaCTHI ¥ BUJ CTPYKTYPEL, a Taroke nX COM-nu300pakeHus.

B ocHOBaHMM MOPHUCTON MaTpPHUIlBI OOHAPYKEHBI Me-
TaJUIMYEeCKUE HAaHOYACTHUIIBI nuameTrpoM 6omee 100 HM,
MIOKPBITHIC IJIEHKOI aHOMPOBAHHOTO ATFOMUHUSL. CIIEKTpPBI
OINTHYECKOW TUIOTHOCTH M OTPAKECHUS CepeOpPSHBIX HAHO-
YACTHI[ aHOIMPOBAHHOTO AJTFOMUHUS (IKBHBAJICHTHASI TOJI-
nrHa amroMuHUsA 160 HM, BpeMst aHOIUpoBaHUs — 45 ¢)
0e3 HaHOYACTHIl U THOPUIHON CTPYKTYPHI (9KBUBAJICHT-
HBIE TOJIIMHBI cepedpa — 15 uM n amromunns — 160 HM,
BpeMsI aHOTUPOBAHUS — 45 ¢) MpeICTaBICHBI Ha pHUC. 2.
B cnekrpax ontudeckoi MIOTHOCTH M OTPAXEHUs cepe-
OpsTHOM TIIEHKN HAOMIONAETCsl MAaKCUMYM Ha JITTHHE BOJTHBI
oxoio 600 HM, CBSI3aHHBIH ¢ BO30YKICHHEM IJIa3MOHHOTO
pe3oHaHca cepeOpstHbIX HaHodacTHIl [16, 17]. Bonbimas
HIMpUHA CIIEKTPa BbI3BaHA IIMPOKUM pacHpe/ecHHeM
YacTHII 110 (popMaM u pa3Mepam B IPOLECCEe CaMOOPraHu-
3alUK IPU HAITBUICHUH U OT)KUTE TUICHKH.

CreKTpbl ONTHYECKOH IMIIOTHOCTH M OTPayKEHHs aHO/IU-
POBaHHOTO AFOMUHHSI MOHOTOHHO BO3PAcTaloT C yBell4e-

Tabnuya. JlaHHble S5KCIIEPUMEHTOB 110 BapHaLlUy [TapaMeTPOB aHOAUPOBAHUS

Table. Anodization parameters variation experiments data

SKBI/IBHHCHTHB.SI TOJIOIMHA, HM MaxkcuMaIbHBII TOK
3KCH€pI/IMCHT BpeM}I aHOAUPpOBaHUs, C
cepebpa QIIFOMUHHUSL aHOJUPOBAHUSA, A
Bapuanys BpeMeHn aHOUpPOBaHUS 40 0,150
60 0,150
50 0,150
15,4+0,2 100,4+ 12,9

Bapuanus MakcuManbHOTO TOKa aHOJIUPO- 40 0,150
A 40 0,234
40 0,402
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Puc. 1. Cxematnanoe nzobpaxenue (a) u COM-uzobpaxenue (b) cepeOpsiHONM 0CTPOBKOBOH IICHKH; cxeMa (¢)
n COM-u3zob6paxenne (d) rTHOPHIHON IIITa3MOHHON OKCH-aJIIOMHHNEBO-CEPEOPSTHOM CTPYKTYPEL.
I1BeToBBIC 0003HAUECHMS: TEMHO-CEPBIl — aHOAHBIH oKcup amoMuHus (Al,Os); YepHbIil — MOpBI; CBETIO-cephlii — amomMuHuii (Al);
JKENTBIH — cepeOpsiHble HaHOUaCTULbI (Ag); CUHUIA — KBapLeBast MOUI0KKa

Fig. 1. Suggested scheme for a silver island film («). SEM Image of the silver island film (). Suggested scheme of hybrid plasmonic
alumina-silver structure. Dark-grey — anodic alumina, black — pores, light-grey — aluminum, yellow — silver nanoparticles,
blue — quartz substrate (c¢). Hybrid structure SEM image (d)

HHUECM JJIMHBI BOJIHBI, YTO MOXKCT OBITH CBSA3aHO C HAJTUYHEM B pe3ybTare BUAHO, YTO (bopMa CIICKTPOB OTPAXKCHU
OCTaTOYHOM IIJICHKH aJIIOMUHHS B Ipouecce aHoANpPOBaHMS. M ONTHYECKOHN IIOTHOCTH CXOXKH JUIIsL YHCTOM IJICHKH Ce-
Bonbiias BeauyrHa ONTUYECKON IOTHOCTH MOKET OBITh pe6pa Y aHOAMPOBAHHOT'O AJIIOMHUHUS COOTBETCTBCHHO. I[J'DI
TAKKE CBsA3aHa C CWIbHBIM PACCCAIHUEM CBETA HA HOpPICTOI?I I‘I/I6PHI[HOI7[ CTPYKTYPBI CIICKTP OIITUYECKOH INIOTHOCTHU
CTPYKTYPC aHOANPOBAHHOI'O AJIFOMUHUA. OOJIBIIIEC MOXO0XK Ha CIHCKTP cepe6p$[H0171 IIJICHKH, CO CMC-
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Puc. 2. CiekTpsl ONTHYECKOH IIOTHOCTH (@) U oTpaxeHus (b) cepeOpsiHbIX HaHOYACTHI (KpUBasi /), aHOTHOTO OKCH1a aTFOMHHUS
(xpuBas 2) u rTHOPUIAHON HAHOCTPYKTYpHI (KpuBas 3)
Fig. 2. Optical density (a) and reflection (b) spectra of silver nanoparticles (curve /), anodic alumina (curve 2), hybrid nanostructure
(curve 3)
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IIEHHBIM B JJTMHHOBOJIHOBYIO OOJIACTH CHEKTPa IJIa3MOH-
HBIM pe3oHaHCOM. OJJTHOBPEMEHHO B CHEKTPE OTPaKEHUS
Ha JUIMHE BOJIHBI [UIA3MOHHOTO pe30HaHca HaOIronaeTcs
MHUHHMYM, a (opma criekTpa O1m3Ka K aHOANPOBAaHHOMY
QIIOMHHUIO, C MEHBIINM I10 BEIMYNHE OTPAKECHHEM.

JlaHHBIE PE3YNIBTATHl MOKHO OOBSICHUTH CIIEAYIOIINM
o0pa3om. M3BecTHO, UTO OCHOBHOW BKJA[ B SKCTHHKITHIO
KPYIHBIX METAJUIMYECKUX HAHOYACTUI] BHOCUT PACCESIHNE
Ha HHUX CBETA, YTO JIEMOHCTPUPYIOT CIEKTPbI OTPasKEHUSI.
Jn1s aHOTMPOBAHHOTO OKCHIA AJTFOMUHUSI OTpakKeHHE OyaeT
KakK OT CaMOTr0 OKCHJa aJIFOMUHHA, TaK U OT OBEPXHOCTH
noanoKKu. OTMETUM, YTO OONBINON BKJIaJ B OTPAKECHHE
MOYKET BHOCHUTh OCTaTOYHAsl TOHKasl IJIEHKA YUCTOTO aJlo-
MHHHS, @ B CHEKTP ONTHUYECKOI IIIOTHOCTH — PACCEsIHUE
CBETa Ha HEOJHOPOJHON MOPHUCTOH CTPYKType aHOAUPO-
BAHHOTO AJTFOMUHHUSL.

CaBur MakcuMyMa ONTHYECKOW IUIOTHOCTH B JUTHH-
HOBOJIHOBYIO O0OJIaCTh CIIEKTpa MOXKET OBITH CBSI3aH C
HAJMYUEM TIJICHKH OKCH/Ia aJIOMUHUS HAa MOBEPXHOCTH
cepeOpsHBIX HaHOUYACTHI. YHCIEHHOE MOJEINPOBAHNE
npu momoun Mie kasnbkyinsitopal mokasaso, 4ro Ha mo-
BEPXHOCTH YaCTHUIl MOXKET ITPUCYTCTBOBATh TJICHKA OKCH/IA
amoMuHuA TonmuHou no 10 HM. Paguyc npu monenu-
poBanuu paseH 100 M. DaxkTHUECKUN paguyC YaCTUIIBI
MOJKET OTJINYAThCS, TaK Kak (hopMa 4acTUIl OTIUYHA OT
cepuyeckoil. B kauecTBe TaHHBIX TOKa3aTesIst Ipesomie-
Hust ObUTH B3aTHI HanHble Ag_McPeak? n Al,05 Querry_o3.
CpaBHEHHE CHEKTPOB ONTHYECKOH TNIOTHOCTH 00pasna u
CIIEKTpA CEUCHNS SKCTUHKIINH, TIOJIyIeHHOTO B PE3yJIbTaTe
YHCIIEHHOTO MOJICJIMPOBAHMS, TIPEJCTABICHO HA pHC. 3.

Ha puc. 3 BuaHO, YTO MaKCUMYMBI CEUCHUST SKCTHHK-
LIUH ¥ ONTUYECKON IIIOTHOCTH HAXOAATCS HA [UTMHE BOJIHEI
630 uM. B TO Bpemsi, Kak MaKCIMyM ONTHYECKOH MIOTHO-
CTH CepeOpSHBIX HAHOYACTHUI] (PUC. 2) — Ha JJHHE BOIHEI
580 HM. /[JTMHHOBOJIHOBBIN C/IBUT' BBI3BIBACTCS OKCHJIHOM
IUICHKON Ha MOBEPXHOCTH YaCTHIL.

CrexTpbl OTpakeHUs! THOPHUIHBIX 00pa3I0B B 3aBHCH-
MOCTH OT BPEMEHHU aHOAMPOBAHUS [TOKa3aHbI Ha puc. 4, a.
Xapaxrep M3MEHEHHH OTpa)KEHHsI THOPUIHON IUICHKH IPH
YBEIMUCHUN MaKCHMAJIbHOTO TOKa aHOJMPOBAHUS MOXET
OBITH MPOAHAIM3NPOBAH, NCXO/IS U3 CHIEKTPOB Ha puc. 4, b.

3aMeTHM, YTO C YBEIMUCHHEM BPEMEHH aHOANPOBAHMS,
OTpa)XCHHE YMEHBIIAETCSI, YTO COOTBETCTBYET yMEHbIIIC-
HUIO CJIOS YMCTOTO QJIIOMHHUS IIPU aHOIMPOBAHUM B IIIa-
BEJIEBON KHUCIJIOTE. DIIEKTPOIINT, B KOTOPOM HPOUCXOAUT
aHOJUPOBAHNE, — arpecCUBHAs cpeia, KOTopas BIUSICT
Ha pa3mep rop. Uem OoJiblie 1 ITyOXKe MOPhI, TeM 00JIbIIe
CBETa 4Yepe3 HUX MPOXOAUT, U TeM MEHbILIE CBETa pacce-
MBaeTCs M OTpakaeTcs Ha3aA. BuaHo, uTo oTpakeHue u
paccesiHie CBeTa CYLIECTBEHHO B JJIMHHOBOJIHOBOI 00-
JIACTH, T/I€ Y aJIOMUHUS TOBBIIICHHOE OTPaXXCHHE. DTO

I Mie xanbkysstop | Hosblii ¢pusrex. Yausepcurer U'TMO
[Dnexrponnsiit pecype]. URL: https://physics.itmo.ru/ru/mie#/
spectrum (zara oopamenus: 26.07.2022).

2 Refractive index of Ag (Silver) — McPeak [DneKTpoHHbBIH
pecypc]. URL: https://refractiveindex.info/?shelf=main&book=A
g&page=McPeak (nara obpamenus: 10.12.2022).

3 Refractive index of AI203 (Aluminium sesquioxide,
Sapphire, Alumina) — Querry [Onekrponnsiii pecypc]. URL:
https://refractiveindex.info/?shelf=main&book=A1203 &page=
Querry (mata obpamenus: 10.12.2022).
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Puc. 3. CpaBHEHUE CLIEKTPOB ONTHYECKOH INIOTHOCTU
THOPHUIHOMN IIJIeHKY (KpyBasi /) M CEUEHHs] SKCTUHKIIUH
(xpuBas 2), MOIyYEHHOTO IIPH YUCICHHOM MOJICINPOBAHUI

Fig. 3. Comparison of the optical density spectra of the hybrid
film (curve /) and the extinction cross section (curve 2)
obtained by numerical simulation
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Fig. 4. Reflection spectra of hybrid structures at different
duration (@) and maximum anodization current value ()
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MOJKET yKa3bIBaTh Ha MPUCYTCTBUE B 00pa3Ilax OCTATOYHOM
AJIFOMAHUEBOU IVICHKH.

[Ipu M3MEHEHNN TOKAa aHOITUPOBAHUS U3MEHSIETCsI (hop-
Ma CHEeKTpa. MUHUMYM OTPaKCHUS HAYUHACT CABHUTATHCS
B JUTMHHOBOJHOBYIO 00JIacTh. MI3BECTHO, UTO TIPU YBEIH-
YCHHU TTOTEHITNAJIa, a TAK)KE TOKAa aHOTUPOBAHUS TOJICTHIX
MJICHOK OKCHJIa aTIOMUHUS, YBEITUINBACTCS AUCTAHITHSL
Mexay mopamu [11]. Ilpu yBenwmdeHNH MOTEHIHANIA FITH
TOKa aHOJIHUPOBAHUS, HEKOTOPBIE MOPHI MEPETPEBAOTCS
BCIIEJICTBHE JIOKAJIBHOTO BBIJICIICHHS JKOYJIeBa TeTula U
paspymarorcs. B pe3ynbrare 3TOro AUCTAHIUS MEXKIY
YIEJICBIIUMHU TTOPAMU YBEJIMYUBAETCSI, YTO MOXKET BIHSTH
Ha JJIMHHOBOJHOBBIN CIBUT MUHUMYMa ToromeHus [9].

3akJjoueHnne

B pabore co3nanbl ruOpHIHEIE HAHOCTPYKTYPBI Ha
OCHOBE ITOPUCTOW MAaTPULBI AHOJHOTO OKCH/IA AJTIOMHU-
HUsl Ha MOBEPXHOCTU OCTPOBKOBOI IUIEHKH cepebpa.
[pencTaBisfoT HHTEpEC Mable 3HaUYCHUS KO PHIUCH-
Ta OTPAKCHUs HA JUIMHE BOJHBI MAKCUMyMa ONTHYECKOH
IUIOTHOCTH HAaHOYACTHIL. DTOT (peHOMEH TpeOyeT nambHen-
LIET0 UCCIIEI0BAaHs, TaK KaK JUlsi OOBIKHOBEHHBIX cepedps-
HBIX HAHOYACTHIL WJIX YUCTOH IJIEHKH OKCHJA aJTFOMHHUS
HOHMKEHHOTO KOA((QHLIMEeHTa OTPpasKeHHsI He HaOIIoIaeTcsl.
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JUTMHHOBOJTHOBBIH CABUI MAKCUMYMOB ONTHYECKUX IIOT-
HOCTEH TMOPHU/IHOM CTPYKTYPBI M CEpEOPSIHBIX HAHOYACTHIL
OTHOCHTEIILHO JIPYT JIpyra MOKET ObITh OOBSICHEH IPHCYT-
CTBHEM TOHKOH IJICHKU OKCHJIa aJIFOMUHUS TOJIIMHON J10
10 HM Ha TOBEPXHOCTH cepeOPSHBIX HaHOYACTHIL. JJaHHOE
MIPEIIOTIOKCHUE TIOATBEPKICHO YUCICHHBIM MOZICIHPO-
BaHreM. OTMETHM, YTO TIPH MOCTPOCHUHU MOJIEITH YaCTHIIA
cunTanach chepruIecKoif, MOITOMY HEOOXOIUMO YIECTh
(hopm-akTop 1 GaKT IPUCYTCTBHUS MOATIOKKH IS TIOCIIEe-
JTyronmx Moaeneil. Takxke 3To ¢BA3aHO C TeM, 4TO dopma
BJIMSIET HA CIIEKTP ONTHYECKOM IIOTHOCTH YacThll. B 3a-
BUCUMOCTH OT TOKa U BPEMCHU aHOAUPOBAHUA CIICKTPLI
OTPaXXEHUsI U ONITHUYECKON MJIOTHOCTU HAaHOCTPYKTYP H3Me-
Hunuck. [Ipu yBennueHnu Toka aHOJUPOBaHUS IPOU3OLIET
C/IBUT MHHUMYMa OTPXKCHUSI B JUTMHHOBOJTHOBYIO 00JIACTH,
YTO MOXKET OBITH CBSI3aHO C N3MEHEHHEM JTUCTAHIINN MEXKITY
nopamu. C yBeTHUCHHEM BPEMCHH aHOIUPOBAHUS 3HAYC-
HHUE KOX(PPHUIHIEHTA OTPaKEHUS YMEHBIIAIOCH, YTO MOXKET
OBITH CBSI3aHO C YBEIWYCHHUEM MPOITyCKaHW MaTepraia
M3-3a YBEIWYEHUS Pa3MEpOB U TIIYOMHBI MTOP aHOIHOTO
OoKcuJa ajaroMuHus. B nanpHeilieM ciieqyer Npou3BeCcTH
OTIBITHI C OOJIBIITMM KOJIMYECTBOM 00Pa3IoB JUIsl yBeJInye-
HUSI CTaTUCTUUYECKOUW BHIOOpKH. JlaHHASI CTPYKTYpa UMeeT
TIOTEHIIUAT JUIS HCIIOIb30BAHUS B CEHCOPUKE, CBETOAUOIAX
Y ONTUYECKUX TOKPBITHSIX.

References

1. Maoz B.M., Chaikin Y., Tesler A.B., Bar Elli O., Fan Z.,
Govorov A.O., Markovich G. Amplification of chiroptical activity of
chiral biomolecules by surface plasmons. Nano Letters, 2013, vol. 13,
no. 3, pp. 1203—1209. https://doi.org/10.1021/n1304638a

2. Xu S., Cao Y., Zhou J., Wang X., Wang X., Xu W. Plasmonic
enhancement of fluorescence on silver nanoparticle films.
Nanotechnology, 2011, vol. 22, no. 27, pp. 275715. https://doi.
org/10.1088/0957-4484/22/27/275715

3. Choudhari K.S., Kulkarni S.D., Santhosh C., George S.D.
Photoluminescence enhancement and morphological properties of
nanoporous anodic alumina prepared in oxalic acid with varying time
and temperature. Microporous and Mesoporous Materials, 2018,
vol. 271, pp. 138-145. https://doi.org/10.1016/j.micromeso.2018.06.004

4. ZhouZ.XK. LeiD.Y., Liul, Liu X., Xue J., Zhu Q., Chen H., Liu T.,
Li Y., Zhang H., Wang X. Shaping the emission spectral profile of
quantum dots with periodic dielectric and metallic nanostructures.
Advanced Optical Materials, 2014, vol. 2, no. 1, pp. 56-64. https://
doi.org/10.1002/adom.201300354

5. Ho W.J., Cheng P.Y., Hsiao K.Y. Plasmonic silicon solar cell based
on silver nanoparticles using ultra-thin anodic aluminum oxide
template. Applied Surface Science, 2015, vol. 354, pp. 25-30. https:/
doi.org/10.1016/j.apsusc.2015.05.049

6. XuQ., Sun H.-Y,, Yang Y.-H., Liu L.-H., Li Z.-Y. Optical properties
and color generation mechanism of porous anodic alumina films.
Applied Surface Science, 2011, vol. 258, no. 5, pp. 1826—1830. https://
doi.org/10.1016/j.apsusc.2011.10.054

7. BaeY., Yul., Jung Y., Lee D., Choi D. Cost-effective and high-
throughput plasmonic interference coupled nanostructures by using
quasi-uniform anodic aluminum oxide. Coatings, 2019, vol. 9, no. 7,
pp. 420. https://doi.org/10.3390/coatings9070420

8. Wang X.G., Wang J., Li J.-F., Tao D.-W., Zhou W.-M., Li Y.,
Wang C.-W. Silver loaded anodic aluminum oxide defective photonic
crystals and their application for surface enhanced Raman scattering.
Optical Materials, 2020, vol. 105, pp. 109982. https://doi.
org/10.1016/j.0ptmat.2020.109982

9. Santos A. Nanoporous anodic alumina photonic crystals:
Fundamentals, developments and perspectives. Journal of Materials
Chemistry C, 2017, vol. 5, no. 23, pp. 5581-5599. https://doi.
org/10.1039/c6tc05555a

Hay4HO-TexHU4eCcKnii BECTHUK MHDOPMALMOHHbLIX TEXHOOMMIA, MeXaHUKn 1 ontukun, 2023, Tom 23, N2 1 33
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



BnvsaHne napameTpoB aHOAMPOBaHNA Ha ONTUYECKME CBOMCTBA HAHOMOPUCTOrO OKCMAa aloOMUHUS. ..

10. Liu S., Tian J., Zhang W. Fabrication and application of nanoporous
anodic aluminum oxide: A review // Nanotechnology. 2021. V. 32.
N 22. P. 222001. https://doi.org/10.1088/1361-6528/abe25f

11. Kumeria T., Santos A. Nanoporous alumina membranes for
chromatography and molecular transporting // Springer Series in
Materials Science. 2015. V. 219. P. 293-318. https://doi.
org/10.1007/978-3-319-20334-8 10

12. Alekseeva N., Cema G., Podorozhkin D., Solovyev V., Trifonov S.,
Veisman V. Physical properties of self-assembled porous alumina
structures filled with iodine // Journal of Self-Assembly and
Molecular Electronics (SAME). 2015. V. 2. N 1. P. 27-40. https://doi.
org/10.13052/jsame2245-4551.212

13. Yin H., Li X., Que L. Fabrication and characterization of aluminum
oxide thin film micropatterns on the glass substrate // Microelectronic
Engineering. 2014. V. 128. P. 66-70. https://doi.org/10.1016/].
mee.2014.05.020

14. Nabiullina R.D., Nikitin I., Soloveva E., Gladskikh I.,
Starovoytov A.A. Optical properties of nanoporous aluminum oxide
activated by molecular clusters of pseudoisocyanine dye //
Proceedings of SPIE. 2022. V. 12131. P. 121310S. https://doi.
org/10.1117/12.2621343

15. Toropov N.A., Gladskikh I.A., Parfenov P.S., Vartanyan T.A.
Fabrication and laser-assisted modification of the Ag particles
ensembles supporting quadrupole plasmon oscillations // Optical and
Quantum Electronics. 2017. V. 49. N 4. P. 154. https://doi.
org/10.1007/s11082-017-0996-5

16. Amendola V., Pilot R., Frasconi M., Marago O.M., Iati M.A. Surface
plasmon resonance in gold nanoparticles: A review // Journal of
Physics: Condensed Matter. 2017. V. 29. N 20. P. 203002. https://doi.
org/10.1088/1361-648X/aa60f3

17. Nikitin 1.Y., Nabiullina R.D., Borodina L.N., Starovoytov A.A.,
Gladskikh I.A. Optical properties of a hybrid films of J-aggregates
and aluminum oxide formed on an island Ag film // Proc. of the
International Conference Laser Optics (ICLO). 2022. https://doi.
org/10.1109/iclo54117.2022.9840201

ABTOpPBI

Huxurun Urops FOpbesuy — nnxenep, Yausepcurer MTMO, CaHkr-
IerepOypr; 197101, Poccuiickas deneparms, https://orcid.org/0000-0002-
7911-9092, nikitinOigor512@gmail.com

Haouyaauna Pesuaa Jlannnosua — unxeHep, YHusepcurer UTMO,
Canxkr-IlerepOypr, 197101, Poccuiickas enepanns, §g 57190217593,
https://orcid.org/0000-0002-1891-3057, rezida2 105@mail.ru

Hamexnn Anexceii BUKTOpoBHY — KaHUIAT (PU3HKO-MaTEMaTHIECKHIX
HayK, CTapIIUK Hay4HbIH COTPYIHUK, PU3MKO-TEXHUUECKUI HHCTUTYT UM.
A.®. Nodpde PAH, Cankr-IletepOypr, 194021, Poccutickas deneparms,
6603372975, https://orcid.org/0000-0002-2542-7364, nashchekin@
mail.ioffe.ru

CrapoBoiiToB AHTOH AHIpeeBHY — KaHAUIAT (PH3HKO-MaTeMaTHICCKIX
HayK, JIOLEHT, JoueHt, Yausepcurer UTMO, Cankr-Ilerep6ypr, 197101,
Poccuiickass @enepaunst, g 23006700300, https://orcid.org/0000-0002-
2160-1281, Anton.starovoytov@gmail.com

I'mapckux Urops ApkanbeBH4 — KaHIUIAT (PH3UKO-MAaTeMaTHIECKHX
HayK, CTapIiuii HayuHblid coTpyaHuk, YHusepcurer UTMO, Cankr-
TetepOypr, 197101, Poccuiickas ®enepauus, §§ 56020051200, https:/
orcid.org/0000-0001-6389-1611, 138020@mail.ru

Cmamws nocmynuna 6 pedakyuio 18.08.2022
Ooobpena nocne peyenzuposanus 06.11.2022
Ipunama x newamu 15.01.2023

©N0IS

10. Liu S., Tian J., Zhang W. Fabrication and application of nanoporous
anodic aluminum oxide: A review. Nanotechnology, 2021, vol. 32,
no. 22, pp. 222001. https://doi.org/10.1088/1361-6528/abe25f

I1. Kumeria T., Santos A. Nanoporous alumina membranes for
chromatography and molecular transporting. Springer Series in
Materials Science, 2015, vol. 219, pp. 293-318. https://doi.
org/10.1007/978-3-319-20334-8 10

12. Alekseeva N., Cema G., Podorozhkin D., Solovyev V., Trifonov S.,
Veisman V. Physical properties of self-assembled porous alumina
structures filled with iodine. Journal of Self-Assembly and Molecular
Electronics (SAME), 2015, vol. 2, no. 1, pp. 27-40. https://doi.
org/10.13052/jsame2245-4551.212

13. Yin H., Li X., Que L. Fabrication and characterization of aluminum
oxide thin film micropatterns on the glass substrate. Microelectronic
Engineering, 2014, vol. 128, pp. 66-70. https://doi.org/10.1016/j.
mee.2014.05.020

14. Nabiullina R.D., Nikitin I., Soloveva E., Gladskikh I.,
Starovoytov A.A. Optical properties of nanoporous aluminum oxide
activated by molecular clusters of pseudoisocyanine dye. Proceedings
of SPIE, 2022, vol. 12131, pp. 121310S. https://doi.
org/10.1117/12.2621343

15. Toropov N.A., Gladskikh I.A., Parfenov P.S., Vartanyan T.A.
Fabrication and laser-assisted modification of the Ag particles
ensembles supporting quadrupole plasmon oscillations. Optical and
Quantum Electronics, 2017, vol. 49, no. 4, pp. 154. https://doi.
org/10.1007/s11082-017-0996-5

16. Amendola V., Pilot R., Frasconi M., Marago O.M., Iati M.A. Surface
plasmon resonance in gold nanoparticles: A review. Journal of
Physics: Condensed Matter, 2017, vol. 29, no. 20, pp. 203002. https://
doi.org/10.1088/1361-648X/aa60f3

17. Nikitin 1.Y., Nabiullina R.D., Borodina L.N., Starovoytov A.A.,
Gladskikh I.A. Optical properties of a hybrid films of J-aggregates
and aluminum oxide formed on an island Ag film. Proc. of the
International Conference Laser Optics (ICLO), 2022. https://doi.
org/10.1109/iclo54117.2022.9840201

Authors

Igor Yu. Nikitin — Engineer, ITMO University, Saint Petersburg,
197101, Russian Federation, https://orcid.org/0000-0002-7911-9092,
nikitinOigor512@gmail.com

Rezida D. Nabiullina — Engineer, ITMO University, Saint Petersburg,
197101, Russian Federation, § 57190217593, https://orcid.org/0000-
0002-1891-3057, rezida2105@mail.ru

Alexey V. Nashyokin — PhD (Physics & Mathematics), Senior
Researcher, loffe Instutute, Saint Petersburg, 194021, Russian Federation,
6603372975, https://orcid.org/0000-0002-2542-7364, nashchekin@
mail.ioffe.ru

Anton A. Starovoytov — PhD (Physics & Mathematics), Associate
Professor, Associate Professor, ITMO University, Saint Petersburg,
197101, Russian Federation, g 23006700300, https://orcid.org/0000-
0002-2160-1281, Anton.starovoytov(@gmail.com

Igor A. Gladskikh — PhD (Physics & Mathematics), Senior Researcher,
ITMO University, Saint Petersburg, 197101, Russian Federation,
56020051200, https://orcid.org/0000-0001-6389-1611, 138020@mail.ru

Received 18.08.2022
Approved after reviewing 06.11.2022
Accepted 15.01.2023

PaboTta gocTynHa no nuueHsnm
Creative Commons
«Attribution-NonCommercial»

34 Hay4HO-TexHn4eckuii BECTHUK MHDOPMALUMOHHBLIX TEXHONOMMIA, MeXaHMKN 1 onTukn, 2023, Tom 23, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



HAYYHO-TEXHWUHECKMIN BECTHVK MHDOPMALIMOHHBIX TEXHOJIOM I, MEXAHWKM 1 OMTUKK
° siHBapb—espans 2023 Tom 23 N2 1 http://ntv.ifmo.ru/ HAYYHO-TEXHMUMECKWM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“"“[““, MEXAH“K“ “ n"]“m
January-February 2023 Vol.23No 1 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

ABTOMATUNYECKOE YMNPABJIEHUE NN POBOTOTEXHNKA
AUTOMATIC CONTROL AND ROBOTICS

doi: 10.17586/2226-1494-2023-23-1-35-43
VJIK 681.51

AHaJIN3 TOYHOCTH OLICHUBAHUSA COCTOSIHUI ACHHXPOHHOTIO YJIEKTPONPHBOAA
anropurmamu Jloenoeprepa nu Kaamana

Bukrop I'puropresuu Bykpees!™, Enena Bopucosna IlllangaposaZ,
®Ouinnn Baagumuposuy IMepesomukos’

1.23 Tomckuit monmrexHuueckuii yausepentert, Tomck, 634050, Poccniickas denepanust

! bukreev@tpu.ru™?, https://orcid.org/0000-0001-9861-9765
2 shandarovaelena@mail.ru, https://orcid.org/0000-0001-7473-2771
3 fvp2@tpu.ru, https://orcid.org/0000-0002-7932-2744

AHHOTALUA

IIpeamer ucciaenoBaHus. B CIOXKHBIX 3JI€KTPOMEXaHHUECKUX O00BEKTAX, COAEPIKAIMMUX IIEKTPOIPUBOABI C
ACHHXPOHHBIMH JIBUTATEIISIMH, 4acTO 3aTPyJHEHA WM HEBO3MOXKHA YCTAHOBKA JATUYMKOB BEIXOJHBIX IT€PEMEHHBIX
BeIUYMH. B 3TOM cilydae [uis onpeiesieHus BBIXOAHBIX KOOPAUHAT ABUraTells B CUCTEMY YIIPaBICHUS IEKTPOIIPUBOJA
Heo0X0UMO BBe/ieHHe Habmoareneil cocrosuus. OCHOBHbIE IPOOIEMbl CO31aHus HAaOMroIaTeNel — HalnuKe HIyMoB
U NIOMEX B M3MEPUTEJBHBIX LEIAX CUCTEMbl YIIPABICHUS, KOTOPbIE BIUSIIOT HA TOUHOCTb OLICHKH HEU3MEPSIeMbIX
MEePEMEHHBIX COCTOsIHUS. B paboTe mpeacTaBieHo cpaBHEHHE TOUHOCTU OLIEHOK, MOTYyUEHHBIX B pE3yabTaTe paboTh
ANropuTMOB Habmromaresns Ha ocHoBe ¢uibTpa Kanmana u nHabmonarens JlroenOeprepa B cucTeMe aCHHXPOHHOTO
AMEKTPONIPUBO/IA C BEKTOPHBIM PETYINPOBAHNEM IIPH 3aLIyMICHHOCTH KaHAJIOB H3MEPEHHs TOKOB B 0OMOTKaX cTaTtopa
ACHHXPOHHOTO ABUraTtens. Meroapl. [l cHHTE3a adrOpUTMOB HAOMIOAATENeH COCTOSHUS MCIIOIb30BaHbI METOIBI
TEOPHUH MICHTU(DUKANNU U KBa3HIMHEAPHU3aLUs HEIMHEHHBIX MOZIeIeH paccMaTpuBaeMoOro 00beKTa yIpaBlICHHS.
MmutanuonHas Moaelb aCHHXPOHHOIO JBUraTessl HOCTPOCHA HA KJIACCUUYECKOM BEKTOPHON MOJICOPUEHTUPOBAHHON
cucTeMe yNpaBJIeHHs, IJi¢ B Ka4eCTBE CHIHalla 0OPaTHOH CBSA3M MCIIOIb30BaHA OLCHKA YIJIOBOH CKOPOCTH Baja
JBUrates. Moyiellb peanusyer clieyIonpe OJI0KH: MaTeMaTHUeCKy 0 MOJIeIb ACHHXPOHHOI'O IBUIaTes B ABYX(a3HOM
HENOJBIXHOM cHCTeMe KOOpAMHAT 0—f3; CTPYKTYpy ajiroputma HaOironareseil; npoueaypy npeoopasosanus 6asuca
BEKTOpa TOKA U YIPABISIOLUIET0 HAMPSDKEHHS U3 HETMOABIKHOTO BO BPAILAIONIUHCA U HA000POT; MPONOPINOHATIBHO-
HHTETPabHBIE PETYISATOPHI TOKA, MOTOKOCUETIIIEHHS U CKOPOCTU. S-00pa3HbIil 3aJaTINK HHTEHCUBHOCTU (hOPMHpPYET
KPHBYIO 33/laHHsI CKOPOCTH. BXOMHBIMU curHamamMu Juis HaOIIofaTeIel SBISIOTCS CTaTOPHBIC HANMPSKSHUS U TOKH
STAJIOHHOW MOJIeNH aCHHXPOHHOTO BHraresst. Koaddurments! ananrammy s nadmonarens Jliioenbeprepa mogoopans
DKCHEPUMEHTAJIBHO U3 YCIOBUS NOJIyYEHUS CpeIHEH MUHUMAIbHON BEIMYUHBI MOLYJISl pPA3HOCTH OLICHHBAECMbIX BEJIMUMH.
KoBapuannoHHbIe MaTpyIb! ISl HaOroaresst Ha ocHoBe (uuisTpa KaaMaHna HacTpOeHbI Ha OCHOBAHUM SKCIIEPHUMEHTa,
UCXO0/Is U3 odecredeHnss MUHUMYyMa CPEIHEero 3Ha4eHus: abcomoTHON ommnoknu. OcHOBHBIE pe3yabTaThl. [lomydeHs!
BpPEMEHHbIE 3aBUCHMOCTH NEPEXOHBIX MPOIECCOB YIIIOBOI CKOPOCTH Basia, MOAY/S BEKTOPOB MMOTOKOCLEILICHHS
POTOpa 1 CTATOPHBIX TOKOB. BBIMOIHEHA OlIEHKA 3aBUCUMOCTEH MpH ITyCKe aCHHXPOHHOTO JABUTATeNs ¢ HOMUHATBHBIMU
3HAYCHUAMH U 3HAYCHHSAMH 9aCTOTHI U HANPSDKEHHs, cocTapiaomux 10 % oT HoMuHaIbHBIX 3HaueHnH. MccnenoBana
paboTa anropuTMOB OLIEHHBAHUS TIPH HAITMYHH [IyMOBOI COCTABIISIONICH, a TaksKe P N3MEHEHHHU TapaMeTPOB CXEMBI
3aMeneHust acnaxponHoro asuraress Ha £10 %. TomydeHs! pe3ynbTaTsl MOISIHUPOBAHUS PAOOTHI IEKTPOIIPUBOAA
B IIyCKOBBIX PEXKHUMAaX C MEXaHUYCCKONW HArpy3Koil, paBHO! HOMHMHAJIbHOMY 3HAYCHMIO IIPH YACTOTE HMUTAIOLIETO
Hanpspkenns 50 ' v npu 10 % ot Homuuana juis Hanpspkenus 1 I'u. [TokazaHo, yTo HanGOJbIINE OTHOCUTEIIBHBIC
OLIMOKU OLICHUBAHUS BO3HUKAIOT B IIyCKOBOM PEXUME padOThI 3IEKTPOIPHBO/A, 8 MAKCUMAJIbHAS! TOYHOCTh JOCTUTACTCS
B Cllyuae MpUMeHeHHs HenuHelHoro ¢unbTpa Kanmvana. IlpakTuueckasi 3Ha4MMOCTh. Pe3ynbraTel paboTel MOTYT
OBITH HCIIONB30BAHbI IIPU Pa3pabOTKe CUCTEM aBTOMATHYECKOTO YIpPaBIEHUs 0€31aTINKOBBIMU SIEKTPOIPUBOIAMU U
YaCTOTHO-PETYINPYEMOTO MEeKTPONPHBO/A IIEHTPOOESKHBIX HACOCHBIX YCTAHOBOK JTOOBIYH HE(TH.

KnioueBbie c10Ba
HenuHelHbIH QuinsTp Kanmmana, HaOmrogarens JlroeHOeprepa, MOJCOPUEHTHPOBAHHOE YIIPaBICHHE, BEKTOPHOE
YIIpaBJICHNE, ACHHXPOHHBIN JIBUTATENb
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Abstract

In complex electromechanical objects containing electric drives with induction motors, it is often difficult or impossible
to install sensors of output variables. In this case, to determine the output coordinates of the motor, it is necessary to
introduce state observers into the control system of the electric drive. The main problems of creating observers are
the presence of noise and interference in the measuring circuits of the control system which affect the accuracy of the
estimation of immeasurable state variables. The paper presents a comparison of the accuracy of estimates obtained as
a result of the work of the observer algorithms based on the Kalman filter and the observer of the Luenberger in the
induction electric drive system, with vector control at the noise level of the current measurement channels in the stator
windings of the induction motor. To synthesize algorithms for state observers, methods of identification theory and
quasi-linearization of nonlinear models of the control object under consideration were used. The simulation model of
an induction motor is based on a classical vector field-oriented control system where an estimate of the angular speed of
the motor shaft is used as a feedback signal. The model implements the following blocks: a mathematical model of an
induction motor in a two-phase fixed coordinate system o—f3; the structure of the observer algorithm; the procedure for
converting the basis of the current vector and the control voltage from stationary to rotating and vice versa; proportional-
integral regulators of current, flux linkage and angular speed. The S-shaped intensity setter forms a speed setting curve.
The input signals for observers are the stator voltages and currents of the reference model of an induction motor. The
adaptation coefficients for the Luenberger observer were selected experimentally from the condition of obtaining the
average minimum value of the difference modulus of the estimated values. The covariance matrices for the observer
based on the Kalman filter are configured on the basis of the experiment, ensuring a minimum of the average value
of the absolute error. The time dependences of the transients of the angular speed of the shaft, the modulus of the flux
linkage vectors of the rotor and stator currents are obtained. The dependencies were evaluated when starting an induction
motor with nominal values and values of frequency and voltage amounting to 10 % of the nominal values. The work of
estimation algorithms in the presence of a noise component, as well as when changing the parameters of the induction
motor replacement circuit by + 10 %, is investigated. The results of modeling the operation of the electric drive in
starting modes with a mechanical load equal to the nominal value at a supply voltage frequency of 50 Hz and at 10 %
of the nominal value for a voltage of 1 Hz are obtained. It is shown that the greatest relative estimation errors occur in
the starting mode of the electric drive, and the maximum accuracy is achieved in the case of using a nonlinear Kalman
filter. The results of the work can be used in the development of automatic control systems for sensorless electric drives
and frequency-controlled electric drive of centrifugal pumping units for oil production.
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BBenenune

CoBpeMeHHBIIl AIIEKTPONPUBO/] MTPEICTABISIET COOOM
COBOKYIMHOCTb JIEKTPOMEXaHUYECKOTO npeodpazoBare-
JIl DHEPTUH, CUIOBOTrO Ipeodpa3oBaTelist U yCTPOHCTBA
yIpaBieHus. B HEKOTOPBIX CIIydasX HCHOJHHUTEIBHBINA Me-
XaHHM3M TEXHOJIOTHIECKOT0 000PY/I0BaHUS M CHIIOBAsI 4acTh
JIEKTPONIPUBOA — EAMHBIM KOHCTPYKTUBHBIH MOJYJIb,
PAacIIONOKEHHBII Ha 3HAYUTEILHOM YIAJICHHH OT CHCTEMBI
ynpasieHus. IT0 00yCIaBINBACT HEBO3ZMOKHOCTB IOITyYe-
HUSI U3MEPUTETBHON HHPOPMALIUH O TIEPEMEHHBIX COCTOS-
HUS AIIEKTPOTIPHBO/IA HCTIONMHUTEIBHOTO MexaHu3ma [ 1-5].

B Hacros1ee BpeMsi BBICOKMI yPOBEHb MUKPOIIPOLIEC-
COPHOM TEXHUKHU CO3/1aeT MPEATIOCHIIKH I pean3alui
B pEKHME pEaIbHOr0 BPEMEHH MPOLEAYPHI BEIYUCICHUS

HEU3MEPSAEMbIX NEPEMEHHBIX COCTOSHUS B Pa3IHMYHBIX
MUQPPOBBIX CUCTEMAaX C TOMOIIbIO MAaTEeMaTHUECKHUX al-
TOPUTMOB, Ha3bIBAEMBIX HaOsrogaTensiMu. DTOT (axT
npenomnpeaenser 0ojee KAUYeCTBEHHOE PEIICHHUE 3a1adH
yIpaBIeHUs] MHOTUMH CIOKHBIMH JIEKTPOMEXAHUYECKUMU
oOwekTamu [6, 7].

Bce Gonee akTyanbHO A MPOMBIIUIEHHOTO MpPH-
MEHEHHUs — HUCIOJb30BaHNE 0€3/1aTIMKOBON CHCTEMBI
yIpaBJI€HUs aBTOMATU3UPOBAHHBIM JJIEKTPOIIPUBOIOM,
SBIISIIOIIETOCS HETMHEHHBIM 00BEKTOM M 001 al0NTUM
CTOXaCTUYECKUMU CBOWCTBAMH, CBSI3AHHBIMU CO Cllydaii-
HBIMHM BHEIIHMMH BO3IE€HCTBUAMH, IIyMaMU B KaHajlax
nu3MepeHus u cereBbiMu nomexamu [8—10]. ITomumo 3toro,
0COOBIH MHTEPEC MPE/ICTABIISIET KAY4eCTBO PaOOTHI aITOPHT-
Ma OLIEHKH NP OTIMYAIOLIMXCS PACUETHBIX IapaMeTpax
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CXEMBI 3aMEIIEHHUS OT PEaSTbHBIX, TAK KaK WACHTU(DHUKAIHS
rapamMeTpoB AIEKTPONPUBO/IA C HEOOXOIMMOI TOUHOCTHIO
BechbMa ciokHa. OTMETHM, YTO B IIpoliecce paboThl JABU-
raresst Hen30e)KHO BO3HHUKAET Jpeii) 3a/1aHHBIX 3HAYCHHH,
KOTOPBIE U3MEHSIOT TapaMeTphl MaTeMaTHIECKONH MOJIEITH
00BEKTa yIIpaBJIeHHs, a, COOTBETCTBEHHO, N HAOIIOAATES
cocTosiHMSL. JlaHHbIE M3MEHEHHS MOTYT MPUBECTH K Hea-
JICKBAaTHOH OLIEHKE IIEPEMEHHBIX COCTOSHUS 1 HEOOPaTHMO
YXYILIUTh 33JaHHbIC MTOKA3aTeNIN KauecTBa 0e3/1aTIuKOro
9IEKTPONPHUBO/IA, KOTOPHII OPUEHTHPYETCA Ha BBIYUC-
JICHHbIE TIEPEMEHHBIE COCTOSIHUSA, KaK CUTHAJIBI 00paTHON
cBs13U. B HacrosIelt paboTe BBINOIHEH aHAIN3 Pa3INnYHbIX
BapHaluil XapakTepUCTUK HaOJIOaTeNsl COCTOSIHUS TIPU
BBEJICHUU B UMHUTALMOHHYIO MOJIE/b IEPEUUCICHHBIX BO3-
MYILAIOMIUX BO3ACHCTBUIL.

Crnoco0bl pelieHs 32124 OLleHUBAHMS
HeH3MepsieMbIX MepeMeHHBIX COCTOSTHUS

s peuienus 3agaun ynpaseHUs 2JIEKTPOIPUBOJA
HEO0XOIUMO MUMETh TIOJIHYHO HH(DOPMAIIHIO O €ro BEKTOpE
coctosiHus. Tak Kak U3-3a KOHCTPYKTUBHBIX OCOOEHHO-
CTEH TEXHOJOTUYCCKOTO 000PYIOBAHUS HCIIOIH30BAaHUC
JATYHKa CKOPOCTH HEBO3MOYXKHO, BEKTOP TIEPEMCHHBIX CO-
crostamst umeer Bux X =[Y  Z]T, tne Y u Z — BexTopa
M3MEPSICMBIX U HEU3MEPSIEMBIX TIEPEMEHHBIX COCTOSHUS.
B Takux cmcreMax parroHaJbHO MCTIOIH30BaTh HAOIIO-
JaroIee yCTporUCcTBO (HaOIIOAaTeNs), KOTOpOe MO3BOISIET
TTOJTy9NUTh OLICHKY HEH3MepsIeMOH KOMIIOHEHTHI BEKTOpa
COCTOSIHHST 00BLEKTA.

Ha puc. 1 npeacraBnena kiiaccupUKaIUs MOIX0I0B
HauboJIee YacTO MCIIOJb3yeMbIX PCIICHUN B 3a/aue olle-
HUBAHUS HEU3MEPSICMBIX TIEPEMCHHBIX COCTOSIHUS 00BCKTa
Uiy cucteMsl [11].

B nanHOU paboTe paccMOTPEHBI aJTOPUTMBI OIICHKH
HEU3MEPSEMBIX TICPEMCHHBIX COCTOSIHUSI Ha OCHOBE (DHITb-
Tpa Kanvana u agantuBHOro Habmronatens JlroerOeprepa,
KOTOPBIC MCIIONB3YIOT YPaBHEHHUS SIEKTPOMArHUTHBIX TIPO-
1IECCOB ACHHXPOHHOTO ABUTraTess [ 12—14].

Hab6nronarenu

MOZ[eJIHpOBaHﬂe aJAroOpuT™MOB HaO/roIaTe e
NMEPEMEHHBIX COCTOAHUA

Ha6umonarens Jlroendeprepa s OleHKH 4acTOThI
BpalleHNs ACHHXPOHHOI0 ABUTaTesl. MareMarndeckast
MOJIENIb MIEKTPOMATHUTHBIX MPOLECCOB aCHHXPOHHOTO
JBUTATENS B IByX(a3HON HETOABIKHON crcTeMe KOop-
JIUHAT 0—f3 MOXXET OBITH 3amicaHa B BEKTOPHO-MaTPHIHON

thopme [15]:
X A(0)X + BU
—=A(®
dt ; M
Y=CX
e Bektopa: X = [iy, ijp Wy Wopl? — mepemenubix co-

crosiuus 00bexta, Y = [iy, i)p]7 — u3mepsiemMbix Benuuuy,
U=[U,, Ujp]" — ynpasnstounx Bo3neicTuii; MaTpuIib:

C =[E 0] — Bbixona, E = [(1) 0] enuHUYHAs, A(®) =

R, 4K, ZKo
-—E —E-——""D
=| L L, L, — [apaMeTpoB COOCTBEH-
K,.RE ~A4,E+Z,0D

HOHM nWHAMUKH 00BekTa, D = [ ] — omeparopa Io-

1
—E
BopoTa Ha 90°, B =| L,

0

KOMITOHEHTBI POCTPAHCTBEHHBIX BEKTOPOB: Iy, i1, Uy,

U — TOKa ¥ HAIPSIKEHUSI CTATOPA, Yo, Yap - IIOTOKOC-
L

uennenus poropa; R, =R, + R,K,2, L,=L, ——, K, =—,

r

R, L, L,

A,.= L_ — KOX(QPUINECHTHI, YIUTHIBAIOIINE ITapaMeTpPhl
2

ACUHXPOHHOTO ABUraTels; R U R, — aKTUBHBIE COIPO-

THUBIIEHUS CTATOpa U poTopa; L u L, — MOAHBIE UHAYK-
THUBHOCTH CTaTOpa M poTOpa; L,, — WHIYKTHBHOCTH IIETTH
HAMArHUYUBAHHUS; Z,, — KOJTHYECTBO Map MOMOCOB; (® —
YIII0Basi CKOPOCTh Bajla ABUIATEIs.

3anuiieM ypaBHEHMs MepeHacTpauBaeMoON MOJEIH
ACUHXPOHHOI'0O ABUTAaTEJIsI HA OCHOBE CUCTEMbI ypaBHeHI/Iﬁ

(1) B BUge [16]:

— TapaMeTpoB YIIPaBIICHHUS;

HWsmepsromye Ha ocnoBe mozneneii
3IEKTPOMAarHUTHBIX
TIPOLIECCOB
Y
Ha ocHose
Hemnpsimble < AanTHBHEIE
HU3MEPUTEIU ¢punsrpa
MIOJIO’KEHUS Kanvana
HeapnantuHubie
W3mepurenu
OImMOKH <
OpPHEHTHPOBAHHUS

Puc. 1. Knaccuduxanus HabronaTeneld CoCTOSHUS

Fig. 1. Classification of observers
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d—:A((D)X+BU+L(Y—Y)
t )
Y=cCX

2

e X =iy 11p Waq Wopl? 1Y =[i}y i1g]7 — ouenkn Bex-
TOPOB MEPEMEHHBIX COCTOSHHS U M3MEPSEMbIX BEJIHYHH;

R, AK.  ZK®

A@)=| L, L, L,

K.RE ~A,E + Z,0D
eMasi MaTpHIa MapaMeTpoB COOCTBEHHON THHAMHUKH.
Jast obecrieueHust 1100aIbHON YCTOHYNBOCTH aJITOPUT-
Ma aJanTalyu, IPY BBIMOIHEHHH OTPUIIATENBHOM Onpee-
JICHHOCTHU MPOU3BOAHON (QyHKIMHU JIsmyHOBa, 3amuIIeM
3aKOH M3MEHEHUSI OLICHKH YaCTOThI BPAILCHHUS aCHHXPOH-
Horo nBurarens [16, 17]:

— IE€pEeHacTpanBa-

Mﬂrémﬂ?fYVW%m+K%?7YﬂwﬂL(3

P

e W, = [iay W2p]7 — ollenKa BeKTOpa MOTOKOCHIETIIEHHS];
K; u K, — MHTErpaNbHbIiA U MPOMOPLHOHATbHBIN KO-
(ULMEeHTHI 3aKOHA aJanTauuy. SIBHBIN BUJ CTAOUIM3UPY-
tonieit 106aBku L B ypaBHEHHH CHCTEMBI (2) UMEET BUJIL:

RyL. | (4)
0

CtpykTypa KO3PPHUIHECHTOB T00aBKHU U €€ BIMSHIAC HA
MIPOIIECC OIIEHUBAHUS PACCMOTPEHA, HAIPUMED B pabOTax
[16, 17].

Ha ocnoge ypaBueHnwuii (2)—(4) peannsyem Mozenb Ha-
OmrozaTelns B cpelie MaTeMaTudeCcKoro MOJISIUPOBAHHUS
MATLAB Simulink. IToxGepem 3KcriepuMeHTaIBHO KO-
s GuIMeHThl 3aKkoHa afanTanuu (3) U3 ycIOBUS MUHU-
MyMa MOJYJIsl CPEIHEl pa3HOCTH OLIEHUBAEMBIX BEJIMYKH.
BxopHbIMH CUTHanamu Juis HaOJroJaressl MpuMeM CTa-
TOPHBIC HAINPSDKEHUSI U TOKU CTAaTOpa dTAJOHHON MOJIETH
ACHHXPOHHOI'O JIBUTATEJsI B ABYX(a3HON HEMOIBIKHON
cucTeMe KoopanHar. B pesynbrare MojennpoBaHus I0-
JIyYUM BPEMCHHBIC 3aBUCUMOCTH TIEPEXOIHBIX MTPOIECCOB
CKOPOCTH Balia U MOAYJIEH BEKTOPOB MOTOKOCHEIUICHUS

®, pan/c . . . . g ; :
[i1]0,1, A
121500, BG

200

|(0)

poTopa u craropHbIX TOKOB. [IpoBeneM oneHKy mepexoa-
HBIX TIPOLIECCOB IIPH ITyCKE aCHHXPOHHOTO JIBUTATENs Ha
HOMUHAJIbHBIX 3HAYEHHSIX YaCTOThI M HANpshKeHus (puc. 2),
a Tak)Ke Mpu paboTe ABUTraTessl Ha YacTOTE W HaIlpshKe-
HUH, PABHBIX JECSATON YacTH OT HOMHHAIIBHBIX 3HAYCHHH.
B pesynbrare nony4um rpaguku IepeXoJHbIX IPOLECCOB
NPH WCATBHOM H3MEPEHUH COCTABIISIONIMX TOKOB CTaTO-
pa (puc. 2, a) ¥ IpHu HANOXKEHUU aJJUTHBHOW IIYMOBOM
cocTamisironiei (puc. 2, b).

Adaroputm HeauHeliHoro puibTpa Kaamana nos
OLIEHHBAHMS YACTOTHI BPAIIEHUSI ACHHXPOHHOI'0
JBUTATEJIS

Krnaccuueckuii BapnaHT OIIEHKH HEM3MEPSEMBIX ITe-
PEMEHHBIX COCTOSIHUSI CTOXAaCTUYECKON HENMpPEephIBHOM
CUCTeMBl — pacimupeHHbit risTp Kanmana. s pac-
CMaTpHUBAEMOTO CITydasi MATEMaTHIECKYI0 MOJIEIb 3JIEKTPO-
MEXaHNYECKON CHCTEMBI 3aIUIIEM CIIETYIOUIMM 00pa3oM
[8, 10, 18]:

dX

—=A@X+BU+w=AX,U

- AW) WX
Y=CX+v

rne f(X, U) — nmuddepenmupyemas HenuHeitHas QyHK-

uus AuHaMUKH chCTeMbl; X = [i1g ig Yoo Wop ©]7 —

pacIIMpEHHBIl BEKTOpP TIEPEMEHHBIX COCTOSHHS
ACHHXPOHHOTO JBHUTaTelsl ¢ BKIIYECHHEM YTJIO-
BOH CKOpPOCTH BpallleHHs Baja aBuratens; A(m) =
7& E ArK,E B Z,,Kr(uD 0
L, L, L,
= — Marpula napame-
K.R)E -4 E+ZoD 0
0 0 0

TPOB COOCTBEHHOH JIMHAMHUKU 00BEKTa; W U V — HOp-
MaJIbHBIN CITy4allHBIHM Tporiecc 1 OeIbIi rayCCOBCKHHN LTyM
U3MEPEHUI ¢ HyJIEeBBIMH MaTEMAaTHUECKUMH OXKUIAHUSIMUI
E[w] =0 u E[v] = 0 coorBercTBeHHO. OTMETUM, YTO HE-
TUHEHHas cuctema (5) cocTaBieHa B MPEATIOIOKEHUN O
JIOMHUHHPYIOIIEM 3HAYCHUH HICKTPOMEXaHIMIECKOH MOCTO-
STHHOW BPEMEHHU aCHHXPOHHOTO JBHUTATENS IT0 CPABHEHUIO
CO 3HAYCHUSMH €T0 AEKTPOMATHUTHBIX TIOCTOSHHBIX. DTO
MpeAOIpEAEIIsieT PaBEHCTBO HYIIO MPOU3BOJHON yIIIOBOU

®, pan/c . y ! : :
[i1]0,1, A
121500, BG

200

Puc. 2. JlnnamMnka n3MEHEHHs IIEPEMEHHBIX COCTOSIHUSI aCHHXPOHHOTO JIBUTaTelsl IpH Iycke Ha yacToTy 50 I'Ii mpy ncnoinb30BaHUN
HaOmonarens JlroenGeprepa 6e3 HaJIOKEeHHs IIYMOBOI KOMITOHEHTBI B KaHAJIBI H3MEPEHUH (¢); ¢ HaJOXKEHHEM LIyMOBOH
cocrasisitoleit (b)

Fig. 2. Dynamics of the change in the variables of the state of the induction motor when starting at a frequency of 50 Hz and using
the Luenberger observer without superimposing a noise component into the measurement channels («); with the superimposition of a
noise component ()
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CKOPOCTH BpAIIICHHUs BaJla ACHHXPOHHOTO JABHUTaTelsl Ha
MaJloM MHTepBaJie JIUCKPETHOCTH PACUETOB M IOSIBICHHIO
HYJIEBBIX 3HAYEHHH MapaMeTpOB COOTBETCTBYIOIIMX KOM-
MMOHEHT MaTPUIlHl A(®).

Jnst nanbHEHIIe oprann3aiy BHIYUCIUTEIEHOTO all-
TOPUTMA OILIEHKH NEPEMEHHBIX COCTOSHUS MPEACTaBUM
ypaBHeHwus (5) B pazHocTHOH (opme [14, 15, 18]:

Xk = AkX,H + BkUk + Wy

, (6)
Y = CXy + vy
e A, = Ah+1=
[ —R.h AKh K.Z h
CAN 0 bl oK Zyh 0
L, L, L,
Y ~w0KZh  AKh
0 +1
= L, L, L,
K Ryh 0 “Ah+1 o Zh 0
0 KRh o Zh  -Ah+1 0
0 0 0 0 1

n B, = B/ — nuckpeTHble MaTpHIBI TapaMEeTPOB COO-
CTBEHHOW IWHAMHUKH W TMapaMeTpoOB yIpaBICHUS,
C; = C — marpuna BbIX0a; /1 — MHTEpPBaJl UHTEIPHPOBaA-
HUS; k — HOMEp MHTEpBalia pacyera.

YucneHHast peanu3saius anroputma Guiasrpaiuu (6)
COCTOMT M3 dTara IKCTPANOJISLUY 1 3Tana koppekuuu [18].
[TepBoHa4YanbHO 3aMMIIEM MOJEIB TS SKCTPATONISLINN:

X1 = ArXpoq et + BrUg ’
Pric1 = @P i @7+ Qy

()

rae )A(k,”k,l — aNOCTEPUOPHAs OLEHKA BEKTOPA IIEPEMEH-
HBIX COCTOsIHHS; Xy | — aNpHOpPHAs OLICHKA BEKTOPa
nepeMeHHbIX coCToHus; Py = cov(Xy_ | — Xy_jpy) —
arnocTepHopHas KOBApHAIMOHHAS MAaTPHUIA BEKTOpA Tie-
PEMEHHBIX COCTOSHHUSA, BKIIOYAIONas B ce0s OLEHKY
JMCTIEPCH TIOTPEIIHOCTH BBIYMCIEHHOTO COCTOSHMSA;
Pt = cov(X - )A(klk_l) — anpHopHas KOBapUaIlUOH-

Has MaTpuilla BEKTOpa MEPEMEHHBIX COCTOSAHMUS, (I)k ~

u

0
a—X(A(w)X + BU)|X=)A(k|k71 h+1=

—R.h . AKh  oKZh  yapZh ]
L, L, L, L,
0 —R.h . oK Zh AKh vy Zh
= L, L, L, L, |—
K,R,h 0 ~Ah+1 o Zh o Zh
0 K,Rh 0 Zh A+ g Zh
0 0 0 0 1]

JUCKPETU3UPOBaHHAsI MaTpuIla COOCTBEHHON AMHAMUKHI
JIMHEapU30BaHHON CUCTEMBbI YpaBHEHUH (5), e mpou3Bo-

JHAs MaTPHUIIBI A(®) IO BEKTOPHOMY apTyMEHTY TPE/ICTaB-
asiet coboii matpuity Skoou; Q; = cov(wy) = E[w,w, 1] —
KOBapHalMOHHAsl MaTPHLIA CITyYaiHOrO Ipolecca, KoTopast
TIPY HEKOPPEJINPYEMBIX CITyYaifHbIX BEJMUMHAX Ipeolpa-
syercst B Marpuny Q; = diag(ox?), Ha IIaBHOM AHAroHaIH
KOTOPOW PacHoJ0KEHb! IUCIEPCUN KOMIIOHEHT BEKTOpa

MIEPEMEHHBIX COCTOSTHUSA. [locTe SKCTPAIoSIIuU MPOU3Be-
JIeM KOPPEKIIMIO COIIaCHO CUCTeMe ypaBHeHuid [18]:

Xpor = Xppt + K Yy

; ®)
Py = (E-KHpP
0
rae H, = &(CX)\XZX (e TMHEAPU30BAHHAS MaTPUIIA
Boixona; Yy = Z; — Hkﬁk\k—l — OTKJIOHEHHE BEKTOPA M3-

MepsIeMBIX BEIMYHH U ero oueHkw; K, = Pk|k—lHkT Sy —
onTHMaibHad 1o KaaMaHy MaTprIa yCHIeHHS OTKJIOHEHUS

BeKTOpa M3MepseMbix Bemmunt; Sy = HyPy (H; T + Ry =

= cov(Y,) u R, = cov(v;) = E[v,v,T] — koBapuammoHHsIe
MaTpHIIBI BEKTOpA OTKIOHEHUS U [ITyMa W3MEPEHHit.

B cootBercTBUM ¢ ypaBHeHUAMHU (5)—(8) co3manum
ckpunt B MATLAB Simulink. Anropurm olieHKH HaYHEM C
WHUIMAJIU3alU1 BEKTOpa iklk—l» MaTpHULbI Pk|k71 Y BEKTOpa
U3MEpEHUi Z;, SIeMEHTh! KOTOPIX UMEIOT IEPBOHAYAIILHO
HYyJIeBbIC 3Ha4YCHMs. J[aiee BEIYHUCIINM 3HAYCHHST KOMIIOHCHT
MmarpuLsl K, kKoTopble B CBOIO 0uepe/Ib O3BOMIAT Paccuu-
TaTh CKOPPEKTHPOBAHHOE 3HAYCHUE BEKTOPA )A(k‘  IepeMeH-
HBIX COCTOSIHHSL I MATPULLY Pk‘ - DKCTPAIOJISALMS 3HAYeHU
BEKTOpa Xk‘k TIEPEMEHHBIX COCTOSIHHS MTPOU3BOAUTCS IO
pesynbsraram Bbrauciennst K; 1o MmomeHTa BpemMeHu cie-
JIYIOILETO HAOMIOICHNS BEKTOPa Z;, N3MEPSAEMBIX IEPEMEH-
HbIX. Takyro 10oCi1e0BaTelbHOCTh ACHCTBUN IOBTOPUM B
KaXXI10M I/IHTepBaHC BI)I‘H/ICJ'ICHI/II)'I a.]'IFOpI/ITMa OLCHHUBAHUA.
[IpoBeaem ucciiegoBaHue padbOTOCIIOCOOHOCTH AJTOPUT-
Ma OILICHKU Ha TCCTOBBLIX MAaCCHUBAX NJAHHBLIX C IlIyMOBOﬁ
cocrapJsiroIei u 0e3 Hee. B pe3ynbraTe ycTaHOBJICHA BbI-
COKasl CTETICHb CXOJMMOCTHU BBIYHCIIUTEIILHOTO aJITOPUTMA
MIPY M3MCHCHUY 3HAYCHUI MaTpHIlbl A(®) apaMeTpoB, 3a-
BUCSIIIIUX OT YaCTOTHI BPAIIICHUS ACHHXPOHHOTO JIBUTATEIIS.
KoBapuanmmoHHBIE MATPHUITEI HACTPOCHBI IKCIICPUMECHTAb-
HBIM 00pa3oM Ha OCHOBE MHHHMYMa CPEIHETO 3HAUCHUS
a0COITIOTHOM omMOKM OTeHKH . Ha puc. 3 mpencTaBieHb
rpadUKu MEPEeXOTHBIX MPOIECCOB YaCTOTH BpalIeHU,
MTOTOKOCIIETICHHSI pOTOpa, TOKA CTaTOpa aCHHXPOHHOTO
JABUTATCIIA U UX OLICHKH, nonyquHHe B pe3ym>TaTe MO-
JICJ'II/IpOBaHI/ISI. BpeMeHHBIC 3aBUCHUMOCTH, l'[pI/I nacaJbHOM
n3MepeHuu Bektopa Y, MOKa3aHbl Ha PUC. 3, d, a B yCJIO-
BHSIX JJICKTPOMATHUTHBIX MMOMEX, BO3JICHCTBYIOIINX Ha
JATYUKU — Ha puc. 3, b.

JIJIs 9UCIIEHHOTO OTPEeIICHUs] KaueCcTBa OICHOK pac-
CMOTPEHHBIX AJTOPUTMOB HaOITFOaTeNIeH BOCIIONB3yeMCs
cpenHuM apu(pMETHICCKAM 3HAYCHUEM OTHOCHTEIBHBIX
OIMOOK OIIEHUBAHUS, KOTOPOE BEIYUCIUM I10 (hopMmyIte:

1 ¥ () = ()|
=T ©)
= (9]
rie x;(;) u X;(t;) — KOMIIOHEHTA U OLIEHKA KOMIIOHEHTHI
BEKTOPOB [IEPEMCHHBIX COCTOSIHHSL B MOMCHT BPEMEHH ;.
B tabi. 1 npuBeneHbl 3HAYCHHsT OLIMOOK OLCHUBAHMUS
KOMITOHEHT BEKTOpa NEPEMEHHBIX COCTOSHHS 110 UCXO/-
HBIM JJaHHBIM 0€3 W C IIyMaMH, PACCUUTAHHBIX 110 (op-
myie (9).
B unrepsane Bpemenn 0,2-0,35 ¢ K 37€KTPOABUTATEIIO
HOJKIIIOYCHA CTyIIeHYaTasi Harpy3ka, paBHasi HOMHHAJIbHOH
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200
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200

Puc. 3. [lunaMyKa N3MEHEHHUS TIEPEMEHHbIX COCTOSIHUS ACHHXPOHHOTO JIBUIaTelIs IPH IycKe Ha yactoTy 50 I’ mpu ucnonb3oBaHUK
¢unprpa Kanmana 6e3 HaIOKEHUS ITyMOBOW KOMITOHEHTHI B KaHAJIBI H3MEPEHHH (@); ¢ HAJOKEHUEM LIIyMOBOH COCTaBIsronIei (b)

Fig. 3. Dynamics of the change in the variables of the induction motor state when starting at a frequency of 50 Hz and using the
Kalman filter without superimposing a noise component into the measurement channels (a); with the superimposition of a noise
component (b)

Harpyske B cirydae padotsl Ha gactoTte 50 ['1 m paBHas
10 % oT HOMHHAJIBHOI Harpy3KH B CiIydae 3alycka Ha
gacrore 1 I'm.

Bo Bpemennom untepsane 0,35-0,5 ¢ mpouzomen
cOpoC NPUIIOKECHHON paHee Harpy3Ku.

W3 ananuza MMPEACTAaBICHHBIX JAaHHBIX BUAHO, YTO BO
BCEX peXUMax paboThl U MPH OTKIOHEHUSIX MMapaMeTpOB
CXEeMBbI 3aMEIIeHUs AEKTPoABUraTess B Auamnasone 10 %
OT HOMHHAJIBHBIX OIIEHKA BEKTOpa TOKA B pasbl JyulIe
MIpY UCIOJB30BAaHUM HAOIIONATEINsI HAa OCHOBE (UIIbTpa
Kanmana. AHaJIOTHYHBINA BRIBOJI MOYKHO CJIENIaTh 00 OI[CHKE
BEKTOpA MOTOKOCIEIUICHHUS 38 UCKIIOYCHHEM MOMEHTOB

ITyCKa, TJIe PacXoXIeHue omuooK Oonbime, uem B 10 pas.
IMoxokas TeHIeHIHs HaOMIoqaeTCs IPU OILEHKE YTIIOBOU
ckopocTH. TOYHOCTH BBIYHCICHHS TPU MUCIOIB30BAaHUHT
¢unpTpa Kanmana Beime, HO IEpHOAMYECKH BUTHBI HAPY-
menus. Tak, HapuMep, IPH MyCKe Ha HOMUHAIBHYIO CKO-
pocts (B uaTepsaie 0,35-0,5 ¢) 0e3 HaIOKEHHUS IIIyMOBOM
COCTaBHHIOHIefI B KaHaJIbI I/ISMepeHI/IH C yBeJ’II/I‘IeHHBIMI/I
napaMeTpaMy CXEMbI 3aMEIICHUS, OIICHKA Ha OCHOBE (DUJIb-
Tpa Kanmana xyxe, yem y HaOmonarens JlroenOeprepa B
2,58 pa3, 4To He HAOIOIACTCS B aHAJIOTMIHBIX MOJICTTHHBIX
JKCIIEPUMEHTAX IPU YMEHBIIICHUH apaMEeTPOB JIBUTATEIIs
Y HAJIMYWU IIOMEX B CUTHAJIAX TOKA U HATIPSDKCHUS.

Tabnuya 1. Ommbku oneHnBaHus 0€3 U ¢ BBEICHUEM LTYMOBOW KOMIIOHCHTHI B KaHAJIBI H3MEPEHHS

Table 1. Estimation errors without superimposing a noise component into the measurement channels

o, % Iy, % hyal, %0
Bpewms, ¢ ;f:[%i;iz;]; ¢unpTp Kanmana J}Ilifg}ll(éi?;?;; ¢unpTp Kanmana ;fg:éiﬁi;; ¢unpTp Kanmana
®-10 /10 ®-10 @/10 | [i{[-10 | [i4)/10 | [i[-10 | [i4[/10 | [wol-10 | [wol/10 | [wyo[-10 | [y,l/10
be3 BBeneHN IIyMOBOIT KOMITOHEHTHI B KaHAIIBI H3MEPEHHS
0-0,2 110,4 | 81,08 | 31,98 | 32,94 | 2,60 5,58 2,54 0,57 11,99 | 22,41 | 30,82 | 14,65
(ITyck 50 I'm)
0,2-0,35 0,18 0,93 0,49 0,52 2,20 4,34 0,17 0,18 4,50 6,08 1,25 0,75
0,35-0,5 0,19 0,34 0,48 0,26 3,80 4,02 0,24 0,13 5,28 5,62 0,56 0,60
0-0,2 338,9 | 203,9 | 116,6 | 8522 3,97 7,96 1,30 0,99 3,46 15,99 | 55,15 | 21,18
(ITycx 1 I'm)
0,2-0,35 0,64 | 2,433 5,05 0,81 4,32 3,35 0,34 0,11 5,45 4,92 5,58 1,39
0,35-0,5 0,99 4,08 1,07 1,52 3,71 2,94 0,13 0,14 5,52 5,73 2,67 2,49
C BBeZieHHEM IIIYMOBOM KOMIIOHEHTBI B KaHAJIbl H3MEPCHUS
0-0,2 147,5 | 167,9 | 31,89 | 32,47 5,98 7,02 2,59 1,80 12,65 | 21,08 | 30,88 | 14,93
(ITycxk 50 I'm)
0,2-0,35 1,21 1,14 0,49 0,52 6,39 6,91 0,35 1,44 4,56 5,94 1,23 0,77
0,35-0,5 1,10 1,59 0,48 0,26 6,58 6,93 0,49 1,50 5,34 5,56 0,56 0,62
0-0,2 375,7 | 2932 | 118,6 | 79,68 | 4,04 7,97 1,30 0,93 3,42 15,93 | 55,33 | 19,18
(ITycx 1 I'mm)
0,2-0,35 3,22 2,43 5,06 0,81 4,30 3,35 0,35 0,11 5,43 4,92 5,59 1,39
0,35-0,5 3,82 5,11 1,08 1,51 3,69 2,92 0,15 0,17 5,56 5,76 2,67 2,48
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MonejupoBanue 6e31aTYMKOBOI CHCTEMBbI
yHpaBJIeHHs PeryJupyeMbIM 31eKTPONPHBOAOM

Jist uccnenoBaHus pexXUMOB PabOTHI 0€31aTYINKOBOTO
AIIEKTPONPUBOJIA CO3T[aHa UMUTAIIMOHHAS MOJICITh €T0 CH-
CTEMBI YIIPABJICHU C NCTIOIb30BAHUEM 3aKOHA BEKTOPHOTO
peryaupoBanus (puc. 4).

Mopens mpeacTaBIsgeT KIACCHIECKYI0 peaTn3ainio
BEKTOPHOM I0JIEOPUEHTUPOBAHHON CUCTEMBbI YIIPABIECHMSI,
KOTOpasi HCIIOIb3yeT B Ka4eCTBE CUTHAIA 00OpPaTHON CBSA3U
OIICHKY 110 yIIIOBO# ckopocTH. biok «Induction motor»
BKJIIOUaeT B ce0sl HEJMHEHHbIC yPaBHEHUSI aCHHXPOHHO-
ro asuraress (1); 6ok «Observery peanusyer CTpyKTy-
py anropur™ma HaOirofaresei, ONMMCaHHBIX ¢ OMOIIBIO
dopmy (2), (6), (7); bnox «Regulators» cocrout n3z I1H1-
PEryJsiTOpOB TOKA, MOTOKOCIEIUIEHHSI U CKOPOCTH; OJIOKH
«Parke transform» u «Reverse Parke transform» npoBomst
TIporeaypy npeodpa3zoBaHmst Oa3rica BEKTOpa TOKA U yIIPaB-
JISIOIIEr0 HAIMPSDKEHUsS U3 HEMOABHKHOTO BO Bpamiaro-
miics u Haobopot; 6mok «Intensity setter» dopmmupyer
KPHBYIO 3aJIaHUS CKOPOCTH. B TaHHOM ciydae UCIonb30BaH
S-00pa3HbIi 3aJaTYNK HHTEHCUBHOCTH.

Hcnons3ys S-3agaTuuk MHTEHCUBHOCTH 3a/IaHMs ya-
CTOTBI BpAIICHUSI ACHHXPOHHOTO JIBUTATEIIS, BHITOIHUM
YHCIEHHOE MOJICJINPOBAHNE CUCTEMBbI YIIPABICHUS MTPH
0TpabOTKe CIETYIOIUX PEXUMOB!

Ne 1 — myck aBuraress 10 HOMHHAIBHOTO 3HAUECHUS ),
YaCTOTHI BPALICHUS;

Ne 2 — paboTa Ha HOMUHAJIPHON YaCTOTE BPALIECHUS (]

Ne 3 — ymenbmienue 9acTotsl Bpamenus 10 0,5m,,;

Ne 4 — pabota c gactoroii Bpamenus 0,50,;

Ne 5 — ymenbmrenue yacTots! Bpamenus 10 0,1m,;

Ne 6 — pabota ¢ yacroroii Bpamenus 0,1,;

No 7 — TOpMOKEHUE U OCTAHOBKA JIBUTATEIISI.

B pesynpraTe MoneaupoBaHUS MMOJNYYCHBI 3aBUCHMO-
CTH TIEPEXOMIHBIX MPOIECCOB BCEX KOMIIOHCHT BEKTOpa
MEPEMEHHBIX COCTOsIHUS. [IpuBeeM MepexoaHbIe MPo-
L[ECChI YITIOBOI CKOPOCTH BpAI[CHHUS Bajia IBUraresis o(f),
3a/]al01IEr0 3HaYE€HUs CKOPOCTU M (f) U AIEKTPOMArHuT-
HOTO MOMeHTa M, (f) IpH MUCTIONB30BAHNUH HAOIIOAATEIIS
Jlroenbeprepa (puc. 5, a) n punsrpa Kanmana (puc. 5, b).

J11st BBIYMCIIEHUS OTHOCUTEIBHON OMHMOKH &, IpuMe-
HUM COOTHOIIICHHUE:

1yl o)
Mo o))

Tab. 2 moka3bIBaeT 3HAYEHHST OTHOCHUTETHHBIX OITHOOK
perynupoBaHus Mpu paboTe BEKTOPHOM CHCTEMBI yIIpaBie-
HUS, 3aMKHYTOH IO OIICHKE YTJIOBOI CKOPOCTH. 3HAYCHUS
NoJTyueHsl pu noMotu ¢popmysr (10).

I/ICXOZ[)I 13 MOJYUYCHHBIX KOJIMYCCTBCHHBIX MTaHHBIX
Tab1. 2, BUAHO, YTO HE3HAYMUTENILHO Jy4Ille B HOMHHAJb-
HOoM pexxume (Ne 1) paboTsl anekTporpuBoa cedst moka-
3pIBaeT HabOmronarens JlroenOeprepa, Tak Kak €ro OTHO-
cutenbHas ommoOka Ha 11,3 % MeHbIe, 4eM OIIMoKa B
AHAJIOTUYHOM PEKUME PaOOTHI, MOTyuYeHHAs TIPU BBIYHC-
neHuu 1o anroputMy ¢risTpa Kamvmana. HecMmoTpst Ha
9TO, B OCTAJBHBIX MIECTH PEKUMaxX pabOTHI IBUTATEIS
CYIIECTBEHHBIN BBIUTPHINI B Ka4ECTBE OIIEHKHA MMEET Ha-
Omomarenb Ha ocHOBe GuubTpa Kanmana. Tak, Hanmpumep,
a0COIOTHBIN MaKCHMYM Pa3HOCTH OIIMOOK BHJCH B CTa-
THke Ha ckopocts 0,1, Tae ommoka &, ¢punsrpa Kaamana
B 10,74 pa3a meHblIe, ueM y HaOmromarens JIroenoeprepa.

Co= (10)

B Observer
Lo N
ULy | Ve ® Ui S
1o, la
Ors —> U ~
U E U [N . Lip
Py —] UIB Yia ?la Vie|™]
5 U Vigp | LA Wig| ™
™ o Induction
motor
Reverse Parke
. Parfke transform
ransform @: Tl -
— ilx Lyg [T
i1pfe
L A
D |«
i Intensity
b setter
le lly
(’0' [ A A
: 0 VYigf=—
Uy N fe Nl Wipfe—
Regulators

Puc. 4. IMUTauMOHHAs MOZIe/Ib BEKTOPHO# 0€3aTYMKOBON CHCTEMbI yIPABICHUS ACHHXPOHHOTO Aurarens, rae Uy, Uy, iy,

lly

— NPOEKLMH BEKTOPA HAIPSDKEHUS U TOKA CTaTopa BO BPALAOIIEHCs CHCTEME KOOPAMHAT XV; |V, 0, — 3a1aHue Ha MO1YIlb

MIOTOKOCLICTUICHUS. M YIVIOBYIO CKOPOCTb BPAILEHHs POTOPA; § — OLICHKa apryMeHTa BEKTOpa MOTOKOCLEIICHUS

Fig. 4. Simulation model of a vector sensorless induction motor control system with the projections of the stator voltage and current
vector in the rotating coordinate system xy; |y, @, is the task for the flux linkage module and the angular speed of the rotor; 6 is the
evaluation of the flux vector argument
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Puc. 5. JluHaMuKa H3MCHCHHS YaCTOThI BPAIICHHUS BaJla IBUTATEIIsl H SJIEKTPOMArHUTHOTO MOMEHTA TIPU UCIIONIb30BAHUH:
HaOmronarens Jlroenoeprepa (a); punsrpa Kanmana (b)

Fig. 5. Dynamics of changes in the shaft speed and electromagnetic torque when using the Luenberger observer (@) and the Kalman
filter (b)

Tabnuya 2. OmmOKK peryaupoBaHus IPHU UCTIOJIB30BAHUH 0€3-
JTATYNKOBON BEKTOPHOIT CHCTEMBI yTpaBIeHHUs, Yo

Table 2. Control errors when using a sensorless vector control
system, percent

Howmep Habmnronarens DunbTp

pexuma JlroenGeprepa Kanmana
1 22,860 5,692
2 0,246 0,274
3 0,668 0,243
4 0,891 0,172
5 3,580 0,425
6 3,157 0,294
7 4,107 2,024

3T0 CBA3aHO B MEPBYIO OYEPEH C TEM, UTO 3aKOH aJlarnTa-
LIUH YTIIOBOW cKopocTH Habmonatens Jlroenbeprepa umeet
(HUKCUPOBAHHYIO CTPYKTYPY C IOCTOSHHBIMH ITapaMeTpaMu
HpOHOpHHOHaJ’[LHOﬁ u HHTeraJ’ILHOﬁ YacCTHU B OTJIMYUU OT
MIOCTOSIHHO MeHsromelics MaTpuibl K, KOMIOHEHTBI KOTO-
PO ONITUMAJILHBI U IIO3BOJISIOT IIOJIyYUTh JIYUILYHO OLICHKY
B YCJIOBUSIX 3aLIyMJICHHOCTH curHana. OJHaKo «IU1aToi» 3a
JIydIee KauecTBO CIYKHUT OOMIINE MAaTPHYHBIX ONeparui
U CIOXHOCTH 110/100pa CeMHU KOBapHallid B OTIUYHE OT
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3. Kpacnosa C.A., Ytkun B.A. Kackaaublii cunte3 Habronareneii co-
CTOSsIHUSL IMHaMuueckux cucrteM. M.: Hayka, 2006. 272 c.

4. Hanr b., ITeipkur A.A., bo6uos A.A., BeasikoB A.A. Cunres
a/IanTHBHOTO HAOIIOAATENs UTsl HECTALMOHAPHBIX HEJMHEIHBIX CH-
CTEM C HEM3BECTHBIMHU MOJIMHOMHUAIBHBIMU NapameTpamu // Hayuno-
TEXHUYECKHUI BECTHUK HH()OPMAIIMOHHBIX TEXHOIOIHH, MEXaHUKU U
orrrukd. 2021. T. 21. Ne 3. C. 374-379. https://doi.org/10.17586/2226-
1494-2021-21-3-374-379

HaGJ’I}OZ[aTeJ'ISI .HIOCH6epI' €pa, TIC HY>)KHO HACTPOUTH JINIIb
JIBa IMapaMeTpa 3aKOoHa aJalTalnu.

3akJ/oueHne

B pabore uccienoBaH aCMHHXPOHHBIN 3JIEKTPOTIPH-
BOJI HACOCHOIO arperara. B mporpaMMHOM KOMILIEKCE
MATLAB nocTtpoena umMuTalimoHHasi MoJiejib aCUH-
XPOHHOTO JIBUTATElsl, OCHOBaHHAs Ha cucreme nudde-
PEHIMAIBHBIX YPAaBHEHUH B HEMOABIKHOW CHCTEME KO-
OpJIHAT.

Just perenust 3agaqu 0€31aTYMKOBOTO BEKTOPHOTO
YTIPaBJICHUS] ACHHXPOHHBIM JIEKTPOIPHUBOIOM HACOCHOTO
arperara peaJM30BaHbl aITOPUTMBI OLIEHKH HEU3MEPHUMBIX
MEPEMEHHBIX, TO3BOJIAIONINE IPOBECTH OLIEHKY YITIOBOH
CKOPOCTH aCHHXPOHHOTO JJBUTATENIs, PeaIu3yoLIne HaOmo-
narens Jlroen6eprepa u HenuHEHHBIN QuiasTp Kanmana.

B MPpOoUECCCE BBIYUCIUTEIBHBIX OKCIICPUMCHTOB yCTa-
HOBJIEHO, YTO HAaWIYy4IIyIO0 OLEHKY IPHU HAIUYUHU IIyMa
B M3MEPUTEIBHBIX KaHajaX BO BCEX pEXUMax padOThI
IEKTPOIIPHUBO/IA TIO3BOJISIET MOTYy4nTh GuisTp Kanmana,
omunOKa OIICHWBAHUS IPU padOTe KOTOPOTO B HECKOJIb-
KO pa3 MEHbIIE, YeM IIPH HCHOIb30BAHUHN HAOIIOIATEIIS
JIroen6eprepa. OnHAKO cIEAyeT OTMETUTD, YTO HAOIIONA-
Tenpb JltoeHOeprepa CymecTBeHHO OBICTpee pearupyer Ha
BO3MYIIICHHUS BO BCEX PEKUMAX PAOOTHI ANIEKTPOIPUBO/IA.
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AHHOTALUA

Ipenmert ucciaenoBanus. [IpeanokeHo onucaHne CUCTEMBI YIIPABICHUS B BUJIE OPHEHTUPOBAHHOTO rpada u crocod
(opmanm3anuy 3a1a4u BEIOOpA BapraHTa CTPYKTYPBI CHCTEMBI yIIpaBieHus. [IpeacTaBIeHb! pe3ynbTaThl HCCIIEIOBaHUS
HepapXHUYeCKUX PACIpEeIEHHBIX CUCTEM YNPaBJICHUS HA OCHOBE AHAINTUYECKHX M CTATHCTUYECKHX MOJEIeH
OLICHUBaHUS MTOKa3aTesel 9pGEeKTUBHOCTH U ONTUMH3ALMHI UX CTPYKTYpbl. PazpaboTaHbr MOzeNb M METO ONITHMH3ALINH
CHCTEM YIPABJICHUS C UEPAPXUUECKOM CTPYKTYPOH, TO3BOJISIOLIMX HA OCHOBE CHUHTE3a OIIOPHOIO BapUaHTa OHOPOJHON
UEepapXU4eCKON CTPYKTYPbI IPOBECTH ONTUMHU3ALIMIO CUCTEMBI YIIPABIEHUS € IPOU3BOJILHOM CTPYKTYpoil. [1o cpaBHEeHUIO
C M3BECTHBIMH METOJaMH, JOMYIIEHHE 00 OMHOPOAHOCTH CTPYKTYPBI CUCTEMBI YMPABICHUS J1a€T BO3MOXKHOCTh
HCTIONB30BaTh AHATNTUIECKOE PEHIEHHE TP BEIOOPE OMIOPHOTO IIAHA B COOTBETCTBUH C MPEUIOKEHHBIM KPUTEPHEM
B BEKTOPHOM IPOCTPAHCTBE «OMEPATHBHOCTE-CTOUMOCTE». MeTo/. [IpeioxkeHHbIi MeTOI ONTUMH3AINH Oa3upyeTcs
Ha JI0Ka3aTeIbCTBE BO3MOXKHOCTH HCCIIEIOBAHUS OJHOPOIHBIX HEPAPXUUCCKHUX PACIIPEAEICHHBIX CHCTEM YIIPABICHHUS
AQHAIMTUYSCKUMH METOAAMH M ITOJTyYESHHs 3aBUCHMOCTH CTOMMOCTH ¥ BpEMEHH PEIICHNS 33/1a4 B CHCTEME YIIPaBICHUS
OT HapaMeTPOB ee CTPYKTYpbl. MeTo ONTUMHU3ALUH CTPYKTYPBI COCTOUT U3 IBYX OCHOBHBIX dTaroB. Ha nepsom srarre,
B paMKax aHaJMTHYECCKOIl MOJENH, PeLIaloTCs IpsiMast 3a1a4a ONTHMH3ALMU 10 MUHUMYMY BpeMeHH 00paboTKK MpH
OrPaHUYCHUM HA CTOUMOCTb M 0OpaTHast 3a/1a4a ONTUMHU3ALMU 10 MUHUMYMY CTOMMOCTH IIPU OTPaHUYEHUHU HA BPEMst
00paboTku. Pe3ynbrarom siBiseTcs BBIOOP JIyIIEro OMOPHOTO MIaHa OJHOPOIHOH CTPYKTYPBI CUCTEMBI YIIPABICHHUSI.
Ha BTopom sTare, Ha OCHOBE HMHUTAIMOHHOTO MOJCIHUPOBAHNS, PEIIACTCs 3a/ada OMPENEIEeHUS «KPUTHISCKUX»
y4acTKOB (ITyHKTOB YHPABJICHHS), OTPAaHHINBAIOMHX Y(P(HEKTHBHOCT (YHKIIMOHUPOBAHUS CUCTEMBI yIIPABICHUSI.
HaiineHuble «KpUTHYECKUE» YIACTKH MOAJIEKAT YIYUIISHHIO 338 CUeT U3MEHEHHS HX CTPYKTYPHI M BBEICHHS HOBBIX
TEXHUYECKUX pEIIeHUi, 00eCrneunBalouX 3aJaHHble oKa3aTean d(PPEKTHBHOCTH BCEH CHCTEMBI YIPABICHHUS.
OcHoBHBIE pe3yabTaThl. Co3/1aHa MOJIEIIb HePAPXUYECKON CTPYKTYphl CUCTEMBI ynpasieHus. [lokazana npouenypa
BBIOOpA OMOPHOTO BapuaHTa M aJrOPUTM MOAM(HKALKN CTPYKTYpPbI CUCTeMbl ynpasienus. [IpuBenen npumep
ONTUMU3ALHMU CTPYKTYPBI CUCTEMBI YIIPABIEHHs [0 KPUTEPHUIO TpedyeMoil mporyckHol cnocodnocTu. Ipumep nokasan,
YTO MPUMEHEHHE TPEATOKEHHOTO METO/Ia MO3BOIAET BEIOPATh BAPHAHT CTPYKTYPHI, yIAOBIETBOPSIONINI BEIOPAaHHOMY
KPUTEPUIO U 3aJaHHBIM orpanndeHnsM. IlpakTuyeckas 3HauuMOCTh. [IpescTaBneHHbIi METOX MOXKET OBITh TPUMEHEH
Ha PaHHUX ATalax IMPOSKTUPOBAHUS PACIIPE/ICNICHHBIX NH()OPMAMOHHBIX CHCTEM YIPaBICHHs IIPU BEIOOPE BAPHAHTOB
HX TIOCTPOCHUS 1 000CHOBAHUH TPEOOBAHHUN K TEXHUUECKHM XapaKTePHCTHKAM DJIEMEHTOB CTPYKTYPBHI.
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CHHTE3, BRIOOP BapHaHTa, pa3pes3 B rpade, KpUTUIECKUI yJacTOK, MPOIMYCKHAs CTIOCOOHOCTh, ONTUMU3AIINS, KPUTSPHIA
BhIOOpA
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Abstract

A description of the control system represented in the form of an oriented graph and a method for formalization of the
problem of choosing a variant of the control system structure are proposed. The research results of hierarchical distributed
control systems based on analytical and statistical models for evaluating performance indicators and optimizing their
structure are presented. A model and a method for optimization control systems with a hierarchical structure have been
developed which makes it possible to optimize a control system with an arbitrary structure based on the synthesis of a
reference variant of a homogeneous hierarchical structure. In comparison with the known methods, the assumption of
uniformity of the structure of the control system makes it possible to use an analytical solution when choosing a reference
plan in accordance with the proposed criterion in the vector space “efficiency-cost”. The proposed optimization method
is based on proofing the possibility to analytically investigate homogenous hierarchical distributed control systems and
on establishing the dependency of the cost and time of task solving in the control system on the structure parameters.
The method for optimizing the structure in hierarchical distributed control systems consists of two main stages. At the
first stage, within the framework of the analytical model, the direct optimization problem is solved by minimizing the
processing time with a cost constraint and the inverse optimization problem is solved by minimizing the cost with a
processing time constraint. The result is the choice of the best reference plan for a homogeneous control system structure.
At the second stage, based on simulation modeling, the problem of determining the “critical” areas (control points)
that limit the effectiveness of the control system is solved. The found “critical” areas are subject to improvement by
changing their structure and introducing new technical solutions that provide the specified performance indicators of
the entire management system. A model of the hierarchical structure of the management system is given. The procedure
for selecting the reference variant and the algorithm for modifying the structure of the control system are shown. An
example of optimizing the structure of the control system is given according to the criterion of the required throughput.
The example showed that the application of the proposed method allows choosing a variant of the structure of the control
system that satisfies the selected criterion and the specified constraints. It is advisable to apply the proposed method at
the early stages of designing distributed information control systems when choosing variants of their construction and
substantiating requirements for the technical characteristics of structural elements.

Keywords
hierarchical distributed control system, analytical model, simulation model, structure, analytical synthesis, construction
options, graph section, critical area, throughput, optimization, selection criteria
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BBenenue

OCHOBHBIMU TEHJICHIMSMU TIPH MTOCTPOCHUN COBpE-
MeHHBIX cucteM ymnpasienus (CY) sBusioTes pacmnpene-
J€HHOCTb, MHOTOCBSI3HOCTb, MHOTO(YHKIIMOHATHHOCTD,
HCTIONIb30BaHIE MCKYCCTBEHHOTO MHTEIUIEKTA, HOBEHUIIINX
MH(POPMALNOHHBIX U KOMMYHHUKAIIMOHHBIX TEXHOJIOTHH.
ITpuHnumer U ciocod6b! mocTpoenus: Takux CY paccmo-
TpeHsl B padorax [1-5]. Yka3aHHbIC TEHIEHIIMH CIIOCO0-
CTBOBAJIM NOBBIIICHUIO KaYCCTBCHHBIX XapaKTCPUCTUK
CY, HO Hapsay C MOJIOKUTEIbHBIM dPPEKTOM BHEIpE-
HUE HOBBIX PEIICHUH 3HAYUTENILHO YCIIOXKHMIIO MPOIECC
WX UCCIIeJIOBAHUS U NMPOEKTUpoBaHus. OnHa U3 BAXKHBIX
3aga4 npu npoexruposannu CY — dopMupoBaHue Bo3-
MOJKHBIX BapHAaHTOB CTPYKTYPBI U BHIOOPA HAMIIYUIIEro
C TOYKM 3PEHUS YCICHIHOCTH PEUICHHS MTOCTaBICHHBIX
3amad. JJaHHOMY BOTIpOCy MOCBSIIEH psix padoT B Poccun
1 32 pyOe)KoM. AHAIIN3 UX COACPIKaHUS TTOKa3ajl, 9TO 0O0Jb-
IIMHCTBO KacaloTCsl BOIPOCOB MOJEIMPOBAHUS TIPOILEC-
coB 00paboTKu HH(OPMAIMK U OLEHKH 3()(HEKTUBHOCTH
¢byHkimonnpoBanus [6—12], a TakiKe CUHTE3a pa3InuHbIX
BapuanToB nioctpoenust CY [13-15]. Cuntes crpykryp CY
B HACTOALICEC BPpEMs BCACTCA B HAIIPABJICHUN ITPUMCEHCHUSA
METOJIOB aHAJUTUYECKOTO U MMHUTALMOHHOTO MOJIEIHPO-

BaHUS C MCIOJIB30BAHNEM COBPEMEHHBIX TEXHOJIOTHH U
MOZIETbHO-OPUEHTHPOBAHHOTO POEKTHPOBAHMSI, CHHTE3a
HenuHeWHbIX CY Ha OCHOBE KBa3MIMHEHHBIX MOJEeH
00BexTOB. PaboThl [16—19] HanpaBIeHbI HA ONITUMHU3ALINIO
cTpykTyp CVY Ha 3Tanax BeIOOpa BapHaHTa U3 MHOKECTBA
ansrepHatuB. B [16, 17] paccMOTpEHbI MOJIENIA U METOTBI
MHOToKpuTepuansHoit ontumusanuu CY ¢ nepapxudeckoi
crpykrypoii. B [18, 19] npennioxen Meton BeIOOpa BapuaH-
TOB U3 OJTHOPOAHBIX MHOXECTB M BEPOSITHOCTHASI MOJIEIb
3aJa4M yCIOBHOM ONTUMU3AIMH.

JlanpHelmee pa3BUTHE pacIpeie]ICHHBIX HepapXu-
yecknx CVY B HacTosimiee BpeMsi MPOUCXOANT B HAIPAB-
JICHUH COBEPLICHCTBOBAHUS BBIYMCINTEIBHBIX CPEICTB
(TIOBBITIIEHHUST OBICTPOACHCTBHS AIEMEHTHOW 0a3bl U BHI-
YHCIUTENBHBIX YCTPOICTB, HAISKHOCTH, CHIKEHUST Mac-
corabapuTHBIX XapaKTEPUCTUK BEIYUCIUTENBHBIX CPEZICTB),
ONTHMH3AIUU MPOTOKOJIOB OOMEHA MEXAYy MYyHKTaMHU
YIpPaBIEHUS] U COBEPIICHCTBOBAHUS alITOPUTMOB 00pa-
00TKH U nepeaaun HHGOPMAIIMU MEXKTy TOTPEOUTEIISIMH.
JlaHHbIE HCClIe0BaHUS IPUBEIH K BO3ZMOXKHOCTH pacIpe-
JIeTIeHHON 00paOOTKH JaHHBIX HAa BBIYUCIUTEIBHBIX CPE/i-
crBax B uepapxunueckux CVY. Oxnako nporeccsl 00padboTKH
MH(OPMAINHU B YCIOBHAX AMHAMHUYECKH U3MEHSIOMICHCS
MHPOPMAIIMOHHON Harpy3KH M PeXXHMOB HKCIIITyaTaIluH,
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C Y4ETOM B2)XHOCTH U IPUOPUTETHOCTH PELICHUs 3a/1a4 B
nepapxuueckux pacrnpenenaeHHsix CY, B HacTosIIee Bpemst
HE/I0CTaTOYHO MCCIE0BAaHbl. B CBS3M C 9TUM OJHOHN M3
BXHBIX 3a7a4 OCTAETCS ONTHUMH3AIUSA CTPYKTYpsl CY
Ha OCHOBE (POPMHUpPOBAHHS 00OOIIEHHBIX MOAETCH (YyHK-
nronupoBanus CY M CHHTE3a BO3MOYKHBIX BAPHAHTOB €€

CTPYKTYDBI.

IlocTanoBKka 3a1a4u McCaeI0BaAHMS

ITycth 3a1aHO0 MHOXECTBO W BApHAaHTOB UepapXude-
ckux cTpykryp CV:

WS:(Samk:kzlaS)a

rae S — uucio ypoBHe# ynpaieHus B uepapxuu CVY;
1M, — YUCJIO IIyHKTOB Ha k-M YPOBHE HepapXUU CTPYKTYPBI.

TpeOyercst BEIOpaTh BApHAHT CTPYKTYPBI U3 MHOKECTBA
QJIBTEPHATHUB, YOBJICTBOPSIOINX YCIOBHUSIM BBITOTHEHHS
neaeBoi 3amaun CVY.

Pemenne mpoBeieM Ha OCHOBE peaM3alliy JBYXCTY-
TIEHYaTOH MPOLEeAyphl ONTUMH3ALUH: BBIOOpA aHATUTHYE-
CKHM C1I0c000M OMIOPHOTO, YIIPOIIeHHOTO, BapruanTa CY u
€r0 JATbHEHIIIETr0 HAPABJICHHOTO YITYYIIEHHs C HCTIONb30-
BaHMEM MMHTAI[IOHHOTO MOJIEIIMPOBAHNS.

Bui6op onopHoro Bapuanta CY

[pencrasnm ctpykrypy CV B Buze rpada G(X, V), roe
X — MHOXECTBO BEPIIHH, COOTBETCTBYIOIINX ITYHKTaM
YIIpaBlIeHUs; ¥ — MHOXKECTBO CBSI3€H MEX]Y IMyHKTaMHU.
s nepapxugeckux CY cTpykTypa rpada mpeacTaBiseT
€000l HEKOTOPYIO HEPAPXUIO C HECKOIBKUMH YPOBHSIMH
ynpasienus. Ha puc. 1 mokasan rpad CVY ¢ k-ypoBHs-
MU ynipapiienns, XX — Bepmmua rpada, COOTBETCTBYIO-
mast j-My MyHKTY YTpaBlIeHHs k-ro ypoBHs uepapxuu CV,
k=1,8,j=1,my.

B omopHOM BapuaHTe MEpapXU4eCKOH CTPYKTYpbI
YUTEM CIIeYIOIINe JOMYIICHHS:
— OPEANONIOKUM, YTO UepapXudecKas CTPYKTypa OIHO-

pOIHa, T. €. XapaKTePHCTUKH 00pabOTKH 3a/1a4 IyHKTa-

Puc. 1. lepapxuueckasi CTpyKTypa CUCTEMBI YIPaBICHHS,
TIpe/ICTaBICHHAs B BUE Tpada

Fig. 1. The hierarchical structure of the control system
represented as a graph

MU yIpaBICHUS OAHOTO U TOTO K€ YPOBHS MepapXuu
OZIMHAKOBBI M K&XK/IOMY ITyHKTY JJAHHOTO YPOBHS (DYHK-
LUOHAJIBHO MOAYUHEHO OJMHAKOBOE YUCJIO MYHKTOB
HIDKECTOSILETO YPOBHSI HEPAPXUH;

— BCE IOTOKM MH(OPMAIMK MPOCTEHIIe, BpeMeHa I10-
CTYIJICHUSI ¥ OOCITy)KMBaHUS 3a7a4 IIyHKTaMH pac-
MIPE/ICNIEHBI 10 SKCIOHEHIINALHOMY 3aKOHY, OYepen
3a/1a4 Ul KaKI0TO IyHKTa HE OTPaHWYEHBI, ITyHKTbI
paboTaroT 6€30TKa3HO.

Jst pacyera onopHOI ONHOPOAHOM CTPYKTYPhI PELLIUM
JIByXITapaMeTPUIECKYIO 3a/1a4y BEKTOPHOW ONTHMH3ALUH B
(hakTOPHOM IPOCTPAHCTBE «BPEMSI—CTOMMOCTBY C B3aUMHO
MIPOTUBOMONOKHBIMU KpUTEpUAMU. B kauecTBe nmokasaresns
3¢ PEKTUBHOCTH Ha NIEPBOM ATl ONTUMH3ALUH BHIOEPEM
nokasareins I, CyMMapHbIX 3aTpaT BPEMEHH Ha peLIeHue
33714 IyHKTAaMH YIIPABJICHHS] HEPAPXUUECKON CTPYKTYPHI.

Torna npsiMast 3a/1a4a BEKTOPHOI ONTUMH3AINN CBO-
JUTCS K ONPEACICHUIO HePapXUUECKON CTPYKTYpbI, TIPH
KOTOpPOI

min Tsum(S(mk))a
S(my)
npu

Csum(S(mk)) = Caorv (1)

a oOparHast 33/1a4a BEKTOPHOM ONTHMH3ALIH 3aKITF0YAETCsI
B OTIPE/ICJICHUH HePApXUUECKON CTPYKTYpPBI, IPU KOTOPOH

min Csum(S(mk))a
S(my)

npu
Tsum(S(mk)) < Taon’ (2)

rae S(my) — crpykrypa CVY; Cy,,, — CyMMapHbI€ 3aTpaTbl
Ha CO3/IaHME M JKCILIyaTalluio IyHKTOB yIPaBJIeHHs He-
papxu4eckol cTpykTypbl; Cyop, 10 — OTPAaHUYEHHS 11O
CTOMMOCTH U BPEMEHH PEIICHHUS 3a71a4.

BriOpannble nokasarenu kauectsa (7, Cq,,,) CBA3aHbI
C HapaMeTpaMy HEPAPXUIECKOM CTPYKTYPBI CIIELYOIUMH

cooTHOIIEHUsIMH [ 14]:

k-1
i
Tom= 2 (Gt 1) = X ol |
k= =1y (P'kmk - Al__[]g/')
J=
)\,k A k-1 S
ng= s he=—Tlg» Coum = X mCe 3)
M=y . j=1 k=1

rae (tny), ty, Ay ¥ nj — CPEIHUE 3aTPAThl BPEMEHU TIPU
PEIICHUH BCEX 3a/1a4, Cpe/lHee BPeMsI PEIICHUs 3aauu,
MHTEHCUBHOCTH TOTOKA MOCTYMAIOIINX 3aJad U CpeaHee
YHCIIO 33]a4 B IMyHKTaX YIpPaBJICHUs k-r0 ypoBHs); A —
MHTEHCHBHOCTH CyMMapHOTO ITOTOKA 3a/1a4 YIPaBJICHHS;
g, — K0d(hUIMEHT UHTerpalliy, I0KA3bIBAIOIIUH, KaKas
4acTh 33/1a4M, TIOCTYNUBILEH Ha k-i ypOBEHb YIIpaBICHHUS,
OyzeT mepesaHa Ha BBILECTOSLIUNA ypOBeHb; [, = 1/f;, u
C), — UHTEHCHBHOCTb PELIEHUS 3a/a4 U 3aTpaThl Ha IIPO-
M3BOJICTBO M KCILTYaTAIMIO ITYHKTOB yIPABICHUS k-TO
YPOBHSI M€papXuu CTPYKTYPBI; /1 — CPEAHEE BPEMsI KO-
OpIMHALIUY AECHCTBUI ITyHKTOB YIPABICHUS A-TO YPOBHS
HEpPapXUH CO CTOPOHBI BBIIIECTOAIINX.
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A.10. OHydpein, A.B. Pasymos, B.B. Kakaes

[Ipsmyro 1 00paTHYIO 331a4u PELINM aHATUTHYECKH,
METOJOM HeompeaeleHHbIX MHoxUTenel Jlarpanxa.
Oynxuns Jlarpamka muis 3anaqan (1) umeer BUa:

5 s
L(my, B) = X Gy + tg) + Bl X Cmy— Cron |
k=1 k=1

e [} — HeolpeaeneHHbI MHOKHTEND Jlarpamka.

Bo3bMeM yacTHbBIE IPOU3BOJHBIE 110 IEPEMEHHBIM B U
my, (k=1,S), Torna, ¢ yuerom BbIpakeHHH (3), MHOTydInM
cuctemy u3 (S + 1) ypaBHEeHUI:

k-1
Allg,
om,py_ M "
- 1\2 k

omy (ukmk - Aj:lg,-) . )
aL(mka B) S
BB Y Cumy— Cro

5[3 ]El 140" 10

B pesynbrare pemeHust cucteMsl ypaBHeHUH (4) oT-
HOCHUTEJIbHO NEPEMEHHBIX M1y JUIS Pa3IUYHBIX 3Haue-
nuit § =2, S, ONpEAEeIUM HEPAPXUUECKUE CTPYKTYPEI
W =S, m" k=1,8), S =2, S YIOBICTBOPSIONINE
ycrmoBusiM 3amaqn (1).

AHaNoruyHo, pemas 3ajiady (2), nony4um Hepapxuye-
ckue cTpykTypsl W™ = (S™, m,** k=1,8), S=2, Spaxs
YIAOBJIETBOPSIONINE YCIOBUAM 3a/1auu (2), a TaKkKe ONTH-
MaJlbHbIE 3HAYCHUsS [TOKa3aTeneii:

79 = minTy,,, (W), CO = minC,, (W),

WS S {WS*, WS**: S= 2, Smax}.

OxoHYaTEeNBHBIN BEIOOP OMOPHOTO BapHaHTa HepapXH-
YECKOH CTPYKTYpBI W gy MPON3BENEM MTOCIIE HOPMUPOBKH U

aJUINTUBHOM cBepTkH nokasareneht Ty, Cy,.:
T’ C’
We = argmax {a, +a, =
{ WS*, WS** 71Sum( WS) Csum( WS)
= argmax {NORc{(Wg)}, S=2, Spax» %)
WS*, WS**

Iae o, 0y — K03 (UIHEHTH PaBHO3HAUHOCTH HOPMHUPO-
BaHHBIX [10Ka3aTeNeil BpeMEHHU PELICHUs 3a/1a4 YIIPABICHUS
u croumoctu (usnepxek); NORq ((Wg) — 3nauenune aj-
JUTUBHOM CBEPTKM HOPMHPOBAHHBIX ITOKa3aTelell 3aTpar
BpemeHu U croumoctu CV.

TakuMm 06pa3om, B pesynbTare pemeHus 3amaq (1) u (2)
OIIPEAETNM ONTHUMAIBHYIO OHOPOIHYIO HEPapXUIecKyro
CTPYKTYpy Wgo, IPUHUMAEMYIO B KaUECTBE OIIOPHOIO Ba-
pHaHTa Il JaJIbHENIINX UCCIIETOBAHUM.

Ontumusanus cTpykrypsl CY Ha ocHOBe
HMHTAHMOHHOIO MO/IeJIMPOBAHMSA

Ha ocHoBe npemioykeHHOM TTocTaHOBKY 3a1ad (1) u (2)
W aHANMATHIecKor Momenu (3) chopMHupyeM OTIOPHBINA Ba-
puanT CY B BU/Ie OTHOPOIHON HEPAPXIMUECKOH CTPYKTYPHI
W, KOTOpBIIi COBEPIIEHCTBYEM HA OCHOBE HMHUTAIIUOHHOTO
MOJICTTUPOBaHUs (BTOpOH dTam ontumMusanuu). [Ipu sTom
CVY u3 ogHOPOIHOM HepapXUUIeCKOll CTPYKTYpPHI, KaKk mpa-
BIUJIO, nipeodpa3syetcst B CY ¢ HEOMHOPOIHON CTPYKTYPOH.

Ha nannowm stane ontuMmu3anuu ctpykrypsl CY uc-
MOJIb3yeM OoJiee CIOKHBIE MOKa3aTesiu (YeM «BpeMs-CTo-
HUMOCTBY), OTpayKarolue IeJIeHaNpaBIeHHbIC MTPOIECChI,
pemraemsie B CY, HanpuMmep: MpoIryckHast ciocoOHocTs CY,
BEPOSATHOCTD JTOCTIIKEHUS €M yIpaBiIeHuUs, ko3 hunn-
eHT coxpanenus 3¢pdexruBHocTH. [Iporecc ee mpeodpa-
30BaHUS MPEATIONATAET BHIMOJHEHIE HECKOIBKHX IIAaroB.

[ar 1. BermomHNM OIIEHUBaHHE TTOKa3aTenei dpdex-
TUBHOCTH OTIENBHBIX IMyHKTOB 00paboTKH MHPOPMALINN
(y3m0B) B ctpyktype CY miis ee TEKyIIero BapuanTta Imo-
cTpoeHusi (TIPH TIEPBOM BBITIOJIHEHUH — OIOPHBIN BAPHAHT).

[ar 2. IIpoBenem cpaBHeHHE Moka3areneid. Ecnu mo-
JIy4EHHBIE MoKazaresiv 3P (OEKTUBHOCTH HE COOTBETCTBYIOT
TpeOyeMbIM, TO BBIITOJHUM MIar 3. A €CiiM COOTBETCTBY-
er — 10 cTpykTypa CY He TpelyeT nanbHelIero copep-
IIIEHCTBOBAHMS U aJITOPUTM 3aBEpIIACTCS.

[ar 3. OnpenenuM MyHKTH 00pab0TKK HHPOpPMALNH,
orpannuuBaromye 3pGeKTHBHOCTD GYHKIMOHUPOBAHUS
CY — BBITIOTHUM TIOWCK Y3JIOB H IyT B Tpade, «CACPKU-
Baromrre» obumit morok nHpopmanmu CVY. B pesynsrare
HalaeM myTh (MHOXKECTBO IyT M y370B) B rpade CVY ¢
HaWMCHBIIIEH MPOMYyCKHONW CIIOCOOHOCTHIO (HAXOIUTCS
MUHHMAaJIbHBIA pa3pes rpada).

Janee pemnm 3aiady nepepacnpesieIeHus pecypcoB
B cTpykType CVY: BBINOIHUM U3MEHEHHUS KOJMYECTBA MyH-
KTOB 00paboTkn MH(OpPMaIMK Ha YPOBHSIX YIPaBICHUS
UX XapaKTepUCTHK; 00beJUHEHNE HH(OPMAIMH B COOT-
BETCTBHH C Jorukoil pabotel CY u mepepacrpeaecHue
MIOTOKOB MEXXY ITyHKTaM1 00pabOoTKH MH(OPMAINH C TIO-
CJICTYOIIMM OIICHUBAHUEM ITOKa3aTeel 3 EKTUBHOCTH.

ITpouecc moncka ONTUMAIBHOTO PEIICHUS PEICTaB-
JseT co00H MPOBEICHNE HECKOIBKIX UTEPaLnii (TOBTOPSI-
IOIUXCS ICUCTBUI) ¢ TIaramMu 2—4 aJropuT™a J0 TOCTH-
KEeHHsI TpeOyeMbIX MOKazaresci 3((HEeKTUBHOCTH MTyTEM
HarpasJIeHHOro nepedopa. B ciy4yae oTCyTCTBHA HCKOMOTO
pe3ysbrara BeIOMpaeTcst HOBbIH onopHbIi Bapuant CY npu
MEHee «OKeCTKUX» orpaHnueHusix 3a1a4 (1) u (2), . e. npu
YBEJIMYEHHUH JJOIyCTUMOIO BPEMEHHU PELICHHs 3a/1a4 HIIH/1
YBEJIMYEHUU J1onycTUMON ctoumocTt CY.

3aja4a OnpeaesIeHNs] KPUTHYECKOTO Y9acTKa B CTPYKTY-
pe CVY 1 noucka myHKTOB 00pab0oTKN MH(OPMALMH, OTpa-
HUYUBAIOMINX TTOTOK MH(GOPMAINHU, OTHOCHTCS K 33/1a4aM
OLICHKH ITOTOKOB B CETAX M MOJKET OBITH pelicHa Ha OCHOBE
OTIpeAeIeHNs pa3pe3a B rpad)e ¢ MUHUMAaJILHOH MPOIYCK-
HOM crtocoOHOCTRIO [20].

[Tpouecc mpeoOpazoBaHusi OMOPHOTO BapUAHTA CTPYK-
Typbl CY MOXeT ObITh IIPEJCTABICH B BHJIE aJrOPUTMA,
OCHOBAHHOTO Ha HAXOXJEHUU «KPUTHUYECKUX YYaCTKOB)
OIIOPHOTO BapHaHTa, Y KOTOPHIX HEOOXOIUMO YIYUIIUTh
XapaKTEePUCTHKH IS IOCTHOXKEHUsI TPeOyeMBbIX TToKa3aresei
apdexruBnocTr CY.

AJNTOPUTM MIMEET CJIC/TyIOIIHE MIart.

[ar 1. BrimotHEM OIICHKY HA4alIbHOTO YPOBHS 3(-
dextuBHocTu K|, onopuoro Bapuanra CY. B xone s1oii
OIICHKH OTIPEACINM HavYaJbHbIC 3HAUCHUS ITOKa3aTeneh
sddexruBHOCTH K = K M MyHKTOB ynpaBieHus K, rie
K, — moxazarenb 3(h(HEeKTUBHOCTH k-TO y371a S-ypOBHS B
ctpykrype CVY. B kadectBe nokasareneit K (K), Ky,
MOTYT OBbITh HPUHSTHI: TIpoIycKHas criocodHocts CY u
BEPOSITHOCTh BBITIOJHEHHUS 3aJa4 yIPABJICHUS, KOTOPbIC
OTpEeNENAI0TCS Ha OCHOBE UMHUTAI[MOHHOTO MOJAEIHUPO-
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BaHUS MyTEM IOJCYETa KOJMUYECTBA PEIICHHBIX 3a]a4 B
KaX/1I0M ITyHKTe ynpasieHus CVY.

[ar 2. [TpoBenem npoBepKy ycioBus K > KYP, rie
K™ — tpebyemoe 3HaUeHHE MoKa3aTens 9GEeKTHBHOCTH.
Ecnu ycnoBue BBITIOIHSIETCS, TO IPH MPUHATHIX TEXHUYE-
ckux pemeHnsix CY ynosieTBopseT TpeOOBaHUAM (3aBep-
meHne paboThl anropuTMa). B mpoTHBHOM citydae ompe-
JETSIOTCS KPUTHIECKUE yJacTKu B cTpykrype CVY (mmar 3).

[ar 3. OnpeneneHne «KPUTHIECKOTO y4aCTKa» B
ctpykrype CY (HaxokaeHne MUHUMAaIBHOTO pa3pesa rpa-
¢a) u ynyuuienue crpykrypsl CY.

B y3nax kputudeckoro ydactka ctpykrypsl CY mo-
CJI€ZIOBAaTENIbHO MO0 Mepe BO3pACTaHUsA CTOMMOCTHU IyTeM
MOJIEIINPOBAHHMSI HCCIIEyeM BapUaHThl U3MEHEHHUsT HH]Op-
MAlMOHHBIX CBSI3ei MEXy yHKTaMH YIPaBICHUS «KPUTH-
YECKOTO YYaCTKa» /WM 3aMEHBI TEXHUYECKHUX CPEICTB C
YIy4dILIEHHBIMU XapaKTeprUCTHUKaMU. J{Jis HOBOTO BapruaHTa
CTPYKTYphI paccuuraeM crouMocth Cy,,, B COOTBETCTBUHU C
BEIpakeHueM (3) u mokazarens 3pdexruBHOCTH KCY:

Key: =Ky + 3 % YAKy;, = K™,
) () ()
rae AKj, — IpUpoCT 3HaYCHNs T0Kasarels YPEKTHBHO-
CTH j-TO y37a, k-ypoBHs B cTpykType CVY 3a cuer npume-
HEHHS /-TO TEXHHYECKOTO CPEACTRA.

[ar 4. OcymiecTBIM NPOBEPKY YCIOBHS 3aBEPLICHUS
aJITOpUTMA.

Eciu BbISBIEHHBIN «KPUTUUECKUI Y4aCTOK» B CTPYKTY-
pe CY ocrancs npexHUM (IIPU ATOM BBITIOJIHEHO yCIOBUE
K¢ < KCYTP), TO BBINOJIHUM HEPEX0/ K BEIOOPY HOBOTO
OITOPHOTO BapHAHTA (3TO SIBJISIETCS TIPU3HAKOM OKOHYAHHS
paboThl aIropuT™Ma), Tak Kak BCe MEPOIPUSITHS 0 YIy4-
LIEHUIO CTPYKTYPbI HCUEPITaHBI.

Ecny BBISIBICHHBIH «KPUTHYECKUH y4acTOK» B CTPYK-
Type CY — HOBBIH (T. €. 32 CUET 3TOTrO Y4acTKa yJIydIle-
Hue cTpykTypbl CY MPOUCXOIUT BIEPBHIC), TO BHIITOJIHUM
TIepexo]] K CIeAYIONIeH UTepalyy, K mary 2, ajs yirydIe-
HUSI CTPYKTYPBI TIPH HAXOXKJICHUH HOBOTO «KPUTHIECKOTO
Y4acTKay.

Takum oOpa3om, chopMHpOBaH BapUaHT CTPYKTYPHI
CY, obecrieunBaronuii MUHUIMYM €€ CTOMMOCTH TIPH Tpe-
OyemoMm rokazarene 3()(HeKTUBHOCTH:

minCy,,,(S(my)), npu K > KYTp,
S(mye)
Bri0pannsbrif Bapuant ctpykrypbl CY oTBedaeT Kpu-
TEPHIO JOCTATOYHOCTH TI0 TTOKa3aTeio () (HEKTHBHOCTH.

IIpuMep oNTHUMU3ALUH CTPYKTYPbI CHCTEMBI
yHpaBJleHUs

B cooTBeTcTBUM ¢ ABYXCTyNEHYATON MPOLELYPOH OIl-
THMHU3AIMN TIEPBOHAYAILHO HaiiIeM OMOpPHBIA BapHaHT
ctpykrypsl CY. 1o ycroBusM pemieHus 3agadu BeIOOpa
OTIOPHOTO BapHaHTa CTPYKTYpHI (1), (2) U3BECTHHI ciemy-
FOIIIe UCXOHbBIE TaHHbIe (Ta0. 1).

PesynbraThl perienus cucteMbl ypaBHeHUH (4) oTHOCH-
TEJIbHO NEPEMEHHBIX 711, JUTsl 3Ha4eHui S = 2,3,4 u ynoBier-
BOPSIOIINE YCIOBUAM 3a/1au (1), Mo MUHUMYMY BpeMEHH
pemenust 3aaa4 B CY ¢ yueToM OrpaHMYEHUs 110 CTOUMO-
CTH, MpEeJCTaBIeHbI B Ta0I. 2. B kaxmo0ii cTpoke Tadmuib!

Tabnuya 1. VicxonHble qaHHbIE [T pacyeTa OMOPHON OIHOPO/I-
HOM CTPYKTYPBI CUCTEMBI YIIPaBICHUSI
Table 1. Initial data for the calculation of the reference
homogeneous control system structure

Ck 5

N k &k Wy, 1 fio TBIC. YCII. €.
2 1 0,45 10,0 0,02 25
2 1,0 15,0 0,01 30
3 1 0,3 10,0 0,02 25
2 1,0 15,0 0,01 30
3 1,0 15,0 0,01 35
4 1 0,3 10,0 0,02 25
2 1,0 15,0 0,01 30
3 1,0 15,0 0,01 35
4 1,0 15,0 0,01 49

IHpumeuanue: A = 22,0 1/49; ay = ay = 0,5; S =45 Cron =
=300 TBIC. Yo en., Ty, = 0,2 4.

Jo1
anst BIOpanHoro C; IPENCTABIIEHBI: KOJIMIECTBO IMTyHKTOB
ynpaBieHus (T. €. BapuaHT cTpyKTypsl CY) Ha KaxaoM
YPOBHE Uepapxuu m-m, (npu S = 2), m;-my-(m3) (npu
§'=3), m-my-(m3)-(my) (npu S = 4), a TakxKe 3aTpaThl HA
CO3/JaHUE U IKCILTyaTaluIo ITyHKTOB YIIPaBIEHUs HepapXu-
yeckol cTpyKTypsl Cg,,,,, CYMMapHO€ BpEMs Ha pELICHUE
3a/lad MyHKTAMU YIIPABICHUS UEPAPXUUECKON CTPYKTYpPbI
T, ¥ 3HaUCHUE aJJUTUBHONW CBEPTKH HOPMUPOBAHHBIX
rokasaresiel 3aTpar BpeMeH: 1 cTouMocTH CY — NOR - 7.

Pacuer C,,,, T, 1 NOR - 7 BBIIOJHUM B COOTBETCTBUH C
Beipakerusavu (3) u (5). Bema T, > T, mma C > C o,

TO B stuelike Tabmuubl BMecto NOR - 1 OyzeT yKasaHo cooT-
BETCTBYIOIIEE, HEBBINIOIHEHHOE, YcnoBue 10 7, umm C 1.

AHaJaHu3 pacueToB MOKa3al, 4TO BAPHAHTBI CTPYKTY-
per CVY, ynoBiaeTBOpAIOIINE OTpaHUYCHUIO 3a7aun (1),

% _ *,
Cyym < Cpon» COOTBETCTBYIOT MHOXKECTBY W™ = (S, m™:

k=1,8), S=2, S,.« 4 B TalOIL. 2 OTMeUeHB! JBOIHOMU 1u-
HHEH:

W =(9-1, 10-1, 6-2-(1), 7-2-(1), 7-3-(1)).

Pesynbrars! pemenns 3agaqn (2), 10 MUHIMYMY CTOU-
MOCTH C y4eTOM OTPAaHWYEHHS TI0 BPEMEHHU PEIIeHHs 3a/1ad,
npe/cTaBIeHbl B Ta0. 3. B kax1o0ii cTpoke TaOIuIb 1Ist
BbIOpaHHOTO T NPUBEJICHBI BAPHAHTHI CTPYKTYphl CY
(my-my~(m3)-(my) U T. A.) 0 popMe, aHATOTMIHOHN Tad. 2.

Amnanu3 pacyeToB (Tadm. 3), mokasaj, 4TO BapHAHTHI
CTPYKTYPBI, YJIOBJICTBOPSIOIINE OTPAaHUICHUIO 3a1a4H (2),

s,k * sk,
Tm < Tyon» COOTBETCTBYIOT MHOMKeECTBY W™ = (™, m)™™:

k=1,8),8=2, Smax — OTMEUYEHBI IBOMHON JTMHNEH:
W™ =(7-3-(1), 8-2-(1), 7-2-(1), 6-2-(1), 10-1, 9-1).

IIpoBesieM OKOHUYATETBHBIN BEIOOP ONIOPHOTO BAPUAHTA
UEPapXUUECKOI CTPYKTYPBI W o M3 IOIy4YEHHBIX MHOMKECTB
W, W' 110 xpuTepuio MakCHMyMa 3Ha4CHIs aJTHTUBHON
CBEPTKH HOPMUPOBAHHBIX T10Ka3aTeNeH 3aTpaT BpEMEHH 1
croumoctu CY T, C;,,,, BCOOTBETCTBHY C BEIpasKEHUEM (5):

We= argmax {NORc(Wg)}=("=3,m0=(7-3-1))
WS*, WS**

upu NOR ¢ (W) = 0,519.
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Tabruya 2. Pe3ynsraThl pacyeTa OMOPHOH OJHOPOIHOM CTPYKTYPbI CHCTEMBI YIIPABICHUS 10 MUHIMYMY BPEMEHHU PELICHHs 3a1a4
C y4ETOM OTPaHUYEHHUS IO CTOUMOCTH

Table 2. The calculation results of the reference homogeneous control system structure by minimizing the processing time
with a cost constraint

Cﬂon, TBIC. yCII. €11 ConeprxaHne sr9eHKN TaOIHUIBI S=2 S=3 S=4
240 my-my-(ms)-(my) 8-1 7-1-(1) 5-1-(1)-(1)
Coum 230 240 239
Sum 0,201 0,210 0,296
NORC,T Tsum > T,:Lon Tsum > T[xon Tsum > T)]on
260 my-mo-(mz)-(my) 9-1 6-2-(1) 5-1-(1)-(1)
sum 255 245 239
Toum 0,195 0,176 0,296
NORC,T 0,478 0,516 Toum > T)]Orl
280 my-my-(ms)-(my) 10-1 7-2-(1) 5-2-(1)-(1)
sum 280 270 269
um 0,191 0,164 0,262
NORC’T 0,465 0,518 Toum > Tmrl
300 my-mo-(ms)-(my) 10-1 7-3-(1) 6-2-(1)-(1)
Coum 280 300 294
sum 0,191 0,153 0,241
NORC,T 0,465 0,519 Tom > Thon
320 my-my-(ms)-(my) 11-1 9-2-(1) 7-2-(2)-(1)
cum 305 320 354
Tsum 0,188 0,150 0,196
N ORC,T Cxum > Caon Csum > CJIOl'l Csum > CL[OH

B Tabn. 2 u 3 onTumanbsHas OHOPOIHASI HepapXuye-
ckas cTtpykrypa CY W, ¢ COOTBETCTBYIOIIUMHY 3HAYECHH-
amu Cy,,, =300 toiC. yeu. en., T,,= 0,153 4, NOR: ;=
=0,519, ormMeueHa TBOWHON «OKHPHOW JTHHUCH.

Takum 0Opa3oM, HaliIeH OTIOPHBII BapUAHT CTPYKTYPHI
CY, B KOTOPO¥i MOy4YCHO TPH YPOBHA YIIPABICHUSA: 7 MyH-
KTOB YIPaBJICHHUS Ha TIEPBOM ypPOBHE, TPU ITyHKTA yIpaB-
JIGHUSI — Ha BTOPOM M OAWH IYHKT YIpPaBIEHUS — Ha
TpeTbeM. Tak Kak 7 IIyHKTOB yIIPaBJICHUs [IEPBOIO YPOBHs
HE PacHpeeNnaioTCsl PABHOMEPHO MEXK/Ty ITyHKTaMH BTOPO-
IO YPOBHS, TO Ha OIMH U3 ITyHKTOB yIPaBJIEHUS BTOPOrO
YPOBHS OyZIeT 3aMBIKaThbCsl TPH ITyHKTa yIPaBICHUS Tep-
BOTO ypoBHSA (pHc. 2, a). [laHHast HEOHOPOIHOCTH OyneT
yuTeHa ITPYU HMHUTALOHHOM MOJIETNPOBAHNN — Ha BTOPOM
JTare ONTUMHU3ALHH.

Ha BTopoMm »Tame ontuMusanuu cTpykTypsl CY uc-
MTOJTB30BAHBI MOKa3aTeau 3(pPEeKTUBHOCTH, B KauyecTBE
KOTOPBIX PAaCCMOTPEHBI IMPOMYCKHBIE CIIOCOOHOCTH [21]
IIyHKTOB YIIPaBJICHUS — Kjk u CY B nenom — K. [lox
MPOITYCKHON CIOCOOHOCTHIO B JAHHOM TPHMEpe MOHUMAeM
JIOJIIO 3aj]a4, PELICHHBIX Ha MyHKTax ynpasneHus (B CY)
OTHOCHUTENIHO BCEX MOCTYMUBIINX 3a BpPeMsl MOAEIUPO-
Banus T, 3a1a4. 3ajaaum TpeOyeMble 3HaUEHHs NPO-
ITyCKHBIX CIIOCOOHOCTEH MYHKTOB yIPABICHHS — Kjk ™, n
CV B nenom — K%', Kpome T0ro, B OTIIMUUE OT IEPBOTO
9Tama, BpeMsi 00CITy)KMBaHMS 33/1a4 Ha IMyHKTaxX yIpaBiie-
HUSI IPUMEM pacIIpeIeNICHHBIM 110 HOPMaJIbHOMY 3aKOHY
¢ napametpamu af u o X, uto ycrpanser npunsToe panee
yTpolieHne 00 IKCIOHEHINAIBHOM 3aKOHE PACTIPEIENICHUS
BPEMEHH 00CITyKHBaHUS 3a/1a4.

C y4eToM UCXOIHBIX JaHHBIX MepBoro 3tana (tadm. 1),
BBIOPAHHOTO OIIOPHOTO BapuaHTa cTPyKTypsl CY W0 =

= (7-3-(1)) u BeIpaxenus (3) mns Ay, HONYyYUM 3HAYECHUS

HCXOJHBIX JIAHHBIX MMHUTALMOHHOTO MOJEINPOBAHUS

(Tabm. 4).

[TomyueHs! pe3yapTaThl UMHUTAIIMOHHOTO MOJAEIHPO-
BaHUSA (MIPOMYCKHBIE CTIOCOOHOCTHU IMYHKTOB yIpaBie-
HHs) OTIOPHOTO BapuanTa cTpykrypbl CV: K3 =0,69;
K2=K,2=0,89; K32=0,84; K,! — K;! = 0,76. B coorser-
CTBUH C aJITOPUTMOM IOMCKa ONPEACIICHBI ITYHKThI YIIpaB-
JICHH, OTPaHUYMBAIOIINE TPOMYCKHYIO criocobHOCTh CY,
a MMEHHO X3 ¢ TPOIYCKHOM crocobHoCThI0 K3 = K¢ =
= 0,69, uto MeHbIe TpeOyemoro 3HadeHust KY™P = 0,7,

JlaHHBI y3ed (x;3) HAXOMHUTCS B COCTABE KKPHTHIECKO-
TO ydacTKka» CTpyKTypsl CY, BKIIIOYAIOIIETO CIIEAYIONe
IyHKTBI YIpaBiIeHns: x13 — x32 — (x5! — x;!) (puc. 2, a).
JlanbHeiiee ymydIieHne CTPYKTYPBI BBIITOTHUM MyTEM
M3MEHEHUS] HH(POPMAIMOHHBIX CBSI3€H MEKAY ITyHKTaMH
YTIPaBIEHUS «KPUTHUECKOTO YIACTKA» M 3aMEHBI TEXHHUIEC-
CKHUX CPEJCTB C yITy4IIEHHBIMU XapaKTePUCTUKAMMU:

— x5! mepexirogaetcst Ha x,;2, x¢! mepekiouaeTcs Ha x,2;

— x32 uckmouaercs u3 crpykrypsl CV, a ocraBuimiics
yHKT YIPABJICHHS X! [OKIIF0YaETCs HEMOCPEACTBEH-
HO K X3;

— 3a CYET CTOMMOCTH MCKJIIOYEHHOTO ITyHKTA YIPaBICHUs
X32, YIAY4IIAIOTCS XapPaKTEPHCTHKA X12 1 X2 (YMEHbIIIA-
ercs koadduimeHT uuTerpaun g, = 0,5, nmokasesato-
LM Kakasl 4acTh 3aJlaud, MOCTYNUBIIEH Ha 2-i ypo-
BEHb YIPABICHHs, Oy/IeT NepeaHa Ha BBIIICCTOSIINH
ypOBeHb x;3) B mpejenax 3aaanuoii croumoctu CY
Con = 300 TBIC. yem. e
C yd4eToM MpoBeJCHHBIX M3MEHEHHUH cTpykTypa CY

MpelcTaBIeHa Ha puc. 2, b, a UCXOHbIE JaHHBIE JIJIST UMH-

TAI[MOHHOT'O MOJICJIMPOBAHUS — B Ta0J. 5.

Hay4HO-TexHU4eCcKnii BECTHUK MHDOPMALMOHHbLIX TEXHOOMMIA, MeXaHUKn 1 ontukun, 2023, Tom 23, N2 1 49
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



MeTog onTumMmnsauum CTPYKTYpPbl B UEPAPXMHECKUX pacrpeeseHHbIX CUCTEMAax yrpasBieHnUs

Tab6ruya 3. Pe3ynpraTel pacyeTa OMOPHON OJJHOPOIHOM CTPYKTYPBI CHCTEMBI YIIPABICHHS 10 MUHIMYMY CTOMMOCTH C YY€TOM Orpa-
HHUYEHHs] IO BpEMEHU pelIeHHs 3a/1a4

Table 3. The calculation results of the reference homogeneous control system structure by minimizing the cost with a processing time

constraint
Trom 4 CozneprxkaHue siYCHKN TaOIHIbI S=2 S=3 S=4
0,150 my-my-(ms)-(my) 9-2-(1) 15-4-(3)-(1)
Coum 320 649
Toum 0,150 0,149
N ORC,T Csum > Caon Cmm > Caon Csum > Caon
0,155 my-mo-(ms)-(my) 7-3-(1) 14-4-(3)-(1)
sum 300 624
Tsum 0,153 0,151
NORC,T Csum > Cuon 09519 Csum > C}IOI'I
0,160 my-mo-(ms)-(my) 99-1 8-2-(1) 14-3-(2)-(1)
um 2005 295 559
Toum 0,159 0,156 0,160
NORC,T Csum > Caon 09518 Csum > Czlorl
0,165 my-ma-(ms)-(m,) 66-1 7-2(1) 13-3-(2)(1)
o 1680 270 534
. 0,165 0,164 0,163
NORC,T Csum > CHOH 09518 Csum > CL[O]'[
0,195 1y -mo-(ms)-(m,) 10-1 6-2-(1) 8-2-(2)-(1)
o 280 245 379
Toum 0,191 0,176 0,188
NOR(.7 0,465 0,516 Coum™ Cron
0,200 1y -mo-(ms)-(m,) 9-1 6-2-(1) 7-2-2)(1)
o 255 245 354
Toum 0,195 0,176 0,196
NOR¢ 7 0478 0,516 Coum > Cron
0,205 my-ma-(ms)-(m,) 8-1 5:2(1) 7-2-(2)(1)
Com 230 220 354
. 0,201 0,203 0,196
NORC,T Tsum > Tz{on Tsum > T).Ion Csum > CL[OH

Tabnuya 4. UcxonHble TaHHBIE JUI IMHTAIlMOHHOTO MOAEIMPOBAHNS OTIOPHOTO BAPHAHTA CTPYKTYPHI CHCTEMBI YIIPABICHHUS

Table 4. Initial data for the simulation modeling of the reference variant of the control system structure

S xjk I Mo 1/ ajk, MHH ojk, MHH C}» THIC. yCIL. €]1.
P 1,0 6,59 4,0 1,5 35

2 X2, x,2 1,0 1,89 4,0 1,5 30
x32 1,0 2,83 4.0 1,5 30

1 xih., xql 0,3 3,14 6,0 2,0 25

Tpumeuanue: A = 22,0 1/9; Cyo = 300 ThiC. yeu. en.; KF P = K™ =0,7; T, = 500 u.

Tabnuya 5. VicxonHble faHHBIE I IMHTAIIMOHHOTO MOAGIUPOBAHNUS CKOPPEKTHPOBAHHOTO BAPHAHTA CTPYKTYPBI

CHCTEMBI YIIPABICHUS

Table 5. Initial data for the simulation modeling of the corrected variant of the control system structure

S xjk I Mes 1/ ajk, MHH ojk, MHH C} » TBIC. YCIL. €.
3 x3 1,0 3,77 4,0 1,5 35
2 %2, %2 0,5 2,83 4,0 1,5 45
1 Xl 1! 0.3 3.14 6.0 2.0 25

Tpumeuanue: A =22,0 1/9; C,,,

=300 TBIC. yCII. €11.; KjkTP =K% =0,7; Ty, = 500 u
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a

Puc. 2. OnopHsIil BapuaHT CTPYKTYPhI CHCTEMBI YIIPABICHHUS (), CKOPPEKTHPOBAHHEIN (10 pe3yIbTaTaM HMUTAIIMOHHOTO
MOJICJIMPOBAHNS) BAPDUAHT CTPYKTYPBI CUCTEMBI yripaBieHust (b)

Fig. 2. The reference variant of the control system structure (), corrected variant of the control system structure (based on the results
of simulation modeling) ()

B pesynbrate IMUTaMOHHOTO MOJIEIUPOBAHUS CKOP-
PEKTHPOBAHHOTO BapuaHTa CTPYKTypbl CVY momydeHsl
3HAYEHUs MPOIYCKHONW CIIOCOOHOCTH IYHKTOB yIpPaB-
JICHHUA: K13 = 0,79, K12 = K22 = 0,84, Kll *K7l = 0,76
[Monyuennbie nokazarenau 3pPEKTUBHOCTH ITYHKTOB YIIPaB-
JIEHUsl — K/k u CY B nenom — K 6onbiie TpeOyeMbIx
snauenuit K = Ky =0,7.

Takum oOpazom, chopMUpOBaH BapHAHT CTPYKTYPHI
CY, coOTBETCTBYIOIUIT KPUTEPUIO AOCTATOYHOCTH I10 MO-
kazaremo ddexTuBHOCTH — K > KCYTP,

3akarouenne

CoBepIICHCTBOBAHUE TEXHUUCCKUX CPEACTB 00paboTKU
U Iepeayyl JaHHBIX MPUBEIO K KAYSCTBCHHOMY M3MEHE-
HUIO TPUHIUIIOB YIPABICHUS B CHCTEMax IICJICHAIIPaB-
JICHHBIX TIPOIIECCOB, YTO B 3HAYUTEIILHON Mepe PaCIIAPUIIO
BO3MOYKHOCTH OTJICJIBHBIX DJIEMCHTOB B CTPYKTYPE CHCTEM
VIpaBJICHUS TIPU PEIICHUH 33129 YIIPaBICHUA. B CBsI3U ¢
STHM BOTIPOCHI MOJICTTMPOBAHUS U UCCIIEIOBAHMUS HA MOJIE-
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5. Oesterreich T.D., Teuteberg F. Understanding the implications of
digitisation and automation in the context of Industry 4.0: A
triangulation approach and elements of research agenda for the

JSIX pa3JInYHBIX BAPHAHTOB CTPYKTYP CUCTEM YIPaBICHUS
C y4ETOM B3aMMHOTO BIIMSHUS COCTABHBIX YaCTEeH — aKTy-
AJBHBI B TPEOYIOT pa3paboTKK HOBBIX METOIOB HCCIIEIOBA-
HUSI C yUETOM JIEKOMITO3UIUU CTPYKTYPBl U HAXOXKACHUS
HOBBIX HETPAAUIIMOHHBIX ITOJAXO0/10B.

[MpemioxkeHHBII METO/ peCTaBIsIET COOON IBYXYpOB-
HEBYIO MIPOLIEAYPY ONTUMHU3AINH, TO3BOJISIONLYIO HA OCHO-
BE€ aHAJMTUYECKON MOJIENIN CUCTEM YIPaBICHHs BBHIOPATH
HaMTy4lInii 6a30BbIN (OMTOPHBIN) BapUaAHT €€ TIOCTPOCHHUS
JUISL 9aCTHOTO CITy4asi, KOT/Ia CTPYKTYpa SIBIISICTCS] UEPapXH-
YeCcKOH M OJJHOPOIHOM. [laree, ¢ OMOIIBIO IEKOMIIO3UIINI
CTPYKTYPBI, MO)KHO OCYIIIECTBUTH HEPEX0Jl K UCCIIEe0Ba-
HUIO CHCTEMBbI YIIPABJICHHsI C IPOU3BOIBHOM CTPYKTYPOH
U MoclenyIolel ee ontumMu3anuu. MeTog OCHOBaH Ha
OTIPEAEICHIH KPUTHYECKOTO YUacTKa B CTPYKTYpE CHCTEM
YIpaBJICHUsI C TOUKHU 3peHHus odecreueHus Tpedyemoii 3¢-
(heKTUBHOCTH YIIPABICHUS C MOCIEAYIOIINM Mepepacpe-
JIeTICHUEeM BBIUYMCIIUTENIBHBIX PECYpPCOB U (hOpMUPOBaHHEM
OUYEpEeHOrO IJIaHa JUIS UCCIEeNO0BAHUN 710 JOCTUKECHUS
TpeOyeMbIX Noka3zareseil 3pPpekTHBHOCTH.
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AHHOTALUA

IIpenmet uccaenoBanus. [IperiokeH HOBBI METON MICHTH(PUKAIINH TapaMETPOB CHHYCOHJAIBHOTO CUTHAJA C
HEU3BECTHOU MepeMEHHON aMIuTUTy0i. [IpobiaeMa olieHHBaHHS MTapaMeTPOB CHHYCOHUIAIFHBIX CUTHAJIOB aKTyalbHa
B 3aj1a4axX JUHAMUYECKOTO MO3UIIMOHUPOBAHUS U KOMIIEHCALIMHU BO3MYIICHHUH JIJIsl CHHTE3a 3aKOHOB YIIpPaBICHUS,
YUUTBIBAIOLIMX BHEITHHE BO3MYIIAIOIINE BO3IEHCTBISL. B npeiiaraeMomM MeTojie yCTpaHEeHO OrpaHuueHHe Ha aMILTUTYLy
cUrHaia. B oTinune ot N3BECTHBIX MOJIXO/0B, T/I¢ aAMIUIUTY/A T0/DKHA OBITh (PHKCHPOBAHHOM, B PACCMOTPEHHOM METO/IC
aMIUTUTY/Ia CUTHAJIA MOXKET OBbITh nepeMeHHoi. MeTtoa. J{i1s peann3alnny NpeacTaBlIeHHOro MeToa HACHTU(DHUKAIINI
MPUMEHEHBI )KOpAaHOBa (popMa MaTPHIIBI U OTEPaTOPHI 3ama3abiBanus. B xoie napamerpusanuu chopmMupoBaHa
perpeccuoHHas MOJeNb, COJIeprKallas HEM3BECTHBIC CTAllMOHApHBIE mapaMeTpsl. /I moncka HEeM3BECTHBIX
mapaMeTpoB MPUMEHEH METO AHHAMHYECKOTO PACHIMPEHUs perpeccopa U cMemuBaHus. OCHOBHbIE Pe3yJbTaThl.
Pe3synbraThl KOMITBIOTEPHOTO MOJIEITUPOBAHHS TIOKA3aIH PabOTOCIIOCOOHOCTh pa3paboTaHHOTO anropuTMa. Pe3ymsrars
MOZEUPOBAHUS TTOATBEPANIN CXOAUMOCTh OI[EHUBAHUS MapaMEeTPOB K UCTUHHBIM 3HaueHusM. [lpakTuuyeckas
3HAYUMOCTh. [107X01 MOXKET OBITH TPUMEHEH IS IIHPOKOTO KiIacca MPUKIaIHBIX 3a/1a4, CBSI3aHHBIX ¢ KOMIICHCAIIUEH
BO3MYIICHHUI B CHCTEMaX BHOPO3AIIUTHI, CHCTEMAaX MOHHUTOPHHIA MPH OMPEACICHUN MTapaMeTPOB BBICOTHBIX MIIH
OOJIBIICTIPOIETHBIX CTPOUTEIIBHBIX COOPYIKEHHH, B CUCTEMaX YIpPaBICHUs POOOTOTEXHUYECKIUMHU 00bEKTaMH.

KiroueBrble c10Ba
CHUHYCOMJA/IbHBIE CHTHAJbI, HACHTUQUKALNS, TIEpEMEHHAsT aMIUTUTY/a, )KOpAaHoBa (opmMa MaTpPHUIbI, THHEHHAs
perpeccuoHHas MOZIENb

Ccepuaka st nutupoBanusi: Hryen X.T., Bracos C.M. Merton naeHTHdUKALMKA TapaMETPOB CHHYCOHUIAILHOTO

CHUTHaJla ¢ HEM3BECTHOU MepeMEeHHON aMIUTUTyao0H // Hay4Ho-TexHHYeCcKuii BECTHUK MH(POPMAMOHHBIX TEXHOIOTHIA,
mexanuku u onTuku. 2023. T. 23, Ne 1. C. 54-61. doi: 10.17586/2226-1494-2023-23-1-54-61
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Abstract

A new method proposed for identifying the parameters of sinusoidal signal with unknown variable amplitude. The
problem of estimating the parameters of sinusoidal signals is relevant in the problems of dynamic positioning and
disturbance compensation, for the synthesis of control laws that take into account external disturbances. In the proposed
method, the restriction on the signal amplitude is removed. In contrast to known approaches, where the amplitude
must be fixed, in the proposed method the signal amplitude can be variable. To implement the proposed identification
algorithm, the Jordan matrix form and delay operators are used. During parameterization, a regression model is formed
containing unknown stationary parameters. To search for unknown parameters, the method of dynamic expansion of the

© Hryen X.T., Bnacos C.M., 2023
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regressor and mixing is used. The results of computer simulation demonstrate the efficiency of the proposed algorithm.
The simulation results confirmed the convergence of parameter estimation to the true values. The proposed approach
can be applied to a wide class of applied problems related to disturbance compensation in vibration protection systems,
monitoring systems in determining the parameters of high-rise or large-span building structures, and in robotic object

control systems.
Keywords

sinusoidal signal, identification, variable amplitude, Jordan form of the matrix, linear regression model

For citation: Nguyen K.T., Vlasov S.M. Method for identification of sinusoidal signal parameters with variable unknown
amplitude. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no. 1,
pp. 54-61 (in Russian). doi: 10.17586/2226-1494-2023-23-1-54-61

BBenenue

B pabote paccMoTpeHa 3a1avya WACHTU(GUKAUN T1a-
paMeTpoB CUHYCOMAJIbHOTO CHTHAJIa ¢ HEU3BECTHOW He-
cTaunoHapHOU amrutynoi. [Ipobiema uaeHTuGUKaUH
YaCcTOThl CHHYCOUJJAJIbHBIX CUTHAJIOB U3y4YeHa JJIs OCTO-
stHHBIX [ 1—7] u nepemenHsbix [8—13] mapamerpoB. 3anaua
UICHTU(UKANNN 9acCTOThl CHHYCONUJAIbHBIX CUTHAJIOB
SIBIISIETCS OYEHBb BAKHOU M aKTyallbHOM, pellICHHE KOTOPOH
MOYKET HAUTH B OOJIBIIOM KOJIMYECTBE MPAKTUICCKHUX IIPH-
JIOKCHUH: B CHCTEMaX TUHAMHYECKOTO MTO3UIIHOHIPOBAHNS
¥ KOMIICHCAIINU BO3MYIIEHHUH, CHCTEMaX BHOPO3aIIUTHl 1
MOHHUTOPHUHTA TIPU OMpPEEICHNH MapaMeTPOB BBICOTHBIX
WK OONBIICTIPOIETHBIX CTPOUTEIBHBIX COOPYKCHUH.

B paGore [8] mpencraBneH anropuTM OLICHUBaHUS He-
CTaIlMOHAPHON YaCTOTHI HE3AIIyMJICHHOTO CHHYCOUIAIb-
Horo curHaina. [IpeanonokeHo, 4To aMIIUTyAa U 4acToTa
CHHYCOM/IAJILHOTO CUTHAJIa HEN3BECTHBIC (DYHKIIUH BpeMe-
HU, HO SIBJISIFOTCS PELICHUSMU JTMHEHHBIX CTAl[MOHAPHBIX
muddepeHManbHBIX ypaBHEHHH ¢ M3BECTHBIMH T1apaMe-
Tpamu. OCHOBHOM HEOCTATOK JAHHOTO MOAX0/a COCTOUT
B CHATHH OTPAHWYCHHI Ha CTAI[HOHAPHOCTH aMILTHTYIBI
W 9acTOTHI, HO (a3a CHHYCOMIAIBHOTO CUTHAJIA — TI0-
CTOSTHHA.

B [10] paccMoTpeH anropuT™ UAEHTH(DHUKALINN JTH-
HEHHO MEHSIOLLENCS 4aCTOThl CUHYCOMIaJIbHOTO CUTHAJa,
MMEIOIIEr0 HEU3BECTHBIC aMILIUTYAY U (azy. [Ipemnoxen
MOAXOM K MACHTU(DUKAIIMH JTHHEHHO MEHSOIICHCS 4acTo-
ThI, IPE/lyCMaTPUBAIOIINI UTEpaTHBHYIO (uibTpanuio (c
HCTIOJIb30BaHUEM JIMHEHHBIX YCTONUUBBIX 3BEHBEB MIEPBOTO
MOPsIIKA) U3MEPSIEMOr0 CUHYCOUAAIBHOTO CUTHANA, KO-
TOpasi MO3BOJISIET MOJIYYUTh IPOCTYIO JIMHEHHYIO perpec-
CHOHHYIO MOJEJIb C OJJHUM HEU3BECTHBIM MOCTOSHHBIM
mapamerpoMm. OTpaHUYCHHUEM TOTO METONA SBISIETCS TO,
YTO aMIUTATYZA U (pa3a OCTOSHHBI.

B pabote [11] paccMoTpeHa 3aada OIICHUBAHUSA Ta-
paMeTpoB CHHYCOHMJAIBHOTO CHTHAIA, 9YaCTOTa KOTOPOTO
M3MEHSETCS KaK MOJTMHOMHUANbHas (GYHKIS BpeMeHu. [
pelIeHNs STOH 3a7a4u MpeayIoKeHa TapaMeTpHU3aIys, mo-
3BOJISIFOLIAs CPOPMHUPOBATH ypaBHEHHsI IMHEHHOM perpec-
CHUU OTHOCHUTEJIBHO HEM3BECTHBIX MapaMeTpoB. OLEHKH
(OPMUPYIOTCS C HCITONIB30BAHUEM METO/A IMHAMUYECKOTO
pacmupenus perpeccopa. B [12] npemnoxken meron ore-
HUBAHMS YaCTOThl CUHYCOUJAJIILHOTO CUTHAJIA C IIEPEMEH-
HOM aMIUIUTYI0H. AMIUIMTYAA IPEANONaraeTcst U3BECTHOM
(byHKIIMEW B TIpenenax MOCTOSTHHOTO MHOXKHTEIS, dasza
TakKe W3BeCTHA. Ha mepBoM dTare mpemiokeH Moaxon K
TapaMeTpr3alliil CHHYCOMIaIHHOTO CUTHANIA U TIOJTy9YeHa
MOJIENb JIMHEHHOM perpeccun TpeThero nopsaka. Ha ciue-

JIYIOIIIEM 3Tare CO3/aH aJrOpUTM OIICHHBAHMS Ha OCHOBE
CTaHJApPTHOTO I'pajiueHTHOro noaxona. OOmuit HegocTa-
TOK DTHX ITOJXO/I0OB B TOM, YTO aMIUINTYJa — W3BECTHAs
(yHKIMS BpeMEHH.

B nacrosimieii pabore paccMoTpeHa 3a/1a4a MICHTH-
(huKanuy mapaMeTpoB CHHYCOMJIAJIBHOTO CUTHAIA C He-
M3BECTHOU NMEPEMEHHON aMILIUTY0U. Moesnb JInHEeHHOM
perpeccun BTOPOTO MOPSAKA MOCTPOSHA C UCTIONB30BAaHUEM
OIIEPaToOPOB 3a/IePKKH. [Ipeanonokum, 9To yacToTa, cMe-
meHne U (a3a CHHYCOUIaIbHOTO CUT'HAJIA — ITOCTOSIHHbIC
W HEU3BECTHBIE ITApaMETPhl, & aMIUIUTY/a — MepPEeMEeHHAsI
u HeusBecTHas pyHKuus. HeoOXoauMo cMHTE3UpOBaTh
AJITOPUTM HUICHTH(UKAIINH, KOTOPBIA 00CCIICUUT CXOIH-
MOCTbh HaCTPOCHHOI OIIEHKH MMapaMeTpOB K UCTHHHBIM
3HAYCHUSIM.

[TpenuioxkeH HOBBIM MeTOJ MIACHTU(UKALIMY Tapame-
TPOB CHHYCOHJAJIBHOTO CHTHAJNIA C IEPEMEHHBIMHA Ma-
pameTpamu, KOTOPBIH MOBBICUT Kauy€CTBO OLICHUBAHUS
MapaMeTpOB NCXOTHOTO CHTHAJA, U 00ECTICUNT SKCIIOHEH-
UATBHYIO CXOAMMOCTD K HYJIO OIINOOK OIICHUBAHMUS.
B oTianunu oT aHAIOTWYHBIX, B pa3pab0TaHHOM METOZIE HET
OTpaHUYEHUs], KOTOPOE TPeOyeT N3MEPEHHUs IEPEMEHHBIX
yacTel curHana. [IpeacraBieHHbIi MeTOl pOOACTHBIN 110
OTHOIICHHIO K IIIyMaM, B OTJIMYMH OT aHAJIOTOB.

ITocTanoBka 3apaun

PaccmoTpuM n3MepsieMblii CUTHAI
() = A(D)pe Pisin(ot + ¢), M

IJe || — MOCTOSIHHBIN mapametp; A(f) — nmepeMeHHas
ammutyaa; p > 0 — xoaddunuent 3aryxanus; o € R
u ¢ € R — HeussectHbie yactoTa u $asa; t — BpeMmsl.
[MTapamertpsr W, B, ®, ¢ 1 GyHKIMA A(f) CUMTAIOTCS HEU3-
BECTHBIMHU.

TpebyeTcs CHHTE3MPOBATh AITOPUTM OLEHHBAHHS Ya-
CTOTHI O(?) 1 Kod(duIIeHTa 3aryxanus (), odecreunBa-
JOIIUX BBITIOJHEHHUE YCIOBHH

lim(o — &(7)) =0,
lim(B — B(#)) = 0.

[—00

[Mepenuiiem ypasuenue (1) B y100HOM BHIE
() =AW Y),

e Y(¢) = pe Pisin(wt + ).
Bgenem nonymienue.
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MeToa noeHTudunkaumm napamMeTpos CUHYCOMOANbHOIO CUrHasna C HEM3BECTHOM NepeMeHHON aMmnTyLoomn

Jonymenne 1. @ynkuus A(f) aiasiercs BBIXOJOM JIH-
HEWHOTOo reHepaTopa

A(7) = hT¥(1),
¥(1) = GY(1),

rie W € R? — marpuiia cOCTOSHHS FeHEPATOPa ¢ HEM3BECT-
HbIM HayasbHbM 3HaderneM W(0); G € R7*9 — marpuia
M3BECTHBIX MOCTOSHHBIX ko3 dunuentos; h € R7 — pek-
TOP COOTBETCTBYIOILIECH Pa3MEPHOCTH.

Taxxe gomycTum, 4to 4actoTa A(f) U3MEHSETCS 110
CHHYCOMJIaJIbHOMY 3aKOHY, Torna marpuna G u BEKTOp
Y(0) mpuMyT BUA

ok 6= o @[}

h=
0 -2 0

TJICc Y — W3BECTHBIN mapameTp; 6 — HEU3BECTHBIN Mmapa-
METP.

Homymenne 2. ®ynkuus Y(f) sBisieTCs BRIXOAOM JIH-
HEWHOTro reHeparopa

Y(6) = HTE(1), )
&(1) = TE(), 3)

e & € R? — Bekrop cocrostaus reeparopa; I' € RPP —
Marpuiia moctossHubIX Ko3(dunuentos; H € R? — Bexrop
COOTBETCTBYIOLICH Pa3MEPHOCTH.

s BekTOpHO-MaTpuaHOH (popMbI BeIpaskeHH (2)—(3)
uMmerot Bup [14]:

&= 2]’F_[m20[32 ;B]H_[(IJ]

HapaMeTpmauml CHHYCOUAAJTBHOI'0 CUTHAJIa

Paccmotpum 3agauy nmocTpoeHusl MOAENH JTUHEHHON
perpeccuu ¢ u3MepsieMbIMU MEPEMEHHBIMU U BEKTOPOM
MTOCTOSIHHBIX TTapaMeTPOB, 3aBUCSIINX OT HEU3BECTHOM
4acTOTHI ® U Kod(dumenTa 3aTyxanus 3.

Hapsiny ¢ usmMepseMbIM CUTHAIOM )(f) pacCMOTPHUM
3aI1a3/1bIBAIOIIME CUTHAJIBI

Wt—d)),t=d,,

»(® _{O, i<d, 4)
Wt—dy), t>d,,

»(0) :{0’ t<d, Q)

rne dy, dy € R, — mocTosHHBIC BENHYMHBI 3aI1a3/IbIBAHHS.
st curnanos (4) u (5) 3anuiemM COOTHOIICHHUS:

1) = 4,(0)Y(0), (6)
ya(t) = Ax()Y(0), (7
rac
A(t) = A(1 = dy), Ay (1) = A(t - d), (®)
Yi(0) = Y(t—dy), Yp(t) = Y(t - dy). ©)

YrBep:xaenne 1. 3mepsiemsie curHainsr (1), (8) u (9)
CBSI3aHBI TOXKIECTBOM:

E(n=vy(ne, (10)

e Z € R'; y e R%® — m3mepsemsie pynxumm; © € RO —
BEKTOP HEU3BECTHBIX MapaMeTPOB.
W3 nonymienuit 1 u 2 3anumieM QyHKIUH:
A(f) = hTeGr(0), (11)
Y(¢) = HITE(0).

Ha ocHoBanum BeIpaeHUs (§) MOTYIHM:

A,(t) = A(t - dy) = hTeGie-Gdp(0), (12)
Ay(#) = A(t - dy) = hTeGie-Gdp (0), (13)

a u3 BeIpaxeHuit (9):

Y,(0) = Y(¢ — dy) = HTelle Tdig(0) = HTe T4g(r), (14)
Yo(t) = Y(t — dy) = HleTte TdoE(0) = He TdaE (7). (15)

[Tocrasus (14) u (15) B (6) 1 (7) COOTBETCTBEHHO, T10-
JTy4UM

Y1) =4 (DHTeThg(p),
Y1) = Ap()HTe T (1),

YrBep:xaenne 2. Curnain (11) cBsI3aH COOTHOIIICHUEM:

A(f) =y lsin(yr)0.

HoxasareabcTBO yrBep:kaenus 2. [Ipeobpazyem G

B ypaBHeHuu (11) aHAIOTUYHO TOIXOAY, OMMMCAHHOMY B
padore [15]:

oG — cos(y?)

Tlsin(vt)]
—ysin(yf) ’

cos(y?) (16)

IToctaBuB cootHomenue (16) B (11), momyanm

A(t) = y-1sin(yr)0, 17)

4TO U TPEOOBAIOCH JIOKA3ATh JIJIsl YTBEPIKICHHUS 2.
AHanoruyHo HauIeM:

o Gdy — CQS(Ydl) —*rlsin(vdl)}’ (18)
ysin(yd;)  cos(yd,)

o Gis cgs(vdz) —yIsin(yd,) , (19)
ysin(yd,)  cos(yd,)

JUis cokpaleHus 4yuclia mapamMeTpoB MpUMeM dy =
=2d,=2d.

IMoctasum BeIpaxkerns (17) u (18) B ypaBuenwue (12),
KOoTOpoe OyZIeT UMeTh BUI:

Ay (#) =y Isin(yt — yd)0,
a (17) u (19) B ypaBuenue (13):
A,(8) = yIsin(yt — 2yd).
Yreep:xaenue 3. Curnan (14) cBsizaH COOTHOIICHHEM:

Y1(0) = ebd[cos(wd) + BarTsin(od) — o Tsin(od)]E(?).

Joxka3arenbcTBo yrBep:kaenusi 3. [[pumennm sxopaa-
HOBY (hopMy 11 ipeobpasosaress e 19,
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BrruncinuM coOCTBEHHEIC 3HAYCHUS MaTpuUllbl I
0-» 1 |_

02— B2 2B-A
=2+ 2y+ 02+ p2=0

:>}\,1 =—B+Z(D, 7\.2=—B—l.(,0,

det( — AI) =

>

rae I — exuHngHas Marpuna.
Jis KaxJ0ro u3 cOOCTBEHHBIX 3HAYCHUH MOJIyYUM
coOcTBeHHBIE BEKTOPBL. [t uncna A = —f + io, nmeem:

[ B—iw 1 xl]zo
=2 piolly] T
{(Biﬂ))x1+ylzo
= .
(-2 By, + (P o)y =0
=y = (o - Px;.

[Tonaras x; = 1, HaligeM cOOCTBEHHBIH BeKTOp V| =
=@yt

x]:1,=>y2:—y+ia),: V2:

—B + iw

U QHAJIOTUYHO — BEKTOP V, = (X5, V)7, acCOMUPOBAHHBII
¢ cOOCTBEHHBIM 3HAYEHHUEM A, = —f} — i®, TTOITyINM

Y+ io 1 X, (B+im)xy+y,=0
-02 - B2 B+iolly, e —@%x, + iy, =0
= 3y = (B + i)y,

IIpu x, = 1 naitnem coOcTBeHHBIH BekTOp V, =

= (x2, )T
1
x2:ln:y2:_ﬁ_iw9:>V2:|: . :|
—B-io

CocraBum Matpully V U3 HaliJeHHBIX BEKTOPOB V| U
Vz:

1 1
(io—B) ~(B+ i)
3anmiieM xopAaHoBy Gopmy Jr Ui 3a1aHHON MaTpH-

uel I', ncrons3ys popmy

- 1 [—(B+im) —IH 0 1 ]
Jo=viry=——/[" x
2io [(io-B) 1[[-w?2-p2 28

>

X[ 1 1
(io = B) (B + i)

1L [Pt Bio
JF_VIFV_ZZ’(D[BZQ)Z Bco]><
1
X[io)B Bim]’
Jr=V—]FV=[ im()_ﬁ imOB].

Cocrasum mMarpuily eIrd B ciieyronem Bue

jod
L |
0

e-iod

BbluncianM MaTpuuHyIo SKCIoHEHTy el'd

1 1 He"‘ﬂd 0 ]X
io—B —io—-PBll 0 eiod

;[ —io B 1],

eld = Yelrdy-1 = o-Bd

X
2io| io-f 1
. e bl [ eiod e-iod Hico -B l]
e "= . .
22io [(io — B)eivd  (—io - B)e@d ||-io+p 1]
S ied p -
e te ol + eimd _ e—imd
2 ol
iod _ e—io)d 2i
+ Bo!
I'd = p—Bd 2i
e"=e iod _ e—imd
_((02 + BZ)(D—I X _
2i
eiwd + e—imd eiwd e—toad
X — Bm—l
i 2 2i _

DKCHOHEHIUATbHbIE PYHKIUY /9, ¢~iod pa3nomum
o opmyie Diinepa

eio)d + e—iwd eimdﬁ e—imd )
=cos(o d), ———=sin(o d).
2 2i
[Monyuaem el B Buze:
+
COS(,(D D o Isin(w d)
rd— oo + Bo-Isin(w d)
T (02 + P! x cos(lod)+ |’
x sin(o d) + BoIsin(o d)
cos(o d) + (20)
. o Isin(o d)
i + Bo-Isin(w d)
T @+ Bl x cos(od)—
x sin(o d) - Bo-lsin(o d)

U3 ypaBHenwuit (14) u (20) 3amuireM COOTHOILICHUE
BUJIA:

Y, = ebd cos(o d) +

+ Bo-Isin(w d)

Ymeeporcoenue 3 ooxaszano.

AHaTOrMYHO HaAWIEM:
cos(2m d) +

+ BolsinRo d)

~o~lsin(o d)] &n. (21

Y, (1) = 2bd —o-1sin2o d)] £(0). (22)

IToncrasum ypaBHerus (21), (22) B ypaBHerus (4) u (5)
U MPECTaBUM B CIICAYIOIIEM MaTPUYHOM BH/IC

yl(t)] _[4i(@®)ebd(c) + Bols)) o 14 (#)sePd

yz(t) Az(t)ezﬁd(CZ + B(D71S2) *Q)ilAz(t)SzeZBd

rae s = sin(wd); ¢; = cos(wd); s, = sin(2wd); ¢, = cos(2md).
PaccmoTpuM crienyromiee BEIpaKeHHE:

B = ®¢, (23)

Jeo

e B :[)ﬁ(t)]’

»(0)
[Al(t)eﬁd(cl + Bolsy)
Ay(H)e?Bd(cy + Borlsy)

*milAl(l‘)Sleﬁd
—(OflAz(t)Szezﬁd '
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Sarnumem (23) B Buje:

O B=¢-= adj(®)B = adj(®)B = det(®@)z.  (24)

det(®)
VYmuoxkus ypasaenue (24) na A()H7, nonyuum
A(t)HTadj(®@)B = det(®@))(?), (25)

adj(®) =
_ —mflAz(t)Szezﬁd (DflAl(t)Sleﬁd (26)
~Ay()e?(cy + Borlsy)  Ay(1)ebd (c) + Pols)) ]

1 1
det(®@) = —A,()A4,(H)e3Pdsyc) + —A,()Ax()e3bs ¢y,
® ®

1
det((I)) = —_SlAl(t)A2(t)e3ﬁd. (27)
)
O0603HaYKM:
A() =y 0a, (28)
A,(H) =v10a,, (29)
Ay(t) =y 10a,, (30)

e a =y lsin(yt), a; = y-Isin(yt — yd), a, = y-Isin(yz — 2yd).
BrIpasuM mapamerpsl ¢,, S, 9EPE3 Cy, S|, UCTIONB3YS
TPHTOHOMETPUYECKUE (POPMYIIBI LISt IBOWHOTO YIIA:

C2:2C']2—1, SZZZC]S]. (31)

W3 BeIpaxenuii (25)—(31) noixyunm ypaBHeHHE
—o1e2Bd2g,c 1y (1)0%aa, + w-1ePds y,()0%aa, =
=—wle3bds (1)02a,a,.

Pasnenus 06e uactu Boipaxkenus (31) na —o1ebds 02,
3arIIeM
2ebdeyy (Haay — yy(taay = p(ayae?Pd. (32)

Bripakenue (32) mpencraBuM B BHUJIIE JIMHEHHOH pe-
rpeccuonHoi Mozenn (10):

E(n=vT(10, (33)

2y,aa,

—yaap
— BCKTOp HEU3BCCTHLIX Ilapa-

e Z(f) = y,aa; — mmepsiemast QyHkiss, W () =
Bd

perpeccop; © = el ]

METPOB. ¢

AJITOPUTM OLICHHBAHHS HEH3BECTHBIX MIapaMeTpPoB
perpeccHOHHON Mojeu

Jist onleHMBaHUs TapaMeTpoB BekTopa @ mozenu (33)
MIPUMEHUM METO/] JMHAMHUYECKOTO paclIMpeHHs perpec-
copa (Dynamic Regressor Extension and Mixing, DREM)
[16].

[Tpumenum 610k 3ama3ablBaHusA v, = 1, ¢ — 1 u1s u3-
BECTHBIX AJIEMEHTOB perpeccuoHHol Mozenu (33):

E(t—v) =n(t-v)0,

e i = 1,_6
O0603HaYNM
9,=7.0, (34)
rne 8, = [P() ¥(1-vy) Pt —vl7,
Ye=M1® (-0 N,/ (t—v)].

Ymuoxus (34) Ha adj(n, (7)), nomy4um
8(1) = A0, (3%5)

te A(Y) = det(n (1) € R1; 8(9) = adj(n,)8,(1) € R2.
3anuiieM ypaBHeHHE (35) MOKOMIIOHEHTHO:

86 = A1)®,, i =1,2.

[IpeacraBuM alropuT™M OLEHUBAHUA NapaMeTpoB O;
B BUJIE:

0,(1) = K ADBL1) — A(1)O),

€ K; — HacTpauBaeMblil mapamerp, i = 1,2.

AJITOPUTM HAEeHTH(PUKALNMU NAPaMeTPOB MCXOIHO-
ro curnaia. Jlns onenusanus Ko>puUIMeHTa 3aTyXaHus
BocIob3yeMcst pyHkuuei In(.) Ha ocHOBe mapameTpa O,
n3 monenw (33)

By - élnv 65(0).

JIJIs OlleHWBAHUS YaCTOTHI BOCTIONB3yeMcs (DYHKIIUEH
arccos(.) Ha OCHOBE rapameTpoB © u 0, n3 moxenu (33)

0,(1)

V(1)

R 1
o(t) = —arccos

MaremaTudeckoe MoaeJIupoBaHue

PaccmoTpuM pesyabTaThl UHCIEHHOTO MOAEINPOBa-
HUSI, WLTFOCTpUpPYIoue 3G PEeKTHBHOCTh MPEIIOKCH-
HOTO aJTOPUTMA OIEHUBAHUS YaCTOTHI HECMEIICHHOTO
TapPMOHHYECKOTO CUTHAJIA C TIOCTOSHHBIMU TapaMeTpa-
M. MozienmnpoBaHue BHIITOTHEHO C UCTIOIB30BAaHUEM IPO-
rpammHOit cpenst MATLAB Simulink.

IIpumep 1. PaccmoTpum curnan Buia

V(t) = A(f)e 0-25sin(5¢ — 1). (36)

Jus dysxumn A(f) NpUHUMAIOTCS CIIEAYIOIINE Mapa-
METPBI
0 1

-4 0

0

G= L W(0) =

IIpuBeneM 3Ha4eHUsI TAPAMETPOB [T NPEATI0KEHHOTO
meroma: d=0,1,v=0,2, x; = 108.

Ha puc. | mokazansl pe3yasTaThl OIICHUBAHHS Tapame-
TpoB curHana (36).

IIpumep 2. PaccMoTpuM curHan Buja

1(t) = A(f)e-11sin(10¢ + 1), (37)
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a b
T '1
| 1 l' i
H
—0y(1)
0 | — 0,1
0 2 t,c
c d
? N
15[ |
1 — (1) 0
_ | —
3 | &
|
| —B
5 1 -1 D R .
0 2 t,c 0 2 t,c

Puc. 1. Tpaduk curnana y(¢) (a); rpaguky OLEHOK: TAPaMETPOB e) i(?) (b), vacToTHI o) mpu ® =5 (c)
n xod(durmenra 3aryxanus B(¢) mpu = 0,2 (d)
Fig. 1. Signal waveform y(¢) (a); parameter estimation plot e} () (b); frequency estimation plot c?)(t) at ® = 5 (c¢); damping factor
estimation plot B(7) at § = 0.2 (d)

{0}

0,5

c d
T .
_ 14t E—— |
3 <0 |
. R R «
=—p
10 -1 — =iy
0 2 o 0 2 Lo

Puc. 2. Tpaduk curnana y(¢) (a); rpaguky OLEHOK: apaMETPOB 0 {(t) (b), vacToThI (I)(t) mpu ® = 3 (¢) 1 kodpPULINCHTA 3aTyXaHUSI
npu (7) npu =1 (d)
Fig. 2. Signal waveform y(¢) (a); parameter estimation ) {?) (b); frequencyestimation plot 03(t) at ® = 3 (c); damping factor
estimation plot f(¢) at B =1 (d)
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s dyukiun A(f) UCroib3yeM mapamMmeTphbl
0 1 0]
-9 0 2

[IpuBenem 3Ha4YCHUS TAPAMETPOB IS TIPEATIOKEHHOTO
merozna: d=0,1,v=0,2, k;,= 108.

Ha puc. 2 moxasansl pe3yasTaTsl OICHUBAHUS ITapaMe-
TpoB curHaina (37).

Ha puc. 1, 2 npuBeseHbl pe3yabTaThl OLIEHUBAHUS T1a-
pametpoB curHainos (36) u (37). Kak BugHO U3 rpauKoB,
TIPEUIOKEHHBIN aIrOPUTM OLICHUBAHUS 00ECIIEYNBACT IKC-

MMOHCHIMAIBHYIO CXOANMOCTh K HCTUHHBIM 3HAYCHHSIM
OLICHWBAHMS TTAPAMETPOB CUTHANA )/(£).

G= L W(0) =
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3akJ/iouenne

B pabote npeuioxeH HOBBIH METOJ WACHTH(PHUKALUH
napaMeTpOB CHHYCOMIAJIBHOIO CUTHAJa C MEPEMEHHOI
HEHM3BECTHOW aMIUTUTYIOH. AMIUINTY/a CHHYCOUIAJIEHOTO
CHTHaJIa N3MEHSIETCS 110 TAPMOHMYECKOMY 3aKOHY C HEH3-
BECTHBIMU MapaMeTpami. [Ipeuioxken moaxo ais mapame-
TPH3ALUH CHHYCONAAIBHOTO CUTHAJIA C UCITOIB30BAHIEM
OIIEpaTOPOB 3ala3AbIBAHMs 1 KOPAAHOBA ()OpPMA MATPHIIBI.
BrinmonHeHa oleHKa BEKTOPa MapaMeTpoB PErpecCHOH-
HBIX MOJIEJIEH ¢ UCIIOIb30BaHUEM METOA AMHAMUYECKOTO
pacimupenus perpeccopa. Pe3ynbraTsl MOAEINPOBAHUS
MOATBEPKAAIOT CXOAUMOCTh OIICHUBAHUSA MapaMeTPOB
K UCTHHHBIM 3Ha4eHHMsSM. B nanpHeiiem nianupyercs
paciupuTh 00JacTh NPUMEHEHUS aJITOPUTMA Ha CIIydai
MepEeMEHHBIX YacToT U (a3.
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Abstract

This study concerns the issues of temperature stabilization in units used to research the properties of
molecules at low and ultra-low temperatures. This research is relevant due to the need to increase the speed
and accuracy of the data obtained. Using the LabView graphical programming environment tools, a control
program was created for the LakeShore 325 thermocontroller which reacts when the current temperature
is close to the control point temperature set by the researcher. By adding controls for the heating element
power and PID controller boot times, it is possible to use them more flexibly. The method was verified
for the temperature control points of 40 K, 100 K, 150 K and 200 K. A comparison of the proposed
temperature stabilization program with the standard PID controller solution demonstrates the advantages of
the former. The speed of reaching the control points was doubled. The digitalization of the LakeShore 325
thermocontroller makes it possible to work further on improving temperature stabilization. The resulting
increase in the accuracy—time stabilization ratio makes it possible for those who conduct low-temperature
experiments to improve the quality of their measurements dramatically. The introduction of a digital version
of the temperature control device opens up possibilities for further automation of cryovacuum units by
linking the thermal control program with other programs, for example, recording the spectra at specific
temperature values.
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AHHOTALUA

Ipeamer uccienoBanusi. PaccMOTpPEHBI BOMPOCH TeMIIEpaTypHOH CcTaOMIN3aIliid B yCTaHOBKAX,
NpeaHA3HAUYCHHBIX ISl BRITIOIHEHHS MCCIEAOBAaHUNA CBOMCTB MOJICKYN MPH HU3KHUX U CBEPXHHU3KHUX
TemIeparypax. AKTyaabHOCTh pabOThI 00YCIIOBICHA HEOOXOMUMOCTRIO TIOBBIIIICHUST CKOPOCTH U TOYHOCTH
MOJTYYaeMBIX TaHHBIX, HA KOTOPhIe B OCHOBHOM OKAa3bIBaeT BIMSIHHE TEMIIEPaTypa nccienoBanus. Metoz.
C 1oMOIIbI0 HHCTPYMEHTOB MIPOrpaMMHUpOBaHus Tpadudeckoi cpeapl LabView co3nana yrpasisrornas
nporpamma Jitst TepMokonTposuiepa LakeShore 325, pearupyrormas Ha nputnmxeHue (paboueii) TeMepaTypsbl
K TeMIiieparype (3aJlaHHO#) KOHTPOJIbHON ToukH. /lo0aBieHNe IEMEHTOB YIPABICHUS MOLUIHOCTHIO
HarpeBaTeJIbHOTO JIEMEHTa M BpeMeHeM BKiIroueHust PID-peryinsitopa mo3BossieT HCIoNIb30BaTh UX Oosee
ruoxo. ITpoBenena BepruuKarys MeTo/1a CTa0MIIN3AINHN JUIsl KOHTPOJIBHBIX Touek Temmeparypst 40, 100, 150
n 200 K. OcHoBHbIe pe3yabTarsl. CpaBHEHHE MTPEAIOKECHHON TPOTrPaMMbI CTAOMIIN3AIMN TeMIIepaTyphl
CO CTaHAAPTHBIM perneHneM B Buae PID-perymsaropa mokasasno ero npeuMymiectBo. [lomydeHo yBenmmdeHue
CKOPOCTH TOCTHIXKEHHUS KOHTPOIBHBIX TOYEK MO NBYX MOPSAKOB. L{mppoBusamnms TepMOKOHTpOIIIEpa
LakeShore 325 nama BO3MOXHOCTH BBIIOJHATH AajJbHEHIINE paboOTHl MO COBEPIICHCTBOBAHHUIO
TemnepaTypHoil ctabuimmsanun. IlpakTudeckasi 3HaYUNMOCTh. [TonydeHHOE yBEINYCHNE COOTHOIICHHS
TOYHOCTh—BPEMsI TIPU CTAOMIIM3AIMK TTO3BOJIMIIO B Pa3bl YIYUIINTh KA9Y€CTBO MPOBOAMMBIX U3MEPECHUH B
obnacTi HU3KKX Temrieparyp. Bueapenune undpoBoil Bepcuu TepMOperyiIupyIomiero npubopa oTKpbIBaeT
BO3MOYKHOCTH JIJIsl ajibHEHILEH aBTOMATU3al[M KPUOBAKYYMHBIX YCTAHOBOK C MOMOIIIBIO O0BbETMHEHUS
MPOrpaMMbl TEPMOKOHTPOJIS C JPYTHMMH IIpOrpaMMaMu, peruCTPUPYIOIINMHY, HalpuMep, CHEKTPhl Ipu
OTIPEJICJIEHHBIX 3HAUEHHSIX TEMIIEPATyPhI.

Kirouesble ci10Ba

aBTOMAaTU3alUs, KOHTPOIb TeMIIEPaTypsl, HU3Kue Temnepatypsl, PID-perynsaropsl, UK crnexrpockonus,
MIPOrpaMMHPOBaHHE

BaaronapuocTu

PaGora Opl1a BBITTONTHEHA MTPpH (PUHAHCOBOI Mo Iepkke MUHHCTEpCTBa 00pa3oBaHUs U HayKu PecmyOnmkn
Kazaxcran B pamkax rpanta APO8855681.

Cepuika aaa nutupoBanus: lomukos O.10., Epexen /1., Coxonos J1.10. Yiayumenue npouecca aBToMaTu4ecKoi

CTaOMIM3ALMK TEMIIEPATypbl B KPUOBAKYYMHOH ycTaHOBKe // HayuHO-TeXHHYECKHH BECTHUK MH(OPMAIMOHHBIX
TexHonoruii, Mmexanuku 1 ontuku. 2023. T. 23, No 1. C. 6267 (Ha anri. 513.). doi: 10.17586/2226-1494-2023-23-1-62-67

Introduction

Over the last decades, studying the behavior of
various molecules at low and ultra-low temperatures has
been of great scientific interest [1, 2]. Firstly, observing
molecular complexes at negative temperatures allows
the thermodynamics of the processes involved to be
determined, the simplest stages of complex reactions
to be determined, and the selectivity of the processes to
be ensured. The processes of the formation of glass-like
states of various molecules are important and relevant
[3-7]. Secondly, ultra-low temperatures significantly
affect the physical and mechanical (ultimate strength
and endurance) as well as thermophysical (heat capacity,
thermal conductivity, linear thermal expansion coefficient)
properties of some substances [8, 9]. Due to low
temperatures, the material experiences brittle fracture or
changes one or more of its thermophysical properties. And
thirdly, the study of infrared (IR) spectra of molecules and
molecular compounds at low temperatures allows us to
answer a number of questions and describe a number of
processes occurring in open space [10-21].

So far, astrochemical studies conducted in ground-based
and space laboratories have provided IR evidence for about
a dozen extraterrestrial molecules and ions in the solid
phase [19]. H,O ice and ice mixtures consisting primarily
of H,O compounds have been found to be important
constituents of interstellar particles, comets and a number
of planetary satellites [21].

Identification of extraterrestrial H,O [14, 20], CH;0OH
[11, 12], C,HsOH [13, 15, 16], NH; [22], CO, [23] and
CHy, in their condensed state was performed by comparing
the spectra taken in the near- and mid-infrared ranges
(100 m! to 4 m!) with the spectra of the same molecules
obtained in the ground-based laboratories. The obtained IR
spectra of low molecular weight amorphous and crystalline
solids, focusing on amorphous ice below 100 K, are used to
study the low-temperature chemistry of interstellar clouds
and extraterrestrial solar system objects such as ice-covered
moons and trans-Neptunian objects [17, 18].

In spite of the fact that the IR spectra of molecules
in various low-temperature ranges have been studied, an
important challenge is the stabilization of the temperature
in the research unit and the minimum temperature step
of obtaining the IR spectra of the sample under study.
At the moment, the problem of stabilization is solved by
using a proportional—-integral-derivative (PID) temperature
controllers with a heating element until the temperature
points set by the experimenter are reached. However,
such temperature controllers are not flexible enough and
often lack a graphical interface and special software that
would make it possible to configure them more flexibly for
specific tasks. As a result, the accuracy of the experiment is
negatively affected, and it is not possible to obtain infrared
spectra at certain temperatures or with small temperature
steps; or it takes the researcher a lot of time to do so.

The aim of this research is the temperature stabilization
of the cryogenic vacuum spectrophotometer unit at Al-
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Farabi Kazakh National University in order to solve
the problems highlighted above. The results pursued
include reducing the time of the experiment, reducing
the temperature step of obtaining IR spectra of various
molecules at low temperatures and creating more flexible
conditions for future experiments.

Methodology

Experiments to verify the work done were performed
on a universal cryogenic vacuum spectrophotometer
unit in the cryolaboratory at Al-Farabi Kazakh National
University. LakeShore 325 thermal controller (LakeShore
Cryotronics, USA) is used as a temperature controller in
this cryovacuum unit. This temperature controller model
is a two-channel regulator, capable of working with
various types of temperature sensors (diodes, resistance
temperature detectors, thermocouples). In addition to the
sensors, the controller also features two independent PID
control loops with 25W and 2W heater output, controlling
either 50-ohm or 25-ohm loads for optimal flexibility in
temperature control of the cryogenic unit.

The PID controller integrated into the thermal controller
plays a special role in achieving our objectives as it is
used for the initial stabilization of the heating element
temperature. The PID controller is a feedback device in
the control loop of the system which generates the control
signal to produce an output signal with the required
accuracy. The control signal is the sum of three other
signals: the error signal (proportional to the difference
between the input and feedback signals), the integral of the
error signal and its derivative.

Therefore, the output signal of the controller u is
defined as

! de
u(t)=P+1+D=Kpe(t) + K;[ e(r)dt + Kd;,
0

e(t) = (1) - y(0),

where r(?) is the input signal; y(¢) is the output sum signal;
e(f) is the discrepancy or deviation of the value from the
original signal; P is the difference component; 7 is the
time-integral component; D is the time-differentiation
component; ¢ is the current moment in time; t is the time
step; and K, K; and K ; are the amplification factors of the
corresponding controller components.

Despite the advantages and seemingly complete
operability of the PID controller as a stabilizing component
of the temperature controller, it was observed during
the experiments that it took quite a long time to reach
the set temperature. Besides, when approaching the set
temperature, significant fluctuations were observed near it,
sometimes up to 5 K, which can cause significant deviations
in the final results when conducting an experiment. The
hypothesis was made that the insufficient accuracy and
speed of the temperature stabilization performed by the PID
controller is related to its inability to “predict” the behavior
of the heating element within a wide range. Most likely due
to the uneven heating after switching off the cooling unit
of the machine, the PID controller is unable to reduce the

heating power in time, constantly “jumping over” the set
temperature.

Therefore, the automation element to be introduced
into the system must first address the issue of predicting
the speed at which the sample substrate is heated in order
to minimize the time it takes for the PID controller to
stabilize the temperature near the control point set by the
experimenter. So, this automation element must have direct
control over the LakeShore 325 thermal controller, be able
to change the power of the heater, the gains of the PID
controller and, if possible, switch on and off the McMahon
machine that is used to lower the temperature of the
substrate and the experimental chamber of the unit.

The software suite LabVIEW (National Instruments,
USA) was chosen as the environment in which the
automation would be performed. This development
environment allows executing programs written in
graphical programming language G. This choice was
motivated by the simplicity of the development of
applications in the LabVIEW environment, a wide range
of features as well as the availability of a large number of
ready solutions, which can simplify the process of writing
the program required to fulfill the task.

Results

The stabilization of the PID controller was improved
by adding elements to the program that react to the
current temperature of the heated substrate approaching
the temperature set by the experimenter. It is known that
PID controllers also react to approaching the control
point by reducing the power of the heater if P, / and D
parameters are properly adjusted. However, this process
either takes too long or is characterized by “jumping over”
the control point (up to 1.5-2 K) followed by harmonic
equalization of temperature. Both options are not good
enough for our research carried out on a cryogenic vacuum
spectrophotometer, since in the first case, the duration of
the experiment would be significantly increased by the slow
speed of reaching the control points, and in the second case,
the spectrum close to the control point would be obtained
with fluctuations of more than 1 K which is also undesirable.

Thus, the proposed solution solves the two
disadvantages of the options mentioned above: it allows
reaching the reference temperature quickly and at the
same time, makes the fluctuations near it less severe.
This is achieved by activating the PID controller later in
relation to the modes with the default settings of the P, /
and D parameters. As a result, the control temperature is
reached more quickly (due to the longer operation of the
heater at 100 % power). The PID controller is activated
by comparing the control temperature with the current
temperature, incremented by a small value, which has been
calculated experimentally and assumed to be 0.5 K. When
the current temperature reaches the reference temperature
with an increment value, the heating power is reset to 5 %
and then, after a short delay, the PID-controller is activated.
After the power of the heater is reduced, the temperature
of the substrate starts to decrease, but the activated PID
controller soon stabilizes the temperature close to the set
control point.
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To confirm the improved performance of the modified
temperature stabilization algorithm, it is necessary to
compare it with the traditional method of regulation
using the PID controller integrated in the LakeShore
325 thermocontroller. It is important to compare the
performance of the two stabilizing components over a wide
range, capturing both low (below 100 K) and high (100-
200 K) temperature ranges. Fig. 1 and 2 show the graphs
comparing the temperature stabilization of the standard
PID controller of the LakeShore 325 thermocontroller
with the default settings of P =50, /=20, and D = 5 and
the improved (i-PID) controller with the adjustments
mentioned above for the temperatures of 40 K, 100 K,
150 K, and 200 K. The temperature-time dependencies
were obtained 10 K before the control point in order to
investigate a more complex stabilization process than with
a small step.

As can be seen from the graphs, in three of the four
cases, the heating up to the control point was faster with the
improved PID controller. Slower heating was observed only
when the reference point of 100 K was reached. Obviously,
faster heating of the substrate is achieved by activating the

) a
i-PID
| ——PID
401
1 41 18s
M 4
g 36 v
g g
Q =1
=% 1 = 39
5 :
< 3 5
_ 37
10 30 50 70
] Time, s
28 T T T T T T T T
-10 0 20 40 60
Time, s

PID controller later, thus keeping its power at 100 % until
the very last moment, and by using it more flexibly close
to the control point.

In all cases, stabilization near the control point was
faster with the improved PID controller. The advantage
of the i-PID controller is particularly noticeable in Fig. 1
where stabilization near 40 K was achieved about three
times more quickly than with the standard PID controller.
The difference in the speed of reaching the control points in
Fig. 1 and 2 is presented in the form of timestamps. It can
be seen that in the case of stabilization to 40 K, the method
has an advantage of 18 seconds (Fig. 1, a); for stabilization
to 100 K, it has an advantage of 165 seconds (Fig. 1, b); for
150 K, it has an advantage of 60 seconds (Fig. 2, @); and
for 200 K, it has an advantage of 70 seconds (Fig. 2, b).

Reaching the 100 K and 200 K control points (Fig. 1, b
and Fig. 2, b) with the i-PID controller was about twice
as fast as with the standard PID controller. Once the
control point of 150 K was reached, there was only a small
advantage in using the i-PID controller — primarily the
smaller deviation. The faster stabilization of the i-PID
controller can be explained by the correctly selected timing
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Fig. 1. Standard (PID) and improved (i-PID) thermocontrollers stabilization speed close to the control points of 40 K (a) and 100 K (b)
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Fig. 2. Standard (PID) and improved (i-PID) thermocontrollers stabilization speed close to the control points of 150 K (&) and 200 K (b)
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of the increase and decrease of the power of the heating
element, simultaneously with controlling the PID controller
by turning it on and off at the right time.

It is worth noting that it is also possible to reach the
control points more quickly when using a standard PID
controller by changing the P and / values and removing
the D component. However, with this approach, the
fluctuation was found to be too long and significant (about
1-2 K), this prevented the IR spectra from being obtained
immediately after reaching the control point and required
an equally long wait for the stabilization as with the option
of the parameters P =50, /=20 and D =5 explored in this
article.

Conclusion

The results achieved in this research may seem
insignificant. However, for further work on the automation
and improvement of the operation of the experimental
cryovacuum unit, the obtained gain of 20—160 seconds
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Abstract

The current study focuses on the properties of dry sliding characteristics and impact strength of two different aluminum
alloys that were reinforced with 100 nm sized Silicon carbide (SiC) and Aluminum oxide (Al,O3) ceramic particles, for
improving the mechanical properties of the final alloy with the mixing materials characteristics. Stir casting method is
adopted for fabricating the composites, matrix being A16061 and A17075, utilizing three distinct reinforcement ratios. In
order to improve the mechanical properties and increase resistance to wear, tear, and shear, SiC and Al,O5 are utilized
as reinforcing elements. Following the creation of the composite matrices, their physical and mechanical behaviors are
examined in accordance with ASTM standards, and a comparison between the hybrid composites made of A16061 and
Al17075 is then completed. Comparison of the obtained samples showed that the A17075 (12 % SiC + 6 % Al,05) alloy
exhibits characteristics with exceptional tribological and mechanical characteristics. The studied alloy can be used in
the automotive industry, for example, in the production of pistons, connecting rods, due to the minimum degree of wear
and variable thermal expansion coefficient.
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AHHOTANMSA
HccnenoBaHbl XapaKTEpUCTUKY CYXOTO CKOJIBKEHHS U YIAPHOU BSI3KOCTH JBYX aJIFOMHHUEBBIX CILUIABOB, ApMUPOBAHHBIX
KepaMH4YeCKHMHU yacTuuamu kapouna xpemuus (SiC) u oxcuna amomunus (Al,O3) pasmepom 100 M. CrtaBb
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HNPUMEHEHBI ISl YIy4IIeHHs MEXaHHYeCKHX CBOMCTB M MOBBINICHHS COMPOTHUBICHUSI U3HOCY, Pa3pbIBY M CIBUTY
KOHEYHOT'O CIUIaBa C XapaKTePHUCTUKAaMM CMELIMBAEMbIX MaTepuasoB. J{JIs1 H3roTOBICHUS KOMIIO3UTOB HCIIOJIB30BaH
METOJ] JIUThsI C MepeMellnBanrueM. MaTpuiia KOMIIO3UTOB mpejacTasisieT coboit crumasel A16061 u A17075 ¢
HCHONB30BaHUEM TPeX coco0oB apMupoBaHua. Puszndeckne 1 MeXaHHUECKHE CBOHCTBA KOMITIO3UTHBIX MATpPHI
TIPOBEPEHBI B COOTBETCTBUH CO CTAHAAPTAMH AMEPHKAHCKOTO 00IIeCTBa 10 MaTepHanaM 1 nx ucrsTanusiM. [Ipuseneno
CpaBHEHHE THOPHIHBIX KOMITIO3UTOB, N3roToBIeHHEIX 13 Al6061 1 A17075. CpaBHeHHe TTOTydeHHBIX 00pa31ioB MOKa3aJIo,
yro cmuiaB Al7075 (12 % SiC + 6 % Al,O3) obnanaeT UCKIIOUUTEIbHBIME TPHOOJIIOTMYECKUMU U MEXaHUYECKUMU
XapakTepucTUKaMu. VI3ydeHHBIH CIIaB MOXKET HAalTH IIPUMEHEHNE B aBTOMOOMIIBHOM NPOMBIIIIIEHHOCTH, HAIIpUMeED,
B MPOM3BOJICTBE TOPIIHEH, MIAaTYHOB, OJlarofaps MUHUMAIBHON CTENEHH M3HOCA ¥ BapbUpyeMOMY KOd(QQHUIIHEHTY
TEIJIOBOTO PACILIUPEHHUS.

KnroueBnie ciioBa
ruOpu bl komno3ut, A16061, A17075, ynapHast BI3KOCTb, COIIPOTHBICHHE U3HOCY, ONTHYECKUIT MUKPOCKOIINYECKHUN
aHanm3
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CBONCTB M M3HOCOCTOWKOCTH rHOpuaHbIX Kommo3utos Al6061 (SiC + Al,O3) u Al7075 (SiC + Al,O5) // Hayuno-
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Introduction

The alloys of aluminum perform a vital function in
numerous programs and in particular in car programs
due to their awesome mechanical attributes, resistivity
in opposition to corrosion, extremely good ductility,
low density and outstanding thermal conductivity. But
those alloys do now no longer exhibit honest tribological
behavior which limits their programs in numerous
engineering disciplines. Increasing call for much less dense
and determined fabric brought about the improvement of
recent substances known as composites. The engineering
of blending or extra substances to attain the behavioral
houses of all of the blended substances is called as
composite substances. These composites are proved to
have ameliorated mechanical and materialistic attributes
which incorporates resistivity in opposition to wear, tear
and hardness, reduced thermal growth with stepped forward
fatigue strength [1-5]. Low-cost production techniques
with extemporaneous behavioral attributes also make
matrix composites the choice of researchers for applications
in many fields, including automotive, aerospace, and
others [6].

Combined reinforcement plays an important role in
improving behavioral attributes. Aluminum is known to
be obtained from bauxite, which is much less dense and
ductile than steel, making it easier to cast and machine.
Formation of a thin Al,O; (Aluminum Oxide) layer makes
it very resistant to corrosion and prevents oxidation.
Uniform distribution of the reinforcement throughout
the alloy significantly increases the stiffness and strength
of the alloy [7]. Carbides, oxides, borides, and nitrides
are commonly used as reinforcements [8]. Basically,
SiC (Silicon Carbide) is seen as a compelling reinforced
material due to its novel properties such as very high
melting point, excellent thermal conductivity, and extreme
machinability. SiC is also chemically compatible with Al
alloys, avoiding intermetallic steps and forming strong
bonds [9, 10].

According to the works of Alpas [11], reduced
particulate size reinforcements will ensure only the
protection of the alloy but whereas the efficient and
effective of Al matrix is provided only with the increased

particle size. Thus, for low speed applications, Al matrix
with minimized reinforcement is opted [12]. To investigate
and determine the dry sliding attributes of the Al matrix,
this article involves the study of Al alloy reinforced with
the SiC and Al,O5 with particle size of 100 nm. To further
enhance the experimental investigation, comparison
between the attributes of the Al6061 (SiC + Al,05) and
Al7075 (SiC + Al,O3) hybrid composite was done and
concluded; to make the comparison more effective, three
different reinforcement ratios were considered in the
experimental procedures explained as in later sections.

The three samples of two mixtures taken for comparison
in this study, wearing behavior of the alloys were concluded
from the POD test simulated using WINDUCOM software.
From the results it is clear the A17075 reinforced with 12 %
SiC and 6 % Al,O5 has good resistivity in comparison
with the other composites. Also, it exhibits improvised
hardness and good strength. In additional the alloy study
under optical microscope also reveals the same.

Materials and method

Chemical composition of A16061 & Al7075 alloys

For the comparative analysis of different composite
matrix, the alloys considered for the current investigation
were Al6061 and A17075. The reinforcing materials
selected for the effective and efficient performance of
the alloys were SiC [13, 14] and Al,O5 with the average
thickness ranging for about 100 nm [15]. The chemical
distribution of the selected alloys was tabulated in detail
in the Table 1.

Fabrication method

A stir casting method was employed to produce Al
composite alloys with three different strengthening rates.
This manufacturing technology plays an important role
in determining parameters such as: melting temperature,
stirring speed, preheating temperature of reinforcing
material, etc. [16].

The fabrication process associated with the production
of the Al composite alloys is as follows. Initially the SiC
reinforcement and the Al,O; were pre-heated for about
40 min at the temperature of 600°C in a muffle furnace.
This heating improves the equalization of the volumes
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Table 1. Chemical distribution of A16061 and A17075 composite alloys

Material Chemical Composition, %
Si Fe Cu Mn Mg Cr Zn Ti Al
Al6061 0.35 0.50 1.50 0.59 0.90 1.80 0.59 0.20 Bal
Al7075 0.40 0.43 1.90 0.47 1.50 0.38 1.10 0.20 Bal
Table 2. Detailed Composition of Reinforced particles in composite matrix
Material Sample no. W% of reinforcement wt.% of base material
SiC Al,O4
Al6061 1 0 100
2 2 94
3 4 88
4 12 6 82
Al7075 1 0 100
2 2 94
3 4 88
4 12 6 82

which gets added in the vertex during stirring and allows
repelling out the moisture which causes cluster formations.
The reinforcement of the SiC in Al,O5 is done to improve
the characteristics attribute of the composite alloy in terms
of interfacial connect and the instructive phase [17, 18].
The impeller is continuously involved on stirring at the
rate of 500 rpm for about 10 min. Then the melt consisting
of the reinforcing material is then casted into the mould
with a radius of about 15 mm and a length of 150 mm. The
mould is cylindrical in shape and ensures constant casting.
The attributes of the alloys considered for comparison
are tabulated and compared against each other in the
Table 2. The required samples are machined as per ASTM
(American Society for Testing and Materials) Standards.
Then the casted rods were immediately subjected to
cooling at the optimum room temperature. Then the rods
were knocked out of the casting machine after the duration
of 10 min. The stir casting setup used for fabricating the
composite material is shown in Fig. 1, along with the cast

sample. Depending upon the filler ratio, the alloys are
differentiated. The ductility level of the reinforced particles
was estimated by the brittle testing. The samples fabricated
with different filler ratios of each alloys were illustrated
in Fig. 1, b, as the macrographic picture where the brittle
fracture of the samples is significantly visible with normal
view to the absence of expanded and fibrous appearance
over the surface.

Experimental tests

The investigations for determining the hardness,
resistivity against the wear and tear and the impact tests
were carried out in agreement to the standards of ASTM.

Impact test

The significant of impact test is analyzed with
ASTM E23 standard [19]. The impact behavior is
estimated by determining the energy spent to shatter the
sample then correlated with the sample cross sectional

Fig. 1. Stir casting setup (@) and casted sample (b)
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dimension, and the standard size adopted for the impact
testing in the current investigational procedure which is
10 x 10 x 55 mm.

Hardness test

To conduct the hardness test, the samples were polished
to form a smooth surface. The hardness of the samples was
determined by the Brinell hardness testing method, as per
ASTM EI10 standard [20]. This method consists of a ball
like structure with the radius of 2.5 mm. A load of 100 kg
was subjected on each sample for about 10 secs, and the
corresponding readings were recorded. For getting the
accurate measuring, the test on each sample was carried
out thrice.

Wear test

Pin-on-disc test estimated the wear rate of the composite
alloys. The optimal dry laboratory environment was set up
for conducting the wear test. All prepared samples were
as per the standards of ASTM G99. The experimental set
up and the required sample dimension were illustrated in
the Fig. 2, a. Tribometer estimated the wear and frictional
force between the sliding surfaces. The testing sample is
placed on the given holder, and then a load is suspended
at the sample end [21, 22]. A sliding disc with high carbon
high chromium steel was connected across the holder of
the Tribometer. The corresponding radius and the thickness
of the disc are 100 mm and 8 mm respectively. When the
motor starts running, the sliding between the disc and the
sample occurs. The motor is stopped after the pre estimated

time of 10 min. The same procedure is repeated for all the
samples and the corresponding reading were recorded and
tabulated. The required dimension of the pin samples was
6 mm diameter and 25 mm length (Fig. 2, b, ¢).

Results and discussion

Impact test results

The results of the instrumented impact test of all HMMC
of A16061 (SiC + Al,03) and A17075 (SiC + Al,0,) alloys
at different composition ratio are discussed in this section.
The samples before and after impact test were shown in
Fig. 3.

From the results it is clearly evident that the impact of
both the composite matrices depends upon the dispersion
of the particles in the composite matrix [23, 24]. When the
stress distribution is uniform, the increase of the impact
value of all samples of A17075 composite alloy is noted.
The addition of the reinforcement nanoparticles results
in the larger grain boundary with the smaller grain sizes.
When the nanoparticles size added to the A17075 alloy
composite increases, the results are obtained as per the
expected values with increasing ductility. Thus, the addition
of reinforced nanoparticles tends to ameliorate the strength
and stiffness and also significantly reduces the thermal
expansion.

The comparison of the A17075 and Al6061 composite
alloys is represented in graphical form in the Fig. 4. From

Fig. 3. Samples before test: A16061 (SiC + Al,03) (a); Al7075 (SiC + Al,0O5) (b). Samples after test: Al6061 (SiC + Al,O3) (¢);
Al17075 (SiC + AL,O3) (d)
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Fig. 4. Graphical representation of the comparative analysis of impact strength

the graph it is observed that the impact strength decreases
by increasing the addition of nanoparticles in the alloy
matrix. Additionally, for both alloys, the impact strength
tends to decline as volume percent. However, it is evident
from the results and graph that the alloy A17075 has lesser
impact strength than the other. An additional amazing fact
is that the impact strength does not vary with different
temperatures [25]. The reducing impact strength in the
reinforced alloy composites led to the precipitation of the
brittleness in the composite matrix which agrees with the
previous studies [26, 27].

Hardness test results

The picture below displays the outcomes of Brinell
testing using ASTM E10 standards. A steel ball is

squeezed during this test, after which the ball is taken
out. A microscope is used to measure the intended sample
diameter.

A graphic illustration of the comparison analysis of
the Brinell hardness test data is shown in Fig. 5 where the
graphical depiction clearly displays the testing findings for
both composite alloys with various filler percentages. The
study reveals that the enhanced component ratio is bigger
as a result modified mechanical qualities such as toughness
and hardness. Upon analyzing the graph, it is evident that
the hardness of the A17075 (12 % SiC+6 % Al,O5) is higher
to the value of 123 BHN. This clearly signifies that the
Al7075 (12 % SiC+6 % Al,05) has better performance
characteristics in terms of hardness when compared with

@ Al6061 (SiC + AlLO3)

120 A17075 (SiC + Al,O5) 123
Z 84
% 80-
&
=t
e i
5
T

40

0- (/4 . ‘ ( ;f‘:
0% 4 % SiC 8 % SiC 12 % SiC
& 2 % Al,O4 & 4 % Al,O4 & 6 % Al,O4
% filler
Fig. 5. Comparative analysis of Brinell hardness test
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the other alloys. The reinforced material SiC has higher
hardness when compared to that of the Al,O3, thus by
increasing the composite alloy hardness.

Wear test results

On all three samples of each alloy, the rotary wear test
was conducted for approximately 10 min with a load of
30 N spinning at a speed of 500 rpm to evaluate the alloys
resistance to wearing. Sample wear rate is identified by
weight loss method. Weight is divided for known distance
to identify the sliding distance. Different sliding speeds
with different normal load were used for wear test. To find
out the wear loss, the weights are measured before and
after testing the sample. While sliding, friction force of the
sample is used to obtain the coefficient of friction of sample
and it was plotted against sliding distance.

The ratio of different compositions is kept constant
throughout the test procedure.The experimental setup is
connected to a DAC that calculates friction forces, and the
corresponding coefficients of WINDUCOM software are
used to generate graphic data for the results compared the

coefficient of friction force load and rotational speed for
both alloy composites tabulated in Table 3.

Wear loss

From the investigation, it was found that with time
increasing, the losses due to wear increase indicating
an increase in wear loss. With the increasing wear loss,
deformation of the Al matrix occurs which could end up
in the surface cracking of the alloys. These effects result
in the removal of higher material from the substrate as
wear loss. The reinforced NPs of SiC and Al,05 also
wear out of the surface causing the formation of grooves
on the matrix alloy surfaces. From the research it is
concluded that the alloy resistivity increased due to SiC
nanoparticle reinforcement, as shown in Fig. 6.

Coefficient of friction

The frictional coefficient investigated for the SiC and
Al O3 in Al6061 and Al7075 is shown in the Fig. 7. The
coefficient of friction tends to decline with the sliding
rate and load. The frictional coefficient value of the Al
composite matrix is always higher when compared with the

Table 3. Wear test results of A17075 and Al6061

Reinforcement Matri | Slidi d Fricti Cocffici
. volume, % atrix volume, iding speed, . . riction ocfficient
Material 0 % s Time, min | Wear loss, g force, N of friction
SiC Al,O4
Al6061 0 100 1.32 10 0.038 15.53 0.398
4 2 94 1.32 10 0.027 26.22 0.415
4 88 1.83 10 0.020 32.45 0.456
12 6 82 2.62 10 0.015 41.37 0.487
Al7075 0 100 2.83 10 0.034 13.43 0.343
2 94 2.83 10 0.022 22.51 0.356
4 88 1.62 10 0.016 28.15 0.387
12 6 82 1.62 10 0.010 34.56 0.405
0.04 5 0.038
EER Al6061 (SiC + AL Os)
EZZA Al7075 (SiC + Al,0O3)
on
% 0.02 4 0.020
S
= 0.015
0.00- - 7, Z
0% 4% SiC 8 % SiC 12 % SiC
& 2 % Al,O4 & 4 % Al,O4 & 6 % Al,O4
% filler
Fig. 6. Wear loss for A16061 (SiC + Al,03) and A17075 (SiC + Al,05)
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Fig. 7. Coefficient of friction for Al6061 (SiC + Al,03) and A17075 (SiC + Al,O5)

original Al alloy. With the value of the frictional coefficient
increase, the wear loss also decreases and, hence, there is
less wear loss in the Al composite matrices. This agrees
with the conclusions made by other researches. From the
graphs it is concluded that the increasing in the frictional
coefficient occurs when the reinforcement particles SiC and
Al,Oj5 are uniformly dispersed in the Al composite matrix.

Frictional force

From the graphs it is clear that the value of the frictional
force depends upon the ratio of the reinforcement materials
in the composite matrix. Similar to the results of the
frictional coefficient, frictional force also tends to increase
with the increasing ratio of the SiC and Al,0O5, as shown
in Fig. 8.

Microstructural analysis of wear test samples

The metallographic process which includes the selection
of sample, mounting, grinding, polishing and etching
was done in order to subject the samples to the micro
structural analysis. Then the constructional architecture of
the samples was then microscopically characterized after
etching with the NaOH solution. The microscopic studies
of the A17075 and Al6061 with scope ratio of 100* and
500 were illustrated in the Fig. 9.

The microphotographs of the A17075 (4 % SiC +2 %
Al,O5) were shown in the Fig. 9, a, b where the distribution
of the nanoparticles along the grain margin of the primary
solid solution of Al can be seen. The microscopic analysis
of the A17075 (8 % SiC + 4 % Al,03) is illustrated in the

@ A 16061 (SiC + ALOs) e
204 ZZA A17075 (SiC + ALOs) '
34.56
32.45 )
Z
g T 21 5
L
=)
2
2 204
89
0.0 : .".;
4% SiC 8 % SiC 12 % SiC
& 2 % ALOs & 4 % ALOs & 6 % AL O;
% filler

Fig. 8. Frictional force for Al6061 (SiC + Al,O5) and A17075 (SiC + Al,O5)
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Fig. 9, ¢, d. On these figures the significant feature is the
even dispersion of the nanoparticles along the margins.
In the Fig. 9, e, f the microscopic analysis of Al7075
(12 % SiC + 6 % Al,03) is given. This picture also
clearly depicts the even distribution of the SiC and Al,O4
throughout the alloy matrices.

Fig. 9, g, h illustrates the microphotographs of the
alloy Al6061 (4 % SiC + 2 % Al,0O5). On the pictures the

..?\::”“l
B NS

oo
PN

significant distribution of the SiC and Al,Oj is clearly
observed. The particles are viewed as the clusters.
Fig. 9, g presents the isolated distribution of the reinforced
nanoparticles along the grain margins. The microscopic
illustration of the alloy A16061 (8 % SiC + 4 % Al,O3) was
given in the Fig. 9, i, j for different magnification. Upon
keen observation the fair distribution of the reinforced
nanoparticles was clearly evident. The microphotographs

Fig. 9. Microstructure illustration composite alloys with scope ratio of 100* and 500*: A17075 (4 % SiC + 2 % Al,05) — 100* (a)
and 500% (b); A17075 (8 % SiC + 4 % Al,03) —100* (¢) and 500 (d); A17075 (12 % SiC + 6 % Al,O5) — 100 (e) and 500* (f);
Al6061 (4 % SiC + 2 % Al,O53) — 100* (g) and 500% (h); Al6061 (8 % SiC + 4 % Al,O3) — 100~ (i) and 500* (f);

Al6061 (12 % SiC + 6 % Al,O5) — 100* (k) and 500 (/)
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Fig. 9. Continuation

of the alloy Al6061 (12 % SiC + 6 % Al,0O5) were given in
the Fig. 9, k, /. In these figures the increased concentration
of the nanoparticles in the composite matrices can be
observed.

Upon investigation of all the samples, it is found
that A17075 (12 % SiC + 6 % Al,05) composite has the
minimal wearing rate when compared with the other
samples. From the study it was proven that the distribution
of the reinforcement materials SiC and Al,O5 was uniform
throughout the matrix. Thus, it is concluded that with the
increase in the filler composition the mechanical attributes
and the hardness and wear rate of the matrix is also
improved. Also, the thermal expansion was significantly
reduced. The fusion of the reinforced particles to the Al
alloy progresses the hardness, reduces the impact strength
and ameliorates the wear resistance against sliding as
concluded in the previous studies.

Conclusion

The considerable conclusions of the current
investigation involving the comparison of the A16061 and
Al7075 matrix composite alloys were presented as follows.

The fabrication process (involving the liquid metallurgy
methods) is advantageous to produce the composite of
Al6061 and Al7075 alloys reinforced with SiC and Al,O4
with the filler ratio of about 18 %.

The particulates were dispersed evenly throughout
the composite matrix which was confirmed through the
microstructural analysis.

Increase in the hardness of the sample with the
increasing filler ratio was observed and the corresponding
hardness estimated for the A16061 and AI7075 in the
current investigation were 105 and 123 BHN respectively.

The impact test results reveal that the composite alloys
have reduced impact strength when compared with that of
the base alloys. Among the two alloys under consideration,
Al7075 has the highest impact strength.

Generally, the samples of both alloys show improvised
resistivity against wear, but A17075 (12 % SiC + 6 %
Al,0O3), specifically, exhibits notable increase in the
resistivity against wear and friction.

From the microscopy analysis of all the samples,
Al7075 (12 % SiC + 6 % Al,O3) holds minimal wear rate
with fair distribution of the reinforced nanoparticles along
the grain boundary and throughout the alloy matrix. It is
clearly evident that the filler composition of this sample
improvises the hardness and rate of wear of the matrix with
significant reduction in the thermal expansion.

Thus, if you draw a conclusion after comparing all
the samples, A17075 (12 % SiC + 6 % Al,05) shows an
outstanding behavioral attributes with the extraordinary
tribological and mechanical specifications.

From the above conclusions, A17075 (12 % SiC +
+ 6 % Al,03) is considered to be a promising alloy
in the applications of automobile industry, like piston
manufacturing, connecting rod due to its minimized wear
rate and improvised thermal expansion.
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AHHOTALUA

IIpeamer ucciaegoBanusi. PacCMOTPEHB! BEIUNCIUTEIBHBIE METOAB U OCOOCHHOCTH MOCTPOEHUS CIOXKHO-
(yHKIIMOHAIBEHOTO OIOKA peanu3anuy AUCKPETHOTO BeifBner-npeodpaszosanus JJobemm 9/7 B cuctemax mudposoit
obpaboTkn curnaioB uzobpaxenuil Ha 6a3e Field-Programmable Gate Array (FPGA). Metoa. IIpemioxena
MaTeMaTH4YecKasi MOJeNIb U aJTOPUTMBI pealin3allii METONOB MapaJlIeIbHOW M MOCIIeI0BaTeIbHO-KOHBEeHepHOI
00pabOTOK CUTHAJIOB JJIs BHIUKCIICHUS KO3(D(UIIMEHTOB AUCKPETHOTO OHMOPTOTOHAIBHOTO BeliBiera Jlobemu 9/7
C y4eTOM apxXHUTeKTypsl ucnonbzyeMoit FPGA. B ocHOBe Mozenn HCIONIb30BaHbl METObI (DaKTOPU3AIUU BEiBIET-
npeoOpa3oBaHuii ¢ IPUMEHEHnEM JIM(TUHIOBBIX cXeM. B OTiIMYMM OT OOBIYHBIX JU(THHIOBBIX CXEM, MpeuIaraeMblit
C1I0co0 M aITOPUTMBI TTO3BOJIAIOT TTOBBICHTH OBICTPOAEHCTBIE BHIUUCICHUH THCKPETHOTO BEHBIET-IPe00pa30BaHus IPU
YTIPOIIEHUH aNlapaTHOH peanusanuy. B kauecTBe cpepl pa3paObOTKH UCIIONB30BAHEI CPEICTBA ABTOMATH3HPOBAHHOTO
npoektupoBanus Quartus I m ModelSim. [ToBenenueckast Mozens Hanmcana Ha si3pike Verilog HDL. Jlyist anpo6arym
ncnonb3oBanack Marpuna FPGA Altera Cyclone® IV 4CE115. Ha ocHOBe mosrydeHHOH TOBEIEHUYECKOH MOJeNN
paszpaboTaHa TecTHpYIOIas MOJIEIb U OCYIIECTBICHA CUMYIISLH U(ppoBoil cxeMsl B cpene ModelSim. OcHoBHBIE
pe3yabrarsl. [Ipeuioxkena Gpopmysa OLEHKH KOJIMYECTBA TAaKTOB BBIIIOJHEHUS IPSIMOTO U 00PaTHOTO JANCKPETHOTO
BeHBIET-TIPeo0pa30BaHuii OT YKCIIa BXOAHBIX 3IEMEHTOB Oj10Ka 1 Xapakrepuctuk FPGA. B pesynbrare sKCriepuMeHTOB
MOJTy4eHBI 3aBUCHMOCTH KOJIMUECTBA TAKTOB PacueTa AMCKPETHOTO BEHBNIET-MpeoOpa3oBaHus B 3aBUCUMOCTH OT pa3Mepa
CTOPOHBI KBaAPATHOTO M300paKEHNUS MIPU Pa3HBIX BAPHAHTAX KOJMUYECTBA OJIOKOB MapauiensHoi o0padoTku. [lokazaHo,
YTO MmapaiienbHas padoTa HEeCKOIBKHX HE3aBHCHMBIX MOAYJIEH MO3BOJISIET MPOBOAUTH OJHOBPEMEHHO 00pabOTKY
HECKOJIBKUX BXOJHBIX CTOJOIOB (CTPOK) M3 MCXOJHOTO JIBYMEPHOTO MacCHBA. YHH(MHUKAINS MOTYIS yMHOKUTEIS-
CyMMaTopa HoBBICHIIA Y(PPEKTHBHOCTD BEIUNCICHNS U COKpaTHiIa 00beM 3aHHMAaeMBIX alllapaTHEIX PEecypCcoB.
KonBeiiepHas cTpykTypa JUCKPETHOTO BEHBIIET-IPE0OPa30BaHUs OTIIMYAETCS MEHBIIMMH allliapaTypHBIMHU 3aTpaTaMy
Hpy peanu3anuu 0JioKa BBEIUUCICHUS U paclpesieieHns maMsiTh. B pesynbraTe TecTHpOBaHUS HU(DPOBOH CXEMBI
THOJIy4Y€HO, YTO pa3paboTaHHast CTPYKTypa OJI0Ka MOBBICHIIA OBICTPOICHCTBHE TMCKPETHOTO BEHBIIET-TIPe0Opa3oBaHus, a
TaKKe COKpaTUIa CTOMMOCTh CHCTEeMbI Ha kpuctaiuie. IpakTuyeckast 3HaYnMocTb. [IpennoxenHas peanusarus 61oxa
JIBYMEPHOTO TMPSIMOTO ¥ 00paTHOTO BeHBIeT-IpeoOpa3oBanuii i Oanka Guisrpos Jobenm 9/7 aBnsercs 3akOHUCHHBIM
MOJYJIEM U MOXKET OBITh NCIIONB30BAaHA KaK TOTOBBIH CIOKHO-(DYHKIIMOHAIBHBIN OJIOK JUIs TOCTIEAyIoIei pa3padoTku
CHCTEM Iepeaun N300paskeH U BEICOKOTO KadeCTBa B PeaTbHOM BPEMEHH.

Kurouesble ciioBa
BeiiBeT-nipeobpaszosanme, mudTuar-cxema, FPGA, cinoxxHo-(yHKInOHAIBHBIH 010K, EdpoBas 00padoTka CUIHAIOB
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Abstract

The article considers the computational methods and features of the construction of a complex functional block for the
implementation of the discrete wavelet transform (DWT) Dobeshie 9/7 in digital image signal processing systems based
on FPGA. We proposed a mathematical model and algorithms for the implementation of parallel and series-convector
methods of signal processing to calculate the coefficients of a discrete bi-orthogonal Dobeshie wavelet 9/7 taking into
account the architecture of used FPGA. The model is based on wavelet transform factorization methods using lifting
schemes. In contrast to conventional lifting schemes, the proposed method and algorithms can increase the speed of
FPGA calculations with simplified hardware implementation. CAD Quartus II and ModelSim are used as a development
environment. The behavioral model is written in Verilog HDL. Altera Cyclone® IV 4CE115 was used as FPGA. On
the basis of the obtained behavioral model the testing module was developed and the simulation of digital circuit in
the ModelSim environment was carried out. The formula for estimating the number of clock cycles of the forward and
reverse DWT has been proposed; on its basis the estimate of the number of parallel computations depending on the
number of input elements and the characteristics of the FPGA was obtained. As a result of experiments the dependences
of the number of cycles for DWT computation depending on the size of the side of a square image with different variants
of the number of parallel processing blocks were obtained. It is shown that parallel work of several independent modules
gives a possibility to conduct concurrent processing of several input columns (rows) from input 2D array, and unification
of the multiplier-summing module allows to increase efficiency of calculations and to reduce volume of occupied
hardware resources. Conveyor based DWT structure is characterized by less hardware costs in terms of implementation
of the calculator unit and memory allocation. As a result of testing the digital circuit, it was found that the developed
block structure can significantly increase the DWT speed as well as reduce the cost of the system on a chip. The proposed
realization of the block of two-dimensional forward and reverse wavelet transform for the Dobeshi 9/7 filter bank forms
a complete module and can be used as a ready-made complex functional block for further development of high quality
image transmission systems in real time.
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wavelet transform, lifter circuit, FPGA, complex function block, digital signal processing
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BBenenune

HuckpetHoe BeliBeT-nipeodpazosanwe ([BII) sBrusercs
ocHOBoI1 ctarmapra cxxarust JPEG2000 [ 1] kotopsrif umeet
MIPENMYIIECTBO 1O cpaBHEHHIO co cTanmaprom JPEG mo
BH3yaJTbHOMY Ka9eCTBY M300paXKEHHUS IPH OJITHAKOBOM KO-
a¢hdunmenTe koMmmpeccun. B cucreMax BUICOKOMITPECCUH
Ha ocHOBe ctanaaptoB H.264 (H.265) ncnons3yroTcs anro-
PUTMBI 17151 KomIipeccuu onopHbIX (1) kagpoB Bumeopsa.

B pabore [2] paccMOTpeHbl 0COOCHHOCTH alrOpUTMa
cxkarust JPEG2000. OnHa u3 0coOeHHOCTEH — BBITIOJIHE-
HHUE B KOJiepe CIEAYIOMNX OCHOBHBIX MPOIETyp: Mpeoo-
pasoBanue udposbix RGB-curuanos ucxoqHOro Kajapa
n300paxkenus B curHanel Y VU; Beimonaenue JBIT mis
kaxaoi 3 Y VU-KOMITOHEHT H300pakeHNs; KBAHTOBAHUE
k03¢ durrenToB TpanchopMaI 1 0OHyIEHHEe MaJlo3HA-
gamux Kod(h(UIINEHTOB; SHTPONUitHOE ckaTtre. JaHHbIe
MPOIEAYPHI TaKXKe MCTONb3yIoTcsA B anroputme JPEG,
rine BMecto JIBIT mpuMeHneHo 6J109HOE TUCKPETHOE KOCH-
Hyc-nipeoOpa3oBaHue.

st nBymepHoro curnana nzobpaxenue JIBII pea-
JM3yeTcs cieayomum oopasom. Ha nepsoii urepauun

onnomepHoe JIBII BbInonHsETCSA MOCIEA0BATEIBHO 110
CTpPOKaM M CTONOIaMm, 3aTeM (pOPMHUPYIOTCS YeTHIpe Ma-
tpunbl (HH — Hu3KO4acTOTHAsT (QUIBTpAIUS 110 CTPO-
KaM u crojouam; HB — Hu3kouacToTHast GUIIBTPAIIHS 10
CTPOKaM M BBICOKOYACTOTHAs 10 crojibiam; BH — BrIco-
KOYacTOTHasl (pUIIBTpAIMs 110 CTPOKAM M HU3KOYACTOTHAS
no cronbuam; BB — BbicokoyacToTHast UIIBTpaALHs 1O
cTpokam u crondiam) kosddunmenros JIBII ¢ pasmepamu
B J[Ba pa3a MEHBUIMMH IIHUPHHBI X BBICOTHI H300pasKeHUSI.
Ha Bropoili uTepanuy NpouCcXoIUT aHAJIOTHIHOE TPeoo-
pasoBanue urt HH marpunet u T. 1. OOBIMHO 10CTaTOYHO
4—6 urepanmii. Takoil mporece MpeoOpa3oBaHUN SKBHUBA-
JICHTEH OTlepanuy (PUIBTPALIMH CUTHAJIOB N300payKEHHS 110
YaCTOTHBIM CyOHaa3oHaM Ul Kax 0l urepannu. Takum
o0Opasom, B Tipoliecce uTepanuii 00pa3yroTcsl MacITaou-
poBaHHbIC (YMEHBIICHHbBIE) B JBa pa3a KOIMHU MCXOJHOTO
M300paKeHNS U €TO TOTIOTHEHHE B BU/IE BHICOKOYACTOTHBIX
COCTABJISIOIIUX.

OcHoBHbIe TipoOiemMsb! ucnonb3oBanus JPEG2000 csi-
3aHBI ¢ OOJIBIIMM KOJIMYECTBOM BBIUMCIICHUH, B TOM YHCIIe
paboTs! Oyioka /st momydeHust KodpPUIMEHTOB IByMep-
Horo JIBII. OcoGenHo 3TH npo6ieMbl akTyaslbHBI IPH 00-
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paboTke n300pa)keHHii C BBICOKUM pa3pelieHHeM, HarpH-
Mmep, B popmarax UHD, 2K nnm 4K. Peanuszauus /IBII na
CIICIMAIN3HPOBAHHBIX HHTETPANIbHBIX cxeMax (Application
Specific Integrated Circuit, ASIC) nnu nporpaMmupy-
eMbIX BeHTUNbHBIX MaTpunax (Field-Programmable
Gate Array, FPGA) ¢ nmpuMeHeHHEM mapaiiaelbHbBIX
BBIYHCIICHHUH TTO3BOJISIET TIOBBICUTH 3 (PEKTHBHOCTH 1 CKO-
POCTH KOIMpPOBaHUA N300paKeHNH B peaTbHOM MaciuTade
BpPEMEHH.

B pa6orte [3] nmpennoxena peanuzanus JIBII nytem
oObeIMHeHNUs BelBleT-npeodpazoBanus U OaHka (Guib-
TpoB. Jlo6emu npumenuna /JIBII k pasnuuneiM n3obpa-
KEHHSIM M TIPEJJI0KHIIa MHOXKECTBO MOMYJISIPHBIX BEH-
BIeT-(QUIBTPOB, BKitouast Guiabrpel 9/7 u 5/3 [4]. B [5]
IIpeicTaBlIeHa cxeMa JM(THHTA, U TT0Ka3aHo, 4To JIr0oe
JBII MOXHO pa3noXUTh Ha OCIEIOBATEIBHOCTD IIPOCTHIX
1aroB (pUIBTPALIMK U TEM CAMBIM YCKOPUTB BEIYMCIIUTEIb-
HYIO CIIOCOOHOCTB NTPe0Opa3oBaHMA.

s ammmapaTHOM peann3anii BeWBIET-IIpeodpa3oBa-
HUH W3BECTHO HECKOJIBKO apXUTEKTYp, KOTOPhIE MOXKHO
pa3nenuTh Ha MOCIEN0BATEIbHbIE U apaieibHble. YacTh
TI0CJIE/I0BATENbHBIX APXUTEKTYP OCHOBaHA Ha UCIIOJIb30Ba-
HUM CHCTOJIMYECKUX MaTpwull, 1100 Ha KOHBelepe, Ooiee
(G GEKTUBHO pean3yIonieM BbIYHCIUTEIbHBII Mpolece
[6—-17]. PabGorter [4, 5], ucnonp3yoiiue GakTopu3aIuio
JUTSL BBITIOJTHEHHMSI BEIBIIET-NIpe00pa30BaHuii, U PeIOKEeH-
HBIC B HUX JIN)TUHTOBBIE CXEMBI, IO3BOJISIIOT 3HAYUTEIIHLHO
yOpOCTUTH annaparnyto peanusanuto JBII. Yame Bce-
TO B IMOJOOHBIX paboTax OCHOBHOE BHUMAHHUE Y/IENSCTCS
MUHUMH3AIUN apu(YMETHIECKON 9acTH yCTPONHCTBA MITH
MCTIONB3yeMOo mamsTi. OfHAKO JUIsl yCTPOUCTB, MMEIOIINX
BHYTPEHHIOIO NaMSTh, Pa3MEPHOCTh apU(PMETHIECKOTO
6710Ka He Tak BaxxHa. [Ipu 3TOM Ba)KHO MUHMMHU3HPOBAThH
00BEM HCTIONB3YEeMOIl MaMATH U MOBBICUTH OBICTPOJICH-
CTBHE BBIYMCIICHUH, YUUTHIBAsE OCOOCHHOCTH peaIn3aliu
B KOoHKpeTHOI FPGA.

B Hacrosmieil paboTe pacCMOTPEHBI METOJIbI M AJIr0-
purMmbl peanuzannu JIBII Ha ocHOBE OMOPTOTOHAIBHOTO
BeiiBiiera Jlobemmn 9/7 ¢ ucnonab3oBaHUEM JTUPTUHIOBOM
cxembl. Llenab paboTbl — cpaBHUTENbHAS OICHKA OBICT-
POACHCTBHS M 3aHUMAEMBIX alllapaTHBIX PECypCOB JABYX
apXHUTEKTyp (mapaienbHOW U KOHBEHEPHOIl), a TakxKe
CpaBHECHHE 10 KOJIMYECTBY BBIYHCIUTEIBHBIX OTEpa-
LU, TOTy4YeHHbIX B [18] mpu mporpaMMHON peann3anun
JBIL

BeiiBieT-npeodpa3oBanue
Ha OCHOBeE JIM(PTHUHIOBOI CXeMbI

Ha ceromusmamii 1€Hb CyIECTBYIOT ABA IMOAXO0/A K BBI-
gucienuto JIBI1, ocHOBaHHBIX Ha CBEPTKE M TUPTHHTOBOM
cxeme. TpaauIMOHHBIN MOIX0 HA OCHOBE CBEPTKU Mpe/-
cTaBisieT co0O0 CBEpPTKY BeHBIIET-(DYHKIMH C CUTHAIOM.
Takast pyHKIIUS TPEACTABIACTCS (GUIBTPOM ¢ KOHCYHOMH
UMITYJIbCHON XapaKTEePUCTUKOM, COCTOSIIMM U3 (QHUIBTPOB
HIDKHMX U BEPXHHUX 4acTOT. 3aTeM NMPUMEHSETCs omepa-
LUsT ICHUMAIIH, [1€J1b KOTOPOW COKPAaTHTh H30BITOYHOCTD
xpannmoii nadopmarmu. B pesynsrare nomydaercs 00beM
nMaHHBIX K03 durmentor JIBII, paBHbII 0 pazMepHOCTH
ucxomHoMy curHany. [Ipu 3ToM mepBast MOTOBHHA JAHHBIX
MpeAcTaBIeHa HU3KOYaCTOTHRIMA KO3 (HUIIMEHTAMH, a
BTOpPAs MOJIOBHHA — BBICOKOYACTOTHBIMU.

BTopoii moaxoa, 0CHOBaHHBINA Ha JIMPTHHTOBOK CXe-
Me, CHHKAeT BBIUUCIUTEIBHYIO CIOXKHOCTh B JBa pasa
1 MI03BOJIIET COKOHOMHTH MamsiTh. Cxema mnpsimMoro Jind-
THUHT-ITPe00PA30BaHMs PEATU3YETCSI C TIOMOILBIO YEThIPEX
0a30BbIX 2TarnoB: pazouenus (S), npeackasanus (P), 0OHOB-
nenust (U) n maciradbupoanus (K). @ynkuun P(z) u U(z)
MIPEJICTABISIOTCS uepes3 z-peodpa3oBanne. BrixonHble
ko3¢ ¢unmeHTsl LP 1 HP COOTBETCTBYIOT HIH3KOYaCTOTHOM
1 BBICOKOYACTOTHOU COCTaBIIIrOIICH (puc. 1).

Dran pa30ueHHs AIUT BXOJAHOW CHTHAJ Ha YETHEIC (5)
1 HeueTHBIe (d) DTIEMEHTHI:

©_ .40 _
S; =Xy di = Xy,

TJIE X,; U X5;4| — UYCTHBIC U HEUETHBIE JIEMEHTHI BXOAHOTO
CHUTHaa.

3Ha4yeHHs HIEMEHTOB Ha KaXkJIOM dTare npeodpas3osa-
HHS BBIYHCIIAIOTCS 110 (hOpMyIIaMm:

" =d" D+ yP, (s, ne 1,2, ..., NI;
k

5" =5,V +yU K", nell,2, ..., N,
k

e i U k — MHIEKChl BBIYUCIIEMbIX d1eMeHToB; P, u U, —
(hyHKIMU TIpeicKa3aHus 1 OOHOBJICHHUS Ha /1-OM yPOBHE.

Jist Garka ¢umsTpoB loberni 9/7 KomudecTBo ypoBHEH
N =2, ¥ UCHOIB3YETCsl YEThIPE dTamna Uil BEIYUCICHUS
BeliBIIeT-IpeoOpa3zoBanusl. BIxos mocnenHero sramna npe-
CKa3aHUS yMHOXKAETCs Ha KO3 GUUUEHT K|, a TOCIeAHero
sTana oOHOBIeHUS — Ha K.

LP
s (D) P RN
SOD ™
50 '
Xi
—> S P.(2) U(2) P.(2) Un2)
d® d{w—n\L dm
a "
+ K

N\

N

Puc. 1. JIudruHroBas cxema npsiMoOro BeHBIET-IIPe0Opa30BAHHS

Fig. 1. Lifting scheme of direct wavelet transform
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ANTOpUTM padOTHI JIN(PTUHTOBOW CXEMBI PSIMOTO BEH-
BJIET-IIPe00pa30BaHMsI MOXKHO ITPEACTaBUTh B BUJIE BbIpa-
HKEHUS:

LP@) | [su@] & [s(2)
HPE) *[dm(z) - P(Z)[ d(z)]’ M
e
K 0
)= 1 11] [1 sz(Z)” 1 0]
0 E k=m 0 1 Q2k—l(Z) ’

LP(z) n HP(z) — HU3KOYaCTOTHBIC U BBICOKOYaCTOTHEIC
ko3 unuents! curnana X(z); O, (z) u O,_1(z) — MHOrOU-
nensl Jlopana, mony4eHHbIE U3 (aKTOpHU3aluU MHOTO(]A3-
HOM MaTpHIIBI, TIPEICTABISAIONIECH QUIBTP MO aNTOPUTMY
EBximpa [5, 6]; K u 1/K — HeHyneBbie KOAPPUITHSHTHI
MacmTabupoBaHuUs.

[Mpumensis pakTopuzanuio TUPTUHIOBOH cxembl (1)
it 6anka GpuieTpos Jlobemmu 9/7 nomydnm:

K 0
Boy-| 1 [1 d+a] 1 o]X
0 E 0 1 c(l+z1) 1
)
X[l b1+ 1 0]
0 1 al+zYH 1)

rae a =—1,586134342; b =—0,0529801185;
¢=0,882911076; d = 0,443506852; K = 1,149604398.

B Brpaxkernu (2) u cxeme Ha puc. | stan macurtadu-
POBaHMS MPEACTABISACT cOOOH ONepalio YMHOKCHUS Ha
HenyneBbie k03 duimentsr K u 1/K. Tak KaK yMHOKHUTE-
JI1 OOBIYHO — JIOPOTOCTOSIIIME JIOTHYECKHE PECYPChI, TO
KEJIaTCJIbHO MUHUMU3UPOBATHL UX KOJIMYECTBO B CXEMC.
CxeMy BBIUUCIICHHS MOYKHO M3MEHUTH 33 CYET BHECCHMS
koapuumentoB K n 1/K cnenyrommm oOpazom:

0
i K dKX(1+32)
o[ 5 ey L)
K K 3)
X[l bA+2][ 1 o]
0 1 al+zYH 1)

e dK2 = 0,586134341; ¢/K = 0,7680129595.

B pesynbrare Takoro mpeobpa3oBaHus dTal MacITadu-
poBanus (K) OTAETHHO HE BBIMOIHACTCS. JTO TO3BOISIET
YHUDHULIUPOBATH MPOLECC BHIUYUCICHUS JJIsl TAIIOB Hpe-
CKa3aHUsl U OOHOBIICHUSI, KOTOPBIH Oy/leT BKJIIOYATh TPH
olepaIy YMHOXEHHS U JIBE — CIIOYKCHUSL.

Cxema o0paTHOTO JTHPTUHT-TIPe0Opa3oBaHUs pea-
JIU3YeTCs TaKXKe C MOMOIIBIO YEeThIpeX 0a30BBIX ATANOB
1 HAIIOMUHAET 3epPKaJIbHOEC OTPAKEHUE CXEMBI MPSIMOTO
BelBIIET-aHANN3a, T1e dTan pazoueHus (S) 3ameHseTcs
sTaroM — oobeanHeHus (M). [lomydnm BeIpaskeHUE IS
BBIYUCIICHUS KOd(PPUIINECHTOB 0OpaTHOTO BEHBIET-TIPE0d-
pa3oBaHMUS:

. 1 o[t -b1+2)],
P(Z)f[fa(url) 1][0 1 ]

1
X[ 1 0] — —dK(1 +2)
—(1+z) K

4)
1
e dK = 0,5098574276.

AnnaparHas peagusauus /IBII na 6aze FPGA

OtmeTum, uto Mukpocxembl FPGA Hu3BeCTHBI CBOU-
MH BO3MOJKHOCTSIMH IO ITU(PPOBOI 00pabOTKe CUTHAIIOB
(Digital Signal Processor, DSP) B ¢opmate purcupoBaH-
HOM Touku. OmgHako BeuHcIseMble ko3dduimentsr BT
UMEIOT IPoOHBIA (hopmMaTt, 4To TpeOyeT MpencTaBIeHUs 1
00paboTku uucen B popmare ¢ rraBaromiei Toukoit (IEEE
7541). Ucrionb3oBaHue Takoro popMara yCIOKHIET CXEMY
Y NIPUBOJUT K 3arparaM OOJIBILIEro KOJINYECTBA PECYPCOB
FPGA. YUrto0sI 5TOT0 N30€%KaTh, HEOOXOANMO MPEACTABUTD
K09 HUIUEHTHI LEIBIMY 3HAYCHUAMH, YMHOKUB UX Ha 2K,
rae k — YuCcio IBOMYHBIX Pa3psiOB JUIsl CJBHTa JAHHBIX
BJICBO.

BXomgHBIMU TaHHBIMH W300paKEHUS SIBISIIOTCS 3HA-
YeHUs cuTHanoB sipkocTtu (Y) wim usetnoctu (U, V) B
muarna3one oT 0 0 255, 9To COOTBETCTBYET CTAaHAAPTHOMY
3HAYEHUIO B 8§ OUT Ha muKcen. B pesynsrare mpeobpasosa-
HUS TAMa3oH Oy/IeT pacIIupeH, a TAKKE CTAHET 3HAKOBBIM.
YroObl XpaHUTh LETYI0 YaCTh MPOMEKYTOYHBIX M BBIXOJI-
HBIX K03 uumeHToB norpedyercs aAuana3oH OT MUHYC
1024 no 1024, yto Oynet 3aHUMAaTh B JOMOJIHUTEIHHOM
koze 11 6ut. J{ns xpanenust 1poOHON yacTu norpedyercs
YBEJIMYHUTH YHCIIO ABOMYHBIX pa3psioB, 3a/1aB olliee Ko-
JMYECTBO OUT, KCXO/IS M3 PA3PSTHOCTH THUITOBBIX YMHOXH-
teneit FPGA pasnoii 18, mubo kparnoii 18.

AJNTOPUTM NIPSIMOTO BEHBIET-IPeoOpazoBaHUsI 110 BbI-
pakeHnto (3) /Ui cUTHAJIA IPKOCTH MPHUBEAEH Ha pHC. 2.
«Bxonnas crpoka» n «BbIxogHas cTpoka» — JaHHEIE,
XpaHsIecs BO BHYTPEHHEH Win BHeIHeH mamsata FPGA.
3HAUECHUS] CUUTHIBAIOTCS U3 MAMSITH, TIPOXO/AT BCE ITAllb
BBIUMCIICHUI M 3aluChIBAIOTCS 00paTHO. B oTaenbHbIX
610Kax MaMATH (Ha pUC. 2 OTMEUEHBI OTHIM IIBETOM ), Xpa-
HSTCS MIPOMEKYTOUHBIE PE3YJIBTaThl YUSTHBIX U HEYECTHBIX
anemMeHToB. O003HaueHHsT «E» 1 «O» SBISIOTCS YeTHBIMU
Y HEYETHBIMHU MTO3MLUSIMHU, & UX MHJEKCHI COOTBETCTBYIOT
nopsiaky Berancienus. Kosddumuentsr (a; — ay, ky, ky)
33/1a10TCs COTIAacHO K03(h(HUIMEeHTaM, YKa3aHHBIM B BBIpa-
xennd (3), tne a; = a, a, = b, a3 = c/K, ay = dK?, k; = /K,
ky = K. Taxke UMEIOTCS eIMHUYHbIC KO3((GUIUEHTHI Ha
TIEPBOM 3Tarie NMpecKa3aHus 1 OOHOBICHHUS.

[Iponiecc cHMMETPUYHOTO pacHIMPEHUsT — YacTh OC-
HOBHOTO aJilrOpHTMa MpeoOdpa3oBaHus U 00eCIeunBaeT
BBIYMCIICHHE Ha TPAaHUIAX BXOJHBIX JaHHBIX. [ist ero
3G (GeKTUBHON peanu3aluu UCIOIb3yeTCs] BHYTPEHHSS
JIBYXIIOPTOBasl IaMATh, B PE3yJIbTaTe HEOOXOAUMBIE JUIS
pacdera ornepany — YTEHHUE U 3aIlUCh, TPOUCXOJIST OJ1-
HOBPEMEHHO M HE3aBUCHMO 110 JIBYM IinHaM. Ha sramax
«IIpenckazanne» n «OOHOBICHUE» BBIIOJIHIIOTCS Ollepa-
IIH C OJAMHAKOBBIM YMCIIOM YMHOXKHTEIIEH ¥ CyMMaTopOB.
[TockobKy 3Tarbl HCHOJIHSIOTCS MTOCIIEI0BATENbHO, U Ha
K)KZIOM IIPOUCXOUT TPH YMHOXKEHHUS 1 JIBA CIIOKEHHUSI, TO
JUTSL pacteTa NCTOJb3yeTcsl ONH MOIYIb. B pesynbrare Bbl-
TIOJIHEHNS ITATIOB TIOIYINM KOI(PPUITHEHTHI OAHOMEPHOTO
yposus npsimoro JIBII. Paccuntannsie ko3¢ dunnerTst
3aMCHIBAIOTCS 0OPATHO B MCXOIHYIO CTPOKY U 3aMEHSIIOT B
HaMsITH pe/pLIyIIne fanHbie. B nmporecce hopMupoBanms
BBIXOJHOH CTPOKHU MPOMCXOJIUT IPyNIUPOBKA HU3KOYA-

! [Dnexrponnbiii pecype]. Pexxum mocryma: https:/ieeexplore.
ieee.org/document/4610935 (nara obpamenus: 19.12.2022).
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Puc. 2. AnTopuT™ IPSIMOTO BEUBIET-TIpe0Opa3oBaHuUs

Fig. 2. Direct wavelet transform algorithm

CTOTHBIX (E5j—FE,3) ¥ BEICOKOUACTOTHBIX (O,0—053) K030-
¢unrentoB. [Tocie atoro ogromepuoe JIBIT moBropsieTcst
JUIsl CTOJIOLIOB M IOJYYarOTCsl MTOTOBBIE KOA(PPHUIUEHTHI
JIBYMEpPHOTO PeoOpa3oBaHuUsI.

Cxema ob6parnoro /IBII moxer ObITH monyuyeHa U3
BbIpaXKeHUs (4) U UMEEeT 3epPKaIbHYI0 CTPYKTYpPY CXEMBbI
MIpSIMOTO BeHBIeT-1IpeoOpa3oBanust (puc. 2) co cieaylo-
MMU 3HaueHUAMHU kodddunuentos: a; = 1,58613; a, =
=0,05298; a3 = —0,88291; a4 = —0,50985; &y = 1,14960;
ky = 0,86986.

J171st N3BECTHOTO KOJIMYECTBA BXOAHBIX IIEMEHTOB T10
MIPEATIOKEHHOMY QJITOPUTMY MOYKHO BBIYHCIINTH KOJIMYE-

CTBO TaKTOB JUIsl OAHOMEPHOI'O MPSMOTO WUIIK 0OPAaTHOTO
BeiiBIIeT-IIPe00pa3oBaHuii:

N=4w/2+1+p), %)
TJIe W — KOJMYECTBO BXOTHBIX DIIEMEHTOB; [ M p — KOJIH-
YECTBO TAKTOB 33JIEPKKU B MOAYJIE YMHOXKEHUSI-CIIOKEHUSI
(1 Takt) m yteHus u3 mamste (1 Takr).

Just onnoro ypoBHst asymepHoro J[BII xonuuecTBo
TaKTOB OyIET YABOCHO.
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IMapanyenbHoe U KoOHBeliepHoe Bbiuucaenus JBII

[Tapannensnoe Boinonuenue JABII no3sonser pazne-
TUTh 00pabOTKy HE3aBHCHMBIX JaHHBIX Ha HECKOJIBKO
0;10k0B BBIYMCIIeHUs. [10CKOIBKY MpoOLEce IBYMEPHOTO
peoOpa3oBaHUs COCTOUT U3 MOCIIEIOBATEIBLHOTO pacyeTa
CHaJaJa 10 CTOI0LaM, a 3aTeM 110 CTPOKAM, TO BBIIOIHUTh
9TH JIBa [IpOLiecca MapaleIbHO HeBO3MOXHO. Takum oOpa-
30M, MIPEJICTABIISICTCS BO3BMOYKHBIM BBITIOJTHSTH MTapaslIeib-
HO BBIYHCJICHUS IO CTPOKaM WM cToj01am. B atom ciydae
MIPOUCXOANT CYNTHIBAHKE CTOJIONA (CTPOKH), €T0 00paboTKa
1 3amuck 00paTHo. Bo BpeMst 00paboTKH TeKyIero croio-
[1a BO3MOXKHO CUMTBIBaHUE U 00pabOTKa CICAYIOIIETo 1
T. 1. Eciiit B34Th KOJIMYECTBO TAKTOB JJISl pacyeTa OIHO-
meproro JIBIT u3 BeipaxkeHus (5), TO MOKHO PaccCuUTaTh
KOJINYECTBO MapauIeNIbHBIX BBIYUCICHHUH 110 (hopMyIIe:

L=2(N+w?2+1)w. (6)

Tak, st ctonbima (CTpOKK) JUTHHON w = 8, IO BBIpake-
auto (5) momyunm N =4(8/2 + 1 + 1) = 24 u 1o BBEIpa)KCHUTIO
(6) — L =2(24 + 8/2 + 1)/8 =7,25. Otcrona cienyer, 4To
TIPH MCTIONB30BaHUH CEMH TTapaIeIbHO PaOOTAIOIINX BBI-
YHCIUTETBHBIX OTOKOB pacueT aymepHoro JIBIT Oymer BoI-
MTOJTHEH MaKCUMaJIbHO ObICTpo. OHAKO, €CIIN YBEINYUTH
JUITMHY CTPOKH, Hampumep, w = 2048, To N = 4(2048/2 +
+1+1)=4104u L =2(4104 +2048/2 + 1)/2048 = 5.
Takoe u3MeHeHHUE CBsI3aHO CO BPEeMEHEM IPOCTOst O10Ka
BBIYKCIICHUS] B MOMEHTAX, KOT/Ia OCYIECTBISIETCS JOCTYI
K MaMSITH.

Ha puc. 3 npuBezena 3aBUCMMOCTb KOJIMYECTBA TAKTOB
qurst Beraucnenus JIBII B 3aBECHMOCTH OT pa3mepa cTopo-
HBI KBQ/IPATHOTO N300paKEHUSI TIPH HEKOTOPBIX BapHaHTaX
KOJIMYECTBA OJIOKOB MapajuIeTbHON 00paboTKH.

BrInoTHEM OTIEHKY KOPPEKTHOCTH PacCMOTPEHHOTO
anroput™Ma. [y 3TOr0 3ammiieM Kox 0J0Ka BRIYHCICHUS
Ha si3pike Verilog HDL, paspa6oraem Testbench (tectu-
PYIOIIMIT MOJTYJIb) M OCYIIECTBUM CHUMYJISILIUIO [IU(PPOBOI
cxembl B cpene ModelSim. [Iyis nmapasuiennbHOro pacyeTa
JBII peanuzoBan cieayromuii anroput™. [Iponece naun-
HAeTCsl C YTEHUsI U3 JByMEPHOTO MacCHBa JIBYXITOPTOBOM
MaMsTH 1epBoro crondna. CYUTHIBAHUE YETHOTO M HEYEeT-
HOTO 3JIEMEHTOB CTOJIOIA TIPOUCXOJUT OJHOBPEMEHHO C
WX 3aITUCHIO B MAMSTh MEPBOTO OJ0Ka BeIYmciIcHUs. Korna

x10°
E KommgectBo
cE 20 OJI0KOB
g:; —1
8 10 —2
E: 4
2, 8
0 512 1024 1536 2048

Pa3mep cTOpoHBI H300paXKeHHsI, TUKCEIOB

Puc. 3. 3aBUCUMOCTb KOJINYECTBA TAKTOB JIsl BEIUNCIICHUS
JIByMEPHOTO JIUCKPETHOTO BEHBIET-Pe0Opa3oBaHus pr
Pa3IMIHOM KOJIHYECTBE OJIOKOB MapauieibHONH 00pabOTKH
Fig. 3. Dependence of the number of cycles for calculating a
two-dimensional DWT
with a different number of parallel processing units

JIaHHBIE TIEPBOTO CTOJIOIA CKOITUPOBAHBI B TAMSITh TIEPBOTO
0J10Ka BBIYMCIICHNUS, OH HAYMHAET IPOLECC pacueTa OJHO-
mepHoro /IBII, a aneMeHThI U3 BTOPOTro CTONOLA AByMEp-
HOTO MacCHBa aHAJOTMYHO KOITUPYIOTCSI BO BTOPOH OJIOK
BeIyHcieHns. Korma BocbMoii 010K BHIYUCIICHUS TTOITY YHIT
BXOJIHBIC JTAaHHBIE, IEPBBIN yXKe 3aKOHUHII IIPOLIECC pacyueTa,
¥ HAaYMHAETCSI TTOCIIEIOBATEIbHOE CUMTHIBAHNE OOPATHO B
JByMEpHbI MaccuB. Ecii Bce cTonOIBI CKONMMPOBAHEL, BBI-
YHCJIEHUE aHAJIOTUYHO TTOBTOPSIETCS IS BCEX CTPOK JIBY-
MEPHOTO MacCHBa. BBIUUCIEHNE TTOCIEAYIONIETO YPOBHS
MIPOMCXOIUT TOT/IA, KOT/Ia MOJTy4eHbl HU3KOYaCTOTHBIE KO-
3¢ PULIMEHTHI TeKyIero ypoBHs. [Ipu Takoii opraHuzanmu
pacueta JIBII 3anumaemsie pecypcsl FPGA B ocHOBHOM
ONPEAEIAIOTCS KOJIMYECTBOM YMHOXKUTEIEH U pazMepom
MaMsITH JJIs1 XpaHEHHsI IByMEPHOTO MacCHBa.

OCHOBHOE OTrpaHUYEHUE B PACCMOTPEHHOM BBIUHCIIE-
HHUM — O)KUIaHKE 3aBEPILICHNUS MTPeAbIIyIiero srana. Taxk,
B popmyne (5), yMHOKeHHE HA KOd(PPHUIIHEHT 4 TOKa3hI-
BACT, YTO HEOOXOMMO BBIMIOIHUTH HTAIIBI TIPE/ICKA3aHHS
¥ OOHOBIICHUS U Jaiee MOBTOPUTH UX erme pa3s. IIpu stom
MPOMEKYTOUHBIE JAaHHBIE COXPAHAIOTCS B HAMSTh, YTO TIPH
MOCJIELYIOIIEM JOCTYIIE CHOBA BHOCAT 3a/IEPKKY. 3aMETUM
(kaK BHJIHO U3 pHC. 2), 4TO JJI Hadaja BEIYUCICHUA dTana
OOHOBIICHHS HE 00513aTEIbHO OKUAaTh OKOHYAHHS BBIYHC-
JICHUsI dTamna MpeACcKa3aHus, JOCTAaTOYHO TOJBKO TMEPBBIX
JIBYX KO3()PHUIHEHTOB. AHAJIOTMYHO POUCXOJUT U HA
MOCIIEAYIONINX dTarax — JJIsl BTOPOro dTana 0OHOBJICHUS
TpeOyeTcst TOIBKO Mapa Kod(pGHUIMEHTOB BTOPOTO Tara
npescKasanus. B aToM ciydae HEOOXOIUMOCTD B TAMSITH
JUISl XpAHEHUSI TIPOMEKYTOUHBIX CTPOK (CTOJIOIOB) OTCYT-
cTByeT. MicXonHbIe aHHBIE MOCTYMAIOT MTOCIIEA0BATEIb-
HO Ha BX0J] OJI0Ka BBIYMCIUTENS IO OJHOMY 3JIEMEHTY 3a
TaKT, U 4Yepe3 HECKOJIbKO TAKTOB 3aJCPKKH, BHOCUMOM
KOHBEHepoM, Ha BBIXOJIE TTOCIICTOBATEIBHO MOSBISIIOTCS
ko3 duuumentsr JABII. J{ist xpaHeHUs: pOMeERKyTOUHBIX
KO9((UIMEHTOB Pa3IMYHBIX ATAIIOB UCIIOJIB3YETCSl BHY-
TPEHHsAS PEeruCTPOBasi NaMsTh C MapajyICIbHBIM YTCHUEM
nansblx. Ha FPGA Takoe ycTpoiCTBO MOXHO peaan30BaTh
C MIOMOIIBIO TPUITEPOB, BXOJAIIUX B COCTAB TUMOBBIX KOH-
(urypupyeMsIx OJI0KOB.

Jlnist peanu3anuy KOHBEHEpHOH cxeMbl TpeOyeTcs 1Ba
MOAYISI YMHOKUTEIS-CYyMMAaTOpa, aHAJIOTHYHBIC UCTIONb-
30BaJINCH TIPH MapajuiensHoM BeimonHennn JBIT (nme-
eTCsl B BUJLy MOIYJb, COJACPKAIINN TPU YMHOKHUTEIS U
JIBa CyMMaTopa, UCIIOIb3yeMbIil AJIsl apaeabHOTO BbI-
nonuenus JIBIT), a Taxke 11 peructpoB s XxpaHeHHUS
Tekyuux kodpduuneHToB. C yueToM 3aJepKKu B OJI0Ke
YMHOXHTEIA-CyMMaTOpa B OJMH TaKT 3ajiepkKka KOHBelepa
COCTaBJIsIeT 7 TAKTOB. DTO 03HAYAET, YTO BBIYUCIICHHBIE
koo durpents JIBIT nmosBistoTcst Ha BBIXO/IE CXEMBI CITy-
cTs1 7 TakTOB. B pe3ynbTrare 1 BXOAHOHN CTPOKH JUIUHBI W
BBIUMCIIEHHE 3aliMeT N, = (W + 7) TakTOB.

B cnyuae Beiuncnenus asymepuoro [IBII urenue u
3aMKCh ABYXITOPTOBOM MAMSTH IIPOUCXOANUT OXHOBPEMEHHO
TI0 Pa3HBIM aJIpecaM C Pa3HHIICH B 7 TAKTOB. 3aBUCUMOCTh
KOJINYECTBA TaKTOB AJIsl BeluMcaeHus ABymepHoro JIBII
MPAaKTUYIECKU HE OTIIMYAETCS OT BAPHAHTA C KOJINYECTBOM
0JI0KOB TapajuienbHOl 00paboTku paBHOU 8. OnHAKO B
3TOM ClTy4yae KOJIM4eCTBO 3aTpaunBaeMbIx pecypcoB FPGA
menbiie. Tak, Hanpumep, OJOKOB YMHOXKHUTEIEH-CyMMa-
TOPOB B UETHIPE pa3a MEHbIIE, a MaMATh AJIs XpaHCHUS
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Tabnuya. Pe3ynsraThl CpaBHEHUS OBICTPOACHCTBUS U 3aHUMAEMBIX PECYPCOB apXUTEKTYP

Table. Results of comparison of performance and resources occupied architectures

Apxutekrypa
XapakrepucTuka IIporpammHast [MapasnnesnbHas [MapasnenbHas Komsefiepras
peanmm3anus [ 18] (L=4) (L=28)
KonmuectBo ymMHOX)HTENEH — 24 48 12
KonuuecTBo TakTOB BHIYHMCICHUS 4456 448 148 736 131 200 131 079
3aHnMaeMast BHyTPEHHSIS 1aMsITh, OUT — 1 198 080 1 198 080 1 179 648

MIPOME)KYTOYHBIX YETHBIX M HEYETHBIX KOI(PPUIHECHTOB,
CyMMapHO 4 CTPOKH (CTONOIa), HE UCTIONB3YeTCS.

Anpodanus aaroputmoB Ha FPGA

Jia anpobaunn pa3pabOTaHHBIX aJrOPUTMOB ObLIa
BeiOpana FPGA Altera Cyclone® IV 4CE115. BeiOpannas
FPGA nmeer cnenyromue xapakrepuctuku: 114 480 noru-
YEeCKHX AIIeMEHTOB; 3888 KOUT BCTPOCHHOM OJIOYHOM Mmamsi-
TH; 532 BCTPOCHHBIX ANIMAPATHBIX YMHOKHUTEIS pa3psiiHO-
cThIO 9 OuT; MakcuManbHast pabodas gactora 250 MIm.

Hcnonp3oBanue BHyTpeHHEHN MaMsITH, B CUJIy €€ orpa-
HUYEHHOTO 00beMa, To3BoJsieT peann3oBarh JIBIT Toabko
JUISL KBaJIPATHBIX M300pa)KeHHH CO CTOpOHOU He Oolee
256 mukcenoB. Takyke BO3MOXKHBI BApHAHTHI 3P (HEKTUBHOTO
TapasuIelIbHOTO BEIYHUCIICHNS, KOT/a CTPOKH ¥ CTOJIOLIBI HC-
XOJTHOTO M300paskeHus! OyayT KpaTHbI KOJIMYECTBY OJIOKOB
BBIYHCIICHUSI, ONIPE/ICNIEHHBIX 110 (hopmyite (6).

B xoze cuHTE3a CXEMBI, Ul IOCTH)KEHHS TpeOyemMoit
pa3psaaHOCTH KO3 GUIIMEHTOB, YMHOKHUTEIN 00bETNHEHBI
mormapHo. TakuMm 006pa3oM, CTAHOBHUTCS BOSMOXKHBIM 00pa-
OartpiBaTh 3Ha4eHUS 18 OuTHBIX gucen. [Ipu 3ToM mepBeIe
11 6éut O6yayT XpaHUTH HETyI0 9acTh Kod3(unnenTos, a
ocTanbHble 7 OUT — ApoOHYyI0 yacTh. s mepexoma ot
YHCel ¢ IUIABAOIeH TOUKOH K uuciaM ¢ (PUKCHPOBAHHOI
TOYKOM BXOJHbIE JaHHbIE HEOOXOAUMO YMHOKUTH Ha 27
IyTeM CABMIa BJIEBO Ha 7 pa3psa0B, TOIA BCE MIPOMEXKY-
TOYHBIE M BBIXOJHBIE KOA(Q(UIMEHTHI Oy/IyT pacroaraTbest
B nuanazone ot 1 go 131 072. Ilpu nepeBojie BBIXOAHBIX
KOA(QPUIUEHTOB 00paTHO HEOOXOANMO BBITIOJIHHUTH UX
C/IBHT BIIpaBoO Ha 7 paspsnoB. O1UH MOAYIb YMHOXKEHH-
SI-CJIO’KEHUS B TAKOM KOH(UTYpPALMU NCIONB3YET MIECTh
9-OUTHBIX YMHOKUTEIICH IS OTIepartuii ¢ (GUKCHpOBaHHOM
TOYKOIA.

Cpenctra ananmza u cuaTe3a B cpeze Quartus I mo3Bo-
JISIOT OIEHUTh MaKCUMAJIbHYIO pa0o4yro 4acToTy OJ0Ka
BbIuncieHus. [lockonbky B o0Iiell cxeme caMoi «Mefl-
JICHHOM» SIBISCTCS onepanursd YMHOXCHHUA, TO OHA Orpa-
HUYMBAET MaKCUMAJbHYIO TAKTOBYIO YacCTOTY BEJINYNHOMN
164 MI'u. Ilpu sToM 3azepixKa MEXAY BBOJOM JIAHHBIX B
MOJIYJIb YMHOKCHUSI-CIIOKECHUSI U TTOTyYCHHEM pe3yiibTara
COCTaBHT TPH TaKTa.

B Tabnmuue npuBeseHsl pe3yabTaTbl CpaBHEHUs ObICT-
POICHCTBUS U 3aHUMAaEMBIX PECYPCOB IMPOrpaMMHOi [ 18],

napajijiesIbHON U KOHBEHEPHON apXUTEKTyp JIsl KBaapaT-
HOTO M300pa)KeHHUsSI CO CTOPOHOM 256 MHUKCEOB.

3akJaouenue

[IpennoxeHHble peaau3anuy MapauiedIbHON U KOH-
BEIlepHON apXUTEKTYp JBYMEPHOTO MPSIMOTO X 0OpaTHOTO
BeliBieT-nipeoOpa3oBanuii s 6anka GuibTpoB [odemrn
9/7 SBNAIOTCS 3aKOHYCHHBIM PEIICHUEM U MOTYT OBITh HC-
TOJIB30BaHBI KAK TOTOBBIN CIOKHO-(YHKIIMOHAIBHBIHN OIOK
JUIsl TIOCTIEYIOIIEH pa3pabOTKU CUCTEMBI KOAUPOBAHUS U
nepenadr n300pakeHu.

[MapannenbHas paboTa HECKOJIbKMX HE3aBUCHMBIX
MOJIyJIeil JaeT BO3MOXKHOCTB IIPOBOJINTH OJTHOBPEMEHHO
00paboOTKy HECKOJIBKHUX BXOIHBIX CTOJOLOB (CTPOK) M3
HCXOJTHOTO JIBYMEPHOI'O MacCCHBa, a YHU(PHUKALUSI MOIYJIS
YMHOXKHTEISI-CyMMaTOpa MO3BOJISIET MOBBICUTE P QeK-
TUBHOCTH BBIYHMCIICHUS U COKPATUTHh 00BEM 3aHMMaeMbIX
anmaparHbIX pecypcoB. KoHBeliepHast apXUTeKTypa anc-
KPETHOTO BEHBIIET-IPeOOPa30BaHMsl, OPHEHTUPOBAHHAS Ha
cunre3 B FPGA wimi B QyHKIIMOHATBHOCTD CIOKHO-(PYHK-
IIMOHAIBLHOTO OJIOKA, OTIIMYAETCSI MEHBIINMH anmaparyp-
HBIMH 3aTpaTaMy [pU peann3anun 0J0Ka BBIYNUCICHUS U
pacmpezeneHus maMsaTH. B pesynbraTte MOKHO MOBBICUTH
OBICTpO/eHiCTBIE, a TAK)KE YMEHBUIUTH CTOMMOCTh CHCTE-
MBI Ha KpUCTaJLIE.

HcnonrsizoBanue FPGA ¢ HeGonbuumM 06beMOM BHY-
TPEHHEH MaMsITH OrPaHNuYMBACT peai3alnio 0JIoKa JHc-
KPETHOTO BEHBIIET-IpeoOpa3oBaHust Uil H300paKeHUH
Gomnpioro pasmepa. [Ipu 3Tom 06paboTKa MOKET BBIITOI-
HATBCS Onokamw, cormacHo cranaapry JPEG2000, nubo,
P MCTIOJIb30BaHNY BHEITHEH MTAMSTH U HEKOTOPOTO U3Me-
HEHUS B MOZyJI€, IEJIMKOM JJISl BCETO M300paskKeHUsL.

[TpennoxeHHbIE aATOPUTMBI, PEaNN30BaHHbBIE B BUJE
TIOBe/ICHYECKOM Mozienu Ha si3bike Verilog HDL, mpu He3Ha-
YHUTETBHOI KOPPEKTUPOBKE MOTYT OBITH MCIOJIL30BAHBI HA
0a3e OTeYeCTBEHHBIX aHAJIOTOB, HAIIPUMED, B IPOIPaMMH-
PYEMBIX JIOTUYCCKHUX UHTETPAJIBHBIX CXEMax MMPOU3BOACTBA
AO «B3IIIIT-C» (r. Boponex).

K mepcriekTHBHBIM HaNpaBlICHUSM HUCCIIEIOBAHHS OT-
HOCHTCS pa3paboTKa M BHEAPEHUE B BHJICOCUCTEMY Ha
KpHCTAJIE JOTOIHUTENBHBIX K OJIOKY JHCKPETHOTO BEH-
BJIET-TIpeoOpa3oBaHusl MOAYJIEH: HEHPOCETEBOIO KIacCH-
(pukaropa O;10kOB M300pakeHNs, aTaTHBHOTO KBAaHTOBA-
HUSI U CKATHA.
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AHHOTALUA

Ipeamer ucciaenoBanusi. IIpeacTaBicH MOAXO0A K MOCTPOCHHIO 331a4HO-OPUCHTHPOBAHHON [[MAJIOTOBON CHCTEMBI
(pa3roBOpHOTO areHTa) ¢ JOCTYIIOM K HECTPYKTYypHpOBAaHHOII 0a3e 3HAHWII HA OCHOBE YCTHEIX Pa3roBOPOB C
NPUMEHEHNEM ayTMEHTAllM¥ MUCbMEHHON pedd, MMHUTHPYIONIEeil pe3yabTaThl paclio3HaBaHUsS yCTHOH pedw,
KOMOWHMPOBAHHMS TPE/ICKAa3aHUi KIIacCH(HKATOPOB, FTEHEPaIU TEKCTa, JONOIHEHHOMH rorckoM. MeToa. [TpenioxkeHHbIH
HOJIXO/1 TIPEyCMaTprBaeT ayrMEeHTAIMI0 00yYaIOInX JaHHBIX ABYMsI ClIocoOamMu: peoOpa3oBaHUEM TEKCTa B pedb U
00paTHO ¢ MOMOIIBIO CHCTEM CHHTE3a M PACIIO3HABAHUS PEUH; 3aMCHOM 4acTH CJIOB HA OCHOBE MaTPHIbI CITy ThIBAHUI
CHCTEMBbI pacro3HaBaHus pedn. J{nanorosas CUCTEMa € JOCTYIIOM K HECTPYKTYPHPOBAaHHOI 0a3e 3HaHMI pelaeT 3a1aqy
00Hapy’KEHHUsI BBICKa3bIBAHMSL, JUTSl KOTOPOTO HEOOXOMM IOKCK JIOTIOIHUTEIbHON HH(OPMAIIN B HECTPYKTYPHPOBAHHOM
6a3e 3nannil. C 3TOH 1eNbIo BRIMOIHEHO o0ydeHne Mozenei Support Vector Machine, Convolutional Neural Network,
Bidirectional Encoder Representations from Transformers u Generative Pre-trained Transformer 2. Jlyumue u3
MIPE/ICTAaBICHHBIX MOJIEJICH NCIIONB30BaHbI IPH ()OPMHUPOBAHHH IIPE/ICKAa3aHUs ITyTEeM B3BELIEHHOTO KOMOHMHUPOBAHUSL.
Ocy1iecTBieH BBIOOD MOAXOAAIIETO TEKCTOBOTO (pparMeHTa U3 0a3bl 3HAHMN U TeHepanus 000CHOBAaHHOTO OTBETA.
INocTapieHHbIE 3a/1a4 PELICHbI ITyTeM aJalTalui MOJISNIN T'eHepallui TeKCTa, ayTMEeHTHPOBaHHOM 1moncKoM Retrieval
Augmented Generation. OcHoBHBIe pe3yJibTaThbl. BeimonHena arnpobarius mojaxona Ha qaHHbix koHkypcea 10th Dialogue
System Technology Challenge (DSTC10). ITo Bcem meTprkam, kpome Precision, HOBBII TOAXO/ 3HAYUTENHEHO MPEB30LIEIT
pe3ynbTaThl 0a30BBIX MOJENIEH, IPEIIOKeHHBIX opranu3aropaMu koHKypca DSTC10. IlpakTuyeckasi 3HAYUHMOCTb.
Pesynbrarsl pabOThl MOT'YT HAWTH NPUMEHEHHE P CO3/IaHUH 4aT-00T CHCTEM, 00CCIICUMBAIOIIMX aBTOMATHYECCKYIO
00paboTKy 0oOpalIeHuil oJIb30BaTeNICH Ha €CTECTBEHHOM SI3BIKE Ha OCHOBE HECTPYKTYpHPOBAHHOM 0a3bl 3HAHHH,
Harpumep 0a3bl OTBETOB Ha YacTO 3a/laBaeMbIe BOIIPOCHI.
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Abstract
This paper describes an approach for constructing a task-oriented dialog system (a conversational agent) with an
unstructured knowledge access based on spoken conversations including: written speech augmentation that simulates
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the speech recognition results; combination of classifiers; retrieval augmented text generation. The proposed approach
provides the training data augmentation in two ways: by converting the original texts into sound waves by a text-to-
speech model and then transforming back into texts by an automated speech recognition model; injecting artificially
generated errors based on phonetic similarity. A dialogue system with access to the unstructured knowledge base solves
the task of detecting a turn, which requires searching for additional information in an unstructured knowledge base. For
this purpose, the Support Vector Machine, Convolutional Neural Network, Bidirectional Encoder Representations from
Transformers, and Generative Pre-trained Transformer 2 models were trained. The best of the presented models are used
in the weighted combination. Next, a suitable text fragment is selected from the knowledge base and a reasonable answer
is generated. The tasks are solved by adapting the retrieval augmented text generation model Retrieval Augmented
Generation. The proposed method tested on the data from the 10th Dialogue System Technology Challenge. In all
metrics, except Precision, the new approach significantly outperformed the results of the basic models proposed by the
organizers of the competition. The results of the work can be used to create chat-bot systems that provide automatic
processing of user requests in natural language based on an unstructured knowledge access, such as a database of answers
to frequently asked questions.

Keywords
dialogue systems, conversational agents, information retrieval, text augmentation, retrieval augmented generation
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BBenenue

Tpa}:[I/IIII/IOHHO 3a/Ia9YHO-OpPUCHTUPOBAHHBIC TUAJIOTOBBIC
CHCTEMbI CKOHIICHTPHPOBAHbI HA MPEI0CTaBICHIH HH(OP-
MalllH U BBITOJIHEHUH JICHCTBHUH B COOTBETCTBHH C 3aIIpO-
CaMH I10JIb30BaTesel, KOTOpbIe MOTYT OBITH 00pabOoTaHbI
TOJILKO C MCIOJIB30BAHMEM IPOTrPaMMHOTO MHTEpdeiica
n obpamieHus kK 6a3am gaHHbIX. OJHAKO B JOTOJIHEHHE
K 3ampocaM, OpUCHTHPOBAHHBIM Ha 3aJ1a4M, Y TOJIb30Ba-
TeJel TakXkKe CyIIeCTBYIOT MOTPEOHOCTH, KOTOpPBIE Tpe-
OytoT Oonpmieil nHpOpMauK, KPOME TPEAOCTABICHHOMN
13 BHYTpEHHUX 0a3 maHHbIX. Hampumep, 60IBIIMHCTBO
Pa3rOBOPHBIX areHTOB MOT'YT IIOMOYb MOJIb30BATEISIM 3a-
OpPOHUPOBATH OTEJIb, PECTOPAH WM KYIIUTh OMJICTHI B KHHO,
HO OHHM HE€ OTBCYHAKOT HA AOIIOJIHUTCIIbHBIC BO3ZHUKAKOIINUEC
BOIIPOCHI, HAIPHMEP: UMEETCSI JIN MapKOBKa TPAHCHOPTHBIX
CPEJICTB; Pa3pelIeHO JIM IPUBOANTH B 3apE3epBUPOBAHHOC
MECTO JIOMAIIHUX KUBOTHBIX WM JETeH; MM KakoBa MO-
JUTHKAa OTMEHBI OpoHupoBanus. /s o0paboTku Takux
3aIpoCcoB OOBIYHO HET 3anucH B 0aze paHHbIX. C Ipyroi
CTOPOHBI, COOTBETCTBYIOIIAs HH(YOPMANHS YXKE TOCTYTI-
Ha Ha BeO-CTpaHUIAX B BUJE paszeiia OTBETOB HA YacTO
3aaBacMble BOIPOCH! U OT3BIBOB KIHEHTOB JJISI MHOTHX
13 3TUX CLIEHAPHEB, BBIXO/SIINX 32 PAMKH BO3MOXHOCTEH
nporpamMmmHoro uarepdeiica. [TIockoabKy COBpeMEHHBIE
JAWAJIOTOBBIC CUCTEMbI HE BKIIFOUAKOT 3TH BHCIIHHE UCTOY-
HUKHU WH(POPMALIMU B 33]Ja4HO-OPHEHTUPOBAHHOE MO/Ie-
JIMPOBAHME JIMAJIOTa, IT0JIb30BATENSIM HEOOXOAUMO CaMUM
rocenarb BeO-CaiThl, YTOOBI Y3HATB JIFOOYIO JIOTIOIHUTEb-
HYI0 HH(OPMAIINIO, BBIXOSIIYIO 32 PAMKH ITPOTPAMMHOTO
nHTep(eiica, 4YTo JeJaeT ANaJOrOBbIe B3aUMOJICHCTBHS
HeappekTUBHBIMU. [laHHOE HMCcciel0BaHUE HAlpaBJICHO
Ha TOAJIEPKKY CIICHapHEeB, B KOTOPHIX AMAJIOT HE Tpe-
pBIBaeTCs, KOTJa y MOJIb30BaTeNIel €CTh 3alpoChl, KOTO-
pbI€ BBIXOAAT 3a PAMKH IPOTPAMMHOTO nHTEepdeiica, HO
MOTEHIMATIBHO HeoOxoaumas nH(opManus J0CTyIHA BO
BHEIIIHUX NCTOYHUKAX.

B pabotax) [1-3] paccMOTpEHbI BaXHOCTh U CIIOXK-
HOCTb MOJC/IMPOBaHUA AUajiora ¢ UCII0JIb30BaHUCM BHCII-

HUX MCTOYHUKOB 3HaHUH B OTKPHITOM JioMeHe. B HacTo-
Amei paboTe MoAX0/Abl, HCIOIb3yeMble IPH CO3JJaHUHN
Pa3roBOPHBIX areHTOB B OTKPHITOM JOMEHE, a/IalITHPOBAHbI
TI0/1 33/ITa9YHO-OPHEHTHPOBAHHOE MOJICIIMPOBAHNE JIAJIOTa.
B omniume oT OTKPHITOTO JOMEHa, KOTOPBIH Mpeonaract
HaJINYME W UCIIOIB30BaHNE IIMPOKOT0 HaOOpa 3HAHUH O
MHpE, HalpuMep U3 BUKHUIICANH, IIPH 3a1a9HO-OPHCHTH-
POBaHHOM MOJICJIMPOBAHNH JIAJIOTa CHCTEMA PACIIoaract
OTPaHUUYECHHBIM ITyJIOM 3HAHWH, HEOOXOIUMBIX CUCTEME
JUIs1 OTBETA Ha BOIPOCHI B paMKax pemaemMon 3agaun. [Ipu
9TOM OOJIbIIOE 3HAYCHHE UMEET TOUHOCTh BbIOOpa 3Ha-
HUI M3 HECTPYKTYPHPOBAHHOHN 0a3bl M MX HPaBHIBHOE
UCIIOJIb30BaHUE NIPU FeHEepaluy oTBeTa. B mpouecce pa-
0OTHI, B TIEPBYIO OYEpe/b, CUCTEMA BBIMIOJIHSCT 3a7a4y
0OHapyKEeHUsI — OIpeielIsieT He0OXOANMOCTh O0paICHUs
Kk 0a3e 3HaHMH, B CiTyyae, KOTIa OTBET Ha 3aIpOC HE MOXKET
OBITH MOJIyYEeH Ha OCHOBE IMPOTrpaMMHOI0 MHTepdeiica.
JIts pereHns 5Toi 3aja4u IMPOBeIeHO 00yYeHNEe MOICTICH:
Support Vector Machine (SVM) [4], Convolutional Neural
Network (CNN) [5], Bidirectional Encoder Representations
from Transformers (BERT) [6] u Generative Pre-Trained
Transformer 2 (GPT-2) [7] — ny4iue U3 KOTOPBIX UC-
MOJIb30BaHbI IPU POPMHUPOBAHUHN TIPEACKA3aAHUS MTyTEM
B3BEIIEHHOT0 KOMOMHMpOBaHus. Jlanee cucremoi ocy-
IIECTBIICHA 33/]a4a BbIOOpAa — IMOMCK B 0a3e 3HAHMH TeK-
CTOBOTO ()parMeHTa, COACPIKAIIEro HEOOXOTUMYIO IS
orBera nHpopManuio. [Ipu pemleHnn naHHOW 3a1aun
MIPOBEICHO CPAaBHEHHE MOIMYIISIPHBIX MOZIEJIEH TTOHCKa, Ta-
kux kak Dense Passage Retrieval (DPR) [8] u BiEncoder
[9]. TTocnenawmii 3Tan — GopMupoBaHIE 0O0CHOBAHHOTO
OTBETa, MPU KOTOPOM pEIIeHa 3ajada reHepanuu. s
3TOTO NPOBEJCHO 1000yueHNE reHepaTUBHON MOJeIH
Bidirectional and Auto-Regressive Transformers (BART)
[10]. Taxke paccMOTpEeH MOAXO/] TeHepalnH, TOTOTHEHHOM
nouckoM Retrieval Augmented Generation (RAG), peraro-
M 3a]1a41 BBIOOPA M FeHEPALMU B PAMKAX OJIHOM MOJIEIH,
oOyuatoreiics MeToioM ckBo3HOTO (end-to-end) oOyueHus1.

Jpyroii BaxHBIM acEKT — MOJTOTOBKA CUCTEMBI K
pabote ¢ ycTHOH peubto. [IpumeHnsieMble B HacTosIIEe Bpe-
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MsI JTUAJIOTOBBIC CHCTEMBI TOCTUTII MHOTOOOCIIAFOIIINX
PE3yJIbTaTOB B MUCHMEHHBIX JIUAJIOTaX, OTHAKO UX HCIIOJb-
30BaHNC HEMOCPEICTBEHHO B YCTHOW pe4u 3aTPYIHCHO
M3-3a Pa3IUYUi B paclpeICIICHUH JAHHBIX, BKIIFOYAFOIITIX
HECOOTBETCTBUE MEXJy MMCbMEHHON U YCTHOW peubio,
a TaKXKe JIOTOJIHUTEIbHBIC [IYMbI W3-3a OIHOOK CUCTEM
pacro3HaBaHus peun. PaccMoTpeHsI /iBa crioco0da ayrmeH-
Taluu 00y4YalOUIMX JaHHBIX IS aalTallid CUCTEMBI K
YCTHOM peun: mpeoOpa3oBaHNe TEKCTa B PeYb U 00paTHO C
TIOMOIIIBIO CHCTEM CHHTE3a M paclio3HaBaHMs PEUH; 3aMeHa
4acCcTu CJIOB B 06yl1a101111/1x JJAHHBIX Ha CJI0OBA U3 MaTPUIIbI
CHyTI)IBaHI/Iﬁ CUCTEMBI paCIiO3HaBaHUA PCUU.

IlocTanoBKa 3agaun

1 oTleHKHM pe3ynbTaToB pabOTHl MPEII0KEHHOTO
MTOJIX0JIa MCTIOIF30BAHBI JAHHBIC BTOPOIl 3aJa4l BTOPOTO
Tpeka MexayHaponHoro konkypca 10th Dialogue System
Technology Challenge (DSTC10) [11]. B ominuue ot niep-
Boro Tpeka koHkypca 9th Dialogue System Technology
Challenge (DSTC9) [12], cucTema ollcHCHA HE Ha MUCh-
MEHHBIX JMaJlorax, a Ha yCcTHBIX. [1o ycinoBusM 3amauun
KpOCC-IOMEHHBIE Pa3rOBOPHBIC areHTHI JAI0T OTBETHI Ha
BOITPOCKI, KOTOPBIE HEBO3MOKHO CT€HEPHPOBATh HAa OCHOBE
mporpamMMHOro uHTepdeiica n 3amuceld B 0a3e NaHHBIX,
MTO3TOMY MM TIPUXOIUTCS M3BICKATh CBSI3aHHBIC MTAPEI BO-
MIPOC-OTBET U3 HECTPYKTYPUPOBAHHON 0a3bl 3HAHUH 9acTO
3a/1aBaeMbIX BOIIPOCOB. Ha 0CHOBE MOMydeHHBIX Map BO-
MIPOC-OTBET areHTHl TCHEPHPYIOT OTBET HA €CTECTBEHHOM
si3pike. Korkypc DSTC10 He npemycmarpuBai crienyaib-
HOro oOyuatomiero Habopa. Bmecto aToro ucrosib3oBaH
oOyuaromuii natacer nepsoro Tpeka DSTCY, cocrostiuii
n3 72 518 NMChMEHHBIX AUAIOrOB. DTOT HAOOP IpeCTaB-
JISICT CO0O0# pacHIMPEeHHYI0 BepCHI0 Habopa JaHHbIX Multi-
Domain Wizard-of-Oz dataset (MultiwOZ 2.1) [13-15],
B KOTOPBIH J00aBJICHBI 3alPOCHI, JUIs OTBETa Ha KOTOPBIE
Heo0X0aMMO 00JIafaTh JOTOTHATEIHON HH(OPMAaLUeH,
colepikameics B TEKCTOBBIX (parMeHTax. TeKCTOBEIC
(bparMeHTHI COOpaHBI CO CTPAHUI] YACTO 3aaBAEMBIX BO-
MPOCOB M COCTOST M3 Map BOMPOcC-0TBeT. OHU OTHOCHU-
TEIHHO KOPOTKHE M OXBATHIBAIOT YETHIPE PA3HBIX JOMCHA!
OTellb, PECTOPaH, M0e3/1 U Takcu. [lepBbie /Ba pa3/ieeHbl
Ha cyuHocTH. Ha ocHOBe TekCTOBBIX (pparmeHTOB chop-
MHpOBaHa HECTPYKTypHUpOBaHHast 6a3a 3HaHUH. B To Bpems
KaK B BaJMAAIIMOHHOM HabOpe JaHHBIX MCIIOJIb30BAHbI
AHAJIOTMYHBIE ()PArMEHTHI 1 JIOKALWS, YTO U B 00ydaroliem,
B TECTOBOM Habope Ipe/icTaBIeHa HoBast Jiokarusi — CaH-
@DpaHIMCKO 1 HOBBIE TEKCTOBBIE (PparMeHTHI, HEKOTOPBIE 13
KOTOPBIX OTHOCSITCS K HOBOMY JIOMEHY — OCTOIIPHMEYa-
TerpHOCTH. OKOITO IOOBUHBI U3 4181 muamora TecToBOTO
Habopa JaHHBIX MOTYYEHBI MyTEM pacIIMpeHnus Habopa

nmaHHbIXx MultiWOZ. [Ipyras nojgoBuHa coOpaHa U3 pas-
TOBOPOB MEXKY JIFOIIbMH, TIOCBSIICHHBIX TYPUCTUUCCKUM
noe3akam B CaH-@panrucko. [IpumepHo aecsTas 4acTb
Pa3roBOPOB BHITIONHEHA B YCTHOW (pOpME U UMEET aHaJIo-
THYHBIE CBOMCTBa, uTo U ganHele DSTC10. OTMeTumMm, 9To
nmarabpie Tecta DSTCO BrurtowaroT HE pe3yabTaThl pacios-
HABaHWsA, a TPAHCKPHUITHI, HATHCAHHBIC YEIIOBEKOM, 0e3
ommrOOoK pacro3HaBaHus. BanuaannoHHbIi HAO0P JTAHHBIX
DSTCI10 npencrasmnsieT coboii Te ke 263 amanora, 4To U
YCTHAs pedb B TeCTOBbIX HaHHBIX DSTCY, HO momyueHHBIX
C TIOMOIIBIO CUCTEMbI paclo3HaBaHUs pedu. TecToBbIe
JIaHHBIE COCTOAT U3 1988 MOMOJHUTEIBHBIX TUAJIOIOB,
cOOpaHHBIX B TOM ke JoKaruu. CpaBHUTCIILHBIC XapaKTe-
PHUCTHKH JJaTaCETOB MPEICTABICHBI B Ta0M. 1.

B kauecTBe cHCTEMBI aBTOMATHUECKOTO PACIIO3HABAHUS
peYH mpH MOJATOTOBKE AaTaceTOB HMCIIOJIIb30BaHA MOJICIb
Wav2Vec 2.0 [16], npenBaputensHo oOyueHHas Ha 960 1
Librispeech [17] u noobyuennast ¢ ucniospzoanueM 10 %
JMAHHBIX U3 IIENeBOTO MoMeHa. Jlamee moxydeHs! Tom-10
IIpeiCcKa3aHuil C MOMOLIBIO SI3bIKOBOW MOJENIH-IEKOIEPA,
nocTpoeHHoi Ha ocHoBe KenLM [ 18], 11 Bcex muchMeH-
HBIX TEKCTOB M3 HabopoB nanHbix MultiwOZ u DSTC9.
Cucrema qoCTHINIA YPOBHS omuOoK B cioBax 24,09 %,
YTO MPHUBEJIO K 3aMETHBIM HCKa)XCHUSAM B JaHHBIX. ba3za
3HAHHUH Takas ke, Kak U B TecToBoM Habope DSTCO.
JlononHuTenbHAs HHGOPMAIHS O IaTaceTax MpeICTaBlICHa
B [11] c onucanuem KOHKypca.

Onucanue nmoaxoaa

[TpennoxxeHHbIH MOX0/ BKIIIOYAET B ce0sl HECKOJIBKO
ATAIoB U peuieHue psaaa 3azaad. llepsbiit aTan — noaro-
TOBKA JaHHBIX, HallpaBieHHast Ha (opMUpOBaHUE HEOO-
XOJIUMBIX JUIsS OOYYCHUS M OLICHKU JTAHHBIX, KOTOPBIC 3a-
TEM HCIIOIb30BaHbI IIPHU PEIICHUH BCEX IOCICAYFOIIHX
3anad. Cremyromuii aTan BKJIo4aeT B ceOs Hemocpe-
CTBEHHO peaJIM3aIUI0 33a/1aqYHO-OpPUCHTHPOBAHHOM THa-
JIOTOBOH CHCTEMBI C JOCTYIIOM K HECTPYKTYpPUPOBaHHON
0ase MaHHBIX, KOTOpas pemraeT 3aJadu: oOHAPYKCHUS
BBICKA3bIBAHNUS, TSI KOTOPOTO HEOOXOIUM MOMCK IOIOJI-
HUTENBHON MH(OPMaNNK B HECTPYKTYPHPOBAaHHON Oa3e
3HAHWI; BRIOOpA MOIXOJISAIIETO TEKCTOBOTO (pparMenTa u3
0a3bl 3HAHUIT;, FeHEepalu 000CHOBaHHOTO O0TBeTa. O0MIIas
CTPYKTypa IpeylaraeMoro mojxo/a npejicTapieHa Ha pu-
CYHKE.

IMoxpoOuas wHpOpPMALIUS O KAXKIOMY dTaIly Mpe-
CTaBJICHA HUXKE.

3agava ayrMeHTAuM JaHHBIX. Ha dTare moaroroBku
JMAHHBIX peIlleHa 3aja9a ayrMEHTAIlMU 00yJaroNuX daH-
HBIX JJIS aJanTallid CHCTEMBI K JaHHBIM, MTOTYYaeMbIM B
pe3ynbTaTe pacIo3HaBaHUS PEUH.

Tabnuya 1. CpaBHuTEIbHBIC XapakTepucTuku naraceroB DSTCY9 u DSTC10
Table 1. DSTC9 and DSTC10 comparative characteristics of datasets

Habop nannbIx
Jaracet OO6yuaromumit BanuannoHHbIit TectoBbIit
ITucpmenHas peub VYerHast peub ITucpmenHas peub VYerHast peub ITucpmenHas peub VYerHas peub
DSTC9 72 518 0 9663 0 3918 263
DSTC10 72518 0 0 263 0 1988
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HOI[FOTOBK& 3aﬂaQHO-0pI/IeHTI/Ip0BaHHa$I JHUajioroBas cucrtema ¢ 10CTynnom
JTaHHBIX K HECTPYKTYPUPOBAHHOI 6a3e 3HaHMI
1 1
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1 1
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Figure. The general structure of the proposed approach

[MomynsapHBIH c110CO0 UMUTAIIMN YCTHON peun — 3a-
LIyMJIEHUE MMCbMEHHOM peur MyTeM I0CIIe[0BAaTEIbHOTO
npeoOpa3oBaHus TEKCTOBBIX JAHHBIX B peub M 3aTeM 00-
patHoro npeodpasoBanus peun B Tekct [19, 20]. B cBs3u
C TeM, 4TO CHCTEMa CHHTEe3a PEeYH FeHEepUpyeT MPOoCTyIo
JUIs PaclO3HABAHUS PEUb, B PAMKax HKCIEPUMEHTA B ay-
JIMOCHUTHAJIBI JOTIOIHUTENIFHO JJ0OABIEHBI IIyMbI, UIMUTH-
pYIOIIME 3aUCh B rOpoacKoit cpene. Kpome nmpuMenenus
AQHIIIMICKOM MOJIIM CHHTE3a PEYH, BBITIOJIHEH JKCIIEpH-
MEHT C MOJEIBIO /U PYCCKOTO SI3BbIKa, MOCKOJIBKY OHA
TEHEPUPYET Pedb ¢ CHIBHBIM PYCCKHM aKIIEHTOM, KOTOpast
CIIO’KHEE ISl PACTIO3HABAHMS CHCTEMAaMH aBTOMAaTHUECKOTO
pacmo3naBanus peun (Automated Speech Recognition,
ASR).

Hpyroii cnmoco6 ayrMeHTaIuy JaHHBIX OCHOBAaH Ha
aHanu3e ommnbok cucteM ASR B mpencTaBlIeHHBIX Opra-
Huzaropamu koukypca DSTC10 BanuaanoHHbIX TaHHBIX,
KoTOpbIe cozepkar 10 myumux npeackazaHuil CUCTEMBbI
pacrio3HaBaHUsSI PeUM JJIsl KaXKJIOTO BBICKAa3bIBAHUS B M-
anore. Ha ocHOBe comocTaBiieHUs THIIOTE3 CUCTEMBI pac-
TI03HABAHMS PEYHM COCTABJICHA KAPTa YaCThIX aKyCTUUCCKUX
ciyThiBaHUH. [lanee B 00ydaromux JAaHHBIX CIydaiHBIM
00pa3oM 3aMEHEHBI CJIOBA, JJISI KOTOPBIX €CTh CO3BYYHBIC
13 KapThl CITyThIBaHUH. TakuM 00pa3zoM, mataceT ObLT paz-
MHOXCEH M MOJYYHJ BEPCHH, COAEPIKAIINE OJHY, MATh U
JIeCATh KON OpUTHHAIIBHOTO 1aTaceTa ¢ pa3HbIMU HCKa-
KCHHUIMHU, BHCCCHHBIMU B HUX.

B pamkax maHHO paboThI HccIeJ0BaHbI EPEUNCIICH-
HBIE CIIOCOOBI ayrMEHTAIMHU U IPOAHAIN3UPOBAHO BIMSHHE

JIONY ayTMEHTHPOBAHHBIX JaHHBIX B 00yYCHUH Ha KA9€CTBO
paboThI MOJIEIICH.

3anaua ooHapy:xkeHnss. OOHapy)KCHHE 3aIIPOCOB, TPE-
Oyrommx oOparieHus K 0a3e 3HAHUI, CBOTUTCS K 3aaue
OMHaApHOH KJTacCU(HUKAIMN: MOJIEIIb I0JKHA OTIPEACIHTD,
TpeOyeTcs IONoIHUTENbHast HHpopManus n3 0a3bl 3HAHUH
WA HET.

[IpoBenem psig SKCIEPUMEHTOB MO CPaBHEHMIO pas-
JUYHBIX MOJIEIICH-KITaCCU(PUKATOPOB B PAMKaX peIracMon
3agaun: SVM, CNN, BERT u GPT-2. Ha Bxox mopenei
TIOJaTUM JTaHHBIE TEKYIIETO 3arpoca 0e3 HCTOPHUU AUAa0-
ra, Tak KaK 3TH BBICKA3bIBAaHUS MOTYT IIPUBECTH K HEBEP-
HOMY BBIOOpY Ki1acca, 9TO OBUIO TOATBEPKIACHO B XOIE
9KCIIEPUMEHTOB. B pe3ynprare sKCIepUMEHTOB BBIOpaH
psin Mopzeneit uist ydactus B GOpMUPOBaHUH (DUHAIBHOTO
npesickazanusi. Beca Mozerneil npu KOMOMHUPOBaHUY TIO-
JI0OpaHbI C MOMOIIBIO TMHEHHON perpeccuy Ha BaiIaly-
OHHBIX JIAHHBIX.

3amaua BeIOOpAa. Llenp 3aaun BEIOOpPA COCTOUT B ITOHC-
Ke HanOosee TTOXOIAIIEro JOKYMEHTa 13 0a3bl 3HaHWUH IS
3aJJaHHOTO AHajora. Jst Ka)Ioro TeKCTOBOTO (hparMeHTa
13 0a3bl 3HAHUN MOJIEITh TIPEICKA3BIBACT, TOIXOIUT OH FITH
HET, ¥ BBIOMpAET TOKYMECHT C HaWBBICIICH OIICHKOW perre-
BaHTHOCTH. Brimomnum cpaBHeHne mozeneit BiEncoder
DPR. OHu UMEIOT CXO0XKYIO CTPYKTYPY M COCTOSIT U3 ABYX
KOJTMPOBIIIUKOB Ha OCHOBE MpenoOyyerHnoi moneinn BERT.
OI[I/IH KOAWPOBINHK MCIIOJIB30BaAH IJId KOOAUPOBAHUA KOH-
TEKCTa, & BTOPOH KOJUPYET TEKCTOBbIE (PparMeHThI, pe/i-
CTaBIsIOIME COOOM KaHAUAATOB. JIJIsl OLIEHKH CXOXKECTH
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MPUMEHCHO 3HAYCHHUE CKAISIPHOTO MPOU3BEIACHUS MCIKIY
BEKTOPOM KOHTEKCTa M MaTpUIleH KaHauIaroB. PasHuia B
MOAX0/IaX, KPOME He3HAYUTEIILHBIX apXUTECKTYPHBIX Pa3iIH-
YW, 3aKITF0YAETCS B CIIOCOOE HETaTUBHOTO CEMILTHPOBAHUS
[21]. s momenu BiEncoder muctpakropamMu SBISIOTCS
BEPHBIC OTBETHI IS APYTHX 3aMIPOCOB U3 TOTO ke Oarda —
YacTH JTaHHBIX, 00pabaThIBaeMON MOJIETHIO 32 OJUH IIar
oOyuenns. [Ipu o6ydennn momenu DPR BRIOpaHBI HeKo-
TOPBIE KOJIMYECTBA CIOKHBIX TUCTPAKTOPOB M3 TEKCTOBBIX
(bparMeHTOB IJIsl TOH K€ CYIIHOCTH/IOMEHA U MPOCTHIX
JIICTPAKTOPOB JUIsl APYTUX CYIIHOCTEH/TOMEHOB U3 Oa3bl.
s DPR pgoctynHa Monesb, mpenoOydeHHas Ha 3a1aue
BBIOOpA PEIICBAHTHBIX TEKCTOBBIX (DPArMEHTOB Ha JTAHHBIX
13 BUKUIEAUN!.

3agaua reHepanuu. 3a1a4a TeHEpaAIHK IPEAIOIaracT
MoIIep’)KaHNEe €CTECTBCHHOTO JUAora B COOTBETCTBUU
C KOHTEKCTOM JIMajora U U3BJIECYEHHBIM U3 0a3bl 3HAHUU
TEKCTOBBIM ()ParMEHTOM.

Jns pemienus 3Tod 3ajauyy NPUMEHEHA MOJENb MO-
CJIeI0BAaTEIHHOCTh-B-MIOCIET0BATEILHOCT C YCIOBHOM
(Ha OCHOBE HEKOTOPOTo KOHTeKcTa) reHeparueid BART.
Mojieab COCTOUT U3 KOJUPOBIIMKA U JICKOIUPOBIIHKA.
Konuposimk GopMupyeT BEKTOPHOE MTPEACTABICHUE BXOJI-
HOH MMOCJICIOBATEIBHOCTH, COICPIKAIICEe KOHTEKCT JUaiora
Y W3BJICUCHHBIN Ha MPEIBIAYIICM dTare 13 0a3bl 3HAHUH
TEKCTOBBIN (PparMeHT. [IeKOAMPOBIIMK HA OCHOBE MOTYUCH-
HOTO TIPECTABJICHUS TCHEPUPYET OTBET HA CCTCCTBEHHOM
si3pIke. Mogenb 00ydeHa Ha HCTHHHO BEpHBIX (pparMeHTax
u3 0a3bl 3HAHWHU, TaK KaK MPHU OMHOKE Ha MPEIbIIyIeM
JTare MOJEINb B IFOOOM Cilydae He MOKET CTEHEpHUPOBATh
BEPHBII OTBET M3-32 HEJOCTaTKa MH(pOpMAITHH.

Ienepanmus, fonoaHeHHasi nouckom. Moxens RAG
oobeauuseT B cebe momenu DPR n BART u pemaert cpasy
00e 3a7a4n: BEIOOPA MOIXOSIINX JOKYMCHTOB U T'€HEepa-
I[UM COOTBETCTBYIONIETO OTBETA. [IepBbhIc IKCIIEPUMEHTHI
[POBEJIEHBI ¢ OPUTHHAIBHON Mojenbio RAG2. Ognako
SKCIICPUMEHT OKa3aJICs HEYIaYHbIM, TaK KaK 00a KOMIIO-
HEHTa MOJE/IM Ha JJAHHLIX M3 HOBOI'O JOMEHA W3HAYAILHO
JaBaJll OYCHb IUIOXUE MPEICKa3aHUs, U MOJICIb HE 00-
y4anack. B cBs3u ¢ atim Mozmens DPR Ovia 3ameHeHa
Ha 00y4YeHHYIO Ha IelieBoM JoMeHe mozaenb BiEncoder.
Mopnens BART 6puta Takxke 1oo0ydeHa Ha [EIEBBIX JaH-
HBIX. 3aTeM Monens RAG obydena B pexkxnme end-to-end.
Taxwum 06pa3oM, MOTyUIeH HAWTYUIIAN pe3ylbTaT Ha BaIH-
JAITMOHHBIX JaHHBIX JUTISI T0/13/1a9 BHIOOpA M TeHEpaIUH.

3KC]’[epl/lMeHTbl U pe3yJibTaThbl

[TpoBeeHbI SKCHEPUMEHTBI 10 YBEIMYCHHIO KOJIHYe-
CTBa JAaHHBIX 3a CYET ayrMEHTALUU Ha 3ajade oOHapy-
xKeHus. s OLEeHKH pe3yJbTaTOB HCIIOIb30BaHbl CTAH-
JapTHBIE METPHUKU OMHAPHON KITacCHU(pHUKAINH: accuracy,
precision, recall u F-score3. 3aiymiieHne JaHHBIX [IyTEM

1 [Dnexrponnsiii pecype]. Pexum pocryna: https://github.
com/facebookresearch/DPR (nara obOpamenus: 17.12.2022).

2 [Dnextpounsii pecypc]. Pexxum mocryma: https://
huggingface.co/facebook/rag-sequence-base (1ara oOpamieHus:
17.12.2022).

3 [Dnextponubit pecype]. Pesxxum gocryna: https:/scikit-
learn.org/stable/modules/model evaluation.html (zara o6parie-
nust: 17.12.2022).

MOCJIE0BATEIHLHOTO MPeoOpa30BaHs TEKCTOBBIX JTAHHBIX
B peub U 3aTeM 00paTHOro NMpeoOpa3oBaHus PEUEBBIX JaH-
HBIX B TEKCT HE JaJI0 MOJIOKUTEIBHBIX PE3yJIbTaToB. DTO
CBSI3aHO C TEM, YTO CHHTE3MPOBAHHBIC JAHHBIC OKA3AJIUCh
CJIMIIIKOM TPOCTBIMH JIUISI CHCTEMBI PACTIO3HABAHUS PEUH U
OBUTH pacIio3HAHbI ¢ HYJIEBOI OMIMOKO, B TOM YHCIIE TIPH
HAJIOXKEHUH JIOTIOTHUTENBHBIX IIyMoB. [Ipu ucmonb30Ba-
HHH PYCCKOSI3BIYHOM MOJIENN CHHTE3a PEUH IOIydeH o0par-
HBIN pe3ysbTar. BeIBOA CUCTEMBI paCIIO3HABAHUS OKa3aJIcs
MOJTHOCTHIO OTIMYHBIM OT OPUTHHAIBHOTO TEKCTA.
AyrMeHTaIys JaHHBIX Ha OCHOBE KaPThI aKyCTHYECKUX
CITyTBIBAHUH CHUCTEMBI PACIIO3HABAHMS PEUM MO3BOJIMIIA
3aMETHO MOBBICUTh Kaue€CTBO Ha MPOBEPOUYHBIX JAHHBIX
DSTCI10. B xone sxcnepuMeHTOB NMPOBEJEHO CPaBHEHUE
pe3ysabTaToB IpH J00ABICHUHU Pa3IMYHOrO o0bema ayr-
MEHTHUPOBAHHBIX TaHHBIX. Kaskaas mopuust ayrMeHTHupo-
BaHHBIX JIAHHBIX COZIEPIKUT TAKOE K€ KOJIIMUECTBO JIAHHBIX,
KaK ¥ OPUTMHAIIBHBIHN aTaceT, TaK KaK MOJIyJaeTcsl TyTeM
TIOJIHOTO TIPOXO0/ia AJITOPUTMA ayTMEHTAIlUK 110 HeMy. B pe-
3y/bTaTe HAaWIydIIni Pe3ybTar MOTydeH MPpU T00aBICHNN
JICCSITH MOPIMIA ayTMUHTHPOBAHHBIX JaHHBIX (Ta0mI. 2).
Hawmyummme pe3ynsraTsl Ha 3a1a4e 0OHApYKEHHUS T10-
kazasa monenb GPT-2, o0y4yeHHast Ha ayrMeHTHPOBAHHBIX
nmaHHbIX (Taoum. 3). [Ipunsto cunrath, uro Moaenbs BERT
Jy4Ille TTOAXOMUT JUIS 33aJja4¥l KJIACCU(HUKAIIMH TEKCTOB.
BeposiTHo, nyumne pesynsratel Moaenu GPT-2 cea3aHsl ¢
pasmepamu mozeneit: GPT-2 Gonee yem B 3 pasa Gonblie
mozaenu BERT no konuuecTBy 00y4aeMbIX MapaMeTpoB.
st pacuera GUHAIBHOTO MpPEICKa3aHUs Ha TECTOBBIX
nmaaaerx DSTC10 ucmonp30BaHO0 KOMOWHIPOBAHHUE JTyUIIINX
Mopeneit. [ BceX BOSMOKHBIX KOMOMHAINHN KJIacCH(HKa-
TOPOB, TIPEJCTABICHHBIX B Ta0M. 3, TOMOOpaHBI Beca Ipes-
CKa3aHUI Mojenel, yqacTBYIOINEe B KOMOMHHUPOBAHUH,
TIPY TTOMOIITH TMHEHHO perpeccuy Ha MPOBEPOYHOM Ha0O-
pe nauHbIx. Pe3ynbrarel Hamtyuriei komOouHauu: CNN u
GPT-2 ¢ Becamu 0,33 u 0,72 COOTBETCTBEHHO — COBIIa/1a-
0T C Mpe/IcKa3aHusIMU JTy4ieil Mmoxenu. Takoil pe3ynbrar
MOXKET OBITh CBSI3aH C MaJIbIM KOJMYECTBOM IPHMEPOB B
npoBepoyHoii BeIOopke — 104 npumepa. Taroke onoop Be-
COB MOJIEJIEH IPU MOMOIIHU JIMHEHHON PEerpeccuy BO3MOXK-
HO HEZ0CTAaTOYHO 3G PEKTHUBEH, U B JaJbHEHIIEM IJIaHuU-
PYIOTCS 9KCTIEPUMEHTHI C APYTUMH CIIOCOOaMH arperaryy,
HarpuMep MyTeM 00ydeHHs JBYyXCIOHHOTO MEePIETTPOHA.
B 3amade BriOOpa MpoBENEHO CpaBHEHHE MOJENEi
BiEncoder u DPR. Oco6oe BHMMaHHE OBIIO yaeIEHO 00-
paboTKe CIOKHBIX CIy4aeB, KOTJa MOJCTH Mpeaaraioch
BbIOpaTh BEPHBIM OTBET W3 HAOOpa MOXOKUX KaHUIa-
TOB M3 OJHOTO JoMeHa. B aTom ciyuae Obuta coOpaHa
TecToBast BEIOOpKA /ISl pa3fesibHOW OLIEHKH MOJIETH Ha
CJIOXKHBIX M NPOCTBIX HA0Opax KaHIuAaToB. [ OLeHKH
pe3yJIbTaTOB UCIIOIB30BaHA METPHKA IOJHOTHI PAH)KUPO-
Banus (recall). [TorHOTa MOKA3BIBACT JIOMIO CITyYaeB, KOT/a
BEPHBII OTBET OKa3ajcsl B TON-A MpEICKa3aHui MOJIEIHN
obo3naueHa — Rn(@k, tae n — o0Iiee KOTMYECTBO KaH/IU-
JIaTOB, U3 KOTOPBIX BEIOMPAET MOJIEIb, kK — MaKCHMalIbHas
MO3MUIUS BEPHOTO OTBETA B MpeJCKa3aHUK Mozenn. [Ipu
9TOM MpeJCKa3aHue MoK cuuTaercst BepHbiM?. TToaxor

4 [Dnextpounsiii pecypc]. Pexxum npocryma: https://
en.wikipedia.org/wiki/Evaluation_measures_(information
retrieval) (mara obpamenus: 17.12.2022).
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Ta6auya 2. Pe3ynsraTel cpaBHeHUs pon3BoauTensHocTr Moaenu GPT-2 Ha 3agaue oOHapy KeHHs IPpH 100aBICHUH Pa3IMIHOTO
061>eMa AyrMEHTHPOBAHHBIX JaHHBIX

Table 2. Comparison results of the GPT-2 model performance on the detection task when adding different amounts of augmented data

Jlanusie B 00y4eHUN ayrhﬁilf;;eoc;;};zg);[:fﬁm Accuracy Precision Recall F-score
Opurunansasie DSTCY (o6y4vatorue) — 0,863 0,972 0,673 0,795
Opurunansasie DSTCO (Bce) — 0,920 0,977 0,817 0,890
AyrMEHTUPOBAHHBIC 1 0,932 0,989 0,837 0,906

5 0,939 0,968 0,875 0,919
10 0,947 0,959 0,904 0,931
Tabauya 3. Pe3ynbTraThl 5KCIEPUMEHTOB ¢ MOZCISIMH KJIACCU(HUKATOPOB IS 33/1a4H OOHAPYKEHUS
Table 3. Results of experiments with classifier models for the detection task
Mozens Accuracy Precision Recall F-score
SVM 0,905 0,976 0,779 0,866
CNN 0,905 0,954 0,798 0,869
BERT 0,928 0,967 0,846 0,903
GPT-2 0,947 0,959 0,904 0,931
KomOunanus 0,947 0,959 0,904 0,931
Tabnuya 4. Pesynsratsl cpaBaenns mozeneit BiEncoder u DPR na 3agade Beibopa
Table 4. Comparison results of BiEncoder and DPR models on the selection task
Mozens Kosdpdpuument Komnuectso npoctbix | KomudectBo cnokublx | R10@]1 nos cnoxkueix | R100@]1 st mpocThix
CKOPOCTH OOYYCHHMsI | HEraTHBHBIX HPUMEPOB | HETraTHBHBIX IPHMEPOB | HETaTHBHBIX IPHMEPOB | HEraTUBHBIX IPHMEPOB
BiEncoder 1-10-5 — — 0,79 0,96
DPR 1-10-5 12 12 0,50 0,43
2:10-6 12 12 0,54 0,52
2-10-6 1 15 0,52 0,28

Ta6auya 5. Pe3ynsraTsl 3KCIIEpUMEHTOB cpaBHeHus koHBelepa BiEncoder u BART ¢ mozensio RAG Ha 3aj1a4ye reHepanuu

Table 5. Comparison results of the BiEncoder and BART pipeline with the RAG model on the generation task

Mozens R12039@1 R12039@5 BLEU-1 Meteor Rouge-1
BiEncoder + BART 0,625 0,760 0,132 0,150 0,143
RAG 0,625 0,769 0,139 0,155 0,189

C HCIOJIB30BAaHHEM OTBETOB M3 0aT4a B KAYECTBE TUCTPAK-
TOPOB OKa3aJiCsi OYCHb 3(PPEKTUBHBIM, U 110 PE3YIIbTaTaM
IKcIiepuMeHTa Mozeltb BiEncoder 3HaunTenbHO MpeB3onuia
Monens DPR Ha o6oux Habopax xaHAmmatoB (Tadi. 4).
st mogenu DPR npumeHeHne onMHaKOBOIO KOJIMYECTBA
CITOXKHBIX ¥ IPOCTHIX TUCTPAKTOPOB B O0YUCHHUH ITOKA3AIIO
HAWTyYIIAe Pe3yabTaThL.

Monaens RAG He3HAYUTENHHO MPEBOCXOIUT MO-
nenb BiEncoder npu BeIOOpe MOAXOAIIMX JTOKYMEHTOB
(tabm. 5). B poriecce 00yUeHHs MOJETb JTyUIlle YIUTCS 00-
pabaThIBaTh CIIOXKHBIC CIy4YaH, KOTa HECKOJIBKO KaHIH/a-
TOB ITOXOXH, IIPU TOM BEPHBIM SIBJISICTCS TOJBKO OnuH. [ist
OIICHKH PEe3yJIBTaTOB 3KCIICPUMEHTOB Ha 33a7a4e T'eHepalui
HCIT0JIB30BaHbl METPHUKHU, OCHOBAHHBIC Ha IIEPECCUCHUU
MEXIy BEpHOH W TIpeICcKa3aHHOM MOCIe0BATECIHbHOCTSI-
mu cinoB: BLEU-1, Meteor u Rouge-1, roe 1 — pa3smep

n-rpaMMBbI, UCIIOJIB3YEMBIH TP OMPEICICHIH COBIIAC-
Huitl. Monens RAG mpeBocxonut monens BART na 3ana-
4e TeHEepaIliH, TaK KaK MO03BOILIET 3(PPEKTUBHO YIUTHIBATH
Tor-20 TpeacKa3aHnuii MOAETHN TIONCKA PEJICBAaHTHBIX TEK-
CTOBBIX ()parMeHTOB, a HE TOT-1.

@uHaNbHBII pe3yabTaT oJIyYeH B /1Ba dTana. BHauasne
TIOTTYYCHBI TIPEeCKa3aHIs TS 3a/1a4i 00OHAPYKEHUS C TI0-
MOIIbI0 KOMOMHUPOBAHHS MOJIENIeH KiIacCH(PUKATOPOB.
Janee nys 3anmpocoB, TpeOyomux odpamieHust kK 6ase
3HaHWH, BbI3BaHa Mojiedb RAG, koTopasi u3BJIeKia pe-
JICBAHTHBIC NOKYMCHTHI U CTCHEpUpPOBAJia OTBCTHI. ITo
BCEM METpPUKaM, KpOME Precision, MpeIoKSHHBIN TTOIXO0T

I [Dnexrpounsiii pecypc]. Pexxum nocryma: https://blog.
paperspace.com/automated-metrics-for-evaluating-generated-
text/ (mara obpamenus: 17.12.2022).
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Tabnuya 6. Pe3ynbraTbl CpaBHEHHS MTPEUIOKEHHOTO 1M0/1X0/1a ¢ 0a30BOM MOJIEbIO Ha TeCTOBbIX AaHHbIX DSTC10

Table 6. Comparison results of the proposed approach with the baseline on DSTC10 test data

3anaya oOHapyKeHHs 3anaua BeIOOpA 3ajaua reHepanuu
IMonaxoms! JUIst CPaBHCHUS
Precision Recall F-score R12039@1 BLEU-1 Meteor Rouge-1
basosas moznenn 0,897 0,674 0,769 0,495 0,125 0,152 0,136
[IpeoxxeHHbIN OAX0/ 0,888 0,890 0,889 0,572 0,145 0,158 0,178

3HAYUTEIHHO MPEBOCXOIUT PE3YIIbTaThl 0A30BBIX MOJIE-
JIeH, IpeNIoKEHHBIX opranuzaropamu koukypca DSTC10
(Tabn. 6). BeiOop Monenu B CTOPOHY HaMBBICIIETO 3Ha-
yenwus recall, a He precision, ceIaH 0CO3HAHHO, TaK Kak
OH IT03BOJISIET MPOIYCTUTh KaK MOXXHO MEHBIIIE 3aIpo-
COB, TPEOYIOIMINX TOMOTHUTEIBHON HH(POPMAIIUHU 13 0a3bI
3HAHWH.

3akJjoueHne

[TonmyueHHbIe pe3yabTaThl MOTYT HAliTU MIUPOKOE MPH-
MEHEHHE TIPH CO3aHNH 4aT-00T CUCTEM, 00ECTIeUMBAIOIINX
aBTOMaTHYECKy10 00paboTKy oOpaiieHnii nonb3oBarenei
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NCKYCCTBEHHbIN MHTEJUTEKT M1 KOTHUTUBHBIE MIHMOPMALIMIOHHBIE TEXHO10IM N
ARTIFICIAL INTELLIGENCE AND COGNITIVE INFORMATION TECHNOLOGIES

AHHOTanMs pa3gena

HcKyccTBEeHHBIM MHTEIUICKT CETOMIHS — OJHA M3 HamOoJiee pa3BUBAIOIIMXCS 00NacTell 3HAHUH, HApaBlICHHAS
Ha CO3/IaHHE aJTOPUTMOB BOCIIPOU3BEICHUS KOTHUTHBHBIX U TBOPUYECKUX CITOCOOHOCTEH YeIOBEKa B YCIOBHIX
HEOIIPEAEICHHOCTH U HENOIHOTHI IaHHbIX. [laHHBII pa3/ies Hallero KypHaia IHOCBSILEH KaK METOAUYECKUM OCHOBaM
HCKYCCTBEHHOTO MHTEJIEKTa, TaK M CHelU(UKe ero MPUMEHEeHHsI B COCTaBe KOTHUTHBHBIX HH()OPMAI[HOHHBIX
TEXHOJIOTHH.

HcKyccTBEeHHBII HHTEIUIEKT HAa OCHOBE MAIIMHHOTO O0y4YEeHHUSI IMUTHPYET CaM IPOoLecC padOoTHI YelloBeKa C JTaHHBIMH
B YCJIOBHSIX HEONpeIeNeHHOCTH. Kak crencTre, B pa3zienie MpeacTaBIeHbl padoThl, PACKPHIBAIOIINE ACTIEKTHI TAKHX
3aj1a4, KaK BOCCTAHOBJICHUE MaTeMaTHICCKUX OIMCAHNI HEM3BECTHBIX (PH3MIECKUX 3aKOHOB I10 JTaHHBIM, TEMaTHUECKOEC
MOJIEJTUPOBAHUE Ha OCHOBE HEPa3MEUEHHBIX U YaCTUYHO Pa3MEUEHHBIX TEKCTOBBIX JIAHHBIX, & TAKXKE ONpeesIeHne
MPEeACKa3yeMOCTH BPEMEHHBIX PSAOB KaK OCHOBBI JUISl IPOTHO3MPOBAHUS 10 JaHHBIM. OTIEIbHO PacCMOTPEHBI
MPUIIOKEHN TEXHOJOIUH MCKYCCTBEHHOT'O MHTE/UIEKTa M MAIIMHHOIO OO0y4eHUs IS CO3JaHUs MPUKIATHBIX
COLIMOTEXHMYECKHUX CHCTEM B YaCTH BBIBICHUS MEXaHU3MOB BIMSHUS CTPECcCa Ha MIPUHITHE PEIICHUH U MIPEACKa3aHus
MOKYIaTeNbCKOW aKTHBHOCTH.

Pesynbrarsl, pencTaBaeHHBIE B padoTax, OyIyT MOJE3HBI A CO3MaHMs PUKIAIHBIX HHTEIUIEKTYAIBHBIX PEIICHUH,
KaK aBTOHOMHBIX, TaK U B3aUMOJICHCTBYIOMNX ¢ YeloBeKoM. OHU MOTYT OBITh HHTEPECHBI CIICIIHATUCTAM B 00JIaCTH
HUCKYCCTBCHHOTO MHTEJUICKTA, MATEMATHICCKOTO MOJICIHPOBAHMS U MAITHHHOTO OOyUYEHUSs, a TAaKXKE OTPACICBBIM
MOTPEOUTEISIM B Pa3JINUHBIX 00JIACTSAX 3HAHHU.

Abstract

Artificial Intelligence today is one of the most dynamic areas of expertise aimed at designing algorithms for recreating
human cognitive and creative abilities in conditions of uncertainty and incomplete data. This section of the journal will
be devoted to both the methodological foundations of Artificial Intelligence and its application specifics as a part of the
area of cognitive information technologies.

Artificial Intelligence based on machine learning mimics the very process of human work with data under uncertainty. As
a result, this particular volume covers aspects of such problems as discovery of physical laws from the observation data,
topic modeling from unlabeled and partially labeled textual data, and determining the predictability of time series as a
basis for forecasting from data. Separately, the applications of Artificial Intelligence and machine learning technologies
for creating applied sociotechnical systems are considered in terms of identifying the mechanisms of the influence of
stress on decision-making and predicting purchasing activity.

The results presented in this section will be useful for the creation of applied intelligent solutions, both autonomous
and interacting with a human. They may be also attractive to both specialists in the field of Artificial Intelligence,
mathematical modeling and machine learning, and major consumers in various fields of knowledge.
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Abstract

In this article, an approach to modeling dynamical systems in case of unknown governing physical laws has been
introduced. The systems of differential equations obtained by means of a data-driven algorithm are taken as the desired
models. In this case, the problem of predicting the state of the process is solved by integrating the resulting differential
equations. In contrast to classical data-driven approaches to dynamical systems representation, based on the general
machine learning methods, the proposed approach is based on the principles, comparable to the analytical equation-based
modeling. Models in forms of systems of differential equations, composed as combinations of elementary functions and
operation with the structure, were determined by adapted multi-objective evolutionary optimization algorithm. Time-
series describing the state of each element of the dynamic system are used as input data for the algorithm. To ensure
the correct operation of the algorithm on data characterizing real-world processes, noise reduction mechanisms are
introduced in the algorithm. The use of multicriteria optimization, held in the space of complexity and quality criteria
for individual equations of the differential equation system, makes it possible to improve the diversity of proposed
candidate solutions and, therefore, to improve the convergence of the algorithm to a model that best represents the
dynamics of the process. The output of the algorithm is a set of Pareto-optimal solutions of the optimization problem
where each individual of the set corresponds to one system of differential equations. In the course of the work, a library
of data-driven modeling of dynamic systems based on differential equation systems was created. The behavior of the
algorithm was studied on a synthetic validation dataset describing the state of the hunter-prey dynamic system given by
the Lotka-Volterra equations. Finally, a toolset based on the solution of the generated equations was integrated into the
algorithm for predicting future system states. The method is applicable to data-driven modeling of arbitrary dynamical
systems (e.g. hydrometeorological systems) in cases where the processes can be described using differential equations.
Models generated by the algorithm can be used as components of more complex composite models, or in an ensemble
of methods as an interpretable component.

Keywords

differential equation discovery, evolutionary optimization, multi-objective optimization, differential equations system,
symbolic regression
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AHHOTaNMA

Ipexmer uccienoBanus. B paborte npemioxkeH METO MOJCIUPOBAHMUS AMHAMUYECKUX CHUCTEM IIPHU YCIOBUH, YTO
YIPaBIAIOIIME MPOLECCOM (U3NUECKUE 3aKOHBI HEM3BECTHBI. B KauecTBe MCKOMBIX MOJeNe IPUHSTHI TTOTyYSHHbIE
TIPY MOMOIIH YIPABIAEMOT0 JaHHBIMU aNrOPUTMa CUCTEMBI TU(depeHInanbHbIX ypaBHeHUH. B pesynsrare pemaercs
3aj1a4a MPOTHO3HPOBAHMS COCTOSIHISA TPOIIECcca MPU MOMOIIN HHTETPUPOBAHUS PE3YIBTUPYIOMINX AU hepeHIHaTbHBIX
ypaBHEHHUH. B oTimumy oT KilacCHYeCKHUX MOIXO00B K BOCIPOU3BEACHHUIO ANHAMHYECKIX CHCTEM Ha OCHOBE JIAHHBIX,
OCHOBAHHBIX Ha OOIIMX NMPHUHIUIAX MANIMHHOTO OOYyYeHUsI, IIPEJUIOKESHHBIN aITOPUTM MO3BOJISIET C(HOPMUPOBATH
MOJIEJIH MPOIIECCOB, CONOCTABUMBIE C aHATUTHYeCKHMU. MeToa. B kadecTBe Monenu nporecca NpUHITEl CHCTEMBI
muddepeHInanbHEIX ypaBHEHHH, NTPEICTaBICHHbIC Yepe3 KOMOMHALNY AJIEMEHTAPHbBIX (YyHKIMHA U ONIepaTopoB,
OINPCACIICHHBIC ITPU ITOMOUIU aJalITUPOBAHHOTI'O 3BOJIIOLIMOHHOI'O aJIrOpUTMa MHOFOKpHTCpHaJ’[hHOﬁ OIITUMH3ALUU.
B kauecTBe BXOJIHBIX AAHHBIX JUIsl AITOPUTMA HCIIOIb30BAaHbI BPEMEHHBIE PSbI, ONUCHIBAIONINE COCTOAHHE Ka)KI0TO
JNeMeHTa INHAMUYIECKOH cucteMsl. [l obecnedeHns paboThl arOpUTMa Ha JAHHBIX, XapaKTepPU3YIOIINX pearbHbIe
MPOLECCH], B aJTOPUTM BKJIIOUEHBI MEXaHH3MBl KOMIICHCAIINH IIyMa. VIcronb30BaHNe MHOTOKPUTEPHANBHOMN
ONTUMM3ALUH, TIPOBOJUMON B MPOCTPAHCTBE KPUTEPUEB CIIOKHOCTH WM Ka4e€CTBA OTACIBHBIX YPABHEHHH CHCTEMBI
i depeHINaIbHBIX YPaBHEHHUH, O3BOIMIIO YIyUIINTh Pa3HOOOpa3ue IpeaIaraeMbIX KaHAUIaTHEIX pereHuil. Taxke
NOJTy4eHA BBICOKAsi CXOAMMOCTD aJrOPUTMa, YTO 00ECIEeUMIIO TIOMCK MOJIEINH, HAWIYYIINM 00pa3oM ITOKa3bIBAIoNIeH
JUHAMHKY Tpolecca. Pe3ynbraTrom paboThl aJroputMa sBIsieTcss MHOXKeCTBO [lapeTo-onTHManbHBIX pelleHui
ONTHUMHU3ALMOHHON 3a/1auH, KaKI0€ U3 KOTOPBIX COOTBETCTBYET OIHOM cucTteMe AudepeHInalbHbIX YPaBHECHNH.
OcHoBHbIe pe3yJbTaThl. B xo1e paboThl co3nana 6ubnuoTeka yrpasisieMoro JaHHBIMHA MOJETUPOBAHUS JUHAMUYECKUX
CHCTEM Ha OCHOBE cHCTeM aupdepeHIanbHbIX ypaBHeHHH. [loBeienne anroputma HCclie[0BaHO Ha CHHTETHYECKOM
BaIMIAIIMOHHOM HabOpe JaHHBIX, ONMCHIBAIOIIEM COCTOSHIE ANHAMHYIECKOI CHCTEMBI «OXOTHHUK-KEPTBay, 31aHHON
ypaBuenusimu Jlorku—Bonbreppa. [IpeanoxkeH HHTErpUpOBaHHBIN B alTOPUTM MEXAaHU3M NPOTHO3HPOBAHUS
COCTOSIHHH CHCTEMbI, OCHOBAHHBIH Ha pelIeHHH c(HOPMUPOBAHHBIX ypaBHeHUil. [IpakTHYeckass 3HAYNMOCTb.
Mertox MPUMEHHUM K YHPaBISIEMOMY JaHHBIMU MOJICJIMPOBAHUIO IPONU3BOJIBHBIX THHAMHYECKUX CHCTEM (Harpumep,
THJPOMETEOPOIOTNYECKUX) B CIydasiX, KOT/a IPOLECChl MOTYT OBITh ONUCAHBI P MOMOIIM AU HepeHIINaTbHBIX
ypaBueHnit. CopMHpOBaHHBIE AITOPUTMOM MOJEIH MOYKHO HMCIIOJIb30BaTh B KaueCTBE KOMIIOHEHT 0OOJiee CIOKHBIX
KOMITO3UTHBIX MOJIEJIEH, MITH B aHCaMOle METOZ0B KaK MHTEPIPETUPYEMYIO COCTABIISIONLYIO.
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Introduction

Systems of Ordinary or Partial Differential Equations
(ODEs and PDEs) are powerful tools that can describe
complex dynamics of structures involving multiple
variables. While many tools can be used for creating
mathematical models for processes, such as classical
machine learning models, or unconventional ones, like
Bayesian networks [1], they tend to have strict limitations
to their applications. In cases of many real-world systems,
in addition to the issues above, these models are often
abstracted from the intrinsic physical principles guiding
the system. The classical approach to deriving systems of
differential equations necessitates the use of mathematical
analysis in combination with an in-depth understanding of
the process. The data-driven approach to system discovery
involves the creation of an individual differential equation

for each dependent variable that can be measured from a
system.

The forms of the discovered models containing
systems of differential equations are selected due to the
prevalence of differential equation in physical systems.
For example, flow of viscous fluid is governed by Navier-
Stokes equations that are a system of partial differential
equations. Dynamics and interactions between electric
and magnetic components of the electromagnetic field are
described with Maxwell’s equations which are a system of
PDE as well. Many simpler systems, such as rotation of the
spherical pendulum, can be defined with system of ordinary
differential equations.

Apart from the descriptive possibilities, provided by
models in forms of systems of differential equations,
obtained systems can be solved to predict further states of
the process. While the toolkit for the automatic solution of
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systems of ordinary/partial differential equations is out of
scope of this study, several studies have been conducted
towards implementing equation-solving module into the
frameworks of differential equations discovery, as in work
[2]. With this ability to solve model equations, the system
dynamics can be propagated into the future.

Analysis of existing approaches

Creating models for dynamical systems governed by
differential equations has recently drawn interest. The first
perspective to the task involves developing substitutes
for the equations in forms of propagation operators that
map the state of the system forward in time like in [3]
or [4]. Dynamic Mode Decomposition (DMD) involves
approximation of the system dynamics with a finite-
dimensional linear operator. While that can be useful for
multiple real-world applications where the propagator is
linear, many other cases involve non-linear dynamics that
cannot be fully explained with DMD approach.

A number of data-driven solutions to the problem
of explaining dynamical system with explicitly derived
governing equations have been developed. Here, we
will inspect methods that are applicable not only for
problems of discovering Ordinary Differential Equations
(ODE) and systems of ODEs, but also for tasks of partial
differential equations discovery. The first problem has
sufficient solution in forms of Multilayer Stochastic Models
(MSMs) proposed by Kondrashov, Chekroun and Ghil
in [5]. However, due to the non-Markovian approach,
the approach is not extendable to the problems of partial
differential equations.

The earliest advances were made with the symbolic
regression [6]. Governing equations are viewed as
computational tree graphs where leaves are inputs, and on
the other levels various operators are located. The search
of the equation can be done with the typical graph-targeted
evolutionary optimization algorithms. More contemporary
approaches are represented by sparse regression based
models developed in many works, including Kaheman et al.
in [7] and Berg & Nystrom in [8], and with artificial neural
networks (ANN) representation of the dynamical system.
While there are multiple approaches to discover differential
equations with artificial neural networks, notable ones
include PINN [9], PDE-Net, developed by Long et al. [10],
and physics-informed neural networks by Raissi et al. [11].

Partial differential equation search with sparse
regression uses LASSO operator that is applied to
approximate time derivative with a library of candidate
terms. That library has to contain all possible equation
terms, and the usage of sparsity operator allows selection
of only a few active feature terms. The main issues of this
approach can be linked with its rigidity: the term library
has to be extensive enough to contain all possible terms
including all non-linear functions that can be present in
equations. While many of the presented approaches can
be applied to the systems of differential equations, their
possibilities are limited by description of time dynamics
of a vector variable, like in paper [12].

The algorithm described in this article is based on
the multiobjective evolutionary optimization approach,

where the model obtained is evaluated by several metrics
describing quality and complexity of the equations of the
system. Thus, the algorithm can provide the parsimonious
model that is not overly complex but can sufficiently
simulate the dynamics of the process. However, the
problem of selecting that parsimonious model from the
discovered Pareto frontier is the problem for another study.
This paper is dedicated to the problem of discovering the
optimal set of candidate equations for the further expert
conclusions and applications.

Equation discovery problem

To describe some unstudied process, which involves
multiple () dependent variables, we desire to derive a
system of differential equations. Let us denote these variables
in general problem statement as u = (u(z, x), u,(t, X),
<.y Uy(t, X)). They are defined in the spatial domain €,
represented by coordinates x, and dependent from time ¢.
In case of a system of ordinary differential equations, the
variables can be assumed to be only time-dependent (i.c.,
ul(t)’ uZ(t): ety un(t))'

For the equations search process, the algorithm requires
sets of observations arranged on a rectangular grid. For
the equation search process, the algorithm demands arrays
of calculated derivatives. While in some cases these
derivatives can be obtained directly, using measurement
techniques, in others they necessitate a preprocessing phase
where the derivatives are calculated numerically from
the input data variables. While the numerical techniques
of derivatives estimation are numerous [13], the most
efficient approaches are finite-difference differentiation
and analytical differentiation of variable-approximating
polynomials. In many cases, additional smoothing is
required to reduce magnitudes of noise in the data. Here,
the algorithm employs Gaussian smoothing in the spatial
domain, or replacement of the initial data fields with their
artificial neural network approximation.

Li(w)=0
S(u) =1 ... ,
Ly(u)=0

where S(u) is the system of differential equations that
involves variables u comprised of individual equations
Li(u) to Ly(u).

The search for the optimal structures of equations in
the system is done with the multi-objective optimization
implemented with the Many-Objective Optimization
Evolutionary Algorithm Based on Dominance and
Decomposition (MOEA/DD), introduced in [14].

The search is performed in the criteria space of
complexities C(L;'u) and modeling errors O(L;u) for each
individual equation in a system. Therefore, the problem can
be reformulated to

minimize F(S(u)) =f,(S(w)), ..., £,,(S(u))) =
=(C(Ly'n), O(L '), ..., C(L,"n), O(L,0)).
Here the constraints are introduced in the equations

construction logic rather than explicitly specified during
the optimization problem statement.
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The complexity metric C(L'u) is defined as a number of
“active” tokens in the equation, i.e. ones presented in terms
of non-zero coefficients.

The problem of selecting the most appropriate metric
for evaluating the properties of process representation for
the equation has been studied in work [2]. The best metrics
for modeling quality are L, norm of matrices of differential
operator residuals represented by:

O(L;'w) = HL/“HZ

or the norm of matrices of differences between the input
variable fields u; and the solutions #; of corresponding
equations

Q(Lj'“) = ||uj - ﬁsz-

Due to the necessity to conduct optimization, having
a limited number of candidate solutions, the implemented
approach uses concept of domination for the proposed
solutions to the problem of searching for systems of
equations. It is said that candidate system S;(u) dominates
candidate system S,(u) if for all optimized criteria f;:
Ji(S1(n)) < fi(S,(u)) and for a single criterion f;: £;(S;(u)) <
<fi(S5(u)). A solution is called Pareto-optimal if no other
solutions dominate it. The objective of the implemented
algorithm is to obtain a set of candidate solutions where
each solution is Pareto-optimal. In addition to the Pareto-
optimal set, other non-dominated sets can be introduced
by induction: n-th non-dominated level is comprised by
solution that is not dominated by any solutions, except the
ones on the n 1-th, or lower levels.

Approach description

In this section, we briefly describe the main diversions
of our approach from the original algorithm [14] and
case-specific solutions employed during the system of
differential equations derivation, such as evolutionary
operators. Following the optimization objectives stated in
the previous section, the algorithm performs a simultaneous
search of system equations and parameters which define the
equations structures. The structure of an equation can be
decomposed into a set of equation terms and a set of their
real-valued coefficients g; as in:

L'u=3allt;

The terms of constructed equations are represented
with a tokens product [[;#;, 7; € T, elementary building
blocks containing arbitrary user-defined functions. This
approach enables the discovery of non-linear equations
with compound structures that can be represented as a sum
of product terms. During search of differential equations,

.

various derivatives (e.g. 6_’:) are included into the pool T.
x,

Other case-specific functijons or external variables can
be included as tokens into the token pool to be available
for the algorithm during equation search. For example,
suppose a study objective is to discover the equation for
the temperature dynamics in a medium. In that case, the
velocity field of the medium can be considered an external
variable.

To create a system that can model the studied process, it
is possible to assume that each equation in the system must
represent the spatial or temporal dynamics of at least one
variable. By describing a variable dynamic, we understand
that the equation contains corresponding derivatives of
the variable. During the evolutionary search, evolutionary
operators affecting the structures of the equations have to
preserve the descriptive properties of such terms.

Evolutionary algorithm details

To start the evolutionary optimization, the algorithm
has to construct the initial population P = S;(u), ..., S,(u)
of randomly generated candidate systems of differential
equations. As mentioned above, a system equation has to
represent a corresponding variable’s dynamic. Therefore,
during the initialization, a variable is assigned to each
equation as its “main” one. Without loss of generality, we
can assume that the i-th equation describes i-th variable.

To emphasize the duality of the system discovery, an
individual encoding must represent both equations and
meta-parameters of the equations. The chromosome of an
individual contains computational graphs of the equations
as “equation genes” and values of the parameters that
define the creation of the equation. Equation graphs take
the form of tree graphs, where the leaves are elementary
functions stored in tokens, and intermediate nodes are
product operators that form equation terms from factor
tokens. The graph root comprises the summation operator
which combines separate terms into the equation. The
scheme of the equation system encoding is presented in
Fig. 1.

A regularization tool has to be created to regulate the
complexity of the equations proposed by the algorithm. Its
main objective is to exclude terms with low significance
and explanatory power in the resulting model. Selection
of the terms can be made with sparse regression, operating
with the LASSO operator:

”FkB - F target,k

2+ MBl, - min.

As the predicted value of the operator, a random
equation term representing an “equation variable”, i.e.,
containing its derivative, is selected. LASSO operator
can obtain a vector of term weights  with values of the
terms in the left-hand side of the equation, evaluated on
the space-time grid, normalized and combined into matrix
F, with vector of right-hand part values of Fi,oeq - In
the operator statement ||-||;, the i-th norm of the matrix is
designated.

The sparsity constant parameter A determines the
penalty of optimized functional with respect to the values
of weights in B, prioritizing setting zero coefficients to
the less significant predictors. The algorithm can control
the equation complexity by regulating the value of the
sparsity constant. Higher values of A promote equations
with fewer numbers of terms, while lower values tend to
lead to more complex equations. Due to the significance
of the sparsity parameter for the equation definition, it is
included for each equation in the system in the encoding
of the individual.
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Phenotype: Genotype:
Equations Chromosome
d Equation Gene 1: [dx,/dt, Ty, ..., Tim)
1 —
dr =/ilt, x1, ... X) Equation Gene 2: [dx,/dt, Tay, ..., Tom]
dx,
- = n t! 9ty n.
ar oty X1, 5 X) » :
Equation Gene n: [dx,/dt, Ty, ..., Tyn)
Meta-parameter 1: A,
Parameters [
(A1, s dal Meta-parameter n: A,

Fig. 1. Scheme of the encoding for a system of ODEs for arbitrary variables x; with sparsity constants A; as meta-parameters.

J

T, denotes the m-th term of the n-th equation of the system, while f;, is an arbitrary right-hand side function of the n-th equation
of the system

The coefficients of the equation are computed with
linear regression where active terms from the left-hand part
are combined into a matrix of predictors, and values of the
term on the right part are used as a predicted value.

Evolutionary operators

The general idea of evolutionary operators affecting the
population to obtain the set of optimal systems of equations
is borrowed from the single-objective algorithm of equation
discovery proposed in [15]. The alterations of an individual
equation can be done with operators of mutations and
crossover. The operators are applied to individuals of the
population following the guidelines presented in the paper
and describing the base algorithm [16].

The process of the evolution is held iteratively, for a
specified number of iterations and over sectors, defined
by the weight vectors introduced into the space of
optimization criteria to decompose the problem into smaller
sub-problems. As in the original version, the algorithm
constructs a set of weight vectors W = w, ..., wy from a
unit simplex, one for each candidate solution in P.

After the weights are defined, each individual of the
population P is assigned to a random sector of the criteria
space. That enables a more even coverage of the search
space due to the property that the individuals converge in
the directions of weights.

The selection of the individuals for the crossover
operators is held in a manner that respects problem
decomposition. In the base scenario, the parents are
selected from the neighboring sectors to the one associated
with the processed weight vector. However, to increase
the algorithm exploratory properties, which are vital in
the problem of equation construction, with a relatively
small probability, the parents are selected from other, non-
adjacent sectors. The selected candidates are added to the
parent pool, and the crossover is held among them.

The crossover operator affects both systems of
equations and corresponding vectors of meta-parameters.

The interactions between equations of the systems
comply with variable description requirements. For each
modeled variable, the corresponding equations of the parent

systems are affected by crossover. Two main types of
operators are used here: term-wise exchange and complete
equation swapping.

The first type of equation-level crossover operator
involves an exchange of terms between parent equations.
All initial terms of the equation are divided into three
groups. First group includes terms present in the same form
in both parents. Second group includes terms present in
both parents, but in this case the parameters of their tokens
are different. Third group contains unique ones between
parents terms. The first group is not affected by crossover
at all. The crossover between parents in the second group is
parametric-only: the same tokens exchange the parameter
values from a specified proportion.

After the creation of offspring individuals, they are
affected by mutation operators. Their purpose is two-
fold. They are increasing the exploratory properties of
the algorithm and preventing the generation of repeating
individuals which is mandatory for the implemented multi-
objective optimization approach. The main idea of the
mutation operator is the random change of a term into
a new, unique one. The first type of operator changes a
factor representing a token into a new, randomly generated
one; or changes token parameters (e.g. frequency of a sine
token) with an increment taken from normal distribution
N(0, 6) with pre-defined variance 2. The second type
involves a replacement of a term with a newly generated one.
When the offspring creation procedures are conducted, the
Pareto levels are updated with respect to the newly created
solution. The population update algorithm considers the
decomposition of the problems with a set of weight vectors
and their domination. The approach in which the evolutionary
operators are applied during the search is presented in Fig. 2.

Validation

Several validation experiments have been conducted to
assess the proposed approach performance in discovering
systems of equations that govern the dynamical system.
The most demonstrative approach to check the behavior
of our algorithm employs synthetic data obtained from the
solution of known equations.
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Fig. 2. Generalized scheme of the main search sequence of the algorithm
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was selected as the dynamical system to be described.
The model represents simplified dynamics of two
species: u = u(f) depicts “prey”, while v = v(f) represents
the “hunter” species. Usual time-derivative convention
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the dynamics of the system. 0 40 80

The solutions of the equations were numerically Time, years
obtained using Runge-Kutta methods. The solutions for
u(f) and v(¢) are demonstrated in Fig. 3.

The Pareto-optimal set of equations obtained from the
algorithm typically has forms similar to the one presented  the combination of optimized metrics: instead of evaluating
in Fig. 4. Here, the algorithm output is reformulated with ~ complexity or approximation errors of individual equations

Fig. 3. Visualization of the solution of Lotka-Volterra equations
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Fig. 4. Pareto frontier of systems of equations obtained by the algorithm
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they are viewed for the system integrally. The allowable
interval for complexity controlling parameters A used
in sparsity operators is between 108 and 10-2. Next, an
additional family of trigonometric tokens was introduced
into the pool to create a diversity of created terms.

Ten independent runs with ten multi-objective
optimization evolutionary algorithm iterations and ten more
with 25 iterations were performed, and the obtained Pareto-
optimal sets were compared. Due to the relatively simple
structure of the initial system of equations, a successful
convergence to the similar (in terms of obtaining sets with
similar equations) was achieved in every case. While this
test cannot be considered a comprehensive study of the
algorithm properties, it can be viewed as proof that the
algorithm can operate and discover the equations.

Conclusion

In this article, we proposed a robust extension of the
single differential equation discovery approach to the
problems of creating models for systems of differential
equations. The multi-objective approach enables the
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Abstract

Assessing the time series predictability is necessary for forecasting models validating, for classifying series to optimize
the choice of the model and its parameters, and for analyzing the results. The difficulties in assessing predictability occur
due to large heteroscedasticity of errors obtained when predicting several series of different nature and characteristics.
In this work, the internal predictability of predictive modeling objects is investigated. Using the example of time series
forecasting, we explore the possibility of quantifying internal predictability in terms of the probability (frequency) of
obtaining a forecast with an error greater than some certain level. We also try to determine the relationship of such a
measure with the characteristics of the time series themselves. The idea of the proposed method is to estimate the internal
predictability by the probability of an error exceeding a predetermined threshold value. The studies were carried out
on data from open sources containing more than seven thousand time series of stock market prices. We compare the
probability of errors which exceed the allowable value (miss probabilities) for the same series on different forecasting
models. We show that these probabilities differ insignificantly for different forecasting models with the same series,
and hence, the probability can be a measure of predictability. We also show the relationship of the miss probability
values with entropy, the Hurst exponent, and other characteristics of the series according to which the predictability can
be estimated. It has been established that the resulting measure makes it possible to compare the predictability of time
series with pronounced heteroscedasticity of forecast errors and when using different models. The measure is related
to the characteristics of the time series and is interpretable. The results can be generalized to any objects of predictive
modeling and forecasting quality scores. It can be useful to developers of predictive modeling algorithms, machine
learning specialists in solving practical problems of forecasting.
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AHHOTALMSA

IIpenmet ucciiegoBanus. 3aa4a OLEHKU MPEICKA3yeMOCTH BPEMEHHBIX PS/IOB BOZHUKAET MPH BAJIUAALUN MOJeNIeH
MPOTHO3UPOBAHUS, NMPHU KIACCHPUKALNNU PSIOB C MEJIbI0 ONTHUMH3AIUN BRIOOPA MOJCIH U €€ MapaMeTpoB, MPU
aHaJnu3e pe3yibTatoB. boblas reTepocKeacTHIHOCTD OMIMOOK, MOMyYaeMbIX MPH MPOTHO3UPOBAHHH HECKOJIBKUX
Pa3IMYHBIX 10 MPUPOJE U XapaKTePUCTUKAM PAJOB, YACTO MIPUBOAUT K 3aTPYAHEHHSIM P OLICHKE MPEICKa3yeMOCTH.
B pabote mccienoBana BHYTPEHHSS MPEACKa3yeMOCTh 00BEKTOB MpEICcKa3aTeIbHOT0 MoAeaupoBanus. Ha
MpUMepe MPOTHO3HUPOBAHMS BPEMEHHBIX PAIOB ONpeAecHa BO3MOKHOCTD KOJTHMYECTBEHHONW OLIEHKH BHYTPEHHEH
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HPE/ICKa3yeMOCTH 0 BEPOATHOCTH (YacTOTE) MOTY4EHHsI IPOTHO3a ¢ OMMOKOH, Oosblle 3aJaHHOTO YPOBHS, U
CBsI3b TAKOH MEpbI C XapaKTepPUCTUKAaMU CaMUX BpeMeHHbIX psioB. Meroa. CyTh mpeuiaraeMoro MeToja COCTOUT B
OLICHMBAHUU BHYTPEHHEI! MPEICKa3yeMOCTH IO BEPOSTHOCTH BOSHMKHOBEHMS OIIMOKH, OOJIbIICH 3apaHee 3aJaHHOTO
OporoBoro 3HayeHus. OcHOBHOI pe3yiabTaT. MccieoBaHus BBITIOIHEHbI HA JaHHBIX U3 OTKPBITHIX HCTOYHHKOB,
conepkammux 6omee 7000 BpeMEHHBIX psIOB OUPKEBBIX KOTUPOBOK. [IpoBeeHO cormocTaBIeHUE TOTYYeHHBIX 3HAYCHUN
BEPOSITHOCTH BO3HMKHOBEHHMS OIIMOOK, PEBOCXOAIINX JIOMYCTUMOE 3HaYCHUE (BEPOSTHOCTEH IpoMaxa) JUIsl OJJHUX
1 TeX e PAJ0B HA Pa3IMIHBIX MOJEISIX MPOrHO3upoBanus. [loka3aHo, 4To MpH UCIIONE30BAaHNN MOZENEH ¢ OMHUM 1
TEM K€ PSIJIOM TH BEPOSITHOCTH OTIIMYAIOTCS HE3HAUUTEIILHO U MOTYT CIY>KHTh MEPOH TpeJckazyeMocTH. BrisBiena
CBSI3b MOJTyYEHHBIX 3HAUCHUH BEPOSTHOCTH C SHTPOIHUEH, IoKazaresieM XEpcTra U HHBIMU XapaKTePUCTHKAMU PSIZIOB, 110
KOTOPBIM OLIEHHBACSTCSI IPE/ICKA3yeMOCTh. YCTaHOBJICHO, YTO MOJIyUeHHas! Mepa MO3BOJISET CPAaBHUBATH IIPEICKA3yeMOCTh
BPEMEHHBIX PSAZ0B IPH BBIPAXKEHHOH IeTepOCKEaCTUYHOCTH OLIMOOK IPOTHO3UPOBAHUS M IIPU TIPUMEHEHNH Pa3HBIX
Moziereit. Mepa cBsizaHa ¢ XapaKTepUCTUKAMK BPEMEHHOTO psiia M MHTeprperupyeMa. Il pakTHyeckasi 3 HAYUMOCTb.
[Tomy4yeHnHble pe3yabTaTbl MOTYT OBITH 000OMICHBI Ha JIIOOBIE OOBEKTHI MPEACKa3aTeIbHOTO MOJICIIUPOBAHUS U MEPHI
OLICHKH Ka4eCTBa MPOTHO3a. Pe3ysbrarhl Heciie10BaHus Oy/IyT MOJIe3HbI pa3paboTuHKaM alropuTMOB MPEICKa3aTeIbHOTO
MOJIEJIMPOBAHNS U CHENUATINCTAM 10 MAIIHHHOMY OOyYeHHUIO, IPH PEIICHNH IPAKTHUSCKHUX 33/1a4 IPOTHO3HPOBAHHSI.

KiioueBnble c1oBa
BHYTPCHHSIS IPEICKa3yeMOCTh, OIMOKA MPOrHO3UPOBAHHUS, BEPOSITHOCTh TIpOMaxa

Buaarogapnoctun
Pabora BeImonHeHa npu noaaepxkke Poccuiickoro Hayunoro ¢onza, cormamenne Ne 17-71-30029.
Ccbuika pos nurupoBanus: Kosanues A.H. BeposTHOCTHBII KpuTepuii OLIEHKH IIPeICKa3yeMOCTH BPEMEHHBIX PAOB

// HayuHO-TeXHUYECKUH BECTHUK HH(POPMALIMOHHBIX TEXHOJIOTUH, MexaHuku 1 ontuku. 2023. T. 23, Ne 1. C. 105-111
(na aHn. 513.). doi: 10.17586/2226-1494-2023-23-1-105-111

Introduction

In almost every case when we deal with time series
forecasting, we need a meaningful and understandable
measure of predictability to evaluate the results. In other
words, we want to know whether our model achieved
the best possible quality or not. Hence, some measure of
intrinsic predictability is necessary which could explain
how likely a misprediction is, or what the range of errors
might occur, or what variance of the errors is expected
for the certain series. And of course, it would be very
nice if we could get all these aspects before the model is
constructed, fitted, and running. So, we’re going to find
the way to answer these questions by time series analysis.
For a rather big dataset we can calculate different features
whose connection to predictability was approved by related
works, and build some regression that hypothetically can
connect these features to misprediction probability or
errors variance. Obviously, we can’t avoid involving some
forecasting model which must produce these probabilities
and variances, but for this research we presume that this
experience with one model can be generalized to the class
or classes of models. At least, for the future work we plan to
use several models of different classes in ensemble which
will approximate the real metrics of intrinsic predictability
more accurately.

Related works

The earliest mention of the idea to distinguish realized
and intrinsic predictability, which we could find, was
proclaimed by Edward N. Lorenz in [1] that refers to a 1996
paper. The philosophic discussion on the predictability
issues in various senses is going on till nowadays. For
instance, Stefan Rummens [2] argues with Victor Gijsbers
[3]. Meanwhile, this discussion is as interesting and
entertaining as it is far from practical use and everyday
needs. At the same time not so many authors attempted
to find some quantity measure for time-series intrinsic

predictability. The idea to match some time series features
or their combination to intrinsic predictability was discussed
in [4] where predictability was quantified with permutation
entropy, and in [5] where several features including Hurst
exponent and Kolmogorov-Sinai entropy were used for
series clustering according to their predictability. The
similar approach base on transforming a time series to
graph is proposed in [6]. All these methods are based on
forecasting errors estimation, and they don’t consider the
fact that the series of bad predictability can perform rather
good forecasting quality. Having this fact in mind, the
authors of [7] state that intrinsic predictability of chaotic
systems might be high, but the realized predictability is
expected to be low and difficult to improve substantially.
In [8] the rank-based nonlinear predictability score was
adapted to time series sampled from time-continuous
flows and performed a higher sensitivity for deterministic
structure in noisy signals.

One more approach is represented in [9] where
intrinsic predictability is estimated by wavelet entropy
energy measure after time series wavelet transformation.
Besides the forecasting error, they also use Nash—Sutcliffe
efficiency for quality estimation.

We failed to find any research where statistical or
probabilistic were used for matching of the predictability
measure, so off we go.

Real-world data

In our experiments we used the open dataset called
Huge Stock Market Dataset from Kaggle which contains
historical daily prices and volumes of all U.S. stocks and
ETFs. There are more than 7,000 time series mostly of
fractal nature [10] with a significant part of the random-
walking process. Nevertheless, we expected that this set
includes the series of different intrinsic predictability and
would be sufficient for the aim of our research.

We dropped the short series with less than 730
observations and shrunk the rest up to last 730 points.
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So, our series are neither too short to make the predictive
model to do its best, nor too long to satisfy memory and
computation time requirements. The number of series after
such preprocessing was reduced to 5,121. Every data file
in the collection contains the series of opening, high, low,
closing prices and trading volume per day. As all the prices
are rather close to each other, we take the closing price for
the target series.

We use the set of the time series features the same
as was used in [5]: Kolmogorov-Sinai entropy, Hurst
exponent, embedding dimension, noise measure and
random-walk detection. Permutation entropy was explored
too, as many researchers usually mention in connection to
predictability.

The Kolmogorov-Sinai entropy (hffs) can be
calculated based on the entropy rates of finite partitions of
the state space of the series [11]. For each of the #n finite
partitions &= {C}, C,, ..., C,} of the state space M =UL,C;
with dynamics given by a measurable transformation 7
and defined probability measure p(7-! G, N...NT"C),
the entropy rate is

1
h(T,&)=—lim — ¥ wTC; N ... NT-1C; ) x

n—oo N iy, i,

< Inw(T-1C;, N ... NT1Cy ).

We take the supremum of the entropy rate over all finite
partitions:

AT = suphy (T,

Hurst exponent is used as a measure of long-term
memory of time series. According to [12], we estimate it
by the re-scaled range:

T T
R(t) = max ¥ (x;—¥;) — min ¥ (x; - x,)
1<t j=1 I<t<tj=1

and standard deviation:

S@W = 5 (e —
Tr=1

where 1 € [3, N] are the time steps for a discrete time series,
x(2) is the series value on step ¢.
Hurst exponent can be calculated as:
R(7)
log——
: S(0)
H(t)= lim————,
10 log(ar)

where o= 0.5 is a Hirst’s empirically found constant.
These re-scaled range R(t) and standard deviation S(t)

R(t
are used to represent the R/S-trajectory RS(t) = % that
T

helps to estimate the memory depth of the time series.
Embedding dimension is a measure of the
dimensionality of the space occupied by a set of random
points, often referred to as a type of fractal dimension. It’s
less noisy when only a small number of points is available
and is often in agreement with other calculations of

dimension. It can be calculated by means of the correlative
integral for time series of finite length:
nom 00— p(,)))
Cn=% 22— =

=i i mm=1)

5
where py(i, j) = / > (X1 — Xpg)? 5 0(x) — Heaviside
=1

function; » — characteristic phase space cell size.

The value of embedding dimension is the slope of the
logarithmic graph of the correlation integral [11] and it can
be evaluated as the following limit:

d,=1lim lim @
r—0 m—o 10F

Noise measure feature is based on the idea of
Robert M. May, firstly published in 1976 [13], to compare
the standard deviation of a time-series with the standard
deviation of its first-order differences.

Mo a2
NZ (xi 7)(?)
_ i=1
A T
(N-1)Y (x;—X)

i=1

where x;/ = x;, — x; is the first-order differences; x, x' are
mean values of the initial time series and corresponding
differenced series. This measure can be used to find a
random walk process for which the first-order differences
should be noise.

The idea is to detect high-frequency noise that increases
the comparative deviation of value change on each time
step; so, the higher value of this measure means the lower
noise influence in time series.

Forecasting and realized predictability

In order to collect information about forecasting quality
statistics, we launched the Extreme Gradient Boosting
(XGB) forecasting model for each time series of the data
set. Hyperparameters were chosen empirically for the best
performance on 30-days horizon for most of the series.
Thus, we got 20 estimators and maximal depth equal to 8.
Every single time series is forecasted 107 times. We take
365-days observations as the training period and 30-days
forecast as a test, then we repeat the same with a 3-day
time shift. The stock market time series are chaotic enough
to eliminate the effect of dependencies in the sequential
forecasting experiments. The procedure is like a rolling
window. So, for each of the series, we get 107 values of
Mean Absolute Percentage Error (MAPE) and calculate the
mean value and standard deviation for these error series,
and for the part of errors which is greater than 10 %, we
consider that an error of less than 10 % is sufficient for
the good forecast quality. This part helps to estimate the
misprediction probability.

Of course, this method of predictability estimation is
inseparably connected with the forecasting model. This
connection could be broken if we show that the same
metrics for some other models of different kinds are either
close or at least correlated with those for our basic model.
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Local approximation (LA) and Maximal Similarity (MS)
were applied in the same conditions as the alternate models.
The first one was designed by prof. Alexander Loskutov
[11], and it is based on neighborhood of points of system
trajectory in the state space; the other one was invented
by Irina Chuchueva [14], and it uses the rescaled patterns
of a certain length in the series to make a forecast. Both
models are described in detail in [5] and [6]. In Fig. 1, a
we can see that squared misprediction probability for MS
correlates with that for XGB with coefficient of 0.94. As the
values distribution is obviously far from normal, and it will
be shown further, we use the Spearman’s rank coefficient
to estimate the correlations. In the case of LA there is no
need to deal with squared values. The correlation is 0.92,
the scatter plot is presented in Fig. 1, b.

So, we can conclude that at least for three types of
forecasting models the scores of misprediction probability
are correlated and this measure could be considered model
independent.

Regression model for intrinsic predictability
measuring

As we have got a set of time series features and
the values which we consider to be the measure of
predictability, we can try to find some dependence between
them. The scatter matrix for the features shown in Fig. 2
looks not very promising. Pairwise correlation coefficients
between the features and scores are collected in Table.
They are not great as well, but nevertheless we try to build
a regression model. This picture also confirms that, as
we noted earlier, the value distributions are not normal.
Besides, it illustrates the large heteroscedasticity of errors.
For instance, the more noise, the wider is standard deviation
range.

Presumably, models of linear regression would fail with
such sort of predictors. We use an Extra-Trees regressor
which fits a number of randomized decision trees on
various sub-samples of the dataset and uses averaging to
improve the predictive accuracy and control over-fitting. Its
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Fig. 1. Misprediction probability for MS (a) and LA (b) models regarding to XGB model
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Fig. 2. Scatter matrix for features and scores.
Features: noise — noise measure; walk — random walk measure; edim — embedding dimension; hurst — Hurst exponent;
ksent — Kolmogorov-Sinai entropy; permut — permutation entropy. Scores: meanmape — mean MAPE value for all samples;
mapegt]10 — the part of samples with MAPE>10 %, std — standard deviation
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Table. Spearman correlation coefficients for features and scores

Noise Random Embedding Hurst Kolmogorov-Sinai Permutation
measure walk dimension exponent entropy entropy

Mean MAPE value —0.12 0.320 -0.17 0.02 —0.370 0.13

Part of samples with —0.11 0.290 —0.18 0.04 -0.383 0.11

MAPE >10 %

Standard deviation -0.12 0.339 -0.16 -0.01 -0.330 0.09
hyper-parameters were chosen empirically: 128 estimators High
with minimal samples split of 16 and min samples leaf of 2. Isent .

We use coefficient of determination (R?) for regression Sén
scoring. This regressor performance score was R2=0.60 on ~ noise E
the train set, R2 = 0.32 and R2 = 0.24 on 50-times splitting  permut g
cross-validation. The Mean Absolute Error is 0.12 for 1706 i “Ed
test samples. The error distribution analysis shows that urst e 5
most of errors are in the range of +0.2 and there is a bias walk e o o oo emenmmce =
about +0.07. edim - .
We also tried Random Forest Regression model, L

. . . ! . . Ow

Gradient Boosting, and based not on random trees model 010 0.00 0.10 020

of K-Neighbors Regression. None of them performs better
regression quality.

Experiment results and discussion

As we can see in the previous section, the regressor
performance is rather poor, so, our experiments are aimed
to find out whether it’s possible to get some use in spite of
that. Table shows that correlations between the features
and responses are weak which explains the low score of
the regression.

The further feature analysis by means of Shapley values
shows that the impact of the features on the result could be
opposite for different series which is reflected as the mess
of the red and blue dots on the bee-swarm plot in Fig. 3.
All the features are actually important for Extra-Trees
regression. Kolmogorov-Sinai entropy is most important
with relative importance score of 0.33, the least one is

SHAP value (impact on model output)

Fig. 3. Features impact analysis by Shapley values
(Designations are the same as those in Fig. 2)

Hurst exponent with score of 0.08. We also can notice that
Kolmogorov-Sinai entropy is much more correlated with
misprediction probability, and its importance is more than
those for usually used permutation entropy. The mess of
Shapley values at least for our dataset is not that big too.

In the last item of our research agenda, we have got
the misprediction probability values for the real model
and estimated it by the regressor. The distribution of these
values is illustrated in Fig. 4, a as a histogram which shows
that the regressor tends to overestimate the probability due
to its bias, and the range of real values is wider.

To get a more detailed picture of the regressor
performance, we can see the scatter plot in Fig. 4, b with

a b
| mm predicted e Experiment (corr = 0.74) °
© Experiment linearized i
mm real 081  (y=0.42x+0.07) o
800 4 o Ideal picture (y = x) d
5 3
[ ]
5 E
— w
5] 2 °
8 5041 .
"E 400 3
Q ~
04 . . (- : : : :
0.0 0.4 0.8 0.0 0.4 0.8
Probability of misprediction Real std.dev

Fig. 4. Distribution of real and estimated misprediction probability as a histogram (a) and as a scatter plot with the least squares
approximation (b)
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the least squares approximation and ideal line shown. The
correlation and distribution of the real and predicted values
are quite suitable for time series predictability estimation.
We suppose that for some not very precise real-world tasks
that estimation would be enough.

Future work

For our future work we plan to increase the number
and variety of our experiments on predictability. Of course,
it’s necessary to track the dependence of misprediction
probability on the forecasting horizon. The time series
of different shapes and nature should be tested as well.
It would be better to get more different models for
experiments and maybe to take the best quality from among
all models for the regressor training.

Besides, as we said above, the other score could
be useful for time-series predictability measuring. It is
forecasting errors standard deviation. This score also worth
to be explored. To continue the predictability exploring,
it could be useful to take into account not only errors
themselves but the shape of their distribution.

Conclusion

Our probabilistic method of intrinsic predictability
evaluation is an attempt to pay attention to the numerously
noticed fact that the bad forecasting quality not obligatory
can occur for the series which features indicate bad
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The proposed method of predictability evaluation
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calculation. But there is some difference. First, making
up the confidence interval we first define the confidence
level and then calculate the thresholds for predicted values.
Here we approach from the opposite side. We settle the
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AHHOTANMSA

Ipeamet uccaegoBanus. O0paboTka HECTPYKTYPHPOBAHHBIX JAHHBIX, TAKUX KaK TEKCTHI HAa €CTECTBEHHOM
SI3BIKE, SIBISICTCS OJHOW M3 aKTyaJbHBIX 3a/ad IPH pa3paboTKe MHTEIICKTyalbHBIX MPOAYKTOB. B cBOIO ouepens,
TEMaTHYECKOe MOJEINPOBAHHUE KaK METOJ pabOThl ¢ HEpPa3MEUSHHBIMHU M YaCTHYHO Pa3MEYCHHBIMU TEKCTOBBIMH
JTAHHBIMH aKTHBHO MCTIOIB3YETCs A7 aHaIM3a KOPITYCOB JOKYMEHTOB U CO3/IaHUsI BEKTOPHBIX NpescTaBieHuil. B casu
C 9THM 0COOCHHO Ba)KHO 00yueHHE KadeCTBEHHBIX TEMaTHYECKHX MOJEIEH 3a KOPOTKOE BPEMs, YTO BO3MOXKHO C
TTOMOIIBIO TpeIokeHHOTO (hpelimBopka. MeTtoa. Pa3paboraHHblil GpeiiMBOPK peann3yeT 3BOIIOIMOHHBINA MOIX0I K
ONITHMH3AINN TUIIEPIIapaMeTPOB MOJIENeH ¢ aJANTUBHON peryIspH3aIeil 1 BEICOKUMHE PE3yIbTaTaMH 110 METPHKAM
kadecTBa (korepeHTHOCTh, NPMI). /lyis1 yMEHBIICHHS BEIYUCIUTEILHOTO BPEMEHH IIPEACTABICH PEXHUM PabOTHI
C CyppOraTHBIMH MOJIEJISIMHU, KOTOPBIN oOecIieunBaeT ycKopeHue BEIUUCIeHH 10 1,8 pa3 6e3 moTepu kadecrtsa.
OcHoBHBIE pe3yabTaTbl. DPYEeKTUBHOCTE (peiiMBOpKa IIPOJEMOHCTPUPOBAHA HAa TPeX HabOpax JAHHBIX C Pa3HBIMHU
CTaTUCTUYCCKUMHU XapPaAKTCPUCTUKAMU. l'Ionyqubl PE3YJIbTAThl, HIPEBOCXOAAIINE aHAJIOT'MYHBIC PELIICHUA B CPEAHEM Ha
20 % 10 KOrepeHTHOCTH U 5 % 10 KauyecTBy KiaccupUKalUK 11 JByX M3 Tpex Habopos. CosnaHa pacnpeaesneHHas
Bepeus ppeiiMBOpPKa U1 MPOBEACHUS SKCIEPUMEHTAIBHBIX HCCIS0BAaHUN TeMaTndeckux moneneil. [lpakruyeckas
3HAYUMOCTh. [lomydennsiii GpeiMBOPK MOXKET OBITH MCIIONB30BAH MOJIH30BATEIIMU 0€3 CIIEIMATbHBIX 3HAHUH B
00JI1acTH TeMaTH4IEeCKOTO MOJCNNPOBAHUS, Orarogapst BRICTPOCHHOMY HMalIuIaiiHy paboThl ¢ JaHHBIMH. Pe3ynbraTs
paboTEl MOTYT NPUMEHSTHCSI HCCIISIOBATEISIMU [UIsl IPOBEICHHS aHAIN3a TEMAaTHUSCKUX MOJENIeH U pacIInpeHHUs
(byHKIMOHANA.

Kirouesble cii0Ba

AutoML ¢peiimMBOpK, TeMaTHUECKOE MOJICTUPOBAHKE, HECTPYKTYPUPOBAHHBIC JTAHHBIC, QITUTUBHAS PETYJISIPU3AIINS,
SBOJIIOLIMOHHBIHN NOJXOJI, CyppOraTHbIC MOJEIH
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Abstract

The processing of unstructured data, such as natural language texts, is one of the urgent tasks in the development of
intelligent products. In turn, topic modeling as a method of working with unmarked and partially marked text data is a
natural choice for analyzing document bodies and creating vector representations. In this regard, it is especially important
to train high-quality thematic models in a short time which is possible with the help of the proposed framework. The
developed framework implements an evolutionary approach to optimizing hyperparameters of models with additive
regularization and high results on quality metrics (coherence, NPMI). To reduce the computational time, a mode of
working with surrogate models is presented which provides acceleration of calculations up to 1.8 times without loss of
quality. The effectiveness of the framework is demonstrated on three datasets with different statistical characteristics. The
results obtained exceed similar solutions by an average of 20 % in coherence and 5 % in classification quality for two
of the three datasets. A distributed version of the framework has been developed for conducting experimental studies of
topic models. The developed framework can be used by users without special knowledge in the field of topic modeling
due to the default data processing pipeline. The results of the work can be used by researchers to analyze topic models
and expand functionality.
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BBenenue

B Hacrosimee Bpemst BeeTcs akTUBHAs pa3paboTka u
BHE/J[PEHNE MHTEIUICKTYaJ bHBIX ITPOJYKTOB B pa3HOOOpa3-
Hble OM3HEC-IIPOIIeCCHl U KIMEHTCcKue ycuyru. Ilpn atom
OOJIBLIYIO TIOIYIISIPHOCT MOJTy4YaeT paboTa ¢ HECTPYKTYPH-
POBaHHBIMH JJAaHHBIMH, TAKUMH KaK TEKCTHI Ha €CTCCTBCH-
HOM $I3bIKE (JIOKYMEHTBI, OT3bIBbI, KOMMEHTAPHH H T. 11.).
Jis mx KadecTBEHHOH 00pabOTKH HEOOXOIMMO MPOBEIC-
HHE Pa3BEIOYHOTO aHANN3a, OCHOBHBIM HHCTPYMECHTOM
KOTOPOTO, JUTS TEKCTOBBIX JaHHBIX, SBIISIETCS TAKOW METO
oOyueHus 0e3 yunTenst Kak TeMaTHIeCKOe MOJCTHPOBa-
Hue. Vcnonp30BaHNe 3TOTO METOZa MO3BOJSET MOIYJaTh
CKPBITBIE KOMIIOHEHTHI (IT0J] HUIMH ITOHUMAIOTCS TEMBI),
U WX TPEJCTaBICHHOCTh B KOPIyCe JOKYMEHTOB. Takum
00pa3oM, TEKCT MPEBPAIACTCS B UHTEPIPETHPYEMOE Mpe/l-
CTaBJIEHUE, KOTOPOE MOXKHO HCIIOJIb30BaTh IS PEIICHUS
aKTyaJbHBIX IPOOJIEM, TaKHX KaK MOCTPOCHHUE NPOouIei
HUHTEPECOB nosb3oBatenei [ 1, 2], u3BieueHne CEeHTUMEHTA
[3], pa3zeneHue JaHHBIX HA TEMAaTHYECKUE M CTPYKTYpPHO
ONM3KHE MTOJMHOKECTBA [4], o0orameHne KOHTEKCTyallu-
3UpPOBaHHBIX MPEACTABIEHUHN TOKYMEHTOB [5] 1 apyrue.

CyIecTByIomne METOABI TEMAaTHIECKOTO MOJIEITHPO-
BAaHMSA MOYXHO OTHECTH K HECKOJIBKHUM OONBITNM CeMel-
CTBaM: Ha OCHOBE MATPUYHBIX Pa3JI0KCHHUH (HEOTpHIla-
TenbHas MarpuuHas Gaxkropusamus (Non-negative Matrix
Factorization, NMF) [6]), kitaccuueckue BepOsSITHOCTHBIC
(HampuMep, BEpOSTHOCTHBIN JTATEHTHBIN CEeMaHTUYECKUIA
ananmu3 (Probabilistic Latent Semantic Analysis, PLSA) [7]
u nareHTHoe pacrpenenenue Jupuxine (Latent Dirichlet

Allocation, LDA) [8]), ¢ annuTuBHOI perynspusannei
(agmuTHBHAS pEryNsipU3alus TEMAaTHYECKUX MOeNeH
(Additive Regularization of Topic Models, ARTM) [9])
u HeliponHble Monenu [10—-12]. JJonroe Bpemst Hambomee
MPEIIMOYTHTEIFHBIM METOIOM, TTOKAa3bIBABIIUM BBICOKHE
pe3yIBTaThl KauecTBa, BIsuock LDA, HO ero ncrnons3oBa-
HHUE Ha KOPITycaX JOKyMEHTOB, 00JIaIaBIINX CIICIH(PUKOI
(HarpuMep, HaTU9re TEPMUHOJIOTHA FUTH MaJioe KOJIYe-
CTBO CJIOB B JIOKYMEHTE) 3aTPYIHSIOCH HEOOXOIMMOCTHIO
MogudHuKanuy anmnapara o0yuenust mogenu [13, 14], aro
TpebOoBaIO OT pa3paboTyMKa COOTBETCTBYIONINX 3HAHUH.
B cBoro ouepenp, pa3BUBaIOMIMECS HEHPOHHBIE MOJCITH
JIEMOHCTPUPYIOT BBICOKYIO CTEIICHb IPHCIOCOOICHHOCTH
M0J] 3aJaHHYIO OLIEHKY KaueCTBa, HO IIPU 3TOM, B ClIyyae
paboTHI ¢ KOHTEKCTYAJIU3UPOBAHHBIMH ITPE/ICTABICHUSIMHY,
SIBIISTFOTCSI BEIYUCITUTEIILHO 3aTpaTHbIMU. K onTuMalibHbIM
U TICPCIICKTUBHBIM BapHaHTaM MOYXHO OTHECTH ITOIXOJ
C aJINTUBHOW PETyIsIpHU3aIieii, KOTOpbIi 0000IIaeT mo-
HATHE TEMaTUYSCKOTO MOJEIHPOBAHUSA U 00eCIIeYUBACT
MPOCTYIO ONITHMH3AIUIO C MCIIOIH30BAaHUEM aJITOPUTMA
MaKCHMM3AINN OKUIaHAs (expectation-maximization, EM-
aJTOPUTM).

IIpu pabote ¢ MomensIMU, UMEIOLIUMHU THUIEpIa-
paMeTphl, BO3HUKAET HEOOXOAMMOCTh B UX HacTpoilke.
CymiecTBYIOT pa3u4yHble NPOrPaMMHBIC PELICHUs IS
ABTOMATHYECKON ONTUMHU3ALUN TEMATUYECKUX MOjeneit
pa3IMYHBIX ceMeicTB. B genism [15] peanu3oBaHsl «Kiiac-
CHYECKHE METO/IbI» TeMaTHUEeCKOro MOJIEIIMPOBAHNS, TAKUE
kak LDA, 1 BO3MOXXHOCTb HAaCTpPOWKH UX MapaMeTpoB.
Bubnuorexa OCTIS [16] mpenocTaBiseT BO3MOKHOCTh
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HaCTPOMKH psAJla TEeMaTUYECKUX MOJIENeH, BKIItouasl Heil-
POHHBIC, C MTOMOIIBID 0alleCOBCKOI ONTUMH3ALUH, YTO
obecrieunBaeT J0CTaTouHO 3(P(HEeKTHBHYIO U OBICTPYIO pa-
6oty. K HeocTarkaM MO>KHO OTHECTH OTCYTCTBHE CIICIIU-
(bPUYHBIX aITOPUTMOB ONTUMHI3AIINH TT0]] Pa3HBIE CeMeHCTBa
moneneit. TopicNet paboTaer ¢ ceMecTBOM MOEIel ¢
aJIUTUBHON peryaspu3alueil mocpeIcTBOM 5KaIHOTO ajl-
roputMa HacTpoiiku. I1pu sToM aBTOMaTH4eCcKast HACTpOKa
OCJIOXKHSIETCSI OTCYTCTBUEM €IUHBIX METPUK U3MEPEHUs
kagecTBa [17].

B nanHoii padoTe mpencrabieH GpeMBOPK AJis Ha-
CTPOMKHM MOJIeJIel C aITUTUBHON Peryisipu3alueil, no3Bo-
JISIOLIUH 32 OTpaHUYEHHOE BpeMsI MOTy4yarh TeMaTHYeCKue
MOJIEJIM BHICOKOTO KaueCTBa Cpasy IO sy CYLIECTBYIOIINUX
METpPHK.

OCHOBHBIE TEXHOJIOTHH

PaccmoTrpumM 6a30BbIe TEXHOJIOTHH, KOTOPBIE JIeXkKAT B
ocHOBe pazpadboranHoro AutoML ¢pelimBopka aist 3a1a4u
HACTPOMKH MoJIesIel TeMaTHUeCKOr0 MOJICITUPOBAHMSL.

BigARTM [ 18] — OubnuoTeka [yist 00y4eHus MOJIECIICH
C aIUTUBHOM peryisapusanueid. OdecrieqnBaeT ObICTPYIO
TIO/ITOTOBKY M MH(EpEHC 13 TOTOBBIX Mozene. K negocrar-
KaM OMOJIMOTEKH OTHOCSTCS €€ CIIOKHOCTD ISl PSIOBOTO
TIOTH30BATEINS, B TOM YHCIIE HEOOXOIUMOCTh TOHUMAHUS
OCHOBHBIX MEXaHU3MOB HACTPOUKH MOJIENEN C alTUTUBHON
peryispusanuei B CBA3U C OTCYTCTBHEM aBTOMATUYECKON
OINITUMU3AIINHU THIIEPIIapaMETPOB.

IBOJIIONHOHHBII MOAX0 K ONTHMH3AIMH I'HIleprna-
paMeTpoB MoJieJiel ¢ alIuTUBHON peryisipusanueit [19]
BKJIIOYAeT B ce0sl Cr1oco0d MpejcTaBlIeHHs THIlepiapame-
TPOB B BHJIE CTpaTeriy 00yueHUsl, TeHETHIECKHI alrOpUTM
HACTPOWKH U OLIEHKY KadecTBa. C 1eNbIo MomydeHus 0osee
CTaOMIIbHOM paboThl (ppeliMBOpKa BHECEHBI U3MEHEHHUS B
9BOJTIOLMOHHBIN TTOJIXOI.

B mHMImanu3annio MHAMBUIOB N00aBICHB! 0a30BbIC
Mojenn 0e3 CHIIBHOM peryisipu3anny, 9To0 0TOOpaKeHo
Ha puc. 1, a, rae urepauu 00ydeHUs n,—1, 3aMECHECHBI
HYJISIMH, 3TO TO3BOJISIET YIYYIIUTh CKOPOCTh CXOAMMOCTH
MOJIENTH 33 CUET KOPPEKIMH HAIPABICHUS ONTHMU3ALUH
MpU WHUIMATU3AIUN CUIBHO pa3peKeHHBIX MOCICH.
OcranpHble TUIIEpHIApaMETPhl, TaKHEe KaK KOJIHYECTBO

a

[ Nunnuanu3amus

DE[Dg|m | PE|PE 0 |Ps]Ps] 0 [Ps|PS] 0

10%5.”|B,,

|B

DE[ DS i | PE[PE] na|P§ [PE ] s [ PS[PE] g

90 % :

DE| D3|, | PE|PE| ny | P§|PS| 3| PE|PS) na

&

TeM — B,,, nexopperaius GOHOBBIX 1 OCHOBHBIX T€M Mart-
puLbl ¢ — DB(P, DS(P , CIIIYKMBaHUE (POHOBBIX TEM — PB(P,
PBy n paspesxuBanue OCHOBHBIX TeM PSy, PS(P, COMILIUPO-
BAJIUCh B COOTBETCTBUU C IPABUIIAMH, OIIPECICHHBIMH B
[19].

[Ipouenypa MyTanum peainn3oBaHa B JIBa IIara
(puc. 1, b). Ha mare 1 mpoucxoaut ompeneneHue, OyneT
T IPOM3BE/ICHAa MyTallNsl MHAWBUAA C BEPOATHOCTBIO 771,
3aTe€M Ka)K/blil 3JIEMEHT U3 COOTBETCTBYIOIIEH KaTeropuu
(KOTOPBIM COOTBETCTBYIOT IIBETA CTPEIIOK) MyTHPYET C Be-
POATHOCTBIO Mg, T. €. 3AMEHACTCS Ha CIIyYalHbIH JICMEHT
n3 kareropud. Ha mare 2 mpoucxoauT 3aMeHa apaMeTpoB
MYTalHH C BEPOSITHOCTBIO /Mg HA CIly4aiiHOC 3HAYCHHE U3
PaBHOMEPHOTO pacHpeAeIeHHUs.

[IpuBenem MonupUIMPOBAHHYIO QYHKIUIO MTPHUCIIO-
COOJICHHOCTH, KOTOpasi 00eCIeunBaeT pa3pekeHHOCTh Ma-
TPULBI TEMBI-JOKYMEHTHI B Auanazone 0,2—0,8, uro cro-
COOCTBYET MOITy9IeHHIO OoJiee pa3HOOOPa3HBIX PE3yIIbTaToOB:

a(mean(cohsy) + min(cohsy)),

I, ecmn 0,2 < Spy < 0,8

¢ 0,7, naaue ’
rae @ — marpuua pacrpeeneHus BEposSTHOCTEN TeM HaJl
JOKyMEHTaMH; Spg — Pa3peKeHHOCTh MaTPHUIIBI 0.

CypporarHoe MoJeTMpOBaHHe VISl YCKOPeHHs OIl-
Tumu3anuu [20]. OpeiiMBopk peamusyeT MOAYIb pabo-
TBI C CyppOTaTHBIMU MOJENSMHU JJIsl YMEHBIIEHUS Bpe-
MEHH IIOMCKa peLIeHHs Ui OOJIBLINX KOPIIYCOB JaHHBIX.
B kauecTBe Hawmyuled cypporaTHoit Moaenu GyHKIUU
(uTHECA MCIOIB30BaHA MOJIETh HA OCHOBE T'ayCCOBCKUX
MPOLIECCOB.

Onncanne pazpadoranHoro ppeiiMmBopka

IIpu paspabdotke ppeiiMBOpKa MPUHITH BO BHUMAHUE

CIIEYIOIINE TIPaBUIIA.

— Ilpocmoma ucnonvzosanus. Ilpennaraempiii 0a30BbIT
nairaifiH He TpeOyeT MOMOJHUTEIBHON HACTPOKH
CO CTOPOHBI IOJIB30BATENs, TaK KaK B HEM yXKe OIpe-
JIeJIeHBl BCe HEOOXOAMMBIC MIard W 3aJlaHbl TUIIEp-
napameTpsbl, 00eCIeYnBaloNIie XOpOoIlIee KaueCTBO
«B CpeTHEM» Ha Ha0Opax JaHHBIX C Pa3IMYHBIMH CTa-

b
[ Mytauus

Iar 1: ’Bn
l

DE|Dg|n, |P§|PE| no|P§|PS| ny | PS|PS] n4\

lar 2: | my|mg| ~ Ula, b)

Puc. 1. aunuanu3sanus runeprapaMeTposB, rae 0003HadeHb! 10 % 0a30BbIX HHAUBHIOB U 90 % WHIUBUIOB CO CIIydYaifHOU
nHULManu3anuei (a) u npouecc Mmyranuu (b).

Slaeiikn XxpoMocoM 0003HAYCHBI: ONTUMHU3UPYEMbIE IIETIOUUCICHHBIE (CHHUM I[BETOM) U JICUCTBUTEIIBHBIE (CEPHIM IIBETOM) THUIIEPIIAPAMETPBI;
napameTpbl MyTalluK, U3MEHSIOMINeCs B paMKax HHAUBUAA ((HOJIETOBBIM LIBETOM)

Fig. 1. Hyperparameters initialization where 10 % of base individuals and 90 % of randomly initialized individuals (¢) and mutation
procedure (b) are provided. Blue color indicates integer hyperparameters, white — real ones, violet — mutation parameters that is
self-learned with individual development
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TUCTUYECKUMH XapaKTePUCTUKAMU. 3a/1ae€TCsl TOJIBKO

JKeJIaeMOe KOJIMYECTBO TEM.

— Peanuzayus noiHo2o nauniatina, 6K0OYAs npedoopa-
bomky oanneix. Yacto Onbmmoreku u GppeiiMBOpKH
OITyCKAIOT IPOLEIYPy HOATOTOBKH JTaHHBIX, OCTABIISIS
e 3a TOJIb30BaTeNIEM.

— Bosmooicnocms pacwiupenus u pearuzayuu coocmeen-
HbIX Memo0os. B mepBylo odepens MpeanonaracTcs
MoAM(UKANKUS OIICHOK KauyeCTBa.

— Obecneuenue ckopocmu 06pabomku meKcmos.
OpeliMBOPK IPEIIoIaracT peaju3aluo UCI0Ib30Ba-
HUS CyppOraTHBIX MOJIelell, KOTOpPhIE MO3BOJIAT MOBBI-
CHUTb CKOPOCTb ONTUMU3aUu JIo 1,8 pa3, cylecTBeHHO
He Bhuss Ha kayecTBo [20]. Taxxe uccienoBatensim
OyzieT npenocraBiieHa BOBMOXKHOCTh ITPOBEICHUS ObI-
CTPBIX 3KCIIEPUMEHTOB TIPH MCIOJIb30BAHUHN pacIpesie-
JICHHOH Bepcuu (pperMBOpKa.

OpeitMBOPK COINEPKUT HaOOP MOAYIEH, pealnsyro-
X 00mui maiTIaitH: mpenodopaboTKN TaHHBIX (0UH-
LIEHNE, JIEMMaTH3alus, OATOTOBKA); OIIEHKH KauecTBa;
OINITHUMU3AIINH, COAEPIKAIIEH Peann3ayun 3BOIIOINOHHBIX
AJITOPUTMOB; CypporaTtHeix mojenceii. [Ipu HeoOXxoaumo-
CTH BO3MOXKHO PAaCUIMPEHUE UMEIOILIUXCS MOysel 1100
peanu3anus HOBBIX.

OOwmwmit mpuHIMI paboThl GperiMBoOpKa (pHC. 2) MOXKHO
ormcars clieayronmm oopasom. Ha BXxon nocrymaer kopiyc
TEKCTOBBIX JAaHHBIX U MPOM3BOAUTCS €ro MpeaodopadoTka
C LIEJBIO0 OYMCTKH M HOPMAJIHM3AIMH TEKCTOBBIX JaHHBIX, &

[MoaroToBka 1
npegobpaboTtka

TaK’Ke TOJITOTOBKH JIAaHHBIX B opmare, TpeOyeMoM JUIst pa-
6011 Oubmoreku BigARTM. 3ateM poHCXOAUT Onpejie-
JICHUE METPHUKH OLICHKH KauecTBa IEJICBOM TeMaTH4eCKOH
mozenu (TM), KOTOpyIo MOXKHO JTHOO OCTaBHUTH TIPEIO-
JKEHHOM 10 YMOJIYaHHIO, TUOO BBIOPATh M3 CYIIECTBYIO-
muX. 331a10TCsl O0IIME HACTPONKH JUTS TPOLIELY Pl TIONCKa
ONTUMANTFHBIX THIIEepIapaMeTpoB (I nnepm), peammsyemoit
OmOMMOTeKOH, TaKue KaK MCIIOIB3YEMBIi SBOTIOIIMOHHBII
aIITOPUTM, pa3Mep, Yuciio urepanuil u T. . [locae storo
HayMHAET paboTy alrOpuUTM IMTOWCKA THIepHIapaMeTpoB, B
TEUeHHE KOTOPOTrO MPOUCXOMSAT UTEPALMH OTYETA METPHK
Ka4yeCTBa JId KaXXA0T0 MHAMBUIA B NONYJIALUU, IPEA-
CTaBJISIIOIIET0 HA0Op MapamMeTpoB M CTPATETHIO UX TPH-
MEHEHHUSL.

B ciryuae, eciu MCronb3yeTcss OpUTHHAIBHAS BEPCHUS
MIPE/UIOKEHHOTO MeTo/a (T. €. 0e3 CypporaToB) Kax/IbIi Ha-
00p mapaMeTpoB MPOXOIUT YepPe3 MPOLEAYPY IOCTPOCHHS
TEMaTHYIEeCKON MOJIEIH 110 331aBaeMOi cTpareru (puc. 2,
npaBas 9acTh «OO0ydeHne TeMaTHIECKOW MOICITH» ) TTyTEM
00ydeHHsT TeMaTHYeCKON MOJIETIH C TIEPBBIM HA0OPOM Tapa-
METPOB B TEUCHUH HEKOTOPOTO KOJIMYECTBA NTEpaLnil, 3a-
TEM CMEHBI Ha BTOPOIi Habop B CTPATETHH U MIPOIODKCHUN
o0yueHust paHee CO31aHHON MOJIENU C HOBBIM HabopoMm, U
T. 7. 10 TIOJy4€HHUs1 KOHEUHOU Mojienud. OTMETUM, 4TO Ta-
KHX CMEHSIFOIIMX APYT Jpyra HabOpOB MapamMeTpoB MOXKET
OBITh HECKOJIBKO MIIM CTPATET NSl MOXKET COCTOSITH TOJIBKO M3
ofHOro Habopa (Tak Kak 3HAYCHHE KOJIMYECTBA NTEPALIUH
00y4eHHsI MOJKET OBITh PAaBHO HYIIIO).
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Fig. 2. The base scheme of the proposed framework
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[Ipu ncronb30BaHUK MOAU(PUKALUN METO/A C MPHU-
MEHEHHMEM CyppOraroB, JJIsi HEKOTOPOTO MOJMHOXKECTBA
WHJUBUJIOB B MOMYJISIIUM BMECTO HEMOCPEICTBEHHOTO
BBIYHCIICHUSI METPHKH, OITMCAHHOTO BBIIIE, IPOU3BOANTCS
€e IPOTHO3UPOBAHNE C ITOMOIIBIO CyppOTaTHON MOJIEIIH.
[Tporro3upoBaHne MO3BOJISAET NOIYUUTh OLIEHKY METPHKH,
HCIOIB3Yys TONBKO CaMU 3HAYCHHS THIIEPHIapaMeTpOB U
TIOPSIZIOK B CTPATETHN.

ITo oxoH4YaHMU TIpoIECCa OUCKA THIIEPIapaMeTpoB,
SBOJIFOLIMOHHBIN AJITOPUTM BbIAAET HAWTYUIINI HallICHHbIN
HaOOp runeprapamMeTpoB U CTPATETHIO €ro MPUMEHEHHUSI.
DpeiiMBOPK, B CBOIO OYCPelb, 00yUacT HTOIOBYIO TEMATH-
YECKYI0 MOJIEIb U BO3BPAIAET €€ MOIb30BaTEII0 BMECTE C
Habopom rurneprnapamerpos. [Ipy HE0OOXOIUMOCTH TIOJIb-
30BaTeIb MOXKET PACHIUPUTH (QYHKIIMOHAT M T00aBUTH
COOCTBEHHBIC METO/IBI pacyeTa.

O¢ddexTuBHOCTS MCTIONB30BaHUS pa3pabOTaHHOIO
(peiiMBOpKa MOXKHO MOBBICUTH 3a CUET YCKOPEHMS MO-
CTPOCHHNS TEMaTHYECKUX MOJeNeil. 3aMeTHM, YTO IOIy-
JISIIMOHHBIE TOAXO/BI MOJKHO YCIEIIHO paclapauleInTh
Ha dTare BBIUUCICHUS (pUTHECA TSI OTAEIBHBIX 0COOEH.
B cBs13u ¢ 3THM IPEUIOKEHO pactpe/IeieHHOE PacIliupeHne
(dpeliMBOpKa 3a CYET BKJIFOYCHHUSI BOBMOXKHOCTH pacueTa
MOMYJISIIIMKE 0co0eH Ha HAOOpe BBIYUCIUTEIBHBIX Y3JI0B
(puc. 3).

[IpuHnun paboTsl pacupeseJeHHON BEPCHUH UMEET
HECKOJIBKO 3HaYMMBIX OTIMYMN OT 0a30BOTO BapHaHTAa.
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B nanHoM ciyuae pacueTsl IPOU3BOAATCS Ha Habope
BBIUMCIIMTEIbHBIX y3JI0B, II€ OJUH U3 HUX BEAYIIHH, a
OCTaJIbHbIC — pacyeTHBIE.

[ToarorosneHHbIe JaHHBIC HA TIEPBOM I1are 00pabOTKH
(IToproToBka u mpemoOpadoTKa KOpIyca JaHHBIX) COXpa-
HSIOTCS B XpaHmwiie (Storage), TOCTYITHOM Ha BCeX y3Jax
BBIYMCIIMTEIBHOTO KIACTepa JUIsl MTOCIIETYFOLIEro HCIIOb-
30BaHUs IIPH pacueTax MeTpUKH KadecTsa. Ha sTane nouc-
Ka THIIepIIapaMeTPOB TEKyIIast OIS BOJIFOLIOHHOTO
QITOPUTMa PACCHUIAETCS] HA BBIYUCIUTEIBHBIC Y3IIbI JUIS
nozicyeTa (pUTHECA C IOMOIIIBIO TOCTPOCHUSI TEMATHUECKHUX
MozesIell COIIacCHO CTpaTeruy U TUNeprapaMeTpaM Kaxo-
TO M3 MH/IWBUJIOB. Pe3ynbTaThl OLIEHKH METPUKH KauyecTBa
3aTeM MepefatoTcs 00paTHO Ha Bemyuii y3en. OOydeHHble
MOJIENHN, UX METPUKH U JIOTW MOTYT COXPaHSATHCS JUIsl BCEX
WH/IMBUJIOB WJIM BHIOOPOYHO B XPAHWIHIIE PE3yJIbTaTOB
(MLFlow u Storage).

Ecim ucnons3yercs Moxudukarms Metosa ¢ cypporar-
HBIMH MOJICJISIMH, TIPOTHO3MPOBAHHE METPUKH KauecTBa
U1 GUTHECA TIPOU3BOIUTCS JIOKATBHO, 0€3 TIePeChIIKN Ha
yaJICHHBIE Y3IIbl, TaK KaK JaHHAs IIPOLIELypa HEe 3aHMMaeT
MHOTO BPEMEHH H3-3a MPOCTOTHI CyppOTaTHBIX MOJIENICH.
OnHako B OyjyleM Takod MOpsiIoK padoThl MOXKET ObITH
M3MEHEH, €CJIU B 9TOM MOSIBUTCSI HEOOXOMMOCTh BBUJLY PO-
CTa BBIYHUCIINTEIBHON CIOKHOCTH CYPPOTraTHBIX MOZETICH.

OCHOBHBIE KOMITOHEHTBI pacIpe/ieieHHOro hpeimMBop-
Ka (puc. 4): autotmlib-distr — nHTErparoHHast MpocIoliKa,
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[laru npeno6paboTKu M KOH(GUIYPHPOBAHHS BBIITOIHSIIOTCS HA BEIYIIEM Yy3i€, BRIYUCIeHHE (PUTHECAa — HA PACUETHBIX y3J1ax

Fig. 3. Workflow of the distributed framework version. The preprocessing and configuration steps are performed on the master node;
the fitness calculation is performed on the calculation nodes
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Fig. 4. Scheme of the framework architecture

coJieprkaiasi OCHOBHOH koj (hpeiiMBOpKa M mpelcTaB-
JISTIOINAST BCIIOMOTaTeNIbHBIN MaTrepua peropTHHra U Co-
xpaHeHus gaHHbIX; Celery — Opokep 3a1a4 Ha 00y4eHUH
9K3EMILISIPOB TEMaTHYeCKUX Mojelielt s nogbopa ru-
nepnapamerpoB; Queue Storage — XpaHWINILIE oYepern
3aj1a4 Ha OcHOBe 0a3bl maHHbIX Redis must Opokepa Celery;
MLFlow — cucTema peructpaiuy pe3yibraTtoB pacyeToB
1 NPOLIECCOB ONTUMHU3ALIUH THIIepIIapaMeTpoB; Storage —
JIOJITOBPEMEHHOE XPAaHMJIHIIE JUTs IPOMEXKYTOYHBIX U KO-
HEYHBIX TEMaTHYECKUX MOJeJeil; MeHEeIKep pecypcoB
Kubernetes, o6ecrieunBaromuii BEIACICHAE PECYPCOB IS
obpadorunkoB (CeleryWorker) 6pokepa Celery; monyib
manugectoB Deploy manifests, oTBedaroiuii 3a pa3BepThi-
BaHHE ¥ KOH(OUTYPHUPOBAHHE BCEX OCTAJIbHBIX KOMITOHEH-
TOB ()peiiMBOpKa B KJIACTEPHBIX CpeJiax Mo YIPaBICHHEM
Kubernetes.

Bxitrouenue B apxutekTypy ppeiiMBopKa KOMIOHEHTOB
Storage 1 MLFlow no3Bonmiio yno6Ho u 3¢h(heKTHBHOTO
MIPOBECTH PErUCTPALUIO PE3YJIBTATOB BBIYUCICHUH (QUT-
Heca: OCTPOCHHBIE MOJIENH; TTOJy4YeHHBIC HAaOOPHhI TeMa-

THK; UCIIOJIb30BaHHBIN JUIsl TIOCTPOCHHS HAOOp ruIeprapa-
METPOB U CTPATETHIO UX MPUMEHEHHS (KaK XpOMOCOMY);
METPHUKH KauecTBa; UTOrOBOE 3HaUYeHUE (GUTHECA; JIOTH
o0yueHHs TEeMaTHYECKOH MOJIENH, U JIPYTYIO CIIy)KEOHYIO
nHpopMaIHIo.

Takum oOpa3om, pazpaboTaHHEIH (HpeHMBOPK comep-
JKUT BCE HEOOXOANMBIE KOMIIOHEHTBI JUISl IPOBEACHUS OII-
TUMHU3AIUH THIIEPIapaMeTPOB TEMAaTHUECKUX MOJEIIEH,
BKITIOUas peno0paboTKy aaHHBIX. [Ipemmoxen pacipene-
JICHHBIN BapuaHT OMOIMOTEKM JUI MPOBEICHUS SKCIIEPH-
MEHTAJIbHBIX HCCIIET0BAHMMN.

Hccnenoanne 3¢ dpexrnBHOCTH PpeiiMBOpPKa

J1J1s1 cpaBHEHWUsI C CYIIECTBYIOIIMMHU PEIICHUSIMU OTIPe-
JIEJTUM OCHOBHOW KPUTEPHUH, O KOTOPOMY BBITIOJTHUM
cpaBHeHHE (PpEeHMBOPKOB U OMOINOTEK — IOCTIIKEHUE
BBICOKOTO Ka4eCTBa 33 OTPAaHUUCHHOE BPEMs OTITHMH3AI[HH.

JInst SKCTIepuMeHTOB BhIOEpEeM TpH HaOOpa MaHHBIX
C pa3IMYHBIMKM XapaKTepHCTHKaMHU: aaraceT Lentaru, ¢
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HOBOCTHBIMH TNOCTaMH, coOpaHHbIMHK 3a 20 sieT; Amazon
e/la — OT3bIBBI O MPOJYKIUH, PeaIM30BaHHbIe AMazon u
20 newsgroups — kjlaccuueckuil naracer ¢ 20 kareropu-
SIMH TIOCTOB Ha Pa3HbIe TEMbI. Y KaXKJIOTO M3 J]aTaceToB
otrobpasn comrnt B 10 000 1oKyMeHTOB.

CpaBHEHHE MPOU3BEICHO ¢ OMOIMOTEeKaMu genism
(mactpoiika anroputma LDA), Octis (onTuMu3amnus Tu-
nmeprnapamMeTpoB KOHTEKCTYalIW3UPOBAHHON MOIEIH
(Contextualized TM), a UMEHHO, UCIIOJIB30BAINCH BECa
npenobyuennoit mogenn RoBERTa nis pycckoro u an-
IJIMHCKOTO s13bIKOB) 1 topicNet (Kcronb30Bajcs mpejyiara-
eMblIit 0a30BbIi naiiriaiin). s cpaBHeHUs BRIOpaHa 6a30-
Basi BepcHsi ppeliMBOpKaA C UCTIOIB30BAHUEM CYypPpPOTraTHOTO
MozenupoBanus GuTHeca.

KorepentHocTs (Coh) [21] 1 HOpManu30BaHHAS Mepa
riorapHoi B3auMHoI napopmarmu (NPMI) [22] Beruncite-
HBI 111 20 Hanbolee BEepOSTHBIX TOKEHOB B KOKIIOU TEMe.
s pacyera KadecTBa MONTYYEHHBIX MOJACIEH HCIIOTb-
30BaHBI OIICHKH Ka9eCTBa TEM, MMEIONIUX MOKA3aHHYIO
KOPPENSAIHIO C YeTIOBEUYSCKUM BOCIIPHATHEM (KOTEPeHT-
HOoCcTh 1 NPMI). BeraucieHo kadecTBO KiacCH(PpUKAIIII
IIPY MCHOJIb30BAHUY MOJTYYEHHBIX MMPECTABICHUI JOKY-

MEHTOB (J11s 1araceta Amazon METKH KJIaCCOB OTCYTCTBY-
0T, IO3TOMY Ka4eCTBO KJIACCH(DHKAIIMU HE 3aMEPSIIOCh).
JIyIst OIIEHKU MCTIONBb30BaH METOJ k-ONMmKaiimmx cocenaei
¢ 5 cocemsIMH U paccuuTaHa cpeHss B3BenieHHas f1-mepa
Ha 5 donmax (Cls (f1)).

W3 Tabnuibl BUAHO, YTO pa3pabdOoTaHHBIN (HpeiiMBOpPK
TIOKA3aJ1 JIqIINe PE3yNbTaThl 1aKe MPU OTPaHNYEHUH Bpe-
MeHH onrtuMm3anuu. [lpu sTom HabmromaeTcst coomoneHne
Gamanca MeXly Ka9eCTBOM TeM H 3(h(heKTUBHOCTHIO TPHU-
MEHEHHsI SMOCIIMHTOB ISl TPUKJIAIHOM 3a/1auu KIIacCH-
¢ukanuu. Ormerum, yro anroputmbl TopicNet n Gensim
3a BBIJICJICHHOE B 3 MUH BpeMsl CXOAATCS K CTaOUIBHOMY
pElIeHUI0, B TO BPEMs KaK MPEIOKECHHBIH (GpeliMBOPK
eIe MOXET MOBBICUTH KauecTBO 10 10 % mnpu oOydeHun
Ha OOJIbIIEM KOJIMYECTBE UTEPaLUil.

Ha puc. 5 npezacTasnen npuMep BU3yalH3aIiy € TTOMO-
meio MeTona t-SNE (cToxacTudeckoe BIOKEHHE coceeit
C t-pacmupeseeHNeM) OTyYaeMbIX TEMATHIECKUX Kia-
CTepoB Mpu o0y4deHHH Ha 25 TeMax, Tie 0TOOpaKeHO WX
COOTBETCTBHE C METKaMH KJIACCOB JIaTaceTa. 3aMETHO, UTO
CYIIECTBYIOT KaK TeMaTHIeCKH 000COOJICHHBIEC KIACTEPHI,
TaK v OJIM3KHE JIPYT K JPYTY TEMBbI.

Ta6auya. TomydyeHHoe pa3HbIMU (QpeiiMBOPKaMH Ka4eCTBO MPH CPETHEM BPEMEHHU ONTHMHU3ALNH 3 MUH.
PesynbTarhl pencraBieHsl B 0e3pa3MepHbIX eIUHAIIAX

Table. Quality obtained by different frameworks with average optimization time (3 minutes). The results are presented
in dimensionless units

Jaracer
DpeltMBOpK 20 newsgroups (10 Tem) Lentaru (50 Tem) Amazon ena (25 tem)
Coh NPMI Cls (f1) Coh NPMI Cls (f1) Coh NPMI
TopicNet -2,50 0,03 0,05 -4,93 0,02 0,39 -2,34 -0,10
Gensim (LDA) -3,20 0,01 0,36 —6,66 0,05 0,48 -0,21 -0,09
Octis (Contextualized TM) -2,65 0,05 0,32 —4,56 0,06 0,47 -1,23 —0,23
PaspaboranHnslii ppeiiMBOpK -2,30 0,01 0,37 -3,77 0,05 0,49 —4,95 -0,09
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Fig. 5. Embeddings clustering for 20 newsgroups dataset with t-SNE
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M.A. XopopueHko, H.A. Bytakos, [.A. HacoHoB, M.}0. ®upynuk

3akJjoueHnne

[pemioxxeHHbIi GpeiiMBOpK aBTOMAaTHUECKOTO 110100pa
TUIEpIapaMeTpoB AJIs MOAEIe! ¢ aJAUTUBHON Perynspu-
3a1uel O3B0 NOITYyYUTh BBICOKOKAUECTBEHHbIE MOJIENN
3a MaJIO€ KOJIMYECTBO BPEMEHHU, UTO IIPOJAEMOHCTPUPOBAHO
pe3yabTaTaMU CPAaBHEHHsSI C aHAJIOTMYHBIMU PEILICHHUSIMH.
bnaromapst 3TUM 0COOEHHOCTSIM OH OYEHB yHOOCH IS
pelIeHus 3a4a4d pa3BeOYHOro aHalln3a, YJKOHOMUT BpeMs
CIELMAIUCTOB U MO3BOJISET IPOBOANUTH DKCIIEPUMEHTAIIb-
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HBIE HCCIIC0BaHMS B PEXKUME paclpe/IeieHHONH 00padoTKH.
[Tonyuennble SMOEIMHIY TEKCTOB MOKHO MCIOJIB30BATh
JUIsl PEILICHNS] pa3HOOOPa3HbIX MPHUKIIAIHBIX 3a/1a4.

B nmanpueiimeM ruranupyercs pacmnpenue Gppeim-
BOpKa C MOMOIIBIO BKJIIOYEHHS B HETO MOJIEPKKHU pado-
TBI C PA3JIMYHBIMA MOJAJIBHOCTSIMU U Pa3pabOTKN CXEMBbI
00pabOTKM JaHHBIX C YaCTHYHON Pa3METKOH BO BpeMs
oOyuerns mozpenu. Takke BO3MOXKHO YCKOpPEHHE padoThI
(peiimMBopKa 3a cyeT nmapayieau3aly Ha mare npenoopa-
OOTKM JTaHHBIX.
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AHHOTANMSA

Ipeamer uccaenoBanus. Vsmensiomascs cpeaa GOpMHUPYET yCIOBUS Ui U3MEHEHHS TOBEIACHHUS JIIOAEH, Y4TO
B COBOKYITHOCTH MOXXET IPUBOJUTH K KPU3HCHBIM CHUTyalMsiM. B ciydyae NMpuHSITHS SKOHOMHYECKHX pPEIICHUI
BO3HUKAIOU[Ass HECTALlMOHAPHOCTh AMHAMHMKM Pa3HBIX KOMIIOHEHTOB CHCTEMBl MOXET MPEACTaBIATh cOOOH
SKOHOMHUECKHH Kpu3uc. HMccaeqoBaHa BO3MOXKHOCT ydeTa 00IIeueNoBedeCKUX [[EHHOCTEH Mpu MOJEeTHPOBaHUU
MIPUHSATHS PEHICHUH B yCIOBHUIX M3MEHEHUs Cpenbl. BHyTpeHHHEe mpoIeccsl areHTa, MpeAnIeCTBYIONIe PUHATHIO
pemeHust, OTpaKeHbI B KOHUEMIHNH «yOeXICHHUI-KeIaHusI-HaMepeHus-aeiicTeus-peakus» (Beliefs-Desires-
Intentions-Actions-Reactions, BDIAR). Metoa. Beimonaen 0030p 3aKOHOMEPHOCTEH U CYIIECTBYIOMIUX TTOIXOI0B K
MOJICITIPOBAHHIO SKOHOMHYECKHX PEIICHUH U IPEUT0KEH HOBBIH, aBTOPCKUIT TOX0/. BBISBIICHEI MeXaHU3MBI BIHSTHUS
cTpecca Ha PUHATHE PelIeHNH, (JaKTOpBI OrPAaHUYCHNSI PAIIIOHAIBHOCTH U OLIEHKH PUCKOB B KOHTEKCTE MOBEICHIECKOM
9KOHOMHKH. PaccMOTpeHbI M3BECTHBIE TEOPUH BIUSHUS LIEHHOCTEH Ha H3MEHEHHUE CTPYKTYPBI HOTPEOIeHHs B KPU3HCHOM
cutyaruu. [Toka3aHbl ciocoObl yueTa SMOLMI B apXUTEKType areHTa. B npeiaraeMoil Moaenu eHHOCTH PacCMOTPEHBI
KaK COIMANbHBIN (paKTOp MPUHATHS pelleHuid. B cuiy ux cyObeKTUBHOCTH OHH MPECTaBIEHbl MATEMAaTHUECKH KaK
0azuc oteHKN 00beKTOB cpefibl. CyObeKTHBHOCTD OIIEHOK 0OBEKTOB BEIOOpA OTpakeHa B (DYHKIUSAX MPUBIIEKATEIBHOCTH
00BEKTOB, (PyHKIHUSIX JMHAMHIKI COCTOSIHHS areHTa 1 CyObEKTUBHOCTH BIIHSTHHS PEIIEHNS Ha yIOBIETBOPEHHOCTD areHTa.
OcHoBHBIE pe3yJbTaThl. [loka3zana Bo3MoxkHass MOIM(UKAIINS KOMIIOHEHT MOJIENN areHTa C y9eTOM BIUSHHS [IEHHOCTEH
Ha JUHAMHKY rnorpebienns. [Ipemioxkxen Metox yuera neHnocteil B apxurekrype BDIAR npu moxenupoBanun
MIPUHSATHS PEIICHHs areHTOM, IIe YPOBHH apXHUTEKTYypPhl COOTBETCTBYIOT IIEHHOCTSIM, (QYHKIMSIM MPEIIIOUTSHUS U
JIMHAMUKE COCTOSIHUS areHTa. [IpoaHann3upoBaHbl ICEBIOHNMHU3NPOBAHHBIC TPAH3AKIIMOHHBIE JAHHBIE 110 1e0STOBBIM
KapTam KineHToB Oanka-naptHepa «Cankr-IletepOypr» otaensHo 3a 2017-2019 rr. u 2020 r. [IpopemoHcTpHpOBaHa
CyOBEKTHBHOCTD BIMAHUS CPebl B KPU3UCHOHN CHUTyallMu Ha JUHAMUKY M3MEHEHUS LIEHHOCTeH u moTpeOHOCTEl
JUISL Pa3HBIX TPYII MOTPEOUTENel ¢ yueToM KIacTepH3aluy TUIOB UX moBeAeHus. [lokazaHbl pa3audus JTUHAMHUKA
LEHHOCTEeH Ha WHIMBHUIYaJbHOM YPOBHE UM YPOBHE I'DYII; HOATBEP)KICHO MOBBIIICHNE MPHOPHUTETA EHHOCTEH
BEDKHBAHMS W TIPOJICMOHCTPUPOBAHA pa3Has CKOPOCTH BO3BPAIICHHUS K JOKPU3UCHOMY COCTOSTHHIO JUISI PA3IIHUHBIX
nosesieHdyeckux rpynm. [IpakTudeckast 3 HAYMMOCTB. [loTydeHHBIE pe3ybTaThl MOTYT OBITh TTOJIE3HBI JJISI PAa3BUTHS
METOJIOB MOJIEJINPOBAHUS IKOHOMUYECKOI'O MOBEICHHS B YCIOBUSAX HECTALIMOHAPHOU BHEIIHEH cpebl, B YaCTHOCTH,
B ClIy4ae KPU3UCOB.
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Abstract

The changing environment creates the conditions for changing people’s behavior which together can lead to crisis
situations. In the case of making economic decisions, the emerging non-stationarity of the dynamics of different
components of the system can represent an economic crisis. The possibility of universal human values consideration
in modeling decision-making under conditions of changing environment has been studied. The internal processes of an
agent prior to making a decision are reflected in the concept of Beliefs-Desires-Intentions-Actions-Reactions (BDIAR).
The article reviews the regularities and existing approaches to modeling economic decisions, and proposes a new,
author’s approach. The mechanisms of influence of stress on decision-making, factors of rationality limitation, and risk
assessment in the context of behavioral economics are revealed. The well-known theories of the influence of values on
the change in the structure of consumption in a crisis situation are considered. Ways of taking into account emotions
in the architecture of the agent are shown. In the proposed model, values are considered as a social factor in decision
making. Due to their subjectivity, they are presented mathematically as the basis for assessing environmental objects.
The subjectivity of the objects of choice assessments is reflected in the functions of attractiveness of the objects, the
functions of the agent’s state dynamics, and in the subjectivity of the decision influence on the satisfaction of the agent.
A possible modification of the components of the agent model is shown, taking into account the influence of values on
the dynamics of consumption. A method is proposed for taking into account values in the BDIAR architecture when
modeling an agent’s decision-making where the levels of the architecture correspond to values, preference functions,
and functions of the agent’s state dynamics. The pseudonymized transactional data on debit cards of the partner bank
customers were analyzed separately for 2017-2019 and 2020. The subjectivity of the environment influence in a crisis
situation on the dynamics of changes in values and needs for different consumer groups is demonstrated, taking into
account the clustering of their behavior types. Differences in the dynamics of values at the individual level and the level
of groups are shown; an increase in the priority of survival values and a different rate of return to the pre-crisis state
for different behavioral groups are also shown. The results obtained are useful for developing methods for modeling
economic behavior in a non-stationary external environment, in particular, in the case of crises.

Keywords
decision making model, crisis, values, needs, non-stationarity, behavioral economics, BDIAR
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BBenenue

W3menenus cpebl GOpMHUPYIOT YCIOBUS JUIS U3MEHE-
HUS [IOBEJICHMS JIOEH, YTO B COBOKYIIHOCTH MOXKET IIPUBO-
JUTb K KPU3UCHBIM CUTyalUsIM. B cilydyae 3KOHOMUYECKUX
pelleHni BO3HUKAIONas HECTAlMOHAPHOCTh JUHAMUKU
Pa3HBIX KOMIIOHEHT CUCTEMBbl MOXKET HaOJIIOIaThCs Kak
SKOHOMMYECKHH KpHU3UC. DKOHOMHUYECKHE KPU3UCHI OKa-
3BIBAIOT O'POMHOE BJIMSTHHE Ha MHOTHE IPOIECCHl B 00-
IIEeCTBE, €0 OIaroCOCTOSIHUE U Pa3BUTHE, YTO 3aCTABIISIET
HE TOJIKO 9KOHOMHCTOB, TIOJIMTHKOB M HAYYHBIX PaOOTHHU-

KOB, HO M JIIOJIEH MHOTHX JPYTuX Ipodeccuii uccienoBarhb
BO3MOXKHOCTH YNPEXKJICHUS, TPEKPAICHHUS U yIPaBICHUS
KPU3HUCHBIMH CUTyalusiMu [ 1, 2], B KOTOpbIE OKa3bIBAIOTCS
BTSIHYTBIMHU OTJICJIBHBIC JIIOH, JIOMOXO03sHCTBa, (DUPMBI,
6ankM u rocygapcTBa. OHa U3 TakuxX MpodieM — Ipe-
o0pa3oBaHKE CHCTEM IOTPEOICHUS U MMPOU3BOJCTBA JUIS
obecriedeHns ycroitunBoro pa3sutus [3]. Pemenus, npu-
HUMaeMbIe JTIOOBIM N3 yYaCTHUKOB PBIHKA, MOTYT OBITH
SMOLMOHAIBHBIMHU, HE OTPAKAIOLINMHU PEAIbHON CUTya-
IIUH, WK paluoHanbHeIMU. [Ipn 3TOM Kaxjoe pemeHue
BJIMSCT Ha YKOHOMHYECKYIO CUTYaIlHIO Ha APYTUX MacIITa-
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0ax: mabJOHBI TOTPEONICHUS IJIs1 OT/ICIIBHBIX Mara3uHOB
U MUKPOYPOBHEBBIE TIOBE/ICHYECKHE MOJIEIH BIHUSIOT HA
PBIHOK ¥ MAKPOSKOHOMHYECKHE TIEPEMEHHBIC.

[IporHo3upoBanne Ha OCHOBE CTATUCTHYECKHX MOjie-
Jel MOXKeT 00ecIieunBaTh Ha/IS)KHBIE PE3YJIbTaThl IPU He-
3HAUUTEJIFHOM YHCIIC TapaMeTPOB — OHU He TpeOyIoT Mo-
HUMaHHS MOACIHPYEMBIX ITPOIIECCOB HA Pa3HBIX YPOBHAX
1 CIIOCOOHBI BOCIIPOU3BOANTH OXKUIAEMYIO TUHAMUKY TIPH
HaJIU9IUH PENpe3eHTATUBHON BRIOOPKH HaOmopeHuid. Tem
HE MEHEE, pa3BUTHE KPUTUUECKUX CUTyallUil XapaKTepu-
3yeTCsl CMEHOM CTallMOHAPHOCTH HAOJIIOACHHI, YTO HE TI0-
3BOJISIET UCIIOJIB30BATH JUIsl IPOTHO3a MOJIEIH, paHee MOJTy-
YEHHBIE 110 JIAHHBIM. B CHITy OTKPBITOCTH 9KOHOMHYECKHX
CHCTEM U CBOEOOPA3HOCTH OTAEIBbHBIX KPU3HCOB, BO3MOK-
HOCTH JIJIsl MHO’KECTBEHHOTO aHaJIN3a ¥ pa3padOTKH METO-
JIOB UX TIPEAYTpexIeHns orpanndeHsl [3—5]. Takum obpa-
30M, IMEHHO IIOHIMaHHE OCHOBOIIOJIAralOIINX MPOLECCOB
9KOHOMHUYECKOTO MOBEACHUS SABISCTCS KIFOUYEBBIM IS
OLICHKH TIPUYMH UTOTOBBIX HAOMFOACHNH, IPOrHO3UPOBAHMS
BO3MOJKHBIX ITOCIIEJICTBHI, a TAKKe N30€KaHMs KPU3HCOB.

OtcyTcTBHE CTAIMOHAPHOCTHU B IAHHBIX CBOMCTBEHHO
HE TOJIBKO KpU3HCaM, HO U PAa3BUBAIOIINUMCS CUTYaAIUAM,
YaCTO BCTPEUAIOIIMMCS B 9KOHOMHKE IPH BOSHUKHOBEHUH
HOBBIX (PMHAHCOBBIX MHCTPYMEHTOB, KOTJ[a HAOIIOIaeT-
Csl IMHAMMKA WX TPUHITUS WHIUBUJIAMH M YUCICHHOCTh
areHTOB C OJIHMM IOBEJICHUEM CMEHSIETCS areHTaMH C HO-
BBIM THIIOM TTOBeICHUs. Hanpumep, qMHaMHUKA TPUHITUS
KapT OE3HAINYHOTO pacyeTa WM KapT JIOSIBHOCTH ceTei
PO3HUYHOM TOPTOBIIH CBSI3aHA C COLUAIBHO-IEeMOrpadu-
YEeCKUMH XapaKTepUCTHKAMHU 1oTpedureneit [6], a mocre-
MIEHHOCTh W HEOJHOBPEMEHHOCTh CMEHBI MX MOBEICHUS
OTpa’kaeTcsl Ha HEMOJIHOTE TPAH3aKIMOHHBIX JaHHBIX U
BO3HUKHOBEHHH CTETICHHBIX 3aKOHOB, YaCTO BCTPEUAEMBbIX
B DKOHOMHYECKHUX cuctemax [7]. [ToBenenyeckas craiuo-
HApHOCTb O0OBIYHO OOBSICHIETCS CYIIECTBOBAaHUEM (DUKCH-
POBaHHBIX OrPaHUYEHUH, CYLIECTBYOLIUX JOCTATOUYHOE
BpeMsI JUTS afanTalyy K HUIM HHIUBHIOB M BOSHMKHOBEHUS
HEKOTOPOH HOpPMBI 1oBeieHus. HoBbIe TexHOIOrHHU orpe-
JICTISIFOT HOBBIE BAPHAHTHI IIOBEICHUS, PACILIMPSISI TPAHUILIBI
HOPMBI, YTO TIPUBOANT K KOMOMHUPOBAHHOMY pacrpezee-
HUIO BAPUAHTOB NOBeeHus. TakuM o0pa3om, HaOmoneHusl,
CBSI3aHHBIE C BOSHNKHOBEHHEM HOBBIX TEXHOJIOTHH, TAKKe
HECTAlMOHAPHBI, YTO BJICYET HETOIHOTY COOTBETCTBYIO-
IUX JAHHBIX U YCIOXKHAET 337ady MOCTPOSHHS IIPOTHO-
CTHYECKUX MOJEJEH, YTO IPUBOAUT K HEOOXOJUMOCTH
PEKOHCTPYKIIMU JaHHBIX HA OCHOBAHUU HEeOOJBIINX Ha-
0J1r0/1aeMBIX KOMITOHEHT [8] 1 He00X0AUMOCTH pa3paboTKH
MOﬂeHeﬁ, O6’I)ﬂCHH}OH_lI/IX MEXaHU3Mbl H3MCHCHUS TUHAMMU-
KH B YCIIOBUSIX HECTAIIMOHAPHOM CPEIbI.

O0paboTKa K3EMIUIIPOB AAHHBIX KaK WHAWBUIYaIIb-
HBIX PEIICHUH MMO3BOJIAET OOBSICHUTH NPUYNHBI IPUHU-
MaeMoro peueHHs Ha YPOBHE OT/JEIbHBIX WHAMBHIOB U
M3BJIEYb MTApaMETPhl OBEACHUS U1 PAcCMaTPHUBAEMOTO
YEeJIOBEKa, YTO TO3BOJIIET OoJiee THOKO MCITONB30BaTh J0-
CTYTIHBIC TAHHBIE, OTHAKO TPeOyeT OOBsICHEHHS CyOBEKTHB-
HOCTH PEIICHNH U Pa3IN4Iui X IIEHHOCTH JUISl Pa3IIMYHBIX
Jrofielt. 3aBUCHMOCTD PEIICHHS OT CyOBEKTa, €r0 TeKYyIIeTO
COCTOSIHUSI B KOHTEKCTE M3MEHSIONICHCS cpe/ibl U HaOIIto-
JaeMoil MH(pOpMAaLUU O Hel 00eCIeUnBaeT mepexo OT
¢byHkmu nojesHoctu [8, 9], onpenenstomnieii 00bEKTHB-

HYIO MOJIC3HOCTh PCIICHUS, K CYObEKTHUBHOW TPUBIICKA-
tenbpHOCTH [10] KaXKI0T0 perieHus Kak QyHKIUU 00BbEKTa,
cyOBbekTa (akTopa) U OKPYKCHUS, YTO 03HAYACT BIIUSHUC
BHYTPEHHUX CBOMCTB MHIMBHUJA, TAKUX KaK SMOIMU U
COLMAJIbHbIE LIEHHOCTH, KOTOPbIE HAXOIAT OTPAKEHUE B
UJEsIX MOBEIEHYECKOW YKOHOMUKH.

B pamkax paboTsI paccMOTpEHBI OCHOBHBIE TEOPHH, 3a-
TparuBaroIne 0COOCHHOCTH MPUHATHS PEIIeHUH B KPU3UC-
HBIX CUTYyallUsiX, HA OCHOBE KOTOPBIX CTPOUTCS apXUTEKTY-
pa MOJIEIM areHTa MPUHATHS SKOHOMHUYECKUX PEIICHHH C
y4eTOM LIEHHOCTEH 1 moTpebHocTel arenta. [IpoBeneHHbII
aHaJIN3 TPAH3aKIMOHHBIX JAHHBIX JIEMOHCTPUPYET CMEHY
MIPUOPUTETOB TNIATEKHOTO MIOBE/ICHNUS B PE3YNIBTATE Pa3BU-
TUSI KPU3UCHOM CUTYallUH, a KjIacCU(UKAIHS TIATEeKHBIX
KaTeropui 1o rpyImmnam LEeHHOCTEH BbIKUBAHMSI, COLIUAIH-
3allM¥ U CaMOPA3BUTHSI JEMOHCTPHUPYET BO3PACTAIONILYIO
POJIb HEHHOCTEN BBIKUBAHUS.

Ctpecc ¥ KPpU3HC KaK YACTHBII cayydaii
HECTAIMOHAPHOCTH Cpe/ibl — OrpaHUYeHUS
NIPU NPUHSATHH PelIeHuii

M3MeHneHus cpesipl, 1eMOHCTPUPYIOLIIE HECTALUOHAP-
HOCTH CTaTUCTUYECKHUX CBOMCTB, IPUBO/IAT K AKTHBU3ALINH
a/IaNTallMOHHBIX ITPOLIECCOB CO CTOPOHBI ar€HTOB, B3aNMO-
JEUCTBYIONINX CO cpeno. IIpu 3ToM B KOHTEKCTE TPHHS-
THSI pelIeHUH (POPMUPYIOTCS OTpPaHUYCHHS BO3MOXKHOTO
BEIOOpA, YTO CO3MAET CTPECCOBYIO/KPHU3NCHYIO CUTYAIIHIO.
[Touck moneneit NpUHATHA SKOHOMUYECKUX PEIICHUN B
KPH3HC PaCKpPBIBAET OOJIBILIOE YHCIIO PE3YJIBTATOB HAOIIO-
JICHUH 32 U3MEHEHHEM MOBEICHUS B CTPECCOBBIX CUTYa-
nusx. Cpeau HUX HAOMIONEHNUS 32 TUHAMUKON BO BpEeMsI U
nocne snuaemuit [11, 12]. [Ipu manupoBaHuu pacxonos
HaOJIIo1aeTCsl yIPOIIEHHE )KU3HH, CHHKEHHE TpaT B Kare-
TOPHSIX POCKOIIY U MOBBIIIEHUE PACXOA0B B KaTErOPHsIX
enbl, oOpa3oBanus u 31paBooxpanenus [11]. ITpu aTom
o0Imast TMHAMHUKa MPOJaK B CETAX PO3HUYHON TOPTOBIH
MIPETEPIIEBACT CMaj C MOCIEAYIOINM HOABEMOM TIPH CO-
KpameHnn maHuku. Cpeaut pakTopoB MaHMYECKOTO TIOBE-
JICHHUS OTMEYAETCs] 3HAYNMOCTh COIIMaIbHOTO KOHTEKCTA
[13] u HOBOCTEI [12]. UHAMBHIyaTbHAS aJalTUBHOCTD H
3((HEeKTUBHOCTD B YCIIOBHSX CTPECCa CBSI3bIBACTCS COOTBET-
CTBEHHO C BPEMEHEM U BOCIIPUAMYHBOCTBIO [ 14]. Munmaz
n Kaganap (2022) ucnosip3yoT HeHpOPHU3HOIOTHUECKUE
METOJIbI JUIsl MCCIIEJOBAHUsSI BIUSHUSI CTpecca Ha MPOLEece
NPUHSTHSL PELICHNH, a TaKXKe MPEANPHUHUMAIOT MOIBITKY
CBSI3aTh ATO € TUNOJNOTrUEeH TmuHoCTH [ 15]. B X0one sxcnepu-
MEHTa CO3/]aHa CTPECCOBAs CUTYaLHsl, COMaTHUECKHUI OTBET
OpraHu3Ma Ha KOTOPYIO U3MEpsIeTCs] Ha TIOBEPXHOCTH KOXKH
C ITOMOIIIBIO CHIENANIBHBIX TECTOB, ITPU 3TOM OL[CHUBACTCS
BIIMSTHHE CTpEcCca Ha MPUHATHE PENICHUH. DKCIIEPUMEHT B
CUMYJISITOPE yNPABICHUS MOJETAMH MOKA3all, YTO HABBIK
MPUHATHS PELICHUH B YCIOBUSX CTPEcca KOPPEIUpoBal
CO CTpPaxoM MPUHATHA OMHUO0YHBIX pemieHuil [16]. Ilpu
3TOM TPEHHPOBKHU CIIOCOOCTBOBAJIN BhIPAOOTKE HABBIKA
MPUHATHS PEUICHUS B YCIOBUSIX CTpecca M CHIXKEHHIO
cTpaxa nepeJi OIuOKaMH.

HccnenoBanusi OCHOBaHbI Ha aHAJIN3E JAHHBIX HAOITIO-
JICHUH ¥ ONPOCOB U OTpaHUYEHBI HHPOPMAIMOHHBIMHU
MOJIEIISIMH.
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IloBeneHueckasi IKOHOMHUKA

DKOHOMHUYECKOE TTOBEICHIE — HAOOp pemIeHui, CBs-
3aHHBIX C NEPCOHATBHBIMU (DUHAHCOBBIMHU MOTOKAMHU H
pacmpesienieHneM 9KOHOMUIECKHX PECYpCOB C IENbI0 U3-
BJICUEHUS BBITOABI U3 (prHaHCOBOTO 0OOpoTa. Hambonee
JIOCTYIIHBIE JAHHbIE JJIsl HAOIIOAEeHHs 32 (PUHAHCOBBIM MO~
BEJICHUEM — JJAHHBIE CETE! Mara3uHOB PO3HUYHON TOPIOB-
JIM, CTAaTHCTHKA IO KapTaM JIOSIIbHOCTH M TPaH3aKIIMOHHBIE
JIaHHBIE, OTPaAKAIOLIME BPEMs, CYMMbI 1 MECTO COBEpIIIe-
HUsE TpaH3akuy. OHM OTPaXKatOT U3MEHEHHUE TIOBEACHHS 1
TIO3BOJISIIOT CTPOUTH TUIIOTE3BI O POJIN IEHHOCTEH.

[IpunsATHE penIeHni B SKOHOMHUKE, KaK U B APYTHUX
00J1acTsAX, UCTIONB3YIOUINX METO/Ibl aréHTHOTO MOJIEIH-
pPOBaHMS, €CTECTBEHHBIM 00pa3oM IPUHUMAET 32 OCHOBY
paliOHANIBHbIE ITPEITOIOKEHHS, OTPayKaoIINe SIBHBIC Ipe-
MMYIIECTBAa U HEAOCTATKH MPHHUMAaeMoro perreHus [17].
Taxum 00pa3oMm, Kax bl BAPUAHT PELICHHSI XapaKTepU3y-
ercst pyHkIpel nonesnoct [8, 9], rue oxugaemas nojp3a
WJIM SKOHOMHUYECKHE MOTEPU M3MEPSIOTCS KOHKPETHBIMHU
JICHEeKHBIMH BEJIMYMHAMHU, @ UTOTOBBIN BBIOOP peIICHUS
UM IPOTIOPIIMOHAJIEH.

[ToBenenueckas skoHoMuUKa [18] cTpouT Teopuu, uc-
XOJISl U3 0TKa3a OT PAIlMOHAIBLHOTO areHTa, B CTPEMIICHUHN
OTPa3HUTh NEPCOHATBHBIEC MPEANOUYTEHHS B OTKa3e OT He-
3HAUUTEJILHOM BBITOJIBI CeYac, Al HOIYyYSHHUS OONBIIETo
B OymymieM. AHaJOTHYHBIE COOOpaKeHUS JIe)KaT B OCHOBE
COIMATIBHBIX [IEHHOCTEH, TaKKe YUNTHIBAEMBIX B PaMKax
MOBEICHYECKON IKOHOMHUKH. DKcriepuMeHT [19], korma
CTYICHTBI OCYIIECTBIISTN BEIOOP — PacHpeAeIuTh JICHb-
'Yl TIOPOBHY B COOTBETCTBHHU C IPHUHIMIIAMU COLIMAIIBHOM
CIPaBEJIMBOCTHU MIIH B3Th ce0e OOJIbIlie B COOTBETCTBUU
¢ (hyHKIMEH TTOJIE3HOCTH, HE TIO/IIAeTCSl MHTEPIPETAUH
palMoOHAIBHBIMI YKOHOMHUYECKUMHU TEOPHSIMU M JI€MOH-
CTPUPYET 3HAUUMOCTH BIMSHHS COIMAJIBHBIX LIEHHOCTEH
Ha MPHUHATHE SKOHOMHUYECKHX penieHnii. OTHeceHue oT-
JISTbHBIMU JTIOZIbMH PECTOPAHOB K KAaTETOPUSAM €/Ibl HIIH
pa3BIICUCHUI OTpaXKaeT KaK [IEHHOCTH, TaK U 0JIarococTo-
STHAE, U XapaKTepPHU3yeT [EHHOCTh OTJCIIbHBIX 00BEKTOB
JUISL YIOBJIETBOPEHHS PA3IMYHBIX KJIACCOB MIOTPEOHOCTEH.
Takum oOpa3om, HYHKITHS TOJIE3HOCTH IS OLIEHKH Te-
KYUIMX MHIWBUYaJIbHBIX MPEANOUYTCHUN TaKKe UMEeT
CyOBEKTHBHBIHN XapakTep.

CyOBbeKTUBHOCTh MEPCOHANBHBIX IIEHHOCTEH MOJ-
TBEPIKJACTCS PSIZIOM UCCICAOBAHUI KOTHUTHBHBIX TICHXO-
JIOTOB U MOBEJIEHYECKMX SKOHOMHCTOB. Teopust IepCreKTuB
[20] uccnenyer cyObEKTHBHOCTD BOCIIPUSITHSI HH(OPMAIN
B YCIIOBHUSIX PHCKa, YTO BIMSET Ha UTOTOBOE PEIICHUE.
[Tpu 3TOM CyOBEKTHBHOCTh COCTOSIA B CKIIOHHOCTH K He-
JIOOLICHKE W TIEPEOLCHUBAHNIO PA3JINYHBIX BEPOSITHOCTEH
aJTbTEPHATHB, a MPEIMETOM HCCIIEIOBAHUS BBICTYHAIH
KOTHUTHBHBIE MEXaHU3MBI OIIEHKH ITOTEHIIMAIBLHOTO BBIN-
rpeimia [21]. B pabdore [22] uccnenoBana Teopusl pacipe-
JIeNIeHHs] BHUMaHMsI BBUY MEXaHU3MOB PacIpe/iesieH s
pecypcoB Mexay OoTAenaMu Mo3ra. BiusiHue orpaHuyeHui
KOTHUTHBHBIX TIPOIIECCOB HA PAllMOHAIBLHOE MIPUHSITHE Pe-
LIEHUH N3y4YeHO B paMKax JMHAMHYECKOW MOJIEJIN areHTa
Ha MaKpO’KOHOMUYECKOM NpUMepe JUHAMUKU LieH [23].
[IpenrmosoxxeHo, 4TO OrpaHUYEHUsT BHUMaHUs CIIOCO0-
CTBYIOT BOBHUKHOBEHHIO Je(UINTA HHPOPMALINH, TTpe-
MISTCTBYIOIIEMY HMPHUHATHIO JEHCTBUTENBHO PallMOHAIb-

HBIX perieHui [24], 4To NPUBOJUT K MOJEISM JTUHAMUKH
noTpeOJICHUS B YCIOBHIX OIPAaHHYCHHI Ha 00paboTKy
nndopmanuu [25].

Takum 00pa3oM, TOBeICHIECCKAst IKOHOMHKA (DOKYCH-
pyeTcs Ha BIUSHUYM KOTHUTUBHBIX, COIMATBHBIX M AMOITH-
OHAJILHBIX (PAKTOPOB HA MPUHITHE SKOHOMUYECKHIX pellre-
HUH, KOTOpBIE, B CBOIO OYepe/ib, BIUAIOT HA TI00ATBHEIC
TIepeMEHHBIE, TAKHE KaK IICHBI M PacIpeieNieHHe PECyPCOB.

IenHocTH Kak counabHbIi (hakTOp
NPUHATUSA PelIeHuit

I{enHOCTH, KYIBTYpa, 3THKA — YACTH COLMAIBHOMN
COCTABJISIIOIICH MTOBEACHMS, HALlEJICHHBIC Ha BBHIPAOOT-
Ky CTpaTeruii COTpyAHNYECTBa B MHTEPECAX MOIYIISINH.
ConuanpHble IEHHOCTH M ONTHMAJbHbBIE CTPATETUHU CO-
IIUATILHOTO TOBEJICHNUSI — PE3YyJIbTaT MHOT'OBEKOBOH 3BO-
Jroruu [26, 27], 9TO NIPUBOAUT K MHOTOYUCICHHBIM BO3-
JIeHCTBUSAM Ha MHAMBUIYyaJIbHOE MTOBEJICHUE, HAYMHAS C
KOIUPOBAHUsI OTACIBHBIX PEIICHUH, 3PPEKTOB nepenadn
3HaHWH CPEIM HACENICHUsI U JIO0 KYJIbTYPHBIX HOPM, OCHO-
BaHHBIX Ha HApPOJHOM MyIpOCTH, Ha S(PPEKTUBHBIX CTpa-
TETHUSIX TIOBEJCHUSI.

L{eHHOCTHBIC MOJIETTN HANpaBIICHBI HA OOBSICHEHUE U
KJIaCCH(HUKAIMIO CHCTEMBI TPUOPUTETOB MHIIUBHU/IOB HIIH
rpynn monei. [Tupamuma morpedHOCTEH [28] oTpakaer
TIPHOPHUTET MOTPEOHOCTEH BEDKUBAHHUA UM 0€30MacHOCTH
mepes 3CTeTUYSCKUMH MOTPEOHOCTAMH, KaK OBl IeMOH-
CTpUpPys UX OONBIIYIO IEHHOCTh U HEBO3MOXKHOCTh pa3-
BUTHUS MOTPEOHOCTEH BBICIIETO YPOBHSI 03 MPUOPUTETHBIX
MoTPeOHOCTEH BBKUBAHHUSL.

B paborte [29], oTpaxkaromieii CTHIN )KHU3HH, BbIJeIe-
HBI KJIacChl BBDKHMBIIUX (SUrVIVOrs), MOJACPKUBAIOIINX
(sustainers), Bianensues (belongers), nmoapasxkaromux
(emulators), ycremnbix (achievers), «51 — sto s» (I-am-
me), SKCTIEpUMEHTAIBHBIX (experiential), coruaabHO CO-
3HaTeNBHBIX (societally conscious) m KOMOHMHHUPOBAHHBIX
(integrated). YactuuHo ¢ mupaMuaoii morpedHOCTEH [28]
CBs3aH TepedueHb nenHocreit [30]: camoyBakeHHUe, Bece-
Ibe, a3apT, 0€3011aCHOCTh, B3AaUMOOTHOIIEHUS, TyBCTBO
JIONITa, CaMOpea3anus, 1yBCTBO IIPUHAJICKHOCTH, yBa-
xaemocts. llkana neanocreit [31], oTpaxaromniast ypoBeHb
KOHCEpBaTH3Ma U HHTPOBEPCUH, KIACCH(DUIMPYET LIEHHO-
CTH YHUBepcalu3ma, OJlaroxeaaTesbHOCTH, KOH(GOpMHO-
CTH, BJIaCTH, O€30MaCHOCTH, JOCTIKCHH, IeIOHU3Ma U
CaMOCTOSTEIBHOCTH MEK/Ty IPYIIIAMU «COXPAHEHHs — OT-
KPBITOCTH U3MECHEHHUSIM» U «CaMOYyTBEP)KJICHUS — 3a00TEHI
0 JIIOZISIX U TIPUPOJIEN.

B cnenmduyHbIX ciydasx MOXKET OBITh Iesiecoodpas-
HBIM PacCMOTpPEHHE TPEIMETHO-OPHECHTHPOBAHHBIX [IE€H-
HOCTEH, KOTOpBIE, BIIPOYEM, HEM30E)KHO CBSA3BIBAIOTCS
¢ o0medenoBeYecCKUMH IIeHHOCTIMHU. Hampumep, B [32]
BBIJIETIEHBI TIPO(DECCHOHAIbHBIE IEHHOCTU: KOMIETEHIINH,
CHPaBE/IIMBOCTh, YBAXKEHNUE, YECTHOCTD, CAMOCTOSTEIb-
HOCTb, OTBETCTBEHHOCTb.

Jlerko BUAETH, UTO BCE I'PYIIBI LICHHOCTEH BBOASAT
HEKOTOPBIH CyOBEKTUBHBIN 0a3uc, MO3BOJSIOUINH Ol1e-
HUTb 3HAYUMOCTD [TOCTYIIKOB U PEIICHUH JUIS OT/IEJILHOTO
yenoseka [33]. Kpome Toro, nepBoouepeHas 1eib JaH-
HBIX UCCJIEJIOBAaHNI — Pa3BUTHE MOBEICHYECCKUX TCOPHH.
CootHeceHnne GaxkToB, COOBITHI M MOCTYNKOB C IIEHHOCT-
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HbIM 0a3UCOM WHJMBUA MO3BOJSET JI€JIaTh MPEANOo-
JKEHUSI 0 MEXaHM3MaX YIOBJIETBOPEHHOCTH U TICUXOJIOTHU-
YeCcKoro OallaHCca B 3aBUCHMOCTH OT PacCMaTPHBACMOTO
KoHTeKcTa [34]. MeToasl u3MepeHus: LIeHHOCTEH M0 1IKa-
naMm [28, 29] ocHOBaHbBI HA COLMAIBHO-TICUXOJIOTUYECKUX
OINPOCHHUKAX, a TAK)KE MOTYT OBITh aBTOMAaTH3UPOBAHBI Ha
YpOBHE aHaJM3a TEKCTOB C IPUMEHEHNEM METOIOB TeMa-
THYECKOTO MOZIETHPOBaHU [35].

HccnenoBannio Bo3aeHCTBUS [IEHHOCTEN Ha COLUANb-
HYIO U KYJBTYPHYIO KU3Hb MOCBSIICH MEXIYHAPOTHBII
MPOEKT, OOBEIMHSIONIUI COLMOIOIOB 10 BCEMY MHPY, —
«BcemupHbiit 0030p nenHoctei» [36]. B ero pamkax
MpoBeJIeHO 7 payHJ0B HcclenoBanuii 97 ctpan mupa,
BrJtouast 90 % coBeplIeHHOJIETHEr0 HaCeNeHUs], HauH-
Hast ¢ 1981 roza, yTBepKJeHa METOAOJIOTHS pa3padOTKH
HalMOHAJIbHBIX CKPUIITOB UHTEPBbIO U QHKET, U CTAaHAAPT
MTOJITOTOBKH JaHHBIX, COTJIACHO KOTOPOMY MUHHMAIbHAs
TpPYTINa COCTABIISCT THICAIY YETOBEK OT KKIOH U3 CTPaH.
Kymerypsr HapomoB Adpuku, JlaTnHCKON AMeprkn, A3n,
MyCyJIbMaHE ¥ MPABOCIABHBIC Pa3MEIICHBI B ABYMEPHOM
MIPOCTPAHCTBE BIOIb OCEH «TPaTUIIMOHHBIX — CEKYJIIp-
HO-pallMOHANBHBIX» LIEHHOCTEHW U IEHHOCTEN «BBIKHBa-
HUST — CaMOBBIpaXeHUsD». J[MHAMUKa U3MEHEHHS KyJIBTYP-
HBIX [IEHHOCTEH CBA3BIBACTCS C POCTOM IK3UCTEHITUAILHOM
0C30MaCHOCTH U OIIYIICHHEM YBEPCHHOCTH B OyayIieM
[37]. Takum 0Opa3om, NPU MOJEIUPOBAHUH HA YPOBHE
OJTHOTO arcHTa Ieiecoo0pa3Ho MPEAIOIOKECHUE O BIIHS-
HUU OKPY’)KaloIIeH cutyanuu: 0€30TIaCHOCTH U 3HAHUH O
OyIaymieM U TeKyIUX pecypcax — Ha MEXaHUKY CMEHEI
MIPHOPUTETOB B IECHHOCTHOM 0asmce.

IMoTpedHOCTH, IPUOPUTETHI, YIOBIETBOPEHHOCTH
U MeXaHM3MbI HCYHCJIeHHS LIeHHOCTel Kak
panMoOHaIbHASI OCHOBA MPUHSTHS PelleHMi

OOBEKTUBHBIII MOTHBATOp areHTOB NPU MPUHSATHN
pemieHnit — mOoTpeOHOCTH. B oTnnume oT MEeHHOCTEH,
OHU JTMHAMHYHBI U OTPAKAIOT TEKYIEEe COCTOSIHNE arcH-
Ta. lleHHOCTH ABISIOTCA PE3yNbTAaTOM COLMAIN3AINH,
CJIEZIOBATENIbHO, OOJIee CTAMOHAPHBI M XapaKTePU3yIOT
MpaBWILHOCTh MOBeAeHUsA. [Iupamuma nmorpedHOCTEH
XapaKTepU3yeT UX MEPBOCTENIEHHOCTh: OTpakaeT pU3n-
YecKue MOTPeOHOCTH U MOTPEOHOCTH K OE30MacCHOCTH,
WJUTIOCTPUPYET HEOOXOJUMOCTh UX YIOBICTBOPEHUS IS
BO3HHUKHOBEHUSI BBICIIIMX MOTPEOHOCTEI — COIMaNN3anm
u camopa3BuTHs. B ciyuae ¢ ¢uHaHCOBBIM ITOBEICHUEM
MOTPEOHOCTH COOTBETCTBYIOT HAOIIOAAEMBIM B TPaH3aK-
LUSIX KaTeTOPUsIM IOTPEOJICHHS: TIPOTyKTOBBIE Mara3yuHbl,
pecTopaHbl, TeaTpbl ¥ KOHLEPTHBIE 3aJIbl, Pa3BICUCHNUS,
ITyTEHIECTBUSI, allTeKH. B TO e BpeMs TpaThl B paMKax
Ka)XJJOM KaTeTOpUH MOTYT OBITh HAIIPABIICHBI HA yIOBICT-
BOpEHHE MOTPeOHOCTEH KaXKA0H U3 TPy MPHOPHUTETA.

JluHaMKKa BOSHUKHOBEHUS MOTPEOHOCTH B paMKax
OTACJIIbHBIX KaTeFOpI/Iﬁ pacxogoB COOTBETCTBYET ATMHAMUKE
nedunmra. Torna ruarexHOe NOBEJCHHE B paMKaxX Kax0i
U3 KaTeropuil criocoOCTBYET peau3aliiy MoTpeOHOCTEH.
Hanpumep, cymiecTByeT BO3MOXKHOCTb 3aKyIHTh €bl Ha
KaKoe-TO BpeMsI BIIEpe/I, M TOT1a MOYKHO JIOJIbILE HE XOUTh
B MarasuH, HO 4eM OJIMKe K MOMEHTY MCTCUCHHsI 3aIla-
COB, TEM BBIIIIE MOTPEOHOCTH MOBTOPHOTO MTOTIOJHEHHUS.
Takas nuHaMuKa MOXXET OBITH CMOJIEIMPOBAHA ypaBHE-

HHUEM JUIs KOHJEHCATOpa MM OCIHUIITOPA, TTOCKOIbKY
YUUTBHIBAET BHEIIHEE BO3/JCCTBHE M N3MEHEHHE YHEPTHH.
[Ipennonoxenne 00 aHaJOrMYHON JUHAMHUKE BO3HHKAET
JUISl COBOKYITHOCTH ITOTPEOHOCTEH Kak MX YHOPSAOUCHHON
uepapxuu. J[pyruMu CIIOBaMH, YIOBICTBOPCHHOCTh areHTa
B IICJIOM MOYKET OMPEACTAThCS YPOBHEM HEepapXuu, Ha KO-
TOPOM OH HAaXOJHUTCS, B TO BpeMs KakK 3Ta 00IIas yIOBIeT-
BOPEHHOCTH CKJIaIBIBACTCS U3 YPOBHS YIOBICTBOPECHHOCTH
OTAETBHBIX MOTPEOHOCTEH B paMKax Ka)I0TO U3 YPOBHEH
nepapxuu norpedHocreil. CI0KHOCTh MOACTUPOBAHUS
BO3HHUKACT BBUAY HeO6XOI[I/IMOCTI/I ydy€Ta B3auMOCBA3U I10-
TpeOHOCTE OIHOTO YPOBHSI JUTsl IEpexo/ia K TIOTPEeOHOCTAM
OoJiee BBICOKOTO YPOBHSI.

LleHHOCTH TTO3BOJISIIOT ONPEIEINSATH BIMSIHUE OJHOTO U
TOTO )K€ COOBITHS Ha Y/IOBJIETBOPEHHOCTH areHra. Ecim 3a-
(hpMKCHpOBaTh IEHHOCTH KaK 0a3uC OI[CHKH MOJIb30BaTelIeM
OT/ICIBHBIX COOBITHIA B BEKTOPHOM IIPOCTPAHCTBE, TO MOXK-
HO TOBOPHUTH O IICHHOCTHOH MO3UTHBHOCTH ¥ HETATHBHOCTH
BEIOOpA Ha OCHOBE KOJUTMHEAPHOCTH BEKTOPOB M 3HAKA UX
CKaJISIPHOTO TTPOU3BEICHNUS, HA OCHOBE YeTO MOXKET OBITh
OIICHEHA YIOBJIETBOPEHHOCTH OT/IEIHHBIMHU PEIICHUSMHU.
TOF}la OT OTACIIBHOTO PCUHICHUA K TPACKTOPHUU B IEHHOC-
THOM MPOCTPAHCTBE MOXKHO MEPEHTH K CYyMMHUPOBAHHIO
MOCJIEIOBATEILHOCTH COOBITHIH, YTO MPHU IIPOCKLUN Ha
OTJIENIbHBIC OCH [IEHHOCTEH J1acT arperupoBaHHyI0 KapTHHY
YAOBJIETBOPEHHOCTH U MO3BOJINT OLEHUTH BKJIA]] OTAEIb-
HBIX COOBITHH. TpaekTopuK B IEHHOCTHOM IPOCTPAHCTBE
WHJIMBH/IA TIO3BOJISIOT OLICHUTh COOTBETCTBHE ITOBEACHHS
[IEHHOCTHBIM YCTaHOBKaM, CTCTICHb CTa0MIBHOCTH TIOBE-
JICHUS U YPOBEHbD YAOBICTBOPCHHOCTH.

AHAJIOTUYHO TEOPUH OTPAaHWUYCHHON PallMOHAIHLHOCTH
[38], rme dhyHKINS TPUHATHS PeIICHNS CKOPPEKTHPOBAHA C
Y9eTOM CyOBEKTHBHOCTH BOCTIPHATHS, ICHHOCTHBIN 6a3uc
(3amaHHBIN I OTIENBHOTO MHINBH/A) KOPPEKTUPYET MO-
JCJb IPUHATHA PEHICHUA C YYETOM Cy6’beKTI/IBHOCTI/I OLICH-
KU peLLIEHI/Iﬁ 1 MOJCJIb UBMCHCHUS COCTOSIHUA UHAUBUIA C
y4eTOM CyObEKTHBHON YJIOBJIECTBOPEHHOCTH.

Crpykrypa moaesn arenta Belief-Desire-Intention-
Action-Reaction (BDIAR)

[TpunsiTHE pemennii — auHaMudeckuit mpouecc [39],
00yCIIOBIICHHBIA (PU3UOJIOTHICCKUMHU, ITCUXOIOTUYCCKHU-
MU U counanbHbiMu (akropamu [40]. B uccienoBanuu
JUHAMHUKU NPUHATHS pELIEHUN B Mpoliecce KOPPEeKTU-
POBKH peXXHMMa IMUTAHUS 3TH (PAKTOPBI, CPEAN KOTOPBIX
(UrypupyIoT n JIUYHBIC IIEHHOCTH, PaCCMaTPUBAIOTCS B
ponu motuBaropos [40]. JlnHaMuKa NepeKUBAHUS aT€HTOM
KPU3NUCHBIX CUTYallni, KaK MPaBWIO, OTJACISIET MOMEHT
0OHOBIIEHUSI HH(POPMALIUN U COCTOSIHUI areHTa M CpeJibl
OT COBEpIUEHHUsI IEUCTBUI B OTBET Ha MpEIIOIaracMble
WIIH TIOTy9eHHbIe m3MeHeHus [41]. BBumy aToro B paMkax
paloThI ornpeesieHa NOTEHINAIbHAS POJIb LIEHHOCTEH U
noTpeGHOCTEl P MPUHATHH PELICHUH.

BDI-monenu (yoexnaenus (Belief), sxenanus (Desire),
Hamepenus (Intention)) mpencTaBisIFOT COOOM KITacC areHT-
HBIX MOJIeNel, OPHEHTUPOBAHHBIX HA OTPAyKEHNE BHYTPEH-
HEro MHpa areHTta B Xoje MPUHATHs perieHuil [42—44] —
Ipouecc MJIaHUPOBAHUS OTAECIAETCA OT HCIOIHEHHUS.
B npennonoxennn MogeIMpOBaHUS areHTa B KOHTEKCTE OT-
KPBITOH CHCTEMBI, IJIe KKIOMY JEHCTBHIO areHTa/IpUHS-
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TOMY PEIICHHUIO MOXKET OBITh CONOCTABJICH OTBET CPEJIbl U
M3MEHEHUsI COCTOSTHUM areHToB, abopesuarypa BDI moxer
ObITh pacmmpena 10 BDIAR. ITpu aToM neficTBrst areHTOB
(Action) n ux nmocnenctust (Reaction) — HeoOxoauMast
COCTaBIISIOIIAs JTF000W MOJENN areHTa U COOTBETCTBYIOT
TIpoLecCy MCIOIHEHUs 3alllIaHMpOBaHHOTr0. AGOpeBHarypa
COOTBETCTBYET COCTOSIHMSIM areHTa U MEePexoaaM Mexy
HUMH: YOSKIEHUI — WH(OPMAINHN areHTa 0 MHUpe, He
00s13aTeNIbHO MCTUHHOMN; JKEIaHNsl — MOTHBAIIMOHHOMY
COCTOSTHHIO areHTa, LeJisiM, BRIOpaHHBIM K MCIOJIHEHHIO;
HaMEpPeHUs1 — IUIaHaM, MPUHITHIM K UCIOJTHEHUIO; ACH-
CTBHUSI — (DaKTaM MX COBEPILICHUS; PEAKIIMU — COOBITHSIM,
MOCIIEICTBUAM JEHCTBUH M N3MEHEHUSIM CPEJIbl, BIMSIO-
LM Ha COCTOSIHHME areHTa u ero yoexenus. Takum oOpa-
30M, OTPa)KaeTcsl CTENEeHb TOTOBHOCTHU areHTa K JeHCTBUIO
1 CBSI3b C €TI0 «CBOWCTBAMI»/COCTOSTHUEM.

Vyer sMouuii 1 B3aUMOAEUCTBUSI ar€HTa CO CPEIoN NIpu
TIPUHATHY PELICHUH BCTPEYaeTcsl B HAyYHBIX paboTax Kak
pacimpenue BDI-monenu npeaBapuTenbHON SMOLMOHAIIb-
HOW KOMIIOHEHTOM, OCYIIECTBIAIONIEH 00paboTKy CHTHA-
70B OT cpenbl [45]. IIpu aToM mpemmnonaraeTcs 0OHOBIIE-
HHUE BCEX KOMITOHEHT MOJICTTH C YUETOM 3MOIIMOHAIBEHOTO
BOCIPHUATHA. B Ipyrux apXuTeKkTypax 3MOLHOHATBHBIX
areHTHBIX MOJIENIEH B Pa3HOM CTENeHH yaeseTcs BHUMa-
HUE POJIN TEeMIEPaMEHTa, JIMYHOCTH, (PU3MOIOTHYECKHUX
IIPOLIECCOB U BIIMSHUIO HA JAMHAMUKY Ha Pa3sHbIX YPOBHSAX
BDI-monenu arenta [46—50]. Tloxoxxuii moaxoa B paMmKax
TTOBEJICHYECKON HKOHOMHUKH paccMarpuBacTcs B paboTe
[13], re BKiax OCBEAOMIIEHHOCTH U HAMEPEHUH B UTOrO-
BOE JICHCTBHE PAcCMaTPUBACTCSI HAPABHE C OTHOCHUTEIBHOM
LIEHHOCTBIO JACHET U MPEeANPUHUMACTCS TIOMBITKA UX y4e-
Ta pu 00BsACHEHUH Mmapagokca Amte [51], nemoHCTpH-
PYIOILIETO, YTO areHT MAaKCUMHU3UPYET He MPHObIIb, a Ha-
JIEKHOCTB.

: [podunb, u

Colr.-1eM.

Wnrepecsr (€

N3MeHeHue,
I/I3MepeHI/Ie,
HopvmpoBra (BDIAR

Lleanoctn
&t

[TorpebHOCTH

it Ui (i)}

Junamuka ;¢ Bri6op
COCTOsIHMS, ; JICUCTBUM
! D(e, u)

MecTo Teopuii noBeeHYECKOI IKOHOMUKHU
U IIEHHOCTHBIX Mo/leJiell B apXUTeKType
IKOHOMHYECKOr0 areHTa

[Ipou3BonbHas MOJENTb JUHAMHUKH CUCTEMBI COJEPIKUT
B KQYC€CTBC OCHOBHBIX KOMIIOHCHT 3JICMCHTBI CUCTCMHBI,
3aBUCAIINE OT COCTOSHHUM AIIEMEHTOB MaKpOCOCTOSHUS
CHUCTCMbI U Ha60p MEXaHHU3MOB M3MCHEHUS COCTOSHUM
9J€MEHTOB cucTeMbl (puc. 1). B yacTHOCTH, U3MEHEHHE
COCTOSIHUI 27IEMEHTOB CUCTEMBI MOXKET MPOUCXOAUTH MPU
WX B3aUMOJICHCTBUH MEXKITy COOOU WK co cpenoid. Takum
00pa3oM, 17151 HEKOTOPOTO HaYaIbHOTO COCTOSIHHSI CHCTEMBI
MOTYT CYIIECTBOBAaTh yCTOHYMBBIC COCTOSIHMUS, JOCTHUTAL-
MBIE CITyCTSI HEKOTOPOE BPEMsI, KOTOPbIC MOTYT MEHSATHCS
3a HEKOTOPOE BPeMsI IPH CMEHE MEXaHN3MOB M3MEHECHUS
COCTOSIHMH areHTOB WJIN U3MEHEHUH CPEJIbI.

B koHTekcTe areHTHOW MO BBIOOP OTAEIbHBIX
arcHTOB OMpeaeNsIeTcss GYHKIUCH MPUBICKATSIBHOCTH
BBIOMpAaEMBIX AJIEMEHTOB cpefibl (aeticTBuil) (P(e, 1)), a pe-
3yJbTaT BSaHMOﬂeﬁCTBHﬂ — BBIPAKCHUEM JJId TUHAMUKU
cocTostHus areHTa (ds/df). DyHKIus NpUBIEKaTEILHOCTH
peannsyer BepOsITHOCTh BBIOOpA Ka)K/I0TO M3 BapHAaHTOB
U B Cllydae palliOHAJIbHON TEOpPUM MPUHATHUS pELICHUI
OyzieT cooTBEeTCTBOBATH (PYHKIMH MOJIE3HOCTH. B mpumepe
BBIOOpA KOHTPAreHTa B CHCTEME ME&KOAHKOBCKOTO KPEUTO-
BaHMS PAIlMOHAIBHOE PEIICHHE COOTBETCTBYET ITPUBIICKA-
TENIBHOCTH 3HaueHNH KanuTana C, ¥ TIPOIIEHTHON CTaBKH
R,. Ilpu 3TOM 11 yueTa cyObEeKTHBHOM CKIOHHOCTH K
pHCcKy no0aBiseTcst mapaMeTp HEHHOCTHBIX IPeanodTe-
Huii €, € [0; 1]: P(v, u) ~ €,C, + (1 — €)R,. Crparerun
BBIOOPA MOTYT OIIPE/IENSATHCS TUHAMHUKONW 00pabOTKK MH-
(dhopmaruu, MOBTOPSIEMOCThIO UCIIOIB3YEMBIX CTPATCTHUH,
YHCIIOM OOBEKTOB BHIOOPA, KOTHUTHBHBIMH 3aTpaTaMu Ha
NPUHSTHE PEIICHUS IPU HaJIMYMK OTpaHMYCHUI Ha Kade-

=1 Jlannbie

MaxkpococTosiHus

[Ipunsrue
peleHuit

1 Cpena
e’ =¢

BzaumopeiictBre
€O cpenon

MexaHu3MBbl B3aUMOJEHCTBHUS
JUTSL pa3HBIX COIUANIBHBIX CTpaT

Puc. 1. Mopens B3aUMOJCHCTBUSI areHTa # ¥ Cpebl € B MOMEHT £. OTpakeHbI OJI0KH POGUIISI HHTEPECOB U COHAIBHO-
neMorpaduuecKuX XapaKTepUCTHK, MOJeIH BbIOopa aeictBuil O(e, 1) 1 ANHAMHUKN COCTOSIHUI IPH BBIOOPE HIIEMEHTOB, OJIOKH
LIEHHOCTEH 1 MoTpeOHOCTEe! areHTa /isi CyObeKTHBU3aLUH OLCHOK. [lapaMeTpbl MEXaHU3MOB B3aHMMOJICHCTBHI MOT'YT OTJIMYAThCS
JUIS Pa3IMYHbIX CTPAT (COLUAIBHBIX TPYIII)

Fig. 1. The model of interaction between agent # and environment € at £ moment. The blocks of user interests, socio-demographic
features, choice model ®(e, 1) of environment elements, state dynamics model, agent values and needs for subjectivity reflection are
displayed. Parameters of interaction functions are different for social strata
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CTBO IIPUHUMAEMOTO PELICHUs U BPEeMEHHBIE pecypchl [52].
MopenupoBaHue areHTa Ha OCHOBE LIEHHOCTHO-OPUEHTUPO-
BaHHBIX PUHIUIIOB U TEOPU TOBEIEHUECKON YKOHOMUKH
SIBIIICTCST OTIPEIICIISIFOIINAM ISl HaOFOMaeMOi JHHAMUKH
Ha MakpOypOBHE.

[Momumo (yHKIMIT BRIOOpa U TUHAMHUKH COCTOSHHS
MOJIeTTh aT€HTa JIOJDKHA YUUTHIBATH TOTPEOHOCTH ¥ IICHHO-
CTHU areHTa B IPUBBIYHOM IIPOLIECCE NPUHATUS PELIECHUM.
Teopuu 1OBENEHYECKOW YKOHOMUKU CBUIETENLCTBYIOT B
TI0JIH3Y HEPAIMOHATBHOCTH M YaCTHYHOHN palliOHANbHO-
CTH PELICHUS U BIMSIHUS KOTHUTUBHBIX, SMOIIMOHAIBLHBIX U
COLIMANIBHBIX MPOIECCOB. B kadecTBe conmaibHON KOMIIO-
HEHTBI BBICTYMAIOT IIEHHOCTH, & KOTHUTHUBHBIE TPOIECCHI
CBSI3aHbI C OTPAHUYECHUSMHU BOCIIPUSITHSL.

ConocraBuM ypoBHu BDI-monenu arenta Heo6xo-
JUMBIM KOMIIOHEHTaM JWHAMHUKHU CUCTEMBI U3 pUC. | U
LIEHHOCTHBIM OpueHTauusM. OpueHTalus Ha UEHHOCTH U
MOTPEOHOCTH TIPHU MIPUHATHH PEIICHIIA 1 BRIOOpE NeHCTBUI
orpaxkera B mozaenu BDIAR cocrosamit arenToB. Mozgens
JEMOHCTPHUPYET HE TOJIBKO COCTOSHHE areHTa, PyHKITHIO
MPUBJIEKATEIILHOCTH U MOJIEIb CMEHBI COCTOSIHUS areHTa
B pe3yJsibTare JIeUCTBUM, HO U BKJIIOYAET OrPaHUYCHUS Ha
yOekKIeHHsI, YTO COOTBETCTBYET LIEHHOCTSIM (Tadm. 1).

Jl1 Ka)X10T0 areHTa MoAeINpyeTCs TMHAMUKA TToTpe-
OiieHust, HaOMoIaeMasi, HapuMep, MOCPECTBOM TpaH3aK-
LIMOHHON aKTUBHOCTH B Pa3JIMYHBIX KaTeropusix. Beibop
KaTErOpUH PacXoJI0B MOJEIHPYETCs ¢ Y4eTOM IOTpeOHO-
CTEl areHTOB Ha OCHOBAHUH (DYHKIIUH TIPHBJICKATCIIEHOCTH.
Takum 00pa3oM, Ha MaKPOCOCTOSIHHE CHCTEMBI BITHSCT
COCTOSTHHE TTOJTH30BATENS B paMKaX MOJCIH MTOTPEOHOCTEH,
KOTOpOE OIpeesieTCs] BOSMOKHOCTSIMH Cpenbl obecrie-

YeHUsI TOTPeOHOCTEH, YTO TaKXKe CBSI3aHO C MEXaHU3MOM
obecrnieueHus OTpedHOCTeH (YpaBHEHHE JMHAMUKH COCTO-
sHuUst arenra). [Ipu 9ToM Ha MaKpOypOBHE MMEET 3HAUYCHHE
nepepacmpe/ielieHle Crpoca B yCIOBUSX OTPaHUYCHUS
MIPEUIOKEHUS 110 PSTY TOTPEOUTEIIECKIX KATETOPHI.

JononanmM Tabi. 1 yueToM cyObeKTHBHOCTH BOCTIPHS-
tus. Paccmorpum Habop u3 N aKTOpPOB i C COCTOSTHUSAMU
{sky},, re sk — cocrosHue k-ro akTopa, onuchBaeMOE
BEKTOPOM B JIMHEHHOM HpOC}“})aHCTBC. AKTOpBI B3aUMO/ICHi-
CTBYIOT CO Cpejioli € = {ek};—,, e M — uuncno 06beKToB
BbIOOpa. MakpoCOCTOSIHUE CHCTEMBI S ONMCHIBACTCS HEKO-
TOPOU (PYHKIIUCH OT COCTOSHUI aKTOPOB CHCTEMBI.

Kasxnpiit 00beKT BbIOOpa ¢! obnamaetT HEKOTOPOH IeH-
HOCTBIO JUISL aKTOPa C COCTOSHUEM sk, Tak uTO BBHIGOP
00beKTa MOJIb30BaTeNIeM OCYIIECTBIISIETCS] HA OCHOBAHUH
(ynkmn npusnekareabHocTH P(e, i), KoTopas B cirydae ¢
LIEHHOCTHO-OPHEHTUPOBAHHBIMI MOJICIISIMHU CBSI3aHa C IIeH-
HOCTSIMM M TIOTPEOHOCTSIMM areHTa. [Ipu 3TOM EHHOCTH
00BeKTa BBIOOpA TAKKE BIUSIECT HA ANHAMUKY M3MEHEHUS
COCTOSTHMSA areHTa ds/dt. Takum 00pa3om, B KOHTEKCTE IICH-
HOCTHO-OPUEHTHUPOBAHHBIX MOJICJICH areHTa KOMIIOHEHTaM
JUHAMUYECKOM CHCTEMBI ar¢HTOB, OTBCUYAIOIIINM 32 BEIOOP
00BEKTOB Cpe/ibl M BIUSHHE OOBEKTOB CPEIbl HAa areHTOB,
COMOCTABIISIOTCS (DYHKIWMHU, YYUTHIBAIOIIUE CIICUPUKY
npeaMeTHoU obnmactu (Tadm. 2).

Tak, 1IeHHOCTH TPECTABIISIIOT CO00H 0a3KC IS OLIEHKH
COOBITHS, @ TMHAMUKA COCTOSIHUI areHTa YYuThIBAET MpO-
eKLUK cOOBITUs Ha Oa3uc LIEHHOCTEH ey cos(ey, v). Takum
o0pa3zoM, (pyHKIMH AMHAMHMKH areHTa yYUTHIBAIOT N3Me-
HEHNE COCTOSIHUS C YUETOM IEHHOCTEH U BBIOOp 00beKTa
C Y4ETOM TIOTPEOHOCTEH.

Tabnuya 1. Conoctaienue ypoBHel apxutektypsl BDIAR ypoBHsM Mozeny arenra ¢ y4eToM HEHHOCTEH M KOMIIOHEHTaM MaTeMa-
TUYECKON MOJEN

Table 1. The correspondence between BDIAR agent architecture and agent model with values to mathematical components of an
arbitrary agent model

VYposan BDIAR KoMIToHEHTHI, KOTOpbIe HEOOXOANMO Y4eCTh O6o3HaUYeHHE B MOEIN
YoexeHus Iennoctu Orpannyenus (6a3uc) {g}
Kemanus IorpebroOCTN CocrostHrE U TapaMeTpBl areHTa s, {p;}
Hamepenus [Inan DyHKIMA NPUBIIEKATEILHOCTH 00bekTa BbiOOpa | D(ey)
JeiicTBust JeiicTBue BepositTHOCTB BEIOOpa 00BEKTa P(ey)

Peaxims Pesynbrar Mopenb CMEeHBI COCTOSIHHS areHTa ds/dt

Tabnuya 2. Anantanyst MOAETH PAlOHATFHOTO BEIOOPA areHTa B JUHAMHUYECKOM CHCTEME K CITy4aro CyObeKTUBHOTO BBIOOpa
C YYETOM LIeHHOCTEeHN

Table 2. Adaptation of the rational choice model of an agent in a dynamic system to the case of subjective choice, taking into account
values

ParonasnpHbIi BEIOOP

CyOBbeKTUBHBII BBIOOD

ATeHT, u Cpena, ¢

Arenrt Cpena

CoctosiHue § OObekThl BbIOOpA {€;} =€

[Tapamerpst

CocrostHue § OObekThl BbIOOpA {€;} =€

ITapamerps! + neHHOCTH V

Dynkuus npusnexarenbHocTd D(ey)

(D(eka u)

ds
Brnustaue B10opa U1 BCeX OJUHAKOBO: = Au, e)

[Ipoexnus Ha OcH LEHHOCTEH A OLIEHKU 3HAYMMOCTH 00beKTa
s
BBIOOpA: " Alu, ecos(e, v))
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LIeHHOCTHO-OPUEHTNPOBAHHOE MOOENVNPOBAHUE NPUHATUA SKOHOMUYECKUX PELLEHUN. ..

AHaJIM3 IEHHOCTHOM TPaeKTOpHHU
HA OCHOBE TPAH3AKIMOHHBIX IAHHBIX

PaccMoTpuM JlaHHBIE O TPAH3AKIUIX 10 J1eOETOBBIM
kapTam knneHToB Oanka «CaHkT-IleTepOypr» oTaenbHO
3a 2017-2019 rr. u 2020 r. ITnaTexHbIe KaTerOpuH, CTaH-
JapTHO OTMEYCHHBIC B TPAaH3aKIIMOHHBIX JaHHBIX KOJa-
mu MCC (Merchant Category Code — «kox kaTeropuu
MPO/IABIIa»), OTHOCSIIMMU MECTO COBEPILCHUS IIaTeka K
OJIHOM W3 KaTeropuii, NPHUBEAEM B COOTBETCTBHE C TPEMsI
0a30BbIMU [IEHHOCTSIMU: «BBIKUBAHUEY, «COLIUATH3AIIHSD),
«camopa3BuTHe» (IPUMEpP COMOCTABICHHS MO PsIIy KaTe-
ropuii B Ta0I. 3).

Jist aTOTO TpEXypOBHEBAsE MOJIEIb [IEHHOCTEH COMO-
CTaBJeHa C IpylHnamu norpedHocTell mupamuasl Macioy
(puc. 2), a mnarexusie kareropun (MCC) pasneneHsl 1o
TpyImaM MoTpeOUTeNbCKUX HHTepecoB. [Ipn n3mepennu
peanuzanuu norpeGHOCTE Yepe3 CyMMbl TpaH3aKIIMH,
COBEPIICHHBIX B COOTBETCTBYIOLICH KaTerOpHy, TMHAMUKA
HHTEpeca K OTACIBHBIM LIEHHOCTSM MOXET OBITh OLICHEHA
4epe3 AUHAMUKY TPAT B COOTBETCTBYIOIIMX KaTETOPHAX Kak
JUISL OTZIETIBHBIX KJIMEHTOB (puc. 3), Tak W UII UX Habopa
(puc. 4). lnsg OLIEHKH KaTErOpHH TpaT Ha KaXJbIH IeHBb
BBIYHCIIUM HOPMUPOBaHHbIE CYMMapHbIE PACXOIbI IO BCEM
KapTaMm C pa3[esIeHueM 10 IPyIIam:

Tab6auya 3. ConocTaBieHne «ICUCTBUSIN-CIIEHHOCTI ISl TPeX 0a30BBIX MOTPEOUTENBCKUX IEHHOCTEH «BBDKUBAHUEY, «COLMAIN3a-
LU, «CAMOPA3BUTHEY U JCHCTBHI, COOTBETCTBYIOIINX KAaTETOPHUSAM TPaT IO JeOETOBBIM KapTam

9 ¢

Table 3. “Actions”“values” map for the three basic consumer values “survival”, “socialization”, “self-development” and actions
corresponding to the spending categories on debit cards

MCC-xox

I'pynna
MTOTPEOUTENTBCKUX
HUHTEPECOB

Ilennocts

5411: ‘bakanelinble Mara3uHsl, CylepMapKeThl’

[Tuma «BbDKHUBaHUEY

5812: “‘MecTa 00IIECTBEHHOTO MTUTAHUS, PECTOPAHBI’

5462: ‘bynounsie’, 5441: ‘Konnurepckue’

5691: “‘Mara3uHbl My>KCKOH U KCHCKOH OJeKIbI’

Opnexnaa

5651: ‘Onexna aist Bceld cembn’, 5661: ‘O0yBHBIC Mara3uHbl’

5949: ‘Mara3uHbl TKaHH, HUTOK, PYKOACTHS, IIUTbs

5211: ‘Jleco- ¥ cTpOUTENIbHBII MaTepuan’

Kumne

4900: “XKunuimHo-KoMMyHalbHbIE YCITyTH’

5714: ‘Txanu, OOMBOYHBII MaTepHall, FAPIUHBI U TIOPTHEPHI, KAITO3U

5912: ‘Antexu’, 8043: ‘Onrtuka, ONTHYECKUE TOBAPhI U OUKU’

310poBBE

8062: ‘bonpuuner’, 8021: ‘Cromaronoru, OpTOAOHTHI’

8071: ‘Cromaronornieckye 1 MEAUIMHCKHE JTaboparopuu’

4111: ‘ITaccaxupckue NepeBO3KU — MPUTOPOIHbIE U MECTHBIE IPUTOPOIHBIE PEIiChI,

BKJTIOYAst TAPOMBI’

Tpancnopt «Counanuzarys»

4112: ‘ITaccaxxupckue xKeae3HOL0POKHBIC IEPEBO3KU’

5533: ‘ABTO3amuacTu u akceccyapbl’

4814: ‘“TenekoOMMyHHKAlUOHHbIE yCIYIH

Wupopmarnust u cBI3b

5732: ‘IIponmaska 37eKTPOHHOTO 000pyaOBaHHs

9402: ‘ITouTOBBIE YCIIyTH — TOIBKO TOCYIapCTBEHHBIE’

6012: ‘©uHaHCOBbBIC YUPEXKICHUS — TOPrOBIISL U yCIyru’

DunHaHCH «Camopa3BuTue»

9311: ‘HamoroBsle miarexu’

5943: ‘Mara3ussl 0OQHCHBIX, MIKOJBHBIX IPUHAIICKHOCTEH, KAHIITOBAPOB’

Jletu u o6pa3oBaHue

8299: ‘O6pa3zoBaresbHbIe yCIyTH, HATE OoJiee He Ki1acCU(PUIMPOBaHHbIE

8220: ‘Komremxu, yHUBEPCUTETHI, TIPO(HECCHOHATBHBIC YUIIIHINA U TEXHUKYMBI®

7941: ‘Armernueckue Mo, KOMMEPUECKHE BUJIbI CIIOPTa, PO ECCHOHANIBHBIE CIIOPTUB-

HBbIE KJIyOBI, TPOMOYTEPHI criopTa’

Pa3BieueHus u oT-
JIBIX

5942: 5192: ‘Kuuru, nepruoIuaecKue n3aaHus U Ta3eThl’

5992: ‘@Dnopuctuxa’ 5735: ‘MarazuHbl 3ByKO3amnucu’

7922: ‘TearpanbHble TPOIOCEPHI (KpOME KHHOPUIBMOB), OMIETHBIC areHTCTBA’

0742: ‘BerepunapHsble yciryru’

7991: ‘Typuctuueckue 10CTONPUMEUATEIBHOCTH 1 BEICTABKH
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N _ Vi,k
Vik =

V .
I=1,....n P} L

o vi=1L,,mk=1,...,m (1)
max( )
J

IIe v;; — CyMMa TPAH3aKIUK j B MOMEHT i} /1 — YHCIIO
LIEHHOCTEH; n — 4HCcII0 HabmoneHuid B psmy. Torma mpo-
MOPLHMOHATIBHOE COOTHOILIEHUE CYMMapHbBIX PacXoioB IO
rpynmnam TpaTr UMeeT BUJ

R Vi,k

Vik ™ m
2 Vij
J=1

Smk=1,..., m. 2)

i=1, ..

MoTpe6bHoOCTU
B pasBuUTUMU

MoTpeGHOCTU
B KOHTaKTe

BasucHble
noTpe6HocTU

[loTpebHocTn B 6e3onacHOCTU

Pacuertsl o ¢popmynam (1)—(2) nexar B OCHOBE BU3Y-
aNn3alMy AMHAMUKHU TPaT MO LEHHOCTSIM JUIS OTACIBHBIX
mroneit u ux rpymi (puc. 3, 4).

B mogenu BDIAR, npegnaznaueHHON AJi1 OMUCAHUS
MPOLIECCOB NMPUHSATHUS PEILICHUN U BBIIOIHEHUS JEHCTBUI
BO BHEITHEW cpefe (GUHAHCOBBIM aKTOPOM, YOEKICHUSIM
(Belief) cooTBeTCTBYIOT IEHHOCTH (PHHAHCOBOTO AKTO-
pa, a morpebHOCcTH/ *Kenanus (Desire) oTpaxkeHbl OTAEb-
HBIMH TpaTamu 1o rpymnmnam kareropuiit MCC. B pamxax
Pa3padOTaHHOTO METOAA LICHHOCTH MOTYT MEHATHCS IPH
BO3HUKHOBEHHMHU KPH3HCHBIX COCTOSHUN BHEIIHEH cpefbl.

ngepcrTeo
*MEeHTOPCTBO
*passutue

*KpacoTta
*nyTewecTsuna
*noceljeHne Mysees

*3HaTh
succneaoearb
*ymMeTb

enio6oBb
*COTPYAHUYECTBO
*NPUBA3AHHOCTD

«obLeHue
*3aboTa
enoaaepxia

*3alULEHHOCTD
*CTabUIbHOCTL
*yBEPEHHOCTD

nuwa
*B0AA

A13UOTIOrn4eckune I'IOTpe5HO§:T o

Puc. 2. OtobpaskeHne TpeXypOBHEBON MOJEIHN LIEHHOCTEH (BBKMBAaHHUE, COLIMATM3ALIIS, CAMOPA3BUTHE) HA MUPAaMH Ly NOTpeOHOCTEH
Macnoy

Fig. 2. Mapping a three-level value model (survival, socialization, self-development) onto Maslow’s pyramid of needs
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Puc. 3. KymynasTuBHBIN rpaduk TpaT At ABYX Pa3InYHbIX KIMEHTOB O0aHKa (B pamMKax ofHOro mMecsua ¢ 16 mapra o 16 anpens 2020
rofia) JUIsl KaTeropHuii, COOTBETCTBYIONIUX Pa3IM4YHbIM 0a30BbIM LIEHHOCTAM

Fig. 3. Cumulative spending schedule for two different bank customers (within one month from March 16 to April 16, 2020) for
categories corresponding to different core values
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U,eHHOCTHO-OpVIeHTVIDOBaHHOG MoaenmpoBaHmne NPpUHATNA 3KOHOMNYECKNX pemeHMVl...
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Puc. 4. CpaBHeHHE IPUOPUTETA PA3TUIHBIX IIEHHOCTEH /10, BO BPeMs M TIOCIIE MEPEXOAHOTO mporecca: y crparsl Cl (MUHUMATBHBII
06opor) (a, ¢); y ctparsl C5 (MakcumaibHBIH 000poT) (b, d).

Ha puc. 4, a, b — abcomoTHbIE HOPMHPOBAHHbBIE CyMMAapPHbIE PACXO/IBI 10 BCEM KapTaM C pa3jielIeHHEeM 0 BHIOPAHHBIM [IEHHOCTSIM
(IPUMEHEHO CIIIaKMBAHUE METOJIOM CKOJIB3SILETO CPEHEr0 ¢ OKHOM, PaBHBIM OJJHOM HeJlele); Ha puc. 4, ¢, d — MpOoNOpLHOHAIBHOE
COOTHOIIICHHE CYMMAapHBIX PACXO0B IO BHIOPAHHBIM IIEHHOCTSIM

Fig. 4. Comparison of the priority of different values before, during and after the transition process: at stratum C1 (minimum
turnover) (a, ¢); near stratum C5 (maximum turnover) (b, d).

Figures (a, b) show the absolute normalized total costs for all cards divided by selected values (smoothing was applied using the moving
average method with a window equal to one week); (¢, d) — the proportional ratio of the total costs for the selected values

Taxum 06pa3om, MOJIETTH TTO3BOJISIET OITUCHIBATH MEPEKUBA-
HHUE KpHu3uca (B TOM YHCie aJanTalyio) Ha YPOBHE CTpar
areHToB. Kpusuc Moznenupyercs kak H3MEHEHUE BHEIIHEH
cpenbl (KOHTEKCTAa), B YaCTHOCTH, KaK H3MEHEHHE YPOBHS
JIOCTYITHOCTH OOBEKTOB JUISI YIOBJIETBOPEHHS IIOTPEOHO-
CTeH areHToB, YTO MOXKET MOBJIEYb 32 cO00H M3MEHEHUE
B)XHOCTH LICHHOCTEH ISl CTPAT areHTOB.
Wnentndukarmst BDIAR-Momenn Uit OTACIBHBIX arcH-
TOB 3aTpy/IHEHA BCIE/ICTBUE Pa3peKEHHOCTH JAHHBIX U
CyOBEKTUBHOCTH NPUYMH NMPUHUMAEMBIX PEIICHUN, HE
MTO3BOJISTIOIINX OOYYHUTH OTACIBHYIO MOZACNb areHTa JJis
Kaxxoro nmpototumna. Vicxomas u3 atoro, ooyuernne BDIAR-
Moyierneit poBeieM Ha ypoBHE rpyIi (cTpar) GHHAHCOBBIX
aKTOpOB. MeTo/| aHasM3a BKIIIOYaeT: cTpaTudukaimio Gpu-
HAHCOBBIX aKTOPOB; PAacueT BPEMEHHBIX PSIIOB N3MEHEHUS

MPUOPHUTETA MOTPEOHOCTENH/IIEHHOCTEH 110 OTIEIbHBIM
CTpaTaMm areHTOB Ha OCHOBaHUH pa3MeTku (Tad. 3); oOyde-
HHUE TapaMeTPUICCKON MOJICITH U3MEHEHUSI TOTPEOHOCTEH/
LHEHHOCTe! JUIs pasiuuHbIX cTpar. s unenrndukanuu
MOJIETIH TIepeXoIHOro Tpolecca Ha ocHoBe BDIAR Bpemst
MOJICTIMPOBAHMS pa3/ielIeHO Ha MPEAKPU3UCHBIN, KPH3HC-
HBII 1 TOCTKpu3ucHbIN nHTepBaisl [T0, T1), [T1, T2), [T2,
T3], tne TO u T3 — Hayano ¥ KOHEL MHTEpBaJia MOJEIH-
poanus; T1 u T2 — Hauano 1 KOHEII MepHoa N3MCHEHUH
BHEMIHEH cpelibl (KoHTekcTa). Tak, Uit MOAETMpPOBAHUS
NEeWCTBUN KapaHTUHHBIX OTpaHUYCHUN Ha MOTpedOuTe-
neit onpeneneno T1 = {30 mapra 2020 .}, T2 = {10 mas
2020 r.} Ha OCHOBE JIAHHBIX IIPOM3BOACTBEHHOTO KaJleH A~
ps Poccniickoit @enepanmu (BbIAEICHO KPACHON paMKOi
Ha puc. 4). Ha puc. 4 BUIHO: pe3koe CHMKEHNE CyMMapHO-
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Puc. 5. IIponopinoHAIEHOE COOTHOIICHHE CYMMApPHBIX PACXOI0B, OTPAYKAFOIINX MOTPEOHOCTH KJIMEHTOB OaHKa B pa3HbIC MOMECHTHI
BpeMeHU: st cTpaThl | (MuHHMabHBIT 060poT, Cl) (a); aust cTparsl 5 (MakcuMaibHbIi 0o6opor, C5) (b).

KpacHoli tuHuei BbIeneH HHTEepBall KapaHTHUHHBIX orpannyennii ¢ 30 mapra mo 10 mas 2020 1.
Fig. 5. Proportional ratio of total expenses reflecting the needs of bank customers at different points in time: for stratum 1 (minimum
turnover, C1) (a); for stratum 5 (maximum turnover, C5) (b)
The red line marks the interval of quarantine restrictions from March 30 to May 10, 2020

TO KOJTMYECTBA TPAT; PE3KOE YBEIMIECHNE B)KHOCTH LIEHHO- B pesynpraTe Habmronaercs pasHas BaXHOCTb TH-
CTH «BBIKHBAHHUEY, C MIOCTEIICHHBIM TIEPEXOJIOM B HOBOE  IIOB MOTPEOHOCTEH y cTpar A CcTaOMIBHOTO MEPUOJA.
CTAaLlMOHAPHOE COCTOSHUE JUIS CUTyalluu mpotuBosnuiae-  Hampumep, as neproaa «/lo nokaayHay TpaTel Ha IPOILyK-

Mudeckux Mmeponpustiii BecHbl 2020 1., uTo cooTBeTcTBYeT  ThI uTanus y C1 > 0,5, ay C5 < 0,3, y C5 B 3HaUuUTENb-
0KHJIAEMbIM 3aKOHOMEPHOCTSIM IIJIATeKHOTO TMOBEJCHUSI B HO OOJIBIICH CTENEHU YIOBIETBOPSIOTCS MeHee 0a30Bble
kpusuc [11, 12]. C touku 3penust BDIAR st ctpar du-  morpeOHOCTH, Takue Kak NOTPEOHOCTh B MyTENIECTBUSX,
HAHCOBBIX aKTOPOB U3MEHEHNE BHEIIHEH Cpe/ibl (CHIKEHHE  pa3BJIEYEeHHsIX, 00ycTpoiicTBe qoma. OTMETHM, 4TO pas-
JIOXO/IOB, ZIOCTYITHOCTH, MOOMJIBHOCTH U Jp.) IPUBOAUT K JIMYHBIE CTPATHI T0-Pa3HOMY MEHSIOT ITOTPEOHOCTH B KPH-
Ppe3KOMy N3MEHEHHIO MOJIEITH TTOTpeOHOCTeH (UTo BUIHO o 3ucHOM cutyanuu: y Cl 3a cyet Bo3pacTaHHs pPacxoioB
N3MEHEHHIO a0COTIOTHBIX CyMM U JI0JIeH TParT B pa3fIMYHBIX  Ha IPOIOBOJILCTBEHHBIE TOBAPB! COKPAINAIOTCS TPAThl HA
KaTeTOPHsIX Ha PHUC. 5), Manee MPOUCXOANT IMOCTCIIEHHBI ~ BCE KaTeTOPHH MOTPEOHOCTEH, KpOME KaTerOpuid «310-

TIepexoT K HOBOMY CTaOMIIFHOMY COCTOSTHHIO. AHAIIN3 TaH-  POBBE» W «HETPOIOBOIBCTBEHHBIE TOBApH». OCOOCHHO
HBIX [IOKa3aJl CyObEeKTUBHOCTD BIMSAHUS BHELIHEH CpEbl HA ~ CHIDKEHBI PacXo/bl Ha OJEXKY, IyTEMIECTBUS U yXO[ 3a
JMHAMUKY LIEHHOCTEH, a CIIe0BaTeNbHO, Pa3u4Ke BIu-  coOoi. Benencrsre orpaHiueHHOCTH pecypca IPOUCXOAUT
SHUS IPUHIMAEMOr0o PEeLIeHHs Ha JUHAMUKY COCTOSHHMS B IEPBYIO OYepeAb YIOBJIETBOpPEHHE Hanbosiee 0a30BBIX
areHra. Bplienenue cTpar oCylIeCTBIEHO METOAOM Kila-  IOTPeOHOCTEH, COOTBETCTBYIOIIUX LIEHHOCTU «BBDKUBA-
CTEpH3AIMH C YYETOM IOXOXKECTH PSJIOB TUIATEKHOTO To-  Huey». Y CS5 0TMEeYeHO CHMIKEHHME TPaT Ha pas3BlICUCHUS

BEJICHUS, TIPHYEM OJIMH U3 MPU3HAKOB — CPETHEMECSYHBIH ¥ YXOJ] 32 CO00ii, pOCT TpaT Ha KaTErOPHIO TEJIEKOM» U
obopor, a BeIoop crpar Cl (MuHMMaIbHBIH 000poT) 1 C5  «IPOAYKTHI» M OTHOCUTEIBbHAS CTAOMIBHOCTDH OCTAIbHBIX
(MakcUMaINbHBIA 000pPOT) JUT BH3yaJIn3allui OOyCIIOBIICH  Kateropuil. Takum oOpa3zom, B ciiydae H30BITKA pecypca
MX CYIIECTBEHHBIMH 0COOCHHOCTSIMH, 00ECIICUNBAIONIMMI  OoJIbIllee 3HAUCHUE ISl CTPAThl IpuoOpeTaeT (akT Helo-
HaIBITHOCT BU3YAJIM3alUK 110 CPABHEHHIO C OCTaJbHBIMH  CTYITHOCTH paHee MPUBJIEKATEIbHBIX 00bEKTOB BHEIIHEH
ctpatamu (puc. 4, 5). cpensl (pecTopaHsl, Kade, 6apbl, CaJTOHBI KPaCcOTHI).
HaGnronaercsi kKa4eCTBEHHO Pa3iUYHbIC CIICHAPUHU
aJanTannuu K KpU3NCy: 00e CTpaThl COKPAIIA0T adCOMIOT-

. . 3akiiroueHue

HBII YPOBEHB TPAT B UHTEPBAJ OTPAHUUCHUH («IOKIAyHa)

pUONN3UTENBHO B /1BA Pasa, OAHAKO KIMEHTHI CTPATHI C PaccmoTpena npobiieMa MOAENIUPOBAHUSA IKOHO-
MaKCHMaJbHBIM 000POTOM BOCCTAHABIMBAIOT MIPUBBIY-  MHUYECKOTO MOBEICHUS areHTa B KPU3UCHON CHTYallHH.
HBIIl YPOBEHB MOTPEOICHNUS yKe Yepes MATh Hemenb nocne  [IpoBeneH 0630p (GakTopoB BIUsSHUS Ha IOBEJCHHUE B
KpHU3uca, B TO Bpems kak o6oport mo crpare Cl He Boc-  YCJIOBHS CTpecca, B TOM YHCJIE Ha IUIATe)KHOE IOBEe-
CTaHABJINBACTCSl B TEUEHUE BCETO NEproja HaOMIoeHn.  HUe. PaccMOTpeHBI TEOpUH MOBEICHYECKON YKOHOMHKH,
B 1o xe Bpemst u'y Cl, u'y C5 Habnrogaercst MoBbIICHHE ~ HANPaBICHHBIC HAa y4E€T SMOLMOHAIBHBIX, KOTHUTHBHBIX
[PHOPUTETA [IEHHOCTH «BBDKUBAHNC) B KPH3UCHOE BPEMsl, ¥ COI[HAIBHBIX (PAaKTOPOB, NMEIOMNX MECTO B KPU3HUC-
n ee crabunm3anus Ha Oojee BBICOKOM ypOBHE, YeM JI0  HOM CHTyallnH, TI€ NOKa3aHO MX BIMAHUC HA IOBEICHUE.
OrpaHUYEHUH. [poBenen 0630p LEHHOCTHBIX IIIKAJI KAK COLMAIBHBIX OPH-
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LIeHHOCTHO-OPUEHTNPOBAHHOE MOOENVNPOBAHUE NPUHATUA SKOHOMUYECKUX PELLEHUN. ..

E€HTUPOB IpU NPUHITUM pelieHuil. [IpoaHann3npoBaHel
BO3MOXkHOCTH BDI-apxurtexrypsl areHTa 1o y4eTy SMOLMH.
BbIsIBIIEHO MECTO LIEHHOCTHO-OPHEHTUPOBAHHBIX 0COOCH-
HOCTEW MOJENU MPUHITHS peleHuil B koutekcte BDI.
Curnarypbl QyHKIMH B MOJEIN JMHAMHUKI arcHTa IpuBe-
JICHBI B COOTBETCTBHE C IIEHHOCTHBIMU MOJeNsiMu. B xome
aHaJM3a JaHHBIX [TOKa3aHa AMHAMUKA CMEHBI IIEHHOCTEH
areHTOB, TUHAMUKA M3MEHEHHs NOTPeOHOCTEH, a TakxKe
paznuune TMHAMHUKH B Pa3HBIX CTPATAX, YTO B COBOKYITHO-
CTH TIPEOCTABISACT BO3MOKHOCTH HCCIIEOBAHUS SKOHO-
MHYECKOTO MOBEACHUS TPYIII C Pa3HBIMU IIEHHOCTHBIMU
yctanoBkamu. CMeleHre MPUOPUTETOB JIFOICH B CTOPOHY
LIEHHOCTEH BBKUBAHUS BO BpeMs KpU3Hca TO3BOJISET I1e-
peorpeeuTh BEKTOP LEHHOCTEH U ONpeNeIuTh (yHK-
LUK TIPUBJIEKATEIbHOCTH O0BEKTOB MPH NMPHUHSATHHU pelIe-
HUI B COOTBETCTBUU C aKTyaJbHBIM COCTOSIHUEM BEKTOpA
neHHocted. Takum 00pa3oM, IPUHATHE PEIICHHA MOXKET
MOJIETTUPOBATHCSI B COOTBETCTBUH C (PUKCUPOBAHHBIMHU
(YHKIMAME TIPUBIEKATEIBHOCTH, 1, TIPEIIIOIOKNTEIBHO,
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YCIIOBHUSIX MOXKET OBITh CBEJICHO K MOJEIMPOBAHUIO JIUHA-
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u ctpat. PazpaboTka MeToa MOAETMPOBAHUS JUHAMUKH
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0030p Hay4HBIX pabOT, aHATH3 NAaHHBIX U UX COTOCTaBIIe-
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AHHOTANMA

IIpeamer ucciaenopanus. [lperioxkena MeToauKa onpeaeneHnss 0COOCHHOCTEH MOBEACHHS MOIb30Bareneii (ux
MOTPeOHOCTH, MOKYTIATeIbCKOI aKTUBHOCTH M CTPYKTYPHI 3aTPaT) B 3aBUCUMOCTH OT U3MEHEHHS U KaTacTPOpH3aIin
cutyanun. Metod. Jlisl BEIIOHEHHS MOJyHATyPHBIX UCCIEJOBAaHUH (OIPOCOB B UTPOBOH (opme) B 00IacTu
MOBE/IEHYECKOI YKOHOMHKH CO3JIaH CTEHJ Ha OCHOBE MH(MOPMAINOHHOI TEXHOJIOTUU NU(PPOBEIX aCCHCTECHTOB-
aBaTapoB. [IpuMeHeHue cTeHaa NO3BOISET OCYLIECTBIIATh CUMYJIALUIO pealbHbIX XKU3HEHHBIX cUTyauuid. B xoxe
HCCIIeJOBAHMS YYACTHUKAM KaXKyI0 BHYTPHUTPOBYIO HEJIETI0 HEOOXOAMMO ITPOBOJIUTE 3aKyTIKH Ha CIEAYIOIIYIO HEIIIO
C y4e€TOM COOCTBEHHBIX Hpe}lCTaBJ’[eHI/Iﬁ 0 CuUTyaluu. CHTyaLII/Iﬂ MOJCIUPYETCS MYTEM NPEABABICHUSA yYaCTHUKAM
coo011eHuit B popMaTe HOBOCTHOM JICHTHI MOOMILHOTO HpHIOKeHus. [locie npenocTaBieHns UrpoBOH HHPOpMALHN
(cTEMYITBHOTO MaTepuasna) yJacTHUKH JOJKHBI OTBETHTH HA BOMPOCHI O CYOBEKTHBHOM OTHOIIEHNH K CTAOMIBHOCTH
TeKyIIell UTPOBOIf CHTYaINH; CAMOYYBCTBHH; HHTEPECE K KayK/10H KOHKPETHON HOBOCTH; CKIIOHHOCTH K FIMITY/TbCHBHBIM
TIOKYITKaM B CTPECCOBOM CHUTYaINN; MOTPEOUTEIHCKOI aKTHBHOCTH; BO3MOXKHBIX BHY TPUHTPOBBIX TIJIaHAX Ha Oymytiee.
OcHoBHBIE pe3yJabTaThl. [IpeaoxkeHo UCnoas30BaHNe MOOMIIBHOTO MPHUIOKEHHS Ha OCHOBE MH()OPMAIIMOHHOM
TEXHOJOTHU IU(PPOBBIX aCCHCTEHTOB-aBaTapoOB C IIeIbI0 cOOpa M aHalM3a JaHHBIX Mojb3oBareneil. Paspaborana
METO/IMKA OPTaHU3aI[MU U IPOBEICHHS NCCIISIOBAHUS 110 OIIEHKE NOTPEONTENIBCKOI CIocOOHOCTH. MeTonKa BKITIoUaeT
B ce0sl CIeAYIOIIHe ATAIIbl: MOATOTOBKA M cOOp MpeiBapuTeIbHON (IONTpoBOii) MH(GOPMALIUK O IIETEBOM ayTUTOPHH;
MIPOBEJCHNE UCCIISIOBAHUS C MPEAOCTABICHUEM CTUMYJIBHOTO Marepuaia (MHGOPMAIIMOHHOTO KOHTEHTA), B KOTOPOM
OTIMCBHIBACTCS CUTyalUsl B OKpY:Kalomei cpeae (MHUp, CTpaHa, TOPOI U T. [.); IPeI0CTaBIeHNe BapHAHTOB BBIOOpA
JaNbHEHIINX ACUCTBUII MONIB30BaTelNs Kak nmorpedurens. [IpakTudeckas 3HaYuMocTh. PaspaboTanHas MeToauka
MTO3BOJISIET BBISIBUTH OCOOCHHOCTH ITOTPEOUTENFCKOTO MOBEACHHUS U CTPYKTYpy HOTpebiaeHns Ha obOmel BeIOOpKe
TIOJTE30BaTelIeH B YCIOBHUAX COOBITHITHON AWHAMUKH. [10sIBIIIETCS BO3MOXKHOCTD OIIPEIENICHUS] CTPATET U TTOBEACHHUS
noTpeduTelNel 1 OMNOOK, KOTOPHIE COBEPIIAIOT YYACTHUKH B XOZE UIPHI.

KaioueBnle c1oBa
MOTPEOUTEIIBLCKAs CIIOCOOHOCTb, IIU(POBBIC ACCHCTCHTHI-ABaTaPhl, HTPOBOEC HCCIICIOBAHUE, KATaCTPO(DU3AIIHS, OIICHKA
pHUCKOB

Baarogapuoctn
HccnenoBanue BBIMOIHEHO 3a cueT rpanta Poccuiickoro Hay4qnoro ¢ounza (mpoext Ne 17-71-30029).

Ccpuaka juisi nurupoBanusi: AseiinnkoB C.A., Topman O.0., bacos O.0. MeToayka opraHu3ainud U MPOBEICHHS
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Abstract

A technique is proposed for determining the characteristics of user behavior (their needs, purchasing activity and cost
structure) depending on the change and catastrophization of the situation. To perform semi-natural studies (surveys in
a game form) in the field of behavioral economics, a stand was created based on the information technology of digital
avatar assistants. The use of the stand makes it possible to simulate real life situations during which participants need to
make purchases for the next week every in-game week, taking into account their own ideas about the situation which is
modeled by presenting messages to participants in the format of a mobile application news feed. After providing game
information (stimulus material), participants must answer questions about their subjective attitude to the stability of the
current game situation: about well-being, about interest in each specific news, about the tendency to impulsive purchases
in a stressful situation, about consumer activity, about possible in-game plans for future. The use of a mobile application
based on the information technology of digital assistants-avatars for the purpose of collecting and analyzing user data
is proposed. A methodology for organizing and conducting a study to assess consumer ability has been developed. The
methodology includes the following steps: preparation and collection of preliminary (pre-game) information about the
target audience; conducting research with the provision of stimulus material (information content) which describes the
situation in the environment (world, country, city, etc.); providing options for choosing further actions for the user as a
consumer. The developed methodology makes it possible to identify the features of consumer behavior and the structure
of consumption in the general sample of users in the context of event dynamics. It becomes possible to determine the
strategy of consumer behavior and the mistakes that participants make during the game.
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consumer ability, digital assistants-avatars, catastrophization, risk assessment
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BBenenue

AHanus3 1oBeIeHHs TOTpeOuTeINeit SBIeTCS TpaUIn-
OHHBIM B c(hepe MapkeTuHra. Tak, HarpuMep, Nccie0Ba-
Hus A. Teepcku u J[. Kanemana [ 1] mocBsmmeHsI H3y4eHNTO
paIMOHAIBHOCTH TOKyTaresisi. COrIacHO MX MOJIEIH, TIPe/i-
TTOYTEHHSI OTPEOUTENEH YacTO 3aBUCAT HE TOIBKO OT (pak-
THUYECKUX PA3IMYMNA MEXIy TOBapaMM, HO U OT TOTO, KaKk
9Ta pa3HUIa MpecTaBieHa norpedurento. st mpoBepku
CBOEGH MOJIEIM MCCIIEIOBATENN IPOBEIH CEPHIO IKCIIEPH-
MEHTOB. B HUX MoKymnaressiM npe;yiarajioch cAenarb BbIoop
(omHM BapuaHTBI OBUIM pallMOHANIBHEE JPYTHX), IIPH 9TOM
3aj1a4¥ OTIINYAINCh (POPMYITMPOBKAMH: B TIEPBOM BapHaHTE
YeJIOBEK TapaHTHPOBAHHO IMOIy4al 25 % BBIMTPHIIIA, BO
BropoM — 100 %, HO ¢ BepossTHOCTBIO 75 %. BbLI0O BBI-
SIBIICHO, 9TO ()OPMYJIMPOBKH 337124 OKA3BIBAIM OOJIBIINI
a¢deKT Ha TOKyIaTest, YeM HCXOIHAs PalliOHAIBHOCTh
BapuaHTOB. Tak, B cilydae ecnu MH(OPMALUS MPEACTaB-
JSITach KaK MOTeps, — JIFON XOTeNH ee n30ekaTh (Harpu-
Mmep, otepsATs 100 % BBIUTpHINIA C BEPOATHOCTHIO 25 %).

Mexny Tem nanaemus 2019 roga cepbe3HbIM 00pazom
U3MEHUIIa TIoBeeHne norpedureneil. Tak, Gpokyc BHUMa-
HUA IOCTCIIEHHO CTaJl CMEIATLCA € pallMOHAJIbHBIX BBIT'OJ
BBIOOpA TOBapa MJIM YCIIyTH Ha COLMAJIbHBIC U IICHUXOJIOTH-
YecKue MPEJUKTOPhI MoBeeHHs noKymaress. CornacHo
pabore [2], B CIIIA cymecTBeHHasi 9acTh MOKYIIOK ITe-
pela B OHJIAMH, OHU CTaJH HOCHTBH OoJiee JIOKaIbHBINH
XapakKTep 1 OCYIIECTBIATHCS OIMKE K JOMY; YBEIHINIACh
MOMYJISIPHOCTh OHJIAWH-KMHOTEATPOB M CTPUMHUHTOBBIX
cepBUCOB. [IoMHUMO 3TOTO, BO BpeMsI MaHIEMHUHU TTOTPEOH-
TEJIM CTaJI MEHbIIIE TPATUTh JICHBIH HA «HEOOS3aTEIbHBIC»
(Hampumep, HOBBIN TesedOH, aBTOMOOMIIb) TIOKYIIKU B
MOJIb3y KU3HEHHO BAXKHBIX (HampuMep, TOBAPOB MEPBOM
HeoOxoaumocTn). B Poccnn, coracHo [3], mokymku Takke
Havalu [epexoanTh B OHJIaiH-(hopMar, a 101t Tpar Ha X00-
6w, TpeOyIOIHMX BBIXO/ U3 I0OMa, TAK)KEe CHU3MIIACh. ABTOD

HCCJIEIOBAaHUS CBS3BIBACT 3TO HE TONHKO C OMACHOCTHIO
TIAHIEMHUH, HO M C MEPaMH, Ha KOTOPBIE TIOIIIO TOCyaap-
CTBO IS IPEOTBPAIICHHS PACTIPOCTPAHCHHUS BHUpyca.
Taxum 00pa3om, aKTyaJIbHOM 3aa4ell OKa3bIBAETCS OIICHKA
PHUCKOB, CBA3aHHBLIX C IMTPOTHO3UPOBAHUEM IMOBEACHUA T10-
TpeduTeneil ¢ y4eToM NONUTHYECKHX, COIIMAIbHO-OKOHO-
MHUYECKHUX U IIPOYUX (HaKTOPOB.

MarepuaJjbl M1 MeTOAbI

OreHKa pUCKOB — TOBOJIBHO OOIMIMPHAS 0OJIACTh MC-
CJIEOBAHUH, KOTOpAs 3aTParuBaeT MHOKECTBO Pa3jInd-
HBIX OTpaciel xu3HenesaTeabHOoCTH. Llenb HacTosmen
paboThl — onpeesieHne 0COOEHHOCTEH MTOBEICHUS MOJTb-
30Bareseil (MX MOTpeOHOCTH, MOKYNATEIbCKYIO aKTHB-
HOCTb U CTPYKTYpY 3aTpar) B 3aBUCUMOCTH OT U3MEHEHUS
1 KaracTpoduzanuu cutyanun. [1onoOHbIe Hccie10BaHus
JIOCTATOYHO pacrpocrpaHensl. Hampumep, B padote [4]
UCIIONIb30BAHBI CIEHEPHPOBAHHBIE HOBOCTH. Y YaCTHUKAM
TIPEIBSABISUINCH TPH 3ar0JIOBKA HOBOCTEH, CBSI3aHHBIX C Te-
MAaTHKOH — aKyJIbl, U3 Pa3JIMIHBIX aBCTPATIMHCKUX CPEICTB
MaccoBoit nH(popmarun Ha Facebook. CTumyier B naHHOM
ClIy4ae TakKe BapbHPOBAINCH IO MPEIHAMEPEHHOCTH/
HenpenHamepeHHocTu. [locne nemMoHcTpanuu HOBOCTEN
3aJaBanuch BOMPOCH (1o mkane Jlalikepra) o TOM, Kak
HEOOXOMMO PETYINPOBATH KU3HEACATEIBHOCTD AKYJI.
B wuccnenoBanuu [S] mpuMeHeHbI HE MPOCTO HOBOCTHBIE
3aroJIOBKH, a CBEPCTaHbI MaKETHbIE I'a3eTHBIE CTATbU (OUH
CIOXKET Kacalicsi 004eK ¢ XMMHKaTaMH, Jpyroil — mia-
HOB I10 CTPOMTEILCTBY 3aBOJA IO COKUI'AaHHIO OMACHBIX
0oTXx0/710B). Mcrosp30Baanch pa3Hble BEpCUHU MAKETOB:
B O/IHOH 32 peayn3anunio MpoeKTa OTBEYasI0 TOCY/IapCTBO,
B JIpyroif — MH(OpPMAINs PACKPHIBAIACH HE MTOTHOCTBIO, &
MIPE/ICTABUTETH KOMIIAHNH YKa3bIBaJ, YTO YUTATEIH MOTYT
He OecriokouThesl. [locne mpouTeHus ra3eTsl mpejara-
JIOCh OLEHUTH Mo mikaje Jlaiikepra cepbe3HOCTh pUCKa
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U BOIIPOC, YTO MOT ObI YyBCTBOBATh YEJIOBEK, HAXOISICh B
TaKOM OOILECTBE (3710CTh, OCCIIOMOIIIHOCTh, O€30MACHOCTb,
TpeBOry M T. 11.). B pabote [6] aist OLIEHKH PUCKOB TaKXe
3a1ciICTBOBaHBI HOBOCTHBIC CIOKETHI. TakuMm oOpazom,
WCTIOJIE30BaHUC CUMYJISIIIUU YPE3BBIYAHON CUTYAIHH (I10-
CPEIICTBOM JIEMOHCTPAIIH ITOJTOTOBICHHBIX HOBOCTEH HITH
TIPENICTABICHAS CUTYAINH) SIBIICTCS METOIOM, KOTOPHIH
MOYKET IPUMEHATHCS B HCCIECIOBAHMAX IO OIIEHKE PUCKOB.
B nacrosmeli pabote st co3nanus dpheKra «pearbHOTOo
BPEMCHW» OBLIH MPEIOCTABICHBI YYACTHUKAM HCCIICIO-
BaHUS HE TOJIbKO HOBOCTHBIC «T'a3CTHBIC» 3ar0JIOBKU, HO
U HOBOCTHU B pOopMare HOBOCTHOM JICHTBI M3 M3BECTHBIX
COIIMAJIBHBIX CETEH, a TAKKE B CTUJIC MPUIOKCHHUH JJIsI
OOIIEeHUs, TPOCMOTPA BUACOKOHTCHTA H JIP.

[IpoekTHpoBaHNE KOHTCHTA HAIPABIICHO HA OIMMCAHUC
oOmIeli cUTyaluy B CTpaHe W MHPE, U JIaJee BOZMOKHOTO
MTOBENICHUS B TIOCTEIICHHO «YCIIOXKHSFOIIUXCS yCIOBHIX
C KOpPEKITNeH ITaHOB M CYOBEKTUBHOW OIICHKH MOTPeOu-
TEJBCKOM aKTUBHOCTU C YUYETOM IIPENCTABICHHON CUTYya-
uuu. B Hagane mccinenoBaHus CUTyalusl B MUPE U CTpaHe
OTIMCHIBAETCS KaK OOBIYHASA: MEXKIYHAPOIHBIE CHE3/IHI,
00CYX/ICHHE BOIIPOCOB COIMATIBHOM MOJUTUKUA B CTPAHE,
MIPOXOAAT KOHLEPTHI U Topozackue mepornpuarus. Co Bpe-
MCHEM IIOSABJIIAKOTCSI HOBOCTH O BOSHUKHOBCHUH O4YaroB
3a200JICBaHUs] HOBBIM BUPYCOM, U C KQXKIBIM THEM KOHTCHT
HAYUHAET JIOMUHUPOBATH B JICHTE YUACTHUKOB UCCIICIOBA-
HUSI, OKa3bIBasl BIUSHUC HA YPOBCHb UX YaCTHOW JKU3HU.
CTUMYIBHBIN MaTepral — MPeI0CTaBIsICMbIi KOHTCHT —
OCHOBBIBACTCSI Ha PEalbHBIX HOBOCTSIX, KOTOPHIC TOSB-
nsamuck B epuon nmangemun COVID-19. B opurunanb-
HBIX HOBOCTHBIX 3ar0JIOBKaX MEHSIIOCH MECTO IEHCTBUS
(HarmpuMep YXaHb Kak O9ar 3apaXeHus ObLT 3aMEHEH Ha
Canxrt-IletepOypr) u macmTabbl 6€ICTBUSA IS CO3/a-
HUA MMOCTCIICHHOT'O YCJIOXHCHUA CUTYyalluH. YyactHukam
npeajiarajiochb }106aBI/ITL WM UBMCHUTD 3alUIaHUPOBAHHBIC
BCTPEUYH C YYCTOM JIMHAMHUKU COOBITUH. [laHHBIC aKTHB-
HOCTH OBLIM HAI[CJICHBI HAa YCUJICHUS IIOTPYXKCHUN» B
CO3/IaHHYIO CUTYaLHIO.

[Ipu mIaHUPOBAHUU HCCIICIOBAHUS TAKKC YUUTHIBA-
Jach IeJieBasi ayJUTOpUs BO3aciicTBUs. M3BeCTHO, YTO
CYIIECTBYIOT COITMATIFHO-eMOT papuIecKre 1 BO3PACTHBIC
OCOOCHHOCTH BOCTIPUATHS pHUcKa. Tak, B pa3IHIHBIX HC-
CIIEZIOBAaHUSIX YCTAHOBIICHBI PA3NINUNs MEKIY JKEHIINHA-
MU U MY>KYWHAMH, JIOIbMH C Pa3HBIM YPOBHEM JIOXONA U
oOpa3zoBaHwsl, JIIOIBMH pa3Horo Bo3pacta [7]. Hampumep,
oOHapykeHa BO3pacTHas crielin(huKa BOCIIPUSITHS PUCKa:
MOJIOJIBIE JTFOI B Bo3pacTte 18—29 set B Gounbliei ctenenu
CKJIOHHBI HTHOPUPOBATh PUCK, YEM JIFOIU 00JIee CTapILEero
Bo3pacta [8]. OTIHYUTEILHON 0COOCHHOCTRIO MOJIOICKH B
Poccuu siBisieTcst ATMHAMUYHOCTD, CTPEMIICHUE y3HATh YTO-
TO HOBOE, ITOIPOOOBATH HOBBIC MTPOIYKTHI, BOCIIOJIE30BATh-
Csl HOBBIMH YCITyTaMH, TIPHOOPECTH HOBBIC TOBAPHI, a YPO-
BEHB IIJIATEKECIIOCOOHOCTH Y MOJIOIBIX JIFOJICH B BO3pacTe
18-29 neT oueHnBaeTcs Kak CPeIHUN W BBILLIE CPEIHETO
[9]. Mosonbie oy — caMble aKTUBHBIC TIOTPEONUTENN Ha
PBIHKE TOBApOB U YCIYT, KOTOpPBIE Oosiee IPYyTUX BIHAIOT
Ha €ro pa3BUTHE, UMEHHO II0TOMY LIEJIEBOM ayIUTOPUEN B
JIAHHOM MCCJICIOBAHUU CTaJIA CTYACHTHI CTAPIIUX KYpPCOB.
YyacTHUKH 6BI.HI/I Ppa3aci€Hbl Ha ABC I'PYIIIbI: HE UMEIOIIas
3apaboTKa ¥ MOJTyYaroIasi ICHbIY OT POIMTEIICH U TEX, KTO
HMEET CaMOCTOSTCIIbHBIN 3apab0ToK.

B 1en1sx uccneioBaHus MOCTaBIICHBI CIEAYIOLINE 3373~
YU BBISIBUTH OCOOCHHOCTH MOTPEOUTEIHCKOTO TOBEACHHS
U CTPYKTYpY MOTpEOICHUs Ha 001IeH BEIOOPKE MOJIOJCKH
Y B 3aBUCHMOCTH OT CAMOCTOSITEITbHOCTH JI0X0/1a; BBISIBUTD
CHUTYaIIMOHHBIE MapKEePhl, KOTOPHIE MEHSIOT ITOTPEOUTEIb-
CKOE TTOBEJICHHUE, B YACTHOCTH KaTacTpo(U3aLis CUTYaInH;
OTIPEACINTh CTPATETNH MTOBEICHNS IOTPEOUTENEH B yCIiIo-
BUSIX KaTacTPO(U3aIMU CUTYalluu U ANHAMUKY H3MEHEHUSI
MOTPEOHOCTEH B YCIOBUAX YPE3BBIYANHBIX CUTYAIIUH.

[Tepen Hauamom uccienoBaHus OBLIN COOpaHBI JaH-
Hble 00 y4acTHHKaX: 0COOCHHOCTSIX 00pa3a >KU3HH, LIEH-
HOCTAX, MHAUBUAYAJIbHO-IICUXOJIOTHICCKUX OCO6eHHO-
CTSIX, MOTPEOUTENBCKUX MpearouTeHusx u np. Kpome
AQHKETHBIX JIJaHHBIX, IPUMEHEHBI ICUXOJIOTHUECKHUE aIpo-
6uposannbie Metopuku: TIPI-RU (Ten-Item Personality
Inventory) B agantammu A.C. Cepreeoii, b.A. Kupuiosa,
A.®. JKyMaryaoBoii! 11 onpeaenenus: OTKpbITOCTH (K-
TpaBepcusi — UHTPOBEPCHST), KPUTHIHOCTH, TPEBOXKHOCTH,
Pa3HOCTOPOHHOCTH (OTKPBITOCTH HOBOMY), IPYKEITIOOHS;
[IIBapma, a umMeHHO «IIpodwITE TUIHOCTIY, KOTOPHINA TO-
3BOJISIET ONPEACIIATH IEHHOCTH HA YPOBHE TIOBECHMUS, T. €.
WHAWBHUAyaJIbHBIC TPHOPUTETHI, HanbOoJIee YacTo MPOsIB-
JISIOMIMECS B COIIMAIBHOM MOBEIEHUH JIMYHOCTH; CKIIOH-
HOCTb K pucky A.M. Illy0Gepra; mkana BOCIIPHHUMAEMOT0
cTpecca Jyls AMarHOCTUKU CYIIECTBYIOIIETO YPOBHS Mepe-
HarpsHKEeHUsI, ClI0COOHOCTH IPOTHBOJICUCTBOBATH CTPECCY
U IIKaJie BOCIIPUHIMAEMOT0 cTpecca.

[IpoBenen anamu3 BpeMEHHOTO psijia, MpeIoaraio-
Ui, 9TO 3aMepbl B OTHOLIEHHH OJTHUX U TEX K€ IepeMeH-
HBIX [TOBTOPSAIOTCS C TeUeHNEM BpeMeHH. [locre momyuenus
UTPOBOI HH(pOpMAIH (CTUMYIBHOTO MaTepraia) y9acTHH-
KI JIOJDKHBI OTBETHTH HA CIIEYIOIINE BOIIPOCHI:

— CyOBEKTHBHOE OTHOIICHHE K CTAOMIBHOCTH TEKYIICH
urpoBoif cutyanuu (o mkane Jlaiikepra): 1 — necra-
OunbHA U Hempeackasyema, 7 — MaKCHUMaJbHO CTa-
OWJIbHA;

— camouyBcTBHe (1o mkane Jlaiikepra): 1 — noxoe
HAacTpOEHUE, 7 — HACTPOEHHE MO3UTUBHOE, MHOTO
IUTAaHOB Ha Oymy1iee;

— MHTEepeC K KaXJI0W KOHKPETHOH HOBOCTH — JNXOTO-
MHUECKas MIKajla C BAPHAHTAMH OTBETA «J1a» U «HET».
Hanpumep, «Bam nHTEpecHa 1aHHAS HOBOCTH?»;

— CKJIOHHOCTH K UMITYJTbCHBHBIM TIOKYTIKaM B CTPECCOBON
CUTyalluu — JUXOTOMHYECKAs [IKajla ¢ BAPHAHTAMHU
OTBETA «Aa» U «HET» W, Jajiee, OTKPBITHII BOIIpOC,
CBSI3aHHBIM C TE€M, Ha KaKOW TOBap WJIM YCIYTy Yelo-
BeK ObI XOTel B I[aHHBIfI MOMCECHT NOTPaTUTh ACHBI'U.
Hanpumep, «Xorenu Obl Bbl 4TO-HUOYAb KYIIUTh, YC-
JIBIIAB 9Ty HOBOCTH? Ecin «1a», To 4T0 UMEHHO?»;

— 0 IOTPEOUTENBEHOM aKTUBHOCTH (OTpeJiesieHre oTpeo-
HOCTH OCYIIECTBHUTBH PA3IMYHOTO PO/ MOKYIIKN) —
JUXOTOMHUYECKHE BOMPOCHI U OTKPBITHIE BOTIPOCHI.
Hampumep, «Xorure cxonuthk Ha Mepornpusitue? Eciu
«J1a», TO Ha KaKoe UMEHHO?»;

— BO3MOJKHBIE BHYTPHUHUTPOBBIC TUTAHBI Ha Oyaymiee —
OTKpbIThIE Bonpockl. Hanmpumep: «HUTo niianupyere Ha
neto? OTMeThTE MyHKTHI, KOTOPbIE B OOJIBIICH cTere-

I Kparkuii muunoctabiii onpocuuk TIPI-RU [DnekTpoHHbIH
pecypc]. Pexxum nocrymna: https://psytests.org/bigS/tipi.html (zara
obpamenus: 20.11.2022).
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Tabnuya. I1lnan npoBeaeHUs UCCIIEIOBAHUS

Table. Research plan

Peanpnbrit BryTtpuurpossie JlelicTBHS y9aCTHUKOB
XapakTepucTHKa CHTyal[M{ BO BHYTPHUIPOBBIE THH
JICHb JIHH B KOHIIE PEabHOTO JIHS
1 1,2,7,10 IIpoucxoaut MupHas XHM3Hb 0€3 BHpyca U mnepBble odary | [Ipou3BoAsT BHYTPHHTPOBEIC
3apakeHus MOKYTIKU Ha CIIEIYIOIIYIO He-
» eIt
2 14, 15,17, 21 VKe U3BECTHBI THICAYH CITydaeB 3a00J€BaHUN W HAYWHAIOT A
3aKPBIBATHCS CTPAHBI
3 26,27, 28,33 TeMIIbl pacpoCTpaHeHHs! BUpyCca HaunHAIOT NpuolOpeTarh
OostbIoii pazmax. KonnuecTBo 3apa3uBIIMXCS € ThICAY Hepe-
XOIMUT Ha MUJUTHOHBI
4 34, 35, 36, 37 Hauano TecrupoBanusi BaKIIMHBI U YBEIMUYEHHE KOJIMYECTBA
3apaKeHHBIX
5 38,39, 50 Ha MoMeHT okOHYaHUS peaqbHOTo AHS KOIUYECTBO CMEpTei
OT BHpyCa MpEeBBIAeT 6 MIIH, a pPOCCHICKas BaKIMHA HE
TOKa3bIBaeT 3P (YEKTUBHBIX PE3yIbTaTOB

HU COOTBETCTBYIOT BalllMM IUIaHAM: ITyTEUIECTBUE 3a
rpaHully, myTemecTsye no Poccun u T. 1.» ¢ BO3MOX-
HOCTBIO BBOJIa COOCTBEHHOTO BapHaHTa BPEMSIPEIIpo-
BOJKIICHUSI.

[To naHHOI CTPYKType B TEUEHHE BCETO UTPOBOTO HC-
cyieioBaHMs OBl OLIEHEH KaXKIbIH CTUMYJIBHBIA MaTepH-
an — WHPOPMAIMOHHBIA KOHTEHT. Vcronp30BaHme aHa-
JIM3a BPEMEHHOTO psifia MO3BOJIMIIO YBUAETH AUHAMHUKY
M3MEHEHNS MOTPEOUTENNBCKON AKTHBHOCTH C MOBBIIICHUEM
KaTracTpo(u3anny CUTYaLH.

Pe3y.anaTl,1 HCCTIeI0BAHUSA

9:41 T - 9:41 il T -
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HosocTu Cobbitus AHesHMKN

HosocTu Cobbitus AHeBHMKN

JlaHHble CTpaxoBbIX KOMMNaHui nonanu e Cetb

B CeT 6b1n1 06HapyKeHbl 6a3bl AaHHBIX C
vHbopMaLmeit 0 6onee YeM 5,6 MIH KIMEHTOB
CTPaxoBbIX KOMMaHWii. BObILUNHCTBO 6a3
COAEPany He TO/IbKO NePCOHasbHbIE CBEAEHNS, HO
TaKKe AiaHHble 06 aBTOMOGUIAX 3aCTPaXOBaHHbIX
ALY, UCTOPMIO CAETIOK 1 KOTMM [IOKYMEHTOB.

HoBocTu 3KoHOMUKM
LieHbl Ha 30/10TO BNAIOTHYIO NOA06PANUCH K
MCTOPUYECKOMY MaKCHMyMy
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J171s1 BBITIONIHEHUSI TIOJTyHAaTyPHBIX MCCIIEI0BaHMUI (OIpo-
COB B UTPOBOH (hopMe) B 00JIACTH MOBEICHUECKOH IKOHO-
MUKH CO3/1aH CTEHJ] Ha OCHOBE MH()OPMAIIMOHHOW TEXHO-
sorud EQPOBBIX accucTenToB-aBarapos!. CreH umeer
MHKPOCEPBUCHYIO0 apXUTEKTypy U BKJIKOYACT MOOHIBHOE
NPUIOKEHUE AJIs B3AaUMOICHCTBUS C ITOJIb30BATEISIMHU,
a TAaK)Ke CepPBEPHYIO YacTh IUIAT(OPMBI, Peau3yIOIyIo
¢dhyaknnn 06paboTKu M XpaHeHUs HaHHBIX. CTeH] pas-
BEPHYT Ha BBIYHCIUTEIBHBIX cepBepax HaumonansHOTO

I Tlnardopma sKocucTEMBI UMPOBOH THIHOCTH [DIEKT-
pouHEI pecype]. Pexum noctyna: https://actcognitive.org/
platformy/platforma-ekosistemy-tsifrovoy-lichnosti (1ata o6pa-
menust: 10.11.2022).
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Pucynox. TIponicTbhIBaHHE JICHTHI COOBITHI (@); MPOCMOTp onucanus coobITust (b); OLEHKa MPeIbBICHHOTO CTUMYIBHOTO
Marepuaina (c); OCyIeCTBICHHE 3aKYIIKH Ha CICAYIOLLyI0 Heaemro (d)

Figure. Scrolling through the event feed (a); view event description (b); assessment of the presented stimulus material (¢); making a
purchase for the next week (d)
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MeToavka opraHMsaumm 1 NpoBeaeHNs NCCIeA0BaHs Mo OLEHKe NoTpeGuTenbCKom CrioCoGHOCTH

LIEHTpa KOTHUTHBHBIX pa3padoTok Yuusepcurera MTMO u
(dyHKIMOHMpYET B peskuMe 24 x 7 ¢ centsa0pst 2021 1. B Ha-
cToslIee BpeMsi 00beM HMCCIIeyeMOI TPYIITbl COCTABIISIET
6omee 200 venosek (cTyneHToB u npernoaasareneii UTMO).

HrpoBoe nccienoBanue BHIIOIHEHO B PEATBHBIX YCIIO-
BHUSIX, KOTJa KQXKBII «MTPOK» Urpaet ceds. [t MuHumMu-
3aI[MM BPEMEHH «HUTIPa» MPOBEICHA B YCIOBUSIX YCKOPEHHO-
TO BpeMeHH (HampuMep, 3—5 AHEH UTphl 3a ONUH PeaTbHBIN
JICHb), YTO MO3BOJIMJIO 3a ABE HEJCNIN dMYJINPOBATh pas-
BHUTHE TITyOOKOTO KPH3HCA, CBI3AHHOTO C YPE3BBIUAITHBIM
noJjiokeHueMm (Tadnuua).

YYacTHUKHU KaXAYyI0 BHYTPUUTPOBYIO HEAEIIO OCY-
LIECTBIISUIM 3aKyIKU Ha CIEAYIOILYI0 HEIEII0 C yU4eTOM
COOCTBEHHBIX MIPE/ICTABICHUM O CUTYyaIlH U €€ KaTacTpo-
¢uzannu. B nanHOM ciydae UrpoBOe MCCIIEIOBAaHHE TIPH-
OMIKEHO K CUMYIISILIMU PEATbHON JKU3HU. YYacTHUKAM
ObUT MpeCTaBIEH OIOKET, KOTOPBIH COOTBETCTBOBAI HX
cperHeMy OIO/DKETy, yKa3aHHOMY HPH HEPBUYHON THAarHO-
ctuke. Kpome TOro, y4acTHUKM UMENHN JIBE BO3MOKHOCTH
yHpaBJIeHUs CBOMM OOKETOM: HOTPATUTh Ha MPOIYKTHI
W/WITY OTIIOKUTB. J{J1s BBIIOJIHEHNUS TOKYTIKH HEOOXOIMMO
OBUTO TPOPAHXKUPOBATH CIIHCOK U3 BOBMOXKHBIX KaTETOPH
MTOKYIIOK C Y4eTOM CYOBEKTHBHON 3HAYMMOCTH yYaCTHHU-
Ka, MOCJIE YEero PacHpefeInTbh CyMMY TPaT MEXIy 3TUMHU
KaTeTOPUSIMH.

Tax, Harpumep, Ha 21-i1 BHyTPUUIPOBOM JIEHb y4acT-
HUKaM HCCIICZIOBaHMs OOBSBIICHA CIICAYIOIAsl CUTYaIUs
B Mupe: «EBponelickue 1ujepsl IporojaocoBaiu 3a To,
YTOOBI 3aKPBITh KAK MHHUMYM 26 CTpaH JUIsl TIOUTH BCEX
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7. Nan X., Kim J., Verrill L., Daily K. Influence of risk severity and
intentionality on perceptions of food contamination risks among
pregnant women: an experimental investigation // Journal of Health
Communication. 2020. V. 25. N 6. P. 514-521. https://doi.org/10.10
80/10810730.2020.1818149
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differences in perception of risk // Perceptual and Motor Skills. 1992.
V. 74.N 2. P. 587-594. https://doi.org/10.2466/pms.1992.74.2.587

9. MenbuukoBa T.®., MensuukoBa A.B., EBuenko M.H., Husckuna A.B.
OcOOCHHOCTH MOJIOACKHOTO CETMEHTA Ha PBIHKE MOTPEOHTEIBCKIX
ToBapoB // Monozoii yuensrii. 2014. Ne 17. C. 301-304.

MOCETUTENIeH U3 O0CTAIBHOTO MUpa Kak MUHUMYM Ha 60
nueit. B Poccun Takske roBopsIT O BOBMOXKHOM 3aKPBITHH
rpaHUIl ¢ ONbKANIIUME rocynapcTBamu. Panee momo0OHoe
65110 TONIEKO ¢ COVID-19». C ucnonb30BaHUEM UCCIIEI0-
BaTEJIbCKOTO CTEH/Ia YIACTHUKHU PEATM30BAIN CICIYIONIYIO
MOCIICIOBATENIFHOCTD ICHCTBHH (PUCYHOK).

3akJ/iouenne

AKTYyaJbHOCTb MIPOBEJIEHHSI UTPOBOTO MCCIIEIOBAHUS
CBsI3aHa C HEOOXOIMMOCTBIO BBISIBJICHHS CTPATEruil MOTpe-
OUTENTBCKOTO MOBE/ICHHS B YCIIOBUSIX HEOMPEICICHHOCTH.
Jnst peanuzanyy JaHHOM e MPEIOKEHO HCII0JIb30BaTh
MH(POPMAIMOHHYIO TEXHOJIOTHIO NH(PPOBBIX aCCHUCTCH-
TOB-aBaTapoB M Pa3pabOTAaHHYIO METOAWMKY OpPTaHH3alNU
Y TIPOBEJICHNS NCCIIEI0BAHMS 110 OLICHKE ITOTPEOUTETbCKOH
CIIOCOOHOCTH.

[Tomy4eHHbIe pe3yasTaThl pa3paboTKH METOIUKH UTPO-
BOT'O MCCJIEIOBAaHMS TIO3BOJIMIIN: BBISIBUTH OCOOCHHOCTH
MOTPEOUTEIHCKOTO MOBEACHHSI U CTPYKTYPY MOTPeOIeHHs
Ha o011el BHIOOpPKE MOJIO/ICKH U B 3aBUCUMOCTH OT Ca-
MOCTOSITEIBHOCTH JI0X0J1a; BBISIBUTH CUTYallMOHHBIE Map-
KEpbl, KOTOPBIE MEHSIOT MTOTPEOUTENIECKOE TIOBEICHUE B
YCIOBHSX COOBITHIHOM ANMHAMUKH; OTIPEACINUTD CTPATET UK
MOBEJICHHS TOTPeOUTEIIeH 1 OIINOKH, KOTOPBIE COBEPIIAIOT
YYaCTHHUKH B XOJIC UTPHI.

[IpoBenenne ncciaeq0BaHUS 1O OLEHKE MTOTPEOUTEINb-
CKOl CTIOCOOHOCTH TUTAHUPYETCS MOCIe CTaOUIN3aIinu
BHEIITHETIOIMTHYECKON CUTYalnH.
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AHHOTANMSA

Ipenmer nccaenoBanusi. Bopocsl MOHUTOpPHHTA 00pa30BaTeIbHON KOMMYHHKAIIMH, aHAIN3a KOMMYHHUKaTUBHBIX
CTpaTeruii M TaKTUK B IIPE3EHTAIMU yYeOHBIX MaTePHaIOB MaJIo U3y4eHbI. 3yueHne OCHOBHBIX TEMAaTHK COJCPIKaHHS
nyOnuKanuii Ha KaHajgax ¢ pa3HbIM PEUTHHIOM HOIYJSIPHOCTH Yy IOJIb30BaTeIel MOXKET pacCMaTpPUBAThCS KaK OAMH
U3 3TANoB pa3pabOTKU MHCTPYMEHTOB AJIs aHajIu3a oOpa3oBaresbHON KomMMmyHHKauu B Telegram. B nannoii paGore
HCCIICIOBAH AUAAKTUYCCKUN TU3aiH BUPTyaJbHOTO 00pa30BaTelbHOro KaHaia Ha npumepe Telegram. M3ydena ero
KOMMYHHKaTHBHAs HATIPABICHHOCTh, CTPATETUH U TAKTHKU B3aMMOJECHCTBHS, KOTOPBIE HCTIONB3YIOTCS TIPETMOAaBaTeIIMU
JUISL TOCTHIKCHUSI BBICOKMX PE3yIbTaTOB CBOMX CTYACHTOB M IMOBBIIICHHS BOBICUCHHOCTH ayguTopuu. MeTon.
C nmpUMeHeHHnEeM METO/I0B MAIIMHHOTO 00y4eHHs 0 MMeroleMycst Habopy ImyOnukanuii oOpa3oBaTeNbHEIX telegram-
KaHaJIOB BBIIIOJIHEHO pa30MeHMEe TEKCTOBOIO MAacCHBA Ha KJIACTEPHI JUIS AaJIbHEHIIEro SKCIEPTHOTO aHalIM3a U
omnpezeneHus npudausuTensHoi Temaruky. C AToil [enbio UCIIob30BaHa MPOrpaMMHast IaTgopmMa Ui aHain3a
nanHbix PolyAnalyst, paspaborannas kommanueid Megaputer Intelligence. [Tnardopma obecriednBaet kiacTepu3aruio
JIOKYMEHTOB 110 METOY k-cpenHux (k-means), MOAAEPKUBACT ITAMbl MPOIECCA aHAIN3a JaHHBIX OT 3arpy3Ku U
00pabOTKH JAAaHHBIX O PACHIMPEHHOTO aHaIM3a TEKCTa M JAAaHHBIX, a TAKKe CO3JaHME MOIb30BATENbCKUX OTYETOB.
OcHoBHbIe pe3yJbTaThl. [IpeacraBnena TeMaTnueckas CTPYKTypa KOHTEHTa 00pa30BaTeIbHEIX telegram-kaHamoB ¢
BBICOKMM M HU3KUM PEHTHHTaMH M CTaTHCTHUYeCKas HHGOPMANus O JUJAaKTHUSCKOM HAMOIHEHUH 00pa30BaTeNIbHBIX
pecypcos. [Toka3aHo, 4To BEICOKOPEHTHHTOBBIC 00pa30BaTeIbHbIC telegram-KaHaIbl OCYIIECTBISIOT CMBICIOBYIO
CTpaTeruio HHTErPali 00pPa30BaTeILHOTO M KaphepHOTro MapipyToB. OOpa3oBarenbHbIe telegram-kaHaabl ¢ HU3KAM
PEHTHHIOM BBIIOJIHSIOT KOMMYHHKATHBHYIO CTPATEr IO, HAIPABICHHYIO Ha MIPEIOCTABICHHE Y3KOCTICAIN3HPOBAHHOM,
JIOTMYECKH Pa300ILICHHON CIPaBOYHOI, KOMMEPUECKOH MM pa3BiekaresibHoi nHdopmaru. OTHUM U3 TIPU3HAKOB
KOMMYHHKATHBHBIX TAKTUK Ha HU3KOPEHTHHTOBBIX KaHAJaX BBICTYNAIOT MPUEMbl MAHHUITYISTUBHOTO BO3JEHCTBUS,
KOTOpBIE TTO3BOJISIIOT BIMSITh HA MHEHHE ayAUTOpuH. K HUM OTHOCSITCSI TAKTUKH: KOCBEHHOTO yOEKAEHNS, aKTyaIn3ain
MOTHBa (PUHAHCOBON BBHITOJBI M 3aIOTHEHUS HHPOPMAIHOHHEIX «IIpobenosy. IIpakTuyeckass 3HAYMMOCTb.
[omyuennsle pe3yabTaThl MOTYT HAWTH NPUMEHEHHE IIPH pa3paboTke HHCTPYMEHTOB Ul aHAIM3a ¥ MOHUTOPUHTA
00pa3zoBaTeNbHOI KOMMYHUKAUU B ceTH MHTepHEeT. MeToanKa aBTOMAaTH3HPOBAHHOTO KJIACTEPHOTO aHATH3a
KOMMYHHKaTHBHBIX CTpaTeruii oOpa3oBaTebHBIX telegram-kaHaioB MOXET OBITH BOCTpeOOBaHA IIUPOKHM KPYroM
CIICIIMAIIICTOB B chepe MEeHEDKMEHTa 00pa3oBaHusl, pa3paboTunKaMy KOHTEHTa 00pa30BaTeIbHbIX HHTEPHET-KaHAJIOB,
MapKeToJIoraM, IeaaroraM, paboTaroIUM B BUPTYaJIbHOM cperie.
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Abstract

The issues of educational communication monitoring, analysis of communication strategies and tactics in the presentation
of educational materials have been little studied. The study of the main topics of the content of publications on channels
with different popularity ratings among users can be considered as one of the stages of developing tools for analyzing
educational communication in Telegram. In this paper, the didactic design of a virtual educational channel is studied on
the example of Telegram. Its communicative orientation, strategies and tactics of interaction, which are used by teachers
to achieve high results of their students and increase audience engagement, are studied. Using machine learning methods
based on the existing set of publications of educational Telegram channels, the text array was divided into clusters for
further expert analysis and determination of approximate topics. For this purpose, the PolyAnalyst data analysis software
platform developed by Megaputer Intelligence was used. The platform provides clustering of documents using the
k-means method and supports the stages of the data analysis process from data loading and processing to advanced text
and data analysis as well as supports the creation of custom reports. The thematic structure of the content of educational
Telegram channels with high and low ratings and statistical information on the didactic content of educational resources
is presented. It is shown that highly rated educational Telegram channels implement a semantic strategy for integrating
educational and career routes. Educational Telegram channels with a low rating implement a communicative strategy
aimed at providing highly specialized, logically disconnected reference, commercial or entertainment information. One
of the signs of communicative tactics on low-rating channels are manipulative techniques that allow you to influence
the opinion of the audience. These include the tactic of indirect persuasion, the tactic of actualizing the motive of
financial gain, the tactic of filling information “gaps”. The results obtained can be used in the development of tools
for the analysis and monitoring of educational communication on the Internet. The methodology of automated cluster
analysis of communicative strategies of educational Telegram channels can be in demand by a wide range of specialists
in the field of education management, content developers of educational Internet channels, marketers, teachers working
in a virtual environment.
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automated cluster analysis, communication strategies, communication tactics, educational resources, Telegram
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BBenenue

[TocTostHHBIN pOCT MOTPEOHOCTH OOIECTBA B HOBBIX
3HAHUSAX M KBATH(UIIMPOBAHHBIX CIIEIUAINCTAX, TEXHO-
JOTUYECKHH MPOrpecc M MPAKTUKH COLUATIBLHOTO JIUC-
TaHIIUPOBAHU MIPUBOAAT K PA3BUTHIO 00Pa30BaTEIbHBIX
TEXHOJIOTHI ¥ aKTHBHOMY BHEIPCHHUIO SJICKTPOHHOTO 00Y-
yerwns [ 1]. DnexrpoHHOE 00ydeHNE TIO3BOIISET YIPOCTHTH
Tporiece mepenadn 00pa3oBaTeIbHBIX MaTePHAIOB U CHe-
JaTh MpoIecc B3aUMOICHCTBUS Oosiee MHTEPAKTUBHBIM,
HCIONB3Ys KaK CHHXPOHHBIE, TaK U ACHHXPOHHBIE (hOPMBI
o0yuenus [2]. OOIIeHNE YYUTEIS U YUCHUKA B PEaIbHOM
BPEMEHH BHE 3aBUCHMOCTH OT I'€0JIOKAIMH [T03BOJISIET CHH-
XpOHU3UpOBaTh o0yueHue. C qpyroi CTOPOHbI, ACHHXPOH-
Hast popma 00ydeHHs 1aeT BO3MOXKHOCTB MOCTOSIHHOTO J10-

CTyIa K y4eOHbIM MaTepuaiaM. Ydaluecs MOTYT yUUThCS
B JII000€ BpeMsI 1 CAMOCTOSITEIIFHO PETYIMPOBATH POLIECC
KOMMYHUKaIuu [3].

[TaTdopMBl COIMANBHBIX CETEH W MECCEHIKEPHI XO-
POIIIO HHTETPHPOBATIICH B CHCTeMY 0Opa3oBanusi. OHAKO
BOITPOC OLIEHKH MX POJIM U BIMSHHA Ha IPOIiecC 00ydIeHHs
OCTaeTCs HE 10 KOHIIA N3y4YEHHbIM.

OcHoBHast u3 TMOMYJIAPHBIX KOMMYHHUKAIIUOHHBIX IJIO-
0K JIJIsl 00y4eHus: — KpoccruiaTopMeHHas CUCTe-
ma «Telegram». MHorue uccienoBarTeny yKa3blBatoT, 4YTO
TEeXHUYECKUH (PyHKIMOHAI JaHHOHU M1aTGopMbl (KOMMEp-
[UaTM3aus, QyHKIMOHAIBHOCTh, apXUTEKTypa, Oe3omac-
HOCTb) JIeJIaeT €€ ONTUMAJIBHON JUIsl MOJJIEPKKH 00pa3o-
BaTeIbHOTO mpotiecca [4]. JanHas atgopma m03BOIISET
MIPEOJI0JIETh COLMAbHO-?)KOHOMUYECKHE W 3ITHIEMHOIIO-
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THYECKHE MPOOICMBI, MPEIOCTABUB JIOCTYI K O0yUCHUIO
JIIOJISIM € OTPaHUYEHHBIMU BO3MOXHOCTSIMH 3/I0POBbS,
COLIMAJILHO HE3AIIUIIEHHBIM CJIOSIM HACEJICHHUS U JIMLIAM C
OTpaHUYCHHBIMU BO3MOXKHOCTSIMH MOOMIIBHOCTH [5].

IIpenmer ucciienoBaHus

B nocnennee Bpemst Telegram npuBiiekaeT BHUMaHUE
ucereioBaresei Kak MICTOYHUK HH(OpMaIuy JUIsl H3y4eHUs
Pa3IMuHBIX OOIECTBEHHBIX ITPOIECCOB.

B pabore [6] nmpemioxena o0paboTka JaHHBIX W3
MecceHmmkepa WhatsApp ¢ MOMOIIBI0 METOIOB MalllHH-
Horo oOyueHus Just moucka eiixkos. [Ipencrasien me-
ton FakeWhatsApp.BR, ncrnonszoBannsiil B padore, ¢
TTOMOTMIBIO KOTOPOTO coOpaH HaOOp JaHHBIX COOOIICHUH
WhatsApp Ha Gpa3uiIbCKOM BapHaHTE MOPTYTAIbCKOTO
A3BIKA, U3 Opa3suiIbCKuX MyOnmuuHbIX rpynn. Paspaboran
kiaccuukaTop ae3uH(OpMaINH, COYCTAIONINNA METObI
U3BJICUCHNUSI TIPU3HAKOB HA OCHOBE 00Pa0OTKU €CTECTBEH-
HOTO SI3bIKA.

B pabote [7] mpencrasieHa cuctema «Telegram
Monitory, KOTopasi OTCJIECKUBACT IOJUTHYECKUE Je0aThl
B JIaHHOW cpeje M MO3BOJISIET aHAJIM3UPOBaTh Hanboee
pacIpocTpaHeHHbI KOHTEHT Ha HECKOJIBKHX KaHaJlaX U B
00IeCTBeHHBIX Tpynmnax. [1o MHEHHIO aBTOPOB, cUCTEMa
MpU3BaHa TIOMOTATh KypHAIUCTaM, HCCIEI0BATENIAM 1
areHTCTBAM TI0 TIPOBEPKE (DaKTOB BBISIBICHUS AKTyallb-
HBIX TEOPHI 3ar0BOpa, KaMITAHUH 0 1e3WH(OPMAITIH I
IIPOCTO OTCIICKUBAHUS OJIMTUYIECKUX 1€0aTOB BO BPEMsI
BBIOOPOB B bpasumun 2022 rona.

IIpodeccop Cankr-IlerepOyprekoro rocyaapcTBEHHOTO
yausepcuteta C.C. bonpyHoBa [8] uccienosaia Telegram
coo00IIecTBa, BEICTYMAIONUE TPOTUB BakIMHALUU. [Tpn
9TOM OblIa IIpoBEieHa olleHKa Oosiee 282 ThIC. KOMMEHTa-
PHEB B KPYITHEHIIIEM COOOIIECTBE antivaxxer B pOCCUICKOM
Telegram (anti_covid21: ¢ saBapst mo urons 2021).

B oredecTBeHHBIX U 3apyOCKHBIX HaydHBIX paboTax
MIPEACTABIECHO OOJBIIOE KOIMYECTBO HCCIIEIOBAHUM, TI0-
CBSIIIEHHBIX M3YUYEHHIO CaMOTO MPOIecca MIEKTPOHHOTO
00Oy4ueHHsS ¥ OTHOIICHUS CTYAEHTOB M IPENojiaBaTenei
K ero ocobeHHocTsM. B pabore [9] oTMedeHO, YTO BO3-
MOYHOCTH cucTeMbl Telegram mo3BOJISIIOT PErylIupoBaTh
MPOIIeCC B3aMMOJIEHCTBUS MperofaBaTesisi U 00yJaronuxcs,
B PEaJbHOM BPEMEHH OTCJIEKHMBAs MOCEIAEMOCTh U BOB-
JICYCHHOCTH CTYACHTOB.

B [10] noxa3zaHo, 4TO MCIOJIb30BaHUE TPYIIOBBIX
YaToB, MOMJCPKKH PA3JIMYHBIX TUIIOB OHJIAWH-B3aMMO-
nevictBus B Telegram aexTrBHEE CITOCOOCTBYET MOBBI-
LICHUIO BOBJICYEHHOCTH YYAIINXCsl, YEM HCIIOJIb30BAHNE
JPYTHX MECCEHIKEPOB.

OnHO M3 HEOCTIOPUMBIX MPEUMYIIECTB TPUMEHEHHS
JaHHOH MIaThOPMBI — BO3MOXKHOCTH CTUMYJIHPOBAHUS
aKTHBHOT'O AMAJIOTa MEkK/y 00yUaroIMMUCS, KOTOPBIH T0-
3BOJISIET aKTHBHU3UPOBATH MPOPECCHOHANIBHBIC U yueOHbIe
3HaHuA [11].

Otmetum, yto wiardgopma Telegram B mepByro oue-
pelb MoJIe3Ha JUIsl 3aKPEIUICHHUS! YKe MOTyUYeHHBIX 3HAHUN
1 oOMeHa y4eOHBIMU MaTepHasiaMu JUIs 00ydaronuxcs,
KOTOPBIC YK€ MONyqrin 0a30Bbie 3HAHUS [ 12].

B pa6ore [13] paccMoTpeH cyObEKTHBHBIN OIIBIT CTY-
JICHTOB B MCTIOJIb30BaHuM Tuaropmsl Telegram aust 00-

YUEHUS SI3BIKY M OTMEYEHO, YTO OHA OKa3aJlach ynoOHa
JUISL Pa3BUTHUSI UMEIOIINXCSI HABBIKOB (YTEHHUE, MHCHMO,
ayAMpOBaHKE), HO HE MOKa3aja cBoel 3((PEeKTUBHOCTH B
OCBOEHUH HOBBIX PA3rOBOPHBIX HABBIKOB.

Bosnukaer Borpoc 00 3pPpeKTUBHOCTH OOyUICHUS C
HCTIOJIb30BaHNEM JIEKTPOHHBIX TIAT(OPM AJIS ITMPOKOTO
KpyTa 00eIaromuxcs, ¢ pa3HbIM YPOBHEM MOATOTOBKH.

B cuctemarudeckom o030pe mccnempoBanmii [14], mo-
CBSIILIEHHBIX MCHONb30BaHMIO Telegram, moxasaHo, 4To B
OOJBIIMHCTBE UCCIEOBAHNN T0Ka3aHa YCHEIHOCTh HC-
TMOJIb30BaHUSI IAHHOM TIAT(GOPMBI. ITO CBSA3aHO B IIEPBYIO
odepeib ¢ TpoheCCHOHATU3MOM TIPETIOaBaTeNsl, KOTOPBIH
CMOJKET BBICTPOUTH YCIELIHYIO OHJalfH-CTpaTeruto oo-
YYEHUS M, KOTOpasi Oy/IeT OTIMYAThCs OT KJIACCHYECKHUX
odaitH-MeTo10B paboTHI.

Taxum 00pa3oM, MOKHO TOBOPUTH O TOM, YTO aKTy-
AJIBHBIM CTAHOBMTCSI BOIPOC M3YUCHHS JAUTAKTHIECKOTO
Iu3aiiHa BUPTYaJIbHOTO 00pa30BaTEILHOTO KaHaja, ero
KOMMYHHKaTHBHOM HaIpaBIEHHOCTH, CTPATETnii M TAaKTHK
B3aMMOJIEHCTBNUS, KOTOPBIE HCIIOIB3YIOT MPETIO1aBaTeIN
JUISL OCTHKEHHSI BBICOKUX PE3Yy/IbTaTOB CBOUX CTYAECHTOB
1 TIOBBIIICHUS BOBJICUECHHOCTH ayauTopuu. Ha maHHBIH
MOMEHT PEaJM30BaHO OONBIIOE KOJTUYECTBO HCCIEA0Ba-
HUM, TOCBAIIEHHBIX AKCIIEPTHOMY aHAJIN3Y MOJTUTHYECKOM
KOMMYHHUKaIMK B telegram-kananax [15], MeanuHCKOM
KOMMYHUKAIIUK Bpayel v narueHToB [16], npou3BoacTBEH-
HOU KOMMYHUKatuu [ 17], moBepus HHAUBHAIYAIBLHBIM OJI0-
ram [18]. OxgHako cymiecTByeT 1e(UINT HayYHBIX padoT,
MOCBSILICHHBIX MOHUTOPUHTY 00pa30BaTeIbHONH KOMMYHH-
Kallly, aHAIN3y KOMMYHUKATHBHBIX CTPATETHH M TAKTHK B
MPe3eHTaN YIeOHBIX MaTepHaIOB.

[Ipeanonaoxum, 9TO OXHUM U3 3TAIOB Pa3pabOTKU MH-
CTPYMEHTOB JJIsl aHaIM3a 00pa30BaTeIbHON KOMMYHUKa-
1 B Telegram MoKeT cTaTh n3y4eHne OCHOBHBIX TEMATHK
coJieprKaHus MyOIMKaliii Ha KaHaJlaxX ¢ pa3HbIM PEHTHHIOM
HOILYJIIPHOCTH y I10JIb30BATEIICH.

Coop undopmanuu

B Poccun aymuropus Telegram mpessimaet 35 MiaH
yenosek. [1o nanaemv TGStat, B pycckoszpranom Telegram
ceituac 6ompuie 300 Tric. kKaHanoB. [IepBBIM 1TaroM B AaH-
HOM HCCJIeIOBAHUU CTall 0TOOp KaHaloB U cOOp cTaTu-
CTUKHU ITocelaeMocTu. s 3Toro 3a1eicTBOBaH CEPBUC
TGStat, KOTOPBI IMEET TOTOBBIE MOAOOPKH O PA3ITNIHBIM
temarukam. Taxoke TGStat npeayaraet noaHbIA CIEKTP OI-
I JUTsE OBICTPOTO M YIIOOHOTO OTCIICKUBAHUS ITyOTAKAIIAI
B telegram-kananax.

Jlnst ncenenoBanus BRIOpaH PEHTHHT KaHAJIOB 10 00pa-
30BaHMI0, BKIouarommid 100 mo3urmii 00pazoBaTeIbHBIX
KaHaJIOB U TIOCTPOCHHBII MO0 KOMMYECTBY MOJIHCIHKOB.
Bce ccputkn Ha KaHANIbl COXPAHEHBI B TOPSAKE yOBIBAHUS
MOMYIISIPHOCTH, a TAKXKE UMEETCSI PAaCIIMPEHHasl CTaTUCTHU-
Ka 1Mo Kakaomy kaHanmy. CepBHC MpeaoCcTaBIseT pa3ind-
HYI0 UH(QOPMAIUIO, B TOM YHCJIe WH/CKC [IUTUPOBAHMS,
OXBaThI MMyOJIMKALMA, BHEIIHUH TpaduK, TON ITyOIUKaLUi
u zip.

Ha cnenyromem mare BBITPY>KEHbI BCE MOCThI, KOTOPbIE
oryOIMKOBaHbl B coOpaHHOM nonoopke. Telegram umeer
Pa3BUTHINA MHTEp(EHc MPUKIAIHOTO TPOTPAMMHUPOBAHUS
API (Application Programming Interface) mist co3manus
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OT60p KaHAIOB
B TGStat

BrIrpyska cchiiok
Ha KaHaisl Telegram

CoxpaHeHne
CTaTUCTUKH

Ha6op JSON-paitios
€ MOCTaMu

Beirpyska
co001IeHn

Puc. 1. Obuias cxema cbopa nxdopmarmu

Fig. 1. General information collection scheme

6otoB. bor API mo3Bossier jierko co3iaBarb MporpamMmal,
KOTOpBIC HCHONB3YIOT coobmienns Telegram jaist nHTEp-
¢eiica. API Telegram u TDLib co3garoT coOcTBeHHEIE
HacTpamBaeMbIe KueHTH Telegram. [1pu 3TOM 4aThl MOX-
HO BBITpYyXath 0e3 API ¢ ncnonp3oBaHmeM cTaHIAPTHOTO
(yHKIIMOHANA, TOCTYITHOTO B MecceHmkepe. st coopa nH-
(hopmary MprMeHEHBI BCTPOSHHBIE (PYHKIINH MECCEH IKe-
pa Telegram, B nHTEepdEiice mporpaMMBbl TSI IEPCOHATb-
Horo koMmmbioTepa (ITK) BO3MOKHO BBITPY3UTh COOOIIIEHHS
B opmare JSON (JavaScript Object Notation — HoTaIHsI
00bekTOB B Java Script) u3 kanana. B pesynasrare cOopa
ckauero 100 JSON-aitno. Ha puc. 1 mpuseneHa oomrast
cxema cOopa uH(pOpMaIHH.

BeImoTHUM cpaBHCHHE KaHAIOB U3 OA00pKH: 10 mep-
BBIX (CaMBIX MTONYISIPHEIX) U 10 mocieHux (MeHee oIy~
JSIPHBIX).

O06padoTka nHpopMan UK

Ienb, KoTOpas ObLUIA MMOCTABJICHA B YacTH 00pabOTKH
TEKCTa, 3aKJIF0YaIach B CICIYIOIIEM — [0 UMECIOLIEMYCS
HaOopy myOnuKanuil pa3HbBIX TeMaTHK B cdepe oOpazoa-
Hus, coopannbix m3 Telegram, aBromarmaecku (03 pyqHOMH
pa3MeTKH, ¢ TIOMOIIbIO METOJIOB MAIIHHHOTO O0yUYCHMS)
OIPE/ICIUTh, K KAKOW TeMaTuke B cepe 0Opa3oBaHus OT-
HOCHTCS ITOCT B BHJC TEKCTA M KAKOW TOH (ITO3UTHBHBIN
WA OTPULIATEIBHBIN) IMEeT KaxIblid ToCT. [l mocTmxke-
HUSI JAHHOM LIEJIN TOCTABJICHBI CIICAYIONINE 3a/1a4H.

— JIst aBTOMaTHUYECKOTO OIPECICHHS TEMaTHKN TEKCTa
HEOOXOIMMO PEIINTh 33/auy KJIACTEPU3AIMH TCKCTa,
T. €. pa30MEHHUS TEKCTOBOTO MAaCCHBA Ha MPOU3BOIBHOC
KOJIMYECTBO IPYMII (KJIACTEPOB) AJIS JaIbHEHIIIero 3Kc-
[IEPTHOTO aHAJIN3A 10 ONPEACICHUIO TPUOIU3UTEIIBHON
TEMaTUKH OIPEIACICHHOMN IPYIIITbI HOBOCTCH.

— Jluist aBTOMaTHYECKOTO OIPEICICHUS TOHAIBHOCTH
HOBOCTH (IIO3MTUBHBIA MIIM HETaTHBHBIA OTTEHOK)
HEOOXOIMMO BBIOPATh TOTOBBIA W MyOTUIHBIA pycC-
CKOSI3BIYHBIM MacCHB TEKCTa C 3aJaHHON pa3MeTKOMU
Ha MOJOXKUTEJIbHBIC U OTPULATENIbHBIC TPYIIIbI, U HA
OCHOBE JIAaHHOT'O MaCCHBA IMOJrOTOBUTH MOJIE/Ib 110 aB-
TOMAaTUYECKOMY OTPEICIICHHIO TOHAILHOCTH TEKCTa
HOBOCTEH.

Ha nanHOM 3Tare uccie0BaHusl, B KA9YeCTBE IKCIICPH-
MEHTA, UCTIONI30BaH roToBbIH cepBuc. B [19] npeacrasne-
HBI PE3yJIBTaThl HCCIICAOBAHUS Kpyra Mpo0JieM U BOIIPOCOB
(bMHAHCOBOTO MOJIOKCHUS CTYJCHTOB B IICPUOJ ITAHICMUH
o MU(POBEIM clieJ]laM B colnalbHEIX ceTd BKonTakTe
CTYIEHYECKOU ayauTOpuu. JIJs HHTEIIEKTyalIbHOTO
aHaIKM3a JIAHHBIX HUCIOJb30BaAHO CICHUATU3UPOBAHHOE

nporpamMMHoe obecrieuenne Polyanalyst — cucrema us-
BJICYCHMS MTOJIC3HOM MH(POPMALNU U3 CTPYKTYypHUPOBAH-
HBIX M HECTPYKTYPHUPOBAHHBIX JTaHHBIX C PUMEHEHUEM
METOJOB MalIMHHOTO 00y4eHus. B HacTosmel padote
TaKKe UCIOJIB30BAHO PELICHUE 0T KOMIaHuu Megaputer
Intelligence — PolyAnalyst. JlanHO€ porpamMMHOe 00e-
CIIEYCHHUE MOANEePIKUBACT BCE ATAIBI IIPOLecca aHaIHN3a
JAHHBIX: OT 3arpy3Kd U 00pabOTKM JaHHBIX IO PaCIIH-
PEHHOTrO aHaJIHM3a TeKCTa M JAaHHBIX, a TAKKe CO3MaHUA
TOJIb30BATEIBCKUX OTUYETOB.

PolyAnalyst obecnieunBaeT kiacTepu3anuio J0KyMeH-
TOB, C UCIIOJIb30BaHNEM MeTo/Ia k-means. Pabora anropur-
Ma 3aKJIF04YaeTcss B MUHUMU3AIMK 00IIero KBaapaTuuyHOro
OTKJIOHEHUsI TOUEK KJlacTepa OT IIEHTPOB CaMUX 3TUX KJIa-
ctepoB. [1o kakgoMy 13 00pa3oBaHHBIX KIACTEPOB CO3/1a-
HBI CITUCKY C TOM-10 KIIFOYEBBIMU CJIOBAaMHU, XapaKTECPHBIMH
JUTSL KKI0TO KIlacTepa.

JIOTIOTHUTENNEHO TIPOBECH aHANN3 ITyOINKanOHHON
AKTHBHOCTH telegram-KaHaJIOB 110 TOZIAaM, CTaTHCTHKA I10
KOJINYECTBY CHMBOJIOB B IIOCTaX M JIPyrHe MapaMeTpbl, a
TaKoKe BBIIENIEHBI KIIoueBble ciioBa. Ha puc. 2 npusenena
o0111ast cxema paboThI 10 00PabOTKE TEKCTA.

AHaaus MOJIYY€HHBIX JaHHBIX

B pesymprare aHanmsa CTaTHCTHYCCKOW HHPOpPMA-
UM O TUJIAKTHYECKOM HaroJHeHHH 00pa30BaTeIbHBIX
telegram-kaHa 0B MOXKHO CZI€aTh BBIBOA, YTO 00pa3zoBa-
TeNnbHbIe telegram-kaHaibl ¢ BBICOKMM PEHTHHIOM Hpel-
CTaBJISIIOT COOOM JIONTOCPOUHBIE IIPOEKTHI C OOJBIINM 00b-
eMoM mybnukanuit 3a mocuennue 6 jet. B ato jxe Bpems
oOpa3oBareibHbIe telegram-kaHallbl ¢ HU3KUM PEHTHHIOM
Ooubiyto yacth MH(MOpManyy nmyonukosasu B 2022 roxy,
YTO yKa3bIBAET HA KPATKOCPOYHOCTH JIAHHBIX ITPOEKTOB.
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Puc. 3. [lyOnukannoHHast akTHBHOCTS 110 roiaM. KpacHbIM
BeTOM ToKa3aHbl 10 kaHaIo0B U3 mogbopku (Hanboee
HONyJSIpHEIE), CHHUM — 10 KaHaIoB (HanMeHee IOIyIISIPHBIX)
Fig. 3. Publication activity by year. 10 channels from the
selection (the most popular) are shown in red, 10 channels (the
least popular) are shown in blue

Amnanmu3 00beMa CHMBOJIOB B OT/ACIBHBIX TOCTAX ITOKa-
3aj1, 4To oOpa3oBaTeNbHbIe telegram-kaHamibl ¢ BBICOKUM
PEUTHHTOM B OCHOBHOM ITyOJIMKYIOT JOCTaTOYHO KOPOTKHE

coobmienus (18 % xonteHra — nocts 10 500 3HaKOB), B TO
BpeMsI KaKk KOHTEHT telegram-KaHajioB ¢ HU3KUM PEHTHHIOM
JIOCTATOYHO Pa3HO(OPMATHBIH, Halre myOIiKyoTcs 00beM-
HBIE co00IIeHMs. BO3MOXXHO M3-3a TOTO, 9TO 00pa30BaTeiIb-
HbIE telegram-KaHasbl C BBICOKMM PEHTHHIOM ITyOIIUKYIOT
OoJee TAaKOHWYHYIO, CXKATYI0 HH(POPMAIINIO, €€ MPOoIIe
BOCIIPUHUMATh W OHA MPUBIIEKAET OOJIBIIYIO ayTUTOPHIO.
BrinonHuM KiaacTEpHbIM aHAIU3 COAEPIKATENbHBIX
acCIIEKTOB KOHTEHTA, BBIKJIaApiBaeMoro u3 10 Hanbosnee mo-
MyJISPHBIX KaHaJIo0B 1 10 HauMeHee MoIysipHbIX. B pe3yib-
Tare Mo KaXJ0My M3 00pa30BaHHBIX KJIACTEPOB CO3/IaHbI
CTHCKH ¢ TON- 10 KII0YEeBBIMU CIIOBAMHU, XapaKTEPHBIMHU IS
Ka)XJI0To Kilactepa. Pesynbrarsl BU3yaau3aluu pacnpese-
JICHUSI IOCTOB I10 KJIaCTepaM IpeACTaBIICHbI Ha pUC. 4 1 5.
AHanu3 KoHTeHTa 00pa3oBaTelbHbIX telegram-kaHanos
C BBICOKMM PEUTHHTOM (pHC. 4) MO3BOIIHI BEICIUTH TPH
OoIbIIIME TPYTIITBI KOMMYHHKATHBHBIX CTpaTeryii, 00bean-
msrommx 10 xractepos (Tadm. 1). B ximactepe Nell cobpa-
HBI TIOCTHI, JJIs1 KOTOPBIX HE YAAIOCH BBIICIUTH KATETOPHH.
TaxkuMm 06pa3oM, aHAIH3 TEMATHK BRICOKOPEUTHHIOBBIX
00pazoBaTeNbHBIX telegram-KaHaaoB MO3BOIMII PEKOHCTPY-
HNPOBAThb KOMMYHUKATUBHBIC TAKTUKHU, KOTOPBIC OPUCHTHUPO-
BaHbI Ha B3POCIIbIX MOJIb30BaTeNIEd U CKOHUCHTPUPOBAHBI
B [IEPBYIO Ouepe/lb Ha Mpolecce 00yUYeHUs U ero CBS3H C

Tabauya 1. KoOMMyHUKaTHBHBIE CTPATeTHH M KIIaCTEPh 00pa30BaTENIbHEIX telegram-kaHaaoB ¢ BEICOKUM PeHTHHIOM

Table 1. Communicative strategies and clusters of the educational Telegram channels with a high rating

Knactep

KIJIFOYCBBIC CJIOBa

00beMHAET TEMBI, IPU3BaHHbIE MOOYKAATh K aK-
THBHOI1 IeSITEILHOCTH, OMMUCHIBAIOIINE TIPOCTPAH-
CTBEHHO-BPEMEHHYI0 OpraHH3aluIo mporecca 00y-
4yeHus (IeJb, JeHb, )KU3Hb, MHHYTa, CHJIa, YeTOBEK,
JleTIaTh, IPUBBIYKA, C/IEIaTh)

00BEIMHUII TEMBI, CBA3aHHbIE C OPraHU3alUeH BbIC-
LIET0 YHUBEPCUTETCKOT0 00pa3oBaHus (CTUIICHINS,
o0yueHHe, YHUBEPCUTET, JCAJIaiiH, CTYCHT, IPO-
rpamMma, akaJeMU4eCKui, MOAPOOHBIiT)

JIeIUTaiiH, y4acTue, KOHKYpC, OpraHu3aTop, 3asBKa,
MOJIOJIOH, TOAPOOHBIN, TPOKUBAHKIE, PACXOT, MECSI]

CTaKUPOBKA, CTaKep, aHIIIMUCKHUH, OMBIT, ITOIPO0-
HBIH, TpeOOBaHUsI, KOMIIAHUS, 00JIACTh, MECSII, Bla-
JIeTh

BY3, IIOCTYIUICHHE, 00pa30BaHue, OCTYIUTb, YHU-
BEPCHTET, CTpaHa, yueda, pyOesK, IIOIydUTh, YIUTHCS

Kypc, OecIuTaTHBIN, HAaBBIK, Kapbepa, KOMIIAHUS,
cepTudUKaT, BaKaHCHs, OHJIAIH Kypc, IPOITH, cTa-
KUPOBKa

(huznka, MExaHWKa, 3aKOH, BIKCHHE, DIIEKTpUYC-
CKUii, KBAaHTOBBIH, BOJIHA, TOK, TIOJIE, TEOPUS

MPOrpaMMHPOBaHKE, KO/, KHUTa, pa3paboTka, Mpu-
JIOKEHUE, U3JITaHUE, SA3BIK, IPUMEp, MPOTPAMMUCT,
MIPOEKTUPOBAHUE

3ajada, MaTeMaTuKa, aredpa, TeopHsi, MaTeMaTHde-
CKW, pellieHue, ypaBHeHUe, TUpPepeHInaIbHbIHI,
reOMETpHUsl, BEpOATHOCTb

MaTeMaTHKa, Hayka, MaTeMaTHYeCKHii, KHUTa, UCTO-
pust, 3a1a49a, pU3MKa, 3aHIMATEIbHBIN, YUTATEIh
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Howmep .
HazBanue KOMMYHHUKAaTUBHOU
crpare- cTpaterun
— p HOMEp Ha3BaHUE
1 Opranusanus TaiiM-MeHea- 1 Opranusanus Taiim-me-
KMEHTa y4eOHOU NesTelb- HEeKMEHTa y4eOHOM nie-
HOCTH SITETBHOCTH
2 NudpopmupoBanue o mo- 2 Opraunusanust 06pazosa-
CTPOEHHH 00Pa30BaATETBLHOTO HUS
MapIIpyTa 1 Hadase Kapbepbl
3 YyacTue B KOHKypcax
4 CraxupoBKa
5 Iloctynienue B yHuBep-
cHUTeT
6 Hauaio kapsepsl
3 [Ipennoxenus mo reme 00- 7 Oo0yuenue puzuke
pa3oBaHus
8 OOyueHue mporpaMMu-
poBaHUIO
9 OO0y4eHne MaTeMaTHKe
10 HcTopus MmaTremaTuku
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Puc. 4. KareropuajibHasi CTPyKTypa KOMMYHHKATHBHbBIX TAKTHK
o0pa3oBaTenbHBIX telegram-kaHanoB ¢ BRICOKUM PEHTHHIOM.
Oo1m1ee KOJIIMYECTBO COOOMICHUH 10 KaXKIOMY KIIacTepy

Fig. 4. Categorical structure of communicative tactics of
educational telegram channels with a high rating. Total number

MIPAKTHKONH. DTO TOBOPHUT O TOM, YTO BEICOKOPEHTHHIOBBIE
oOpa3oBarenpHBIe telegram-kaHassl pearn3yioT KOMMYHH-
KaTHBHYIO CTPATETUIO0 00BeTUHEHNsT 00pa30BaTeNIFHOTO U
KapbepHOTO MapLIPYTOB, YTO JIOTHYECKH CBSI3BIBACT BCIO

of messages for each cluster

WH(OPMALIUIO B €IMHBIA KOHTEHT.

m Nel
m Ne2
= No3
m Ne4
m Ne5
u Ne6
u Ne7
m Ne§
= Ne9
= NelO
= Nell

m Nel
m Ne2
m No3
= Nod
u N5
u No6
m Ne7
u No§

= NelO
= Nell

Puc. 5. KareropuasnbHasi CTpPyKTypa KOMMYHHKATHBHBIX TAKTHK
00pa3oBaTeIbHBIX telegram-KaHaIoB ¢ HU3KUM PEHTHHIOM.
OO0111ee KOJIIMYECTBO COOOIICHNUIT [0 KaXKJOMY KIaCTepy

Fig. 5. Categorical structure of communication tactics of
educational telegram channels with a low rating. Total number

of messages for each cluster

AHanu3 KoHTeHTa 00pa3oBaTelbHbIX telegram-kananos
C HU3KUM PEHTHHIOM [TO3BOJIMII BBIIEIHUTH 10 y3KoTEMaTH-
YEeCKUX KJIACTepOB (Tabi1. 2), KOTOPHIMH MOXKHO OIHUCATh
KaK JTMaJ0rOBbIe KOMMYHHKAaTHBHbIC TAKTHKH, HAIIPABJICH-

HBbIC Ha OIMMCAaHHC KOHerTHOfI 00J1acTH 3HAHUS U BBI60p

Tabnuya 2. KOMMYHHUKaTHBHBIC CTPATETHU U KIACTEPBI 00pa30BaTeIbHbIX telegram-kaHaloB ¢ HU3KUM PEHTHHIOM

Table 2. Communicative strategies and clusters of the educational Telegram channels with a low rating

Homep N Knacrep
HasBanue KOMMYHHUKaTUBHOU
crpare-
- CTparerun HOMeEp Ha3BaHHE KITIOYEBBIE CIIOBA
1 [IpenocraBienue crpaBod- 1 [ITkombHAs TOATOTOBKA K | KJIACC, PETHOH, JPYT, 3BaTh, OTBET, SI3bIK, MAaTEMaTH-
HOM nHpOopMaIN TECTaM U dK3aMeHaM Ka, BBUIOXKHTH, BAPUAHT
2 Hayunele rocynapcrsen- | HayKka, Hay4HbIH, Y4€HbIH, POCCUHCKUH, IPOEKT,
HBIE TIPOCKTHI opranuzanys, GUHAHCUPOBAHUE, Pa3BUTHE, (pene-
PpanbHbIH
3 Wudopmanust 06 06pazo- | By3, BEITYCKHUK, 00pa3oBaHue, MporpaMmma, Hudpo-
BATENIBHBIX IPOrpaMMax | BOH, 00yueHHe, SK3aMeH, 00pa3oBaTesbHblii, a0uTy-
PHEHT, 1OKa3aTelb
4 Wndopmanus o BakIH- | CTYJCHT, AUCTAHIMOHHBIH, BaKI[MHALU, 00OydeHNE,
HaluK (opmar, By3, IPUBUBKA, PEKUM, AUKTAHT, KOPOHA-
BUPYC
2 [Ipeanoxenne xommepue- 5 Busnec-xypebt Ou3Hec, KOMaH/1a, KOMITAHHS, TIPOEKT, OCCIUIaTHBIN,
CKUX 00pa30BaTeNbHBIX MPO- MPOAYKT, Y3HATh, SKCIIEPT, KYPC, MAPKETHHT
€KTOB o
6 Menunuuckas nadop- | BeOHHap, JIeueHNe, MEIUINHCKUH, CIICIUAJIHCT, 3a-
Manus GoneBaHue, yBa)KaeMblii, MOIYIIb, TAIIMEHT, KIIETKA,
6ore3Hb
7 Kommepueckue Kypcbt Kypc, mpodecchs, 0CBOUTh PHIHOK, TEOPHUS, METO-
JIACT, CKUJIKA, PO PAMMHPOBAHHE, CIIEIIHAILHOCTD,
HYIIb
3 ITpennoxenue obpasosa- 8 IpaBoBas uH(poOpMalMs | A€10, YrOJIOBHBIN, AUCCEPTALUs, YUCHbIH, HayKa,
TEJIbHO-Pa3BIEKATEIBHOTO Cy[, CTeTIeHb, B3STKA, CIEJCTBHE, MOIIEHHIIECTBO
KOHTEHTa o
9 [To3naBarenbHast BUIEO- | KaHaJ, y3HATh, OHJIAMH, paccKa3arh, BUJICO, MUHYTA,
nHpopmarys XOTETh, Kypc, MHCTPYMEHT, BpeMsI
10 Wudopmarms 0 KUHO Tearp, GpuibM, poib, akTep, KHHO, aKTPUCA, POIUTh-

Csl, CHATBCS, PEIKUCCEP, apTHCT
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ABTOMAaTM3NPOBAHHbIN KNACcTEePHbI aHaNM3 KOMMYHUKATUBHbIX CTpaTernin obpasoBaTtesbHbix telegram-kaHanos

y3koii Tembl (puc. 5). B kmactepe Nell coOpaHbI OCTHI,
JUTSL KOTOPBIX HE YIaJIOCh BBIICIUTH KATCTOPHUH.

B pesynbrare aHanu3a 00pa3oBaTEeIbHBIX TEMATHUK
telegram-kaHanoB ¢ HU3KUM PEHTHHTOM MOKHO CKa3arh,
YTO OHHU PEANH3YIOT KOMMYHUKATHBHYIO CTPATETHIO, Ha-
TIPaBJICHHYIO Ha MPEIOCTABICHIE JOCTATOYHO Y3KOCICIIH-
aJM3UPOBAHHON, HO HE BCErAa JOTMYECKHU CBSI3aHHOU
CIIPAaBOYHOM, KOMMEPUYECKON WIIM Pa3BIEKATEIbHONW MH-
(hopMmaruu. AHain3 KITIOYEBBIX CJIOB MOKA3al, YTO OJHUM
13 BAXHBIX MApKEPOB KOMMYHUKATUBHBIX TAKTUK Ha HA3KO-
peﬁTHHFOBI)IX KaHaJ1aX BBICTYIIAOT IPUEMbl MAHUITYJIATUB-
HOIo BO3ﬂeﬁCTBHH, TIO3BOJIAIOINEC PCATN30BbIBATH BIIMAHUC
Ha MHCHHUE aymuTopuu. K HUM OTHOCATCS: TAKTUKA KOCBCH-
HOTO YOCKJICHUS, CBSI3aHHAS C JKCIIAHUEM YCHJIMTh BIICYaT-
JICHUE 0 PO(ECCHOHAIM3ME TOTO HJIH MHOTO CyOBEKTa MPH
ITOMOIITH TAKHX JICKCEM KaK «yBa)KaeMBII», «CIICIIHATHACT,
«mpodeccroHam», «IKCIEPT» U IIp.; TAKTHKA aKTyaIn3a-
WU MOTHBA (DMHAHCOBOI BBITOMABI, IIPU TIOMOIIH TAaKHX
JIEKCEM KaK «CKHUJIKA», KIPOJaKM», «OECIIaTHOY», TAKTHKA
3aMoIHeHNs HH(POPMAITMOHHBIX «IIPOOETOBY, CBI3aHHAS C
HE BCerJa YMECTHBIM HCIIOJI30BAHUEM Pa3BICKATEIFHOTO
KOHTCHTA.

3akjaouenne

B pabore paccMoTpeHa BO3MOKHOCTh HCIIOIBb30BAHUS
PEe3yaBTaTOB aBTOMaTH3MPOBAHHOTO aHA/IN3a KOHTEHTA 00-
pa3oBaTenbHBIX telegram-KaHaIoB JUIsl BEISIBICHHUSI KOMMY-
HUKATHBHBIX 00pa30BaTeIbHbIX cTpareruil. C 3Toil 1esbio
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C MIOMOIIIBIO0 METO/IOB MAIIMHHOTO OOYUYEHHMS ONPECICHO
K Kakod TeMaruke B cepe 00pa3oBaHUsI OTHOCUTCS TIOCT
B BHUJie TekcTa. Onucana TeMarnyeckasl CTpyKTypa KOH-
TEHTa 00pa30BaTeNbHBIX telegram-kaHajaoB ¢ BHICOKUM U
HU3KMM PEHTHHTaMH, a TaKKe CTaTUCTHUYECKas MH]Op-
Manus 0 AUAAKTUYECKOM HAIllOJHEHHH 00pa30BaTesIbHBIX
pecypcoB. BeIsIBIIEHO, UTO BEICOKOPEHTHHTOBEIE 00pa30-
BaTeJIbHBIE telegram-KkaHalbl peaan3yoT HHTEPAKTHBHYIO
KOMMYHHUKAIIHIO, JIOTHYECKH CBSI3bIBasi BCIO MH()OPMALIHIO
B €JIMHBIN KOHTCHT, 00bCIMHEHHBI OCHOBHOM CMBICIIOBOM
CTpaTerueil HHTerpayu 00pa3oBaTeIbHOTO U KaphEPHOTO
MmapuipyToB. OOpa3oBareibHbie telegram-kaHaibl ¢ HU3-
KUM PEWTHHIOM pealn3yloT KOMMYHUKAaTHUBHYIO CTpare-
TUIO, HAIIPaBJICHHYIO Ha NMPEAOCTaBICHUE Y3KOCIeua-
JU3UPOBAHHOMN, JIOTHYECKN PA300IICHHON CIIPpaBOYHOMH,
KOMMEpPUYECKON MM pa3BieKaTeIbHON NH(POPMAUIMHU.
OnHUM U3 MapKkepoB KOMMYHHUKAaTHBHBIX TAKTHK HA HU3-
KOPEHTHHTOBBIX KaHAJaX BBICTYIAIOT NTPUEMbI MaHHITY-
JSITUBHOTO BO3JEHCTBUS, MO3BOJISIIONINE PEATH30BEIBATH
BIUSHUE HAa MHEHHUE ayJUTOPUHU: TAKTHKA KOCBEHHOTO
yOeXIeHHS, TAKTHKA aKTyaIH3alliid MOTHBA (hHHAHCOBON
BBITOJIbI, TAKTHKA 3aITOJHEHUS HH(POPMAITMOHHBIX «ITpo0e-
10B». IIpenniokeHHbIi METO/I MOKET UCIIOJIb30BAThCS ISt
aHaJIM3a 1 MOHUTOPHUHTA 00pa30BaTeIbHOM KOMMYHHUKAIIUU
B ceTy VIHTepHEeT IMPOKUM KPYTOM CIICIMAIIICTOB B chepe
MEHE/DKMEHTa 00pa30BaHMs U TeAaroraMmu, padboTaroImm
B BUPTYaJIbHOU Cpefe.
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AHHOTALUA

Ipeamer uccaeqoBanus. 3HAYUTENBHAS YacTh MCCIEIOBAHUI dPPEKTUBHOCTH PA3IUYHBIX CHCTEM IIOCBSIIECHA
H3YYEHHIO NX (pyHKIIMOHHPOBAHUS B CTAIIHOHAPHOM pexkxnme. OTHAKO ¢ TOUKH 3pEHHS UX IPAKTHIECKOTO MPUMEHEHHS
MIPEICTABISIOT HHTEPEC UCCIIeN0BaHNU (PYHKIIMOHUPOBAHUS TaKUX CHCTEM C M3MEHSIOIIEHCS] HHTEHCHUBHOCTBIO
paboueli Harpy3kH B MEPEXOAHBIX, HECTALIMOHAPHBIX PEeKUMax paboThl. B oTiamune otr Mozeneil nccieqoBaHus
HECTalMOHAPHBIX CUCTEM, CYLUIECTBEHHO OMUPAIONINXCS HA CTATMYECKHME 3HAUEHUS paclpeselleHui, B JaHHOI
paboTe mpeIokKeHa MOZIeNb C UCHONIb30BAaHUEM MPOU3BONBHBIX PaclpeieNieHnii BeposaTHOCTeH Bo BpeMeHH. MeTos.
Maremarndeckast (popMaIn3ays MOJSIH OCHOBAHA HE HAa MPUMEHEHNH KiacCHUecKkol audQepeHnnaaTbHOl MOaenu
BO BPEMEHHOH 001acTy, a Ha ()OPMaTLHOM IIPEJCTABICHUH BEPOATHOCTEH COCTOSIHUI CHCTEM B IpeoOpa3oBaHUU
Jlamutaca, T. €. B KOMIUIEKCHOM Buze. OnpeieieHne 3HaUeHUI BepOSTHOCTEH COCTOSIHUI CHCTEM OCHOBBIBACTCS HA
NIpUHIHIE GajlaHca «KOMIDIEKCHBIX BEPOSITHOCTEN», YTO MO3BOJISIET pa3pabaThiBaTh MOJICNIN HECTAIIMOHAPHBIX CHCTEM
00CITy)KUBaHUSI C TIPON3BOJILHBIMYU PACHIPEACIICHISIMH BEPOSITHOCTEN BPEMEHH TTOCTYIIICHUS 3as1BOK U MX 0OCITY)KHBaHWS,
YUUTBHIBAIOIINE CIIy4aiiHbIe WM AETePMHHUPOBAHHBIC BPEMEHHBIE 3a/IepXKKH. [IJIsl OnepaTHBHOTO pacyeTa CHCTEM
IIpeUIaraeTcsl UCIO0Ib30BaTh pa3paboTaHHOE MPUIOKEHHE ¢ rpad)MueCKUM I10JIb30BaTEIbCKUM HHTEpdeiicom.
OcHoBHbIe pe3yJbTaThl. [IpencraBiena apXuTekTypa JaHHOTO IMPHIIOKEHUS B BUJIE AUarpaMMebl naketoB. ITokaszaH
AJITOPUTM PabOTHI MPUIIOKEHNS. BBIMOIHEHO cpaBHEHHE pabOTH MPIIOKEHUS ¢ IPOrpaMMaMi AT PEIISHUs 3a1a4
texanueckux BoranciaeHniit MATLAB u MathCad npu MonmenupoBaHuu nporecca pyHKIHOHUPOBAHUS dTANOHA
SIIMHUIIEI BEJIMUUHBI U CHCTEMBI YIIpaBiIeH:us: poOoToM. [IpruBeeHs! IpenMyIecTBa HCIIOIb30BAHMS Pa3padOTaHHOTO
npwioxenns. [IpakTuyeckast 3HAYNMOCTD. [IpeicTaBIeHHBIE Pe3yIbTaThl MOTYT OBITh IPUMEHEHBI CHIEIIHATHCTAMH,
3aHUMAFOIIMMHICS UCCIIEA0BAaHUAMH Y()(HEKTHBHOCTH PA3INIHBIX CUCTEM.
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COCTOSIHUA

Baarogapuoctn

ABTOpBI paboOTHl BBIpAXarOT OJAroAapHOCTh CBOEMY HAyYHOMY HACTAaBHMKY — ACHCTBHUTEIbHOMY YIICHY
MesxayHaponHoOW akaieMuu HHPOpPMaTH3aINH, 3aCTyKEHHOMY JesaTeto Hayku Poccuiickoit denepanuu, 10KTOpy
TEXHHUYECKUX HayK, mpodeccopy Braagumupy Anekcanaposuuy CMarugy.

Cebliaka aas uutupoBanus: ['ycennna S.H., Hlupsmos O.A. KomnbioTepHOe MOAEIHPOBAHNE HEMAPKOBCKHUX
NPOLECCOB HAa OCHOBE NMpHHIHUNA 0allaHCa «KOMIUICKCHBIX BeposTHocTei» // HayuHO-TeXHHUYECKHUI
BECTHUK MH(POPMAIUOHHBIX TEXHOJOTHH, Mexanuku u onmtumku. 2023. T. 23, Ne 1. C. 150-160. doi:
10.17586/2226-1494-2023-23-1-150-160

© I'ycennua S.H., lupsmos O.A., 2023

] O Hay4HO-TexHn4eckuii BECTHUK MHDOPMALUMOHHBLIX TEXHONOMMIA, MeXaHMKN 1 onTukn, 2023, Tom 23, N2 1
S Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



9.H. l'ycennua, O.A. LLnpsamos

Computer modeling of non-Markovian processes based on the principle of balance
of “complex probabilities”
Yaroslav N. Gusenitsal™, Oleg A. Shiryamov?

I Military Innovative Technopolis “ERA”, Anapa, 353456, Russian Federation
2 Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198, Russian Federation

! yaromir226@gmail.com®, https://orcid.org/0000-0003-4757-5066
2 shiryamov_oa@mail.ru, https://orcid.org/0000-0002-8985-8251

Abstract

A significant part of the research on the effectiveness of various systems is devoted to the study of their functioning in a
stationary mode. However, from the point of view of their practical application, it is of interest to study the functioning
of such systems with varying workload intensity in transient, non-stationary modes of operation. And unlike the models
for studying non-stationary systems, which are essentially based on the static values of distributions, this paper proposes
a model using arbitrary probability distributions over time. The mathematical formalization of the model is based not on
the application of the classical differential model in the time domain, but on the formal representation of the probabilities
of the system states in the Laplace transform, i.e., in a complex way. Determining the values of the probabilities of the
systems states is based on the principle of balance of “complex probabilities” which allows developing models of non-
stationary queuing systems with arbitrary probability distributions of the arrival time of requests and their service, taking
into account random or deterministic time delays. For the operational calculation of systems, it is proposed to use the
developed application with a graphical user interface. The architecture of this application is presented in the form of a
package diagram. The algorithm of the application is shown. Comparison of the application operation with programs
MATLAB and MathCad for solving the problems of technical calculations was made when modeling the process
of functioning of the standard unit of quantity and the robot control system. The advantages of using the developed
application are given. The presented results can be applied by specialists involved in research on the effectiveness of
various systems.

Keywords
non-Markovian process, balance principle, computer simulation, Laplace image, Python, state graph

Acknowledgements

The authors of the work express their gratitude to their scientific mentor — member of the International Academy
of Informatization, Honored Scientist of the Russian Federation, Doctor of Technical Sciences, Professor Vladimir
Alexandrovich Smagin.

For citation: Gusenitsa Ya.N., Shiryamov O.A. Computer modeling of non-Markovian processes based on the principle
of balance of “complex probabilities”. Scientific and Technical Journal of Information Technologies, Mechanics and

Optics, 2023, vol. 23, no. 1, pp. 150-160 (in Russian). doi: 10.17586/2226-1494-2023-23-1-150-160

BBenenue

B nHacTosee Bpems mmpu pa3paboTKe CIOKHBIX CHCTEM
MOJIENINPOBAaHUE, KaK IIPABUJIO, OCTAETCS €AMHCTBEHHBIM
criocoOoM OIIEHKH TTOKa3aTesiel KauecTBa 10 MOMEHTA U3-
rotosieHus. Kpome Toro, mpuMeHeHHe MOACTUPOBAHUS Ha
Ha4aJIbHBIX CTAUAX YKU3HEHHOTO [IUKJIA CHCTEM TI03BOJISIET
3HAYUTENILHO COKPATUTh CPOKU MPOBECHUS UCIIBITAHUH 1
YMEHBIINTH (PUHAHCOBBIE M MaTepUAIIbHbBIC 3aTPATHI.

BaxHBIM acnieKToM B JJAHHOH ITpoOJIeMaTHKE SIBIISIETCS
CO3JaHUE MOJEIIeH, KOTOPbIE TO3BOMISIOT OMUCHIBATH C
BBICOKOI CTETEHBIO aJIeKBAaTHOCTH PA3IMYHBIE aCIEKTHI
MOBEJICHUS CUCTEM Ha BCEX CTaAMIX KU3HEHHOTO IMK-
J1a, yYUTHIBaTh M3MEHSIOUIYIOCS HHTEHCUBHOCTD paboueit
Harpy3kM B NEPEXOIHBIX U HECTAIMOHAPHBIX PEKUMAX
paboTHI.

Mogenu GyHKIIMOHUPOBAHUS CUCTEM C U3MEHSIFOIIICHCS
MHTEHCHBHOCTBIO paboueil Harpy3KH U METOJIbI X pacyeTa
paccmotpensl B [1, 2]. OpHako B MPaKTHUECKOM MTPUMEHE-
HUU OHH CJIOXKHBI U TPOMO3JIKH.

[TonoOHBIE MaTeMaTHYeCKHE CTPYKTYPBI MOIYUNITH
Ha3BaHUE MOJEIEH HEeCTAallMOHAPHBIX CUCTEM MacCOBOIO
oOcirysxuBanus. B [3] u3ydeHsl HecTalmoOHApHbIE OHO-
KaHaJIbHbIE ¥ MHOTOKaHAJIbHbIE MOJEIHN C Pa3IUYHBIMU
BHJAMH PaCHpeAeIeHUNA MEXAY MOCTYIAOIUMH 3asBKa-
MU U JUTHTETFHOCTIME UX oOciyxuBanuid. B [4] mpemro-
JKEHO PACILIMPEHUE CBOMCTB HECTALMOHAPHON MOJEIH 3a

CUeT ydeTa B Heil BpEeMEHH 3aJIep’KKU Ha 00CIy)KMBaHUE,
MOCTPOEH COOTBETCTBYIOILIHI Mpoueccy rpad, 3amnuca-
Ha U peleHa cucremMa AuddepeHInalbHbIX ypaBHEHUH.
[Tpu 5TOM NpeIoKEHHBIE MOAECIH SIBIISIOTCSI MapPKOBCKHU-
MU, TaK Kak B HUX HCIOJB3YIOTCS HKCIMOHCHIIMAIBHEIC
3aKOHBI pacIpe/iesIeHHs ¥ HOCTOSIHHOE 3HaYE€HHE BPEMEHH
3aJIePIKKH.

B pabotax [5, 6] mpeuroykeH MpuHITAT OaTaHca «KOM-
TUICKCHBIX BEPOSITHOCTEN) JUIsl MOAEINPOBAHHS HECTALHO-
HapHBIX CHCTEM MacCOBOTO 00CITyKMBaHMS, [TPE/ICTABICH-
HBIX B BUJIC AlIMKINYECKOTO rpada ImepexosoB COCTOSTHUN.
B [7, 8] naHHbIi IPUHLIUT TIPUMEHEH TSI MOJIETTUPOBAHHUS
HECTaI[MOHAPHBIX CHCTEM MacCOBOT0O OOCITy)KMBaHMs, pac-
CMOTPEHHBIX B BHJIC 3aMKHYTOW CHCTEMBI IIEPEXO/IOB CO-
crosiHuil. B [9] npoBeznena cucremarnsanus 1 00001eHUe
NpUHIUIA OallaHCca «KOMIUIEKCHBIX BEPOSITHOCTEH» JUIs
pa3paboTKu MojesIel CTOXaCTHYECKUX MPOIECCOB C MPO-
M3BOJILHBIMH PACIpPE/ICICHUSIMHA BEpOSTHOCTEH BpeMEHH
MOCTYIUICHHUS 3a9BOK U MX OOCIY)KHBAHUS, YUUTHIBAIO-
IMWX CIy4YalHbIe WIN I€TEPMUHUPOBAHHBIC BPEMECHHBIC
3aJIePIKKH.

Y4nThIBasA, 9YTO B PACCMOTPEHHBIX paboTax MpHUMEHe-
HHE MIpUHIMNA OajlaHCca «KOMIUIEKCHBIX BEPOSATHOCTEN) B
WH)KEHEPHOH MPAKTUKE HE JI0 KOHILIA PACKPBIT, B PaMKax
HACTOsIIIEH paboThl MPEICTABICHBI IPEUIOKEHHS TI0 ITPO-
IpaMMHOH pean3aiii KOMIBIOTEPHOTO MOJICIUPOBAHMS
HEMapKOBCKHUX TIPOLIECCOB.
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KomMnbloTepHOEe MoAeNMpoBaHne HeMapKOBCKNX NPOLLECCOB...

OcCHOBHbBIE MOJI0KEHUS NpUHIMIIAa 0ajaHca
CKOMIIVIEKCHBIX BepOﬂTHOCTeﬁ»

TepMHH «KOMIIEKCHBIE BEPOSITHOCTH» BIIEPBLIEC BBE-
neH Jlpsunom Kokcom [10]. B pabote [11] ormedeHo, uto
«...MPUMEHUB MCTOJ «KOMIIJIECKCHBIX BepOHTHOCTefl»
KOKca, MbI MOXKEM OXBAaTUTh cnyqaﬁ, Koraa mnmjioTHOCTDb
JUTUTEIBHOCTH 00CITy)KMBaHus IpH x > 0 3a1aeTcst J11000it
(byHKIMEH Buiay:

px) = TCarie s,

rae C; — i-s1 KOMIUIEKCHO-COTPSDKEHHAsI TIEpEMEHHast; 7; —
KOJIMYECTBO MOSIBNCHUH A; B PARY A, ... , A;_ |3 h; — HHTCH-
CHUBHOCTbH O6CJ'Iy)KI/IBaHI/I$I B i-M COCTOSIHUU.

«...JMHIIb ObI OHA OblJIa HEOTPULIATEIBHON U MMEa
uHTeTpal, paBHelid 1». Kpome toro, «...1100bIe 3aKOHBI
pacnpeeneHust JITMTeTbHOCTH 00CTY)KUBAHHS JIOITYCKalOT
anMpoKCUMALUIO CYMMOM 3KCIIOHEHT ¢ MOJIMHOMHATbHBIMU
MHOXHTEISIMI.

Jannast uyest Oplta mprMeHeHa B [ 12] mpu pa3inoKeHun
pacrpeaeeHnii BepOsSTHOCTEH Ha CyMMY SKCIIOHCHIIH-
ATBHBIX TUIOTHOCTEH C KOMITJIEKCHBIMH COTPSIKEHHBIMHU
k03¢ hUIeHTaMH 1 TTapaMeTPaMU C eI PEIICHHS HC-
CIIeIOBaHMSI HEMapKOBCKUX TporeccoB. B padote [13]
H3y4YeH BOIPOC O BEPOSTHOCTHOM aHAIN3€ KOMIUICKCHON
TIEPEMEHHOH C BBE/ICHHEM KOMITJIEKCHOH JebTa-(pyHKINT
Hupaxka. B pabote [14] npuBegeHo cTporoe 000CHOBaHUE
KoMIuTeKcHbIX (yHKImit XeBucaiina u Jlupaka, a Takxe no-
Ka3aH YHMCJICHHBIH IIPUMEp TIPHIIOKEHHUS JebTa-(QYHKINH K
HCCIIEI0BAHUIO aJbTEPHUPYIOLIETO CIy4aifHOrO mpouecca
C HaKOIUICHUEM U IToTepei HH(OopMaIuH.

PesynbraThl IepeunciIeHHBIX HCCIECA0BAHNN COCTaB-
JITIOT OCHOBY TPHHITHIIA OajlaHCa «KOMIIICKCHBIX BEPOSIT-
HOCTEN».

B o6mewm cimydae mox 6amaHCOM BEpOSTHOCTEH TO-
HHUMAaeTCsl PaBEHCTBO CYMM IIPOMU3BEACHUN 3HAaUEHUN UH-
TEHCUBHOCTEH TMEpeX0J0B Ha BEPOSITHOCTH COCTOSSHUNA —
OTMPABUTENIN 3asiBOK (HayaJbHBIC BEPIIUHBI OyT Tpada
COCTOSIHUI) U CyMM TPOU3BEJIEHUIN 3HAUEHUN MHTEHCUB-
HOCTEH epexo/10B Ha BEPOSATHOCTH COCTOSIHUIN — IOJTyda-
TEIN 3asBOK (KOHEUHBbIE BEPIINHBI YT rpada coCTOSHUI).
Takum 00pazoM, COCTOSTHHE MpoLIecca ONPEAEIIeTCs KaK
PaBHOBECHOE, KOT/Id CPEAHECTATUCTUUECKUE XapaKTEPUCTH-
KU BXOJAIINX U BRIXOAAIINX CITyYAHBIX TIOTOKOB B3aUMHO
ypaBHOBemuBaroTcs. [lomydeHHbIe ypaBHEHUS IS COCTOSI-
HUH Tiporiecca He0OXOIMMO PEIIUTh, YTOOBI HATH CTaIno-
HapHbIE 3HAUEHUsI BEPOATHOCTU COCTOSIHUN. BO BpeMeHHOM
obnacti MateMaruueckas popMaar3alus nporecca OCHO-
BBIBACTCs HA HeﬁCTBHﬂX YMHOXXCHHSA HC3AaBUCUMBIX MHTCH-
CHBHOCTEH; BEpOATHOCTEN U CIIO)KEHHUHU MOJTYUYEHHBIX MTPO-
M3BE/ICHUI HECOBMECTHBIX COOBITHI COCTOSTHHIA TIpoIecca.

B ciydae 6anaHca «KOMIUIEKCHBIX BEPOSITHOCTEN CTO-
XAaCTUYECKHUI MPOLECC OMUCHIBAETCS HE BO BPEMEHHOMH, a
B KOMITIEKCHOI oOsactu. [{Jist 3T0r0 npuMeHsiercst npeoo-
pazoBanue Jlamnaca, MO3BONAOLIEE IPEACTaBUTh CUCTEMY
T epeHInaTbHBIX WX HHTETPATBHBIX YPaBHEHUH CTO-
XaCTHYECKOTO TpoIiecca B BUIE CHCTEMBI aTreOpandecKix
ypaBHeHwHiA [9].

[Ipu ncronp3oBaHUU OajaHCA «KOMIUIEKCHBIX BEpO-
ATHOCTEH» BPEMEHHBIE XapaKTePUCTUKH (BEPOSTHOCTH

COCTOSIHUI1) 3aMEHSIOTCS MX M300pakeHUsIMU B MTPe00-
pasosanuu Jlamaca. [Tonaganuio cucTeMsl B HEKOTOPOE
COCTOSIHHE ITPE/IIICCTBYET CyMMHUPOBAHHE CITyYaiHbIX Bpe-
MEHHBIX MHTEPBAJIOB TPACKTOPHHU CIIyYaifHOTO ITpoliecca.
B npeobpaszoBannu Jlanmaca cyMMHUpOBaHHE TPAEKTOPUI
COOTBETCTBYET NPOU3BEICHUIO N300paKEHUH IIIOTHOCTEH
BeposiTHOCTEN. B pesynbrare aiisi cocTaBleHUs] ypaBHEHUM
OamaHca COCTOSTHHI HEOOXOIMMO HCIIONIB30BaTh MPOU3Be-
JICHUST U300pakeHN C UX MOCIEAYIOIIM CyMMHPOBaHHU-
em [9].

[Tyctb TpeOyeTcst HallTH BEPOSITHOCTH COCTOSTHHIA IBYX-
(hazHoro HemapkoBckoro mporecca. st ucciaenoBaHus
0ayaHca «KOMIUIEKCHBIX BEpOSITHOCTEI» M300pa3um rpad
niepexozoB (puc. 1).

JlanHbli rpad) coepKUT Mepexosibl (CTPENIKU, HarpaB-
JICHHBIC BIPABO), CBA3aHHBIC HE C MHTCHCUBHOCTSMH TIO-
CTYIJICHUS B CHCTEMY IPHOBIBAIONINX 3asBOK, a C H300pa-
JKEHUAMH 110 Jlarmiacy ioTHOCTeH BEpOSTHOCTEH BPEMEHU
MEXIy 3asiBKaMH a*(s), TIe «*» — CHUMBOJ Mpeodpa3oBa-
HUSL; § — KOMITIEKCHas iepeMenHast Jlaruiaca.

TTepexonb! (cTpenKu, HANpaBJICHHBIE BIEBO), CBs3a-
HBI HE C MHTEHCUBHOCTAMHU OOCIYKHBAaHUI MPUOBIBIINX
3asIBOK, a ¢ H300paxeHusAMH 1o Jlamnacy mioTHOCTeH Be-
POSITHOCTEH BpeMeH ux obOciyxuBanus — b*(s). Kpome
TOTO, P BETBJICHUH CITy4aliHOTO ITPOLIECCa UCTIONB3YIOTCS
YCJIOBHBIE BEPOSTHOCTH I1epexo/ioB o 1 3. biaronaps Taxo-
MY IPE/ICTAaBICHUIO TIPOUCXOIHUT MEPEX0]] OT MAPKOBCKUX
CITy4aifHBIX MPOIECCOB K HEMAapKOBCKUM. OTMETHM, YTO
ULl Iepexofia TpedyeTcst He Mozelb An(pGepeHIInanbHbIX
YpaBHEHUH THITA «THOCIH ¥ Pa3MHOXKEHHS», a ApyTast Mare-
Marudeckast (hopMa — MOJIENb «KOMITIEKCHOTO TIPE/ICTaB-
JIEHUS] BEPOSITHOCTEN».

[Ipn 1aHHBIX YCIOBUSAX COCTABUM CHCTEMY ypPaBHEHUI
Gamanca:

a*(s)P§(s) = Bb*(s)PT(s);
(aa*(s) + Bb*(s))PT(s) = a*(s)Py(s) + b*()P5(s); (1)
b*(s)P5(s) = aa*(s)PY(s).

[Tprmem Bo BHIMaHHE yCIOBHE HOPMUAPOBAHHS H300pa-
’KEHUU BEpOSITHOCTEH
2

1
% _
ZP i (S) -
i=0 s
rie Pf(s) — KOMIUIEKCHast BEPOSTHOCTb HAXOJKICHHS OTa-
JIOHa €JJMHUIBI BEJIMYMHBI B i-M COCTOSIHUH, W PEILHB CH-
cremy ypaBHeHHi (1), momydamm:

p
b*(s)

b*(s)

a*(s) a*(s)
o

Puc. 1. I'pad mepexo0B HECTAITMOHAPHONW CHCTEMbI
00CITyKUBaHHS

Fig. 1. Graph of transitions of a non-stationary queuing system
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P*(s) — ﬁ(b*(s))z

O S(BOHE)) + a*($)b*(s) + a(a*(5))

. a*(s)b*(s)
ho= S(BB*(5)) + a*(s)b*(s) + aa*(5))*) @
P a(a*(s)’

*S(B*E)) + a*b¥(s) + ala*(s))

[TycTh MHTEPBAIbI BPEMEHH MOCTYIUICHHUS 3asBOK U
Hux O6CHy)KI/IBaHI/I${ MOJYHUHAIOTCA HOPpMAJIbHOMY 3aKOHY
pacrpe/eeHus.

HpI/IMeM CJICAYIOIHNEC NCXOAHBIC JaHHBIC!

— pacrmpeneieHue BPEMEHH ¢ MEKAY MOCTYMAIINMU
3asBKaMH HOPMAJIbHOE C TIOTHOCTBIO BEPOSITHOCTH

1
o\2n

MareMaTuyeckuM oxuaanueM m = 20 4, cpeaHekBapa-
TUYHBIM OTKJIOHEHHEM G = 5 U,
pacrpenesieHre BpeMEHH ¢ 00CITyKHBaHUsI TPEOOBaHUI
HOPMAaJIbHOE C TUIOTHOCTBIO BEPOSITHOCTH

(n-1y’

1 - 2
e 20 N
oN2m
MaTeMaTHYeCKUM OKUJIaHueM n = 15 4, cpeHeKBaapa-
THYHBIM OTKJIOHCHHEM 0 = 3 u.
CootBercrBytomue GyHKIMH paclpe/ieIeHuUs] PaBHBI:

_(=m)?
e 20° ,

a(t) =

b(1) =

A(t) = }a(z)dz;
0

B() = fb(z)dz.
0

OmnpenennM ycIOBHBIE BEPOATHOCTH IIEPEXOI0B MPH
BETBJICHNH CITy4aiHOTO MpoIiecca:

o= (1~ BE)dAE) = 0.196;
0

B= T(l — A(2))dB(z) = 0,804.
0

Haiinem n3obpaxenust Jlanaca mioTHOCTEH BeposiT-
HOCTEH, UCIOJIb3YsI THIEPAENIBTHYIO alllIPOKCUMAIIUIO HOP-

MaJIbHOM IJIOTHOCTH I10 YeTHIPEM HadaJIbHBIM MOMEHTaM,
MpUBEACHHYO B [13], KOTOpYIO MPEACTaBUM B BUJIE:
1
f) =20 =m=0) +8(t = m+0)), 3)
rae 6 — nenbra-QyHkuus Jupaka; m nu 6 — mnapameTpbl
amMpOKCHMHUPYEMOTO pacTIpeeICHUs.

[Tpumenus ¢popmymny (3), TOTYIHM aNIPOKCHMAITHOH-
HbIE (POPMYIIBI TUIOTHOCTEH BEpOSATHOCTEH:

a(t) = %(6(; ~15) +8(t— 25));

b(t) = %(S(t ~12) +3(1 - 18)),

KOTOpPBIE B M300paskeHIsIX Jlammaca mpuMyT BUA:

)
|

[Moncrasum opmyisl (4) B ypaBHeHusI (2), TOTYUUM UX
B Pa3BEPHYTOM BUJIC JUISI IPUBEICHHBIX YHMCIIOBBIX TAHHBIX
npuMepa.

UT0OBI MMOITYYUTh BBIPAKCHUS IS BEPOSITHOCTEH CO-
CTOSIHUIA BO BPEMEHHOM 00J1aCTH, HEOOXOIMMO IPUMEHUTD
obparnoe npeodpaszoBanue Jlamnaca. OgHAKO TOCTHYD
0XKHAEMbIX PE3YJIETATOB JOCTATOYHO 3aTPYJAHUTEILHO U3~
3a CIIO)KHOCTH TPSAMBIX n300pakeHui Jlammaca MCKOMBIX
BEPOSITHOCTEH M BBIYMCIUTEIbHBIX TPYAHOCTEH paboThI
C HOpPMaJIbHBIMHU pacIpeieieHusIMU. B cBsi3u ¢ 3TUM Iie-
pexon ot uzobpakenuii P(s), Pi(s), P3(s) kK opuruHamam
Py(1), P(t), P5(f) npoussenem, IpUMEHsIsI IPUONNKEeHHbIH
croco0 obparieHus nmpeodpasopanus Jlamiaca ¢ UCIOJb-
3oBanueM Gopmyinel Andpest. Dopmyrna Andpest sBisieT-
csl pe3yabraroM GopMyIel Yaiijiepa Ha OCHOBE CBOWMCTBa
dbunpTpanyu npeodpazoBanus Jlamiaca ¢ MOMOIIBIO [EITb-
ta-pyukun. OHa uMeet cienyromui Bux [15]:

1 5
a*(s) = 5(6155 + (67155)3

1 3
b*(S) = 5((123" + (6r12s)2

“

1
S = sf*(s), npu s = " )

B pesynbrare npumenenus Gpopmyssl (5) NOITYyYUM BbI-
paKeHUs! [UIsl BEPOSITHOCTEH COCTOSIHUIA ITporiecca:

0,804 i+ (ﬁ)g 2
- ’ 2 2
Pol)= 23\ s 15\ 21232 BE 155\
2+M 2+(e [)3 + 0,804 ﬂJr(el)z + 0,196 2Jr(et)3
2 2 2 ’ 2 2 ' 2
S
o N\ T
P= 12 12\3 15 15\3 12 12\3)\2 15 15\3 ’
£+ (677)2 £+ (677 : + 0,804 £+ (5—7)2 +0,196 ‘£+ (ei)S
2 2 2 2 2 2 2
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! 2(1)
12
67 t

2

3\ [ s
(e ’)2 et

2

2

_12
et

+0,804|—+
2

12

t

)

2

3\2

(o)

15
et

+0,196(—
2

15
t

)

5
3

e
2

UnciieHHbIE pe3yNbTaThl IPE/ICTABICHBI B BU/IE Tpadu-
KOB 3aBHCHMOCTEH BepOATHOCTEH Ha pucC. 2.

T T T T
1 -
Py(2)
Pi(n)
""" 0,5 ™ynozmommsmmmm
Py(1)
]
I. — l— — — —
(— T ] 1 ]
0 40 30 ¢

Puc. 2. I'paduku BepOSITHOCTEH COCTOSIHUI B TCUCHUE BPEMCHH

Fig. 2. Graphs of state probability functions over time

HemapkoBckue Mojie/iu mpomecca
(YyHKIMOHHPOBAHNS ATAJIOHA € IUHUIIBI BEJTUYUHDI
U CHCTeMBbI YIIPaBJIeHHUsI POOOTOM

B pabotax [16, 17] uccnenosan nporecc QyHKIMOHU-
POBAHUS HUKECTOSILLETO IO TOUHOCTHU 3TaJ0HA €AMHUIIBI
BEJIMYUHBI CPEJCTBA U3MEPEHUN B YCIOBUIX YBEINYECHUS
HarpysKH.

B Teuenue BpeMeHH ¢ ¢ ONpenesieHHON MHTEHCUBHO-
CTBIO TIOCTYNAET MOTOK HMUKECTOSIINX MO TOYHOCTH N

9TAJIOHOB Ha METPOJIOTHYECKOE 0OCITY )KUBaHUE. DTaOHAM
nepeaaeTcs 3Ha4YeHHEe SIMHUIIBI BEJIMYNHbI C OIpe/IeIeH-
HOW MHTEHCHBHOCTHIO. TakuM oOpa3oM, mpormecc (hyHK-
[IMOHUPOBAHUS 3TAJIOHA €JMHHIIBI BEJIMYMHBI MOXKET OBITH
HpeJcTaBiIeH ¢ IIOMOLIBIO Ipada IMepexoqoB B H300paxke-
Husix Jlammaca (puc. 3).

Ha puc. 3 mpuHATHI crenyromme 0003HaueHns: a; (s)
u b*(s) — TUIOTHOCTH BEPOSITHOCTH MOCTYIJICHUS i-TO
9TaJIOHa Ha METPOJIOTHUECKOE 00CITY)KUBaHUE U TIEpeadn
€/IMHUIBI BEJINYMHBI, IPEJCTABICHHBIX B N300pasKeHUH
Jlamnaca; o; U f; — YCIIOBHBIE BEPOSATHOCTH IIEepPeX0Ja,
KOTOpBIC ONPEICISIOT BHIOOD JAalbHEHIIETO ABMIKCHUS
Cclly4aifHOT0 mporecca U3 COCTOSIHUM rpada.

Jns rpada mepexonoB (puc. 3) COCTaBUM CHCTEMY
ypaBHEHHIA OanaHca:

ag' )Py (s) = B1b*(s)PY(s)
(i (s) + Bbo*()PT(s) = ag ()P (s) + Bb*(s)P5(s)
b*(s)Py*(s) = oy 1ay 1 ($)PN_ ()

[IpuHUMAas BO BHUMaHUE YCIOBHE HOPMHUPOBAHHUS U30-
OpaKeHUI BEpOSITHOCTEH COCTOSIHUH M, PELIHB CHCTEMY
ypaBHEHHH (6), TOTyIrM 001Tyr0 (pOpPMYITy TSI BEIYHC-
JIEHUS] KOMIUIEKCHOM BEPOSTHOCTH COCTOSIHUS, B KOTOPOI
BCEM IIOCTYIHMBIIUM 3TajlOHaM OyZleT IepeiaHa eIuHuIa
BEJIMYMHBIL

@mwww

Pi(s) =

N-1

S((l_l[ BID*()" +

N-1
i=1

y‘-II/ITBIBaH, YTO BEPOATHOCTHU NTEPEXOA0B MEKAY COCTO-
SHUAMU NOAYUHAOTCA HOPMAJIbHOMY 3aKOHY pacIipeaciic-

ﬁme@

N-1 N-2 :
[To,[Taf(s) + X oaf(s)B..b*(s))

=0

=0

HUS, 3alTUIIEM aHAJIUTUYCCKOC BBIPAKCHUC 11 BEPOATHO-
CTHU Nniepeaain CANHNUIbI BEIMYUHBI 5TAJIOHOM!

~ (mb—cb) —(mb+cb)\ mb+cb N
t + ( e ! ) mb—gb )

Py(1) =

1( (mov
(5

N-1 (l(_ t +( [
ml,|; ¢

—(mb+cb)\ mb+ab
mb—gb

NN N1 (mi=o)
+ []o —(e ‘

(o mivo!
+(e ‘ )mf’cf‘))Jr

=1 =0

™)

—(mi+cf)
)

1§2 (1 ( ~(m{-of)
+ (X,l. —\e t
2

=0

T7€ 0, U 3; — YCIIOBHBIE BEPOSITHOCTH TIEPEX0JI0B, KOTOPBIE
OTIPECIISIIOT BEIOOP JANBHEUIIIETO IBUKESHHSI CITy4aifHOTO
nporecca u3 cocTosHui rpada; m® u ob — maremarnue-
CKOE O’KMJIAaHUE U CPEJHEE KBAJAPaTUUYECKOE OTKJIOHEHHUE
BEPOSATHOCTH IEPEX0/A B MPEAbIAYIIEE COCTOAHUE; M4

mi+oa 1
mi-of Bm N

~ (mb—cb) —(mb+ob)\ mbtob ’
e
2

U 0,4 — MaTeMaTH4YeCcKoe OKHJIAHHE U CpelHee KBaJpa-
THYECKOC OTKJIOHCHHE BEPOSITHOCTHU repexomaa B [ + 1 co-
CTOSTHHE.

B [18, 19] uccnenoBan mpoiecce GyHKIIMOHUPOBAHHUS
CHUCTEMBI YIPABICHUS POOOTOM B yCJIOBUSX JUHAMHYC-
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b*(s)

b*(s)

b*(s)

b*(s)

Puc. 3. I'pad nmepexonoB mnporecca GyHKIIHOHUPOBAHUS 3TATOHA CTUHUIIBI BETHYNHBI

Fig. 3. Graph of transitions for the standard unit of magnitude functioning process

CKH M3MEHSIOLMXCS 3HAUEHNI TapaMeTpOB OKpYyKarollen
CpeZbl.

[Iponecc GpyHKIMOHMPOBAHUSI CUCTEMBI yIIPABICHUS
pPOGOTOM PACCMOTPHUM B CIEAYIOIIUX COCTOSIHUSX CUCTEM
ynpaBineHust: Ay, — He UICHTHOULIUPYET U3MEHEHNs 3Ha-
YEeHUI napaMeTpoB OKpYKarollei cpesbl 1 He (hopMUpyeT
KOMaHAHYI0 HHpOpMaLuLo; 4 ;) — UASHTHOULHUPYET U3Me-
HEHMs 3HAYEHHUI ITapaMeTPOB OKPY’KAIOIEH CpeJibl, HO He
(dbopMupyeT KOMaHIHYI0 HHPOpMaLNIO; Ay — HE UICHTU-
¢uLrpyeT M3MEHEHUs 3HAYCHHUH TApaMETPOB OKPYKAIOIIEeH
cpeznbl, HO (hopMupyeT KOMaHIHyI0 HH(opmarmio; 4, —
NACHTUPUIMPYET U3MEHEHHS 3HAYCHHI TapaMeTpPOB OKPY-
JKaroIei cpeasl M GopMUpyeT KOMaHAHYIO HH(OPMAIIHIO.

s 00BeKTa uccae0BaHus MOTYInM rpad) IepexoaoB
B m300pakeHusx Jlammaca (puc. 4).

B cootBercTBHE C pHC. 4 COCTaBUM CHCTEMY ypaBHe-
HUM GanaHca:

ag ()Pgo(s) = Bab3 (s)Pgy (s)

ai (s)PYo(s) = ag (s)Pgo(s) + a3a3 ()P (s)

(025 (5) + Bob3 ()P (5) = af (5)PTo(s) + B3b3 ()PT; (5).
(a3a3(s) + B3bI ()P () = 0,03 ()P (5)

Pemne cucremy ypaBHeHwui (7), mOJy4uM OOUIYIO
(dbopMyIty I BEIYHCICHUS KOMIUIEKCHOW BEPOSITHOCTH

PGi(s)

Pii(s)

Pii(s)
Puc. 4. I'pad mepexonoB npouecca HyHKIHOHUPOBAHHS
CHCTEMBI yIpaBJICHUS pOOOTOM

Fig. 4. Graph of transitions of the robot control system
functioning process

COCTOSAHMS, B KOTOPOM Ha MPONU3BOJILHBIC U3BMCHCHUA 3HA-
YEeHUIl apaMeTpoB OKpyKaromel cpeasl chopmMupoBaHa
KOMaH/iHasi nHpopManus:

di(s)B.b3(s)(auals) + B:b(s))

Pgo(s) =

YuuThiBast, 4TO BEPOSITHOCTU MEPEXOJIOB MEKIY CO-
CTOSIHUSIMU MOAYUHSIOTCS SKCIIOHEHIIMAIbHOMY 3aKOHY
pacrpeelieHus, COCTaBUM aHAJIUTUYECKOE BbIpaKEHUE
JUIS1 BEPOSITHOCTH TOTO, YTO Ha IMTPOU3BOJIbHBIE U3MEHEHHUS

s((ast(s) + BLEN(BLHS))(@ls) + @i(s)) + difs)ay(s)) + (@(s)onai(s)esai(s) + af(s))

3HAUCHUH MapaMeTPOB OKPYKAKOIICH cpebl chopMHpO-
BaHa KOMaH,(Hast MH(POPMAIIUS [T OCTATBHBIX MOJACUCTEM
pobora:

a,(D)B.b,(1)(osa(f) + B;by(1))

Poyo(s) =

e o; U B; — yCIOBHBIE BEPOATHOCTHU LIEPEXOJOB, KOTOPbIE
OITPEEIIAIOT BEIOOD JabHEHIIETO IBIKEHHUS CITy9aifHOTO
mpouecca U3 coctosuuii rpada; o,(f) u B(f) — BeposTHO-
CTH IIEPEXOJIa U3 I-TO B i-€ COCTOSTHUSA.

IIporpammHoe pemenue

Ha ocHoge pPacCMOTPEHHOI'0 B pa3aciie «OCHOBHBIE
TOJIOXKCHUS IMPUHIIUIIA OajlaHCa «KOMILIECKCHBIX BEPOAT-
HOCTEIDY pa3pa60TaH0 MPUIIOKEHHUE C Fpa(l)I/I‘IGCKI/IM 10JIb-
30BaTCIIbCKUM I/IHTepq)CI\/'ICOM «Cucrema KOMITBIOTCPHOT'O
MOIEINPOBaHUA HEMAPKOBCKUX ITPOLIECCOBY. HpI/IJ'IO)KeHI/Ie

(osa5(1) + Bibs(D)(B.ba(D))(a, (1) + al(0) + ay(D)a, (1)) + (a(Donay())(onas(f) + a, (1)) '

Harcano Ha s3bike Python (Bepcun 3.10) ¢ ncrions3zoBanu-
em 6ubmotek SciPy (1.9.1), Kivy (2.0.0), SymPy (1.10.1),
Matplotlib (3.6.0), Mpmath (1.2.1) u Pillow (8.4.0) [20—
25]. ApXuTeKTypa MPIIOKCHUS B BUJIC AUArPaMMBI ITaKe-
TOB MPECTaBIIEHA Ha puUC. 5.

[Iporpamma (cp) COCTOUT U3 ABYX OJIOKOB: IOJTB30BA-
tesnbekoro unrepdeiica (frontend), peanusyromiero B3an-
MOJICHCTBHE ¢ oriepaTopoM; pacuetHoro oOmoka (backend),
OCYIIECTBIISIONIETO BEIYHCICHHSL.

Mopyiie main.py sIBIISIETCSl BXOJHOM TOYKOW TIPHIIOKE-
HUSI M1 MHULIUUPYET ero IIaBHOE OKHO.
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EX

7 backend Python package

7 frontend: Python package

e main.py: Python script
backend

[ solver.py: Python script

@ inspector.py: Python seript
[ watcher_link.py: Python script

frontend

& bezie_line.py: Python script
[

@ control_buttons.py: Python script
conditionpy: Python script [ settings.py: Python script

2 message_to_user.py: Python script a painter py: Python seript

Puc. 5. lnarpamma naxeToB npuioxeHus «Cucrema
KOMIBIOTEPHOTO MOJICITHPOBAHHST HEMAPKOBCKUX MTPOLIECCOB)
Fig. 5. Package diagram of the application “Computer Modeling
System for Non-Markovian Processes”

C Hauaio )

Cosznanue cocTosHUH (1)
U CHCTEMBI TIEPEXOI0B MEXK/Y HUMU

y

Dopmuposanue Marpuisl G,
COCTOSTHHUU ¥ TIEPEXO/IOB

y

Pacuer yca0BHBIX BEpOSITHOCTEN
[IEPEX0I0B MEXKY COCTOSIHUSMU

y
Pacuer runepaensTHON
ANMNPOKCUMALUH INIOTHOCTH
pacnpeneneHus COCTOSIHUN

y

DopMHUPOBaHHE CUCTEMBI
ypaBHeHui OanaHca
«KOMIUICKCHBIX BEPOSITHOCTEH

y

Pacuer 3HaueHuil BeposiTHOCTEH
HaAXOXKICHUS BO BCEX COCTOSAHHAX

y

( Konen )

Puc. 6. Anroput™ pabOThI TIPHIIOKESHHS

Fig. 6. Application algorithm

PacuetHbIii 010K COCTOUT U3 Moayiel solver.py,
inspector.py u watcher link.py, orBeuaronux 3a: onpezese-
HHE YCJIOBHBIX BEPOSITHOCTEH IEPEX0/10B; TUIIEPACIBTHYIO
amMPOKCUMAIUIO MTPOU3BOJIBHBIX IUIOTHOCTEH pacrpese-
JeHust; OPMHUPOBAHUE U PELICHHE CUCTEMbl YPaBHEHUIA
OaaHca «KOMILICKCHBIX BEPOSITHOCTEI».

ITonp3oBaTenbckuili HHTEpPEHC BKIIOYACT MOTYITH
bezie line.py, condition.py, control buttons.py, message
to_user.py, painter.py u settings.py, peajusyomue pas-
JIUYHBIC Fpa(blfl‘{eCKI/Ie QJICMCHTBI IPUITOKCHUA, JTIOTUKY
UX B3aMMOJICHCTBUS C OIIEPATOPOM, 00pPabOTKY BBOAMMBIX
JTAaHHBIX, & TAKXKE 00pPa0OTKY UCKITFOUCHUH.

AnropuT™ paboThl IPUIIOKEHHS IPUBEIICH Ha puC. 6.

[TonmyuenHoe mpunokeHue Mo3BousieT [26]: co3aaBaTh
B MHTEPAKTHBHOM PEKHME COCTOSIHUS U CHCTEMY IEpeXo-
JIOB MEXIy HUMH JUIsi 0OBEKTa MCCIICIOBAHNN; BEIOMPATh
MPOU3BOJILHBIC 3aKOHBI PACIIPEICIICHUS U HACTPAUBATh UX
YHCIIOBBIE XapaKTEPUCTUKH JUIsl ONMCAHUS CHCTEMBI T1e-
PEXOIOB ME¥Ky COCTOSIHUSMHE; COXPAHSTh Tpad) CHCTEMBI
nepexonoB B hopmare «*.png»; BEIYUCIIATD U CTPOUTH I'pa-
(UK BEpOSITHOCTEH HAXOKACHHUS 00BEKTa NCCIIeIOBAHMIA
BO BCEX COCTOSTHHSIX.

KomnbrotepHoe MoieiMpoBaHne MpouneccoB
(pyHKIMOHMPOBAHNS ITAJIOHA eTHHHIBI BEJTUYHHBI
H CHCTEeMBI YIIPaBJIeHUs Po00TOM

BrinonHuM pacueTHbIN SKCIIEPUMEHT Ha MOJEIISIX IIPO-
11eccoB (DYHKIIMOHUPOBAHHS 3TAJIOHA CANHHIIBI BEJIMUHHBI
1 CUCTEMBI YTIPABJICHHU POOOTOM C TIOMOIIBIO MTPUITOKECHUS
«Cucrema KOMITBIOTEPHOTO MOAETHPOBAHUS HEMapKOBCKHX
npoieccoBy, cucteMbl MATLAB u cpenst MathCad ¢
LIEJIBIO TTOJTyYCHUs] CPABHUTEJIBHON XapaKTepUCTUKU MTPO-
TPaMMHBIX PELIeHUH /151 KOMIBIOTEPHOTO MOAETHPOBAHUS
HEMapKOBCKUX MPOLIECCOB.

Jis Moztenn GYHKIIMOHWPOBAHUS STAJIOHA SINHUIIBI
BEJIMYMHBI YUCIEHHbIE pacueThl npoBenem B MATLAB
(Bepcum R2018a). IIpu pacueTe paccMOTPUM TOIBKO Tep-
BBIE TPH COCTOSTHUSI. BeposSTHOCTH MEXAY COCTOSHUSIMU
MOJUYUHSAIOTCS HOPMAJIbHOMY 3aKOHY paclpencieHus u
UMEIOT CIEAYIOUINE 3HAYCHUSI ISl YUCIOBBIX XapakTe-
puctuk: my! =595 6! =0,2 9; m2=314; 652 =0,1 u;
my=64;6,=044;my=24;6,=0,24.

N(u, o)
pu:50:0,2

Puc. 7. I'pad nepexonos nporiecca GyHKINOHUPOBAHHS
9TAJIOHA €IMHUIIBI BEJTMUHHbBI
Fig. 7. Graph of transitions of the standard unit of magnitude
functioning process
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a
1,0
Py(t)
Pi(t
0.8 1(0)
— Py(1)
0,6
= . .
0,4}
0 . . . .
0 40 80 t,4

0,8 1

P(1)

04|

0 T T T .
0 40 80  r,u

Puc. 8. I'paduku BeposTHOCTEH HAXOXKACHUS 9TaJIOHA SAMHHILIBI BEJIMYMHBI B COCTOSIHUSX, nosydeHHble B MATLAB (a)
U B pa3paboTaHHOM IpuioxkeHu (b)
Fig. 8. Graphs of probabilities of finding a unit of magnitude reference in states obtained in MATLAB () and in the developed
application (b)

[Toctpoum rpad nepexonoB B pa3padOTaHHOM IIPHIIO-
xeHnn «CrcremMa KOMITBIOTEpPHOTO MOJICITMPOBAaHHST HeMap-
KOBCKHX IIPOIIECCOBY (pHc. 7).

Ha puc. 7 N(l, 6) 0603Ha9aeT HOPMAITLHBIIN 3aKOH pac-
TIpEJICICHNUS C MaTeMaTHIECKUM OKUJaHUEM L M CPel-
HEKBaIPaTUYHBIM OTKJIOHECHHEM .

ITo pe3ynbraram pacdera MoIy4nM YHCICHHBIC 3HAYC-
HUSI BEPOSITHOCTH HAXOXK/ICHHS 9TAJIOHA B HAYAIBHOM CO-
CTOSIHUH, IIpEICTaBICHHBIE Ul yI0OCTBa B BUIE Ipaduka
(puc. 8, a).

BainonnHuM pacyer 3Ha4eHUM BEPOATHOCTEN HAXOXKIE-
HUSI 9TAJIOHA BO BCEX COCTOSIHUSIX. Pesynbrarsl mpeacras-
JICHBI Ha puC. 8, b.

Kax BunHO U3 puc. 8, pe3yabTarsl, MOJyYCHHBIC B
npmiiokeHNN «CrcreMa KOMIIBIOTEPHOTO MOJIEINPOBA-
HUSI HEMapKOBCKUX MPOLIECCOBY, 00Ia1al0T BEICOKOH CXO-
JUMOCTBIO C PE3YJIbTaTaMH, BBIYUCICHHBIMHA B CHCTEME
MonenupoBarnsi MATLAB. Oxrako y pa3paboTaHHOTO

a

3000L —— MATLAB 1
— PazpaboTanHoe npuiioxKeHue

2600

Bpewmst perenusi, Mc

1400

1000 . .
0

1 2 3

KonnuecTBo COCTOSIHUI CHCTEMBI

HPUIOKECHUS €CTh PsiJi IPeUMyIIecTB (puc. 9): BpeMeH-

Hasl CIOXHOCTh pacueTa 3HAUYCHHH BEPOATHOCTEH HUIXKE,

TaK KaK OPHIOKEHHE paboTaeT ¢ ONepaTUBHON MaMsThIO

Ha 0oyiee HU3KOM YpOBHE; YCIOBHOE BpeMsi U3MCHEHHUSI

HapaMeTpOB CHCTEMbI 3HAYUTEIILHO HIDKE 33 CYET MOJIB30-

BaTENILCKOTO HHTEp(eiica, peann3yromero B3anMoaeicTBre

C OIIepaTopoM.

Jnst monenu npouecca GpyHKIMOHUPOBAHUS CHCTEMBI
YIpaBIeHUs pOOOTOM JUTS Pa3IMYHBIX COCTOSHHUI YHCIICH-
HbIe pacueTsl npoBe/eHsl B cpene MathCad (Bepcun 14.0).
I[Ipu pacueTe UCMIONB30BAHBI CIEAYIOIINE UCXOIHbIE TaH-
HbIC JUISI INIOTHOCTEH BEPOSITHOCTH IIEPEXOJIOB!

— w3 coctostHust O B cocTosiHUE | MOUMHSCTCS paBHOMED-
HOMY 3aKOHY PacIpE/IeNCHUs ¢ YUCIOBON XapaKTepH-
cTUKOi mg! =2 Mc;

— M3 COCTOsIHUA | B COCTOSIHUE 2 TMOAYUHSCTCS TaM-
Ma-pacipee]IeHHIO C YUCIOBBIMU XapaKTePUCTHKAMH
ki2=5wmcu h2=2wmc;

b
20} — MATLAB 1

L — Pazpaborannoe npuiioxKeHue | |
=®
= L ]
£z
2 -
g :L:(: 12 L il
sz
(5] o, F 4
& E
o)
os 8
© =
-+
2 =i
> 4

0 ! |
0 1 2 3

KoandyecTBO COCTOSIHUI CHCTEMBI

Puc. 9. CpaBHUTEIbHBIE XapaKTEPUCTUKU pa3padoTaHHoro npuiioxkenus ¢ MATLAB: BpeMeHHast CIOKHOCTD (@) U ONIEPaTUBHOCTD
HM3MEHEHUs Ha4aJlbHbBIX YCIOBHH (b)

Fig. 9. Comparative characteristics of the developed application with MATLAB: time complexity (a) and speed of changing initial
conditions (b)
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— M3 coCTOsIHUA 2 B cocTostHue ) MOIYMHSETCS DKCIO-
HEHIMAJIBHOMY 3aKOHY pacHpeesIeHNs C YUCIOBOH
XapakTepucTukon A0 = 3 mc;

— W3 COCTOSIHUS 2 B COCTOSIHHE 3 MTOAYMHSCTCS HOPMaJb-
HOMY 3aKOHY PacIIpe/ie/IeHHsI C YUCIOBBIMH XapaKTepH-
CTHKAMH 1,3 = 5 MC U 6,3 = 2 MC;

— W3 COCTOSIHMA 3 B COCTOSIHME | TOTYIMHSAETCS SKCIO-
HEHIIHAIbHOMY 3aKOHY PacCHpeeNIeHNs C YUCIOBOH
XapakTepucTHKOn ;! = 6 Mc;

— W3 COCTOSIHHS 3 B COCTOSTHHE 2 MOTYHHICTCS 3aKOHY
Pasiest ¢ 4MCIIOBOI XapaKTEPUCTUKOI 642 = 4 MC.
[ocTpoum B npuiIo>keHUH rpad Iepexo10B B IPUIIOKE-

HuM «CHcTeMa KOMITBIOTEPHOTO MOJICIMPOBAHUST HEMap-

KOBCKHX rporieccoBy (puc. 10).

Ha puc. 10: U(a) — paBHOMEpHBIH 3aKOH pacrpe/e-
JICHUSI C YUCIIOBOM XapakTepucTukoil a; Exp(A) — ske-
MTOHEHIIMAJILHBINA 3aKOH paclpeieIeHus] ¢ YNCIOBOH Xa-
pakrepuctukoit A; I'(k,0) — SKcOHEHIMANBHEIN 3aKOH

Puc. 10. Tpad nepexonoB mpouecca GpyHKIIHOHUPOBAHHUS
CHCTEMBI YIIPaBJICHUS POOOTOM
Fig. 10. Graph of transitions of the robot control system
functioning process

a b
's — Py(t) — Py?)
08} - Py(D) — Pi(1)
" - P 0.8 1 — Py(0)
aatia — P
< - E
________________ 0,4
e o . , .
20 0 5 10 15 20

f, MC

Puc. 11. I'padukn BEpOATHOCTEH HAXOKICHHS CHCTEMBI YIIPaBICHUS pOOOTOM B COCTOSHHUSAX, oydeHHsle B MathCad (a)
1 B pa3paboTaHHOM NpUIIOKeHUH (D)

Fig. 11. Graphs of probabilities of finding the robot control system in states obtained in MathCad (a) and in the developed application ()

a b
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1000
0

Puc. 12. CpaBHHUTENbHbBIC XapaKTEPUCTUKU pazpadboTanHoro npuiokenus ¢ MathCad: BpeMeHHast CIIOKHOCTb (@) U ONIEPaTHBHOCTH
M3MEHEHUs Ha4allbHbIX YCIOBHH (b)

Fig. 12. Comparative characteristics of the developed application with MathCad: time complexity (a) and speed of changing initial
conditions (b)
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pacrpe/esieHus C YUCIOBBIMHU XapaKTEpUCTHKaMU k u 0;
Rayl(c) 3akon Pasnest ¢ uncioBoii XapakKTepUCTHKOH G.

[To pesynbraram pacdera NONyYEHBI YHCICHHBIC 3HA-
YEeHUS] BEPOSITHOCTH HAaXOXKAEHHsI Tpoliecca (QyHKIIMOHHU-
POBaHMS CHCTEMBI YIPABJICHHS POOOTOM ISl PA3THMYHBIX
cocrostauit (puc. 11, a).

BrruncauM 3HaueHHsS BEPOSITHOCTEM HAXOXKAEHHS
CHUCTEMBI yIpaBIeHUS POOOTOM BO BCEX COCTOSHHSIX.
Pesymnsrarsl npeacraBieHsl Ha puc. 11, b.

Amnanuz puc. 11 mokaszan, 94To pe3yabTarhl, MOTyYeH-
HBIE B Pa3pabOTaHHOM MPUIIOKEHUH, 00TaJat0T BBICOKOI
CXOOAUMOCTBIO C pE€3yJibTaTaMU, BBIYHMCJICHHBIMH B CpE-
ne MathCad. I1pu 5ToM, Kak ¥ B CpaBHEHHH C CHCTEMOM
MATLAB, BpeMeHHasl CII0KHOCTb pacyeTa 3Ha4eHUH Be-
POSITHOCTEH M yCIIOBHOE BpEMsI N3MEHEHHS TTapaMeTpoB
CHCTEeMBbI 3HAYUTENILHO HIKE Y NpuiIokeHus (puc. 12).

3akjarouenne

B paboTe BBIITOIHEH aHAIW3 MPUMEHECHUS IPUHLUIIA
GanaHca «KOMIUICKCHBIX BEPOSTHOCTEIH», OCHOBAHHOTO Ha
OITMCAHUH CTOXAaCTUYECKOTO MpOoIiecca HE BO BPEMEHHOI,
a B KOMIUIEKCHOH 00macTu. Pe3ynpraThl Mo3BOIHIH pa3pa-
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10. Cox D.R. A use of complex probabilities in the theory of stochastic
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org/10.1017/S030500410003023 1
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00TaTh MOJIENIM HECTAIIMOHAPHBIX CHCTEM OOCITY)KHBaHHS
C TIPOU3BOJIBLHBIMU PaCIIpEeICHUsIMU BEPOSTHOCTEH Bpe-
MEHH MOCTYIIIICHHS 3asiBOK U MX 00CITy)KHBaHUs, YUNTHIBa-
IOMINE CITydaiiHble WIN JICTEPMUHUPOBAHHBIC BPEMEHHBIC
3aIePIKKH.

[Iporpammuas peanuzanus NpuHIHIA OanaHca Io-
3BOJIMJIA TIOJIYYUTh PE3YIbTATHI, KOTOPHIE UMEIOT BBHICO-
KyIO CXOAMMOCTH C BBIYHCIEHUSIMH, OCYIIECTBICHHBIMU
B cucteme MATLAB u cpene MathCad. Kpome Toro, pas-
paboTaHHOE TIPUIIOKEHHE UMeeT 00Jiee BHICOKYIO TPOU3-
BOJIUTEIILHOCTD 32 CUET CBOCH apXUTEKTYpbl ¥ HAJIUYHS
M0JIb30BaTEILCKOr0 HHTEpdeiica, pealu3yoero B3au-
MoJieiicTBHE ¢ oreparopoM. [Ipu »TOM KOMIBIOTEpHOE
MOJIENIMPOBaHKe B MPUIIOKeHHN «CHCTEMa KOMITBIOTEPHOTO
MOJICTTMPOBAHUSI HEMapKOBCKUX IPOLIECCOB» HE TpeOyeT
JIOTIOJIHUTENBHBIX 3HAHUH S3BIKOB MTPOIPaMMHUPOBAHUS,
HaBBIKOB PA0OTHI B CHEIUAIBHBIX CHCTEMaX aBTOMAaTH3HU-
POBAHHOTO NMPOEKTUPOBAHUS, & TAKXKE HEOOXOTMMOCTH BBI-
BOJIa AHATUTHYECKUX BBIPKCHUH JUIS IOJTYYEHNS] HICKOMBIX
pesyabsraTtoB. Pa3paboTaHHOE MPUIOKEHHE MOXKET OBITH
MPUMEHEHO CHEeLNAINCTaMH, 3aHUMAIOLIIMUCS UCCIIEO0-
BaHMSIMHU YPPEKTUBHOCTH PA3TUUHBIX CHCTEM.
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AHHOTaNMA

Ipeamer uccaegosanus. [Ipu onpeneneHnn BeCOBBIX KO3 PHUINEHTOB B MHOTOKPUTEPUATBHBIX 3ajadax AJs
OIMHAKOBBIX MCXOJHBIX JAHHBIX C IEJbIO OIEHKN BA)KHOCTH KPUTEPHEB HA OCHOBE CYIIECTBYIOMNX Ka4eCTBEHHBIX
1 KOJMYECTBEHHBIX MTOJX0/I0B BO3HUKAET IPOTHBOPEUNE MOHITHIO «EIHHCTBEHHOCT PEUICHUS». JTO NMPHUBOIUT K
CHIDKEHHIO CTETIEHHN JIOBEPHSI K IPHHSTHIM pelIeHns M. Takum 00pa3om, TpeOyeTcst ONpeIeUTh CTeIeHb 00bEKTHBHOCTH
HCHOJIB3YEMBIX BECOBBIX K0d(¢uirenToB. Llenpro nccnenoBanus sBiusieTcst 00beKTUBU3AIMS 3HAUCHHH BECOBBIX
K03(QGUIMEHTOB NI 3aj1a4 NpUHATHS peuieHuii. Mertoa. B pabore mpemiokeHo codeTaHUE KaueCTBEHHOTO
U KOJINYECTBEHHOTO MOJAXOAOB AJIS ONpEesIeHUs] BECOBBIX KOI()(OUIMEHTOB ¢ 3aJaHHOIl COINAacOBAHHOCTbIO.
CdhopmupoBana MaTpHUIla BECOBBIX KOAPPUIMEHTOB (KOJIMYSCTBEHHBIH OIXO0M), KOTOPOil COMOCTaBIeHa MaTpuLa
paHroB (Ka4eCcTBEHHBIN moaxox). /i moyyeHns 3a1aHHOTO 3HaYeHUs Ko3(puIreHTa cormacoBaHHOCTH € TIOMOILBIO
MaTpHIEl PAaHTOB pelIeHa 3aja4a onTuMu3anuu. OCHOBHBIE pe3yJbTaThl. [IpuMeHeHne IpeIoKEeHHOTO MeTo1a
MIPOAEMOHCTPHUPOBAHO HA IIPHMEPE PEIIeHHs] MHOTOKPUTEPHAIBHON 3a1aul BEIOOpa HAWITYYIIIeH ajasTepHaTHBEL. Pacuer
3HAUEHUH BECOBBIX KOA(P(UIIMEHTOB OCYIIECTBIEH C MOMOIIBI0 Pa3pabOTaHHOTO IMPOrPaMMHOTO obecredeHns Ha
s3pIke Python. Pemenne cBeeHo k OTHOKpHTEPHAIBHON 3a1a4e Ha OCHOBE MAaKCHUMUHHOTO TTOJIX0/A C HCTIONB30BaHUEM
HalJJeHHBIX 3HaUC€HHI BECOBBIX KOA(QPHIMEHTOB. B pesynbpraTe perieHue 3a1aun ¢ 3alaHHOIl COIIaCOBAHHOCTHIO
obecnednio 00beKTUBHOCTD PE3yJIbTaTa U IMOBBICHIIO J0BEpHE K MPUHATOMY penteHuto. [IpakTuyeckas 3HAYMMOCTb.
IIpennoskeHHBIN METOA MOXKET OBITH MCHOJIB30BaH MPHU OLIEHKE BaXKHOCTH KPUTEPHEB 0€3 HEOOXOAUMOCTH Y4acTHs
JMIA, TPUHUMAIOIIETO PEelIeHHeE.

KuioueBble ciioBa
METOJl, 00BEKTUBHOCTH, COTIIACOBAHHOCTh, BECOBBIC KOO(PMUIMEHTHI, MPUHITHE PEIICHUN, ONTUMHU3ALHUS,
MHOTOKpHTEpHAIbHAS 3a/1aua

Ccebliaka aas nurupoBanus: ComnoseB J[.C. MeTton 00beKTHBH3AIUHN 3HAYCHHH BECOBBIX KOA(PMUIIUCHTOB s
TIPUHSTHUS PEIICHAI B MHOTOKPHTEPHATBHBIX 3a1a4aX // HaydHO-TeXHI9IeCKUil BECTHUK HH(POPMAMOHHBIX TEXHOIOTHIA,
mexanuku u ontuku. 2023. T. 23, Ne 1. C. 161-168. doi: 10.17586/2226-1494-2023-23-1-161-168

The objectification method of the weight coefficients for decision-making
in multicriteria problems
Denis S. Solovjev™?
Derzhavin Tambov State University, Tambov, 392036, Russian Federation
solovjevdenis@mail.ru>, https://orcid.org/0000-0001-6613-3218
Abstract
The contradiction in the concept of “solution uniqueness” arises when determining weight coefficients in multicriteria
problems for the same initial data in order to assess the criteria importance based on existing qualitative and quantitative
approaches. This leads to a decrease in the degree of confidence in the decisions made. Thus, it is required to determine
the objectivity degree of the weighting coefficients used. The objectification of the weight coefficients for decision-

making problems is the purpose of the study. The article proposes a combination of qualitative and quantitative
approaches to determine weight coefficients with a given consistency. The weight coefficients matrix is formed
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(quantitative approach). This matrix is correlated with the rank matrix (qualitative approach). The optimization problem is
solved to obtain a given consistency coefficient using the rank matrix. The proposed method application is demonstrated
by the example of solving the problem of choosing the best alternative in multicriteria problem. The calculation of the
weight coefficients is carried out using the developed software in the Python. The solution is reduced to a single-objective
problem based on the maximin approach using the found weight coefficients. Thus, solving the problem with a given
consistency ensures the result objectivity and increases the decision confidence. The proposed method can be used in
assessing the criteria importance without the need for the participation of the decision maker.

Keywords

method, objectivity, consistency, weight coefficients, decision-making, optimization, multicriteria problem

For citation: Solovjev D.S. The objectification method of the weight coefficients for decision-making in multicriteria
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pp. 161-168 (in Russian). doi: 10.17586/2226-1494-2023-23-1-161-168

BBenenune

OrmnpeziesnieHre BECOBBIX 3HAYCHUN KOI(PPUIIEHTOB /ISt
OLIEHKH BKHOCTH KPUTEPUEB — OJHA U3 KIFOUEBBIX MPO-
0JeM aHaM3a JIaHHBIX B MHOTOKPUTEPHAIBHBIX 3a/1auax
OINITHMH3ALIUH TTPH pa3paboTKe CUCTEM MOIIEPIKKH TIPHHSI-
Tus pemenuit [1]. Merononorus onpeneneHus BaKHOCTH
KPUTEPHUEB MHOTO JIET SIBISIOTCS MPEAMETOM HUHTEHCUB-
HBIX MCCIIEZIOBAHUH M HAYYHBIX AUCKYCCHH. bonbmmHCcTBO
TIOAXO/JIOB K ONPEICJICHHIO BECOBBIX KOA(P(UIIMEHTOB A
KPUTEPHEB MOJKHO Pa3leiINTh HA KaUeCTBCHHBIE M KOJIU-
YyecTBeHHbIE. KauecTBeHHbIE MOAX0/IbI OCHOBAHBI Ha OTIpe-
JIeJICHUH BECOBBIX KOA(P(UIHEHTOB ¢ UCIOIb30BaHUEM
MH()OPMALUH OT JIHL, TPUHUMAIOIINX PELICHUs, WU 3KC-
TIEPTOB, BKIIIOYCHHBIX B IIPOIIECC MMPUHSATHS perieHni. B xa-
YECTBEHHBIX MOAXO0JaX JHIIA, TPUHUMAIOIINE PELICHHS,
BIIMAIOT Ha TIpoliecC NMPUHATHA perieHnii. KauecTBeHHbIE
TIOJIXO/IbI PEATTM30BaHbI B TAKUX METOAAX KaK: IKCIIEPTHBIE
oueHkH [2], ananu3 uepapxuit [3] u ap. JlaHHbIE METO/BI
pa3nMYaroTCs KOIMYECTBOM YYaCTHUKOB IIpoLiecca MpUHs-
THSI PEIICHUS U CTIOCOO0M (pOPMUPOBAHMS OKOHYATEIBHBIX
BECOB KpUTEpHUEB. B oTiMume 0T Ka4eCTBEHHBIX MTOAXO0/0B,
KOJINYECTBEHHBIE MOIXO/IbI OTIPEIEIISIIOT 3HAYCHHUS BECOBBIX
k03 (HUIMEHTOB JIsI KPUTEPHEB HA OCHOBE aHAM3a JaH-
HBIX, IPUCYTCTBYIOIIUX B MCXOAHOW MATPULE PEIICHUH.
ITpumepaMu KOMMUECTBEHHBIX TTOIXO0B SIBISIFOTCSI METO-
JIbI: PAaBHO3HAYHBIN [4]; SHTpONHMHHEIH [5]; cTaHIApTHOTO
OTKJIOHEHUs [6], ocHOBaHHbBIN Ha a(dekrax yaanenus [7];
xoppesinuu [8]; motepu BiuaHusA [9]; komriekcHsli [10];
yroBoii [ 11], ocHoBaHHBIH Ha K03 durmente Ixunu [12];
craructuyeckoi aucnepcud [13] u ap. KonnuectBenusie
MOJAXO/Jb! YCTPAHAIOT JINLO, IPUHUMAIOIIEE PEIIEHUE, OT
OLICHKH B&YKHOCTU KPUTEPUEB U Pa3IMYAIOTCs aIrOpUTMa-
MU aHalli3a JaHHbIX. VICTIoNb30BaHNe TaHHBIX MTOJX0/I0B
MIPUBOANT K Pa3IMUAIONIIMMCS 3HAUCHUSIM BECOBBIX KO3(-
(UIUEHTOB, YTO MPOTHUBOPEUUT MOHITHIO «ETUHCTBECH-
HOCTb PEIICHUS» JUIsl OJIMHAKOBBIX MCXOJHBIX JaHHBIX.
B cBOIO ouepenb 0CTAaeTCst OTKPHITBIM BOIIPOC OIpesiesie-
HUS cTeNeHH 00BbEKTHMBHOCTH C(HOPMUPOBAHHBIX 3HAUeE-
HUH BECOBBIX KOA(D(QHUIIMCHTOB IJIsl KPUTEPUEB, KOTOPHIC
HaIpsAMYI0 3aBUCST OT BBIOOpA KOHKPETHBIX YUYACTHUKOB
npolecca NPUHITHS pellleHus (B Ka4eCTBEHHBIX MOAXO0-
Jlax) U aJTOPUTMOB aHAJIN3a JaHHBIX B UCXOAHOM MaTpuLe
peneHunit (B KOJINYECTBEHHBIX MOAXO0/AX ), @ TAKIKE UX KO-
JINYECTBA, B PE3YJIBTATE YETO CHUIKAETCSI CTETIEHb JOBEPHS
K IIPUHATHIM perieHusM. [10CKoIbKy coracoBaHHOCTD —
OZIMH U3 OCHOBHBIX TTOKa3aTesed 00beKTUBHOCTH, TO pa3-
paboTka MeToma [T pacyeTa BECOBBIX KOA((MHUIIMEHTOB C

3aJIaHHOM COMIACOBAHHOCTBIO — BBIXOJL U3 CIOXKHUBIIIEHCS
CHUTYAIHH.

Henp paboThl — 00BEKTUBU3AINS 3HAUCHUH BECOBBIX
KO3 PUIHUESHTOB ISl IPUHSITUS PELICHHH B MHOTOKPHTE-
pHAaJbHBIX 3aj1auax.

MaTepna.nLl " METObI

[Ipeanoxxen MeTox pacuyera 3HAYCHUH BECOBBIX KO3(-
(PUIMEHTOB /ISt NPUHATHS PEHICHUH B MHOTOKPUTEPHAIIb-
HBIX 331a4aX. MeTo/] OTIMYaeTCs HCIOIb30BAaHUEM KOJIHIe-
CTBEHHBIX TTOJIXO/IOB OIIEHKH IIPH YCJIIOBHH, YTO PAHTOBBIC
3HAYECHUSI BECOBBIX KOI(PPUIINEHTOB, TTOIYUYEHHBIE C TIOMO-
IIBI0 KAYE€CTBEHHOTO I0/X0/1a, 00ECIEeUNBAIOT 3aJaHHYIO
COITIACOBAaHHOCTh M CTATHCTHYECKYIO 3HAUUMOCTb.

[TycTs UMeeTCs MHOXECTBO albTepHATUB A = {4, 4,,
..., Ay}, 3HAYEHUSA KOTOPBIX ONPEAETIECHBl MHOXKECTBOM
kputepueB K = {K, K, ..., Ky} coniacHo Marpuue pe-

IIECHUH:

kl,l k1,2 kl,N

kz’l kz’z e k2,N

k= , (1)
k k k
M1 K2 MN |y pen

rae k,, , — 3Ha4eHue m-i albTepPHATUBBI MO n-My KpHUTe-
pwuro.

B pesynbrare HCIOJIB30BaHUS MHOXKECTBA METOLOB
F={F, F,, ..., Fy}, peaqu3yromux KOJIN4e€CTBEHHbIH
nozxof, c(hopMUpPYeM MaTpHIly 3HaUCHUH BECOBBIX KOA(-
(unneHToB:

O O Oy N
Wy ®yp W2 N
Op1 Op2 OHN [ ey

1€ © , — 3HAYEHHUE N-TO KPUTEPHS 110 /-My METOLLY.

B xaxnoif /-it ctpoke marpuusl (2) Haiinem mepecra-
HOBKY MHAEKCOB py(1), pi(2), ..., pp(N) nnsa (1, 2, ..., N),
MOCJIe KOTOPOH 3JIEMEHTHI TAHHOW CTPOKH OYIIyT PacIoio-
JKCHBI B TTOPAOKE Hey6I)IBaHI/I$I B BU/JE:

YVh= 1, 2, . H:O‘)h,ph(l) < (Dh,ph(2) <...< (Dh,p;,(N)’ (3)

rie H — KOJIMYEeCTBO METOJOB JUJIsl IPUHSATHUS PELIEHUH.
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[.C. ConoBbeB

B nmonydenHnsx crpokax (3) qIs KaxkJI0To 3JeMeHTa
HalJeM 4nCIIo ero JyOIupyIomuX 3HaYeHHHI:

N(1, ecnu w, =@ ANl#n
¢ = ’ Pr(n) — Fhapi(D) , 4
hapi(m) ,; 0, nHaue ©®
a TakKe CyMMapHOE 4uCIIo ayOiieii:
N
I,= zlth,ph(n)’ (%)
=

rae [ — uHaeke kpurepust ([ =1, 2, ..., N).

Ecnu cymmaproe uuciao ny6ueit 7), = 0, To ocyuwe-
CTBUM HEPEX0J] OT KOJIWIECTBEHHOW OLEHKN KPUTEPHEB
K Ka4eCTBEHHOW C ITOMOIIBIO UX PACCTAHOBKH B MOPSIJIKE
BO3pacTaHMs 3HAYNMOCTH (paHXHpoBaHUsA). BecoBomy
k03 dumnuenty B (3), IMEIOMEMy MUHUMAJIHHOE 3HAYe-
HHE, MPUCBOUM TIEPBOE MeCTO (paHT) B pacCTaHOBKE, a
MOCICAYIOMINM B MOPAAKE YBECJIMYCHUSA 3HAYCHUA — MECTa,
BO3pAacCTAIOIINe MEXKIy co00M Ha enuHuUIly. Takum oOpa-
30M, 4yeM OoJiblliee 3HaYEHHE UMEeeT BECOBON KOd(hHILH-
€HT, TEM BBIIIIE €T0 MECTO (PaHT), 3aHATOE B PACCTAHOBKE.
OneMeHTaM B /i-if CTPOKE COMOCTABUM PaHTH COIVIACHO!

rh,ph(n):ph(n)9 (}’l: 1’23 EREE) N) (6)

Ecnu T), # 0, To noy4nm TaKkyro NepecTaHOBKY MHIIEK-
coB p,*(1), p*(2), ..., pp*(Gy) nna (1, 2, ..., G,), mocie
KOTOPO¥ 2JIEMEHTHI /- CTPOKM OyIyT pacroyiaratbCs B
MOPSAKE BO3PACTAHUS:

<
Oppy(1) < Phpr2) < -+ = Oy (™)

npu 3ToM G, < N. CuMBoa «*» 0003HaYaeT OHO3HAUHYIO
UIICHTH(HUKALMIO IEPECTAHOBOK, TaK Kak py(1), py(2), ...,
py(N) obecnieunsaet HeyObiBanue (3), a p,*(1), p,*(2), ...,
py*(G),) — Bo3pactanue (7) B s-if CTpoKe MaTpUIIBI BECO-
BBIX K03(dHULNEHTOB (2).
anenenHM KOJIMMECTBO YHUKAIBHBIX 3HAYCHUH ©0 ), )
B h-it ctpoke (3):
G,=1+Y Ohpy(n-1) (8)

N{ 1, ecomt @y, ,, ) >
n=2

0, unaue

KaxioMy yHUKaIBHOMY 3JIeMEHTY A-ii cTpoku (7) co-
MMOCTABUM KOJIMYECTBO €r0 MOBTOPOB:
N(1,ecmn® =®
= ’ hopp*(g) — hopp(n)
Zhpi*(2) { ‘ ©)

=11 0, nHaue

B cBs13u ¢ TeM, 4To B BhIpakeHUH (3) UMEIOTCS TTOBTO-
psroIMecs 3HaYEHHsT BECOBBIX KOY(D(PHUINEHTOB (ITPUCYT-
CTBYIOT 3HAUYCHMUSL Z), ), o) HE PABHBIC €AUHULE), TO IS
BIIEMEHTA ), ,, «(4) B (7) BEIYUCINM CPEHEE 3HAYCHUE Me-

k
cra (paHra) r*;, , ., Kak OTHOILICHHE CyMMBI TIOPSAKOBEIX
HOMEpOB B (3) K Konu4decTBy ayoOmeit (9) cornmacHo:

N —

N, €CIN O}, ), 5o = O

(@) = ’ hpn(@) — T hpy(n) Zh ey (10)
’ =11 0, nHaue ’

HpI/I BBITIOJITHEHHUH YCJIOBH:

O (@) = Ohpy(nyy (11)

aNIeMEHTaM /-ii CTpokH (3) COIOCTABUM MOTyYCHHBIC PAHTH
(10) cnenyromum odpazom:

rh,ph(n):r*h,ph*(g)’ (n = 1, 2, ...,N), (g: 1, 2, ceey Gh) (12)

BMecTo Marpuiibl 3Ha4eHUI BECOBBIX KOA(dUIIMEHTOB
(2) chopmupyem MaTpuily paHroB:

rl,l 7"1,2 rl’N
7’2’1 7’2’2 7’2’N

r= . (13)
rH,l I"H,Z rH,N

HxN

Jas matputsr paaroB (13) ompenenum kodddumu-
€HT cornacoBaHHocTu Kennanna W, BenuuuHy KOTOPO-
ro HaliaeMm B auamna3one ot 0 mo 1, mpudeM OT 3HAYCHUS
0,7 ¥ BBIIIE COTIIACOBAaHHOCTH Oy/IEeM CUMUTATh BBICOKOH.
3HaUNMOCTh szac'{ Ut k03(GHULINEHTa COITTaCOBAHHOCTH
W paccuutaem coracHo Kpureputo [Tupcona. Tadnnunoe
3HaueHue kputepus Iupcona y2,,c,(0y,,, V) onpenenum
YPOBHEM 3HAYUMOCTH (L,,, U YHCIIOM CTEHEeHEH CBOOObI
v=N-1.

Ecmn ¥2pacq > 2raga(®sa0 V), TO € BEPOATHOCTHIO
(1 = 05,,) KOOQ(UIHEHT COIIACOBAHHOCTH IPH3HACTCS
3HAUUMBIM, ¥ BO3MOXXHO C(hOPMHPOBATh OKOHYATEIHHbIC
3HA4YEHMS BECOBBIX KOI(DPHUIIMEHTOB BAXXHOCTH KPUTEPUECB:

3a1

® = (@, By, ... Dy), (14)

e n-oe 3HaueHue kodhduimenTa ®, onpejenseTcs Kak
OTHOMICHHE CYMMBI PAHTOB /1-TO KPHTEPHI K O0IIeH cymMe
PaHToB Bcex N KPUTEPHUEB Y BeeX /{ METONOB KOJIHMIECTBEH-
HOTO [OIXOJa:

H H N
G)n: Zrh,n Z Zrh,n ’ (15)
h=1 h=1n=1
YTO 00CCIIEYMBACT BBIMTOJIHCHHE YCIOBUS HOPMHPOBKHU
(cymMa BeCOBBIX KOA(P(PHUIIMCHTOB JTOJKHA PABHATHCS €11~
HUIIE).
Tak Kak IPUMEHCHHE BCEX METOIOB M3 MHOXecTBa F
HE rapaHTHPYeT 00ecIicueHNEe 3aJaHHbIX 3HAYCHUHN COTJIa-
COBAHHOCTH W, ¥ YyPOBHS 3HAYUMOCTH 0.y, ;, TO HEOOXO-
IUMO chopMyITHPOBaTh 3a1ady ONTUMH3AHA. /i1 3TOrO
MHOkecTBO MeTonoB F pacummpum 10 MyTsTHMHOKECTBA

CIICIYIOIINM 00pa3oM:

F = {(b,F), byF,, ..., byFy}, (16)

e b, — KpaTHOCTb BXOXJIEHHA MeTona I, B MyIbTHUM-
HOxecTBO F.

Kparnoctb BxoxaeHus b, IpUHUMAET CIIeIYIONIHe 3Ha-
YEHUS:
_)1,ecm F, e F

b, , (17)

0, nHaue
KOTOpBIE ONpENeNIoT Hamnuue «1» mim orcyrcrBue «0»
cTpoku /i B Matpuiie (2).
Taknm 00pa3zoM, 3a7ada ONTUMH3ALUK OyJIeT 3By4aTh
caenytomumM obpazom. HeoOxommmMo HalWTH Takue Kpar-
HOCTH BXOXJeHUs MeTonoB b* = (b*, by*, ..., by*) u3
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MyJTETHMHOXECTBA F M COOTBETCTBYIOIIHE UM BECOBBIE
ko3hdunneHTsr @* = (O *, Oy, .... dy*), AT KOTOPBIX
3HA4YEHHME OTKIOHEHHs pacueTHoro W* ot samannoro W,,,
MHHUMAJIBHOC:

AW* =min(W* — W,, ), (18)
mipu ypaBHeHUsAX cBsi3 (1)—(17) u orpaHnYIeHUAX:
0<W,,<1, (19)
W= W,n (20)
szacq > sza6n(a3an> V)- (21)

3anmada (18) mpencrasmsier coboit cimyuail 3agadu Ou-
HAPHOTO HEJIMHEHHOIO MPOrpaMMHPOBAHUS, KOTIa HE00-
XOIIUMO BBIOPATh WJIM OTKA3aThCsl OT BHIOOpA OTICIBHBIX
METOJIOB sl IOJYYCHHUSI BECOBBIX KOA(PPHUIIMEHTOB C 3a-
JTAHHOM CTEIECHBIO COIIACOBAHHOCTH. ['apaHTHpOBaHHOE
ONTHMAJTBHOE PEHICHUE TaKOM 3a/Ja4d MOIYIUM MPH UC-
MTOJIb30BAHUU METO/Ia CKAHHPOBAHMUSL.

JKcnepuMeHTAIbHAS YaCTh

PaccMoTpuM mpUMEHEHHE MPEII0KEHHOI0 METoAa
Ha IpUMepe MPHUHITHS PEIIeHUs] B MHOTOKPUTEPHAIBHON
3ajiaue BpIOOpa HAMJIydIlIel allbTepHATHBEI.

IMycts umeercs muoxecTBo kputepues K = {K, K,
K;, K4}, toe xpurepuu: K| — paBHOMEPHOCTH paclpese-
JICHUS! TOJIIMHBI TAIIbBAHWYECKOTO MOKPBITHS HA TIOBEPX-
HoctH netanu (6ezpasmepHoe 3Havenue ot 0 1o 1); K, —
MIPOM3BOANTEIHHOCTD TAIbBAHMYECKON BaHHBI (3HAYCHUE
6omnbine 0); K3 — 37eKTpOIHEpTus, 3aTpadnBacMas Ha
HaHECEHHE raJbBaHNUECKOTO MTOKPBITHS (3HAUEHHE OOJIbIIE
0); K4 — cTOMMOCTb peasu3alny rajJbBaHHUECKOTO MPo-
necca (3Hauenue oosmbie 0). Kputepuu K n K, crpemsrcst
K MakCUMyMy, a Kputepun K3 u Ky — K MUHUMYMY.

JlaHo MHOXKECTBO anbTepHaTuB A = {4, A5, A3, A4, As,
Ag, A7}, TIE TalbBAHUYECKNE BaHHBI: 4| — C aHOJAMH,
paboraromumu pasnuunoe Bpems [14]; 4, — ¢ aHOza-
MU, pa0OTaOUIUMH B LUKINYECKOM pexume [15]; 43 —
C OTKJIIOYAEMBIMU TIPU PEBEPCUPOBAHUM TOKA aHOAAMHM
[16]; A4 — c 3amuTHBEIME KaTtogamu [17]; A5 — ¢ Toko-
HENPOBOIALIMMY 3KpaHaMmu [18]; 4g — ¢ GuIoNApHBIMU
anexTponamu [19]; 4; — ¢ GurypusiMu anogamu [20].

ITonmyueHHbIe 3HaYEHNSI HA OCHOBAHUY MaTPHIIbI PELICHUI
(1) nmpexncrasnens! B Tadi. 1.

[Tycts nano muoxxectBo MeronoB F = {F|, F, I3, F,
Fs, Fe, I, Iy, Iy, I}, tae MeTonpl: ['] — paBHO3HAUHBIN;
F, — sHTponmMiiHbIN; [3 — CTaHJApTHOIO OTKJIOHEHHUS;
F4— ocHoBaHHbI Ha 3 dexrax ynaneHus; I's — koppe-
JAIUN; F'g — TOTEpH BIMAHUS; [, — KOMIITICKCHBIN; Fg —
yTI0BOM; Fg — OCHOBaHHBIN Ha kK03 dunmente JxuHu;
F|() — cratucTu4ecKol AUCIepCuu.

MHoOTOKpUTEpPHATHHYIO 3a7a4y BEIOOpa HAWTyUIIeH
aJIbTEPHATHBBI M™* CBEJEM K OJHOKPUTEPHAIBLHOU C UC-
MOJIb30BaHNEM MaKCUMUHHOTO MOXO0AA:

m* = argmax min ®,k,, ,» (22)
m n
rze k,,, , — HOpPMaJIM30BaHHOE 3HAUECHUE /1-1 aJlbTepPHATUBLI

10 /1-MYy KPHUTEPHIO.

Hopmanusanuio 3Hauenuii k,, , OCyumecTBUM M0 Me-
tony Betitennopda [21]. BecoBrle ko3 purueHTsr G*
Iutst (22) ompeneuM ¢ TIOMOIIbI0 pemreHus 3axaqu (18)
[pH 33/IaHHOM 3HAYEHUU cornacoBannoctu W, = 0,85
cormacHo (19) m ypoBHE 3HAYIUMOCTH 0., = 0,05 ¢ mo-
MOIIBIO Pa3pabOTaHHOTO MPOTPAMMHOTO OOeCTIeUeHU
Ha s3p1ke Python, mcmone3yromiero Moaynn scipy.stats u

pymcdm.weights [22].

Pe3yJII)TaT])I H UX 06cy>1<)1e}me

Hopmanu3zoBanHast MaTpuLa pelieHnid Ha OCHOBAaHUU
MOJTYYEHHBIX PEe3yNbTaToB M3 Tabid. |, mpencTaBieHa B
Tabm. 2.

CdopmupyeM 3HAUCHUST MATPHUIIBI BECOBBIX KO H-
IIUEHTOB (2), UCTIONB3Ys BEIOPAHHOE MHOKECTBO METOIOB
F (tabmn. 3).

B marpure BecoBbIX K03((ULIUEHTOB paccMaTpuBae-
mble kpurepun K umeroT HanOospline 3Ha4eHus ClIeyo-
mee konudectBo pas: Ky — 2, K, — 1, K3 —4, K, —2n
K] NKZNK3NK4— 1

[IpuMeHeHne npeaaraeMoro MeToaa paH>KUPOBAHUS
BECOBBIX KOA(D(UIMEHTOB (POPMHUPYET 3HAUCHHST MATPHIIBI
parros r (13), koTopas mpeacTaBieHa B Ta0I. 4.

W3 tabmn. 4 cnenyer, uto metoasl Iy, Fg n Fy, a Taxoke
F3 n F, 06ecniednBaoT OANHAKOBYIO PAaHKMPOBKY BECOBBIX
KO3 PUITEHTOB.

Tabauya 1. Matpuna pemeHui

Table 1. Decision matrix

VHzeKe ansTepHaTUBEI 11 Kpirepun

km,l km,Z’ 1/4 km,3, Bty km’4, pyo.
1 0,86845 0,833 126,3 10994,19
2 0,86939 0,727 358,7 9212,17
3 0,85274 0,856 3829 11456,55
4 0,82814 0,800 284.4 9372,79
5 0,80668 0,500 220,2 10512,34
6 0,86132 0,593 152,2 5567,23
7 0,77248 0,941 290,1 16903,02
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Tabruya 2. HopManu3oBaHHAsl MAaTPHILA PEILICHUH

Table 2. Normalized decision matrix

I/IHI[CKC AJIBTCPHATUBBI M — E‘IOPMMH3OBaHHLIe KpHTeIiHH —

Fons Fn Fn Fona
1 0,990 0,755 1,000 0,521
2 1,000 0,515 0,094 0,678
3 0,828 0,807 0,000 0,480
4 0,574 0,680 0,384 0,664
5 0,353 0,000 0,634 0,564
6 0,917 0,211 0,899 1,000
7 0,000 1,000 0,362 0,000

Tabauya 3. Marpuna BecoBbIX KO dUIIEHTOB

Table 3. Weight coefficients matrix
Vlsexc meTona b BecoBble K03 HUIIEHTE

Wp,1 Wy Wp3 Wp4
1 0,250 0,250 0,250 0,250
2 0,006 0,150 0,502 0,342
3 0,000 0,000 0,028 0,972
4 0,053 0,277 0,313 0,357
5 0,376 0,187 0,232 0,205
6 0,720 0,191 0,036 0,053
7 0,067 0,413 0,257 0,263
8 0,047 0,221 0,393 0,338
9 0,045 0,222 0,411 0,322
10 0,284 0,247 0,290 0,179

Tabnuya 4. Matpuna paHros
Table 4. Rank matrix
Unpnexc merona h Parn

"h,1 "2 "3 "na4
1 2,5 2,5 2,5 2,5
2 1 2 4 3
3 1 2 3 4
4 1 2 3 4
5 4 1 3 2
6 4 3 1 2
7 1 4 2 3
8 1 2 4 3
9 1 2 4 3
10 3 2 4 1

Perrenue 3amaun (20) momydum cpeid BCEBO3MOKHBIX
coueranuii 6e3 nosropennit Cpd st (d =2, 3, ..., H) ¢
CyMMapHBIM KOJIN4eCTBOM 31eMeHToB 1013,

3HaueHHMs COIIACOBAHHOCTH M KpuTepus [Tupcona aist
BO3MOKHBIX COYETaHHI TTOKa3aHBI Ha pHC. 1.

KonnuecTtBo Bhimosinenuit orpannyennii (20) u (21)
MPEACTaBICHO HA puUC. 2.
Ha puc. 1 BumHO, 4TO € yBeIMYEHHEM KOJIMUYECTBA Me-
TOJIOB d: CHIDKAETCS cpefHee 3HaueHne koadduimenra co-
mracoBaHHOCTH KeHpaia, 9To 00bsCHseTCS T0OaBICHHEM
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Fig. 1. The consistency coefficient W (a) and Pearson criterion 2
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Puc. 2. KonnuecTso BbinonHennii orpanuienus W= W, (@) 1 2 paca > Xraga(Oaam V) (B)

Fig. 2. Number of constraint executions W= Wy, (@) and x%.qic > X% apie(Ogivens V) (b)

B MaTpuily (2) BeCOBbIX KO3()(DUIIMCHTOB U, KaK CJICACTBHE,
B Marpuity (13) paHroB, MOy4EHHBIX C UCIIOJIIE30BAaHHEM
METOJIOB, 3HAYCHUS KOTOPBIX PE3KO OTIMYAIOTCS OT OCTaJb-
HBIX; YBEIIMYMBACTCS CPEIHEE 3HAYCHUE 3HAYMMOCTH KO-
a¢dunmenHTa corracoBaHHOCTH Mo Kputepuro [IupcoHa,
YTO OOBSICHSCTCS YBEIMUYCHUEM KOIMYECTBA CIaraeMBIX
gucymtens B (15).

JUis pa3snuYHBIX COUeTaHWH, HAYMHASA ¢ d = 6, MUHU-
MaJlbHbIE U MaKCUMAaJIbHbIC 3HAUCHUsI BLIOOPOK koA duIim-
CHTA COIIACOBAHHOCTH U €r0 3HAYMMOCTH YMCHBIIIAIOTCSI.

Ha puc. 2 nokasano, uto: orpanudexue (20) BBIMON-
HSIETCsI TOJIbKO 26 pa3 nipu (d =2, 3, 4, 5), 4TO cocTaBiser
2,57 % oT 00111ero KOJIMUeCTBA COYCTAHUI METO/IOB; OTpa-
HudeHue (21) BeIOMHSAETCS ToIbKO 72 pasa mpu (d = 3, 4,
5,6, 7, 8), uto cocrasiset 7,11 % ot o0Iero koamugecTra
codeTaHuii MeTonoB. [TomydgaeTcs, 9To KOMUYeCTBO HCIONb-
3yeMBIX METO/IOB d JOIDKHO OBITH OOMbIIe 3 W HE TPEBBI-
arhb 5, YTO COMOCTABUMO C KOJIMYECTBOM KPUTEPUEB NNV.

Taxwum 06pa3zoM, 00IaCTh JOMYCTHMBIX PEIICHHH 3a/1a-
un ontuMu3aryH (18) Haxomures cpeau 16 BapraHToB TIpH

(d=3, 4, 5), uto cocraBmsieT 1,58 % oT o0rIero koauue-
CTBa COYETaHMI MeTO/IOB. B pesynbrare peuieHus 3a1adu
ontuMuzanmy (18) moayyeHo MUHMMaJIBHOE OTKIOHEHHUE
pacueTHOTO KO3 PHUINEHTA COMTACOBAHHOCTH OT 3aJaH-
HOrO AW* = 0,05 mpu HaiineHHOM 3HaYeHUU W* =0,9.
3HayeHne W* CTaTHCTUYECKH 3HAYMMO, ITOCKOIBKY 00e-
CIIEYMBACT BEITUUUHY KPHUTECPHI xzpacq = 10,8, koTopoe
TPEBBIIACT (2 46,(0yy, V) = 7,81, TlonydeHHoe 3HaueHHE
AW* obecrieqnBaeTCs CIEAYIOMNMH 3HAYCHISIMHA KPaTHO-
cTeit Bxoxkaenust meronos b* = (0,0, 1,1,0,0,0, 1, 1, 0),
(dhopmupyromux BecoBbie kodpduuuentsl @* = (0,1; 0,2;
0,35; 0,35). 3HaueHnss HOpMATM30BAHHON MaTPHIIBI pelie-
HUM, C y4eTOM HalICHHBIX BECOBBIX KO (UIIEHTOB B,
NIPUBE/ICHBI B Ta0M. 5.

CornacHo maHHBIM M3 Taba. 5 3agada BeIOOpa HaM-
Tydqmnied anbTepHATUBHl (22) mMeeT pemieHue m* =

=argmax {0,099; 0,033; 0,000; 0,057; 0,000; 0,042; 0,000} =
m

=1, COOTBETCTBYIOLIIEE TAILBAHNYCCKON BAHHE C aHOJAMH,
paboTaIOMIMA PAa3THIHOE BPEMSL.
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Tabnuya 5. HopMain3oBaHHas MaTpUIla PELICHU ¢ yI€TOM BECOBBIX KO3()(DHUIIHEHTOR

Table 5. Normalized decision matrix with weight coefficients

HOpMaJ’II/ISOBaHHLIC KpI/ITepI/II/I C y‘ICTOM BECOBBIX KO3(1J(I)I/H_H/IGHTOB
I/IHZ[CKC aJ'II:TepHaTI/IBLI m — — — —

D1k Dok Dk Dks
1 0,099 0,151 0,350 0,182
2 0,100 0,103 0,033 0,237
3 0,083 0,161 0,000 0,168
4 0,057 0,136 0,134 0,233
5 0,035 0,000 0,222 0,197
6 0,092 0,042 0,315 0,350
7 0,000 0,200 0,127 0,000

3akarouenne

BecoBble kKO3 PHUINEHTHI SIBISIOTCS KaTMOPOBOUYHBIM
HMHCTPYMEHTOM B MHOTOKPUTEPHAIBHBIX 337a4aX MPUHSITUSL
pelIeHnit, 1 Ka4eCcTBO UX ONPEAETICHHUs HalPSIMYIO BIHSIET
Ha 1oJy4yaeMblid pe3ynbTaT. Kaxablii U3 KaueCTBEHHBIX U
KOJIMIECTBEHHBIX TTOJIX0/I0B ONPEICNICHNS 3HAUYCHHUI BECO-
BBIX K09((HUINEHTOB NMEET CBOH ITPEUMYILECTBA U HEJO-
CTaTKH. B npeanmaraeMom 1noaxosie KaueCTBEHHbBIE METO/IBI
ornpejesieHust 3Ha4eHUH k03 (HUIMEHTOB MCIIOIb30BaAHBI
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AHHOTALUA

Ipeamet uccaenopanusi. OTHUM U3 aKTyalbHBIX HAallPaBICHUN MCCIIEIOBAaHUN B 001acTH OECIIPOBOAHON CBSI3U
SIBISIETCS] Pa3pabOTKa OJIVKHEIONBHBIX MAarHUTHBIX CHCTEM U CPEACTB Iepenadyn cooOIIeHu B cpefax WM CKBO3b
CpelIbl, 3HAYUTEIBEHO MOMIONIAIOIINE IEKTPOMAarHuTHOE noie. K TakuM cpeam OTHOCSTCS: BOAA, TPYHT, CTPOCHHMSI.
B npoBosinmx cperax ociabieHne MarHUTHOTO TIOJIsl BO3pAcTaeT C yBeIIMYEHHEM 4acToThl. J[jist opraHu3aiy KaHaJioB
CBSI3U CKBO3b MPOBOSIIYIO CPEly, HAIPUMEP MOPCKYIO BOAY, IPUMEHSIOT AJIEKTPOMArHUTHOE M3JIyueHHe KpaiiHe
HU3KUX M CBEPXHU3KUX 4yacToT oT 3 10 300 ['u. [IpuMeHeHne n3aydeHus B TaKUX AMANa30HAX 4aCTOT COMPSIKEHO C
OOIBIIMMH pa3MepaMHy MePeafolIuX 1 MPUEMHBIX aHTeHH. MeTon OIMIKHEMOIbHON CBSI3H TMO3BOISIET CYIIECTBEHHO
YMEHBIIHUTH Ta0apHUTHI TPUEMHBIX U U3IIyYAIONINX aHTEHH U MOTPeOIsIeMyI0 epefaTInKOM MOITHOCTh. CyIeCTBEHHBIM
OTpaHHYCHHEM OIIKHEIIOIBHON JATMHHOBOJIHOBON CBS3U SIBISIETCS HEBBICOKAs CKOPOCTH MEpefadul COOOIIEHHH 1
HeOoIbIIas, 10 AECATKOB METPOB, HaTbHOCTH CBI3H. MeToa. IIpuHINT nelCTBHS NPEUIOKEHHON CUCTEMBI CBS3H
OCHOBaH Ha HCIIOJIb30BAaHUU MarHUTHOH KOMITOHEHTHI 3JIEKTPOMAarHUTHOTO IMOJIsL. [lepenaromum »I1eMeHTOM TaKoi
CHCTEMBI CIIY)KHT KaTyllKa HHAYKTUBHOCTH C CEPJICYHUKOM. [Iprem ocyIiecTBiseTcs JaTuMkoM MarHUTHOTO T10JIs B
BHUJIC MarHuTa, 3aKPerIeHHOT0 Ha TOPCHOHHOM I0/iBece. MarHUT COBMEIICH C 3epPKajoM, OTPAXKAIOIIUM JIa3epHbIi
ayd. Ilox neiicTBHEM BHENIHErO MarHUTHOTO IOJIS MAaTHUT COBEPIIAET KPYTUIbHBIE ABMKEHHS, KOTOPbIE MPUBOAAT
K M3MEHEHHUIO yIJIa OTPa)KeHHs JIA3epHOTO JIyda OT 3epKalbHOW MoBepXxHOCTH MarHuTa. OTpakeHHBIH CHUTHAI
peructpupyercst THHEHHBIM (oTonpueMHukoM. OneHKa ocnabieHus U 3aTyXaHHus MarHUTHOTO TIOJIS TP Iepesade
W3IY9EHUS U3 AUAICKTPUUCCKOI B MPOBOJSIIYIO Cpely BBIIOIHEHAa Ha OCHOBE PEIICHMs ypaBHEHHH Makcseruia.
Pa3paboTaHbl Tpexno3nunnoHHas OnHapHast (ha30Bast MAHUITYIISIIUS 1 MOAU(HIIPOBAHHAS TPEXITIO3UIMOHHAsT OMHApHAS
(dazoBast MaHUIYIALUS, 00SCIECUNBAIOIIHE IIPOTUBOIIOJIOKHOE PACIIONOKEHNE CUTHAIBHBIX CHMBOJIOB, BHICOKYIO
MH()OPMALMOHHYIO IUIOTHOCTh COOOIICHNUH, JIOKAIM3AIHIO SHEPTHH M3JTy4aeMOro CUrHajla B HU3KOYAaCTOTHOW 00J1acTH
U HOBBILICHHE JAIbHOCTH CBsI3H. OCHOBHBIE Pe3yJIbTAThI. DKCIIEPUMEHTHI TI0Ka3aJIH, YTO B PE3yJIbTaTe HCIIOIb30BaHUS
MOAU(UIIMPOBAHHOTO BUJAa MAHUIYJISALUN B CPAaBHEHUM C TPEXMO3ULMOHHONW OMHAapHOH (Pa30BOi MaHUMYISALUEH
yAaloCh yBENUYUTh AANBHOCTH CBsi3U HA 10 % mpu HEM3MEHHOH BBHICOKOW HAAEKHOCTH AOCTABKH COOOLICHHMN.
MonenbHbIE OIIEHKH, BBIIIOIIHEHHBIE B COOTBETCTBUH C MPENIOKEHHON METOAMKOIN pacdyeTa OCIabIeHus U 3aTyXaHHs
MarHUTHOTO TIOJISI IIPU PAcIIPOCTPAHEHHN B CIOHCTBIX CPEax, MOATBEPHKICHBI SIKCIEPUMEHTAIBHBIMI N3MEPEHHUAMH.
IIpakTHyeckast 3HAYUMOCTD. Pe3ynbTarTs! HCCIIEI0BaHUH MOTYT HAUTH MPUMEHEHHE IIPY PELICHHUH 33/1a4 JIOKAIEHOTO
pa3BepTHIBAHMS 3AIMUIIEHHBIX CHCTEM OJIM)KHEIIOJIBHOM CBSI3H IPH 00ecriedeHnH OecipOBOAHOI KOMMYHHKALIUY Yepe3
Cpe/ibl, MONIOMIAOIIHIE NIEKTPOMAarHUTHOE MOJIe.
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Abstract

The development of near-field magnetic systems and means of transmitting messages through media that significantly
absorb the electromagnetic field is one of the topical areas of research in the field of wireless communication. These lossy
media include water, soil, buildings. The attenuation of the magnetic field in conducting media increases with increasing
frequency. To organize communication channels through a conductive medium such as sea water electromagnetic
radiation of extremely low frequencies and ultra-low frequencies from 3 Hz to 300 Hz is used. Traditional communication
methods due to electromagnetic radiation in that frequency ranges require large sizes of transmitting and receiving
antennas. The near-field communication method makes possible significant reduction both the dimensions of receiving
and emitting antennas and the transmitter power consumption. A significant limitation of near-field long-wave
communication is the low bandwidth and small, up to tens of meters, communication range. The operating principle
of the proposed communication system is based on the use of the magnetic component of an electromagnetic field.
Transmitting element in proposed system is a solenoid with a magnetic core. Receiving magnetic field sensor is a
magnet fixed on a torsion suspension. The magnet is combined with a mirror reflecting the laser beam. Rotation of
the magnet under the action of an external magnetic field leads to a change in the angle of reflection of the laser beam
from the mirror surface of the magnet. The reflected signal is recorded by a linear photodetector. The attenuation of
the magnetic field during the transmission of radiation from a dielectric to a conducting medium was evaluated with
the solution of Maxwell’s equations. A three-position binary phase shift keying and a modified three-position binary
phase shift keying are developed and substantiated. The proposed solutions provide the opposite arrangement of signal
symbols, high message information density, localization of the emitted signal energy in low-frequency region and an
increase in communication range. Experiments had shown that usage of modified keying type shown an increase the
communication range by 10 % with the same reliability of message delivery in comparison with three-position binary
phase keying. The estimates of the weakening and attenuation of the magnetic field during propagation in layered
media obtained from the simulation are confirmed by experimental measurements. The results of research could be
used in solving problems of local deployment of secure near-field communication systems through media that absorb
an electromagnetic field.

Keywords

magnetic coupling, binary phase manipulation, message transmission, magnetic shielding, radio wave propagation
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of modulation of near-field magnetic coupling. Scientific and Technical Journal of Information Technologies, Mechanics
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BBenenune

OnHO M3 aKTyaJbHBIX HANpaBICHUN HCCIEAOBaHUH B
obiacTu cucteM OecripoBOIHOM CBSI3M — pa3paboTKa METo-
JIOB U CPEJICTB Iepe/iadl COOOIIEHHI B Cpe/laX MM CKBO3b
Cpe/bl, 3HAUUTENIBHO MOMIONIAIOIINE MIEKTPOMArHUTHOE
nosie. B wactHOCTH, MOAOOHBIE peIeHNUs] BOCTPEOOBAHEI
JUISL OpTaHM3AMK OeCIIPOBOIHON Nepenadn HHPOpManuu
CKBO3b TOJIILY BOJIBI, B TOM YHCJIE MOPCKOM, TpyHTa, Oe-
TOHHBIX COOPYXEHUU U SKPAaHUPYIOIUX KOHCTPYKIIHH.
MarHuTHOE SKpaHHPOBAaHHE PEATU3YETCS 3a CUET PA3HOO-
Opa3HbIX KOXKYXOB U 3KPAHOB, M3TOTOBICHHBIX U3 MaTepH-
aJI0B, MAaTHUTHOE COTIPOTHBIICHHE KOTOPHIX MEHBIIE, YeM
MarHuTHOE COMPOTHBIICHKE BHeMIHEH cpefp [1]. B mpoBo-
JUSIIUX CpeJax ociabieHue MarHUTHOTO MOJIsl BO3PacTaeT
C YBEIMUEHHMEM YacTOThl U IMPOUCXOAUT 3a CUET UH]Y-
LHUpoBaHHBIX TOkOB Dyko [2]. IToaHOe skpaHUpOBaHUE
MarHUTHOTO I10JIs1 00ECTICUNBAIOT CBEPXIIPOBOAHUKH. JIist
OpraHu3aI{i KaHAIIOB CBsI3U! CKBO3b POBOMIAIILYIO CPELLY,
HaIpuMep, MOPCKYIO BOAY, OOBIYHO MPHUMEHSIOT KpaiiHe

I Pexomenganus MCD-R V.431-7* Homenknarypa aua-
[1a30HOB YacTOT U JUIMH BOJIH, UCIOJIBb3YyEMBIX B JJIEKTPOCBS3H
[Dnexrponnsriii pecype]. URL: https://www.itu.int/dms_pubrec/

HU3KHE 4acTOThl B nuana3one ot 3 10 30 'y u cBepXHU3-
kue yactotel — oT 30 10 300 I'u. B HexoTOphIX ciaydasx
UCIIONB3YIOT 4acTOThl MeHee 3 I'm. [yt opranusanuu cBssu
Ha CBEPXHU3KUX M KpaliHe HU3KUX YacTOTaX C BO3MOXKHO-
CTBIO TTEpefauy COOOIECHNI 00BEKTaM, HAXOSIIHMCS 110
BOJIOH, MPUMEHSIOT MPOTSHKEHHBIC AHTCHHO-(UCPHBIE
CHCTEMBI, rabapUTHBIE pa3Mepbl KOTOPBIX MOTYT BapbUpPO-
BaThCs OT COTEH METPOB JI0 EMHUIL KUIOMeTpoB. IIntanue
TaKUX aHTEHHO-(DUJIEPHBIX CUCTEM TpeOyeT 3HaUUTEIbHON
SHEPIruH, UCUUCIIEMON COTHAMHU KHJIOBATT U MeraBarTa-
MU B 3aBUCUMOCTH OT Peaju3ali ¥ PEKUMOB pabOTHI.
W3znydaemble paMOBOIIHBI MOTYT HECKOJIBKO pa3 Orudarb
€CTECTBEHHBIN BOJIIHOBOJ, 0OpPa30BaHHBIN TOBEPXHOCTHIO
3emui ¥ HOHOC(HEPOH, TIPEXKAC YeM OyIyT MOTIOIICHEI,
W WX dHeprus TpaHchopmupyercs B terio [3]. [Ipu Ta-
KOM BHJIe nepenaun nHGopMmanuu He obecreunBaeTcs
JIOKAJIBHOCTB Pa3BEPTHIBAHUS W JICHCTBUS CUCTEM CBSI3H.
ANBTepHATUBHBIE METO/IBI CBS3U 3a CUET IIEKTPOMAarHHT-
HOTO M3JIy4YEHUS C JIOKAJIbHBIM JACHCTBHEM, B TOM HHC-
Jie 33 CUeT MArHUTHON KOMIIOHEHTBI JIEKTPOMArHUTHOTO
MOJIsA, TIPEJIaraloT OTEUYeCTBeHHBIE pa3paboTyuku. Taxk,

itu-r/rec/v/R-REC-V.431-7-200005-S!!PDF-R.pdf (nara obparie-
must: 03.12.2022).
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A.1O. lNpuweHues, B.A. lopowkos, P.N. YepHoB

Hanpumep, AO «HayuHo-npou3BOACTBEHHOE MpeIIpus-
THe «PasnocBsa3py» mpeiaraeT KOMILIEKC OJIMKHEIONb-
HOM MAarHUTHOM CBsi3u! JUist pelieHns 3a1a4 B HHTEpecax
MunncrepctBa 000poHs! Poccniickoit Penepannu B mpo-
MBIIIIEHHOCTH, MEUIIMHE U JIp. 3apyOeKHbIE KOJJICKTHBEI
1 OT/ICJIbHBIC MCCIIEI0BATENN MTPEIaraloT CBOU PEIICHHS B
00ITacTH MarHUTHOMW CBSI3H, HAIPAMEP B [4] peacTaBieHa
MarHUTOMHIYKIIMOHHAs CHCTEMA CBSI3H, 00 CTIeUNBAIOIIAs
cKkopocTh nepenaun coobmenuit 100-300 6ut/c u manb-
HOCTh cBs3u 10 400 M. B pabore [5] paccMoTpeHa MarHuT-
Hasl CUCTeMa CBsI3H, JICHCTBYIOIIAs B Cpe/iaX BO3/LyX-BOJa
(mpecHas), ¢ fambHOCTHIO AekcTBUA 10 30 M. B [6] BbIOIN-
HEeH 0030p CUCTEM MarHUTOMHIYKIIMOHHOW OJIMKHENOJb-
HOU CBSI3M, OTMEUYEHBI €€ 0COOCHHOCTHU U IIPEUMYIIECTBA.

ens HacTosiel paboThl — pa3paboTKa METOAOB MOJI-
JICPYKKH ¥ 00SCTICUEHHSI CUCTEMBI CBSI3H 32 CYET MarHUTHOMN
KOMITOHEHTHI JIEKTPOMAarHUTHOTO TIOJISI.

[Ipennoxen Bua Moan(UIUPOBAHHON TPEXITO3UIINOH-
HOV OnHApHOH (Pa30BON MAHUITYISAIINHN, 00 CTICINBATOIINI
MIPOTUBOIIOIOKHOE PACHIOIOKEHHNE CUTHAIIBHBIX CHMBOJIOB
1 BBICOKYIO HH(POPMAIIMOHHYIO TJIOTHOCTH COOOIIECHHUH.
JaHHbIil BUA SIBASETCS HOBU3HOM JIJIsi CUCTEMbl MArHUT-
HOM CBsA3H, B KOTOPOI UCIIOJIb30BaH B KaU€CTBE AETEKTOPA
MarHUTOONTHYECKUHN JaTYHUK.

B pamkax paboTbI IpeCcTaBICH METO OTEPaTHBHOM
OLICHKH OCIIalJIeHNsI ¥ 3aTyXaHHUsl MarHUTHOTO TIOJISL TIPH
pacnpocTpaHeHUN M3IyYeHUS U3 JANUIICKTPUIECKON cpe-
JBI B IPOBOASIY0. OTIHYUTENbHBIE 0COOCHHOCTH pas3-
paboTaHHON CHCTEMBI CBS3H: JOKAJIBHOCTD JCHCTBUS 1
pa3BepTHIBaAHMS; OTHOCUTEIBHO HEOOIBIIOE IHEPTOIO-
TpeOienue. Hanpumep, skcriepuMeHTaIbHAsT yCTaHOBKA
uMeeT 00beM PUEMHOTO yCeTpoiicTBa He Gonee 0,25 qm3,
00BEeM MepearoIiero ycTpoicTna (YCHINTENb i MaTHUTO-
UHIYKIMOHHBINA u3jyyareib) — He Gosee 4,5 qm3. Tpu
mortHocT u3nydaressi 100 Bt obecrieunBaeTcst 1abHOCTh
CBSI3M B BO3/YILIHOI cpejie 110 25 M, B cpeax BO31yX-Bojia
(Boma Mopckas coctaBiseT 95 % oT AIUHBI BCell Tpacchl)
10 16 m. [Ipu 3TOM AaabHOCTB JEUCTBHSI MOYKHO YBEJINYH-
BaTh 3a CYET HAPAIIMBAHUS MOIIHOCTH W3JIydarelsis U Hc-
TIOJTb30BAHUS M3ITydaTesiell ¢ Ooree «y3Koi» anarpammoit
HalpaBIeHHOCTH.

IpuHuMNI 1eiicTBUA MATHUTHOM CUCTEMbI CBSI3U

Cucrema MarHUTHOH CBSI3M 00pa3oBaHa MepeiaTInkoM
1 IPUEMHUKOM. B CBOIO ouepenpb repenarduk COCTOUT M3
MotyJist ipeoOpa3oBaHyst OMHAPHBIX COOOIECHUH B MOJYIH-
POBaHHBIN CUTHAJI, YCHITMTEIIS] MOAYIMPOBAHHOIO CHTHAIA
Y MarHUTHOTO U3JTy4areJis, BBIIOJHEHHOTO B BUJIE CIIBOCH-
HOH KaTyIIKH WHIYKTHBHOCTH C CEpACYHUKOM. [IpreMHIK
BKJIFOYAET JIATYNK MAarHUTHOTO TOJISL, ONITHYECKUH YCHIIH-
Telb, (OTONPHEMHHK, CUCTEMY JIETEKTHPOBAHUS Ha MHU-
KPOKOHTpOJUIepe U HHTepdeiice, BHIIAIOMIYIO OJIyYCHHBIE
coobmmenus B 6mHapHoM Buje [7]. B kagecTBe marumka
MarHMTHOTO TI0JISl HCIIOJIb30BaH MArHUT C 3€pKajbHOM I10-
BEPXHOCTBIO HA TOPCHOHHOM IT0jiBece (He BUTOM W Hepa-

I CucreMbl ONIMKHETIONBHOM MATHUTHOM CBSI3U. AKIMOHEPHOE
obrrectBo «HayuHo-npou3BoacTBEHHOE MpeAnpusitue «Pamno-
cBs3b» [Dnexrponnsiii pecype]. URL: https:/krtz.su/node/286
(mara obpamenus: 21.11.2022).

CTSDKUMOI! keBrapoBoit Hutn). [Tagaronuii Ha 3epKaabHyIO
MOBEPXHOCTD JIA3€PHBIN JIyd U3MEHSET CBOE MOJI0KEHUE
(yros oTpakeHUs) B 3aBUCHMOCTH OT ITOJIOKCHUSI MarHUTA.
OTpakeHHBII OT MATHUTA JIA3EPHBIN JTyd IPOXOAUT CUCTE-
My 3epKaJl, HO3BOJISIIOIIYI0 B OTHOCHTEIILHO KOMITAKTHOM
o0BbeMe T0OUTHCS 3HAYUTEIILHOTO M3MEHEHNS B MOJIOKCHUH
ayqa. TakuM oOpa3om, peanusyeTcs yCHUICHHE OTPaKeH-
HOTO curHana. OTpakeHHBIN JTa3epHBIA JTyd peTUCTPH-
pyetcst (hOTOPUEMHOM JTMHEHKOH, KOTOpast OTCICKUBACT
CMEIIeHNE TIITHA OT JazepHoro nyda. C ¢oTompueMHoit
JIMHEWKYU aHAJIOIOBbIM CUTHAJ MIOCTYIAeT Ha MUKPOKOH-
TPOJUICP, BBIMOJHSIONIMNA QYHKIUIO aHAIOTO-IIU(PPOBOTO
npeoOpa3oBaHus U JETEKTUPOBaHHS MH()OPMAIIMOHHOTO
COOOIIEHHMSI.

MeToa OEHKH I'PAHHUI] TPUMEHEHUS
M MeTOAbI MOAYJISIUU B cUCTeMe OJIMAKHeNoJILHOM
MATHHUTHOH CBSI3HU

I[J'IH OLCHKH! I'paHUI] IPUMEHUMOCTHU CUCTEMbI MAarumT-
HOM CBSI3U U 0COOCHHOCTE! PacpOCTpaHeHUs IEKTpoMar-
HUTHOW BOJIHBI CKBO3b HEOJJHOPOJHBIEC CPE/Ibl B KAYECTBE
MCTOYHMKA M3JIyYCHHS MCIIOIb3YeM €INHUYHBINH BUTOK C
TokoM (puc. 1). MarauTHas MHAYKIHS BUTKA C TOKOM Ha
TOpIIAX YKBUBAJIICHTHA MHIYKLMU Ha TOPLIAX HUHIYKIMOHHO-
ro M3JTyyaress. 3amuieM ypaBHEHHE, BRIpaXKaroee Ipu-
pareHne BeKTopa MarHUTHOM MHAYKINHU dB, 00yciioBneH-
HOE IPOTEKaHHEeM TOKa I, Yepe3 y4acTOK IpoBoxHHKa dl:

4B = & _[dl x1] )
an  |rf
Tae Uy = 1,257-10-% T'H/M — MarauTHas TOCTOSHHAS; [l —
OTHOCHTENIbHAS MarHUTHASI IPOHUIIAEMOCTD CPENIbL; I' —
pagnyc-BeKTOp, MPOBEACHHBIA U3 ydacTKa MPOBOJHUKA
dl B maHHyI0 TOUKy mpoctpaHcTBa. Ha geprexe (puc. 1)
MIPUBENIEH BUTOK C TOKOM B IpsIMOYrojibHOU 0x)yz cucreme
KOOpAMHAT. R — paguyc €JUHUYHOIO BUTKA, KOTOPBIH
HATPaBJICH B CTOPOHY AJIEMEHTAPHOTO COHAIPABICHHOTO
C TOKOM i y4JacTka dl; ¢ — yroJ1, OTJIOKEHHBIH 0T ocu 0y u
onpenensomuil nonoxkenue yuactka dl; B(x,y,z) — BexTop
MarHMUTHON MHIIYKITUU B TOUKE C KOOPJIUHATAMH (X,),2).
Y4uThiBast 0CEBYyI0 CUMMETPHIO (pHUC. 1) MarHUTHOTO
M0JI1 BUTKA C TOKOM, OTMETHM, YTO aHAJOTHYHON CUM-
MeTpueit Oyner o0nanarb 1 MHOTOBUTKOBBIH COJICHOM]I.

~ |4

Rdl/y

B(x,y.2)

z

Puc. 1. ENMHUYHBIA BUTOK C TOKOM B IPSIMOYTOJIbHOM cHcTeMe
KOOpAMHAT

Fig. 1. Single circular current loop in Cartesian coordinate
system
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SanureM perienue (1) s 4aCTHOTO CiTy4Yasi B IJIOCKOCTH
0z, mpemoxenHoe B padore [8], B BuE:

IRz m sin
B0y~ O,
0(R°+y"+2z7— 2Ry cos(9))
B.(0g.z) = PuttIRz n cos(¢) )
e 4n 0(R®+)*+ 2~ 2Ry cos(g))*
B.(0..2) = IR 2" R —y cos(a)
FASEVES

4n o (R*+y* + 22 — 2Ry cos(9))*?

Pemenne ypaBHeHnit MakcBemna B 00IIeM BHJE IT0-
3BOJIIET HANTH 3JIEKTPOMAarHUTHOE TIOJIE B JTIO00H TOUKE
npoctparcTBa [9]. UucneHHOe pelieHne 00BIYHO pean-
3yeTcs METOJJaMH KOHEUHBIX Pa3HOCTEH, KOHEUHBIX MIIN
TPaHNUYHBIX 3JIEMEHTOB. {7151 COBPEMEHHBIX TPOTPAMMHBIX
CPEJICTB, PEeaIN3YIOMNX MOAO00HBIE METOBI, Ul KOTOPBIX
paspabarbIBaeTCs CUCTEMa MAarHUTHOM CBSI3HM, HE BCETAA
JOCTYTIHO NMPUMEHEHHUE TaKUX PEIICHUN B MOJEBBIX yCIIO-
BUAX. 715 pelieHus JTaHHO 3a/1auil BHIBEIEM BBIPAKECHUE
JUIsl OLICHKH OCJa0lIeHHs ¥ 3aTyXaHHsT MarHUTHOTO ITOJIsS
IIPY TIPOXOXKJCHUN M3 JMDJICKTPUKA B MPOBOJHHK U pac-
IIPOCTPAHEHHUsI 10 IPOBOJHHUKY.

PaccmoTpum cityuail miiockoi 31eKTpOMAarHUTHOM BOJI-
HHI (puc. 2). Beidepem cucremy xoopamHat (0xyz) Takum
oOpa3omM, uTo HampaBieHus BekTopos: E m H — mHamps-
KEHHOCTH 3JIEKTPUIECKOT0 M MAarHUTHOTO TIOJNIEH, a TaKkKe
u S = [E x H] — Bextopa YmoBa—IloiiTiunra, coBImagaoT
¢ 0a3UCHBIMU BEKTOpPaMH CUCTeMbI KoopauHaT. Ha puc. 2
MpeacTaBIeHbl 0003HAUEHUS IJIsl TIEPBOM U BTOPOU Cperl:
€], & — IOUDIEKTPUUECKHE MPOHULAEMOCTH; [y, Hy —
MarHUTHbIE TPOHULAEMOCTH; V|, Y, — Y/JEIbHBIE JIEKTPO-
MIPOBOJHOCTH.

Torna u3 ypaBHeHuit MakcBenna s rmocﬁcoﬁ JJIEK-

OH
TpoMarHuTHOHN BOJHBI TotH = YE 1 rotE = — = —p—,
CIIEyeT: ot ot
OH,
=T
) 3)
oE.__ oH,
oz ot
X
€ W
E
71=0
0 H y
& M2
S
12#0
z

Puc. 2. PacnpocTpaHeHHe TI0CKON 37I€KTPOMAarHUTHOH BOJTHBI
4yepes TPaHuIly pasziena IByX Cpes

Fig. 2. Propagation of a plane electromagnetic wave through the
interface between two media

TJie { — BpeMs.
Penrenue cucteMsl ypaBHeHHI (3) H3BECTHO U3 PaOOTHI
[10]:

Hy =H Oeszefjkze—jmt

“)

o1 . S
E . =—(1 + j)kE e kzeTkze-jot
Y

e Hy u Ey — KOMIUIEKCHbIE HANPS)KEHHOCTH MarHUT-

. opy
HOTO M 3JIeKTpuyeckoro moneit mpu z=0; k= [—.

Muoxurens e 2 onpenenser 3aryxanue, a e7kZ — (asy

BOJIHBI B CpeJie OT Z.
Ha ocnoBannu pemrenus (3), onpeaeanM OTHOLICHNE

MEKIY TaTaFOIIMU (E(pl , Hq)]) 13 TUAJICKTPUKA HA ITOBEPX-

HOCTb MIPOBOJIHMKA BOJHAMH, OTPaKCHHBIMH (Ew1> le)
U TIPeIOMICHHBIME (E), H)) BOTHAMH, MPOLICLIN-
E,
MU B NpoBoJsiUyr cpeny. [lpumewm, urto: Z, = i
O, ’
= (1 +/) [ — KOMIIIEKCHOE BOJIHOBOE COTIPOTUBIICHNE
2y,
HPOBOAALICH Cpenbl; Z; =

92

0
=L BonHOBOE COIIPOTHUBIIE-
€

HUE ISl NaJlalollei U OTpa)KeHHON BOJIH B IM3JIEKTPHUKE.
Torna 3anumiem:

P
” oz+z, "
.2z )
Hyp=———H,
2o zvz,

Ha noctaro4no OOJbIIOM PACCTOSIHUH, BUTOK C TOKOM
MOYKHO CYMTATh TOYSYHBIM HCTOYHHUKOM 3JICKTPOMATHUT-
Horo mons. Mcmone3ys ypaBuenus (2), (4), (5) 3anumem
o011ee BbIpaKEHHE OI[CHKHU 3aTyXaHHs M 0CIa0IeHUs Mar-
HUTHOT'O MOJIA IIPU MMPOXOXKIACHUU U3 AUDJICKTPHUKA B IIPO-
BOJSALIYIO Cpely U JBMXKCHUU IO IPOBOJSILEH cpele B
MIPETOJIOKCHUH, YTO UCTOUHUK MArHUTHOTO TTOJIsI Ml 110
CPaBHEHHIO C pacCCMaTPUBAEMBIMU PACCTOSIHUSIMH z. Torna
MOJTYYHM, YTO B JIaJIbHEH 30HE BUTKA C TOKOM:

-2 ety (6)
= o2k — .
” z+z, 2%

Pemnm cremyrontyto 3a1ady: pazpadoraeM MeTo MaHHU-
MyJISIIAU MarHUTHOTO curHaia. [Ipu pa3pabotke criocoba
Manumyssinad [ 10, 11] npegcrasiieHs! clienyronme Tpedo-
BaHMS M PEKOMEHIAIHH!

1) c ydyerom KpaiiHe HU3KOH 4acTOTHI Iiepeaayn cooole-
HHI HEOOXOMMO BBIOpATh BHJ] MAHUITYIISIIIAH, KOTOPBIH
o0ecreunT BBICOKYI0 HH(POPMAIMOHHYIO TNIOTHOCTD
MaHUITYJIUPOBAHHOTO COOOIICHHUS;

2) KenaTeIbHO UCTIONB30BaTh BU MAHUITYIISLINHI, KOTOPBIH
CMOXeT paboTarh 0e3 SBHON CHHXPOHHU3AIHH Tepe-
JaT4vKa ¥ IPUEMHUKA U IIPH HEKOTOPOM HM3MEHEHUHU
Hecyllel 4acTOThl;

3) HeoOXOAMMO yuecTh KOHCTPYKTHBHBIE OCOOCHHOCTH
[IPUEMHOI0 YCTPOUCTBA [UIsl CHUIKEHUS BEPOSITHOCTU
OIIUOKH MIPU TIPUEME COOOIICHHI.

B pesynbrare aHanm3a pa3inyHbIX BUJIOB MAHUITYIISIIIAN
C y4eToM TpeOOBaHMH U pEKOMEH/IallNii, B KaueCTBE OCHO-
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BBI BeIOCpEM crioco0 OuHapHO (ha30BON MAHUIYISAIUN
(b®M). BOM nopabdoTaH B BUJL — TPEXNNO3UIHOHHON
6unapHo#t (azosoit manunyssinuu (TBOM), 3anaBaemoit
BBIPaKCHUEM:

. t
A paxsin (27‘[f (t - \—JT )) ,s[n]=1

T

Xrpom() = ; - ()
—A paxSin | 27f | — {—JT ,s[n]=0
T

rae o = 2nf — Hecymasg yactora; n = 1, ..., N — HHIEKC
JUCKPETHOTO COOOMICHHUS S[71], BBIIAaBAEMOTO KaHAJIbHBIM
KOAEpOM; T— JIINTCIIBHOCTDh OAHOI'O CUTHAJIBHOI'O CUM-

Boia; A

t
max — AMIUTMTYJA CUTHAJILHOTO CUMBOJIA; {?J —

OKpYIVICHHE B MEHBIIYIO CTOpOHY. [Iprmep MaHUITy 1M
MIpUBEJIEH Ha pHC. 3.

Paspaborannsriii Bug ThOM ynoierBopsieT TpeOoBa-
HUsM 1 pekomermarmsm (1)—(3), Ho B To ke BpeMs conep-
JKUT TOUKH C PE3KOH CMEHOM (ha3pl, 0003HAUYCHHEIE Kpac-
HBIMH OKPY’KHOCTSIMH. BuaHO pes3koe n3meHenue (asbl,
KOTOpOE 00pa3yeT yCTpaHUMBbIH pa3pbIB IEPBOTO PO/a, UTo,

B CBOIO OY€pe/ib, B COOTBETCTBUH ¢ TeopeMmoi Jupuxie
[12, 13], npUBOAUT K 3HAUUTEIBHOMY PACIIMPEHHUIO CIIEK-
Tpa Dypbe curHana Xppgpp(¢). OTMETHM, YTO pa3phIB MPO-
MCXOJHUT B KPUTHYECKHU 3HAUMMOM o0nacTH 1y1st odecriede-
HUSI IPOXOXKAEHUS TISITHOM JIa3€PHOTO JIyda HEHTPaIbHOTO
MOJIO’KEHUS Ha (POTONPUEMHON JTHHEIKe. YCTaHOBIICHO,
YTO 3aTyXaHHE MarHUTHOTO CHTHAJIa C POCTOM YacTOTHI
Bo3pacTaeT. CeKTp CUrHaJIa, COAEPIKAIIETO Pa3phIBbI, BO3-
pacTaeT HaCTONBKO, YTO 3HAYMMBIE TAPMOHUKH IIPEBBIILIAIOT
YaCTOTHBIM MaNa3oH, peruCTpUpyeMblil JaTuukoM. B pe-
3yJIbTaTe BEPOATHOCTH HEAOCTIKCHHS IISATHOM JIA3€PHOTO
JIy4a HEUTPaJIbHOTO MOJIOKEHHUS 3HAYUTEIIEHO BO3PACTAET,
CJIEIOBATEIbHO, BO3PACTACT BEPOSITHOCTh OUIMOKH MPH
pueMe COOOIIeHUIA.

Jlia ycTpaHeHMs IepeunCIIEHHbIX HEJOCTATKOB Mpe-
JOKeH MOAM(UIIMPOBAHHBIN BHUJ TPEXIO3UIIMOHHON Ou-
HapHOU (azoBoit manumysiun (MTBDM), ocHOBaHHBII
Ha CIITUBKE TapMOHUYECKHUX QYyHKIHI sin(wf) u sin(0,5w7)
B TOUKE PaBEHCTBA 3HAYCHUH (PYHKIMIA M TIEPBOM MPOM3-
BOMHOH. JlaHHBIE yCIOBHUS 00ECIEYIIA KOHIICHTPAIIHIO
SHEPrHM CUI'Hajla B HU3KOUYacTOTHOH oOnacTu.

-0,5 — 0,5sin(wt — 0,57), a(f) <N, s[a(t)] = 0, s[b(£)] = 0

Xrpom(?) =

—0,5 — 0,5sin(wt — 0,57), s

+0,5 + 0,5sin(wf — 0,57), s

—sin(0,5w0f + n(a(f)mod2)), a(f) <N, s[a(£)] = 0, s[b(t)] = 1
+sin(0,50¢ + m(a(f)mod2)), a(f) < N, s[a(t)] = 1, s[b(£)] = 0
+0,5 + 0,5sin(wt — 0,57), a(?) <N, s[a()] = 1, s[b(1)] =1

; ®)

1+

V
1+]|—
T

]=0,t§

]:

-0,5 — 0,5sin(wt — 0,57), a(f) = N, s[a()] = 0

+0,5 + 0,5sin(wt — 0,57), a(?) = N, s[a(?)] = 1

t

rnea(t)=1+ ? - O,SJ; b(t)=2+

t
—-03|
T

OcHOBHBIE pe3yJIbTAThI

B mnockoctu y0z U3 BeIpaxeHus (2) KOMIIOHEHTA BeK-
Topa MarHuTHON MHAykuuu B,(0, y, z). OT™MeTHM, UTO B
M000H MII0CKOCTH, NapajuienbHoit ocu 0z, HopMasbHas
KOMIIOHEHTa BEKTOpa MarHUTHON MHJIYKIIMU PaBHA HYJIIO

Xreom(?) a

(puc. 1). Mcxons u3 3Tor0, perieHne TpPeXMEPHOH 3a1auu
(1) cBomUTCS K peLICHUIO IIOCKOH 3anauu (2), KoTopas
B CHJTy LIEHTPAJIBbHOW CUMMETPUH OTHOCHUTEIBHO Hadasa
KOOPJMHAT IPUBOJIUT K HEOOXOJUMOCTH IIOUCKA pele-
HUS B OJTHON 4EeTBEPTHU IJIOCKOCTH. B pesynbrare pacuera
(2), nns 3HaueHuit paanyca Butka R = 0,05 M u Toka B
BUTKE | KA, MIOCTPOUM MOAYJIb BEKTOpAa MarHUTHOH MH-
nyknun B mockoctu Y0z (puc. 4, a) n no ocsim Oy u 0z
(puc. 4, b).

Xteom(?) b

£\
NG L

slal 10 s[n]1,0
0,6 » 0,6:
0,2 » 0,2+F

0 5 10 15 20 n 0 1 2 3 n

Puc. 3. Tpexno3uionHas OuHapHas (Ga3oBas MAaHUIYISLHUS Xppqn(f) 1 OMHAPHBIA cUTHAI cOOOIIEHH s S[#1] JTUTENLHOCTBIO
cooOmenust: 22 cumBoIa (a); 4eTsipe cuMBona (b)

Fig. 3. Three-position binary phase shift keying xygpgx and binary message signal s[n]
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B(0, x, y)|/max|B|, n1b
o B, . ) max Bl 16

04

—40

0,2
-80

0,4

-0,2 0 0,2 04 zwMm

10°

——[B(0, y, 0)l/max|B]|

——|B(0, 0, z)|/max|B]|

104

10°¢

0 0,2 04  yzm™m

Puc. 4. HopmupoBaHHBII MOIYJIb BEKTOpa MATHUTHOW MHAYKLIUH B TUIockocT 10z (@); Tpaduk HOPMHUPOBAHHOTO MOAYJIS BEKTOpa
MarHuTHOU MHAYKIuH 1o ocsim Oy u 0z (b). Ha puc. 4, b o BepTHKaIbHON OCH yKa3zaHa Oe3pa3MepHasi BeIHUINHA

Fig. 4. Distribution of the normalized modulus of the magnetic induction vector in the y0z plane («); graph of the normalized
modulus of the magnetic induction vector along the axes Oy and 0z (). On fig. 4, b the dimensionless value is indicated along the
vertical axis

[Moxydennas xapTuHa mons (puc. 4, b) mo3BoimIa
CHeNaTh BBIBOJ, YTO MPU PACCTOSHHIX OT LIEHTPa BUTKA,
6onpImx yem 4R, COOTHOIICHHUS MEKIY BEKTOPHBIMHU KOM-
NOHEHTaMH By(x, y, z) 1 B.(x, y, 2) pUOOpETaloT onpeie-
JICHHYIO TCH/ICHIINIO, KOTOpasi COXpaHsieTcs aainee. Takum
00pa3oM, JanbHEH 30HOH /I CIUHUYHOTO BUTKA MOXKHO
CUUTATh PACCTOsIHMUSA, OoJIbIIHe YeM 4R, a u3 puc. 4, a BUJI-
HO, 4TO TPH JOCTATOYHO OOJIBIINX PACCTOSHHSIX OT CIH-
HUYHOTO BHUTKA €T0 MOXKHO PacCMaTPHUBaTh KaK TOUCUHBIN
HCTOYHUK.

oo [Blmax(B)

120 ! 60

0,8

i ——

180

240 300
270

Puc. 5. lnarpamma HarpaBIeHHOCTH MArHUTHOTO HU3JTyYaresis
B nansHel 30He (100R), kpacHo# nHHEH 0003HAYCH
ypoBenb ociabnenus B 0,71 pas (-3 nb), cuneir — moaynb
HOPMHPOBAHHOTO BEKTOPa MArHUTHOM MH/YKIIUH
Fig. 5. The radiation pattern of the magnetic emitter in the
far zone (100R), the red line indicates the attenuation level of
0.71 times (—3 dB), the blue line indicates the module of the
normalized magnetic induction vector

JlnarpaMma HarpaBI€HHOCTH €AMHUYHOTO BUTKA, KaK
W3JTydareliss MarHUTHOTO T0JIsl B TTOJISIPHBIX KOOPJIMHATAX,
mpuBesneHa Ha puc. 5. Ochk eAMHUYHOTO BUTKA COOTBET-
ctByet ¢ = 0°.

Ha ocHoBaHuM monydeHHBIX BhIpaxkeHUuu (2) u (6)
MIPOM3BE/IEM OLICHKY 3aTyXaHHUsl U OCJIA0JCHUS UHYKIUH
MarHUTHOTO NOJIs B HanpasieHnu ocu 0z, mpu Mpoxox-
JICHUU W3 TUAJIEKTPHUKA B TIPOBOJIIYIO cpeay (MOPCKYIO
BOLY, 1104BY) (puc. 2) u B Bo3ayxe!. [Ipu mocTpoenuu rpa-
¢ukoB (puc. 6) B KauecTBe MCTOYHUKA MATHUTHOTO OIS
UCTIONIb3YEM EIMHUIHBIA BUTOK, PAcIOIOKEHHBII Ha pac-
CTOSIHUM R OT T'paHMUIBI pa3ziena, Py yCIOBHH, YTO TOUKA
HadaJia KOOPANHAT PacloJIOKeHA Ha TPAHMIIE pa3/ena cpes.

IIpakTrueckas peanu3zaius CUCTEMbl MArHUTHOM CBSI3U
BBINIOJTHEHA C MCIIOJIh30BAaHUEM B Ka4eCTBE M3TydaTess
aJeKTpoMarHuTa B Buje conenouna [14]. Conenonn co-
CTOUT M3 ABYX Karyllek, kaxkjas nmo 600 BUTKOB, MPOBO-
JIIAX CHHYCOUJAJIBHBIN TOK C aMIUIMTYI0M 5 A, paBHBII
6 KA -BuTKOB. CucTeMa B BO3YIIHOW Cpelie MPU CKOPO-
ctu niepenadn 20 OUT/c P 3KCHEPUMEHTAIBHBIX HCCIIe-
JIOBaHMSIX TTOKa3aJia YBEPEHHBIA IpHUEM COOOIICHUH Ha
paccrostHuu 25 M, 4To cooTBeTcTBYeT 135 b 3aTyxanus
(puc. 6). Takum 00pa3zom, IpH 3aJaHHOM PEKUME PaOOTHI
M3IydaTess U CKOpocTH mnepenadu 20 6uT/c, paccTosHUE
YBEPEHHOTO MPUEMa OLIEHEHO: Il MOPCKOH BOBI OKOJIO
16 M; 111 TTIMHUCTOM OYBBI — 17 M.

B ciygae MarHUTHOTO SKpaHUPOBAHMS IS OLIEHKHU OC-
na0ieHnss MAarHUTHOM COCTaBIISAIONIEH 2IEKTPOMAarHUTHOTO
TIOJISL TIPE/JIAraeTCsl UCIOJIb30BaTh YK€ MMEIOIUECs MO-
nenu, Hanpumep [ 1, 9], mpenocTaBiIstoNe OTHOCUTEIEHO
MPOCTBIE METO/IbI OLEHKH OCJIa0JeHNsI MarHUTHOTO T1OJIS
IPYU pa3InuHBIX (POPMaxX M MaTepHaioB SKPaHOB.

I Pexomennarus MCO-R P.527-4 Dnekrpuueckue xapak-
TepUCTUKU 3eMHOU nosepxHocTH. Cepust P Pacnpocrpanenue
pannoBoiH. DiekTponHas myonukanus JKenesa: MCD-R, 2018
[Dnexrponnsiit pecype]. URL: https://www.itu.int/dms_pubrec/
itu-r/rec/p/R-REC-P.527-4-201706-1!'PDF-R.pdf (nara obparie-
Hus: 10.12.2022).
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Puc. 6. I'padux ocmabaeHUsT MATHUTHOTO MO (@) ¥ hparMeHT rpaduka B yBelTHUICHHOM Maciitabe (b)

Fig. 6. Attenuation of magnetic field induction in air, sea water and clay soil

W3 (8) Bugno, uto cmmBka GyHkuui fi(7) = £0,5 £
+ 0,5sin(wt — 0,57) u f5(¢) = sin(0,50¢) nTpoucxoauT B
TOYKaX PaBEHCTBA 3HAYCHUI TAPMOHUYECKUX (YHKIIHH.
JlaHHbBIE TOYKH OJHOBPEMEHHO SIBJISIOTCS MUHHUMYMaMH
1 MaKCHMyMaMH TapMOHUYECKHX (DYHKUHUIT cos U sin, rae

szcpM(l) a
1
0
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t, MC
[Xtsom(®)], 15 b
0
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®, pan/c

BCe HEYETHBIE [IPOU3BOHBIE PaBHbI HyIto, ipu: fK(f) =
=L®@)=0,mpuk=1,3,5,....

CpaBnHurenbHsblil aHanu3 cnekrpos MTBOM u TEOM
(puc. 7) mokasza, 4To B pe3yJabTare MOAU(DUKALNH YIATI0Ch
CYIIECTBEHHO CHU3UTh aMIUTUTY/y BEICOKOYACTOTHBIX KOM-
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Puc. 7. CpaBHEHHE CUTHATIOB: TPEXIIO3UIIHOHHON OMHAPHON (ha30BOH MAHHUITYISIINH Xppq\(?) (@), MomudumupoBaHHON
TPEXIO3UIIMOHHOI OnHApHOU (Pa30BOM MAHUIYISIIHN Xy ppanm(?) (€) ¥ HX HOPMHPOBAHHBIX 10 YACTOTE MOJLYJICH CIIEKTPOB
Xrpom(@)] (b) 1 [Xyrpom(@)l (4)

Fig. 7. Comparison of signals: xgpgk (#) — three-position binary phase shift keying () with xypppsk () — modified three-position
binary phase shift keying (c) and their frequency-normalized spectrum modulus [X1ppgk(®)| (b) 1 | Xyrepsk(®)] (d)
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noHeHT. M3 (8) BUIHO, YTO MaHUIYJUPOBAHHBIA CUTHAI
00pa3oBaH rapMOHUYECKUMHU (PYHKLIUSAMHU JIBYX HECYIINX
yactoT: ® u 0,5 . B pesynsrare ucnonszoBanus MTbOM
YAaJI0Ch OBBICUTb Ha/I€2KHOCTb CUCTEMBI MAaTHUTHOM CBsI-
31 3a CYET TOTO, YTO JIA3€PHBIN JIyd IMPOXOAUT HEUTpaIb-
HOe TIoNIoKeHue Ha (oronmuneiike. 13 Beipakernit (7)—(8)
MOJIy9EHO, YTO pa3paboTaHHBIE METOABI MAHUITYISIIUN
HCTIONIB3YIOT MPOTHUBOIIOIOKHBIE CUTHAIIBI, KOTOPBIE 00e-
CTIeYMBAIOT MAKCHMAIBHOE eBKIHI0BO paccTosiame 2VE
CpEIU CUTHAJIOB C paBHOM sHepruel £. JlaHHbI pe3ysbTar
ompenensieT MaKCUMaJIbHO BO3MOXKHYIO TOMEX0YCTOHYH-
BOCTB IPH OMHAPHOW MaHUITYJISIIIMK CUTHAIBHBIMU CHUM-
BOJIAMH PaBHBIX YHEPTHUI.

Brranciienne MTEOM (8) MOXXHO BBITIOJIHHUTE Cpel-
CTBaMH JI0OOT0 MUKPOKOHTPOJUIEpa, HMEIOIIETO amia-
paTHbIC WJIN NIPOTPaMMHbIC (QYHKINHU ISt apu(METUKHU C
TUTABAIOIIEH TOUKON M CIIOCOOHOTO BBIYMCIISATH TAPMOHH-
yeckue (GpyHKIUH. AJIBTCPHATHBHBIM BapHAaHTOM MOMKET
OBITH NCTIOIHb30BAHNE BEIYHUCICHHBIX TAOMMYHBIX 3HAUCHUH
rapMOHMYECKNX (YHKINH B 3aaHHBIX TOUKAX.

[Honmyuernnas MTB®M ynosieTBopsieT BceM TpeboBa-
HUSIM ¥ PEKOMEH/IALIUSIM K CIIOCO0Y MaHUITY ISIIUK OMHap-
HOTO CHTHAJIa JJIs pa3padarhiBaeMOil CHCTEMbI MArHUTHON
CBSI3H.

3akJjoueHne

B xone uccnenoBanui pa3pa60TaH MCTOJ OLICHKHU 3a-
TyXaHUs U ociaabaeHus MAarHUTHOM KOMIIOHEHTEI QJICKTPO-
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MarHUTHOTO TOJISI IPU TPOXOXKICHUH U3 JIUDIICKTPUKA B
MPOBOJISIIIYIO cpety. Ha ocHOBe BBIBEIGHHOTO BBIPaYKEHUSI
(6) mpousBeneHa CpaBHUTENIbHAS OIICHKA OCIA0IeHUs U
3aTyXaHUsi MAarHUTHOTO TOJIS IPH PacipoCTpaHEHUH B
CJIONCTBIX Cpeax: BO3/LyX-BO3/yX; BO3LyX-MOPCKas BOJIa;
BO3/lyX-1104YBA. BBHITTOIHEHBI SKCIIEPUMEHTAIBHBIC HCCIIe-
JIOBAHMUS, TIOATBEPK/IAIOIINE aJeKBAaTHOCTh YHUCIEHHBIX
pacueToB.

Paspabotans! 1Ba BUa MAaHHUITYIIAINH IU(PPOBOTO CUT-
HaJla: TPEXMO3UIUOHHAs OnHapHas (pa3oBasi MAHUITYIISIHS
1 MOAM(HULIMPOBAHHAS TPEXIIO3UIIMOHHAsI OMHApHast (az3o-
Bast MaHuMy IsIHs. O0a BHU/Ia MAaHUITYJISIMI O3BOJISIIOT 0e3
SIBHOM CHHXPOHM3AIIUH ITPOU3BOIUTH NIEPEiady COOOIICHNMH
3a CYET BO3BPAILCHHS YyBCTBUTEIBHOIO SJIEMEHTA JIaT4H-
Ka M JIA3EPHOTO JIyda B HEHTpaIbHOE MOJIOKEHHE TT0CIIe
nepeadn Kaxj0ro oura. 3a c4er pa3pabOTaHHOTO MOJH-
(hUIMPOBaHHOTO BH/a MAHMITYJISILIUN 3HAYUTEIILHO CY)KCH
CHEKTP MAHUITYJIMPOBAHHOTO COOOIICHUS U YMEHBIICHBI
AMIUTUTY/IBI BBICIINX TAPMOHHUK B CIIEKTPE CHT'HAJA, 9TO
MPUBOANT K KOHILEHTPALUH 3HEPTHU CUTHAJIAa B HU3KOUa-
CTOTHOH 00;1aCTH U CTIOCOOCTBYET BO3BPAIICHHUIO TaTIHKa
MarHUTHOTO TIOJISt B HEWTpaJIbHOE MOJIOKEHUE MTOCIIe Iepe-
JIa4¥ KaX10ro oura.

IIpakTuyeckuil HSKCIIEPUMEHT [10Ka3aJl, 4YTO B PE3YJib-
Tare MCHOJIb30BaHMSI MOAN(DHUIIMPOBAHHOTO BHJIa MAHUITY-
JSIMK YJIAJIOCh TIPU HEM3MEHHON BBICOKOW HaJeKHOCTH
JIOCTaBKH COOOINEHUH YBEJIUYHUTH NaJbHOCTH CBSI3HM HA
10 % 1o cpaBHEHUIO C UCMIOIb30BAHUEM TPEXIOZULIMOHHOMN
OmHapHOI (pa30BOW MAHUITYIIALINH.
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AHHOTAIUA

Ipeamer uccaenoBanusi. Paccmorpena npodiaeMa co3/laHus adpOJUHAMUUYCCKUX NMPOHIICH, CO3AaAI0IUX TATY
npu oTOope BO3ayXa ¢ BEpXHEH MOBEpXHOCTH Kpbuia. [Ipoduiu MMEIOT TATOBBIH y4acTOK 3a TOUKO# oTcoca
TIOTPAHUYHOTO CIIOSI, IABIIEHHE HAa KOTOPOM NPEBOCXOMUT JIaBIeHHE B OKpyXatolel cpene. B mocnenuue 15-20 mer
B MHpP€ aKTHBHO HCCIEIyeTCs] KOHIEMINS TaK Ha3bIBA€MOTO MPOIYIECHBHOTO KPbIJIa, HMEIOIIETro MOHKEHHOE NN
HYIICBOE COTPOTUBIICHHUE 3a CUET OTCOCA ITOTPAHUIHOTO CIOS C BEPXHEH ero moBepxXHOCTH. Takoe KPBUIO MO3BOJISIET
B HECKOJIBKO Pa3 YMEHBIIHUTH a3POJMHAMUIECKOE COIPOTUBIICHNE CAMOJIETa 3a CUET JIAMHHAPH3AINN OTPAHUIHOTO
CJIOSI 1 MUHUMH3AIH JIepeKTa CKOPOCTH, CBSI3aHHOTO C BS3KUM TPEHHEM B IOIPAHIIHOM CIIOE, B CJISJIE 32 CAMOJIETOM.
[Ipemnoxena METoAMKA YUCISHHOTO MOACINPOBAHNS MPOMUIIEH JUIS IPOITYJILCHBHOTO KPBUIA, IIOCTPOSHHBIX METOIOM
peureHust oOpaTHOM 3a1aun adpoanHaMuKH. [IpoekTrpyemble MpoUII IMEIOT MAKCUMAJIbHYIO CTPOUTEIBHYIO BBICOTY,
ONTUMANbHOE coueTanne Kodpduunentos nogbemuoit cunst C, u Tarn Cr, cO31aBaeMoi 3a cueT 0TOOpa BO3/yXa ¢
MOBEPXHOCTH KpblTa. MeToaKa KOPPEKTHO MPeICKAa3bIBAET TOUKY JTaMHHAPHO-TYPOYJIEHTHOTO TIEPEX0/1a, MOCKOIBKY
XapaKTEePUCTUKH PO(UIIeH HampsIMyI0 3aBUCAT OT MPOTSHKEHHOCTH JIAMUHAPHOTO yJacTKa. MccienoBaHa KOMIIOHOBKA
JIeTaTEeTBHOTO amIapaTa, MOCTPOSHHOTO MO CXeMe MPOMYIbCHBHOTO JIETAIONIET0 KPBUIA CBEPXMAJIOTO YATHHEHHUS C
IIpUMEHeHneM pa3paboranHbIx npoduieit. Metoa. IIpoekTupoBanne a’pogHHAMUYECKUX TpoduIel BHIIOIHEHO
ITyTeM pelIeHus: oOpaTHOI 3a/1adK adpOANHAMHKH C MOCIETYIOMIEeH TOBOAKONH reOMETPUH TIPH ITIOMOIIN AJTOPHTMOB
1o6anpHON onTUMH3anuK. PacueTsl poBesieHsl ¢ ucnonb3oBaHnueM y-Reg Transition Shear Stress Transport monenu
TypOynenTHOCTH JI3HITpU—MeHTepa, B KOTOPOil CyIIeCTBYIOT COOTHOLICHUS JUIsl KPUTEPUS IepeMeKaeMOCTH, 4TO
MO3BOJISIET MOJEIIUPOBATh JIAMHUHAPHO-TYpOYyIeHTHBIN nepexon. OcHOBHBIE pe3ybTaThl. PacueTsl mokasanu, 4To
pa3paboTaHHbIe TPOGHIN MO3BOJISAIOT CO3AATh IUIAHEP JETATeIbHOTO annapara ¢ MaKCHUMalbHbIM KO3 (UIHEHTOM
noabeMHON cuibl C, .., KOTOPBIA MPEBOCXOANT HA B3JIE€TE M MOCAJIKE JAHHYIO CHIIy Y MEXaHU3MPOBAHHOIO KpbLia
C BBINYIIEHHBIM 3aKPBUIKOM. B ropusontansiom monere C, B TpH pasa Goiblie, YeM y THIMYHOTO Kphuta. Kpbuio ¢
Pa3paboTaHHBIMHI TPOGIIIAME EMEET BRICOKHIT POIYIThCHBHBIH KOd((GHUIMEHT MONe3HOTO ASHCTBHS 32 CUET 6IH30CTH
JIaBJICHUSI 1 CKOPOCTH HA TSATOBOM yYacTKe nmpoduiieii n BHenHero TedeHnsi. OJJHOBPEMEHHO TATOBAsl MOBEPXHOCTh
MPOIYJIbCUBHOIO KPbLUIa MPEBOCXOAUT IO IUIOIIAAN B HECKOIBKO pa3 IUIOLAAb COMJIAa UIU CyMMapHOE IMOKPBITUE
aBHALMOHHBIX BUHTOB. [IpakTHyeckast 3HAYNMOCTb. Pa3paboTaHHbIe NPOQUITN 1 HHTETPUPOBAHHAS a9POITHAMHIECKast
KOMIIOHOBKA JIETaTEJILHOTO alIapara yCIEUIHO COYETAIOTCs C MPUHIUIIAMU TOCTPOEHUS PACHPEAEICHHON CUIOBON
YCTaHOBKH, a TAKXKe CO3/al0T yCTOHUMBOCTE K MOBBIIMIEHHON TypOyIeHTHOCTH aTMOC(ephl MPH BEPTUKAILHOM B3IIETE
1 TIOCAJKE C SKOHOMHUYHBIM TOPU30HTANBHBIM MoneToM. [Ipodunn nmMeroT BaXkHOE MPEUMYIIECTBO 110 CPAaBHEHUIO
C TPAJUIMOHHOW MEXaHU3AINH KpPblJa, TAK KaK He MMEIOT MOJBIDKHBIX YacTel, a yBEeINUECHUE WM yMEHBIICHHE
TIOTLEMHOM CHIIBI PETyIHpPYEeTCsl N3MEHEHHEM PacXo/ia OTCAChIBAEMOTO BO3IyXa.
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Abstract

The problem of creating propulsive airfoils is considered. Such airfoils have a slit through which the boundary layer is
sucked out. Located just behind this gap, a specially profiled section of the airfoil creates a propulsive thrust. The thrust
is created due to an abrupt change in the pressure profile on the slit through which the boundary layer is sucked. In the
last 15-20 years, the concept of a so-called propulsive wing with reduced or zero aerodynamic drag due to the suction of
the boundary layer from its upper surface has been actively studied in the world. Such a wing makes it possible to reduce
the aerodynamic drag of the aircraft by several times due to boundary layer laminarization and minimizing the velocity
defect associated with viscous friction in the boundary layer, in the wake of the aircraft. The paper proposes a method
for numerical modeling of airfoils for a propulsive wing constructed by solving the inverse problem of acrodynamics.
The designed airfoils have a maximum construction height, an optimal combination of the lifting force coefficient C;
and the thrust coefficient Cr, created by air suction from the wing surface. The developed technique correctly predicts
the point of the laminar-turbulent transition, since the characteristics of the airfoils directly depend on the length of
the laminar section. The layout of an aircraft built according to the scheme of a propulsive flying wing of ultra-small
aspect ratio using the developed airfoils has been studied. The design of aerodynamic profiles was carried out by solving
the inverse problem of aerodynamics with subsequent refinement of geometry using global optimization algorithms.
Calculations were carried out using the Langtry—Menter turbulence y-Reg Transition Shear Stress Transport model, in
which there are relations for the intermittency criterion, makes it possible to simulate a laminar-turbulent transition.
Calculations have shown that the developed airfoils make it possible to create an aircraft airframe with a maximum
lift coefficient Cpy,, Which exceeds the Cj,, of a mechanized wing with a flap released during takeoff and landing.
In horizontal flight, the C; is three times larger than that of a typical wing. The wing with the developed profiles has a
high propulsive efficiency due to the proximity of pressure and velocity in the thrust section of the airfoils and external
flow. At the same time, the thrust surface of the propulsive wing exceeds the nozzle area or the total coverage of aircraft
propellers by several times. The developed airfoils and integrated aerodynamic layout of the aircraft are well combined
with the principles of building a distributed power plant, and allow you to combine immunity to increased atmospheric
turbulence during vertical takeoff and landing with economical horizontal flight. Airfoils have an important advantage
over traditional wing mechanization because they have no moving parts, and the increase or decrease in lift is regulated
by changing the flow rate of the sucked air.
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aerodynamic profile, mathematical modeling, optimization, propulsive wing, numerical experiment, power aerodynamic
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BBenenue

B pabote onncano TecTupoBaHNE METOJUKN YHCIICHHO-
0 pacyera ¢ y4eToM JIAMHHAPHO-TYPOYJICHTHOTO Iiepexo/a
1 IIPOLIECC MPOSKTUPOBAHUS IIPOITYJILCUBHBIX TIPOQUIICH 1
IUIaHEepa JIeTaTeJIBHOTO aIapara Kiacca adpoTaKkcH.

WHTepec K NpOITyNbCHBHBIM IPOQHISIM BO3HUK B aBH-
aruu 15-20 met Hazan, korma NASA 3amycTrio mpoexT

Subsonic Fixed Wing, B koTopom ObUTH CHOPMYTHPOBAHEI
TEXHOJOTHYEeCKHE Oapbephl MPOU3BOJICTBA CAMOJIETOB,
MOJJIeKaIie TTPEOIOICHAI0 B TpH dtama: N+ 1, N+ 2,
N + 3. B pamxkax npoekrta Subsonic Fixed Wing k 2025
rony (mokonenue N + 3) MOKHBI OBITH pENICHBI clie-
IyIOLIUE 3a/a4i: CHWKEHHE ypOBHS ImyMa Ha —71 ab,
cokpalleHue BbIOpocoB okcuaoB azora NO, Ha 80 % u
oOriee cHIKeHHE YHepromnoTpedmenus Ha 60 % [1]. s
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s

Puc. 1. TIpoextsl NASA «ieratoniee kpsuio» HBWB (a) u D8 ¢ drozersbkem B popMe BOCBMEPKHU € YTOIIGHHBIMU B XBOCTOBYIO
4acTh BEHTHISATOPAMH ISl JOCTIDKEHUS 3D (PEeKTa «yTHIM3ALUI» TOTPaHUYHOrO cinos (b)

Fig. 1. NASA “flying wing” projects HBWB (a) and D8 with a figure-of-eight fuselage with fans recessed into the tail section to
achieve the effect of “utilization” of the boundary layer on ()

JOCTHUXKCHUS NAHHBIX 3a/1a4 HeO6XOI[I/IMI>I 3Ha4YUMBIC yCIIC-
XM B 00JIaCTH a’pOJMHAMUKH, JIBUTATENICH U MHTETPALIUH
IUIaHepa U CHIIOBOW ycTaHOBKH. Cpean MpovYHX MPOSKTOB
ocoObIif MHTEpec npenctaBisiroT camoier NASA Hybrid
Blended-Wing-Body (HBWB)!, noctpoenusiiit mo cxeme
«Jeratoiee Kpbuio» (puc. 1, @) ¢ pacnpeneneHHol cuio-
Boii ycranoBkoii (PCY), u camoner D8 (puc. 1, b) ¢ ¢roze-
JsKeM B (DOpMe BOCBMEPKH 1 YTOTIIIGHHBIMU B XBOCTOBYIO
4acTh BEHTWIATOPaMHU. B 000X MPOEKTax BEHTHIIATOPHI
TMOIIONIAIOT M YCKOPSIIOT pabouee TeNo 3a CaMOIETOMZ, YTO
HUMECT LEJIb — CHUXCHHUEC COITPOTUBJIICHUA.

OTu 1Ba MpoeKTa MPOJEMOHCTPUPOBAIH MIPEUMYIIIe-
CTBO 110 CPaBHEHUIO C Cepueil Ooliee TpaJUIIMOHHBIX 110
asponunamuke rpoekroB Boeing SUGAR [2]. B mpoexkre
HBWB ucnones3zoBana PCY ¢ nByms TypOOoreHepaTtopaMu
1 MHOXXECTBOM 3JICKTPOBEHTHJIITOPOB, PACIIOIOKEHHBIX
BJIOJIb BCCH BepXHEH 3aHEH TOBEPXHOCTH HECYIIETo (hro-
3emspka. [IpuMenenne ruOpuIHON TypOOdIEKTpUIECKOM
YCTQHOBKHU M YTOIUICHHBIX BEHTHJISITOPOB, «yTHIIN3UPYIO-
LIUX» [TOIPAHUYHBIN CJIOM B HECYLIEH CXEME «JIeTarollee
KPBUIO», aKTUBHO HCCIIEAYETCsl B TedeHne nociaeqaux 10
JIET U JEMOHCTPUPYET CYIIECTBEHHOE CHIDKECHHE Pacxozia
TOIUTMBA U IIyMa, 110 CPABHCHHIO C CaMOJIETAMH OOBIYHON
cxemsl [3-5].

AKTHUBHBIC UCCIICIOBaHUs B oOnacTu uHTerpauu PCY
[6] 1 cioco0oB «yTHIM3AMKWY) MOTPAHUYHOTO CIIOS IIPU
O0sbIIOM pa3HOOOpa3uu pazpaboTaHHBIX pemeHui [7]
MIOCTETIEHHO CBEJHMCH K KOHIETIUH MPOITYJIbCUBHBIX, T. €.
CO3JAIONINX TATY, a9POJMHAMHYIECCKHX MPOQHIICH.

Konuenwst mporysibcHBHOTO Kpbla OepeT cBoe Havaso
B pa3paboTKe adponInHAMHYCCKUX TPOQUIICH C TaMUHAp-
HBIM TIOTOKOM M CO CTYIIEHYaThIM ITOBBIIICHUEM JaBIIE-
HUSI, KOTOpPBIE OBUTH BIIEPBEIE MTpetokeHsl [ puddurom B
1940-x rogax (puc. 2).

I [Dnekrponnsiii pecypc]. Pesxum pocrymna: http://www.nasa.
gov/content/hybrid-wing-body-goes-hybrid/#.U96an2M0B_5
(mara obpamenus: 22.12.2022).

2 [Onektpounslit pecype]. Pexum poctyna: http://www.
nasa.gov/content/the-double-bubble-d8-0 (nara obGpamuieHus:
22.12.2022).

Ceknus kpbuta [puddura cripoekTupoBaHa 10CTaTou-
HO IIMPOKON W ¢ OJIArONpUsTHBIM TPAJHMEHTOM JIaBICHHS
BJIOJIb OOJIBIICH YaCTH BEpXHEW MOoBepXHOCTH (pHC. 2).
JlaHHOE ycIOBHE NMPHUBEJIO K COXPAHCHHIO JIAMUHAPHOTO
XapakTepa TeUCHHs Ha JTAaHHOM Y9acTKe H, CIIE/I0BATEIbHO,
K CHIDKCHUIO COIPOTUBIICHUSI TPSHHUS OOLINBKU.

BcachiBaroias 1mesb pacrojimKeHa HEMHOTO BBIIIE 110
MOTOKY OT 3a/IHEH KPOMKH KpbLIa, KOTOPAsi HCIIOIb30BaHA
JUlsi 00eCHeYeHUs] Pa3phIBHOIO YBEIMUYCHUS JABICHUS HA
BEpXHEH JacTH a’dponuHaMH4YecKoro mpoduis. B pesyins-
TaTe Ha XBOCTOBOW YacCTH CaMmolieTa JAaBJICHHE OKa3bIBa-
JoCch OoJIbllie, YeM Ha MepeaHeil. DTa pa3Hula npuBesa K
BO3HUKHOBEHUIO CTAaTUYECKOH TATH, KOTOpast IPaKTHUECKH
yaanuia 3HaYUTENbHYIO YacTh CONMPOTHUBICHUS TPEHUS
OOIIIMBKH.

KoHuenmus npomyibCHBHOTO Kpblia B AalibHEHIIEM
Obu1a pazBuTa [onaumIMuIOM, KOTOPBIA MCIOIB30BAN aHa-
JIOTHYHBIN MPOGWITE IS TUPHKa0IIs, HO J0OaBMII BEIOPOC
pabodero Tena u3 3aIHeH KPOMKH. DKCIIEPHMEHTHI B a3PO0-

S T
1’2 . | ==
1 =
0,8 =™ 2
L— —
e =i
0 0,2 0,4 0,6 0,8 b

Puc. 2. Xapaxrepuctuku npoduist ['puddura [8] npu pacnpe-

Aenennu Oe3pasmepHOro kos(duunenta nasnenns C, no 6e3-
pa3MepHOil AMHE XOPAbl b: SKCIePUMEHTAIbHbIH (KpuBast /)
U TeOpeTHYeCKUil (KpuBas 2) rpadMKy JaBICHUS; IEb IS

0TOOpa BO3AyXa C MOBEPXHOCTH Npoduis (kpusas 3)

Fig. 2. Characteristics of the Griffith airfoil [8] in the
distribution of the dimensionless pressure coefficient C, along
the dimensionless chord length b: experimental (curve /) and
theoretical (curve 2) pressure plots; air sampling slot from the

airfoil surface (curve 3)
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JUHaMu4eckol TpyoOe [9] u netHble skciepuMenTsI [10]
IO0KA3aJIH, YTO N30BITOYHOE JIaBJIeHIE Ha XBOCTOBOM 4acTH
JUPHKAOIIS TIOJTHOCTHIO KOMIIEHCUPYET CONPOTHBIICHHUE
TPEHHMS, a CTPYsI, BHIOpachkIBaeMasi uepe3 XBOCTOBOE COILIO,
CO3/IaeT JAOTIOIHHUTENBHYIO TSTY. B pesynbrare Obiia npen-
JIO’KeHa KOHIIEMIINS TPy30BOTO CaMOJIETa, TPy3 B KOTOPOM
OBUT MOTHOCTHIO Pa3MEIICH B OYEHb TOJIICTOM KpBIJIE, CO-
cTaBneHHOM u3 mpodueit I'puddura/Tomammmma [11].

[lepeuncieHHbIe TPOEKTHI OBUIN OPUEHTHPOBAHBI HA
CPaBHHUTEIILHO HU3KHE CKOPOCTH U, = 300-400 xm/u, npu
KOTOPBIX SIBJICHUSI CKUMAEMOCTH €Ille HE TPOSIBISIOTCS.
Onnako Oonee rosaHue padoTel, Hartpumep [ 12], mokasainmy,
YTO KOHIICTIHUS MPOIYIbCHBHOTO MPO(UIsl MpUMEHUMa
BILIOTH 10 uncena Maxa M = 0,75.

Lens paboThl — pa3zpaboTka MeTo/1a MPOSKTHPOBAHUS
1 YHUCIICHHOTO MOJEJIMPOBAHUS TUIAHEPA JIETATEIBHOTO
armapara ¢ BepTHKIBHBIM B3JIETOM H IIOCAJIKON, 0011a/1a10-
IIIEr0 BHICOKHMH a9POANHAMUIECKIMH XapaKTePUCTHKAMH,
00JBIIMMH BHYTPEHHUMHU 00BbEMAMH IS Pa3MEIICHUS
KOMMEPUECKOTO TPpy3a 1 TOIUINBA, yCTOHIMBOTO K ITOPHIBAM
BETpa M BO3MYIIEHUSIM aTMOC(Eepbl Ha PeKUMAaX B3JIETa U
nocajku. Pabota siBisercs npogosmkenuem [13].

IlocTanoBka 3agaun

ComnpoTHBIIEHHE JIETATEIBHOTO arnmapaTa COCTOUT U3
WHyKTUBHOTO COTIPOTHBIICHUS, CBSI3aHHOTO C CO3/1aHHEM
MOLEMHOM CUJIBL, U Tapa3uTHOro. IlepBas cocrapmstomas
o0pa3zyeTcs 3a CUeT CKOca BEKTOpa CKOPOCTH IOTOKA U 3a
KpBUIOM (pHC. 3, @) OTHOCUTENBHO CKOPOCTH HEBO3MYIIICH-
HOTO IMOTOKA U, ITPU 3TOM YMEHBIIACTCA TOPU30OHTAIbHAA
COCTAaBIIAIONIAS U, YTO, B COOTBETCTBUU C 3aKOHOM CO-
XpaHEHUsI UMITYJIbCOB, SKBUBAJICHTHO 0OPa30BaHMIO CHIIBI
CONPOTHBIIEHUS. BTopast cocTaBisiiomas CKiaabBacTCs U3
BSI3KOTO TPEHUS O IOBEPXHOCTh ¥ YMEHBILICHUS CKOPOCTH
Au B cieie ©,, 00pa3yIoIEeMcs U3 OTOPBABLIErocs OT 3a/-
HEH KPOMKH JIETaTeNILHOTO aIlapara IMOTpaHugHOIO CII0s

Au

[14]. Kooddpuument tperust Cy 0 MOBEPXHOCTH 3aBUCHT
OT THUIIMYHBIX yucen PeliHoibiaca (Tabdi. 1) u THIIOB 1o-
TPaHUYHBIX CII0EB — TYPOYJICHTHOTO HJIM JJAMUHApHOTO
(puc. 2, b). J1yst GecIMIIOTHBIX JIETATENBHBIX AlapaToB Ma-
JIOH pa3MEpHOCTH 3Ta 3aBUCHMOCTh OCOOEHHO BBIpasKeHA.

Konnenmus «yTnim3anum NOrpaHIYHOTO CIIOS TTOApa-
3yMEBaeT yBEINUYEHHE €r0 SHEPTUH 3a CUET BEHTIWIATOPA.
IToncaceiBaromuii 3 ekt mpensITCTBYET Mepexony JIaMu-
HApHOTO TE€UEHHs B TypOYyJIEHTHOE BBEPX I10 TEUCHHIO JI0
BEHTUJISITOPA. 32 CUET MOJABEACHUS MOLTHOCTH K TIOTOKY
ycrpansiercs aedexT npoduist CKopocTu Au B criiesie 3a
JICTATCJIbHBIM alliapaToM. B peE3YyIabTaTC CHUKXCHUA CO-
MPOTUBJICHUS! YMEHbIIAeTCsl 0OUIMii MoTpeOHbIi 3amnac
TOILIMBA Ha OOPTY W pa3Mephl camMoJjeTa CyIleCTBEHHO
yYMEHbIIarTes (puc. 4).

[IpobGnema, mpensaTcTByOas IPUMEHEHHIO TAKOTO
pCIICHHSI Ha COBPEMEHHBIX CaMOJIETaX — OTCYTCTBHUE
0TpabOTaHHOTO cIT0co0a ero TeXHMYECKON peann3anny.
Hcnonp3oBaHnEe TPaJUIIMOHHBIX OCEBBIX BEHTHIJIATOPOB
HE TIOJXO/IUT, TOCKOJIBbKY BEHTHIISITOPBI TyBCTBUTEIBHBI K
HEPaBHOMEPHOCTH TEUEHHs BHYTPH MOTPAHUYHOTO CIIOS U
ILUIOXO PabOTAIOT ITPH BHICOKOM IPOTHBOAABICH!H [ 15, 16].
[TepcriekTHBHBIN crioco0 peanu3anyy 0TOopa Bo3Lyxa ue-
pe3 1esb — MONEePeUHbI min TpaHcBepcanbHblil (Cross
Flow Fan, CFF) Beatuisrop (puc. 5).

Ot60p npu nomomn CFF norpanuunoro ciost o6e-
CIICYMBACT JJAMUHAPHBII XapakTep TCUCHHs BO3AyXa Ha
BEPXHEH OBEPXHOCTH, YTO CHIIKAET COIIPOTUBIICHUE Tpe-
HUsL. BeIOpOC 0TOOpaHHOTO ¢ MOBEPXHOCTH BO3/IyXa Yepes3
IIEJIEBOE COIIO YCTpaHsieT Ae(eKT mpoduist CKOpocTH B
cieqe 3a KPhIIOM. DTO SKBHUBAJIEHTHO YCTPaHEHMIO Ma-
Pa3suUTHOTO COMpOTUBICHNUS. [IOBBIIIIEHHOE NaBJIeHUE Ha
ydacTke MpoQwIIs OT MIer 0TO0pa 10 COTIIa CO3/IaeT T0JI0-
JKUTENBHYIO TATY. B paborax [17, 18] BepBbie B aBHAITUN
PacCMOTPEH BEHTUIIATOP C MOMNCPCUYHBIM ITOTOKOM.

B pa6ote [19] npoaemMoHCTpUpOBaHA BO3ZMOXHOCTH
ucnonb3oBanust CFF juist co3nanus addekra cynepumpky-

b

TTTTTTT T T T

o B

naMnHapHLIﬁ

0 LU LG T

10* 10° 10° 107 Re

Puc. 3. Mexanusm 00pa3oBaHus CONMPOTHBIICHUS, CBI3aHHOTO C MOABEMHON CHIIOH, 32 CUET CKOCa BEKTOPa CKOPOCTH U 32
JIeTaTeNbHBIM aMIapaToM, 1 Hapa3uTHOTO COMPOTHUBIICHHUS, BO3HUKAIOIIETO 3a cyeT AederTa mpopuiist CKOpocTH Au(s,n) B BA3KOM
CllefIe W 38 OrPAHNMHBIM CJ10eM (a), & TAKIKe 3aBUCHMOCTb BENUUMHbI Kodpduuuenta Biskoro tpenust Crot uncna Pefinonbaca Re
JUISL TAMHUHAPHOTO ¥ TypOYJICHTHOTO TedeHuH (b).

F,, F,— cocTaBsionye pe3yIbTHPYIOIEH CUIIb, AeHCTBYIOIIEH Ha JIeTaTeIbHBIH anmnapat, V¢ — rpajiueHT OTeHIUaaa CKOPOCTH,
Y(S) — MHTEHCUBHOCTb BHXPSI

Fig. 3. The mechanism of formation of resistance associated with the lift force due to the velocity vector u bevel behind the aircraft,
and the parasitic resistance arising due to the defect of the velocity profile Au in the viscous wake o, behind the boundary layer (a),
as well as the dependence of the coefficient value viscous friction Cyversus Reynolds number Re for laminar and turbulent flow (b).

F.F,

— components of the resultant force acting on the aircraft, Vo — velocity potential gradient, y(s) — vortex intensity
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Tabnuya 1. Tunuusele yncia PeliHonpaca Re i eTaTepHbIX annaparoB pa3IMyHON pa3sMEepHOCTH

Table 1. Typical Reynolds numbers Re for aircraft of various dimensions

Yucno Re* OOBEKT U eT0 pa3MEpPHOCTh

1-105-3-105 | Mauble GeCTIMIOTHBIE JIETATENBHBIE AMTAPATHI U CTIOPTUBHBIE ABHAMOIENH

2:105-6-105 | MaJible TaKTHYECKHE OECIIUIOTHBIE JIETATEILHbIE araparsl 1 OOJIbIIIKE MacCIITaOHbIe MOZJEIIA JICTATCIIbHBIX allllapaToB

6:105-3-10¢ | TakTHueckne GECTUIOTHBIE JIETATEILHBIE AlNAPAThl U MUIOTHPYEMBIE TUIAHEPHI

2-100-8-106 | Bosbinme GeCNMIOTHBIE JIETATENBHBIE ANTIAPATHI M ABHAIMA 0OIIETO HAa3HAYEHHS
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Puc. 4. CpaBHenue npoekra camosnera D8.X, 0CHaIlIECHHOIO BEHTHIIITOPHOM XBOCTOBOM YCTAHOBKOM € «yTuiIu3anuein»
HOTrPaHMYHOTO €101 (@), ¥ PAaBHOT'O TI0 BMECTHMOCTH 00bIuHOr0 camoinera Boeing 737-800 (b)

Fig. 4. Comparison of the design of the D8.X aircraft equipped with a fan tail unit with boundary layer “recycling” (@), and equal in
capacity to a conventional Boeing 737-800 aircraft (b)
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Puc. 5. KoHueniuys npomysabCMBHOT0 Ipoduiis ¢ 0TO0POM HOTPAaHUYHOTO CJIOS C BEPXHEH MOBEPXHOCTU 1 BEIOPOCOM €ro 4yepes
3aJHIOI0 KPOMKY (@) TIPH ITOMOIIH MOMIEPEYHOro (TPaHCBEPCAIBHOT0) BEHTUIIATOPA (b)

Fig. 5. The concept of a propulsion airfoil with the selection of the boundary layer from the upper surface and its ejection through the
trailing edge (a) using a transverse (transversal) fan ()

nsauud, B [20] mpencraBieHa KOHIENIUS PETHOHAIBHOTO HO OHO KOMIICHCHUPYETCSI YIIOOCTBOM KOMITOHOBKH, MEHb-
caMoJieTa ¢ BEpPTHKAIbHBIM B3JIETOM U MOCAAKOMN C TOICTBIM ~ IIeH 4yBCTBUTEIBHOCTBIO K HEOJHOPOAHOCTH TEUEHUS B
kpeiioM 1 CFF. OtMerum, 4ro k03¢ (UIHEHT MoNe3H0-  morpaHuyHoM cioe [21, 22] u GonbIoMy pOTHBOABIIC-
ro gedcreust CFF nocturaer Bennuunsl nopsiaka 80 %. Huto [23]. CFF MoxeT NpUMEHSITbCSL He TOJIBKO ISl 0TCOoca
JlaHHO€E 3HAYE€HUE MEHBIIIE, YEM Y OCEBBIX BEHTWJIATOPOB,  MOTPAHMYHOIO CJIOS ¢ BEPXHEH MOBEPXHOCTU KpPbLIA, HO
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Puc. 6. Mogndukarms npoduist NACA 65(3)-221 (a) mytem ycranoBku CFF 1i1st cryBa morpaHHYIHOTO €051 ¢ BepXHel 9acTH Kpbuia (D).

x/b — otHOCHTENbHAS ATMHA TPOdUIIs, y/b — OTHOCHUTEIbHAS TOMIIMHA TPOQUIIS

Fig. 6. Modification of the NACA 65(3)-221 airfoil (@) by installing a CFF to blow off the boundary layer from the top of the wing ().

x/b — relative airfoil length, y/b — relative airfoil thickness

u g cayBa (puc. 6, b). B aTom cimydae BO3IyX MOKET
3a0mpaThcsa U3 00JACTH BBICOKOTO NTaBIICHUSA B HIKHEH
gactu npo¢ws, Torga CFF urpaet pons sHepreTndaeckoro
npenkpeuika [24].

YMeHbIlIeHHEe Pa3MepOB M CKOPOCTH PUBOJUT K YIIPO-
HICHHIO 33/1auM 00ecreyeH s IAMUHAPHOTO Xapakrepa
TEUYCHHUs Ha OOJIBIICH YacTH MOBEPXHOCTH KpbLiaa [25]
(puc. 7). Inaye roBopsi, IpUMEHsIsI TIPOIYJILCUBHBIE MIPO-
¢, MOXKHO 00€CTIEUUTD ETMKOM JIAMHHApHOE 00TeKa-
HUE JIETAaTeIBHOTO amapara 1 3HaYUTEeNIbHO YMEHBIINTh
Mapa3uTHOE COMPOTHBIICHHE.

B Hacrosmeit paboTe mcciea0BaHbl IePCICKTUBHEIC
a’pOIMHAMUYIECKHE CXEMBI TSI HOBOTO KJlacca TPaHCIOPT-
HBIX JICTATEIbHBIX alapaToB — adpoTakcH. OCOOCHHOCTH
a’pPOTaKCH: Majas pa3MEepHOCTH; NalbHOCTh HE Ooiee
200500 xkm; komdopTHOE BpeMms mosieta — He Oonee 1 4.
Otcrona cieayet TpebOBaHUE MO CKOPOCTH — He OoJiee
400-500 xm/u. [TpemrycMOTpeH BepTHUKAIbHBIA B3JIET U
10cajKa, B TOM YUCIIE B CTECHEHHBIX TOPOJCKHUX YCIIOBHU-
sIX. APPOTaKCH JOJDKHO 00J1a/1aTh BBICOKOH HaIEKHOCTBIO
1 YCTOHYMBOCTBIO K TOPU30HTAIBHBIM U BEPTHKAILHBIM
TIOpBIBaM BeTpa. YCTOHYMBOCTD K ITOPHIBaM BeTpa 00paTHO

JlamunapusIit
MOrPaHUYHBbIH CI10H

- =X

. L

OTpBIBHOE TEUEHUE

/

OTpLIB JIJaMHUHapHOTO
TIOTPAHUYHOTO CJIOA

u,, = 200 m/c, macirad 1:3,3

JIT-nepexon

MPONOPIMOHAIbHA TUIOIIA M KPbUIA U KBaJpaTy Y/UTHHEHUS
KpbUIa. B CBA3M ¢ 3THM KPBUIO TOTKHO OBITH MAJIEHBKUM H
HMETh HEOOIbIIOE YUTHHEHHE.

Mojaejia 1 MeTOAbI

HccnenyeM HEOOBIYHYIO a3pOANHAMHYECKYIO KOMIIO-
HOBKY a’potakcu (puc. 8). Dro3emsnk HaOpaH MpoIyib-
CHUBHBIMH TIpOQIIsiMU. Bo3myxo3ab0pHUK, pacioI0KeH-
HBII «HA CIIMHE», CIY>KUT [yl 0TOOpa BO3/lyXa C BEPXHEH
MOBEPXHOCTH, JIJAMUHAPU3ALUH [TOTOKA U NMUTAHUS JBU-
rareiei. Bo3ayx u3 Bo3ayxo3ab0pHHUKA IO BHYTPEHHUM
KaHaJIaM IMOCTYIAacT B TOHHCJIbHBIC BEHTUIATOPBI U BI)I6pa-
CBIBACTCS Uuepe3 LIEIeBOE COMIO B XBOCTOBOM 4acTH (ro3e-
mspxa. [lox meneBbIM COMIoM pacnooKeHa OTKIOHAeMast
BHU3 «JIaCTay, CITy’Kallast AJIs yIpaBIeHHUs BEKTOPOM TSITH
W BBINOJHSIOMAS (DYHKIMHK pyIist BEICOTHI. KoHCOMM Kpbliia
MaJIOTO Y/UIMHEHHS TaKkke C(HOPMHUPOBAHBI TPOMYIIECUB-
HBIMH TTpoduisiMu. OHU HEe UMEIOT TTOJBIKHBIX YacTel
meneBoro coma. OTOMpaeMBblii C TOBEPXHOCTH KOHCOJICH
BO3/yX MOCTYMAeT B OOIINIT KaHAJI TOHHEJIbHBIX BEHTHIIS-
TOPOB, PACHIOJIOKEHHBIX B (Dro3ersiKe.

TypOyneHTHbIN
JIT-mepexon NMOTPaHUYHbIN CIOH

Yucno PeiiHombaca yBeIHUNBACTCS

Puc. 7. XapakTep Te4eHHs B IOTPAHUIHOM CJIO€ M TOJIOKSHUE TOUKH JIaMHHapHO-TypOynenTHoro (JIT) nmepexona B 3aBuCHMOCTH
ot Macmraba Kpbuia 1 ynciia PeifHonbaca

Fig. 7. The nature of the flow in the boundary layer and the position of the laminar-turbulent transition point depending on the scale
of the wing and the Reynolds number
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Puc. 8. Maxer (a) 1 KOMOBIOTEPHAs! MOJIEIb Pa3padaTbIBAEMOT0 IBYXMECTHOTO a3poTakcH (b)

Fig. 8. Model (a) and computer model of the developed double air taxi (b)

[pomynecuBHBI poduis (puc. 9, a) drozemnsika a’po-
Takcu OblT pazpaboran B pabore [1] Ha ocHOBe mpoduiLs
I'pudpdura/Tonmumuna (puc. 9, b) u uccnenosa B [26].
OH 0TIMYaETCs OT UCXOIHOTO MPOQIIIS HATMIHNEM IIIEIEBO-
IO COIUIA B 33IHEH KPOMKe, MOIH(DULIPOBAHHBIM TATOBBIM
YYaCTKOM 32 IeJIbI0 0TOOpa BO3AyXa, H3MEHEHHBIM HOCH-
KOM 1 OoJiee TNTOCKOH HIDKHEH MOBepXHOCTHIO. [Ipodmms
ONTUMM3MPOBAH Ha MaKCHMaJbHbIE a3POAMHAMHYECKOE
KauyeCcTBO MPH YT aTaku o = 2° MPOTSHKEHHOCTh JIAMH-
HApHOTO y4yacTka OOTEKaHUs MPU ONTUMAILHOM Pacxojie
0TOMpPaeMOoro 4epes Iieib BO3ayXa.

Ha puc. 10 npencraBieHa NOBEpXHOCTb IUIaHEpa, Ha-
OpanHas pazpaboTaHHbIME TpodrisiMu. Dopma Qro3ersika
1 €ro MU/IEJb HOJIyYeHbl PAacYETHBIM IyTEM B Pe3yJbTa-
T€ ONTUMH3ALMH PACIIPECICHNUS 1aBICHNS B ITOIeped-
HBIX CEYCHHUSX. B KadecTBe KpUTEPHs] ONTUMAIBbHOCTH
HCTIOTF30BAaHO YCIOBHE MAaKCUMAJIBHON OIH30CTH (hOPMBI
pactipeneneHus JaBICHUS K AUIHIITHYecKoi. Takum obpa-
30M, ONTUMHU3ALHUS TPOGUI U PACTIPEACIICHNE JTABICHUS
B [TONIEPEYHBIX CEUYCHUSX [IPOBEIICHBI HE3aBUCHMO JPYT OT
Jpyra 1o MeTOJIMKe, OIIMCaHHOM B pabdore [27].

Kpeuio Ha puc. 10 nokazaHo yClIOBHO, Tak Kak 3ajada
€ro NMpOEKTHPOBAHUS B HACTOSIIEH paboTe HE CTaBHUIIACH.
HccnenoBan TOIBKO MPOGHIIL KPBLIA.

IIpu pa3paborke mpoduiIs Kpbliia 32 OCHOBY BBEIOpaH
onTUMHU3NpoBaHHEIN podmias Eppler 550, nopaborka
KOTOPOTO BBITTOJIHEHA [28] ¢ HCIONIB30BAHUEM aJITOPUT-
ma COBYLA (puc. 11, a). CipoekTupOBaHHBIA TPO(PHIH
(puc. 11, b), siBsieTCsl OCHOBOM JIJIsl CO3JIAHUSI TIPOTTYJIb-
CHUBHOTO KpPbLIa, KOTOPBIHA CO3/1aH U ONTHUMHU3UPOBAH HA
MaKCUMaJIbHOE a3pOJIMHAMUYECKOEe Ka4eCTBO M HANOOJIb-
HIYIO TJI0MIA/Ib JAMUHAPHOTO OOTEKAaHMs C IPUMEHEHNUEM
aJITOPUTMOB, OITUCAHHBIX B [29].

[IpormyabcuBHBIA MPOQUIL CO3/1aH CIEAYIOIUM 00pa-
30M. B cootBercTBHM ¢ pexomenanusamu [30] npuHsTO,
YTO ONTHMAJIEHOE PACIIOIOKEHNE MIENN Ul 0TOOpa BO3-
JyXa — Ha BEPXHEH MOBEPXHOCTH. DTO yCIOBHE CBSI3aHO
C TEM, YTO B IAHHOM TOYKE TIPOUCXONT OTPHIB ITOTOKA 03
0TOOpa BO3/lyXa, M OHA ABJIAETCS KPUTHUECKOM.

OnrtumanbHOE pactpeielieHne JaBICHHS BIIOMb Ty KKH
npouIIst I0JKHO OBITH MPUMEPHO MOCTOSHHBIM C pas3-
PBIBOM Ha yudacTKe, IJie PACIIONOKEHa Ielb. B kaxkaom

C, =034

OT160p
BO3IyXa

C,=0,0138
Crvise = 0,0068
C, 0,0070

w

UYucno Maxa |
S (), 0 o

Puc. 9. IlponynbcuBHBII pod s st (ro3ersbka ad3poTakcH (a) 1 ucxoaublid npoduits puddura/Tonnmmuna (b);
Cy 1 €, — ko3 PUIIEHTBI OOLIEro CONPOTUBICHUS 1 NOABEMHOM CHIBL Cy 50 B C s — KOIDOHLUHMEHTBI CONPOTUBICHHS BA3KOTO
TPEHUs ¥ JAaBICHUSL

Fig. 9. Propulsion airfoil for the fuselage of an air taxi () and the original Griffith/Goldschmid airfoil (b); C; and C;,— coefficients
of drag and lifting force; Cy 5. and Cy 5 — drag coefficients of viscous friction and pressure
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O06nacth 0TOOpa BO3MyXa

[Tnomans Muneis 2,74 m>

¢ e

PeakTuBHOE comio

4824 Mm

ITnomane 6e3 kpputbeB 8,94 M>

Puc. 10. dopwma pacyetHoii obiactu Qrosenspka, HaOpaHHast IPOITYIbCUBHBIMU IPOGUISIMU: BUJ c3a1u (@) u cBepxy (b)

Fig. 10. Estimated area of the fuselage assembled by propulsion profiles in rear (a) and top (b) views
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Puc. 11. OntumusupoBanHbli mpoduis Eppler 550 ¢ koaddunmeHToM moaseMHO# CHITbI C,=033 (a) 1 CIPOEKTUPOBAHHBII
AL Kpbula asporaken npoduis ¢ C), = 0,3 (b)

Fig. 11. Eppler 550 optimized airfoil with lift coefficient C; = 0.33 () and airfoil designed for air taxi wing with C;= 0.8 ()

pacuere ¢popma npoduIst ONTUMHU3UPOBAJIACh JUTs 0Oece-
YEHHsI MAaKCUMAaJIbHOTO a3pOIMHAMHUYIECKOTO KadecTna. st
pacueToB TeOMETPHUH MPOQUIIS HCIIOIB30BaH OTKPBITHIN
onnaifH-cepBruc XFOIL [31]. DTOT anropuT™ OTIHIAETCS
OT TIPUHATOTO B padoTe [28], aBTOPBI KOTOPOI IIOCTETICHHO
MepPEMEIIATN IIeNb OT CEUYEHHUSI MAKCUMAJIbHOW BBICOTHI
K XBOCTOBOMY CEUCHHIO MPOGWIS U MOAOUPATH PaCXO]
BO3JlyXa uepe3 Ielib, 00ecTeunBaonnii 6e30TPhIBHOE Te-
yenue. CpaBHEHHE pe3yJbTaToB paboThI IBYX aJrOpUTMOB
NPUBEJICHO HIKE.

J11st KOpPEKTHOTO MareMaTH4eCcKoro MOJICITUPOBAHUS
o0TeKaHMsl JETaTeJIBHOTO afiapara B JIana3oHe Ynucell
Peiinonbaca Re or 105 1o 5-10% HeoGX0AMMO yUHUTHIBATH
(axT, 9TO YACTh MOBEPXHOCTH 00TEKACTCS JIAMHUHAPHBIM
IIOTOKOM, @ 9aCTh TYPOYJICHTHBIM.

B Hacrosme#t pabore monenuposanue JIT-mepexona
BBINTOJTHEHO C MCHONB30BaHUEM MOJIETH Y-Reg JIsHrTpH—

MeHTepa B COUETAaHHHM C MOJEJIBIO TYpOYICHTHOCTH
Transition Shear Stress Transport (Transition SST) [21, 32].
Mopenp JIaurrpu—MeHTepa OCHOBaHA Ha JABYX ypaBHeE-
HUSX MepeHoca (TmepeMexacMOoCTH U KpUTEpHs Hadajla
mepexoia B TepMUHAX UMITyIbca) U dncia PelHonbca.
ITepemeskaeMOCTh TypOYJICHTHOCTH Y TIPEACTABIACT COOOH
JIOJTIO BPEMEHH, B TEUCHHUE KOTOPOTO B MIOTPAHUYHOM CII0€
MPUCYTCTBYIOT TYpOYyJICHTHBIE MyJIbCAllUK. B tamuHapHOM
notoke Y = 0 BHEIIHUH MOTOK CUUTACTCS TypOYICHTHBIM
¢ v = 1. Ilokazano, yTo Mozaes Xoporio Moaenupyet JIT-
nepexo. st IByMepHoro ciyyvast [33, 34], onHako, Harpu-
Mep ISl CTPENOBUIHBIX KPBIILEB, PE3YIBTAThl FOPa3I0
ckpomHuee. [Ipu TectupoBaHnu MoJENIb TYpOYJIEHTHOCTH
Transition SST cMoriia nmpaBUIIBHO TpeACKa3aTh MECTO-
MIOJIOXKEHNE TOYKH Tepexo/ia U HaJIMYUe OTPBIBHBIX ITy-
3bIPHKOB B JJAMHHAPHOM TIOTPAHUIHOM CJI0€. XOPOIINe pe-
3yJbTaThl MOKa3ana Takke Moaens Cnamapra—Asmapaca
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[35] nmpu ycnoBum, uto u3BectHa Touka JIT-nepexona.
dopmynuposku Monenei Transition SST n Cnanapra—
AunmMapaca npusezieHs! B padore [36]. KoaddunuenT Bsis-
KocTH NpuHAT paBHEIM WL = 0,000018375 kr/(M-c), pazmep
xopas! mpoduiist L = 1 M. BBICOTY cIlost Ha TOBEPXHOCTH
poduIts, B KOTOPOM 3a/1aHO CTYIIIEHHE CETKH, OIIPEICIIUM
o hopmyie

Ay = Ly\74Re; 31, (1)

B dopmyse (1) mapamerp y* npunsT paBHbIM Y = 2 115t
Mozenu Crianapra—Asmapaca u y*+ = 0,5 — s Transition
SST. Panr pasmepoB stueek B mio0ansHoi obmacti 10-1, B
norpanu4HoM cioe — 1072, Ha crenkax — 1073, PacyeTs
BBITIOJTHEHBI 10 CETOYHON cXOmMMOCTH. OCHOBHBIE PAacEThI
MIPOBE/ICHBI ISl CKOPOCTH ToneTa u,, =100 m/c.

Pe3y.11 bTaThbl U 06cy>l<)1e}me

Brimonanm cpaBHeHHE McxoaHOTO [28] 1 pazpaboTan-
Horo mpodteit. B pabote [37] mpoBeneHa HacTpoiika
Mozenu TypOymeHTHOCTH Transition SST mis pa3padarsi-
BaeMBIX MPOQIIIEH B qUama3oHe yrioB araku o = 0-12°
ITyTEM CPAaBHEHUS C HKCIIEPUMEHTAIIBHBIMU PE3YIIbTaTaMU
pe3ysbTaroB pacueToB npoduist Ne 5 Miley M06-13-128.
Ocyl1ecTBUM pacyeThl paclpe/ielieHus mapamerpa nepe-
MEKaeMOCTH Y s npoduieit ¢ puc. 9, a u puc. 11, b,
pe3yabTarhl KOTOPHIX MPENCTaBIeHbI Ha puc. 12.

[Tpu pacyere npodust 11t Bro3ersbika pacxos oToupae-
MOT0 BO3/{yXa HPHHST PaBHBIM 3HAUCHHIO, ITPU KOTOPOM KO-
3G PUIMEHT OIbEMHOM CHIIBI IlepecTaBall pacTh. [laHHble
B3SITHI M3 pe3yabraroB padotsl [1]. Ha puc. 12, a BugHo,
YTO Ha BCEH BEpXHEH MOBEPXHOCTH NMpoduis mmeeTcs
TOHKHI CJI0M, OKpALLIEHHBIM B CHHE-3€JIEHbIE 1IBETA, YTO
CBHJICTEIBCTBYET O JJAMHHAPHOM Xapakrepe TeueHus. Ha

HUKHEH moBepxHOCTH Touka JIT-mepexona pacnosnoxeHa
B 3aBUCHMOCTH OT YyIJIa aTaku o Ha paccrosHuu 0,55-0,6L
oT Hocuka npodwisi. Takum 06pa3om, CIIPOEKTUPOBAH-
HBIM podunb okazancs nmyume npoduist I'puddura/
Tonmmvuna (puc. 9, b), ans kotoporo B padote [28] mpu-
BEJICHBI CIeTyIoNie 3HadeHus Juist Touek JIT-mepexona:
BepxHssa — 0,631, amxasiss — 0,39L.

Pacuersr kprutoBOTO TIpodEA (pHc. 12, b) mokazanmy,
YTO OH 00J13/1a€T BEICOKUMH HECYIITUMH CBOWCTBAMH U HU3-
KUM COIIPOTHUBJICHHEM TPEHUS gaxke 6e3 0TOopa Bo3ayxa ¢
noBepxHocTH. Tak, Ha BepxHeil qyxke Touka JIT-nepexona
pacnionaraercs Ha paccrosauu 0,61 ot Hocuka TpoduIs.
[Tpn HU3KKX yncnax PeiHonbaca MpuMEpHO B ATOH TOY-
K€ MPOMCXOUT OTPBIB TIOTOKA OT HOBEPXHOCTH MPOQHIIS
(puc. 13). IIpu Re > 5-105 Teuenne HOCUT GE30TPHIBHBII
XapakTep.

VY cnpoexTupoBaHHOTO B padore [28] nmpoduis npu
OTCYTCTBHH OTCOCA BO3[yXa C €r0 MOBEPXHOCTH TEUCHHUE
COTPOBOXK/IAETCS OTPHIBOM MTOTOKA BO BCEM JIMAIA30HE
CKOpOCTe# BIUTOTH 110 uncen Maxa M = 0,7, kpome Toro,
npoduie He co3MaeT MoAbeMHOU cuibl (puc. 14, a). Ilpu
ONTUMAIILHOM OTOOpE BO3/1yXa C BEpXHEH MOBEPXHOCTH
(puc. 14, b) TeueHue OE30TPHIBHOE U JIAMMHAPHOE Ha BCEi
NPOTSHKEHHOCTH BEPXHEW JY)KKH OT HOCHKa Ipoduiis 1o
nienu otoopa. Ko dumueHT noaseMHOM CHITBI TOCTUTACT
BEJIUYUHBI Cy = 0,6, TAroBBIN yyacToK co3paet Tiary Cr,
IPEBOCXOAALLYIO CUily IpoduiibHOro conporusietus Cy,

C =C,,-Cr<0,

X press
HO YCTYTAIOMIYIO0 CHIIe BA3KOTO TpeHUS C,, ;... TakmM 0Opa-
30M, obuiee conporusieHue C, MOIOKUTENBLHOE U HE KOM-
neHcupyercs Tsroit Cy. AHaJIOTUYHBIE PE3YIIBTaThl IeMOH-
crpupyet u npoduns ['puddura/Tongmmuna ¢ puc. 9, b,
TSATOBBIN YYaCTOK CO3IACT TATY 00JIbIiie MPO(UIBHOTO CO-

S ——

Puc. 12. Pe3yabrarsl pacyeToB IapaMeTpa MepeMekaeMOCTH Y B IOIPAHUYHOM CJI0€ MPOIYIbCUBHOTO npoduis dro3emnska (a)
U UCXOIHOTO TPODHIIA, HA OCHOBAHUH KOTOPOTO CIPOEKTHPOBAaH Mpoduiib kpsiia (b), Re = 106

Fig. 12. The results of calculations of the intermittency parameter y in the boundary layer of the propulsive fuselage airfoil (a)
and the initial airfoil, on the basis of which the wing profile was designed (), Re = 106
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U, m/c
15

11

Puc. 13. Pe3ynprarsl pacuera oTpbiBa IIOTOKA IPU MajibiX dkciax Peiinonbaca Re = 103: namunaproe teuenue (a);
mozenu Transition SST (b) n Cnanapra—Anmmapaca (¢)

Fig. 13. Flow separation calculation results at low Reynolds numbers Re = 103: laminar flow (a), Transition SST model (b),
Spalart—Allmaras model (c)

MIPOTUBIICHHUSI, HO O0II[ee CONPOTHBIICHUE MOJIOKHUTEILHOE
(puc. 15). Umeercst onTUMaIbHBINA pacxo]] 0TOMPaeMoro ¢
TTOBEPXHOCTHU MPOGUIIS BO3AYXa, IIPU KOTOPOM CONPOTHB-
JICHHE BSI3KOTO TPEHHsI MUHUMalIbHOE. OOBSICHIETCS 9TO
TEM, YTO JIJAMHHAPHBII yYaCTOK TEUCHHS IIPU ONTUMAITBHOM
CKOpPOCTH 0TOOpa BO3/yXa JOCTUTAET CBOCH MaKCHMallb-
HOH NPOTSKEHHOCTH, a IPU JAJIBHEHIIEM POCTE CKOPOCTH
0TOOpa YBEJINYHUBACTCS CONPOTHBICHNE B JIAMUHAPHOM
[IOTPAaHUYHOM CJIO€, TaK KaK PacTeT ero CKOPOCTb.

W3 cpaBHEeHUs JaHHBIX, IPUBEJCHHBIX Ha pHC. 14, ¢
BHJIHO, YTO pa3pabOTaHHBIN mist Bro3ensika mpoduib
Ha Bcex pabouux pexumax coslaeT Tsry, KoTopas Irpe-
BOCXOJ/IUT CHIIY BSI3KOTO TPEHHMSI, B OTIIMYKE OT TPOQuIIs
I'pudppura/Tonmumuna. Takum 06pazom, TaHHBIHA TPOGUITH
C MOJIHBIM OCHOBaHHEM MOXKHO Ha3bIBaTh IPOIY/IbCHBHBIM,
T. €. co3gatomuM Try. OH 1Mo KO3 PUIUEHTY MOIbEM-
HOW CHJIBI B TPH pasa mpeBocxomuT npodmns [puddura/
Tonmmmvuna (puc. 9, b). B pabouem nuamnazoHe s peku-
MOB Ha0bopa BBICOTHI H TOPH3OHTAJIBHOTO I0JETa YIJIOB
ataku o = 0—8° cexmusa ¢rozemsxka (puc. 10), Habpan-
Hasi pa3paboTaHHBIMU NPOPUISIMU, CO3/IAET TOIBEMHYIO
cuny C, = 0,4-0,55. Cpasnenue ¢ npoduiem I'puddura/

Tonmumuzaa npusezaeHo B Tabu. 2. Eciau TpakToBarh paBHO-
JISWCTBYIOIIYIO CHJI JIaBJICHHS] Ha TATOBOM ydacTke (ro3e-
JsDKa KaK 9acTh CHJIBI TATH CHJIOBOH YCTaHOBKH, TO MOYKHO
BBECTHU a3POANHAMHUYECKOE Ka4eCTBO, KOTOPOE IS JAHHO-
ro drozemsnka K = 9,96.

IIpodwuns, paspabotanusrii s kpsia (puc. 11, b),
OTJINYAETCS] BBICOKUMH HECYIMIMU CBOMCTBAMHU M HU3KUM
COMPOTHBIIEHHEM, HO TIpH urciax PeitHombaca Re = 105 ero
o0TeKaHHe CONPOBOXKIAETCSI OTPHIBOM MIOTOKA, IIOITOMY
Ha ero 0CHOBE ObLI pa3pabdOTaH MPOIyIbCUBHBIN TPOPHITH
(puc. 15).

B pesynsrare npoguis nonyueH 4yTh 00j1ee TOJICThIM,
10 CPaBHEHUIO C UCXOAHBIM, U ¢ OoJiee TNIOCKON BepXHEH
MOBEPXHOCTHIO. AHAJIOTHYHBIM 00pa3oMm, pemrast oopar-
HYIO 33J1a4y adpOJAMHAMUKH, B pabore [28] cripoekTupoBan
npoduis (puc. 15, b), anpTrepHaTHBHBIN TPOQUITIO, TIPHU-
BezieHHOMY Ha puc. 14. Kak BumHO, OH O0Jlee TOHKHIA, TaK
KaK pacCuuTaH Ha CKOPOCTHU MoJjeTa BIUIOTh 10 M = 0,7.
KpsinoBoif mpodunps Ha puc. 15, a onTuMu3upoBaH Ha
ckopocTH moieta u,, = 50-100 m/c, mosToMy moITydeH
0osee TONCTBIM. 3a cYeT OOJBIIEeH CTPOUTETHHON BBICOTHI
TSATOBBIN yYaCTOK KOpoUe, ueM y poduist u3 padotsl [28].

Tabnuya 2. Kosdduument noxbemuoii cunbl C), py PasivuHbIX yIilax aTak o
Table 2. Lift coefficient C, at different angles of attack o

‘Yron araku, rpaj. Drozensik TIpoduns ¢ puc. 9, a TIpoduns ¢ puc. 9, b
0 0,400 1,20 0,534
2 0,485 1,47 0,771
4 0,550 1,75 0,505
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Puc. 14. Pesynpbrarsl pacuera npoduiist [puddura/Tonmmmuia [28], M = 0,7, Re > 106, npu Hamu4uu: OTPLIBHOTO ciiena (a)
M 0TCOCA MOTPAHUYHOTO CJIOS, 00ECIEUNBAIONIET0 OE30TPHIBHOE TEUEHNE B 001aCTH BOCCTAHOBIICHHS JABJICHUS (TATOBBIIT
yuactok) (b); cpaBHeHHE K03 duieHToB conpotusnenus npoduns ['puddura/Tonaumuaa (puc. 9, b) (CIIIOIIHBIC JTUHAH)
¢ pa3paboTanHbIM npoduieM st hrosersika (puc. 9, a) (MyHKTHPHBIE TUHHUN) (C).
Cy u C, — xo3(puumentst 00wwero conpoTuBaeHus 1 NoAbeMHON CHIIbL C i M C g — KOIQOUUMCHTbI COPOTHBICHUS BI3KOTO TPEHUS
u naieHus (2)
Fig. 14. Results of calculation of the Griffith/Goldschmid airfoil [28], M = 0.7, Re > 109, in the presence of: a tear-off trace (a) and a
boundary layer suction providing a gap-free flow in the pressure recovery region (traction section) (b); comparison of the Griffith/
Goldschmid airfoil drag coefficients (Fig. 9, b) (solid lines) with the developed airfoil for the fuselage (Fig. 9, a) (dashed lines) (c).

Cyand C;— coefficients of total drag and lift; Cy ;5. and Cy . — coefficients of viscous friction resistance and pressure (2)

Puc. 15. CipoeKTHpOBaHHBIN MPOMYJILCUBHBIH IPOQUIH I KPbIIa (@) B CPAaBHEHUH C HCXOAHBIM npoduieM (puc. 9, b) n npoduiiem
u3 paboTsl [28].

S — 1mesnb st 0TOOpa BO3ayXa ¢ MOBEPXHOCTH HPOGHIIs

Fig. 15. The designed propulsion airfoil for the wing (a) in comparison with the original profile (Fig. 9, b) and the airfoil from [28],
the letter ““S” marks the slot for air extraction from the airfoil surface
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Puc. 16. CpaBHEeHHE XapaKTepPUCTUK KO (PUIMEHTA TOABEMHOM CHIIBI IPOIYIbCUBHEIX MPO(HIIeH KPblIa B 3aBUCUMOCTH OT yTiIa
araxu (a) u ko3 duunenta conporusnenus (C,) (b)

Fig. 16. Comparison of the characteristics of the lift coefficient of the propulsive wing profiles, depending on the angle of attack (a)
and the drag coefficient (C,) (D)

Ha puc. 16 npuBeneHo cpaBHeHUE a’poJMHAMUYE-
CKHUX XapaKTepHCTHK npoduieii Ha pabounx yriax aTaku
a = 0-6°. B pabote [28] mpuBeACHBI COOTBETCTBYIOIINE
JTaHHBIE HKCIIEPUMEHTA, ONM3KHUE K MOIYyYEHHBIM pacdeT-
HBIM JIaHHBIM.

3akiarouenne

B nacrosiiei padore 4MCICHHBIME METOIAMH HCCIIe-
JIOBaHbI MPOITYJIbCUBHBIE MTPO(PUIN U adpOIUHAMHUYECKAS
KOMIIOHOBKA JIETATENILHOIO anmnapaTa KiIacca «adpoTaKkCuy.
[Tony4yeHHbIe pe3yabTaThl MOKA3a7Id BBICOKOE 3HAUYCHUE
a’pomuHaMmuyeckoro kadecta (K = 9,96) mis Hecymiero
(rozerska ¢ OOJBIION CTPOUTEIBHON BBICOTOM M BHYTPEH-
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HUMHU oO0bemMamu. PaszpaboTannbie nmpoduau mpu ordope
BO3/lyXa C BEPXHEH MOBEPXHOCTH CO3JAIOT TATY, ITPEBbI-
IIAOMIYI0 JIOOOBOE CONPOTHUBICHUE BO BCEM JHAINa30HE
ckopocteif. s Kpblia Co3aHbl 1Ba BapruaHTa mpoduieit
¢ oTOOpoM BO3IyXa U 6€3, IMEIOIIHEe BBICOKHE KA PHIn-
€HTBI TOJJbeMHOH cHJIbL, OT 1 10 1,7 B paboyem nuamna3one
YIJIOB aTaku, YTO MO3BOJISIET B TOPU30HTAIBHOM I10OJIETE
OTPAaHUYUTHCA KPbUIOM MaJou rmjiomaan U yaJIuHCHUA.
KomrionoBka ¢ Hecymum (ro3esspkeM, BbICOTa U IMPUHA
KOTOPOTO TOJIBKO NMPUMEPHO B 1,5 paza MeHbIIE JUTHHBI,
a Tak)Ke KPbUIOM Majoro yJJIMHEHHs 00JiaJaeT BHICOKOH
YCTOWYMBOCTBIO K IOPHIBaM BETPA U TMOBBIILIEHHON TypOy-
JICHTHOCTH Y 3€MJIM. DTO Ka4eCTBO MMEET 0c000e 3HaYCHNE
JuIst oOecrieueHns TapaHTHPOBAHHOTO OE30MMacHOTO B3JIETa
1 TTOCAJIKH.
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AHHOTaNMS

IIpeamer ucciaenopanusi. C MosiBIEHNEM CHIOBBIX 3JIEKTPOHHBIX YCTPOHCTB Ha MOJYNPOBOJHHKAX C MIHPOKOH
3anpeneHHoi 30001, Takux kak SiC (kapoun kpemuust) 1 GaN (HUTPHUI rajius), 9acToTa IIMPOTHO-UMITYIbCHON
MOIYJSIIAN yBEIHUYMIach. B COBpeMEHHBIX CEpBONPHUBOAX, HCTIOIB3YIOMUX TpaH3UCTOPHl Ha Oaze GaN, wacrora
koMMyTanuu MoxeT gocturats 100 k' u 6onee. B aTom ciaydae ObicTpozaeiicTBHE 3IeKTPONPHBO/IA OTPAaHUIUBACTCS
HE YaCTOTOH MIMPOTHO-UMITYIIECHOH MOIYJISIINY, a 3aJep>KKOi B M3MepeHHH 00paTHOH CBs3H 110 ToKy. OqHako mpu
HCTIOIB30BaHHUN B JICKTPOIIPHBOJIE IATYNKOB TOKA C JENbTa-CUIMa MOIYILIIUEH, 3aJIepiKKy B 0OpaTHOH CBSI3H MOXKHO
perynupoBarh COOTBETCTBYIOIIMM M3MEHEHHEM TOYHOCTH M3MepeHus. MeToa. PaccMoTpeHO npuMeHeHHe MeHee
TOYHOIA, HO OoJiee OBICTPOI 0OPATHOM CBSI3U B CiIyyae, Korjia OmnOKa MeX/1y 3aaHHbIM U PEaJIbHbIM 3HAYeHHSIMH TOKa
JBUTaTeNs BeaMKa. B cioydae HeOONMbIION omMOKY 3HaUEHNS TOKA MPEIT0KEHO UCTIOIb30BaHHe O0Iee MeIEHHOH, HO
TOUHOM 00paTHOI cBsA3u. M3MeHeHne ckopocTu 0TpabOTKH 3aJaHus TpebyeT OTHOBPEMEHHOTO H3MEHEHHSI TTapaMeTPOB
perynsitopa Toka. OCHOBHBIe pe3yJIbTaThl. BRITIOMHEHO HccieioBaHne MPECTaBICHHOTO AITOPUTMA Ha BUPTYalIbHON
MOZIETH CepBONpHBOAa. [IpoBeIeHO CpaBHEHNE aJaNTHBHOTO PETYISTOpa TOKA CO CTAaHJAPTHBIM PETYISTOPOM HpPH
pa3HBIX HacTpoiikax. [TokazaHo, 9To 32 cueT NPUMEHEHHS IIPEATIOKEHHOTO aIropiuT™Ma OBICTPOICHCTBHAE KOHTYPa TOKa
YBEIHYUBACTCS BABOE 0€3 MOTepH TOUYHOCTH IOIAEPKaHHs CUTHAJA 110 CPAaBHEHUIO CO CTAHAAPTHBIM BapHAHTOM.
[IpyMeHeHre aIroprT™Ma MO3BOJIMIIO BABOE OBBICHTH YaCTOTY Cpe3a KOHTYpa ToKa. Pe3ysbraThl MOydeHb! Tl CUIHAJA C
JIMHEHHOH 4aCTOTHON MOZYJIAIMeH B KaueCTBe perynupyemMoii BennuuHbl. [lpakTudeckast 3HaYUMOCTb. [IpennoxeHHbIi
croco0 n3MepeHnst 00paTHOM CBA3HM B KOHTYPE TOKA MO3BOJISIET YBENUUUTE OBICTPOAEIHCTBHE CEPBOMPHUBO/IA B LIEJIOM 32
CUeT yBeIU4IeHHs OBICTPOICHCTBUS €ro BHYTPEHHET0 KOHTypa 0e3 MoTepr TOYHOCTH PETYITHPOBAHUSL.

KnroueBsbie ci10Ba
KOHTYp TOKa, IITyHTOBOH JaT4uk Toka, GaN, cepBONpHUBOJ, JIeIbTa-CUIMa MOIYIISIINS, alallTHBHBII PErymnsTop
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Abstract

With the advent of wide band-gap semiconductors like SiC and GaN, the frequency of pulse-width modulation has
increased. In modern electric drives, the switching frequency can reach 100 kHz or more. In this case the performance
of the drive is limited by the delay in the current feedback measurement. This delay can be changed by using delta-
sigma modulators. This type of current sensors allows setting the measurement time. However, as the measurement time
decreases, the accuracy of the feedback reduces. This paper proposes the algorithm in which the current controller uses
variable-precision feedback. When the error between the reference and feedback is large, it uses faster but less accurate
current feedback. When the error is small, it uses slower but accurate feedback. Changing the feedback measurement time
requires changing the current controller gains. The algorithm was investigated on a virtual servo drive model. To evaluate
the performance of the proposed regulator, the results were compared with standard regulators with different settings. It
was proved that this approach allows increasing the speed of the current loop without loss in the transient performance.
Besides, the algorithm increases the cut-off frequency in comparison with the standard slow and accurate controller.
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BBenenue

B GonbIIMHCTBE MPOMBIIIUIEHHBIX IEKTPOIPHBOIOB
HCIIONIb3YIOTCSI CUCTEMBI YIPABICHUS C MOJYMHEHHBIM
perynupoBaHueM. KOHTypBl TOKa U CKOPOCTH B TaKHUX
CHUCTEMaX SIBIAIOTCS BHYTPECHHUMH, a KOHTYp IOJOXKe-
HUSI, UCIIOIb3YEMBIH B CEpBONMPHUBOAAX, — BHEIIHHUM.
BricTpoaeiicTBHE Ka)KJOTO0 BHEIIHEr0 KOHTYpa OTpaHu-
YUBaeTCsl OBICTPOACHCTBHEM BHYTPEHHETO U OOBIYHO B
JBa paza MejuieHHee. Takum oOpa3om, ObICTpoJelicTBHE
BHYTPEHHETO KOHTYypa OIpeAeisieT ObICTpoIeHCTBIE Bee-
TO 3JIEKTPOIPHUBO/A, TOITOMY KpaifHe BaKHO CIENaTh €ro
MaKCHMAaJIbHO OBICTPBIM.

BricTponeiicTBue KOHTYypa TOKa B 3JIEKTPONPUBOJIE C
IU(POBEIM yIPABICHUEM OTPAHUUCHO 3a/I€PKKAMHU: Bpe-
MEHEM M3MEpPEHMs TOKa M pacyeTa KOHTypa yIpaBicHNUS,
a Tak)kKe MepPUOIOM IIUPOTHO-UMITYIbCHOW MOIYIISITNT
(IINM). Pacmpenesienne JaHHBIX 3aJ€P’KEK MEHSIOCH
B TeueHue Jonroro Bpemenu. C MOMeHTa N300peTeHus B
1980-x romax kpemuuensix IGBT-Tpan3ucTopos Ha cMeHY
CTaHOUHBIM NPUBOAM C TUPUCTOPHBIMU BBIIPSIMUTEIIMU
MPUIUIN IPELU3UOHHBIE IPUBOAA C YACTOTAMU KOMMYTa-
mii 10 10 k' m Oonee. B cepennne 90-x ronoB XX Beka
CUCTEMBI YIIpaBJICHUS, peaTN30BaHHbIC HA IMU(PPOBBIX
CUTHAJIBHBIX MUKPOKOHTPOJUIEPAX, MPH UCIIOJIE30BAaHUH

ONTHUMH3ALNHA MPOTPAMMHOTO KOJa CMOTIIN PACCUYUTATh
KOHTYp ToKa 3a 20 Mkc. B Hacrosiiee Bpemsi ondimnorexa
¢ynxumii «Fast Current Loop», pazpaboranHasi KOMIaHHEH
«Texas Instrumentsy, T03BOJISIET COKPATUTh BPEMsI pacyera
J0 1 Mkc. B cBsi3u ¢ 9TMM HanOoubInas 3a/iepKKa, Bapby-
pytomasicst ot 50 10 500 MKc, 00ycoBieHa orpaHuueHHON
yactotoi kommyTanuu IGBT-Tpan3uctopos.

C n300peTeHreM MoIyrnpoBOJHUKOB ¢ IITUPOKOH 3arpe-
IICHHOW 30HOH, Takux Kak SiC (kapoun xpemuust) u GaN
(autpun rammms), gactora [IIMM Beipocna. Hanbompmmx
YacTOT AOCTUTAIOT CEPBOIIPUBOABI, pa3pab0TaHHbIE C HC-
nonb3oBaHreM GaN-TpaH3UCTOPOB M HAMIPSKEHUEM 3BEHA
noctosHHOTrO Toka 310 B, B koTtoprix wactota IIMM mo-
xeT pocturarh 200 kI'n. J[ns yBennuenus OsIcTpoaeii-
CTBUSI 37IEKTPONPHUBO/IA 33/1aBaeMOC 3HAUCHHE TOKA CICAYeT
0OHOBIATH ABaXbI 32 nepuox LLIVIM: BBepxy u BHU3Y
HECYIIIEro CUrHaja taiimepa nepej NpuMEHEHUEM yCTaBOK
cpaBHeHus. COOTBETCTBEHHO, BpEMsI pacyeTa KOHTypa TOKa
1 €ro 3MepeHne B 00paTHOM CBS3M HE TOJHKHO MPEBBIIIATH
2,5 mkc. Takum 00pa3om, BaxkHBIE (DaKTOPBI, OTPAaHUIHBA-
IoIIMe OBICTPOAEHCTBHUE AIEKTPONIPHUBOA — BPEMS pacye-
Ta CUCTEMBI YIPABICHUS 1 3a/IePXKKa HA U3MEPEHHE TOKa.

[Mpumenenne GaN-TpaH3UCTOPOB CHOCOOCTBYET
YMEHBIICHUIO 00bEeMa M BECa MHBEPTOPA, pazMep KOTO-
poro ompenenseTcs AaTYNKaMH TOKa, KOTOPBIE OOBITHO
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MprMeHeHne 06paTHON CBA3M NEPEMEHHOM TOYHOCTM OJ151 MOBbILLEHWS ObICTPOAENCTBIMSA KOHTYypa ToKa. ..

OpeACTaBJICHbI JaTYUKaMU Ha OCHOBE 3(1)(1)6KT3 Xonna HOU CBA3HU, KOTOPOC 3aBUCUT OT PACCOMIACOBAHUA MCKIY
KOMIICHCAIlMOHHOI'O THIIA. ﬂaT‘II/IKI/I Ha B(b(i)eKTe Xomna 3alaHHbIM 3HA4YCHUECM U OGpaTHOﬁ CBA3BI0 PETYJIATOpa
npAMOro U3MEpCeHUA bomee KOMIIAKTHBI, OJJHAKO, YE€M TOKa. HpI/I 9TOM HpOHOpIII/IOHaJII)HLIﬁ u HHTCFpaJ’ILHLIfI
MCHBIIIC UX KOHCTPYKIOHA, TCM CHJIBHEC DJICKTPOMArHuT- KO3(1)(1)I/ILII/IGHTI>I peryisaTopa MCHAIOTCA AJId TOAACPIKAHUA
HBIC ITOMEXHU BJIUAKOT HA TOYHOCTb U3MCPCHUS. Ilo »Toit MaKCHMaJIbHOMU ITOJI0CHI IPOIYCKAaHHM KOHTYpPaA TOKaA.

NPUYINHE OATUUKU MIPAMOIO U3MEPCHUS NMPAKTUICCKU HC
HCHOJIB3YIOTCA B MPEINU3NOHHBIX IPUBOJAX. B kauectBe

KonTyp TOKa U ero HacTpoiika
JIBTEPHATUBHOTO PEIICHUSI B HACTOSIIIEE BPEMS TTOITYJISAP-

HBI ITyHTOBBIC JATYMKH, UCIIONB3YIOMINE JeIbTa-CUTMa OO01mas CTpyKTypa KOHTYpa TOKa B BUPTYaJIbHON MO-
Momyisinuio (AX-moayssiiuio) [1-4]. OHu U3MepsIFOT TOK  JIeJIM CEPBOIPUBOA MOKa3aHa Ha puc. 1. Pa3Huna mexmy
HETOCPEICTBEHHO B (ha3e JBUTATENS ¥ 00€CIIEYMBAIOT BbI-  3aJlaHHBIM 3HaYCHHEM TOKa M 00PAaTHOM CBSI3BIO IIOCTYIIACT

COKYIO MTOMEXO03alIMIIEHHOCTh. [IpobiemMa 3akiroyaercst B Ha MporopuroHansHo-nHTerpanbubiii (IT1) perynsrop,
TOM, YTO TOYHOCTh TAKUX JATUYUKOB 3aBHCHUT OT BPEMEHH  BBIXOJ| KOTOPOTO SIBJISIETCS 33aJJaHHMEM HaIpsDKEHUs!, KOTO-
HU3MEpEeHUsI, HeOOXOMMOro JIJIsl NIEMOAYJIAIUUA OuToBOro  poe noxaercs Ha moxyns LIIMM. Ha cienyromem neprone
MOTOKA, MONIydeHHOTo oT AX-monynsropa. Tak, curaan ¢ [IIMM-uHBepTOp peannsyer 3ajaHue HANPSOKEHUS (dKC-
TOYHOCTBIO 5 OUT MOXKET OBITH TTOyUeH 3a 1,2 MKC Ha Mak-  TPAIOJSATOP HYJIEBOTO MOpsAKa HA puc. 1), a 3HaUeHHE
CHMAJIFHOHM 9aCTOTE TaKTUPOBaHH AX-MOIYJIATOpA PAaBHOH ~ TOKA CYMTBIBAETCS C IMOMOLIBIO AATUYMKA U MEPEAAETCS Ha
20 MTI'ni, 8-OMTHBIN — 3a 2,4 MKC U T. /1., 9TO COIIOCTABUMO  PEryJIATOp TOKA.

¢ mepuonoMm [IIMM-unaBepropa Ha 6a3ze GaN-TpaH3UCTOPOB BbeicTpozelicTBHE KOHTYPa TOKAa OrPaHUYMBAETCS CyM-
[5, 6]. MO 33/Iep’KeK, KOTOPBIE HE MOTYT ObITh CKOMIIEHCHPOBAHbBI

B HOpMaNBHOM peskiMe pabOThI TS TOYHOTO MOMAEp-  peryiasaropoM Toka. Hanpumep, eciau 3HadeHne oOpaTHOM
JKaHHS TOKa TpeOyeTcst BpeMs u3MepeHus 4,8 MKC, eclid  CBA3M TOUHO U3BECTHO B Hauane nepuozaa IIMM u pery-
HOMMHAJIbHBIN TOK He npeBbliaeT +50 % nuamna3oHa aHa-  JIATOP TOKA CYMTAETCS MTHOBEHHO, 3a/IaHME HAIPSHKECHMS

noro-nuposoro npeodpaszosarenst (AL [7]. Ho eciu  paccunThiBaercs o ¢popmye [8]:
pa3HUIIA MEXTy 3aJJaHHBIM 3HAYCHHEM TOKA M 00paTHOU

CBSI3BIO JIOCTaTOYHO BEJIMKA, TO TOUHOCTH U3MEPEHHSI TOKa Vo= =g — it
re rej >
HE BIUSET Ha Ka4eCTBO PETYJIMPOBAHUS TOKa. [pyrumu © Tewn 7
CJIOBaMH, TOYHOCTh MOXKET OBITH CHH)KCHA PAJN MOTyIECHHS
Gornee OBICTPOrO OTKJIMKA B KOHTYPE TOKA. rae L — MHAYKTHUBHOCTh OOMOTKM ABUraTens; 1 py)s —
B Hacrosmeit pabore paccmotpen cnoco6 perymupo-  nepuon IITAM (Pulse-Width Modulation, PWM); i, —
BaHNs1 TOKA C TIEPEMEHHBIM BPEMEHEM M3MEPEHHA 00par-  3ajlaHue Ha TOK; gy — OOparHas CBs3b 0 TOKY. Takoit
ZOH
(TPWM)
Mexanuueckue
KOMITOHCHTbBI
uBepTop|—rg
idq ref qu ref -l /@\.
iy
d’ q Lap €
< AT
a, b 1 <
K
0 3anepxka
Temn
e '

Puc. 1. CrpyKTypa CTaH/apTHOTO KOHTYpa Toka: ZOH — 5KCTPAIosTOp HYJIEBOIO MOPSIIKE; iy o — 3aJAHHS HA TOK 110 OCIM d U g
Vg ref— 3a1aHUSL HA HAIIPSDKCHNUE 110 OCAM d U G 4, — TOKH 110 0CM d U q; i, — Toku $a3 A u B; d, ¢ — Bpawaromuecs ocu,
CBSI3aHHBIE C POTOPOM JBUTaTeNs; d, b — (as3sl A u B; 6 — yroi nojoxeHust poropa; p — oneparop auphepeHunpoBaHus;

J — MOMEHT MHEepLUHU ABUrATEIs]

Fig. 1. Structure of the conventional current loop: ZOH — zero order hold; iy, ., — current references along d and g axes;
Vaq reg— Voltage references along d and g axes; iy, — currents along d and ¢ axes; i,;, — currents of phases 4 and B; d, g — rotating
axes connected with the rotor; @, b — phases 4 and B; 6 — rotor position angle; p — differentiation operator; and J — inertia
moment

] 94 Hay4HO-TexHn4eckuii BECTHUK MHDOPMALUMOHHBLIX TEXHONOMMIA, MeXaHMKN 1 onTukn, 2023, Tom 23, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



A.C. AHyunH, M.A. Tynaesa, M.M. JlawkeBuy, A.A. Xapkos, X. YeH, A.H. lnaHos

TIOIXO/] MPEATIOJIaraeT, YTo 3a1ep>KKH, OOBIYHO MPUCYIINE
CUCTeME, OTCYTCTBYIOT.

B aToMm cityuae 3amaHHBIA TOK JOCTUTAETCs uepes
onuH nepuoa INM, ecnu HanpsbKeHUE HE KacaeTcst orpa-
HUYeHUH. [t ynpomeHus mpeacTaBIeHus peryisropa
KoMIeHcanus: o0patHoit csa3u o JJC He yunuThIBaeTcs.
ComnpoTtuBieHre 0OMOTKH OyIeT Y9TEHO B WHTETPaIbHOM
COCTAaBJISIOLIEN peryisTopa:

R
vre_f[k] = Vre_/{k - l] + Toms (iref_ l_.fbk)ha

rae R — cONpoTHBIIEHHE OOMOTKH; /i — IIar HHTErPHpPO-
BaHMsI, PaBHBINM MIEPHOJy pacueTa peryisiropa Toka; [k] —
0003HaUeHNE 3HAUYCHHUS HANPSDKEHUS, TOJIy4YCeHHOTO Ha
TEeKyIleM Iare pacuera; [k — 1] — obo3HaueHne 3HaYCHUS
HaIpspKeHUs, OyYeHHOTO Ha TIPEABIIYILEM [Iare pacuera.

OnHaKo B peaJbHBIX YCIOBUSIX CHCTEMa COIEPIKHT 3a-
JIEPXKKH, MIepedrcIeHHbIe panee. [l cTaHIapTHBIX CH-
CTeM, Y KOTOPBIX BpeMs n3MepeHust Toka (kp) n mocneny-
IOLINI pacdeT perynsTopa Toka (k;) CHHXpOHU3UPOBAHBI C
cepenuHoil nepuozaa IIMM, nponopuroHanbHbIIA U UHTE-
rpanbHblil K03 dunmentsr [1M-perynstopa cHrxaTCs B
JIBa pasza.

= L
b= ———
2Tpwm (1)
R
k= ——
2Tpwur

Takast HacTpoiika 0OecreunBaeT YCTOHIHBOE MTOBEIC-
HUE KOHTYypa TOKa CO BPEMEHEM IMEePEXOIHOTO Mpolecca
oxono 5 nepuonos IIIMM u nepeperynuposanuem 5 %.
MHuoxuTens «2» B 3HamMeHarene (1) yauTeBaeT To, 4TO
“3MEpEeHue TOKa He COBIaJIaeT ¢ KoHIoM nepuozaa [I1M,
a PaCCUUTHIBACTCS B CEPEANHE MEPHO/IA, a TAKKE 3aCPIKKY

HPUIOKEHUS HANpsbKeHus, paBHYIo 0,5 Tpy, OT Hadamna
nepuoja IIIVIM. Bpemennasa auarpamma npeacTaBieHa
Ha puc. 2.

B xoHType TOKa (pHcC. 2), MOKa3aHbl CIEAyIONINe 3a-
JIEP>KKU: U3MepeHue Toka (/); BpeMs pacdeTa peryistopa
ToKa (2); 3a7epKKa MEX/1y PacCUMTAHHBIM 3aJaHUEM Ha-
NpsDKEHUST U HadajioM cienytouero nepuona UMM, rue
0HO OyneT mpuMeHeHo (3); 3aaeprkKa, KoTopasi COCTaBISACT
nonoBuHy nepuoga LIMM, Tak Kak cpeqHee 3HaUEHUE
3aJjaHus HAPSDKEHUS TIPHIIOKEHO K OOMOTKaM JIBUTaTelIst
noce nosoBuHbI iepuona UM (4).

3a mociieHIe JACCATUICTHSI BEIMUUHBI ATHX 33/I€PIKEK
n3MeHsuMch. Hampumep, ponroe BpeMsi pacueT perylis-
TOPOB TOKA 3aHUMaJl MHOTO BPEMEHH M3-32 OTCYTCTBUS
MUQPPOBBIX CUTHAIBHBIX MHUKPOKOHTPOJIJIEPOB U cIaboi
ONTHMHU3AIMHU Kojia. B Hacrosiee Bpems: pacyeT KOHTypa
TOKa ¢ TIOMOIIbI0 Oubnunorexu Gpynknuid «Fast Current
Loop» ot komnanuu «Texas Instruments» 3anumaer 1 Mkc
1 MOKET OBITh JIOTIOJTHUTEIBHO ONTUMH3UPOBaH. [IpophiB
B Pa3BUTHUU IOJIYIPOBOJHUKOB C LIMPOKON 3alpelieHHOM
30HO0H, Takux kKak GaN u SiC, coneifcTBOBaJ MOITYICHUIO
gactoTsl IIIMUM 100 kI'11 u 6omee [9—12], panee HemOCTH-
KUMOMU B 3JIeKTpornpuBoje. BpeMms uzMepenus Toka 3a
nocyieaHue roasl ymMmeHbImiock ¢ 500 m1o 150 He, 1 HOBBIE
IMIPUHIHUIIBI USMEPCHUS ITPOAOJIKAIOT MOABJIATHC.

IlyHTOBOE M3MEpeHHE TOKa C MpUMEHEeHHEeM AX-
MOJYIISIIUM CTAHOBUTCS Bce OoJiee MOMy IsipHbIM Oaro-
Jlapsi CBOEH MpOCTOTE, [IEHe ¥ TOYHOCTH. DTO Hamboiee
KOMITAaKTHOE PEIICHHE 110 CPABHEHUIO C JaTYNKaMHU Ha d¢-
(hexTe Xomma KOMIIEHCAIMOHHOTO THIIA IPH aHAJIOTHIHOH
TOYHOCTH M OMEX03alHIIeHHOCTH. [TosBIsI0TCS CHITOBBIE
MOJIYITH C YK€ BCTpPOCHHBIMH mryHTamH [ 13]. OxgHako, uem
Gompmiast TOYHOCTH TpedyeTcs, TeM OOoJbIlle BpEMEHU He-
00XOIMMO AJIs1 AEMOAYISILIUE OUTOBOTO MOTOKA, BHIXOHAS
4acToTa KOTOPOTO B HACTOSIIEE BpeMsi OrpaHHuYeHa Ha
yposHe 20 MI'n. Hactota AX-MoaynsaTopa onpenenser

TPWM
A 2
< > 4

=

=
= E g
= =
-3 Tes+cc = % g
2 505

oF=

5 3| =25 2
&= -] E
® S5 8
g gz o
B O o
3] =
5 /0
o [5)

= y

! NTEIBHOCTD 3aJaHUsI HAIIPSDKCHUS]
p
2 il >
PUMEHEHHE 33aJaHHOTO HANPSKESHUS
/ Bpewms
L T, PWM
3axBar curnana ALl (/) u pacueT koHTypa Toka (2)

Puc. 2. BpemeHHast auarpamma KOHTypa ynpasienus Toka: 7 py,, — nepuon ILIUM; Tog, ~c (current sensing — u3MepeHue Toka,
current controller — peryssitop Toka) — BpeMs Ha U3MEPEHHE TOKa U pacyeT KOHTypa TOKa

Fig. 2. Time diagram of the current loop control: 7py,, — duration of PWM cycle, Ty, ~c — current sensing and current controller
execution time
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BpeMsi, HEOOX0IMMOE JIUTsl I3MEPEHNUST TOKa: HalpuMep, ISt
10,5-6utHoro paspemtenus ALIIT oHo paBHo 4,8 MKc, s
12-6utHOrO — 9,6 MKC, YTO CIIUIIKOM JOJITO IO CPaBHE-
HUIO C JPYTUMHU 33J€pKKaMH B KOHTYpPE TOKa.

Korna BpemeHa pacyera CHCTEMBI yIIPaBICHHS U U3Me-
peHus ToKa 63K win Oonpie, yem nepuoxn LIHNM, orn
JIOJDKHBI OBITh YYTEHBI B HEKOMIEHCHPYEMOM TTOCTOSTHHOM
BPEMEHHU peryiiaTopa. YUuTeIBas 3710, popmyry (1) mepe-
IIUIIEM B BUJE:

L
fp=———————
L(Tpwar + Tcs+cc)’
R
ky

2(Tpwms + Tesico)

rae T cgicc — BPEMs Ha U3MEPEHHE TOKA M pacyeT KOHTypa
TOKa.

IIlyHTOBOC H3MEpeHHne TOKa

TOKOBBIN LIYHT MOAKIIOYAETCS MEKIY BBIXOAOM HH-
BepTopa u (azoii nBuraresns. VICTOYHUK MUTaHKUS BEPXHE-
ro npaiiepa IGBT-Tpan3ucropa MOXXeT ObITH HCIOIB30-
BaH /IS MUTAHUS UHTErpajbHON cXxeMbl AX-MOAyIsATOpa
(puc. 3). Takast cxema 00bIYHO peanu3yeT AX-MOIYISIHIO
BTOpPOTO TIopsiaKa (puc. 4, a) [14], koTopas mMeeT ydriee

DCDC

pacrpesiesieHle eUHUIL U HYyJIel TeHepupyeMoro OnuTo-
BOI'0 MOTOKA IO CPaBHEHHUIO ¢ AX-MOAYIALMEN epBOro
nopsizika [15]. BeixogHo# OuToBEIM TIOTOK (puc. 4, b) co-
JIep>KUT MH(POPMAIIHMIO O TOKE, MPOTEKAroeM yepe3 (asy
neuratens. Cxema AX-MOAYISITOpa CHHXPOHUZHPYETCS
TakToBOH yacroroit 20 MI't — f; ¢ (clock frequency,
CLK). Iemomymsimyst OUTOBOTO ITOTOKA OCYIISCTBISETCS C
MTOMOIIIBIO CIIEHAIFHOTO MEepHUPEPUITHOTO YCTPONUCTBA CO-
BPEMEHHBIX MUKPOKOHTPOJUICPOB. BUTOBBIHN TOTOK OT(HITB-
TPyeM C MOMOIIBI0 (hUIBTPa HIKHUX YacTOT. B obmem
cirydae Sinc-GuiIsTp MepBOro MopsiaKa sIBISCTCs (PUITBTPOM
CKOJIB3SIIIIETO CPETHEr0 U MOXKET OBITh IPEJICTABIICH ypaB-
HEeHUSIMU QuIIbTpa ¢ OECKOHEYHON MM KOHEYHOH UMITYITb-
CHBIMH XapaKTePUCTUKAMH, IIPHU 3TOM pe3yJibTar paboThl
OCTAETCS TEM IKE:

1
Hppp(z) = E(l tzl+z24 .+ (VD))

rae Hpp — dyHkuus GuiasTpa ¢ KOHEUHOH MMITYIbCHOM
xapakrepuctukoil (finite impulse response, FIR); z —
oreparop c/BUTa BO BpeMeHH; N — Ko3(HUIUEHT Tepe-
muckperu3amn (Oversampling Ratio, OSR) wmu xonmde-
CTBO OUTOB OMTOBOTO TIOTOKA, 00padaThIBaCMBIX B (PUITBTPE.

TouHOCTH M3MEPEHUS TOKA 3aBUCUT OT KOJIMYECTBA
O6WUTOB B OMTOBOM MOTOKE, UCTIOIB3YEMOM JJISI OHOTO H3-
MEpeHHs, U OT Mopsiaka udposoro ¢puasrpa. Yem Oompie

+15V
Jpaiisep 2 S
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cTal. _|
I l 2 4
AMCI1305 +5V
Konnencarop
k mudposoit | DVdd -“- AVdd 3I0T
cucTeme — DOUT AINP —
ynpasinenus — CLKIN AINN i
TMS320F2837x —{ DGND “ I‘ AGND
Ru.inT
+15V
paiisep 2 S
DCDC | 3

JlBurarenb

Croiika nHBEpTOpa

Puc. 3. CraniapTHas TOIOJIOTHS CXEMbl H3MEPEHNUS TOKA C TOMOLIbIO UTYHTOBOTO AAaTUUKa IS AIEKTPOIPHBOJIOB:
DCDC — npeobpasoBaresb ypoBHeii octosiHaoro Hanpsbkerns; LDO (low-dropout regulator — perynsitop ¢ HU3KUM
nepenazoM) — JMHel bl crabunmsarop Hanpspkerust; 31T — 3BeHO MOCTOSHHOIO TOKA; Ry, — CONPOTHBICHHE LIYHTA

Fig. 3. Basic shunt current sensing topology for electric drives: DCDC — DC-to-DC converter; LDO — low-dropout regulator;

3IIT — DC link; R

LIYHT

shunt resistance
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Puc. 4. Ctpykrypa AZ-MonynsaTopa BToporo nopsizika (a) u ero padora (b): vy, — BXOIHOE HAMPSHKEHUE, M3MEPSIEMOE LITYHTOBBIM
JTaTYNKOM TOKA; V,,, — 0OpaTHasi CBA3b 10 HANPSIKEHHUIO; V| — OMIMOKA MEXIy BXOAHBIM HAIPSHKEHUEM M 00pPaTHOM CBA3BIO;
V,, V3 — HAIpsKEHHs M0CIIE TTOCTIE10BaATENbHBIX HHTETPaTopoB; v, — cyMmma HanpsikeHunit; IIAIT — mudpo-ananorossrit
npeobpazoBaTens

Fig. 4. Second-order delta-sigma modulator structure () and its operation (b): v,, — input voltage measured by a shunt current
sensor; v, — voltage feedback; v; — error between input voltage and feedback; v,, vy — voltages after series integrators; v4 — the
sum of voltages; I{AIl — digital-to-analog converter

KOJIMYECTBO OUTOB MM KOO(D(DHUIIMEHT NepeanCKPETH3aIHH,
TEM BBIIIE OyICT TOYHOCTh. Sinc3-QUIsTp UMeeT HanboIee
MPEANOYTUTENBHBIA TOPSA0K QUIbTPALK, 00ecHeuu-
BaKOLIMH HAHOOJBIIYI0 TOYHOCTh B OOJBILIOM JHANA30HE
k03 HULMEHTOB TIepeancKkpeTH3auu. [Ipu 3ToM ¢ yBemu-
YEHHEM TOYHOCTH, 33 CYET YBEIMYCHHUs KOJIMYeCcTBa 00pa-
0aThIBACMBIX OHT, YBEIHMYUBACTCS U MPOAODKHTEIBHOCTD
mmeperns. CienoBarenbHo, HacTpoiika IudpoBoro Guimb-
Tpa JI0JDKHA OBITH KOMIPOMHCCHOW MEXKTY TOYHOCTBIO H
CKOPOCTBIO H3MEepeHHs. BpeMs u3MepeHus Toka BEIYUCINM
C MTOMOIIIBIO YPABHEHHSI:

t= F order>
CLK

e F,, 4. — mopanok Sinc-¢unsrpa. CTaHaapTHbIE Bpe-
MeHa uzmepenuss — 1,2 mxc, 2,4 Mkc, 4,8 Mkc 1 9,6 MKC.
B nBa pasa Gonblnas NpoJoJKUTEIbHOCTh BPEMEHH
obecreynBaeT NPUMEPHO B 6 pa3 OOJBIIYIO TOYHOCTb.
CpaBHeHMe MOrpPEeNIHOCTEH M3MEpEeHHs MOKa3aHO Ha
puc. 5 [2].

ANanTHBHBIA PeryJsiTop TOKa ¢ nepeMeHHOH
TOYHOCTBIO 00PATHOIi CBA3H

Uewm ObicTpee M3MEpeHHEe TOKAa M MEHbBIIIE TePHOJ
[IINM, TeM BbIIIe MOXKET OBITh TIPOTIOPIIMOHATBLHBINA KOA(]-
(dunmeHT peryssitopa Toka U MEHbIIE BpeMsl PeryJIpoBa-

Hust. C yMEHBIICHHEM BPEMEHH TOYHOCTh M3MEPEHUS TOKa
CHIDKAeTCsl, a IIyM B 00paTHOW CBSI3M BIIUSIET HA paboTy
KOHTypa TOKa, MPUBOJIS K KOJIEOaHUSIM BOKPYT 33aHHOTO
3HayeHus. OJIHAKO, €CIIM pa3HHIA MEXK/Ty 3a/laHHBIM 3Ha-
YEHHEM 1 00paTHOH CBS3BIO 10 TOKY JIOCTATOYHO BEJINKa U
HEJIOCTIKMMA B O/IHOM IIEPHOJIE PACUETa CHCTEMBI YIIpaB-
JICHWs1, TO HEOOXOTMMOCTH B BBICOKOI TOYHOCTH N3MEPEHUS
JUISL PETYINPOBAHUS TOKA HET.

JpyruMu cioBaMu, BpeMsl H3MEPEHUSI MOXKET OBITh
BBIOpAHO IMyTEeM aHaIN3a OMIMOKH MEKIY 3adaHUEeM U 00-
paTHOM CBA3BIO, a KOI(QGHUIHUEHTHI PEryaITOpa JOJKHEI
OBITh TIEPECYNTAHBI OTHOCUTEIBHO BPEMEHH M3MEPEHHUSI.
Takoit moixo/1 CrIocoOEH MOBBICUTH OBICTPOACHCTBHE KOH-
Typa TOKa, COKpaTuB BpeMs peryiupoBanus. biok-cxema
IIpeJIaraéMoro peryssropa Toka nokasasa Ha puc. 6. s
MPOCTOTHI CXeMa T0Ka3aHa TOJILKO JUUIsl TOKA OJTHOH OCH,
IIpU ATOM KoMneHcanus npotuBo-C HCKITtoueHa.

W3mepsieMblil TOK mpeodpasyercs AX-MOIYIATOPOM B
OWTOBBIN MOTOK, MMOCTYNAIOIINHA HA TPU (HIBTPA C TPEMS
pa3HBIMU BpeMeHaMH JAeMOoAy . Camblii OBICTPBIN 13
HUX TIONTy4YaeT NaHHbIe 3a 2,4 MKc (puc. 6: Sinc3-puisTp,
OSR = 16). B camom memnennom ¢unsrpe OSR = 64, a
BpeMst U3MepeHust Toka 9,6 Mkc. Pa3Huiia Mex 1y 3aJaHHBIM
3HAUEHWEM TOKA M CaMbIM OBICTPBIM CHUTHAJIOM 00paTHOM
CBSI3M CPaBHHUBAETCS C JIByMs TIOPOTOBBIMH 3HaUCHHUSIMU
(ycraBkamu 1 ¥ 2), onpeAessIIoNMy, KaKue napamMeTpbl
00parTHOii CB3M 1 KOI(DPUIIMEHTHI PEryJIsiTopa TOKa JT0IK-
HBI OBITH UCIIOJIb30BaHbl. COOTBETCTBYIOIINE MapaMeTphI
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Puc. 5. IlorpemiHOCTh U3MEPEHUs TOKa MpH ucmons3oBanun Sinc3-¢punsrpa 1 OSR = 8 (a), m OSR = 16 (b). OTpunarensHbie
3HAYEHHS HE TI0KA3aHbI, IIOCKOIBKY SIBIISIIOTCSI CHMMETPUYHBIMU MTOJOKHUTEIBHBIMH

Fig. 5. Error of the measurement using Sinc3-filter with OSR = 8§ (a) and OSR = 16 (b)
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Puc. 6. briok-cxema aJjanTUuBHOIO peryistopa Toka: a0, al — IBOMYHBIC pe3y/IbTaThl CPAaBHEHHUS 3HAYEHHsT 00PaTHOW CBSI3H 10
TOKy ¢ ycraBkamu 1 u 2 coorBetctBenHO; d00, d01, d10, d11 — HabGops! mapamMeTpoB (MHTErpaIbHbIA U MPOMOPLHOHATBHBIH
k03¢ dunreHTsI, 00paTHas CBA3b), BEIOMPaeMble B 3aBUCHMOCTH OT pe3yJbTaToB cpaBHeHus a0 u al

Fig. 6. Adaptive current controller block diagram: a0, a1 — binary results of comparing the current feedback value with
thresholds 1 and 2, respectively; d00, d01, d10, d11 — sets of parameters (integral and proportional coefficients, feedback) selected
depending on the results of comparison of a0 and al

PEerysasTopa ¥ HICTOUHHK 0OPATHOI CBSI3M TOKA BEIOMPAIOTCS
MYJIBTUIUIEKCOPOM M TIOJIAIOTCS HA OJIOK PEryssiTopa.

Pe3y.l'll>TaT]>l MOJeJINPOBAHUA

Peakuust Ha ckavok. [Tapamerpsl MoaenupyemMoro
MPUBOJIA TIOKa3aHkI B Tabnuie. MIHBepTOp MpencTaBicH
SKCTPANOJSITOPOM HYJEBOTO nopsiaka. [lepBoiil skcnepu-

MEHT BBITIOJIHEH TIPH Oa4e 3aJaHUsI CKAauKoOM, KOTOpPOe
n3mensutock ot 0 1o 10 A. TIpu skcriepuMeHTe BBITOIHEHO
HCCIIEZIOBAaHUE TPEX HAcTpoOeK. [lepBast — ¢ TOUHBIM H3Me-
PEHUEM TOKa U «MEIJIEHHBIM» peryiasTopom. Bo Bropoii
HACTPOIKE MCIOJIb30BAHO CAMOE OBICTPOE U3MEPEHNE TOKa
C HU3KOM TOYHOCTBIO M OOJBIIUMU KOA((DULIHEHTaMK pery-
JISITOpa TOKa («OBICTPBIN» peryssitop). TpeThst HacTpolKa
SIBJISICTCS TIPETIOKEHHBIM a/IalITUBHBIM PETYIISITOPOM TOKa

198

Hay4HO-TexHU4YeCKuni BECTHUK MHDOPMALMOHHbIX TEXHOMOMMIA, MeXaHukn 1 ontukun, 2023, Tom 23, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 1



A.C. AHyunH, M.A. Tynaesa, M.M. JlawkeBuy, A.A. Xapkos, X. YeH, A.H. lnaHos

10

0 0,00004

kp, B/A

0,00008

Bpewms, ¢

Puc. 7. IlepexoaHasi XapaKTepUCTHKA PETYJSATOpa TOKA MPH PA3TUYHBIX HACTPOHKAX: /| — «MeJICHHBII» PEerysTop TOKa;
2 — «OBICTPBII» PETyIATOP TOKA; 3 — ATaNTUBHBIN PETYIATOP TOKA C IEPEMEHHBIMH KO (PUIIMEHTAMH H TOYHOCTHIO H3MEPEHHUS;
4 — TPOMOPIHOHANEHBIA KO3()GHUIINEHT aJaITHBHOTO PETYIISATOPA TOKA

Fig. 7. Step response of the current controller with various tunings: / — accurate current measurement and slow current controller
tuning; 2 — fast current measurement with rapid current controller tuning; 3 — adaptive current controller with variable gains and
measurement accuracy; 4 — proportional gain of the adaptive current controller

C EPEMEHHBIMU TOYHOCTBIO 0OPATHOI CBA3M U apameTpa-
MU peryasaropa. Pesynsrartel MOAEIMPOBaHUS ITPEACTABIIE-
HbI Ha puc. 7.

B pesynbrare MonenupoBaHus, BUIHO, YTO CaMBblif 3aTs-
HYTBI [IPOLIECC COOTBETCTBYET «MEUICHHOMY» PETYIISITOPY
C HauOOJIBIIMM BPEMEHEM M3MEPEHHUS ¥ HAaUMEHBIIUMHU
ko3¢ dunreHTamMu perynaropa Toka. OTMeTHM, 4TO JaH-
HBIH PeryasTop NpoAEMOHCTPUPOBAT BBICOKYIO TOUHOCTh
perynupoBaHusl. «BBICTpPBIID PEryasaTop mokasana HU3KOE
KayecTBO MOJAJEpKaHUA TOKA M3-3a 3HAUUTEIBHBIX I10-
TpeIIHOCTeH B u3MepeHnu. Perynsarop meiraercs ctabumm-
3UpOBaTh OOPATHYIO CBSI3b, HO M3-3a CHJIBHBIX IIOMEX TOK
KOJI€0JIeTCs! BOKPYT 3aJaHHOTO 3HAYCHUSI.

AIanTUBHBII PEryNATOp TOKa U3MEHHI CBOM KOd(-
(buueHTs ycuiieHus Bo BpeMs padorel. [Tpu Bbicokoi
OLIMOKE MEX/y 33J]aHHbIM 3HaYE€HHEM U 00PaTHOH CBSI3bIO
HCII0JIb30BaHbI camble Ooubine Kod(P(OULIHUEHTH pery-

nsitopa kpy u ky ¢ Hanbonee OBICTPON 0OpaTHOH CBSI3bIO
(OSR =16).

B ycranoBuBLIEMCs peKUME IPUMEHEHA caMasi MeJ-
JeHHas HacTpolika (kps U kj3), HO Hanbosee TOUHOE U3Me-
penue Toka (OSR = 64), uTo moMOIIO CTAOMUIM3UPOBATH
TOK. Bpemst perynupoBaHus ¢ aianTHBHBIM PETYISTOPOM
TOKa aHAJIOTMYHO BPEMEHHU PEryJIMPOBAHUS C CaMOl Obl-
CTpPOIl HACTPOUKOM.

Peakuusi Ha cMrHAJ C JMHEHHOH YacTOTHOH Moxy-
Jsinueii. BTopoii skcriepuMeHT TIPOBE/ICH TS CPAaBHCHUS
YaCcTOT Cpe3a «MEIEHHOTO» PETyISATOpa U MPEITIOKEHHOTO
aJanITHBHOTO peryisaTopa (TpeThs HacTpoiika). B kadecTBe
3a/IaHIsI Ha PETYISATOP TOKA YCTAHOBIICH CUTHAJI C JIMHEH-
HOW yacToTHOH Moxymsanuen (JIUYM) ¢ ammmurynoit 10 A
1 BO3pacTarollell 4acTOTON. Pe3ynbraTsl MOAeIupoBaHus
npeactaBieHbl Ha puc. 8. CTaHAApTHBIA PETYAATOpP TOKA
JIocTUT 4acToThl cpesa yepes 0,004 ¢ nmpu BXOIHOM YacToTe

Tabnuya. TTapamMeTpbl MOACIHPYEMOTO AIEKTPOIIPUBO/IA

Table. Parameters of the drive model

ITapamerp 3HaueHue
Yacrora IWUM, k't 400
HamnpsxeHne 3BeHa ITOCTOSIHHOTO TOKa, B 310
WunyktuBHOCTD (a3bl, MK H 100
Conporusnenus ¢assl, OM 3
Bpewmst pacuera KOHTypa TOKa, MKC 1
Bpewms usmepenus npu OSR, mxc 16 2,4
64 9,6
IMponopioHanbHelil ko3 duiuent, B/A | «obictporo» perymstopa npu OSR = 16 kp, 8,5
perymsitopa ipu OSR =32 kp, 6,0
«meJuieHHoTroY» perynaropa npu OSR = 64 kp; 3,8
Wurerpansusiii ko3¢ duipent, B/(A-c) | «dsicTporoy» perymsaropa toka mpu OSR =16 & 0,25-100
peryisitopa Toka ipu OSR = 32 &y 0,18-10°
«MEJJIEHHOTO» peryiaTopa Toka npu OSR = 64 kj 0,11-100
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MprMeHeHne 06paTHON CBA3M NEPEMEHHOM TOYHOCTM OJ151 MOBbILLEHWS ObICTPOAENCTBIMSA KOHTYypa ToKa. ..
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Puc. 8. Peakuus MennenHoro (a) u anantuBHoro (b) perynsatopos Ha JIUM-curnan. 3aganue Toka (KpuBas ToxyOO0ro 1BeTa)
¥ oOparHas CBs3b (KpHBasi OPaHKEBOTO IIBETA)

Fig. 8. Chirp signal response of slow and accurate current controller («) and adaptive current controller (b): blue — current reference;
orange — actual current

3aJaHHoro curHana okoso 13 xI'm. J{ns aganTuBHOTO pe-
TyIsITOpa TOKa TaKoe XKe OClIablieHHe peaii3yeMoro Toka
OTHOCHTEINBHO 3aanust B 1/72 6110 noctrayTo 3a 0,009 ¢
npu BxojnHoH yactore 27 k['1. B nanHOM 3kcnepuMeHTe
MOKa3aTeI MPEeIOKEHHOTO PElIeHHs OKa3aJuCh B J1Ba
pasa BbIlIE, YeM y CTaHIapTHOTO PEryisTopa.

3akjioueHne

B pabore mosry4ueHo, 4TO ¢ yBEIMYEHHEM YaCTOTHI
KOMMYTAlUN YCTPOHUCTB C MIUPOKOW 3alpeleHHON 30-
HOH BIIMSIHUE 33/IEPXKEK B CHCTEME YIIPABICHHS MEHSETCSI.
[IpeobnanaBias paHHEe 3a7CpKKa, CBA3aHHAS C OIPaHU-
YEHHOW 4acTOTOM IIMPOTHO-UMIYJIbCHOW MOAYISILUU B
CHJIOBBIX IIPE0Opa30BaTENsIX, OKA3bIBAETCSI MEHbIIE, YeM
3aJiepKKa B yNPaBICHUH U U3MepeHuu Toka. CrenaH Bbl-
BOJI, YTO TPATUIMOHHBIN MOAXOA K CHUHTE3Y PEryasiTOpoB
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TOKA HE MOXET 00eCIIeUnTh ONTHMAJIBHYIO padoTy KOHTypa
TOKa.

[IpennokeH afanTUBHBIA PETYIATOP TOKA, KOTOPHIH
M3MEHSIET CBOM KOX(P(UIMEHTHI B 3aBUCHMOCTH OT OIIHOKH
MEX/Ty 33/IaHHBIM 1 (DaKTHYECKUM TOKOM, a TaK)Ke HacTpa-
MBAaeT TOYHOCTb M BPEMsI U3MEPEHUsI OOPAaTHOW CBS3HU I10
TOKY, OIy4aeMO ¢ MOMOIIBIO IIIYHTOBOTO JaT4MKa TOKa
n AX-monynsumn. Takoit crioco0 yrpaBieHus 3HAYUTEIEHO
TTOBBIIIACT OBICTPOACHUCTBHIE KOHTYpa ToKa. /i1 KOHKpeT-
HBIX NTAPaMETPOB MPUBOJIA B J[BA Pa3a YIIy4IIEeHbI KaK BPEMS
PEryIpoBaHMs, TaK M 9aCTOTa Cpe3a KOHTypa TOKa.

OmnucaHHbIe PE3yNbTaThl MOTY4YEHbl HA BUPTYaIbHOU
MOZEIN 3JIeKTponpuBoja. JlanpHeinue ucciie1oBaHus
OyIoyT HampaBIeHbl Ha SKCIIEPUMEHTAIBHYIO TIPOBEPKY
MIPEJIaraéMoro peryiasTopa ¢ ucnonb3oBanueM GaN cep-
BOIIPUBO/IA C CUCTEMOM yIIpaBlIeHHs Ha IPOrpaMMHUpPyeMOit
JIOTUYECKOW UHTETpaIbHOMN cXeme.
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AHHOTaNMS

Ipexmer ncciienoBanusi. MeTonaMy YHCICHHOTO MOJACIUPOBAHHS HCCIIEI0BAaHA 3aKOHOMEPHOCTD Iu(pdy3nOHHBIX
MPOIIECCOB B PEAKIIMOHHBIX THUIVISX CHCTEMBI JKEJI€30—0JI0BO MPH UX AEKTPOTEpMHUUECKOoil 0OpadoTke. M3yueHo
BJIMAHME IJIOTHOCTH TOKA U TEMIIEpaTypbl Ha MPOIECCHl TEMJIO- U MaccolepeHoca B peakiMoHHo# 30He. MeToa.
UucneHHOE MOJEIMPOBAHNE BBHIIOJHEHO METOJOM KOHEYHBIX 3JIEMEHTOB. PazpaboraHHas MOIeIb OMUCHIBACT
MEXaHHYECKHE, TCIUIOBBIC, DJICKTPHUYCCKHE U XUMUYECCKHAE MPOIIECCHI MIPH AIEKTPOTEPMHUUECKON 00pabOTKe CHCTEMbI
JKEIIe30—0JI0BO B PEAKIIMOHHOM THIVIC C YUETOM PacIpeIeiICHUs] KOMITOHEHTOB MPU Pa3IMYHBIX YCIOBUSIX 00paOOTKH
peakinoHHoro TUrist. OCHOBHBIE Pe3yabTaThl. BHIMOIHEH CPaBHUTEIBHBII aHAIN3 PACUETHBIX JaHHBIX 10 AU(DY3uu
0JI0Ba B JKEJIE€30 B YCIOBHUSIX JIUTEIBHOTO BO3JCHCTBUS BBHICOKHX TEMIepaTyp 0e3 MPHI0KEHHs dJISKTPHUUECKOro
HaIpsDKEHUs. M [IPU HAarpeBe PEeaKIMOHHOM 30HBI 33 CUET MPOIMYCKAHUS IEKTPUUECKOrO TOKA BBICOKOW TIOTHOCTH.
[lonydena kapTrHa pacrpeeTIeHUs] MACCOBBIX JI0JICH KOMITOHEHTOB B 3aBUCHMOCTH OT BHJa Bo3AelcTBus. OnperneneHa
rTyOMHA IPOHUKHOBEHUS B3aMMOICHCTBYIOIIMX KOMIIOHEHTOB U BBITIOJTHEHA OIEHKA WHTECHCHBHOCTH MPOTEKAHUS
MaccOOOMEHHBIX TPOILECCOB. YCTAHOBJICHBI 3aKOHOMEPHOCTH TETNIOMACCONEPEHOCa B CUCTEME JKEJIEe30—0JI0BO TIPH
M3MEHEHUH HavyaJIbHBIX TApaMeTPOoB Ipoiecca. Bepudukanus Moear poBe/ieHa MyTeM COIIOCTAaBICHHUS PE3YJIbTaTOB
MOJICITUPOBAHUS C IAHHBIMH HATYPHBIX SKCIICPUMEHTOB Ha KOHTPOJbHBIX oOpasiax. [IpakTuyeckasi 3HAYHMOCTb.
Pesynbrarhl ucciie0BaHU MOTYT OBITh MCIOJIB30BAHBI MPU MPOTHO3MPOBAHUHU YCIOBUU MOTYUCHHUS HOBBIX
(YHKIMOHATIBHBIX MaTePUAJIOB.
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Abstract

The diffusion processes regularity in the reaction crucibles of the iron-tin system during their electrothermal treatment
was studied by the numerical simulation methods. The effect of current density and temperature on the processes of
heat and mass transfer in the reaction zone has been studied. Numerical simulation was performed by the finite element
method. The developed model includes mechanical, thermal, electrical and chemical processes during the electrothermal
treatment of the iron-tin system in the reaction crucible, taking into account the distribution of components under various
processing conditions of the reaction crucible. A comparative analysis of the calculated data on the diffusion of tin into
iron under conditions of long-term exposure to high temperatures without the application of an electric voltage and
when the reaction zone is heated by passing a high-density electric current is performed. A picture of the distribution
of mass fractions of components depending on the type of impact is obtained. The penetration depth of the interacting
components was determined and the intensity of the mass transfer processes was assessed. The regularities of heat and
mass transfer in the system of iron and tin with a change of the process initial parameters are established. The model was
verified by comparing the simulation results with the data of full-scale experiments on control samples. The research
results can be used to predict the conditions for obtaining new functional materials.
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BBenenue

B Hacrosiiee BpeMs BeieTcsi OMCK HOBBIX MaTepHaioB
JUIS. TBEPAOTEIBHBIX MPeoOpa3oBaTeseil MeKTPHIeCKOM
SHEPTUU U TEXHUYECKHX PELICHUH, OCHOBAaHHBIX HA aJlb-
TEpHATUBHBIX d(ppeKrax (Hanpumep, aHoMaIbHbIE TEPMO-
MarHuTHble YPQPEKThI, HETMHEHHbIE TEPMOIIEKTPUUYECKUE
sinenus) [1, 2].

Bo3HHKHOBEHHE HCCIIEI0BATENBECKOTO HHTEpEca K 3TOH
cucreme 00ycJIOBIEHO OOHApyKEHHUEM Yy psijia coelnHe-
HUI BBICOKHMX 3HaueHHU aHOMaJbHBIX dddekToB Xoa
u HepHcra, a Taroke HamgueM (a3, IepCleKTHBHBIX IS
HCIIOJIb30BAHMUS B KAYECTBE MMOCTOSHHBIX MarHuToB [3].

Cucrema xe51e30—00BO UMeeT OOJIBII0e KOJTUIECTBO
HHTEPMETAITIMYECKUX COSTUHEHUN MePCIIEKTHBHBIX JIs
HCIOJIb30BAHNUS, KAK B KaU€CTBE TEPMODICKTPUYECKUX
MarepuasoB, Tak U IJIsi U3TOTOBJICHUSI MAarHUTOTBEPbIX
Matepuanos [4].

[Touck HOBBIX (ha3 1 pa3zpaboTka TEXHOJIOTHH UX TIOJTY-
YEHUSI MOXKET IIPUBECTHU K ITOJTYUEHHIO BHICOKOI(D(PEKTHB-
HBIX MarHUTHBIX YCTPOWCTB M IpeoOpa3oBaresiell SHEprHy,
HCIIONIB3YIOUIMX B CBOEH paboTe MOonepeyHblid TepMoMar-
HUTHBIH d¢dexT HepHera.

Jis 53 PeKTHBHOTO MTOMCKAa METAaCTa0MIBHEIX (a3 co
CTPYKTYpOH U CBOMCTBaMM, OTIIMYAIOLIUMHUCS OT IOTY-
YEHHBIX TPaJAWLUOHHBIMH METOAAMU CILIABJICHHUS KOM-
MIOHEHTOB, IIPUMEHSAIOTCS METObI KOMOMHATOPHOTO aHa-

nu3a cucteM. [logBox Temna K peakMOHHOW 30He MOXKET
OBITH OpraHMn3oBaH pa3JIMYHBIMU MCTOAAMU, TAKUMU KaK
WHUNMHUPOBAHUE PEAaKLUU IFOPEHUS IIPU caMopacIipo-
CTPaAHSIOIIEMCS] BBICOKOTEMIIEPATYPHOM CHHTE3€ WM
MPSIMBIM HarpeBOM PEaKIMOHHON 30HBI AJIEKTPUICCKUM
TOKOM [5, 6].

B MOMCKOBBIX MCCIIEIOBAHKSAX OTHUM U3 METOJIOB TOJTY-
YEeHUsI HOBBIX (pa3 sIBISETCS TEXHUKA PEAKIIMOHHBIX THIVICH
[7]. IIpomecc ocymiecTBIAETCS ITyTEM IPOITYCKAHUS dJICK-
TPHYECKOTO TOKA Yepe3 HAXOIAIMINICS B 3aMKHYTOH (hopme
obpaszer [8]. B xoxe anekTpoTepMudeckoil 00padoTKH TeM-
reparypa peakuUuOHHONW 30HbI JOCTUTAET 3HAYCHUH, PU
KOTOPBIX COJICPIKUMOE THIJIS IIEPEXOIUT B KUIAKOE COCTOSI-
HHC. HpI/I 9TOM Marepuall, U3 KOTOPOro U3roToBJICH THUI'CJIb,
ocraercsi B TBEpIIOM cocTosiHuK. Ha rpanuie Mexy pac-
TUIABOM U TEJIOM THUIJISI TIPOMCXOANT TBEPIO-KuaAKo(DazHast
peakiys. [TomydeHHBIH TpaiueHT KOHIIEHTPALIH YCKOPSIET
dhopmupoBanue coequuaeHui [9]. JlaHHBIH poriece MOXKET
ObITH MOAN(HUIMPOBAH ITyTEM IIPUMEHEHHS AEKTPUIECKO-
TO TOKa BBICOKOH MIoTHOCTH. [Ipn 3TOM (hazooOpazoBanne
B I PY3HOHHON 30HE TUTIIS COIMPOBOKIAACTCS TAKUMHU
s dexTaMu KaKk TEIUIOBOE paciupeHue, nupdy3HoHHbIe
TMpoIIeCcChl (KOHICHTpaoHHas tuddy3us, 6apomuddysus,
tepmoauddysust u snekrpoauddysus nonon) [10, 11].
YcnoBusi, Ipu KOTOPBIX MPOXOAUT 00paboTKa, B 3TOM
cilyyae OTJIMYHBI OT YCJIOBHU (popMupoBaHus (a3 myTem
CIUIABJICHUS PEareHTOB B 33J[aHHOM ITPOTIOPIHH.
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MopenunposaHue anddy3MOHHbIX MPOLLECCOB NPU S1EKTPOTEPMMYECKON 06paboTke peakLMOHHBLIX TUTNEN. ..

Temneparypa 00pab0oTKM — OAMH U3 BaKHEWNINX T1a-
paMeTpoB, OKa3bIBAIOIIMX BIUsIHUE Ha (hopMupoBaHue (as.
3HaueHHe TeMIEepPaTypsl B PEaKLIMOHHON 30HE 3aBUCHUT
OT YCIIOBHI 2JIEKTPHUYECKOTO HarpykeHus. TpebGyembre
3HAUEHUS] PA3HOCTH IMOTEHIIMAJIOB, a TAK)KE 3HAYCHUS T0-
JIy9JaeMbIX TEMIEPATyp ¥ JaHHbBIE IO MACCOOOMEHY MOTYT
OBITh MOJTyYEHBI ITyTEM MaTEMaTHIECKOTO MOJICTUPOBAHHSI.

Henps nanHO# paboOTH — HM3y4YeHHE MPOLECCOB Mac-
corepeHoca B 00beMe peakIMOHHOW YCTaHOBKH MPH 00-
pa60TKax CHUCTEMBI IPSAMBIM HAarp€BOM M 3JICKTPUYCCKUM
TOKOM BBICOKOM MJIOTHOCTH.

MopennpoBanue npomecca

T'eomeTpust Mmogesu. YcTaHOBKA JUIsl IPOBEIECHUS CHH-
Te3a (puc. 1) mpenacrapiseTr co0oi BaKyyMHYIO KaMepy co
CTaJIbHBIMHU CTEHKaMH. BHYTpH KaMepbl MKy CTaTbHBIMH
anekTponamu /, 6 (puc. 1) pa3MeriieH 3akperieHHbIN Tpa-
(bUTOBBIMHU BCTABKAMU PCAKIIMOHHBINA TUTE/b 3 IHJIHHIPHU-
yeckoll (hopmbl. THresb 3armojgHeH KOMIIOHEHTaMH HCClle-
JyeMoi (a30oBoii auarpamMmbl (00pasell, BBIMOIHCHHBIH U3
onoBa 4). OTBoJ Teru1a OT KaMepbl HPOMCXOJIHT C OMOIIBIO
BOJISTHOTO OXJIQXK/ICHUSI.

Meton n matepuaisl. [Iponecc mopenmupoBanus mpo-
W3BEJICH B PCAKIIMOHHOM THUIJIC, BEITIOJIHCHHOM U3 JKe-

VA

Puc. 1. Teomerprudeckas MOJENb YCTAHOBKH: /, 6 — BEpXHUH
Y HIDKHUAHN CTaJbHBIE AIEKTPOIBI; 2 — Tpa(UTOBBIN ITyaHCOH;
3 — peaKUMOHHBIN TUrelNb; 4 — peakMOHHAas 30Ha,
3aI0JTHEHHAS 0JIOBOM; 5 — IIYaHCOHBI, BBITIOJTHCHHBIC U3
rpadura; Z — BepTHKaJIbHAS OCh; ' — TOPU30HTAIBHAS OCh

Fig. 1. Geometrical model of the installation: /, 6 — upper and
lower steel electrodes; 2 — punch, made of graphite;
3 — reaction crucible; 4 — reaction zone filled with tin;
5 — punches made of graphite; Z — vertical axis; r —
horizontal axis

Je3a. B Turess momMeieHo ojioBO B TBEPIOM COCTOSHHH.
DJeKTpUYecKoe Harpy)keHHE OCYIIECTBISIETCS ITyTeM I10-
Jlauu 3JIEKTPUYECKOr0 HAINPSDKEHUSI MEKIY BEPXHUM U
HIDKHIM 2J1eKTpozamu. [1os Bo3aelicTBHEM MTPHIIOKEHHOTO
ANMEKTPUICCKOTO HANIPSHKCHUS Yepe3 peaKIMOHHBIN THUTEeITh
MIPOTEKACT AEKTPUICCKUN TOK. 3a CUCT BBIICIICHHS IKOY-
JIeBa TETUIa TIPOUCXOANUT HATPEB THIVIA U IJIABJICHUE OJIOBA.
DTOT MPOIIECC COMPOBOKAACTCS HHTEPIUPy3neii xKeme3a
u onosa. Jlndy3noHHBIN IIPOIIece CTUMYITUPYETCS TEeTIo-
BbIM BO3JICHCTBHEM, OJTHAKO HEMAJIYIO POJIb B IIpOIecce
UTpaeT EKTPOMHUT ALKt HOHOB [12].

CBoiicTBa MaTepualoB, HCIOJIb3YEMbIX B Ipoliecce,
NpUBE/CHBI B Ta0M. 1.

Jliist onucaHus TeMIepaTrypHbIX 3aBUCUMOCTEN Kod(-
(PMLIMEHTOB TEIUIO- U AJIEKTPOIPOBOAHOCTH HCHOJIB30BAHEI
nmauuble [13-19]. 3naduenus xodddunmentor nuddysun
JKele3a U 0JIOBa, U TeMIIepaTypHBIC 3aBHCUMOCTH B3SITHI
u3 pador [20, 21].

MaremaTudeckasi MoeJlb npomnecca

OrnpenenauM ClIeayonue MepeMeHHbIC: MOJIe TeMIIe-
paTypsl, INIOTHOCTh TOKA U KOHIICHTPALIUIO KOMIIOHCHTOB.
[MoyuuM ypaBHEHUs, UCTIOIB30BAHHBIC JIJIST OMHCAHUS
(hU3UUECKUX MPOIECCOB MPU PEAKIIUOHHOM CHHTE3E.

Jluist onucaHust 3MEKTPUIECKUX MPOIECCOB MPUMEHUM
3akoH Oma:

J=0,E,

e

e 6, — KO QUIMEHT 31eKTponpoBoaHocTH; E — Bek-
TOP HANPSDKEHHOCTH HIIEKTPUYECKOTO MoJIst; J — BEKTOp
TUIOTHOCTH TOKA.

3aKOH COXpaHEHHUS IEKTPUUECKOTO 3apsija;

divJ = 0.

JUiIsl OIHCaHus TEINIOMAaCCOOOMEHHBIX MPOLIECCOB HC-
MOJIB3yeM:
— ypaBHEHHUE TEIIOBOTO OanaHca:

or .
pC,— +divg=0,
ot

rie p — MI0THOCTh; €, — yjenbHas u300apHas TeIo-
e€MKOCTB; { — BpeMs; () — HCTOYHHK JDKOYJIEBa TEIUIA;
T — aOcoroTHas TEMIEparypa;  — BEKTOp MIJIOTHOCTH
TETIOBOTO MOTOKA;

— 3akoH Dypse:

=-—«VT,

e K — K0d(h(HUIHEHT TeIUIONPOBOIHOCTH;

— 3aKOH COXpaHEHHUS MacChl st onucanus auddysn-
OHHBIX MPOIIECCOB, MOCIEIHEE CllaraeMoe KOTOPOTo
YUUTBIBACT JJICKTPOMHUIPALIUIO HOHOB:

J=-D(T, p)Vc —zuFc,

e J, — madysuonnsiii notok; (7, p) — koo purment
muddy3nn, Kak GYHKINS OT TEMIIEPaTypsl U JaBICHUA p;
¢ — MOJISIpHast KOHLIGHTPALMS KOMIOHEHTA; z — 3apsio-
BOE YHCJIO; 4 — IOABMIKHOCTb HOHOB; /' — KOHCTaHTa
®dapanes paBHas 96485,33 Kn/morb.
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Tabnuya 1. CBOWCTBa MaTepHAIOB, BXOIAIINX B COCTaB YCTAHOBKU

Table 1. Properties of materials used in the installation

Marepuan
CaoiicTBO
Keneszo Onoso I'papur Cranb
[lnoTHOCTS p, KI/M3 7850 [11] 7310 [11] 1870 [12] 7740 [14]
Vienbuas nzobapuas rernoemrocts Cy,, b/ (krK) 449 [13] 230 [13] 714 [15] 4620 [14]
Koapuument temosoro pacmupenus o-10-6, 1/K 11,5 [11] 23,4 [11] 4[16] 14 [14]
Monyns FOura Ey, I'Tla 212 [11] 48,3 [11] 10[12] 200 [14]

s onucaHyus MEXaHUYECKUX MPOLECCOB C YUYETOM
TEIUIOBOTO paclIUpPeHHs MPUMEHUM 3aKkoH ['yka:

A
c=EY7[+(x(T—TO),

e G — HOPMaJIbHOE HANPSDKCHHUE B ITOTIEPEYHOM CEUCHH;
Ey — monynb FOHra; — — OTHOCHTENBHOE YIIMHEHHUE;

0 — K03 HUILHMEHT TEIIOBOro paciupenus; 1) — Hadab-
Has TemIeparypa.

Fpalmqmﬂe Ycii0BHUSA TEIIOBBIX ITPOIECCOB

ITpumem, uTo HavanpHasA Temneparypa 7 BCEX JIeMeH-
TOB YCTaHOBKH paBHA TEMIIEPAType OKPYKAIOLIEH CPeabl
T,.» =293 K. Bo Bpems mpoBeeHMs IPOLECca CUHTE3a
CHUCTEMA BOAAHOT'O OXJIAXKACHUA TOAACPKHUBACT TEMIICPATY-
PY BEpXHEH IMOBEPXHOCTH BEPXHETO JIEKTPOA U HUKHEM
MOBEPXHOCTU HIKHETO AJIEKTPOJIA, PABHYIO TEMIIEpaType
OKpY>KaroIlei cpesibl.

Ha OoxoBo#i MMOBEPXHOCTH JieTalIell YCTAaHOBKH TIpH-
MEHEHO I'DAHWYHOE YCIIOBHE JIyUYHCTOTO TeIIoo0OMeHa,
ornuceiBaeMoe 3akoHoM Creana—bonbimana:

—nq = SGCE(T;mb - T14)a
rie 6cp — KoHcTaHTa Credana—bonbimana; € — koad-
¢unuent yepHotsl; 7, — TeMIepaTypa OKpYKaroleH
cpenpl; T} — Temreparypa HOBEPXHOCTH TeNa; N — BEKTOP
HOpMaJIU K IIOBEPXHOCTH.

3HaueHue HIEKTPUIECKOTO ITIOTSHIIMANA () TOPILA HUX-
HETO0 3JIEKTPO/ia MPUHATO PABHBIM HYy0. JIst co3manus
NEKTPUYECKOTO HATPYXKEHMS K BEPXHEH rpaHuIIe BEPXHETO
UIEKTPO/Ia HEOOXOIUMO MPHUIIOKNUTE NIEKTPUIECKHUH TO-
TEHIHAI (). DIEKTPHUUECKOE HAMPSIKEHHE HA yCTAaHOBKE,
JEeNCTBYIONIEE B IIPOLIECCE CUHTE3A, paBHO U = @) — ;.
Buemaue 60KOBbIE MOBEPXHOCTH YCTAHOBKH JJIEKTPOH-
30JINPOBAHEI.

IIpu 3anaHuu rpaHUYHBIX YCJIOBUM MEXAHUYECKUX IIPO-
1ECCOB MPUHSTO, UTO HUXKHSSA MOBEPXHOCTh YCTAaHOBKHU
MEXaHNYECKH JKeCTKO 3adukcupoBana. K Topiy BepxHero
aJIeKTpoja npunoxeHo nasnenue 1 MPa. Bee ocTtanbhbie
MTOBEPXHOCTH MOTYT CMEIIATHCSI CBOOOJTHO.

B kauecTBe rpaHWYHBIX YCIIOBHH MPH OMHMCAHUN ANU(-
(Dy3MOHHBIX ITPOLIECCOB M3BECTHO, UTO COZICPIKAHNUE JKeIIe3a
nepes HadajuoM mpoiecca B Turie cocrasmio 100 %, a
BHYTPEHHHMI 00BEM THUIJIS MIOJTHOCTBIO 3aII0JIHEH OJIOBOM,
HE co/ieprKaluM IpuMecei.

OcHOBHBIE pe3yabTaTbl MOACJIUPOBAHUSA

VccnenoBaH npouecc aIeKTponepeHoca B yCTaHOBKE C
TCOMETPUUCCKAMU XapaKTCPUCTHKAMU (Ta0I. 2).

Paccmotper nuddy3noHHBIN mpotiece B ABYX PEKHU-
Max: TIOJ] BO3ICHCTBHEM Teruia 0e3 PHIIOKEHHS IEKTPU-
YECKOTO HAMIPSHKCHUS U B YCIIOBUSAX HarpeBa PeakInOHHON
30HBI JDKOYIIEBBIM TETIJIOM.

B nepBom cityuyae npu 3a1aHHOM TEMIIEpPAType pa3HOCTh
MOTEHIIMATOB MEXKTy BEPXHUM U HIDKHUM AJICKTPOJAMHU
paBHsIack HyJ0. Temmneparypa Bcex Jeranedl yCTaHOB-
ku — 1073 K. JlanHoe 3HaueHHe — TemImeparypa mpo-
BE€ACHHA OCHOBHBIX HATYPHBIX OKCIICPUMEHTOB C LICJIBIO
MOJTY4YEHNUs IePCIEeKTUBHBIX MaTepHajos [6].

Bo BTOpOM cilydae Kk BEpXHEMY IEKTPOLY MPUIIOKEH
9IEKTPUYECKUNA TOTEHIIUAN, TIPU 3TOM HUKHHUH 3IIEKTPO]T
3a3eMileH. DNEeKTPUUECKUM TOK, MOJy4YeHHBIN moj nei-
CTBHEM DJICKTPHICCKOTO HaNpshKEHHs U, BBITTOTHIIT HATPEB
BCEX JIeTalIei yCTAHOBKH JI0 OTIPEICIICHHON TeMITEPaTypHI.
J11s BBIABNICHUS BIUSHUS HANPSDKCHUS HA PacIpeeiCHIe
TEMITEpaTypbl © MACCOOOMEHHBIE TTPOIIECCHI HCIIONb30BAHBI
snHauenus U pasuwie 0,3; 0,7; 1; 1,4 B.

Ilon nelicTBUEM 2IEKTPUUYECKOIO TOKA, IPOTEKAOLIETO
gyepes3 JIeTalu YCTaHOBKH, IPOUCXOIUT Pa30rpeB peakiu-
OHHOM 30HBI JXKOyJeBbIM TermioM. [Ipu 3ToM nporeccsl
TG Qy3nN 3HAUNTEIFHO YCKOPSIFOTCS 32 CUET BKJIada OT
3JIEKTPOMUTPALIUY.

PazorpeB peakunoHHOM 30HbI IPOUCXOIUT 3a MEPBHIE
MUHYTHI (prc. 2). Jlanee Temmeparypa peakiiMOHHOH 30HBI
CTA0WIH3UPYETCS U TMOJACPKUBACTCS TMPAKTHISCKH I10-
CTOSTHHOH. DTO CBsI3aHO C (POPMHUPOBAHUEM TEILTOBOTO
PaBHOBECHS MEKIY DKOYIICBBIM HATPEBOM U OXJIYKICHIEM
ITyTeM TeIUIOTIepeiadl U U3TyICHHUS.

Cpennue 3HaYeHUS MIOTHOCTH TOKa B PagHaIbHOM
CEUYEHUH U TIOCTUTaeMas TEMIIEpATypa MpHU NPHUI0KEHUN
Pas3iIMuHbIX HANPSOKEHUI TIPUBEACHBI B TA0I. 3.

Tabnuya 2. I'eoMeTpUUeCKHUE XapaKTEPUCTUKU MOJICIIN
Table 2. Geometry of the model
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DJIeMEHTBI MOIETH d, MM h, MM
BepxHuii u HIXKHUIA CTallbHBIE dJIEK- 19,2 15,0
TPOIIBI
I'paduroBbIe MyaHCOHBI 6,0 6,0
PeaknuoHHEIN THTCITb 10,0 15,0
Brytpennuit 00beM TUIIIS, 3aIIOTHEH- 6,0 9,0
HBIH OJIOBOM
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Fig. 2. Change in the average temperature of the reaction zone
versus time at various voltage values

Tabnuya 3. 3na4eHus MIOTHOCTU TOKA MPH 3aJIaHHBIX
3HAYCHUSIX PA3HOCTH MOTEHIIHAIOB

Table 3. Values of current density for given values of potential

difference
U, B IInotHOCTH TOKA J, MA/M? T,K
0,3 0,6 330
0,7 1,2 469
1 1,5 632
1,4 2,7 1073

Bruimonaum popmupoBanune aup@y3MOHHOTO CIIOS
TIPY BO3AEHCTBUH NIEKTPHUUECKOTO TOKA TIPH HANPSKEHUH
1,4 B, Tak Kak B 3TOM Clly4yae B pEaKLIMOHHOW 30HE JOCTH-
raercs Heooxoammas Temrieparypa 7= 1073 K.

[IpoBeneM aHamM3 U3MEHEHUS! KOHLIEHTPALUU OJIOBA
B JKEJIC3HOM THUIJIE IIPU PA3IUYHBIX YCIOBHIX CHHTE3a.
Paccunraem namenenus 3 pekTuBHON TOMIMHBL AUDDY-
3HOHHOTO CJIOSL B THIVIC d o (CIIOSL € COLCPIKAHUEM OJI0BA

0 10 20 30
Bpewms, u

40 %) ot mmuTenbHOCTH Tporecca. [lomydnm, 4To 3¢-
(exTuBHOCTD 1M HY31HU MOBBIIACTCS IPH BO3JCHCTBUM
IEKTPUUECKOTo HanpspkeHus (puc. 3). Paccunrannoe mo
saxoHy DrKa 3HAYCHUE d, YBEIUUNBACTCS CO BPEMCHEM
nporiecca (puc. 3, a). I3aMeHeHrne MaccoBOIi 10IH 0JI0Ba B
MIPUTPAHIYHBIX CIIOSX BONH3M TPAaHUIIBI pa3/elia Keae30—
onoBo (Fe—Sn) mokazano Ha puc. 3, b. 3nauenue L =0
COOTBETCTBYET MOJIOKEHUIO TPAHUIIBI paszesa.

Bepudpuxanus moaean

Bepudukanus momenn ocymecTsieHa MmyTeM Coro-
CTaBJICHMS TAHHBIX MOJICIMPOBAHUS M HATYPHBIX SKCIICPH-
MEHTOB, IIPOBEJICHHBIX HAa KOHTPOJIBHBIX 00pasiax. B xone
9KCHEPUMEHTOB BBIIIOJIHEH CHHTE3 00pa3IoB B TEUEHUE
(hUKCUPOBAHHBIX IPOMEKYTKOB BpeMeHN — 3, 24, 120 1.
ITocne okOHYAaHUST KaXKOT0 U3 3KCHEPHMEHTOB, TTOTyYeH-
HBIN KOHTPOJIbHBII 00pa3ert ObLT pa3pe3aH U MPOBEICH aHa-
JIU3 COAEPKUMOI0 METOJAMU CKaHUPYIOLIEH 2IEKTPOHHOMI
MHUKPOCKOIIMY U SHEPrOAUCIIEPCUOHHON PEHTIC€HOBCKOM
criekrpockonuu. Jlannsie o ryoune auddysuu onosa B
JKEJIE30 COMOCTABIISUTICH C KOHIIGHTPAIMOHHBIMHU TPOQHIIS-
MH, TIOJIy9€HHBIMU ITPH MOJICITMPOBAHUY C aHAJIOT HYHBIMH
YCIIOBUSIMH.

OTMeTHM, YTO IIPH PEaKIUHN B 00bEME PEaKIHOHHOTO
THUIIISE TPOMCXO/IAT HECKOIIBKO TPOIieccoB: nHTepauddy3ns
KOMITOHEHTOB THIVISI HA TPAHMIIE PACIIIIABA U CTEHOK TUIJIS,
a TaK)Ke PaCTBOPEHUE CTEHOK THUIVIS B PACIIIaBE.

CKopoCTb pacTBOPEHUSI MaTepHala THIIIS OIpesese-
Ha ’KcnepuMeHTanabHO. [locie 3aBepuieHus mpouecca
00paboOTKN M3yUYeHBI 00PA3IIbI C MOMOIILI0 MHKPOCKOIA
1 MMPOBEACHBI UBMCPCHUSA PACCTOAHUA CABUI'a I'PAHUIIBI.
[Tpoueypsl U3MEpeHUst MPOU3BEICHBI HECKOJIBKO pa3 1o-
ciie 00paboTOK TeMIiepaTypoil u TokoM. Takum 00pa3om,
OblTa U3MEpeHa CKOPOCTh PACTBOPEHMSI MaTrepralia THIVIS
B oJ10Be (puc. 4).

CKOpOCTh PacTBOPEHHS MaTeprasia TUIIISI HEITOCTOSIHHA
Y 3HAYNUTEIBHO YBEIMINBACTCS TIPH BO3/ICHCTBUM EKTPHU-
YeCKOro HampspkeHus. OTMedeHa HEpaBHOMEPHOCTh CKO-

b
: ,”’__-
g 0,8 ,z’ —_7 =10
a Fe //,
5 . TITE]
= ’
S ’,
g /’4
8 ,/ Sn
3 St
2 ,l,
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Puc. 3. U3menenne s dexTrBHOM ToNMKHBL 11((y3HOHHOTO €105t dypr B THIVIE (@) U MACCOBOH 10711 0JI0BA B IIPUTPAHUUHBIX CIOSX

BOJIM3M HWKHEH TPaHHUIIBI PEAKIIMOHHOM 30HBI Y THA THIVIS OT JUIMTEIBHOCTH Tpotiecca (b) MpH pasInYHbIX YCIOBHUSIX: TIPU BBICOKON

TeMmeparype 0e3 IpHIOKeHHs dIeKTprudeckoro HanpspkeHust U = 0 B (kpuBast /); mpu HarpeBe peakMOHHOH 30HBI AEKTPHIESCKUM
tokoM (U = 1,4 B) (kpuBast 2); pacnpezeneHne KOMIIOHEHTOB B Hadase nponecca (kpusast 3). Temmneparypa 7= 1073 K

Fig. 3. Change in the effective thickness of the diffusion layer d, in the crucible (@) and the change in the tin mass fraction in
the boundary layers near the lower boundary of the reaction zone at the bottom of the crucible vs the duration of the process (b)
under different conditions: at high temperature without application of electric voltage U= 0V (curve /); when heating the reaction
zone with electric current (U = 1.4 V) (curve 2); distribution of components at the beginning of the process (curve 3). Temperature
T=1073 K
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Puc. 4. I3MeHeHue ckopoCTH pacTBOPEHUs MaTepuaia
THUIVIS B XOJ€ TIPOLIecca CHHTE3a PU PAa3JIMYHbIX YCIOBHAX
MPOBEJICHHUsI CHHTE3a: IIPH BHICOKOU TemIieparype 0e3
MIPUIIOKEHNUS MeKTprdeckoro Hanpspkenus (U = 0 B)
(xpuBas /); mpu HarpeBe PEAKIIHOHHOMN 30HBI AEKTPUIECKAM
tokoM (U = 1,4 B) y n1Ha 1 GOKOBOI CTCHKH THIJIS
(xpuBsie 2 u 3). Temneparypa 7= 1073 K
Fig. 4. Change in the dissolution rate of the crucible material
during the synthesis process under various synthesis conditions:
at high temperature without applying electrical voltage
(U=0V) (curve 1); when heating the reaction zone with
electric current (U= 1.4 V) at the bottom and side wall of the
crucible (curves 2 and 3). Temperature 7= 1073 K

POCTH pacTBOPEHHMS JKeJie3a B 00bEME PEaKIIMOHHOM 30HBI.
Tak, cKOpOCTb pacTBOPEHUsI AHA TUIVISI TIPH HANPSKEHUN
1,4 B mpumepHO B /iBa pa3a BBIIIE CKOPOCTH PACTBOPEHUS
OOKOBOI1 CTEHKH ITPU TOM K€ HAIPSHKEHUH. DTO TOBOPUT O
HaIPaBJICHHOCTH MacCOOOMEHHBIX MPOIECCOB M TOKa3bl-
BaeT, YTO pacTBopeHne u AudQy3us JHA TPOXOAIT Oosee
WHTEHCUBHO, Y€M Y CTEHOK.

CpaBHeHHE pe3yIbTaToOB HKCIEPUMEHTA U MOJIEIHPOBA-
HUSI TIPE/ICTaBIICHBI B Ta0. 4.

ComocTaBneHne pe3ysbTaToB JaHHBIX CKaHUPYIOMEH
SJEKTPOHHON MUKPOCKOIUU U YHEPTrOAUCIEPCUOHHOMN
PEHTTCHOBCKON CIIEKTPOCKOITUH C JaHHBIMU MOJIEJINPOBa-
HUSI TIO3BOJIMIIO Y/IOCTOBEPHUTHCS B 000CHOBAHHOCTH TIOJTY-
YEHHBIX Pe3y/bTaToB. PacXoxkIeHne B OLIEHKAX IIyOUHBI
MIPOHUKHOBCHHS OJIOBA B JKEJIE30 HATYPHBIX M MOJCIBHBIX
SKCIIEPUMEHTOB He MpeBbIIaiy 4 %.

OO0cy:xneHne pe3yJibTaToOB

YenmoBus npoBeaeHUsT 00paboTKU U criocod pa3orpena
PCaKIIMOHHON 30HBI BIHAIOT Ha CKOPOCTH TG (HY3MOHHBIX
nporeccoB. IIpu mpoBeneHun mpoiecca 6e3 BO3ACHCTBIS

AIIEKTPUYECKOTO HAIPSHKEHUsSI IIPOUCXOUT mpotiecc anud-
(hy3um kenesa B pacIiIaBI€HHOE OJIOBO U TBEPAOTENIbHAS
muddy3us 00Ba B IPUrPaHUYHBIC CJIOH JKEJIe3a.

Tonmna 3¢ dexTruBHOTO TNPPY3NOHHOTO CIIOSI MeI-
JICHHO YBEITMYHMBACTCSI CO BPEMEHEM, IIPH 9TOM CKOPOCTb
ee pocTa NocTeneHHo ymMeHbliuaercs. [locie 24 1 nponecca
3HaYeHHe YPPEKTUBHON TONITIMHBI THU(PPY3HOHHOTO CIIOS
IIPU CUHTE3€ B YCJIOBUAX BO3/IEHCTBUS BBICOKOM TeMIiepa-
Typbl 03 MPOIYCKaHUs IEKTPHYECKOT0 TOKA JOCTHIAeT
6 MKM.

Tonmura 1udhHy3HOHHOTO CII0s, MojydacMas Mmpu
MIPOBE/ICHUHU IKCIIEPUMEHTOB C HArPEBOM PEaKLMOHHOM
30HBI JKOYJIEBBIM TEIJIOM, YBEIUYHMBACTCS 110 CPaBHE-
HUIO CO 3HAYCHHEM, TIOJIyUYCHHBIM B XOJI€ IKCIIEPUMEHTA
npu Harpese 0e3 MpHIIOKEeHUs HanpsbkeHus. [Ipouecc B
9TOM CIIy4ae CONPOBOXKAAETCS YBEIUYCHUEM TOJIIMHBI
3¢ dexTrBHOTO TU(P(PY3HOHHOTO CIIOS U TIOBBIIIICHUEM CKO-
POCTH pacTBOpeHHMs kele3a B oyiose. [Ipu Bo3neiicTBum
3JICKTPHYECKUM TOKOM, BEJIMYNHA d o/ MOBBICHIIACH JIO
13 MxM™.

Haunboiee MHTEHCUBHO M3MEHEHNE MACCOBOM JOJIH
0JI0Ba TIPOUCXOJUT BOJIM3H IPAHMIbI PEAKIIHOHHOM 30HBI.
MaccoBast J10J1s1 0JI0Ba BHYTPH THIJISI IOCTETICHHO YObIBALT,
B TO K€ BpeMsi [IPOUCXOAUT An(dy3ust 0J0Ba B IPUrpaHY-
HBIC CJIOM JKelle3a U PACTBOPEHUE MPUTPAHUYHBIX CIIOCB
JKeleza B oJjioBe. V3MeHeHHe HaKIIOHA KpUBOi (puc. 2, b)
B CJIydae HarpeBa 30HbI AJIEKTPUUECKIM TOKOM FOBOPHUT 00
YBEJINYCHUH CKOPOCTH MacCOOOMEHHBIX IPOIIECCOB M YCKO-
peHuu Aud(y3uOHHBIX IPOLECCOB, BBI3BAHHBIX BIHSHHEM
ANEKTPONepeHOCa/AMEKTPOTUPPy3Un.

JlaHHBIe, TTOJTyYeHHBIE METOZOM MaTeMaTHYeCKOTO MO-
JeTMPOBAHMS, KOPPEIUPYIOT € pe3yabTaTaMi HaTyPHBIX
HKCHEPUMEHTOB JUIs 00pa3loB, CHHTE3UPOBAHHbIX B aHA-
JIOTUYHBIX YCJIOBHSX. YMEHBIICHHUE CKOPOCTH POCTa TOJ-
KHbBI 9P PeKTHBHOTO (D (HY3HMOHHOTO CII0SI CO BpeMEHEM
CBSI32HO C MOCTENEHHBIM YBEJINYCHUEM TOJIIMHBI CIIOS
MHTEpMEeTaJlIN/ia Ha TPaHuIIe pacriaBa.

[To Mepe yBenMuUEHUs! TONIIMHBI CJIOS, BCE MPOLEC-
cel tudy3un 3aMeIIAIOTCS, 32 CUCT MEHBIINUX Kod(hdu-
ueHToB Auddy3nn B HHTEpMETAIUTH/IC U U3MEHECHHEM
xapakrepa A y3Huu ¢ KUAKO-TBEpAO(Da3HOrO K TBEp-
Jo¢hazHOMy. DTOT IPOLECC TAKKE CONPOBOXKAACTCS U3Me-
HEHHMEM KOHIICHTPALMIi, a 3HAYNUT, YMEHBIICHUEM Pa3HULIbI
XUMHYECKUX MTOTEHIINAJIOB Ha rpaHuIie pa3zaena [22]. Kak
UTOT, MaKCUMaJIbHasi CKOPOCTb PACTBOPEHMS MaTepHaa
THUIJISL JOCTUTAETCsl B CAMOM Hadajie Mmpolecca U 3areM
CHMYKACTCH.

Tabauya 4. 3naueHns rTyOHHBI IPOHUKHOBEHHS 0JI0BA M TEMIIEPATyPhl PEaKIIMOHHOM 30HBI 110 Pe3yIbTaTaM MOJETUPOBAHUS U IKC-
HepUMeHTa

Table 4. Values of the tin penetration depth and the temperature of the reaction zone according to the results of modeling
and to the results of the experiment

Pesynbrar Pesynbrar OTKJI0HEHHE
H3mepsiemast BeInHa o
9KCIIEPUMEHTA MOJEITUPOBAHUS pe3yabTaToB, %

['myOuHa MPOHUKHOBEHHMS OJI0BA MOCIIE TPEX YaCOB BBIICPKKH IIPU TEM- 7,9 7,6 3,8
neparype 1073 K, mxm
['myOuHa POHUKHOBEHHS MMOCIIE TPEX YaCOB BO3MIEHCTBUS MOCTOSIHHOTO 20,8 20,3 2.4
ANIEKTPUUECKOr0 TOKa HanpspkeHuem 1,4 B, MKkm
Temneparypa HOBEpXHOCTH PeaKIIMOHHOH 30HBI, K 1074 1073 0,09
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3akJjoueHne

B pesynbrare mpoBeneHHBIX UCCIEOBAaHNAN pazpado-
TaHa MaTeMaTH4ecKas MOAEIb, ONNCHIBAIOIIAs 3JIEKTPO-
TEPMHUYECKYI0 00pabOTKy PEAKIIMOHHOTO THUIJIS CHCTEMBI
KeJe30—0JI0B0. Bepudukanus Monenu ocyuiecTBieHa
IyTeM CPaBHEHUS MOJIyYE€HHBIX Pe3yJIbTaToOB 10 yOu-
HE NMPOHUKHOBEHUS 0JIOBA B HKEJIE30 U 110 TeMIleparype
C pe3yJibTaTaMH dKCIIEPUMEHTOB Pa3InYHON 00padoTKH.
[TokazaHo, 4TO KOMIIBIOTEPHOE MOJICITHMPOBAHNUE METOIOM
KOHEYHBIX 3JIEMEHTOB CIIOCOOHO C JIOCTaTOYHOH TOYHO-
CTBIO OMHCHIBATh MPOIECCHI MIEKTPOIU(Py3Un B CHCTEME
PEaKIMOHHOTO THIJISL.

MeTo10M MaTeMaTHIeCcKOro MOJICTUPOBAHNS HCCIIETO-
BaHO BIHMSHHUE TTAPAMETPOB 0OPAOOTKH Ha TIOJIE TeMITepaTy-
PBI B pEaKIIMOHHOW 30HE U MPOBEACH aHaIu3 Anuhy3noH-
HBIX ITPOLIECCOB JKEJIe3a 1 0JI0BA B PEAKLIMOHHOM THIJIE TIPH
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Pa3IMYHBIX YCIOBHSIX MpoBeAeHUs 00paboTku. Paccunrana
1yOWHa IPOHUKHOBEHUS 0JIOBA B JKEJIE3HBIM TUTEJb I10]]
BJIMSTHUEM JICKTPHUYECKOTO TOKa M Oe3 Hero.

[Ipu cuHTE3€E B yCIOBHSX JIEKTPHUECKOTO HATPYIKEHUS
BO3pacTarT ckopocTh auddy3un u tommmuHa ) HEKTHB-
HOTO CJIOSl. DIIEKTPHYESCKUI TOK OKa3bIBaeT pellarolee
BIIMSHUE Ha TIyOWMHY IPOHMKHOBEHUS aTOMOB, a TaKiKe
3HAYUTEIHHO YCKOPSET BCe Mporeccsl Auddy3nn u pac-
TBOPEHHUS BHYTPH PEAKIIMOHHOTO TUIVIAL.

Mozenb MOKET ObITh MCIIOJIB30BAHA MPH CO3JJAHUHU
peKOMeH a1t 110 BEIOOPY HaYaJIbHBIX IIapaMETPOB IPOBE-
JCHYS CUHTEe3a HHTEPMETAJIIMIOB XKeJe3a U 0JI0Ba.

PazpaboTtanHas MOJeIb MOXKET ObITh PACIPOCTPAHEHA
Ha aHaJIM3 MPOIECCOB JIEKTPOTEPMUUYECKUX 00padOTOK
JPYTHX CHCTEM, YTO MOMOXKET YCKOPUTH 10100p Hayallb-
HBIX YCIIOBHI MPOTEKAaHHs POLIECCOB.
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