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AHHOTaHHﬁ. AKmyaJleOCI’I’lb u yeiau. AKTyaHbHOCTb HUCCJICA0BAaHUA 06ycn03neHa TEM, 4YTO CEroJHsa OJHNH
u3 Han6onee CEPBE3HBIX (byH}laMeHTaﬂbeIX BbIZOBOB 1JIsI TCXHOJIOTHYECKUX KOMITQaHUH — 3TO TO, 4TO l'IOTpe6HOCTI/I
B BBIYUCJIUTEIBHBIX MOIIHOCTAX IMOCTOAHHO PACTYT. Bu3Hec-cpe,ua BCEC 6bICTpee npn6ny1>1<aeTca K HOBOH BBIYHCIIU-
TEIBHOMI napaaurme. OI[HI/IM 13 OTBETOB Ha 3TOT BbI3OB MOT'YT CTAaTh KBAHTOBLIC TCXHOJIOTHUH. L[em, HCCJIICJOBAaHUA —
OLICHKA TEKYHLICIr0 COCTOSAHUA KBAHTOBBIX BBIUMCIIEHUH U OIIpPEACICHUEC HAllPaBJICHUA PAa3sBUTUA 3TOIO HAIlIpaBJICHUS,
a TaKXKeE HpeHSITCTBI/Ifl u Or‘paHI/I‘leHI/Iﬁ MNPUMCHCHHS KBAHTOBBIX TEXHOJIOTH. Mamepuaﬂbl U Memoobwl. 3MHPIpPI‘I€CKOI>i
Oazoii HCCICOOBAHUSA TTOCITYKHJIN UCCIICAOBAHUA NHCTUTYyTAa NCKYCCTBEHHOTO MHTECIIJIEKTA AlRl, a TakKKE€ HCCJIICI0Ba-
aus CaixaBank, TotalEnergies, Quantinuum asropos B. G. Ibrahimov, A. O. Orujov, A. H. Hasanov, K. M. Tahirova
B crathe «Research and analysis efficiency fiber optical communication lines using quantum technology». Pesyismamet.
B JaHHOM HCCJIECNOBAHUU MPEACTABICHO I'NIaBHOE MPEUMYIIECTBO KBAHTOBBIX BBI‘JPICJICHI/Iﬁ, OTMCYACTCA, UYTO OHHU OC-
HOBaHBbI COBEPIICHHO HA APYTUX IIPUHOUIIAX, YE€EM TPAAULIHOHHBIC, 1 6y,£[yT HCIIOJIb30BATh CO6CTB€HHy}0 arrapaTHyro
W MaTeMaTudeckyro 0a3y. [IpencraBieHbl pe3ysbTaThl UCCICAOBAHHMNA M SKCIICPUMEHTOB B O0JIACTH KBAHTOBBIX BbI-
YHCIICHUH, IOCTUTHYThIE HEQTAHbIMU KoMmmaHusMu. [IponenanHas paboTa M HaKOIJICHHBIH ONBIT MO3BOJIMIN Ccop-
MYJIUPOBATh KIIIOUYECBBIC BbI3OBbI PA3BUTHUA KBAHTOBBIX BBIYKCJICHUHN B UHAYCTPpHUAJIbHBIX KOMIIAHUAX. Bbleoabl. HpaK-
THUYECKasds 3HAYUMOCTb JAaHHOI'O HCCJICIOBAHHA 3aKIHOYA€TCA B TOM, 4YTO IIO3BOJIUT 6I/I3HCC-COO6IIIeCTBy, a TaK¥XKeE
OopraHam FOCYI[apCTBeHHOfI BJIaCTHU BLIpa6OTaTL CTpaTCruro pa3sBuTus B HOBOH BBIYHMCIUTEILHON napaaurme. ITo3Bo-
JIUT KOMIIaHUAM BLIpaﬁaTLIBaTI; 3(1)(1)CKTI/IBHLIC CTpaTeruu Mnpu peuICHUr 3aaaqd ONTUMU3AINNU U MCPCHECKTUBHBIX BbI-
YUCJIUTCIIBHBIX apXUTCKTYDP.

KnroueBble cj10Ba: KBaHTOBBIC TEXHOJOTHH, HCKYCCTBEHHBI MHTEIUICKT, OH3HEC-TIPOLIECCHI, OH3HEC-MOIEIIH,
3¢ (HEeKTHUBHOCTH
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Abstract. Background. The relevance of the study is due to the fact that today one of the most serious funda-
mental challenges for technology companies is that the needs for computing power are constantly growing. The busi-
ness environment is increasingly moving towards a new computing paradigm. Quantum technologies may be one of
the answers to this challenge. The purpose of the study is to assess the current state of quantum computing and deter-
mine the direction of development of this area, as well as obstacles and limitations in the use of quantum technologies.
Materials and methods. The empirical basis of the study was research from the AIRI Institute of Artificial Intelli-
gence, as well as research from CaixaBank, TotalEnergies, Quantinuum, authors B.G. Ibrahimov, A.O. Orujov,
A.H. Hasanov, K.M. Tahirova in the article "Research and analysis efficiency fiber optical communication lines using
quantum technology". Results. The author of this study presents the main advantage of quantum computing, noting
that they are based on completely different principles than traditional ones, and will use their own hardware and math-
ematical base. The study presents the results of research and experiments in the field of quantum computing achieved
by oil companies. The work done and the experience gained made it possible to formulate the key challenges for the
development of quantum computing in industrial companies. Conclusions. The practical significance of this research
lies in the fact that it will allow the business community, as well as government authorities, to develop a development
strategy in the new computing paradigm. Will allow companies to develop effective strategies when solving optimiza-
tion problems and advanced computing architectures.

Keywords: quantum technologies, artificial intelligence, business processes, business models, efficiency

For citation: Sobirov B.Sh., Karamergenov T.T., Severtsev N.A., Yurkov N.K. Quantum technologies are a global chal-
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BBepenne

KBaHTOBbIC TEXHOJIOTHH CTAHOBSITCS BCe OoJiee MOMYNIAPHBIMU Y OHM3HECA — PACTET YUCIIO UHBECTH-
WA Kak B pa3pabOTKy W cOo3[aHue COOCTBEHHBIX MCCIIEIOBATEIBCKUX TOJPA3/ICICHUN, TaK U B CTAPTAIIbI,
CTHEUATU3UPYIOIIUECS B 3TOW O0JIACTH.

B mocneiHue HECKONBKO JIET TEXHOJOTMHM KBAaHTOBBIX BBIYHCICHHIA BCE OOIBINE IMEpEeMeEIaroTcs
M3 Hay4YHbIX JJabopaTopuii B OU3HEC-Cpey, PEBpAIasiCh U3 HAyYHO-HUCCIICA0BATEIBLCKON 3a1a4l B peaibHbIC
MPUIOKCHUST U UHCTPYMEHTHI. [TOSIBISIFOTCSI MPOTOTHUIBEI KOMMEPYECKHUX KBAHTOBBIX KOMIBIOTEpORB [1, 2].
B «KBaHTOBYIO TOHKY» BKJIIOYAIOTCSI BCE OOJIBIIE HIPOKOB, KOTOPBIE PACCUUTHIBAIOT HANTH JUCpANT, CIIO-
COOHBIN MI3MEHUTH PHIHKHM B OW3HEC-MOICITH.

OKCIMOTEHIUATBHBIN POCT BIOXKEHUN — WHTEIUIEKTYAIBHBIX U (JMHAHCOBBIX — B 00JIACTh KBAHTOBBIX
BBIUMCJIEHH BO MHOT'OM O6YCJ'IOBHCH TEM, 4YTO.

— MOYTH JOCTUTHYT MpeJIesl KpEMHUEBOH Mapaurmel, YTO TpeOyeT MPUHIIUITHAIGHO HOBBIX PEIICHHIH;

— pa3BUTHE UCKYCCTBEHHOTO MHTEIUIEKTa TpeOyeT 0oliee MOITHBIX BEIYHCIUTEILHBIX BO3ZMOXHOCTEH;

— KBAaHTOBBIC TEXHOJIOTHH HECYT HOBBIC PUCKU WHPOPMAIMOHHON 0€30MacHOCTH, YTO TpedyeT co-
34aHuUsA OIICPCIKAOIINUX CUCTEM 3allUTHI.

KBaHTOBBIE TEXHOJIIOTHH MOTYT Kau€CTBEHHO YCKOPHUTH PabOTy HEWpOceTel, Ha MOPSAKH YBEIHNIUB
KOJINYECTBO OJTHOBPEMEHHO 00padaThiBaEMBIX JAHHBIX, PEOJOJIECTh CYIIECTBYIOIINE MPEeIbl HapauBa-
HUS CIIOKHOCTH aHATM3UPYEMBIX MOJICIICH, B TOM YHUCIIC SKOHOMHS BPEMEHH W JJIEKTPOIHEPTHH HA BBIUHUC-
nenwue [3, 4].

Coueranue TEXHOJIOTUH HCKYCCTBEHHOT'O WHTEIUICKTa U KBAHTOBBIX BBIYHCICHUH — 3TO UMCHHO
TOT JpaiiBep, KOTOPHIH HEOOXOAUM Il YCKOPEHHUS! TEXHOJIOTMYECKOTO Pa3BUTHSI, IMOCKOIBKY IOCIICTHIE

7
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obemaroT OBITE OoJee 3PPEeKTUBHBIMU B 00pab0oTKe OONBIINX OOBEMOB NAaHHBIX M PEIICHHU CIOXKHBIX
3ajad.

Meroanka HccaeAOBaHHS

Cranpgaptuzanys — HEOOXOJMMOE YCIOBHE HCIOJB30BAaHHS HOBBIX TEXHOJIOTHH, U OHA aKTHBHO
(hopmupyeTCs B OTHOLIEHUH KBAHTOBBIX BBIYHCICHUH.

Kanaznckuit crapran Xanadu npoJeMOHCTPHPOBa KBaHTOBOE IPEBOCXOACTBO MPH PELICHUH 3a1auu
BBIOOPKH TayCCOBBIX 0030HOB (IpoGiieMa BHIOOPKH paclpeelieHus BEPOSITHOCTEN) Ha OTOHHOM KBaHTO-
BOM KOMIIBIOTEDE.

ITo mMepe pa3BUTHS PhIHKA KBAHTOBBIX BBIYMCIICHUH Bce OoJiee akTyalbHOH 3a1auell CTAHOBHUTCS BBeE-
JICHUE eINHBIX OTPACIeBBIX CTaHAApTOB. Tak, B anperne 2020 r. TexHnueckue coBeThl EBpormeiickoro komu-
tera mo cragmaprusanuu (CEN) m EBpomelickoro KOMHUTETa 1O 3JIEKTPOTEXHUYECKOW CTaHIApTH3AIMN
(CENELEC) co3nanu OnepaTuBHYIO rpyIimny 1o KBaHToBbIM TexHonorusM (FGQT).

B 2023 r. ata rpymnmna omy6mukoBana JJopokHY0 KapTy CTaHAAPTH3AIINH, YIUTHIBAIOIIYIO COBOKYITHOCTD
notpedHocTeit EBpombl B periaMeHTUpOBaHHN KBAHTOBBIX BHIYHMCIICHHI U KBAHTOBOM MeTposioriu [5—-7].

WnpycTpus TEXHOJIOTHI KBaHTOBOTO MCKYCCTBEHHOTO MHTEJUIEKTA, KakK Ji00ast 3aposkaaonascs oT-
pacib, CTANKUBAETCS C OCTPHIM Ae()UIMTOM KaJpOB U BHICOKOKBAIM(HUIMPOBAHHBIX COTPYIHUKOB. B sToi
CBSI3U OYEBUAHBIM SIBJISICTCS, YTO VIS NPAKTUYECKOTO IPUMEHEHHsI KBAaHTOBBIX TEXHOJOTUH KPUTUYECKU
Ba)KHO TPEOJ0NETh KaAPOBBIH 00 — BEICTPOUTH 3()(HEKTUBHYIO CUCTEMY MOJATOTOBKU CHEIHUAINCTOB HO-
BOU MHAYCTPHH.

WHBecTunuy B crapTansl TEXHOJOIMH KBAHTOBOTO MCKYCCTBEHHOI'O MHTEJUIEKTa [0 MMYIIECTBEHHO-
My THITy nHBecTopoB 3a 2001-2022 rr. npeacrasieHsl Ha puc. 1.
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Puc. 1. InBecTUIMM B CTAPTAIBI TEXHOJIOTUI KBAHTOBOT'O HCKYCCTBEHHOT'O MHTEJUICKTA
10 UMYIIECTBEHHOMY THITY HHBecTOpoB 3a 2001-2022 rr., MiH moi. [8, 9]

B HeorpaHn4eHHBIH MOTEHIMAT KBAHTOBOTO UCKYCCTBEHHOI'O MHTEIUIEKTa MPOJOKAIOT BEPUThH WH-
BecTopsl — B 2022 r. o0muii 00beM BIOXEHHWH B cTapTanbl B 00JaCTH TEXHOJOTHH KBAaHTOBOTO HCKYC-
CTBEHHOI'0 MHTEJUIeKTa AOCTHUT 2,35 MiIpA 10T, uTo Ha 1 % Beime, yem B 2021 1.

Nmenno B 2021-2022 rr. ObUIM 3aKIIOYEHBI KPYITHEWIINE WHBECTUIIMOHHBIC CICIKH B CTapTaIlbl
TEXHOJIOTHA KBAHTOBOT'O MCKYCCTBEHHOTo MHTEeKkTa. 8 u3 10 kpynuelimux cnenok 2022 r. 6buTH 3aKIII0-
YeHBI ¢ KOMITAaHUSMH-TIPOU3BOANUTEISIMUA 000PYI0BAaHHUSI, KOTOpPBIE SBIISIOTCS HanOoJee KaluTalI0eMKO Ya-
CTBIO IIENIOYKH CO3/IaHHSI CTOMMOCTH KBAaHTOBBIX TEXHOJIOTHH.

8
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Bu3Hec-3apa4un B HHAHCOBOM OTPACAH, TPeOyIoHe GOABIINX BHIYHCAHTEABHBIX BO3MOKHOCTEMH

®duHTEX — OJIHA U3 MHAYCTPHA, KOTOPas MOXKET CYIMICCTBEHHO BUIOU3MEHUTHCS TI0J] BIUSHUCM TEX-
HOJIOTHH KBAHTOBOT'O MCKYCCTBEHHOTO MHTeJUIeKTa. [IepBbie KCIIEPUMEHTHI B 3TOM 00JacTH (PUHAHCOBBIC
KOMITAHUH Hayalld YK€ HECKOJBKO JIET Ha3aJ: OHU pa3pabaThIBAIOT aJITOPUTMBI, MOJIB3YIOTCS OOJIAYHBIM
JOCTYIIOM K KBAaHTOBBIM KOMITHIOTEPAM, COBMEINAIOT KBAHTOBBIEC BBHIUUCICHHS ¢ KJIIACCHUECKMMU [7], ycKo-
P TAKUM 00pa30M PacUEThI.

3ajauu I KBAHTOBBIX BBIUUCIICHUN B HHAHCAX:

1. Onmumuszayuonuvle mooenu.

CTpyKTypa aKTHBOB B ONITUMAJIBHOM MOpTderte (ONTHMU3AIMOHHBIC MOJIEIH):

— ONTUMAJIbHASl TOProBasi TPACKTOPHSI;

— ONTUMAJIEHBIC BO3MOXKHOCTHU apOUTPaKa;

— ONTHMAJBHBIN BHIOOP QYHKIUI B KPETUTHOM CKOPHHTE.

2. Mooenu enybokozo obyuenus.

OO0HapyXeHne BO3MOKHOCTEH TOTyYCHUS TPUOBLIN CPEIU aKTUBOB IIPH TOPTOBJIC:

— IPOTHO3UPOBAHUE PHIHKOB;

— kiaccu(uKanus JaHHBIX;

— perpeccus.

3. Memoowvr Monme-Kapio.

OrieHKa pycKa U JOXOIHOCTH MOPTdEIIst WK 1eTeBOi KOMIIaHUY:

— 1IeHo000pa30BaHne (PUHAHCOBBIX JICPUBATHBOB;

— aHaJIu3 PUCKA;

— IpyTHe 3a/1a9H.

OnuH U3 TTHOHEPOB MO U3YYCHHIO TEXHOJOTHI KBAHTOBOTO MCKYCCTBEHHOTO MHTEIUICKTA A7 GUHTEXA —
CaixaBank. B 2022 r. roToBblii 00JIauHbI KBaHTOBBIH CepBHC KoMmauwu D-Wave mo3Boimia yCKOpHTH
pacueThbl ONTHUMaIbHOTO WHBeCcTHIIMOHHOTO opTdenst Ha 90 %. B 2020 r. 6ank pazpaboran mepBblii KBaH-
TOBBIN QJITOPUTM MAIIMHHOTO O0YUYCHHS [Tl KIIACCU(UKAIIUN PUCKOB B OAHKOBCKOM Jiesie cTpanbl. OH 00b-
€IMHI KBAHTOBBIC M 00JIauHBIC BHIYUCICHUS HA Pa3HBIX dTamax mpolecca pacuera — s KiIacCU(pHKaIuu
npoduieit KpeTUTHOTO PUCKA.

TexXHONOTHU KBAaHTOBOTO WCKYCCTBEHHOI'O WHTEIICKTa — JIPYroe HE MeHee BaKHOE HalpaBlICHHE
IKCIIEPUMEHTOB OaHKa. VX MpOTECTHPOBaIM B LEISX MHHAMH3AIWU (PUHAHCOBBIX PHUCKOB IBYX BHIOB
noptTdeNnell: UMOTEYHBIX KPEIUTOB M Ka3HAUCHCKUX BEKcellel. DKCIEPUMEHT MOKa3all, YTO TEXHOJOTHH
BBIYHCJICHUS KBAHTOBOTO MCKYCCTBEHHOTO MHTEIUICKTA TIO3BOJISIOT MIPUNATH K TEM K€ BBIBOJAM, YTO U Tpa-
JUIMOHHBIN, HO TIPU 3TOM TPeOyeTCsl TUIIb HECKONBKO JACCATKOB CUMYJISIIIUNA BMECTO ThICSY M MUJUTHOHOB,
MPOBOJIMIMBIX B CIy4ae KITACCHUYSCKUX BHIYHCICHHH.

Poccuiickre GaHKH TakKe SKCIEPUMEHTHUPYIOT C TEXHOJIOTUSIMHU KBAaHTOBOI'O MCKYCCTBEHHOI'O HWH-
TEJUICKTa W MIIYT JJIs HUX MpakTHYecKue Om3Hec-3amauu. B uvactHOCTH, COepOaHK aKTUBHO pealiu3yeT
Pa3IUYHbIC MHUIIMATUBEI B 00JACTH KBAHTOBBIX BBIYMCICHHUI.

B 2021 r. Obwt 3amymieH COBMECTHBIN ucciemoBatenbckuil mpoekt O0anka ¢ OOO CII «KsaHT»,
HaTpaBJICHHBI HA Pa3BUTHE METOJOJIOTHH OIICHKH KBAaHTOBOTO BIUSHHS Ha OW3HEC, €r0 yCTOWYHBOCTH
U KOHKYPEHTOCIIOCOOHOCTb.

SaAa'm, pemaembie 6usHecoM ¢ IIOMOIIIBbIO TEXHOAOTHI KBAHTOBOTO HCKYCCTBEHHOI'O HHTE€AAECKTA

busHec HEQTAHBIX KOMIIAHUI CBS3aH C PEIICHHEM OOJIBIIOr0 KOJINYECTBA BBIYUCIUTEIBLHO CIIOKHBIX
3aj1a4, K KOTOPbIM, HAPUMEP, OTHOCSTCS 00paboTKa M MHTEPIIPETalus CeHCMOpa3BeJOUYHBIX paboT, MOIe-
JMPOBAHUE T'COJIOTHMU W TUAPOJMHAMHKH TeUeHUs (IIIOMIA B IUIACTE, JIOTUCTUKA JIOCTABKU MPOTYKIHH
JI0 TIOTpeduTeNs U MHOTHE aApyrue [8].

3amymieHHas IporpaMMa HarpaBjieHa B MEPBYIO odepensb Ha pa3pabdOoTKy MPHIOKEHHH, ITO3BOJISIO-
[IMX peliaTh NpaKTUYecKue 3aaaun ousHeca. VceienoBanus GpokycHpyroTcs Ha pa3paboTke KBAaHTOBBIX ajl-
roputMoB, I u nporpaMMHOTo obecreyeHus.

HedrsHas uHAyCTpUS MOTCHIIMATBHO MOXKET TOJYYUTh BBITOABI OT MPUMEHEHHUSI TEXHOJIOTHI KBaH-
TOBOT'O MCKYCCTBEHHOTO MHTEIIEKTA B PELICHHH INUPOKOTO CIIEKTpa 3a]ad. HaunHas OT YHHBEPCAJbHBIX,
TaKMX KakK IUIAHUPOBaHUE AEATECIBHOCTH, W 3aKaHUMBAs CIICIM(UUSCKUMHE, HAIPHIMEp, MOJEINPOBAHUE HA
YPOBHE OTIEIBbHBIX XUMHYECKUX 3JICMEHTOB.
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Tak, Ha MpaKTHKE YYACTHUKH PHIHKA BBIIEISIOT YETHIPE KIFOUYEBBIC KATETOPUM MPUKIAIHBIX 33]1ad,
aKTyaJbHBIX ISl He(TSIHOM WHIYCTPUU:

1) momenupoBanne (HU3NIECKAX CHCTEM: OHH 3a4acTyI0 ONMUCHIBAIOTCS Au((depeHIMaIbHbIMUA yPaB-
HEHUSIMH U CBOJSTCS K PEIICHHUIO JTUHEHHBIX CHCTEM;

2) ONTUMH3AIMOHHBIC 3a/1a4H, BKIFOYAOIIHE 3a/1a41 JUCKPETHOU, HEMPEPHIBHOMN U CMEIIaHHOM JHc-
KPETHO-HETIPEPHIBHON ONTHMHU3AIIHH,

3) MONEKyISIpHOE MOJICTUPOBAHHUE M KBAHTOBAsI XHUMHUS;

4) KBaHTOBOE MAIIHHOE 00YYCHHE.

Hanpuwmep, mist ynydmeHus miaHa pa3OypruBaHUS MECTOPOXKIEHHUS ObUIa MOCTPOEHA MOJENb KBaJI-
paTUYHOM ONTHUMHU3ALUK. Pe3yIbpTaThl ee TeCTUPOBAaHMS Ha yCTpoiicTBaX KBaHTOBOro oTxura D-Wave mo-
Kazanu yBenudeHue 3 pexTuBHOCTH maHupoBanus Ha 15 %.

TotalEnergies ucciemayer BO3MOXHOCTH TEXHOJOTMH KBAHTOBOTO HMCKYCCTBEHHOTO HHTEJUICKTa II0
YIYYIICHUIO TPOIECCOB YIABIMBAaHUs YIJCKHCIOro ra3a. Bmecre ¢ komanmoi Quantinuum kommaHwus
npeAcTaBuiia MPEANPUHT, B KOTOPOM IMOAPOOHO TOBOPHUTCS O MOTEHIMATBHOM HCIIOIB30BAHUU KBaHTOBBIX
BBIYMCIICHUH /ISl CMSITYSHHS TTOCTIEICTBUN M3MEHEHHS KIIMMaTa.

UccnenoBarenbckas rpymma pazpadoTaiia METOAOJIOTHIO KBAHTOBBIX BBIYHCICHHH, OMHCHIBAIONIYIO
CBSI3BIBAHUE MOJICKYJISIPHOTO JAWOKCHIA YIJIepoAa C MaTepHalioM, KOTOPBIM aKTUBHO HCCIEAYeTCS IJis
yJIaBIUBaHU YIIIEPO1a — METATIOOPTAaHHYECKUM KapKacoM.

3amaun HePTIHOW WHIAYCTPHH, pEIICHNE KOTOPHIX JacT HAaHOONbIni 3PEeKT B caydae MpUMEHEHUS
AITOPUTMOB KBaHTOBOTO UCKYCCTBEHHOT'O HHTEIJICKTA:

— TUAPOIMHAMHUYECKOE MOJEITUPOBAHIE B IOPUCTON Cpeie;

— TIOJTHOBOJTHOBAsI CeiCMUYecKast HHBEPCHS,

— ceiicMuueckast Tomorpadus;

— peryaspu3anysi CeiCMUYeCKUX JaHHBIX;

— ceiicMUYecKasi MATpaIus,

— ONTUMAJIFHOE TUTAHWPOBaHWE TIPOU3BOJICTBA HE(PTEIPOIYKTOB,;

— IMHAMHUYECKasi ONTUMHU3ALMA PadOThl YCTaHOBOK HeTenepepadaThIBAIOIEro 3aBOa;

— ONITUMU3AIHS JIOTUCTHKH TTePEMEIEHHsI OyPOBBIX YCTaHOBOK;

— MOJIETMPOBaHUE KaTaJUTHYECKOTO PA3I0KEHNS METAHa,

— ONTUMU3AIHS PA0OTHl XUMHYECKOTO PEaKTopa.

Jns cxopeiiniero nepeBoja KBaHTOBBIX BBIYMCICHUH B MPAKTHYECKYIO TJIOCKOCTH HEOOXOIMMO aK-
THBU3HUPOBATH YCHUJIHS 1O pa3paboTKe KBAHTOBO-BAOXHOBJICHHBIX YCTPONHCTB ISl ONTHMH3AIIHH.

3akAroueHue

B nacrosiee BpeMs B Poccun 1 Mupe HabmrogaeTcss CTpeMUTENBbHBIN pOCT HHTEpeca K TEXHOJIOTUAM
KBaHTOBOI'O MCKYCCTBEHHOTO MHTEIEKTa. OHM MMEIOT PEBOJIOLUOHHBIM MOTCHLIUAN ISl Pa3IUYHbIX OT-
pacieii 5KOHOMHUKH U Hay4YHBIX HAMPaBIICHHH.

OmHuM 13 BapHaHTOB PeaTM3alllK ATOT'0 HAMPaBICHUS MOTJIO ObI CTaTh OOBECIMHEHUE YCHIIHNA BEOY-
mux 6H3HGC- 1 UCCICO0OBATCIBCKUX rpyr[n B Q)opMaTe ((KBaHTOBOﬁ CETHU» U3 HAIIMOHAJIBHBIX TOYCK pOCTa
Ha 0a3e YHHBEPCUTETOB M TEXHOJIOTWYECKHX IIEHTPOB MPH aKTHBHOM YYacTUH OHW3HEC-THIIEPOB B IOCTA-
HOBKE 33/1a4 ¥ BHEAPCHUN Ha PHIHKH.

BaxxnocTs 3amau TpeOyeT Ooiee aKTUBHOTO BHEAPEHHUS COOTBETCTBYIOIIMX OOpa30BATEIbHBIX HHHU-
IUATHB W, TJIABHOE, O0CCIICUeHMsI BOBMOXXHOCTEH I MPO(ECCUOHANBHON pealin3alui MOJIOJBIX CIielua-
JINCTOB.

B 3T0#1 CBSI3M BaJKHBIM SIBISIETCSL HE NMPOIYCTUTh MOMEHT «KBAHTOBOI'O IIpeBOcxoncTBa». llepsble
KOMITaHUH, KOTOPBIE €r0 TOCTUTHYT, NOJy4YaT YHUKAIbHOE CTPATErHUeCKOe KOHKYPEHTHOE PEUMYIIIECTBO,
YTO TMPUBEIET K KAaUYECTBEHHOMY CKadyKy B 3()()EKTHBHOCTH CYIIECTBYIOUIMX U TOTEHIMAIbHBIX OM3HEC-
MOJCTICH.

Cnucok AuTeparypsl

1. Maiicrep B. A., lllupunkuna E. B. Ludposas tpanchopmanus puHaHCOBOW OTpaciiv Kak (GpakTop KOHKYPEHTO-
cnocobnoctH // Tpyast MexayHnapogHoro cumiosuyma Hanexunocts u kauectBo. 2018. T. 2. C. 269-271.

2. HleBuyk [I. C., ®enopo A. K., Unsun U. B. CuHeprus TeXHOJIOTMYECKUX ¥ OPraHU3allMOHHBIX MHHOBALW: pa3-
BUTHE DKOCHUCTEMBI KBAHTOBBIX TEXHOJOTUH Il MPOTUBOCTOSHUS BBI30BaM 4eoBevecTBa // DKOHOMHKA M Mpe-
npuHuMaTenscTBo. 2021. Ne 2 (127). C. 188-191.

10



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2024;(3)

. Kpeuto B. C., Bekuposa 3. A., Berepanosa [I. C. CkBO3Hass KBaHTOBasi TEXHOJIOTHs HHU(PPOBOH SKOHOMHUKH //
Vuensie 3amucku KpbiMckoro naxeHepHo-meaarorniaeckoro yausepeurera. 2020. Ne 1 (67). C. 129-134.

. CepoB E. P., BacumbeB C. A. IlpuMeHeHHE KBAaHTOBBIX TEXHOJOrHH B OaHKOBCKOM Omsnece // DxoHOMHKa
u ynpasnenue. 2023. T. 29, Ne 3. C. 248-255.

. Camprua B. U., Jloboe [I. C. IlepcnekTHBBI NMPUMEHEHHS TEXHOJOTHH KBAHTOBOTO PACIPEACICHUS KITFOUCH
Ha npuMepe 00bekToB HedreraszoBoii orpaciu // J{pykepoBckuii Bectauk. 2023. Ne 1 (51). C. 246-253.

. Iupunkuna E. B. Ouenka tpennoB nudposoii Tpanchopmaruy GuHaHcoBoi orpaciu // HagexHOCTh 1 Ka4eCTBO
cioxkHbIX cucteM. 2019. Ne 2 (26). C. 114-120.

. Iupunkuna E. B. [{udgpoBeie Kaapsl Kak HOBBIM IMOKa3aTellb Ka4ecTBa YeaoBeueckoro kanuraia // CoBpeMeHHas
Hay4Has MbIcib. 2018. Ne 4. C. 181-184.

. Ibrahimov B. G., Orujov A. O., Hasanov A. H., Tahirova K. M. Research and analysis efficiency fiber optical
communication lines using quantum technology // T-Comm. 2021. Vol. 15, Ne 10. P. 50-54.

. Ulyanov S. V., Reshetnikov A. G., Zrelova D. P. Industrial robotic intelligent robust control system: applying
quantum soft computing technologies and quantum software engineering in unpredicted control situations // Soft-
ware & Systems. 2023. Ne 1. P. 26-45.

References

. Mayster V.A., Shirinkina E.V. Digital transformation of the financial industry as a factor of competitiveness.
Trudy Mezhdunarodnogo simpoziuma Nadezhnost' i kachestvo = Proceedings of the International Symposium
Reliability and Quality. 2018;2:269-271. (In Russ.)

. Shevchuk D.S., Fedorov A.K., Il'in 1.V. Synergy of technological and organizational innovations: the development
of an ecosystem of quantum technologies to confront the challenges of humanity. Ekonomika i predprinimatel'stvo =
Economics and entrepreneurship. 2021;(2):188-191. (In Russ.)

. Krylov V.S., Bekirova E.A., Veteranova D.S. End-to-end quantum technology of digital economy. Uchenye
zapiski Krymskogo inzhenerno-pedagogicheskogo universiteta = Scientific notes of the Crimean Engineering
Pedagogical University. 2020;(1):129-134. (In Russ.)

. Serov E.R., Vasil'ev S.A. Application of quantum technologies in banking business. Ekonomika i upravlenie =
Economics and Management. 2023;29(3):248-255. (In Russ.)

. Salygin V.1., Lobov D.S. Prospects for the application of quantum key distribution technologies on the example
of oil and gas industry facilities. Drukerovskiy vestnik = Drucker's Bulletin. 2023;(1):246-253. (In Russ.)

. Shirinkina E.V. Assessment of trends in the digital transformation of the financial industry. Nadezhnost'
i kachestvo slozhnykh system = Reliability and quality of complex systems. 2019;(2):114-120. (In Russ.)

. Shirinkina E.V. Digital personnel as a new indicator of the quality of human capital. Sovremennaya nauchnaya
mysl' = Modern scientific thought. 2018;(4):181-184. (In Russ.)

. Ibrahimov B.G., Orujov A.O., Hasanov A.H., Tahirova K.M. Research and analysis efficiency fiber optical com-
munication lines using quantum technology. T-Comm. 2021;15(10):50-54.

. Ulyanov S.V., Reshetnikov A.G., Zrelova D.P. Industrial robotic intelligent robust control system: applying quan-
tum soft computing technologies and quantum software engineering in unpredicted control situations. Software
& Systems. 2023;(1):26-45.

HNudopmanmsi 06 aBropax / Information about the authors

Bezhan Sh. Sobirov

Besxan IlTykpuaroesna Cobupos
CTapIIHFi MPeroAaBaTeAb KadeApsl
MeHeAXXMeHTA U OH3Heca,

CypryTcKuit rOCyAQpCTBEHHBIN YHUBEPCUTET
(Poccus, r. Cypryr, np-t Aenuna, 1)

E-mail: elenan 27@mail.ru

Tumyp TriapimreikoBny Kapameprenos
HAYaAbHUK KapeApPBI BO3AYIIHOM HaBUTAITHH

1 60€BOro yIIpaBAeHHsI ABHALIUU
y4e6HO-MeTOANYECKOTO YIIPaBACHHUS,
Boennsiit nHCTUTYT CHA BO3AYIIHOM 060POHBI
nmeHu ABOXKABI ['epost Coserckoro Corosa

T. 4. BereabpuHOBa

(Pecry6amka Kazaxcran, Akro6e,

nip-T Aauu Moaaaryaosoit, 16)

E-mail: sabinak@mail.ru

11

Senior lecturer of the sub-department
of management and business,

Surgut State University

(1 Lenin avenue, Surgut, Russia)

Timur T. Karamergenov

Head of the sub-department of air navigation and
combat aviation control of the educational and
methodological department,

Military Institute of Air Defense Forces

named after twice Hero of the Soviet Union
T.Ya. Begeldinov

(16 Aliya Moldagulova avenue,

Aktobe, Republic of Kazakhstan)



HAAEXHOCTD 1 KAYECTBO CAOJKHBIX CUCTEM. 2024. Ne 3

Huxoaaii Axexceesnd CeBepues

AOKTOP TeXHHYeCKHX HayK, mpodeccop,

TAQBHBIA HAYYHbBIM COTPYAHHK OTAEAQA YIIPABACHUSA
PO6OTOTeXHITYeCKUMH YCTPOHCTBAMY,

DepepasbHBIN HCCACAOBATEABCKHI IIEHTP
«HMudpopMaTHKa U yIIpaBAeHHE>

Poccuiickoit akapeMuM HayK (BblanAnTeAmeﬁ LEHTP
nvenn A. A. Aopopuunpma PAH)

(Poccus, . Mocksa, ya. BaBnaosa, 40)

E-mail: severs@ccas.ru

Huxoaait Konappareesnu IOpkxos

AOKTOp TeXHHYECKHUX Hayk, Tpodeccop,
3aCAY>KeHHBIH AesTeAb Hayku PO,
3aBeAyIOIUI KadpeApOi KOHCTPYHPOBaHUS

U IIPOU3BOACTBA PAAUOAIIIAPATYPBI,
ITeH3eHCKHIT TOCYAQPCTBEHHbIN YHUBEPCUTET
(Poccus, 1. Tlensa, ya. Kpacnas, 40)

E-mail: yurkov. NK@mail.ru

Nikolay A. Severtsev

Doctor of technical sciences, professor,

chief researcher of the department of control

of robotic devices,

Federal Research Center "Informatics and Management"
of the Russian Academy of Sciences

(Dorodnitsyn computer center

of the Russian Academy of Sciences)

(40 Vavilova street, Moscow, Russia)

Nikolay K. Yurkov

Doctor of technical sciences, professor,
the honoured worker of science

of the Russian Federation,

head of the sub-department

of radio equipment design and production,
Penza State University

(40 Krasnaya street, Penza, Russia)

ABTOpBI 325BASIOT 06 OTCYTCTBHH KOHPAUKTA HHTEPECOB /

The authors declare no conflicts of interests.
ITocTymuaa B pepaxuuro/Received 30.05.2024

ITocTymuaa mocae penensuposanusi/Revised 27.06.2024

Ilpunsra k my6ankanun/Accepted 29.07.2024



YAK 519.24; 53; 57.017
doi: 10.21685/2307-4205-2024-3-2

OIEHKA KAYECTBA PABOTBI MHOTOKPUTEPHUAABHOI'O
HENPOCETEBOI'O CTATUCTUYECKOTI' O AHAAU3A HA IIPUMEPE
IIPOBEPKH I'MIIOTE3bl HEBABUCHNMOCTHU AAHHBIX MAABIX BBIBOPOK

A. V1. Usanos', A. 1. EpmakoBa®
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AnHoTanus. Akmyanvnocms u yeau. 11enplo cTaThy SBISIETCS CO3aHNE KPUTEPHs KauecTBa OLEHKH dddek-
TUBHOCTH HEWpPOCETEBO 00pabOTKM MajbIX BHIOOPOK HPH MHOTOKPHTEPHAIBHOHM MPOBEPKE TMIOTE3bl HE3aBUCHMO-
cTu. Mamepuanvt u memoowi. Ha ceropnsmuuii aens u3BectHO nopsiaka 200 cTaTUCTHYECKUX KPUTEPUEB IPOBEPKH
THITOTE3bl HE3aBHCUMOCTH MaJlol BBIOOpKH. VICHONb3yst MX COBMECTHO, YJA€TCs CYIIECTBEHHO IOBBICHTH KaueCTBO
MPUHUMAEMBIX HEHPOCEThIO perieHnil. B cBsi3u ¢ 3TMM BO3HUKaeT npodieMa 3(p(GeKTUBHON CPaBHUTEIBHON OLCHKU
JOCTUTHYTOTO KadecTBa TOW WM WHOW HEWpoceTvio. Pesynvmamvl u 6b1600bl. IIpemiokeHO OIIEHUBATh KadyecTBO
HEHPOCETEBOT0 PEHICHHS TT0 JOCTUTHYTOMY YBEJIMUCHHIO BHIOOPKH TPH €€ aHAIN3€e OJHUM-CIMHCTBEHHBIM KPUTECPH-
eM ITupcona — DmaroHa — Dpkyopta KoHIa 19 B. Ha BbIOOpKE 0OJBIION0 00BEMa B HAMOOJIECE CIOXKHON CHTyaluu
IIPOBEPKH T'MITOTE3bI HE3aBUCUMOCTH.

KaroueBble ci10Ba: mpoBepka THIIOTE3bl HE3aBHCUMOCTH, KO3(D(GHLIMEHT KOpPEeAlHd, Majble BBIOOPKH,
HelpoceTeBoe 00beTMHEHHE OOJIBILIOTO YHCIa KPUTEPHEB

Jas muruposanus: MeanoB A. U., EpmakoBa A. W. OreHka kadecTBa pabOThl MHOTOKPUTEPHATIBHOTO HEHPOCETEBOTO
CTaTHCTHYECKOTO aHalIn3a Ha MPUMEpPE MPOBEPKU THIIOTE3bI HE3aBUCHMOCTH JAHHBIX MasbiX BeIOOPOK // HamexHOCTh U Ka4ecTBO
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ASSESSING THE PERFORMANCE QUALITY OF MULTICRITERIA NEURAL
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Abstract. Background. The purpose of the article is to create a quality criterion for assessing the effectiveness
of neural network processing of small samples in multicriteria testing of the independence hypothesis. Materials and
methods. To date, about 200 statistical criteria for testing the hypothesis of independence of a small sample are known.
Using them together can significantly improve the quality of decisions made by the neural network. In this regard, the
problem of effective comparative assessment of the achieved quality by one or another neural network arises. Results
and conclusions. It is proposed to evaluate the quality of a neural network solution by the achieved increase in the
sample when analyzing it using a single Pearson-Edleton-Edgeworth criterion of the late 19th century on a large sam-
ple in the most difficult situation of testing the independence hypothesis.

Keywords: testing the independence hypothesis, correlation coefficient, small samples, neural network combi-
nation of a large number of criteria

For citation: Ivanov A.l., Ermakova A.l. Assessing the performance quality of multicriteria neural network statistical anal-
ysis using the example of testing the hypothesis of independence of small sample data. Nadezhnost' i kachestvo slozhnykh sistem =
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IlocranoBKa 3apaun

B xonme 19 B. ocHOBaTeNn COBpEMEHHON MaTeMaTHdecKoi cTaTucTUKH [IupcoH, DmiaToH, DKyopT
IUTSL OLCHKH KO3((PUIIMEHTOB KOPPEJSIUK aKTUBHO UCIIONIL30BAIM CTABIIYIO CETOHS KilacCH4ecKoi op-

myny [1]:

B (M) (5 -M(y))
=2 e @

roe M(.) — (yHKIMOHAN BLIYKCICHHS MAaTEMATHYECKOTO OXHIAHHMS Majoil BBEIOOpDKH B 16 OIBITOB;
6(.) — GyHKIMOHAN BRIYHCICHUS CTAHAAPTHOTO OTKIOHCHUSI.

K coxanenuto, kiaccuueckas gopmyna (1) maer TpeOyemyro NpakTHKOW TOBEPUTEIBbHYIO BEPOST-
HOCTB OILIEHOK TOJIKO TpHW Ooubux BeIOOpKax. [Ipu manbix BeiOOpKax B 16 ombiToB 1 ciabo Koppenu-
poBaHHBIX MaHHBIX I' =~ 0.0, onmbka MoxkeT nocTurath 3HadeHuid Ar = +0.7. CTomnb 3HAYUTEIBHBIA HHTEPBA
omrOOK HEJAONMYCTHM TNPU aHaIH3e OMOMETPHUYECKHX NAHHBIX MEIUIMHBI, ONOJIOTHH, SKOHOMUKH, MICHUXO-
Jorud, nenaroruku. CeroiHsi CTaTUCTHYECKHUE OLICHKH, BHIMOJHEHHBIE Ha MalbIX BEIOOpKAaX, BOCIPHHUMA-
I0TCSl  (PU3UKO-MATEMATHIEeCKON OOIECTBEHHOCThIO KaK HeJIOCTOBEepHbIe. [locleqHee CHIBHO BIHSET
Ha MaTepualbHBIE 3aTPaThl, CBSI3aHHbIE ¢ 00yUYCHHEM CIICAYIOIIETO TIOKOJICHHS HCCIIe0BaTENeH, TaK KaK
YBEIUYMBACT CPOK cOOpa PeaNbHBIX JAHHBIX B ACMHMPAHTYpPE WM aIbIOHKType. Tak, acmupaHT Ouoior
3a TpH rojaa oOyUYCHHS B aCIIMPAHTypE BITOJIHE CITOCOOSH BRIPACTUTH M MCCIIENOBATh 16 KPOJIMKOB, OmHpa-
ACh TOJILKO Ha coOCTBeHHBIC ycuaus. [Ipu 3ToM K KOHIy CBOero oOyueHHs OH CTOJKHETCS C HelOBEpHEM
KOJIJIET K €r0 CTATUCTUYECKUM OIeHKaM B ero jauccepraruu. CUTyanus MEHSETCS KapIuHaIbHO, €CId OH
yCIIeeT BBIPACTHTH U HUcciieioBaTh 160 KpoIHMKOB, OHAKO MPH 3TOM CHIIBHO YBEIUYMBAIOTCS MaTepHaIbHO-
TEXHUYECKUE 3aTPAThl U BPeMs Ha MTPOBEICHIE HATYPHOT'O KCIIEPUMEHTA.

[MonoxeHue KapAMHAILHO MEHSETCS, €CIM OTKa3aThCsl OT MPAKTHKH MPOILIOTO BeKa, KOTJa HcClie-
JOBaTEeNN-OINHOYKH CTapaIKCh MO CBOI0 KOHKPETHYIO 3a/1a4y CO37aTh CBOW HAMJIYYIIHHA CTATUCTHYECKHUN
Kpurepuii [1], yauThIBaIOINH HEKOTOPYIO COBOKYITHOCTh TPaHUYHBIX YCIIOBHiA. B 21 B. mapagurMa BeIUmC-
JIUTENBHBIX OIEHOK U3MEHMIIACH, IMOSBHIIACH BO3MOXKHOCTH HCIIOJNB30BaTh OOJBINE CETH MCKYCCTBEHHBIX
HEHPOHOB, T.. KAKIOMY U3 M3BECTHBIX CTATHCTHUCCKUX KpuTepues (ux 6onee 200 mpuBeneHO B CIpaBoy-
Huke [1]). KaxkmoMy u3 M3BECTHBIX CTATHCTHYECKUX KPUTEPHEB MOXHO MMOCTABUTh B COOTBETCTBHE CBOM
UCKYCCTBCHHBII HEHPOH, Jlajiee HECKOJIBKO HEHPOHOB MOTYT OBITh OOBEIMHEHBI B OIHY HelpoceTb [2].

ITpakTuka mokasana, 4yTo HeilpoceTeBoe 00bequHEeHHE TPUMEPHO 20 KIACCHYECKUX CTATHCTUUCCKUX
KPUTEPUEB MO3BOJSIET MAJIYI0 MCXOJHYIO BBIOOPKY pealibHBIX JIAaHHBIX B 16 ONBITOB BUPTYalbHO YBEJH-
YTk, 100ABUB K Hell ele npruMepHo 20 BUPTYaTbHBIX OMBITOB (Kbl HCKYCCTBEHHBIN HEHPOH yBEIHYH-
BacT BHIOOPKY MNPUMEPHO HA OJMH BUPTYaIbHbIA OMbIT). COOTBETCTBEHHO, IUCCEPTAIUs acIHpaHTa-
Ouosiora Moria Obl BBITISAETH OoJiee yOenuTenbHOH, eciin Obl OH 0OpabaTbiBall JaHHbIE, OJTy4YCHHBIE HE
TONBKO OT 16 peanbHBIX KPOJHMKOB, & OT CYHIECTBEHHO OoIbIiel BHIOOpKH B 36 BHUPTyallbHO-pEaTbHBIX
KpOJIHMKOB. FIMEHHO 3TO U JlaeT HEKOTOPBIH 3P PEKT NONOTHUTENBHBIN 3] deKT pocTa oBepUs K MHOTOKPH-
TEpUAILHON CTaTHCTUUECKOW 00paboTKe JaHHBIX B CPABHEHUH C OJTHOKPUTEPHUATBHONW 00pabOTKOM.

[TpuBeeHHBIN BBINIE TE3UC JOKA3aH YHACICHHBIMH SKCIEPUMEHTAMH JJIsl JIOCTATOYHO OOINBINUX Ce-
Teii, COOpaHHBIX U3 OMHAPHBIX UCKYCCTBEHHBIX HEHpOHOB [3]. [Ipu 3TOM Ha ceroiHs Mo peaabHbIM JaHHBIM
Helpodusnonoros [4] y )KUBBIX CyIIECTB HET OMHAPHBIX €CTECTBCHHBIX HEHPOHOB. Bee xuBbBIE cyiecTBa
UCTIONIB3YIOT O0JIee CIIOKHBIC (-apHBIE €CTECTBEHHBIC HEHPOHBI [5].

JKuBble cymiecTBa He UCTIONB3YIOT OMHAPHBIE ECTECTBEHHBIE HEMPOHBI B CHITYy TOTO, YTO OHH CIOCO0-
HBI pab0TaTh, BBITOJHSIS ApAJUICIIbHBIA aHAIU3 TOJBKO IBYX craTucTHueckuii rumnotes [2, 3]. Ecnu uckyc-
CTBEHHBIC HEHPOHBI JIeTaTh TPOUUHBIME (( = 3), TO OHM CTAHOBSATCS CIIOCOOHBIMHU BBIMIOJIHATH MapalIeiib-
HBIH aHAJM3 cpa3y TPeX CTATUCTHYECKHUX THUIOTE3. DTO MPHUBOAMT K CYNIECTBEHHOMY POCTY TOBEpHS IS
HOBBIX HEHPOCETEBBIX PELICHHI C TPEXyPOBHEBBIMHU BBIXOJIHBIMH KBaHTOBaTeIsIMH [6, 7].

Bemrpeinn oT mepBoro mara 3aMeHbl OMHAPHBIX HEHPOHOB Ha TPOWYHBIC HEHPOHBI MOATBEP)KACH
UMHUTAIIMOHHBIM MOJICITUPOBaHUEM. [IperMyIiiecTBa TPOMYHBIX HEHPOHOB Ha/l OMHAPHBIME OYEBUAHBI [6, 7],
¥ MMEHHO T10 3TOW NPUYUHE MPUPOJA HE UCIOJb3yeT OHMHApHBbIC HEHPOHBI B JKHBBIX opranu3max [4, 5].
O/HAaKO W TPOWYHBIC ECTECTBEHHBIC HEHPOHBI, BUAMMO, HCIOIB3YIOTCS MPHUPOJON TOCTATOYHO PEIKO.
[TpeArnonoXUTeIpbHO ANbHEHIIee MOBBICHAE YUCIIa COCTOSHHN BBIXOHOTO KBAHTOBATEIS JIOJDKHO IMPH-
BOJHMTh K POCTY KauecTBa PELICHWId, MPUHUMACMBIX CETSAMH (-apHBIX HCKYCCTBEHHBIX HeipoHoB [8, 9].
Pucynox 1 myumrocTpupyeT 3TOT Te3HC, Ha HeM 0TOOpaXkeH 9-apHBIN MCKYCCTBEHHBIN HEHPOH, MOTYICHHBIN
9-apHBIM KBAaHTOBAaHHWEM BBIXOJIHBIX COCTOSHHI (yHKIMOHANA OLEHKH Kod(duireHToB koppemsiun (1)
JUTSE MaJIiod BBIOOPKHU B 16 OIBITOB.
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Puc. 1. PacnpesienieHus INIOTHOCTH BEPOSTHOCTH 3HAUEHHH — P(F1) KO3 HUIIMEHTOB KOPPEIISIIUH,
BBIYHCIICHHBIX 110 opmyiie (1) Ha Manoii BeiGopke B 16 onbIToB

U3 pucyHKa BUIHO, YTO LEHTP KAXKJIOTO CTAOMILHOTO ydacTka 9-apHOTO KBAaHTOBATENSI HCKYCCTBEH-
Horo HelipoHa [lupcona — DmiToHa — DHKyopTa COBIAAACT ¢ MATEMATHUECKAM OXHUIAHWEM 9 MCIOJB30-
BAaHHBIX IJIA HaCTpOﬁKH IIOTHOCTEN pacupeaciacHus. O‘ICBI/I)Z[HO, YTO CTOJIb Y3KHC MHTCPBAJIbL CTaOMILHOCTH
WJIA OKPYTJICHUS TAaHHBIX 9-apHOTO KBAHTOBATENS JJOJKHBI JaBaTh 3HAYUTEIIBHBIC OMUOKK OLICHOK JUIST OJTHO-
IO MCKYCCTBEHHOr0 HeilipoHa. OHAKO HCIOJIb30BAHUE JECSITKOB MOAOOHBIX MCKYCCTBEHHBIX HEHPOHOB [3]
ToCJIC YCPEAHCHU A UX OTKIIMKOB JOJIKHO JaBaThb JOCTATOYHO TOYHBIC UTOI'OBBIC PE3YJILTAThL HeﬁpOBBI‘IPIC-
neHuidi. B 3TOW cUTyaluy BO3HMKAeT 3ajadya CPAaBHEHHUS MAHHBIX Pa3HBIX HEHPOCETEBBIX BBIYMCIUTEICH
KOPPEJSIIUU B paMKax MPUBEICHUS MX JaHHBIX K OJJHOH IlIKaje, COOTBETCTBYIOIICH Kilaccuueckon Gopmy-
ne [Tupcona — DanTona — DmKyopTa.

IT1asoHHas ToYKa mMKaAbl [Inpcona — IpaTOHA — IAKyOPpTa,
YAOOHAasI AASI CpPaBHEHHSI Ka4eCTBa paboThI TeCTHPyeMbIX HeHpoceTeii

W3 maHHBIX puc. 1 ciemyeT, 9TO WHTEPBAI OMMOOK Al CYIIECTBEHHO 3aBHCHT OT MAaTEMAaTHUECKOTO
OXHJIaHUsI KOHTpoJHpyemoro mapamerpa — M(r). Tak, Asi ISITH MOJOXKUTEIBHBIX 3HAYCHUI MaTeMaTH4e-
CKHUX O)KI/II[aHI/II‘/'I HUHTCPBAJIbL OIINOOK U aMIIIUTyda OIIHNOOK COCTaBST:

M(r)=0,0—> -0,7<Ar<+0,7— A(r)~14,

M(r)=+0,3—> -0,3<Ar<+0,8—> A(r)~11,
M(r)=0,5— +0,0<Ar <+0,85— A(r)~0,85, 2)
M(r)=0,7— +0,3<Ar <+0,95— A(r)~0,65,

M(r)=0,9—> +0,6<Ar<+1,0— A(r)~0,4,

rae A(r) = (max(r) — min(r)) — ammMTyAa WM pa3Max HHTEepBaia OmuOoK Ar.

[Tpu moOoM KOHEYHOM 00BEMEe BBIOOPKH peajibHBIX TaHHBIX OLICHKAa KO3()(HUIMEHTOB KOPPEISIIHU
o opmyiie (1) xyske Bcex (MMeeT HarOOIBITYIO0 aMIuTuTy a1y omm6ok) mpu M(r) = 0,0. ITo mepe yBemuue-
HUSI 3HAYCHUI KO3(D(DUIMEHTOB KOPPEISIUHU OMIKOKa €ro OIEHOK MajaeT (TOYHOCTh YBEIUYUBACTCS TPH-
MEpHO B TPH pa3a).

HecMmortps Ha TO, 4TO mIKana OneHoK ko3 duuneHToB Koppensuuu [lupcona — DanTona — DmKyopra
UMeeT MaKCHUMaJIbHYI0 aMIUTUTYy Ty omrOok B Touke M(r) = 0,0, IMEHHO 3Ty TOUKY CJeyeT BRIOMpaTh Kak
STAJIOHHYIO. DTO CBSI3aHO C TEM, YTO OOECIIEUHThH MOMadaHue B 3Ty TOUKY Hpoiie Bcero. st aToro mocra-
TOYHO JIBYKPaTHOTO MPOTPaAaMMHOTO OOpaIieHHsi K BBI30BY IPOrPAMMHOTO T'€HepaTopa MCeBIOCTyYaiHbIX
ypucen. CyIIecTBYIOIIME MPOrPAMMHBIC T€HEPaTOPbl JAI0T HEe3aBUCUMBIE (HEKOPPEIUPOBAHHbBIC) AaHHBIC.
Kpome Toro, 3Ta Touka cTabuiibHa U HE MEHSETCS IS JIF0O0Tr0 00beMa MajbIX BEIOOPOK.

Ha puc. 2 npencraBieHbl pe3yabTaThl YUCICHHOTO SKCIIEPUMEHTA MO0 MMHTAIMU IUIOTHOCTEH pac-
npeaeneHns KodhPpUIHEHTOB KOPPESAIINY HE3aBUCHUMBIX JAaHHBIX JIJIS BELIOOPOK pa3sHOTO 00beMa.
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13 = |x+ morm(3,0,1) 'U'-l| T T T

y « mom(8.0.1) p(r) 512

1« com(x,v)

0.08[
T

0.04f

0.02r

Puc. 2. Pacnipenenenus 3HaueHni K03()h(HUIMEHTOB KOPPEISLIIH
JUTs BEIOOpOK pa3Horo oobema B 8, 16, 32, 64, 128, 256, 512 omnsito

Eme omnoit mpuunHoii Bei6opa Touku M(r) = 0,0 mpu TecTHpoBaHWHU KadecTBa pabOTHI HeMpoceTe-
BBIX BBIYMCJIUTENCH SIBJISETCSA TO, YTO UMEHHO B STOM TOUYKE 3aKOH IJIOTHOCTU paclpe/eicHHs 3HauCHUI
KO3 UITUCHTOB KOPPEIAIMH OJU30K K HOPMaJIbHOMY JJIsi BBIOOPKH JIt000ro o0bema. Bo Bcex MHBIX TOY-
Kax 3aKOH pacrhpe/IeNicHUs] OKa3bIBAETCS ACHMMETPUYHBIM U, COOTBETCTBEHHO, YXKE HE OMUCHIBACTCS JIBYMS
MEPBBIMU CTATHCTUYCCKUMH MOMEHTAMH.

B neBoit uactu puc. 2 npuBeaeHa nporpamma Ha si3eike MathCAD, mo3BonuBIIIas MOJgy4YUTh TaHHBIE,
0TOOpaKEHHBIC B MPABOM YaCTH PUCYHKA.

Tonpko B oot Touke M(r) = 0,0 MBI IMeeM caMoe TIPOCTOE CTATHCTHUECKOE OIMCAHME pacIpeie-
JIEHUsI JTaHHbIX, Ybe CTAaHIApTHOE OTKIOHEHHE o(I) ABIACTCSA MPOCTON (BYHKIIMEH, ONKMCHIBAIOIICH KaK CBS3b
0o0beMa BBIOOPKH ¢ MHTEPBATIOM HEONPEACICHHOCTH Al, TaK U CBA3M 00beMa BBIOOPKH C aMILTUTYIOH HH-
TepBaJla HEONPEACIICHHOCTH IPHU J0BepuTenbHOM BepositHocTH 0,99:

Ar =~ 606(r),

®)
A(r) = 6o(r).
Oba craTucTHUECKHX mapaMeTpa copmanaroT Ar = A(r) tomsko B Touke M(r) = 0,0. dopmMansHO 110 JIr0-
O0OMy M3 CTATUCTHYECKHX TMapaMeTPOB CHCTEMbI ypaBHEHHIT (3) MOKeT ObITh HaiJIeH 00beM IKBHBAIICHTHOM
BXOJIHOM BBIOOPKH. ['paduiKK CBA3M CTAHIAPTHOIO OTKIOHEHHUS ¢ 00BEMOM BBIOOPKH ITPUBEIEHBI Ha PHC. 3.

0.4| | li

o(r =0.n) log(c(r =0 In)

.

02357

0.2 01

n n
100 1x10° 1 10 100 1107

|
|
|
0.1 I
|
|
|
|

16

Puc. 3. OGparHas oneHKa 00beMa BEIOOPKH 110 3HAYSHUIO CTAaHJAPTHOTO OTKJIOHEHHS B JIBYX THIIaX CHCTEM
KoOpAMHAT (Moynorapu(MUIECKOH CHCTEME H TIOJTHOCTBIO JTIOrapu(hMUIECKO)
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[puBeneHHBIMH Ha pHC. 3 HOMOrpamMmamu (Kak MpaBod, TaK M JIEBOM) CIEIyeT MOJb30BaThCs
IUISL peIIeHns] 0OpaTHOM 3a/1auyl TIepecueTa CTaHAApPTHOTO OTKIOHEHUS B pa3Mep SKBUBAJICHTHOH BBHIOOPKH.
B kadecTBe mpumepa pacCMOTPHM CHTyaluio cramaptaoro otkiaoHenus o(r = 00, n = 16) = 0,257.
st 5TOM cuTyanMu Mbl UMEEM JEJI0 ¢ IPOCTEHIIMM HEHPOCETEBBIM AHAIN3ATOPOM C OJHUM HEUPOHOM
[Mupcona — DiToHa — DIHKYOpTa, aHATM3UPYIOLIMM MAIyIO BEIOOPKY 00beMOM B 16 OmBITOB.

Onnako, ecnu Mbl HaOmogaem cutyanuio o(r = 00, n = 16) = 0,1, To o HOMOTrpamme puc. 3 MbI
JOJDKHBI CIIENIaTh BBIBOJ O TOM, YTO /IS OJHOTO 3TAJIOHHOTO HeilpoHa [lupcona — DanToHa — DmKyopTta
Majiast BbiOOpka gpospkHa uMeth 00beM N = 100 BMecTo peanbHO# BRIOOpKH 00BeMOM N = 16. DTO BHOJIHE
BO3MOXHO H3-3a JOOABJIECHUS B CETh HECKOJBKHX JONOIHUTENBHBIX HEHPOHOB. Jlake eciu Mbl HE 3HaeM
YHCIIO T0OABJICHHBIX JOMOJIHUTEIBHBIX HEHPOHOB U MX THII, MbI JOJDKHBI IPUITH K BBIBOAY, YTO TECTHUPY-
eMasi HepoCeTh M0 CPABHEHHUIO ¢ ATATOHHON (Gopmysoit (1) cHU3MIA BeposTHOCTH ommboK B 2,57 pasa,
YTO SKBHBAJICHTHO YBEJIUYECHHUIO 00beMa BX0oAHOH BbiOOpkH ¢ 16 10 100 ombiToB. ITpu 3ToM 16 OnBITOB SIB-
JISIFOTCSI PealbHBIMM, @ JOMOJIHUTENbHbIC 84 BUPTyaabHbIMU. J[OTIOMHUTEIbHBIC BUPTYAIbHBIC OIBITHI T10-
SBIIAIOTCA M3-3a OoJiee TiTy0O0KO# HelipoceTeBoi 00pabOTKH NCXOIHBIX JaHHBIX.

Taxxe ciedyer OTMETHTh, NPEICTaBICHHBIC HAa pHC. 3 3aBHCHMOCTH AHAIUTHYECKH OIMCHIBAIOT
B pa3HbIX (popMax. 3aBUCUMOCTD B JIEBOW YacCTH PUCYHKA XOPOIIO MPUOIMKACTCS KBaJPATHYHBIM TOJIMHO-
MOM. 3aBUCHMOCTh B TIPaBOil 4acTH yIOOHa TEM, YTO XOPOLIO ONMHUCHIBAaETCs JHHEIHO. [lapaiensHo ¢ 3a-
Bucumoctsmu o(r = 00, n) u log (o(r = 00, n)) MoryT OBITH MCHOJIL30BaHbl AHATIOTHYHBIC 3aBUCHMOCTH
A (r=00, n) u log (A (r = 00, n)) B cootBeTcTBUU ¢ cooTHOmeHHEeM (3). VIcronb30BaHue IBYX 3aBHCUMO-
cTeil MO3BOJISIET MOAHATH TOYHOCTB OIEHOK 4Yepe3 MX ycpeaHeHus. KoppensuonHas CBS3b Ul 9THX ABYX
Pa3HBIX CTATUCTUYECKUX MapaMeTPOB OTCYTCTBYET.
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ON3NYECKHME OCOBEHHOCTHU ITPOLIECCOB AE@OOPMAILTUH
N PASPYIIEHUA MATEPUAAAMETOAOM KOHEYHBIX Y3AOB
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AHHOTanus. Axmyanenocms u yeau. VIzydeHsl neopManny 1 pa3pylieHne Matepraia KOMIO3UTHOM THITb3bI
B 00JIACTH KOHTAKTa JIBYX Pa3IMYHBIX MATEPHAIOB (CTANH M MOJHAMHKIA) C MTOMOIIBI MATEMAaTHUCCKOW MOJIENH pas-
priBHOTO MeToza [anepknHa. OcOOEHHOCTBIO UCCIIEIOBAHMS SIBISICTCS TO, YTO JAHHBIA METOJ COXPaHSET MacCOBBIC
U KUHETUYECKHE XapaKTePUCTUKU B y371aX MOJAENH, pa3pyLIeHUEe MPOUCXOAUT NMPH JOCTHKEHUH Ipefena TeKy4eCTH.
Takoke 1 aJeKBaTHOTO OIMCAHWS paspyLICHUs s KaKAO0Tro MaTepHaia 3aaH0 YPaBHEHHE COCTOSHUS BEIeCTBa
o Mu — I'proneiizeny. Mamepuanst u memoout. PaccMOTpeH MOPSIOK TPOBEACHHUS MOICIUPOBAHUS C IIETBIO ONTH-
MH3aIMH U BBIOOpA ONTUMAIBHBIX TEXHHYECKUX PEMICHHH C MOMOIIBI0 MPOTPAMMHBIX KOMILIEKCOB MOJIECIHPOBAHMUS
pa3pylIeHHs Ha OCHOBE METO/a KOHEUHBIX y3JI0B U COIOCTABJICHHS MOJTYYEHHBIX PE3yIbTaTOB C MaTeMaTHYECKUMU
pacdyeTraMu Ha OCHOBE MaTeMaTHUECKON MOJAENH pa3pblBHOTO Metona ['anepkuHa. Pesynomamot u 66160061, I1o urory
UCCIIE/IOBaHMs PellieHa 3ajjada pacdyera Ha MPOYHOCTh pa3pabO0TaHHON KOMITO3UTHOW THIIB3bI HE TOJBKO MO BCEH ee
JUIMHE, HO M Ha CTBIKE BYX Pa3JIMYHBIX MaTE€PHUAJIOB C YYETOM IEePEepPE3bIBAIOLIETO YCHIUSI B 00IaCTH UX aAre3UBHOTO
COEIIMHEHUS.

KuaroueBnie ciioBa: paspeiBHOM Meton ["anepkuna, ¢pyHkuust popmsl EFG, nokanbHoe rpaHn4HOE HHTEIPHPO-
BaHUE, 3pO3Us

Jost murupoBanus: [oxynos A. 1., Kykanos C. A., baknanos [I. B. ®usnueckne ocobeHHOCTH ITponeccoB aehopManuu
U paspylICHHs Marepuaja METOIOM KOHEYHbIX y3ioB // HamexxHOCTh UM KauecTBO clnoxHbIX cucteM. 2024. Ne 3. C. 19-29. doi:
10.21685/2307-4205-2024-3-3

PHYSICAL FEATURES OF THE PROCESSES OF DEFORMATION
AND DESTRUCTION OF THE MATERIAL BY THE FINITE NODE METHOD
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Abstract. Background. In this article, deformations and destruction of the composite sleeve material in the con-
tact area of two different materials (steel and polyamide) are studied using a mathematical model of the Galerkin dis-
continuous method. The peculiarity of the study is that this method preserves the mass and Kinetic characteristics in
the nodes of the model, destruction occurs when the yield point is reached. Also, for an adequate description of the de-
struction, the Mi-Gruneisen equation of state of matter is given for each material. Materials and methods. The proce-
dure of modeling is considered in order to optimize and select optimal technical solutions using software systems for
modeling fracture based on the finite node method and comparing the results obtained with mathematical calculations
based on the mathematical model of the discontinuous Galerkin method. Results and conclusions. As a result of the
study, the problem of calculating the strength of the developed composite sleeve was solved not only along its entire
length, but also at the junction of two different materials, taking into account the shearing force in the area of their ad-
hesive connection.

Keywords: discontinuous Galerkin method, EFG shape function, local boundary integration, erosion

For citation: Godunov A.l., Kukanov S.A., Baklanov D.V. Physical features of the processes of deformation and destruc-
tion of the material by the finite node method. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex sys-
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Pacyer Ha MpPOYHOCTH KOMITO3UTHOW THJIB3bI (prc. 1) MPOBOAMIICS B KBAa3HUCTATHYECKOM HPHOIIIKE-
HUM JUII MOMEHTa BPEMEHHM, MpPHU KOTOPOM pEAIM3yeTCsi MaKCHUMalbHOE [aBJICHHE IMOPOXOBBIX Ia30B
P = 295 MIla. lonycTUMOCTh KBa3HCTaTHYECKOTO pacyeTa 000CHOBBIBACTCSI JOCTATOYHO OOJBIIUMHU Bpe-
MEHAMH MPOTEKAIONIMX MPOLECCOB (MakcHMalbHble aedopMalyy pa3BHBAIOTCS B HM3ICIHH 33 BpEMs
~ 74 - 107 ¢) 1O CpaBHEHHMIO CO BpPeMEHeM PaclHpOCTpaHEeHHs BO3MYIIEHHI B MaTepuaie u3jaenus (Ipo-
XOXJIEHHE YIPYTUX BOJH I10 JJIMHE CTAHJAPTHON KOHCTPYKIWHU 3aHMUMAET BpeMsl, MOPSAKA STUHHUL MUKPO-
cekynn). Kpome atoro, npesmosnaraercsi BOSMOXKHOCTb HCIIOJIb30BaHHsI CBOWCTB MOJMAMUIHOTO MaTepHa-
J1a, MOJYYECHHBIX B CTATUYECKUX UCHBITAHUAX. DTO MPEANON0KEHHE CAeNaH0 KaK Ul METaJuIOB, TaK U JUIs
KOMIIO3UTOB, UISl KOTOPHIX MPH PEATH3YIOLIMXCS CKOpOCTX Aedopmaiuii cBoiicTBa (mpemen Tekyde-
CTU/TIPOYHOCTH, MOJLYJIH YIIPYTOCTH) MEHSIOTCS HE3HAUYUTEIBHO.

0,000 15,000 30,|000 {mm) 0.000 15,000 30,000 (mim)
I T L I—— ES—

7,500 22,500 7,500 22,500

Puc.1. KomnosurHas rujb3a;
1 — o0wuMii BUI THIIB3BL, 2 — TEI0 TWIb3bI U3 nonuamuaa PA612; 3 — noHHasA 4acTh U3 CTAIU

Taxum o0pa3om, MaTepuai I0JDKEH paboTaTh B yIpyroi 30He. [lpu npoekTupoBaHUN KOMITIO3UTHOTO
TeNa THIb3bl, U3TOTOBIEHHOIO U3 MOJUaMMJa, KPUTEPUSIMHU ABISAIOTCS MpEebl MPOYHOCTH MarepHuana, a
MIPU PacCCMOTPEHUHN METAUINYECKON JOHHOW YacTH KpUTEpPHEM fABIsAETCs mpeaen Tekydectu. CoenruHeHue
KOHEYHBIX 3JIEMEHTOB M Y3JIOB IPECTABICHO HA pHC. 2.

. §.*I *I *—. *I *.’I ‘I ‘l +I *.
B OOOOOOOOO0
Sty

a) 0)

Puc. 2. CoeaurHeHE KOHCUHBIX JIEMEHTOB H Y3JI0B!
a — BHUJI 000JI0YKH, 6 — BUJI 00beMa: 1 — TeI0 TUIb35I U3 MTONIMAMUIIA,
2 — TOHHAs YacTh THJIB3BI U3 cTaid; P — naBieHue mopoxoBeix ra3oB 295 MIla

PaspeiBHoit Meton T'amepkuua [2] couetaeT B cebe CBOWMCTBA KOHEYHO-OOBEMHBIX W KOHEYHO-
3JIEMEHTHBIX METOJIOB, TIPU 3TOM TIOJ] CETOYHOW (YHKIMeH moHuMaeTcsl QyHKIIHS, Ha KaXJOM HHTEpBaie

(x i X j+l) KOTOPOH MMEETCS MHOTOYJIEH MOpsAgKa P € NU{O}. Ha xaxxpom mHTepBasie MOXXHO BbIOpaTh

mo0Ooi 0a3uc B MPOCTPAHCTBE MHOTOWICHOB MOPSAIKA [ U MPOJOIDKUTH TH (DYHKIIUH HyJIeM BHE WHTEp-
Basa. O0beauHeHNe Takux (QyHKIUI 00pa3yeT 6a3uc B MPOCTPAHCTBE CETOYHBIX (DyHKIHiA [1].
Pemenne HaxoeHHs MapaMeTPOB Pa3pyIlICHUS MaTepHala Tela KOMIO3UTHOMN THIIb3bI MPU TaAKOM

MOJIXO/IC MOYKHO OTHKCATh B BUJC JIUHEHHBIX KOMOMHAINA 0a3UCHBIX QYHKIMHA C 3aBUCAIIMMU OT BPEMEHH
K03 GUIIEHTaMU:
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=3 38,0 (1)0F (%), (1)

IMpounterpupyem ypasaenue (1) mo X. [Tockonbky O6a3ucHas GpyHKIUsS paBHA HYJO BHE OIHOTO OT-
pe3Ka, IoIyYuM

j”d) Bt x)ax+ I”(I) d (t x)dx=0. )
IIpounTerprpyeM BTOpOE ciaraeMoe (2) o JacTsM:
d (%, m n n xp AT (X
dtd 97 (X)u(t,x) dx +po] (X,-+1)—u<l>,- (Xj)u(t,xj)—ufXj q)(‘j—x()u(t,x)dxzo. (3)

OOpatuM BHUMaHKE, 4TO npu AaBicHuM P =0 kaxmas u3 0a3MCHbIX (DYHKIUH ABISCTCS HYJIEBOH
KOHCTAHTO# BHYTPH CBOEH SYEHKH U MOCIE ICICHNs Ha 3Ty KOHCTAHTY BhIpaxkeHHe (3) mpuMeT BU.T

8Pt ) (i) <o @

I[anee IpUCTYNIUM K 3aME€HE pu (t, Xj+1) Ha HCKOTOPLIC (bYHKLII/II/I, Ha3bIBACMbIC YHCJIICHHBIMU IIOTO-

kamu. [Tocie npeoOpa3zoBanus (3) ypaBHEHHE IPUMET BUJT

+ Xj+1d i
JJ(I) =2(t,x)dx +07(x J+1)Fj+1(t)—¢*}“(xj)|:j(t)_ujxj ¢(Jj_x(x)u(t,x)dx=0, (5)
rae
Fj(t)=9(t,xj—O)Ww(t,xjm)%, (6)

a 0<o<1. CumBoaamu S(t, X;+ O) 0003HaY€eHBI NPe/IebHbIE 3HAYCHUS CIIeBa U CIpaBa OT TOYKU X; . Ya-

CTO TIOJIArafoT G =1, HO OCTaBUM BO3MOYKHOCTH BapbUPOBAHMS 3TOTO mapamerpa [3].
YpaBHEHHUE 115 ONMCAHMSI IO AeOPMAIIUY U TIePEeMETCHHIA:

NP
Z\’Vk "(Xot) = 20k (x)dic (1) (7)
K=1
CBs3u JaCcTUll 10 MOMCHTA pa3pylICHUsA MMPEACTABIICHBI HA PUC. 3, HUX MOXHO OIIMCaTh KakK

U™ (%, 1) =y (% )y (1) + 0, (%) dy (1) + g (%) o (1) + 5 (%), (1) +
+ s (%) dg (1) + 7 (%) dy (1) + g (%) dg (1) + 0 (%) A (1) (8)

U™ (X, 1) =y (%, )dy (1) + 0 (X, )0y (1) + g (X, ) 0y (1) + g (X, ) dg (1) + g (X, ) dg (1) + o (X, ) Ui (). (9)

Hocurens x,

g 4
Hocurens x; /

Puc. 3. Cxema B3aMOJICHCTBHS ABYX YACTHUI[ C HOCUTEIISIMU CBSI3CH:
1 - wactuua ¢ maTemariaeckuM HocureneM ¢, (X, )d, (t);

2 — yacTuia ¢ MaTeMaTHuecKuM HocuteneM ¢, (X, )d, (t)
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Ipu Beimonxenun ycnosus ¢;(X,)d,(t)=0 n ¢,(x)d,(t)=0 nponcxomur paspyuienue csseii

1, COOTBETCTBEHHO, pa3pylleHne MaTepraia. B onucaHHOM MeTolie pa3pylieHHe 10 MIaCTHYeCKOM aedop-
Mallu{ CBA3EH MO3BOJISIET ONMCATh ANIPOKCHMAIMIO SIAPOM CIVIAKUBAHMA, NIPU KOTOPOM NPHOIMKEHHOE
npezacTaBieHre QYHKIUNA ¥ WX MPOM3BOJHBIX OCYIIECTBISIETCS Yepe3 SAPO CrIaKUBAHUS U €€ TIPOU3BOJ-
Hble [4]. TIpu 5TOM MeTOAe HEeT MOTepH DHEPIUU M Macchl MaTepuana (B OTIMYHE OT METOJa KOHEYHBIX
9JIEMEHTOB), KOTOPBIN MMOJBEPraeTCsl pa3pyLICHHI0. BICOKHE MOPSAKU alIPOKCHMAIIUK CIIOCOOHBI JTyUllie
ONHCHIBATh BHICOKHE I'PAHECHTHI.

Jlnst onucanus crinaxkuanus (puc. 4) ucnonblyercst Kyondeckas B-crutaitHoBas ¢yHKIus siapa B Ka-
9YeCTBE BECOBOM (PYHKIIHH:

2 3
L ] e
Walx=%)= . (10)
A T N S
3 a a 3l a 2 a

Puc. 4. I'paduaeckoe mpencraBiaeHne 0e3 CETOYHON JUCKPETH3AINN

Merton CKONB3SIIET0 HAaUMMEHBILEro KBaJpaTa 3aK/I4aeTcs B MMHUMM3ALUU B3BELICHHOM L, -
HOPMBI:

J =§\Na(x—xl){izn1:Hi(x)bi(x)—u(xl)} , (11)

rae NP — 4uciio y3n0B B moguepxkke X, it KoTopbix W, (X — X1) #0.

B HesBHOM BHIe O€3CETOUHBIN METO MCITOIB3YET KOMOMHAIIUIO TIaIKuX 0a3uCHBIX (pyHKIMI (TIpu-
MHTHBOB) ISl HAXOXK/ICHHS CKAJSIPHOHM (DYHKIMH, TAKOW, YTO BCE Y3JIbl JAHHBIX OJU3KU K M30KOHTYPY ITOM
CKaJIIPHOM PYHKIMK B TI00abHOM cMbicie [1]. B peanbHOCTH MOCTpOCHHE TOBEPXHOCTH 0OOIOUYKH C TIO-
MOIIBIO TPEXMEPHOTO 0E3CETOUHOTO METO/Ia OKA3bIBACTCS HEAJCKBATHBIM. DTO CBSI3aHO C TEM, YTO TOIMOJIO-
I'Usl peajibHOM MOBEPXHOCTH MOXKET ObITh OUEHBb CIIOKHOM B Tpex M3MepeHusx. be3 undopmammu o0 yrio-
PAZOYCHHOCTH WJIM CBS3HOCTH Y3JIOB PEKOHCTPYMPOBAaHHAs TOBEPXHOCTh HE CMOXET OTOOpa3uTh
nepecedeHrss 000I04EK, BHEITHUX MPAHUIL U YITI0B (OPMBI.

Vpasuenne (11) MOKHO 3amKcaTh B BUIE

J =(Hb—u) W, (x)(Hb—u), (12)
rac
UT =(u,Uy,...Ug), (13)
{H(x)'
H=| .. | (14)
{H O}
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(Hx)" = {H (%) W, (X=X )} (15)
W, =diag[ w, (X=%,),....W, (X=X ) ]. (16)

Yrobel HaliTH KO3 duimeHT b, momyuum sxctpemym J o hopmye
g—izl\/l["](x)b(x)—B(x)u=0, (7)

rae M ] (X) Ha3bIBACTCA ManI/ILICfI MOMCHTOB Wa (X - Xl) 1 UMCCT BUJ]
M (x) = H'W, (X)H . (18)
Hrak, y Hac ectb
B(x)=M (x)B(x)u. (19)

Yroosr M [n) (X) Obl1a UHBEPTUPYEMOH, MOJIEPKKA W, (X - X1) JIOJKHA OBITH OOJIBIIIE MUHUMAIBLHO-

ro pa3Mepa, KOTOpBII CBSI3aH C MOPsAKOM OasucHbIX pyHKumit. Mcmons3ys peuienue ypaBuenui (6), (17),
annpoKCUMaNus MOJIy4aeTcs CAeAyOMUM 00pa3oM:

u"(x) = > (x)u;, (20)
rae Gynkiun Gopmsr W, (X) 3amaoTcs ceayouM oopasom:

W (x)=HT ()M (x)B(x) (1)

n \Pi (X) SIBJISIFOTCS MOJHBIMHM N-TO MOPsIKa, T.€.
NP
D W (X)xixg = X% nns p+g=0,...n. (22)
i=1

Cxomumocts MeTona ["anepkuna i audQepeHIHaIbHOTO ypaBHEHHS ONPEIeNIeTCs] alpOKCHMa-
el HeM3BECTHBIX M YHMCIICHHBIM MHTEIPHPOBaHHEM B ciaboit ¢popme. ynkuun popmer Element Free
Galerkin Method (manee EFG) ¢ nuHei#HON COTacOBaHHOCTBIO MOTYT OBITH TOJIyYSHBI U3 JIMHEHHOM ari-
MPOKCUMALIMH TIOJIS NepeMeIleHHs ¢ JTMHEHHBIMU Oa3ucHbIME (QyHKIUsIMU. Vcrmonp30BaHHe JIMHEHHO CO-
[JIACOBAHHBIX 0e3ceTOYHBIX (PpyHKIHMHA QOpMBI B ammpokcUManuu ['ajnepkuHa He rapaHTUpyeT JIMHEHHOH
TOYHOCTH pereHus [2]. [ns TMHEeHHO# TOYHOCTH pelleHus B MPHOIVbKeHnH [ aepkuHa HeoOXOAUMBI JBa
OrpaHMYCHHS Ha HHTETPHPOBAHHUE!

NZ”:V‘Pi(xL)AL ans {1 :supp(¥;) NG =0}, (23)
NZIT:V\Pi(x.L)AL = lihn‘Pi(f(L)SL st {I ssupp(¥,)NG" =0}, (24)

rae G" — ecrectBennas rpanuia; G — obmas rpaHuna; N — HOpMamb K ToBepxHoctn G"; X, u A -
IPOCTPAHCTBEHHAS KOOPAMHATA U BEC TOYKH MHTETPUPOBAHUS O00JIACTU COOTBETCTBEHHO; X, M S, — Ipo-

CTPaHCTBEHHAsl KOOPANWHATA U BEC TOUKU MHTEIPUPOBaHUS ecTecTBeHHOH rpanuisl, NIT — xonuuecTBo To-
YeK MHTErPUPOBAHUS Ul JOMEeHHOro uHTerpupoBanus; NITh — komruecTBO TOYEK WHTErPUPOBAHUS VIS
MHTETPUPOBAHMSI €CTECTBEHHOM IPaHUIIBI.

Merton crnaxuBanus nedopManuii B KadyecTBe perysipu3alii HECTaOMIBHOCTH MaTepHuaja IpH JIo-
Kanuzanuu aedopmanuii ObIT pacHIMpPeH B METO/E Y3JI0BOTO MHTETPUPOBAHUS ISl YAOBJIECTBOPEHHUS OTpa-
HUYEHUH Ha MHTErpupoBaHue. Mcnonp3ys aHATOTHYHYIO0 KOHLEHIUIO ISl JOMEHHOTO MHTETPUPOBAHUS CO
CIIIaXKMBaHUEM JeOpMaliy B IIPEACTaBUTENbHON obsacTu Touku ["aycca, momyyum
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Vu{‘(xL)zi_ﬁ)2 vu'(x,)dQ , AL:J.?2 dQ, (25)

rae €, — IpenCTaBUTENBHBIN TOMEH B KaK10# Touke I'yacca, a V. — criakeHHBIN IPaUEHT.

?ui"(xL)zi " nu! (%, )dG, (26)

A Te

rae G, — rpaHuia npeacTaBuTeNnbpHOR obnactu Touku I'yacca L:
. 0.1 (o LI
vu! (xL):ZEIGL‘Pi(x)ndG-d” EZV‘Pi(xL)d". (27)

MOHO CKa3aTh, YTO CIIaKCHHBIH rpagueHT GpyHKiuu Gpopmbl EFG- yaoBiaeTBopseT 1eI09HCICHHBIM
orpaHnYeHusIM B ypaBHeHUsX (23) u (24) HE3aBHCHUMO OT UCITIOIB3YEMOTO YHUCICHHOTO HHTEIPUPOBAHUSI.

Pa3paboTanpl ABa MPOEKIIMOHHBIX METO/IA JUTS CO3[IAHHS CPETHEH TTOBEPXHOCTH OOOIOYKH C HCIIONb-
30BaHHEM TIPUOIVDKEHUS CKOJNB3SANINX HAUMEHBITUX KBaapaToB. J[ms oOpabOTKHM MPOU3BOIBHO OOIBIIHX
BpAaIlICHUH ¢ yMEPEHHBIMHU JIe(OPMALMOHHBIMHI PEAKIUIMH OOO0JIOUEUHBIX CTPYKTYP HCHONB3YETCsS METOJ
BpaIlleHHs1 ¢ OOHOBJICHHBIM JIarpaH)kuaHoM [6]. MeTo JIOKaibHOTO IPaHUYHOTO WHTETPUPOBAHUS B COYE-
TaHUHM C CEIIEKTUBHBIM METOIOM COKPAIIEHHOTO WHTETPHPOBAHHS BBOIWTCS I 0OECIeYeHUs JTMHEHHOMH
TOYHOCTU U CHATHUS OJIOKUPOBKU CABHra. DTO TO3BOJISIET OMHMCATh (PU3UUYCCKHIA MPOIECC pa3pyIICHUs Ma-
Tepuaaa KOMIIO3UTHOMN THIIb3BL.

BoccTaHoBneHre MOBEPXHOCTH MO HEOPTaHW30BaHHBIM y3JIaM SBIISIETCS OYEHBb CIOXKHOW 3amadeit
B Tpex m3MepeHnsx. [Ipu paspaboTke 0€3ceTOUYHBIX 000JI0YEK MPEATIOoIaraeTcs, 9To MOBEPXHOCTh 000I0Y-
KH OIHUCHIBAETCS CETKOW KOHEYHBIX AJIEMEHTOB. DTOr'0 MOXHO JIETKO JIOOUTKCS, TpeoOpa3oBaB 4acTh KO-
HEYHBIX 3JIEMCHTOB 000JIOUKH B 30HY 0e3 cetku (puc. 5). Biaromaps CBSI3HOCTH y3I710B, 0OecreunBaeMoi
CETKOW KOHEYHBIX JIEMEHTOB, IOBEPXHOCTH 00OJIOYKHA MOXKET OBITH BOCCTAHOBIIEHA C TIOMOIIBI0 Oe3CeTod-
HOW MHTEPIOJISLNU U3 Y3IOBBIX MOJI0KEHUH.

® . ® ° . . - « ° °

a) 0)

Puc. 5. [Ipeobpa3oBaHne KOHEYHBIX 3JICMEHTOB DIIEMEHTAPHOMN 000JI0UKH:
@ — MacCUB KOHEYHBIX 3JIEMEHTOB; 6 — MaCCHB KOHEYHBIX Y3JIOB

HemanoBaxHyto posib B MaTeMaTn4eckoM MOJCITUPOBAHUHM COCAWHEHHBIX KOHEUHBIX 3JICMEHTOB U
KOHEUYHBIX y37I0B (pHc. 6) HEOOXOIMMO OTBECTH MX COBMECTHOMY BPAIICHHIO B IIPOCTpPaHCTBE. ['eomeTpus
Y KHHEMAaTHUYECKHE I10JIs1 000JI0YKH MOTYT OBITh OIMCAHBI C IIOMOIIBIO OTIOPHOM ITOBEPXHOCTH B HaIIpaBe-
HUM JIBWKCHUA. MoauduimpoBanHoe npeanonoxenne Muinaa — PeliccHepa TpeOyeT, YTOObI IBUXKCHHE
U cMelleHHe 000JIOYKM ObUIO JIMHEWHBIM B HAlpaBiIeHHM BOJIOKOH Matepuana [5]. Ipeamonoxum, 4to
OMOPHON MOBEPXHOCTHIO ABJISIETCS CPEAHSS MOBEPXHOCTH 000JIOUKH, ITOOANbHBIE KOOPIUHATEL U CMELIe-
HUSI B IPOM3BOJIBHOM TOUYKE BHYTPH TeJIa 000JI0UKH MOXKHO 3aaTh KaK

X=X+ &EV3 ; (28)
2
u —U+§DU (29)
= U
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rae X U U — BEKTOp MOJIOKEHHS U CMEIEHUE OIIOPHOH MOBEPXHOCTH; V, — HAaIIPaBJIEHUE BOJIOKHA MAaTEPH-
ama; U — cMelenne, BOSHUKAIOIIEE B pe3y/IbTaTe BpallleHHUs MaTteprana; h — ajrMHa BOJOKHA.

Puc. 6. BextopHOe mpencrasieHne nedopManuy 000I0IKH

B HpI/I6J'II/I)KCHI/II/I 0e3 ceTkn JABHKCHHUC U I[e(bopMaLII/IH 3aJal0TCsA KakK

K(EME)=R(5)+V (En.8)= B (Em)x + 2F (n) v, (30)
u(gn,C)=a(gmn,)+U(&n,L)~ Z‘P g, LHZ‘P &m,) Ch‘[—VmVn]{%}, (31)

rme X uu — ro0aIbHbIE KOOpAWHATBI 1 CMCIICHUSA B CBO60,I[HOI>'I OT CCTKHU Y3JIOB obmacTH | ) V3i — CAVHHUY-
HBIIl BEKTOp HAIpaBJICHMs BOJIOKHA; V,, M V,, — 6a30Bblc BEKTOPHI y3JIOBOH CHCTEMBI KOOPAMHAT B y3i€ i;
o, U B; — MOBOPOTHI BEKTOPa HarpasieHus V,, Bokpyr oceit V,, u 'V, ,a ¥, — nBymephsle pyHKImu GOpMBL
JIokanpHasi CHCTEMa KOOPIUHAT COBMECTHOTO BpallleHust X,Y,7 ompenensercs B KaXKJI0W TOYKE WH-
TErpUPOBaHKs Ha OMOPHOM IOBEPXHOCTH 00OJIOUKHU ¢ KacaTenbHbiMU X u Y [3]. Ha ocHOBaHMHM BbILEW3-
JI0’KEHHOTO 0a3uC BEKTOPOB IIPUMET BU
g Xe XX, 8
- 1
bl e ®

YroObl onucaTh MOBOPOTHI BOJIOKOH y371a 0€3 CeTKH B 000JI0UKe, BBEIEM Y3JIOBYIO CHCTEMY KOOP.IH-
HaT (puc. 7), TpeMsi 0a30BBIMHU BEKTOPaMU KOTOPOii sBisitotes V,,V,,V,, Te HanpaBlicHUE BOJIOKHA B y3iIe

>
>

X

:- (32)

3

V,,V, ompezneneHo Kak

v, = |§XV3|V —V, XV, (33)

Puc. 7. JlokanpHas U y370Basi CHCTEMBI KOOPIMHAT C OHOBPEMEHHBIM BPAIICHHEM
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3arem BpAlICHUC HAIIPABJIAIOMICTO MaTCpHUajia OIMUCbhIBAEM U3 r100aIbHBIX BpameHHﬁ:

{E} _ [@} A®, AO=[A0,A0,A0,] . (34)
Bl V2

B nokaneHOH cucTeMe KOOPIMHAT ¢ OJHOBPEMEHHBIM BpAalICHUEM JIBHKCHUSI H CMELICHUE alllpOK-
CUMHPYIOTCS QyHKIMAMHU QOpMBI O€3 CETKH BUAA

=3 NP‘P hy 35
X = Z CZ | 3il 1 (35)
= = 2
o
j —ZT u; +C2\P [ 2il l”]{B_'I} (36)
JlarpanxeBasi qedopmaliust CriiakKuBaeTcs Kak

"= Bd,, & =C)Bd,,& =SB, (37)

T/ie CTIIaYKeHHBIE OTepaTopsl AeOopMalui BEIYUCISIOTCS MyTEM YCPETHEHHUS! COTIaCOBAHHBIX OMEPaTOPOB
JedopmMariy no 00JIacTH BOKPYT OLICHUBAEMOM TOUYKH:

B (x,)=—[* BrdA, BY(x,)=— [ B%dA, Bi(x )= — [ BidA, (38)
A Ao Ao
LPI,>< O 0 ‘]1_31lPI I‘;VZXI ‘]1_31‘{’ h2\/1xl
B"=| 0 ¥, 0 -1y, My -1, My
I 1y 23 2 2yl 23 2 1yl 1
~ ~ g Dy g 0 e, N g Dy
\Pl,x \Pl,y O ‘]231\11 2V2xl ‘]131IP 2V2yl _‘]231\P 2IV1><I +‘] l\P 2V1yl
000 —\P,,Xh?'\izx, ¥, h2\71
~ - h -~ - h -
BP=| 000 —‘P,'y?'VZy, 2vl :
- hos - ho - h h
000 _lPI,y?IVZXI _\Pl,x_|V2yI | Wy 2|V1xl +‘P 2 Vlyl
00 v, J'l‘P gvzy, J‘“P, ZVZZ, J3‘31‘P Zvly, +J‘1‘I’I ZVHI
s ~ g N N e, N v, N
BI =0 0 lPl,x ‘]331‘1] 2V2xl _‘]131\P| 2IV22I ‘]331‘1] 2|V1x| +‘]1311P| 2IV12I )
00 O 0 0

rae J' sBusercs obpaTHOl Martpumeii SIkOGM B TOUKe MHTErpHpoBaHHs. JIOKaNbHAS CTENEHb CBOGOJIBI
BBIPKACTCS KaK

~ ~ ~ ~ T
d = I:uxl u, u, o B, ] . (39)
BHyTpeHHU y3]10BOI1 BEKTOP CHJIBI paBEH

Sin 0 ~T A 0 ~p1 A USSR
R = [ BrsdQ+ [ ¢Bsd+ [ Bsdo. (40)
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Ucnonb3oBanue oOHOBIEHHON (GopMyIupoBKH Jlarpanxka moapa3zyMeBaer, 4To CUCTeMa KOOpPAWHAT
OTCYeTa ONpeessieTCsi CUCTEMOW COBMECTHOTO BpalleHHs B KOH(QUIypalud B MOMEHT Bpemenu t [7].
CrnenoBaTenbHO, JOKAIbHBIE Y3JI0BBIE BEKTOPBI CHIIBI M NEPEMEIEHHS, OTHOCSIIUECS K 3TOH CHCTEME KO-
OpAMHAT, AOJDKHBI OBITh IPe00pa30BaHbl B II00aIbHYI0 CHCTEMY KOOPAMHAT IpU IOCTpoeHNH. Maremaru-
Yyeckasi MOJICNb TIpollecca pa3pylieHus U JeopManuu marepuana 5,45-MM KOMITO3UTHOW THIIB3BI TPE-
CTaBJICHa Ha puC. 8.

LS.DYNA keyword deck by LS-PrePost Emcive s o LS-DYMA keyword deck by LS-PrePost Enecive Siress (v}
0004400 Contours of Emective Stress (vmj
e

000000 mineu.c0870915, m sieme 100845 am0m
on00e+00 [0 max=0 40374 ol lame 36149 e
[a I 3000.01

a) 6)

LS DYNA keyword deck by LS-PrePost LS-DYNA keyword geck by LS-Prepest
Tme= 012 Tmes =02

Contours of EMecive Streas |v-m)

e 80330287 at et 10014 G
RAm AT, i e 84343

Contours of Effactive Sirass fvam) oy
0 DUTEZSS, ol o 10043 .
PaasD 4B7E3 o e B4272

mumi

! A
6) 2)

Puc. 8. Martemarunueckasi MoJielib Ipoliecca pa3pyuieHus u aehopMaliy MaTepraia:
@ — KOHIICHTPAIIMS CHJIOBOTO BO3JCHCTBUSI Ha MaTepual; 6 — pacipeielieHne crpecca mo o Musecy B Matepuase;
6 — hu3HUecKoe 00pa3oBaHie MOTEPH CBI3M MACCHBA Y3JIOB Pa3pylIaeMOro MaTepuana; ¢ — pa3pylieHHe MaTeprana

3akArouenue

Takum oOpa3oM, ObLI ompeseicH HauOoJiee PAMOHATLHBIA MAaTEMAaTHYSCKUI METO, KOTOPKIA pe-
ancs B JarpaHXeBoil MOCTaHOBKE 3aJa4 IPU UCHOJIb30BAHUU SIBHOM CXEMBbl HHTEIPUPOBAHUS Pa3pbIBHBIM
METOJIOM KOHEYHBIX y3510B ['asiepkuHa. Takke pelieHue 3aJauu JUHAMHUYECKOTO HArpyXeHHs KOMIIO3UT-
HOW TWJIb3bl METOJOM KOHEUYHBIX Y3JIOB MO3BOJUT UCKIIOUUTH TAKOE MOHATHE, KAaK «3PO3US» BJIEMEHTA,
COXPaHUTh MAcCy U SHEPrUI0 Ha BCEM LIMKJIE MHTETPUPOBaHUA. BrICOKME MOPSAKU allPOKCUMAILUU [TO3BO-
JIVUTHA JTy4Ilie OMUCAaTh BBICOKHE TPATUEHTHI, OJHAKO CTOUT OTMETHUTh KaK HEOCTATOK OOJBINYI0 BEIYUCITH-
TENBHYIO CJI0XHOCTh. KpoMe Toro, ObuT BEIOpaH BOCBMHUY3JI0BOM KOHEUHBIH 3JICMEHT, MO3BOJISIONIUI C J0-
CTaTOYHOM TOYHOCTBIO OMUCATh TEOMETPUUECKUE Pa3MEPhI SIEMEHTOB CUCTEMBI.
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MOAEANUPOBAHMUME YIIPABAAEMOCTHU XAPAKTEPUCTHUK
PEIIETOK ITAASMOHHBIX TPAOEHOBBIX HAHOAHTEHH
B CPEAHEM HHO®PAKPACHOM AHAITA3OHE

I. C. MakeeBa

IleHn3eHnckuil rocygapcTBeHHbI yHUBEpcuTeT, [lensa, Poccus
radiotech@pnzgu.ru

AHHOTammA. AxmyanvHocms u yeau. BHeIpeHUe HAHOAHTEHH JUIS ONTHYCCKOW OCCIpPOBOIHON CBS3U B WH-
¢dpaxpacaom (MK) u BuauMom amamazoHax obecreunBaeT 6oiiee BHICOKYIO CKOPOCTh Mepeaadn TaHHBIX MPH YMCHb-
IIEHUH pa3Mepa aHTeHHbl. BO3MOXXHOCTbH NEpEeCTPOMKHM XapaKTEpUCTUK Tpad)eHa XMMHUYECKHM JIETUPOBAHUEM HITH
HaNpsDKEHUEM CMEIECHUS aKTyallbHa MpPU pa3paboTKe peKOH(HUTYpHPYEMbIX HaHOaHTEHH. llenbio paboThl siBIsieTCst
HCCIIE0BaHNE XapaKTepUCTUK (S-mapamMeTpoB, auarpaMmbl HampasieHHocTH ([IH)) perieTok mia3MoHHBIX TpadeHo-
Bbix HanoanTeHH ([ITHA), ux ympapisieMoCcTH U BO3MOYKHOCTH CKQaHHPOBAHHS [0 YACTOTE MPH H3MEHCHHN XUMHYECKOTO
noteHimana rpadeHa (MPHIOKEHHEM BHEIIHEro 3JIEKTpuueckoro moisi) B cpenHem WK-nmuanasone. Mamepuans
u memoovl. IlpuMeHenue rpadena, 00IagaoIIero XOpomeH JIeKTPOIPOBOAHOCTHIO, YIIPABIAEMON MPOBOJUMOCTHIO
Y TUIa3MOHHBIMHU CBOWCTBAMH B TeparepLoBoM, JanbHeM U cpeaHeM WK-nmanazonax, sBisieTcsi ofHON M3 HanOoee
MHOT000€NIA0IINX albTEPHATHB OaropoubiM MeTamiaM (AU 1 AQ) Kak IIa3MOHHBIM MaT€PHAIaM TOJBKO Ha OIITH-
YecKuX yacToTax. MojenupoBanue xapakrepuctuk pemerok [II'HA mpoBeneHo ¢ MOMOIIbIO IPOrpaMMBbl AIIEKTPOIN-
Hamudeckoro moaeauposanus CST Microwave Studio 2019, uto mo3BOJISIET PEMINTD HAYIHBIC TPOGIICMBI, CBI3aHHBIC
C TIPOEKTHpOBaHMEM rpadeHoBbIX aHTeHH B MK-nnanazone BonH. Pesynomamer. [1omydeHsl pe3yabTaTbl MOJEIHPO-
BaHUS YIPABISIEMOCTH XapakTtepucTuk (S-mapamerpos, IH) equaugnoro snementa anternoi pemerku (ITTHA mps-
MOYTOJIbHOM TeoMeTpun) 1 pemreTok ITI'HA Ha pe30HaHCHBIX 4acTOTaxX OCHOBHOM MOJIBI MIOBEPXHOCTHBIX IJIa3MOH-
MOJISIPUTOHOB, M ITOKa3aHa BO3MOXXHOCTh CKAaHMPOBAHMUS I10 YacTOTE NMPH M3MEHEHUH XMMHUYECKOTO MOTEHIMANa Ipa-
(eHa (IPHUITOKEHHEM BHEIIHETO 3JIEKTpHYecKoro mouisi) B cpeanem MK-nuamaszone. Boieodwi. U3 pe3ynbTaToB Mojie-
JupoBaHus Xapaktepuctk pemmerok IITHA cnemyer, 4To ¢ yBenuYeHHEM XHUMHYECKOTO MOTEHIana rpadena (B uH-
tepBaie 3HadeHui 0,3-1 3B) mpomcxoauT mepecTpoiika pabodyux 4acToT (CKAHHPOBAHHE IO YaCTOTE) B CPEIHEM
UK-munana3one, Bo3pactaet ko3 durment ycunenns pemerkn [II'HA, nporcxoaut cyxeHue riaBHoro jermectka JH,
YMEHBIIICHHE YPOBHSI OOKOBBIX JICTIECTKOB; MPH YBEIUUCHUH YHCIa eanHUYHbIX 2memeHToB (N = 256) ypoBHH Goko-
BBIX JenecTkoB [IH ymeHbIIatoTces 1 HabIroqaeTest ydIas ynpaBisieMOCTh TIIaBHOTo jenectka JIH.

KaioueBsbie cioBa: cpenuuii MK-ananaszon, pemerku mia3MOHHBIX IpadeHOBBIX HAHOAHTEHH, XUMHYECKHUH
HNOTEHIMAJ, JUarpaMMa HalpaBIeHHOCTH, CKAHUPOBAHHE T10 4aCTOTE

Jost murupoBanmsi: Makeesa ['. C. MoaenupoBaHie yrnpaBisieMOCTH XapaKTePUCTUK PEIIETOK IIa3MOHHBIX IPpa)eHOBBIX
HAHOAHTEHH B cpeaHeM HH(ppakpacHoMm auanaszoHe // HagexHocts u kadectBo cioxHbix cucrem. 2024, Ne 3. C. 30-40. doi:
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MODELING THE CONTROLLABILITY OF CHARACTERISTICS OF PLASMON
GRAPHENE NANOANTENNA GRATINGS IN THE MID-IR RANGE

G.S. Makeeva

Penza State University, Penza, Russia
radiotech@pnzgu.ru

Abstract. Background. The introduction of nanoantennas for optical wireless communications in the infrared
(IR) and visible bands enables higher data rates while reducing antenna size. The ability to tune the characteristics of
graphene by chemical doping or bias voltage is relevant in the development of reconfigurable nanoantennas. The goal
of the work is to study the characteristics (S-parameters, radiation patterns (RP)) of plasmonic graphene nanoantenna
(PGNA) arrays, their controllability and the possibility of frequency scanning when changing the chemical potential of
graphene (by applying an external electric field) in the mid-IR range. Matherials and methods. The use of graphene,
which has good electrical conductivity, controlled conductivity and plasmonic properties in the terahertz (THz), far-IR
and mid-IR ranges, is one of the most promising alternatives to noble metals (Au and Ag) as plasmonic materials at
optical frequencies only. Modeling of the characteristics of PGNA arrays was carried out using the electrodynamic
modeling program CST Microwave Studio 2019, which makes it possible to solve scientific problems associated with
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the design of graphene antennas in the IR wavelength range. Results. The results of modeling the controllability of the
characteristics (S-parameters, DP) of a element of the antenna array (PGNA of rectangular geometry) and PGNA ar-
rays at the resonant frequencies of the fundamental mode of surface plasmon polaritons (SPP) are obtained and the
possibility of scanning in frequency when changing the chemical potential of graphene (by applying an external elec-
tric fields) in the mid-IR range. Conclusions. From the results of modeling the characteristics of PGNA arrays, it fol-
lows that with an increase in the chemical potential of graphene (in the range of values 0,3-1 eV), the operating fre-
quencies are adjusted (frequency scanning) in the mid-IR range, the gain of the PGNA array increases, the RP main
lobe narrows, and the RP side lobe level decrease; with an increase in the number of single elements (N = 256), the
levels of the RP side lobes decrease and better controllability of the RP main lobe is observed.

Keywords: mid-IR range, plasmonic graphene nanoantenna arrays, chemical potential, radiation pattern, fre-
guency scanning

For citation: Makeeva G.S. Modeling the controllability of characteristics of plasmon graphene nanoantenna gratings in the
mid-ir range. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2024;(3):30-40. (In Russ.).
doi: 10.21685/2307-4205-2024-3-4

BBeaeHne

3a mocieaHne HECKOJIBKO JIeT OBICTPO pacTeT BHEAPEHHE HAHOAHTEHH JUIS ONTHYECKOH OecrpoBoO-
HOH cBsi3u B uH(ppakpacHoMm (MK) u BuIuMoOM auana3oHax, 4yTo obOecreunBaeT 0osee BHICOKYH CKOPOCTb
nepenayy TaHHBIX [P YMEHBIICHHU pa3Mepa anTeHHsbI [1]. [laTu-HaHOaHTEeHHA BriepBBIe ObLIa pa3paboTa-
Ha jus omwkHero MK-nnanasona [2]. Dta HaHOaHTeHHa BO30YXIanack THOPHUAHBIM IJIa3MOHHBIM BOJIHO-
BOJIOM Ha OCHOBe OaropoHbix MeTauioB (AU u AgQ), 06Iaqaronux MIa3MOHHEIMH CBOMCTBAME TOJIBKO Ha
ONTHYECKUX YaCTOTaX, a B cpelHeM U najbHeMm MK-auana3oHax sSBISIOIIUXCS MPOBOTHUKAMHE, a HE IIa3-
MOHHBIMHU MaTepuanamu [3].

Brocnencteun rpadeH MpoaeMOHCTPUPOBAI IIa3MOHHBIE CBO#cTBa B TepareprioBoM (TT'I), mams-
HeM u cpenHeM MK-nuana3onax. I'taBHBIM NPEeHMMYIIECTBOM rpad)eHa sSBISIOTCS MepecTpanBaeMbIe Xapak-
tepuctku [4, 5]. Ero MoxHO nepecTpanBaTh MO0 BHYTPSHHUMH, JTUOO BHEIITHUMH CPEICTBAMH, T.C. XU-
MHYECKUM JIETUPOBAHHEM WM HANPSHKEHHEM CMEIICHHS. DTa BO3MOXKHOCTH MEPECTPOMKU HCIIONB3YeTCs
npH pa3paboTke peKOHGUTYpHPYEMbIX HAHOAHTEHH [5].

I'paden, obnamaronii XOpoIeH 3IEKTPONPOBOJHOCTBIO, YIPABISAEMOH MPOBOIUMOCTBIO, U ILIa3-
MOHHBIMHU CBOWCTBaMH, SIBIISICTCS OJTHOM M3 Hanboiiee MHOrooOenanmux ansrepHarus [6, 7]. Eciu rpaden
MHTETPUPOBAH B aHTCHHBI, TO IpadeHOBBIC aHTEHHBI IOKAa3bIBAIOT JIYYIINE XAPAKTEPUCTUKH H3IydeHHUS,
YeM HX THIIMYHBIC METa/UIMYECKHE aHAJIOI'W. IJTO OOYCIIOBJICHO XOpOIed MPOBOIUMOCTHIO TpadeHa
U TE€M, YTO €ro XMMHYECKUH IOTEHIHNAll, a 3HAYUT, U TOBEPXHOCTHYIO MPOBOIUMOCTh MOXKHO HU3MEHSTb,
MPWJIOKHB HANPSDKEHNE CMEIEHHUS, YTO, B CBOIO OYepeb, M3MEHIET 3HAUCHNE TIOBEPXHOCTHOT'O MMITE/IaH-
ca rpadena [8].

YroObl (QYHKIMOHMPOBATH HA HaHOMAclITabaX, TPaJULMOHHBIE AHTEHHBI JJOJDKHBI pPadOTaTh
Ha OYEHb BBICOKHUX, T.€. ONTHYECKHX YacTOTaX, 4TO JieJaeT MX BHIOOp HenmpakTHYHbIM. OJHAKO OTIINYH-
TenmbHAs yepTa rpadeHa — OGonee MemyeHHas MOABMKHOCTB JJIEKTPOHOB — I03BOJseT paborath B TIw,
nanpHeM U cpenHeM MK-amamazonax, uto jgenaer rpadeH sKM3HECIIOCOOHBIM KaHAWAATOM Ha POJb HAHO-
pa3mepHbIx anTeHH [9]. Kak ciencreue, MaTepuaisl Ha OCHOBE TpadeHa mpeiararoT MoTeHIUal B paspa-
6oTKe pekonpurypupyemsix antens TI'n [4-6, 8, 9] u cpeanero MK-auamasonos [1, 10, 11].

VYcuneHHoe 3JeKTPOMAarHUTHOE ylepyKaHHe ONTHYSCKHUX IOJICH M MOCIHeqyromias ajeKBaTHas KOH-
LEHTPAIXS ONTHYECKOTO M3IY4YEHHs C MTOMOIIBI0 ONTUYECKUX HAHOAHTEHH MMEIOT HEBEPOSTHOE 3HAYCHHE
B pa3NUYHBIX (DOTOHHBIX NPWIOKEHMAX, BKIoyas MK-Busyammsannio, 30HANPOBAaHUE, CHEKTPOCKOIHIO
u poronerextuponanue [10, 12].

KoHueniys orpaHuueHus] U YCWICHHS ONTHYECKOTro MO Ype3BblYaiiHO MHoroooOemaromas B UK
n TT' Anana3zoHax 4acToOT, YTO OTKPHIBAET BO3MOYKHOCTH JUISl TAKMX Ba)KHBIX MPUJIOKCHUH, KaK BH3YallH-
sarus [13 ], sommuposanue [14] u crextpockonus [15]. OxHako caboe orpaHHUeHHe ONTHYECKOTO OIS
METAUTMYECKUMHU TUIa3MOHHBIMU CTPYKTYpPaMH, OOYCJIOBJICHHOE MalbiM MPOHUKHOBEHHEM DJICKTPOMAr-
HHUTHBIX TI0JICH B METaJUT HA HU3KUX YacTOTaX, CUIIBHO CHIDKAeT S PeKTUBHOCTH [16].

Owmnueckue moTepu rpadeHa yMEHBIIAIOTCSA NPH BO3ACHCTBUH CHIBHOTO XMMHYECKOTO JIETHPOBA-
HHSI, KPOME TOTrO, rpa)eHOBbIC MTOBEPXHOCTHBIE M1a3MoH-nossipuTonsl (ITI1IT) ob61anaroT Gosee BHICOKHM
yaepikaHueM, odecrieunBas 0ojiee CHIIbHbIC B3aUMO/ICHCTBIS H3ny4eHus ¢ Matepueii [17, 18]. HeoObruaii-
HBIE 3JICKTPUYECKHE CBOWCTBA rpad)eHa M TEXHOJIIOTHMH W3TOTOBJICHHUS BBICOKOKPHCTAJUTMUECKHUX JICTOB
rpadena yBeanuuBaroT Bpems ku3Hu [T coTeH ONTHYECKUX IUKIIOB, YTO MO3BOJSIET PEIIUTh TPOOJIEMBI,
CBSI3aHHBIC C IJTA3MOHHBIMH aHTCHHAMU M3 0J1aropoIHbIX MeTauios [19].
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B »T0l1 cBA3M aKkTyanbHOU SIBISETCS 3a/1a4ya UCCIAEAOBAHUS METOIaMU aBTOMATU3UPOBAHHOTO MOJIEIH-
POBaHHsI XapaKTEPUCTHK (S-mapaMeTpoB, AuarpaMMbl HAPABJICHHOCTH) PEIIETOK MIA3MOHHBIX TPad)eHOBBIX
nanoantend (ITI'HA), ux ympaBiIsseMOCTH ¥ BO3MOKHOCTH CKaHHPOBAHHS 10 YaCTOTE MPH M3MEHEHUN XMMH-
YeCcKOoro noteHnuana rpadena (MpumokeHneM BHEIITHETO AIICKTPUUECKOTO 10Jis1) B cpeaneM NK-nuamnasone.

Pe3yAbTaThI MOAEAHPOBAHHS YIPABASIEMOCTH XapaKTepPHCTHK (3AeMeHTa MaTpHIbL
paccesnns S11, AH) naasmonnoi rpadenosoit Hanoantenns: B UK-pnanasone

C nmomomipio makera npuknaaaeix mporpamm CST Studio Suite 2023 [20] na mepBom sTare mposeze-
HO MOJICTUPOBAaHUE EAMHUYHOTO DJIEMEHTa rpadeHOBOW aHTeHHOH pemerku cpeanero UK-pmanazona —
TUTa3MOHHOW TIpa)eHOBOW HAHOAHTEHHBI MPSMOYTOJbHOW reomerpuu. Ha puc. 1 mpencraBieHa Monenb
IMTHA, paspa6ortannas 8 CST Microwave Studio 2023 [20, 21], koTopas cOCTOUT U3 rpadeHOBOTO 3Je-
MEHTa IPAMOYTOIBHOM TeoMeTpun (IUIHHOM |, MHpHHONE W), pacIIoIoKEHHOTO Ha METAUIN3HPOBAHHOM [TH-
ANMEKTPUYECKON Mo utoxkKe (nuokcua kpemuus: SiOz, AudnekTpudecKkas IPOHULIAEMOCTh € = 2,2) C TeOMET-
prueckuMHu pasMepamu a, b, h. Dta mMoxenp ¢ Bo30yXJIeHHEM JUCKPETHBIM MOPTOM HCIOJIb30BaHA IS
pELIEHNsT DIIEKTPOANHAMUYIECKON 3a/aun ¢ MOMOIIBI0 TTaKeTa HpUKIagHbX mporpamm CST Microwave
Studio 2023 mMeT0/10M KOHEYHOTO HHTEIPHUPOBAHUS BO BpeMEHHOM obmactu [21].

Puc. 1. Monens enuaIgHOTO 351eMeHTa perretkd — [ITHA npsmoyronsHO# reoMeTpuu
C METAJUTU3UPOBAHHON JUIJICKTPUICCKON MOIOKKOH, BO30YKIaeMOH TUCKPETHBIM TIOPTOM,
B TrakeTe npukiaaabx mporpamm CST Studio Suite 2019: | = 400 um, w = 150 um, @ = b = 500 am

C nomomipko makera npukiaaHeix nporpamm CST Microwave Studio 2023 npoBeneH 31eKTpoauHa-
MHYECKHI pacyeT 4YaCTOTHBIX 3aBUCHMOCTEH ODJIEMEHTa MaTpHUIlbl paccestHus |S1| — koaddurimenra
orpaxkenns Ha Bxojae III'HA (¢ reomerpuueckumu pazmepamu | = 400 um; w = 150 M, a = b = 500 um)
JUTS Pa3JIMYHBIX 3HAUEHHH XUMHUYECKOTO MoTeHnuana rpadena . B MK-auamaszone gacror f = 15-60 TT1,,
pe3ynbTaThl KOTOPOTO MpeAcTaBieHbl Ha puc. 2, 3. ['paden umeer cieayronye mapaMeTpsl. TemrepaTrypa
T = 300 K, mapametp paccesans T = 1 ic [22].

S-mapaneTprl

0 — T - . T "
! : : : i i v : :
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D s | — b Tm—— b — = =

: : : : — 51,1 (Graphene_chemPotential=1)
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=R ensfranar iy prenreTe T 17| = 51,1 (Graphene_chemPotential=0.3)
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YacrtoTta, TT 11

Puc. 2 YacToTHBIE 3aBUCUMOCTH 3JIEMEHTa MaTpHLbI paccesHus [Si1| [ITHA
B UK-auanazone yactot f = 15-60 TI 1y juist pa3iuvHbIX 3HAUEHUH XUMUYIECKOT0 MTOTEeHIMana [, rpadeHa:
1 — cunwmii nBet Y = 0,3 3B; 2 — opamkessii 1Bet W2 = 0,5 3B; 3 — 3enensrii YUz = 0,7 3B;
4 — xpacHbIi 1BET Hea=13B; 1 =400 am; w = 150 um; @ =b =500 am; T=300 K, =1 mc
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Puc. 3. HacToTHbBIC 3aBHCHMOCTH 3JIEMEHTa MATPUIIbl paccestaust |S11| [ITHA
B UK-mnanazone gactot f = 15-60 TI 11 17151 pa3iMuHbIX 3HAYSHUH XUMHAYECKOTO MTOTEHIHAIIA:
a-MU:=0,33B;6—:=0,53B; 1 =400 um; w =150 am, a =b =500 um; 7=300 K, t =1 nic

I'paden xapakTepusyeTcsi MOBEPXHOCTHOW MPOBOJMMOCTBIO G, onpenessemoii Gpopmyioit Ky6o [22].
[ToBepxHOCTHAs MPOBOAMMOCTh I'pad)eHa B COOTBETCTBHM C MOJeNbi0 Ky0O 3aBUCHUT OT XMMHUYECKOTO
noteHnuana rpadeHa [c, KOTOPBII MOXXHO HM3MEHSATh XMUMUYECKAM JICTUPOBAHHUEM HJIH TPUIOKECHHEM
BHEIITHETO DIIEKTPUIECKOTO mojs [22, 23].

W3 pesynbratoB MozaeaupoBanus (puc. 2, 3) Cleayer, 4To Mpu U3MEHCHHH XUMHYECKOTO TIOTEHIIHAIa
U, TIONOXEHUE IO YacTOTEe M 3HAYEHUS MHUHHUMYMOB Kod(duuueHta oTpaxkeHus |Sii| n3MeHsrorcs. OTo

o0bscHsieTcss TeM, uTo B TI'n n naneHeM, cpeanem WK-mmanasonax B rpadeHe, pacrojOXEHHOM Ha MO-
BEPXHOCTH JUAJNEKTPUUECKOrO CJIOSl, MOTYT PACIPOCTPAHATHCS IOBEPXHOCTHBIE ILUIA3MOH-TIOISPUTOHBL.
B orpannyenHoMm rpadeHoBOM 3jeMeHTe HaOmogaetcs pesonanc IIIII1, nmpu KoTopoM pe3Ko Bo3pacTaeT
IUVIOTHOCTh TMOBEPXHOCTHOTO OJIEKTPUYECKOr0 TOKa W morjomieHue [24]. Munumymbl kodddunnenta
otpakenus |S11| Ha Bxome III'HA oGyciioBiaeHsl MakcuMyMaMu KodgduiinenTa noromieHus P B rpadeno-
BOM diieMenTe [24, 25].

[TonoxxeHnI0 Kaxa0ro MUHUMYMa |Si1| COOTBETCTBYET ONpeE/eNIeHHAs 4acTOTa IUIa3MOHHOTO pPe30-
Hanca mox [IIII1 OCHOBHOrO W BBICHIMX THIIOB B Tpad)€HOBOM BIIEMEHTE MPSIMOYTOJLHOH TE€OMETPHH.
ITpu 3TOM MepBBIii MUHUMYM |S11| COOTBETCTBYET pe3oHaHCy ocHOBHOM Mobl [TI1I1, npyrue ke MUHUMYMbI
|S11] cooTBeTcTBYIOT pe3onancam Beicmux Moz ITITIT [24].

W3 ananu3a Nony4eHHBIX pe3yJbTaTOB MOKHO KOHCTAaTHPOBATh, YTO NP YBEINYCHUN 3HAUYCHUS XH-
mudeckoro noteHuuaia W (0,3-1 3B) yacToTsl ma3MoHHOrO pe3oHaHca fye; yBemumumarores (puc. 2, 3),
a IMEHHO PE30HAHCHBIC YacTOTHI fpe; ocHOBHOM Monb! [TITIT m3mensitoTes ciemyronmm o0opasoM: foesr = 15 TT'
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opu W = 0,5 9B; fherr = 17,385 TI'ip mipu Ye = 0,7 3B; fress = 20,715 TI'w mpu Ue = 1 3B; mpu 3tom
MHHUMaJIbHOE 3HauYeHue |S11| paBro —25,4 1b npu W = 0,7 3B (cm. puc. 2).

Peskoe Bo3pacTanne MOBEPXHOCTHOTO IEKTPUIECKOTO TOKa Ha Tpa)eHOBOM JIEMEHTE MPH [Ia3MOHHOM
pesonance mox [T npuBomut k ycuneHuto 3pHeKTUBHOCTH NpoLiecca U3MTyUYeHUs Ha Pe30HaHCHBIX YacTOTaxX
fpes. [TONIOKEHUIO KaXKIOTO MUHUMYMa [S11| Ha 4acToTax pe30HAHCOB OCHOBHOM M Bbicimx Mo ITIIT cooTser-
CTBYIOT OTpe/ieNieHHble paboyne 4acToThl (PPEKTHBHOTO U3IYUYEHUS] aHTECHHBI, IPX 3TOM MHUHUMAJIBHBIC 3HA-
yeHus K03 HUIIEHTa OTPaKEHN |S11| OMPEAENAIOT MAKCUMATIBHYIO 3P ()EKTHBHOCTE U3ITYIEHHS.

U3 pe3ynbTaToB pacueTa (CM. puc. 2) CleAyeT, 4TO ONTUMalbHOM padodelt Toukoi [IT'HA sBnsietcs
pe3oHaHcHas yactota fpez = 17,385 TI'n mpu 3HaueHMn xumudeckoro moreHnumana pe = 0,7 3B, rae koad-
(GuLUeHT oTpaxkeHHs |S11| MMeeT MUHMMabHOE 3HaueHue —25,4 1b ¥ npu 3TOM MakCHManbHBIA KO3 duU-
UeHT noromeHus. CiegoBaTenbHO, HA JAHHOW PE30HAHCHOW YacTOTe BO3MOKHA MaKcHMallbHast 3 Qek-
TUBHOCTH M3nmyuyeHus [II'HA.

[Tpu yBenuueHun xumudeckoro noreruuana (. = 0,3-1 3B) pe3onancHbie 4acToThI fre; MUHEIMYMOB
ko3 dunmenTa orpaxenus |Sii| caBurawTes B ctopoHy 6osiee Bbicokux wyactotr MK-anamnasona, T.e. pabo-
yue yactoTel [I'HA ympasnsitoTcst mpuioxkeHueM BHeHIHero anekTpuyeckoro nonst u [ITHA cranoButcs
YaCTOTHO-CKaHUPYEMOH.

Pesynbrartel MOIETHPOBAHUS C TIOMOIIBIO TTaKeTa MpUKIaAHbIX mporpamm CST Microwave Studio
2023 TH TII'HA Ha pe30HaHCHBIX 9aCTOTaX fpe; OCHOBHOM MobI ITITIT Asist pa3nuyHbIX 3HAYCHUN XUMHYE-
ckoro morernuana . (0,5 3B, 0,7 3B, 1 5B) u ckanupoBanue mo gacrore B cpennem UK-ananasone npuse-
JIeHBI Ha puc. 4—6.

1.4

0 ——
0 20 40 60 80 100 120 140 160 180
Tpajychl

a)

Puc. 4. IH [II'HA Ha pe3oHaHCHOM YacToTe fpes1 0cHOBHOI Moapt TII1 B cpennem MK-nuanasone:
fpest = 15 TT'; pe = 0,5 3B B AekapToBOiA, mosspHoOU B E-miiockoctu (B 3aBucumMocTu ot 0, pu ¢ = 0 rpan.),
cepuueckoii cucreMax KOOpauHAT; KO3(QGHUUESHT YCHIeHHS (aMIUTUTY1a TJIaBHOTO JICIIECTKA)

G = 1,31, nanpasnenue rnasHoro yemnectka 90 rpan., ®os = 89,8 rpan.
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Puc. 5. TH [IT'HA Ha pe3oHaHCHOI 4acToTe fpes2 0cHOBHO# MosI ITIIT B cpeanem UK-nuanazone:
fpes2 = 17,385 TI'; e = 0,7 9B B mekapToBoid, ossipHoii B E-miockoctu (B 3aBucumoctu ot 0, mpu ¢ = 0 rpag.),
cepruIecKoif cucTeMax KOOPIHHAT; KO3()OHIUEHT YCHIeHHS (aMIUTUTY a TJIABHOTO JIETIECTKA)
G = 1,5, nanpasnenue riaHoro nenectka 90 rpan., @os = 90 rpan.
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rpazye 180

a) 0)

Puc. 6. JIH I[II'HA Ha pe3onancHO# gacToTe foes3 0cHOBHO# Mob [IIT B cpennem MK-nuamnasone:
fpess = 20.715 TI'w; pe = 1 3B B mexapToBoii, mossipaoit B E-rutockoctu (B 3aBucumoctw ot 0, pu ¢ = 0 rpan.),
chepruecKoil cucTeMax KOOpAUHAT; KO3((GHUIUEHT YCHISHUS (aMIUIUTY1a TJIaBHOTO JIEIECTKA)
G = 1,64, nanpasnenue rmaBHoro yenectka 90 rpan., @os = 89,8 rpan.

Pesynbratel, npeacTaBieHHbIE HA pHUC. 4—/, TEMOHCTPUPYIOT BO3MOXHOCTh MEPECTPONKH pabodeit
gacToTel [IT'HA (ckaHMpOBaHHUE 1O YacTOTE) HA PE30HAHCHBIX YacToTaX fhe; ocHOBHOM Moast TIIIT B cpen-
meM UK-nnamasone mpu M3MeHEHMH XUMHYECKOTO ITOTEHIMAA |, B uHTEepBaje 3Hauenuii 0,5-1 »B (mpu-
JIOXKCHUEM BHEIITHETO JIEKTPUIECKOTO MOJIs).

Ha pe3onaHcHbIX 4YacToTaX fpes1, fpes2, fpess ocHOBHOWM wmompr IITIIT HaGmromaeTcss pe3oHaHC
3JIEKTPUYECKOTO TOKA, co3aaBaeMoro crosguer nosyBonHou 11T Boosp mMpokol CTOPOHBI MPAMOYIOJIb-
HOro rpa)eHOBOTO M1eMeHTa [24] u, creoBaTelbHO, MOyBOIHOBOE PACHIPENIENICHHE TOKa | IO JUIHHE Tpade-

HoBoro 31ementa. ®opma 3D JIH uzimydeHus:, co3qaBaeMoro 3TUM IMOIYBOJHOBBIM (1o utiHe BosHbl [TTTIT)
3NIEKTPUYECKUM H3JTydaTesieM, Toponnaibhas (puc. 3-6,6). Ocs 2D JIH opueHTHpOBaHA B DKBATOPHUAIBLHOM
IUIOCKOCTH TapaslIeIbHO OTHOCHTEIBHO MPOJIOIBHOI0 u3nydaromero Toka, JIH B E-rmockoctu (B 3aBHCHMO-
cru ot 0, ipu ¢ = 0 rpax) (puc. 3-6,6) coorercTByeT JIH M0TyBOIHOBOTO CHMMETPUYHOTO BHOpaTopa [26].

U3 pesynbratoB MozenupoBanus (puc. 4—6) ciemyer, 9To Mpy W3MEHEHUH 3HAYCHHUS XUMHYECKOTO T10-
TeHmana i rpadena B uarepsaie ot 0,5 1o 1 3B npoucxomur nsmeHeHne pabovnx 4acToT, T.e. CKaHUPOBa-
Hue 1o yactoTe B cpeaHeM MK-ananasone u n3MeHsroTca ocHOBHBIE XapakTepuctuku [II'HA: nHanpasienue
rmaHoro Jjemnectka JH mmensiercst ¢ 88 mo 90 rpan., koaddurment ycnnerns (aMIUTUTya TIaBHOTO Jie-
mectka) ¢ G = 1,64 mo 1,66, mmpraa JIH mo ypoBHIO MOI0BHHHON MOITHOCTH g5 ¢ 90 mo 89,8 rpa.

PesyabTarsl MopeanpoBaHus ynpasaseMocTn AH pemerkn II'HA u ckanuposanne
no Jacrore B cpepAnem UK-Ananmasone npu n3MeHeHNH XUMH49€CKOT0O MOTEHITHAAA

Ha BTOpOM 3Tame ¢ moMoIneio makera mpukiaagaeix nporpamm CST Studio Suite 2019 mposeneno
MoJeaupoBanue xapakrepuctuk perretku [II'HA (¢ unciom enuHudHbIX 31eMeHToB 16X16 N = 256): aie-
MeHTa MaTpHIbl paccesuus |Sia| u 2D, 3D JIH 8 UK-muama3oHe 4acToT IS pa3IMYHBIX 3HAYEHUN XUMHYe-
CKOTO TIOTeHIMana rpadeHa .

Ha puc. 7 npencrasiena moxens perretkn IITHA (N = 256) cpennero NK-nuanasona. Mogens mo-
CTpoeHa B makete npukiaanueix nporpamm CST Studio Suite 2023.

o

ce

z

Puc. 7. Mogens pemerku [ITHA cpennero UK-muanasona: N = 256; | = 400 um; w = 150 um; a = b = 500 um
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Pe3ynbraThl MOICTMPOBAHUS C TIOMOINBIO TTaKeTa MpUKIaaHbIX mporpamm CST Microwave Studio
2023 JIH pemetkn [II'HA Ha pe3oHaHCHBIX yacToTax OCHOBHON Moabl ITIIII mast pa3nuyHbIX 3HAYCHHH
xumMuaeckoro norennuana W (0,5; 0,7; 1 aB) npusenenst Ha puc. 8-11.
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60 1

G %7
40
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a)

Puc. 8. IH pemetku [ITHA Ha pe3oHaHcHO# 4acToTe fhes1 ocHOBHOMN MObI TTTIIT
Y CKaHMPOBaHUE 10 yacToTe B cpeaneM MK-muamnazone:
a — B ICKapTOBOM; 6 — noJsipHoii B E-rutockoctu (B 3aBucumoct ot 6, npu ¢ = 0 rpan.);
6 — cepuueckoii cucremax koopauHat; N = 256; fyesn = 15 TT'w; pe = 0,5 3B;
KO3 HUIMEHT yCHITeHns (aMILTMTY1a TIIaBHoOTO Jierectka) G = 93,4,
HanpasieHue riraBHoro jerectka 90 rpax., ®gs = 21,3 rpaz., ypoBeHs O0KOBBIX JeniecTkoB —9,1 nb

100 -

0 20 40 60 80 100 120 140 160 180
rpaaychl 180

a) 0) 6)

Puc. 9. TH pemerxku [ITHA Ha pe3onancHoit gactote fpes» ocHOBHOMN Mozsr TTTTIT
U CKaHUPOBaHHUE N0 yacToTe B cpeaHeM MK-nuanazone:
a — B IEKapTOBOM; 6 — ToNsipHO# B E-tutockoctn (B 3aBucumoctH ot 6, ipu ¢ = 0 rpan.);
6 — cheprueckoii cucremax koopaunat; N = 256; foes2 = 17,385 TI'; pe = 0,7 9B;
K03 duImeHT ycrienus (aMIumTyaa riaBaoro jemecrka) G = 102,
Harnpasienue rnasaoro senecrka 90 rpaz., ®os = 23,2 rpaj., ypoBeHb OOKOBBIX JienecTKoB —6 1b

W3 pe3ynbraToB MOACTUPOBAHUS CIIEAYET, YTO P W3MEHEHUH XUMHUYECKOTO MMOTeHIInaNa L. rpade-
Ha B mHTepBasie 3HadeHus ot 0,5 mo 1 3B mpoucxomut m3mMeHeHHe pabodnX YacToT, T.€. CKAHUPOBAHHE
mo yactore B cpeaHeM HMK-mumamazoHe, W W3MEHSIOTCS OCHOBHBIE XapakTepucTuku pemerku [ITHA:
HarpasieHue riaaBHoro yienectka J{H ¢ 72 1o 90 rpan., koahduuueHT ycuiaeHus (aMIuIMTy1a TIIaBHOTO Jie-
nectka) ¢ G = 76,3 mo 102 (makcumansHoe 3Hadenne G = 102 HabmromaeTcs Ha 4aCTOTE OCHOBHOTO MMHU-
MmymMa [S11| mpu pe = 0,7 3B), mmpuna JTH mo ypoBHIO MOMOBHHHON MoIHOCTH @5 ¢ 19,8 o 28,7 rpan., ypo-
BEHb OOKOBEBIX JemecTKoB ¢ —2,1 1o —14 nb.

Pe3ynpTaThl MOACTMPOBAHUS C TIOMOIIBIO MaKeTa MpUKiIaaHbiXx mporpamm CST Microwave Studio

2023 JH pemerku III'HA nHa pe3onancHoi dactore monsl [III1 BTOporo mopsiaka fp2 = 22,335 TI'g

C3

(cM. puc. 3,a) i 3HAUEHHUS XUMUYECKOTO ToTeHnrana . = 0,3 5B npuBenens! Ha puc. 11.
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rpaaycht

a)

Puc. 10. IH pewerku IITHA Ha pe3oHaHCHOH 9acTOTE fyes3 OCHOBHOM Mo b1 TTITTT
Y CKaHMPOBAHUE 10 YacToTe B cpeaneM MK-nuamnaszone:
a — B IeKapTOBOH; 6 — nonsipHO# B E-mtockoctu (B 3aBucumoctu ot 0, mpu ¢ = 0 rpazn.);
6 — chepuueckoit cucremax koopaunat; N = 256; fyes3 = 20,715 TI'; pe = 1 9B,
K03 duHeHT ycuieHus (aMmuTyaa riaBHoro nenecrka) G = 83,3,
HanpasjeHue riiaBHoro Jernectka 90 rpax., @gs = 28,7 rpaj., ypoBeHs OOKOBBIX JieriecTkoB —1,5 nb

g}’
a) 0) 6)

Puc. 11. 1H pemetku [I'HA cpennero UK-nuanazona:
a — B IeKapTOBOH; 6 — nosipHoii B E-mutockoctu (B 3aBucumoctu ot 0, pu ¢ = 0 rpan.);
6 — cpepuaeckoii cucremax koopauHat; N = 256; fpzeg =22,335 TT'; pe = 0,3 3B;

e
0 20 40 60 80 100 120 140 160 180
rpaaycsl 180

K03 UIMEHT ycriieHns (aMILUTUTY1a riaBHoro Jerectka) G = 76,3,
HaIpaBlIeHHE TJIABHOTO Jienectka 72 rpaf., ®os = 19,8 rpax., ypoBeHb 60KOBbIX JeniecTkoB —2,1 1b

. 1 o 9 2
IIpu nepexose OT pe30HAHCHON 4YacTOThI fpe3 ocHoBHOM Mogbl IIIIIT k pe3oHaHCHOH yacToTe fpeg

Bropoit mozpl IIIT npoucxoaut u3meHenue ¢hopmel riaasuoro senectka IH (puc. 11). Ha pesonancHoi

2 o
qacCToTE fpe BTOpPOU MOJbL TIIIII Ha6J'IIOI[aCTC$I PE30HAHC JJICKTPUYCCKOT'O TOKA, CO3AaBacMOro AByMs CTO-

3

squmu nioayBostHamu [ITIIT Bmoib MIMPOKOI CTOPOHBI HPSMOYTOJBHOTO Tpad)eHOBOro 3yeMeHTa [24],
H, CJIeJ0BaTeIbHO, IMEETCSI BOTHOBOE paclpeielieHHe MOBEPXHOCTHOTO AJIEKTPHUYECKOro TOKa IO JJIMHE Ipa-
¢benoBoro snemenra. ®opma riaBHoro yenectka J{H u3myuenus, co3qaBaeMoro 3THM BOJHOBBIM (11O JUTHHE
BostHbI TIT1IT) snekTpuueckuM usnydatesnem, 2-ny4esas (puc. 11), u 310 U3MEHEHHE COOTBETCTBYET XapaKTe-
py uzmenenus Gpopmbl JJH cuMMeTpryHOTO BUOpaTopa Npr U3MEHEHHUH €ro 3JIEKTPHYECKO JHHbI [26].

3akarouenue

N3 pesynbraTtoB monenupoBanus pemetku [IITHA cpennero MK-muamnasoHa ¢ MOMOIIBIO TMakeTa
npuknanseix nporpamm CST Microwave Studio 2023 cnenyer, 9To ¢ yBETHYCHHEM XUMUYECKOTO MOTCH-
mrana [ ot 0,5 1o 1 3B Bo3pacraer ko3 PUIMEHT ycuieHus (aMIUTUTy1a TJIaBHOTO JICTIECTKA), POHCXO0-
JUT CyXeHue riaBHoro yernectka /IH, yMeHblueHne YpOBHs OOKOBBIX JICMIECTKOB; C YBEJIMYCHHUEM YHCIA
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earHUYHBIX 371eMeHTOB N ypoBHH O0KOBBIX JenecTkoB JIH ymeHbIIaroTcs, a Takke HaOMI0AaeTCs JTydIias
YIPaBIsAEMOCTh TIIaBHOTO Jenectka JIH. YpoBeHb I1aBHOTO JIeNeCcTKa Ha OCHOBHOM MHUHMMYME Ha 4acTOTE
OCHOBHOTO MUHUMYyMa |S11| ipu e = 0,7 3B nMeeT MakcuManbHOE 3HaYCHHE, TOCKOJIBbKY BEIMYUHA KO-
¢duLmeHTa oTpaxkeHus: Si11 MUHUMalbHA (T.e. MAKCUMAJBbHBIA KOI(PPUIMEHT MPOXOKICHUS Sy1), ClienoBa-
TeTbHO, 3)PEKTUBHOCTE U3TyUEHHUS BO3PACTAET.

Hns pekondurypupyemoit pererku [II'HA mokazaHa BO3MOXXHOCTh MEPECTPOMKH pabounX 4acToT
(cxanmpoBanue 10 yactore) B cpeaneM MK-auanasone u popMupoBanne 2-1y4eBoi (GOpPMBI TJIABHOTO Jie-
nectka JIH myTem M3MeHEHHs: XUMUYECKOTrO MOTeHIMaa rpadera (Mpu MPUI0KEHUH BHEITHETO AJICKTPH-
YECKOro MoJisi) 0e3 N3MEHEHHs HX T€OMETPUH H Pa3MEpPOB.

Uccnenosannbie pemerku [ITHA cpeqnero MK-ananazoHa momyckarT THHAMHYECKYIO PEKOH(HUTY-
pauuio u n3MeHenue Gopmel IH mocpencTBoM MpuiIoKeHHOTO BHELIHETO 3JEKTPHUUECKOTrO TOJIS U MOTYT
HAlTH NIpUMEHEHUE B BU3yaJH3aluH, 30HAUPOBAHNH U cliekTpockonun, K-cuctemax O6ecipoBoaHOM CBS-
34, a Takxke UK ceHcopHBIX cucTemax.
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METOA MATEMATHYECKOTI'O ITPOTOTHUIIMPOBAHUA
OHEPTETUYECKUXITPOIDECCOB KAK MHCTPYMEHT
CHUHTE3A MATEMATHUYECKOT O SAPAITN®POBBIX
ABOHHUKOB PASAHYHBIX ®U3UKO-XUMHUIECKHUX CUCTEM

. E. CrapocTnn

MoOCKOBCKUH TOCYIapCTBEHHbBIN TEXHUUECKUI YHUBEPCUTET I'paXkIaHCKOM aBuauu, Mocksa, Poccus
starostinigo@yandex.ru

AnHoTamms. Axkmyanvrocme u yenu. L{udpoBoli TBOMHUK 1O CBOCH CyTH MPEACTABISIET CO00M IH(POBYyIO KO-
M0 00BEKTa, Oaroapst HEMPEPHIBHOMY OOMEHY JaHHBIMH C 00BEKTOM BOCIIPOU3BO/ISIIYIO aKTyalbHOE €r0 COCTOSHHUE.
3910 JOCTUTACTCA IMMYTEM NMPUMCHCHHSA B KAaUCCTBC MATEMATHUYCCKOTO sJpa I_II/I(prBOFO ﬂBOﬁHHKa MaTeMaTUYECKON
MO/ICITIH, OCHOBBIBAIONICHCSI HA PEaTbHOM MOBEACHHH OOBEKTa, MapaMeTpbl KOTOPOW OOHOBIISIOTCS B COOTBETCTBHU
C aKkTyaJbHOM MH]opManue, noiayyaeMoil ¢ o0bekra. {1 MOCTpoeHUsT MOJeNiel CHCTeM pa3sIMuHON (hU3UUECKOi
U XMUMHYECKOH MPHUPOBI aBTOPaMHU ObLIT MPEUIOKEH METOJ MAaTEeMAaTHYECKOTO MPOTOTUIMPOBAHUS YHEPreTUUCCKUX
MIPOLIECCOB, OCHOBBIBAIOIIMICS Ha METO/IaX COBPEMEHHOH HEPaBHOBECHOW TEPMOAMHAMHUKH, MEXaHHWKH, JJIEKTPOH-
HaMUKHU. biaroiaps 4eMy ymoOMsIHYTBIA METOJI O3BOJISIET CO3/1aTh MOJISIH IMHAMUKH TPOIECCOB B CHCTEME, HE MPO-
TUBOpEYAIINE OOIUM (HU3UUCCKUM 3aKOHAM, & TaK)Ke 0COOCHHOCTSIM MPOTEKAHUS MPOIIECCOB B KOHKPETHOU (hrsmye-
CKOM MJIM XUMHUYECKOH CHCTeMe. 3aTeM MOJIyYSHHBIE MOJIEN MPEe0OPa30BhIBAIOTCS K MOJECISAM CHCTEM, TPUMEHUMBIX
JUISL PeUICHHs MMPAKTHUECKHUX 3alad, C TOYHOCTBIO JI0 ONPEICNIEMbIX U3 DKCIIEPUMEHTAJIbHBIX JAHHBIX TOCTOSHHBIX
ko3¢ uimentoB. OHAKO 3/1eCh aKTyalbHBIM SBJISICTCS BOIPOC BBIOOpa Oasznca, B KOTOPOM CTPOHUTCS MpeoOpa3oBaHHAS
MOJIENb PacCMaTPUBAEMOIl CUCTEMBI M BBIOOPA anroputMa 00y4YeHHs MMPEIIoKeHHO MoienH. PeleHuio MpruBeIeHHbIX
BOIIPOCOB TOCBSIIIEHa HacTosAas padota. Mamepuanvt u memoosi. CHHTE3 ypaBHEHUH TMHAMUKH (GU3UIECKUX U XUMH-
YECKHX MPOIIECCOB OCYILIECTRIISETCS HA 0a3e METo/]a MAaTEeMaTHYeCKOI0 MPOTOTUIIMPOBAHMUS DHEPIETHUECKHUX TIPOIEeC-
coB. [IpeoOpa3oBaHHbIE MOJENHN CTPOSITCS IyTeM KAYSCTBEHHOTO aHAIM3a TMHAMUK CHCTEMbI B Pa3IMYHBIX PEKUMAX
ee paboThI ¢ TOCIEIYIONIMM aHAIM30M CBSI3eH MEXIy MapaMeTpaMy ee AMHAMHUK M IapaMeTpaMu BXOJHBIX BO3ZeH-
CTBHH C JAIBHEWIINM ITOCTPOSHHEM HMHTEPIIOJISILIMOHHON NMpeoOpa3oBaHHO Mojeny. VHTepHoysIMOHHBIE METOMIbI
BBIOMPAIOTCS HA OCHOBE BBIIICYOMSHYTBIX Pe3yJIbTATOB KaueCTBEHHOro aHanu3a. Pesyremamwr. [pepnoxeHHas
KOHLIEMIHUS TIOCTPOCHUSI MOJIETIeH CHCTEMBI JJaeT KOPPEKTHbIE MOJIENIM CUCTEMBI, BOMpalolue B ce0si KaueCTBEHHOE
ee moBeJieHne. JTo 00ecreunBacT KOPPEKTHOCTh MAaTEMaTHYECKOTO s/Ipa IU(PPOBBIX ABOHHUKOB IpH paboTe crcTeM
B PA3MUYHBIX PeXKUMaxX PabOThl CHCTEMBI, JJisl KOTOPBIX CTPOSTCS BBIICYOMSHYThIC LHHU(POBBIC TBOHHHUKU. Bbi600bl.
[pemnoxxeHHas: KOHLEMIHS TPOrPAMMHON YacTH [U(GPOBIX JBOMHHKOB UMEET HIMPOKYIO 00JIacTh MX TIPUMEHEHUs OJia-
rojiapsi LIMpoTe obacTell MPUMEHUMOCTH METO/]a MaTEMaTHYECKOTO ITPOTOTHITMPOBAHKS SHEPTEeTHUECKUX TTPOLIECCOB.

KinroueBble cj10Ba: METOA MaTeMaTHYECKOI'O MPOTOTHIIMPOBAHUS SHEPreTHYECKHX IPOLECCOB, LU(POBBIC
JIBOMHMKH, HHTEPIIOJISINNS, KAUeCTBEHHBIH aHaIN3

Jas uutupoBanus: Crapoctus U. E. Meron MareMaTH4eckoro MpOTOTHIIMPOBAHUS SHEPTETHYECKUX MPOLIECCOB KaK MH-
CTPYMEHT CHHTE3a MaTEeMaTH4ECKOro Aapa HU(GPOBHIX IBOHHUKOB Pa3INYHbIX (HH3UKO-XUMUUECKUX cucTeM // Hane:kHoCTh U Kade-
cTBO croxkHbIX cucteM. 2024, Ne 3. C. 41-50. doi: 10.21685/2307-4205-2024-3-5

METHOD OF MATHEMATICAL PROTOTYPING OF ENERGY PROCESSES
ASATOOL FORSYNTHESIS OF THE MATHEMATICAL KERNEL OF DIGITAL
TWINS OF DIFFERENT PHYSICAL AND CHEMICAL SYSTEMS

I.E. Starostin

Moscow State Technical University of Civil Aviation, Moscow, Russia
starostinigo@yandex.ru

Abstract. Background. A digital twin is essentially a digital copy of an object, which, thanks to the continuous
exchange of data with the object, reproduces its current state. This is achieved by using a mathematical model as the
mathematical core of the digital twin, based on the real behavior of the object, the parameters of which are updated
in accordance with the current information received from the object. To build models of systems of various physical
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and chemical natures, the authors proposed a method for mathematical prototyping of energy processes, based on the
methods of modern nonequilibrium thermodynamics, mechanics, and electrodynamics. Due to this, the mentioned
method provides models of the dynamics of processes in a system that do not contradict general physical laws, as well
as the peculiarities of the course of processes in a specific physical or chemical system. Then the resulting models are
converted to models of systems applicable to solve practical problems, up to constant coefficients determined from
experimental data. However, the relevant issue here is the choice of basis in which the transformed model of the sys-
tem under consideration is built and the choice of training algorithm for the proposed model. This work is devoted to
solving the above questions. Matherials and methods. The synthesis of equations for the dynamics of physical and
chemical processes is carried out on the basis of the method of mathematical prototyping of energy processes. Trans-
formed models are built by qualitative analysis of the dynamics of the system in various modes of its operation, fol-
lowed by analysis of the relationships between the parameters of its dynamics and the parameters of input influences with
the further construction of an interpolation transformed model. Interpolation methods are selected based on the above-
mentioned results of qualitative analysis. Results. The proposed concept of constructing system models provides correct
models of the system that incorporate its qualitative behavior. This ensures the correctness of the mathematical core of
digital twins when operating systems in various operating modes of the system for which the above-mentioned digital
twins are built. Conclusions. The proposed concept of the software part of digital twins has a wide range of application
due to the breadth of areas of applicability of the method of mathematical prototyping of energy processes.

Keywords: method of mathematical prototyping of energy processes, digital twins, interpolation, qualitative
analysis
For citation: Starostin .E. Method of mathematical prototyping of energy processes as a tool for synthesis of the

mathematical kernel of digital twins of different physical and chemical systems. Nadezhnost' i kachestvo slozhnykh sistem = Relia-
bility and quality of complex systems. 2024;(3):41-50. (In Russ.). doi: 10.21685/2307-4205-2024-3-5

BBepeHnne

Konuenmms ungpoBoro 1BoiiHUKa NpU3BaHa IOMOYb NPENNPUSTHIM ObICTpee OOHAPYKHUBATh (HU3U-
YyecKre poOJIeMbl, TOUHEE MPEICKa3bIBaTh HX PE3yIbTAThl U MPOU3BOANTH OoJiee KaUYeCTBEHHBIE TPOAYKTHI
[1-4]. Taxxe umdpoBble IBOWHHMKH, MO3BOJSIONIME B PEXUME PEANTbHOTO BPEMEHH IHAarHOCTHPOBATH
Y MIPOTHO3MPOBAThH Pa3inuHbIe Ae(EKTHI, aBapUITHbIE PEXHUMBI, HIMEIOT BaKHOE 3HAUEHHE B MPOLECCE IKC-
IUTyaTalK ¥ TEXHHYECKOTo 00CTyXnuBaHus o0bekTa [1-4]. Baxneiimeit cocTapisronieli MaTeMaTHIeCKOT0
sapa (MS) uudpoBoro ABOMHMKA SBISETCS MaTeMaTHYeCKas MOJEIb, BOCIPOU3BO/ISIIAs PealbHOE MOBe-
nenue oobekTa [5].

JIJ1st IOCTPOCHHMS YIIOMSIHYTBIX MaTteMaTtuueckux mMojeseii (MM) 00beKToB, XapaKTepH3YIOLIUXCS MIPo-
TEKaHUEM B HUX (PU3MUECKUX U XMMHUYECKHX IPOLECCOB, aBTOPOM OBLIT IPEIUIOKEH B PAMKaX COBPEMEHHOM
HEpPaBHOBECHOH TEPMOJMHAMUKH, MEXaHUKU U 3JICKTPOANHAMHUKH METOJ MaTeMaTHUECKOTO MPOTOTUIINPOBA-
HUs 9HepreTHyeckux mporeccoB (MMIIIII) [6-8]. IMocrpoenrsie MMIIDII Mozeny AMHAMHMKH MPOILIECCOB
Pa3IMYHON PU3NYECKON U XUMUUECKOW MPUPOJIBI HE TPOTUBOpEYaT OOIMM (DU3MIECKHM 3aKOHaM (3aKoHaM
COXpaHEHHMs1, HaYajJaM TePMOIMHAMUKH, U T.J1.), @ TAKKe (PU3HUECKUM OCOOCHHOCTSIM MPOTEKAHMsI MPOLIECCOB
B paccMaTprBaeMoM o0bekTe [6, 7]. MM cucTeMBbl, KOTOpast SBISETCS OCHOBOM MaTeMaTHYECKOTo spa mud-
POBBIX IBOMHHUKOB, IOJIyYaeTCs IyTeM IpeobpasoBanms ypasHenuit MMIIODII [7, 8], 3amaB aHanuTHyecKoe
BEIpakeHHe o0Iero pemenus cucrteMm auddeperimansapix ypapaennii MMIIOII, sOuparorero B ceds ¢u-
3UYECKHEe 0OCOOCHHOCTH MPOTEKaHHs MPOLIECCOB B paccMaTpiuBaeMoM o0bekTe [7].

VYHoMsHyTBIE aHATUTUYECKHE BBIpaKeHUs peoOpa3oBaHHO MM MOryT OBITH 3aaHBI C UCIIOJIB30-
BaHMWEM METOJIOB MHTEPIOJISAINH OMOPHBIX TUHAMHK (TaKyKe BOMpAIOUIUX B ce0s pu3nvecKkre 0COOCHHOCTH
(GYHKIIMOHUPOBaHMS KOHKPETHOHN cucTeMsl) [7, 9]. DTo Takke rapaHTUPYeT KOPPEKTHOCTh MPeoOpa3oBaH-
HBIX aHAIMTHYEeCKHX Mojeneil [7]. Takxke HCIONB30BaHHE METOJOB MHTEPIOISILMHU JAeT BO3MOKHOCTb
crpouth MM HEmoCpenCTBEHHO Ha OMOPHBIX IKCIIEPUMEHTAIbHBIX JaHHbIX [7, 9]. Hacrosimas pabora mno-
CBsIIIeHa ToCcTpoeHu0 MM, nonoxeHHbIX B 0cHOBY M1 1ndpoBoro nBoitHHKA.

MaTtepnasbl H METOADI

B cootserctBre ¢ MMIIODII cocTosiHMe crCTEMBI XapaKTepU3yeTCs HE3aBUCHMO OT €€ MPEAbICTOPUU
napaMeTpaMu COCTOSIHHUS, M3MEHSIOIIUMHKCS B PE3YJIbTaTe MPOTCKAHUS (PU3UYCCKUX U XUMHYECKUX IPO-
1ieccoB B Hell [6]. TIpHuMHOM MPOTEKAHMS MPOIIECCOB B CUCTEME SIBIISIFOTCS JMHAMUYECKHE CHJIBI, OTpe/ie-
JsIeMbIe Yepe3 YacTHBIC MPOHM3BOAHBIE CBOOOTHON SHEPTHH MO KOOPAMHATAM COCTOSHHS, PACXOIyeMOM
Ha MPOTEeKaHHEe MpoLEeccoB B cucteMe [6]. OqHako TMHAMHYECKUE CUIIbI OTHO3HAYHO HE ONPEICISIOT Mpo-
TEKaHUE MPOLIECCOB B CHCTEME; HE3aBHCHMO OT JWHAMHUYECKHX CHJI MPOTEKAaHHE IMPOIECCOB B CHUCTEME
OMpE/IeNACTCS KHHETUYECKUMHU CBOWMCTBAMH, «IIKAJIOi» KOTOPBIX SBJISETCS KHHETHYECKas MaTpHia
(puc. 1) [6]. duHamrKa TIPOLIECCOB B CHCTEME B CBOKO OYEPEb OIPEAEISIeT TUHAMUKY M3MepSEMbIX mapa-
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meTpoB (MII) u xorTpomupyeMsix mapamerpos (KIT) (cm. puc. 1) [6]. IlpuBenennsie Ha puc. 1 daxropsr
ONPEENSIOT OOy CTPYKTYPY A depeHIMATBHBIX YPaBHEHUH THHAMHUKHI TIPOIIECCOB, a TAKKE JTHHAMH-
ki UIT u KIT, momygaembix MMIIJII [6].

BHeWwHWe yCnogWwa NpoTekaHns MHOWBMOYaNEHEE
BMZNUECKNX 1 XMMHUHECKMY NPOUECCOE NEpEMET Pbl CUCTEMbI
=] | —— ¢
i
BrewHwe I
dnykryawn| | | | T hd Y
MoTeHunants
\ Y Y Y 38KOHE! COXPAHEHWA 7
B3AMMOOENCT BMSA
BHeWHWE KnHeT M eckme
NOTOKA CEBOWCTEA /
| [MHaMuuecrie cinel
BHyTpeEHHWE
hnykTyauum
) y
AMHaMUKE NPOTEKEHWA M3 MYeckux 1
Hauanenoe XMMUHECKAX NPOLECCOE B CHCTEME
COCTOAHME \
MamepremMse NapaMerpeIl KoHTponWpyeMele NapamMeTpL

obtekTa ofbwekta

Puc. 1. ®akTopsl, onpeaensiomye IMHAMHAKY (GU3UIECKUX U XUMHUECKUX MPOIIECCOB

B o6miem ciydae MM oGbekta (puc. 2) mpeacTaBisieT co00i aJrOpuT™M ONMpeAeIeH s U3 dKCIEepH-
MeHTaIbHBIX JaHHbIX MIT 00beKTa HAYadbHOIO COCTOSHUS W WHIMBHIYAIbHBIX MApaMETPOB CHCTEMBI
¢ mocnenytomumM onpeaeneaneM KIT cucrembl (C y4eTOM BHENIHHX YCIOBHM MPOTEKAHHS IPOIECCOB)
(BumHO M3 puc. 1) [6, 8].

BHeWHWE YcnoBWA
NPOTEKaHUA G M3NUECENE 1
KUMWUECHX NpoUeccoB

Mamep Aemele
X APAKT BPUCTHRN

MapamMeTpel
YHKLMAN
HadaneHoro
COCTOAHWA
CHCTEMBI

TYHKLMA
|+ HauankeHoro
="l COCTOAHMA

CHUCT MBI

v

Y HELUWA WHAMBNAY ark Helx | | FlamAMETRL! By HE A

MHONENOY aMbHBIX
NapameTpog CHETEMbI ~x
P P NapameTpoE CHETEMBI

MHAMENaY aNkHbIR
Hau ankHoe cocTofHNe NapameTpbl CHET EMbl

Y Y

Monens MMII3M AMHAMAKA COCTORHWA cHETembl K~ |

v

ICDCTDHHHE CHETEME! B MOMEHTEI BFJEMEHHI

Mapametpel
MOLENK
OWHAMAKK
COCTOAHKA
CHETEMBI

OYHKUWA ONA ONPefeneHtA KoHTD anupy emslx
XapaKTepucTK ofbekTa

KoHTpOnWpy emMble
XapaKTepMCTUEN
ofkekTa

Puc. 2. Marematnueckas MOJCJIb CUCTEMBI AJI pCIICHUS MMPAKTUYCCKUX 3a/1ad.
B napaJjuiejiorpaMmmax npruBeACHbL O6y‘-IaeMLI€ napaMeTpbl MOJACIIN
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Crnenyer ormetuts, uTo B KIT crctemsr Moryt Boiiti 1 ee WI1 B mocieayrorre MOMEHTHI Bpemeru [8].
CtpykTypa Mozenu o0beKTa (pUc. 2) CTPOUTCS HAa OCHOBE aHAJIUTHYECKOTO BBIPAKCHHS JAUHAMUKHU (BOU-
patorero B ce0st GU3NKY paccMaTpuBaeMoro 00bEKTa) U BBIMICYIOMSHYThIX (yHKIWMi [7, 8].

Ananutrdecku o0iee pemenue cucteMsl auddepennuansupix ypasaennii MMIIOII npeacraBumo
B Buze [7]:

AX(t) = AX (2(2,1), G(1,0), 0, 8(1)), G=T[U(1)], (1)
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3(t) =5(2(80,1), G(1,0), Ay | 8o =X (X5, (0, 0), Uy Upees Gy ) 3)
&(g,,0) =4, &(&, t+71) =¢(e(g,, 7),t), dim(&) =dim(x), 4)
Vg1 U, Oy STNM (AX (8(8,t), Uy U $)) = AX (80 U, G 5) (5)
3 [d%t)j =0 crexyer §*(s, U,s,qynp)sg*(u,s,qynp), (6)

u3 U(t)=U=const crenyer a(t,0)=a(v), (7

rac X(t) — JWHaAMMKa NapaMETPOB COCTOSHUS CHUCTECMBI, AX(t) — AVMHaMHKa BCJIWYHNH, XapaKTCPHU3YIOIIUX

HE3aBUCHUMBIC TapaMETPbl COCTOAHUSA (He CBS3aHHBIC MCKAY €000 3aKOHAMU COXpaHeHI/IH); U(t) — JHUHa-

MHKa XapaKTEPUCTUK CUCTEMBI, HE U3MEHSIONINXCS B Pe3yiIbTaTe MPOTEKAHHS MMPOLIECCOB BHYTPH CUCTEMEI,
a U3MEHAIOIINXCS TOJIBKO B pe3yJibTaTe BHEIIHUX BO3JCUCTBUI Ha Hee; (dx(t)/ dt) .~ BHCILHHE MOTOKH.
ex

*

Kaxk BugHO u3 ypasHenuii (1)—(7), pynxius X (AX, U, qm,§ ) XapakTepu3yeT TOMOJIOTHYECKYIO0 COCTaB-

nsromtyto, GyHKmms AX (g, U, Qe s) — JIUCCUNIATUBHYIO COCTABIIAIONIYIO, a GYHKIUHU S (8, U,s, qynp) u
§(g, U, qynp) — YNPaBISIONLYI0 COCTABIIIOMIYI0 cucTeMsl [7, 9]. [ mo60oro aHaIUTHYECKOTO 3aJlaHus

quHaMuKHd cucteMsl B Bue (1)—(7) maiinercs cucrema ypaBueruit MMIIOII, o6muM pemieHneM KOTOPOTO
oynet (1)—(7) [7]. Otcrona BeiTeKaeT KOPPEKTHOCTH 3aaHUs aHAIUTHYECKOr0o Bhipaxenust (1)—(7) obuiero
pemenust ypasHennin MMIIOII. KBanpaTtHbeie ckoOku B BbipakeHuH (1) o3HavaroT B3siTHE (HYHKIIMOHANA

muHamMuku U (t) .

V3mepsiembie Y (t) 1 KOHTpOIHpyeMbIe Z(t) napameTphl cuctemsl [6, 7]:

y()=Y(tc,.p), z(t)=Z(t.c,.p). ¢, =c,[x(t),U(t)], ¢, =c,[x(t),U(t)], (8)

rie P — WHAMBUAYaJbHBIE TMapaMeTphl CUCTeMbl. |1 3amaHus aHAIMTUYECKOTO BBIPAXKEHHUA IUHAMUKH
paccMaTpUBaEMON CHCTEMBI HCIONIB3YETCsl JIOKAIbHOE yrpolieHue ypasaennii MMIIJII [6, 7, 10] ¢ no-
CIIEAYIOIIUM 33JaHHEM COOTBETCTBYIOLIMX YIPOLICHHBIX AHATUTHYECKUX BBIPAKECHUH IWHAMUK X(t),

13 KOTOPBIX (hopMmupyeTcst moiHoe obmiee pemienne muddepeHnnansHex ypaHeHuin MMIIJIL B Bume
(1)-(7) [6, 7, 10]. Ha ocHoBe cuctembl ypaBHenuit (1)—(8) crtpoutcs mckomas mpeodpa3oBaHHAsE MOJEITb
cucTeMsl [7].

Oo6mee perrenne cucremsl auddepennuansabx ypapuenuit MMIIOII B sune (1)—(7) 3amaercs my-

nOl’l
TE€M MHTEPHOJISINK OMOPHBIX OOUINX petieHnid ypaBHeHH MMIIOII {Xi (XO, t)}H, IIOJIy4YEHHBIX IIPU CO-

OTBETCTBYIOIMX (PMKCUPOBAHHBIX 3HAYEHUSX [, MHAMBUIYalbHBIX Mapametpos P, {, mapamerpos U, a,
napaMeTpoB A (YHKIMOHAIBHBIX Pa3JIOKESHUI JJIsl CBOMCTB BELIECTB U MPOLIECCOB [7]:
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(0 =R (% (&0 8O 5], 20 =R (x0). 5-Blbp). ©

& (t)=% (s(s0:1),b), G(t) =0 (a(t.0,),b), i =1, b=b(a), (10)

non
I7I€  ONOpHBIE JUHAMUKHU {Xi(Xo,'[)}i_1 ANMpPOKCUMHUPYIOTCS  COOTBETCTBYIOIIMMH  (DYHKIUAMHU

X (é, ('[),ﬁi (t)), i=1n,,, 3aganaeivu ¢ yderoM (10) B Buze ypaBuenuil (1)—(7). @ynkmmu F, , b, b

MPEJICTABIISIOT CO0O0M BBIOpaHHBIC MeTOABI MHTeproysiiuu [7]. O6miee pemerue auddepeHuaTbHbIX
ypaBueruit MMIIDII, 3anannoe B Bune (9), (10), ynosierBopsiet (1)—(7) [7], a 3HauuT, sBIseTCS KOPPEKT-
HbBIM [7].

C yuerom Beipaxenuii (8)—(10) nomyunm s aunamuku UIT y(t) u KIT z (t) [7]:

y(t)=0, (x:t5,). B, - ‘y(a,ﬁ(ﬁ,a),t}j . B=p(ap), b=b(a), (11)

z(t):gz(xo,t,ﬁz), b, =62(0,6(ﬁ,0),5j, (12)

rae napamerpst b=b(p,0), P=p(a,p) MensoTCs HE3ABUCHMO ¢ M3MEHEHHEM NTAPAMETPOB & U P . DTO

JlaeT BO3MOXKHOCTb BBECTH (yHKUMOHANBI §, 1 Jg it X, u b coorsercraento [7]:

X, =3y, (0.0, ), b, =Ty [v.(1)], b=7,(0.b,), b, =7, [¥,(1)], (13)

rae y, (t) — peIpe3eHTaTUBHBIN y4acTok AuHamuku MII y(t) . OnpenenuB coriacHo ypaBHeHuto (13) na-

paMeTpel X, U b y U3 U3BECTHBIX U3 SKCINCPUMCHTAIBHBIX JAHHBIX PCHIPE3CHTATHBHBLIX YYACTKOB yr (t) Ju-

Hamuk U1 y(t) , MBI B COOTBETCTBHH ¢ ypaBHeHusiMHU (11), (12) onpenesnsieM HHAWBUIYaIbHBIC TApaMETPhI

P u mapamerpsl GYHKIMOHAIBHBIX pas3ioxkenuit b [7]. 3atem B cuny Beipakenuii (11)—(13) mbl onpee-
M KIT [7].
Orcrona Ha ocHoBe BelpaxkeHuit (11)—(13) moxer ObITh 3a1aHa QyHKIUS, ONpPEEIIoNIas Mo pernpe-

KOH

3€HTaTUBHBIM Y4acTKaM KOHTPOJIBHBIX AuHAMUK M1 (yr " (t), l]i) , =1, N_, MHAUBUIyaJbHbIE IApAMETPbI

CHCTCEMBI ﬁ ( NKOH — YUCJIO KOHTPOJIBHBIX TUHAMHUK paCCManI/IBaeMOﬁ CI/ICTeMBI) [7, 8]
A= Fron | Neon ) [Rxon _ =kou [ A [LKOH | KOH __ =rKOH KOH H
P=0; ({b‘ ’ui}i:1 ’bj’ bi™ =05 (uivbr,i )' by =T, [yr,i (tﬂ’ =1L N, (14)

Beipaxkenust (9)—(14) npenctaBisitor co00ii 3aJaHHe aHATUTHYECKOTO BBIPAKEHHS TMHAMUKH COCTO-
STHUSL CUCTEMBI, TTO3BOJISIONIEE TTOYIUTh AMHAMUKY B 3aBUCHMOCTH OT TTapaMETPOB KOHTPOJIBHBIX JHHAMHK

~

brt = gg”‘(oi, Bff’i“) , by =g [y‘r‘f’i" (t)] , i=1, N, . ITpu sTom dynxims b = 6({6;‘°",ui}:°“ ij B IIpa-

Boii wactu (11), (12), kak n Qpynkums X, =G, (G,BXD ) , on =0; [yr (t)] , TAKXKE MOXKET MPEICTaBISATh CO-

0oii BbIOpaHHBIN MeTO HHTepHosK (BUIHO U3 padoTsl [7]). C yuetom Beipaxkenuit (11)—(14) nomyunm
BhIpaKeHHs AJist tuHaMuk UT1 y(t) u KII Z(t) , ananornynsie (11), (12):

A~ A~

y(t)zgy(xo,t,by), b, =6y(a,6(gﬁ ({Bf"“,ai}i““l"“ ,Bj,a]ﬁj, (15)
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Z(t)ZGZ(XO’t’Bz)' 62262 016 Gﬁ({ﬁrmyﬂi}_’\‘m,éj,a ,é . (16)

Bxomsiie B Beipaskenus (15), (16) mapamerpsr b = b(a) , b =5(a) OIIPENIEIISIOTCS U3 CTaTHCTUKU

WIT yi'(t), O;;, i=LN,.;, j=1n,

ij? uen, J !

HUCIBITaHUI PA3JINYHBIX K3EMILUIAPOB OAHOTI'O 6peH/:[a (I']SK3 — YHC-

K3

JIO UCTIBITBIBACMBbIX SK3CMIIISIPOB na60paTopH0171 CHUCTEMBI, N J = 1, n“3 — YHCJI0 UCTIBITaHHHI KaXXaoro

uer, j !

J -TO MCIIBITBIBAEMOTO dK3eMILIApa), ucnoib3ys (15), (16), B coorsercteum ¢ [7, 8]:

b=b| {{Br57 0,1 |, b =g (@B ) B =g [y (0]

j=1

i=1 N j=1n,. 17)

uern, j !
I[paBas 4acTh moy4eHHOro BeipakeHHs (17) MOXeT Tarke MpeacTaBlIsATh COO0i BHIOPaHHBIH METO.T
uHTeprosimu [7].
Beipaxkenus (15)—(17) npencrapistor co6oit MM crcTeMbl, KOTOpasi MOXKET ObITh MOJI0KEHA B OCHOBY
M mudposeix aBoiiHUKOB [7, 8]. Takas MM nosyyaeTcsi U3 CTaTUCTUKK MCIBITAaHUH YK3EMILISIPOB CUCTEMBI
paccMarpuBaeMoro OpeH/a, a TakKe M3 CTAaTUCTUKH MCIBITaHUH J1TaOOpaTopHBIX cucteM. HeTpyaHo BUIETS,
9TO ISl BHIOOPA MHTEPHOJIAIMOHHBIX METOI0B, BXomsumXx B (15)—(17) mis b = b({b""" a } 1 .0, bj, b,

i=
gxo COOTBETCTBCHHO, H606X0,Z[I/IMO, BBITIIOJIHUB MOACIIMPOBAHUC NWUHAMUK B CUCTECMC IUIA COBOKYHHOCTCfI

cnyqaﬁHo 3aaHHBIX 3HAYCHUHI Xgs P u a, MOJIY4YUTh KayeCTBECHHBIN XAapaKTCp AUHAMUK, a TAKIKC Kauc-

CTBEHHBII XapakTep CBSA3M MEXAY apaMeTpaMu IOJIy4eHHBIX JuHaMuK. Ha OCHOBE ynOMsSHYTOro Kaue-
CTBEHHOTO aHAJM3a CMOJIEIMPOBAHHBIX JTHHAMHK CHCTEMBI BHIOMPAIOTCS OMOPHbIE THHAMHKH, BXOISIIHE
B (9), (10), u BeIpakenus i ux 3amanus, yaosrersopsonte (1)—(7) [7], a Takxke omopHbIe 3HAYEHUS TIa-

pPaMETPOB JUHAMHK CHCTEMBI ¥ BLIOMPAIOTCS HHTEPIIONIALMOHHBIE METOALI D, D, @Xo .

Hcnonp30BaHue MHTEPIIOISALMOHHBIX METOAOB (T.€. METOJOB, HEMOCPEICTBEHHO 0a3UPYIOIIMXCS Ha
peniepHbIx 3HaYeHHax [9]) oOycioBieHo TeM, 4To AJsi OCTpoeHuUs npeodpazoBaHHoit MM B o01em cirydyae
HEOOXO0UMO JIOKAJIbHO YMpoInaTth cuctemy ypasHenuit MMIIDIT [6, 7, 11]. KoaddummeHTs! 10KaibHO
VIIPOIIEHHOW cucTeMBbl ypaBHeHM MMIIOII, u3 KOTOpBIX ompenenstorcs Kod(hQHUIMEHTH HCXOIHBIX
ypaBHennit MMIIOII, onpenensitorest 3HaueHussMa VI B cooTBETCTBYMOMIEH 00JIaCTH JIOKAJIBHOTO YIIPO-
menus [6, 7, 11] — uneonorust Mmeto0B uHTepnoisuuu [9]. B cuiny HeNMMHEHHOCTH peabHBIX CHCTEM I10-
JIyYEHHBIX 00JIaCTell JOKAIbHBIX yrpolleHuid ypasuennit MMIIDII nocratodno muoro [6, 7], uTo Takxe
00ycJI0BIMBaET MPUMEHEHHE METOI0B HHTEPIOJSIMHI JJIsi HOCTpoeHUus: MM cucTeM, MOJI0KEHHBIX B OCHO-
By M1 ux un¢ppoBbIx 1BOWHHKOB [9].

®ynxuuoHan J; MOMKET ObITh MOCTPOEH C MOMOINILIO Pa3sIMYHBIX METON0B HaeHTU(HKanuu [12].

Amnanoruuno Qyskuuonany §; merogamu [12] moryT ObITh BBeI€HBI (YHKLHOHAIbI 6y =0, [y(t)]

=7; [z(t)] . C momomp10 BBEICHHBIX GYHKIMOHANOB J; 1 §; ONPENENAIOTCS U3 PE3YIIBTATOB BbI-
z y z

~

YHCITMTENBHOTO SKCIEPMMEHTa COOTBETCTBYIOIIME Mapametpbl D, u b,, Bxomsume B Boipaxenus (15)

y
u (16) coorBeTcTBeHHO. M3 KaYeCTBEHHOTO aHAIM3a MOJYYCHHBIX U3 PE3yJIbTaTOB BLIMUCIMTENLHOIO SKC-

IIEPUMEHTA I1apaMeTPOB by u b U 3aJar0TCsl QYHKIMH IS TapaMeTpoOB by u b Y HE3aBUCHUMBIE M1apa-

meTpsi b .

IlocTpoenne MOAeA€H AASI MATEMATHIECKOTO SAPA THPPOBBIX ABOMHHKOB

Urak, momyyennsie MM u3 ypaBHeHuit MMIIDII, sBastommecs cocraBmsromumMu M mudpoBbix
JBOWHHUKOB, MOTYT OBITh JBYX BHJOB!

— MM cucrem, KOTOPbIE CTPOSATCS U3 CTATUCTUKHU MCIILITAHUN CHCTEM pacCMaTpUBAEMOro OpeH/a;

— MM cucteM, KOTOpBIE CTPOSTCS HA OCHOBE CTATUCTUKU HCIIBITAHUIN JIAOOPATOPHBIX CHCTEM.
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Paccmotpum nepBblit cityyaii (ciydait moctpoennss MM cucTeM, KOTOPBIE CTPOSITCS U3 CTaTHCTHKU
UCIIBITAaHUI CHCTEM paccMaTpuBaeMoro Openzaa). B paccmarpuBaeMoM citydae Ha ocHOBe ypaBHeHus (15)

nonyvaem u3 Ul y(t) napametpsl D, a 3aTem u3 dynkumu A b, monydaem mapamerpsr b ub ms

KaKIOH TUHAMHKHA . 3aTeM B CHIIy OJMHAKOBOCTH IS BCEX DK3EMILISIPOB MaTpUBAEMOI CH-
X0 a HIT y(t). 3are c o aKOBOC cex DK3e OB paccMa aeMoH ¢

CTEMEBI TIApaMeTPoB b GepeM B KadecTBe 3HAYEHHUs IApaMeTpPoB D MX cpeaHee apu()METUIECKOE 3HAYe-
HUM, TTOJIYYEHHBIX BBIIIEONTMCAHHBIM MYTEM JUIs Kaxaon nuHamuku UTT y(t) . 3aTeM IorygaeM Ha OCHOBE

BoipakeHust (14) xontposbHbie mapamerpbl DI, i=1, N COOTBETCTBYIOIIME MapamMeTpaM BHEIIHHX

KOH !

Bozzeiicteuit U,, i=1, N _, , 1 3a1aeM HHTEPHO/LSILHOHHYIO 3aBUcUMOCTh 11t b (ucxons u3 (17)), Bxoxs-

KOH !

myto B Beipaxkenus (15), (16):

~ N

b=b| {6, 0,} .0, {{633“, u,}N}J , (18)

rae ananoruano (17):

by =gp (G, 5, b

b, j L

). By =0 [V (0 T N =1 4

pen

HCTIONB3Ysl 3HAYEHHs KOHTPONLHBIX mapamerpos by, 0, ;, i=1LN

j=1,n_, penpe3eHTaTUBHBIX

pem, j ! 3

Y4acTKOB JIMHAMHUK Y75 | (t), =1, N, ;, J=1n,,, pENpe3cHTaTUBHBIX JK3EMIUISIPOB PACCMATPUBAEMON

[pen 1 — 1 —
cucremsl. Taxxe mapamerpsr D =L N, j=1n_ Moryr qmbo SBHO BXOIHUTH B ypaBHeHHe (18),

ij

e, j !

pen

mmbo sBHO B ypasHenue (18) MoryT BXoaMTH MapameTphl b, xoTopeie ompenensiotcs wepes by, T,
1=1, N per

CIJIQXKUBATh CIy4aiiHbIe MOTPEIIHOCTH SKCIIEPUMEHTANBHBIX JaHHbIX [12, 13]. Obmmas crpykrypa MM, mo-
JIO’)KeHHOW B 0ocHOBY M1 midppoBoro qBOMHMKA, TIOKa3aHa Ha puc. 3.

j=Ln UCIIONIb3Ysl METO/bl Teopuu uiaeHTtudukaimu [12]. Bropoi momxon mo3BosseT

oK3 !

OByyawme
OMHAMUKN U3MEPASMBD
XapaKTepucTIK
ofibekTa

BHeWHKe yenosua
NPOTEKaHWA PUIM BCrux
W XUMIHECKNX
npoLectos

— /[

OByyYyeHWe maTemaTMYecKor MaTtem CKaA Moaen
MOAenn ons uud posoro nna uwhposara fiHnKa
OBOAHWKA

PEMpeseHTaTHE Hule
YUACTKM AUHAMUKI U3MEDAEMSIX
¥apaKTepucTUK o6k ekTa

PYHKUMA NEPaMETPOE PEMPE3EHTATHEHBIX DYHKLUMA NapaMETROB
DYHELMA NAPaMET POB AMHAMAKN YYACTHOE AMHEMMKN M3MEDAEMBEIX Ha4aMEHOTO COCTORHMA
3MEPAEMBIX X aPaKT epucTiK 0GLekTa xapakTepncTik ofberTa ofkera

TapameT pbl PENPE3EHT aTUEHLIX
YUACTHOB AWHAMMEA M3MEDAEMBIX
XapakTepueTuk ofbeKTa

Mapamer pbl GUHamMAKl
WaMEpAEMbIX X apaKT epueTr
ofieekTa

MapameT pbl Ha4ansHoro
COCTOAHMA ofbekTa

< »
CHHT 23 QY HKLMK HE33B MCH MBI DYHKLMA HE3ABUCHMEIX DYHKLMA HAYankHoro
napameTpog 00LeKkTa 3> napameTpog ofibexTa COCTOH AHWA 00BeKTa
T fea | .
o ——— = Monyu aTeA MYTEM KaUeCTE BHHOMO
7 ﬁcnepMMEHTaanu mccne;lusaHHbﬁ DY HKLWMA NapameT pog HeaaBncbie aranioa, (Ha A L EVETEmLL
Y PaBHEHMIA MET O MaT EMaT MU e cKoro

napameTpel oibekTa NPOTOTUNMPOR BHMA IHEPTETHURCKIX

npoyeccoe

\ B NaboparopHeX CUCT2Max CBOMCTEA ) CEOMCTE BELLECTE W =3
BELECTE M NPOLECcCoB B ofbekTe npougccos & ofbekTe
S~ e, - -

= — — - —
|

Y

DYHKLMA SHHAMWKA MSMEDAEMbIX DYHELMA AMHEMMKM KOHT PONHEY & MbIX
XapakTepncTiK ofbekTa XapaKTepuCTHK 0B LekTa

MapaMeTphl cBOACTE
BEWECTE W MPOLECCOR
B ofbere

MonyuaTeA MyTEm BeMUCAWNTENEHOMD
JECNEepUMEHTa Ha OCHOBE Y PaB HEHWA MeTOOa
MaTEMaTIMH 2CKOr O MPOTOTUAWP OB aHWA
IHEPTETYECKMY NPOUECCOB

KOHTP DNy & MelE
HAPAKT BPUCTIRI
ofkekTa

1ame pAe Ml e
XapaKTepNETARR
ofikexta

Puc. 3. Mopenb CHUCTEMBI, ITOJIydyacMasd Ha OCHOBE CTATUCTUKU HUCIIBITAaHUHN OK3CMIIIAPOB
paCCManPIBaeMOﬁ CUCTEMBI C YUCTOM HCHBITAHUN naGopaTopHHx CHCTEM
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Kaxk HerpynHO BuzieTh u3 BoipakeHuit (14)—(16), n3 nonyueHHBIX 3HAYCHHI HE3aBUCHMBIX Iapamer-
poB b MoxHO ompesensTh mapameTphl CBOCTB BemtectB U mpoueccos (CBIT) B cucteme [7]. Jns storo
HEeoOX0IMMO BBeCTH (PyHKIHIO, onpenensonryto napamerpsl CBII B cucteme (puc. 3), KoTopast moayvaer-
Csl TaK)Ke METOJaMH MHTEPIOJISIIHA C HFCIIOJIb30BAHNEM BBIUMCIHTENHHOTO HKCIEPUMEHTa Ha OCHOBE CH-
crembl ypaBaeHuii MMIIODII [7]. C ucnonb3oBaHueM YHNOMSHYTOH (DYHKIIMH, TIOCTPOMB BBIIICOMHCAHHBIM
obpazom MM mis mabopaTopHBIX CHUCTeM, MBI ToiyunM napameTpbl CBII B maboparopnoii cucteme. On-
HAKO YacTh 3THX CBOWCTB MOTYT OBITH CIIPaBEAJUBBIMH M IJIsl paCCMaTpUBAEMOI CHCTEMBI, YTO JeJaeT Le-
JIECOOOpA3HBIM MX yUET B MHTEPIOIANMOHHOM Bhipaskernu (18) (puc. 3) [7]. Tak peamusyercst cxema Io-
ctpoeHuss MM Ha OCHOBE CTaTUCTUKU HCIBITAHWH 1a0OpPaTOPHBIX CHUCTEM, CTPYKTypa KOTOPOH TarkKe
MoKa3aHa Ha puc. 3.

N KOH

Oyukiuu §; ™, BXoaamue B ypapHenue (14), a taxke dynkmum g, j=1,n

b,.j" BXOJSIIIUE B ypaB-

9K3 !
Henue (19), MoryTt ObITh 3aaHbl HHTEPIOJISIIMOHHBIME METOJAMHU, & TAKXKE C MCIOIb30BAHUEM METOJI0B
HAaWMEHBIINX KBaApaToB Ha ocHOBe (yHkuuit quHamuk WIT (15) [12]. [Ipu 3TOM ¢ HCMOIB30BAaHUEM HH-
TEPIOJSIIMOHHBIX METOJIOB MOTYT OBITH 3alaHbl MPUOIMKEHHBIE peaii3alny YIOMSHYTHIX (QyHKIHH, pe-
3yJIbTaThl BHIYMCIICHUI KOTOPBIX TOBOISATCS METOJOM HaUMEHBIIUX KBaApaToB [12]. AHaiornyHoe Kacaer-
¢S ¥ BBIICYTIOMSHYTHIX (PYHKITHI gBy Hu gﬁz .

Pe3yabTaTni

Knacc MM 00BEKTOB, 3alIMBaeMbIX B OCHOBY MSI 1IU(POBBIX WX ABOWHHKOB, CTPYKTYpa KOTOPBIX
MoKa3aHa Ha puc. 3, MPeACTaBisIeT co00i pa3BUTHE CTATHCTHYECKUX METOMOB HocTpoenus MM [13]. Vio-
MSIHYTO€ Pa3BUTHE 3aKIFOYACTCS B TOM, 4TO Kiacc MM, B kotopom umercst MM [12, 13], 3anoxkeHa peaib-
Hast (usnka QyHKIMOHMPOBAaHHUS 00BEKTa, YTO TapaHTUPYET KOPPEKTHOCTH mocTpoennoir MM [12, 13].
Takum 00pa3oM, HpeIUIoKEeHHBIH MOAX0A mocTtpoeHrs MM cucteM BOHMpaeT B celsi Kak IpPEeHMYIIecTBa
MO/IX0/Ia YEPHOTO SIMKa (MPOCTOTY), TaK W MPEHUMYIIECTBA IOIX0/1a, OCHOBAHHOTO HAa MOJICIMPOBAHHU
(GHU3MYECKUX M XUMHYECKUX TPOIECCOB B 00BEKTE (IKCTPATIOIUPYEMOCTh MOJCIN HA PEKHMBI, Ul KOTO-
PBIX HMEETCS MaJIOe YKCII0 SKCIIEPUMEHTANBHBIX JaHHBIX) [13].

braromapsi MCIOJIB30BaHUIO METOIOB MHTEPIOJSALUH MPEATIOKEHHAs CXeMa MOCTPOCHHs MOeel
MOXeT OBITh MOJI0KEHA B OCHOBY JITOPUTMOB MAIIMHHOTO O0OYUYEeHHSI, B YACTHOCTH HEHPOHHBIX U THOPUI-
HbIX cereit [7]. [lpumep moctpoenuss MM nutuii-uonHoro akkymyssropa US18650VTC6 Series B cooT-
BETCTBHE C IMPEITOKEHHOM CXeMOi IprBeaeH B padote [14].

O6cyxaeHne

Wrak, 3amaga noctpoerns MM CHCTEMBI, TIOJI0KEHHOH B 0CHOBY M ¢ pOBHIX IBOWHUKOB 00BEK-
TOB Pa3IUYHON (PU3MUECKON U XMMUYECKOW IPUPOIbI, pa30MBaeTCs Ha JIBa Kilacca 1Mo/13a/1ay:

1. KadecTBeHHBIN aHamM3 Ha OCHOBE ypaBHeHnid MMIIJII quHamMuk paccMarpruBaeMoro oOheKTa u
MEPEKPECTHRIX CBSI3EH MEXy MapaMeTpaMu TUHAMHK OOBEKTa B Pa3jIMUHBIX PEKUMAaX €ro (PyHKIIHOHHPO-
BaHUS W NapaMeTpaMy BHEIIHUX BO3JIEUCTBUNA HA HETO.

2. Tloctpoenne MM cucremsl B chOpMHUPOBAaHHOM Ha OCHOBE KauecTBeHHOro anaiam3a MMIIOII
cucrteMsl knacce MM.

Takum 00pa3oM, MOCTpOeHHE HCKOMO MM B COOTBETCTBHHM C TIPEUIOKECHHON B HACTOAIICH paboTe
CXEMO TIPEeICTAaBIsET OO0 MCITOIB30BAHNE N3BECTHRIX MeTOIOB [1-5, 9, 12, 13], mpuMeHeHHBIX K KITacCy
MM, NoCTpOEHHOTO ITyTeM KauecTBeHHOro aHanu3a Ha ocHoBe MMIIJII paccmaTpuBaemoro o0beKTa.

3akAroueHue

KauecTBeHHBIN aHANIN3 JUHAMUKH TPOIECCOB B OOBEKTaX Pa3IMyHOW (PU3UYECKOH M XUMUYECKOU
npupoasl Ha ocHoBe MMIIDBII sBisieTcss BaXKHEWITUM CITOCOOOM 3amaHus kKiracca MM, B KOTOPOM CTPOSITCS
MM o6bekTa uzBecTHbIMU MeTogamu [1-5, 9, 12, 13]. Otcrona BhITeKaeT BaxKHEHIAsA 3a/aua MIaHUPOBa-
HUS BBIYUCIIHTEIFHOTO dKCIIepuMenTa Ha ocHoBe MMIIDII ¢ mocnemyonuM KaueCTBEHHBIM aHaJIN30M I10-
nmydeHHsix MMIIDII auHamMuk paccMaTpiBaeMoro 00beKTa.
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ITPUMEHEHUE HEMPOCETEBBIX AATOPUTMOB T'AYBOKOT'O OBYYEHU
AASA KAACCUPUKAITUH OITYXOAEH TOAOBHOI'O MO3TA

M. O. Tumomxknun', E. I'. Pomanosa®
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AunHOTanus. AxmyanivHocms u yeau. I'rybokoe o0ydeHne — 3TO aKTUBHO pa3BUBArOIIasicss 00JIacTh MallIMHHO-
ro 00y4eHHs, KOTOpasi TI03BOJISIET HAXOAUTh 3aBUCHMOCTH B ClIa00CTPYKTYpHPOBAHHBIX JAaHHBIX. AKTyaJbHOCTh pado-
THI 3aKJIIOYAETCS B TOM, YTO B HACTOSIIEEe BpeMs aBTOMAaTH4ecKas KiacCHU(UKalMs TUIOB TKAaHEH WUIpaeT BaXHYIO
pOJb B KOMIBIOTEPHOH nuarHoctuke. Llenb paboThl 3akiodaeTcsi B aBTOMAaTH3alMK TpOIecca OINpeeseHUs] Buaa
OITyXOJIM TOJIOBHOTO MO3ra IO €€ M300payKeHHIO C MOMOIIBI0 METOJIOB ITyOOKOro o0yueHus. Mamepuansi u mMemoobi.
B paboTe mpuMeHSFOTCST METOIBI TIYOOKOTO O0YYEHHS [T aBTOMATHUECKOH KIIaCCH(UKAINH BHIA OIyXOJIH TOJIOBHOTO
MO3ra TI0 €¢ M300paXKeHUI0. Pesybmamsl u 6b1600bl. BBITO TIPOM3BEICHO CPaBHEHHNE HEHPOCETEBBIX MOJCIICH NPy pas-
JMYHBIX apXUTEKTypax, B Pa3IMIHBIX PEKUMAX OOYUEHHS U TPU HAJTHIUU U OTCYTCTBHH 0OOTaIeHns BEIOOPKU. B mpo-
mecce 00yUeHHMS ¢ IOMOIIBIO JTyUIIleH apXUTEKTYpBI YAATIOCh JOCTHYB KadecTBa 96 % Ha BaMIalioHHOW BEIOOPKE.

KiroueBble ci1oBa: KiaccuUKaIys OIMyXoJei TOJIOBHOTO MO3Ta, IiryOokoe oOydeHue, apXuTeKTyphl HEHpoH-
HBIX ceTeil, oboramenue BeiOopkr, MPT-u300pakeHus1, pe:KUMBI 00ydIeHUS

Jost nurupoBanus: Tumomkua M. O., Pomanoa E. I'. IIpumeHeHne HeHpoCETEBBIX alroOpUTMOB TITyOOKOTO 00y4YEeHUs
IUIsL KiaccuuKamiy ormyxosieil ronoBHoro mosra // HanexsocTs M KauecTBO cloxkHbIX cuctem. 2024. Ne 3. C. 51-65. doi:
10.21685/2307-4205-2024-3-6

APPLICATION OF DEEP LEARNING NEURAL NETWORK ALGORITHMS
FOR BRAIN TUMOR CLASSIFICATION

M.O. Timoshkin!, E.G. Romanova?

! Moscow State University named after M.V. Lomonosov, Moscow, Russia
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Abstract. Background. Deep learning is a rapidly developing area of machine learning that allows you to find
dependencies in semi-structured data. The relevance of the work lies in the fact that currently automatic classification
of tissue types plays an important role in computer diagnostics. The goal of the work is to automate the process of de-
termining the type of brain tumor from its image using deep learning methods. Materials and methods. The work uses
deep learning methods to automatically classify the type of brain tumor based on its image. Results and conclusions.
A comparison was made of neural network models with different architectures, in different training modes, and with
and without sample enrichment. During the training process, using the best architecture, it was possible to achieve a
quality of 96 % on the validation set.

Keywords: brain tumor classification, deep learning, neural network architectures, sample enrichment, MRI
images, learning modes
For citation: Timoshkin M.O., Romanova E.G. Application of deep learning neural network algorithms for brain tumor

classification. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2024;(3):51-65. (In Russ.).
doi: 10.21685/2307-4205-2024-3-6

BBepenne

CyliecTByIOT MEIUIIMHCKUE KOMIIAHUY, 3aHUMAIOIIHECS JISYEHUEM OITyXOJIel TOJIOBHOTO MO3ra. AB-
ToMaTH4ecKas Kiaccu(UKanus TUIIOB TKaHEW WrpaeT Ba)KHYIO PONIb B KOMIBIOTEPHOW AuarHoctuke. Cy-
IIECTBYIOT Pa3IMYHbIC BUIBI OMYXOJCH: MEHUHTHOMA, TIMOMA, OIyXoJi runodusa u ap. [laHo OGombimoe
KOJMYECTBO HM300paKeHUI TpexX BHUJIOB OITyXOJNieil TOJOBHOTO Mo3ra. TpeOyercss aBTOMAaTH3MpPOBAThH

© Tumomkus M. O., Pomarosa E. I',, 2024. Kourenr socryren no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribu-
tion 4.0 License.
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MIPOIIECC ONpeAeIICHUs BHJIA OMYXOJH, T.€. TI0 M300paKEHUIO OIMYyXOJIM ONMPEAETUTh €€ BUA. ABTOMAaTH3UPO-
BaHHBIN MPOIIECC OTPEACITICHIS BHIAa OIYXOJH TOJDKEH OBITh KaKk MOYKHO 0oJiee ToUHee, TaK KakK B cliydae He-
BEPHO OIPEJICIICHHOTO BHJIA OIyXOJH MAIUeHTY OyIeT MPEeIOCTaBICHO HECOOTBETCTBYIOIICE MEIUITMHCKOS
JieueHne, KOTOPOe MOTpe0yeT M3MUITHIX (PMHAHCOBBIX 3aTPAT ¥ MOYKET MPUBECTHU JaXKe K CMEPTH HallieHTa.

Onucanne AQHHBIX

Hcxonnble AaHHBIC TpeACTaBIAOT co00ii HaOop T1-p3BerneHHbIx MPT-u300paXkeHuii ¢ KOHTpPACT-
HBIM YCHJICHHEM, COAEpKalIMX 00pa3sibl OMyXoJel ToJOBHOro Mo3ra: MeHWHruomsl (1), rmuomsr (2) u
omyxoiu runoduza (3) [1].

HabGop manHBIX omyxoneit romoBHoro mo3ra conepkut 3064 T1-3BerieHHbIX N300pakeHUsI C KOH-
TPaCTHBIM yCHJIEHHEM OT 233 NalKeHTOB ¢ TPEMsI BUJaMU OITyXOJel TOJIOBHOTO MO3ra!

— menuHruoma (708 u3obpakeHuii-cpe3oB);

— rimoma (1426 m300paskeHmii-Cpe3oB);

— omyxoub runodusa (930 u300paxeHuii-cpe3oB).

I'enepanbHON COBOKYIHOCTBIO B JAaHHOM Cilyyae OyAET SABISITHCS COBOKYIIHOCTH BCEBO3MOXHBIX
n300paXeHUH, CoAepIKaIIMX OANH U3 TPEX BUIOB OIYXOJIH T'OJIOBHOTO MO3Ta.

OOBEKTOM SIBISETCS W300pakeHHe-cpe3 OJHOrO (M3 TPeX BO3MOXKHBIX) BHIA OIMYXOJU TOJIOBHOTO
Mo3ra. COBOKYIIHOCTb BCeX 00BEKTOB 00pa3yeT BEIOOPOYHYIO COBOKYITHOCTb.

Bri0opka naHHBIX ObLIa Toy4eHa nocie npoxoxaeHus MPT u nomydenus paznnaneix T1-B3BerieH-
HBIX W300pa)KCHUH C KOHTPACTHBIM ycuiieHHueM 233 MalfieHTaMu ¢ OMYyXOJIbI0 TOJOBHOTO Mo3sra. [lanHoe
MHOXECTBO M300pakeHHii (BHIOOPKa) SIBISIETCS TOAMHOKECTBOM BCEBO3MOKHBIX H300paXeHHUH, COepKa-
IIMX OJMH M3 TPEX BHOB OMYXOJIH I'OJOBHOIO MO3ra (reHepaibHasi COBOKYITHOCTB).

MOXXHO cuMTaTh, YTO JAHHBIE MALMEHTH! ObUIM BHIOpAaHBI CIy4alHBIM OOpa3oM W3 BCETO MHOXKECTBA
OOJBHBIX C OIMYXOJIBIO TOIOBHOrO Mo3ra. ClieioBaTeNibHO, MOYKHO CUHTaTh, YTO BHIOOPKA ObLIa MOJy4eHa METO-
JIOM OECIIOBTOPHOTO O0TOOpa TaHHBIX M3 TeHEPaIbHON COBOKYIMHOCTH. KpoMe Toro, ObutH cOOMIOIeHBI TIPHHIIN-
bl PABHOBO3MOYKHOCTHY» U «CIYYaHHOCTH» TIOTIAJIAHUSI €IMHHUIL B BBIOOPOUHYIO COBOKYIHOCTH. ClieioBaTeb-
HO, 00€ecIIeueHa penpe3eHTaTHBHOCTh COOPAaHHBIX JTaHHBIX OTHOCUTENBHO FeHEPaIbHOM COBOKYITHOCTH.

B BBIOOpKY BXOZAT M300pak€HHUA-CPE3bl TOJIBKO 233 MalMEHTOB C M3BECTHBIM BHIOM OITyXOJH.
[Inaaupyercss mocrtymierne HOBBIX MaHHBIX — MPT T1-B3BemeHHBIX H300PaKEHUIH-CPE30B OMYXOIH
TOJIOBHOT'O MO3Ta Ul HOBBIX MAaIMEHTOB (M3 T€HEpalbHOW COBOKYIHOCTH), JJISi KOTOPBIX BHJ] OIyXOJIH
HEOOXOIMMO ONpeneNuTh (KIacCH(UITMPOBATE) 10 M300paKeHNn 0. MOXKHO CUNTATh, YTO HOBBIE MAI[HEHTHI
Taroke OyIyT MOCTYNAaTh CIy4ailHBIM 00pa3oM U3 TeHEepaJbHOW COBOKYITHOCTH, T.€. METOAOM OECIIOBTOPHOTO
oT0opa U3 TeHepaIbHON COBOKYIHOCTH. CIIeJ0BaTENbHO, PEIIPE3EHTaTUBHOCTD HOBBIX JAHHBIX OTHOCUTENBHO
TeHEepaJIbHOM COBOKYITHOCTH OyieT o0ecneyeHa 1o TeM >Ke NPUYUHAaM, YTO U 1151 COOpaHHBIX JaHHBIX.

Lenp nccnenoBatesneii, KOTOpbIE OCYLIECTBISIIN COOp AAHHBIX, 3aKII0YaeTCsl B pa3padoTKe MoaXoa, Ko-
TOPBII MOYKET aBTOMATUYECKH KJIACCU(UIIMPOBATH OITyXOJIH FOJIOBHOI'O MO3ra 110 H300paKeHHIo ee cpe3a [2].

Bb1 BBHINIONIHEH aHANW3 MPOIMYCKOB M aHAIM3 TpaBAonogo0HocTH. VIcXoMHble TaHHBIE HE CONEepXkKaT
MPOITYCKOB, BCE N300paKCHUS SIBIISIOTCSI MTPABIONIOJOOHBIMH, YTO OBLIO BBISIBIICHO IIyTEM MX IPOCMOTpA.

Kaxxmoe n3obpakeHre B BEIOOPOYHON COBOKYITHOCTH IIPENICTABISAET cOOON ABYMEpHBIA cpe3. Habop
JAHHBIX U300paKeHUI-CPe30B ToJIOBHOTO Mosra ¢ T1-B3BemmBanueM Obll nomydeH B 6onbHuie Hanbdasy,
I'yanwkoy, Kurait u GonmpHUIE 00mIero npoduis TSHBIZUHCKOTO MEIUIIMHCKOTO yHHBepcuTeTa, Kutaii,
¢ 2005 mo 2010 r. Bbeuto cobpano 3064 cpeza ot 233 mamuentoB, coxaepxamux /08 MEHMHTHOM,
1426 rorom u 930 omyxoneii runoduza. Mzo0paxeHnss UMEIOT TUIOCKOCTHOE paspemenne 512x512 ¢ pas-
mepom mkcens 0,49%0,49 mm?. TommuHa cpe3a — 6 MM, 3a30p MekIy cpesamu — 1 MM, I'panuua omyxomn
ObLIa OuepueHa BPyUYHYO TPEMsI OIIBITHBIMHU pajrojioramu [2].

Takum 00pa3oM, Kaxablii 00BEKT MPEICTABISCTCS PACTPOBBIM H300pakeHHeM (TPEXMEPHBIM TEH30-
pom) ¢ukcupoBaHHOTO pasmepa. LleneBoii npu3HaK (B OIyXOJIH) SIBISETCS KaTErOPHAIbHBIM HPH3HAKOM
C TpeMsl pa3IMYHBIMU BO3MOXKHBIMH 3HaYCHUSIMU: MeHHHTHOMA (1), Tiioma (2), omyxous runodusa (3).

HaGop naHHBIX M300pa)KCHUI OIMyXOJiel TOJIOBHOTO MO3Ta, JOCTYHHBIH 1Mo cchiike [1], comepxut
TpH manku «1», «2», «3», COOTBETCTBYIOIINE M300PAKEHHUSIM Pa3IMUHBIX KJIACCOB OITyXOJIei: MEHHHTHO-
MBI, [TIMOMBI U OITyXOJIM THIIO()13a COOTBETCTBEHHO.

®opmasrbHas 3apava

Jlano. muoxectBo MPT-n300paxeHuii Omyxoyied TOJOBHOTO MO3ra M COOTBETCTBYIOIIUX BH/IOB

OITYXOJIH {(Xi, Y )}:=1’ rae X; — TpeXMEpHBIi TeH3o0p pasmepHoctH [512, 512, 4], y, €Y,Y = {O, 1, 2}.
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Hauimu: cTpareruto, KoTopas KiacCHPUUIUpPYeT 000 00BEKT M3 TEeHEpaIbHOW COBOKYMHOCTU
X € X, T.e. onpeAenser UeleBylo IepeMeHHyo Y €Y .

ITlokazamenv kauecmea. TOUHOCTH KJ‘IaCCI/I(I)I/IKaLII/II/I
P
Accuracy = N’

rae P — KoJIMuecTBO BEPHO KIIACCH(PHUIIMPOBAHHBIX 00beKTOB; N — 00Iee KOJIMYECTBO 3JIEMEHTOB B BbI-
Oopke.

Bce vactu popmanbHOW MOCTAHOBKH 3aJ]aud MOJIHOCTBIO) COOTBETCTBYIOT COZAEPKATEIHHON IMOCTa-
HOBKE 33/1a49U:

Lo
i=1’

— MHO>XCCTBO BHIOB 01'[yXOJ'I€I7IZ (MeHI/IHFI/IOMa, rjimoma, OIyXoOJb FI/IHO(I)I/IB&) OIpeACJICHO KakK
={0,1, 2}.

Tlokazamenv xauecmea ObLI BBIGpaH TaKUM, TaK KaK UMEHHO OH OTpaXXa€T Kady€CTBO KHaCCI/I(l)I/IKa-
ouy, T.C. JOJKO BEPHO KJ‘IaCCI/I(l)I/IL[I/IpOBaHHLIX BHUJOB OIIYXOJIKX T'OJIOBHOI'O MO3ra. bonbmee kauecTBO Kiac-
cUdHKaTopa COOTBETCTBYET OOJIBIIEMY KOJIHUYECTBY JIFOJICH, KOTOPBIM BHJ| OITYXOJIM JHArHOCTUPOBAH BEp-
HO H, CJI€A0BaTcCiIbHO, OomplIeii YacTH OOIBHBIX MOXKET OBITh npeaAOCTaBJICHO COOTBCTCTBYHIOIIICC
MEIUIIUHCKOE JICUCHUE.

— MHO>XCCTBO I/I306pa)KCHI/Iﬁ onyxoneﬁ TOJIOBHOI'O MO3ra OIpeACJICHO KaK {Xi }

Paz6uenne BbIOOpKH

HHH COXpaHCHHA PCIIPE3CHTATUBHOCTHU GBIJ'H/I CO6HIOI[CHLI IMPUHLOUIIBI KPABHOBO3MOXHOCTHU» U «CITYy-
YaWHOCTH» MONAIaHus eUHHUI B BHIOOPOUHYIO COBOKYITHOCTH; OBbUT BEIOPaH METOJ GECIOBTOPHOrO 0TGOpa
(tabm. 1).

Taomuua 1
Paz0uenue BEIOOpKH Ha 00YYAIONIYIO, BATHIAIIMOHHYIO H KOHTPOJIBHYIO
Bribopka AOCONIOTHBIE pa3Mepbl BEIOOPKU OTHOCHTENbHBIE Pa3Mepbl BBIOOPKH
Hcxopnas 3064 100 %
OO6yuaromast 1839 60 %
Bamupganuonnas 612 20 %
KonTponsHas 613 20 %
Pacno3naBanue

ApXHUTeKTypa pacro3HaBaHUs IJIsk OJJHOTO 00bekTa (puc. 1) BKIIFOYAET IIaru:

1. mepexoa OT ¢IabOCTPYKTYPHPOBAHHOTO OMKMCAHHSA K MEPBHYHOMY CTPYKTYPHPOBAHHOMY TPE.-
CTaBJICHHIO;

2. mepexoJ| OT MEPBUYHOIO CTPYKTYPUPOBAHHOTO TPEICTABICHHS K OCHOBHOMY CTPYKTYPHPOBaH-
HOMY TPEJICTaBJICHHUIO;

3. monydvenue BbIxoja Ui oobekra. (Orenka, HEABHO MpeoOpasyemasi B alloCTEPHOPHOE paciperie-
JIeHHE);

4. TPHUHATHE OKOHYATEIHHOTO OH3HEC-PEIICHHS.

predi
1 fction
X
Y <
¥, H— loss

Puc. 1. ApxurekTypa peleHus st paclio3HaBaHust OJTHOI0 00bEeKTa!
unstructured x ~ structured . representation B posterior = prediction
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0. Ha Bxonm momaercs crnabOCTpyKTypHUpOBaHHOE HaONoJaemMoe ommcaHue oObekTa — MPT-
n300paXkKeHHe OIYXOIH TOJIOBHOI'O MO3Ta, X-TPEXMEPHBIH TeH3op pasmepHocTH [512, 512, 4], roe KaxmbIii
BIIEMEHT TEH30pa MPEACTaBIseT Co00it HaTypagpHOE 3HaueHue B uuTepBaie [0; 255].

1. Ot c1aboCTPYKTYPHUPOBAHHOTO OINHCAHUS BBITIOJIHSACTCS MEPEX0] K NEPBUYHOMY CTPYKTYpPUPO-
BaHHOMY MpejcTaBiieHuio. M3o0paxkenue npeodpasyercsa B popmar RGB u Hopmanuzyercs. CTpyKTypH-
pPOBaHHOE MPE/ICTABICHHE — X-TPEXMEPHBI TeH30p pa3mepHocTh [512, 512, 3], roe kaaplid 2JIeMEHT TeH-
30pa mpeCcTaBiIsIeT co0oil BelecTBeHHOe uncio B uHtepsaie [0; 1].

2. OT nepBUYHOTO CTPYKTYPHUPOBAHHOTO TIPEJICTABICHHS IIPOUCXOIUT IEPEXO0]T K OCHOBHOMY CTPYK-
TypHUpOBaHHOMY TIpecTaBiIeHUI0. [lepexon mpoucxoauT depe3 HeCKONBKO MPOMEXYTOUHBIX IMpeCTaBIIe-
Huil. Kaxxnoe npomMexxyToqHOe MPEeACTaBICHNE — 3TO BBIXOJ HEKOTOPOTO CJIOS HEMPOHHON CETH B poLiecce
npuMeHeHusi. OCHOBHOE CTPYKTYPHPOBAHHOE MPEACTABICHUE — BBIXOJ MPEIIOCIEIHEr0 CII0S HEUPOHHOM
CEeTH, KOTOPBIN MPEACTABIIIET COOO0H BEKTOP HEKOTOPOTO pa3Mepa M OTPakaeT CKPHIThIE BHICOKOYPOBHEBBIC
CBOMCTBA JaHHOTO OOBEKTA X.

3. TNomyuenue BbIXoza It 00beKTa. BBIX0O/ 17151 00BEKTA — 3TO BBIXOJ ITOCIEAHETO CJI0s HEHPOHHOM
CeTH B Ipoliecce MPUMEHEHHsI, KOTOPbIi MpeCTaBiseT co0oi BekTop pa3mepa 3 (B paboTe Kiaccupuuupy-
eTCsl TPU BHJA OIYXOJIel TOJOBHOTO MO3Ta) M OLEHKY allOCTEPUOPHOTO paclpe/iesieHus: Ha KIacchl (BHIbI
omnyxouiei).

4. TlpuHsATHE OKOHYATEIILHOTO PEIICHUs JUIsl COOTBEeTCTBYOIIero MPT-u300pakeHHs OITyXO0Jn
(oOBekTa X) ompexaenseTcs MO BUAY OIMYXOIH, JOCTABIISIOIIEMY MAKCUMYM allOCTEPHOPHOMY paciipeesie-
HHIO (BBIXOY JUIsl JaHHOTO 00beKTa). MaremaTndecku, Y =argmaxa, (X) riae Y — OKOHYaTelnbHOE perie-

ieY

le

mue, Y =40, 1, 2! — MHOXXeCTBO BUIOB OIyxoyeil; a(X) — BeIXox it o0bekTa X (OL€HKa alloCTEPUOPHOrO
y pHop

pacripeescHuns).
Jlns mpeniezieHToB (0OBEKTOB € M3BECTHBIM CKPBITBIM COCTOSIHUEM Y ) JOMOJHUTEIBHO MOXKHO pac-

CUMTaTh PaKTUIECKOE 3HAUCHHE (DYHKITHH TOTEPh:

_ _ 1!y=7:
L(y.V)=[y=Y]= Oy=y.

Ilepexoa K CTPYKTypHpPOBaHHOMY IIPEACTABACHHIO

Jano: cnabocTpyKTypHpOBaHHOE HabromaeMoe onucanue oobexta — MPT-u3o00paxenue omyxomnu
TOJIOBHOTO MO3r'a, X-TPEXMEPHBI TeH30p pasmepHocTu [512, 512, 4], rie KaxIpli 2J1EMEHT TeH30pa Mpe-
cTaBisieT co0O HaTypalmbHOe 3HadeHue B nHTepBaie [0; 255].

N3zo6pakenne npeodpaszyercs B popmatr RGB. CTpykTypHpoBaHHOE NIPENCTABICHHE — X-TPEXMEPHBIH
TeH30p pasmepHoctu [512, 512, 3].

[TomyueHHBII TEH30p HOPMATIHM3YETCs], T.€. KaXKIbIi 3JIEMEHT HMOIyYSHHOTO TEH30pa JIeNUTCS Ha 3Ha-
yenue 255. Kaxzplil syeMeHT mpeoOpa3zoBaHHOTO TEH30pa MpeAcTaBisieT co0oi BEIIECTBEHHOE YHCIIO
B unTepaie [0; 1].

O6oramenne BHIOOPKH

Ob6orameHne BEIOOPKU MTPOBOAMUTCS KaK ATAIl IPeAo0padO0TKA 00BEKTa, T.€. OTAeIbHbIE OOBEKTHI Ie-
HEPHUPYIOTCA OUeHBb OBICTpo. OOoramenne BEIOOPKHU MIPOU3BOAUTCS KaK YacTh MPEeI00pabOTKH ¢ IIOMOIIIBIO
oubmmoreku Keras.

BbUTH BBIZICTICHBI CIETYIONIHE JOMYCTUMbIE MPeoOpa3oBaHus i 0OOTAIICHHS BHIOOPKH IS JaHHOU
3aJ1auu;

— ciyyaiiHoe otoOpakenne uzodpaxkenus (Random Flip) (puc. 2). B nanHOM ciydae HE yMECTHO
TOJIBKO OTOOpaKEHHE 110 TOPU3OHTAIIH,;

— ciyyaiiHelii caBur u3oOpakenus (Random Translation) (prc. 3) 10 ropu30oHTaIM W BEPTHKAIIH.
B manHOM citydae yMecTHBI HeboubInme ¢casuru (cMmemnienune 10 20 %);

— cityyaiiHblit moBopot n3oopaxkenus (Random Rotation) (puc. 4). B naHHOM ciiy4ae yMECTHBI TOJIb-
KO HeOostbIme moBopoThl (MeHee 45 rpaaycos);

— caydJaiinoe maciirabupoBanue u3oOpaxkenus (Random Zoom) (puc. 5) 10 TOpU3OHTAIH M BEPTH-
Kaiu. B TaHHOM ciTydae yMecTeH HeOObIIoH mporenT MaciradbupoBanus (Menee 20 %);
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— cnyJaliHOe U3MEHEHHe KOHTpacTHOCTH m3obpaxenus (Random Contrast) (puc. 6). Jlomyctum He-
OompImol Kod(GUIHEeHT H3MEHEHUS KOHTPACTHOCTH;

— cityyaifHoe M3MeHeHue sipkocTH n3zobpaxenus (Random Brightness) (puc. 7). Jomyctum HeOOIb-
I0H KOA(PHUIIMEHT U3MEHEHHUS IPKOCTH.

Takum o0Opa3om, Juisi JaHHOW COJepKaTeIbHOH 3a1aun ObUIO BBIJEICHO MHOXKECTBO JOMYCTHMBIX
npeobpa3oBanuii 11 odoraiieHus BEIOOpku (puc. 8).

WcxoaHoe nzobparkeHne

100

200

300

400

500
0 100 200 300 400 500
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CnyuyaiiHoe npeobpa3oBaHue

100

400

0 100 200 300 400 500

Puc. 2. CiiyyaiiHoe oToOpa)keHue U300pasKeHHUsI 10 TOPU3OHTAIN
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Puc. 3. Ciiy4aiiHblit CABUT N300paXKeHHs
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WcxopHoe nzobparkeHne

Cny4aiiHoe npeobpazoBaHue
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Puc. 5. Ciiyyaiinoe MaciuTaOpoBaHHe 110 FOPU30HTAIN U BEPTHUKAIN

WUcxonHoe usobpaxeHue CnyyaitHoe npeobpasoBaHue
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Puc. 6. CiryyaiiHoe M3MeHEHHE KOHTPACTHOCTH N300pasKEHHMs
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100 100

200 200
300 300
400 400
500 500
0 100 200 300 400 500 0 100 200 300 400 500

Puc. 7. Ciry4aiiHoe H3MEHEHUsI IPKOCTH H300paXKEHUS

Taxoke ObLTO TIPOBEPEHO, UTO OOOTaIEeHNE 00bEKTa B HEKOTOPHIX CIIYYasiX IIOMOTAEeT MPH €ro pacIio-
3HaBaHuu. [Ipu pacno3HaBaHuu 1o 00BEKTY OBLIO creHepupoBaHo S50 MceBIOOOBEKTOB MPU 0OOTAICHUH.
Kaxpiii ceBnoo0BeKT ObLT KIACCH(DUIMPOBAH MOJICTBIO M OTBEThI arperupoBaHbl. M3HauanbHO MOJENb
KiaccuunupoBanra 00BEKT HEBEPHO, HO TpH OOOTANEHWH M arperamiy MOAETb KiIacCHU(HUITHpOoBaia
OoJtbIlIce KOJIMYECTBO MceBn1000bekTOB (26 / 17 / 7) k BepHOMY KItaccy.
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Puc. 8. Busyanusanusi MHOTOKPaTHOTO COBMECTHOT'O ITPUMEHEHHS
BCEX CIIy4alHBIX MPEOOPa30BaHUil Il OTHOTO H300PAXKCHHUS

PasHbIe pe;kxuMbI 00yueHHs

Jst xaccuukanuy MpUMEHSITICEH aTOPUTMEI TITyO00KoTo 00y4ueHus. I mybokoe oOydeHne — 3To ak-
TUBHO pa3BUBAIOIIAsCS 00JacTh MAIIMHHOIO OOYYEHHs, KOTOpas B HACTOAIIEEe BPEMs IPHUMEHSETCS
JUTSL peLIeHHs Pa3IMYHbIX 3a1a4 [4, 5].

BB paccMOTpEHBI HECKOJIBKO apXUTEKTYP U1l COBMECTHOTO 00yYeHHs ATanoB 2 U 3.

ITepBast apxutekTypa (puc. 9) COCTOUT U3 YETHIPEX MOCIEAOBATEIEHO PACIIONOKEHHBIX CBEPTOUHBIX CIIOCB
u onepauyu B3satus noasbidoopku (MaxPooling), 3a koTopbiMHu HAYT [Ba MOJHOCBA3HBIX Ciosi. CyIIeCTBEHHBIN
HEJIOCTATOK TAKOW apXUTEKTYPhI 3aKIF0YASTCS B OOJBIIIOM YHCIIC HEHPOHOB B TIOJHOCBSI3HOM clioe (262144).

3ran 1 Stan 2 Jran 3
MaxPooling . Flatten
MaxPooling MaxPooli 7
axi.o0ling MaxPooling
U 1
2o FL .
i ==
- T 5% -0
64x64x128 F4x64x 256 S22
128 x 128 x 128 O
o 128 x 128 x 64 %2104
512x512x3 256 x 256 x 32 256 x 256 x 64

512 x512x32

Puc. 9. Apxutekrypa o0yuenns Ne 1
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HenocraTok mepBoil apXUTEKTyphl MOKET OBITh YCTpaHEH JOOAaBICHUEM €IlE ABYX CBEPTOUYHBIX CIIO-
€B U YMCHBIIICHUEM KOJIMYECTBA CBEPTOK Ha KaXKJIOM CBepTOYHOM cioe (puc. 10).

a0l Jran 2 3ran 3

MaxPooling

MaxPooling MaxPooling MaxPooling MaxPooling MaxPooling Flgttgn

— = L —
— L — I —
JJ—F = g .
1 s
\ [:| B L] 8x8x 256
1 16x16x128 —
BAxBAK3T  GAxbaxhy SLXOLEDE 32x32x128 16.x 16 x 256
128x128x32

. 128x 128 x 16
512x512x3 256 x 256X & 256 x 256 x 16
512x512x8

16384

Puc. 10. Apxurekrypa oOydenust Ne 2

B TperbeM BHE apXHUTEKTYpBI MMOCIE KKAOTO CBEPTOYHOIO CJIOSI U ONEPALUH B3SITHS MOJBBIOOPKU
nobassieTcs: nmaketHas Hopmaimusaius (Batch Normalization) aist 6onee GbicTporo u crabUIIBHOTO 00yue-
HUS HEHPOHHBIX ceTelt [6].

Taxke B TaHHO# apXUTEKType ObUT YMEHBIICH pa3Mep BEKTOpa OCHOBHOT'O BEKTOPHOTO Mpe/cTaBie-
HHS TTyTeM J00aBJICHHs JOTOJHUTEIHHOTO TOJHOCBI3HOTO citos (puc. 11).

Jran 1

3ran2 3tan3
MaxPooling

BatchNorm MaxPooling MaxPooling
BatchNorm

MaxPooling MaxPooling

MaxPooling BatchNorm BatchNorm Flatten

BatchNorm

‘ “TF“ = Re-RE W $§

125)( 128%32
= 1 128 x 128 x 16 64
512x512x3 256 x 256 x & 256 x 256 x 16 by
512x512x 8

— | 5415“31 1k eia e 3 x37% 17 16x16x 756

Puc. 11. Apxurekrypa oOy4yenust Ne 3

Ha srane 1 s Bcex Tpex apXUTEKTYp MMEETCsl TPEXMEpHBIN TeH30p pasmepHoctu [512, 512, 3], a Ha
atare 3 JUIsl BCEX TPEX apXUTEKTyp MMEEeTCsl OLCHKA alloCTePHOPHOrO pacrpererneHus Ha 3 kiacca (3 Buaa
omyxouu). Ha atane 2 B 3aBUCHMOCTH OT BHJIa apXUTEKTYPbI ObUTH MOJTyYEHbI BEKTOPHI PA3IMIHOTO pa3Mepa:

1) Bekrop pasmepa 262.144;

2) BexTOp pasmepa 16.384;

3) BekTop pa3mepa 64.

Crenyer OTMETHTBH, YTO JIO TOJYYEHHS OCHOBHOTO TPEJICTABIICHHUS OBUIO TOJIYYEHO MHOXKECTBO
NPOMEKYTOYHBIX MpescTaBienuii (puc. 9-11).

O6paboTka 00BEKTOB OCYLIECTBISLIACH MHIMBUAYaJIbHO, T.€. ObLIa MOCTPOCHA MOCIEAOBaTEIbHAS
MO/IeITh, B KOTOPOW OT OCHOBHOTO MPE/ICTABICHUS BBIOIHSJICS MEPEXO CPa3y K allOCTEPHOPHOMY pacripe-
nenenuto. McnonszoBaigack Cross-Entropy ¢yHkius noteps.

—ZX:p(x)-Iogq(x),

p(X) — ucrunHoe pacnpenenenne Ha kiaccel Y €Y ; ((X) — pacnpenenenne Ha kiaccel Y €Y , IpencKa-
sanHoe Mozenbto; Y ={0,1,2} — MHOKECTBO BHJIOB OITYXOJCH.

1. B paccMOTPEHBI HECKOIBKO PEXUMOB OOYUEHUSI.
1) oOyyeHne NMpPOM3BOIMIOCH IO KECTKUM Kilaccam (ucmosb3oBaioch One-HoOt xoaupoBanue Kak

HUCTUHHOC pacnpeCaACICHUC HAa KJIACChL p(X) ), T.C. I 00BeKTa (X, y) BCPHOC pacCHpeaACIICHUC Ha KJIACChL
OBLIO CICAYIOIIMM:

1,z=
p,(X)= 0 Z?j;, zeY ={0,1,2};

2) o0yueHue MpOU3BOIUIIOCH IO KilaccaM co criaxuBanuem metok (label smoothing) [8]:
Py (x) =(1=¢)p, (x)+su(ykx),
u(ylx) — pacupenenenne myma; € €[0;1].
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Taxoke 00paboTka 0OBEKTOB MPOU3BOIIIIACH HAOOPAMH.

2. OGyuenue 10 mapam 00bEKTOB («cHaMcKkasi apXuTeKTypa», contrastive 10ss). Jlns momydenus oc-
HOBHOTO BEKTOPHOT'O IMPEICTaBICHHS I KaKA0ro o0bekra mapbl (DTam 2) HCIoIb30Balach CBEPTOUYHAS
HEUpPOHHAs CeTh M3 MATU MOCIIEIO0BATEIbHBIX CBEPTOUYHBIX CIIOEB (BKIFOYAIOIINX ONepaluy cBepTku, Max-
Pooling 1 makeTHy: HOpMaJIHM3alMIO) U ABYX MONHOCBA3HBIX cioeB (mo 64 u 10 ueitponos). Takum obpa-
30M, IMOCIMHT KaXIO0r0 0OBbEKTa B JaHHOW apXHTEKType MpeicTaBiser co0oil Bekrop pasmepa 10. Bo
BpeMsi 00y4eHUs ISl pacuyeTa PacCTOSHUS MKy IMOCIMHIaMHU HCIIOJIb30BAIOCH €BKITHIOBO PACCTOSIHUE.

Tocne o0y4yeHUsT BEKTOPHBIX MPEACTABICHUH TaKuM 00pa3oM ObLT OTAENbHO 00y4eH 3tan 3 (momy-
YEHHE OIL[CHOK allOCTEPUOPHBIX BEPOSTHOCTEIH).

3. Obyuenwue mo Tpoitkam obbektam (triplet 10ss) ¢ or6opom Tpoek. s 00yueHuss sMOeaIHHTa TIO
TpO¥KaM MCIIOJIb30BANIaCh TOYHO TaKas jK€ apXUTEKTypa HeHpOHHOH ceTH, Kak B pexxume 2. Takum obOpa-
30M, AMOEIUHT KOKAO0TO 00BEKTa MPEACTaBIsIET co00i Takke BeKTop pasmepa 10.

Crexyer OTMETHUTB, 4TO 00y4YEHHE BO BCEX PACCMOTPEHHBIX PEKMMaX IMPOM3BOAMIOCH ISl apXUTEK-
Typbl Ne 3, Tak Kak OHA IPOJEMOHCTPHPOBAJIA HAMIy4YIIee KaueCTBO NMPpH 00ydeHHH. J[pyrie apXuTeKTypsl
OBLTH OOYYEHBI TOJBKO B peskuMe ooydeHus 1.1,

Takxe ciemayeT OTMETUTD, YTO apXUTEKTypa MOJEIHU IPH 00yYeHNHN U MPUMEHEHUH CHIBHO OTJIHYa-
ercs. B pexumax obyuenns 1.1 u 1.2 o0yuenue stana 2 u 3 mpou3BOIUTCA COBMECTHO. B pexxumax o0yde-
Hus 2, 3 oOyuenue 3tana 2 (OCTPOCHHE BEKTOPHOTO MPEICTABICHHS) IPOUCXOIUT OTJACIBHO OT JTama 3
(monmydeHHe OLIEHOK arloCTEPUOPHBIX BEPOSITHOCTEN).

Bo Bpems o0ydenus stama 3 Beca HEHPOHHOW CETH, OOYYCHHOW JJIsl MOCTPOEHHs SMOeIIMHra, He
M3MCHSUIUCh.

CPaBHeHHe CHCTEM H OKOHYIATCADHBIC BHIBOABI

11t KOppeKTHOCTH MPOBOJAMMOTO SKCIEpUMEHTa 00yueHHe MOZeJel BCeX apXUTEKTYp MPOU3BOIH-
nock B TeueHue 20 snox. s pa3auyHBIX apXUTEKTyp MOJETeH U MPH HaIWYUU/OTCYTCTBUU OOOTaICHHS
BBIOOPKH OBLIO OIIEHEHO KAuecTBO MOjeIeld Ha oOydaromieil ¥ BajluIalOHHOW BhIOOpkax (Tabm. 1).
W3 nanHOM TaOIUIBI CIACAYET BBIBOM, YTO I MOJIyYEHHUS XOPOIIETro0 KadyecTBa Npu OOy4eHHUH Ha obora-
HIEHHOH BBIOOpKE TpeOyeTcst Ooblliee YHCIO III0X.

Tab6muma 1
KauecTBO Moeneit pa3muyHbIX apXUTEKTYp MPH HATHIUN/OTCYTCTBHH
oOoraieHns BBIOOPKH Ha 00ydaromiei 1 BaInAallMOHHON BBIOOPKAx
Mogens Hanuuue / otcyTcTBHE OO0yuatoiasi BEIOOpKa BanunaonHas BeIOOpKa
No 1 Be3 obOoramienus 1,00 0,90
- C oboraieHueM 0,84 0,84
No 2 Bbe3 oboramienns 1,00 0,93
B C oboraiesHueM 0,90 0,85
No3 Bbe3 oboramenns 1,00 0,96
B C oborameHueM 0,89 0,90

Bbut mocTpoeHbI TuarpaMMbl KauecTBa MOJICIICH ISl Pa3InYHbIX APXUTEKTYP MOJICICH U NP HAJIH-
4un/OTCYTCTBHM 00OTAICHUs BRIOOPKH Ha 00yUaroIiei 1 BaTuAalnoHHON BEIOOpKax (puc. 12, 13).

Awnarpamma ka4yectsa moaenei bes oboraweHns
1.0

[uarpamma kavectea mogenei ¢ oboraweHuem
0.9 089 _ 09
0.85

1.0 1.0

0.96
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0.8 1

0.6 1

0.4 4

0.2

N O6yyanwas esibopka
B BanuaaunoHHas swibopka

B O6yvaowasn seibopka
BN BanupauMoHHas Bbibopka

0.0

-
Moens Nl Mopens Ni2 Mogens Ni3 Monens Nil Mopens Ni2 Mogens M3

Puc. 12. JIluarpamma kadectBa Mozenei 6e3 odoramernuss  Puc. 13. Jlmarpamma kadectBa MOJIENCH ¢ o0orameHneM
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BBL10 TIpou3BeieHO CpaBHEHHE BpeMeHH 00ydeHHs (BceX MO Takxke o0ydanuch poBHO 20 31ox
JJIsT YUCTOThI 3KCHepI/IMeHTa) U NPpUMCHCHUA MOI[eHeﬁ BCE€X PaCCMOTPCHHBIX apXUTCKTYp IpWU HaU-
qrK/0TCYTCTBHM oboramieHns BEIOopku (Tadi. 2).

Taomuua 2
Bpems 00yueHus 1 TpUMEHEHHUS MOJICIICH pa3IMUHBIX apXUTEKTYP
[IPH HAJTHYUH/OTCYTCTBHH 00OTAIIEH s BEIOOPKH
Monens Hanuuwe / otcyTcTBUE Bpewms 00yuenus Bpems npumenenus
Nol Be3 oboramenus 7TMm23c¢c 7c
) C oboraineHuemM 11m10¢ 6¢c
No 2 Be3 oboramenns A4mA47 ¢ 7c
- C oboraieHrem 4Mm23c¢ 7c
No3 be3 oborareHus 4m37c¢ 7c
h C oboramenuem 5mlc Tc

W3 naHHOI TaONUIBI BHIHO, YTO BpeMsi OOyYeHHs MOJEIEH CYIIECTBEHHO OTIMYACTCS, a BpPeMs
NPUMEHEHUSI IPAKTHIECKU OJIMHAKOBO.

Mogesnpb apxutekTypbl Ne 3 Obl1a 00ydeHa B Pa3IMYHBIX PEXUMax oOydeHHs, ObLIO OLCHEHO Kave-
ctBo (Tabmn. 3) u Bpemst 00y4eHHs/IPUMEHEHHUS COOTBETCTBYIOIUX Moielei (Tadu. 4).

Tabiuma 3

KauectBo Monenei nmpu pa3auyHbIX pexxuMax 00ydeHus 3rana 2
NPY HATMYUH/OTCYTCTBUH 00OTaIlIeHHsI BHIOOPKH Ha 00y4Yaromieil U BaJuIallMOHHOM BHIOOpKaxX

Pexum oOyueHns Hanwuwe / otcyrcTBre OO6yuaromas BeiOopka | BammmanmonHas BEIOOpKa
OO0yueHue 1Mo )KECTKUM KJTaccaM bes oboramenma 1,00 0,9
C oboraiesueM 0,89 0,90
OO0y4eHuHe cO CrlIaKMBaHUEM METOK be3 oboramenns 1,00 0,96
C oboraieHueM 0,92 0,90
OO6yueHue 1Mo mapamMm 0ObEKTOB be3 oboramerns 088 089
C oOoraimeHreM 0,88 0,90
OGyueHue 1Mo TpoKkaM 0ObEKTOB bes oboramenia 063 063
C oOoraimeHueM 0,61 0,63

Tabnuna 4
Bpewms o0yuenns v npuMeHEeHHsI MOJIETIeH B Pa3IMuHBIX PEKUMax 00yIeHHUs
MPH HATHYUH/OTCYTCTBHH 00OTAIICHHS BEIOOPKH
Pexum oOyueHus Hanunuwue / orcyrcrBue Bpewms o6yuenus Bpewms npuMeHeHns

Be3 oboramenns 6M43c 7c
OOyueHue 1Mo KECTKUM KilaccaMm

C oboraiesueM 5M32¢ 7c

Be3 oboramienns TMmb6¢c 7c
OOyueHue CO CrTaXUBaHUEM METOK

C oboraienrem 4Mm40c 9c¢

Bes oboramenuns 7Mm10c lc
OO6y4eHnue 1o nmapaM 00ObEKTOB

C oboraienuem 6mM3c lc
OOyueHue 110 TPOMKaM 00BEKTOB bes oboramerna 1m3c e

y ™ C obOoramenneM 1Mm10c lc

Bbun mocTpoeHbl AuarpaMMbl KadecTBa MOJICNICH B PasIMUYHBIX PeXMMax OOYYEeHHUS W MpH Hau-
qru/0TCYTCTBUH 0OOTaIeH s BBIOOPKH Ha 00yJaroliell ¥ BalMIalnoHHO# Beioopkax (puc. 14, 15).

Mogenb-modennuTens BpIOMpaiach MO Ka4ecTBY Ha BaJUAALMOHHON BBIOOPKE Cpear BCEX MOJEIEH.
Moienbro-mo0euTeneM okas3aiach MoJIelib apxuTeKTypol Ne 3 6e3 oOoraienus, fqocturiinas kauecrsa 0,96
Ha BaJMIAlMOHHOW BhIOOpPKe (M kadectBa 1,0 Ha TpeHHPOBOYHOI BbIOOpKE). Takke I MOIENH-
noOenuTesst ObLIa OTy4YeHa ToYeuHasl OlleHKa KauecTBa Ha KOHTPOJIbHOM BeIOOpKe: 0,989.
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0.92 0.9

1.0 1 . 1 B 0.96 = O6yyaiowan esibopka == O6yyarowas seibopka
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OHE Smooth Pairs Triplet OHE Smooth Pairs Triplet
Puc. 14. JIlnarpamMa KadecTBa peskuMOB 00yUdeHHS Puc. 15. [Ilnarpamma kagecTBa pe>KUMOB 00yIEHHS
6e3 oborareHus ¢ oboraieHnemM

st mony4yeHus: TOBEPUTEIBHOTO MHTEPBajia OLIEHKH KayecTBa MOJENU-TIOOCAUTEINST UCIIOIb30BAJICS
npubKeHHbIH MeTon bootstrap, ¢ momorsio koToporo 6bw10 creHepuposano 10 bootstrap-sei6opox (bsi-
JIO B3TO Majoe YHCIO BBIOOPOK, TaK Kak oOydeHHEe HEHPOHHBIX ceTeil TpeOyeT JOCTaTOYHO BPEMEHH).
Ha xaxmoii bootstrap-seroopke 6bi1a 00ydeHa Moaeb apxUTekTypsl Ne 3 6e3 oboraiieHns 1 OIEHEHO Ka-
YeCTBO Ha KOHTpOJIbHOW BhIOOpKe. Bbut 3aman noBeputensHb ypoBeHb P =0,95 u paccumran cooTBeT-

CTBYIOIIIMH TIOBEPUTEIBbHBIN HHTEpBaN | = [0,93; 0,98] .

I/IHTCPHPCTI/IPYCMOCTI) KOMIIOHEHTOB BEKTOPHOI'O NPEACTAaBACHHSL

[Mocre BeIMOTHEHUS ATamna 2 OBUIO TIOJyYEHO OCHOBHOE BEKTOPHOE TPECTABICHHE, KOTOPOE COJEPIKUT
MEHbIIIE TPU3HAKORB, YeM TIEPBUYHOE TIPEICTABIICHHE, IPH ATOM ITPU3HAKHU SIBJISFOTCS] BHICOKOYPOBHEBBIMH.

JJ11 BO3MOXHOCTH UHTEpIpeTaliy OblLIa BRIOpaHa MOJIENb apXUTEKTyphbl Ne 3, Tak Kak ee OCHOBHOE
BEKTOPHOE MPEJICTABIICHUE MPECTABISIET CO00it BEeKTOp pazmepa 64.

[TosrydeHHBIE OCHOBHBIC MPEACTABICHHS JIOCTATOUHO TSHKEJIO MIPOUHTEPIPETUPOBATH, TaK KaK B IPO-
necce o0y4YeHus HEHpOHHOU cetu 3tan 2 U 3 o0yyanuch coBMecTHO. OTHAKO OBUTH MOTYYEeHBI OCHOBHEBIC
BEKTOPHBIC MPEJICTaBICHUS I 00BEKTOB pas3InIHbIX KiaccoB (puc. 16—18) 1 B HUX OblIa BbIABJIECHA 3aKO-
HOMEPHOCTB. OOJIBIIMHCTBO KOMIIOHEHT BEKTOpPa OCHOBHOTO IPEJICTABICHUS OKA3aJUCh PaBHBI HYIIIO,
a JIMIIb MaJiasl 4YacTh OTJIMYHA OT HYJISI; TIPU 3TOM JUIsi 0ObEKTOB OJIHOTO KJIACCa UHJCKCHI OTIIMYHBIX OT HY-
JIsl KOMIIOHEHT, KaK MPaBUI0, OJMHAKOBBI. DTO CBUJICTEILCTBYET O HATMYUU HEKOTOPBIX BHICOKOYPOBHEBBIX
MIPU3HAKOB B OCHOBHOM BEKTOPHOM TIPE/ICTABIICHUH.

{tf.Tensor: shape=(64,), dtype=float32, numpy=

array( [ 8. , 9. - , a. s, 8. s, 8. N
8. P B .3, , 8. » 9. N
8. . @. , 8. . . , 8. . 8. s
8. . 0. , 8. . . , 8. . 8. s
8. . e. , Er.z7%e4], e e. , e. .
2. , e. ., e. , 2. , e, s
8. , ©. , 8. . a. , 8. . 8. s
8. , a. , e. , a. , a. , a. )
8. . 0. , 8. . . , 8. . 8. s
8. . 0. , 8. . . , 8. , 8. s
8. ., 9. , 8. ., a. 1, dtype=float32)>,

8.8,
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a. . o, ,, a. a. . a. s
o. ., e ., 6 i) e. ., 8.
8. P B . a, , @ » 8. N
8. . @. , 8. . . , 8 . 8. s
8. , 0. , B, . a. , @ . 8. s
8. P 8. . a. , . » 8. N
8. s 8. s B , a. 1, dtype=float32):,

8.8,

Puc. 16. OcHOBHOE IpecTaBlICHHE MOAEIH sl 00beKTOB Kiacca 0
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(«tf.Tensor: shape={64,), dtype=float3d2, numpy=
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a. . 8. , e, , @, , @ .8,
a. . 8. , e, . a. , @ .[18. 287972
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a. . 8. , 28.225541, @. , e. . e, ,
a. , a. , . ,[368723], . , a. s
a. . . , e. , @a. , e. . e, ,
a. . 8. , e. , a. , B . e, ,
a. . . . e, . a. , @ . e, .
a. . 8. , @, . . , e. . e, ,
8. . @, . m a. 1, dtype=float32)s,
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<tf.Tensor: shape=(64,), dtype=Float32?, numpy=
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a. . Bz7ee28], . . 6. , . . a. ,
a. . e , @, . 8. a. , a. ,
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a. . e , @, ., B , e, , a. ,
a. . e , 8. . e, , e, . . ,
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a. . e , 8. . e, , e, . .
a. . a. s , a. 1, dtype=float32)s,
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Puc. 17. OcHOBHOE Ipe/iCTaBICHIE MOACIH Tsl 00BEKTOB Kiacca 1

{tf.Tensor: shape={64,), dtype=float32, numpy=
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2.8,

¢tf.Tensor: shape=(64,), dtype=float32, numpy=

array([ @. ., @, ., . ., . ., 8. N
11.283268 , @ , 8. , 8. , a. }
a. , 6. [ z7185a], . , a. ,
a. , 8. N EENTEEEY S , 8.5712871,
a. , @ , B.5404593, 0. , a. }
SR e IO A N
a. , & , 8. , a. , 8. ,
a. , pp.21129] , [3e 614786, . , a. ,
a. , B. , o, , 8. , a. }
a. , B , 8. , 8. , a. }
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a. ., @ . B, R 1, dtype=float32)>,
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Puc. 18. OcHOBHOE TIpe/icTaBICHUE MOJICIH JJIsl OOBEKTOB Kilacca 2

Bb110 Takxke NPON3BEIEHO CPABHEHUE MIPEICTABICHUH, [IOJYIEHHBIX B OJHOM pexxume 0e3 oOorarie-
HUSL U ¢ oborameHneM BbIOOpKH. CienyeT OTMETHTh, YTO WMHIEKCHl HEHYJIEBBIX KOMIIOHEHT OCHOBHOTO
npeacTaBieHust 06e3 00orameHusl OTIMYaliCh OT HHIEKCOB HEHYJEBBIX KOMIIOHEHT C OOOTalleHHUEM,
HO MHJIEKChl HEHYJIEBBIX KOMIIOHEHT OIHOT'O KJlacca BCE TAKXKE, KAaK [IPABUIIO, OJMHAKOBBL.

Jlns mnmocTpauu HHTEPIPETUPYEMOCTH OCHOBHOTO BEKTOPHOTO IPEJICTaBICHNsI OHO OBIJIO BU3ya-
JIM3UPOBAHO C COXPAaHEHUEM PacCTOSHUS Ha 00yJarolieil 1 BaluJalnOHHON BRIOOPKaX ¢ TIOMOIIBIO METOAA
T-SNE (puc. 19, 20).

U3 rpadukoB BUAHO, 4TO OOBEKTHI PA3HBIX KJIACCOB B TAKOM TPE/ICTABICHUN PACIIOIOKEHBI AaJIeKO
JpyT OT APYra, a OIWHAKOBBIX KJIAccoB — OJM3KO Ipyr K Apyry. Tak kak ucronb3yercs meron T-SNE, ko-
TOPBIN NMPH YMEHBIIEHUH PA3MEPHOCTH COXPAHSET PACCTOSHUS, MOXKHO YTBEpPKIaTh, YTO B IPOCTPAHCTBE
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OCHOBHOT'0 BEKTOPHOT'O NPEACTaBICHHUSA OOBEKTHI TaKXkKe OyIayT 00jazaTh TaKOW KIACTEPHOW CTPYKTYPOH,
YTO U IIO3BOJISIET BBIOJIHATH UX BEPHYIO KJIACCU(HUKALIHIO.
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Puc. 19. Buzyanu3zamnus 0CHOBHOTO BEKTOPHOTO MIPEICTABICHHS MTaKeTa 00BEKTOB
TPEHUPOBOYHON BEIOOPKH Ha IBYMEPHOU TUIOCKOCTH ¢ omonibio T-SNE
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Puc. 20. Buzyanu3amus 0CHOBHOTO BEKTOPHOTO MIPEICTABICHHS MTaKeTa 00BEKTOB
BaJIMJAIIMOHHON BRIOOPKH Ha IBYMEPHOH IJIOCKOCTH ¢ moMoIbio T-SNE

3akarouenune

Taxum 00pa3oM, B X0JIe HAITUCAHUS TaHHON PaOOTHI:

— ObLIa MOCTAaBJICHA COJICPIKATENIbHAS 33/]aUa ABTOMATH3AIINH MPOIECcCa OMPEICICHUS BUIA OMYXOJIH;

— OBLITM ONHMCAHBI TeHEPATbHAS COBOKYITHOCTh, BEIOOPKA, 00BEKTHI U JJAHHBIC JJIsl IOCTABICHHOM 3a-
Jiauy;

— ObuIa chopmyaupoBaHa GopmaabHast MOCTAHOBKA 3a7auHy;

— MPOU3BEICHO pa3dHeHNEe BRIOOPKH C COXPaHEHUEM PENPE3CHTATUBHOCTH,

— OBLIT OMUCAH U MPOTPaMMHO PEalN30BaH MPOIECC PACTIO3HABAHUS O0BEKTa, T.C. MPOIECC MPUMEHEe-
HUS 00YUCHHBIX MOJIeTIeH KIaCCU(PUKAIMU PA3INIHBIX APXUTEKTYP;
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— OBIT ONHMCaH W NPOrpaMMHO PEATH30BaH MEPEX0 OT ClIabOCTPYKTypHUPOBAHHOIO MPEACTaBICHUS

K CTPYKTYpUPOBAaHHOMY IIPEICTABICHUIO;

— OBIJIO TIPOM3BENICHO OOOTaIlleHHe BHIOOPKH M MPOU3BEACHO OOyUeHHE MOCICH B Pa3IUYHBIX pe-

JKUMax 00yUeHHS U Pa3InYHbIX apXUTEKTYp MOJEIel IPU HaJTMYNH U OTCYTCTBUHM OOOTaICHHS;

— OBUIH OIHUCAHBI YCTBIPC pCKHUMa O6y‘{eHI/I$[ MoZeJIeH 11 NOCTaBICHHOMN 3aJ4a4U,
— ObllIa OITKCaHa MOMBITKA MHTCPIIPETUPYECMOCTH OCHOBHOI'O BEKTOPHOI'O IMPEACTABJICHUS,
— [MPOU3BCACHO CPABHCHUEC BPCMCHHU O6y‘leHI/I$I " IPUMCHCHUA MOZ[GJICﬁ; CpaBHCHUEC Ka4YCCTBa PaCIiO-

3HaBaHUA Mojelnell. CpaBHEHHE KauecTBa 10 BRIOOPKE OBIIIO OCYIISCTBICHO HE TOJIHKO TOUEUHOUW OIEHKOH,
HO JOBEPUTEILHBIM HHTEPBAJIOM, MOJYYEHHBIM MPUOIIKEHHO C MOMOIIBI0 MeToma bootstrap. Oxonya-
TEJBHBIM MMOOEIUTENIEM OKa3allach apxuTekTypa Ne 3.
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ITPOEKTUPOBAHUE UMUTAITUOHHOM MOAEAU
AATYUKA TEMIIEPATYPBI ITPU BO3AEHNCTBUU KPUTHYECKHX
TEMITEPATYP U CHHYCOUAAABHOW BUBPAITUA

E. A. ®okuna’, A. A. Tpopunmos?, B. H. ITonomapes?, C. A. 3p06H0B*
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Aunotaumsi. AkmyansHocms u yenu. VI3MepeHne BUOpaUUK — 3TO OAWH W3 CaMbIX MOMYJSIPHBIX U SKOHOMUY-
HBIX METOJIOB JUAarHOCTUKH OOILEro COCTOSHUS 000PYAOBaHHS U MMEET HEOCTIOPHUMOE 3HAYCHHE B COBPEMEHHOM Tex-
HuKe. briarogaps 3tomy mpoiiecCy MpOU3BOJUTENIH M TOTPEOUTENN MOTYT OBITh YBEPEHBI B HAJICKHOCTH M KAYCCTBE
TEXHUYECKHX CHCTEM, a TaK)Ke MPEAOTBPAIIAaTh BO3MOKHEIE IIOJIOMKH M cOOH. A MHMPOKUI 00heM BHOPALMOHHBIX H3-
MEPEHHUIl B Pa3lMYHBIX OOJACTSAX MOATBEPXKIACT MX YHHBEPCAJIHHOCTh M Ba)KHOCTh B COBPEMCHHOM TEXHHYECCKOM
nporpecce. Llenb u3Mepenus BO3AEHCTBUAS KPUTHICCKUX TEMIIEPATyp Ha JaTYMK TEMIIEPATyPhl 3aKITI0UACTCS B OIpe-
JCICHUH TOro, KaK M3MCHCHHE KPUTHYECKON TEMIIEPaTyphl MOXKET HOBJIMSITH Ha TOYHOCTh M HAACKHOCTH PabOTHI
npeobpa3oBaterisi. ITO MO3BOJIMT YIIYUIINTh KAYECTBO U3MEPCHHS TEMIIEPATYPHI, HCKIIOYUTh MOTPEIHOCTH W OLINO-
KU B paboTe 000pyJ0BaHusl, @ TAKXE MOBBICUTH 3)(DEKTUBHOCTD €r0 UCIOIb30BAHKS B PA3INYHBIX YCIOBUIX IKCILTY-
arauun. Mamepuanvl u Memoovl. METOIOM HCCICIOBAHMUS B TaHHOM CTAaThe SIBISICTCS MMUTALOHHAS MOJIEIb IaT4H-
Ka, C IIOMOIIBIO KOTOPOM MPOW3BOMHMTCS WCIBITAHME HA BHOPAIMIO W BO3ACHCTBHE KPUTHYECKHX TEMIICPATYP.
st co3aaHus MOIENH MCIONB3YITCs NporpaMMHbie obecrneueHus Ansys u SolidWorks Simulation, mossosstorue
n30eKaTh MOPOTOCTOSIINX M JIMTEIBHBIX IIUKIOB UCTIBITAHUNA. Pesyismamel. B pe3ynbrate HMUTAIIMOHHOTO MOJie-
JIMPOBaHUs OBUTH [TOCTPOCHBI SMIOPHI PACHIPEICICHUS MEXaHUUCCKUX HANPSDKCHUI OPH BO3ACHCTBHU CHHYCOHIANb-
HOIf BUOpALIMK U SIIOPBI PaCIIpe/IeNICHHUsI TEMIIEPATyp MPU BO3ACHCTBUN KPUTHUCCKHUX TEMIIEPATyp.
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DESIGNING A SIMULATION MODEL OF ATEMPERATURE
SENSOR UNDER CRITICAL TEMPERATURE
AND SINUSOIDAL VIBRATION CONDITIONS

E.A. Fokina!, A.A. Trofimov?, V.N. Ponomarev?, S.A. Zdobnov*

1.2.3.4 penza State University, Penza, Russia
! ekaterina.isay1997 @gmail.com, 2 alex.t1978@mail.ru, 3 revik2296 @gmail.com, * sa_zdobnov@mail.ru

Abstract. Background. Vibration measurement is one of the most popular and cost-effective methods of di-
agnosing the overall condition of equipment and is of undeniable importance in modern technology. Thanks to this
process, manufacturers and consumers can be sure of the reliability and quality of technical systems, as well as pre-
vent possible breakdowns and failures. And the wide scope of vibration measurements in various fields confirms
their versatility and importance in modern technical progress. The purpose of measuring the effects of critical tem-
peratures on a temperature transducer is to determine how a change in critical temperature can affect the accuracy
and reliability of the transducer. This will improve the quality of temperature measurement, eliminate inaccuracies
and errors in equipment performance, and increase the efficiency of the equipment in various operating conditions.
Materials and methods. The research method in this paper is a simulation model of the sensor, which is used to test
for vibration and exposure to critical temperatures. Ansys and SolidWorks Simulation software are used to create
the model to avoid costly and time-consuming test cycles. Results. As a result of the simulation modeling, the
epuples of mechanical stress distribution under sinusoidal vibration and the epuples of temperature distribution un-
der critical temperatures were constructed.

Keywords: sensor, imitation model, displacement, sensing element

For citation: Fokina E.A., Trofimov A.A., Ponomarev V.N., Zdobnov S.A. Designing a simulation model of a temperature
sensor under critical temperature and sinusoidal vibration conditions. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and
quality of complex systems. 2024;(3):66—72. (In Russ.). doi: 10.21685/2307-4205-2024-3-7

VIMUTAIIMOHHOM MOJIEIBIO IATYMKA SBISCTCS JIOTHKO-MATEeMaTHYECKOE OMUCAaHHE 0OBEKTA, UCITIONb-
3yeMoe JUlsl aHalu3a U OLECHKH (YHKIMOHUPOBAHUS 00BEKTA Ha OCHOBE KOMITBIOTEPHOM MOJIEIH, KOTOpast
BOCIIPOM3BO/IHT MPOIECCH HYHKIIMOHMPOBAHHUSI PEabHON CTPYKTYPBI H3y4aeMOro 0ObeKTa.

VIMUTAIIMOHHOE MOJICITHPOBAHKIE MIPACT KIKOYEBYIO POJb B pa3paboTKe M TECTHPOBAHHU TaTYUKOB
TEMIIEPATyphl B YCIOBUSX KPUTHYCCKUX TEMIICPATYp W BO3ICUCTBHS CHHYyCOWaalbHOW BuOpauuu [1, 2].
VIMUTAIMOHHON MOJIEIbIO IATYHMKA SIBISIETCS JIOTHKO-MATEMATHYECKOE OMHUCAaHHe 00BEKTA, UCIIONB3yeMOe
IS aHAJIM3a M OLICHKU (DYHKIIHOHUPOBAHHUS 0OBhEKTa HA OCHOBE KOMITBIOTEPHON MOJIEIH, KOTOpasi BOCIIPO-
M3BOJMT MPOLECCH (YHKIMOHUPOBAHHS PEaTbHON CTPYKTYPBI H3y4aeMoro 00bEKTa. JTO MO3BOJISET HH-
)KeHepaM W pa3paboTyrKaM IPEe/ICKa3aTh MOBEJACHNE JATYNKA B PA3JIMYHBIX CUTYAIUSIX, ONTHMH3UPOBATH
ero paboTy U MOBBICHTH HAJICKHOCTb.

ITpoekTHpOBaHNEe MMHUTAIIMOHHON MOIENH IaTdHKa TEMIICPAaTyphl [P BO3ICHCTBUH KPHTHICCKHX
TEMIIepPaTyp U CHHYCOMIAIbHON BUOpanuu TpeOyeT y4era MHOKeCTBa (HaKTOPOB, TAKMX KAaK MaTepHalbl,
KOHCTPYKIIHSI, TEIIONPOBOAHOCTh U MEXaHUUYECKasl yCTOHIUBOCTh. Oc000€ BHUMAHUE YACISACTCS TOYHOCTH
U CTaOMIIBHOCTH M3MEPEHUI TP M3MEHSIFOIINXCS YCIOBHSX OKpYKaromei cpens [3, 4].

B nmaHHO# cTaThe MBI PACCMOTPHM OCHOBHBIE TPUHIMIIBI POSKTHPOBAHUS MMHUTAIMOHHON MOJICIH
JIaTYMKA TEMIIEPATyPhl, a TAKIKE PACCMOTPHM BIUSIHUE KPUTHUICCKHX TEMIICPATYpP U CHHYCOHIAIbHOM BUO-
paruu Ha ero padory.

CuHycounanpHasi BUOpaIiss — 3TO MEPUOANYECKOE JBIKCHUE, 3aKOH [BHKCHHUS KOTOPOTO MOKET
OBbITh BBIPAXCH BBIpOKCHHEM (QYHKIMH cHHyca. Hampumep, Bce BHOpamuM, CO3/1aBacMbIe BpAICHHEM,
HyJbcanyeil 1 KoneOaHneM, sIBISIFOTCS CHHYCOMIAIBHBIMA KOJICOaHUSIMI. Ba)XHO ONpe/ersiTh BIUSHIE CH-
HYCOMJAJbHOM BHOpalK Ha OOBEKTHI AKCIIEPHUMEHTA, TaK KaK JCHCTBHE BHOPAIMH MOKET MPUBOIHUTH
K TPaHC(OPMHUPOBAHUIO BHYTPEHHEH CTPYKTYPHI MATEPHAIIOB U TIOBEPXHOCTHBIX CIIOEB, H3MEHEHHUIO YCIIO-
BH TPEHHS M H3HOCA Ha KOHTAKTHBIX MOBEPXHOCTSX JETANCH, HArPEeBY KOHCTPYKIIUIA.

JUtsi ompeesieHus BIMSHAS CHHYCOWIAJIbHOM BHOpAlMM HAa KOHCTPYKIIMIO JATYMKa TEMIIEPaTypbl
B cpene SolidWorks Simulation moctpoena pacdeTHas Mojenb U cxema rpaHn4HbIX ycnosuit (I'Y), npuse-
nennas Ha puc. 1[5, 6].
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JKécTkas

—

Puc. 1. Cxema rpaHUUHBIX YCIOBHIA

B xo1e MMUTaLMOHHOTO MOJETUPOBAHUS CIIOCOOHOCTh MaT€pPHaIOB PACCEUBATH SHEPTHUIO ONPEAEIs-
nace KoddpduimenTom nemnpupoBanus (KodpduEeHT neMnbrpoOBaHUs — 3TO OTHOIICHHE BHYTPEHHETO
IMOJIHOTO CONPOTUBJICHUA YCHUIIUTCIIA K BHYTPECHHEMY IIOJIHOMY COIPOTHUBJIICHHUIO CUCTEMBI KOJ'IOHOK), KOTO-
PBII U3-3a OTCYTCTBHSI SKCHEPUMEHTAIBHBIX NaHHBIX npuHuMaica paBHbeiMu 0,02-0,04. Taxxe usz-3a oT-
CYTCTBHSI KCIICPIMEHTAIBHBIX JTaHHBIX IO YCTAJIOCTHOMY Pa3pylICHUIO MaTepHajoB, BXOIIIINX B COCTAB
cOOpPKH, HE YYUTHIBAIIOCH BPEMs BO3ICHCTBUS CUHYCOMIAIBHOM BUOpAIIUK.

B pesynbpraTe MMUTaLlMOHHOTO MOJEIMPOBAHUs ObLIa MONydeHa (opma KoeOaHus pe30HAHCHOM Ya-
CTOTHI, TTONazaoel B auanas3oH yactot ot 15 no 8000 ', mpencraBieHHas Ha puc. 2.

6700 I'y

Puc. 2. dopma konebanuit

Taroke OBUTM TIONYYEHBI SMIOPHI PACTPE/ICICHUS] MEXaHUYECKUX HANpsHKEHUH MpH BO3ACHCTBHU
CUHYCOMJIAIbHON BHOpAIIHH.

ITo naHHBIM puC. 3 BUIHO, YTO MaKCUMAaITbHAsl BETMYMHA MEXaHUYESCKUX HATPSHKEHUH BapbUpyeTCs B
nuamasone ot 406 mo 780 MIIa.

779,64 Max
693,02 Mna
606,39

519,76

433,14

346,51

259,88

173,26

86,63

00033016 Min

406,47 Max
3613

use  Mma
2098
22502
160,65
135,49
90,320
5,165
0.0025771 Min

a) 0)

Puc. 3. Dnropsl pacnpeaeneHns MEXaHHIECKUX HANPSHKEHHHN:
a — nipu koddduipente aemnduposanus 0,02; 6 — npu koaddunnenre nemnpuposanus 0,04
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Jnst ompeneneHHs TEIUIONEpeNadyd NpPU BO3ACHCTBHMM HA JaTYMK TEMIIEPAaTypbl KPUTHYECKUX
TEMIIEpaTyp W ONpPEACNICHUS] BPEMEHH, 32 KOTOPOE YyBCTBHTEIBHBIH 3JEMEHT JOCTHraeT H3MepsieMoil
Temmeparypsl, Obuia moctpoeHa 3D-mozenp nmarumka temmepatypsl B cpeae SolidWorks Simulation.
3D-Moenb 1 cxeMa rpaHUYHBIX YCIOBHH [UIs pacyera MpeACTaBIeHbl Ha puc. 4 [7].

— 41200 °C: Tokp (+ 50°C. munyc 50°C)
+600 C,
munyc 196 “C)

T

Heneidie .

Puc. 4. 3D mozens 1 cxeMa I'paHHYHBIX YCIIOBHI JUIS JaTYHKa TEMIEPaTyphl

B pesynbraTe MoaenupoBanust Bo3aeiicteust Temmneparyp 1200 °C, 600 °C u munyc 196 °C B TeucHue
500 ¢ ObLIHM NOTYYEHBI MIOPHI pacTpeiesieHHsI TEMIIEPaTyp, MpeACcTaBICHHbIE HA pUC. 5—7.

s s 1 fami- s {imas (B2 Big

Puc. 5. Dmopa pacnpenesnenus remneparypsl ot 600 °C xo mumtoc 50 °C B Teuenune 500 ¢

L s i s T

{Biae> i

Puc. 6. Dnropa pacnpenenenus temeparypsl ot 1200 °C no mmoc 50 °C B teyenune 500 ¢

s i —J5n i oo

Puc. 7. Dnropa pacnpenenenus remneparypsl oT munyc 196 °C no miroc 50 °C B teuenne 500 ¢
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Takxe OBIT MPOBENIEH aHAIHN3 MOBEIACHUS MOJENH TMpH Temmepatype m3mepsiemon cpenasl 300 °C.
TemmepaTypa okpysaromieil cpeasl cocTaBiseT tog — 22 °C. Tun mepemaun Teria MeXIy OKpY’Karomlen
cpenoﬁ N JaTYUKOM — KOHBCKIIHA. ,Z[aHHBII‘/‘I TUII TIEpE€aadn pCain3OoBaH COOTBCTCTBYIOIIHUM I'PAHUYHBIM
ycioBueM. Ero riaBHON xapakTepUCTHKOM ABNIsSETCS KOI(D(UIIHEHT KOHBEKTHBHON TerutooTaaun (puc. 8).
3HadeHus Kod(h(HUIMEeHTa KOHBEKTUBHOW OTIA4M B3STHI U3 CTAHIAPTHOW 0a3bl JaHHBIX IMporpamMMbl ANSYs
JUISL OKpY>KaIoIle cpeibl — BO3YX.

Kp1Ban Temnepatypl

Ko3hdMUMEHT KOHBEKTMBHOR TennooTaaun (W/m"2K)

$£ 200 80 400 60 00 AD 80020 20 100000

Temnepatypa
- KoadpuuMeHT KOHBEKTMBHOW TennooTtaaum (W/m»2K)

Puc. 8. 3naucHus k03 uineHTa KOHBEKTUBHON TEIJIOOTIAYN

[Tepenaya Terura OCYIIECTBIISICTCS 3a CUET KOHBEKIIMOHHBIX ITOTOKOB OT HArpeTO YacTH JaT4nKa
B OKPY’KaIOIIYIO CPEy | IO CPEACTBAM TEIUIONPOBOAHOCTH MEXLy ACTATSIMU JaT4nka. B MOMEHT BpeMeHn
22 000 ¢ HaOmroaeTCs TEIUIOBOE PaBHOBECHE MEXIy AAaTYMKOM M OKpYXKarolieil cpenoil (BhipaBHUBaHUE
TeMITepaTypHBIX MOJICH).

Pe3ynpraTel MOIETHMPOBAHUS IOKA3aHBI HA AITIOPE PACIIPEICIICHUS TEMIIEPATYPHBIX MOJIeH B MOMEHT
Bpemenu 22 000 (puc. 9).

B pamkax maHHOI paboThI ObUIa CO37jaHa UMUTALMOHHAS MOJIETb NAaTYAKa TEMIIEPATyphl TP BO3ACH-
CTBUH KPUTHYECKUX TEMIIEpaTyp U CHHYCOUAAIBLHON BHOpalyu. Pa3paboTanHast MOJIeNb TO3BOJISIET HCCIE0-
BaTh N3MEHEHHUE XapaKTePHUCTHK JaTIYMKA B YCIOBUSAX BUOPAIIMHU U BO3JICHCTBUS KPUTHUECKUX TEMIIEPATYP.

B pe3synbraTe pa3pabOoTKu UMUTALMOHHON MOJICIIH BO3ACHCTBUS CHHYCOHIATBHON BUOpAIMK HA JaT-
YUK TEMIepaTypbl ONpenesieHa COOCTBEHHas PE30HAHCHAs 4acTOTa KOHCTPYKIWH JaT4MKa, BXOISIIAst
B auana3oH 15-8000 I'y u paBuas 6700 I'i. Taxke U3 MOCTPOSHHBIX SIIOP BBIABICHO MaKCHMAaJbHOE Me-
XaHUYECKOe HaNpsHKCHUE, KOTOpoe 00pa3yeTcs B KOHCTPYKIMU JaTYHKa MO/ BO3JCHCTBIEM CHHYCOUIAIb-
Hoit BuOparu ot 0,8 mo 1200 g B amamazone uacrot ot 15 mo 8000 ', Bapwupyrolieecs B Auana3oHe
ot 406 no 780 MIla.

ITo pesynpTaTaM MOIETMPOBAHMS WMHTAIIMOHHON MOJENH BO3AEHCTBHS KPUTHIECKUX TEMIIEpaTyp
Ha JaTYUK TeMIlepaTypbl BBLBIEHO, uyTo TemmepaTtypa 1200 °C, 600 °C u munyc 196 °C 3a Bpems 500 c
HE OKa3bIBACT BIHMSHUS Ha cOoeqUHUTENb. OCHOBHOE BIHMSHUE IPH BO3ACHCTBUN KPUTHYECKUX TEMIIEPATYP
Ha COCMUHUTEIh OKa3bIBACT TEMIlepaTypa OKpyXkaromed cpensl, kotopas 3a 500 ¢ mocrmraer
cootBercTBeHHO TuTtoc 50 °C 1 munyc 50 °C.

JlononHUTeNEHO 1O pe3yabTaTaM MOACTUPOBAHUS HMUTALIMOHHON MOJAEIH BO3ICHCTBHSI KPUTHUECKUX
TeMIepaTyp Ha JaTYMK TEMIIepaTyphl OblIa ONpeaeieHa MaKCHMajbHas TeMIleparypa, oOpasyromascs
Ha kabere yIUIMHUTENIC U COCIMHUTENE TIPH BO3aeicTBUM Ha Aatyuk Temneparypsl t = 300 °C. Temmepary-
pa Ha pa3zbeMe JaTuuka coctaBuia 26 °C; Ha kabene B MecTe KperuieHus ¢ nedatHoi maroit 180 °C.

[ToyueHHBIE pe3yNBTaTHl MOTYT OBITH MCHOJIB30BAHBI JUIS TTOBBIMICHUS METPOJIOTHYECKUX XapaKTe-
PHCTHK JaTYUKa TEMIIEPaTypHl B yCIOBHAX BUOPAIIMN M BO3ACHCTBHS KPUTHIECKUX TEMITEPaTyp.
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Time: 220
24042013 1458

€ Transient Thermal
Temperature

Type: Temperature
Unit *C

Time: 120

2404.2013 1451

300 Max
1686 5
2

€: Transient Thermal
Temperature

& 0 15 000 {prin
56,787 | EES—  SSS—

Puc. 9. Dmropa pacnpeneneHus TeMIepaTypHsIX mojel B MoMeHT Bpemenu 7 = 22 000 ¢
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KOMITOHOBKA BE3PE3OHAHCHBIX BAOKOB BOPTOBBIX
PAAMOIAEKTPOHHBIX CUCTEM C UCIIOAB30OBAHUEM
ABYXCAOMHBIX IEYATHBIX ITAAT C >)KECTKO¥ OCHOBOM
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AHHoOTAamMs. AkmyanrvHocme u yenu. Llenpio paboThl siBIseTCs pa3paboTka MHKCHEPHOH METOAUMKH pacdeTa
NEYaTHBIX Y3JI0B C JKECTKOU MOUT0kKKOM. [IpoBeieH aHaaM3 METOJ0B U CItoco00B pacyera Oe3pe30HaHCHBIX (B pabo-
94eM Hana3oHe 4acTOT) IEKTPOHHBIX OJIOKOB GOPTOBBIX paanodieKTpoHHBIX cpenctd (BPOC) u B 11e10M IpOeKTHPO-
BaHUs Oe3pE30HAHCHBIX JJIEKTPOHHBIX OJIOKOB. IIpoBeneHO MonenrpoBaHHE COOCTBEHHBIX YacTOT KoJieGaHWH s
Pa3IHYHBIX CIOCOOOB 3aKPEIUICHHUS MEYaTHBIX Y3J10B. Mamepuanvt u Memoovl. B IpUMEHeHbl MaTeMaTHYECKUE I10-
JIO)KEHUS TEOPHU MEXaHMYECKUX KOJeOaHWH IS MOJy4eHHs aHATUTHYECKHUX BBIPAXKCHHH COOCTBEHHOH YacTOTHI KO-
neGaHnid KOHCTPYKIMHA. [l TECTOBOrO CpaBHEHHMS ITOJYYCHHBIX PE3yJbTaTOB HCIIOJIB30BAJICS IPOrPAMMHBIA MaKeT
ANSYS. Pesynvmamsi. IIpoBeieHO MOJETMPOBaHUE COOCTBEHHBIX YacTOT KOJEOaHUH ISl pa3iIMyHbIX CIIOCOOOB 3a-
KPECIJICHUSA TCYATHBIX Y3JI0B. HOJ’ly‘-ICHI)I YHUCJICHHBIC PCHICHUA JIA PA3JIMYHBIX BaApUAHTOB MHOTOCJIOMHBIX IT€4aTHBIX
IUIaT, OTIMYAIOIIUXCS TOJNIIMHONW M MaTephalaMH NOJIoKeK. [IpoBesieHa OlleHKa TOYHOCTH PacdyeToB COOCTBEHHOM
4acTOThl Kosiebanuii. [IpemioxnkeHa METOIMKA CO3IaHuUs Oe3PE30HAHCHBIX MEKTPOHHBIX O10k0B BPOC U naHbI peko-
MEHJJAlUK 110 CO3/IaHHI0 TEXHOJIOTUYHBIX Oe3pe30HaHCHBIX KOHCTpyKuuii 01okoB BPOC Ha ocHOBE MCHONB30BaHUS
COBPEMEHHBIX MATEPHAJIOB MOJIOKKHU NEYaTHBIX IUIAT. Bvigoodsl. Pe3ynbTaThl paboThl B BHIE PEKOMEHIALUH 110 TO-
BBIIICHUIO JKECTKOCTH KOHCTPYKIMI IJIMHIPUYSCKUX KOHCTPYKLHMHA OOPTOBBIX PaAHO3ICKTPOHHBIX CPEACTB MO3BO-
JIST co3laBarh OoJiee HaJe)KHbIE KOHCTPYKIIMH 3a CHET YJYYIeHUs] CTOWKOCTH K BuOpauuu. OnepaTHBHBIA 000CHO-
BaHHBII BBIOOP CXeM KPEIUICHHUs NeYaTHBIX Y3JI0B HA PaHHHX JTalax NMPOEKTHPOBAHHS MO3BOJHUT COKPATHTH CPOKH
pabor.

Kﬂl()qu])le CJIOBA. II€YATHHIC y3J'l])I, MATECMATUYCCKOC MO}IGHI/IpOBaHl/Ie, CO6CTB€HHI)IC Y4acCTOThI, 3J'IeKTpOHHI)Ie
0JI0KH, pe30HaHC

Jost murupoBanns: @ponos C. U., ammosa E. A., Koderapos 1. 1. Kommonoska 6e3pezonancHbix 61okoB BPOC ¢ uc-
T0JIb30BAHHUEM JIBYXCJIOWHBIX MMEYATHBIX IUIAT C )KECTKOW 0CHOBO# // Hale:kHOCTh 1 KauecTBO CIOkHBIX cucteM. 2024, Ne 3. C. 73-81.
doi: 10.21685/2307-4205-2024-3-8

THE LAYOUT OF ON-BOARD ELECTRONIC SYSTEMS
WITHOUT RESONANT BLOCKS USING DOUBLE-LAYER
PRINTED CIRCUIT BOARDS WITH A RIGID BASE

S.I. Frolov', E.A. Danilova?, LI. Kochegarov?

2.3 Penza State University, Penza, Russia
Lsfrolov46@mail.ru, Zsiori@list.ru, ®kipra@mail.ru

Abstract. Background. The aim of the work is to develop an engineering methodology for calculating printed
circuit board assemblies with a rigid substrate. The analysis of methods and techniques for calculating resonance-free
(in the operating frequency range) electronic units of on-board radio-electronic equipment (OREEQ) and, in general,
the design of resonance-free electronic units is carried out. The modeling of natural oscillation frequencies for various
methods of fixing printed circuit board assemblies is carried out. Matherials and methods. The mathematical princi-
ples of the theory of mechanical oscillations are applied to obtain analytical expressions for the natural oscillation fre-
quency of structures. The ANSY'S software package was used for test comparison of the obtained results. Results. The
modeling of natural oscillation frequencies for various methods of fixing printed circuit board assemblies is carried
out. Numerical solutions are obtained for various variants of multilayer printed circuit boards differing in thickness
and substrate materials. The accuracy of calculations of the natural oscillation frequency is assessed. A method for

© ®posos C. 1., Aannaosa E. A, Kouerapos H. U., 2024. Konrent poctynen no annensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative
Commons Attribution 4.0 License.
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creating resonance-free electronic units of OREE(q is proposed and recommendations are given for creating technolog-
ical resonance-free designs of OREE(Q units based on the use of modern substrate materials for printed circuit boards.
Conclusions. The results of the work in the form of recommendations for increasing the rigidity of the cylindrical
structures of onboard electronic equipment will allow creating more reliable structures due to improved vibration re-
sistance. Prompt, well-founded selection of printed circuit board mounting schemes at early design stages will reduce
the work time.

Keywords: printed circuit assemblies, mathematical modeling, natural frequencies, electronic units, resonance

For citation: Frolov S.I., Danilova E.A., Kochegarov I.I. The layout of on-board electronic systems without resonant
blocks using double-layer printed circuit boards with a rigid base. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quali-
ty of complex systems. 2024;(3):73-81. (In Russ.). doi: 10.21685/2307-4205-2024-3-8

BBeaeHne

B nHacrosmee BpeMmsi mepen pa3paboTUMKaMH CTaBATCS Bce 0ojiee CIIOKHBIE 33aJaud M0 CO3JaHHIO
B C)KAaThle CPOKH BBICOKOHA/IEKHBIX OOPTOBBIX paanodiaekTpoHHbIX cucteM (BPOC), skcrutyatupyeMbix
B JKECTKHMX YCJOBHUSX BHEIIHHX MEXaHWYECKHUX Bo3leiicTBuil. Hambonee omacHBIMHU SIBISIOTCS BUOpaIMu
951eKTpOHHBIX 070k0B BPOC m3-3a pe3oHaHCHBIX KONEeOaHWH MeYaTHBIX IUTAT C OOJBIIMM KOJIUYECTBOM
anekTpopaauonsaenuii (OPN).

W3-3a coxaThIX CPOKOB IIPOCKTHPOBAHUS B Kau€CTBE 3aIUTHI OT BUOpALMU IPUMEHSIOTCS ITIaBHBIM
00pa3oM BUOPOH30IIAIHS ANEKTPOHHBIX 0510k0B BPOC ¢ Hcnonb30BaHUEeM aMOPTH3aTOPOB W/HWiK aeMIi(pu-
poBaHue ux nevyatHsix y310B (ITY) [1]. Oxnako 3T Mepbl yXy/ILIAIT MAacCOradapUTHBIC XapaKTePHCTUKH
BP3C, a ad(ekTHBHOCTh X HEAOCTATOYHA, TaK KaK TIOTOK OTKA30B OJIOKOB ammapaTyphl OT BO3ACHCTBHUS
BUOpAINK BCE €Ile OCTAETCS 3HAYNTEILHBIM.

Hcxons w3 BBHILEH3IIOKEHHOTO, N0 MHEHHIO aBTOPOB, U1 AajbHEHINEro IMOBBILEHHUS YpPOBHS
HazxexxHoctu 01okoB BPOC npaktrdeckn O6e3aibTepHATUBHBIM METOAOM 00€CIIeYeHUsI X BUOPOIPOYHOCTH
1 BUOPOYCTOMYMBOCTHU SIBIISIETCS OTCTPOIIKA PE30HAHCHBIX YACTOT IUIOCKUX 3JIEMEHTOB KOHCTpyKIuu I1Y
3JIEKTPOHHBIX OJIOKOB 3a MpeAeibl JUarna3oHa YacTOT BHEIIHUX BUOPALIMOHHBIX BO3JCHCTBHM.

ITomMumo TpyaHOCTEH cOo3maHusl Oe3pe30HaHCHBIX KOHCTPYKIUH ¢ TpeOyeMbIMU MaccorabapuTHBIMU
XapaKTEPUCTUKAMH, CEPhE3HON IPOOIeEMOli TP KOHCTpyHpoBaHuH Oe3pe3oHancHbIX (ITY) aBisercs ciox-
HOCTb pealn3aly CKBO3HOTO ITUKJIa MPOSKTUPOBAHUS MMEYATHBIX IIAT, TaK KaK C MCIOJIb30BaHUEM CYIIe-
ctBytonx CAIIP Ha nmpakTHKe 4acTO BO3HUKAIOT TPYAOEMKHE UTEPALIMOHHBIC METIU PadoT, CBA3AaHHBIX C
HEO0XOIMMOCTBIO IEPETPACCUPOBKY IIJIAT AJISI UCKIIFOUEHHSI UX PE30HAHCOB.

Penrenuro BeIlIeHA3BaHHBIX MPOOJeM co3aanus 6e3pezoHaHcHbIx [1Y 610xoB BPOC Ha panHux cra-
JHSIX TIPOSKTUPOBAHUS 10 TPACCHPOBKU MEUATHBIX IJIaT MOCBSIIEHA JaHHAS CTaThS.

Pa3pab6oTKa METOANKH CO3AAHHS 0e3Pe30HAHCHBIX IeYATHBIX Y3A0B

B makcumanbHO ynpoieHHOM BH/IE 3a7a4da cuHTe3a 0e3pe3onancHbx [1Y 6mokoB BPOC chopmymnm-
poBana B pabore [2].

Hcxonnsle naHHbIE!

1. /lnana3oH 4acToT, B KOTOPOM Yy HPOEKTUPYEeMbIX NakeTHBIX IIY He mHomKHO OBITH COOCTBEHHBIX
gactor kojebannii (CUK). DTOT auama3oH MOIDKEH BKIIOYATh B ce0s QHANa30H YacTOT BO3MYIIAFOIINX
BHEITHUX BHOPAIIMOHHEIX BO3AEHCTBHI ¢ Koadduimentom 3amaca 1,5, T.e. f CHK > 1,5 fB.

2. Pa3zmep MoHTaxkHOH miomaan SM s pasmemienns JPU snexrpruueckoit cxemsl [1Y. Haxomutes
Kak cymma romaneii OPU, ymHokeHHas Ha KO3((QUIMEHT, YUUTHIBAIOIINN BO3MOXKHOCTH TPACCUPOBKU
IUTaThl C OXPAHHBIMH 30HaAMH.

3. MexaHnveckue XapakTepUCTUKN MaTepUaiOB, UCIIOIB3yEeMBIX I U3roToBieHus [1Y.

4. Ha paHHuX cTraausx NPOEKTUPOBAHUS BIMSIHUEM Ha pe30HaHCHYIo yactoTy IIY maccel manoraOa-
putHelx OPU MOXXHO mpeHeOpeub, Tak Kak OHO B 3HAYMTENBHOW Mepe KOMIIEHCHPYETCS yBEeIMYEHHEM
JKECTKOCTH IIAT OT 3akperyieHust DPY Ha uX MOBEpXHOCTH KECTKUM KJIEEM U JIAKOM.

5. TpeOyercs HaliTH BapraHThl KOMIIOHOBKY MakeTHBIX [1Y, y koropeix CUK HaxopsTcs BHe Auaria-
30HAa 9aCTOT BUOPAIIMOHHBIX BO3ICHCTBUH.

Hunst pemenust 3ajau co3aanusi 6e3pe3oHancHbIX [1Y cTposiTcss He0OXOAUMBIE TSl STOrO MaTeMaTH-
YeCKHe MOJICNIU U aJITOPUTMBI CHHTE3a Ha UX OCHOBE [4].

Kaxk m3Bectno, CUK TOHKHX IIaCTHH paccuuThiBaeTcs 1o gopmyste [3, 5]:

fCUK=A4Ch/S, 1)
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1 E
== |—5

2n \12(1-v)p
OT CBOHMCTB Matepuaia miaTel; C — 9aCTOTHBIN KO3 (PHUIMEHT, 3aBUCAIINAN OT CIIoco0a KPEIJICHUS U COOT-
HOIICHHSI CTOPOH IUIATHI, JJIsl HAXOXKACHHS KOTOPOrO MOXKHO HCIIOJIb30BaTh METOAMKY [2]; h — Tommuna
mnatel, M, S = @® — IIOMak KBAAPaTHOM IIATHI, TAe a — AMMHA 6oJIbIIei cTOpoHk!, M; E — Moaymb ympy-
roctu Matepuana miarthl, H/M?; v — koadduiment Ilyaccona; p — miIioTHOCTh MaTepHalia Iiarhbl.

Hmxe mpezncTaBieHbl BUIBI 3aKPEIUICHUS] CTOPOH neyatHbIX miaT [1Y, pacnonokeHHble B HOPSIKE

YBEJIMYEHHS MacCOrabapuTHBIX XapakTepucTuk 011okoB [5] (puc. 1-3).

)i
I

rae f CUK — nepsas CUK mmatsr, I'i; A — MOCTOSTHHBIN KO3 (PUIMECHT, 3aBUCAITAH

0

Puc. 1. XKectkoe kperuieHre B Toukax (0003HAUEHO KPECTUKAMH)
B ciryvae cOopku makera [1Y Ha croiikax. Kpas minatel cBoOOIHBI

Puc. 2. Ormupanue cTopoH, 0003HAYEHHOE IITPUXOBOW JTHHUEH

P4 e % 46 s bW w

Puc. 3. 3amemiienne kpas miatbl, 0003HaAYCHHOE HAKJIOHHOHN IITPUXOBKOM

ObecneunBaeTcs, eciu Kpail TIaThl CKOJB3UT BIOJb HANPABISIOIIEH B KapKace, a TaKkKe, eclii Kpal
IUIaTHl TMPUKPETJIEH K HEXECTKOW TUIaHKE WM COSTUHHTENI0, KOT/Ia Kpail IjiaThl HE MOMKET CMEeNaThCs
MIEPIIEHNKYJIPHO TUIOCKOCTH IIATHI, HO MOXET ITOBOPAYHNBATHCS.

Ob6ecrnieunBaeTcs, eciy Kpail IpUKIIeeH, MPUKJIeNaH WK MPUBUHYEH IO JJIMHE B HECKOJIBKUX TOYKaX
K JKECTKOM paMKe WJIM €clM Ha Kpaio IUIaThl 3aKpeIUIeH pa3beMHBIH COSAWHHUTENh C OONBIINM YUCIOM
KOHTAaKTOB, KOTOPBI NpPH yCTAaHOBKE IUIATHI B OJIOK COEOUHSIETCA C YKECTKO 3aKPEIUIEHHOW OTBETHOM
Y4acThIO COETUHUTEIS.

OTHOCHTENIbHBIC 3HAYEeHHs YacTOTHBIX K0d(p¢uuueHToB C/CAT Ui NpeNCTaBICHHBIX BBIIIC BUIOB
KpEIUIeHUsI CTOPOH IUIAT MpHUBENIeHbI Ha Tpadukax puc. 4. 3neck C4t — 3Hauenne C [Tl KBAAPATHON TUIATHI
C KpeTIeHHEeM B YeTHIPEX TOYKaxX IO yTIIaM.
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Puc. 4. I'paduku oTHOCHTEIBHBIX K03 hHIHeHTOB C B 3aBUCUMOCTH OT COOTHOLICHHS CTOPOH 1aThl a/b.
Ha rpaduxax cremansr o603HadeHUS: 4T — 4 TOYKH KPETUICHUS 110 YIIIaM IUIaThl; 6T — 6 ToYeK KperwIeHus, U3 HUX
4 1o yrnmam 1 2 1o cepeInHe [UTMHHBIX CTOPOH; 8T — 8 TOYeK KperuieHus, U3 HUX 4 10 yriiaM # 4 1o cepeiiiHe CTOPOH;
411 — WapHAPHOE KPETUICHHE BCEX CTOPOH; 212K — INAPHUPHOE KPEIICHHE KOPOTKUX
U yIIPYTo-KECTKOE KPeIUIeHHe [UIMHHBIX CTOPOH; 4K — JKECTKOE KpeIJICHHE BCeX YEThIPEX CTOPOH

JI7st KBaIpaTHBIX IJIAT C )KECTKUM KpEIUIEHHEM 4YeThIpeX cTopoH (4x) C = 36.

I'paduku puc. 4 MO3BONAIOT ClIeNaTh HEKOTOPBIE KAaUeCTBEHHBIE BBIBOJIBI JIUIsI OOJIETYECHUS IPUHITHN
pETIeHIS 0 CHHTE3Y KOMIIOHOBKH Oe3pe3oHancHbIX [1Y B 61okax BPOC.

1. Camble HU3KHE 3HAYEHHUS YaCTOTHOro KoddduureHta C 1 MaJlo 3aBHCAIINE OT COOTHOILEHHS CTO-
POH UMEIOT IIaTHI, 3aKPETICHHBIE B YETHIPEX TOYKAX IO yTIIaM.

2. lllapaupHOE KpeIuIeHUue BCEX CTOPOH M KPEIUICHHE B BOCBMHU TOYKaX IO MEPUMETPY IIAT UMEIOT
MPaKTUYECKH OJTMHAKOBBIA YacTOTHBIN KO3(D(MUIIMEHT AJsl BCEX COOTHOIIEHUH cTOpoH. [Ipu 3TOM miapHup-
HOE€ KpeIJIeHHEe KOHCTPYKTHBHO CJIOKHEE M MMEET MaccorabapUTHbIe XapaKTEPUCTUKU OJOKa BhILIE, YeM
MIPY KPETUICHUH B TOYKAX.

3. CaMble BBICOKHME 3HAYCHMsI 4acCTOTHOro koddduimienta C JaeT KECTKOE KPEIICHHE CTOPOH,
HO 3TO o0ecreYnBaeTcs 3a cYeT 3HAUUTENILHOTO yBETHMYeHHsI Macchl 1 rabaputoB 6s10koB BPOC, uto otpu-
[ATEeNFHO BIUSET HA XapaKTePUCTUKU X HOCUTEIEH.

4. Ilpn BeIOOpE KOHCTPYKTUBHOTO McHoNHEeHHs [IY HE0OX0IMMO yUUTHIBATh, UTO MIAPHUPHOE Kperi-
JIEHHE CTOPOH UMEET MEHBIIYIO Ha/IeXKHOCTh, YeM JKECTKOE KpETsIeHHe CTOPOH U B TOUKAX.

B nmpuHImne Ha paHHUX CTaausx NpoekTupoBaHus HOBbIX BPOC mpocrora dhopmyisl (1) u Harms-
HOCTh Tpa)KOB pHC. 4 TO3BOJISIOT OMBITHOMY KOHCTPYKTOPY JAOCTaTOYHO OBICTPO OMPENENUTHCS C KOH-
CTPYKTHBHBIMH MapaMeTpamu 6e3pe3onancHoro I1Y.
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Tax, MOXHO cpa3y OIpeJeNuTh, 9TO U3 PEKOMEHI0BaHHBIX K MPUMEHEeHUIo pa3mepoB 1uiat 200%170,
170%150 u 170x75 Oe3pe30HaHCHYIO KOHCTPYKIHIO B auamnazoHe dacToT g0 1000 I't nmpu mMakcuMaiabHOR
PEKOMEHIOBAaHHOW TOJIIMHE PAaBHOW 2 MM o0ecrieunBaeT TOJbKO Tata 170X75 kak nmeromas camyro Ma-
JICHBKYIO TUI0IaAb. OCTanbHbIe MOXKHO JaXe He paccMarpuBaTth (Tadm. 1).

Tabmuua 1
TTokasarenu At 6T 8t Am 2112% dx
C 12,5 46 53 61 121 124
f, T 153 563 653 742 1479 1513

Kax moxa3piBaeT mpuBEIEHHBIN IpuMep U ONBIT KOHCTpyupoBaHusa BPOC, TodyeuHoe kperieHue
IUIaT 10 IEPUMETPY IIPU BCEH CBOEH TEXHOJIOTMYHOCTH HE MO3BOJISIET 00€CIEUUTh OTCYTCTBUE PE30HAHCOB
B auanaszoHe yactoT BuoOparmuu Beimre 500 I'm. A pa3menieHne JONOIHUTENBHBIX TOYEK KPEIUICHHS Ha I10JIe
iatel Ui paciupenust auanazona no0 1000 ' mpuBoIUT K YMEHBIIEHWIO MOHTa)KHOM TUIOMAJHU ILIAT
U yCIOXHEHUIO cOOpKM OJIOKOB. BapuaHTHI ¢ KECTKMM KpEIJICHHEM MO MEPUMETPY IUIaT 00eCTIeYnBaloT
0oJiee JKEeCTKYI0 KOHCTPYKILMIO, HO 3TO JAOCTUIAeTCs 3a CUYET CYIIECTBEHHOI'O YBEJIHMYEHHS Maccorabapur-
HBIX XapakTepucTuk 06J0koB BPOC, uTo cymecTBeHHO OrpaHMYHBAET BO3MOKHOCTD HCIIOIB30BAaHHS TAKOTO
KpemieHus: s pazpabotku Oe3pezoHaHcHbIX I1Y. Takum 00pa3oM, akTyaJdbHBIM OCTaeTCS MOMCK KOH-
CTPYKTHBHBIX PELICHHI MOBBIMIEHU XKeCTKOCTH I1Y M mpexxne Bcero ¢ TOYeUHBIM KPEIUIEHHEM Kak Ipe-
BOCXOJISIIIUM BCE IPYIH€ CIIOCOOBI KPEIJIEHNUS 110 IPYTUM Ba>KHBIM ITOKa3aTEIISIM.

Ha npaktuke B OTAENBHBIX CIOy4asx Ui MOBBIMIEHUS XKeCTKOCTH IIY ncnonb3yroTcst 1ByXCIONWHBIE
[I€YaTHAE TUIATHI ¢ METAUIMYECKON MOATI0KKOM, KOTOpasi IOMUMO BCETO MPOYETO YJIy4IIAeT TEIUIOOTBOA OT
OPU [6]. OTo no3BossieT JOOUTHCS XOPOLIMX PE3yJbTaTOB, HO 3aTPYAHEHHs HPH CKAThIX CPOKax paspa-
OOpPTKHM 3aKIIOYAIOTCS B TOM, YTO CETOJHS HET yJOOHOH WH)KEHEpHOW METOJMKH pacdera rapaMeTpoB Ta-
kol koHCcTpykuun [1Y mpu nedunure Bpemenu Ha pa3pabotky HoBoii BPOC.

PaccmoTpum OauH U3 BO3MOXKHBIX BapuUaHTOB pacyeTa ocHoBHOM CUK kBaapaTHOU AByXCIOMHON
MI€YaTHOM IJIaThl C METAIUTMYECKOM MOITIOKKOH € MOTIepeyHbIM CEYEeHUEM, NTPEICTABICHHBIM Ha PUC. O.

Zo h

4

TInara

IMomnoxkka

Puc. 5. Tlonepeuneoe ceueHue MeYaTHOM MIATH ¢ METATHYECKON MMOIIOKKOM: h — TONIMHA IeYaTHO! MI1aTH;
H — Tonmmmna ITY; Z0 — paccrosinue HelTpaibHOI oBepxHOCTH [1Y 0T BepXHE# rpaHUYHON MOBEPXHOCTH

B pa6ore [3] npusenena meToanka pacdera CHK MHOTOCIOMHBIX TIEYATHBIX IUIAT, KOTOPas Ha IpaK-
THKE HE 04Y€Hb y/100HA, HO KOTOPOI MOKHO YaCTHYHO BOCIIOJIb30BaThCH.

B namewm cnyuae mpu pacuere CUK AByXCOHONM MeyaTHOH IUIATBI MOXKHO OYAET HCHONb30BaTh
pacuernyro tommuny I1Y mo dopmyne Hpacu. = (H — Z0)-2, rme Z0 — paccTosiHre 10 HEHTpabHOM
MOBEPXHOCTH B Tpolecce H3TUOHBIX KoyeOanuii nqByxcioiHoro I1Y. Drta moBepXxHOCTh OyJIeT HAXOIUTHCS
B Oonee sxectkoM cioe I1Y (crmoe MOMUIOKKHM) M HECKOJIBKO CMENICHA OT OCH IOUIOKKH B CTOPOHY
MeYaTHOM TUIATHI.

JI1st MHOTOCJIOMHBIX TUIAT TIpHUBEAeHBI (hopmyisl [4] mis onpenenerus Zo:

S Eh| 23 h, ~h
ZO — i=1 k=1

23 Eh
i=1

E = Ei(l_viz)’vzivigihi igihi ’
i =

rae Ei, vi, hi — Moy ynpyroctu, koadduuuent I[lyaccona u TonmmHa i-ro ciios.
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[Tpu pacuere CUK TUIOTHOCTH MIACTUHBI OIpPEeIeTCs 1Mo popMyJie

5:zpihi/zhi '

IJie Pi — TUIOTHOCTh MaTepuaia i-ro ciosl.

Jis TpoBEpKM TOYHOCTHM pAacyeTOB IO MpeasiaraeMoil MeTOJuKe BhIMONHEHbl pacyethl CUK
o popmyite (1) ams ITY B Bue 3aIeMIIEHHBIX 110 BCEMY MTEPUMETPY ABYXCIIOMHBIX KBaJPATHBIX MIACTHH
co cropoHamu paBHbiMH 200 MM mpu h = 1 MM u pa3IMYHBIMH 3HAYCHUSMH CYMMApPHON TOJIIIMHBI
H=2; 3;4 u5 MM 111 BApHaHTOB MOJIOKKH U3 TIOPATIOMUHHS U CTAJIH.

MexaHH4YecKHe XapaKTepUCTHKHA MaTepHaa ClioeB:

— mara (cTexnorekcTonut): E = 0,33-108 kIla; v = 0,27; p=24 /M3,

— noyiokka (ropantomunnii): E = 0,72-108 kITa; v = 0,34; p=27 /M3,

— noanoxka (crams): E = 2,2-10° kI1a; v = 0,25; p = 7,8 1/™°.

st Tex sxe ITY Boimonners! pacyersl CUK ¢ ucnonb3oBanneM koMiniekca nporpaMmm ANSYS.

Pe3ynbTaThl BHIMOTHEHBIX PACUETOB MPUBEICHBI B TA0M. 2.

Taomnuua 2
H. vn JropamtoMuHuit Crasp
' dopmyina ANSYS % Bec, kr ®opmyma | ANSYS % Bec, kr
2 357,8 372,6 -39 0,204 330,2 327,7 0,8 0,408
3 560,7 568,4 -13 0,312 532,6 515,9 3,2 0,720
4 7723 776,8 0,6 0,420 741,9 726,3 2,1 1,032
5 986,5 9911 -0,5 0,528 952,1 943,1 1,0 1,344

W3 mansbIx Tabm. 2 BUAHO, 4TO TOYHOCTH pacuetoB CUK mo mpeanmaraemMoil MeTomuKe HaXOIUTCS
B Iipezenax 5 % 1mo cpaBHEHUIO C pe3yIbTaTaMU PacueToB C UCIOJIb30BaHHEeM Komiriekca mporpamM ANSY'S
Y TaKas METOJIMKA MOXKET ObITh PEKOMEIOBAaHA JIJIsl MHKEHEPHBIX PacyeTOB.

Kpome Toro, u3 pe3ynpbTaToB pacdyeToB BHJIHO, YTO CTajbHAs MOIJIOXKKA HUYErO HE JaeT U Jaxe
nmpourpeiBaeT mopamoMuaneBoi mo CUK, a Bec MBYXCIIOIHOM TUIACTUHEI CO CTATBHOMN MTOIOKKOHN B pasbl
Oompie. [ToaToMy BapuaHTHI IJIaT CO CTATBHOM MOJIOKKOHN Jgajiee He pacCMaTPUBAIOTCS.

Dddexrt oT mobdaBieHNs AFOPATEMHUHUBOHN OJIOKKH MOKHO OIEHHUTH 10 Tao. 3.

Tabmnuma 3
H, Mmm 2 3 4 5
f, ' 357,8 560,7 772,3 986,5
f/frn 2,2 3,5 48 6,2

Kak BugnOo u3 Tabm. 3, 3pexT OT Ucmonbp30BaHUs AIOpaJIeMUHEBON MOTOXKKH 11 nosbimennss CUK
HE3HAYUTEIBHBIN, YTO U O0BSCHSIET, IOUYEMY OHA UCIIONIL3YETCsl Ha MpakTuke peako. CoBeplIeHHO apyras
KapTHHA TOJIy4aeTcs MPH HCIIOIb30BHUM B KAa4eCTBE IOJUIOKKH Oojiee JKECTKOTO MaTepHayia ¢ MEHbIIeH
IUIOTHOCTBIO, HAIpUMeEp, HOBBIX MaTepHajoB, paspaboranHeix B BUAM [7], Takux Kak yrieIiacTHK
¢ xapakrepuctukamu E = 1,25-10° kI1a; p = 1,5 T/m° 1 monmamuz ¢ yriiepoaHsIME BOJIOKHAMH, Y KOTOPOTO

E =2,38-108 I1a; p=134 /M3,
PacueTsl st 3TUX MaTepHAIOB PUBEICHBI B Ta0. 4 u 5.

Tabmuia 4
H wu JropanoMuHuMA VriaeniaacTuk TTonmmamuy ¢ BOJIOKHOM
! f I'n Bec, xr f, ' Bec, xr f I'n Bec, kr
2 357,8 0,204 4529 0,156 559,4 0,150
3 560,7 0,312 780,2 0,216 1036,4 0,204
4 772,3 0,420 1126,7 0,276 1540,0 0,257
5 986,5 0,528 1479,9 0,336 2053,7 0,312
Tabimma 5
H, MM 2 3 4 5
f, ' 559,4 1036,4 1540,0 2053,7
f/fon 3,5 6,5 9,6 12,9
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CpaBHeHHE NOJYYEHHBIX pe3yabTaToB TalOm. 5 ¢ Tabi. 3 MOKa3bIBACT, YTO HCIIOIL30BAHUE HOBBIX
MaTEepHajoB B KauecTBE HOMJIOKKHU IaeT 3P(EKT, MO3BOJAIOMININ CYyIIECTBEHHO PACIIUPUTh BO3MOXHOCTH
coznmanusi Oe3pezoHaHcHbIX [1Y BPOC. DToT 3QeKT MOXHO OIEHUTh, 3aMETHB HANpUMEp, YTO TPH
omuHakoBoM Bece (0,312 kr) monuamuaHas noanoxka npu rommune [1Y 4 mm umeer CUK nouru B 4 pasa
Oosnbiie, yeM [1Y TommuHoM 3 MM € TIOUTOKKON U3 TIOPATFOMHHHSL.

Jst ITY pekoMeHI0BaHHBIX MUHHUMAJIBHBIX pa3MepoB 170X75 mpu Tomune neyatHoi miatel h = 1 MM
u obmeit rommuue 1Y ¢ monmmamuanoit moanoxkoid H = 4 mm pacyersl CUK naroT pe3ynbTatrhl, IpUBe-
JIeHHbIEe B Ta0II. 6.

Tabnuma 6
a 0,17 b 0,075 alb 2,27
4t 6T 8t 4 212K dx
C 12,5 46 53 61 121 124
f, T 819 3019 3503 3978 7934 8116

31ech BaXXKHO OTMETHUTB, YTO Ha)Xe JUIS CaMBIX JKECTKHUX YCIOBHMH OSKCIUTyaTallud, NMpPU BEpXHEi
rpaHMIle AMana3oHa BHEIMHUX Bo3mymiarommx Bosaeicteuii f B = 2000 ', ucmoms30BaHme TOIHAMHUIHOM
MOJUIOKKU TTO3BOJISIET CO3/1aBaTh Oe3pe30HaHCHBbIE KOHCTPYKUUH O10koB BPOC makeTHOW KOMIIOHOBKH
C TOYEYHBIM KperuieHueM [1Y, HanpuMmep Takux, Kak IMpeICcTaBIeHo Ha pHc. 6.
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Puc. 6. I'epmernunsblii anexTpoHHbIH 6110k BPOC nakeTHO# KOMITOHOBKH

Taxum oOpa3om, U3rotoBieHUe MOMIOKEK [1Y U3 COBpeMEHHBIX MAaTepHANIOB BBICOKOW JKECTKOCTH
U MaJION TUTOTHOCTH, TAKUX KaK YIJICTUIACTUKH, TIO3BOJIIET BO MHOTHX CIIy4asX PEIIUTh MpoOieMy BUOpPO-
MMPOYHOCTH M BHOpOycToiunBocTr 0s10koB BPOC, a 3Ha4uT, CHU3UTH MOTOK OTKA30B B IMPOIECCE MX IKC-
mryatanud. Kpome Toro, makeTHas KOMIIOHOBKA C TOYEUHBIM KperuieHneM Takux 1Y obecrnieunBaeT BhICO-
Kyl0 TEXHOJIOTHYHOCTh M BO3MOXKHOCTh OKcIuTyaranuu OnokoB bBPOC 6e3 ammoptuszaTtopos
U JeMI(UPOBAHUS JIAXKE B YCIOBUSAX KECTKUX BUOPAIIMOHHBIX BO3zAekcTBUH. COOTBETCTBEHHO, MPU MPO-
YUX paBHBIX YCIIOBHUAX O0Jiee BHICOKAsI HAJICKHOCTh TAKUX OJIOKOB JOCTUTAETCS MPH HAMITYUIINX Maccora-
OapUTHBIX XapaKTEePUCTUKAX.

3akArouenue

Ha ocHOBe MpOBENEHHBIX MCCICAOBAHUI MPEIOKEHBI AHAIMTUUYCCKUE BBIPAKCHUS U TpaduKh IS
ONpEJENECHHs Ha paHHUX CTaAUsIX MpoeKTUpoBaHusa ocHOBHOM CUK medaTHBIX maT ¢ )KECTKOM MOII0XKKON
JUTSL pa3IMIHBIX BAPUAHTOB KPEIICHUS UX B 3JIEKTPOHHBIX O10kax BPOC.

BrlnosiHEHHBIE TECTOBBIC pacueThl C UCIOJIb30BaHUeM Makera nporpamm ANSYS noareepawnu mo-
CTOBEPHOCTh W HEOOXOAMMYIO TOYHOCTh pe3yibTaroB pacyera CUK mewaTHBIX IUIaT € MOJJIOXKKOM
IUTS TPAKTHYECKOTO MMPUMEHEHUS TPENI0KEHHBIX HHCTPYMEHTOB.

IIpemnoxena MeTonuka co3JaHUS OE3pE30HAHCHBIX KOHCTPYKIIMH IMEUATHBIX Y3JIOB AJICKTPOHHBIX
omoxoB BPOC ¢ ynydiieHHONW TEXHOJOTMYHOCTBIO U MacCOTa0apUTHBIMU XapaKTEPUCTHKAMH Ha OCHOBE
WCTIOJIH30BAHMS COBPEMEHHBIX MaTEPHAJIOB.
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B03MOXHOCTE OIEpaTUBHOTO OMPEICICHMSI CXeM KpEIICHUS W TMapamMeTpoB Oe3pe3oHaHCHBIX 1Y

Ha CXEMOTCXHUUYCCKOM 3TallC U paHHUX STallaX KOHCTPYHUPOBAHHUA ITIOMHUMO o0ecrieyeHrs BBICOKOH HaJICxX-
HoctH ITY MOXKET m03BOIUTH CYIIECTBECHHO YMCHBIINUTD TPYAOCMKOCTb U COKPATHUTL CPOKH pa60T 3a CUCT
HCKIIFOYCHHS JIMIITHUX UTCPALIMOHHBIX IICTCIIb pa60T IIpU KOHCTPYUPOBAHUMU.
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MOAEABHOE HCCAEAOBAHUME BAMSHUA ®OPMbI
INEPEMEHHO-®A3HBIX YYJACTKOB PACITPEAEAEHU S
IIOAAA HA UIBAYYEHUE AHTEHHDI

A. H. SIxumoB

Cankr-IlerepOyprckuii TocyapCTBEHHBI YHUBEPCUTET
aspoxocMudeckoro nmpudopoctpoenuns, Cankt-Ilerepoypr, Poccns
y_alder@mail.ru

AHHoOTAUUA. AkmyansHocmsy u yeau. B paTuoTeXHUYECKUX CHCTEMaX Pa3IMYHOI0 Ha3HAYEHUs NMPHU PEeLICHUU
3aJa4 Ha MaKCUMAaJbHBIX JAJIbHOCTAX B IIUPOKOM CEKTOPE YIJIOB UCMONb3YIOTCS MUKPOBOJHOBBIE aHTEHHBI C JHa-
rpaMMOl HaNpaBIIEHHOCTH CEKTOpHOTO BHAA. s (GOpMUpOBaHMS TaKoi AMarpaMMbl HAaIPaBICHHOCTH B aHTCHHE
TpeOyeTcs co3aaTh nepeMeHHO-(a3HOe paclpe/ie/iecHHe NCTOYHUKOB BO30YKAeHUS (TOKOB WM mojeit). MozaenbHoe
UCCIIEJOBAaHNE BIUSHUS (OPMBI OTAEIBHBIX YYaCTKOB IEPEMEHHO-()Aa3HBIM paclpeesieHueM MOl B alepType MHUK-
POBOJIHOBOH aHTEHHBI Ha MapaMeTphl €e KBa3HCEKTOPHOHN JrarpaMMBbl HAIIPaBICHHOCTH MOXKET OBITh IPOBEIEHO ITy-
TEM TIPEJCTaBICHNS 3TOTO PACTIPEICIICHNs] KOMOMHAINEH MaTeMaTHIeCKUX (DYHKIMH C UCIOIBb30BAaHUEM JIOTUKH TIpe-
IMKaToB. Mamepuanvl u memoout. IIpeanoxeH MOAXo] K PEUICHUIO 3TOW 3amadd, OCHOBAHHBIM Ha HMCIIOJIb30BAaHHU
CBOMCTBA aAJUTUBHOCTHU OIIPEAEICHHOTO MHTETPAIIA, TIO3BOJIIIONIET0 3aMEHNUTh €0 CyMMOI ONpe/IeIeHHbIX HHTETPa-
JIOB, B3ATHIX 110 YaCTUYHBIM MPOMEXYTKaM, 1 HE3aBUCHMO YIPABIATH PACIPEAEICHUEM OIS Ha STHX MPOMEXYTKaX.
ITpn >TOM MNOABIAETCS BO3MOXKHOCTH IOIOJHUTENBHOTO YIpaBiIeHHs (OpMOH OTIENBHBIX YyYacTKOB IIEPEMEHHO-
(hazHOrO pacnpeeseHus Mojsi B aepType MUKPOBOJIHOBOW aHTEHHBI 33 CUET U3MEHEHHUs CTeNeHH (YHKINH, ONKICHI-
BAIOIIKX 3TH ydacTKU. [Ioka3zaHa BO3MOXKHOCTb NIPOrPAMMHOM peaIn3alvy NPEUI0KEHHON MAaTEMaTUIECKOU MOJIENH
B cucteMe MATLAB ¢ ucrons30BaHrEM JIOTHKH TPEIUKATOB. Pesyivmamul u 6bi600bi. [IpUBEICHBI PEe3yIBTaThl MO-
JIENTBHOTO MCCIICJOBAHMUS BIUSTHUS (DOPMBI OT/IEJIBHBIX YYaCTKOB IIEPEMEHHO-(a3HOTo pactpeaeeH s Mol B arnepry-
p€ MHKpPOBOIHOBOM aHTEHHBI Ha OCHOBHBIE MapaMeTphl €€ AuarpaMMbl HaIpaBIeHHOCTU. [lomydeHHbIE pe3ynbTaThl
YKa3bIBAIOT Ha MEPCIIEKTHBHOCTH MOEIBHOTO MPEACTaBICHHUS IepeMEHHO-(Da3HOTO pacTpeie]IeHns TI0JIs B arlepType
MHUKPOBOJIHOBOW aHTEHHBI ¢ KBasucekTopHoil JIH komOnHaImell TpUroHoMeTprueckux (yHKIMN TPOU3BOJILHOM CTe-
MIEHN C MCIOJIB30BAHUEM JIOTHKH MPEIUKATOB JUIS MCCIICAOBAHMUS BINSHUSA (POPMBI €r0 OTAEIBHBIX YIACTKOB HA JHa-
rpaMMy HarpaBJIEHHOCTH 3TOW aHTEHHBI M YIy4ILICHUS €€ TapaMeTpOB.

KiroueBble cji0Ba: MUKPOBOJHOBAS aHTEHHA, MaTeMaTHYecKas MOJENb, paclpeAeeHue IO, IepeMEeHHO-
(a3HBIC YUACTKH, IUATpaMMa HallPaBIEHHOCTH, JIOTHKA TIPEAUKATOB

Jost umrupoBanms: SlxkumoB A. H. MonenbHoe nccnenoBanue BIusiHUS (HOPMBbI IepeMeHHO-()a3HbIX y4acTKOB pacipese-
JIEHHS TI0JIs1 Ha W3NlyueHre aHTeHHb! // HageskHOCTh U KauecTBO cinokHbix cuctem. 2024, Ne 3. C. 82-89. doi: 10.21685/2307-4205-
2024-3-9

AMODEL STUDY OF THE INFLUENCE OF THE SHAPE
OF VARIABLE-PHASE FIELD DISTRIBUTION AREAS
ON ANTENNA RADIATION

A.N. Yakimov

Saint Petersburg State University of Aerospace Instrumentation, Saint Petersburg, Russia
y_alder@mail.ru

Abstract. Background. In radio engineering systems for various purposes, microwave antennas with a radiation
pattern of a sector type are used to solve problems at maximum ranges in a wide range of angles. To form such a di-
rectional pattern in an antenna, it is necessary to create a variable-phase distribution of excitation sources (currents or
fields). A model study of the influence of the shape of individual areas by the variable-phase field distribution in the
aperture of a microwave antenna on the parameters of its quasi-sector radiation pattern can be carried out by represent-
ing this distribution by a combination of mathematical functions using predicate logic. Materials and methods. An ap-
proach to solving this problem is proposed based on the use of the additivity property of a definite integral, which al-
lows replacing it with the sum of definite integrals taken over partial intervals and independently controlling the

© Sxumos A. H., 2024. Kontenr pocrymnen no autensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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distribution of the field over these intervals. At the same time, it becomes possible to additionally control the shape of
individual areas of the variable-phase field distribution in the aperture of the microwave antenna by changing the de-
gree of functions describing these areas. The possibility of software implementation of the proposed mathematical
model in the MATLAB system using predicate logic is shown. Results and conclusions. The results of a model study
of the influence of the shape of individual sections of the variable-phase field distribution in the aperture of a micro-
wave antenna on the main parameters of its radiation pattern are presented. The results obtained indicate the prospects
of a model representation of the variable-phase field distribution in the aperture of a microwave antenna with a quasi-
sector radiation pattern by combination of trigonometric functions of arbitrary degree using predicate logic to study
the influence of the shape of its individual areas on the radiation pattern of this antenna and improve its parameters.

Keywords: microwave antenna, mathematical model, field distribution, variable-phase areas, radiation pattern,
predicate logic
For citation: Yakimov A.N. A model study of the influence of the shape of variable-phase field distribution areas

on antenna radiation. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2024;(3):82—-89.
(In Russ.). doi: 10.21685/2307-4205-2024-3-9

BBepenne

B paauoTeXHHYECKUX CHCTEMax Pa3IMYHOTO HA3HAYCHUS TPH PEUICHUH 3a1ad Ha MaKCHMAaTbHBIX
JaNbHOCTSIX B IIMPOKOM CEKTOPE YIJIOB HCIONB3YIOTCS MUKPOBOJHOBBIC AHTCHHBI C IHArPaMMOii Halpas-
nennoctd (JIH) cexropHOTO BHIA. 3amauy MaTeMaTndeckKoro cuuTe3a Takoi JJH OTHOCAT K HEKOPPEKTHBIM
3a/[ayaM MaTeMaTHYeCKON (DM3UKH, PEIICHHE KOTOPHIX MOXET OBITh IMOJYYEHO JIHIIb C HEKOTOPBIM IpHU-
Onmmxennem. st hopmupoBanus Takol kBasucektopHoit IH B aHTeHHE TpeOyeTcsl cO3aTh MEPEMEHHO-
(baszHoe pacnpe/esaeHine HCTOYHUKOB BO30YaeHuUst (TOKOB win tosieit) [1, 2].

B 00JbIIMHCTBE M3BECTHBIX MAaTEMAaTHYECKHX PEIICHHUH, MOJCIUPYIOIINX H3Ty4YeHHEe MUKPOBOIHO-
BOU aHTEHHBI C KBa3ucekTopHO J[H, mapameTpbl pacnpe/eieHns: HICTOYHUKOB BO30YKICHHUSI OKa3bIBAFOTCSI
B3aMMO3aBUCHMbBIMH, YTO HE MO3BOJISET MIPOBECTH JIETAIBHOE UCCIIEIOBAHUE CBS3H ITapaMeTPOB pacipesie-
JIeHHs] UICTOYHHKOB BO30YxaeHus ¢ mapamerpam JIH 1 mony4uTh ONTHMAIbHOE PEIICHUE NTPU HPOSKTUPO-
BaHWU aHTEHH Takoro Tuna [3, 4].

BrusiHue OCHOBHBIX MApaMeTpoB MEPEeMEHHO-(Aa3HOrO pacrlpe/eieHus HCTOYHUKOB BO30YKICHUS
(MakcuManbHOTO ypoBHsI npoTHBo(dasHeix ydactkoB (YIIY) u koadduireHTa, XapaKTepu3yoLero 00
UX TPOTSHKEHHOCTH B TNIABHOM CEYCHUH aHTEHHBI) Ha mapamerpsl JIH B 3HAUUTENIBHON Mepe yiKe HCCIe0-
BAHO, HO BIUsIHIE (POPMBI €T0 OT/IETbHBIX yuacTKOB Ha JIH aHTCHHBI H3y4eHO HEJOCTATOYHO.

Takum 00pa3oM, akTyalbHOH SBISETCS 3a[a4a MOJCIBHOrO MPECTaBICHHS MEPEeMEHHO-(Pa3HOTo
pacmpezieneHusi ToJisl B anepType MHUKPOBOJIHOBOW aHTEHHbI KOMOWHAIMEW MaTeMaTH4ecKuX (yHKImit
C HCIOJBb30BAHUEM JIOTHKH TPEAUKATOB UISl MCCIEAOBAHHS BIHUSHHS (HOPMBI €r0 OTACIBHBIX Y4aCTKOB
Ha IapaMeTpbl aHTEHHBI ¢ KBa3UCEeKTOpHOM JIH 1 ux yiydiieHus.

ITocranoBka 3apaun

PaccMoTpuM anepTypHyH0 MHUKPOBOJHOBYIO aHTEHHY C OCTpOHaIlpaBJIeHHOW KBasucekTopHou JIH,
KOTOPYIO MOKHO CUMTaTh paszessitorieiics. Y takux J[H ropusonTaibpHoe ceuenune F(¢) nmeer omuHako-
ByIO (popMy uist pa3HBIX (DUKCHPOBAHHBIX 3HAYEHHH yriia 0 B BEpTUKAIBHOHN IUIOCKOCTH, U HA000pOT, BEp-
THKanbHOe ceueHue F(0) nmeer oanHakoByro GopMmy T pasHbIX (PUKCHPOBAHHBIX 3HAUECHHUH yriia ¢ B TO-
PHU30HTANBHOMN MIOCKOCTH. [Ipn 3TOM BO3HHMKAaeT BO3MOXHOCTH yrpaBieHnus Gopmoii JIH anTeHHEI 3a cueT
W3MEHEHUS! aMIUIUTYAHO-(a30BOTO pachpeiesieHus] IIEKTPUIECKONH COCTaBISIONIEH AIIEKTPOMAarHUTHOTO
MOJISt B KAXK/IOM M3 TUIOCKOCTEH IEKapTOBOI CHCTEMBI KOOPIHHAT OTAEIBHO [5].

Maremartudeckasi MOJIETh M3IIy9YEeHUS! TAKOW MUKPOBOJIHOBOW aHTEHHBI B MHTETpabHOU (hopMe Mo-
JKeT OBITD TIpeICTaBIIEHa ONIPeIEIIEHHBIM HHTEIPAIOM CIIeAyIomuM oopasom [3, 4]:

R@ = | 1(ne”dy, &

rae R(z) — dyukuwms, onuceiBaromast JIH aHTeHHBI 110 TOJII0 B TOpU30HTaIbHOU tutockocTH; Z = mt(I/A)Sine;
| — nuHEWHBI pa3Mep TNIABHOTO CEUCHHs alepTypbl aHTCHHBI B TOPU3OHTAIBHON IUIOCKOCTH; A — [UTHHA
ANEKTPOMArHUTHON BOJIHBI B CBOOOJHOM IMPOCTPAHCTBE; () — YrOJd B TOPU30HTAIBHON TIOCKOCTH MEKLY
HAIPAaBJICHUEM Ha TOYKY HaOJIO/ICHHS U HOPMaJbIo K aHTeHHe; Y = 2X/I; X — paccrosiHue 10 TeKyIei Tod-
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KM TJIABHOTO CEYEHHMS allepTypbl aHTEHHBI OTHOCHTEIBHO €€ LEHTPa B FOPH30HTAIbHON iockocty; f(y) —
pacrpeznencHye Mo B TOPU30HTAIBHOM CEYEHHH alepTyphl aHTCHHEI.

CBOMCTBO aJAIMTUBHOCTH OIPEIEIEHHOTO WHTErpaa MO3BOJISIET 3aMEHUTh €r0 CyMMOH OIpeeseH-
HBIX MHTETPAJIOB, B3ATHIX IO YaCTUYHBIM MIPOMEKYTKaM, U HE3aBHCHMO YNPABIATH PACIPEIEICHUEM OIS
f(y) ma sTHX mpomekyTKax [6].

Takum 00pa3oMm, MOSIBASETCS BO3MOXKHOCTBH JIOTOJHUTEIBHOTO YyHpaBieHHs (GopMoi OTIAETbHBIX
YYacTKOB IEPEMEHHO-()a3HOTO pacipeesieHns Mol B aepType MUKPOBOJIHOBOW aHTEHHBI U UCCIIE0BATh
BiHsiHUE 3TOH (opmbl Ha JIH aHTeHHBI. [lepcrieKTHBHBIM MaTeMaTHYecKuM armapaTroM sl TpoTrpaMMHON
peanu3aluy peeHus ATOH 3a/1a4u SIBJISIeTCS JIOTHKA penukaros [7, 8].

HOCTPOCHI/IC MaTeMaTHYeCKON MOA€CAH

Jlnst pacuera JIH antennst B MatLAB yno0HO nipenctaButh pactpenenenue mois f(y) B cMenieHHOM
BHJIC, H3MCHUB B HEM TIpe/iesibl nHTerpupoBanus ot —1 10 1 na untepBan ot 0 10 2. [Ipu 3TOM BbIpaXkeHHe
(1) mpeob6pasyercs k Buxy [9]

1% ,
R(2) =5 f(y)e”dy. 0
T
Beipaxkenue (2) mpu 5TOM MOKET ObITh MPEICTABICHO KaK
2 2 2
R(z) :I f(y)e”dy =I f(y)cosyz dy +I f(y)sinyz dy. 3)
0 0 0

[IpunsB 0603HAYEHHUS
F(y) = f(y)cosyz, F,(y)=f(y)sinyz,

MIOJIYyYUM

R(z)= J% F(y)dy+ i.z[ F,(y)dy = A+iB =|R, (2)|e"*®, (4)

2 2
rae A= I F.(y)dy, B= J- F,(y)dy, |R(Z)| =V A’ +B? —uckomas ammmnryauHas JIH; ®(z) — pazosas JIH.
0 0

Pacnpenenenue mons f(y) mpeacraBuM B BHie TpeX HE3aBHCHMBIX 4acTel, OMHUCBIBAEMBIX TPUTOHO-
MeTpudeckuMu GyHKImsME. [Ipu 3TOM LEHTpalbHbII y4acTok pacmpeaeieHus moist oT Yor = 1 — (/o)
110 Yo2 = 2 — Yo1 ONHUIIETCS BHIPAKCHUEM

f, (y)=A-cos " [ (y -1)], 5)

rae Ai — K03 UIMEHT aMILIMTY/bI TJIaBHOTO JIEMIECTKA paclpeielieHus; M — IpOou3BoJbHAs (Lenas Win
IpOoOHast) CTeneHb; O = 1/yo — mapaMerp, XapakTepU3yIOIIHil J0TI0 MPOTHBO(MA3HBIX YUYACTKOB B pacrpe;ie-
JIEHHH TI0JIA; Yo — KOOPMHATA TOYKH CMEHBI (ha3bl B CEUCHUH aMILTUTYIHOTO PacIpeieliCHus.

IepBeiii mpoTrBoda3HbI yuacTok pacupenenenus f(y) ma unrepsane ot 0 10 Yo1 OmUIIETCS BHIpa-
KEHUEM

fo (y) = = Ay Isin [mo, (1-y)1I%, (6)

rae Az — K03 HUIUEHT aMIUTUTY Ikl POTUBO(A3HBIX YYACTKOB PACIIPECICHHUS, 3aIat0IU MaKCUMaJIbHBIH
ypoBeHb tpotuBodaznoro yuactka (YITIY); p — npou3BoJibHas CTECHb.

Bropoii mporuBodasHelii yaactok pacupeneiaenus f(y), pacmonokeHHbIH Ha HHTEpBAIE OT Yoz 10 2,
OIMUIIETCA BBIPAKCHUEM

foo (¥) = = A, Isin [mog (Yo, = VI ()

st anropuTMudeckoro oobeauHeHus Boipaxkenuit (5)—(7) B eIMHYI0 MaTeMaTH4ecKyr0 MOJENb
y,HO6HO HCIIOJIB30BATh JIOTUKY HNPCIAUKATOB. HpI/I 3TOM O6H3aTeHLHbIM SABJIACTCA BBIIIOJHCHUEC YCIIOBUA
KOMILIEMEHTAPHOCTH, B COOTBETCTBHHU C KOTOPHIM [7, 8]

84



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2024;(3)

a+a,+..+a,=1 a{0L, i=12..,n (8)

3n1ech BecoBble KOAX((OUIMEHTHI & SBIAIOTCS ABY3HAYHBIME IIPEIUKATAMH, a DJIEMEHTapHBIMH (DYHK-
LUAMH, BOCIPOM3BOIANIMMH OIEPALMU BBHIOOpPA OJIHOW M3 JBYX MEPEMEHHBIX, SBISIOTCS MPEAUKATHBIC
KOHBIOHKITUS ¥ TU3BIOHKIIUS.

Toraa oneparsi CyHneprio3nIuK JIEMEHTOB BEKTOpa MPEAMETHBIX mepeMeHHbix U = (U1, Uy, ..., Un)
C 3TUMH BE€COBbBIMU KOS(i)(i)I/IHI/IeHTaMI/I IMMO3BOJIMT MOAKIIIOYATh UX HE3aBUCHUMO U MOJIYYUTh PE3YJIbTAT G:

G =au, +au, +..+au,. 9

IIpenMeTHBIMU MTEPEMEHHBIMU B periacMoit 3afaaue spisitores GyHkiuu fi(y), f1(y) u foo(y), omucer-
BAIOIIME OT/CIbHBIC YYACTKU MIEPEMEHHO-(PA3HOr0 pacipeneaeHus mois, T.e. N = 3. YCIoBUs KOMIUIEMEH-
TAPHOCTH MPH 3TOM OIHMCHIBAIOTCS KaK

a+a,+a,=1 (10)

a BecoBbIe KOA(DPUITMEHTHI B BUIE YAOOHOM IJIs MporpaMMHO# peanm3anuu B cucteme MATLAB omnpene-
JICHBI CIIEAYIOLTUM 00pa3oM:

{ai = (y 2 0)&(y < y01). a, = (y 2 y01)&(y < yoz)v

(11)
G =(Y>Yp) &(y<2).

B pesyibrare Cymneprno3uiiiu B COOTBETCTBHH ¢ (hopmyitoii (9) momyuanm
f(Y) zaif21(Y)+azf1(y) +a3f22(y)- (12)

Takum ob6pasom, Beipaskenus (4)—(7), (11), (12) npencrapisoT coboil MaTEMaTHUECKYIO MOJIENb U3-
Jy4eHHsT MUKPOBOJHOBOI aHTEHHBI ¢ KBa3HCEKTOpHOI /IH ¥ MO3BONSIOT MpOBECTH HEOOXOIMMBIE HCCIIe-
JOBaHHSI.

PeSyAI)TaTbI MOACAHPOBaHHA

Pacuetsl, npoBeaenasie B MatLAB ¢ ucmnons30BaHreM MPEIIOKECHHOW MAaTeMAaTHIECKOW MOIEIH
s L =27, 00-1,9 A1=1 u Ay = 0,1, MO3BOJIMIIN OLIEHUTD BIUSAHKSA (GOPMBI OTAEIBHBIX YYaCTKOB IIEpe-
MeHHO-(azHoro pacnupenenenus mos f(y) B aneprype MUKPOBOIHOBOI aHTEHHBI HAa OCHOBHBIE MMAPAMETPHI
ee JIH [10].

Vrpasienue GopMoii IIEHTPAILHOTO ydacTka pacrnpenenaenus nous f(y) 3a cuer u3aMeHeHUs CTeneHn
M maeT cieyrolnue pesynsrarhl. McxomHoe pacmpenenenue nosns f(y) B aneprype aHTeHHBI mipu p = 1
um =1 (puc. 1, kpusas 1) dopmupyer IH R(p) (puc. 2, kpusas 1) mupuHON Ha YPOBHE IOJOBHHHOM
MOIIHOCTH 205 = 6,3 Tpaj ¢ Manoi mynbcanuei (MpoBasoM) BepIIMHbI DaBHOTO Jenectka |A| = 0,03 nb u
MaKCHMaJbHBIM YpoBHEeM 00Kk0BbIX JieniecTkoB (YBJI) Rus. = —24,8 nb.

S

0.8 /
~
0,6 v/
]
i H 3
'f:

04
/
0.2 /
0 N
0,2
0 0,5 | 1,5 b4

Puc. 1. Pacnpenenenwue mosst B aneprype anternsi f (y) mpu p = 1
1-m=1;2-m=08;3-m=1,2
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1,0 prersenr
NN\

0,8

0,6

0,4

0,2

'-,' . .,:-——...____---—P-_-n-—ﬂ
8 P, rpan

0

0 2 4

Puc. 2. [lnarpammbl HanpaBieHHOCTH aHTeHHBI |[R(¢)| mpu p = 1:
1-m=1;2-m=08;3-m=1,2

VMeHbIIeHHe CTerneHn M GyHKIMH, ONHUCHIBAIOIIECH [IEHTPAIBHbINA y4acToK pacnpeneneHus mois f(y),
no m = 0,8 (puc. 1, kpuBas 2) npuBoaut (puc. 2, KpuBas 2) K yMEHbIIeHUIO Tyabcaiu 10 |A| = 0 ab, cyxe-
uuro JTH R(¢) 10 2¢os = 6,0 rpax u pocty YBJI no Rust ~ —20,6 nb. YBenuueHue creneHd M QyHKIMH, OTH-
CBIBAIOIIEN IEHTPaNbHBIA yuacToK pacrpenenenus mous f(y), mo m = 1,2 (puc. 1, xpuBas 3) mpuBOAKT
(puc. 2, xpusas 3) k yBenuuenuto nynscammu 10 |A| = 0,11 nb, pactmpenuto TH R(p) 10 2¢o5 = 6,5 rpan
u camxennio YBJI 1o Rus. = 29,2 nb.

VipaBnenue GpopMoii IPOTHBO(A3HBIX YIACTKOB pactpeaesieHust mois f(y) OTHOCHTEIBHO HCXOJHOTO
pactpenencuus nois f(y) npu m =1 u p = 1 (puc. 3, kpusas 1) u coorBerctryrorueit JJH R(p) (puc. 4, kpu-
Bast 1) 32 cueT M3MEHEHUs CTENCHHU P JaeT CICAYIOLINE PE3yIbTaThI.

J»)

VAR
0,4 /
/

0 0,5 1 1,5 s

Puc. 3. Pacnipenenenue moss B aneptype antennsl f (y) npu m = 1
l1-p=1,2-p=05;3-p=2

Jlumie 3HAYUTENBHOE YMEHBIICHNE CTETeHU P (DYHKIHUH, ONMUCHIBAIONINX NMPOTHBO(A3HBIE yIaCTKH
pacmpenenenus nois f(y), mo p = 0,5 (puc. 3, kpusas 2) npuoaut (puc. 4, kpuBas 2) K 3aMETHOMY yBe-
JMYCHHUIO MyJbcallu BepunHbl 10 |A| 0,12 1b, pacumpenuto JIH R(p) 10 2005 ~ 6,5 rpag u He3Hauu-
teasHOMy pocty YBJI no Rus. = —24,4 nb. YBenuuenue crerneHd P QyHKIMEA, OMUCHIBAIOIIECH MPOTUBO-
¢asubie yuactku pacnpenenenus mous f(y), mo p = 2 (puc. 3, kpuBas 3) mpuBoaut (puc. 4, kpusas 3)
yMeHbIneHnto nynscanuu 10 |A| = 0 ab, cyxenuto IH R(@) mo 2¢os =~ 6,1 rpag u camxenuo YBJI
o R|v|s|_ = —25,3 I[B.
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R(®)]
1,0

0,8

0,6

0.4

0,2
; N

0 2 4 6 8 @, rpan

Puc. 4. JlnarpaMMbl HarpaBJICHHOCTH aHTeHHBI |[R(¢)| mpu m = 1:
1-p=1,2-p=05;3-p=2

Pe3ynbrartel MOAEIBHOIO MCCIENOBAaHMUSA YKA3bIBAIOT HA TO, YTO W3MEHEHUs (POPMBI IIEHTPAIBHOTO
ydacTtka pacnpezaenenus moius f(y) 3a cyer u3MeHeHHs1 cTeneHn M OKa3bIBAOT OOJiee CYIIECTBEHHOE BITHUSI-
HUe Ha nmapaMeTpsl JJH MUKpOBOIHOBOM aHTEHHBI, 4YeM U3MEHEHHE (OPMOil MPOTHBO(A3HBIX YIACTKOB 3TO-
ro pacmpeneiieHus] Mojis. BeIsSBIEHBbI cleayroude TeHAEHIMU W3MEHEHUsd 3HaueHui mnapamerpoB JIH:
C YMEHBILICHHEM M OTHOCHUTEIBHO 3HauYeHUsI M = 1 mmpuHa 2@o5 ¥ BeIMYNHA Myabcanuy BepiiuHbl [1H |A|
ymensbatores, a YBJI RysL pacter; ¢ yBenuueHrHeM M OTHOCUTENBHO 3Ha4eHus: M = 1 mmpuHa 2gos U Be-
nuyuHa mynbcanuit Bepumabl J{H |A| yBennuusarores, a YBJI Rus. ymenbiaercs. i3menenue Gpopmsl mpo-
TUBO(A3HBIX YYaCTKOB paclpeleseHHs MOl BBISIBUIO MPOTHBOIOIOXKHYIO TEHACHIHUIO: C YMEHBLICHUEM P
OTHOCHTENBHO 3HaYeHus P = 1 mmpuHa 2Qo5 U BeIWIHHA Imynbcanun Bepmusbl [IH |A| yBenmuuBatorces 60-
nee MHTEHCUBHO, YeM YBJI Ryst; ¢ yBenuueHrneM M OTHOCHUTENFHO 3Ha4eHUst M = 1 mmpuHa 2@o5 U BEIH-
yuHa mynbcaiun Bepiruabl JJH |A| 1 YBJI Rmst yMeHbIIaroTcs.

JlomoTHUTENEHOE MOAENBHOE HCCIEAOBAaHUE MO3BOJIMIO BBIIBUTH CIEMYIOIINE 3aBUCHMOCTH INapa-
MeTpoB kBasucekropHoi JTH R(¢) oT cremenn m, okassiBarolieil 3HaunTeIbHOE OonbIiiee BausHue Ha JIH,
yem cterneHb P (puc. 5). B 3amanHom maTepBane u3MeHenus m ot 0,6 no 1,6 ommuums pacuernoi JTH
OT CEKTOPHOM OKa3bIBAIOTCS TOMYCTUMBIMHU.

0
2¢,
R.'th:’.a nb Il T . A, 1b
] -~
P ;‘ ~
-20 N 2 e R i B | 9
N '-_,.-\ -
___—-""— -1 3 h N N
2516 L 0.4
O—‘ /—-—
3015 | -0,6

0,6 0,8 1,0 12 1.4 m

Puc. 5. 3aBucumocty mapameTpoB kBazucekTopHoit IH ot m mpu p = 1:
1-Rwmst; 2 -A; 3-2¢0s

3a mpenenaMu yKa3aHHOTO MHTEpBaia OTIMYUsS pacueTHOW JIH OT cexTopHOU CTaHOBATCS yXKe 3Ha-
yuteabHeIMU: TIpu M < 0,6 BepiumHa raBHoro senectka JIH craHoButcst octpoi, a mpu m > 1,6 pacreT

MyJbCAIVS ATOTO JIEMECTKA |A| 1 HcKaskaeTcs ero hopma.
ITpu atom Buano, uto YBJI Ryvse (puc. 5, kpuBas 1) B 3aaHHOM HHTEpBajie H3MEHEHHUS M UMEET MHU-

HUMyM, a BennunHa mynbcarmu |A| (puc. 5, kpusas 2) u mmpunaa JJH 2@os (puc. 5, kpusas 3) yBennunBa-
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IOTCSI, YTO YKa3bIBaeT Ha BO3MOXKHOCTH ONTHMHU3AIMH TaKOH MHKPOBOJIHOBOUW aHTEHHBI C MCIIOIB30BaHHEM
MpEeUIOKEHHON MaTeMaTHYECKON MOJIETH.

Taxkum 06p330M, IMMOJIYYCHHBIC PE3YyJIbTAThI YKA3bIBAIOT Ha IEPCIICKTUBHOCTE MOACIBHOI'O IPEACTAaB-
JICHUSI TIEPEMEHHO-(a3HOr0 pacipeAeicHHs OISl B allepType MUKPOBOJIIHOBOW aHTEHHBI C KBa3HCEKTOPHOM
JIH xomOuHarmei MmaTeMaTiHdecknX (GyHKIHA C MCIIONH30BAHMEM JIOTHMKH TPEIUKATOB IS UCCIICTOBAHUS
BIHMSHUS (POPMEBI €T0 OT/IENIFHBIX YYACTKOB HA XapaKTEPUCTHKY HAIPABICHHOCTH 3TOM aHTCHHBI U yJTydIlie-
HUg ee mapameTpoB. OHU MOITBEPKAAIOT BO3MOXKHOCTH HCIOJIB30BAaHUSA MOCTPOEHHOM MaTeMaTudecKou
MOJIENI B TPOEKTHPOBAHUYA MHUKPOBOJHOBBIX aHTEHH C TMepeMeHHO-(a3HBIM paclpeleieHHeM IOl COB-
MECTHO C JIPYTUMH MOJIENSAMH, paspaboranusivu paree [4, 10, 11].

3akAroueHue

[IpennoxeHHbI MOIX0 K PELICHUIO 33Ja4d MaTeMaTH4e€CKOr0 MOAETUPOBAHUS U3ITYyUSHHS] MUKPO-
BOJIHOBOW aHTEHHBI C KBa3HCEeKTOpHOU /IH, OCHOBaHHEII HA COUETAHWH aHATTUTHYECKUX M YHCICHHBIX Me-
TOJZIOB, TIO3BOJISIET OMHCATh OTHAEIBHBIE YYAaCTKH PACCMAaTPHUBAEMOTO IEPEMEHHO-(Pa3HOTO pachpeieneHus
NOJSI TPUTOHOMETPHUYECKHUMH (DYHKIMSAMHU MPOM3BOJBHOM CTENEHH, M3MEHEHHWE KOTOPOMl JaeT BO3MOXK-
HOCTb yNpaBisTh (OPMOH STHX y4acTKOB. MCHOIb30BaHKE JIOTUKHU MIPEJUKATOB B IPOTPaMMHON peannsa-
U TPESIOKEHHOW MaTeMaTHYECKOW MOJEIH 3HAYUTEIFHO O0JIerdaeT pelieHre 3a]add MOJIEIHPOBAHHS
Y BEChbMa MEPCIIEKTUBHO.

[Monmy4eHHble pe3yabTaThl MOAEIHHOTO HUCCIIEAOBAHUS BIUSHUS (POPMBI OTAEIBHBIX YYaCTKOB Iepe-
MeHHO-(a3HOTO pacHpeesieHus MMOJA B alepType MUKPOBOJHOBOW aHTEHHBI HA OCHOBHBIC MapaMeTpPHI ee
JH yka3piBatoT Ha BO3MOXKHOCTH JOMOJHUTEIHHOTO YIIyUIIeHHS 3THX MmapaMmeTpoB. HezaBucumoe ympas-
neHue GOpMOI OTAETBHBIX YUYAaCTKOB paclpeAeseHus Mol [eliecoo0pa3Ho HCIOIb30BaTh MPH MPOEKTUPO-
BaHWU MHUKPOBOJHOBBIX aHTEHH IS PAIMOTEXHUUYECKUX CUCTEM PAa3IMYHOTO HA3HAYCHUSI.
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IAEKTPOHHO-YIIPABASIEMBIE HEAMHEMHBIE YCTPOVICTBA
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AHHOTANMS. AKmyanbHocms U yeau. AKTyanbHOCTh TEMATHUKH 0OYCIIOBIE€HAa HEOOXOIMMOCTBIO OCBOSHHUS UH-
¢paxpacuoro (MK) nuamazona asst OMTHYECKUX TEJICKOMMYHUKAIMOHHBIX cHCTeM, MK-CIeKTpOCKONUK M MPHIIOKe-
HUHA OMO(QOTOHMKM W IMKTYeTCsl MOTpeOHOCTsAMM HenuHelHoW MK-onTHku B peanv3aliil aKTUBHBIX ONTHYECKHX
¢yHKIMi Ha ocHOBe rpadeHa, Takux Kak renepauus VK-uzmydeHus, npeoOpa3oBaHue 4acTOTHI Ul NPUMEHEHUI
B OINTHYECKOI CBsI3M, 00pabOTKEe MaTepualioB, TOYHBIX W3MEPEHUSX, CIIEKTPOCKOITMYECKOM 30HANPOBAHNH U OHOIO-
THYecKUX ceHcopax. Llenb qanHoi paboThl — MpecTaBUTh TPUHIUIIEI TOCTPOEHUS U (YHKIIMOHUPOBAHUS HJIEKTpHYE-
CKH TIEpECTPAMBAEMBIX HENMHEHHBIX YCTpOICTB mambHero u cpeasHero WK-anamazoHa: reHepaTOpOB TapMOHHK
¥ yMHOXWTEJEH, TpeoOdpa3oBaTeeid 4acTOTH U CMECHUTENIEH Ha OCHOBE Ipa()eHOBBIX €i, OCHOBBIBAsCh Ha HOBEHIINX
JOCTHXEHUSIX rpad)eHOBOI MIa3MOHUKU. Mamepuansl u memoost. I'padeHoBas nna3MoHuka. Pesynomamot U b1600bl.
YHUKaIbHBIC CBOWCTBA JIENAIOT 3JIEKTPOHHO-YIPABIIeMble HETMHEHHBIE yCTPOHCTBA HaubHero u cpeanero MK-mma-
Ma30Ha MEPCHEKTUBHBIM BBIOOPOM sl OyayIIero HEMMHEHHOro mpeoOpa3oBaTess 4acTOThl, ONTUYECKOTO YIIpaBiIe-
HUS 1 00paboTKK nH(pOpManny Ha aThopme rpad)eHOBOM MIIA3MOHHKH.
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Abstract. Background. The relevance of the topic is due to the need to master the infrared (IR) range for opti-
cal telecommunication systems, IR spectroscopy and biophotonics applications and is dictated by the needs of nonlin-
ear IR optics for the implementation of active optical functions based on graphene, such as generation of IR radiation,
frequency conversion for applications in optical communications, materials processing, precision measurements, spec-
troscopic sensing and biological sensors. The purpose of this work is to present the principles of construction and op-
eration of electrically tunable nonlinear devices in the far and mid-IR range: harmonic generators and multipliers, fre-
quency converters and mixers based on graphene metasurfaces using the latest achievements of graphene plasmonics.
Materials and methods. Graphene plasmonics. Results and conclusions. The unique properties make electronically
controlled nonlinear devices in the far and medium IR range a promising choice for the future nonlinear frequency
converter, optical control and information processing on a graphene plasmonics board.

Keywords: infrared range, harmonic generators, frequency converters, metasurface, graphene plasmonics
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BBepenne

OcBoenue undpaxpacuoro (MK) nuamazona akTyanbHO Uil ONTHYECKHX TEIEKOMMYHHKAIMOHHBIX
cucteM, MK-cniekrpockonuu u npuinoxenuit ouoporonnku [1]. B rom uncne MK-Busyanusanust sBisercs
BaXXHBIM METOJOM BO MHOXXECTBE MNPHJIOKEHUH, BKJIIOYas HOYHOE BHJEHHE, aBTOHOMHYIO HaBHUTAIUIO
TPAHCIIOPTHBIX CPEACTB, ONTUYECKYIO TOMOTPa(HI0 1 KOHTPOIIb Ka4eCTBa MUIIEBHIX MpoaykToB [1, 2]. Uc-
cienoBanus B MK-nuanazone nmerotr OOJbIIMI MOTEHIMAN /11 MHOTHX 00JIacTel MPUMEHEHUs], TAKUX KaK
onTHYecKas 0ecpoBOIHAS CBSI3b, XUMUYECKOE ¥ OMOMOJIEKYIISIpHOE 30HAupoBanue [3].

UK-u3nyueHne HaXoAWUT HpUMEHEHHE B psle oOiacTel, BKIIOYasl CIEKTPOCKOIHUIO, METULIHMHY H
0e3omnacHocTh. Kpome Toro, HenaBuue pa3pabotku B MK-TeXHONIOrUSX MPUBEIH K MOSBICHUIO HEJIMHEHHON
UK-onTuk, rie MHTEHCUBHBIC 2JEKTPOMArHUTHBIC MOJISl IEPCIIEKTUBHBI JUIs1 UCCIICIOBAHUS CBEPXOBICTPO-
JIUCTBYFOIIHMX DJICKTPOHHBIX SIBJICHHUI U ISl H3yYCHHUS] HOBBIX ONITHYCCKUX HEIMHEHHOCTEH [4].

Henmnetinas onTuka siBIsSeTCS BaXKHOM 00nacTeio uccnenoBannii B MK-nmuana3one ans peanuzanuu
aKTUBHBIX ONTHUYECKMX (YHKUMHA, Takux Kak reHepauus MK-msmyuyenus, npeoOpazoBaHHE YacTOTHI
U CBEpXOBICTPOJCHCTBYIOIIEE ONITHIECKOE IEPEKITIOUCHNE T IPUMEHEHUI B ONITHYECKOM CBs3H, 00paboTke
MaTepHaioB, TOYHBIX M3MEPEHHSIX, CIIEKTPOCKOMMYECKOM 30HIMPOBAHMN M OHOJIOTHYECKUX ceHcopax [5].

C mowmenra nepBoro nonydenust B 2004 r. rpader (0AHOATOMHBIH CIIOH Yriepoja, YHaKOBaHHBIN
B T'€KCAarOHAIBHYIO PEIIETKY) MPHUBJICK BHUMAHUE OJlaroqapsi CBOMM 3aMeYaTelIbHBIM JIEKTPUYECKHUM, ONTH-
YecKuM U (u3nueckuM cBoiictBaMm [1]. MiccrenoBan HeOObIYaiHO GONBIION HETMHEHHO-ONTHYCCKUM OTKIIHK
rpadena. HenuneiiHple poriecchl TpeThero Mopsiaka, Takue Kak ontuiaeckuit agdexr Keppa, renepanus tpe-
Thell TapMOHMKH M 4YeTbipexBoiHoBoe cMerienne (UBC) [6], skcnepuMeHTansHO MPOBEpPEHbI Ha TOHKUX
IUICHKaX rpa)eHa ¢ OJHUM WM HECKOJIIBKMMHU ciiosivu [7, 8]. HenuneitHble mpoliecchl BTOPOro MOpsijika, Ta-
Kre KaK TeHepalusl pa3HOCTHON YacTOThl, OOBIYHO CUMTAIOTCA 3alpeleHHbIMU B H30TPOIHON cpejie, HO BO3-
MO>KHBI B TpadeHe n3-3a SIBHO HEJIOKaJIbHOTO MPOCTPAHCTBEHHOTO XapakTepa BzanmoeicTaust [1].

I'paden sBnsETCS BBIIAIOIINMCS [UTa3MOHHBIM MaT€pPHAIOM H3-3a €r0 HU3KUX NOTEPh U CHOCOOHOCTH
HO/ICPXKUBATH TIEPECTparBacMble MMOBEPXHOCTHBIC Mmia3MoH-nossiputonbl (III1I1), B ocobeHHOCTH B Tpa-
¢denoBbix HanoseHtax (I'HJI) u apyrux orpannueHubix Mopdonorusx B TT'u u cpeanem MK-nuanazonax
[4]. Bnaromapst 3HaunTensHOMy yBenudenuto moss IIIIT B rpadere MOTYT yCHIMBATH IPUCYIINYIO Tpadeny
BBICOKYIO HelMHeHHOCTh. [lockonbky rpaden obnagaeT yHUKaIbHBIM CBOMCTBOM CBEPXBBICOKOW HEJWHEMH-
HOCTH, OCOOEHHO HEIMHEHHOCTH TPETHEro MOpsAKa, B IIMPOKOM CHEKTPAJIbHOM Axana3oHe rpadeH ecre-
CTBEHHBIM 00pa30M aJanTUPYETCs K HEIMHEHHBIM MporieccaM npeodpaszosanus yactorsl [9-13]. I'padeno-
Bas IUIa3MOHHMKA OO0ECIIeUYMBACT YHHKAJIbHYIO M HIPEBOCXOAHYIO IardopMmy [UIs TUIMYHBIX (DYyHKIHN
HEJIMHEHHOW ONTHYecKOoW 00padOTKH CUTHAJIOB B AajbHEM, cpenHeM u OmmkHeMm UK-nnanasonax 6marona-
PpsI BBICOKO# HEJTMHEHHON MPOBOAMMOCTH Tpad)eHa u )ecTKoi okamu3aiiu mostst TTIIT [10].

I'padenoBast mia3mMoHHKa BO3HUKIIA KaK M1atdopMa JUis pealn3aldi CHIBHOTO B3aMMOJICHCTBUS 13-
Jy4eHHUs ¢ MaTepralaMHM Ha CBEpXMabIX MacinTabax miuHel (HaHoyposHe) [11]. Bo30OyxkaeHne, AeTEKTH-
poanue u manunynuposanue 11111 B rpadene ¢ moMomnIb0 30HA0B OIMKHETO HOJS IPOAEMOHCTPHUPOBAHBI
Ha MHQpaKpacHbIX U TeparepueBbix 4yacTorax [11]. Bricokas KOHLEHTpauus 3IEKTPUYECKOrO IMOJs Kak
KIII04EBOM (PaKTOP HEJIMHEHHBIX ONTUYECKUX SIBICHUH NOCTHTHYTa 3a cueT Bo30yxaenus I1III1 ¢ pnmuHON
BOJIHBI BCET'O HECKOJIBKO COTEH HaHOMETPOB, YTO NMPUMEPHO HA JiBa MOPAIKa KOpode JJIMHBI AJIEKTpOMar-
HHUTHO# BOJIHBI B BAKYYME Ha 3THX ke yactorax [11].

[IIIIT B rpadene obecrneunBaroT crpaTteruto s nepenoBbix MK-texHomoruii 6marogaps )kecTKOMY
OTPaHHUYCHHIO, CBEPXOBICTPOAECHCTBYIOIIEMY OTKIMKY M BO3MOMKHOCTH IepecTpoiiku. Ilociennue noctu-
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JKeHHS B 00J1aCTH MONHOCTHIO ontudeckoit renepanuu [1I1I1 B rpadeHOBBIX MIaHAPHBIX BOJHOBOAAX IMPE/I-
JIaral0T MHOTOOOEIIAIONINI METO]T BEICOKOCKOPOCTHOH 00paOOTKM CHUTHAJIOB B HAHOPAa3MEPHBIX HMHTETPH-
POBAHHBIX ONTO3JIEKTPOHHBIX yCTpoicTBax [12].

I'paden cran mMarepmanoM, CIIOCOOHBIM PACIIUPHUTH O0JIACTH HEIMHEWHOH IIA3MOHHUKH HE TOJBKO
1o TI'a, Ho m UK-nuanazoHa aiuH BOJH OJaroaaps IIa3MOHHOMY OTKITUKY, HCKITFOUMTEIFHO BHICOKOW He-
JUHEWHOCTH TPETHETO TOPSI/IKA, HU3KUM MOTEPSIM B 3TUX JMAIa30HaX, OJHOCIOWHOHN 2D-cTpyKkType, KOoTO-
pas yMeHbIIIaeT 00beM B3aMMOCHCTBUS U3IYUYCHHS C BEIIECTBOM JI0 YPE3BHIUANHO MaJIBIX CYyOBOJIHOBBIX
maciura6os [14, 15]. TIIII1, Bo30yxaaembie B rpadene, odecrnednBaroT OecipeneeHTHbIC YPOBHU JOKAIH-
3anuu unydeHus. [1ma3MorHbIe pe3oHaHcH B rpad)eHe MOTYT TUHAMHYECKH NIEPEeCTPanBaTHCS C IOMOIIBIO
JEKTPOCTATHIECKOTO CMEIIEHUS U MO3BOJSIOT CO37aBaTh HOBOE IMOKOJIEHHE PEKOH(UTYPHPYEMBIX IIa3-
MOHHBIX YCTPOWCTB, B yacTHOocTH MK-OHOCEHCOPOB, MOIyIATOPOB, METAIOBEPXHOCTEH U UICaIbHBIX I10-
rmotutenei [14]. bnarogaps yHUKaTbHOMY OTPAaHMUYCHHUIO M YaCTOTHOU MEpeCTparmBaeMOCTH TpadeHoBas
TUTa3MOHUKA TOAXOIUT JIJIi MHOTHX NpUMeHeHud, Bkiatouas MK-nerexktupoBaHue, BhICOKOI((EKTUBHOES
HK-nornomienne, Meramarepuanbl H XUMUYECKOe 30HIUpoBaHue. B gactHOCTH, TpadeHoBas mIa3MOHUKA
MIPOJIEMOHCTPUPOBAIa OONBITON MoTeHIHan B cpenHeM MK-muamaszone, e mMO3BOISIET ¢ BBICOKOH UyB-
CTBUTENFHOCTHIO U M30MPATENbHOCTHIO OOHAPYKMUBATh, HAIPAMEP, MOJIEKYJISIPHBIE YaCTHIIBI 110 X Koyeba-
TEIBHBIM CIIEKTPaM U TEIJIOBOMY H3IydeHuro [16].

I'paden sBnsieTcs caMbiM HEIWHEHHBIM ONTOAICKTPOHHBIM MaTepUAIOM M3 U3BeCTHBIX. HemaBHue
SKCIIEPUMEHTBI 110 TeparepleBoi, MHQPAKPACHON TeHEepalMy BBICIIMX T'APMOHUK B rpadeHe obecreunin
HETOCPEICTBEHHOE M3MepeHne K03 QUIMEeHTOB HETMHEHHOCTH BIIOTH 0 ceabMoro mopsaka [17]. O6ua-
PYKEHO, YTO 3TH HeJMHEHbIe KO HUITMEHTH Ha MHOTO MOPSIKOB MPEBBIIIAIOT COOTBETCTBYIOIINE KO-
(UIMEHTHI BCEX APYTHX M3BECTHBIX DIIEKTPOHHBIX Marepuanos [17]. TlokazaHo, 4TO HETHMHEHHOCTH Tpade-
Ha Kak ]I CBEPXKOPOTKUX OJHOIEPHOAHBIX, TaK W IS KBa3MMOHOXPOMATHYECKUX MHOTOIIEPHOIHBIX
BxogHbIX TT11-, UK-curnanoB mMoxer 3¢)()eKTUBHO YIPABISATHCS U KOHTPOJIUPOBATHCS C MOMOIIBIO AJICK-
TPUYECKOTO CTPOOMPOBaHMS C HANpPSHKCHHUEM CTPOOHMPOBAaHUs BCEro Heckoibko BoibT [17]. IlokasaHo,
YTO HEIMHEWHOCTh TPETHETO MOPsAKa IpadeHa UCKITIOUUTEIBHO BEJINKA U MOXKET U3MEHSTHCS Ha TIOPSIIKA
C MOMOIIbI0 KOHTPOJIMPYEMOTO JIETHPOBAHUS WIIM CIBHra XMUMH4YecKoro nmoteHiuana [18]. Bo3nukaromias
B pe3yJbTaTe THTAHTCKAs HEIMHEWHOCTh TpadeHa MOXKET HaWTH OOJNbIIIoe IPUMEHEHHe B Oy IyIUX OITO-
ANIEKTPOHHBIX YCTpoiicTBax. [lelficTBuTensHO, B rpadeHe HaOIIOMar0TCA TaKue HEeJTHHEWHbIe Y (EeKThl, KaKk
reHepanus TpeTheii rapmonuku, UBC, ontuyeckuii apdext Keppa, GasoBast caMoOMOyIs1us, IByX4acTOT-
Hast KOTePEHTHAsK ONTHYECKAs MHYKEKIIMS TOKa U Ja)Ke TeHEePaIusl BhICIIMX rapMoHuk [18].

B Hactositiee BpeMsi NMPOAOJDKAIONIMECS WCCIEHIOBaHUS HEIMHEHHBIX siBieHui B 2D martepmanax
B OCHOBHOM COCpPEIOTOYEHBI Ha TeHepanuu rapMoHuk. UBC B OmmkueM MK-muamazoHe oCyIecTBICHO
B MoHocyoe rpadena [19]. HemaBHo erme Gospliiee 3HaAYEHHE HETMHENHON BOCIIPUIMYHBOCTH TPETHETO IT0-
psaka moy4yeno B 'HJI Ha wacrorax cpennero MK-amnamnazona, OJIM3KHX K MOTIEPEYHOMY TUIA3MOHHOMY pe-
3oHaHcy [5, 20].

HoBoii TeMoii B mcciaenoBaHUSIX HEJIWMHEWHOW ONTHUKHU SIBJISCTCS pealin3anus BhICOKOA((HEKTUBHBIX
ONTUYCCKUX (DYHKIUI B CBEPXMAJIBIX CYOBOJIHOBBIX CTPYKTYPax IyTEM HCIIOJIb30BAHUS HHTEPECHBIX OITH-
YECKUX PE30HAHCOB B METAmoBEepXHOCTAX [21]. YcoBepieHCTBOBaHHBIC ONTHYECKUE DIICMEHTBI, COCTOS-
mpe U3 rpaeHOBBIX METarlOBEpXHOCTEH, (YHKIIMOHUPYIOMHNX B TeleKoMMyHHKannoHHOM WK-amamazone,
00eMaroT YMEHBIIUTh 3aHUMAEeMYIO TUIONIAlb U PACKPHITh HOBBIE (DYHKIIMOHAIBHBIE BO3MOXHOCTH OITH-
yeckux UK-ycrpoiicts [22, 23]. Pesynbratsl skcniepumenta, B koropoM IIIMIT CUIBHO BIHSIOT Ha HEJH-
HelHbIe CBOWCTBA Ipa)CHOBBIX METANOBEPXHOCTEH, MOMYCPKUBAIOT MOTCHIIMAN IPa(eHOBON IIIa3MOHUKH
TS pa3paboTKH MOIYJISITOPOB, MYJIBTHILIEKCOPOB, CBETOBOM JIOTUKH, KOTOPBIE MOKHO HCIOJIH30BaTh B OI-
THYECKUX Mekcoeanuerusx [20].

MeTamnoBepXHOCTH OTKPBUIH OECIpeneIeHTHbBIE BO3MOKHOCTH JIJIsl HEOOBIYHBIX ITPOILIECCOB BOIHO-
BOU WHKeHepuH [24]. B HEeNMHEHHBIX MOJSIPUTOHHBIX METANIOBEPXHOCTSX — CYOBOJHOBBIX CTPYKTypax —
3¢ (eKTUBHOCTD, CIIEKTPAIBHBIN TUAa30H U JOKalbHAs (a3a MMpy HEIMHEHHOM CMEIIICHUH BOJH HE 3aBU-
cAT OT (ha30BOTO COTIIACOBAHUS, & TOJILKO OT HETMHEHHOTO OTKJIMKA COCTABIISAIONIMX METAaaTOMOB [25].

Buzyanu3zaiys Ha OCHOBE KOHBEPCHH C MOBBIIIEHUEM YaCTOTHI — 3TO YCIIEIIHBI HHHOBAI[MOHHBIN Me-
tox MK-Bu3yanu3anuu ¢ TOYKH 3pEHUS IyBCTBUTEIBHOCTH, CKOPOCTH M LIYMOBBIX Xapakrepuctuk [26-31].
B stom moaxone MK-n3o06pakenne mpeodpas3yeTcs ¢ MOBBIIIEHHEM YaCTOTHI A1 (JOPMHUPOBAHHUS BUANMO-
ro/6mmxnero MK-u300pakeHus! OCPEICTBOM MapaMETPUUECKOTO TPEXBOJIHOBOTO CMENICHHS C MOCIIEy-
I0IIMM OOHApYKEHHEM C MOMOLIBIO JIETEKTOpa WIIM KaMepbl Ha ocHOBe kpeMHus [27]. [IpogeMoHCTpHpO-
BaHo ycuieHne UBC B KOMIAKTHOM MHKPOPE30HATOpE M3 KpeMHUs W rpadena B pesoHartope [28].
ITpeacTaBieHs! aBa HEMMHEHHBIX MHOTOKAHAIBHEIX KOMITOHEHTa Ha OCHOBe rpadena [32], Bkmouaromiye
YCHIIEHHBIH I'pa)eHOM KPEMHHEBBIH NHMCKOBBIA PE30HATOP JUISI TOJHOCTHIO ONTHYECKOW MapIIpyTH3alluU
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B OmmxHemM MK BMecTe ¢ rpadeHOBHIM MHKPOITOJIOCKOBEIM pe3oHaTopoMm mist UBC B mampHeM KK-
nuanasone [29, 30]. IMokazano, uTo 3HaunTenbHas 3()HEKTUBHOCTH KBAHTOBOTO mMmpeobpazoBanus CBY
B ONTHUYECKUH JWANa3oH B MHOTOCIOMHOM rpadeHe TOCTHraeTcs Uil MUKpOBOJIBTHBIX CBU-B030Yyxkna-
1omux Hanpspkenui [31, 33].

IIpuHOMIBI HOCTPOEHHS HEAMHEHHBIX YCTPOMCTB NpeoOpa3oBaHms
gacrorsl cpeanero MK-anmamasona

Henuueiinple onTHYeCKHE MaTepHabl HCIONB3YIOTCS JJIsI MPpeoOpa3oBaHUs KOTEPEHTHOTO MOHO-
XpOMaTHUYECKOTO U3Ty4YeHHUs B Apyrue TpeOyeMble JUIMHBI BOJMH B yibTpaduoneroBoM, Buaumom, MK-
n TI'-nmnamazonax. [IpeoOpa3oBaHue MPOUCXOIUT MTOCPEICTBOM psifa HEIMHEHHBIX IPOIECCOB Tpeodpa-
30BaHUs C MOBBIIICHUEM U MMOHIKECHUEM YaCTOTHI, TAKAX KaK FeHepaIus TapMOHUK U TeHepaIus KoMOruHa-
[IHOHHEBIX 9acToT [34].

[TpeoOpazoBaHKe YacTOTHI ¢ MOMOIBIO HETMHEHHBIX 3JIEKTPOHHBIX KOMIIOHEHTOB — PacIpOCTPaHEeH-
HBIH TIOJIXO0JT K 00pabOTKe CUTHAIOB, HEOOXOJUMBIN B PA3IMYHBIX MPUIOKEHUSIX CBSI3H, BBISIBII Y3KOE Me-
cTo B paboueil monoce yactor B MK-nnamasoHe n3-3a orpaHMYeHHOW MOABMKHOCTH HOCHTENCH 3apsiia
B TPAJUIMOHHBIX Marepuanax. Mexay TeM BOJIOKOHHO-ONTHYECKAs CBS3b UTPAeT 3HAYUTEIHHYIO POJIb
B yciyrax cBsizu Ojarofapsi CBOMM HPEBOCXOAHBIM XapaKTepPHCTHKaM mNepeaadyn curHainoB. OnHaKko mepe-
JlaBaeMble ONTUYCCKUAE CHUTHANBI JOJDKHBI OBITh NMPE0oOpa30BaHbl B JCKTPHUCCKHE CHTHAIBI C TTOMOIIBIO
(hOTOIETEKTOPOB A0 TOTO, KaK MPeoOpa3oBaHNe YAaCTOTHI BHIITOJHEHO C MOMOIIBIO OOBIYHBIX SIEKTPOHHBIX
YCTPOMCTB, UTO JIENACT 3Ty CHCTEMY IPeoOpa3oBaHUsl OUCHDb CIIOXHOW | Joporoctosiieii. ClieoBaTenbHo,
pa3paboTKa KOMIAKTHBIX ONTHYECKUX YCTPOHCTB, KOTOPBIE MOTYT OJHOBPEMEHHO BBIIOJHATH (PYHKIMH
1 TIpeoOpa3oBaHmst YacTOTH U POTOAETEKTUPOBAHHS, UMeET OobInoe 3HaueHwue [35].

[MonHOCTBIO ONTHYECKHE PEOOPA30BATENH AJMH BOJIH, HCIOJB3YIOUINE CBEPXOBICTPhIC HEIMHEHHBIC
3G EKTHI, ABISIOTCS BKHBIMUA KOMIIOHEHTAMH ONTHYECKHX CETEH CBS3M HM3-3a MX MPEUMYIIECTB BHICOKON
CKOPOCTH, MPO3PaYHOCTH, CKOPOCTH Tepellaun AaHHBIX, HU3KOTO YHpIa 10 CPAaBHEHUIO C COBPEMEHHBIMU
SIIEKTPOHHBIMK CHCTEMaMHU 00paboTku curHaios [3].

Pa3paboTka yHHBEpCaIbHBIX CMECUTEIICH YacTOTHI I ONTUYECKUX YACTOT OCTAeTCs CIOXKHOM 3aja-
Yeil: Takue YCTPOWCTBA OOBIYHO OCHOBAHBI Ha cIa0ObIX HEIMHEHHBIX ONTHYECKUX IMpoleccax W, ClieAoBa-
TENIHHO, TOJDKHBI yJIOBJIETBOPATH yCiIoBHusaM (azoBoro cuuxponusma [36, 37.]. Xots addexktruBHOCTD Tpe-
00pazoBaHUs i1 ONTHYECKUX METacMECHTENeH HU3Kas, MOoKa3aHo, 4To 3(PPEKTUBHOCTH MOXKET OBITh
3HAUUTENBHO YITy4IlIeHa ITyTeM HAJIOKCHUsI HECKOJIBKHUX CJI0eB MeTamartepuana [38].

IIpeobpazosamenu wacmomul cpeonezo UK-ouanazona na ocnoee zpaghenosvix memanosepxHocmeii

HenokanpHast ontudeckas HenuHeHHOCTh, KoHTponupyemast [T B cTpykTypupoBaHHO#i rpadeHo-
BOi1 cpeze, rae HaOmomaeTcs 3G QeKT 3eKTPOnorioNieHus, renepupyer 3Gh(HEKTUBHOES HEJIUHEHHOE CMe-
meHue BoiH B cpeaneM VK-ananasoHe, KOTOpoe 3aBUCUT OT JIETHPOBaHUs rpadeHa, FreOMETPHH CTPYKTY-
pBI, TeMmmeparypbl U MOXET OBITh Ha MOPSAKH OOoJbllle, YeM Ha OOBIYHOW JIOKAaJNbHON ONTHYECKOH
HenmHelHocTH rpadena. Ha puc. 1 cxemaTHueckd WIUTIOCTPUPYETCS] MPUHLUI HEJIWHEHHOTO CMELICHHUS
BOJIH Ha OCHOBE rpadeHoBOi MeTtarnoBepxHOCTH B cpenHeM MK-mauamazone [20]. Bonna curnana, majaro-
mas Ha rpadeHoBy0 cTpyKTypy (puc. 1,a), BO30ykmaeT KosebaHus HIISKTPOHOB B rpadeHe U MOBEPXHOCT-
HbIC JJIEKTpUUEcKre TOKH (puc. 1,6), 10CTATOYHO CHIIBHBIC IS TIOJIS, HAXOSIIETOCS B PE30HAHCE C «JI0Ka-
nau3oanubiM» TTIIIT B THIT [39].
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Puc. 1. VI3mMeHeHue MOTIOIICHUsT BOJH rpadeHom Benenctere Bo30yxaenus [I1I1 B THII (a) 1 npuHmn
HEJIMHEHHOrO CMEIIEHHsI BOJIH Ha OCHOBE rpa)eHOBOM MeTanoBepXxHOCTH B cpenneM MK-nuanazone (6) [20]
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Korna BosiHa curnana ¢ yactotol ®, mpoxoaut yepe3 I'HJI, oHa yacTHYHO MOTJIOMAETCs IPH yCII0-
BUH, 4TO SHEprust pOTOHA C 4aCTOTOH (, Ooiee ueM B jBa pasa Ooinbiue sHeprun Pepmu (puc. 1,a). Ecim
Ha ['HJI mamaer BonHa Hakayku ¢ yactoTod ; (puc. 1,6), GIM3KOH K IUIA3MOHHOH dYacToTe ®,, TOKH

B rpadeHe u3MeHsIOT ypoBeHb Pepmu (ITyHKTUPHAS JKENTasl JIMHKS), TIPH 3TOM HEKOTOPhIC KBAHTOBBIC Te-
PEXO/IbI CTAHOBSATCS 3aMpelieHHbIMHU (CoraacHo npuHiuny 3anpera [aymm) (puc. 1,q).
B criekTpaibHOii 00JaCTH KBAHTOBBIE TIEPEXOIBI MOT'YT OBITH 3a0JI0KMPOBAaHbI MIIM Pa30JIOKUPOBAHBI,
IIpY 3TOM pabodas 4acToTa Ompenensercs cuenayomum oopaszom [20]:
2E. /h 2E. /h
—F  <o<<—F—

<<
1+v, /ve 1-v, /v

[7ie V, — CKOpOCTb Jpeiida, NpONOpLHOHAIbHAS HHIYIMPOBAHHOMY TOKY; EF — ypoBenb epmu.

[TockombKy TOK H, CJEIOBaTeNbHO, IpeidoBas CKOPOCTh MEPUOAMUSCKH H3MCHSIOTCS BOJHOU
HaKaydK{, TO TOIJIOIIEHUE BOJIHBI CUTHAJIA MOAYJIUPYETCS C YAaCTOTOH BOJHBI HAKAUKHU (), YTO MPUBOAUT

K 3 heKTHBHOMY HEIMHEWHOMY HEIOKaJbHOMY CMelIeHHIO BOJH B cpeanem MK-nuanasone [20].

Moenb, TMO3BONAIONMIAS TIOJYYUTH YIYYIIEHHOE HENWHEHHOE TNpeoO0pa3oBaHUE BOJH CPEIHEro
HK-nunana3oHa yepe3 reHepanuo pa3HOCTHON YacTOTHl HA OCHOBE HENWHEWHOCTU Tpad)eHOBOTO JIMCTA, Pac-
MOJIOKEHHOTO Ha TOJUIOKKE ¢ METAUIMUecKor audpakuuonHoit pemerkoir (M/IP) u3 monocok 3omora [1],
npencraBieHa Ha puc. 2. Mogens mo3Bomsier oOoveamHuTh [IIII1 B Omaropomnbix merammax u [T
B rpadeHe U MpeaHa3HavYeHa Uil TpeoOpa3oBaHms YacTOTH BONH cpeanero MK-amnamnazona, ymaydmeHHOTO
IIa3MOHHBIMU pe3oHancamu Beiciiux mMon ITIIIT [1]. Cnoit rpadena HanocuTcs Ha MOATIOXKY ¢ MIP (me-
PHOIOM P) U3 MOJIOCOK 30J10Ta (TONmMHOM h v muprHO# d) Ha TUANEKTPUUECKON TOIoKKe (pHC. 2).

e e L
5225
: L

[Momnoxxa - A
, ,
a) 0)

Puc. 2. Moenp HeMHERHOTO MPeoOpa3oBaHus YacTOTHl BOJH cpeanero MK-nuamnazona (a) u mpoexims
METAroBEPXHOCTH (6) Ha OCHOBE TPaeHOBOTO JHCTA Ha MoIokKe ¢ MJIP u3 mosnocok 3oimoTa [1]

B nporecce renepanuy pa3HOCTHOM 4acTOTHI ABE BOJIHBI C YACTOTAaMH (3 U (), , HOPMaJIbHO MaJar0-
e Ha CTPYKTYpY (pHc. 2), B3aUMO/CHCTBYIOT B Tpa)eHOBOM JIUCTE, TCHEPUPYS BOJIHY HA KOMOMHAIIOH-
HOM yacToTe M, =, —®, [8]. B manHO# cTpyKType BOJTHA HAKAYKH U BOJIHA cUrHaia fnainbpHero MK-nuana-

30Ha (POPMHPYIOT TUIA3MOHHBIC PE30HAHCHI HAa MOBEPXHOCTH 30JI0Ta, B TO BpeMs Kak I'CHepaiys BOJIHBI
Ha KOMOWHAITMOHHOM yacToTe B cpeneM UK-auamasone opMupyer mia3MoHHBIN pE30HAHC HA TTOBEPXHO-
ctu rpadeHa. B pesynpTaTe JOKambHBIE 3JEKTPUYECKHE IMOJS BCEX TPEX BOJH PE30HAHCHO BO3PACTAIOT,
YTO MPUBOAUT K PE3KOMY YCHUIICHHIO TIPOIecca TeHepaliy BOJIHBI HA KOMOMHAIIMOHHO# yacToTe [1].

Mooynamopul cpeonezo UK-ouanazona na ocnoee memanogepxnocmeit u3 nezupoeannvix I'HJI

3a mocieAHre oAbl MPENNPHUHATEl 3HAYUTENbHBIE YCWIHA IO CO3JaHUI0 MOIYJISTOPOB Ha OCHOBE
IIIIIT B rpadene, pyHKIMOHUPYIOMMX B auamnazonax or T mo cpemuero MK [40]. Dt ycrpoiictBa mc-
MOJB3YIOT YHUKAIBHOE aucriepcnonHoe cootHomrenue st [III1 B rpadene, n 0CHOBaHBI Ha TEOMETPUSIX,
B KOTOPBIX UCIIONB3YETCsl PE30HAHCHOE MOTJIOMIeHe B rpadeHoBBIX cTpykTypax. I Mmoasl MoryT OBITH
3NEKTPUIECKH IEPECTPOCHbI HA KOHTPOJIMPYEMYI0 MHTEHCHBHOCTh M HAacTOTY JHOO IYTEM ONTHYECKOTO
HOTJIOIIeHNS, T100 n3myueHus [41].
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OpHocroliHas aTOMHasi TONIIMHA U HU3Kas IUIOTHOCTh CBOOOJHBIX HOCUTENEH B TpadeHe orpaHuyu-
BaroT 3¢ dexruBHOCTh TI'T-, UK-MOmysTOpOB, 0COOCHHO Ha YacTtoTax cpemanero MK-nmama3ona, riue aMm-
wiutyna II1IT Mo B rpadene Huska [14, 42]. st mpeoosieH s 3TUX TPYAHOCTEH NPUHSAT sl CTPaTeruii,
BKJIFOYAs MCITIOJIb30BAHNUE MOHHOTO Telisl WIX XMMHYECKOTO JIETUPOBAaHUSA AJIS YBEITUYEHUS TUIOTHOCTH HO-
cuTenei 3apsia B rpadeHe, a Takke BKIFOUCHUE METATMIECKOro oTpakaress [43].

KoHcTpykiuss MOAyJsTOpOB Ha OCHOBE MeTamoBepxHocTed c JnerupoBaHHeiMH ['HJI ocHoBana
Ha TPOMHOW pE30HAHCHOM CTPYKType, IAe IiIa3MoHHbIE pe3oHaHchl B I'HJI cornacoBaHbl ¢ pe3oHaHCaMHU
®abpu — Ilepo B TUANEKTPHUUECKON MOUIOKKE, a TAKXKE C ONTHYECKUMH Pe30HAHCaMH B CyOBOJIHOBOH Lie-
neBoi MJIP, koTopasi mpeaHa3HaueHa ISl TPOSBIICHUS AKCTPAOPAMHAPHOTO ONTHYECKOTO MPOXOKIACHUS
B cpeanem MK-auanazone [41]. B cs3annoii ctpykrype I'HJI pacnosnokeHbl BHYTpH METaJUTMUECKHX Iie-
nedt qist monymsiuu cBsi3u Mexay [T momaMu Ha BepxHEH M HMKHEH METaJUIMYECKHX MOBEPXHOCTSIX.
Psim mapameTpoB 00yCIOBINBAIOT KOHCTPYKIHMIO tiesieBoii M/IP [41]: maTepuan u TOJIIMHA METaJUIa, IITH-
puHa menu u nepuog MJIP.

Mogens ¥ OpUHOUN PadOTHl MOIYJATOpa Ha OCHOBE Ipa)eHOBOW METAllOBEPXHOCTH C ILEJIEBOU
MJIP noka3aHbl Ha puc. 3, KOHCTPYKIIUS METAIIOBEPXHOCTH — Ha puC. 4.

Q) 0)

Puc. 3. Monens n npunimn padotsr Mmogyisitopa MK-ananazona
Ha OCHOBE MeTaroBepxXHOCTH ¢ jerupoBanubiMu [HJT [42]

.

a) 0)

Puc. 4. KoHCTpyKITHs MEeTaroBepXHOCTH ¢ JerupoBanusivu ['HJT [41]

[Mapmatommast BonHa audparupyer Ha MepHOAMYECKOl CTpyKType, Bo3Oyxnas [1I1I1 na BepxHeii mo-
BepxHocTH MeTaiuia. 3atem [II1I1 uepes menu B MeTamie cyOBOIHOBON AnUHBI Bo30yxaatoT [T Ha Hu1xk-
Hel MOBEPXHOCTH METaJlla, KOTOPbIE MEPEU3IydaroTcs, B pe3yJbTaTe Yero BO3HUKAeT AM(PAKIMOHHBINA
MUK MPOXOXKJEHUSI C CHWJIBHOM WHTEHCUBHOCTBIO Ha pe3oHaHCHOW udactore. ['HJI momematorcst B 1mienu
B METalJIe A MOAYJIALUU PE30HAHCHON CBA3M, YTO JOCTUTAETCS NEKTPUUECKON NepecTpoilkoi mia3MoH-
HBIX pe3oHancoB B 'HJI B cooTBeTcTBHM ¢ 4YacTOTO# pe3oHaHca mpoxoxaeHus [41]. Ilpu coBmaaeHuu
AJICKTPUYCCKHE TIOJIS B MIENISAX B METaJUIe MIOPOXKAAIOT TUTa3MOHHBIN pe3oHanc B ['HJI, uro mpuBoauT k 6710-
KHPOBKE KaHaia CBsi3u (4) i pe30HaHCca MPOXOKICHUS.

Ha puc. 5 npencrasnensl 3aBucMocTy K03 duireHToB nornouienus P, npoxoxaenus 7, oTpakeHus
R B 3aBHCHMOCTH OT TOJIIIMHBI OTOKKH 1j1s1 ypoBHS Depmu rpadena Er = 0,465 aB. Pacnipenenenue smek-
tpuueckoro noist Bokpyr ['HJI mpu Er = 0,465 3B mis Tonuus nmoaoxku (6) 2,02 mxm u (6) 0,87 mMxmM; (e, 0)
3aBucHUMOCTH — P 1 T OT 4acCTOTBL
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Puc. 5. Xapaktepuctuku Mmoxyistopa UK-nuamazona Ha OCHOBE METAIOBEPXHOCTH ¢ JierupoBanusivu ['HIT [41]

Korpa pe3onancusle yactorel I'HJI M cHCTEMBI 3KCTPaOpAMHAPHOTO ONTHYECKOIO IMPOXOKICHUS
COMIKaIOTCA, IUIA3MOHHBIE PE30HAHCH MOT'YT U3MEHATH JIOKAIbHYIO AUAIIEKTPUYECKyIo cpeay. Jns 3Have-
Huii Er Hamuoro Beime win Hioke Er = 0,465 3B pesonanc nmornorenus B ['HJI Haxoaures maneko ot pe-
30HaHCa MPOXokIeHus mieneBoid M/IP, u atu 1Ba addexra BenyT ceds HezaBucuMo. OHAKO TpU TPUOIH-
skeHun Er k 3nauenuto Er = 0,465 3B mnasmonHbii pezoHanc B ['HJI co3maer pacuierieHue, wiu
aHTHIIepeceKaronieecs moseaeHne Mexxay pesonancHoit [T Mmool rpadena m pe3oHaHCHONW MOJON 3KC-
TPaOpAMHAPHOTO ONTHYECKOTO MPOXokaeHus [44—-49].

l'[epeCTpanBathle reHepaTopbl rapMOHHK H YMHOKHTEAH YaCTOTHI I/IK-AnanasoHa
Ha OCHOB€ IMAQ3MOHHBIX I'Pa(l)eHOBbIX MeTaHOBePXﬂOCTefI

[eHepalisi KOrepeHTHOro U TepectpanBaeMoro TII-M3TydeHHst OCTaeTCsl cephe3Hoi mpobiemoit [50].
@DOTOMUKIIMPOBAHUE C €r0 MPEUMYIIECTBAMU B BUJIE CBEPXIIMPOKOM MOJIOCH MPOIYCKAHHUs W TOYHOM TIe-
PECTPOMKH cTato BaxKHBIM MeTooM reneparuu TTi-, MK-somn [50-52].

T'enepamopui zapmonux cpeonezo u danvnezo HK-ouanazona na ochose
2paghenoevix 1UCHO8 HA KPEMHUEEOU OUPPaKUUORHON peliemKe

Henuneiinasi BOCIpUMMYHMBOCTD Ipad)eHa TPEThEro MOpPsIKa M 3HAYMTEIBHO YBEIUYEHHAs Hamps-
sxerHocts moutst TITI1 B rpadene mpogeMoHCTpUpPOBaN OOJBIINE BO3MOKHOCTH JIJIsl MOBBIIEHHS P QeK-
THUBHOCTH TeHepaluu TpeTbeil rapmonuku [53-55]. B pabore [53] mpemnoxena kpemuueBas /[P Ha rpa-
¢dene ans renepanmu IIIIT ¢ vactotoli Tperheil rapmonuku [53]. T'padenossie TIIIIT yacToThl ®o
3¢ PEeKTHBHO BO30YKIAIOTCS HOPMAIBHO IMaJafomiell IIOCKOM BoaHOM (puc. 6) n3-3a pe3oHaHca OCHOBHOM
mozsl [II1I1, a 3arem nmpeoGpasytotes B 11 ¢ yacToToil TpeTheil rapMoHUKH 3 ), ¢ 0obIION 3D HEKTHB-

HOCTBIO, BO3HMKAIOIIEH U3-3a BhICOKOW HampsbkeHHOCTH 1o IIIIT wactoTsl o, Grarogapst KpeMHHEBOH
JIP mox muctoM rpadena (P — mepro peneTky, a W — mupruHa kpemuns) [53].

Puc. 6. I'eneparus TpeTbeil rapMOHHMKH Ha OCHOBE rpadena Ha kpemuueBoit [P [54]
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PaccMoTpeHHBIN TPUHIMIT MOKET CTHMYJIHMPOBATH CO3JIaHHE HCTOYHUKOB HM3IIYYECHHS Ha OCHOBE
rpadena mis GoToHUKH cpemHero u nanbHero MK-mmanazoHa Ha KpeMHHUEBOH TOIOKKE U, CIIEI0BATEIIb-
HO, PacHIMPUTh (YHKIIMOHAIBHBIC BO3MOXXHOCTH KPEMHHEBOH (DOTOHUKHU, TaKue Kak 00pabOTKa CUTHAJIOB,
CIEKTPOCKOIHS U 30HIUPOBAHHUE.

Ilepecmpausaemvie zenepamopot 6mopoit u mpemoei capmonux HK-ouanazona
Ha OCHO8e MHOZOCNOUHBIX MEMANOBEPXHOCIMEN U3 2PAPEHO8bIX OUPPAKUUOHHDIX PeULemOK

Paccmotpum cxemy (puc. 7), IO3BOJISIIONIYIO YCHIUTD TeHEPAIMIO BTOPOH M TPEThel TApMOHHKU MHOTO-
CITOWHOW MeTanoBepXHOCThIO rpadeH-audnektpuk-rpaden (I'/I). B padote [54] paspaborana I'II-ctpykTypa
C YHUKQJIBHBIMH ONTHYECKHMH CBOHCTBAMH, KOTOPBIE HE MOTYT OBITH JOCTHUTHYTHI C TIOMOIIBIO TIA3MOH-
HBIX HAHOCTPYKTYp Ha OCHOBE METaJIJIOB.

o rpader I
7 3‘ - OH3NEeKTPHK
™

3aneKTpon

Puc. 7. Ilpuniun ¢yHKIMOHUPOBaHUS nepecTpanBaeMoro reneparopa MK-nuanasona
Ha ocHoBe ['JI'-HaHOpe3oHaTopa, cocTosmero u3 Asyx [P I'HJI pa3snuunoil mpuHsl,
pa3MeIIEHHbBIX Ha IIPOTHBOIIOIOXKHBIX TPAHSX CIIOS JUAJICKTPHKA!

1 — m3ny4yenue nepBoil rapMOHHUKH YaCTOTHI Mo; 2 — TPEThEH TapMOHHUKH YacTOTHI 3(g;
3 — BTOPO#f TapMOHHKH YacTOTHI 2(0) [54]

Konctpyxknus reneparopa MK-nuanasona Ha 0CHOBE MHOTOCIOHHON METAaNOBEPXHOCTH — MEPHOIH-
yeckoit ['JI[-cTpykrypsi [54] — coctout u3 aeyx JIP I'HJI, pacnonoeHHbIX Ha MPOTUBOMOIOKHBIX MPaHIX
IMDJIEKTPUYECKON TTOUTOKKH (puc. 7). DiekTpoabl Haxonsarcs B KontakTe ¢ I'HJI, uro mo3BonseT mepe-
cTpouTh ux ypoBeHb ®epmu Er. TM-monspu3oBaHHas IUIOCKas BOJHA ¢ 4acToTod ), magaer Ha A

ctpyktypy (puc. 7). [Tockonbky IIIIIT B 'HJI 3aBucsaT ot reomerpun, mupuna I'HJI BeiOupaeTcs Takum 00-
pazoM, utoosl 'HJI B nByx JIP umenn pe3onancel ocHoBHON Mozs! [IT111 kak Ha 9acToTe MEepBOM rapMOHH-
KU Wiy = 0, TaK M BBICIIUX TaPMOHUK (Wsr = 200 IS TEHEPAIIMH BTOPOW TAPMOHUKH U Wy = 3o JJIsI TeHE-
pauuM TpeTheil TapMOHMKH), KaK IOKa3aHO Ha puc. /. Kpome TOro, HeTMHEHHO-ONTHYECKUH OTKIMK
I'IT-cTpyKTYpbl MOKET OBITH JOMOJHUTEIBHO ONTUMHU3UPOBaH, TpeOys, uroOsl [HJI B mepBoii (HukHE#)
P Taxoke mmenn pezonancsl Mo [1I111 6o1ee BEICOKOTO TTOpSIKA.

.

] ®o w1 \
Esi
»

Z ;
(2]
(L Rg— o @0

Puc. 8. dusnueckuii MexaHu3M yBEJIMUYCHUsI TeHEPAIMK BTOPOM U TpeTheit rapmonuku ['JII' MeTanoBepXHOCTHIO:
1 — vacrota ITIII1 Mox Goliee BBICOKOTO MOPSIKA; M — YaCTOTA MEPBOM rapMOHKUKH [54]

M1=2M0
g
2

Tpema rapmorma |

Bropax
rapmo

o
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CyIecTBYIOT JBa KJIIOYEBBIX MEXaHM3Ma, KOTOPbIE CIIOCOOCTBYIOT 3aMETHOMY YBEIMYCHHUIO HEIH-
HelHOo-onTHdeckoro oTkiuka I' /I cTpyKTypbl Ha HECKOIBKO TOPSIKOB IT0 CPABHEHUIO C TPaeHOBBIM CJIO-
em. [lepBbIif U3 HUX, oOo3Ha4YeHHBIH 1 Ha puc. 8, Tpebyer, 4TOOBI cymiecTBOBaNu ocHoBHas moxaa I1I1I1
B ['HJI B nepeoii (nwxkHueit) JIP mpu wo u [TI1I1 Moap1 Gonee BbICOKOTo mopsaka npu ®i. [lone Ha yacToTe o,
nanaroniee Ha ['HJI B nepsoit JIP, renepupyet cunbHoe noje Ha 3tux ['HJI npu wo yepe3 pe3oHaHCHOE BO3-
Oyxnenue ocHoBHoi Monel [1I1I1, a 3aTem IIIII1 Mmox Gosee BEICOKOTO MOPSAIKA PE30HAHCHO T€HEPUPYIOTCA
HENMHEWHOW nojspusanuei B 3tux xe ['HJI B nepBoi pemeTke.

l'opazno Gonee 3pPeKTUBHBIH MEXaHU3M, CIIOCOOCTBYIONINH YBEIHMUSHUIO HETMHEHHOTO pe30HaHca
I'IT" cTpykTypHl, cxeMaTndHo o0o3HaueH 2 Ha puc. 8. 'HJI Bo Bropoii (BepxHeii) JIP UMEIOT OCHOBHYIO
mony [ITI1 Ha BbICIIMX TapMOHMKAX. Y CHJICHHOE ONTHYECKOE TOJIE 33 CUET BO30Y>KACHUSI OCHOBHOW MOJIBI
[IIIIT na I'HJI B nepeoii AP unayuupyet va I'HJI Bo BTOpoii P cuiibHYI0 HENUHEWHYIO MOISPU3ALUIO Ye-
pe3 B3auMOJICHCTBHE OJIMDKHETO TMOJIA. JTO, B CBOIO OYepeb, PE30HAHCHO BO30YXTAeT OCHOBHYIO MOIY
IIIIIT na I'HJI Bo BTOpO# JIP . KpoMe Toro, ocHoBHas moza IIIIII Ha BBICIIMX rapMOHHKaX TaKXe FeHEpU-
pyercs uepe3 ONTUYECKYI0 CBs3b OmrmkHero noist ¢ moaamu [T 6onee Bricokoro nmopsinka ['HJI B nepBoit
JIP [54].

Ha 3akmounTensHOM dTare Moabl 6oiee BricOKOro nopsiaka Ha Hmwkaux ['HJI B mepBoi#t JIP ocHOB-
Has mopa IIIIIIT T'HJI Bo Bropoit JIP cBA3BIBAETCS C M3JIy4aTE€IbHBIMU MOJAMH ISl T€HEPALIUUA CHIIBHOIO
curHaina Bropoil rapmonuku. daktuuecku 3ta cucrema ['HJI melicTByeT kak HelMHEHHass HAaHOAHTEHHA
Aru-Yna: HKHAA ¥ BepXHssa rpadeHoBsie JIP ABIstoTCS pedIeKTopoM MIpH Mo B AUPEKTOPOM TIPH Wy CO-
OTBETCTBEHHO.

Baxxubim cBoiictBoM ['JII' METanoOBEpXHOCTH SIBISIETCS] YCUIIEHUE BTOPOUM FapMOHUKY HA IMIMPOKOIO-
JIOCHOW HETMHEWHOCTH, JOCTUTaeMoe myTeM nepectpoiiku sHeprun Gepmu Er B nByx JIP. [Ipuamnna 3T0TO
YHHUKAJIBbHOTO CBOMCTBa pacKpbIBaeTcs AMCIIEPCHOHHON 3aBUCHMMOCTBIO IOTJIONIEHUS ONTHUMHU3MPOBAHHOMN
' cTpykTypsl, peacTaBieHHol Ha puc. 9,a.

8

25 10’

20

A, MIOM
A, MM

10’
0.8 1 0.1 0.2 0.4

0.6 08
Ed, B

a) 0)

Puc. 9. Criextps! norsomenus ontumusupoBannoi I'II" cTpykTypbl B 3aBUcHMOCTH OT SHepruu Pepmu Er
nByX rpadeHoBsix [P (a); ciekTpbl noriouieHus ontuMu3npoBanHoit [ cTpyKTypl
B 3aBUcHMOCTH OT 3Heprun ®epmu EF n1Byx rpadenossix [P, mist ciaydas korja n3amensercs
Tosbk0 Ef Bo BTOpOi#t (BepxHeit) IP u Er = 0,4 5B B nepsoii (Hmxneit) 1P (6)

CooTHoOIIEHNE MEXAy UIMHAMH BOJH OCcHOBHO#M Mombl [T u mombr Tperbero mopsimka B ['HJI
B niepBoii JIP u ocHoBHo# Mozp! IIIIIT B 'HJI Bo BTOpoii JIP ocraeTcss HOCTOSHHBIM MpH W3MEHEHUH Er.
CrnieoBaTellbHO, CBOWCTBO JIBOMHOTO pe30HaHca coxpaHsercs npu usMeHeHun Ep. Kak moxazano
Ha puc. 9,a, mpu m3meHeHnuu Er ot 0,2 10 1 3B pe3onancHas mmmHa BoaHB! Mokl [T mepBoro mopsiaka
I'HJI B mepeoii [IP 1 HesiBHO pabouast [UTMHA BOJIHBI HA BTOPOW rapMOHUKe H3MeHstoTcst oT 25 1o 10 mxm [54].

Eme ogaum BaxkHsiM cBoiicTBOM I'II" CTPYKTYpHI ABISETCA TO, YTO OHA MOKET YBEJIUYUBATH I'€HE-
panmio Kak TpPeThel TapMOHUKH, TaK ¥ BTOPOU. B "acTHOCTH, 3Ta PyHKINOHATFHOCTH MOXKET OBITH pealu-
30BaHa IMyTeM TepecTpoiiku sHeprun Oepmu Er Tosbpko Bo BTOpoii JIP Tak, 9To pe3oHaHCHAs ITUHA BOJHBI
ocHoBHo# MobI [IIITT I'HJI B 3TOM pemieTke cMemaeTcs OT TPEThel rapMOHHUKH K BTopoii. O0 3TOM cBHUJIC-
TenbCcTBYeT rpaduk morsornenus ' CTpyKTyphl, PEeACTaBICHHbIA Ha puc. 9,0, rae mokasaHbl JBa THIIA
IIJIA3MOHHBIX I10JIOC, @ UMEHHO IIJIOCKUE 110J10Chl, cooTBeTcTByromue I1I1I1 B nepBoii /IP, koTopkle HE 3aBU-
cat ot Er Bo BrOpoit /IP, u mima3MoHHBIE MOJOCH], CBSA3aHHBIC CO BTOpOi JIP, pe3oHaHCHAs JTMHA BOJIHBI
KOTOPBIX 3aBUCUT OT Er, B TO BpeMs Kak pe3oHaHCHas JJIUHa BOJHBI ocHOBHO# Mmonsr [T meproit JIP
ocTaeTcsl MOCTOSTHHOM, Arr = 15,75 MKM, pe3oHaHCHas [uirHA BOJHBI ocHOBHOUW Moxb! [II1I1 Ha BTOpO# [P
Bapbupyetcsi oT MP4) = Are /3 = 5,25 mxm 10 MP3) = Arr /2 = 7,875 mMxM nipu mepectpoiike Er ot 0,4
10 0,2 3B coOTBETCTBEHHO.
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MertanoBepxHocTh Ha ocHOBE ['JII" MOXkeT OBITH HCIIONIb30BaHA IJISl TOCTUKECHHS TIEPECTPAUBAEMOTO
IIMPOKOIIOJIOCHOTO YBEIMYEHUS KaK HENWHEHHO-ONTHYEeCKUX, TaK W JIMHEHHO-ONTHYECKUX B3aUMO/IEH-
CTBHI{; CBOHCTBO, CJIEIYyIOIIee U3 TOro (aKTa, YTO CUCTeMa 00J1a1aeT NepecTPanBaeMbIMU JTBOMHBIMH PE30-
HaHcamu. HoBBIM TuN TrpadeHOBBIX METANOBEPXHOCTEH OTKPHIBACT HOBOE HAMPABJICHUE HCCIICIOBAHUIMA
B 00yacTv pa3pabOTKK HOBBIX YIBTPAKOMITAKTHBIX 1 MHOTOYACTOTHBIX aKTUBHBIX (DOTOHHBIX HAHOYCTPOMCTB.

3akArouenue

HenaBHo mosiBUBIIMICS rpadeH CTal MaTepUAIOM, CIIOCOOHBIM PACHIMPUTHh 00JaCTh HEIMHEHHOM
IIa3MOHUKH HE TONBKO 70 TI'1-, Ho 1 UK-auamazona Gmarogaps mia3MOHHOMY OTKIIMKY, HCKJIFOUUTEIEHO
BBICOKOI HEJIMHEHHOCTH TPEThEro NOpsAAKa, HHU3KMUM @OTEpsSM B OSTUX OUANa30HaX, OJHOCIONHON
2D-cTpykType, KOTOpasi yMEHbIIAeT 00beM B3aHMMOJICHCTBHUS CBETA C BEIIECTBOM JI0 YPE3BbIUAHO CYyOBOJI-
HOBBIX Maciutabos [14, 15]. III1I1, Bo30yxnaembie B rpadene, odecreunBalOT OecpelieICHTHbIE YPOBHU
orpaHnyeHHus u3inydeHus. llmasmMoHHBIE pe30HAaHCH B rpadeHe MOTYT JAWHAMUYECKH IepecTpanBaThCs
C TIOMOIIBIO JIEKTPOCTATUYECKOT0 CMEIICHUS U MTO3BOJIIOT CO37aBaTh HOBOE IMIOKOJIEHNE PEKOH(UTYPHPY-
EMBIX TUIA3MOHHBIX YCTPOMCTB, B yacTHOCTH WK-MOmynsaTopoB, OMOCEHCOPOB, METAIIOBEPXHOCTEH U H7e-
anpHBIX morioTutenei [14]. bnarogaps yHUKaIbHOMY OTPAHUYCHHIO U YACTOTHOHM MepecTpanBacMOCTH
rpadeHOBast TUIA3MOHWKA TOJIXOAUT ISl MHOTUX TIpUMeHeHwi, BKitovas MK-nerektnpoBanue, BEICOKOA)-
¢dextuBHoe MK-mornomenne, Meramarepuanbl ¥ XUMHUYECKOE 30HIUpoBaHue. [padeHoBas Iia3MOHUKA
MIPOJICMOHCTpUpPOBaia OoNbIIONH moTeHIMan B cpenHeM WK-amamazoHe, rae oHa MO3BOJSET, HAIPUMED,
C BBICOKOW YYBCTBUTEILHOCTHIO U M30MPATENFHOCTHI0 O0OHAPYKHBATH MOJIEKYIJISIPHBIE YACTHIIBI IT0 MX KO-
nebarepHBIM CIEKTPAM U TEIUIOBOMY H3IydeHHIo [47].

HenuneliHo-onTHYECKHE CBOWCTBA MHOTOCIOWHOTO rpad)eHa, IKCIIEPUMEHTAIBHO W3yUCHHBIE B IIH-
pokomM criekTpe 1iuH BoiH MK-auamnasona [20], onpenesnsior rpadeH Kak MepCreKTHBHYO Cpey IS BU3Y-
anm3aiuu co cBepxpaspemienneM [56]. [hrasmonnsiii MK-0TKIMK MHOTOCIONHBIX TpadeHOBBIX CTPYKTYD,
B YaCTHOCTH JABYXCIOHHOTO TpadeHa, obecrieunBaeT OoJiee IIUPOKHE CIIEKTpalbHbIC TUAMAa30HBI Iepe-
CTPOUKH MO CPaBHEHHIO C OAHOCIONWHBIM, B IOMOJIHEHHE K noaaep:kanuio pezonancos I1I1I1 mox Ha Gomnee
BBICOKHX YacCTOTaxX BILUIOTh 10 cpenHero MK-muamnaszona u ¢ 6osiee BhicOkuM morutomnieHuem [14]. Muoro-
CIIOMHBIN MeTaMaTepHall U3 CTPYKTYpPHPOBAHHOTO THIIEPOOINIECKOr0 TpadeHa MOKET 3HAUUTEIHHO YiIyd-
umth HenuHeitabie 3pdextel Ha MK-wactotax [15]. MccnemoBaHHBIE CHEKTPaNbHbIC, ONMKHEMIOIBHBIC
Y CBOWCTBA MEPECTPOUKH MHOTOCIOWHBIX mia3MoHHbBIX ['HJI moka3zanu, 4ro Oobliee MmiIa3MOHHOE yCHIle-
HHUE CBS3aHO ¢ MHOTOCJIONHOMN reomerpureii [14]. DxcrnepuMeHTanbHO 00HAPYKEHO YIYUIIEHHOE HEJTHHEH-
HOoe cMmeleHne OnmkHero U cpeanero MK-msnydenus B pemerkax ['HJI, n3ydeH OTKIMK IIHUPOKOIIOIOCHO-
ro UBC B rpadeHe ¢ HAHOMETPOBBIM M ()eMTOCEKYHIHBIM IPOCTPAHCTBEHHO-BPEMEHHBIM pa3peIicHueM
1 00Hapy:KeHO HeTMHENWHOEe YCUIIeHHe CUrHaia Ha kpasx I HJI B 3aBHCHMOCTH OT KoJIndecTBa cjioes [6].

OTO HapsIAy C APYTMMU YHUKAIHHBIMH CBOWCTBAMHM, TAKHMH KaK CUJIBLHOE HETMHEHHOE B3aWMOJCH-
ctBue BoyH cpeanero MK-amanazona ¢ mHorocnoitneiMu pemerkamu ['HJI, nmepectpanBaemocTs 3 dek-
TUBHOCTH HEJIMHEHHOrO CMEILIEHUs BOJH M YIJOBas HEYYBCTBUTEIBHOCTh, JAENAIOT 3JIEKTPOHHO-
yIIpaBisieMble HEIMHEHHBIE YCTpOWCcTBa mambHero u cpeaHero MK-mmama3oHa mepCreKTHBHBEIM BEIOOPOM
IUIsl OyyIIero HeJIMHEHHOTO MpeoOpa3oBaHusl YaCTOTHI, ONITUYECKOTO YIpaBieHus 1 00padoTku nHdopMma-
UK Ha mwiatpopme rpadeHOBOM TIa3MOHUKH [6].
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AHHOTamms. Axmyanrbrocms u yenu. PaccMatpuBaeTcs npoOiieMa HaBUTallMK U yNIPABICHUS OSCIHMIOTHBIMA
neratensHbiMu anmapatamu (BJIA). s obecrieuenus 3h(GEKTHBHOrO BBIMOTHEHHE TIOJIETHOTO 3aJIaHMs MPEAIaraeTcst
YUUTBIBaTh B PacueTax HABUTAIIMOHHBIC 3JIEMEHTHI MOJIeTa OECHMIOTHOrO JIeTaTenbHOro anmapara. OCOOEHHOCTBIO
MPEAT0KEHHOTO METO/A SBISETCS BO3MOXXHOCTH OIEHKHM XapaKTEPUCTHK M IMapaMeTPOB 3JIEMEHTOB, BIIHMSIONIMX
Ha TPACKTOPHIO M TOYHOCTP IOJIETA. YUYHUTHIBAIOTCS pa3iiMuHble (aKTOpHI, TAKHE KaK adpOJMHAMHYECKHE CBOMCTBA
BJIA, ycnoBust OKpy»Karomeil cpesibl, CUCTEMbl HaBUTALMU U yIpaBieHus. Mamepuanvt u memooul. B craThe mpen-
CTaBJICHBI MAaTEMaTUYECKUE MOJICII U aJITOPUTMBI PacdyeTa ONTHMAJIbHBIX HABUTAIIMOHHBIX 3JIEMEHTOB, KOTOPHIE I103-
BOJISIOT JIOCTUYb HaWIydlled 3p(eKTHBHOCTH BBIMOIHEHUS MOJETHOTO 3anaHus. [IpeioskeHHbIH TOAX0/l OTINYaeTCs
OT CYILIECTBYIOLIMX METOJJOB BO3MOXKHOCTBIO 0OJIee TOYHOTO ONpPEEIeHHs TPaeKToOpru 1 MaHeBpoB BJIA. Pezyivmamut
u 661600b1. Pe3ynbTaThl UCCIEIOBAaHNSA MOTYT HAlTH MPAKTUYECKOE NPUMEHEHUE B Pa3pabOTKe CHCTEM YNpPaBICHUS
n HaBuraiu bBJIA pa3nuuHOro Ha3HAYCHMS, MTOBBIIAS MX TOYHOCTH, HAJIS)KHOCTD U 3P (PEKTUBHOCTD BBHIIIOJIHEHHMS 3a-
nau. [IpeacraBneHHble METOABI MOT'YT OBITH MCIIOJIB30BaHbI B IPAXKJAHCKOW M BOCHHOH aBHallMM, a TaKkKe B JIPYTrUX
00J1acTsIX, TIe MPUMEHSIOTCS] OECITMIIOTHBIC JIETATENIbHBIC ATapaThI.

KarwueBble ¢10Ba. OCCIUIOTHBINA JIETaTEIbHBIN arrapar, KBaJpOKONTEp, CUCTEMa HaBUTallUW, HABUT'AITUOH-
HBIC DJICMCHTHI I10JICTa

s uutupoBanus: logynos A. 1., Kykanos C. A., Cy3znansnes [1. C. HaBurannoHHbIe 3JIEeMEHTHI 10JIeTa OECIIIIOTHOTO
aerarenpHoro anmnapara // Hage:xxHocTb 1 KauecTBO clokHbIX cucteM. 2024. Ne 3. C. 104-111. doi: 10.21685/2307-4205-2024-3-11

FLIGHT NAVIGATION ELEMENTS AN UNMANNED AERIAL VEHICLE
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Abstract. Background. This article discusses the problem of navigation and control of unmanned aerial vehi-
cles (UAVSs). To ensure the effective performance of the flight task, it is proposed to take into account the calculations
of the navigation elements of the flight of an unmanned aerial vehicle, the feature of the proposed method is the ability
to evaluate the characteristics and parameters of elements that affect the trajectory and accuracy of flight. Various fac-
tors are taken into account, such as the aerodynamic properties of the UAV, environmental conditions, navigation and
control systems. Materials and methods. The article presents mathematical models and algorithms for calculating op-
timal navigation elements, which allow to achieve the best efficiency of the flight task. The proposed approach differs
from existing methods in the possibility of more accurate determination of the trajectory and maneuvers of the UAV.
Results and conclusions. The results of the study can find practical application in the development of UAV control and
navigation systems for various purposes, increasing their accuracy, reliability and efficiency of tasks. The presented
methods can be used in civil and military aviation, as well as in other areas where unmanned aerial vehicles are used.

Keywords: unmanned aerial vehicle, quadcopter, navigation system, flight navigation elements
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Bo Bpems mosieta LEHTp Macc JIETaTeIbHOIO amnmapaTa JBHXKETCA B IPOCTPAHCTBE IO HEKOTOPOH
TpaexTopud. [Ipu pereHun pa3auyuHbIX 337134 OOBIYHO ONPEAEIISIIOT JIMHUK TIOJI0KEHUS JIETAaTEIbHOrO all-
napara (puc. 1). OHa XapaKTepu3yeTcsi pacCTOSIHUEM JI0 OJHOW MIIM HECKOJIbKUX TOYEK Ha 3eMHOIl MOBepX-
HOCTH, HalpaBlIeHHEM Ha TOYKY 3€MHOW MOBEPXHOCTH WM HeOecHO# cdepbl, BbIcOTOH cBeTmna. B kaue-
CTBE JIMHUH IOJIOKEHUS HCIIONIB3YIOTCS OPTOAPOMMS, JIOKCOAPOMHS, JIMHUS PaBHBIX Aa3UMYTOB, JVHHA
PAaBHBIX PaAUOIIEICHIOB, JMHUY PABHBIX PACCTOSIHUM M Pa3HOCTEHN pacCTOSHUM.

Puc. 1. HaBuranmmoHHBIH TPEYTOIBHUK CKOPOCTE

BenuuuHel, onpenensonie HanpaBiIeHWE W TPACKTOPHUIO TOJETa, HA3bIBAIOTCS HABHUTAIIMOHHBIMU
anemeHTamMu. OCHOBHBIC HABUTAIIMOHHBIE 2JIEMEHTHI TosieTa: Kypce ‘V'; 3amaHHbIi U akTHYECKHid My TeBbIe
YTJIBI; HICTUHHAS BO3YIITHAs CKOPOCTh V; HHAMKATOPHAS BO3AYIIHAS CKOPOCTh Vyuy; MyTeBas ckopocTs W,
yroi cHoca ¢; BbicoTa moiera H. OOBIYHO cUMTaeTcs, YTO BEKTOP BO3AYIIHOW CKOpOocTH V coBmajgaer
C TIPOJOBHOM OCBIO JIeTaTeNnbHOro anmnapara. [loaToMy yroa Mexmy ceBepHbIM HalpaBICHHUEM MEpHUIHaHa
u BeKTOpoM V paBeH Kypcy camoinera V. 3aiaHHBIN IyTEBOM Yrol ONpeaessieTcsl Kak yroyl MexIy ceBep-
HBIM HalpaBlIeHUEM MEpUAMAaHa M TNPSIMOJMHEHHBIM OTPE3KOM JIMHUHM 33JaHHOTO IIyTH, ONpEness
HarnpasiieHHe nojera. GaKTHUECKUH MyTEeBOH Yroyl ONpenesnsaeTcs Kak yrojl MeKAy CEBEPHBIM HalpaBlICHH-
eM MepHIMaHa U JUHHEH (QakThdyeckoro myTtu. HampaBieHune BEKTOpa CKOPOCTH BETpa ONpeelseTcs yr-
JIOM O MEXAY CEBEPHBIM HalpaBlIeHHEM MEpUANAHA U BEKTOPOM BETpa. YTOJ CHOCa () MPEeACTaBIIsieT cO00i
YroJl MEXAy BEKTOpaMH MCTHHHOM BO3IYIIHOW M MyTeBO# ckopocteil. IlyTeBoii yroa Og oTcumThiBaeTCs
10 XO/y YacOBOM CTPENIKH OT CEBEPHOTO HaNpaBiIeHUS MEPUAMAHA JIO0 HAIIPaBJIEHUS BEKTOpa MyTEBOM CKO-
poctu. BennunHa myteBoro yria paBHa aaredpandeckoil cyMMe Kypca U yria cHoca!

0, =¥+o. )

Yron BeTpa OTCUMUTHIBAETCS MO XOAY HYacCOBOM CTPENKH OT BEKTOpa MYTEBOM CKOPOCTU O BEKTOpa
BETpa U MOXKET OBbITh PE/ICTABIICH B BUJIC

VB =6 -6.. (2
VYro1 cHOca u YToJI BETpa CBA3aHbI 3aBUCUMOCTBIO
) U .
sinp=—sin¥YB. 3)
Vv
HyTeBaﬂ CKOPOCTD JICTATCIIbHOI'O arrapara

W =V cose+U cos¥YB. (@)

Tak kak IBHKEHHME LIEHTPA Macc JIETATEJIBHOIO ammapara o TPacKTOPUH IOJeTa XapaKTepu3yeTcs
HMCTHUHHOMN BO3JYIIHOW M ITyTEBOM CKOPOCTSIMH, OTKIIOHEHHEM OT 3a/laHHOW TPaeKTOpPHUH M0 BbicoTe H, 0o-
KOBBIM JIMHEHHBIM OTKIOHEHHEM Z, BEIMYMHON NPOMIAEHHOro MyTH S W coctaBisiomumu S, S, S,, TO

TPACKTOPHIO IMOJICTA JICTATCIIBHOI'O arlliapaTta MOXKXHO 3aliCaTh CIACAYIOUNIMMHA CUCTECMaMU ypaBHeHHﬁ:
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dH .
—=V_ =Vsino, 5
rai (5)
dz .
— =V, =Vsino,, 6
dt z 3 ( )
dv 1
——==Y%F, 7
i mZ X (7)
W =V cose+U cos VB, (8)
ds
—=W, 9
o (9)
sin® =sin 9 —(ocosy +psiny)cos 9, (10)
0;=y+0. (1)

WNurerpuposanne auddepennnansaeix ypasuenuit (5), (7), (9) mosBomseT onpemenuTh COOTBET-
CTBEHHO BBICOTY mojieta /, O0OKOBOE JIMHEHHOE OTKIOHEHHE OT 3aJaHHON TPAeKTOPUH Z, UCTUHHYIO BO3-
IYIIHYIO CKOpPOCTb V; mpoiineHHblil nyTh S. Pemenne ypaBHenuit (8)—(11) maet BO3BMOKHOCTh BBIYHCIUTH
nyTeByto ckopoctb W. CxopocTh Betpa U mipu penienun cuctemsl ypaBaenuit (5)—(11) moxer ObITh ipea-
CTaBJIeHa MOCTOSIHHOM BEJTMYMHOM WM BETUYMHOMN, U3MEHSIOIIEHUCS TI0 CIIy4YaliHOMY 3aKOHY.

Kypc nerarensHOro ammapara BBIYHCISICTCS B CHCTEME MOJICIUPOBAHMS JUHAMUKY TI0JIETa B PE3YIIb-
TaTe UHTETPUPOBAHUS YPABHCHUS

dy _ 1

®, COSY—@,SiNYy|. 12
dt cosS(y L y) (12)

Omnako BequurHa \y U3 ypaBHeHus (12) ompezaensieTcs B MPEIONIOKCHUH, YTO MOJIET COBEPIIACTCSI

Ha HEOOJIBIIIOE PACCTOSTHUE, a TAKXKE, YTO TPU IMOJISTE JICTATSIILHBIN aIlnapaT HaXOAUTCS JOCTATOYHO OJIH3-
KO K OPTOAPOMUH, IPOXOIAIIEH uepe3 NEeHTPATbHYIO TOUKY paiioHa nosera (MecTo B3jiera). Ha ocHoBaHMM
ATUX TPEITOIOKCHUH CHEPUIHOCTs 3EMITM HE YIUTHIBAETCS, U 3a/1a4a ONPEIeICHUS MECTOIOIOKECHHMSI JIe-
TaTEJIbHOTO amnmnapara pelaeTcsi Ha FOpU30HTaIbHOM MIIOCKOCTH.

MecToronokeHle camoieTa Ha MOBEPXHOCTH 3eMIIM MOXKET OBITh OMpEEeNIeHO B reorpaduyecKux
1 OPTOAPOMHIECCKUX CUCTeMaxX KoopauHaT. OpToIpoMHUIecKasi CUCTEMa — 3TO cepraecKast CHCTEMa KOOp-
JIMHAT C HAYaJIOM B MPOM3BOJIbHOM TOYKE 3€MHON MOBEPXHOCTH. IIpu onpeneneHnn MeCTONOI0KEHUS Jie-
TaTEJIBHOr0 annapara Ha TOPU30HTAIBHOM MJIOCKOCTH UCIIONb3YIOTCS MPSIMOYTOJIbHBIE YCIOBHBIE CHCTEMBI

koopauHaT. OOBIYHO MPUMEHSIOTCS 3eMHas IpAMoyronbHas cucreMa O,X,Y,Zou aspoapomHas O,X,Y,Z,.
B 3emHO#l cucTeMe Hayalo KOOpPAMHAT HAXOMUTCA B IIEHTPalbHOH Touke pailoHa monera, ock OpX,

HampaeJieHa Ha ceBep, ock 0,Z, Ha BOCTOK, och (O,Y, COBMaJaeT C BEPTUKAJIBIO B TOUYKE Hayajla KOOPIHHAT
(puc. 2).

Yo
Na
X
00 ao . xo
BIIII
Zo N N~

ao O, ag
Xa

Zo Y Z,

Puc. 2. 3emHas 1 aspospomMHas cucrema KOOpJHHAT
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A3p0}_'[pOMHa$I CHUCTEMaAa KOOPAUHAT OPUCHTUPYCTCA TaK, YTO OCb OaXa COBIIAAACT C HAIPaBJICHUCM

ocu BIIII. Hauano xoopawaat BeiOUpaeTcs o0braao B Havane BIIII. [Tomoxkxenne Hawama adpoipOMHO CH-
CTEMBI B 36MHOW CHCTEME ONPEAEIIETCS KOOPAUHATAMH X,,Z,, . B uacTHOM ciydae Hadana o0eux CUCTEM

MOTYT COBIaJaTh, Toraa X,, =0, Z,, = 0. Ho Bo Bcex ciyuasx ocu aspoApOMHOil CHCTEMBI KOOPAUHAT IO~

BCPHYTEI BOKPYT BCpTHKaﬂLHOﬁ OCH Ha YIroJ KypcCa B3J'ICTHO-1'[OCEII[0‘{HOI71 IMMOJIOCHI UJIK HA YyroJ1 BIIIT Oy .

rOpII3OHTaJ’I bHas
IINMOCKOCTE

Puc. 3. Onpezenenrie HABUTAIIMOHHBIX YJIEMEHTOB

JlerarenbHBIH ammapar B 00IIEM CIIy4ae MOKET COBEPIIAaTh HETOPU3OHTAIBHBIN MOJIET, TOTIa BEKTOP
WCTUHHOHN BO3AYIIHOHN ckopocTH V OyneT HaKIOHEH MOJ HEKOTOPHIM yIiioM 6 K TOPHU30HTaIBHOHN MIOCKO-
ctu (puc. 3). IIpu 3TOM BekTOp V MOXKET HE COBMAAATh C HAMPABICHHEM MPOJOJILHON OCH JETATEIHLHOTO
anmapara XX .

[Ipoekuns BekTopa V Ha TOPU30HTAIBHYIO INIOCKOCTh MOXKHO OIPEIEIUTh Kak
V.=V cos6. (13)

Ecnu cumTtaTh, YTO IOJET COBEpIIAaeTCs 0€3 CKOJIBXKEHHUsS, TO BEKTOp CKopocTd V coBHagaer
C HaIpaBJICHUEM MPOJOJILHOM OCH OECIMIIOTHOTO JieTaTeNbHOTO amnmapara. [loaTomy Kypc y MOXeT OBITh

OIIpEACJICH YIJIOM B FOpH3OHTaHBHOI>'I IIJIOCKOCTHU MEXKAY HaIIpaBJICHUEM OCHU OOXO 1 HanpaBJICHUEM BEKTO-

pa Vr . Tenepb MIPOCKIUHN BEKTOpa Vr Ha OCH 3¢MHOM CHCTEMBI KOOpAUHAT €CTh IMPOU3BCACHUS:
V,, =V.cosy =V cosOcosy ; (14)
V,, =V, siny =V cosOsiny . (15)

Kak npaBumo, moner neraTenbHOro amnmapaTa COBEpIIACTCS B YCIOBHUSIX BeTpa. B wacTHOM, mpo-
CTeHIeM, ciydae MpEeAoIaraeTcs, 9T0 TOPH30HTANbHAS COCTAaBIIOMAs ckopocty Berpa U — BenmnmumHa
nocTostHHast. Taxke HEM3MEHHBIM CUYHTACTCs] HAIpaBIICHWE BETPa, KOTOPOE XapaKTepU3YyeTCs YIIOM O .
[Toatomy mpoexiun BexkTopa U Ha OCH cHCTEMBI KOOPAWHAT COCTABIISIOT

U,, =Ucoso; (16)
U,,=Using. (17)
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HpOCKI_II/IH BCKTOpa HYTCBOﬁ CKOpOCTH W Ha ocH 3eMHOI CHCTEMBI KOOpAWHAT OIIPEACIACTCA CICAY-
IOIMMMH CYMMaMHu.

W,, =V,, +U,, =V cosOcosy +U cosd; (18)
W,, =V,,+U,, =V cosOsiny +Usind . (19)

I[J'IH NOJIy4CHUSA COCTABJIAOIINX HYTGBOﬁ CKOpOCTH B aBpOHpOMHOﬁ CHUCTCMC KOOpAWHAT H606XOHI/I-
MO YYHMTBIBATh CMCIICHUC Haydajla 9TOM CHCTEMBI OTHOCHUTEIBHO Hadaja 3€MHBIX KoopauHart, T.€. KOOpau-

Hatbl Touku O, . Kpome Toro, noJpkeH OBITH yYTEH yros MOBOPOTA Ol adPOAPOMHBIX KOOPIMHAT OTHOCH-

TEJIBHO 36MHOM cHCTeMBl. B yacTHOM ciydae, KOTJa Hadajio adpoIpOMHOM CHCTEMBI COBIAAAET C HAYAIOM
3€MHOH CHCTEMBI, YUUTHIBACTCS TOJIBKO yron O (puc. 4). IIpoekiyn BeKTopa MyTeBOH CKOPOCTH Ha OCH
a’POIPOMHOM CHCTEMBI KOOPIWHAT COCTABISIOT

Wxa :Wan + ; (20)

z0xa ?

Wza :WZOa +W

x0za *

(21)

[TpoeKuuK COCTABISIOIINX BEKTOPA IyTEBOH CKOPOCTH B 3eMHOii cucteme koopaunat W,,, W,, Ha
OCH a3pOJIPOMHOM CUCTEMBI PABHbI

W,,, =W, cosa, ; (22)
W, =—W,sina, ; (23)
W,,,. =W, sina, ; (24)
W,,, =W, cosa., . (25)

Puc. 4. 3emHast 1 a3poIpOMHas CUCTEMBI KOOPJIMHAT Ha TOPU30HTAIILHOM TIOCKOCTH

ITocne moacTaHOBKU 3HAYEHH, cocTamistonux Bektopa W u3 ypaBuenuil (22)—(24) B ypaBHeHUS
(20) u (21) cocrasnsromnrie BEKTOPa MyTEBOH CKOPOCTH OYAYT ONMPEAEIAIOTCS CIEAYIOMINMHI PAaBEHCTBAMH:

W,, =W,,cosa, +W,,sina, ; (26)
W, =W, cosa, +W,,sina, . (27)

WnrerpupoBanue coctapisomux W, , W, 1o3BosseT BHIYKCINTD KOOPIHHATHI OSCITHIOTHOTO Jie-
TAaTeNBHOTO anmnapara B adpOJPOMHON CHUCTEME, PACcCTOSIHHE S,, Havaia KOOpAMHAT M OOKOBOE OTKIIOHE-

HHE S, , OT OCH B3JIETHO-IIOCAI0YHON MOJIOCH:

Za
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t

S = W dt ; (28)
0
t

S, = [w,dt. (29)
0

Koopmunater S,,, S,, HEOOXOIMMBI sl 3aIIKCH MapIIpyTa UMUTAUH pa0OThl HABUTAL[MOHHBIX aB-
TOMAaTOB.

B 3aBucuMocTy OT HampaBiIeHUs, OTHOCUTEIHLHO KOTOPOrO OPUEHTUPYETCSl MPOJOIbHAS OCh OecIu-
JIOTHOTO JIETATEIbHOIO aImapaTa, Kypc MOKET ObITh MCTHHHBIM, MarHUTHBIM, OpPTOApOMHUYECKHM. OpTo-
JPOMHUYECKHM KypC YCIOBHBIM M ONPENEISETCS YIJIOM MEXAY HalpaBlI€HUEM YCIOBHOIO MEpPHUIHAHA
1 MIPOEKIHEN Ha TOPU30HTANBHYIO IJIOCKOCTh MPOAOJIBHOM ocH caMoiieTa. 3a HalpaBieHHe YCIOBHOIO Me-
pHUIMaHa MOXKHO TIPUHATH UCTHHHBIA MEpUIMAH a’3poJpoMa B3jeTa WK Jr000M TOUYKM MapIIpyTa, Halpas-
nenue BIIII n oprogpomun. B opTogApOMHUYECKON CUCTEME KOOPAMHAT B Ka4E€CTBE YCIOBHOI'O MEPUAMAHA
IIPUHUMAETCSL HAIpPaBJICHUE TJIABHOM OPTOAPOMMHM JUIsl pailOHA IOJIETA. Y CIOBHBIM KypC, M3MEpPSIEMbIN
B OPTOJPOMHYECKOIl CHCTEMe KOOPAMHAT, Ha3bBaeTcsi opTogpomudeckuM KypcoM (OK mmm v, ) (puc. 5).
IIpu pemeHnn 3amauu ynpasieHHs OSCIMIOTHOTO JIETATEIBHOIO alapaTra Ha IUIOCKOCTH OPTOApOMHYE-
CKHe€ KOOPJHMHATHI SIBIISIFOTCS YCIIOBHBIMH TIPSIMOYTOJIBHBIME KoopauHaTaMu O, X,Y,Z, . 3HaueHHne OpTOapO-
MHYECKOTO Kypca MOIy4aeTcs HelpephIBHBIM UHTETPUPOBAHUEM YIJIOBOM CKOPOCTH Pa3BOpoTa OECIHIIOT-
HOTO JIETATEBHOTO armapara \Jf =—\V, T.€.

dt
t
\JrIO = \Vn + J.\th 1 (30)
0

Ie Y, — HadaJdbHBIA OPTOAPOMHUYECKHUI KypC.
HcrunHebli KypCe:

\‘I'IH :WO_G ! (31)

I7Ie G — YTOJI CXOXACHUS MEXy TEeKYIIUM reorpadiIecKiuM MEPHINAaHOM MECTa caMoJIeTa ¥ HallpaBlIeHH-
em ocu OpX, cHCTEeMBI KOOPMHAT.

X A

.
>
=

=}

I"'eorpaduaeckmii
MepHIHaH

Puc. 5. Kypcst BJIA u 3aBuCcHMOCTH MEXTy HUMH
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HJ’IH OIIPEACIICHAA MarHUTHOTO Kypca \J IOJKHA YYHUTBIBATHCA BEJIMYMHA MAarHUTHOI'O CKJIOHCHUA

A, , moaTomy

\VM:WO_G_AM' (32)
OpTOﬂpOMH‘IeCKI/Iﬁ KypC MOXET 6I)ITI) TAKXXE OIPEACIICH U3 COOTHOUICHUA
WM:WO+G+AM' (33)

Tekyiune 3HAUCHUS yIila CXOXKACHUS MEPUIHMAHOB G U reorpapuyeckre KOopauHatel (LmMpora ¢ U
JIOJITOTa A ) BBIYMCISIFOTCS TI0 (OpMyJiaM CBSI3U Teorpaguveckux U OPTOAPOMHUYSCKHX KoOopauHat. I'eo-
rpaduyeckie koopanHatsl Touku O, (WHpoTa @, U JOJIroTa A, ) ONPENCISIOTCS O KapTe, HO3TOMY YIJIbI

CXOXKACHUA MEPUJINAHOB MOKHO PpAaCCYUTATh KaK

o = AASIN,. (34)

3akAroueHune

MatemaTtuueckass MOJICNIb IOJICTa OECITUIIOTHOTO JIETATEILHOTO armapara [6], MaTeéMaTH4YCCKasa MO-
ACJIb CUCTCMbI YIIPABJICHUS OCCIUIOTHOTO JIETATEILHOIO arrapara [7] " NPUBCACHHLIC BBINIC YPABHCHUA
HaBUTallUW MMO3BOJIAIOT PCIIWTL 3a/1a4y YIIPABJICHHA MOJICTOM U 3a1a49U OMoKHEH U ,I[aJ'ILHCﬁ HaBHUT'alluH.
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NCCAEAOBAHUME AATOPUTMOB U3BMEPEHHMA COCTABAAIOIITUX
BEKTOPA CKOPOCTH PAAMOBBICOTOMEPHBIX CUCTEM,
AAAIITUBHBIX K IIOACTUAAIOIIEN IIOBEPXHOCTHU

A. B. BacuabeBa

Ypanbsckoe IpOeKTHO-KOHCTPYKTOpCcKoe Oropo «Jlerans», Kamerck-Y panbckunii, Poccust

niokr@upkb.ru

AHHoTauus. AkmyanoHocmo u yeau. COBpEMEHHBIN 3Tall Pa3sBUTHA aBHALMN XapaKTEPU3YETCs yCTOMIMBON
TeHHeHHHeﬁ K IIOBBIIICHUIO Tpe60BaHHﬁ K TaKTUKO-TCXHUYCCKHUM XapaKTCPHUCTUKAM JICTATC/IbHBIX allliapaToB, B TOM
YHCIie K CHCTEMaM MapHIpyTHOW HaBUTAWU. ECTeCTBEHHOE CIIEACTBHE TaKOW TEHICHIIMHU — MOBHIIICHUE POJIM U 3HA-
YCHUA PAAUOJIOKAIIMOHHBIX TaTYUKOB HaBHFaHMOHHOﬁ I/lHq)OpMaHI/Il/I. K TakoBbBIM OTHOCATCS PaanoBbICOTOMEPHBIC
cuctemsl (PBC), obecrieunBaroliie U3MEPEHNE BBICOTHI M COCTABIISIONINX BEKTOpPA CKOPOCTH B CBSI3aHHOM CHCTEME
KoOpAuHaT. B HaCToAIIEC BpEMs aKTyaﬂbHOﬂ 3a;[aqe1‘/’1 SABJIACTCA MOBLIIICHUE TOYHOCTU USMCPCHHUSA MMapaMETPOB ABU-
JKCHHS JICTATeNFHBIX alapaToB HaJ HEOTHOPOIHBIMH CIOXHBIMH MOBEPXHOCTAMH. Mamepuanvl u memoosl. Pac-
CMOTPEHBI CJIEYIOUIME CHOCOObI PelIeHHs ITOCTABJICHHOW 3a/lauu: aalTalus ajJrOPUTMOB OLIGHKH COCTABIISIOLIMX
BekTopa ckopoctd PBC k moncTunaromeii moBepXHOCTH ITyTEM M3MEHEHHS YaCTOTHI CICIOBAHUS 30HIUPYIOIIUX HM-
IMyJIbCOB B 3aBUCUMOCTH OT 3HAYCHHS BBICOTHI ITOJICTA JIETATCIILHOT'O annapaTa; azanTtanys aJJropuTMOB OLCHKU CO-
CTaBILTIONINX BekTopa ckopocTd PBC K moacThiaromei MoBEpXHOCTH ITyTeM W3MEHEHHs KOH(QUTYpAIlH aHTCHHOM
CHCTEMBI; aJanTals alrOPUTMOB OLIEHKH COCTaBJIAIONINX BekTopa ckopoctd PBC k moxacTunaromieil moBepXHOCTH
IMyTeM H3MEHEHUs HeCyIIeld 4acTOoThl. Pe3ynomamul u 661600bi. [I[pUMEHEHIE PaCCMOTPEHHBIX CHOCOOOB TO3BOJIAT
CYIIECTBEHHO MOBBICHTh TaKTHKO-TEXHUUECKHE XapaKTEepUCTUKH Kak cyniecTBytomux PBC, Tak 1 HOBBIX pa3zpabo-
TOK, COKPaTUT CPOKHU HX OTPaOOTKH.

KiroueBble cjioBa: paaioBEICOTOMEpPHAs CUCTEMA; PAaJHMOHABUTAINS; TOUHOCTHBIE XapaKTePUCTUKU

Jna uutupoBanus: Bacunsesa A. B. HMccnenoBanue alropuTMOB U3MEPEHHsI COCTABIAIOIUX BEKTOPa CKOPOCTU pajuo-
BBICOTOMEPHBIX CHCTEM, aJIaliITHBHBIX K MOACTHIIAOIIEH noBepxHOocTH // Hage:kHOCTh M KauecTBO COXHBIX cucteM. 2024. No 3.
C. 112-117. doi: 10.21685/2307-4205-2024-3-12

INVESTIGATION OF ALGORITHMS FORMEASURING
THE COMPONENTS OF THE VELOCITY VECTOR OF RADIO
ALTIMETER SYSTEMS ADAPTIVE TO THE UNDERLYING SURFACE

A.V. Vasilieva

Ural design bureau "Detal", Kamensk-Uralsky, Russia
niokr@upkb.ru

Abstract. Background. The current stage of aviation development is characterized by a steady tendency to in-
crease requirements for the tactical and technical characteristics of aircraft, including navigation systems. A natural
consequence of this tendency is the increasing role and importance of radar sensors of navigation information. These
include radio altimeter systems (RAS), which measure the altitude and components of the velocity vector in a linked
coordinate system. At present, an urgent task is to improve the accuracy of RAS characteristics over heterogeneous
complex surfaces. Materials and methods. Considers the following methods for solving the problem: adaptation of al-
gorithms for estimating the components of the RAS velocity vector to the underlying surface by changing the pulses
time depending on the value of the aircraft flight altitude; adaptation of algorithms for estimating the components of
the RAS velocity vector to the underlying surface by changing the antenna system configuration; adaptation of algo-
rithms for estimating the components of the RAS velocity vector to the underlying surface by switching the RAS fre-
quency. Results and conclusions. Methods usage will significantly improve the tactical and technical characteristics of
both existing RAS and new developments, and will reduce the time of development.

Keywords: radio altimeter system; radio navigation; accuracy characteristics

For citation: Vasilieva A.V. Investigation of algorithms for measuring the components of the velocity vector of radio al-
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JocTurayThlil ypoBEeHb pa3BUTHSA aBHALMU OTIMYAECTCS BBICOKMMH IOKa3aTeIsiMu 3()()EKTUBHOCTH
pEIICHUs LENEBbIX 3a/1a4, SKCIUTyaTallMOHHBIMU XapaKTEPUCTUKAMH, B YaCTHOCTH, MPEABABIIOTCS KECT-
KHe TpeOOBaHUS MO BHEIIHUM BO3EMCTBYIOMMM (DaKTOpaM B OKHAAEMBIX YCIOBHAX JKCIUTyaTalluH, Tpe-
0OBaHMS K TOUYHOCTH, HaJEKHOCTH M OTKa300€30IaCHOCTH CUCTEM, a TaKkkKe TpeOOBaHUS K Maccorabapur-
HBIM XapaKTEePUCTUKAM U SHEPTONOTPEOICHUIO.

Bosznukaromue TpeOOBaHUS OKa3bIBAIOT HEMOCPEACTBEHHOE BIMSHUE HA BCIO COBOKYITHOCTH TAKTH-
KO-TexHH4eckux xapakrepuctuk (TTX), mpeapsBiisieMbIX B TOM YHCIIC K HABUT'AIHOHHBIM CUCTEMaM; BbI-
3bIBAIOT HEOOXOAMMOCTh IEPEOLICHKN CYIIECTBYIOIINX BO3MOXKHOCTEH U CO3[aHUSI HOBBIX METOMOB pelle-
HUS CYIECTBYIOINMX 3a1a4. ECTeCTBEHHOE CIEICTBUE TAKOW TECHACHIUM — MOBBIIMICHUE PONH U 3HAYCHHUS
paAvOHAaBUTALMOHHBIX CPEACTB.

B nmanHOH cTaThe NpUBEACHBI PE3yJIBTAaThl MCCIEAOBAHUS ANTOPUTMOB M3MEPEHUS COCTABIISIOLINX
BEKTOpa CKOPOCTH paJuoBbicOTOMepHbIX cucteM (PBC), amanTHBHBIX K HOACTHIIAMOLICH MMOBEPXHOCTH.
PaccmoTpenHble nanee crocoObl HampaBlieHBl Ha OOecleyeHHe TOYHOCTHBIX XapakTepucTuk PBC Hag
CJIO’KHBIMH TTOBEPXHOCTSMHU.

[lepBoIii crioco0 — aganTanys aaropuTMa OLEHKH COCTABISIIOIMX BekTopa ckopoctu PBC k noactu-
JIAIOIIEeN MMOBEPXHOCTH ITyTeM M3MEHEHHS YacTOTHI CIEA0BAaHUS 30HAUPYIOIUX UMITYJIbCOB B 3aBUCUMOCTH
OT 3HAYEHHMs BHICOTHI [I0JIETA JIETATENILHOTO armmapara (JIA).

ITpu nonere JIA Haj HEOIHOPOIHON MOBEPXHOCTHIO (MMOBEPXHOCTH, coueTarolias B cebe ydacTKu
C pasHOW paccewBarolell CIOCOOHOCTBIO) MPOMCXOJUT HCKaKEHHUE (OPMBI B3aUMHO KOPPEISIUOHHBIX
oyukimit (BK®). [Tpu 3ToM B anmpoKCHMUPYEMYIO 00J1acTh TOMagaeT Kak y3kas (COOTBETCTBYET MPOJIETY
HaJl IOBEPXHOCTHIO C IIMPOKOI AnarpamMmmoii ooparnoro paccesaus (JIOP)), Tak u muipokas gacts (coot-
BETCTBYET IPOJIETY Hal MOBEPXHOCTHIO ¢ y3koii JJOP) BK®.

MogenupoBanue paboThl CKOPOCTHOTO KaHaa HaJl HEOXHOPOAHBIMU TTOBEPXHOCTSAMH IOATBEPIHIIO
(puc. 1), uTo MOJNET HAJ MOBEPXHOCTHIO C YEPEAYIOIIUECs YIaCTKaMH CYIIH U BOJHOM MOBEPXHOCTH Ha HH-
tepBasie HakoruieHns BK® npuBoaut k nckaxennro popmsl BK® 1 HeKOppekTHOM WX anmpoKCHMAIIHH.

3HaueHNs
10° KOop. pyHKIIIM, e

2.5

L .

80 0o
3aJIEPKKA, €1

Puc. 1. Pesynbratsl MosenupoBanust pabotsl PBC Hast HEOJHOPOTHOI TOBEPXHOCTHIO

Jnst ycTpaHeHHs BBIICONUCAHHOTO SIBICHHS HEOOXOAWMO OCYIIECTBIISATH alNPOKCUMALIUMIO HCKa-
xeHHol BK® Tonbko mo y3koi 4acTd. DTO BO3MOXKHO IyTeM yBEIWYEHHUS YaCTOThI CIETOBAHUS UMITYJIb-
COB 30HJIMPYIOIIETO CUTHANA, B CBS3H C YeM IPEAJTIOKEH aITOPUTM 00pabOTKU CHrHajia ¢ U3MEHEHUEM JIHC-
kpera BK® B 3aBucumocTu ot BbIcOThI mosieTa JIA (610k-cxeMa npuBesieHa Ha puc. 2). CiieryeT OTMETUTb,
yro auckper BK® omnpeznensiercs cpeHUM N1€proIOM MOBTOPEHHS UMITYJIbCa Tcp U KOJTMYECTBOM MMITYJIb-
coB ¢ (azamu 0 u /2, npuHATHIX 1-i, 2-i u 3-i anTeHHamu [1].

Jnst noarBepskaeHus 3G GEeKTHBHOCTH MPENIOKEHHOTO PEIICHHS TIPOBEJICH aHAIN3 alropuTMa oopa-
OOTKHM CHUTHaa C M3MEHEHHEM IepHOAa MOBTOPEHUS 30HAUPYIOUIETO CUTHANA B 3aBUCUMOCTH OT BBICOTHI
noneta JIA HaJ HEOTHOPOAHON MOBEPXHOCTHIO MOCPEACTBOM MozenupoBanus padotsl PBC. Paspaboran-
HBbI QJTOPUTM IO3BOJISIET YMEHBINNUTh (DIIOKTyallMu u3MepseMblx mapamerpoB Vi, V; B 2,5 pa3za,
a TaKKe UCKITIOUUTH MX TOCTOSTHHOE CMEIIeHNEe Ha/l HEOJHOPOJHON TTOBEPXHOCTHIO.
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Puc. 2. briok-cxema anroputma 00pabOTKH CHrHalIa ¢ H3MEHEeHHEeM auckpera BKD

Bropoii cioco6 — aganranuys anroputMa OIEHKH COCTaBISIFOIINX BekTopa ckopocti PBC k moacru-

JaroIIeil MOBEPXHOCTH MyTeM M3MeHeHHsl KoHurypaiu antenHoi cucremsl (AC).

MakcuManbHbIe TIOTPEITHOCTH U3MEPEHUS TONEPEUHON COCTABISIOMIEH BEKTOpa CKOPOCTH V; BO3HU-
KalOT IpHU ToJeTe Hax noBepxHocTsaMu ¢ y3koil [JOP, nockonsky BK® mpu 3ToM pacmmpsiercs, a KpyTu3Ha
JMCKPUMHUHAIMOHHON XapakTepuCTHKU CHIKaercs [2]. Ilpu ucnonszoanmn AC, ipeIcTaBiIeHHOM Ha pHC. 3,
TIOSIBJIAETCS. BO3MOXHOCTh CHIKEHMS MOTPEIIHOCTH MONEPEeYHON COCTABISAIONIEH BEKTOpa CKOPOCTH Hak
TaKMMU IIOBEPXHOCTSIMH ITyTE€M YBEJIWYEHHUS MONEPEUHOr0 pa3HOCa aHTEHH, CUTHAJIBI KOTOPBIX CpPaBHUBA-
torcs. JletictBuTensHo, pu noctpoernn BK® map antenn Ne 1, 5 u Ne 2, 3 nmomnepeuHslii mapaMeTp aHTCH-

HBI Zo YBEJIMYUBACTCS B TPH pa3a, BO CTOJBKO K€ pa3 YMEHBIIIAETCs MTOTPEIIHOCTh ONpeAeaeHus V;.

CJ'ICI[yCT OTMETUTD, YTO IpPHU MOJICTC HaJ IMOBECPXHOCTHIO C HIHpOKOﬁ I[OP I TMOJTY4YCHUA OLICHOK
COCTABJIAIOMINX BECKTOPA CKOPOCTU uenecoo6pa3H0 HCINOJIB30BaTh OJHY U3 TPOCK, O6p8.3y}0H_II/IX paBHo6ez[—
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PEHHBIN TPEYroibHUK (TEOMETPHUS MICHTUYHA KiaccHueckoMy moctpoeHnio AC, mpencTaBIeHHOMY B pa-
6ote [3]), B OCHOBaHMH KOTOPOTO JIBE PAIOM PaCIIONOKEHHBIE aHTEHHEI, HApUMep, aHTeHHBI Ne 1, 3, 4.

ITockonpky mpemmraraemas AC COIEPKUT JOMOTHUTEIBHBIC MPUEMHBIE aHTCHHBI, TO TOSBISETCS
BO3MOXKHOCTh YMEHBIIIUTH MOTPEITHOCTh U3MEPEHUS COCTABISIONIMX BEKTOPA CKOPOCTHU: MPU MOCTPOCHUU
BK® nsyx xomOunanuit anteHd Ne 1, 3, 4 u Ne 2, 4, 5 nonyyaem J1Be HE3aBUCHMBIC OLICHKH.

i X
I
{

Puc. 3. 'eomerpus AC

B cnity cuMMeTpUYHOTO PacIiofloKeHUsI Ha3BaHHBIX BBILIE TPOSK aHTEHH BO3MOXKHBIE MEIUIEHHO Me-
HSIOIINECS MOTPEHIHOCTH OOKOBOM COCTABISIONIEH CKOPOCTH, BBHI3BAHHBIC B3aWMHBIM BIUSHHEM aHTEHH
(otknonenne ocu JIHA, yBenudeHue paccTOSIHUS MeXIy (Da30BBIMH IIEHTPaMH), MPOTHUBOIIOJIOKHEI
10 3HAKy ¥ KOMIIEHCHPYIOTCS IIPH YCPETHEHUH MOTyYSHHBIX JABYX OIEHOK [4].

Jns onenku a¢dexruBHOCTH TpuMeHeHns B PBC npemnaraemoit kondguryparmn AC ObUTO TIpoBe-
neHo mojenupoanne PBC Haj MOBEpXHOCTAMH C Pa3iUYHON OTpakarolled crnocoOHOcThi0. B cBA3m
¢ HE0OXOIMMOCTBIO HMCIONb30BaHMA Pa3HBIX KoMOuHanmid anteHH AC pa3paboTaH alnropuTM MepeKoye-
HUS B 3aBUCUMOCTH OT mupuHs! JJOP moacTunarommeit mosepxaocTH [5].

ITo pe3ynpTaram MoaEIUpPOBaHHUS:

— MOATBEPXKIECHBI TEOPETHUECKHE MOCTYJIAThl: HaJ TOBEPXHOCTHIO ¢ mmpokoit JJOP sddexruBHO nc-
nonb3oBath AC ¢ 00bIYHO# monepeuHoi 6a30ii (puc. 3: anternbl Ne 1, 3 u 4), HaJ MOBEPXHOCTHIO C y3KOM
JOP — AC ¢ pacuupenHoi mornepeuHoit 6a3oii (anteHnsl Ne 1, 2, 3 u 5). YBenuuenue nonepeynoii 6a3sl
AC B Tpu paza gaeT BO3MOXKHOCTb YMEHBLICHHUS MOTPEIIHOCTH M3MEPEHHs mapameTpa V; HaJ MOBEpXHO-
ctamu ¢ y3koit JIOP taxke B 3 pasa;

— noaTBepxaeHa 3 (HEeKTUBHOCTD HCIONb30BaHUS JBYX HE3aBHCHUMBIX OLIIEHOK COCTABIIIOLINX BEK-
TOpa CKOPOCTH IS IByX KomOuHaruit antenn (puc. 3: antennsl Ne 1, 3, 4 u Ne 2, 4, 5) Hal TOBEPXHOCTHIO
¢ mmpokoi JJOP — morpemrHocTs u3MepeHus IONEePevHOl COCTABIAIONIEH BEKTOpa CKOPOCTH V; yMeHbIIIa-

ercsa B /2 pas;

— pa3paboTaH U MPOBEPEH AlTOPUTM MEPEKIIOUEHIsI KOMOMHAIIMK aHTeHH B npeanaraemoii AC B 3a-
BUCUMOCTHU OT mwupuHbl JJOP moBepxHOCTH.

Ha nannyro AC nonyuen natent Ne 2601441 Ha nzoOpeTeHrne « AHTEHHOE YCTPOWCTBO PaliOBBICO-
TOMEPHOM CHUCTEMBI C TTOBBIIIIEHHON TOYHOCTBHIO U3MEPEHUS TIOTIEPEUHON COCTABIISAIONIEH CKOPOCTH», 3ape-
rucTpupoBaH B ['ocynapcTBeHHOM peectpe u3o0pereHuit Poccuiickoit denepanuu 12 oxrsaops 2016 .

Tpetuii cocob6 — amanTaiys alropUTMOB OLIEHKH COCTABIIONINX BekTopa ckopoctd PBC k mon-
CTHJIAOIIEH MTOBEPXHOCTH MYTEM MEPEKITFOUCHHS HECYIIEH YacTOThI

Kak akmeHTHpOBaHO paHee, MaKCUMaJbHBIC MMOTPEIIHOCTH U3MEPEHHS MOMEPEYHON COCTaBISIONICH
BEKTOpa CKOPOCTH V; BO3HUKAIOT Ipu nosete JIA Hax noBepxHOCTHIO ¢ y3koit IOP:

8na’X, Z
@(B)=%sin(zﬁ). )
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B cBoro ouepesp, KpyTH3HA AMCKPUMUHAIIMOHHON XapaKTEPUCTUKH S SBISCTCS IEPBOM IMPOU3BOJI-
HOI1 Mo yriy cHoca:
do 16mA°X.Z
_ 4o 57040

S
dp A2

cos(2pB). (2)
ITpu manbix yrinax cHoca C0S(2P3) =1, mosTomy B BbIpakeHUH (2) MOXKHO OMyCTUTh COS(2P) :
._ 16ma°X,Z,

=—

U3 Beipakenus (3) ciemyer, 4To KPyTH3HA JUCKPUMHHAIIMOHHON XapaKTEPUCTUKH S MagaeT Mmporop-
[IMOHATBHO KBaapaty 3¢dexruBHoi mmpunsl JJHA A, 9To n sBIAeTCS NPUYNHON YBEINYCHHUS TOTPEIIHO-

3)

CTH U3MEPEHHS TIOTIEPEYHON COCTABIISIONIEH BEKTOpa CKOPOCTH V; Hall MOBEPXHOCTHIO ¢ y3koi JJOP.

KpyTn3na auckprMUHAIMOHHONW XapaKTEPUCTHKU OKa3bIBAa€T BJIMSHUE HA MOTPELIHOCTh U3MEPEHUs
yIja cHoca: Tak, IpH Majlod KpyTH3HE Maneiiliee pacxokiaeHne MakcumymoB BK®, Bri3BaHHOE, Hampu-
Mep, UX UCKa)KEHUEM, IPUBOIUT K 3HAUUTEIILHOMY W3MEHEHHIO yria cHoca. [Ipu Oombiol KpyTH3HE TO ke
camMoe M3MEHEHHE yIiia cCHoca TpeOyeT CYIIECTBEHHOTO pacxoxkaeHns MakcumymMoB BK®, koTopoe yxe He
MOKET OBITh BBI3BAHO UX UCKaxkeHHeM [6, 7].

CrnenoBaTenpHO, Ui CHIDKEHUS TOTPEUIHOCTH M3MepeHHus mapamerpa V; HE0OXOAMMO TOBBIIIATH
KPYTHU3HY JAUCKPUMHUHALMOHHOW XapaKTepUCTHKU. B COOTBETCTBHM ¢ BhIpakeHHeM (3) KpyTH3HA JTUCKPH-
MHUHALMOHHON XapaKTePUCTUKU PaCTeT:

— IPSIMO IPOIOPIMOHATBHO: TpogosbHOMY napameTpy AC X, ; monepeunomy napamerpy AC Z,;

— 00paTHO MPOTMOPIIMOHAIBHO: KBAJPATy JUIMHBI BOJHEI A .

Crnenyetr OTMETUTbH, YTO YMEHbBIIIEHHE JUIMHBI BOJIHBI A B JIBa pa3a Uil CHIKEHUS MOTPEIIHOCTH U3-
MepeHus napaMmerpa V; HaJ IIIaJKoi MOBEPXHOCTHIO SKBUBAJICHTHO pacUIMpeHHto nonepeuHoi 6a3st AC Zg
B 4 paza. YMCHbBIIICHHE IJIUHBI BOJHBI Haj MOBEPXHOCTHIO ¢ y3koi JIOP mpuBoaut k cyxenuio BKD u,
B CBOIO OUY€pe[lb, MMOBBIIIAET TOYHOCTh omnpereneHuss Mmakcumyma BK®, aro GmaronpusTHo W 1S U3Mepe-
HUS TPOJOIBHON COCTaBIIONIEN BeKTOpa ckopocTu Vy. Takum o0pa3oM, i MOBBIMIEHUS TOYHOCTH H3Me-
pEeHUsS COCTaBIIAIONINX BekTopa ckopocT PBC Ham moepxHOCThIO ¢ y3koi JJOP memecooOpa3Ho ymMeHb-
IaTh JJIUHY BOJHEI.

Jis monrBepxkaenns dH(OEKTUBHOCTH MPEATIOKEHHOTO PelieHus ObLUTO MPOBENSHO MOIEIHPOBAHNE
PBC nag noBepxHOCcThIO € y3k0i JJOP B pa3HbIX YaCTOTHBIX JUaNa30HaX.

Pesynbrarel MomeMpOBaHMs TOATBEPIIIIH, YTO YMEHBUICHHE JUIMHBI BOJHBI B 2(3) pa3a obecreun-
BaeT MOTPEUTHOCTH U3MEPEHUS COCTABIISIIOIINX BEKTOpa CKOPOCTH HaJ MOBEpXHOCTAMU ¢ y3koil /IOP coot-
BETCTBEHHO B 2(3) pa3a MEHbILIE [0 CPAaBHEHHIO CO LITATHOW JUTMHOM BOJTHBI A.

[MpeanoxxeHHbIl cIOCO0 aganTayuy K NOACTUIAIONIEH TOBEPXHOCTH MyTEM MEPEKITIOUECHUs HeCyLen
vacToThl (A u M3) peanuzoBan B nporpammuoM obecnedenun PBC. DddexTuBHOCT MOATBEPKICHA B X0O/1€
NpOBE/ICHHS aBTOHOMHBIX JIeTHBIX UctibiTanuit (AJIN) PBC.

[To pesynbraTtam AJIU, cpaBHEHHE KOPPETIAHUOHHBIX XapaKTEPUCTHK HaJl Pa3NUYHBIMU THIIAMHU MO/~
CTHJIAIOLINX OBEPXHOCTEN TIOKa3alo, 4To:

— HaJl IOBEPXHOCTHIO ¢ y3Kkoit JIOP (BogHas moBepxHocTs, mupuHa JJOP mopsaka 7 rpai.) KOppeKT-
HO OCYIIECTBIISIIOCh H3MEPEHHE TapaMeTPOB C JUTHHOM BOJHBI M 3;

— HaJl MOBEPXHOCTHIO ¢ mmpokoit JIOP (recHoit maccus, mmpuna JJOP mopsaka 30 rpa.) KOppeKTHO
OCYIIECTBISUIOCH H3MEPEHHE MTapaMeTPOB C JIITMHON BOJHBI A.

Ha manHbIi criocob amganranuu adroputMa nsMepenus ckopoctu PBC k moactunaromield moBepxHo-
CTH ITyTeM NepPeKIIOYeHNs HeCyIel 4acToThl momydeH mateHT Ne 2672098 Ha m3o0perenue «PaanoBsico-
TOMEpHas CHCTeMa C aJanTaluei K r1agKkoil BOJHON ITOBEPXHOCTHY.

Hcnonb3oBaHue MpUBENCHHBIX PE3YIBTATOB MO3BONMIIO cyllecTBeHHO moBbIcUTh TTX PBC, cokpa-
TUTHb CPOKH MX OTPaOOTKH M MPUCTYIHTH K pa3paboTKe HOBOTO MOKOJICHHs OOPTOBBIX M3MEpUTeNel mapa-
METPOB JIBWKEHUS, YJOBJIECTBOPSIOMINX TPEOOBaHUSAM CHUCTEM MapLIPYTHOW HABUTAIMH, 0OYCIOBICHHBIM
COBPEMEHHBIMU pEAIHSIMHU.
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PA3PABOTKAIIPOTOTHIIA APXUTEKTYPbI
HNHTEAAEKTYAABHOI'O MUKPOKOHTPOAAEPA
ITPU PEAAUSAITUU ITPUAOXKEHU UHTEPHETA BEIIEN

10. T. 3vipsinos’, A. III. Kaaxuramsuan?, C. I1. Xpunynos®
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AHHOTaIMA. AxmyanvHocms u yeau. B paMkax COBpeMEHHOW MmapaIurMbl UPPoBOi TpaHchopMarmu oo1ie-
cTBa U OYPHOr0 poCTa KOJMUYeCTBA HMU(PPOBBIX TeXHOJIOTHiI BHenpeHue MurtepHera Bereit (I0T) mporcxoauT Bo Bce
cephl )KU3HU YelloBeKa. J[aHHBIC TEXHOJIOTHU MPHUMEHSIOTCS B MPOMBIIIICHHOM CEKTOPE SKOHOMUKH W B YaCTHOM
*Ku3HU. Pa3paboTka n BHenpeHue MHTepHeTa Bemield — 3TO MapaanrMa, 3aKIFoYaromasics B pa3padoTKe CBSI3aHHBIX
MEXIy COOOH TEXHUYECKHX OOBEKTOB IPH MIOMOIIH Pa3IMYHBIX METOIOB U MPOTOKOJIOB CBS3H, C Iepenadeil JaHHbBIX
B 00Ma4yHbIi neHTp. [laHHAs TEXHOJOTHA MMEET PAJ OTpaHHYCHHN: B BHIE 00beMa IMaMATH, MIEKTPHIECKOTO 3apsaa
M HU3KOH 3 QeKTHBHOCTH Mpolieccopa. Bropoe orpanndeHne — OTCYTCTBHE AJTOPUTMOB MAIIMHHOTO OOYYCHHS.
B cBsi31 ¢ 3THM TpeOyIOTCS HOBBIE METOMBI X MH)KEHEPHBIE TIOIXO/IBI IS PEIIeHUs JaHHOU npobiemsl. Llens crateu —
pa3paboTKa apXUTEKTYPhI MPOTOTHUIIA MUKPOKOHTPOJLIEPA JUIsi KOHTPOJIS TEXHUYECKOTO COCTOSHUS HHPOPMAIUOHHO-
HM3MEPUTENIBHBIX U YIPABJISIONIMX CHCTEM Ha OCHOBE KOHICMHIMK MHTEepHETa BElIel U airOPUTMOB MAIIHHHOTO 00Y-
YeHUs Jyisi 00pabO0TKY MHOTOITOTOYHBIX UCTOYHUKOB JTAaHHBIX. Mamepuansl u memoosl. B xauecTBe 00beKTa Ucciaeno-
BaHMS BBICTYIAET apXUTEKTypa MUKPOKOHTposuiepa NHTepHeTa Bewel. (s pelieHus: mocTaBieHHON 3aauu puMme-
HEH METOJ CHCTEMHOTO monxoja. Pesyromamul. Pa3zpaboTaHa apXUTEKTypa MHTEILICKTYATBHOTO MUKPOKOHTPOJIEPA
C WCIOJH30BAHUEM IIMHBI JJIS [UTIO30B, 8 TaKXKe ¢ MpuMeHeHneM TexHoysorud MEMS u anroputMoB MammHHOTO
o0yueHwmst. Bvigoowl. JIaHHBIA TTOX0 MO3BOJSIET 00padaThiBaTh MHOTONIOTOYHBIC TAaHHBIC B JTHHAMUYCCKOM PEXUME
C IPUMCHEHUEM aITOPUTMOB MAIIMHHOTO 00yUYeHHS, CTIONB3YeMbIe B Tapagurme MHTepHeTa BemmeH, i pa3paboTKu
ANTOPUTMOB KOHTPOIISI TEXHHYECKOTO COCTOSHUS HH()OPMAITMOHHO-U3MEPHUTEIBHBIX M YIPABISIONIUX CHCTEM.

KoaroueBsbie cioBa: npuioxenus MHrepHera Beleid, HHOOPMAIMOHHO-U3MEPHUTENbHBIE W YIPABJISIONINE CH-
CTEMBI, aJITOPUTMbI MAIIMHHOTO O0YYEHHS, apXUTEKTYPa HHTEIUIEKTYyaJIbHOIO0 MHUKPOKOHTpOJIIepa

s uutupoBanus: 3pipsaHoB 0. T., Kanxutamsunu . 1I1., Xpunynos C. I1. Pa3paboTka npoToTHna apXuTeKTyphl HH-
TEJUICKTYaJIbHOT0 MUKPOKOHTPOIIIEpa MPH Peau3alii NPUIOKEeHNH HHTepHeTa Bemieil // Hage)KHOCTh M KauyeCTBO CIOXKHBIX CH-
crem. 2024. Ne 3. C. 118-123. doi: 10.21685/2307-4205-2024-3-13

DEVELOPMENT OF APROTOTYPE OF INTELLIGENT
MICROCONTROLLER ARCHITECTURE WHEN IMPLEMENTING
INTERNET OF THINGS APPLICATIONS
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Abstract. Background. Within the framework of the modern paradigm of the digital transformation of society
and the rapid growth of the number of digital technologies, the introduction of the Internet of things (IoT) occurs in all
spheres of human life. These technologies are used in the industrial sector of the economy and in private life. The de-
velopment and implementation of the Internet of Things is a paradigm that consists of the development of intercon-
nected technical objects using various communication methods and protocols, with data transferred to a cloud center.

© 3pipsinos 0. T., Kaaxuramsuan A, II1, Xpunysos C. IT., 2024. Konrenr socryren no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Crea-
tive Commons Attribution 4.0 License.

118



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2024;(3)

This technology has a number of limitations: in the form of memory capacity, electrical charge and low processor effi-
ciency. Second limitation: lack of machine learning algorithms. In this regard, new methods and engineering ap-
proaches are required to solve this problem. Purpose of the article — development of a microcontroller prototype archi-
tecture for monitoring the technical condition of information, measuring and control systems (IMS) based on the
concept of the Internet of Things and machine learning algorithms for processing multi-threaded data sources. Materi-
als and methods: the object of research is the architecture of the Internet of Things microcontroller. To solve the prob-
lem, a systematic approach method was used. Results. An intelligent microcontroller architecture has been developed
using a gateway bus, as well as using MEMS technology and machine learning algorithms. Conclusions. This ap-
proach allows you to process multi-threaded data in a dynamic mode using machine learning algorithms, used in the
Internet of Things paradigm to develop algorithms for monitoring the technical condition of automated control sys-
tems.

Keywords: Internet of Things applications, information-measuring and control systems, machine learning al-
gorithms, intelligent microcontroller architecture

For citation: Zyryanov Yu.T., Kalkhitashvili D.Sh., Khripunov S.P. Development of a prototype of intelligent microcon-
troller architecture when implementing Internet of things applications. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and
quality of complex systems. 2024;(3):118-123. (In Russ.). doi: 10.21685/2307-4205-2024-3-13

BBepenne

B mocnennee BpeMsi BeleTcsl akTHBHasi paboTa 1mo pa3paboTKe KOHIENTYalbHbBIX HICH, CBSI3aHHBIX
C MHTEPHET-BEIAMH, a TAK)KE UX BOIUIOLIEHHS, a TAKXKE CO3IaHMIO PAa3IMYHBIX MOIAXOAO0B C MX MCIOIb30-
BaHWEM. B HaydHOIl JMTEpaType MpeICcTaBiIeHbl HHKCHEPHBIE PEIICHHsT TEXHUUECKMX OOBEKTOB U HMX dJIe-
MEHTOB Ha ypOBHE ammapatHoii cpensl [1-6]. PazpabaTeiBaroTcs pa3indHbIe KOMITOHEHTHI JAHHBIX TEXHUYE-
CKHX OOBEKTOB M YCOBEPILEHCTBYIOTCS TOTOBBIE pernenus. HeoOX0auMo OTMETUTE, YTO OCHOBHOM 3a1aveii
HHTEPHET-BEIIEH ABISETCS MPOIECC 0OMEHa JAHHBIX ¢ 00JIauHBIMU eHTpaMu. MHbiMu crioBamu, MHTEpHET
BEIIX BBIMIOJHSET POJIb MapIIPYTH3aTOPA: OT CEHCOPHBIX YCTPOWCTB MEpeJaroT JaHHbIC B 00JIAYHBIN TICHTD,
[OCJIE YEero IMOJIy4aroT OOpaTHO CHUTHAI O BBIMOJHEHHWM TOW WIIM WHOM (DYHKIIMH, MOCJIE YEro MHKPO-
KOHTPOJUIEP AaHHOTO YCTPOMCTBA MOJAET SJIEKTPOMArHUTHBIA CHIHAJI Ha JBIKYIIee yeTpoiicTBo [7]. Takoii
IIPUHIIUAIL paGOTBI HE MO3BOJIIET B IIOJIHOM MEpPE Ha3bIBATHh AAHHYIO KaTCrOpHI0 TEXHUYCCKHUX O6’I:>CKTOB -
«yMHBIMH YCTPOMCTBAMU», TaK KaK OHH HE BBIMOJHIIOT HHTEIIEKTYAIbHBIX (DYHKIUM BHYTpH ceOsl, a BbI-
HOJIHSIOT POJIb PETPAHCIATOPA CUTHANA JUIA MCIIOJHUTENBHOrO ycrpoicTBa (cucremsl). Ilpemaraercs
BHEJIPUTD aJITOPUTMBI MATHHHOTO 00ydenus (rexuonoruto MEMS) [8-10] kak oauH U3 MpHeMOB, IO3BO-
JAIOMUX YBCJIHWYUTL IMPOU3SBOJUTCIIBHOCTE JAHHOI'O MHKPOKOHTPOJUICPA, a TAaKKE BHCAPCHUA MLIJIHO30B,
00BbEMHEHHBIX CETEBOM IMHOM ISt IMHAMHUYECKOM 00pabOTKU JaHHBIX.

PesyabTaThl HCCACAOBAHHUS
B kadecTBe 00BEKTa WCCICHOBAHMS HCIOJIB30BaHA ApPXUTEKTypa MPOTPAMMHON Cpeabl MHTCPHET-
BellleH, IpeicTaBIeHHas Ha puc. 1.

Monb3oBaTenbcKui

ypOBEHS 3KpaHHan hopma OkpaHHana hopMa 3KpaHHan hopma

YpoBeHb CBA3N MpoTtokon ceAaun 1 MpoTokon censu 2 MpoTokon caAsn 3

YposeHb

BOCNPUATHA Cencop 1 Cencop 2 CeHcop 3

S &

Puc. 1. Apxurexrypa ASIS nporpaMMHOi#i cpeibl MUKPOKOHTpOJLIEpa

TumoBas apXUTEKTypa MPOrPaMMHOM Cpeabl MHKPOKOHTPOJUIEpa UMEET TPU YPOBHS. BOCIPHUSTH,
CBSI3U U I0JIb30BATEIBCKHUL.
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VpoBeHb BOCHPHATHS MONydYaeT JaHHBIE C JaTYMKOB U MEepelacT MX MOJIb30BATEI0, YPOBEHb CBS3U
OCYIIECTBIISIET MPOIIECC Mepeaady JaHHBIX C TIOMONIBIO MPOTOKOJIOB CBS3H, a ITOJIB30BATEIbCKUI yPOBEHD
MpEeCTaBIICH ISl aHAJIN3a MOJyYeHHBIX JaHHBIX U MPHUHATHS PEIICHUS 0 BBIOOPE BBHITIONHsIEMON (QyHKIMN
puc. 2.

3arpaTtel

BpEMEHN CrexeprpoBaHHLIi

Ha curLan
3anycxaroulenmy
Datumk 4 obpaboTry -
DaHHBIX MEXAHUIMY
e i NorM4eckan onepayma
. MurxpokonTponnep
HOatumx 1 v L
Mexepauwna x Normyeckan cnopaumn
curiana
| Ouepes NOTOKOB 5| nonyuenue OfipaBoTka ; "
LEa ot DAHHBIX ; AAHHBIX "l panHbix - : > *. OGnaxo
Actor
Oatumk 3
BuiTecHeHne
npouecca

Puc. 2. Yopomennas cxema AS-IS npuaImna paboThl «HHTEIIIEKTYAIEHOT0» MHKPOKOHTPOILIEPa

C y4eToM OrpaHMYCHHUI BBIYMCIUTEIBHBIX MOIIHOCTEH M 00beMa 3JIEKTPUUECKOTo 3apsiaa Oarapeu
OBbUTH TPOAHAIN3UPOBAHBI Pa3pabOTKH MHUKPOKOHTPOJLICPOB C MCIOIb30BAHUEM IILTIO30B, MO3BOJISIOIINX
ONTHUMHU3UPOBATH BHIYMCINTENBHBIE MOIIHOCTH Ha MpoLecc 0OMEeHa JaHHBIMHU C JIPYTMMH MHKPOIpOIecca-
MH U 00JauHbIM [IeHTpoM. OCHOBBIBAsICH HAa JAHHBIX aHAJIM3a IO TPOIECCY «OEeCIIOBHOrO» OOMEHa JaH-
HBIMH, OBUI BBIJICJICH TTOJIXO0J K NPUMEHECHUIO OOIIEH CeTeBOH M JIOKAJIBHBIX IIUH, MO3BOJISIOIINA CHU3UTh
Harpysky Ha mnporueccop (puc. 3).

MukpokoHTponnep MukpokoHTponnep
/ \ Pt
rd N rd LN
NoxkansHanA wuHa NokansHan wuHa
~ Cucreuiaﬂ wuHa s
OneparvuBHan

NaMATL Moaynb ceAsn

Osurarens

OcHoeHan nnata NOCTOAHHONO TOKa

Paauo-4acToTHLIA

Taimep Moy

Puc. 3. ApXUTeKTypa «MHTEIIEKTYyaIbHOT0» MUKPOKOHTPOJLIEpA

Hcnonb3oBanue MIMH HEOOXOIUMO TakXke Ui odecrieueHHus paboThl ¢ AMHAMHYECKHMH MOTOKaMHU
JnaHHbIX. OHAKO MPUMEHEHHUE IIMHBI B CBOIO OYEPE/h MOBIHIO HA APXUTEKTYPY MPOTPAMMHOTO YPOBHS
MUKpOKOHTpoJutepa. [locie n3MeHeHu , BEI3BAaHHBIX MPUMEHEHHEM IIMHBI, apXUTEKTYPa WHTEIUICKTYalb-
HOT'O MHKPOKOHTpOJIIepa BKiouaeT B cebs [11, 12]: ocHOBHYIO TUIaTy, MOAYJIb CBSI3H, IBUTATEE TIOCTOSH-
HOT'O TOKa, OTIEPATUBHYIO MAMSTh, PaUOYACTOTHBII MOTYJIb, TaliMeED.

st noGaBneHuss (QYHKIIMH TPUMEHEHHUS aJTOPUTMOB MAITUHHOTO OOy4YeHHS B PabOTy MUKpPO-
KOHTpOJIIepa U AJis NMOBbIICHUS (H(HEKTUBHOCTH 00pa0OTKU MOTOKA JAHHBIX MCIIOJIb30BaIach TEXHOIOTHS
MDMC (microelectromechanical systems MEMS).

IMocne Toro, Kak JAaHHBIC MOIXOMbI OBUTH MPUMEHEHBI, B apXUTEKTYPy MPOTrpaMMHON cpelibl 100aB-
JISIETCS YPOBEHD ypasienus (puc. 4).
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N
YpoeeHs WamepuTenbHbie WcnonHuTensHbie
NPUNOXEHWUA NaHHble MexHa3Mbl
| > O6nauHbIi LeHTP |
VposeHb ramc || e UeHTP | | hicnonusiowmin
nony4YyeHuA A
ynpasneHua [ Ly 6nox
S ERX | AHanuU3 naHHBLIX | |
YposeHb CBA3K Zigbee GPRS RS485
S <
- Y "
YposeHb MeTka RFID Mpueon MEMS ceHcop ‘
BOCNPUATUA
e vy

Puc. 4. Apxutexrypa TOBE mporpammHO#i cpesibl «HHTEIIEKTYaIbHOT0» MUKPOKOHTPOJLIEPA

Takum 00pa3zoM, MOTyYeHHAs apXUTEKTypa MPOTPAaMMHON CPeAbl ¢ HCIOJIB30BAaHHEM alITOPUTMOB
MamMHHOTO 00y4eHus u npumeneHne Metok RFID [13] mpuparor TexHuueckomy oOBEKTY aTpuOyThI WH-

TEIUIEKTYaJIbHOTO HH(OPMAIIHOHHO-U3MEPUTEIBHOTO yeTpoiicTBa (pHc. 5).

MUKDOKOHTpONER
BrinanHesiae
MEXAHAMDCKOR < Mpoueccop HCnonmAmouwmi
onepaumm T FErhi B,
nepenaJn Onpenenexme r R, |
MEXAHWHBCKON
XA |m o |
Cop .
MIMBDHTEHEL
et [ Arpuraign |
nokasatensi «
| | BoNOns-gnne
0P Nepenaya odkHex | 1 THE AAHHBIX
m:l‘;“ﬂ:::‘:“w > Hepe3 wuHy . _‘_--l BXOAHBIX AAHHLIX L paca | | onepavun
| MA AAMHBIE LA
| BENONHOHUA NOMHeCKoR
CGop
MIMBDUTEEHE

OAHHBIX

Puc. 5. Ynpomennas cxema To-Be npuniuna paboTel «<MHTENIEKTYaIbHOI0» MUKPOKOHTpPOJUIEPa

B cBs3u ¢ Tem, 4TO JaHHOE YCTPONCTBO COOMpAET JaHHBIC W3 BHEIIHEH Cpelbl, 00pabaThiBaeT JaH-
HbIE€ U BBIMIOJIHAET JOTUYECKUE ONEPALMH, a MOCJIE MOChUIAET CUTHAJIBI UCIIOJIHUTENBHBIM CUCTEMAM — 3TO
ITO3BOJISIET ASHCTBOBATE JAHHOM CHCTEME aBTOHOMHO.

B Tabn. 1 mpemcraBieHa CpaBHUTENIBbHAS XapaKTEPUCTHKA (PYHKITMOHAIHLHBIX BO3MOXKHOCTEH pac-
CMATpPUBAEMBIX APXUTEKTYP.

Tabmuna 1

CpaBHUTENBHAS XapaKTEPUCTHKA (PYHKIIMOHAIHHBIX BOBMOKHOCTEH PaCCMaTPUBAEMBIX apXUTEKTYP

WHTennekryanbHblil o
ApPXUTEKTypa CraHgapTHBII MEKPOKOHTPOJIIED

MHUKPOKOHTPOJILIEP

O0paboTka TUHAMHYECKHUX TOTOKOB Ha Tonpko uX nepegaya u NOIyICHUE

JTAHHBIX TOTOBOTO pe3yIbTaTa

Hannuue anropuTMoB MalluHHOIO Ha ITonHoe orcyrcTBHE

00yUeHHs

Crioco06 B3auMOZEHCTBUS C MUHBIMU AHanu3 BXOJHBIX JaHHBIX [Tepenaya BXOAHBIX TAHHBIX

MHUKPOKOHTPOJUIEpaMU U Tepesiaya pe3ynpraTa B 00JIauHBII HEHTP

VYyactue 4esoBeka B IPUHATUN PELLIECHUS He tpebyercs TpeOyercst akTHBHOE y4acTHe
4YEJIOBEKA
Hanmuaue yenoseueckoro gakropa OtcyTcTBYET IIpucyrcTByer
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3akArouenune

B pesynbrare ucciaeqoBaHus MIPOBENEH aHAIN3 JIMTEPATyphl, CBSI3aHHBIH C pa3paOOTKON 3JIeMEHTOB

s MaTepHeTa Berel, ObUTH IpoaHAIM3UPOBAHB apXHUTEKTyphl MHTepHeTa Bemel. MoauduimpoBana
CYIIECTBYIONIAs apXUTEKTypa, KOTOpas MO3BOJISET MPOU3BOJUTH 00Pa0OTKY MHOTOMOTOYHBIX JaHHBIX C
MIOMOILBIO UHTEIJIEKTYaIbHOTO 1UTI03a B JUHAMUYECKOM pexkuMe. [Ipeanokennast apxuTekTypa mo3BoJIsIeT
MPUMEHATH aJITOPUTMBI MAIIMHHOTO OOy4YeHUs U1 00pabOTKH MHOTOMOTOYHBIX MCTOYHHUKOB JAaHHBIX, ITO-
JY4EHHBIX OT CEHCOPHBIX CEeTeW, YTO B CBOIO OYepelb 3a CUeT aBTOMATH3aI[MH Ipolecca IO3BOJSET
YMEHBIIUTh PacXo[bl Ha COJEP)KAHHUE OMEepaTopa YMPaBISIOMIEH CHUCTEMBI, a TAKXKE CHI)KAET YPOBEHb
OITACHOCTH TPHU OOCITYKHBaHUU TaKOTO 000PYAOBaHUS, KaK 3JIEKTPOreHEPAaTOPhl, aTOMHBIE PEaKTOPHI, TET-
JIO3JIEKTPOCTAHITUH H JIp.
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CUCTEMA ITIOAAEP>KKHN ABUATTACCACKHNPOB C UCITOAB3OBAHHMEM
TEXHOAOTUH MOHUTOPHUHIA UX MECTOIIOAOXKEHUA

A. B. Erkos’, A. A. Haaeiikuna?, I1. O. Tepemko?®

1.2.3 MockoBckuii rocynapcTBeHHbIH TeXHUYECKUH YHUBEPCUTET IpaskaaHCcKol aBuanuu, Mocksa, Poccus
mr.danil1509@mail.ru, 2 ludmila.nadejkina@yandex.ru, ° pav.tereshko@yandex.ru

AHHoTanus. Akmyanvrnocms u yeau. IlpeacraBieHa cucteMa MOHUTOPUHTA MECTOIOJIOKEHHUS aBHANACCaXHU-
POB B 37aHHM a3POINOPTA, MPEAOCTABIIAIOIIAS CEPBHIC OTMOBELICHHUS ONAa3AbIBAIONINX HA MOCAAKY, a TAKXKE IPEIOCTaB-
nstrotast 3G QEeKTUBHBIN CIIOCO0 CKOPEHILEro CliefioBaHue K MeCTy mocaaku. Mamepuanvt u memoowt. Ilpennaraercs
KapTa MOCTPOCHHOTO KpaT4aiero myTd B MOOMIBHOM MpuioxkeHnd. CHCTeMa TakkKe MPe0CTaBIIsCT BO3MOKHOCTh
HaBHTallUK 110 3[jaHuto asponopra. [laccaxup pukcupyer Ha KapTe KOHIIEBbIE TOYKH MapIIpyTa, HOIydaeT B IPHIIO-
JKEHHU BBICTPOCHHBIII MapmpyT. Pesynomamsl u 6vi600ul. Ilpennaraemas cucremMa obecleynBaeT MOBbILICHUE Kade-
CTBa 00CITy)KMBaHHSI U KOM(OPTa MacCaXUPOB, a TAKKE PEIICHUE Ps/a M0CaT0UHbIX MIPOOIIEM, YTO TOBBIIACT JIOSUIb-
HOCTb aBUANacCa>kKupoB.

KitioueBbie €j10Ba: apXUTEKTypa MPUIOKCHHS, MAaTTepHbl npoektupoBanust, b SQLite, moamepxka apuamnac-
CaKUPOB, HACHTH(UKAINS, MOHUTOPUHT MECTOHAXOXKICHUS MaCCAXKUPOB, HABUT ALHS

Jnsa uurupoBanusi: Erxos /. B., Hageiikuna JI. A., Tepemko I1. O. Cucrema noaepXKu aBHaacCakupoB ¢ UCIIOIB30-
BaHHMEM TEXHOJOTHI MOHUTOpUHTra HX MecTornonoxenus // HanexHocts U kauecTBO cloHbIx cuctem. 2024, Ne 3. C. 124-129. doi:
10.21685/2307-4205-2024-3-14

AIR PASSENGER SUPPORT SYSTEM
USING LOCATION MONITORING TECHNOLOGIES

D.V. Egzhov', L.A. Nadeykina?, P.O. Tereshko’

1.2.3 Moscow State Technical University of Civil Aviation, Moscow, Russia
mr.danil1509@mail.ru, 2 ludmila.nadejkina@yandex.ru, ° pav.tereshko@yandex.ru

Abstract. Background. The article presents a system for monitoring the location of air passengers in the airport
building, providing a service for notifying those who are late for boarding, as well as providing an effective way to
quickly get to the boarding point. Materials and methods. Offering a map of the shortest route built in a mobile
application. The system also provides the ability to navigate around the airport building. The passenger records the
end points of the route on the map, receives the built route in the application. Results and conclusions. The proposed
system improves the quality of service and passenger comfort, as well as solves a number of boarding problems,
which increases the loyalty of air passengers.

Keywords: application architecture, design patterns, SQLite database, air passenger support, identification,
monitoring of passenger location, navigation

For citation: Egzhov D.V., Nadeykina L.A., Tereshko P.O. Air passenger support system using location monitoring tech-
nologies. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2024;(3):124-129. (In Russ.). doi:
10.21685/2307-4205-2024-3-14

BBepenne

B cBs3M ¢ eXeroAHBIM POCTOM MAacCaXUPCKOTO TpaduKa IMOBBIIIEHHE KadecTBa OOCITY)KHBAHUS CTa-
HOBHTCSI OJTHOM M3 TIEPBOCTENEHHBIX 3a/1au, KOTOPHIE CTOST TIepe COBpeMeHHBIMHU asporoptamu [1]. Tlac-
CQXHPBI, TPOIICIIINE PETUCTPAIMIO M MOJYYHBIIUE MOCAJOYHBIN TaJOH, MPOXOAST B TaK HA3bIBAEMYIO
YUCTYIO 30HY», B KOTOPOH HaXOAWUTCS OOJBIIOE KOJIMYECTBO Mara3uHOB Pa3HOTO Ha3HAYeHWs, Kade u pe-
cropaHoB. [loporo maccaxupsl EpeoeHNBalOT BpeMeHHON 1 (pr3muecKuii pecype H, Kak pe3ysbTar, ormas-
JIBIBAIOT Ha mocanky. Emie oMHuM HeqocTaTKoM, KOTOPBIH OCOOSHHO OIIYIIAETCS B KPYIMHBIX adpOTOPTaXx,
SIBIIIETCS] OTCYTCTBUE crioco0a 3 (peKTHBHOTO OPHEHTHPOBAHUS 110 3[JaHHUI0 a3POIOPTa.

© Erxos A. B, Hapeikuna A. A., Tepemko IT. O., 2024. Konrent pocrynen no annensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Com-
mons Attribution 4.0 License.
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st perieHus: onMcaHHBIX BIIE Ipo0ieM Obuia pa3paboTaHa cUCTEMa MOHUTOPUHIA MECTOIIOJIOKE-
HUSI aBHAIIacCaXMPOB, IIPEAOCTABIISIONIAs CEPBUC ONOBEIICHNS ONa3/IbIBAIOIINX HA [IOCAAKY aBHANACCAXKU-
POB, a Takxe npegocTasisiomas 3hHEeKTHBHBIA COCO0 CKOpEHIero cieoBaHUs MX K MECTY IMOCAIKH.
B MoOwibHOE NpUIIOKEHHE TAaKOro aBHAaccakupa OyIeT IOCTymaTh COOTBETCTBYomiee pPush-
YBEIOMJIEHHE U KapTa KpaTJaiIero MapupyTa 10 MecTa IOCaIKu.

[IpencraBnenHass MHOTOIIOTOYHASI IPOTPaMMHAasi CHCTEMa TIOJJIEPKKH aBHanaccaxupoB PocaBuanu,
npeaHa3HaYeHHast 1711 OAHOBPEMEHHOW paboThl ¢ OOJIBIIMM YUCIOM MacCakKUPOB, CIOCOOHA TPU HE00XO-
IUMocT MaciurtabupoBatbes. [Ipu 3ToM mpunoxeHne oOJagaeT CIEOYIOLIMMH KPUTEPUSIMU KadecTBa:
OBITH HAJC)KHBIM, MAaCIITAOUPYEMBIM U yIOOHBIM B COTIPOBOXKICHHUH.

Mara3unbl, Kade ¥ NpoYHe OpPraHU3aLMH 3a4acTYI YK€ HCIOJB3YIOT Ui CBOECiH paboThl Web-
NPUIOXKEHHS], & 3HAUYUT, UMEIOT IIOATOTOBJICHHYIO [UIA UX pa3BopauuBaHus nHGpacTpykrypy. [lostomy om-
THMaJIbHBIM PEILICHUEM SIBIISICTCS IIOCTPOCHUE CHCTEMBI Ha 6a3e WeD-TpHIoKeHHsI.

CrpykTypa MOIYJbHOH cHUCTeMbl Ha 0aze (yHIAMEHTAIbHOTO apXuTeKTypHoro marrepna MVC
(Model-View-Controller) mpeacraBnena Ha puc. 1 1 COCTOUT U3 BHEIIHEH ¥ BHYTPSHHEH 4acTei.

7 N
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Mettib ek b e b e b e e e
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— T —— —— —
F
h 4
4

o ———————— — —

T e s s s e s ams mas s s s s s s | o

_______________ BHelWwHAR yacTe

_______________ BHYTDEHHAR 4acTk

Puc. 1. CtpykTypHasi cxemMa CHCTEMbI OITOBEIICHHS

Moy nbHast apXUTEKTYpa CHCTEMBI 00€CIEYNBAET YI00CTBO BHECEHUS M3MEHEHHI U X WHTETPALHIO
B KOMITOHEHTBI CHCTEMBI JINOO TIOJHYO MX 3aMEHBI B CTydae HEOOXOIMMOCTH.

K BHeLIHEMY CErMEHTY CUCTEMbI OTHOCUTCS MH(OPMAIIMOHHAS CHCTEMa a3poIiopTa.

K BHyTpeHHEMY CerMeHTy OTHOCATCS Web-cepBep, cepBep 6a3bl MaHHBIX, MOAYJIH COOpa JAHHBIX,
OMOBENIECHUS U HHTEPPENC KIMEHTCKOrO MOOUIIBHOTO TIPUIIOKEHHS.

Web-cepBep BEHITIONHAET pOJIb CBA3YIOIIETO 3BeHa cucTeMbl [2]. OH ompammBaeT MOIyiIb cbopa IaH-
HBIX, TOJIy4asi HOBBIC JAHHBIC O MIOCETHUTENIE 3aBe/ICHHS, 3aMChIBAET UX B 0a3y MaHHBIX. MOIyJIb OMOBEIIe-
HHI W3BIIEKAET JAHHBIE O MACCAKUPE B HY)KHOM (opmare uepe3 Web-cepep u3 0asbl JaHHBIX IS Jalb-
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Helimeil 00padoTku. Web-cepBep 3anpammBaer y MOIyiIsl ONMOBELICHUS HHPOPMALUIO: KOMY U3 OIa3ibl-
BAIONINX MMACCAXUPOB HYKHO HANPAaBUTh B MOOMIIBHOE MPWJIOKEHUE OIOBEIICHHE W MPH HEOOXOAUMOCTH
MapHIpyT 10 MECTa ITOCA KH.

CucteMa onoBemieHus 001agaeT cleAyomuM (yHKIHOHATIOM:

— (pukcanms MecTONoNIOKEHNS aBHaNlacCaKMpa, U3BJICUCHNE TaHHBIX O pelice, BpeMEHH U TepMUHAIe
HOCA/IKH, OIPE/IeNICHNE pe3epBa BPEMEHU U BEPOSTHOCTH OIO3JaHUS Ha MOCAJIKY;

— OTIIpPaBJICHUE OMOBELICHHS B MOOHMJIBLHOE NPUIIOKEHHE MAcCaKupa O HEOOXOAMMOCTH CIEAO0BAThH
Ha MOCaJKy ¥ IPEeJI0CTaBICHUE KapThl KPOTYAMIIIEro MapuipyTa;

— IIOCTPOSHHE MapUIPYTOB HA KapTe a’sporopTa.

[TpunoskeHue BKIOYAET MPeACTaBICHHBIE HIKE ()YHKINOHATIBHBIE MOAYIIH.

MoayAb 06pa6oTKH CKAHHPOBAHUS

Hasnauenne — 00pabOTKa IMOCTYNAONIMX CBEACHUH OT CKaHepa M OTIpaBKa MX B 0a3y maHHBIX. Mo-
JlyJib HAITMCaH Ha sI3bIKe IporpaMmMupoBanus Python.

OGecrieunBaeT cBA3b CO CKaHEPOM, 00pabOTKy JaHHBIX CKAaHHPOBAHUS MIOCAJ0YHOTO TaJIOHa, (hUKCa-
IUI0 KOOPAWHAT TOYKH JIOKAIlMM aBHalacca)kupa W TEpMUHaja BBUIETA, JAaHHBIE O MAcCaXHpPe, a TaKKe
UICHTU(PHUKATOP pelica, KOTOPBIM JTaHHBIN ITaCCaXHP JIETUT, TPOBOIUT BEPUPHKALIUIO TAHHBIX C TOMOIIBIO
3ampoca K BHEIIHeW WH(POPMALMOHHON cHcTeMe adpomnopra. Takke ocyliecTBiseT o0padOTKy NaHHBIX
K Hy>)KHOMY (hopMaTy M OTIpaBKy JaHHBIX B 0a3y AaHHBIX. B camoii 6a3e JaHHBIX 3aKCh O Ka)KAOM Iacca-
’KHpe, 3apeTUCTPUPOBAHHOM Ha PEiiC, COIEPIKUT CBEICHNS O TOYKE IOCIIEIHEr0 CKaHUPOBaHMs, Oiaroaaps
3TOMY OTpEEISIeTCSI MECTONOJIOKEHHE aBHanaccakupa. [Ipu momydeHnn HOBBIX TaHHBIX OT MOAYJIS 00pa-
00TKH CKaHUpPOBaHUA CBCACHUA O TOYKE IMMOCICAHETO CKaHUPOBaHUA OOHOBJISIIOTCS.

ba3a poaHHBIX

HazHnadenne — xpaHeHue, MpueM Ha XpaHEHUE U MTPEOCTABICHHE JaHHBIX 0 3aIpocaM.

Tak kak UTOTOM PabOTHI OyHIET SBIATHCS CHCTEMa, C KOTOPOH OyIeT B3aMMOICHCTBOBATH OOJIBIIOE
KOJIMYECTBO TOJIb30BATENICH, I XPaHCHUS BCEX JAaHHBIX OBUIO PEIIEHO MCIOIh30BaTh 0a3y maHHBIX. JIo-
TUYeCKass MOJieibh 0a3bl JIAHHBIX NPEACTABICHA HAa PHC. 2, BKIIIOYAIONIAS CICAYIONIME TAOJIUIIBI. PEHCHI,
a’pOIOPTHI BhUTETA/MIPUIIETA, TOPOIA U CTPAHBI BhIJICTA/PUIICTA, HAIOIHEHNE KOTOPBIX OUSBHTHO.

Tabmuma «mocagovYHbIe TaJOHBD XPAHUT WH(POPMAIHIO O TTOCAJIOYHBIX TAIOHAX, 3apErHCTPUPOBAH-
HBIX B MPUJIOKEHUH T1aCCAXHUPOB, TAKYIO KaK HOMEp pelica, TOUKa MOCIISTHEr0 CKaHUPOBAHUS.

Tabnuia «maccaxupb» XpaHUT WHPOPMAIIHIO O TTACCAXKUPAX, 3aPETUCTPUPOBAHHBIX B MPUIIOKESHUH.

Tabnwma «TOYKKM MapumIpyTa» XpaHUT HHPOPMAIHIO O CIUCKE TOYEK MECTOIOJIOKEHUH aBHaracca-
JKUpa B NIPEATIOCATOYHOHN 30HE.

Tabnuia «MapuipyTh» — CBEJACHHS, HEOOXOAUMBIC JUIS TeHEePAIlMi MapIIpyTa U3 TOUYKH A B TOUKY B.

— W id_airport | =
name_airport

ity bd [ ¥ id_city

name_city
country_id T id_ecountry

name_country

U id_num _flight
airport_fromid

1

Routes

airport to_id |~
time_from
time_to B

T id_route
start_poént_id

Passengers
T id_passenger
num_passpert
Surname
Qivin_narmes
date_birht

4

¥ id_num_boarding
num_flight_id
passenger_id
current_pont_id
num_seat

point_gate_id

- end_point_id
route

V' id_poirt
name_point
num_floor
if_gate
arport.id
coordinates

Puc. 2. Jlormueckast Mozents 0a3bl JaHHBIX
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[Tocnme co3manms yorudeckoi mMojenu 0a3za MaHHBIX ObUTa peann3oBaHa ¢ Hcmonb3oBaHueM CYB/]
SQL.ite. Beibop 6611 00yCIIOBIIEH MYJIBTHIIIATGOPMEHHOCTEIO, A TaKKe HEOOIIBINOM 3arpyKEHHOCTHIO JaH-
HOW CHCTEMBI YIIpaBJieHUs] 0a3aMH JaHHBIX, IPH ATOM OTBEYAIOIICH BCEM HYKHBIM TPEOOBaHUSIM CO37aBa-
emoii cucrembl. SQLite apdexruBHO padoTaer € Python, Tak kak ero OMOIMOTEKH MO3BOJISIIOT C JIETKOCTHIO
paboTath ¢ co3maHHO# 0a30ii TaHHBIX HANPAMYIO M3 Kona, 6e3 3ameiicTtBoBanms MeHemkepoB CYB/] u ka-
KHX-JINOO APYTUX CPEJICTB.

Mooynw onosewernuil

OcHoBHOI1 Monynb cucTeMbl. HasHauenust:

— TpoBepKa HEOOXOAUMOCTH OTIIPABKH YBEIOMIICHUIA;

— ¢QopmupoBaHHe 3arpocoB K 0a3e JaHHBIX;

— 3amnpoc JaHHBIX W3 BHEIIHEH WHPOPMAIIMOHHON CUCTEMBI a3pOIopTa;

— 00paboTKa JaHHBIX, IOCTYMAOIINX OT MOOMIEHOTO MPHIIOKEHUS;

— Tepenaya JaHHBIX B MPHIIOKEHHE.

JIst peanu3aiyy JaHHOTO MOIYJIsl IIPUMEHSIIICS SI3bIK TporpamMmupoBanus Python.

st npoBepkr HEOOXOJMMOCTH BBIBO/IA YBEIOMJICHHUS Peann3yeTcsl MOBEACHYECKUN NaTTepH MPOeK-
tupoBanus «Habmomarens» [3]. [larrepu «HaGmomaTens» onpeaenseT 3aBUCUMOCTh MEXIY OOBbEKTaMH
OAMH-KO-MHOTHM» TaK, YTO IIPH H3MEHEHUH COCTOSHHS OTHOTO OOBEKTa BCE 3aBUCSININE OT HETO OOBEKTHI
YBEIOMJISIFOTCSL 1 OOHOBJISIFOTCSI aBTOMATHYECKH.

B nHamem ciyvyae HaOJIrOIaTEINb MOANUCHIBACTCS HA YBEJAOMIICHUS OT UCTOYHUKOB COOBITHI U pearu-
pyeT Ha M3MEHEHHUS COCTOSIHHA B ATHX MCTOYHMKax. Korma cocTosiHMe MCTOYHHMKA M3MEHSETCs, HaOro1a-
TeJNb MOJyYaeT YBEAOMIICHHE U BBITIOJIHAET KaKUe-TO JCHCTBHSI B COOTBETCTBUH ¢ u3MeHeHueM. O0pabarbi-
BaeTcA cleaylomee coObITHE.

CoObITHEe — 00HApYXEH OIa3/bIBAOIINN MaccaXup. VICTOUHUKOM COOBITHS SIBIISIETCS MOIYJb OTO-
BemeHnid. HaGmonareneM — MOOWIBHOE TPHIOKEHHE. MOMYITh OMOBEIICHHH MOIydaeT OT MOOMIIBHOTO
NPUIIOKEHHS TEKyIlee BpeMs, OT 0a3bl TaHHBIX BpeMs OTIIPABJICHUS pelica, a Takke PacCTOsSHUE OT MECTO-
TTOJIO’KEHUS TTacCaXHpa JI0 HyKHOTO BBIXOJIa Ha MOCAJKY. 3aTeM MPOU3BOIUT BHIUYHCICHUE KPUTHUECKOTO
BpPEMEHH, KOTJja HaJ0 OTIIPABIIATH OnoBemmeHue. OHO ompezenseTcs] KaKk 9acTHOE OT JAETICHHS PacCTOSHIS
OT MECTOIOJIOKEHHSI Maccakupa Ha CPEJHIOI0 CKOPOCTh XOABOBI 37I0pPOBOTO YENOBEKa B NMPOU3BOJIHLHOM
Temrie, paBuyto 1,43 m/c, cornacHo pacueTaM, MPOBEICHHBIM B cTaThe [4]. Eciu pasHuia MexIy TEKyIMM
BpEMEHEM H BpEMEHEM OTITPAaBKH pelica paBHA KPUTHIECKOMY, ITOJIb30BATENIO OTIPABISETCS YBEIOMIICHHE
0 HEOOXOJMMOCTH CPOYHO MPOCIEOBATH K BBIXOY Ha MOCAIKY.

CoOpITHE — Maccakup MpPOILIEN Yepe3 BBIXOA Ha Mmocaaky. MICTOUHUKOM COOBITHA SIBISIETCS MOAYJNb
o0paboTku ckaHupoBaHus. HaOnromarenem — maHHBIA MOyl onoBemeHuid. [Ipu mpoxoae depe3 BBIXOX
Ha TI0CAKy MacCakup CKaHUPYET CBOW MTOCAOYHBINA TAJIOH, MOIYJIb 00pabOTKH CKaHMPOBAHUS OTPEACISIET
TOUYKY CKaHMpOBAaHMA KakK BBIXOJ Ha MOCAAKy U YBEIOMJISET 00 ATOM MOAYJb OMOBEUIeHHHA. Moaynp oro-
BEIICHUH CO CBOEW CTOPOHBI yIallsieT BCE 3alMCH O TMaccakupe W3 0a3bl JAHHBIX W 3aBEpIIAeT CEaHC
HaOTIOACHS 3a TTaCCAKHPOM.

Jist paboThl cMCTEMBI HEOOXOJUMBI TPEIOCTABISIEMbIE a3pPOMIOPTOM JIaHHBIE, TaKUE KaK: CBEIICHHS
0 peiicax W CIHCKUA 3apETUCTPUPOBAHHBIX HA HUX MACCAXKUPOB, KOTOPHIC BHIMOIHUIN aBTOPU3AIIUIO
B HaIlleM TMPIIOKEHUH, CBeIEHU 00 MyOIHYHBIX 00BEKTaX a’poIiopTa, KapTa-cxema JOCTYITHOW MOCEeTHTe-
JsM gacTu a’poropra. [lomydaembie M3 BHEUIHEH CHCTEMBI CBEIEHHS MPOXOAST OOpabOTKy, MOCIEe Yero
MOMEIIAIOTCS B 0a3y TaHHBIX.

Kpome Toro, npu moctyruieHuu 3armpoca o MpPeAOCTaBICHUH JaHHBIX OT MOOMIIBHOTO TPHIIOKEHUS
MOMYJIh 3allpalnBacT HeOOXOAMMbIE JTaHHbIE U3 0a3bl JaHHBIX, 3aTeM Mpeodpa3yeT B HEOOXOAUMBINA (Hop-
Mart, hopMupyeT jSON-(aiis 1 HAMpaBiIsIeT ero MOOMIBHOMY TPHIOKEHHIO KaK OTBET Ha 3ampoc.

Mo6uAbHBI HHTEPPeic TOAB30BATEAS

MoOunbHBINH HHTEpdEiic MOIb30BaTeNs BBHIIIOIHEH B BHIEC MOOHJIBHOTO MPHJIOKCHUS, HAIIMCAHHOTO
Ha si3bIke Python ¢ mcmonb3oBaHreM OHOTO U3 CaMbIX TOIYJISIPHBIX (PPERMBOPKOB T MOOMITBHOM pa3paboT-
ku Ha s3bike Python — Kivy [5]. CoryxuT s B3anMoeiCcTBIS aBUanaccaxupa ¢ pa3paboTaHHOH CHCTEMOI.

B MoMeHT peructpanyu B MOOMIBHOM NMPHJIOKEHUHU TAaCCAXKUP BBIPaXKaeT CBOE COTiacke Ha oOpa-
0OTKY €ro MepCOHANBHBIX JAHHBIX CHCTEMOI OMOBEIICHUS ¢ MOMEHTA BXOJ]a B CUCTEMY JIO OTIPABKH peid-
ca. [Ipu aBTopu3aIMy MPOU3BOIUTCS CKAHUPOBAHUE MOCATOYHOTO TAJIOHA.
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Jlanee mpuIIO’KEHUE OTHPABISET 3apPOC JaHHBIX O MMOJb30BaTeNe M peiice, Mocie MoaydYeHHs KOTO-
PBIX BBIOJIHIETCS BXOJI M IAHHBIE OTOOPaXXAI0TCS HA TIIABHOM SKpaHe MOOMIBHOTO NPUIIOKEHUS.

Kak TOJIbKO MOYJb OTMOBELICHUS ONPEICIH, YTO MACCaKHUP OMa3bIBACT, MACCAKUPY MOCHUIACTCS
COOTBETCTBYIOILIEE PUSh-yBeOMIICHHE, B KOTOPOM TaKXKe MpeJiaraeTcsi 0TOOPa3uTh MapUIPyT CICIOBAHUS
K BBIXOJy Ha TIOCAIKY.

Bmecte ¢ 3THM B NPUIIOKEHUH UMEETCs KapTa aspornopra. Kpome oCHOBHOTO cepBHca, MPUIIOKCHUE
NPEIOCTABISIET BO3MOKHOCTD MPOJIOKUTh MApPIIPYT MEXKAY JHOOBIMH JBYMsI TOYKAMHU TOCTYITHOW 30HBI
asponopra. /Iy 3TOro mosib30BaTelo TpeOyeTcs MepeiTn B MpeaHa3HavYeHHOe IS 9TOr0 OKHO M, UCIIOJb-
3ysl TIPEUIOKEHHYIO KapTy a’dporopTa, 3aUKCHPOBATh Ha KapTe JBE TOYKH — HAYAJI0 M KOHEIl MapuIpyTa.
B sTOT MOMeHT cpabaThiBaeT nmattepH «Habnronarens», peaqi30BaHHBIN TaKKe U B MOOMIBHOM ITPUIIOKE-
HHH, COOBITHEM JIJIsI KOTOPOTO SIBJISICTCS BBOJ TOYESK Havaia M KOHIA MapuipyTa, otBeroM «Habmonarens»
SBJIETCS TIPOPUCOBKA MapIIPyTa M OTOOpaskeHNE €ro Ha KapTe.

Jnst peanu3anuy MoJIyJieil HCTIOIb30BAIOCh CIIEYIOIIEe IIPOrpaMMHOe 00eCIeUeHHUE:

— Visual Studio Code (VS Code) — pemakTop HCXOTHOTO KOAa, pa3pabOTaHHBIA KOMITaHWEH
Microsoft mst Windows, Linux u macOS. Bkirouaet B ce0si OTIQAYMK, HHCTPYMEHTHI [i1si pabotsl ¢ Git,
HOJICBETKY cUHTaKcHca, IntelliSense u cpeactsa ms pedakropunra;

— SQLiteStudio — cBoOOAHBIN MyIbTUIIIATHOPMEHHBIA PYCCKOS3BIYHBIA MEHEIKEp I CHCTEM
ynpasieHus 6a3amu gaHHbIX SQLIte ¢ OTKPBITBIM HCXOHBIM KOJIOM.

Takoke UCIIOIB30BAIKCH CIACAYIOIINE TEXHOIOTHH:

— Kivy — MyabTHILIaTGOPMEHHBIN (PEHMBOPK C OTKPBITHIM HCXOJHBIM KOJIOM s pa3paboTKu
NpuIoKeHNH Ha s3bike Python. Mcnone3yeTcs At CO3MaHust CIIOKHBIX MHOTO(YHKIIMOHAIBHBIX MOOHIIb-
HBIX W JICCKTOITHBIX IPHIOKEHUH C TEXHOJOTHEH MyJIbTHTa4, KOTOPAs IMO3BOJISICT CEHCOPHON MaHEeNN WIH
CCHCOPHOMY 9KpaHy pacro3HaBaTh 0o0Jiee OIHOI TOYEK COMPUKOCHOBEHHS C MOBEPXHOCTHIO WIIM C €CTe-
CTBEHHBIM T10JIb30BaTEIBCKUM HHTEP(EHCOM, KOTOPBII HE aKTHBEH /10 B3aMMOJICHCTBUS C TTOJIb30BATENIEM;

— JSON (JavaScript Object Notation) — cranmapTHBIN TEKCTOBBINA (HOPMAT AJISI XPAHSHUS U TIepeaadn
CTPYKTYPHPOBaHHBIX JaHHBIX. OH OCHOBaH Ha CHHTAaKcHCce 00beKTa B JavaScript, Ho He MPUBS3aH K HEMY.

3akAroueHue

Pa3paborana cucrema, MpeaoCTaBIISIONIAs YCIYTy OINOBELICHHS aBHAIacCaXUPOB, OMAa3/IbIBAOIINX
Ha peiic, pe3yIbTaToM BHEAPEHUS] KOTOPOH JOJIKHO OBIThH MOBBIIIEHHE KayecTBa O0CIYKHBAaHUS H KOMQOP-
Ta MAaCCaKMPOB, a TAKXKE PEIICHHE Psijia MOCAJOYHBIX MPOOJIEM, UTO JOJDKHO MOBBICUTH JIOSUIBHOCTD aBHA-
aCCaKMPOB.

OcHoBHbIE (PYHKIIMN CHCTEMBI:

1) dukcanusi MECTOMOIOKEHHUS aBHATIACCAXKUPA, ONpPE/CIeHUe pe3epBa BPEMEHH 10 MOCaJKH U Be-
POSITHOCTH OTIO3/IaHNS,

2) OTIpaBJICHHE OMOBEIICHUS B MOOMIbHOE MPUIIOKEHHE MacCaKupa 0 HEOOXOAMMOCTH CIIEIOBATh
Ha MMOCaAKy M MPeJOCTaBICHHE eMy KapThl KpaTdaiiero MapupyTa,

3) mocTpoeHue KpaT4aiux MapupyToB Ha Kapte 1ist Gonee 3G HeKTHBHOro epeABIKEHNS 110 371a-
HHIO a3pOIopTa.

[TpenMyI1eCTBOM CHCTEMBI ABJISETCS MCIOJIb3yeMasl MPH MPOCKTUPOBAHUK CHCTEMBI IJIATMHHAS ap-
xuTektypa [3], koTopast gaeT BO3MOKHOCTh H3MEHEHHS CTapbIX MOJYJICH U MOAKIIOYCHHsI HOBBIX MOYJICH,
HE MEHSS CyIIECTBEHHO OCTAJILHBIE MOYJIH CHCTEMBI.

HapaBHze ¢ 3TUM NpenMyIIeCTBOM CUCTEMEI SIBIISIETCS] €€ aBTOMAaTU3UpOBaHHas paboTa Oe3 3a1eiicTBo-
BaHUsI OOJIBIINX JIFOJICKHX PECYPCOB M HATMYME MOOMIBHOTO PHIIOKEHUS I YA00CTBa TOJIb30BaTeeH.

LlenecooOpa3HO MHTETPUPOBATH B MPHIIOKEHHE MOTYIh OMOMETPUYECKOr0 KOHTPOJIS BBIXO/A Ha TO-
CaJIKy: BO3MOXKHOCTh BBIXOJIa HA TOCAJIKY C JJEKTPOHHBIM ITOCAJOYHOM TaJOHOM C JECKPHUIITOPOM JIUIIA.
Ha maccaxwupa Oyaer 3aTpaunBaThes He Oonee 1-2 c.
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AN INDEX-BASED METHOD FORINTEGRAL ESTIMATION OF REGIONAL
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Abstract. Background. The study is aimed at developing well-known and designing novel models and methods
for decision support in the field of security and resilient operation management of critical infrastructures and socio-
economic facilities in the Arctic region of Russian Federation. This urgent problem is especially relevant at the re-
gional level in terms of the need to protectability heightening of critical facilities/infrastructures, cascading effects re-
stricting of the multiple threats of various nature on higher-level systems and favorable conditions providing for miti-
gation of the negative consequences of influencing factors on the performance of the elements of these systems.
Materials and methods. For easy understanding, the work structurally is decomposed in two parts. In the first part, a
formal problem statement is given. The substantiation of mathematical apparatus for problem-solving is carried out.
The generic framework of the developed method for assessment and analysis of the regional critical infrastructures re-
silience based on a fuzzy-set approach and expert judgements is proposed. In the second part, the efficiency Q-
function computational models of the organizational and technical systems resilience, such as anticipation ability, re-
sponsiveness, recoverability and adaptability, which are the central elements of the optimization model of critical in-
frastructures resilience integral index, are examined. Results and conclusions. An index-based method for the integral
estimation and analysis of the regional critical infrastructures resilience, based on fuzzy calculations of the level and
ratio of aggregated reliability, security and robustness indices, has been developed. The method allows on basis of in-
complete data to quantify systemic risks affecting the critical infrastructure resilience, performances, savings and pos-
sible losses under sampling and implementing the anti-crisis measures at all stages of the resilience management life-
cycle. A distinctive feature of the method is its universality, i.e., applicability to all types of critical infrastructures.
The method can be practically used by operators and analysts of regional situational centers to train and generate de-
sign decisions for counteracting the actual threats and local failures in the operation of regional critical infrastructures
under uncertainty.

Keywords: system analysis, resilience, security, critical infrastructure, integral performance index, expert
judgement, fuzzy calculations
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WMHAUKATOPHBII METOA UHTETPAABHOY OLIEHKH
>K3HECIIOCOBHOCTH PETMTOHAABHBIX KPUTUYECKUX
MH®PACTPYKTYP HA OCHOBE HEYETKUX BBIYUCAEHUI
(4JACTD 2. MOAEAY ITIOKA3ATEAEN KAYECTBA )KU3HECIIOCOBHOCTH)

A.B.Macao6oeB

WucTuTyT MTHPOPMATHKH 1 MAaTEMaTHIECKOTO MoIenupoBanus numern B. A. [Tytunosa
Konsckoro HayuHoro nentpa Poccuiickoii akanemuu Hayk, AnaTtuThl, Poccus
WucTrTyT ipobieM mpoMBIIIIeHHOH Konorun CeBepa
Konbckoro mayunoro nieatpa Poccuiickoii akagemuu Hayk, AnaTutel, Poccus
masloboev@iimm.ru

AHHOTamMA. AxmyanvHocms u yeau. VIccnenoBaHNe HATPABICHO HA Pa3BUTHE M3BECTHBIX M Pa3pabOTKy HO-
BBIX MOJEJCH M METOIOB IOAJCPKKH MPHHATHS PEIIeHHH B 00JacTH yHpaBiIeHUS 0€30MacHOCTHI0 M YCTOWYHBBIM
(hYHKIIMOHHPOBAHUEM KPUTUYCCKUX HHPPACTPYKTYp M COLMUAIBEHO-DKOHOMHYECKHX OOBEKTOB APKTUYECKON 30HEI
Poccuiickoit @eneparun. JTta 3agada 0COOCHHO aKTyajbHa Ha PETHOHAIFHOM YPOBHE C TOYKH 3pEHHS HEOOXOIUMO-
CTH TIOBBINICHHS 3aIIUIIEHHOCTH KPUTHYECKH BAXKHBIX 00BEKTOB/MHPPACTPYKTYD, CACPKUBAHUS KaCKaJHBIX d(dek-
TOB BO3JICHCTBUSI MHOXKECTBEHHBIX yYTPO3 PazIMYHON MPHUPOJIEI Ha CHCTEMBI 00Jiee BEICOKOTO YPOBHS M OOCCIICUCHHUS
OJIATONPUATHBIX YCIIOBHH JUTSI CMSATYCHUS HETATHBHBIX MOCIEICTBHIA BIUSAIOMIAX (PAaKTOPOB HA COCTOSIHUE PabOTOCIIO-
CcOOHOCTH JIEMEHTOB 3THX cucteM. Mamepuansl u memoosi. Pabota cocront u3 aByx yacteil. B mepBoii yactu maHa
(dopmanpHasi TIOCTAHOBKA 3aJ[a4, MPUBOAUTCSI 00OOCHOBAHHE MATEMATHUYCCKOTO ammapara i e¢ PEUICHUS W Tpel-
CTaBJieHa 001Ias CTPyKTypa pa3paboTaHHOTO METOAA OIICHKH U aHaJIN3a )KU3HECIIOCOOHOCTH PETHOHANBHBIX KPUTHYE-
CKHX MH(PACTPYKTYyp HA OCHOBE HEYETKO-MHO>KECTBEHHOTO ITOJIXOJa M KCIEPTHBIX OICHOK. Bo BTOpOI wacTH mc-
CIEIYIOTCS BEIYUCIUTEIBHBIE MOIETH IIeTeBHIX (QYHKIIUI KauecTBa YCTOWINBOCTH OPTaHN3AIIMOHHBIX 1 TEXHUIECKUX
CUCTEM TaKHuX, KakK YINPCKIAACMOCTb, PCAKTUBHOCTH, BOCCTAHABJIMBACMOCTb U aAallITUPYCMOCTD, SABJIAIOIIUXCA LICH-
TpPaTbHBIMH KOMITOHCHTAMH ONTHMH3AIMOHHONW MOJICNI WHTETPaTbHOTO TOKA3aTeNs KU3HECTIOCOOHOCTH KpPUTHYE-
CKUX UHPPACTPYKTYp. Pesyrvmampt u 6bi600b1. Pa3paboTaH HHANKATOPHBIA METO]] MHTEIPAIBHOW OICHKH U aHAIN3a
KU3HECTIOCOOHOCTH PETHOHANBHBIX KPUTHYECKIX HHPPACTPYKTYpP, OCHOBAHHBIN Ha HEYETKUX BBHIUMCICHUSIX YPOBHA U
COOTHOIIICHUSI arPETUPOBAHHBIX MTOKA3aTEJICH HAJC)KHOCTH, 0€30MIACHOCTH U YCTOMYMBOCTH. METO/ TI03BOJISIET HA OC-
HOBE HETIOJIHBIX JAHHBIX KOJWYECTBEHHO OIICHUTh CUCTEMHBIC PHCKH, BIUSIONINE HA KU3HECIIOCOOHOCTh KPHUTHYE-
CKOI HHPPACTPYKTYPHI, mojie3HbIe 3((HEKTHI U BO3MOXKHBIC MMOTEPH MPU BBIOOPE U peau3allii aHTUKPHU3UCHBIX MEp
Ha BCEX CTAAMAX KU3HEHHOTO ITUKIIA YIIPABICHUS YCTOWIHBOCTHIO. OTIMINTENFHON OCOOCHHOCTEIO METO/IA SIBIISIETCS
€ro YHHBEPCAILHOCTb, T.€. IPUMEHHUMOCTh KO BCEM THIIAM KPUTHYECKUX WMH(pacTpyKTyp. MeToa MoeT ObITh HC-
MTOJTE30BaH OMEPATOPAMU W aHAIMTHKAMH PETHOHAIBHBIX CHUTYAI[MOHHBIX IIEHTPOB JIS MTOATOTOBKH IPOCKTHBIX pe-
IICHUHN 10 MPOTHUBOJICHCTBUIO aKTyaJbHBIM YIPO3aM M JIOKAJIbHBIM COOSIM B pabOTe KPUTUUECCKUX HH(PPACTPYKTYp pe-
THOHA B YCIIOBUSX HEOTIPEIICICHHOCTH.

KiroueBble c10Ba: CHCTEMHBIN aHAU3, )KU3HECIIOCOOHOCTh, OC30MACHOCTh, KPUTHUCCKAsh UHPPACTPYKTYpa,
WHTETPAJBHBIHN [TOKa3aTelh, SKCIIEPTHAS OIICHKA, HEUCTKUE BEIUUCIICHUS

duHaHcupoBaHue: paboTa BBHIMOJHEHA B paMKax rocymapcrBenHoro 3amanus UMMM KHI[ PAH (HUP
Ne FMEZ-2022-0023).

Jas untupoBanus: Macno6oe A. B. IHANKaTOpHBIM METOJ WHTErPAbHON OLEHKH KU3HECIIOCOOHOCTH PETHOHAIBHBIX
KPUTHYECKUX HHPPACTPYKTYpP HA OCHOBE HeUeTKHX BbrunciaeHuit (Yacts 2. Momenu mokasaTeneil KauecTBa )u3HeCmocooHocTH) //
Haze)xHOCTD 1 KauecTBO CIOKHBIX chcTeM. 2024, Ne 3. C. 130-156. doi: 10.21685/2307-4205-2024-3-15

Introduction

Nowadays, risk reduction, security ensuring and the resilience improvement of the critical entities
and infrastructures are still major problems in management of regional socio-economic and organizational
systems. This is confirmed by a number of legislations and state protection programs adopted at the highest
official level both in our country and abroad, e.g.}, etc. In the last fifteen years, foreign security policies

! denepanbusiii 3akon ot 26.07.2017 r. Ne 187-®3 «O 6e30macHOCTH KpUTHYECKON MH(OPMAIMOHHOM MH(Dpa-
ctpyktypbl Poccuiickoit ®enepauun». URL: http://static.kremlin.ru/media/acts/files/0001201707260023.pdf ; Ipukas3
OCTIK Poccun ot 06.12.2017 r. Ne 227 «O06 yrBeprxnennn [lopsiaka BeneHus peecTpa 3HaUMMBIX 00BbEKTOB KPUTHYECKOM
HHPOPMAIMOHHON  WH(pacTpykTyphl Poccmiickoit  ®Deneparmmm».  URL:  http://publication.pravo.gov.ru/document/
0001201802090010 ; Mupekrnra Coseta EBpomeiickoro Coroza 2008/114/EC ot 8 nexabpst 2008 1. «O Espometickux
KPUTHYECKUX MHPpACTPYKTypax W Mepax mo ux 3ammre». URL: https://base.garant.ru/70333008/ ; {upexrusa Espo-
nietickoro [apmamenta u Cosera Eporeiickoro Corosa 2022/2557 ot 14 nexabps 2022 r. «O6 ycTOHIMBOCTH KPUTH-
4ecKH BaHbIX opranusanuii». URL: https://base.garant.ru/407633886/
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have shown an onrush shift from the protection of critical infrastructures towards the resilience of critical
entities. In Russia such a conversion is more regular and step-by-step in nature, and the focus shifting in the
field of safety practices is still in progress, but deems very challenging. Global rethinking protection of crit-
ical infrastructures in the context of system resilience at the technological and political levels suspects con-
centrating the activities more on maintaining the essential functions which the critical infrastructures pro-
vide by adding improved absorptive, restorative and adaptive capacities or other control features, along
with preventing and reducing threat, vulnerability and impact of numerous hazards by traditional manage-
ment facilities. Thus, the resilience concept is a refocus from protection (security) to adaptation and recov-
ery of the critical infrastructure systems. Reputable experts define the resilience concept as an extension of
modern safety studies, namely the risk analysis and assessment, and position it as a new era of risk man-
agement, even though this concept contested and ambiguous in some cases is. Consequently, critical infra-
structure resilience is a recent trend of the safety sciences conditioned by the current worldwide geopolitical
situation, and its popularity has increasingly exploded in both academic and policy discourses.

From the system of systems approach perspective the critical infrastructures is commonly understood
as distributed, multi-level, highly dynamic complex systems that are comprised of the interdependent sub-
systems, which themselves may be large-scale, compounding and multifaceted, and operate in an emergent
or synergistic manner. This means that considered class of systems have unique properties, such as large
number of interacting components, emergent properties difficult to anticipate from the knowledge of single
components, adaptability to absorb random disruptions, and highly vulnerability to widespread failure un-
der adverse conditions. Accounting of these capacities is important when examining overall resilience of
critical infrastructures. In accordance with*, a critical infrastructure is defined as an "asset, system or part
thereof located Member States which is essential for the maintenance of vital societal functions, health,
safety, security, economic or social well-being of people, and the disruption or destruction of which would
have a significant impact in a Member State as a result of the failure to maintain those functions”. Consider-
ing the complexity and interconnectivity, it is obvious that critical infrastructures are highly vulnerable sys-
tems to and may be threatened by multiple hazards and disruptions of various natures.

Resilience is characterized as an immanent and relevant, but abstract system property of its self-
preservation, because of the exponential growth (in number and dependence) of the internal and external
threats and hazards that directly or indirectly may affect critical infrastructure performance. In turn, the loss
of essential functionality of critical infrastructures due to adverse events may hurt the well-being of the so-
ciety in tote. More formally, resilience is defined as the ability of a critical infrastructure system, facility or
asset to anticipate/prevent, absorb/withstand, respond to, recover from and adapt to a potentially disruptive
event, shock, threat or a changing environment within acceptable losses of functionality, cost and time,
which should be as minimum as possible. In other words, resilience is the ability to reduce the magnitude
and/or duration of disruptive events, and to cope with future risks. Broadly speaking, a resilient critical in-
frastructure refers to a system capable to subsist under anticipated and unpredictable events by efficiently
planning, reducing vulnerability, absorbing and minimizing the consequences of multiple threats, quickly
recovering and adapting all its elementary functions and structures. However, resilience concept is used in
different contexts and composed of several dimensions that are related to a specific resilience management
strategy each, which addresses to areas of control and actions that can be implemented in order to increase
the various aspects of critical infrastructure resilience.

Despite the resilience concept has become well studied and better understood among system engi-
neers, risk managers and owners/operators of critical infrastructures, there is still a lack of consensus re-
garding its formal unambiguous definition, as well as consistency and accuracy in its measurement by "one
number"”. The absence of a common framework and standardized metrics for measuring the critical infra-
structure resilience undermines the effectiveness of decision-making in the field of resilience management
and situational control in the face of potential threats and uncertainties caused and triggered by disruptive
events or dynamically changing environment. For the purpose of providing adequate and efficient situation-
al management, the critical infrastructure resilience should be assessed all-round before, during and after
the occurrence of disruptive events. Implementation of the proper preventive actions and protective
measures on the basis of these assessments will improve system resilience, lead to useful effects and sav-
ings, as well as optimize system performance and functionality level. Thus, considering these issues, a ho-
listic, transparent and easy-to-use methodology for comprehensive assessment and analysis of critical infra-
structures resilience — from withstanding specific threats and mitigating negative impacts to eliminating
post-event consequences and returning to normal operation conditions, as well as to support decision-
making for risk management, is imperatively needed.

! lupextusa Coera Esponeiickoro Coroza 2008/114/EC ot 8 nexabps 2008 r. «O EBponeiickux KpHTHUECKHNX
uHpacTpyKTypax u Mepax no ux samure». URL: https://base.garant.ru/70333008/
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Therefore, the aim of this study is to develop computable methods for integral estimation of the criti-
cal infrastructure resilience and to perform an analysis of resilience backbone capabilities, as well as to se-
lect appropriate resilience capacity models relevant and suitable for combined use within the proposed as-
sessment procedures. Background is based on a systematic literature survey of current methodologies for
evaluation of resilience concept, which enable its operationalization to critical infrastructures, and summa-
rizing benefits and drawbacks of the existing approaches for the assessment and control of critical infrastruc-
ture resilience. Most of the state-of-the-art frameworks and methodologies reviewed in the first part of this
study [1] are based on indicators (quantitative, semi-quantitative or qualitative criteria), simulation, expert
judgments and fuzzy calculations. Four resilience capacities, i.e. resistive, absorptive, restorative and adaptive,
are the target objectives of these approaches and are closely related with the different stages of typical resili-
ence cycle [2]. All these resilient system capabilities (resistivity, absorbability, recoverability, adaptability) are
poorly formalizeable, quantifiable and manageable, and, thus, require detailed analysis and consideration.

This article being a logical continuation of the study [1], where a generic framework of the proposed
index-based method for integral estimation of the critical infrastructure resilience based on fuzzy calcula-
tions has been developed, is organized as follows. Section 1 outlines briefly related work and the back-
ground of the study. In section 2 the backbone resilience capabilities and dynamic characteristics of critical
infrastructures are systematized and analyzed. Section 3 encompasses the applicable computational models
of the resilience capacities, which are the central components (Q-functions) of the general estimation model
of critical infrastructure resilience integral index. Finally, conclusions are drawn and the future research di-
rections are highlighted.

Background and Related work

The resilience concept in the context of critical infrastructures has evolved from existing disciplines
in other fields and is related to the foundations of risk, reliability and security. For a system to be characterized
as resilient, it is important to be able to bring the system back to its original state or an adjusted state, as well
as to provide a minimum service level while undergoing changes or facing disturbances [3]. According to [3],
resilience is defined as the overarching goal of a system to continue to function to the fullest possible extent
in the face of stress to achieve its purpose, where resilience is a function of both the vulnerability of the sys-
tem and its adaptive capacity. Disruptive events and crises that start in one critical infrastructure can spread
through a network of critical infrastructures, affecting them also and other sectors of socio-economic sys-
tems. According to [3], two resilience types are distinguished: internal resilience (the resilience level of the
critical infrastructure, where the triggering event occurs) and external resilience (the resilience level of the
rest of the external involved critical entities).

The majority of the available approaches for studying resilience are only resilience analysis method-
ologies. The subsequent stage of resilience evaluation is often missing, and where it is present then it is on-
ly in the form of a comparison of the resilience of the organization, asset, or system in question with other
comparable objects. Thus, the evaluation is reduced to a simple comparison with ones peers. The imple-
mentation of resilience concepts to critical infrastructure on this basis seems to be rather arbitrary and this
points towards the need for a framework for assessing resilience which includes some sort of evaluation
process based on the needs and requirements of stakeholders of the critical infrastructure, including de-
pendent entities, governments and the society which the critical infrastructures serve. The elaboration of
this framework is one of the objectives of the current study, however, the intention is that it will be able to
incorporate the results from all of the analysis methodologies reviewed.

Resilience assessment is a process for knowing its value or level by applying appropriate steps [4].
To evaluate the resilience of critical infrastructures, different metrics and definitions are discussed in up-to-
date academic literature. Thereto, the commonly used approaches are qualitative, quantitative, hypothetical
and empirical methods based on diverse data. However, these methods are limited to the availability of in-
formation, subjectivity of the responses provided, to a specific critical infrastructure or scenario and lack in
generalization [5]. While conducting academic literature review, it is found that there are several models
and tools exist for evaluating and measuring resilience. However, there are a rather limited number of freely
available frameworks, and only limited information about them is publicly available. Moreover, they tend
to cover specific domains/dimensions of resilience, and are sectorally limited to a specific type/class of crit-
ical infrastructure or territorially limited to a region/country.

Findings reported in [2, 6] give the following definitions for various stages in a resilience assessment
framework, which are based on the similar definitions for risk assessment®:

1 1SO 31000:2018 Risk management — Guidelines. 2" Edition. Switzerland, International Organization for
Standardization, 2018. 24 p.
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— Resilience analysis is the process to comprehend and to determine the level of resilience based on
selected resilience indicators.

— Resilience evaluation is the process of comparing the results of resilience analysis with criteria or
objectives to determine whether resilience level is acceptable and identify areas for improvement.

— Resilience assessment is the overall process of resilience analysis and evaluation.

There are many proposed methods for resilience assessment and analysis, some of which are directly
targeted to critical infrastructures and few others long-listed in [1], which may apply to critical infrastruc-
tures. These estimation methods differ considerably in their background, focus and application. While a few
of them are already in operational use, others exist only as theoretical and methodological models. The out-
put of all of the methods is also expressed differently and the question remains what should be done with
the calculated resilience of critical infrastructure. The following frameworks for evaluating resilience of
critical infrastructures have been considered in [1]: Critical Infrastructure Resilience Indicator (CIRI), Re-
silience Management Index (RMI), Benchmark Resilience Tool (BRT), Guidelines for Critical Infrastruc-
tures Resilience Evaluation ("Guidelines"), Organisational Resilience Health Check (ORHC), Resilience
Analysis Grid (RAG) and the "Swiss approach™. A generic conceptual framework for analysis and assess-
ment of critical infrastructure resilience is schematically represented in Fig. 1.
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Fig. 1. The conceptual framework for analysis and assessment of critical infrastructure resilience

The broadly used and named above methods in science and practice of resilience assessment of criti-
cal infrastructures are mostly based on indicators [4]. Indicator, being a less abstract concept than resili-
ence, can be used to show positive or negative changes in resilience. Therefore, the index-based resilience
assessment could help stakeholders to analyze critical infrastructures on a practical and situational basis and
to make efficient decisions. The identification of indicators is considered key before assessing resilience.
These indicators exist already as safety or risk indicators, and are mainly taken from official statistics, reports
and standards, current guidelines and practices, etc. They are based on historical and on-line data or expert
judgements that are produced under strict quality assurance. Values of the indicators from any of the above
sources can be numerical, fuzzy or non-numerical and in a general case need to be transferred into the single
crisp score on a common relative or interval scale when applying resilience assessment procedure (selecting,
measuring, weighting and aggregating the indicators). Therefore, the main challenge of resilience assessment
is to transform expert knowledge and data into actionable measures by the means of indicators [4].

Resilience indicators are related to measurable variables that can be used, either alone or in combina-
tion, as a formal representation of resilience. Qualitative, semi-quantitative or quantitative indicators are
analyzed and, when sufficient, aggregated to a measure of resilience. The resilience indicators should be
clearly defined, in order to ensure objectivity and a proper balance between generality and specificity. To
monitor resilience over time or comparing to similar critical infrastructures, the indicators must also provide
reproducibility and repeatability. Measurement scales for the indicators and their possible weight factors
should ideally be benchmarked at a sectoral level. Based on literature and defined requirements from criti-
cal infrastructure operators associated with regional situational centers, the resilience indicators to be in-
cluded in the overall resilience assessment need concerted selection and optimization actions, because they
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relate to the different resilience domains and issues. Indicators and criteria are an important part of various
analysis methodologies used for resilience assessment.

Obviously, the more indicators are chosen to measuring resilience, the better the coverage of an issue
(anything important in order to be resilient against severe threats) is going to be, but it is also obvious that
the larger the number of indicators, the more complex their handling is going to be [7]. The way out has
two possible directions suggested in [7]:

— finding the right number of indicators relevant to the resilience problem tackled (in practice, the
more critical the situation, the smaller the number of indicators recognized and managed by operators, i.e.
in absolute emergency situations operators can hardly look at more than 5-7 indicators, and in preplanned
situations — 120-150 indicators are usually a maximum);

— allowing to drill-down in cases when one or more indicators need further explanation.

Resilience assessment has become convenient and common tool for resilience management, as as-
sessment results provide useful information to critical infrastructure managers for reasoned decision-
making. However, resilience assessment of critical infrastructures is facing challenges of being practical to
use on the operational level of risk management [8], where there is often no or minimum time to respond to
the disruptions, impacts and perturbations. Most existing resilience assessment methodologies make both
general and specific criteria generalization quite complicated. Although these methodologies are diverse
and multidisciplinary, they have some several common limitations. Besides, these methodologies are not
comprehensive enough.

As substantiated in [8], the current lack of thinking about spatial and temporal interactions across the
network of critical infrastructures prevents designing beneficial actions and suppressing dangerous ones.
A critical event often causes cascading effects while optimization measures could lead to side effects. In
addition, the vagueness existing recently in critical infrastructure resilience definition makes it difficult to
develop generalizable indicators or criteria for resilience assessment. At once, each critical infrastructure
adverse event has uniqueness, but only few existing criteria are specific enough to fully correspond to con-
crete situations aimed by different critical infrastructure stakeholders. It results that most resilience assess-
ments for critical infrastructures cannot make the resilience concept usefulness at the operational level of
risk and emergency management.

Some review studies on critical infrastructure resilience assessment [2, 4-6, 8-13] assign the different
criteria, dimensions and aspects of resilience that existing estimation methods are currently focused on. How-
ever, most of the state-of-the-art studies for resilience analysis of critical infrastructures do not discuss as-
sessment criteria, even though they are focused on dimensions or perspectives, such as capacities, capabilities
and characteristics, could be further developed and translated to criteria. Therein, as declared in [8], without
assessment criteria critical infrastructure operators have practically no envisaged positive outcomes of estima-
tion results. During assessment processes, a target criterion is the desired direction of selected objective in-
formation, i.e. an index that is used to monitor the evolution of a specific aspect of the issue dealt with. Esti-
mates consisting of criteria and indices provide a commonly agreed framework for articulating and defining
targets and expectations, developing management methodologies, best practices and performance elements,
and are then used in monitoring and evaluating attainability of those expectations and targets [8].

Generally, the weighted aggregation process for resilience criteria and indicators within the adjusted
assessment method [1] rely on a conceptual hierarchical structure shown in Fig. 2, which is traditionally
used for analyzing and modeling of complex systems.
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Fig. 2. The general structure of the typical index-based methodology for measuring the overall resilience
of critical infrastructures based on the bottom-up weighted average aggregation
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Developing generalizable criteria for resilience assessment is a current challenge to turn resilience in-
to operational tools, i.e. resilience operationalization, because the existing formulations and theoretical
models of resilience are multitude and different, but, nevertheless, are very valuable. Several studies, like
[8, 14], insist that for resilience theory to become practical, it is necessary to consider not only the cost-
effectiveness and negative effects of the critical infrastructure operation, but also the uniqueness of each
situation. According to researches [8, 14], the operationalization of resilience concept to critical infrastruc-
tures refers to making a theory have practical and operational significance, transforming a theory into an
object of practical value, regarding in the broader sense of using a theory for different purposes. Therefore,
the proposed method [1] allows a wide margin of autonomy for managers and policymakers, who have the
responsibility for maintaining critical infrastructure resilience and need support and guidance to operation-
alize the resilience-maintaining process. The adjusted method [1] is based on the multi-criteria evalua-
tion/optimization framework similar to [7, 8, 14] and provides a regular step-by-step multidimensional ag-
gregated assessment of positive and negative aspects, including influencing situational factors, which can
better help critical infrastructure operators to make ad-hoc decisions that are better informed and profitable.
It is worth noting that the usefulness and effectiveness of multi-criteria assessment approach to safety and
resilience management problem-solving, as well as for the other multidisciplinary applications and issues
[3, 15] have been already proofed by reputable researchers all over the world.

Thus, it is necessary to design a more complete methodology to cover the various aspects relevant to
critical infrastructure resilience for the practical issues of its in-depth understanding and management.
While resilience maintenance of critical infrastructures is very time and resource consuming, regular as-
sessment and gap analysis of the functionality level of critical infrastructures exposed to disruptive events is
a best practice of reacting to urgent problems as they arise, as well to planning and implementing protective
measures for the future risks, and at the expense of this provide critical infrastructure system performance
improvement or adaptation.

Critical infrastructure resilience backbone capabilities

In the first part of this study [1], a systematic view on resilience backbone capabilities of critical in-
frastructures as its target indicators used at different levels of the index-based hierarchical estimation model
of the overall system resilience, has been proposed. Now, let’s focus closely at the physical meaning of
these key elements of the multi-level metrics system for aggregated assessment of the critical infrastruc-
tures resilience. Based on the detailed analysis of state-of-the-art literature surveys of the resilience meas-
urement methods and frameworks [2, 3, 6, 9-11, 15, 16], the following main resilience capabilities inherent
both to soft (socio-economic systems) or hard (engineering systems) resilience types and the most of resili-
ence domains (technological, organizational, ecological, cyber, etc.) can be conditionally distinguished:

— Reliability is "the ability of the system to maintain its required capacity and performance during a
given period of time (or mission time) under stated operating conditions" [17]. In other words, for critical in-
frastructures this means the capability to implement the needed performance under certain conditions and over
some time without loss of performance. When the critical infrastructure is in a normal state (before a disrup-
tive event), reliability provides its essential function. The aim of absorptive, adaptive, and restorative capabil-
ities is to enhance the critical infrastructure reliability degradation due to disruptive events. Reliability focuses
on avoiding disruptions, while resilience also counts the critical infrastructure recovery. Therefore, reliability
and recoverability are complement and greatly related to the critical infrastructures resilience.

— Maintainability is "the ability of an item under given conditions of use, to be retained in, or re-
stored to, a state in which it can perform a required function, when maintenance is performed under given
conditions and using stated procedures and resources” [18]. Maintainability is a measure of how easily the
critical infrastructures are repaired to a specified condition. In practice, recovery speed or recovery time is
mostly used to quantify critical infrastructures maintainability. Therefore, if the time required to recover the
critical infrastructure is short, it indicates proper critical infrastructure maintainability. The aim of absorp-
tive, adaptive, and restorative capabilities is to increase the ease of critical infrastructure recovery by reduc-
ing the critical infrastructure damages caused by disruption or adverse events.

— Supportability is the critical infrastructure "ability to be supported to sustain the required availa-
bility with a defined operational profile and given logistic and maintenance resources"’. This capability re-
fers to the intrinsic features of the critical infrastructures that facilitate efficient and effective support of the

1TOCT IEC 60050-191 International Electrotechnical Vocabulary (IEV). 2017. 149 p.
136



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2024;(3)

critical infrastructures throughout its life cycle [19]. Resourcefulness and mean time to support (service) are
often used as a measure of system supportability. Supportability is heavily influenced by logistics consider-
ations, such as spare parts, personnel availability, strategic resources, test equipment and tools [20]. Sup-
portability can be characterized as planned (preventive) or unplanned (corrective) maintenance activities.
At once, according to study [21], the system ability to support the mission objectives includes passive and
active supportabilities. Passive supportability refers to the resource provision (e.g., spare parts) at the sys-
tem design phase. On the other hand, active supportability refers to the resource allocation at the system
operational phase (e.g., spare parts transportation speed). Thus, passive and active supportabilities affect
the critical infrastructure supportability in tote. Supportability is a characteristic that influences the availa-
bility.

— Availability is the critical infrastructure "ability to be in the state to perform a required function
under given conditions at a given instant of time or over a given time interval, assuming that the required
external resources are provided"®. This critical infrastructure ability depends on the combined aspects of re-
liability performance, maintainability performance and maintenance support performance. Operational
availability of critical infrastructures is formally defined as the critical infrastructure uptime ratio to the to-
tal critical infrastructure uptime and downtime. Thus, the critical infrastructure availability refers to the por-
tion of time that the critical infrastructure can be used. The operational availability is generally used as a
performance measure for a given system.

Reliability, maintainability, supportability and availability refer to the technical aspect of critical in-
frastructures resilience. In addition, managers need another measure to evaluate resilience from the organi-
zational aspect.

— Organizational resilience considers the resilience of the critical infrastructure owner. It plays an
important role in the critical infrastructure resilience. Applying this measure helps organizations to be able
to deal effectively with hazards, especially when the situation is very uncertain and unstable [22]. Organiza-
tional resilience includes all actors involved in resilience management of critical infrastructures, such as re-
silience analysts, experts, personnel, managers and operators of situational centers. The general purpose of
organizational resilience is to enhance organizational management performance in the face of irregular con-
ditions and to provide an efficient problem-solving mentality at the organizational level of resilience control
hierarchy. In [22] the organizational resilience is estimated using internal processes of an organization, in-
cluding risk management, innovation, learning and design processes, which provide the proper conditions
for critical infrastructures to adapt to disruptions.

— Prevention ability (predictability) refers to the early warning, anticipation and detection ability of
disruptions and adverse events in the critical infrastructures and directly affects the critical infrastructures
recoverability. In [14], the Prognostic and Health Management (PHM) system is used as a useful tool for
prediction multiple threats and pre-event early warning. The PHM system assesses the critical infrastruc-
tures current state by monitoring facilities, anticipates potential defects by analyzing the monitoring data
and assists in the proper management of critical infrastructures throughout their life cycle [14]. Early warn-
ing and predictability provide timely information to implement efficient response measures against disrup-
tive events. Therefore, it can positively affect the dedicated costs and time for the critical infrastructures re-
covery process. Resilience can be described as a function of reliability and restoration, where restoration is
defined as "the ability of an engineered system to restore its capacity and performance by detecting, predict-
ing, and mitigating or recovering from the system-wide effects of adverse events” [17]. Restoration or re-
coverability can be considered as the degree of reliability of the restoration, formulated as the joint proba-
bility of a system failure event, a correct diagnosis event, and a correct prognosis event, and a
mitigation/recovery action success event [17]. Hence, by knowing the actual condition of the system (diag-
nosis), one can estimate the maintenance and support that is needed (prognosis), and thus, the re-
pair/recovery time can be optimized.

— Absorbability (absorptive capacity) is the degree that the critical infrastructure can absorb the
negative impact of the disruptive event automatically. This capability is often considered as an immanent
critical infrastructure characteristic to minimize the disruptive effects of the adverse events. Absorptive ca-
pacity includes a set of proactive actions that should be implemented in the critical infrastructure prepared-
ness phase. Robustness is commonly used to quantify the adsorptive capacity of critical infrastructures.

— Redundancy refers to the degree to which critical infrastructure or its elements exist that are in-
terchangeable and can meet functional needs in the presence of adverse events, degradation or inoperability.

LTOCT IEC 60050-191 International Electrotechnical Vocabulary (IEV). 2017. 149 p.
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Redundancy creates alternative functions for the critical infrastructure items operation under disruption and
its goal is to achieve a robust critical infrastructure. Redundancy increases the absorptive capacity of critical
infrastructures. In addition, the redundancy is also related to backup resource and asset diversity. To pro-
vide backup for the replacement of failing functionality both internal and external redundancy can be used.

Thus, discussed key system resilience capabilities influence the recoverability (restorative capacity)
and responsiveness of critical infrastructures.

— Recoverability is the ability of a system or critical infrastructure to restore its capacity and per-
formance promptly by recovering from the negative effects of adverse events during a period of time under
certain conditions using the available resources required to perform the adequate recovery actions. Recov-
erability is formally defined as the probability that a failed critical infrastructure element or system as a
whole recovers quickly to perform the required functions at given time.

— Responsiveness is the ability of critical infrastructure to understand and carry out its tasks in a
timely manner. Responsiveness refers to the way the system reacts quickly and effectively to a wide range
of disruption events within possible modes of system operation as they occur.

— Restorative capacity is the degree to which the critical infrastructure can effectively restore its
damaged performance and is typically affected by available budget and resources. Therefore, this capacity
is affected by the critical infrastructure supportability. Restorative capacity provides permanent solutions to
damages caused by the disruptions. Rapidity is commonly used to quantify the restorative capacity of criti-
cal infrastructures. The cost of restorative capacity is much more than an adaptive capacity.

— Adaptability (adaptive capacity) is the self-organization degree to the new conditions and changes,
to which the critical infrastructure can arrange itself and use temporary and often non-standard actions to pre-
vent critical infrastructure downtime during and after the disruption events. This capacity can prevent sudden
collapses in the critical infrastructure performance level, but these actions have a temporary nature and for the
critical infrastructure performance recovery permanent actions should be taken as soon as possible.

— Learnability (learning capacity) is the degree to which the critical infrastructure can learn from
the occurred disruptions to prevent similar future events. The obtained experience and knowledge from past
events can be incorporated for future iterations.

A graphical interpretation of the physical meaning of system resilience capabilities at different phas-
es of the critical infrastructures resilience management cycle is shown in Fig. 3.
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Fig. 3. The physical meaning of critical infrastructure resilience capabilities
at different phases of the resilience management cycle (adapted from [9]).

Specification of the given resilience capabilities is structurally proposed in Tables 1-4. It should be
noted that all the resilience capabilities are much interconnected and complementary.
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Table 1

Characteristics determining the preventive capacity of critical infrastructure resilience

Resme_nce Charagterlstlcs/ Description & Definition of capabilities

capacity Indicators
Anticipation | Preparedness degree | An extent that characterizes the available set of facilities and assets, as well
ability & as on-the-shelf strategies, response plans and actions for implementing and
Resistance executing the precautionary measures relevant to the system in the face of

potential disruptive events and emergency situations influencing critical
infrastructure resilience. In other words, the state of critical infrastructure of
being ready for the occurrence and impact of disruptive events (e.g., failure,
error, critical situation, crisis, etc.). Preparedness is defined as "a continuous
cycle of planning, organizing, training, equipping, exercising, evaluating, and
taking corrective active in an effort to ensure effective coordination during
incident response” and includes a checklist of protective measures relevant to
implementation in the current situation, i.e. a set of the analytical-planning
documents to increase the preparedness of critical infrastructure elements for
adverse events. As a measure of preparedness can be the resource intensity of
forces and means to reduce the effects of disruptions

Reliability This capability was described above

Detection ability Probability and/or time of identification of the disruptive events
Prognostic & Health | This capability was described above

Management (PHM)

Planned The percentage of time that the critical infrastructure was dedicated to

Maintenance

planned maintenance activities relative to the total operating time. This
general metric provides insights into the efficiency and effectiveness of
critical infrastructure maintenance program in ensuring optimal performance
and reliability. It refers to as scheduled maintenance and focuses on
minimizing the downtime and costs associated with breakdowns, as well as
fault tolerance improvement

Joint activity
cooperation plan

Refers to a degree of concordance and relevance of the planned preventive
measures and actions, decentralized local decisions made and implemented
to the operational context and specificity of disruptive events occurred

Protectability

Ability of critical infrastructure to be safe and preserve its essential functions
under the impact of negative situational factors of various natures. The risk
impact and risk probability factors determine the system protection level.

A higher protectability score indicates a lower overall risk level and better
protection in the face of multiple potential threats or vulnerabilities

Operability

Ability of critical infrastructure that has the capacity and flexibility to
achieve a range of operating conditions safely, reliably, profitably and with
positive dynamic performance and quality, i.e. the operability ensures to
keep the system, its units or service in a safe and reliable functioning
condition that is pre-defined operational requirements. The operability is a
measure of the resilience support of critical infrastructure through the ability
to adapt and transform to restore system critical functions at the operational
level, which can be achieved before all system repairs are made. In other
words, the operability can be described as the fitness, capacity, or system
ability to use to provide critical services allowing stakeholders and
management entities to receive required, or near required, essential functions
from a potentially impaired critical infrastructure following a disruptive event

Sensitivity

A degree to which a critical infrastructure is vulnerable or susceptible to
disruptions and threats that could impact its operation, performance, or
ability to perform essential functions. As well, it describes the extent to
which the dynamics of a critical infrastructure change in response to
perturbations or parameter variations. Unlike robustness and flexibility,
which are measured in terms of behavioral fitness, sensitivity refers only to
the responsiveness of a system to perturbations. Sensitivity to perturbations
can be either beneficial, detrimental, or neutral with respect to task
performance, and sensitivity refers only to the magnitude of the response to a
perturbation, rather than its effect on fitness [23]

Resistance /
Resistivity

The ability of a critical infrastructure and its functional elements to prevent
and withstand the occurrence of the disruptive or undesirable events
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Table 2
Characteristics determining the absorptive capacity of critical infrastructure resilience
Re5|l|e_nce Chara(_:terlstlcs/ Description & Definition of capabilities
capacity Indicators
1 2 3
Absorbability | Robustness The strength or ability of critical infrastructure to resist a certain disruption
& Robustness level (withstand a given level of stress or demand) and absorb its primary

effects without suffering degradation or significantly reducing performance
(losses of functionality). A critical infrastructure with high robustness
maintains its central function in a disruptive event. Robustness is measured by
the critical infrastructure amount of residual performance after a disruption.
Furthermore, survivability, resistant ability and stability of critical
infrastructures have a similar formal definition to its robustness

Fragility A hazard specific indicator of the critical infrastructure performance loss
function within the absorption and response phase of the system resilience life-
cycle as discussed in [15]. Fragility of a critical infrastructure refers to the
conditional probability of failure or a given level of damage conditioned on the
response parameter (intensity measure), i.e. the probability of reaching or
exceeding a given damage level as a function of the hazard intensity. The
greater degree of damage is associated with higher fragility, and a lower
robustness or reliability. Fragility is often used as a specific description of
vulnerability

Vulnerability The degree of the critical infrastructures sensitivity to disruption. There is no
consensus about the relationship between vulnerability and resilience, but it
seems that higher vulnerability of the critical infrastructures leads to lower
resiliency and vice versa.. Vulnerability is an inherent feature of the critical
infrastructures, even before any disruptive event. Analyzing the vulnerabilities
can help to identify the possible weak points of the critical infrastructure
operation, which cause the most damage during disruption, and generate proper
control strategies to fallback. The key parameters of vulnerability are: stress to
which a critical infrastructure is exposed, its sensitivity and its adaptive
capacity. Exposure is perceived as the degree to which a critical infrastructure
is exposed to a given stressor. Sensitivity is the degree to which a stressor
impacts the critical infrastructure. Adaptive capacity is perceived as the
potential for the critical infrastructure to adjust or cope with impact

Stress rate A resilience measure used to determine the stability of a given item, system,
critical infrastructure or any other entity when deliberately intense or thorough
testing. Stress rate measurement involves testing beyond normal operational
capacity, often to a breaking point, in order to observe the outcomes and
consequences for the purpose of further training and enhancing the system
performance in different operational conditions. Such an examination and
fitness of the system resistance provide damage level and limitation exercise,
as well as identifying ultimate stress limits under disruptions, deviations or
disturbances

Independency Refers to the ability of a critical infrastructure to function autonomously and
self-sufficiently without being overly reliant on external resources,
dependencies, or vulnerabilities. An independent critical infrastructure is
characterized by its capacity to operate independently and sustainably, even in
the face of disruptions, failures, or external threats. This characteristic
describes the level of autonomy and isolation of components within the critical
infrastructure from each other, i.e. the degree of interdependence among these
components. Independency of critical infrastructures is crucial for ensuring
their reliability, security and resilience in performing essential functions. By
identifying potential points of failure and bottlenecks, as well as reducing risks,
vulnerabilities and dependencies, an independent critical infrastructure can
enhance its ability to adapt to dynamically changing environment, mitigate
threats and maintain the continuity of essential functions for society and the
economy
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Resourcefulness The ability of a system to direct resources to critical infrastructure
support by using, mobilizing and supplying the required resources
(spare parts, finances, information, laborers, technology, etc.) to
identify and solve problems under adverse event of a disturbance or
shock in a prioritized manner. It describes a level of system
preparedness to effectively combat an adverse event. The main
destination of resourcefulness is to enhance the critical infrastructure
rapidity and increase the restorative capacity of critical infrastructure

Facilitation ability Refers to the capacity of a critical infrastructure to support, enable and
enhance the efficient and effective performing of essential functions
and operational services. A critical infrastructure system with strong
facilitation ability can streamline control processes and provide
coordination of decision-making, foster creativity and innovation of
resilience management, and improve collaboration and communication
among its components, operators or stakeholders to address complex
challenges and to ensure the reliable and continued delivery of critical
services. Critical infrastructures with high facilitation ability are more
efficient in withstanding impacts of multiple potential threats and in
achieving their goals and objectives as well. Facilitation plays a key
role in optimizing the performance of critical infrastructures intended
for resilient economic growth, public safety and national security
support

Internal redundancy The internal redundancy is provided by a part of the critical
infrastructure which is always online. With no redundancy the impact
of a disruptive event on the performance of critical infrastructure results
in a considerable drop. The presence of internal redundancy with
additional capacity within the critical infrastructure results in the lesser
or minor drop in its performance under unexpected circumstances. If
the critical infrastructure has a sufficient internal redundancy, the
system performance can be restored using alternative pathways. The
effect can be indirectly measured in recovery time or backup cost. A
redundant critical infrastructure is expected to have lesser recovery
time, but the initial backup expenses may be considerable. Internal
redundancy contributes to robustness (insensitivity to local failure) and
could be described as the means to decrease the dependence of a critical
infrastructure to its components

Safe failure The ability of a critical infrastructure to absorb shocks and the
cumulative effects of slow-onset challenges in ways that avoid
catastrophic failure or irretrievable losses

Situational awareness The ability of decision makers and the operators of critical
infrastructures to perceive, comprehend, and project relevant
information in a given context, as well as their capacity to maintain a
clear understanding of the current situation and respond effectively to
changing conditions or risks. It enables critical infrastructure managers
to aware/anticipate the information on potential threats, perturbations
and adverse events in agreed manner, analyze/interpret that information
within a unified context, using it to make informed decisions and
implement appropriate control actions (preventive, mitigating or pro-
active measures), i.e. respond effectively to impact of the changing
environment and deviating operating characteristics of critical
infrastructures. As a measure of situational awareness can be put
forward the completeness of understanding current situation and
anticipation of risks before and after the disruptive event occurred, or
the entropy of the situational control data, or the response time which
refers to the time it takes for critical infrastructure operators to
recognize changes in the situation (risk identification) and make
appropriate corrective control actions
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Table 3
Characteristics determining the restorative capacity of critical infrastructure resilience
Resme_nce Charapterlstlcs/ Description & Definition of capabilities
capacity Indicators
1 2 3
Recoverability& | Maintainability This capability was described above. In terms of hard resilience
Responsiveness (engineering systems) maintainability of critical infrastructures is usually
associated with technological repairability of the system
Supportability This capability was described above
Restoration index A measure of how quickly critical infrastructure system can be restored
to full functionality after a failure or disruption. This index is an
important metric for evaluating the resilience and reliability of a critical
infrastructures
Downtime Refers to the period during which a critical infrastructure or its

components are not operational or available for use. Consideration of
downtime is urgent for assessing the reliability and performance of
critical infrastructures, as well as for identifying opportunities to
improve uptime and minimize disruptions

Rapidity The ability of a critical infrastructure to return to normal operating
capacity in a timely manner. It is also a rate at which a critical
infrastructure can recover a satisfactory performance level. Rapidity
refers to the critical infrastructures performance curve slope during the
recovery process and is often known as the recovery rate of system or its
elements functionality in a timely manner. Rapidity reflects also how
quickly the spare parts can be accessed and applied to improve critical
infrastructure resilience

Safety margin A measure of how much extra capacity or capability a critical
infrastructure has beyond its normal operating requirements to ensure
safe and reliable operation. It is often expressed as a percentage to
indicate the level of safety buffer built into the system (critical
infrastructure)

External redundancy | The ability of a critical infrastructure to carry on providing a service in
the case of failure enabled by external means. As is known from real
practice, external resources are not immediately available to reduce the
impact of an adverse event and they contribute to the quicker recovery of
the critical infrastructure functionality. The external redundancy depends
on availability of external reserves (services) and can be ensured by its
sufficient number and capacity subject to supply rapidity with minimal
cost and delay

Modularity Refers to the means to modular organization of critical infrastructures
based on various combinations of operational units, each contributing to
system performance and performing a specific system function. This
characteristic of critical infrastructures is perceived as the system
capacity for proper re-engineering to accommodate increasing failure or
damage under contingency situations, as well as to provide flexible
pathways and options for system performance enhancement by replacing
the interacting components composed each other if one, or even more,
fail, and by integrating new functional elements (services) if necessary.
Generally, modularity refers to the degree to which a system can be
divided into separate, independent modules or components that can be
developed, maintained, and modified independently. Modularity of
critical infrastructure system is crucial for ensuring its flexibility,
scalability, and ease of maintenance

Segregability Refers to the degree to which a critical infrastructure system can be
segregated into separate, isolated components, parts or units that can
function independently without affecting each other. Segregability is
important for system security, fault tolerance and scalability
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Decomposability

Is similar to segregability of a critical infrastructure and refers to the ease
with which a critical infrastructure system can be broken down into
smaller, more manageable components, items or units. Decomposability is
useful for critical infrastructure effective design, analysis and maintenance

Unplanned
maintenance

Refers to the corrective maintenance activities that are carried out in
response to unexpected system failures, malfunctions or other crisis events
that disrupt normal operation of critical infrastructures, i.e. where there is a
sudden failure which was unpredicted. Unplanned maintenance is typically
reactive in nature and occurs outside of scheduled maintenance plans or
preventive maintenance routines. It is often necessary to address
emergency situations that require immediate attention to restore the items
or assets of critical infrastructures to operational status and minimize
downtime. Mean Time Between Failures and Mean Time to Repair are
common measures of the unplanned maintenance, which represent the
average time between two consecutive failures of a system or its elements
and the average time it takes to repair a system or its elements after it has
failed, respectively. Both metrics can be used to estimate the general costs
associated with unplanned maintenance of the functionality and operability
of critical infrastructures

Functionality

A capacity or the state of a critical infrastructure operating properly to
provide a regular reliable service at, or as close as possible to, what the
critical infrastructure provided prior to an adverse event. The functionality
is a measure of the critical infrastructure resilience and is not fully restored
until all system repairs are completed and operational restrictions removed

Feasibility

Refers to ability of a critical infrastructure to be successfully implemented,
operated, and maintained within the constraints of available resources,
technology and time. Feasibility assessments are conducted to determine
whether a proposed critical infrastructure is viable and achievable, taking
into account factors such as technical feasibility, economic feasibility,
operational feasibility, legal and regulatory feasibility. Technical feasibility
assesses whether the necessary technology and expertise are available to
develop and implement the critical infrastructure. Economic feasibility
evaluates whether the benefits of the critical infrastructure outweigh the
costs and if the project is financially viable. Operational feasibility
examines whether the critical infrastructure can be effectively integrated
into existing systems, processes and operations. Legal and regulatory
feasibility considers compliance with established laws, regulations and
standards. A critical infrastructure that is deemed feasible is more likely to
be successfully implemented and deliver the intended benefits. Feasibility
analysis is essential for identifying potential challenges, risks and
opportunities early in the planning phase to ensure the successful
development and deployment of critical infrastructures

Autonomy

Refers to the ability of a critical infrastructure to operate independently or
with minimal human-aided. The measurement of critical infrastructure
autonomy is based on different factors such as the degree of automation,
decision-making capabilities, self-sufficiency and adaptive capacity of the
system, etc

Insurance rate

A characteristic used to assess the risk level associated with the critical
infrastructure and determine the premium that needs to be paid to insure its
operational units against potential losses of functionality or damages. The
insurance rate is typically based on such factors as the value of a system,
its susceptibility to risks and the desired level of coverage

Restart ability

Refers to the capability of a critical infrastructure system and its
components to recover and resume normal operation after a failure or
disruption. The restart ability depends on such factors as recovery time,
reliability of restart procedures and the effectiveness of fault detection
mechanisms
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Table 4

Characteristics determining the adaptive capacity of critical infrastructure resilience

Resme_nce Chara_cterlstlcs/ Description & Definition of capabilities
capacity Indicators
1 2 3
Adaptability & | Flexibility The ability of a critical infrastructure to perform essential tasks under a
Learnability wide range of conditions, and to convert assets or modify structures to

introduce new ways of achieving essential goals, as well as to react to
disruptions and adjust its internal mechanisms with the help of adaptive
capacity without the consideration of any prior responses

Technological
transformability

The capability of a critical infrastructure to effect transformational change.
System transformability depends on the following attributes: getting beyond
the state of denial (acknowledging the need for transformational change);
creating options for transformational change; having the capacity for
transformative change. Such a change suspects the transition to an entirely
new stability system configuration defined by new state variables, or the old
state variables supplemented by new ones. To a wide extent,
transformability is the ability of a critical infrastructure to create a new
stability state space (configuration) for all its functional units and the new
system functioning pathways under the impact of multiple internal and
external threats when the operating system being unstable. The changes
introduced by the transformability cascade through and may transform the
whole existing system with all its constituent adaptive cycles

Technological
upgradability

The ability of a critical infrastructure to restore system functionality quickly
and to adjust it to increased demands by means of replacement some system
components by new or similar ones, but with different (improved)
characteristics. The upgraded critical infrastructure provides a higher
system performance level leading to an improved resilience. Upgradability
regards also to data acquisition on performance and expected changes in
demands. The collected data can be effectively used for upgrading the
system by removing or reducing any critical weaknesses that lead to higher
demands on service and maintenance. The data can also be used to make
prognoses on future maintenance and support needs, and to predict when to
upgrade, modify or replace the critical infrastructure components and assets

Integrability

The ability of a critical infrastructure system to integrate external
heterogeneous elements inbye and provide their communication with
existing items and each other on the basis of compatible technical,
organizational and normative regulations, protocols and standards

Interoperability

The ability of critical infrastructure elements to interact (data/control
exchange) with external entities and with each other based on common
conceptual models and context interpretation of information for the purpose
of providing completeness of situational awareness and formation of the
unified information field for decision-making under joint activities

Composability

The ability of critical infrastructure elements to interact with any other
elements in a recombinant manner to satisfy requirements based on the
expectation of the behaviors of the interacting parties, as well as to form a
steady composition for improving system resilience

Reconfiguration
ability

Refers to the capability of a critical infrastructure to adapt, modify or
reorganize its structure, components or configuration in response to
changing requirements, conditions or failures. This ability allows the system
to maintain functionality, performance and reliability even in dynamic or
uncertain environments. Reconfiguration involves adding, modifying and
removing components, changing relationships between components,
adjusting parameters or switching between different operating modes.
Critical infrastructures with a high reconfiguration ability are usually more
resilient, flexible, and efficient
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2 3
Personnel Refers to the degree of readiness and presence of the qualified staff,
availability operators and other essential personnel required to operate, maintain, and

manage the critical infrastructure effectively. Needs of personnel skilled and
trained to respond to critical events, handle disruptions, implement
preventive measures, conduct repairs and risk elimination, and ensure the
continuous operation of critical infrastructure assets and components.
Personnel competences directly impact the ability of a critical infrastructure
to respond to and recover from disruptions or unexpected events. Adequate
staffing levels, proper training, clear communication protocols, effective
coordination among personnel, response time, adequacy of shift schedules
and coverage and skill set diversity are essential factors in ensuring the
personnel availability to support the uninterrupted operation of critical
infrastructures

Spare parts
availability

Refers to the accessibility and supply of essential resources (assets,
materials, components, equipment, etc.) that are necessary for the operation,
maintenance and recovery of critical infrastructures when needed to quickly
address failures, breakdowns, or disruptions within the system. Common
measures used to assess spare parts availability are resource availability rate
and the mean time to repair. Additional metrics such as stock-out rates,
inventory turnover, lead times for spare parts delivery, and percentage of
critical spare parts in stock can also provide the estimation of spare parts
availability for critical infrastructures

Long-term/short-
term
reconstruction
ability

Refers to the capacity of a critical infrastructure to recover and rebuild after
a disruptive event or disaster, i.e. the ability of a system to bounce back
from a crisis. Short-term reconstruction refers to the immediate response
and recovery efforts following a disruption. It includes activities such as
restoring essential services/units, repairing damaged elements of a critical
infrastructure and ensuring its safety. Short-term reconstruction focuses on
rapid and effective response to minimize the impact of the event and restore
basic functionality to the system. Long-term reconstruction pertains to the
ability of a critical infrastructure to fully recover and rebuild over an
extended period of time. It involves strategic planning, policy changes,
system upgrades, and more comprehensive efforts to address the underlying
vulnerabilities and improve the capacity of a critical infrastructure to
withstand future disruptions. Common measure used to assess the long-
term/short-term reconstruction ability of a critical infrastructure is the
recovery time objective and recovery point objective. Recovery time
objective refers to the targeted duration within which a critical infrastructure
should be restored to full operational capacity after a disruptive event. It
measures the time it takes for the system to recover and resume normal
operations. Recovery point objective measures the acceptable performance
loss of a critical infrastructure in the event of a disruption. It defines the
maximum performance that can be lost without causing significant harm to
the functional units of critical infrastructure

Self-organization
ability

Refers to the capacity of a critical infrastructure to adapt, evolve and
organize itself without external actions. Self-organization ability is often
influenced by such factors as system complexity, diversity, coherence and
feedback mechanisms. There is still no universally accepted measure for
estimating self-organization ability of complex systems

Creativity &
improvisation
ability

Refers to the management system capacity of a critical infrastructure to
generate novel ideas and ways to solve new and existing control problems
using cumulative knowledge, and utilise innovative and creative approaches
to developing solutions for the purpose of adaptation of critical
infrastructure components and assets to changing circumstances. The degree
of creativity and improvisation of risk analysis procedures within the
resilience management of critical infrastructures directly affects the
effectiveness of decision-making and situational control in times of crisis
and disruptive events

145




HAAEXHOCTD 1 KAYECTBO CAOJKHBIX CUCTEM. 2024. Ne 3

Critical infrastructures resilience is currently determined by capabilities represented above and
their combinations that characterize different life-cycle phases of system resilience (understand risks, an-
ticipate/prepare, absorb/withstand, respond/recover, adapt/learn) and appropriate resilience components
(capacities), specifically such as anticipation and prevention ability, absorbability and responsiveness, re-
coverability and adaptability. In the last decade, comprehensive analysis of these resilience components
has been carried out by a great number of reputable studies, but the lion's share of them was promoted
abroad. In our homeland, the resilience management support of critical infrastructures is a quite new and
challenging field of research, intersecting with pioneering safety, reliability and situational control fun-
damentals.

Generic indicators and dimensions of system resilience listed in Tables 1-4 are commonly used with-
in the state-of-the-art estimation models and assessment methodologies for measuring the overall resilience
of critical infrastructures considered in [5-7]. The choice of the specific indicators and their measure of in-
fluence on resilience under its assessment and management depends on the types of critical infrastructures,
scope, context and resilience domains, as well as the subjective preferences of experts, and remains with
risk-analysts or decision makers. It is worth noting that the selection of resilience metrics is typically made
in relation to the class of system under study and the nature of influencing situational factors being the
sources of system disturbance or shock and clearly defined.

As is declared in [24], resilience indicators can be applied in a-priori manner when assessing resili-
ence of critical infrastructure before a disruptive event, and post-hoc manner when giving an absolute
measure of the indicator that is directly benchmarked against a predetermined baseline, and estimated fol-
lowing some system perturbation. According to report [24], a-priori resilience indices include failure prob-
ability, critical infrastructure quality, pre-event functionality, substitutability, interdependence, extent of
mitigating features; quality of planning/response under disturbance, quality of crisis communica-
tions/information sharing, security of critical infrastructure, etc. Ad-hoc resilience indices include systems
failure, severity of failure, post-event functionality, post-event damage assessment, cost of reinstating func-
tionality post-event, recovery time post-event, recovery or loss ratio, etc. The permanent increasing of com-
plexity and uncertainty in operation of existing critical infrastructures requires regular review, updating and
improvement of resilience metrics for adequate valuation and efficient management of critical infrastructure
resilience. Moreover, since acting critical infrastructures are usually connected to each other and interde-
pendencies between them exist, the quantification of critical infrastructure resilience becomes even more
complex.

Next, after discussing the conceptualization of the resilience phenomena and its capabilities, let’s
move to the formal representation of the main resilience capacities mathematically formalized by well-
known reputable resilience researchers in specific manner.

Critical infrastructure resilience capacity models

The existing index-based methods for critical infrastructure resilience assessment found and re-
viewed in this study are generally intended for modeling and scenario analysis of the critical infrastructure
behavior during a particular disruptive event, i.e. over scenario time. Defining the critical functionality of a
critical infrastructure enables to precisely and quantitatively define and construct the system resilience
curve in scenario time and analyze the main characteristic points of its performance level in discrete or con-
tinuous time. The resilience curve can be used to monitor the critical infrastructure functionality level dy-
namics and to define resilience dynamic characteristics (capabilities), such as reliability, robustness, vulner-
ability, recoverability, rapidity, maintainability, supportability, etc., mentioned in the previous section.
Thus, the resilience capacity models, which correspond to the resulting macro-indicators of critical infra-
structure resilience under consideration, selected and used within the framework of the designed estimation
method [1] are mainly based on the mathematical formulations given in [25] and resilience curve analysis
notionally illustrated in Fig. 3 and the Fig. 4. As noted in [7], these resulting macro-indicators are not the
same as the input resilience and functional indices defined at the lower level of the assessment hierarchy
(see Fig. 2) and then bottom-up aggregated to the macro level of the overall resilience estimates. In prac-
tice, combinations of these macro-indicators are well suitable for stress-testing of critical infrastructures by
comparing their values measured or computed with the allowed critical thresholds defined for the specific
operating conditions.
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Fig. 4. Resilience curve general view: The dynamics of the resilience level of critical infrastructure
over time expressed by the performance loss and recovery function (adopted from [25])

The notations used in Fig. 4 are as follows [25]: t, is a time before the disruptive event or a starting
point of the simulating scenario; t, is a time at which the adverse event occurs; t, is a time at which the
critical infrastructure reaches the minimum performance level, i.e. a starting point of its functionality loss;
t, is a time at which the critical infrastructure starts to recover; t, is a time at which the critical infrastruc-
ture reaches the initial functionality level or a starting point of a new steady-state level, but with lesser per-
formance (t, =t, ); t. is a time at which the scenario ends or at which the critical infrastructure increases its
functionality via adapting, transforming and learning (t; =t ), or, in the worst case, the system shows a
permanent loss of functionality (t; =t ).

An accident or disruptive event E occurred at time t; within the critical infrastructure, which is initi-

ated by some actuating threats as a root cause of its emergence, refers to an incident formally interpreted as
a process of parametric variation (system change). Meanwhile, generally speaking, an incident is any para-
metric or structural change in a critical infrastructure system that is associated with various failures in oper-
ation of its components and accompanied by a loss of functionality and irreversible transition process of the
system state from a normal operation to an emergency one. In this context, the process of changing the sys-
tem operation conditions can be formalized as follows:

CI(Tc"°,c5”°)—>CI(nde,cde)%Cl(neo,ceO), Q

where (n”", c”"), (Tcde, cde) , (ne", ce") are the values of the parametric and structural state variables of the

critical infrastructure system under different operating conditions: normal operation, failure-caused disrup-
tion, emergency operation.

A sudden failure of critical infrastructure system is understood as a rapid (stepwise) change in the
values of system state variables that determine its quality (reliability, safety, resilience, etc.), which leads to
a complete loss of its functionality at an arbitrary point of time. For the formalized representation of a sud-
den failure, the Heaviside unit function 1(t) [26] is used. The operation of the critical infrastructure system
from the point of time t =t, until the loss of its functionality when t =t, = (t, +T ) is shown in Fig. 4. Then,

in compliance with such a way of formal definition of system failure, the following mathematical formula-
tion can be written:

X(t)=FL(t)[ 1(t—t,)-1(t-t,-T) |, )

where FL(t) is a system performance function of the critical infrastructure resilience curve; x(t) = FL(t)

is a signal actuating at the output of the system in normal operating conditions, and as a result of a failure,
x(t)=0; T isacritical period of time when a failure or disruptive event occurs.
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In addition to sudden failures, there is also a possible case of stepless degradation of the critical infra-
structure system (gradual failures), characterized by the accumulation of hazards within the system and,
consequently, a slow (gradual) change in the operating characteristics of the system. Let p be a certain var-

iable that expresses an internal danger to the critical infrastructure system. Let us introduce a function
J (xi (p,t)) that reflects by X, the damage (fatigue) accumulation within the system at time t:

J(Xi(p,t))zjlxi (p,r)dr. 3

t

It is obvious, when the t,, >t , an inequality meets J(x, (p.t.,))> J (X (p.t;)), and if the proposition

(xi (t1)> X (ti))/\(Xi (tu.)> xm“) is true, then from the point of time t,,, the system experiences stepless
degradation due to the accumulation of structural changes in it (e.g., variation of constraints, interconnec-

tions or control coefficients), where Xx™ is a maximum permissible value (upper bound) of the system state
variables in the normal operating conditions.
Next, the measures for modeling the impact on critical infrastructure system are considered.
Robustness (Rob, %) characterizes the absorption capacity of the critical infrastructure [25]. It is
measured as the ratio of the percentage of the lowest post-disruption functionality level, i.e. at point of time
t,, to the pre-disruption functionality level, i.e. at point of time t, during normal operation. The appropriate
formulation can be written as follows:

FL, (t
Rob = o )-100%. 4)
FLo(t)
Absorption time (AT, t), measured in hours, is defined as the time during which the critical infra-

structure absorbs a disruptive event while the critical infrastructure undergoes a decrease in its functionality
level. It is measured as the difference between points of time t, and t,. The following formulation is given:

AT =t,-t,. (5)

Loss of functionality (LoF,%™*t) is the critical infrastructure performance lost in a given adverse

situation [25]. It is measured by the area of the curve (an approximation) between the time when the critical
infrastructure starts to lose its functionality (t,) to the time when it reaches the initial state (t,) (Fig. 4). The

approximation is done for the area above the curve to a well-defined shape (e.g., a triangle) [25]. The output
is measured in percentage loss of functionality over time (the time is measured in hours).

LoF =}4 [ FL(t)—FL(t) |dt. (6)

The value of the functionality level FL(t) of the critical infrastructure system at a particular time is
calculated by aggregating the relevant indicators scores (in a particular case of FL(t), the specific func-
tionality indices) starting from t, and makes up FL(t)=100% .

Downtime (DT, t), measured in hours, is defined as the time duration for which the critical infra-

structure is not functional. In respect to critical infrastructures, this could apply if the critical infrastructure
stops functioning. In this case, the functionality level of the critical infrastructure remains below the thresh-
old level of functionality [25]. It can be measured as the difference in time between points of time t; and t,,

as illustrated in Fig. 4 and the following formulation is assumed:
DT =t,—t,. (7)
This calculation is conducted when the threshold level of functionality is defined (in [25], it is as-

sumed that the threshold level is FL, (= FL,)).
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Recovery refers to the ability to not only return to acceptable operating levels, but also to recover ful-
ly from the effects of a disruptive event in the maximum allowable/acceptable recovery time [25]. Recovery
time (RT, t), measured in hours, is defined as the time at which the critical infrastructure recovers from the
disruptive event and gains its initial or desired functionality level [25]. It can be measured as the time taken
to recover the functionality level, i.e. the time between points of time t, and t,. The following formulation
can be written:

RT =t,—t,. (8)

Since the functionality level at the end of the scenario time may be different from at the start of the
scenario, the recovery time may have to be measured at a new steady-state level [25].

Recovery rate (RR, %/t), measured in percentage, is defined as the rate at which the critical infra-
structure recovers from a disruptive event and gets back to its initial functionality level [25]. It characterizes
the recovery trajectories of the critical infrastructure system from the point it starts recovering from the giv-
en scenario to the final recovery. Recovery rate is measured as the ratio of change in functionality level be-
tween points of time t, and t,, as shown in Fig. 4. The following formulation is given:

RR:W. )

Disruption time (DT, t), measured in hours, characterizes the recover capacity of the critical infra-
structure to return to the desired functionality level and is defined as the total time taken by the critical in-
frastructure to recover [25]. In the functionality level over time FL/t curve, it is a time between points of
time t, and t, when the disruptive event occurs and the critical infrastructure has fully recovered, respec-
tively. This situation is formally represented in Fig. 4 and formulated as:

DT =t, -t,. (10)

Final recovery of the functionality level of a critical infrastructure could be equal to, better than (FL'(t)),
or worse than (FL"(t)) the original system performance ( FL(t)). Hence, the model schematically illus-

trated in Fig. 4 allows for the calculation of the system "improvement/adaptation/transformation™ capacity
(IAT, %) measured in percentage [25]. This is the capacity of the critical infrastructure to learn from a dis-

ruptive event (e.g. a revision of plans, modification of procedures, introduction of new tools and technolo-
gies) [25]. It is measured as the ratio of change in functionality level during and after the disruptive event
over the initial functionality level:

FL (t) -FL, (t)
FLy (1)

According to [25], such resilience macro-indicators are ideal for comparing the functionality level re-
sponses for multiple case studies, critical infrastructures, entities, facilities and assets, etc. They allow an ob-
jective evaluation of not only how the functionality level of a system might react to a disruptive event, but also
how and when it can recover. Using a theoretical acceptance level, a stress-test can also be performed.

Other important factors to take into consideration when quantifying the resilience of critical infra-
structures are: reliability and recoverability of the critical infrastructure components, as well as maintaina-
bility and supportability of the disrupted system elements, the prognostics and health management efficien-
cy of the critical infrastructure system in the case of disruption.

The reliability function of critical infrastructure R., is formally defined as the probability that the

system will not fail during the specified period of time t under given conditions.

IAT = -100%. (11)

R (t)=Pr(the system doesn't fail during [0,t])=1-F(t), (12)

where reliability R (t) is a decreasing function with time t, i.e. for t, <t,,R® (t,)> R (t,), and it is usu-
ally assumed that R®' (0)=1; F(t) is a failure function and is a basic (logistic) reliability measure which
is defined as the probability that an element of critical infrastructure will fail before or at the moment of op-
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erating time t; t is a system operation time which is used in a generic sense and can have units such as
hours, number of cycles, etc.

F(t) =Pr( failure will occur before or at the time t)=Pr(TTF <t), (13)
t

F(t)=]f(u)du, (14)
0

where f(t) is the probability density function of the time-to-failure random variable (TTF ) in the case of

an absolutely continuous distribution function.

Recoverability can be expressed as a non-linear function of system reliability, indicating that the per-
formance of recovery actions is affected by the health of the critical infrastructure system. Special cases of
the hybrid and gamma families of recoverability functions expressed in terms of a measure of system func-
tionality (performance) level FL are proposed in study [27]:

1) FL(t)=1-exp[-cf], when TR =1, a=1, b=1, g(t)=f; (15)
2) FL(t)=TR,—(TR,—FL,,)-exp[—ct], when a=TR, —FL_; , b=0, g(t)=t; (16)
t t
3) FL(t),, =1—a'exp{—cﬁ} ,when TR, =1, b=0, g(t):ﬁ; (17)
4) FL(t), _p TR =Fl) FL(t) =1—Tfe°(TP°_FLmi"),when TR, =1, a=TR,—FL,,
in 2TPOt step TPOt
T, T,

— — t) =__re t _ _re . 18
’b 0,c 0’9()Im ZTPOt’g( )step Tpot’ ( )
5) FL()s gamp :%FL(t)ltzotexp[—mt],When TR, =0, a:%FL(t)Lzo, b=1,c=o0; (19)

where FL(t) is the measure of system functionality (performance) which is quantifiable and time-
dependent and is a composite function of time; TP, is the target functionality level before the disruption;
[TP,—n, TR, +n] is the system robustness range; n is the robustness parameter which characterizes how
much system performance level can deviate from the target without affecting its core functionalities; a, b, c
are parameters to be estimated; a, a >0 is a location parameter that is associated with the magnitude of the

maximum incurred functionality loss, which depends upon the severity of the disruption and the extent to
which the system absorbs the shock; b, b >0 is a shape parameter that is associated with the rates of func-

tionality loss and restoration; c¢,c>0 is a scale parameter which indicates the magnitude of the functionali-

ty loss over time for fixed loss and restoration rates, has a constant effect on the recovery process during the
entire period and, therefore, is associated with the degree of absorptive capability, which is intrinsic to the
system, and persists over time; parameters b, c characterize the time to recovery; o is a parameter that de-

scribes the natural frequency with which the system would oscillate if no damping occurred; g(t) is a non-
decreasing function such that g(0)=0 and describes system performance monotonic time-domain transfor-

and T =T —t_: T_ isthe time to recovery.

C min * "rec

mations and contributes into recovery function; t =t—t,,

On the other hand, the study [28] provides a basis for estimating the recoverability of critical infra-
structures using the following formulations:

REC® = D(t)x RA(t)xRC(t), (20)

where D(t) is the diagnosis capability which is the ability of a critical infrastructure system to identify true
failure elements or failure modes when disruption occurs; RA(t) is the resource accessibility which is the
ability of a critical infrastructure system to access enough resources after correct diagnosis; RC(t) is the
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repair capability which is the ability of a critical infrastructure system to accomplish the repair process after
receiving enough resources.
Diagnosis capability of a critical infrastructure system is formulated as follows:

1

e“_tD ) (21)

D(t):HD'

where p, is the diagnosis accuracy; t, is the diagnosis time; o is the coefficient of an exponential utility

function used to consider the time effect.
To quantify the resource accessibility of a critical infrastructure system the following formulations
are used:

1

RA(t)=Q(ava, req)-u(tg, ), u(tRA)zeB—tm, (22)

where ava is the available amount of resources; req is the required amount of resources; t,, is the time to

obtain the resources which is affected by the design of critical infrastructure, resource allocation, amount of
required extra resources, etc.; u(ts,) is the time utility function; B is the coefficient of the utility function;

Q(ava, req) is the resource index function.
Quantification of the repair capability is provided by the formulae:

RC(t)=L-u(t,)-u(ts,)-x,, u(m)zewitw, u(tRy)=eYt%, (23)

where L is the labor availability; t,, is the required time to retrieve the labor; t.. is the repair time related
with available technology, structural design of the element or system, and retest process after the repair; «.,

is the successful repair rate; u(t, ) and u(tRy) are the utility functions of required time and repair time, re-

spectively; o and vy are the utility coefficients, respectively.

Multiplication of the expressed formulations denotes that the failed critical infrastructure elements or
system as a whole can only be recovered with successful operation of all three actions.

The efficiency of the prognostic and health management (PHM) system before and after disruption
can be defined as the performance of a critical infrastructure system to failure detection, diagnosis and pre-
diction the effects of possible adverse events [29]. This index is used to maintain and increase the backbone
resilience capacities described above. According to researches [29, 30], PHM efficiency is mainly deter-
mined by the probability of the correct failure diagnosis event and the probability of the correct failure
prognosis event by applying Fuzzy Fault Tree Analysis. At the same time, the efficiency of system PHM
depends on the accuracy of defect detection and failure prediction by the critical infrastructure operators
and maintenance personnel. Thus, the probability of failure of the PHM system efficiency can be estimated
using the following formulation proposed in [29]:

FP(Amt) =] [ FP(BE)). (24)
P(Apuw ) =1-FP(Appy ) » (25)

where FP(BE;) is the failure possibility of i-th basic event; m is the number of basic events; P (A, ) is

the efficiency index of the PHM system which is equal to the complement of the failure possibility of this
system.

Another formal expression of the critical infrastructure system PHM efficiency also mostly applied in
hard resilience studies can be given as follows:

PHM © =(1—ﬂj-[1-td—p)-(1—5j.100%, (26)
m t m

m
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where n is the number of detected defects (failures); m is the total number of supervisions (predictions);
t,, is the time between failure detection and its prevention or elimination; t, is the total observation (prog-

nosis) period; k is the number of false alarms of the PHM system.

The higher the value of this indicator, the more efficient the PHM system is in the context of the crit-
ical infrastructure resilience management.

For any critical infrastructure, the system maintainability (M) can be calculated using the follow-
ing equations:

3 MTTR
) 1 ZMTBF

MCI t :1—9( u’f), — ' MTTRCI _ = i , 27

(1) HEMTTR 3 1 1)
ZMTBF

where p is the repair rate; MTTR,, is a mean time to repair of the critical infrastructure and is calculated as

a function in mean time to repair (MTTR) and mean operating time between failure (MTBF ) of critical in-
frastructure element i; n is a number of critical infrastructure elements.

MTTR represents the expectation of the time to system restoration. MTBF is extremely difficult to
predict for fairly reliable system elements. However, it can be estimated if the appropriate failure data are
available. In fact, it is very rarely predicted with an acceptable accuracy.

Consequently, the value of the operational availability of critical infrastructure A” can be deter-
mined by the following formula:

AC _ MTTF
MTTF + MTTR+MTTS '

where MTTF, MTTR and MTTS represent the mean time to failure, mean time to repair and mean time to
support, and are measures of the system reliability, maintainability and supportability characteristics, re-
spectively.

Mean time to failure (MTTF ) represents the expectation of the time to failure and is used as a meas-
ure of reliability for non-repairable system elements. Mathematically, MTTF can be defined as follows:

(28)

MTTF =Trf (t)dt =TRC' (t)dt. (29)

0

MTTS can be defined as a term that represents the expectation of the time to support and is a meas-
ure of the critical infrastructure supportability characteristics. MTTS is a measure of an on-product main-
tainability characteristic related to servicing that is calculated by dividing the total scheduled
crew/operator/driver servicing time by the number of times the item was serviced.

The discussed resilience capacity models can be adapted in various ways and applied to all types of
critical infrastructures and resilience domains for the overall resilience index assessment and analysis of the
given class of complex dynamic systems.

Conclusion

Through the last decades, critical infrastructures have progressively begun to be the most essential
complex systems influencing the socio-economic development and public welfare as well. In this connec-
tion, concerns about the protection and maintenance of critical infrastructures result into a series of state
and sector-specific programs targeted to improve security and lately the resilience of this class of systems
for withstanding multiple threats and hazards. The high level objective of the most of these programs is de-
velopment of standards and guidelines for identifying risk factors and interdependencies, evaluating threats
and impact, preparing measures to reduce vulnerabilities and to mitigate the consequences of disruptive
events, as well as establishing best practices to increase resilience, validating and operationalizing method-
ologies and tools for system resilience management support in practice. To achieve this goal, the multi-
disciplinary integrated studies in the line of critical infrastructure resilience assessment and analysis should
be first of all carried out.
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The main difference between foreign and Russian studies and practices in the field of critical infra-
structure resilience management consist in the fact that Russian approaches are mostly focused on pre-event
and during disruption measures (prevention and absorption phases, respectively) for the resilience mainte-
nance, while the foreign methodologies concentrate on the post-event measures along with that, and enclose
the coping of recovery and adaptation phases as well. At the same time, both ways are complementary and
accompanying within the specific case studies of infrastructure resilience issues, notably, resilience estima-
tion and control problems of critical entities or assets.

Nevertheless, it is worth noting that some shortcomings and contradictions exist between the science
and practice of resilience management that should be eliminated. In particular, the current well-developed
methods of crisis and risk management require modification and adaptation in the face of new challenges
brought by the real practice of situational control of critical entities, as well as approaches known from the-
ory can be rather inefficient for protection and resilience maintenance of critical infrastructures when cer-
tain theoretical scenarios are irrelevant and mismatched to current threats which may be more complicated,
compounding, diverse or unexpected in reality. Moreover, theoretical models for resilience management
seems to be ideal and verified, but in real applications can meet complications due to the uncertainties, re-
strictions, resource limits, changing operation conditions or other influencing factors that are not fully ac-
counted within these models. In addition, theoretical and empirical methods cannot cope all of interdepend-
encies between situational factors, resilience aspects and dynamic characteristics of critical infrastructures
when assessing the overall system resilience in real practice. The manner of system behavior and latent na-
ture of dependences between the interconnected critical entities may differ also on conceptual (research)
and operational (applied) level of resilience management framework operationalization to critical infra-
structures.

To level these bottlenecks, the enhancing of critical infrastructure resilience requires regular evalua-
tion and strengthening the capabilities of critical infrastructures to anticipate and prevent (preparedness,
predictability), to resist and absorb (withstandability, absorbability), to react and recover (recoverability, re-
sponsiveness), to adapt and transform (adaptability, transformability) in the face of context-dependent dis-
ruptive events, adverse circumstances and perturbations. Thereto, an effort to develop a more complete as-
sessment and analysis procedure of the critical infrastructure resilience has been made. It is index-based and
applicable to all types of critical infrastructures of the regional scale. The proposed method uses selected es-
timation models of the resilience capacities and provides quantification of the level and ratio of aggregated
reliability, robustness and security indices, as well as the calculation of performance level, savings and
losses rate, and control risks for obtaining end-to-end resilience assessment within the all stages of the resil-
ience management cycle.

Combining the developed method with other models of resilience capabilities and indicators allows
for a comprehensive assessment of systemic risks that can support decision-making about protection, emer-
gency and situational management of regional critical infrastructures, and thus, in conjugation with other
resilience measurement tools and frameworks, allows critical infrastructure operating conditions to be com-
pared in terms of performance characteristics, vulnerabilities, threat impacts, possible consequences, effec-
tiveness of the preventive/mitigation measures and ultimately resilience control strategies.

This research outputs can be practically used as reliable guidance for operators and analysts of re-
gional situational centers to train and generate design decisions about counteracting the current threats, ac-
tuating hazards and local failures in the operation of sector-specific critical infrastructure systems under un-
certain situations. It is urgent and imperative to get a relevant, holistic comparative picture on the respective
functionality level of critical entities and infrastructures based on adequate assessments to control and im-
prove their resilience efficiently. In this case, the proposed method is supposed to be implemented and in-
troduced within the decision support systems of regional and sector situational centers controlling critical
entities, or in wider scale applications. In the reality, however, critical infrastructure managers are reluctant
to become compared by the auditing services or security authorities, and, naturally, are uninterested to re-
veal the detailed resilience level across indicators and the current points of system vulnerability as well.
Therefore, with a view to this fact, the proposed method can be positioned as a self-assessment tool rather
than a regulative and control mechanism of the public authorities.

The future research will be aimed at analysis of the existing normative documents and legal acts
adopted in the field of resilience management of critical infrastructures that are regulating and reasoning the
assessment criteria and procedure of the critical entities resilience and protection. As a result, findings will
be used as a basis for precision adjustment of the proposed estimation method and its further implementa-
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tion as a software tool suitable and easily tailorable to specific managerial and information support needs of
the resilience maintenance, assessment and control.
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