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Annoranust. Viccnenosan nponece pOpMHpPOBaHMST KOMIO3UTHOTO Marepualia Ha OCHOBE IpaMTornogo0HOro
HUTpPHUJA YIIEpoa ITyTeM IHPOIUTHICSCKOro pasziokeHus npu 550 °C cMecH THOMOYEBHHBI ¢ TOOABICHUEM aJII0-
MHHHEBOH IyApsI B KomudecTBe 5-30 mMacc.%. AHaIN3 METOIlaMH PACTPOBON AIIEKTPOHHOW MUKPOCKOITHH, 3HEP-
TOJMCIIEPCHOHHOM PEHTTEHOBCKOM CIIEKTPOCKOIHMU M PEHTI€HOBCKOH IH(PaKTOMETPHUH IO3BOJIMI yCTAHOBUTH,
YTO CHMHTE3MPOBAHHBIA MaTepuall COCTOUT M3 HUTPUAA YIIIEpOoAa, CYIb(pHIa alFOMUHUSI, OCTATOYHOIO METaJlIN-
YECKOrO JIIOMHHUS U €ro THIPOOKUCH. V30BITOK METasIMYecKoro alOMHHUS OOYCIJIOBJIEH YaCTHYHBIM B3au-
MOZIEHCTBHEM C CEPOCOJCPIKAIUMH JIETYYUMH BEIIECTBaMH, 00pa3yIOIUMKCS P TEPMUUECKOM PA3TIOKECHUU
THOMOYCBHHBI. [I0Ka3aHO, YTO MHTCHCHBHOCTD W IIMPHHA CIIEKTPOB (POTONIOMHHECHECHIIMH CHHTE3UPOBAHHBIX
KOMITO3UTOB ONpeesIsieTCsl KOHIIGHTPALMEil allOMUHHUS B HCXOJHOU cMecH. MaKCHMyM HHTEHCUBHOCTH (hOTOIIO-
MHHECUECHIUH TPH YBEINYEHUH KOHLEHTPALMK amoMuHuA oT 5 10 30 macc.% cmemnaercs B JJIMHHOBOJIHOBYIO
ob6macth ¢ 534 Ha 560 HM. DTO MOKET OBITh HCIIOJIB30BAHO MPH CO3AaHUH OITOAIEKTPOHHBIX YCTPOMCTB Ha OCHOBE
rpadUTONOA00HOTO HUTPHUIA YITICPO/IA.

KoroueBbie cioBa: rpadUTONONOOHBI HUTPUA YIIepona, AllOMHHHUHA, CyIb(QHI AIOMUHHS, pPacTpoBas
SNEKTPOHHASE MUKPOCKOIINS, PEHTICHOBCKast TU(PPAKTOMETPHS, (DOTOTFOMUHECIICHLIHSL.

KonpuaukT uHTEepecoB. ABTOPHI 3asBJISIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Baaronapuocts. Pabora BemmonHena B pamkax [ TIHU «MarepuanoBeneHre, HOBbIE MaTepPHaIbl H TEXHOIOTHID,
samanne 1.4, [TIHU «KomBeprenmms», 3amanue 3.03.4, u rpantra BPOOU D22-114. ABTOpH BBIpaXKaroT
6maromaprocts /1. B. XXurynuny 3a ananu3 o0pasiioB METOOM PacTPOBOH AEKTPOHHON MUKPOCKOIIHH.

Jis uuTupoBaHus. BiusiHue aniOMUHUS Ha CUHTE3 TPa(UTONOJO0HOT0 HUTPH/IA YIIEpoaa U3 THOMOYEBUHBI /
C. E. Makcumos [u np.] // Joxmager BI'YUP. 2023. T. 21, Ne 3. C. 5-11. http://dx.doi.org/10.35596/1729-7648-
2023-21-3-5-11.

THE ROLE OF ALUMINUM
IN GRAPHITIC CARBON NITRIDE SYNTHESIS FROM TIOUREA

SERGEY E. MAKSIMOV!, EUGENY B. CHUBENKO!, VICTOR E. BORISENKO!,
ANATOLY I. KULAK?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2Institute of General and Inorganic Chemistry of the National Academy of Sciences of Belarus
(Minsk, Republic of Belarus)

Submitted 18.11.2022

Abstract. The synthesis of a composite material based on graphitic carbon nitride by pyrolytic decomposition
at 550 °C of a mechanical mixture of thiourea with the addition of aluminum powder in the amount of 5-30 wt.%
has been studied. According to the scanning results by means of electron microscopy, energy dispersive X-ray spec-
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troscopy, and X-ray diffractometry the synthesized material consists of carbon nitride, aluminum sulfide, residual
metallic aluminum and aluminum hydroxide. The excess of metallic aluminum is due to the partial interaction with
sulfur-containing volatile substances formed during the thermal decomposition of thiourea. It is shown that the in-
tensity and width of the photoluminescence spectra of the synthesized composites are determined by the aluminum
concentration in the initial mixture. As the aluminum concentration increases from 5 to 30 wt.%, the photolumi-
nescence intensity maximum shifts to the long wavelength region from 534 to 560 nm. This can be used to create
optoelectronic devices based on the graphitic carbon nitride.

Keywords: graphitic carbon nitride, aluminum, aluminum sulfide, scanning electron microscopy, X-ray diffrac-
tometry, photoluminescence.
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BBenenue

I'padurononobusrii HUTpUn yriepona (g-C3N4) — MONTYNpPOBOMHUKOBBIH Marepuan ¢ MIMPUHON
3anpeneHHon 30uel £, = 2,7 5B (npu 300 K) [1], npusnekaromuii BHUMaHHue UCCien0BaTeseii omaro-
Japs BEIPQXKEHHBIM (DOTOKATaTUTHYECKUM U JIIOMHUHECIICHTHBIM cBo¥cTBaM [1, 2]. OOBIYHO 1S CHH-
Te3a g-C3N, MCIonb3yeTcss MEeToJ] TePMUYECKO 00pabOTKH OPraHWYEeCKUX COCAMHEHUH C BBICOKUM
CoJIepKaHUEeM a30Ta, HalpUMep, THOMOYCBUHBI, MEJIAMUHA, [IMaHAMUa U AunuaHaunaMua [3—6]. 13-
BECTHO, 4T0 g-C3N, MpPOSIBISIET BBICOKYIO (DOTOKATANIUTHUYECKYIO aKTHBHOCTD NP OOIyUYEeHUH CBETOM
BUJINMOTO JIMAITa30Ha, YTO MO3BOJISIET MPUMEHSTH €ro Ui (POTOKATAITMTUIECKOTO Pa3IOKEHHS BOJIHI,
€€ OYMCTKHU OT OpTaHWICCKUX 3arps3HUTeNeH u BocctanoBierus CO, [2, 3, 5].

Viyamenns pOTOKATATUTHYECKUX U U3MEHEHHSI (DOTOTOMUHECIICHTHBIX CBOMCTB MOXHO JTOOUTHCS
MOJYJISIIIUEH IIMPUHBI 3alPEIIeHHON 30HBI IyTeM MOAU(UKAIMU Marepualia pPa3InIHBIMH ITPUMECs-
MU, HanpuMmep, KuciopoaoM [7] wiu aeyokuchio tutana (TiO,) [5, 8]. B cBsi3u ¢ 3TUM MOBBIICHHBIM
HHTEPECOM TONb3YIOTCSl CTPYKTYPBI, JIETUPOBAaHHBIE aTOMaMHU JIPYTHX 3JIEMEHTOB — METAJUIOB U HEMe-
tauioB [5, 8]. Panee B [9, 10] Obuta MPOAEMOHCTPUPOBAHA BO3MOKHOCTh MOJIYUYCHHS KOMITO3UTHBIX
MaTeprasoB Ha 0ocHOBE g-C;Ny, BKITIOYAIOIIMX OKCHJ U CYIb(PH] IMHKA, ITyTEM IMHPOIUTHIECKOTO Pasio-
JKEHUSI CMECH THOMOYEBHHBI U arleTara nuHka. O0pa3oBaHHUIO YaCTHII IIMPOKO3OHHBIX ITOMYTTPOBOIHUKO-
BBIX COCJMHEHH B TAaKOH CHCTEME CIIOCOOCTBOBAJIO OJJHOBPEMEHHOE MPOTEKAHNE XUMHUYECKUX PEeaKIInit
1 B3aUMOJICHCTBHUE UX MPOAYKTOB B YCIOBHSIX MOBBIICHHOMN TeMIieparypsl. [ mpakTuueckoro npuMeHe-
Hus g-C3Ny B 9IEKTPOHHBIX IPUOOpax 00JbIIOe 3HAYEHHE HMEET YMEHBIICHUE €T0 YAEIBbHOTO dJICKTPH-
YECKOTO COMPOTHBIICHHUS, KOTOPOE JUIsi HEJIETUPOBAHHOTO MaTrepuaia MokeT mpesbimark 109 Om-cwm [3].
Juia ymydmeHust 3meKTporpoBogHoCcTH B g-C3Ny MOTYT OBITH BBEIEHBI PAa3WYHBIE METAJUINYECKUE
MIPUMECH, KOTOPbIe OYyT OKa3bIBaTh PA3INYHOE BIMSHUE HA ONITHYECKHE CBOWCTBA MaTepuaina. [losTo-
MYy LETBIO UCCIIEIOBAaHUH SBISUIOCH 3KCIIEPUMEHTAIBHOE H3YUSHHE TIPOIIECCOB, MPOTEKAIOIIHNX MPH ITH-
POIUTHYECKOM Pa3I0KEHUU THOMOUYEBUHBI 1 cHHTE3€ g-C3N,4 B IPUCYTCTBUU MTOPOIIKOOOPA3HOTO aJTr0-
MUHHUS B pa3IMYHON KOHLIEHTPALMU MpH Temmeparype cunreza 550 °C, a Takke u3yuyeHHe COCTaBa,
CTPYKTYPBI M OTITUYECKUX CBOWCTB 00OPa3yIOIErocs B TAKUX YCIOBUSIX KOMITO3UTA.

MeToanka npoBeneHusi IKCIePUMEHTA

Jlist cMHTE3a KOMIIO3UTHOTO MaTepraia B KepaMHYeCKOM TUTIIe 00beMoM 20 ¢M3 CMEITHBAN THO-
MOYEBHHY C aIIFOMUHUEBOW IyPOH B OMPENEIIEHHON MPOMOPIXH. 3aTEM TUTEIh MEXaHHIECKHA repMe-
THU3UPOBAJIH AJTFOMHUHUEBOH (DONBrOH, YTO MO3BOJISLIO CO3/aTh Oapbep, MPEMATCTBYIONINH MOTTaaHII0
aTMOC(EepHOro BO3ayXa BHYTPb, HO MPAKTHUECKU HE MPEIATCTBOBAIO HCTEUCHUIO I'a3000pa3HbIX MPO-
JOYKTOB PEaKLUH B OKPYKAIOIIYI0 Cpeay. 3aTeM THrellb OMELIaal B My(enbHYI0 Meyb MPH KOMHATHOR
Temneparype. Bbixoa Ha TemnepaTypy CMHTE3a ITPOU3BOANIN paBHOMEPHO B TeueHue 90 MUH co cpe/l-
Helt ckopocThio Harpesa 5,88 °C/c u mo goctkernu 550 °C BeinepxuBanu 30 muH [4, 7]. [Tocie atoro
IeYb C THUTJIEM OCTHIBAJIa €CTECTBEHHBIM ITyTEM J0 KOMHATHOW TeMIieparypsl B Tedenne 16 4. Takum



Jokaansr BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

croco0oM OBbIIM CHHTE3UPOBAaHBI 00pa3Lbl C COAEpKaHUEM aTroMUHHEBOH mynpsl ot 0 mo 30 macc.%
OT 0011l Macchl CMECH UCXOIHBIX BemecTB. O01Ias Mmacca HCXOJHOH CMECH CocTaBisia 2 T' B KKIOM
JKCTIEPHMEHTE.

Mopdosoruro moaydeHHBIX MaTepHajoB MUCCICJOBAIN C MOMOIIBIO PACTPOBOM AJIEKTPOHHOU MU-
kpockoruu (POM) Ha mukpockore Hitachi S-4200. DieMeHTHBIN cOCTaB 00pa3lioB aHAIU3UPOBAIU
METOZIOM DSHEPTOANCIIEPCHOHHON peHTreHoBckoi crnekrpockonuu (EDX) ma cmextpomerpe Bruker
QUANTAX 200. Kpucrananueckyto CTPyKTypy U (pa30BbIii COCTaB M3y4aH C HOMOIIBIO PEHTIEHO-
mudpaxnuonnoro ananusa (PIA) na qudpaxromerpe APOH-4 ¢ ncnonb3oBaHreM B KaueCTBE 30HIM-
pyromero uznydenus CuKo (A = 0,154184 um). DOTOIFOMUHECIICHIIUIO UCCIICIOBAIN IPU KOMHATHON
TEMIIEPAType B YCIOBUSAX BO30YXKICHUS MOHOXPOMATHUYSCKUM CBETOM C JUIMHOW BOJIHBI 345 HM, KO-
TOPBII BBIIEJISIM U3 CIIEKTPA M3JIyUYCHHUs KCEHOHOBOM JIaMIIbl MOLIHOCTBIO 1 KBT ¢ ncnonb3oBaHuemM
moHoxpomaropa Solar TII DM 160. CriekTp u3imydeHus: perucTpupoBajIcs MOHOXPOMATOPOM-CITEKTPO-
rpadom Solar TII MS 75041, ocHamieHHBIM B KauecTBe JIeTeKTopa IU(POBOil KaMepoil ¢ KpeMHUEBOI
[3C-marpuueii (I13C — Mukpocxema, HCIOIB3YIOMIAsE TEXHOIOTHIO TPUOOPOB C 3apsiIOBOI CBA3BIO).

Pesyabrathl HccjieoBaHuii U X 00CyKIeHNe

CuHTe3upOBaHHbIE MaTepHalbl MPEICTABISUIM COOOI TBEpble arioMeparbl Ceporo MM 4epHOro
uBeTa. C MOBBILICHUEM COICPKAHUS AIIOMUHHS B HCXOAHOM CMECH yBEIMYMBAJIACh UX MEXaHUUECKas
MIPOYHOCTH. DIEKTPOHHO-MUKPOCKOIMYECKHI aHAIN3 IKCIIEPUMEHTAIBHBIX 00pa3LoB, PE3yAbTaThl KO-
TOPOTO WLTIOCTPUPYET pHC. 1, TOKa3bIBaET, YTO MOP(OIOTHs CHHTE3UPOBAHHBIX MAaTEPHUAIOB MEHSIETCS
BMECTE C YBEIIMUCHUEM COJICPKaHHS JIFOMUHUS B HCXOJHOM CMECH C IIACTUHYATOH Ha Iy04aTyro.

15.0kV x500 SE(M)

Puc. 1. DnexrponHnsie (poTorpaduu MOBEPXHOCTH 00PA3IOB C PA3IUIHBIM COACPKAHNEM aTFOMIHUS
B MCXOHOM cMmecu, Mace.%: a —5;b—10; ¢ —19; d — 30
Fig. 1. Scanning electron images of the surface of the samples with different aluminum concentration, wt.%:
a—5b-10;¢-19;d-30
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Metonom EDX B coctaBe momy4eHHBIX 00pa3ioB O0bu10 00HapyskeHo Hamunune yrepoaa (C), a3o-
ta (N), kucnopona (O), cepsl (S) u amomunus (Al), conepaHne U COOTHONIEHNE KOHIIEHTPAIUH KOTO-
PBIX MEHSUTUCH C YBEIMUYCHUEM JIONHU AIFOMHHHUS B HCXOAHOM cMecH. Pesynbrarel EDX-ananm3za npea-
CTaBJICHbI B Ta0M. 1.

Taoauua 1. DneMeHTHBIN cocTaB 00pa3IoB, CHHTE3UPOBAHHBIX U3 CMeCEl C Pa3InYHBIM COJEPKAHUEM ATTFOMUHHUS
Table 1. Element composition of the samples, synthesized from the mixtures with different aluminum content

. MaccoBas koHneHTpaius Al B ncxogHo# cmecH, macc.%,
ATOMHBII HOMEDP - 0
3 / / MpH aTOMHOM KoHIeHTparmu Al, % /
JICMCHT JIeMEHTa /- Mass concentration of Al in the initial mixture, wt.%,
Element Element atomic . - o
b at atomic concentration of Al, %
fumber 5 10 19 30
(0) 8 53,24 47,87 54,83 41,24
C 12 17,20 18,72 20,57 23,60
N 7 17,19 17,98 15,61 18,14
Al 13 11,00 14,44 8,07 14,81
S 16 1,37 1,00 0,92 2,22

B crexuomerpuueckom g-CsNy otHomenue koHueHtpauuid C u N pasno 0,75 [11]. Oxnako B no-
Jy4eHHBIX 00pa3ax OHO BO BCEX CIydasX MPEBBICHIIO CTEXHOMETPUYECKOE 3HAYCHHE W M3MEHSIIOCh
C YBEJIMYECHHUEM COJACPKAHUS AFOMUHUS B UcXoaHOU cmecu oT 1,0005 npu KOHLIEHTpauuy aJlFOMUHUS
B Ucx0HOM cMecu 5 Mace.% 10 1,31 npu KOHLIEHTpauuu alfOMUHUS B UCXoaHOU cMecu 19 macce.%, uto
yKa3bIBaeT Ha M30BITOK YIJIepoJa B CHHTE3WPOBAHHOM KoMIIo3uTe. [lanee oTHOIeHne KOHIEHTpaIil
C u N B 0o0pa3sre ¢ cofepKaHHeM alIOMUHUS B HCXOMHOW cMecH 30 Macc.% HEMHOTO YMEHBIIHIIOCh
1o 1,301. OgHako MOXKHO YTBEPkKAaTh O CTAOMIIM3AINN COCTaBa KOMIIO3HUTA IPH JOCTHKEHUH MAaCCOBOM
nou amroMuHAA 19 Macce.%, COOTBETCTBYIOIIEH IO pacueTaM MOTYyYSHHIO CTEXHOMETPHYECKOTO COeTH-
Henus Al u S — Al,S;, Ha IPUCYTCTBUE KOTOPOTO YKA3BIBAIOT M PE3YNbTaThl PEHTIEHOBCKOTO aHAN3a.
B 10 e Bpems B crexuomerpuieckoM Al,S; oTHOIIEHNE KOHIICHTPAIMH BXOSAIINX B HETO DJIEMEHTOB
cocrapisieT 0,66. B momydeHHBIX 00pa3iax KOMIO3HUTA JJAHHOE OTHOIICHHWE HAXOJWTCS B JHAINa3OHe
ot 6,671 (30 macc.% Al) no 14,44 (10 macc.% Al), T. e. B KOHEYHOM TPOAYKTE MeTaumdeckuii Al
OCTaeTCs B CYIIECTBEHHOM M30BITKE MO OTHOMICHHUIO K S. [IpsMoif 3aBUCHMOCTH MEXIY COMEpKaHUEM
AJIFOMHAHHS B UCXOJHOM CMECH M COCTaBOM MTOIOBOI'O KOMIIO3UTA HE HAOJII0IaeTCs.

PesynbraTel umcclieioBaHUS CHHTE3MPOBAHHBIX KOMMO3WTOB MetomoM PJIA  mpencraBieHb
Ha puc. 2. lllupokas nonoca B auanazone 17°—27° oxBaThIBa€T PEHTICHOBCKHUE MHUKH, TUIIHYHbIC
st g-C3Ny (27,65°-27,80°) m st Al,S; (23,8°), 9TO MOKET CITY>KUTh CBUIETEIHCTBOM HX TPUCYTCT-
BHS B CHHTE3MPOBAaHHOM KOMITO3UTe. PEHTreHOBCKMIT aHann3 3aUKCHPOBaJ MPUCYTCTBUE KPUCTAIIIH-
yeckoit ¢a3el MeTauieckoro Al, 9ro monreepxkaaercs ganabiMu EDX-ananm3a.

3500
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- = =) ==
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Puc. 2. Pentrenosckue audpakrorpaMmMbl MaTepHUaioB,
CHUHTE3UPOBAHHBIX NIPH PA3IMYHOM COJAECP)KAaHUN AJIFOMUHHS B HICXOAHON CMECH
Fig. 2. X-ray diffractograms of materials, synthesized from the mixtures with different aluminum content
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Ha puc. 3 npencraiensl ceKTps! (POTONIOMUHECIEHIIMY CUHTE3UPOBAHHBIX MaTepraioB. Makcu-
MYM MHTEHCUBHOCTH (DOTOJIOMHUHECIICHIMH NPU YBETUUYECHUH MACCOBOM JOJU TIOMUHHS CMELIAaeTCs
B 00J1aCTh OONBIIMX JUIMH BOJH — ¢ 534 Ha 560 HM. MakcuMyM HHTEHCUBHOCTH ()OTONIOMHHECHEHIINT
o00beMHOro g-C3Ny, MOTyYEeHHOTO METOJIOM MMUPOJIMTHUECKOTO Pa3JIOKEHUS, HAXOAUTCS Ha UIMHE BOJI-
HBI 468 HM (puc. 3). 3HaYCHHSI IMUPUHBI TOJIOCHI (POTOIIOMUHECIEHITHH JUTsI 00Pa3IoB ¢ Pa3InIHbIM
cogepxanueM Al npuBenensl B Ta0i. 2. [llupuHa NUKOB OCTaeTCs NPaKTUUECKU HEM3MEHHOM, OlHAa-
KO IIPH 3TOM MHTEHCHUBHOCTH (DOTOJIFOMUHECLCHIIMH CHIDKAETCS IPU POCTE KOHIEHTPALMK ATIOMHU-
Hus (puc. 3, BCTaBKa).
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Puc. 3. HopmMupoBaHHbIE 110 HHTEHCUBHOCTH CIIEKTPBI ()OTOIFOMHHECLICHIIHN
NpH KOMHATHOW TEMIIepaType MaTeprualioB, CHHTE3UPOBAHHBIX C PAa3INYHBIM COJCPIKAHUEM aTIOMUHHS
B HCXOI[HOﬁ CMECHU: BCTaBKa — 3aBUCUMOCTb HHTCHCHUBHOCTHU (bOTOJ'l}OMI/IHeCL[eHLlI/II/I
0T MaccoBo# fomu Al B HCXOIHOM cMecn
Fig. 3. Intensity normalized room temperature photoluminescence of materials,
synthesized from the mixtures with different aluminum content: photoluminescence intensity
vs. aluminum mass content are presented in the insert

Tab6auua 2. CriekrpasibHas MUPHUHA TOJIO0CH (POTOTIOMUHECIIEHITUN MaTEPHAIIOB,
CHUHTE3UPOBAHHBIX C PA3JIMYHBIM COJCPIKAHUEM AJTFOMUHUS B HCXOIHON cMecH
Table 2. Photoluminescence spectral band width of materials,
synthesized from the mixtures with different aluminum content

Conepxanue Al, macc.% / Al content, wt.% 5 10 15 30
CrekrpanbsHast mmpuna, M / Spectral width, nm 222,408 221,160 218,960 223,534

W3BecTHO, 4TO B TIpOLIECCE TEPMUUYECKOTO Pa3IoKeHNs THOMOYEBUHBI CHavYasia MPOUCXOAUT 00pa3o-
BaHUE THOLIMAHOBOM KHMCJIOTHI C BhIICJICHHEM aMMHuaka [ 12], a 3aTeM 00pa3yroTcs cepocoiepIKaliue Jie-
Tydne coequHeHus — nucyabhun yrrepona (CS,) u cynsdun Bomopona (H,S) [12]. Jlanee mporucxonut
o0pa3zoBaHue MeJaMUHa, KOTOPBII uepe3 LEeNouKy XUMUYECKUX pPeakLuil mpeodpasyercs B MesiaM, Me-
nem u MenoH. [lonmnMepusanus MolieKys1 MeJIoHa IPUBOIUT K dopmupoBannto g-C3Ny [11]. lpuaumas
3TO BO BHUMaHHE, 11€JI€CO00pa3HO MPEATOIOKUTh, YTO BhAesomuiicss H,S B mocTaBleHHBIX JKCIIe-
PUMEHTaxX pearupoBall ¢ METAIIMYECKUM MOPOIIKOM. OTMEUYEHO, YTO TepMETH3UPYIOIIas TUTEb allto-
MUHHEBas (OJbra Mpu MajibIX KOHIEHTPALHUSIX MMOPOIIKA aJFOMUHUS B UCXOJHON CMECH MOBEpraiach
WHTEHCHUBHON KOPPO3HWH — OUYEBHIHO, 101 Bo3aeiicTBueM H,S. ITo Mepe pocta comepskanmst amOMUHAC-
BOH ITy/IpBI B KCXOJTHOM cMecH BozfeiicTere H,S Ha anroMuHNIEBYIO (DOJBIY YMEHBIIAIOCH, YTO TOBOPUT
0 MPOTEKAHUH PEAKLHUH C ATFOMHUHNAEM B UCXOIHON CMECH.

Pesynpraret EDX- (Tabin. 1) u POM-ananusa (puc. 1) yka3pIBaroT Ha OTCYTCTBHE BBICOKHX KOHIICH-
Tpauuii crexuoMmerpuueckoro g-C;Ny B cocTaBe MOIYYEHHBIX KOMIIO3UTOB, UTO TaKKe MOATBEPKAAET-
Csl IJTMHHOBOITHOBBIM CABHMIOM XapaKTEPHOTO NMHUKAa WHTEHCHBHOCTH Ha CHEKTpax (HOTOTFOMHUHECIICH-
umu (puc. 3). lnpokwnii ke peHTTeHOBCKUH MUK B OKPECTHOCTH yIiia 23,8° CBUIETENBCTBYET O TOM, UTO,
IIOMHUMO BO3MOXKHOM cyneprno3unuu curuaioB oT g-C3Ny u AlLS;, kpucraminueckas CTpyKTypa 3THX

9
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MaTepualoB B 3HAUNTENbHON creneHu nedexrtHa. Xora PIA ykaspiBaeT Ha 00pa3oBaHHE HEKOTOPOTO
KojnyecTBa aMopHoro Al,S; B CHHTE3MpPOBaHHOM KOMIIO3UTE, OHAKO TOJIBKO HEOOIbIIAs YaCTh CEPHI,
oOpasyroLieics mpy pa3iokeHNH THOMOYEBHHBI, TPOPEarupoBaja ¢ allOMUHHEM, Ha YTO TaKKe yKa3bl-
BatoT pesyasrarsl EDX-ananu3za. U3BectHo, uto Al,S; — HeycTOiuMBOE COelMHEHNE, U B TIPUCYTCTBUU
BJIarH MPOUCXOIUT €ro THIAPOIH3, IpoxykTaMu kotoporo seisitores Al(OH); u H,S. B monk3y nanHoro
IIPEATIOI0KEHNUS TOBOPSIT OOHAPYKEHHUE 0OJIBIIOr0 KOJIMYECTBA CEPOBOOPO/IA IIPU U3METBUEHHUH T1OITY-
YEHHBIX KOMITO3UTOB, a TAK)KE BBICOKAsl KOHLCHTPALUS KUCIOPOJa B KOMIIO3UTAX, BBISIBICHHAS B TIPO-
necce EDX-anannsa.

[TpucytcTBrEe OONBINON KOHIEHTPALMH METAITHMUYECKOTO ATIOMUHHS TaKKe MOXKET SIBISITHCSA TPH-
YHHOM C/IBUTA TIOJIOKECHUSI MAKCUMyMa HHTEHCUBHOCTH (poToNoMHUHECHeHInH. [1pu conepkaHum anto-
MHHHS B HICXOTHON cMecH oT 5 10 15 macc.% cMmemenne muka (hOTOTIOMUHECIICHIINHA COTIPOBOKIACTCS
3aMETHBIM CHMKCHHEM €r0 MHTEHCHBHOCTHU. [IOCKONIBKY 3TH M3MEHEHHUs MPAKTUYECKH MCUYE3ar0T IpU
OoJiee BBICOKMX KOHICHTPALUSX aJIOMHHUS, MOXKHO 3aKJIIOUHUTh, YTO MPU TAKMX KOHLEHTPAIIMOHHBIX
COOTHOLICHUSIX KOHTPOIUPYEMOE aTIOMUHIEM 00pa30BaHNE XUMHUUECKUX COCTUHEHUH MPEKPaTUIOCh.
OTO0 KaueCTBEHHO MOATBEPKAAIOT pe3yabrarsl P/IA.

133 89:11)10 81

1. CpaBHUBas MOJYYCHHBIE PE3YJbTAThI CO CBOWCTBAMH g-C3N,4, CHHTE3MPOBAHHOTO paHee U3 THO-
MOYCBHHBI 0€3 KaKux-JIM00 100aBOK [1, 4], MOXKHO 3aKJIIOUUTh, YTO MPUCYTCTBUE B UCXOJIHON CMECH
AIIOMUHHMS, TIO KpaiHel Mepe MpH KOHIEHTpausix 5 macc.% u Ooree, BIUSET HA MPOIeCcC MOJIUMEpPH-
3aIy MOJIEKYIT MeJioHa. BemencTsue atoro obpasyrommiicst g-C;N, nMeeT neeKTHY0 KpHCTalIinde-
CKYIO CTPYKTYpYy W JIEMOHCTPHUPYET IPH KOMHATHOW Temrmeparype (OTOIOMUHECIICHIINIO, OoJiee IIu-
POKOTIONIOCHYIO, YeM Y HEJIETHPOBAHHOTO aJTFOMHHHEM Marepuaina. [Ipu 3ToM n3MeHeHreM KOHIIEHTpa-
MU AJTFOMUHUS MOXKHO KOHTPOJIMPOBAaTh HHTCHCUBHOCTh CBEUCHHSI M €T0 PaCIpe/Ie/ICHUE TI0 CIICKTPY,
T. €. YIPABJIATh CIEKTPAIbHON IIIUPUHOM MOJIOCHI (DOTOIFOMUHECIICHIIUH.

2. yCTaHOBJIeHO, YTO BBIACIAIOMIAACA ITPU PA3JIOKECHUN TUOMOYEBUHEBI CEPA OTPAHUYCHHO B3aMO-
JIEHCTBYET C aTfOMUHUEM, 00pa3ys Al,S;. 3HaunTeNnbHAS KE MO ATFOMHHHMSI OCTAE€TCSI HEIPOPearunpo-
BaBIIIEH C IPOIYKTaMH Pa3I0KEHUSI THOMOYCBHHEI.

3. JlerupoBanue amomuuuem g-C;N, B Ipoliecce ero CHHTe3a MOKHO pacCMaTpuBarh Kak ¢ TOUKH
3pEHUS MOBBIICHUS 3ICKTPOIPOBOAHOCTH JAHHBIX KOMIIO3UTOB, TaK U M3MCHEHUS UX JTFOMHHECIICHT-
HBIX CBOMCTB. DTO MOXKET OBITh MCIIOIB30BAHO ISl Pa3pabOTKU MOAXOI0B K CO3/IaHUIO OMTORIEKTPOH-
HBIX YCTPOUCTB Ha ocHOBE g-C3Ny.
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IMACCHUBAIIUS TOKOITPOBOJAIIENA CUCTEMBI
HNHTEI'PAJIBHBIX CXEM CJIOEM HUTPUJIA AJIIOMUHUSA

B. B. EMEJIbAHOB

Benopycckuii cocyoapcmeennvlii yHugepcumen uH@GOPMAmuKu u paouod1eKmpoHuK
(2. Munck, Pecnybnuxa Benapycs)

Hocmynuna 6 pedaxyuio 28.12.2022

© benopycckuii TOCYIapCTBEHHBI YHUBEPCUTET HHPOPMATHKH U PaIHOICKTPOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AnnoTtanus. [TaccuBaris IICHOYHOW TOKOTIPOBOIAMICH CHCTEMBI HHTETPATFHBIX CXEM JeNlaeT ee Ooree HaIexK-
HOH 3a CUeT MOBBIIIEHUS YCTOMUMBOCTH K AJIEKTpOMUTrpaluu. PaccMoTpeHa 3aja4a 1o M3roToBJICHUIO TaCCUBU-
pyromIero ciiosi Ha cOPMHUPOBAHHON TOKOMPOBOMASIICH CHCTEME UHTEIPATIBHON CXEMBI, TOJIy4aeMON B CIUHOM
TEXHOJIOTMUECKOM LIMKJIE, BKIIIOUAIOIIEM U30TPOIHOE MJIa3MOXUMHUYECKOE TPABIECHHUE CJIOSI CIJIaBA AJIFOMUHMSI HA
DIyOuHy 8—12 HM M M30TPOIHOE TUIA3MOXMMUYECKOE a30THPOBAHUE MOBEPXHOCTH MOITYYCHHBIX TOKOBEIYIIUX
JIOPOYKEK IO TOCTHYKEHUS TONIIMHBI HUTpuza amomunus 10—-50 um. JlaHHas 3ama4da mO3BOJSET BBIIOIHUATE GOp-
MHpOBaHHE Ha KPEMHHUEBOH MOIIOKKE C aKTUBHBIMA OOJIACTSMHA AMANEKTPHUCSCKOH TICHKH Ha OCHOBE THOKCHIA
KPEMHHUSs1, TPABJICHHUE B JUIIEKTPUUECKOM MIIEHKE KOHTAKTHBIX OKOH K aKTUBHBIM 3JIEMEHTaM IMOJIOKKHU, OCaXKIe-
Hue OapbepHoro cios TonuHo# 0,005-0,050 MKM, HAHECCHHE IJICHKH CIIIaBa ATFOMUHUS TONMIIHHOM 0,5-2,0 MKM
1 MHOT'O€ IpyTroe€.

KirodeBble c/I0Ba: MHTETPAIBHBIE CXEMBI, TOKOMPOBOSIINE CHCTEMBI, aJIOMHHNEBAs METaJIM3aIHs, TacCH-
BHUPYIOIIUHI CIIOH, HUTPHUJL AJIFOMUHHUS.

Kon@aukTt untepecoB. ABTOp 3asBJIsICT 00 OTCYTCTBUN KOH(IINKTa HHTEPECOB.

Juasi uurupoBanus. Emenssnos, B. B. IlaccuBanus TokonpoBoasiieldl CUCTEMbl MHTEIPAIbHBIX CXEM CIOEM
mutpuga amomuuus / B. B. EmenesnoB // Jloxmagsr BI'YUP. 2023. T. 21, Ne 3. C. 12-16. http://dx.doi.
org/10.35596/1729-7648-2023-21-3-12-16.

PASSIVATION OF A CONDUCTIVE SYSTEM
OF INTEGRATED CIRCUITS WITH A LAYER OF ALUMINUM NITRIDE

VICTOR V. EMELYANOV

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Submitted 28.12.2022

Abstract. Passivation of the film conductive system of integrated circuits makes it more reliable by increasing
the resistance to electromigration. The problem of manufacturing a passivating layer on the formed current-con-
ducting system of an integrated circuit, obtained in a single technological cycle, including isotropic plasma-che-
mical etching of an aluminum alloy layer to a depth of 8—12 nm and isotropic plasma-chemical nitriding of the sur-
face of the obtained current-carrying tracks until the aluminum nitride thickness from 10 to 50 nm, is considered.
This task makes it possible to form a dielectric film based on silicon dioxide on a silicon substrate with active
regions, etch contact windows to active elements of the substrate in the dielectric film, deposit a barrier layer
0.005-0.050 pm thick, and deposit an aluminum alloy film 0.5-2.0 um and much more.
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BBenenue

3asaveil UCCIIeIOBAHUI SIBISUIOCH YITyUIlIEHHE HAJACKHOCTH IJICHOYHON TOKOIPOBOJISIIEH CHCTe-
MBI 32 CYET TIOBBIIIICHHUS €€ YCTOMUMBOCTH K dNeKTpomMurparm. llporecc MaccorepeHoca mporekaeT
MIPEMMYIIECTBEHHO BOJIHM3HM MOBEPXHOCTH METAJUIMYECKON TUICHKH KaK HamOosee neeKTHONW 00IacTy.
OTO 00BSICHAETCS CBOWCTBAMU HEMIOCPEICTBEHHO MOBEPXHOCTH METaJla U KOHTAKTUPYIOLIUMHU CIIOS-
MU C pa3HbIMH (PU3UUECKUMH XapaKTepUCTHUKaMU. M3BecTHO Takxke, 4TO (OPMUPOBAHUE TUIICKTPH-
YEeCKHX TUICHOK Ha MOBEPXHOCTH ANIOMUHHMS, B YACTHOCTH JMOKCHA WM HUTPHIA KPEMHUSI, CYIIECT-
BEHHO CHHXACT CKOPOCTh MaccomepeHoca. JlaHHbli (GakT oOBSICHSICTCS MacCHUBAIlMeH HECBSI3aHHBIX
AJIEKTPOHOB MPHUITOBEPXHOCTHBIX aTOMOB QJIFOMUHUS, YTO YMEHBIIIAET UX AIIEKTPHUECKYIO0 aKTUBHOCTh
u i Qy3uOHHYIO MTOBUKHOCTE. OJTHAKO B CBS3U C TEM, YTO (POPMUPOBAHUE BRICOKOCTAOMIIBHBIX TPH-
OOpOB IpeAnoaraeT, Kak MpaBuio, JUIMTEIbHYIO (4—6 4 1 Oonee) TepMUUECKYI0 00pabOTKY TOTOBBIX
CTPYKTYp B LIEJIOM, & QJIFOMHUHUH SIBJIICTCS XUMHUYECKU AKTHBHBIM 3JICMEHTOM, KOHTAKT aTFOMUHHS
C IMDIICKTPUKOM, HAIPUMEP JHOKCHIOM KPEMHHUS, IPUBOAMUT K PACKUCIICHHIO MTOCIIEIHETO ¢ 00pa3oBa-
HUEM CBOOOTHOTO KPEMHUS ¥ OKCHJIa alFOMHUHUS. BBICBOOOAMBIIMICS KPEMHUIT PacTBOPSETCS B CIIO€
CIIaBa aIFOMHHMSI, CITOCOOCTBYET (DOPMHPOBAHUIO HOBBIX TOUCUHBIX NEe(PEKTOB, a 0Opa30BABIIHICS
OKCHJI aJTIOMHHHS SIBIIIETCS EHTPOM 3apOXKICHHsI HOBBIX /1e(DeKTOB THITA AFOMOCHIIMKATOB 33 CUET
€ro B3auMOACUCTBHS ¢ AMOKCHIOM KpeMHHs. Kpome Toro, oKcuz amoMHUHUS — 3TO COSTUHEHUE C OH-
HBIM THIIOM XMMHUYECKOH CBSI3H, YTO CIIOCOOCTBYET €T0 YUacTHIO B MACCOTIEPEHOCE 3a cYeT OOMEHHBIX
nporeccos o tuiy 2A1° + Al,O5 = 2Al + Al*,05, Kor1a METAIUT ¥ €r0 OKCHJ 0OMEHUBAIOTCS aTOMaMH.
O6a »Tux (hakTopa MPUBOAAT K CHIDKCHHIO CTAOMIBHOCTH M HAJC)KHOCTH TOKOTIPOBOISIINX CHUCTEM
C TUDIIEKTPUYECKUMU TTACCUBUPYIOIIMMH CIIOSIMH. BBICOKas )KECTKOCTh TMAIEKTPHUYECKUX TIEHOK CIIO-
COOCTBYET BOSHHKHOBEHUIO B HUX OOJIBIIINX OCTATOYHBIX HANPSKEHUH U YCUIICHHUIO TeHEepaIliy TOYeU-
HBIX Je(EKTOB.

Hannune HUTpUAa amoMHUHUS HAa TOBEPXHOCTH TOKOBEIYIMX JOPOKEK M3 CIIIaBa alllOMHHUS UC-
KJTFOYaeT B3aUMOJICHCTBHE MEX/y alFOMUHHEM U JMOKCHIOM KpeMHUs. HuTpua amomMuHus XUMUYec-
KM OYCHb WHEPTECH W HE B3aMMOJICHCTBYET C JHOKCHIOM KpeMHHs. C aJroMHHUEM BO3MOXKEH OOMEH
aToMaM{ MeTaylia, 4TO, OJJHAKO, HE MPHUBOANT K KAKUM-THOO M3MEHEHHSM KOHIIGHTPAIIUH TOYEUHBIX
nedeKToB. ATOMBI MeTajllla MOTYT TOJIbKO OT/IaBaTh AJIEKTPOHBI, B PE3YJIBTATE YETO 3apsDKAIOTCS TI0-
JOXHUTEIBHO. MHUTpalUs MOJOKUTEIHHBIX HOHOB METaJlIa M0 TPAHUIIE pa3/ieia «aIFOMUHUN — HUTPU]
QIIOMUHMS» 3HAYUTEIBHO 3aTPyJHEHA BCICACTBUE HAIMYMS Y a30Ta JOMOJHUTEILHON Maphl 3JEKTPO-
HOB, HE YYaCTBYIOIIUX B 00pa30BaHUU XUMUYECKON CBS3M B HUTPHJIE. ITO MPUBOIUT K POPMUPOBAHUIO
MIPOYHON JTIOHOPHO-AKIICTITOPHOW XUMHYECKOH CBSI3M MEXIY a30TOM B COCTaBE HUTPHUJIA ATFOMHHUS
Y MUTPUPYIOIIAM HOHOM MeTajuia. TakuM o0pa3oM, HUTPHU/I aTIOMUHHS SABIISETCS HE TOIBKO XOPOIITUM
0aprepoM Ha IyTH B3aUMOJICHCTBHSI aIFOMUHISI C JTMOKCHIOM KPEMHHS, HO U CBO€OOPa3HBIM TeTTEPOM
TOYEUHBIX Ie(EKTOB B CIIOE CIUIABA AJTIOMHUHHUSL.

MeTtoauka (l)OpMPIpOBa]—[I/IH TOKOIPOBOAAIINX CUCTEM

OueBuAHBIM CIIOCOOOM YMEHBILICHHSI PACTBOPUMOCTH KPEMHUS B aJIIOMUHHU SIBISIETCS JISTUPOBA-
HUE ATIOMUHHEBOH TUICHKH KpeMHueM. KoHIeHTpaus KpeMHUs B aIIOMUHUN TIPH 3TOM BBIOMPAETCs
Onm3Koit kK coctaBy dBTeKTUKH (98,68 % Al + 1,32 % Si). Tak, Hanpumep, U3BeCTHA MJICHOYHAS TO-
KOTIPOBOJIAIIAS CHCTEMA ISl KPEMHHEBBIX IMOYIPOBOAHUKOBBIX MPUOOPOB, MPEACTABISAIONIAas o000t
IJICHKY JTFOMUAHUS TOJIIMHON Mopsiika 1 MKM 3aJaHHOH TOTIOIOTHYECKON KOH(UTYpalnH, IETHPOBaH-
HYIO KPEMHUEM J0 KOHUeHTpauuu 1—3 %.

O1neHKy yCTOWYMBOCTH TOHKHX IUICHOK K 3JIEKTPOMHUIPALMM OOBIYHO MPOBOAAT IyTEM H3MEpe-
HUSI BPEMEHH [, TIPU KOTOPOM MPOUCXOUT Pa3PbIB TOKOBEIYILEH JOPOKKU UCTIHITHIBAEMON TECTOBOM
CTPYKTYpBI IIPH MOBBIIEHHBIX TemnepaType (10 250 °C) 1 IIOTHOCTH MPOTEKAIONIETO Yepe3 CTPYKTYPY
ToKa (okono 106 A-cm2). BennuuHa ¢, Ha3bIBAETCSA BDEMEHEM Pa3pyLICHUs WM BPEMEHEM HapaboTKH
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Ha oTka3. [loxydeHHbIC NPU UCTIBITAHUAX JAHHbBIC 3KCTPANONUPYIOT Ha HOPMAaJIbHbIE YCIOBUS PaOOThI
npubopa. MaremMaTtuuecKu CBA3b MEKILY f, U yCIOBUSIMH MCIILITAHUN BHIPAKAETCA (HOpMyYIIOH

S 2 E
—=Fj exp| ——= |, 1
= p( ij (M

p

rje S — NmorepeyHoe CeUeHUe MPOBOIHUKA; F — SMITUPHUYSCKUN KOA(D(DUIIUCHT, 3aBUCSIIUI OT XapaKTe-
PHUCTUK TOKOIIPOBOSINICH CUCTEMBI, YACIBHOTO COMPOTUBIICHUS MaTeprala MICHKH, YCIOBUM TEII00T-
BOJZIa, 0COOCHHOCTEH TECTOBOM CTPYKTYPHI | T. I1.; j — IJIOTHOCThH TOKA Yepe3 CTPYKTYpy; £, — dHeprus
aKTHBAIIMHU TIPOTIeCCa ICKTPOMHUTPAINT; k — TIOCTOSTHHAS bonbitmana; 7' — abcomroTHas Temreparypa [ 1].

W3 (1) BugHO, 9TO TIpW MOBBIIIEHUH CTETICHN WHTETPAIAN, IPUBOJIAIICH K YMEHBIIIEHUIO TUTOIIA TN
MTOTIEPEYHOTO CEYCHUS TPOBOTHUKOB S ¥ BO3PACTAHHIO TUNIOTHOCTH TOKA j, CTOMKOCTH JIFO00# TOKOIIpO-
BOJISIICH CUCTEMBI K AIIEKTPOMUTpaIiK CHIKaeTcs. [1o3ToMy MpoToTHI XapakTepu3yeTcs HeJ0CTaTKa-
MU, IPUCYHIUMU PACCMOTPCHHBIM BbBIIIC TCXHUYCCKUM PCUICHUAM, XOTh U B MEHBIIIEH CTeTNeHU. I[axce
Takasi TOKOTIPOBOIAIIASI CUCTEMA B PSJIE CIydaeB HE YIOBICTBOPSET COBPEMEHHBIM TPEOOBAHUSAM IO
HaJe)KHOCTH BCIIEICTBUE HEYCTOMYNBOCTH K SIBJICHUSM DIIEKTpOMUTparun. PezepBoM HaZeKHOCTH CH-
CTEMBI SIBJISIETCSL YBEJIMUYEHUE SHEPrun akTuBauuu E, npouecca. IIpu noseiienuun £, Bcero Ha 0,1 3B
HaJIe)KHOCTh TOKOIIPOBOISIIEH CUCTEMBI yBeTMIUBaeTcs B 55 pa3. Bennunna £, 3aBHCHT Kak OT Mare-
puasia MpoOBOJIHUKA U COBEPIICHCTBA €r0 KPUCTALUTUYECKON CTPYKTYPHI, TaK U OT OCOOCHHOCTEH ero
BSaHMOHGﬁCTBHH C KOHTAKTHUPYIOIIHUMU CIIOAMMU.

®opMHupoBaHHe NACCHBUPYIOLIETO CJI0SI

3agaya GOpMUPOBAHUS TACCUBUPYIOLIETO CJIOS pellaeTcsl TacCUBALMEH BCEil MOBEPXHOCTH TOKO-
BEAYIINX JOPOKEK CII0OeM HHUTPHUAA ATIOMHUHHS M CO3JAaHHEM 3a CUET ATOTO JIOBYHICK /ISl TOYECUHBIX
nedextoB. CyImHOCTh TAHHOTO PENICHHS MOSICHIET pHC. 1, TAe N300pa)keHO MOTIEPETHOe CEUCHUE TI0-
JTy4aeMOHi TOKOIIPOBOJISIIEH CHCTEMBI B COCTaBEe MHTETPAIBHBIX cxeM. ToKoBeyIas TOpoxKKa COCTOUT
13 0apbepHOro CIIOS, PACIIONIOKEHHOTO Ha MOBEPXHOCTH JIMAIIEKTPHUKA IIEPBOTO YPOBHSI, CJIOS CIIaBa
QIIOMUHHMS, PACIIOIOKEHHOTO Ha MIOBEPXHOCTU 0apbepHOTO CIIOSI, M CJIOS HUTPUAA aJIOMUHUS OBEPX
TOKOBEIYIIEH TOPOXKKHU U3 CIIOS CIuiaBa amtoMuHus. Clol criiaBa allOMUHUS B COCTaBE TOKOBEIYIICH
JIOPOXKKH 3aIMIIEH OT KOHTAKTA C JU3JIEKTPUKOM IIEPBOTO YPOBHS OaphEpHBIM CIIOEM, @ OT KOHTAKTa
C TMAIIEKTPUKOM BTOPOTO YPOBHS — CIIOEM HUTPHIA ATFOMUHUS, PACTIONIOKEHHBIM B TOM YHCJIE U Ha 60-
KOBBIX ITOBEPXHOCTSIX TOKOBEIYIUX AOpokek [2]. Croif HUTprIa aJrOMUHHS BEITIOIHAET poJib Oapbhepa
MEX/Ty aJTFOMHUHHEM ¥ JUOKCHIOM KPEMHHSI, TIPEIOTBPAIaeT HX XUMHUUECKOE B3aUMOJICHCTBHE U MTOBbI-
LI1aeT SHEPTHI0 AKTHUBALUH IIEKTPOMUTPALIHH.

A
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Puc. 1. opMupoBaHie MaCCHBUPYIOLIETO CJI0S1 TOKOMPOBOJISIIEH CHCTEMBI: | — TOIYITPOBOIHMKOBAS MJIACTHHA,;
2, 3 — IUAJIEKTPHUK IEPBOTO M BTOPOTO YPOBHEW COOTBETCTBEHHO; 4 — OapbepHEIH CII0H;
5, 6 — cI10if criiaBa aJlfOMUHUS U HUTPUJA AIIOMUHUS; 7 — HUTPUJ] TUTaHA
Fig. 1. Formation of a passivating layer of a conductive system: 1 — semiconductor wafer;
2, 3 —dielectric of the first and second levels respectivery; 4 — barrier layer;
5, 6 — layer of aluminum alloy and aluminum nitride; 7 — titanium nitride

AKTHBHBIE DJIEMEHTBI CTPYKTYPBI (POPMHUPYIOT CTAaHAAPTHBIMH METOIAMH B COOTBETCTBHH C TpeOo-
BaHMSIMU JICHCTBYIOIIMX TEXHUYECKHUX JOKyMeHTOB. [locne (hopmMupoBaHus OUAIEKTPUUIECKON U30IsI-
LM TIEPBOTO YPOBHS U BCKPBITUS B HEMl KOHTAKTHBIX OKOH Ha BCIO TOBEPXHOCTH MJIACTUHBI HA YCTAHOB-
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Ke HanbuleHus Tuna Endura HaHocAT miieHKy TuTana TommuuHoN 20 HM, CIyXKalyto 0apbepHbIM CIIOEM,
3areM IUIeHKY cruiaBa amromMunaus ¢ 0,5 % menu tonmuHon 0,8 MkM. CTaHmapTHRIMUA MeToaaMu (poTo-
autorpadur GOPMUPYIOT PUCYHOK JIEKTPUUECKOW Pa3BOAKH M MPOBOIST aHU3OTPOITHOE TPABJIICHUE
CIIOS CIUIaBa allOMHUHUS M 0apbepHOTO CIIOSl TUTaHAa B aHU30TPOIHOM mia3me razoBoii cmecu BCls, Cl,
u N, nipu nasienun 150250 mTopp u miotHocTH MotHOCTH 1,6-2,2 B/cM2. Tocite sToro yaassiercs
(oTope3rcTUBHAsI Macka U IPOBOAUTCS U30TPOIHOE TPABJICHHUE TOBEPXHOCTH TOKOBEIYIIUX JOPOKEK
B XJIOpCOZACpIKaIleH I1a3Me JUisl yaaJeHHus: 0Opa3oBaBIIerocst okcuaa amoMunus [1]. 3arem B ToM ke
TEXHOJIOTUYECKOM LMKJIC MPOBOIUTCS OTKauKa MPOAYKTOB TpaBJieHHUs, paboyas Kamepa 3aIroaHsIeTCs
azotoM 110 nasneHus 220 MTopp ¥ BBIIONHSETCA a30TUPOBAHUE TIOBEPXHOCTH AOPOKEK METAIITH3aLUN
B U30TPOIHOM pexuMe. [TyOuHy TpaBieHusI U TONIHHY 00pa30BaBIIETOCS HUTPHUIA aTFOMHHUS OIpe-
JISTISIIOT 10 BpeMeHH 00paOOTKH Uil BHIOPaHHOTO PEeKMMa Ha OCHOBAHWU IMPEBAPUTEIHHO YCTAHOB-
JICHHO! 3aBUCUMOCTH 10 JaHHBIM 3JIEKTPOHHO-MUKPOCKOIIMYECKUX HCCIEA0BaHUH.

Jaiee mpoBoautcst repmooOpadoTka cTpykTyp mipu 450 °C uts noxydeHns HeoOX0aUMOH KpUcTall-
JMYECKON CTPYKTYpbl. 3ateM (GopMHUpyeTCsl MacCUBHUPYIOIIee MOKPBITHE (AUAIEKTPUK BTOPOTO ypOB-
Hs1) TpeOyeMOl TONOIOTNYeCKOl KOH(PUTypaluy U BBIOTHIETCS CTA0MIU3UpYIoLIas TepMooOpadoTka
npu temneparype 400 °C B TedeHue 6 4, OCIIE Y€ro OCYIICCTBISETCS KOHTPOJIb (PYHKIIMOHUPOBAHUSI.
DHeprus akTHBAIMU 3JIEKTPOMUTPAIIMN ONPEJIEIISIeTCS 110 pe3ybTaTaM UCTIBITAHHH TECTOBBIX CTPYKTYP,
M3TOTOBJIEHHBIX HA OCHOBAHMM 3aBUCUMOCTH In(S/1,Fj2) — 1000/ [3]. Pe3ynbrarhl MCTIBITAHUH TPEICTAB-
JICHBI HA PHC. 2, U3 KOTOPOTO BUJIHO, YTO CHCTEMa METAIIM3ALMH [yl HHTErPalIbHBIX CXeM 00ecreunBacT
AHAJOTUYHBIN BBIXOJI TOTHBIX KPUCTAJUIOB HA ONEPALlMK KOHTPOIIS (PyHKIMOHUPOBAHUS M XapaKTepu3yeT-
cs1 Oornee BBICOKOM HaJIe)KHOCTBIO 32 CUET TOBBIIICHHST YCTOWYNBOCTH K SIEKTPOMHTPALIUH.
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ToNWMHA NNEHKN HATPUAA aNHOMUHUA, HM
=l BbIX04, FOAHbIX KPUCTANNOB =@ 3HEPrnsa akTUBaLUMU

Puc. 2. 3aBHCHUMOCTD BBIXO/Ia TOAHBIX KPUCTAJUIOB U SHEPTUH aKTHBALIN
OT TOJII[UHBI JICHKW HATPpHUJA aTFOMUHUA
Fig. 2. Dependence of the yield of suitable crystals and activation energy
on the thickness of the aluminum nitride film

BriBoaBI

1. [NaccuBanus TOKOIPOBOMAAIICH CUCTEMbl HHTETPAIBHBIX CXEM CIYXKUT JIJIsl TIOBBLIIICHUS HACK-
HOCTH TUICHOYHOHN TOKOTIPOBOMSAIIEH CHCTEMBI 32 CUET MOBBIIMICHUS €€ YCTOMYUBOCTH K DIIEKTPOMHUTPA-
nuu. UToObI Tipy TaHHOW MACCHBAIIMU BBITIOTHHUTH TAKHE 3a/1a4d, Kak (POPMHPOBAHNE HA KPEMHHUEBOMH
TTOJUTO’KKE C aKTUBHBIMHU 00IACTAMH TUAJICKTPUICCKOH IICHKH Ha OCHOBE THOKCHIA KPEMHYIS, TPABJICHUE
B IMAJIEKTPUYECKON TUIEHKE KOHTAKTHBIX OKOH K aKTUBHBIM 3JIEMEHTaM TIO/IJIOKKH, OCXKIEHUE Oaphep-
Horo ciios TomuuHo 0,005-0,050 MKM, HaHECEHHE TUICHKH CIUIaBa alroMUHUS ToauHon 0,5-2,0 MM,
HaHeCeHUe (POTOPE3UCTUBHON MACKU METO/OM (hOTONUTOrpaduu, aHM30TPOITHOES TIa3MOXUMHUYECKOE
TpaBJICHUE CJIOCB CILJIaBa AJIIOMUHUS M 0apbepPHOro CJIos, yaajieHHe (GOTOPE3UCTUBHON MAaCKH C MOCIIe-
IYIOMIeH TepMOooOpabOTKOM ISl TMONyIeHHsI TPeOyeMOl KPUCTAIUTMIECKON CTPYKTYphl MeTailia, He-
00XOIMMO TIPOBECTH M30TPOITHOE TUIA3MOXHUMHYECKOE TPABICHHUE CIIOS CITIaBa aTIOMHHHUS Ha TITyOH-
Hy 812 HM W U30TPOITHOE TUIA3MOXUMHUYECKOE a30THPOBAHNE MOBEPXHOCTH IOyYEHHBIX TOKOBEIY-
UX JOPOXKEK 10 TOCTUKEHUS TONIIUHBI HUTpuAa antoMuaus 10-50 um.

15



Jloknazgel BI'VUP
T 21, Ne 3 (2023)

Dokrapy BGUIR
V.21, No 3 (2023)

2. CYH.[HOCTB TEXHUYCCKOI'O PCHICHUSA 3aKJIIFOYaCTCA B ITACCUBALIUN BCeH IMOBECPXHOCTU TOKOBCIAY-
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AHHoTanus. B crarbe npennokeHa MoAeNnb Ul IPOrHO3UPOBAHUS COAEPKAHUSI METAIIINUECKUX COCTABIISIIOIINX
IJIEHOK CI0XKHBIX OKCHJIOB, HAHOCUMBIX METOIOM PEaKTUBHOI'O MAarHETPOHHOTO PACIbUIEHHS 1By XKOMIIOHEHTHOM
cocTaBHOM MuIIeHH B cpene Ar/O, pabounx ra3oB. B mozxenu yunTsiBamich K03p(UIMEHTHl pacnbuUIeHHS U HOH-
HO-2JIEKTPOHHOH AMHCCUH PACHBUISEMBIX METAJIOB U UX OKCUAOB, PACHpPEAEICHHE MIOTHOCTH MOHHOTO TOKA
Ha MHIIEHU U CKOPOCTH XUMHYECKOW peaklny 00pa3oBaHUs OKCHJIOB 3TUX METaUIOB. [IJ1s1 Bepu(UKaILMH TPEIo-
JKEHHOM MOJIENH MPOBEAEHBI UCCIIEI0BAaHMsI JIEMEHTHOIO COCTaBa IUNIEHOK OKCH/Aa TUTaHA-aJIIOMUHMSI, HAHECEH-
HBIX MarHeTpOHHBIM pactbuieHneM Ti-Al cocraBHoM Mumenu B cpene Ar u Ar/O, pabouynx ra3oB. YCTaHOBIIEHO,
YTO MOJEJIb aJIEKBaTHO OIMCBHIBAET U3MEHEHUE COJIEPKaHMs METAJUIOB B HAHECEHHBIX IUIEHKAX IMPU MU3MEHEHHU
MoTOKa Kuciopoza B kamepy. I[lorpemnocts Monenupoanus — He 6oiee 10 %, 4T0 03BOJISIET NPUMEHSTh MOJIEITh
JUIs IPOTHO3UPOBAHUS COEPKaHMS METAJIOB B IJIEHKE IIPU PEAKTUBHOM PACHBIICHUU JIBYXKOMIOHEHTHBIX CO-
CTaBHBIX MUILIECHEH.

KiroueBrbie ciioBa: PEAKTUBHOE MAarHETPOHHOE PACbIEHUE, COCTaBHAsI MUMICHb, TOHKUE IIJICHKH, 3JIEMEHTHBIN
COCTaB, MOAECIIb PEAKTUBHOTO PACIIBIIICHUA, OKCU] TUTaHA-AJTFOMUHHUA.
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Juist umTupoBanusi. Mozens npolecca peakTHBHOTO MarHETPOHHOI'O PaCIIbIIIEHHS IBY XKOMIIOHEHTHOM COCTaBHOM
mutenn / X. T. {oan [u ap.] // Joxnaaet BI'YUP. 2023. T. 21, Ne 3. C. 17-25. http://dx.doi.org/10.35596/1729-
7648-2023-21-3-17-25.
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Abstract. The article proposes a model for predicting the content of metal components of complex oxide films
deposited by reactive magnetron sputtering of a two-component composite target in Ar/O, gas mixture. The model
takes into account the sputtering yield and ion-electron emission coefficients of the sputtered metals and their oxi-
des, the distribution of the ion current density on the target, and the rate of the chemical reaction of the formation
of oxides of these metals. To verify the proposed model, studies of the elemental composition of titanium-alumi-
num oxide films deposited by magnetron sputtering of a Ti-Al composite target in Ar and Ar/O, gas mixture were
carried out. It has been established that the model adequately describes the change in the content of metals in the
deposited films with a change in the oxygen flow into the chamber. The simulation error does not exceed 10 %, this
makes it possible to use the proposed model for predicting the content of metals in a film during reactive sputtering
of two-component composite targets.

Keywords: reactive magnetron sputtering, composite target, thin films, elemental composition, reactive sputtering
model, titanium-aluminum oxide.
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BBenenue

CnoxHbBIE OKCHIBI TIPECTABISAIOT CO00M CEMEHCTBO MaTepHaiOB, KOTOPhIE B 3aBUCUMOCTH OT COC-
TaBa U CTPYKTYPHI 00Ia/Tal0T MHOYKECTBOM PA3IMYHBIX CBOWCTB, BKIIOYAst ()eppOMarHeTH3M, CETHETO-
ANIEKTPUYECTBO, MTHE30IIEKTPUIECTBO, BHICOKOTEMITEPATYPHYIO CBEPXITPOBOANMOCTD, THTAHTCKOE MarHu-
TOCOTIPOTHBIICHHE W HX KOMOWHAIINH, TAaKUe KaK MyJIbTH(QEeppOrndHOCTH [ 1]. JlaHHBIE OKCHIBI HAXOIAT BCE
OostbIliee MPUMEHEHHE B KadecTBe (PYHKIIMOHAIBHBIX CIIOEB HE TOJBKO B CEHCOPAaX, YCTPOWCTBAX KaTaJu-
3a, Ipeo0pa3oBaHMs W XpaHEHUS YPHEPTUH, HO M B MUKPORJIEKTPOHUKE. B HacTosIIee BpeMs yirydIieHne
(hyHKITMOHAITFHBIX CBOMCTB TUICGHOK CIIOKHBIX OKCHIOB B OCHOBHOM TPOWCXOJWT 32 CUET PaCIIUPEHHS
HX CIEKTpa U YCIOKHEHUsl cocTaBa [2]. OnHAKo CBOMCTBA TaKUX MATEPUATIOB KpalHE YyBCTBUTEIbHbI
K DJIEMEHTHOMY COCTaBY M CTPYKTYPHOMY YCTPOHCTBY. DTO MPEIbSBISAET KECTKHE TPeOOBaHUS K IPO-
neccy popmupoBaHus TIeHOK. MeTo ] HaHeCEeH U TOJKEeH 00eCciedrBaTh BOCIIPOM3BOANMOE OT Iporiecca
K IIPOIIeCcCy IOBTOPEHHUE CTPYKTYPBI, AIEMEHTHOTO 1 (pa30BOTO COCTABOB HAHOCHUMBIX CIIOEB.

OmHUAM W3 TIEPCIIEKTUBHBIX CIIOCOOOB (hOPMHUPOBAHUS TNIEHOK CIIOKHBIX OKCHJIOB SBIISIETCS METOJ
PEaKTUBHOTO MAarHETPOHHOTO PACIIBUICHUS COCTaBHBIX MUIIICHEH, T. €. MHUIICHEH, COCTOSIINX U3 MaT-
PHIIBI OJTHOTO METaJlla CO BCTaBKaMHM JPYTUX MeTayuioB [3]. MeTox mo3BOseT Mmolydyarh MHOTOKOM-
[TIOHEHTHBIE TUIEHKH C TIPOW3BOJIBHBIM KOJIMYECTBOM M COJIEPIKAaHUEM DIIEMEHTOB IPU UCIIOIB30BaHUU
OJTHOTO MarHeTpoHa. [ TaBHBIA HEMOCTATOK JTaHHOTO METONa — CIIOKHOCTH ITOJI00pa pa3mMepa BCTaBOK
JUTSL TIONy4eHHsI TpeOyeMOro CofiepiKaHus 2JIEMEHTOB B TUIEHKe. [[pakTika moka3bIBaeT, 4To Mpyu MarHe-
TPOHHOM PACITBUICHUH COCTaBHBIX MHUIICHEW COCTaB HAHOCHMBIX TUICHOK 3aBUCHUT OT psiaa (DakTopoB
(nmomaayn BCTaBOK, Ko3(duimeHTa pacpuUIeHUsT KaKI0TO U3 3JIEMEHTOB, PACIIPE/IEICHUs TUNIOTHOCTH
MOHHOTO TOKa Ha MHIIEHH, SHEPTUU OOMOApAUPYIONINX MHIIEHh HOHOB U T. 1.) [4]. IIpu peakTuBHOM
pacIbUICHUU MPOIECCHl B KAMEPE 3HAUYUTEIBHO YCIOXKHSIOTCSA, U COCTaB HAHOCUMBIX IUICHOK TaKXKe
3aBUCHT OT PEAKIIMOHHOMW CIIOCOOHOCTH MaTePUAIOB MUIIICHH U JaBJICHUS PEaKTUBHOTO ra3a. B maHHOM
CIy4yae MPUMEHEHHE METOIOB KOMITBIOTEPHOTO MOICITHPOBAHUS SIBISICTCS CIUHCTBEHHBIM CITIOCOOOM
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JUTSL OTIpEZIeTIEHHs] ONITUMAIIBHBIX Pa3MEpPOB 3JIEMEHTOB COCTaBHOW MUIIIEHH W MapaMeTpoB Ipolecca
HaHECEHUSI C TOUKU 3PEHMsI MMOTYUYEHUS TUICHOK € 3aJIaHHBIM COCTaBoM [5].

st mporHO3UPOBAaHUS COCTaBa HAHOCHUMBIX IUICHOK MPU PEAKTUBHOM MAarHETPOHHOM paciblie-
HUU OBUI MPEIJIOKEH Psiji MOJENIeH, KOTOphIe B OCHOBHOM Oa3WpPYIOTCSl Ha MPHUHIIUIIAX, OMMCAHHBIX
C. beprom B [6]. B aT0li MO€nH MpoaHAIN3UPOBAaHbI IOTOKH PACIBUIEHHOTO MaTepralia U PeaKTHBHOTO
ra3a, CKOpOCTH XeMOCOPOIIMU PEaKTUBHOTO Ta3a MOBEPXHOCTSIMH MUIICHH, MOJIOKKAMHA U CTEHKAMU
BAKYyMHOM KaMephbl, 4TO MO3BOJISIET U1 33JAHHOIO TOKA pa3psia MarHeTpOHA U PacXxo/a PEaKTUBHOIO
rasza pacCuMTaTh CKOPOCTb HAHECEHUS U CPEIIHIOI CTEXHMOMETPHUI0 HAHOCUMBIX IUIEHOK. B mocienyro-
X padborax Mojesb bepra npuMeHsuIach Ui MOICTIMPOBAHUS TPOIIECCOB HAHECEHMSI TICHOK PsiJia OK-
CUIOB ¥ HUTPHUIOB. OHAKO OOJBIIMHCTBO ATUX PpadOT OBLIO COCPEIOTOYCHO Ha MOJICITUPOBAHUH PEeaK-
THBHOT'O HAHECEHUS INIEHOK MPOCTHIX OKCUIIOB UM HUTPUIOB. U TOIBKO HECKOIBKO CTaTel MOCBSIICHO
MOJEIUPOBAHUIO U IPOTHO3UPOBAHUIO COCTaBA MHOTOKOMITIOHEHTHBIX MIeHOK [7—10]. ITpu aTOM oTCYT-
CTBYIOT pabOTHI 1O MMPOTHO3UPOBAHUIO COCTaBa HAHOCUMBIX TUICHOK IMPU PEAKTUBHOM MarHETPOHHOM
PaCIBUICHUN COCTaBHBIX MUIIICHEH. Takum 00pa3oM, LIENbI0 UCCIICOBAaHUN aBTOPOB CTAThH SIBISUIIACH
pa3paboTka MaTeMaTu4ecKOd MOJENN JUIsl TIPOTHO3UPOBAHMS COCTaBa METaJUIMYSCKUX KOMIIOHESHTOB
IUICHKK TPOUHBIX CHCTEM, Takux Kak Me; Me,O,, HaHOCHMBIX PEaKTUBHBIM MarHETPOHHBIM PACIIbLIe-
HHUEM COCTABHOM MUIIIEHH, COCTOALLIEH U3 JBYX METAJIIOB.

Onucanme Moaean

B paccmarpuBaemoii Mozienu MpeArogaraeTcs, 4Yro COCTaBHas IUIaHApHAs MUILCHb PacIblIseTcs
AKCUAJIbHOW MarHeTpOHHOW pacmbiiuTenbHol cuctemoir (MPC). MuiieHb COCTOUT M3 JBYX MeTall-
noB A u B (puc. 1), pactibuisercs B cpeae Ar/O, pabodnx ra3oB npu AaBieHun B kamepe meree 0,1 [1a.
W3-3a HU3KOH 3HEPrUM MOHOB PACHBUICHUE MPOUCXOIUT TOJIBKO M3 CaMbIX BEPXHHMX aTOMHBIX CJIOEB
1 TOJBKO B BHJI€ aTOMOB. DMHCCHUS 4acTHIL 00JIee BHICOKOro mopsaka (kiacrepoB Me,O, MeO u T. 1.)
Ha J]Ba MOPsIIKa MEHBILIE, YeM CKOPOCTb PacIIblIICHHS aTOMOB, M IO3TOMY B MOJIEJIM HE yUUThIBasIach. Pac-
IIbUICHUE MUIICHH HJIET TOJIBKO B 30He pacnbuieHus (puc. 1, a). B MPC 30na paciibuienus onpenensercs
KOH(UTypalyeil MarHUTHOW JIOBYIIKH U [UISl aKCHAJIBHBIX IJIaHAPHBIX MAarHETPOHOB MPECTaBIIseT COOOM
KOJIBLIO, OTPAaHWYEHHOE ABYMS paguycaMu R, ¥ R... IIpy paBHOMEpHOM pacrnpeneneHuy IIOTHOCTH
OoMOapIMpPYIOIIMX MHUILICHb HOHOB B 30HE PACIIBIJICHUSI CKOPOCTh PACHBUICHUS Ka’KAOTO U3 MaTepHaoB
JOJDKHA OBITH MPONOPLMOHANBHA IJIOIAASM, 3aHUMAEMbIM YaCTSIMM MULICHH B 30HE pacnbuieHus. Oxa-
Hako B MPC pacnpezneneHue mioTHoCTH 60MOapIUpyIOILMX MULIEHb HOHOB HepaBHOMepHoe (puc. 1, b).

30Ha pacHbLICHHS
Sputtering zone

J AN
A J A

! F» MM

"
a b

Puc. 1. Cxema cocraBHON MullIeHH () U pacnpeiesieHle INIOTHOCTH HOHHOTO TOKa Ha ee ToBepXHOCTH (D)

Fig. 1. Scheme of a composite target (a) and distribution of the ion current density on the target surface (b)

TTJI0THOCTH MOHHOTO TOKA MMEET MAaKCHMyM Ha pajuyce R M CIajaeT Jo HyJS 110 KpasM 30HBI
pacnbuieHUs Ha paauycax R, U R, B mnanapusix akcuanbusix MPC pacnpeneneHue mioTHOCTU
HMOHHOTO TOKa Ha MOBEPXHOCTH MUIICHHU C JIOCTATOYHON TOYHOCTHIO MOXKET OBITH allpOKCHMHPOBAHO
CUMMETPUYHOMN I'ayCCHAHOU
Ji(h) === i exp

V21 (R + Rk )O

e 7| — TEKyILUil paJuyc TOUKH paciblIeHus; /; — MOHHBINA TOK MUIICHH, KOTOPBIH CBSI3aH C TOKOM Pa3-
psiZa MarHeTpoHa /; COOTHOLIIEHHEM

,0= max min , (1)
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L 5

I = ,
1+7,

1

Y, — K03 pHULIMEHT HOHHO-3TICKTPOHHON 3MUCCHUU MaTeprasa MUIICHU.
[Ipu pacnbuieHnH B cpesie Ar CKOPOCTh pacibUICHUs MaTepralia

p=liy, 3)
e

rae Y, — Koo GUIHEHT pacIbUIEHHS MaTepraia MUIIEHN; e — 3apsijl SIeKTpoHa, e = 1,6 - 10-19 K.

B ciyuae pacnbpuieHus1 IByX MaTepUajoB KOJIUYECTBO PACHBIICHHBIX aTOMOB C KaXKJOM 4acTH MU-
IICHH ONPEICIISETCS KOIMYSCTBOM OOMOApAMPYIONINX ATY YacTh MUIICHW MOHOB U Ko3(duinmeHTOM
pacnbUIEHUs KaXA0M U3 YacTel MUILICHHU:

A B
R €
e e

rne [A, [B, YA, Y2 — yacTudHbIe MOHHBIC TOKHM U KO(DDHUIMEHTHI paCTIbUICHUS YacTel MullieHe A u B
COOTBETCTBEHHO.

B ciyuae pacnbuieHUs IByX MaTepyajoB YaCTUYHBIE HOHHBIC TOKM MOXKHO PacCUUTATh 1O (op-
MyJam:

IiA:J’jIA(rlae)dS; II'B:J’jiB(rl’e)dS’ (5)
S N

e j', j’— mI0oTHOCTH MOHHOTO TOKA, PUXOAAIIMECS HA YACTU MUIIEHe 4 u B; O — monspHsIii yron
Ha MHIICHH.

Dopmysl (4), (5) TO3BOJAIOT pacCUUTATH JOTIO KAXKIOTO U3 METAUIOB B HAHOCHMOU TUICHKE TIPH
MarHeTpOHHOM PaCTbUICHHH COCTaBHOW MUIeHH B cpene Ar. Ilpu ycioBum, 4To Bce pachblUICHHBIE
YaCTHIIBI IOCTUTAIOT TIO/IJIOKKH ¥ PABHOMEPHO PACIIPENEISIFOTCS B PACTYIIeH IJICHKe, aTOMHOE COZep-
JKaHUE METaoB A u B:

v Ve
———100; X% =——-100. (6)

A

X4 =
vity vieve

[Ipu peakTHBHOM MarHETPOHHOM PaCHBIICHUH K OCHOBHOMY pabodemy ra3y (Ar) B kamepy T00aB-
nsiercst peakTuBHBIN 133 (O,). B 1aHHOM ciyvae Ha MOBEPXHOCTSIX MHUIICHH, PACTYIIEH MJICHKH U CTCH-
Kax KaMepbl POUCXOIAT aJCcOPOIUs PEaKTUBHOTO ra3a U reTepOreHHas XUMHUYECKasl peakius oopaso-
BaHus coepuHeHus. CKOpOCTh aJcOpOIIMU PEaKTUBHOIO ra3a MOBEPXHOCTHIO 3aBUCUT OT MaplUaIbHOTO
JIaBJIEHUS PEAKTUBHOIO ra3a pp U TeMIeparypsl raza I’

pR (7)

F =—_+R
ko 2nkTm,

rae k — moctostuaas bonenmana, k= 1,38 - 10723 J[x/K; my — Macca MOJIEKYJIBI PEAKTHBHOTO Ta3a.
XUMHUYECKUE peaKkuun O6pa3OBaHI/I$[ OKCHUIOB MPOUCXOAAT Ha BCEX BOBJICUCHHLIX IMOBEPXHOCTAX
(MuIIIeHH, TIOAJIOKKE, CTEHKaX Kamepsl). Ho Ha comeprikaHme METaIOB B TUICHKE BIIHSIOT TOJBKO TIPO-
[IecChl Ha MUIIIEHU. B pe3ynbprare XUMU4eCcKol peakiny Ha TIOBEPXHOCTH MUTIEHN 00pa3yeTcs TIIeHKa
okcuja. OHAaKO HAa MUIIIEHH OJHOBPEMEHHO C 00pa30BaHUEM IUICHKH TIPOUCXOIUT €€ YIaJIeHUE PaCIIbl-
nerureM. [Ipu 3TOM B CTallMOHAPHOM COCTOSTHUM MOXKHO CUMTATh, YTO YacTh MHIIEHU 0, MOKphITA CO-
eIMHEHNEM C KOO QHUIIMEHTOM pacblIeHUs Y, @ OCTaBIIAsICS YacTh NOoBepxHOCTH (1 — 0,) He TOKpBITa
COCJIMHEHHEM M UMeeT KOP(PHUIMEHT PaCIbIIICHUS] YUCTOTO MeTaluia Yy, boMOapaupyromuii MunieHs
ITIOTOK MOHOB PAaCIBUIIET 00pasyrolieecss COCINHEHNE C MMOKPHITOH YacTH MOBEPXHOCTH MHUIICHU O,
W aTOMBI MeTaluta ¢ HemokphiToi (1 — 6,) ee dacTH. MrHOBEHHBIN OallaHC YacTHUI] HA TTOBEPXHOCTH
MUIICHH OTIPENEsAeTCs IByMs KOHKYPUPYIOLIUMHE IpolieccaMu: opMupoBanueM coequHerns MeO,
Ha HenokphIToi (1 — 0,) U pacbUICHHEM COCTUHEHHUS C MOKPBITON 0, yacTel moBepxHOCTH. B maHHOM
clly4ae ypaBHEHHE Il TOBEPXHOCTH MUIIICHH MTPHOOPETACT BU
%OLSFR(I—GZ):YCO#G” (®)
z e(l + ’YCU )

20



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

IJe Z — CTeXMOMETPUUYECKUIM MHAECKC KHUCIOpOJa B COEAMHEHHH; O — KOI(D(UIMEHT, YUUTHIBAIOINI
CKOPOCTbh XUMHYECKOHM peakuu o0pa3oBaHus OKCHIA; Yy, Yo, — KO3 (UIMEHTH! pacibliieHnst U HOH-
HO-2JIEKTPOHHOM SMHUCCUH OKCHJIA.

Pemenne 3Toro ypaBHeHUs O3BOJISIET ONPEAETUTH CTENEHb MOKPHITHS KayK0W 4acTH MUILIEHH a/l-
COpOMPOBAHHBIMH aTOMaMH PEAKTHBHOTO ra3a. 3Has CTENEHb MOKPHITHS COSTUHEHNEM KaKIOW YacTH
MHUILIEHH, MOXHO PAaCCUUTaTh CKOPOCTh PACTIbUICHHS METAIIIOB A U B. MeTau pacnslisieTcs: Kak ¢ He-
MOKPBITBIX V)1, TAK U C MIOKPBITBIX V,y,» YYaCTKOB MHIICHHU 34 CUET paclblIeHus coennHenns. Ooee
KOJIMYECTBO PACHBbUIEHHBIX C ONPEIEIEHHOTO yYacTKa MUIIIEHN aTOMOB MaTepHajia MUILIEHH

V=Vl TV e (€))

KonuuecTBo aToMOB Marepuaia MHUIICHH, PACTIBUICHHBIX B €IUHUILY BPEMCHH C YYacCTKOB, HETIO-
KPBITBIX U TIOKPBITHIX COEAMHEHNEM, PACCUMTHIBACTCSI COOTBETCTBEHHO 10 (hOpPMyIIam:

I Y, 1
v, =Y, ——(1-0,); v =_C __ "t g, 10
el Mee(1+vMe)( )i Vi (z+1) e(l+7¢,) ' (10

B ciyuae pacnbiieHus IByX MaTepHaIOB C UCIONb30BaHuEeM GopMyi (6)—(10) MOKHO paccunuTaTh

JOJIIO KaXXKa0ro Mmerajljia B HAHECCHHOM IIJICHKE IIpu OIIPCACIICHHOM IapuuaJIbHOM JaBJICHUU PCAKTHUB-
HOTIo rasa.

Bepudukanus mogenu

st Bepuukanyuy mpeayioxkeHHOH MOJAEH POBEACHBI HCCIICAOBAHMUS 110 HAHECCHUIO TJICHOK OK-
CHJla TUTaHa-aJIIOMHHUS MATHETPOHHBIM pacnbluieHreM Ti-Al coctaBHbIX MulieHel B cpene Ar u Ar/O,
pabounx razoB. Cxema dKCIIEPUMEHTATBFHON YCTAaHOBKHY MIPEICTaBICHA Ha puc. 2.

DneKTpoABHIraTeb
Electric motor

TTOATOKKOTEPIKATETD S T'azopacnpenennTenb

Substrate holder ] Gas distributor
T
1 | |
Marnetpon \
_Magnetron K otkayHoii
/ T 11 cUcTeEME
I To pump
| .
=
7 kv
D\ H— HoHHbBIH
HCTOYHHK
lon source
— I 1
1
\/ \/ \/ BIT marmerpona || BII nefirpanusaropa|| bI1 nonsoro ucrounuka
7\ 7\ 7\ Magnetron PS Neutralizer PS Ion source PS
80-800 V 0-20V,25A 0-250V, 10 A
L 1 1

Puc. 2. Cxema ycTaHOBKM MarHeTPOHHOTO HaHEeCEeHUs TOHKHX MeHoKk FERO-001
Fig. 2. Experimental setup for magnetron deposition of thin films FERO-001

Kamepa BakyymHoii ycranoBku BY-1b5 0Obuta o6opynoBana MAPC.011-80 ¢ mumensto 80 mm,
MOHHBIM HCTOYHHMKOM Ha OCHOBE TOpIEBOro xoyioBckoro yckoputens EHPM.100.005 u BparaeMbim
HoNIOKKoAepkaresaeM. J{Jisl pacrbuleHHs HCIONB30BAUCH Ti-Al-MHIIEHU C pa3HBIM COAEpIKAHHEM
amomunns. CocraBnble mumienn TiAl-10 u TiAl-20 (puc. 3, a, b) npexacrasisiim coboit Ti-ocHOBY
(99,5 % uucrorsr) P80 MM U TONIIMHON 5 MM, B KOTOPYIO OBIITH BIIPECCOBAHBI YETHIPE IMIIHHPUYICC-
kux Al-BctaBku (99,9 % unctotsl). BecraBku nuamerpaMu 6 1 § MM COOTBETCTBEHHO OBbLIM pAaBHOMEPHO
pacnpesneneHsl o AuaMeTpy 46 MM.

21



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

280

Puc. 3. Cxema Ti-Al cocraBaeix mumenei: a — TiAl-10; b — TiAl-20; ¢ — TiAl-40; d — TiAl-70
Fig. 3. Scheme of Ti-Al compound targets: a — TiAl-10; b — TiAl-20; ¢ — TiAl-40; d — TiAl-70

Mumenb TiAl-40 cocTosiia U3 Tpex yacTel — meHTpanbHOi Al-BcTaBky mupuHOH 18,5 MM 1 IBYX
0oxoBeIx Ti-cermeHnToB (puc. 3, ¢), TiAl-70 — u3 merrpansHoi Ti-BcTaBKM mupuHON 30 MM M ABYX
6okoBbIX Al-cermenTtoB (puc. 3, d). Ilpu sTom pasmeps! Al-BcTaBok moAOWpannuchk Tak, 9TOOBI aTOM-
Hoe coorHomieHue Al/Ti B HAHOCHMBIX IUICHKAX, pacCuuTaHHOE 1o Mertoauke [4], cocraBisuio 1:9
st mutienn TiAl-10, 2:8 — ans TiAl-20, 4:6 — qns TiAl-40 u 7:3 — nna TiAl-70. B xone skcnepu-
MEHTOB TOJJIOKKA U3 MOHOKpUcTamnueckoro kpemuus n-tuna IKDC-0.01 (100) ycranaBnuBaiach
Ha TMOUIOKKOJIepKaTenb Ha paccTosHUH 120 MM OT MOBEPXHOCTH MHILIEHH MarHeTpoHa. CmereHue
OCH HOAJIOKKOZEPKATeN sl OTHOCUTEJIBHO OCH MarHeTpoHa cocTasiisuio 100 Mm. CKOpOCTh BpalleHuUs
noIokKu 24,5 06/muH. Kamepa BakyyMHO# yCTaHOBKH OTKa4nBasiach j1o Aasienus 1073 I1a, u mpous-
BOJMJIACh MOHHAsI OYMCTKA MOAJIOKEK. JlJIsl 3TOro B MOHHBIA HCTOYHHK MOAABANICS AT, TIOTOK KOTOPOTO
cocraisi1 20 mu/MuH. BpeMsi ouMCTKH, HampsDKeHHE W TOK paspsla BO BCEX HKCIEPUMEHTax ObLTU
noctosiHHBIME: ¢ = 2 MuH, U, =90 B, I;= 6 A. 3arem Hanocuiu 1ieHkH. Pacnibuienne Ti-Al-mumeneit
ocyiecTBisiock B Ar/O, cMecu ra3oB MpH 0011eM pacxojie ra3oB 60 sccm 1 KOHIEHTPAIMU KKCI0poa
B cMmecH 1a30B (I'gy) oT 0 mo 25 %. Bo Bcex akcrepuMeHTax HCIONMB30BAN PEXUM CTAOMIIM3AINU TOKa
pa3psama maraerpona /, = 1,5 A ("gacrora cnempoBanus uMitynbeoB F = 10 kl'm, xoadduitment 3amomHe-
Hust 80 %). TommrHa HaHECEHHBIX IUICHOK cocTapiisuia okoio 100 HM U peryimpoBanach BpeMEHEeM Ha-
HeceHMs. DJIEMEHTHBIHN COCTaB IVIEHOK aHAJIM3UPOBAIN METOAOM aTOMHON SMHCCHOHHOM CIIEKTPOCKOITNU
Ha OINTHKO-3MHUCCUOHHOM criekTpoMeTpe mietoriero paspsiia GD-Profiler 2 (HORIBA Jobin Yvon S.A.S.).
[lepBoHaYaIBHO MCCIIEOBANIN YIEMEHTHBIN COCTaB IJICHOK, HAHECEHHBIX MpH pactbuieHny Ti-Al cocras-
HBIX MHUIIICHEH B cpene Ar. JlaHHble 0 comepikaHny aTFOMUAHUS B IUICHKAX MPUBEACHEI B Ta0M. 1.

Tadmuna 1. Konuenrpanus antoMuHus B mienkax Ti_ Al
Table 1. Aluminum concentration in Ti;_,Al, films

CA17 at.%
Muymiens /
Target Oxkcnepument / | IlpensaputensHoe MojeaupoBaHue / | YTOYHEHHOE MOAENIUpPOBaHuUe /
Experiment Preliminary simulation Refined simulation
TiAl-10 10,2 10,2 9,8
TiAl-20 16,1 19,6 15,5
TiAl-40 35,6 40,8 36,0
TiAl-70 65,3 69,5 66,2

Kak BusHO U3 Ta0m. 1, pe3ysbTaThl DKCIIEPUMEHTAIbHBIX UCCIICAOBAHNHN MMOKa3ald MEHbILINE 3Haue-
HUS COJEPKAaHUS AIFOMUHMS B HAHECEHHBIX TUIEHKaX M0 CPABHEHUIO C MPeIBAPUTENbHBIMU PAaCUETHBI-
MU JaHHBIMH. DTO OTKJIOHEHHWE CBA3aHO C TeM, UTO NP pacueTax MPUHUMAIINCh TaONUYHbIE TaHHbBIE
k03(pPHUIIMEHTOB pacHbUICHUS THTaHA W AIIOMHUHUS MPHU dHeprum O6ombapaupyronmx noHos 300 B
(Ya1= 0,65, Yr; =0,33) [11]. B MmarHeTpoHHOM pa3psijie CpeAHsS SHEPTusi OOMOAPAUPYIONINX MUIICHD
HOHOB cocTaBisieT nopsiaka 0,6 ot Hanpsbkenus paspsina [12]. [pu pacnsutenun Ti-Al cocTaBHBIX MH-
LIeHeW HarpspKEHUE pa3psijia MarHeTpoHa U3MeHsoch oT 296 no 348 B, uro cooTBeTcTBYET cpenHeit
9Hepruu noHoB nopsaka £; = 180-210 sB. [Ipu Takux 3HEprusix HOHOB KOI(HPUIMEHTHI PACIBIICHUS
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ATFOMHHUS ¥ TUTaHa COCTaBISIOT Y = 0,35, Y1, = 0,20. IIpn 5TOM COOTHOMIEHUS ATHX KOAPPUIIHEHTOB
Yo/ Y1 =1,96, ecnu E; =300 3B, u Y/ Y1 = 1,75, eciiu E; = 200 3B. [TosTomy ¢ ucnonb3oBanueM (hop-
My (1)—(6) u 3nauenuii Y, = 0,35, Yr; = 0,20 mpoBenu yTOYHEHHBIE PACUEThl COACPKAHHS METAIIIOB
B IieHKax. [lorpemHocTs MoieInpoBanus He mpeBbimana 5 %, 1 JaHHble KOdQPHUIUEHTHI HCTIONh30Ba-
T B JANBbHEUIIIEM TTPH MOJICIIMPOBAHUH TPOIIECCOB PEaKTHBHOTO PACTIBUICHUSI.

[Tosry4ueHbI 3aBHCUMOCTH 3JIEMEHTHOTO COCTaBa IJICHOK OT cozlepkaHus Kuciopona B Ar/O, cmecu
ra3oB IIPH peakTHBHOM pacnbuieHnu Ti-Al-mumieneii. Ha puc. 4 npeicraBieHa 3aBUCHMOCTD aTOMHOTO
COZIEpIKaHMUS JIIEMEHTOB B HaHECEHHBIX MUeHKax Tij,Al,O, oT koHuenTpanuu kuciopona B Ar/O, cme-
CH Ta30B Ipu pacnbuieHny MunieHu TiAl-40. B ciiyuae qo6asienus kuciopoaa B kKamepy HaOJIIonanoch
pe3Koe yBeJIMUeHHUE ero cojepxanus B miieHke. [Ipu koHIeHTparuu kuciopoaa ['g, B Ar/O, cMecu ra-
30B 110 7 % ero conepskanue B mieHkax gocturaio 40 %. [lpu nameueiimem yBenmuueHuu [, 10 15 %
cofiepKaHne KUCIOopoJa B TUIEHKAX yBEIUYINBAJIOCh 10 48 % W manee modTH He 3aBHCEN0 OT KOHIICHT-
pamuu xkuciopona B Ar/O, cmecu razoB. OHaK0 0COOBII UHTEPEC I MOJICITHPOBAHUS MPEICTABISIET
coziep’KaHHe METaJJIOB B HAHECEHHBIX IUIEHKax 0e3 ydeTa Kuciopoaa (puc. 5, KpuBbIe exp).

70 30
60 70
S 0 s
80T 5% 60
= won
5 040 = €
=5 X =.8
ES \Ti g5 01
=500 ES
Qo o Q -
S 290 Al ZE 40 exp Al
b% O SO |
- =301
10 cal
. | L | . 1 . | . 1 I 20 ] | ! ] I L ! !
0 5 10 15 20 25 T, % 0 2 4 6 8 10 12 Qp,sccm
Puc. 4. 3aBucuMOCTb coiepKaHUsI IEMEHTOB Puc. 5. DxcniepumeHTanbHbIe (eXp) M pacueTHbIe (cal)
B wienkax Ti;,AlO, 0T KoHIEeHTpannu KUCIopoaa 3aBUCUMOCTH COIEPKaHUS METAJIOB B INIEHKAX
B Ar/O, cmecu ra3zoB (TiAl-40) 0T moToka Kuciopoza B kamepy (TiAl-40)
Fig. 4. Dependence of the content of elements Fig. 5. Experimental (exp) and calculated (cal)
in Ti;_,ALO, films on the oxygen concentration dependences of the content of metals in films
in the Ar/O, gas mixture (TiAl-40) on the flow of oxygen into the chamber (TiAl-40)

Kak BugHO U3 puc. 5, pe3koe yMeHbIIEHHE COJep KaHusl aIFOMUHHUS B IUIEHKE TIPOUCXOANIO TIPH TIO-
TOKe Kuciopoaa B kamepy (g, 6omee 6 sccm, u ipu Oy = 7,5 sccm HaOIIOnaICs MUHIMYM COIEPIKaHMUs
amoMuHESA — Cy = 26 at.%. B ciyuae ganpreliero ysenmaerus (Jg, cofep kaHue alfOMUHAS B IJICHKAX
MIPAKTUYECKU JIMHEHHO YBEIMUUBAIIOCH M JIOCTUTAJIO0 CBOETO HAaYallbHOTO 3Ha4deHus npu Og, = 15 scem.
JlaHHOE TIOBEICHHE CBSI3aHO C TpoleccamMu (hOPMUPOBAHMSI IJICHKH OKCHIa Ha moBepxHocTh Ti u Al
YacTell MUIICHHU U Pa3IndyueM CKOPOCTEH OKHCIeHUs amoMuHus U TuTana. [Ipu Og, < 6 sccm TONbKO
MaJjas oJisi TATAHOBOU M aIFOMUHUEBON YacTel MUIICHU MOKPHITA TUIEHKOH OKCHIa, a 00pa3yrolmue-
Cs1 TUIGHKH OKCHAOB 3(h()EeKTUBHO yHaJsroTCs pacmbeiieHreM. B cirydae ganpHeiiiero ysenuaenus Qg
B MIEPBYIO OYepeIb MPOUCXOANT OKUCICHUE ATFOMUHUS, YTO IPUBOIUT K CHIDKEHHIO CKOPOCTH €T0 pac-
MIBUTEHUS U, KaK CJIEJICTBHE, K YMEHBIIICHHIO €r0 COIePKaHUs B IUICHKE.

OKHCIICHHBIM aMOMUHUM MPAKTUYECKU HE TOMIOIIAET KHUCIOpPOI, M HAYMHACTCS MHTCHCUBHOE
OKHUCJICHUE TUTAHA. DTO MPUBOAUT K TOMY, UTO MIOBEPXHOCTH TUTAHOBOM YACTU MHUIIICHU TAKXKE MTOKPHI-
BAaeTCs TUIEHKOM OKCHA, U CKOPOCTh €r0 pacIibUIeHus CHIbKaeTcs. JlanpHeilnee n3MeHeHne KOHIeHTpa-
MY TUTaHA U AJIFOMHUHIS B TUICHKE OTpeaesieTcs] Ko UIMEeHTaM: pacbUIeHus WX OKcuaoB. C mo-
Mmotbto Gopmyn (6)—(10) paccauranu coaepxaHre METaNIOB B HAHECEHHOH TUIEHKE TIPU PACTIbUICHUT
mutern TiAl-40 mis ucxonasix naHHbIX: Yo = 0,35, Y1 = 0,2; y4 = 0,091, y1; = 0,11; Yapos = 0,062,
Y102 = 0,009; Yapoz = 0,19, Y102 = 0,078. DOMnupuyeckumu ko3puineHTaMu SBISIFOTCS KOHCTAHTHI
CKOPOCTH XMMHYECKOW peakIuy 00pa3oBaHMs OKCUOB allOMUHMS M THTaHa. Ha puc. 5 kpusbie cal
MIOCTPOEHHI TIO pe3ysbTaTaM MOAETUPOBAHMS COEPIKaHUS METAJJIOB B HAHECEHHOH IJIEHKE C MCIIONb-
30BaHUEM KO3(PPHUIIMEHTOB CKOPOCTH XUMUYECKON PEaKINH kapoz = 2,35 1 ktig, = 1,00.
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[pemnoxeHnHass MOIEb TOBOJIBHO TOYHO OIMCHIBACT M3MEHEHHE COJCPKaHUS IIEMEHTOB B TUICH-
K€ IPHU M3MEHEHHWH MOTOKA KUCIOpoJa B Kamepy. AHaJOIMYHBIE PE3yJbTaThl MOJYYEHbI B CIIydae
MIPOTHO3UPOBAHMS METANTUUECKUX COCTABISIOMIMX B IUIGHKAX NMpH pacnbuieHnn mumeHed TiAl-10,
TiAl-20, TiAl-70. ITorpemHocTs MonenupoBanusi — He Oosnee 10 %. 3HaUnTENbHBIC OTKIOHCHUS Ha-
Omroauch pH HEOOJBIINX MOTOKAX KHCIOPOAA B KaMepy, 4TO, CKOPEe BCETo, CBSA3aHO C TEM, UTO B MO-
JIeTM HEe YYUTHIBAJIOCh YMEHBIICHUE MApPIHaIbHOTO TABICHUS PEaKTHBHOTO r'a3a B KaMepe 3a CUeT ero
MOTVIONICHUS HOBEPXHOCTSIMU MUILICHU U PACTYIIEH TUICHKH TP MaJbIX 3HAYCHUSX CTEIICHH TIOKPBITHS
MMOBEPXHOCTEH MUILICHH U TJICHKH.

BriBoabI

1. Ilpemioxkena Monenb IJisi MPOTHO3MPOBAHMS COACPKAHMS METAITIMYECKUX COCTABIISIFOIIUX
B IIJICHKax OKCHUJAOB, HAHOCHMbLIX PCAKTHBHBIM MAr"H€TPOHHLIM PACIIbUICHUEM I[BYXKOMHOHCHTHOI\/'I
coctaBHOH mumeHn B cpee Ar/O, padouux razoB. Mojenbs NpoBepeHa IKCIEPUMEHTAIBHO TIPH peak-
TUBHOM pacibiieHnd Ti-Al coctaBHbIX MumeHed B cpene Ar u Ar/O, pabounx razoB. YCTaHOBIJICHO,
YTO IPU PEAKTUBHOM DPACIHBUICHHM COICPKAHHUE METAJUIOB B IUICHKE 3aBUCHUT OT IOTOKA KHCIOPOXA
B KaMmepy. JlaHHOe moBeneHue CBsI3aHo ¢ mpoueccaMu (HOpMHUPOBAHUS INICHKH OKCHAA Ha MOBEPXHOC-
i Ti 1 Al yacTeii MUIIEHU U PA3TMYHBIMH CKOPOCTSIMUA OKHUCIICHUS aJJIOMUHUS U TUTAHA.

2. IIpu ucnonp3oBaHuK K03(HUIMEHTOB pachblieHus: MeTalioB Y = 0,35, Yr; = 0,20 u koapdu-
IIUEHTOB MOHHO-DJIEKTPOHHOU dMHUCCUU METAIIOB Ya; = 0,091, yr; = 0,110 morpemHocTs Moaenupo-
BaHUA IIPU MIPOTHO3UPOBAHUMN COCTaBa IJICHOK JIsI BCEX MUIIICHEH B CJIydac€ pacCIiblJICHUSA B CpEAC Ar
cocraBmwia MeHee 5 %. IIpu peakTHBHOM pacHbUICHUH NPEJIOKEHHAsT MOJIEIIb II03BOJISIET NIPEICKA3aTh
COZIep’KaHNEe METAJJIOB B HAHOCUMOM TUIEHKE € MOTpelHoCcTbio MeHee 10 %.
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AnHoTanusi. {1 wccienoBaHus S-TIapaMeTpoB U MANICKTPHUYECKOW ITPOHMIIAEMOCTH 00pas3IoB MOJIMKOpA
1 GaAs UCTIOIB30BaHbl BEKTOPHBIN aHanu3arop nenei PA-MBM-118 co crienmanbHONH U3MEPUTENBHON SYeiKon
u MonudumpoBanHsii Metox Huxoncona—Pocca—Beiipa. [Ipumenerne 8 P4-MBM-118 npu anmpoxcumarim
B IU(POBOI (QrIIbTpanuyl MOJTMHOMHUAIBHBIX KpUTepreB UeObIeBa M03BOIMIO YMEHBIINTD HCKaKEHNE JIOCTHUT -
HYTBIX NpuOnmmkeHuid S-napamerpos. Vcrnonb3oBanue 1uppoBoil GUIBTPALMK a0 BO3MOKHOCTH MCKITIOUUTh
CyOBEKTHBHYIO IOTPELIHOCTh OIEpaTopa MpH aHAIM3E M M3MEPEHHAX C HAMUUEM «IIIYMOBOW) COCTABIISIOLICH,
KaueCTBEHHO YITyUIIUTh BOCHPHUITHE aMIUTUTYJHO-4YaCTOTHON XapaKTEPUCTUKU U yCTPAHUTh HEMH(POPMaTHBHOE
U3MEHEeHHE IMOKa3aHuii Nprbopa B JIIO0O0H TOUKE YAaCTOTHOrO Juana3oHa. [loimydeHbl 3aBUCUMOCTH aMILUIUTY
7 a3 k03¢ PUIIEHTOB Tepeiadl U OTPAKEHHS, a TAKXKe TUAIICKTPUIECKON IIPOHNIIAEMOCTH HCCIIeTyeMBIX 00pa3-
IOB OT YacTOTHI B nuana3zone 78,33—118,10 I'T.

KioueBble cj10Ba: BEKTOPHBINM aHAIN3aTOpP LIENeH, U3MEpUTENbHAs sTueliKa, TUAJIEKTPUIecKast IIPOHUIIAeMOCTb,
koa(durenT orpaxenus, koddpuuneHt nepenaun, meron Hukoncona—Pocca—Beiipa, nonukop, GaAs.

KongumkTt nHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Jnsi nurupoBanus. Mccnenosanue S-mapaMeTpoB M JUAICKTPUYECKOH MIPOHULIAEMOCTH OOPa3LoOB MOJIMKOPA
u GaAs ¢ TOMOIIEI0 BEKTOpHOTO aHamm3aropa ueneii / J{. A. Korgparmos [u np.] / Hokmamst BI'YUP. 2023. T. 21,
Ne 3. C. 26-33. http://dx.doi.org/10.35596/1729-7648-2023-21-3-26-33.

ESTIMATION OF S-PARAMETERS AND DIELECTRIC PERMITTIVITY
OF POLYCOR AND GaAs SAMPLES
USING A VECTOR NETWORK ANALYZER
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Abstract. To study the S-parameters and dielectric permittivity of polycor and GaAs samples, a vector network
analyzer R4-MWM-118 with a special measuring cell and a modified Nicholson—Ross—Weir method were used.

26



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

The use of polynomial Chebyshev criteria in R4-MWM-118 for approximation in digital filtering made it possible
to reduce the distortion of the achieved approximations of S-parameters. The use of digital filtering made it possible
to eliminate the subjective error of the operator in the analysis and measurements with the presence of a “noise”
component, to improve qualitatively the perception of the amplitude-frequency characteristic and to exclude unin-
formative changes in the instrument readings at any point in the frequency range. The dependences of the ampli-
tudes and phases of the transmission and reflection coefficients, as well as the dielectric permittivity of the samples
under study on the frequency in the range 78.33—118.10 GHz are obtained.

Keywords: vector network analyzer, measuring cell, dielectric permittivity, reflection coefficient, transmission
coefficient, Nicholson—Ross—Weir method, polycor, GaAs.
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BBenenue

B mocnemgnee mecsTmiieTne HaOMIOAACTCS aKTUBHOE OCBOCHHE MIUITUMETPOBOTO JHAITa30Ha JJTHH
BOJIH B paanodJIeKTpoHuKe. [Ipon3BonuTenn paanodIeKTpOHHOHN ammaparypsl UCHOIB3YIOT XOPOIIO
M3BECTHBIC MaTepHalbl WM MPUMEHSIOT WHHOBAIMOHHBIE TexHonoruu. [lepen pa3paboTkoit 1r060ro
YCTPOMCTBA CIENyeT TOCKOHAIBHO M3YyUNTh (PU3MKO-TEXHUYESCKUE CBOMCTBA HCIIOIb3yEeMbIX MaTepH-
aJI0B, KOTOPHIC MOTYT 3HAYUTEIHHO MOBIHITH HAa €T0 BBHIXOIHBIC XapaKTEPUCTUKH TOYHOCTH. OTHUMHI
13 caMbIX HH(GOPMATHUBHBIX CBOMCTB MaTepualia sBJsSIOTCS €ro OTPaXKaroInas/mpoIyCcKHast CIOCOOHOCTh
W TUDJICKTPpUYECcKas MPOHUIIAEMOCTh, KOTOPBIE MOYKHO OTIPEICTUTH C IIOMOIIBI0 BEKTOPHOTO aHATTHN3aTO-
pa nerneil. bonbIoi HHTEpEC U MIMPOKOE MPUMEHEHNE Ha MPAKTHUKE HAXO/AT TAKWEe MaTepUalbl, Kak Mo-
nukop u apcenun raus (GaAs). [Tonmukop npeicraisier co00# KepaMHUECKYHO TIOJI0KKY Ha OCHOBE
AIIOMOOKCHTHOHN KepaMuku ¢ copepkanueM Al,Oz 99,7 %. Mcnonb3yercs Kak OCHOBaHHE IPU HM3rO-
TOBJICHUM BBICOKOHAJICKHBIX MUKPOMHUHHATIOPHBIX CXeM M MUKpOCOOopok. [lonukop obOnamaeT TakumMu
[IPEUMYIIECTBAMH, KaK TEOPETHUECKAs INIOTHOCTh, ITOJUPOBAHHAS IOBEPXHOCTh, BRICOKHE 3JIEKTPODH-
3udecKkre nokazarenn. GaAs UCTIONB3YETCs TIPU U3TOTOBIICHUN BEICOKOUACTOTHBIX HHTETPATTLHBIX CXEM
U JUCKPETHBIX MUKPORJIEKTPOHHBIX MPUOOPOB. Llenpio nccienoBanmii sBIsIOCH ONpeieieHne S-napa-
METPOB H JIUAIIEKTPUIECKON TIPOHHUIIAEMOCTH 00pa3ioB moirkopa u GaAs B quama3oHe 4acTot ot 78,33
o 118,10 I'T.

MeTtoauka NMPoOBEICHUSA PACYETOB U IKCIICPUMEHTA

WsmepuTenbHas ycTaHOBKa BKJIro4ana paspabortanneie B Llentpe 1.9 «Hayuno-nmpou3sBonctsen-
HO-00pa3oBaTenbHbI MHHOBaMOHHBIA HeHTp CBY u ux merponornueckoro odecrneuenus» bI'YUP
BeKTOpHBIN aHanuzatop neneil (BAL)) P4A-MBM-118 u n3MmepurenbHyto s4eiiKy /Ui auana3oHa dac-
totr 78,33-118,10 I'Tm. Ilpuamun nmeiicteust BAIL ocHOBaH Ha pa3neTbHOM BBIICICHHUH ITa1A0IISiH
Ha 00BEKT U3MEPEHUS, OTPAKESHHON W MPOIIEIIICH BOJH CBEpXBhICOKOTO YacToTHOTO (CBY) curHanma.
Hanpspxenwust, mporopurnoHanbHble aMIUIATYAaM T IAI0IIei, OTPaXEHHOW U TPOIIEAIIeii BOJIH, TOCIe
YCUJICHUSI M BBIYUCIICHHS O CIEHUAIBHBIM aJrOpUTMaM MpeoOpasyloTcs B 3HAYCHUS M3MEPSIEMBIX
rnapamMerpoB: Mouyib [S;| u dazy argS;; koadpdunuenrta orpaxenus, ko3QGUINEHT CTOSTUSH BOJHBI,
MOIyIb |S,;| u dasy argS,; xosdduimenra nepenaun. PacnosnaBaemasi nHpopMaIus 0TOOpakaeTcs
B BUJIC YAaCTOTHBIX 3aBHCUMOCTEH B JICKAPTOBOM CHCTEME KOOPJAMWHAT C OTCUYETOM, IIPH ITOMOIIU Map-
Kepa, 3HAaUCHUH HAaXOIUMBIX ITapaMeTPOB B JIF000# YacTOTHOHM TOUKE MuanazoHa padbodnx gyactotr BAILI.

Pabora BAL] ocymectsisiercs ciemyronmm oopazoM. CUTHAJ ¢ BBIXOJIa TBEPAOTEIHLHOTO TeHepa-
TOpa Kayarolleicst 4acTOThl OCTyHaeT Ha BXoJ n3MeputensHoro CBY-TpakTa, K KOTOPOMY MOJKIIIO-
yaercsi 00bekT u3Mepenuit. CBU-curnan, necymmii nadopmannio o0 omnpeaensieMbIx S-mapaMeTpax,
C BbIXO/Ia 00BbEKTA U3MEPECHUH UET Ha OJIOK 00pabOTKKM CUTHAJIOB, KOTOPBIHA OCYIIECTBISIET €€ Mpeoo-
pa3oBaHUE U TO/Ia4y Ha KOMITBIOTEp B (popMe CHTHAJIOB, YIOOHBIX NIl TIPEICTaBICHUS WH(OPMAINH
00 ycraHoBieHHBIX TTapameTpax Ha JKKH. YmopomienHas cTpyKTypHas cxeMa BEKTOPHOTO aHaJIn3aTopa
Lernel npecTapiaeHa Ha puc. 1. AIropuT™ npoBeneHus u3MepeHuit ¢ nomoinpio BAIL ¢ mporpaMMHbIM
obecnieuenneM (I10) ynpoiieHHO MOXKHO CBECTH K OJIOK-CXeMe, MPUBEACHHON Ha puUC. 2.
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Puc. 1. YnponienHas cTpykTypHasi cxema BEKTOPHOIO aHaJId3aropa 1enei
Fig. 1. Simplified block diagram of the vector network analyzer
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Puc. 2. Ynpomennas 6J0K-CXeMa alropuT™Ma MPOBEACHUSI H3MEPCHUH S-TapaMeTpoB
Fig. 2. Simplified block diagram of the algorithm for performing measurements of S-parameters

Anroput™ (GYHKIIMOHUPOBAHUS MTPOTPAMMHO-AINIIAPATHOTO KOMIUIEKCA COJICPIKUT MOCIIEI0BATEIhb-
HOCTb IPUBECHHBIX HUXKE OIIEPaLH.

1. Manmmanm3anus mmHe Serial Peripheral Interface (SPI). IIpoucxonuT mpoBepka MOAKITIOYSHHAS
koHTposuiepa SPI k cucreme.

2. Nanumanuzanus cepseproit yactu [10. [IpoBoauTtcs mpoBepka KOppeKTHOH paboThl Beex O1o-
KOB, MTOJIKJIIOUEHHBIX K muHe SPI, mpoBepka roTOBHOCTH cepBepa K MpUEMY 3allpOCOB KIHEHTA.

3. Mannnanu3anys KiueHTckoi yactu. [Iposepsiercs coequHenne ¢ cepsepoM. KimeHT nepeBoaunT-
Csl B peXXUM OKUAAHUA JEUCTBUI MOIb30BATEIS.

4. Korma cuctema oOHapyKMBaeT B Oodepeau COOOLICHUI 3ampoc MOJIb30BaTels Ha COCAMHEHHE
C CEpPBEPOM, KIIMEHT BBIXOAUT U3 PEKUMA OXKHMJAHUS U BBICHUIAET COOOIICHUE CEPBEPY.

5. CepBep, MOTYYHB yBEIOMJIEHHE OT HOBOTO KIIMEHTa, COXPaHsIET HH(POPMAIUIO O MOSBICHUH HO-
BOro 00beKTa Ha 00CITyKUBAHUE B CITMCKE TEKYIIUX KIMEHTOB, MOCHUIAET OTBET M YCTaHABIHMBAECT CO-
eIMHEHHE C JaHHBIM KJueHToM. [Ipnu 3ToM cepBep ocTaeTcst TOCTYITHBIM TPeOOBaHUSAM Ha 0OCITYKHBa-
HUE OT APyTuX KJIMEHTOB O1aroapsi HaIM4UIo o4epeny Ha 00CIy’)KUBaHHUE U OOILEro epeyHs KIMEHTOB.

6. Knnenty nmpuxogut 3anpoc Ha Hadaslo MpoLeaypbl H3MEPEHHUH.

7. KnueHr BeIchIIaeT cepBepy CTpOKy uHuImanu3auuu 1yt CBU-reneparopa, HauanbHy0 U KOHEY-
HYIO 4aCTOTBI A7l 3aJaHus Auana3oHa naMepeHuid. CTpoka HHULHWAIN3AUH COCTOUT U3 KOMaHl, KOTO-
pBle BOCIIpUHUMAET T'€HEpaTop, U MOXKET MEHATHCS B 3aBUCUMOCTH OT MOJIEJIM F'eHeparopa.

8. CepBep mepenaeT moiaydeHHbIe cBeAeHMsI apaiBepy SPI, ToT ganee mo kanamy SPI B CBY-rene-
parop. Ho rereparopy Tpebyercst HEKOTOpoe BpeMsl Ha OTpaOOTKy KOMaH/ibl, [I03TOMY BBOJHUTCS HCKYC-
CTBEHHas 3aJepKKa (BBIYUCIICHHAs SMIINPUIECKUM IIyTeM) B 00paboTKe 3arpoca KJINEHTa.

9. CepBep BO3BpaIIaeT KIMEHTY YBEAOMIICHHE 00 YCIEIHOM HHULMAIN3AIH TeHeparopa.

10. KnneHnT HaunHaeT npouecc KaauOpoBKH.

11. Knuent nepemaet cepBepy Ko KoMMyTanun. Kog KoMMyTalny npecTaBisieT co0oil 1enoe umc-
JI0 Y MO3BOJISIET yKa3aTh BEKTOPHOMY aHAIM3aTOPy, KAKOW U3 S-mapaMeTpoB OyJeT U3MEpSThCS B JlaH-
HOM ClTy4ae.

28



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

12. CepBep nepenaer mojlydeHHbIe cBeAcHUs ApaiBepy SPI, ToT nanee B KOMMYTaTOp, KOTOPBIM,
B CBOIO OY€pe/b, B 3aBUCHMOCTH OT Kojla KoMMyTaruu nepeBoauT CBY-TpakT B pexuM m3MepeHus
OJTHOTO M3 S-TIapaMeTpoB.

13. TIpoBoasTCS M3MEpEHUs BBIOPAaHHOTO S-mlapameTpa, onnu(pOBBIBAIOTCS PE3YyNIbTaThl IPU TOMO-
i ananoro-udposoro npeodpasosarens (AL u mepenaercs maccus u3 512 Todek (JaHHBIE IO IBYM
KaHajaMm) B KoHTposuiep SPI. MaccuB KOIOB COCTOUT M3 IIEIBIX YMceN O3 3HaKa.

14. CepBep ompammBaeT Oydep Ha TIpeAMeT HaTUYXs MacCHBa MEPBUYHBIX KOJIOB U, MTOMYyYUB HX,
OTCBHUIAET MACCUB KJIMEHTY B BUJIE OTBETA-yBEIOMIICHHS.

15. KiueHT npoBouT 00pabOTKy MacCHBa MEPBUYHBIX KOJIOB AJITOPUTMAMH YCPETHEHUS U CIITaXKH-
BaHUsI [l YMEHBLICHUS BIHMSIHAS TIOCTOPOHHUX HIYMOB.

16. Knnenr 3anmoMuHaeT MaccuB 00pabOTaHHBIX MEPBUYHBIX KOJOB B CTeKe. TakKe 3alloMHUHAETCs
HOMep Iara KaauOpOBKH.

17. Dramel 13—16 TOBTOPSIOTCS TO KOJUYIECTBO pa3, KOTOPOE HEOOXOAMMO IS BRIOPAHHOTO THITA
KaJIMOPOBKH.

18. KnuenT HaunHaeT u3MepeHusl.

19. Knuent nepenaeT cepBepy Ko KOMMYTAIUU.

20. Cepsep nepenaet noinydeHHsle cBenenus apaiisepy SPI. Tot nanee B cuHXpOHU3aTOP, KOTOPBIH,
B CBOIO O4Y€pe/lb, B 3aBUCHMOCTH OT KojJla KoMMyTanuu nepeBoauT CBY-TpakT B pexuM u3MepeHus
OJTHOTO M3 TTapaMeTPOB.

21. IlpoBomsaTcst U3MepeHNst BBIOpaHHOTO S-TlapaMeTpa, oIu(POBBIBAIOTCS PE3YIbTATHl U TIEpeIacT-
cst MaccHB U3 512 Touek (JaHHBIE 10 IBYM KaHainaMm) B koHTpoiutep SPI u nanee B Oydep ycTpoiicTaa.

22. CepBep ompariuBaeT Oydep Ha NpeAMET HAIUYHUS MacCHUBa MEPBUYHBIX KOJIOB U, MOJIYYUB HX,
OTCBLIIAET MACCHB KJIMEHTY B BUJE OTBETa-yBEIOMIICHHSL.

23. KimenT mpoBoauT 00paboTKy MacCcHBa IMEPBUYHBIX KOJIOB aJTOPUTMAMHU YCPETHEHHS U CIJIaKH-
BaHUS /ISl YMEHBIIIEHUS BIMSHUS TIOCTOPOHHUX IITYMOB.

24, KnueHTt 3amoMHHAaeT MacCHB 00pabOTaHHBIX MEPBUYHBIX KOTOB B OYEpEAN Ha OCHOBE CTCKa,
TaK)Ke 3aIIOMHHAETCSl HOMED II1ara U3MepeHHsl.

25. Dransl 21-24 NOBTOPSAIOTCS TO KOJIMYECTBO Pa3, KOTOPOE HEOOXOAUMO /sl BEBIOPaHHOTO THIA
H3MEpEHHUS.

26. KitmeHT mochuTaeT cepBepy yBEIOMIICHHE O TOM, YTO CEpBEP MOXKET MPUCTYIUTh K 00paboTKe
COOOIIEHNH OT APYTUX KIIMEHTOB B odepenn. CBA3b MEXIy KIMEHTOM M CEPBEPOM TP 3TOM HE pa3phl-
BaeTcs. MHpopMaIyst o TuanazoHe 4acToT, 3alpOIIeHHBIX JaHHBIM KITHEHTOM, COXPaHseTCs B TIpoIiecce
cepBepa. ITO HEOOXOAMMO ISl TTOCIIEAYIONICH OpraHu3aluy IUKINYECKUX U3MEPEHHH C TOCTOSTHHBIM
OOHOBJICHUEM PE3YJIBTATOB.

27. KnueHT ocyiecTBisieT MaTeMaTHYecKrue IpeoOpa3oBaHus Ha/l COXPaHEHHBIMH MAaCCUBAMH KaJllO-
POBKH M MAaCCHBaMU M3MEPEHHUsI JIsl M3BIIeueHNs MH(opManyu 06 S-mmapaMeTpax u3MepsieMoro o0ObeKTa.

28. KitneHT paccuuThIBaeT 3HAYCHUS MACCHBOB OCJIA0JICHHS CUTHAA, (ha3bl, MOIYIIS, KO3 PHUIneH-
Ta CTOSTYEH BOJHBI 10 HAMPSHKEHUIO.

29. KitneHT pou3BouT 00pabOTKY PacCUYMTaHHBIX MACCHBOB JITOPUTMAMH YCPEITHEHUS U CIVIaKH-
BaHUSI JJIsl YMEHBLICHUS BIMSIHUS TIOCTOPOHHUX HIYMOB.

30. KiueHT nepecunTsiBacT MacCUBBI B KOOPAMHATHI TOUEK /ISl OTOOPaKEHUsI HA MOHUTOPE KOM-
MBIOTEPA.

31. KnueHt otoOpaxkaeT pe3yabTaThl U3MEPECHUH B BHAC T'Pa(UKOB 3aBUCUMOCTH S-TIapaMeTpOB
OT YaCTOTHI B BEIOPAHHOM JIMAIIa30HE N3MEPEHUSI.

32. Ilpu npoBeeHNH MOCTOSHHBIX U3MEPEHUH KIMEeHT MoBTopsieT maru ¢ 21 nmo 32 B nukiie, noka
HE TIOCTYIHUT 3aIpocC OT MOJIb30BaTeNs Ha 3aBepIICHUE U3MEPEHNUH.

B BAIL npexycmotpena nudpoBast priisTpains Ha OCHOBE KpuTepus UeObileBa, KOTOpast M03BOJISET:

— CIIQ)KWBaTh HE3HAYUTEIBHBIE 110 3HAYCHUIO (DTYKTYaIlUH Ha OTACIHHBIX yUaCTKaX XapaKTepUCTH-
KU — YCPEIHTh OTJENIbHBIE YIaCTKN XapaKTePUCTHKH;

— YCTpaHSTh BBIOPOCHI B OTACIBHBIX 3HAYCHHUSX XaAPAKTEPHCTHKH, OOYCIIOBICHHBIE BBIOpOCaMU
B BBIXOJIHBIX CUTHaJIaX TeHepaTopa Kadarolencs: 4acToTh! (YIalsITh MUKN);

— anMpOKCUMHUPOBATH BBIBOJMMBIC Ha OKPaH OTAEIbHBIC yUaCTKH XapaKTEPUCTHK, IPUIABATH UM MO-
HOTOHHOCTH — CTJIaXKHBATh OT/ICIbHBIC YIACTKH XapaKTEPUCTHK.

Crnemyer OTMETHTD, YTO TIOYTH BCETa MPUMEHEHHE MTPH allpOKCHMaInU B TN(POBOH (pumbTparim
MTOJTMHOMHUANBHBIX KpUTepreB YeOrIeBa Mo3BOSET YMEHBIIUTDh UCKAKEHUE YK€ TOCTUTHYTHIX MPH-
ommkennii. McronpzoBanue mudpoBoil GuiIbTpauy 1aeT BO3MOXKHOCTh HUCKIIOUUTH CyOBEKTHBHYIO
[IOTPELIHOCTD OllepaTopa MpHu aHaAJIN3€e U U3MEPEHMAX C HAJTMYUEM «IIyMOBOI» cocTapistomien. Takxke
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Onaronaps 1MdpoBoi GUIBTPALNU YIydIIaeTcsl KaUY€CTBEHHOE BOCIPHITHE aMIUTUTYIHO-4aCTOTHOMN
XapaKTEPUCTHKH M MCKIIIOYaeTcss HeMH()OpPMAaTUBHOE M3MEHEHHE MOKa3aHUW mpubopa B 11000H TOY-
K€ 4acTOTHOro auarazona. Ocodenno 31o 3¢ ¢pextnsHo B CBU-nuana3zonax, UMEIOLMMX KpaliHe Majible
YPOBHHU MOIIIHOCTH CUI'HAJIa B U3MEPUTEIbHOM TPAKTE.

Juis m3mepenuit S-napameTpoB ObUT peanu3oBan MeTon Huxoncona—Pocca—Beiipa [1]. Meronuka
HU3MEPEHUN U AJITOPUTM pacyeTa AUDICKTPUUECKON MPOHUIIAEMOCTH MPUBEAECHHI B [2]. B kauecTBe uc-
CJIelyeMBIX BBICTYIAJH J1Ba oOpasua u3 noaukopa Tonmunon 1,0 u 0,5 MM, oOpasen U3 apceHua raj-
st GaAs, a B KauecTBE 3TAJIOHHOTO 00pasia — PTopoIuIact, Ubsi UJIEKTpUUYeCcKasi IPOHUIAeMOCTb 2,1
cormacHo ['OCT 14906. Uzmepenus nposomwinck mpu temmeparype 23,4 °C u BnaxkHoctu 42,1 %.
PaGoure ycrmoBus KOHTPOIUPOBAINCH OTKaIHOpoBaHHBIM ITprOopoM Testo 605.

Pesyabrathl HccjienoBaHuii U X 00CyKIeHNe

[Tomyuennsie ¢ nomomsto P4-MBM-118 3aBucumocTu amrumatyn u a3 kodhduimeHToB nepena-
YM U OTPAKEHHsI UCCIIeyeMbIX 00pa3LoB OT YaCTOTHI MPHUBEACHHI Ha puc. 3—6. VI3 puCyHKOB BUIHO,
410 00pa3ubl GaAs 3aMETHO OTIMYAETCs NIPUBEICHHBIMU XapaKTePUCTUKAMH OT OCTaJIbHBIX 00pa3LoB;
9TO OTPA3WIOCh IIPU PacCueTe 3HAUYCHUH ero AUAIEKTPUUECKON MPOHULIAEMOCTH (puc. 7).
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Fig. 5. The dependence of the reflection coefficient’s amplitude of the samples
under study on the frequency in the range 78.33—118.10 GHz

78,33 83,33 88,33 93,33 98,33 103,33 108,33 113.33 f,I'Tu [GHz]
180,00 ST =

150,00 e it 3 =r
120,00 \ o
90,00 | .- = \ L
60,00 et -

30,00 e | =
U o o =y —TA T

30,00 . - X7
-60,00 : s ==
-90,00 B ik

-120,00

-150,00

-180,00

————— GaAs 0,6 MM [mm] =~ = nomuxop 1 MM [polycor 1 mm]
— - =nonukop 0,5 MM [polycor 0.5 mm] —— dropommact 1 mum [fluoroplast 1 mm]

Puc. 6. 3aBucumoctb (a3bl KOIPPHUIIMEHTA OTPAKESHUSI UCCIICIYEMbIX 00pa3lioB
OT 4acTOThI B Auamnaszone 78,33—118,10 I'T'1g
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Kak BumHO U3 puc. 7, TecToBBIN Marepualn (PTOPOILIACT) IMOKa3al UAealbHYI0 COTIaCOBAHHOCTh
pesynbraroB co cBonM 3HadeHueM 1o 'OCT 14906-77 «Dropomnact-4/1. TexHuueckue yciaoBus (Iu-
ANIEKTpUIecKas npoHumaemMocts 2,1). Ha caiite mpousBomuTens oOpasiioB M3 MOJMKOPA YKa3aHO, YTO
OTHOCHTENbHAS AUAJICKTPUICCKAs IPOHUIIAeMOCTh B auamna3zone 9actoT 8—10 I'Tu mpu 20 °C coctas-
asiet (9,70 £ 0,25) (www.polikor.net/katalog/ podlozhki.html). CormacHo [3], ausnekrpuueckas mpo-
HuaeMocTh GaAs B BBICOKOYACTOTHOM JHAITa30HE UTMH BOJH TIPHW KOMHATHOW Temmeparype 11,6.
Jwdnexrpuyeckas npoHunaeMoctb GaAs, MmoiydeHHast SKCIIEPUMEHTAIBHBIM IyTeM (puc. 7), uMme-
€T XOpOUIYyI0 COIIaCOBAaHHOCTH C M3BECTHBIMU pe3yabTaraMu B JuamazoHe yactor 78,33-87,00 I'Tn
u 101,0-118,1 I'T'n. Taxoke u3 puc. 7 BeITeKaeT GakT, 4To 00a 00pasiia MojauKopa 001 Jar0T JOCTATOYHO
CTaOMJILHON M MOHOTOHHOM 3aBHCUMOCTBIO TUJICKTPUIECKOM MPOHUIIAEMOCTH OT YACTOThI, HO JIYUIIIHE
TOKa3areiau — y obpasma TommuHoNH | MM. 3HaUCHIE TUAIEKTPUICCKON MMPOHUIIAEMOCTH ATOTO o0pasiia
C POCTOM YacTOThl yMeHbLIaeTcs ot 9,2 no 7,7.

BriBoaBI

1. PazpaboranHbli anropuT™M (YHKIMOHHUPOBAHHUA TPOTPAMMHO-AIAPATHOTO KOMIUIEKCA BEK-
TOPHOTO aHAJIM3aTopa Leneld U U3MEPUTEIbHON SUYEHKU MO03BOJISIET IOIIAr0BO YIPABIISATh 3TUM H3Me-
PUTEIBHBIM NPHOOPOM B PEKUME PEATbHOTO BPEMEHH, IPOU3BOIUTH ONTHMANbHYIO HH(POBYIO 00-
paboTKy ¢ NPUMEHEHHEM CIELHAIBHBIX MaTeMaTHYeCKUX METOJOB, a Takke Kpurepus YeObiesa,
OCYIIECTBIIATH NPEACTABICHNUE S-IIapaMeTPoB B BUje, yAIOOHOM ISl UCIOIb30BaHUS CHELUATUCTaMU
B pas3JIMYHbIX obmacTax HAayKH U TCXHUKH.

2. IlomyueHsl SKCTIEPUMEHTAJIbHbIE IaHHbIE AJIS1 TAKUX MaTEpPHaJIOB, KaK IIOJIMKOP U apCeHU] Iaj-
must (GaAs), ¢ ucnoap30oBaHreM MoTUGHUITpoBaHHOTO MeTona Hukoncona—Pocca—Beiipa. PesynsraTs
HCCIIEIOBAHUS XOPOILO COITIACOBBIBAIOTCS C N3BECTHBIMM 3HAUYCHHUSMH, IPUBOJUMBIMHU B JIMTEPATYPE.
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AHHoTanusl. Pa3BuTue TEXHOIOTUI MPUBOJUT K HEOOXOAMMOCTH TIEPECMOTPA UCIIOIB3YEMBIX METO/IOB ITOJTyYe-
HUS Kpunrorpaduyeckux kmodeid. Ha mapaMeTpsl cirydaifHOCTH TOCIEI0BAaTEILHOCTEH, CTeHEPUPOBAHHBIX (HH-
3MYECKUMH I'eHepaTopaMy CIIyYaiHbIX MOCIIEOBATEILHOCTEH, BIMSAIOT (PU3NUECKUE MTapaMeTphl PErHCTpUPYIO-
mell anmaparypbel U okpyxkatomei cpenpl. [TomyueHbl TpeGOBaHMS K CIIy4ailHOCTH IOCIEIOBATEILHOCTH NPHU
MIPOXOXkKICHUN OMHApHOro TecTa. [IpoIeMOHCTPUPOBAHO, YTO C YBEIHMUCHUEM JUIMHBI MTOCIEA0BATEILHOCTH TPe-
00BaHUs K BO3MOXKHBIM OTKJIIOHEHHSIM OT paBHOBEpOSITHOTO pacnpenenenns 0 u 1 Bozpacraror. OnieHeHa cradbuib-
HOCTb CJIy4alfHOCTH IIOCIIEI0BATEIbHOCTEH, BBIAIAHHBIX [€HEPATOPOM Ha OCHOBE u3ydeHus GporoHoB. Mccnenye-
MBI TEHEPATOP COCTOMUT U3 CBETOIMO/IA U KPEMHHEBOTO MaJIOTa0apUTHOTO (POTOYMHOXKHTEIS, IIPETHA3HAYCHHOTO
JUISL PETUCTPALIMH CBETOBOTO M3IIyUYEHUsI MaJIOd MOIIHOCTH. [Toka3aHbl BO3MOXKHBIE (PU3NIECKUE MTPOLECCHI, TPHU-
BOZAIINE K YXYIIEHHIO CIIy4YalHOCTH MocaeaoBaTeabHocTel. OlieHeHa BO3MOKHOCTh HCIIOJIb30BaHHsI TeHepaTo-
pa Ciry4aliHBIX YHCIIOBBIX ITOCIIEOBATEIbHOCTEH Ha OCHOBE KPEMHHEBOTO MaJIOradapuTHOTO (hPOTOYMHOKHUTEIS
JUISL KpUNTOTpaUIECKUX LEeIeH.

KiroueBbie cioBa: CHy‘IaﬁHaﬂ 6I/IHapHa$[ MoCJICA0BATCIbHOCTD, I'€HECPATOP CHy‘IafIHBIX qHuCClII, KpCMHI/ICBHﬁ
(bOToyMHO)KI/ITeJ'H), JOCTOBCPHOCTH TECTA, GI/IHapHLIﬁ TCCT, KpI/IHTOFpa(IJI/I‘IeCKI/Iﬁ KJIKOY.
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OF PHYSICAL RANDOM NUMBER GENERATORS
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Abstract. The development of technologies leads to the need of revising the methods used to obtain cryptographic
keys. The randomness parameters of sequences generated by physical random sequence generators are affected
by the physical parameters of the recording equipment and the environment. The requirements for the randomness
of the sequence, when passing the binary test, are obtained. It is shown that as the sequence length increases, the re-
quirements for possible deviations from the equiprobable distribution of 0 and 1 increase. The randomness stability
of the sequences generated by the generator based on the study of photons is estimated. The oscillator under study
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consists of an LED and a compact silicon photomultiplier designed to detect low-power light radiation. Possible
physical processes leading to the deterioration of the randomness of sequences are shown. The possibility of using
a generator of random numerical sequences based on a small-sized silicon photomultiplier for cryptographic pur-
poses is estimated.

Keywords: random binary sequence, random number generator, silicon photomultiplier, test reliability, binary
test, cryptographic key.
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BBenenue

Pa3BuTne KBaHTOBBIX TEXHOJOTHI NPUBOAUT K MOSBICHUIO HOBBIX HAIIPABICHUH TEXHUKU U TEXHO-
JIOTUH, BMECTE C TEM B HEKOTOPBIX HAIIPABJICHUSIX OyAeT MPOUCXOANTH 3aMEHA MU BHITECHEHHE CYIIe-
CTBYIOILMX TexHOJIOrui. Tak, B obmactu kpuntorpaduu yxe ceiiuac BCTaeT BONPOC O BO3MOKHOCTH
IIPUMEHEHUS KBAHTOBBIX KOMIIBIOTEPOB JJIs1 PACKPBITUSI KPUIITOrpahUUIECKUX KII0UEH U, CIeJ0BaTEIb-
HO, IS pacn(poBKU cooOeHnit. TakuM 00pa3zoM, HEKOTOpbIE KpUNTOrpaduiecKue alropuTMbl CTa-
HOBATCS] HEHAJISKHBIMH IIPH UCTIOJIb30BaHMH KBAHTOBBIX KOMIIBIOTEPOB [1]. YuuThIBasi, 4To HAUMHAETCS
CO3JJaHUE U [TI0CTABKa HA PHIHOK CEPUMHBIX KBAHTOBBIX KOMIIBIOTEPOB, BOIPOC HAIeKHOCTU KPUITOrPa-
(uueckux KIOYeH U aJropuTMOB CTAHOBUTCS aKTyaJlbHBIM.

B [1-3] mokazaHo, 4TO HEMpeIcKa3yeMOCTh CITydaiHBIX IIPOIIECCOB MOXKET OBITh 00YCIIOBIIEHA KBaH-
TOBBIMHU IIPOLIECCAMHU MM MAaTEeMaTHYECKOM CIOKHOCTBIO 3aJa4M, CBSI3AHHOM C TEXHUUECKUMH (Bpe-
MEHHBIMH WM PECYPCHBIMH) OrPAaHUUCHHUSIMU HACTOSIIETO YPOBHS Pa3BUTHs TeXHOJIOTHH. [lockonbky
MaTeMaTH4ecKas CIOKHOCTh 337a41 — BpEeMEHHAsl TPYJHOCTb — B OOJIBIIMHCTBE CIIy4aeB [IPEOJ0IECBACT-
Csl pa3BUTHEM TEXHOJIOTUH (MM MOSIBJICHUEM KBAaHTOBOI'O KOMITBIOTEPA), CTAHOBSITCS aKTyaJIbHBIMU I10-
HCK U pa3paboTKa HaIEKHBIX (PU3MUECKUX MCTOYHHUKOB CIIyJalHBIX OMHAPHBIX MOCIEI0BATEIbHOCTEH
Ha OCHOBE KBaHTOBBIX IPOLIECCOB.

dusnyecKkre UCTOYHUKU CIIyYalHBIX IOCIIEA0BATEIILHOCTEH B OCHOBHOM 3aBUCST OT IapaMeTpOB
OKpYXKalollel cpelibl, a Ha caMy MOCIIEeJ0BAaTEIbHOCTH BIMSECT PETUCTPUPYIOLIas 1 00padaThIBaroILas
anmnaparypa [3]. [loatomy mo6oe M3MEHEHHE MOXKET NPUBECTH K HECTAOMIBHOCTH IOCIIEAOBATEIIb-
HOCTH OWTOB M, CIIEIOBATEIbHO, K YXYAIIECHUIO CIydyailHOCTH. V3MeHeHne napaMeTpoB CIy4aiiHOCTH
B TEUEHUE BPEMEHH PadOThI FeHepaTopa MPUBEAET K €ro HeHaJeKHOCTH. B mureparype BcTpedaroTcst
PEKOMEHAALUH TECTUPOBaTh (PU3NUECKUE TeHEPATOPHI CIyYalHbIX YHCENl 10 U B pouecce padoTsl [3].

IIpoBenenue uccjeq0BaHum

TectupoBanue Ciy4ailHBIX MMOCIEIOBATENILHOCTEW OCYIIECTBISETCS METOlaMH Ha OCHOBE CEpHH
TecToB, puBesieHHbIX B NIST unu FIPS [4, 5]. ComacHO 3TUM METOJIMKaM, TECTUPOBAHUE JIJISi KPUIITO-
rpaduyeckux 1ened JOIKHO NPOBOIMTHCS HA TOCIIENOBATENbHOCTH MUHUMYM 109 OUT M ¢ ypoBHEM
moctoBepHOoCcTH TecTa oo = 0,01. B m060M TecTe BBIUNCISAIOT BEPOATHOCTE MOMYUYCHUS HECITyIaliHON
nocienoBarensHocTd (1 — P), T. €. OTIMYKe CIIy4allHOCTU WICabHOTO TeHepaTopa (TOJIy4YeHHOH Me-
TOJAMH MaTeMaTHYECKOW CTATHCTUKN) M CIy4ailHOCTH MPOBEPSIEMON IMOCIE0BATEFHOCTH C yUETOM
THUIIA OLIEHUBAEMOM TAHHBIM T€CTOM HecaydaiiHocTu. Ecnu P> o, cuutaercs, 4To Mocie0BaTeIbHOCTh
C TOYHOCTBIO O ciTydaifHa [4].

BuHapHBIH, WM CTATUCTUYECKHIA, TECT HA PABHOBEPOSTHOCTH MosiBieHus O 1 1 BXoAuT B 00e cepuu
tecToB. Mccnenyem BausiHIE HECTAOUIHFHOCTH ITApaMETPOB TeHEPATOpa CIIyYaiHBIX YHCEIT C TOMOIIBIO
OuHapHOrO Tecta. Pacuer 3HaueHHs P TPOBOAMTCS CIEAYIOMUM 00pa3oM. B OuHapHOM TecTe B city-
yaitHOM mocnenoBaTenbHOCTU «0» 3aMEHsETCs Ha «—1» U HaXOAUTCs cyMMa psna Sum pasmepa psaa a.
[lanee BBIYUCIISIETCS CTATUCTUYECKHUIA ITapaMeTp TeCcTa

S
S, =% (1)

U pacCYUTHIBACTCs P uepe3 MOMOIHUTENbHYIO (QYHKIIHIO OMIHOOK
2 %
P(S)=——[e"ar. ©)
et
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Ecmmu P> 0,01, To caywaiiHas mociae0BaTEIbHOCTh TEHEPUPYETCS € JOCTOBEPHOCTHIO 99 %, ecin
P>0,001 — c noctoBepHocThIO 99,9 % [4]. Ha puc. 1 npuBeaeHa GyHKIUS OIIUOOK OT BEIUYUH S, IS
kotopoit 3HadeHust P(S,) < 0,01 mpoxoxsT TecT.

1,0
09r
08r
0,71
06
051
04r
03[
02r

0171

0

-3

Puc. 1. dynkims ommbok
Fig. 1. Error function

Ha puc. 2 npusenen rpaguk 3aBUCUMOCTH MaKCHUMAJIbHOTO 3HAYEHUS] CyMMBI psfa Sum, Ipu Ko-
TOPOH MOCIIEA0BaTEILHOCTh IPOXOIUT TECT C ONPEAEICHHBIM YPOBHEM TOCTOBEPHOCTH (i, OT pazMepa
psina n. MakcuMaibHbIe 3HAYeHUsI CYMMBI psizia Sum OT pa3Mepa psiia # IpUBeeHbI B Ta0. 1.

Sum a=0,010
102 ¢ 1
O
(o) a = 0,001
101 L 4
(@] O
100 L S L
104 10° 108 107 n 108

Puc. 2. 3aBUCHMOCTD MaKCHMAJIBHOTO 3HAYCHUSI CYMMBbI psia Sum OT pa3Mepa psaa n
Fig. 2. Dependence of the maximum value of the sum of the series Sum on the size of the series n

Tadnnna 1. MakcuManbHbIe 3HAYEHUS] CyMMBI psiia Sum B 3aBUCUMOCTH OT pa3Mepa psijia n
Table 1. Maximum values of the sum of the series Sum depending on the size of the series n

= 0010 n 1,0000e + 04 | 1,0000¢+05 | 1,0000e+06 | 1,0000e+07 | 1,0000e+ 08
Sum | 1,0000e+00 | 3,0000e+00 | 1,2000e+01 | 3,9000e+01 | 1,2500e+ 02

- n 1,0000e +04 | 1,0000e +05 | 1,0000e+06 | 1,0000e+07 | 1,0000e + 08
R 0 0 1,0000e + 00 | 3,0000e +00 | 1,2000e+ 01

3aBHCUMOCTh MAaKCUMAaJIbHOTO 3HA4E€HHUsI CyMMBI psiia B JIorapu(MUUECKOM Maciradbe OT -
HBI YHCJIOBOW TOCJIE0BATENbHOCTH MPAKTHYECKH JIMHEHHA, HO KOA(PQHUIHUEHT MPOMOPLUUOHAILHOCTH
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He paBeH enuHUIe. Tak, JUIs MPOXOXKICHMS TecTa IOCIeI0BaTeIbHOCTH JTHHONW 10° MakcHMmambHOE
KOJIMYECTBO OTKJIOHEHHH CyMMBI OT HYJIsI JOJKHO IO MOAYJIIO PaBHATHCS 3, T. €. pa3sHULA IOy CTUMOMR
OMOKY M JAJMHBI NOCIEJ0BATEIBHOCTH COCTABISAET 4 TOpAaKa. DTO 3HAYUT, YTO C YUETOM YETHOCTH
Yrcia 3HaKOB B TIOCJIE0BATEIbHOCTH JIOIYCKAETCs 3aMEHa BCETO JIMIIb OHOTO 3HAYCHHUs1 OUTa MPOTH-
BOIOJIOKHBIM. [Ipu mocnenoBarebHOCTH UTHHOHM 108 MakcHMaibHOE KOJHMYECTBO OTKIOHCHUI CYMMBI
OT HyJIsl AOJKHO 110 MOAY/IIO0 ObITh paBHO 125, T. €. pasHuua — 5 nopsaxoB. C y4eToM 4€THOCTH yHcia
3HAKOB B IIOCJIEIOBATEIBLHOCTH JOIYCKACTCS 3aMeHa 3HaYeHUH 62 OMTOB ITPOTUBOIMOIOKHBIMU. Takum
00pazoM, ¢ yBeITMUEHHEM JUIMHBI MI0CIIeI0BATEIbHOCTH TPeOOBaHMUs K TOYHOCTH Bo3pacTaroT. [Ipu te-
CTHPOBAaHMH TOCJIE0BATENbHOCTEH U KpUNTOrpaduuecKux Lesieil Heo0Xoaumas MUHUMANbHAs 1~
Ha TIOCJIIOBATEILHOCTH cOCTaBiseT 10¢ 3HaKOB.

OreHuM TpeOyeMyro CTabMILHOCTh MapaMeTpoB (U3NIECKUX UCTOYHUKOB Ha IpUMepe reHeparopa
CITy4JaiHBIX grcel (pUc. 3) Ha OCHOBE KBAaHTOBOTO SIBIICHHSI — H3TYUCHUS €IMHUIHBIX (POTOHOB TIPH (Po-
toadexre [6, 7]. Cxema ycTpoiicTBa, MPECTABIEHHOTO HA PUC. 3, COCTOUT U3 CBETOIUO/A, UCITyCKaO-
LIETO U3JIyYeHUEe, U ICTEKTOpa U3IyUCeHUsI.

Moaynb l—> +5B
LincppoBoro Mogy nb nuTaHns
BOSbTMETpa +5B,3A >_ Power module
Digital voltmeter
XS1(Uss) module —>+22B
T 7 1 XS2(Usiosy) XS3(Funn)
Mogy b Mogy ke Mopy b
reHepatopa AeTekTopa noporoBoro '\élj(;ﬂ'?'/gj:ﬂ
noaceetkn CUL ! OTOHOB (SI®IY) OncKprMrHaTopal nqaCTOT xs4
LED Blacklight - Photon detector Threshold Frequency divider (Funn/2)
generator module discriminator a modtljle "
module (SiPM) module
Mogaynb
ARDUINO MEGA
2560 k USB
Module naBMm
ARDUINO MEGA
2560

Puc. 3. Cxema rereparopa ciay4ailHbIX YUCE
Fig. 3. Random number generator circuit

JlaBunnbie dotonuonsl (JIDJI) UCONB3YIOT B BOJIOKOHHO-ONITHYECKUX JTMHUSAX CBS3H B KaueCTBE
JETEKTOPOB (POTOHOB B KPUNTOrpaguueCKUX cucTeMax. B HacTosiee BpeMs BbITYCKAIOTCSI KPEMHH-
eBble U repmanuenble JID/. M3yuenuto xapakrepuctuk KpemHueBblx JIDJ[ mocssmen psn pador,
Hanpumep [8—12]. Cepuro KpeMHHUEBBIX MajorabapUTHBIX (OTOYMHOXHTENEH TakKe BBIIYCKaeT
OAO «HMuterpan».

[TapameTpsl KpeMHHEBBIX ManoradaputHeix GoroymHoxuteneit (KOD5-1035, KOD5-1035A) or-
JTUYArOTCS OT JaBUHHBIX (oTomamonoB (KOD104K1, KOD104K2, KOD101T, KOD101I'l, KOD101,
KO®102B, KO®102B1), Beimyckaembix OAO «uTerpam». JlapuHHBIE (POTOANOIBI B OCHOBHOM Xa-
paxkTepu3yloTcs MaibiMU KodpduureHTamMu yMHOkeHus (10 100), BBICOKUMHU pabOYMMHU HaNpsHKEHH-
simu (180—300 B) u HHM3KOH 4yBCTBUTENBHOCTHIO K cBeToBOMY TOTOKY (0,30—0,75 A/BT). JI®J] npen-
Ha3HaueHBI JJIS UCTIOJIb30BaHMs B yCTPOMCTBAX ONTUYECKOH JIOKAIMHU, ajJbHOMEpax, i perucTpariu
HMOHU3UPYIOIIUX U3ITYYCHUH, B KAUECTBE alIbTEPHATUBBI (POTORICKTPOHHBIM YMHOXHTEISIM. KpeMHue-
BbIM ManoraGapuTHbINH (POTOYMHOXKUTENb SBJIAETCS (PYHKIMOHAJIBHBIM AHAJIOTOM MHOTOIHKCEIBHOIO
caetunka oroHOB (hupmbl Hamamatsu (Multi-Pixel Photon Counter, MPPC), on Takxe Ha3bIBaeTcs
KpeMHHueBbIM poToymHoxkuTeneM (Silicon Photomultiplier, SiPM).

B npuBeneHHoii Ha pHc. 3 cxeMe HCIONb30BaICs KPEMHHEBBIH MalorabapuTHBIA (OTOYMHOKUTENb
U3 MPOOHOW MapTHH, KOTOPBIH 10 XapaKTEPUCTUKAM OTIIMYAJICS HAIpsDKEHUEM po0ost. B cooTBeTcTBUM
C TEXHHYECKUMH JJOKYMEHTaMH OCHOBOW KpeMHHEBbIX (oToymMHOKuTened KODS5-1035 u KODS5-1035A
SBJISICTCSI KPUCTAJUI KPEMHHMS, HAa KOTOPbIM HAaHECEHbI IMHMKCEIH pa3MepoM 35%35 MKM, SBIISIOIINECS
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naBUHHBIME QoTtoanonamu. JIDJ] paboratoT B «pexnme lelirepay, T. €. ipu 00paTHOM HaIpsHKEHUH,
MPEBBIMIAIOIIEM HAMpsHKeHHUE Mpo00s, YTO TO3BOJACT Monydarh kod(h¢uiment ycuienus 105—100.
EavHUYHBINA UMITYJIHC TEHEPUPYETCS IETEKTUPYEMBbIMU (POTOHAMH U TACUTCS MOKITFOUECHHBIM K KaXK10-
My JTaBUHHOMY (oTonuoay pesuctopoMm. [Inkcenu (1aBuHHBbIE QoTOMMOABI) BEIMonHEeHB! U3 Ti u AlCu
Ha TUIaHapHO# ctopoHe u u3 Ti, Ni, Ag — Ha HeTuTaHapHOU. Bee mukcenn uepe3 COMpOTHBICHUE COSTU-
HEHBI B eqUHBIH KaHat. OOIHil BEIXOTHOW CUTHAT KPEMHHUEBOTO (DOTOYMHOXKHTEJIS TIPEICTABIIIET COO0H
CYMMY BBIXOJIHBIX CHUTHAJIOB C KaXJ0TO MuKcens. KpeMHueBsie (pOTOyMHOKHUTENH 00J1a/1at0T BRICOKOH
00HAPYKUTEIBHON CIIOCOOHOCTHIO, HEOOXOIMMOI IS cueTa (POTOHOB, U UCIIOIB3YIOTCS B PA3INYHBIX
IIPUMEHEHUSX, B KOTOPBIX TPEOyeTCsl IETEKTUPOBAHUE OYCHb CJIA0BIX CBETOBBIX CHUTHAJIOB Ha YPOBHE
ennHYHBIX QoToHOB. Kpemuuessie poroymHokuTenn KODS5-1035, KODS5-1035A xapakrepusyrorcst
CJIC/IYIOIIUMHU TTapaMeTPaMH:

— IMana3oHoM UIMH BOJH — oT 380 MkM 10 800 HM;

— IMana3o0HoOM HampspkeHus cMernenns (Beimie Ub) — 1-5 B;

— ko3 durpieHTOM ycunenus — He menee 109;

— 3¢ dextuBHOCTHIO peructpaunu GoronoB (PDE) — e menee 30 %;

— IMana3oHoM padovnX TemIepaTyp cpeabl — ot Munyc 10 no mmoc 70 °C;

— MOBBIIIIEHHOW MpeaebHol Temmeparypoit cpeast 100 °C.

Kpemuuersie horoymaokuremn KOD5-1035, KODS5-1035A uconb3yroT A1l peTUCTPaIiy H3ITyde-
HUSI HU3KOW HHTEHCUBHOCTH. OTHAKO €CTh BOIIPOC O BOBMOXXHOCTH WX NMPUMEHEHHS B CXeMaxX TeHeparo-
POB CITy4alHBIX YHCIIOBBIX ITOCIIEIOBATEILHOCTEH. Pe3ynbrarhl MPOBEIEHHBIX YKCIIEPUMEHTOB I10 TECTH-
POBaHUIO CITy4alHbBIX TIOCIIEIOBATEIEHOCTEH, CTeHEPUPOBAHHBIX HCCIICAYEMbBIM T€HEPATOPOM, MTOKA3hIBA-
0T JIOCTATOYHO XOPOIIYIO CITydaHOCTh (Ha JjrHe mocieaoBareapaocts 3 -+ 103 u mpu o = 0,1). Bmecte
C TEM IIPU ONpeJICIICHUH KauecTBa CIIyYalHbIX MTOCIIEIOBATEILHOCTEH B COOTBETCTBHIH C TPEOOBAHHUIMU
NIST mmst xpunrorpaduyeckux neseii (Ha maauHe mociemnoBarensHoctd 100 u mpu o = 0,010-0,001)
MTOCJIEZIOBATEIFHOCTH TPOXOMIAT TECT TOJNBKO B CIIy4ae OYCHb TOYHOM HACTPONKH ITepeHarpsiKeHus,
10JIaBaeMOro Ha (DOTOYMHOXKHUTEIb, U TOKA, IPOXOJISIIETO Yepe3 CBETOINO/I.

B cooTBeTCTBHM € TEXHUUECKOH JOKyMEHTAUeH KOd(PPHUIUEHT YCHICHHs pacCMaTpUBaeMbIX (OTo-
YMHOXKUTEJEH 3aBUCUT OT TepeHanpshKeHus TuHeHo. [Ipy n3MeHeHnn nepeHanpspkeHns (HanpsoKeHUs
Ooriee HanpsHKEHHST TIPOOOSI, ONPEJIENICHHOTO dKcIiepuMeHTanbHo kKak 21 B [9, 10]) ot 1,2 o 2,8 B xoad-
(ULMEHT YCUITEHHs MEHSETCS TpuOIM3uTeNbao oT 3 - 105 mo 109, 1. e. moutn B 3 pasa. Temmeparyp-
Hasi 3aBUCUMOCTD KOd((HUITHEHTa YCUIICHUS MMEET HeIMHEHHBIN XapakTep [9] u B AuanazoHe Temmepa-
Typ 293-298 K uzmensercs npumepHo Ha 10 %.

B uccrnemyeMoii cxeMe HanpsiKeHUE CUMTBHIBAHUS, T. €. TAKOE, IIPU KOTOPOM CpadaThiBaeT KoMIapa-
Top, coctanisier 100 MB. B cooTBeTCTBUM ¢ TEXHUYECKOM TOKYMEHTAIMEH ISl 5TOTO MOPOra CYUTHIBA-
HUS CKOPOCTh TEMHOBOTO cueTa rpu temneparype (25 + 10) °C cocrasnset npumepHo 100 I'a. To ectsb
C YYETOM MEPTBOTO BPEMEHH IMOPSAKA MHUKPOCEKYHIBI [6] KpeMHHUEBHIN (hOTOYMHOKUTEIH PETHCTPHU-
pyet 10 100 TEeMHOBBIX UMITYIILCOB B CEKYHIy. DTH CIy4YailHbIEe UMITYJbChl MOTYT JIE)KATh B JPyTrOM
CIEKTPaJIbHOM JHalla30He, MO3TOMY, COIIACHO TEXHHUYECKOW TOKYMEHTAIuu, YPPEKTUBHOCTh UX pe-
rucTpauun B 4 u Oojee pa3 MeHbIle. BmecTte ¢ TeM, yunuThIBasi BO3MOKHOE H3MeHeHne Koddduuuenrta
YCUJICHHS 32 CYET M3MEHEHMs HampspkeHus (moyT B 3 pasa) wiu teMreparypsl (Ha 10 %), Bo3MoXk-
HO HMX YCHWJIEHHE JI0 YPOBHS OCHOBHOTO CHTHAla, YTO TPHUBEIET K M3MEHEHHIO cooTHomeHus 0 u 1.
Kak ormeuanocs Beimie, 115 Kpuntorpagpuaecknx 1eneil OnHapHBIN TeCT JOKEH BBIOIHATHCS C TOU-
HOCThIO 6 OuT u3 10°. TlocnenoBarelbHOCTL TAKOH JUTHHBI CUMTHIBACTCS ¢ reHeparopa Oonee 15 MuH.
To ecTh CTaOUIBLHOCTB HATIPSHKEHUS U TEMIIEPATYPhI JIOJDKHA OBITH TaKOH, 4TOOBI 00ECIIEUUTh 3Ty TOU-
HOCTbh B TCUCHHE BPEMECHH CUUTHIBaHUS. TakuM 00pa3oM, HECTAOMIIBHOCTh CIIYYaiHOM MOCIIe0BaTelb-
HOCTH, TECTHPYEMOH I KpUNTOrpauuecKuX 1esei, 00bsICHIETCS BOBMOKHOCTBIO YCHUIICHUS] TEMHO-
BBIX UMITYJIbCOB U HECTAOMIBHOCTBIO TEMIIEPATYPhI B TIpoliecce paboThl TeHeparopa.

BriBog

[Ipoanann3upoBana TOUHOCTH MOCIIENOBATEIHPHOCTH CITYyYaHBIX YHCEN, HEOOX0uMast IS IIPOXOK-
JICHUs TECTOB Ha CIIy4aiiHOCTh 11l KpunTorpadudeckux uenei. [lomydeHHble pe3ynbTaTshl IPUMEHEHbI
Ui OOBSCHEHUSI HECTaOMILHOCTH TECTOB, BBIAABAEMBIX I'€HEPATOPOM CIIyYaiHbIX YMCEJ, HA OCHOBE
U3TY4YEHUs U JAeTeKTHpoBaHus (oTOHOB. OLieHEeHa BO3MOKXHOCTD HCIIOIB30BaHUSI KDEMHUEBBIX (HOTO-
YMHOXHTEJEH B TeHEpaTopax CIyYailHbIX YMCel sl KpUNTOrpaduuecKuX Hesnei.
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METO/J IPUHSTHUA PEIIEHNAS HA OCHOBE KOMILJIEKCHOHM OIIEHKHA
IPPEKTUBHOCTU PAINOYACTOTHOI'O CIIEKTPA
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© benopycckuii TOCyIapCTBEHHBI YHUBEPCUTET HHPOPMATHKH U PaIHOIEKTpOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

Annoranusi. OfHOI M3 IIIaBHBIX MPOOJIEM HCIIOIb30BaHMS PAJMOYaCTOTHOTO CIICKTPA SBISETCS €ro AC(HIUT.
DTO CBSI3aHO HE TOJIBKO C €ro MPUPOIAHBIMU CBOIMCTBAMHU KakK pecypca, HO U ¢ Hed((PEeKTHBHOCTHIO NPUMEHEHUSI.
Jst BeIcBOOOXKACHNS HEI(P(HEKTUBHO HCIOIB3YEMOI 4acTH PaJHOYacTOTHOTO CHEKTpa HeoOXoauMa pa3padoTka
Mep M MEXaHW3MOB YIPABJICHHS, CO3AOIINX MaKCHMAJIBHO HEBBITOIHBIC YCIOBHS JUISl OKCIUTyaTallid OIeparo-
pamu JIaHHOM 4acTH CIeKTpa. B crarbe paccMOTpEeHBI MPETIOKEeHNUS 110 BHEAPEHUIO METOJUKH, MOJIEITH U KPUTe-
PHEB JIJIsl CHMBOJIBHOTO OITUCAHUSI OIICHKH d()(EKTUBHOCTH UCIIOIb30BAHMUS PAJIMOYACTOTHOTO CIEKTPA, BKIIIOYAs
HH()OPMALMOHHYIO U IPOrPaMMHYIO PEa3al[Mi0 MHOTOAreHTHON CHCTEMBI, O3BOJISIONIEH OCYIIECTBUTD aBTO-
MaTU3UPOBAHHOE NPHHSATHE PEIICHNS KOMIIEKCHOH oLeHKH 3()(heKTHBHOCTH IpUMEHeHus criekrpa. [Ipeoxkena
Moieb 0011el 3 GeKTHBHOCTH TPUMEHEHHS! PaIi04acTOTHOTO CIIEKTpa HAa OCHOBE TPEX BUI0B A(PPEKTUBHOCTH,
pa3paboTaHa IIKajia HHTePBAJIOB 10 TUM BHIaM. BrinonHeHa onieHka 3 (eKTHBHOCTH PanodacTOTHOTO CIIEKTpa
Ha 0a3e ATAJOHHOW CEeTH COTOBOM IOJBIKHOM cBsi3u. [IpecTaBien BapuaHT NPUHATHS PELICHHS TI0 pe3ybraramMm
OLIEHKH ATOW 3(D(hEKTUBHOCTH.

KawueBble cjioBa: pagnoyacTOTHBINA CIEKTP, BUAbI 3()(HEKTUBHOCTH, MHOTOAICHTHAsI TEXHOJIOTHS, CHCTEMA,
CTPYKTypa MHOTOATr€HTHON pacIpeeIeHHON CHCTEMBI, yIpaBieHne 3()h(HEeKTHBHOCTHIO.

Kondaukt uHTEpecoB. ABTOp 3asBIsAET 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

Juist uutupoBanusi. Jlakuszo, I1. FO. Meton npuHATHS penieHnst Ha 0CHOBE KOMIUIEKCHOM OIIEHKH YPPEKTUBHOCTH
panuouacrorHoro crekrpa / I1. FO. Jlakuzo // Joxmamet BI'VUP. 2023. T. 21, Ne 3. C. 41-47. http://dx.doi.
org/10.35596/1729-7648-2023-21-3-41-47.

DECISION-MAKING METHOD BASED ON A COMPREHENSIVE ASSESSMENT
OF THE EFFECTIVENESS OF THE RADIO FREQUENCY SPECTRUM

PAVEL YU. LAKIZO

Belarusian State Academy of Communications (Minsk, Republic of Belarus)
Submitted 01.11.2022

Abstract. One of the main problems in the use of the radio frequency spectrum is its scarcity. This is due not only
to its natural properties as a resource, but also to the inefficiency of its use. Work in this direction was carried out
by scientists. In order to release the inefficiently used part of the radio frequency spectrum, it is necessary to develop
management measures and mechanisms that create the most unfavorable conditions for the operation of this part
of the spectrum by operators. The article discusses proposals for the implementation of the methodology, the mo-
del and criteria for a symbolic description of the assessment of the effectiveness of the use of the radio frequency
spectrum, including information and software implementation of a multi-agent system that allows for automated
decision making, for a comprehensive assessment of the effectiveness of the use of the radio frequency spectrum.

41



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

A model of the overall efficiency of using the radio frequency spectrum based on three types of efficiency has been
proposed, and a scale of intervals for these types has been developed. An assessment of the efficiency of the radio
frequency spectrum based on a reference network of cellular mobile communications has been performed. A deci-
sion making variant based on the results of evaluating this efficiency is presented.

Keywords: radio frequency spectrum, types of efficiency, multi-agent technology, system, structure of a multi-
agent distributed system, efficiency management.
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BBenenue

Jlnst peanu3anuul MEpCreKTUBHBIX TEXHOIOTHN B 00acTd 3(p(HEeKTHBHOTO UCTIONB30BAHUS PAIHO-
yactotHOro crekrpa (PUC) HeoOxommmo cosfaHue ONArompusTHBIX YCIOBHUH JUIS CTPOUTEIIBCTBA
U MOJCpHU3AIUN MH(PACTPYKTYPhl U Pa3BEPThIBAHUS CETECH HOBBIX ITOKOJICHWUH IOJBMIKHOW CBSI3U.
OnHa 13 TIaBHBIX MpobieM ucnoib3oBanus PUC — ero aeduuut, 4ro cBS3aHO HE TOJIBKO C €ro Mpu-
POIHBIMU CBOWCTBAMH KakK pecypca, HO U ¢ Hed()(HEKTUBHOCTHIO puMeHeHUs. [ BRICBOOOXK ICHUS
Hed(D(PEKTUBHO MCTIOIB3yeMON YacTH PaauodacTOTHOTO CIIEKTpa He0OXoauMa pa3paboTka Mep U MeXa-
HU3MOB YIPABICHHUS, CO3/IAIONIIX MAKCUMAIILHO HEBBITOIHBIC YCIOBHS JUIS SKCILTyaTalldy orieparopa-
MU JaHHOW YacTH CIEKTpa.

Mopeab oLleHKH 3(1)(1)6KTI/IBHOCTH HUCIOJIB30BAHUSA PATHOYACTOTHOI'O CIIEKTpa

[Ton 3¢ppeKTHBHOCTHIO UCTIONB30BaHUS PAAHMOYACTOTHOTO CIIEKTpa Oy/ieM ITOHUMATh COBOKYITHOCTh
TEXHUYECKUX, SKOHOMUYECKUX U COLUANBHBIX JCHCTBUM, HAMPABICHHBIX HA MAKCUMAIbHO BOZMOXKHOE
o0ecrieueHre TEXHUYECKUX M COLUAILHO-DKOHOMUYECKHX MTOTPeOHOCTeH TocyaapcTsa. B cBsi3u ¢ aTum
3¢ pexTuBHOCTD ncronb3oBanus PUC pazienum Ha TEXHIYECKYH0, SJKOHOMHUYECKYIO U COlMalbHyo [ 1, 2].

CrenyeT OTMETHTb, UTO HE IS BCEX PATHOCITYK0 MOKHO IPOBOIUTE OIICHKY d(P(HEKTUBHOCTH HIC-
nione3oBaHust PUC. Tak, HEKOTOpbIe CyOBEKTHI X035 HCTBOBAHUS IPUMEHSIOT BBIJICIIEHHBIN UM pajrodac-
TOTHBIN CIIEKTP B CBOMX TEXHOJIOTHUECKUX npoieccax. [loaToMy npemnaraercs mojib30Bareneit paguo-
YaCTOTHOTO CIEKTpa pa3AeiuTh Ha T€X, KOTOPHIC MOMYyYal0T IPSIMYIO BBITOY OT ucnonb3oBaHus PUC,
U TeX, KTO MOJy4yaeT KOCBEHHYIO BbITOMY. [Ipemiaraercst cyObeKThl XO3HCTBOBAHMUSI, HCIIOIB3YIOIINE
BBIJICJICHHBIN UM CIICKTP JIJISl IPEIOCTABIICHUS PAIHOTEXHOIOTHI APYTUM CYOBEKTaM XO03sHCTBOBAHUS
i (PU3MYECKUM JIMIaM, OTHECTH K TIEPBOl TPyTIIe, BCEX OCTANBHBIX — KO BTOpOil. Mosens OIeHKH
o0mieit apdextuBHOCTH UcToNb30BaHusl PUC mpencTaBiieHa BIpaKeHUEM

E=CE,+ GE,+ GE,, (1)

rne E,, E,, E. — Texuuueckas, SKOHOMHYECKass W colmaibHas 3PPEKTUBHOCTH COOTBETCTBEHHO;
Cy, C,, C3 — KOppEeKTUPYIOIMUI KOAPPHUIUEHT ISl TEXHHUECKOH, IJKOHOMUYECKOW M COIUAIIbHOM d(-
(heKTHBHOCTEH.

Koppekrupyromue ko3¢GUUUeHTbl UCIOIb3YIOTCS Ul TOTO, YTOOBI YUUTHIBATH 3HAYMMOCTH TOH
WK MHOHM 3 PEKTUBHOCTH, a TAKXKE €€ OTCYTCTBHE. Tak, eclii 3HAUUMOCTh KaXKA0H 3PPEeKTUBHOCTH
paBnonenHa, to C; = C, = (5. B ciyuae, xorga ta win uHas 3p(QeKTHBHOCTb OTCYTCTBYET, CIEAYET
BBIOMpATh KOPPEKTUPYIOMINH K03(h(DUIIMEHT, paBHBIN HyIt0. O01Iast CcyMMa KOPPEKTUPYIOMUX KO H-
muentoB C; + C, + C3 =111, 3, 4].

B Pecnyonuke benapychk cooctBeHHnKoM PUC BBICTYITaeT rocymnapcTBo, YTO 00CCIIeUnBaeT MpUo-
PUTETHBIE YCIOBUS Ul pealu3aliy roCylapCTBEHHBIX [IPOrpaMM, B TOM 4YHCiIe 00eCIedeH s Halno-
HaJbHOW 0€30MacHOCTH, pealn3alii HayIHbIX MpoeKkToB [S5]. [Ipu sTOM peanmsanust peIHOUYHBIX MOA-
x010B K Bbinesnenno PUC mpencrapisiercsi Kak HEOOXOAUMOCTh OTKa3a OT IOCYIapCTBEHHOW (HOpPMBI
COOCTBEHHOCTH, YTO HE COBCEM BEpPHO, TAK KaK COBPEMEHHAsl CHCTEMa MPAaBOOTHOILICHUN MO3BOJISET
pa3paboTars MEXaHU3Mbl OOMEHA COBOKYITHOCTBIO NMPAaBOMOUHUI 0e3 M3MEHEHHs TUTYJIa COOCTBEHHO-
CTH, IPUMEPOM SBJIIETCS 1OJTOCPOUHAs ApEH A 3EMIIH.

Jlist komtutekcHoH orieHKH ¢ ektruBHOCTH PUC pazpaboTaHbl HHTEpPBAJIBI TOKA3aTEIICH 10 TPEM BH-
nam 3(h(heKTUBHOCTH, a Takke o0mel 3((HEeKTUBHOCTH C TIENBI0 BBISBICHHUS Pa3phIBOB (OTKIOHEHUH )
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MyTEM CPaBHEHUSI 3TAJIOHHBIX 3HAYCHHUH 3D (DEKTUBHOCTH ¢ (PaKTUUECKH TOyYSHHBIMH 110 PEe3yJIbTaTam
JIeSITENIbHOCTH OmepatopoB. B Tabi. 1 mpejcramiieHa IKana MHTEPBAIOB IMOKa3aTeleld TEXHUUECKON
3¢ PEKTUBHOCTH UCTIONB30BAHUS PATUOUYACTOTHOTO CIIeKTPa, Tie KOD — ko3 GuIreHT OTKIOHSHHUS M0~
Kazarenei dpPEKTUBHOCTH OT 3TAJIOHHOM CETH.

Taoumuma 1. [Tokazarenu Texauueckoi 3pHEeKTHBHOCTH UCTIONB30BAHKS PAJNOYACTOTHOTO CIIEKTPa
Table 1. Indicators of technical efficiency in the use of the radio frequency spectrum

WuTepBan Te).(HI/I‘lCCK(.)ﬁ 3(‘1)(1)GKTI/IBHOCTI/I / Panr nnTepnana / BeCOM.OCTB panra ai / KOD = ai + 1
Technical efficiency interval Interval rank Weight rank ai
1,00-0,89 0 0 1,000
0,88-0,84 1 0,015 1,015
0,83-0,79 2 0,030 1,030
0,78-0,74 3 0,045 1,045
0,73-0,69 4 0,060 1,060
0,68-0,64 5 0,075 1,075
0,63-0,59 6 0,090 1,090
0,58-0,54 7 0,105 1,105
0,53-0,49 8 0,120 1,120
0,48-0,44 9 0,135 1,135
0,43-0,39 10 0,150 1,150
0,38-0,25 u menee 11 0,175 1,175
HUroro 66 1,000 —

Wnrepsan 1,00-0,89 ompenenser curyanuto, Koraa TexHIHIecKas 3 PeKTHBHOCTh pabOTHI ONepaTo-
pa cooTBeTcTBYET 3()(PEKTUBHOCTH ATaIOHHON ceTH. DKOHOMHUYEecKast 3P heKTHBHOCTH pabOThI OIieparo-
pa cooTBeTCTBYET APPEKTUBHOCTH TApaMETPOB SIKOHOMHUECKOTO Pa3BUTHSI, COIIMAIbHAS — TapaMeTpaM
COLIMAJILHOTO Pa3BUTHSI, YCTAHOBJICHHOTO TOCYIapCTBOM. MHTEepBall, XapaKTepu3y i HedQPeKTuB-
Hoe ucnons3oBanne PUC, ycranosnen B rpannmnax 0,38—0,25, Tak kak mo pacueraM MpHu 3HaYeHUH d-
(hextuBHOCTH MeHee 0,38 yMeHbIaeTcss KO3 GUITNESHT TOKPHITHS U HapyIIaeTcst TpeOoBaHue 1mo odec-
[IEYCHUI0 30HBI OOCITY)KMBaHUSI B HACEJIEHHBIX IYHKTaX PECHYOIUKH U 10 aBTOMOOMIIEHBIM JOpOTaM
Bcex 3HaueHuil. Kpome Toro, cHIKaloTCs SKOHOMHYECKHH 3 deKT 11 rocyaapcTBa U COLMaIbHbIN 3¢-
(exT A rocyapcTBa M MOJNb30BaTeNIei 0T MPEeJOCTaBICHHUs PaJHOYacTOTHOTO CIIEKTpa ONepaTopam.
[IpunsiTHe pemeHus o peynbraraM oleHKH 3G QEeKTHBHOCTH Ha OCHOBE JaHHOW MOJICITIH IpeJIaraeTcst
OCYIIECTBIISATH IMyTeM SKCIEPTHBIX OI[EHOK.

Brmonnena omeHka 3(p¢EKTHBHOCTH PagUOYaCTOTHOTO CIEKTpa Ha OCHOBE TaKOTO KpPHUTEpHS,
KaK ITaJIOHHAsI CETh COTOBOM IMOJBIKHOMN AmeKTpocsi3u ctannapra UMTS, nmoctpoeHHas Ha 0a30BBIX
CTaHLUSX, YKa3aHHBIX B TaOn. 2. DtanonHas cetb ctangapra UMTS (—103 dBm) no3Bosnsier obecre-
YHUTh 30HY 00CTykuBaHus (MOKphITHS) PecyOnuku benapyck co clienyromumu noka3areisiMu: OKpPhI-
tue tepputopun — 97,3 %, oxsar HaceneHus — 99,9 %.

Tabnnua 2. Pe3ynsrarel nocTpoeHus 3TanoHHoM cetu crangapra UMTS
Table 2. Results of building a reference network of the UMTS standard

HanmenoBanue Bpecr Burebck Tomens I'ponno MuHck Morunes
mmoKasaress / u bpecrtckas | n BureOckast |u ['omenbckast| n [ponaerckas | MuHckast | MoruieBckas
Indicator name o0J1acThb o0acTb o0acThb o0acTb o0J1acTh o0JacThb
Komecrso 498 506 510 422 1234 399
0a30BbIX CTAHIUI
Hroro 3569
Komruecrso 1683 1434 1999 1369 5416 1397
paJinOKaHaJIOB
Hroro 13 298

Ha puc. 1 mpencraBneHo BU3yaabHOE OTOOpPaKEHHE pacCINTAaHHONW ITAJIOHHOW CETH COTOBOM ITOI-
BIDKHOU 3J1eKTpocBsizn crangapra UMTS. C ydeTom monmydeHHBIX 3HAUEHHWI BBHITIONHEH pacueT d¢-
¢extuBHOCTH Hcnodb3oBaHud PUC pannosnekTpoOHHBIMU CPEICTBaMHU STaJOHHON CETH COTOBOM MOJ-
BWXKHOMU anekTpocBs3u crapaapra UMTS no Meroamke, mpenctaBieHHOW B mocTtaHoBieHnu CoBeta
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Puc. 1. BusyansHoe oToOpaeHne pacCCYNTaHHON 3TaJOHHON CeTH
COTOBOH MOABMKHOM AEKTPOCBs3U cTanmapra UMTS
Fig. 1. Visual display of the calculated reference cellular
mobile telecommunication network of the UMTS standard

Munuctpos Peciyonuku benapyce Ne 1292 «O06 yTBepKACHUU IMOJIOKECHUS O MOPSIKE OIpelee-
HUs 3(Q(OEKTUBHOCTH KCIIONB30BaHUS PAJMOYACTOTHOTO CIIEKTpa». VICXOMHBIMU JaHHBIMH CITYXKHIU
crnenyrone nokaszarenau: Nk = 13 298 — KoJIMYECTBO paJMOYaCTOTHBIX KaHAJIOB, HEOOXOAMMOE JIs
MOCTPOCHHUSI 3TAJOHHON CETH C 3a/IaHHBIMU TIapamMeTpamu; nfc = 4 — naHHbIE, MOTYyUYSHHBIE HUCXO-
Il U3 CPEHEro 3HaueHUs Uil TPEX ONepaTopoB, AelCTByrOIIMX B benapycu. B ciydae meHbmiero
3Ha4YeHUS 71fC BCe paBHO HE0OXonnMo obecrieunTs Hammuue 13 298 pagnokxaHaIOB IS TOCTHKEHUS
[apaMeTpPOB 3TAIOHHOU CETH.

[InanupoBaHue CeTH COTOBOHM MOABMXKHOM anekTpocBsa3u crangapra UMTS ornuuaercs cimox-
HOCTBIO ONPEAENCHHs 3a/1ad Ha KaXKJIOM U3 3TaIloB, MOCKOJIBKY HUCIOIb3yeMble ISl €€ TUIaHWPOBAHUS
BEJIMYMHBI HE UMEIOT MTOCTOSTHHOTO 3HAYEHNUs. YCIIOBUS [T IOCTPOCHHUS 3TaJIOHHOM CETH COTOBOH IO~
BIDKHOMH 251eKTpocBs3u ctangapra UMTS — yepenHseMble THHAMUYECKHE TepeMeHHbIe. MakcuMallbHOe
KOJTMYECTBO KaHAJIOB, BRIJEIEHHBIX s ucnonb3oanus PUC UMTS (2100 MI'nr), paBuo 12. Ceromgus
oreparopam BBIJISIICHO 110 TPH KaHaja, 3a HCKIIFoYeHrneM oreparopa | (1Ba kanana). Bmecre ¢ Tem cy-
LIECTBYET BBICOKasl BEPOSTHOCTh NMPHUXOAA HA PHIHOK elle ogHoro omneparopa 4. C y4yeToMm BBILLIEH3-
JIO)KEHHOTO M COOIIONIEHHS YCIOBUI PaBHOMPABHOTO JAOCTYIA K PaAHOYacTOTHOMY CIIEKTpY, KaK TOTO
TpeOyeT Ilonokenue o mopsaKe pacCMOTPEHHUS MaTePHANIOB U BBIJICICHHUS MTOJIOC PAAMOYACTOT, Paro-
YACTOTHBIX KAHAJIOB U PAJIMOYACTOT, & TAKXKE MOPSAKE MPOBEACHUSI SKCIIEPTU3bI HA AIIEKTPOMATHUTHYIO
COBMECTUMOCTh PaTUOIIEKTPOHHBIX CPEICTB M (WMJIIM) BHICOKOYACTOTHBIX yYCTPOWCTB, YTBEPKICHHOE
VYkazom [Ipesunenra Pecriyonuku benapycs ot 15.04.2003 Ne 192 (1. 6, ['n. 2 (7)), anst cymiecTBYOMMX
TpEeX OINEepaTopOB COTOBOM MOJABMKHOMN AIIEKTPOCBSI3H /1fc MpUHUMAaeM paBHBIM 3. B memsix obecneuenust
YCIIOBUH PaBHOTIPABHOTO AOCTyNa K PaAMOYacTOTHOMY CIIEKTpPY JISi TAJIOHHOW CETH TMOKa3arelb 1fc
MIPUHUMAEM PAaBHBIM 4 B CBSI3H C BEICOKOH BEpOsATHOCTHIO BhiAeeHns PUC yeTBepToMy omepatopy.

Cootromenue nfc/mf= 1, Tak Kak BCe BBIICICHHBIC KAHAIBI JIJIS 3TAJIOHHONW CETH JTOJDKHBI HCTIONb-
30BaThes (mf — KOMMYECTBO pajnoKaHaoB). [lmomaap 30HBI MOKPHITHS S, TTOTydeHHAs! B pe3yJbTaTe
pacdeToB M oTBevarollas TpeOoBaHUsM Tadi. 2, coctaBuia 201 995 km?, a YUCICHHOCTD HaceleHusT X
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Ha TEPPUTOPHUH, IN€ HKCIUTYATUPYIOTCS PAIUOAIEKTPOHHbIE cpencTBa ctanaapra UMTS, — 9 479 511
(99 % ot nacenenus Pecnyonuku benapycs). Ha ocHoBanuu 3HaueHuit S, u X, HEOOXOAMMBIX LIS pac-
4yeTa M0 METOIUKe, MpelcTaBleHHol B moctaHosieHnu CoBera MunuctpoB Pecryonuku benapych
ot 31 nexadpst 2014 1. Ne 1292 «O06 yTBep:KICHNUY TOJOKEHHUS O TIOPSIKE ONpeAeIeHus 3PPEKTUBHOCTH
WCTIOJIb30BAHUS PAIMOYACTOTHOTO CIIEKTPay, MOYYEHO dTATOHHOE 3HaYeHne 3(P(PEeKTUBHOCTH HCIIONb-
3oBarmst PUC o texaosnorun UMTS, pasroe 0,89. Pesynbrarhl pacuera TeXHHUSCKOH 3P PEKTHUBHOCTH
HCIOJIB30BaHUS PAJAN0YaCTOTHOTO CIEKTPa ONEepaTOpaMu COTOBOH ITOJBMKHOMN JIEKTPOCBSI3U CTaHAAP-
ta UMTS npusexnens! B Ta0m. 3.

Ta6auna 3. Pesynsrarsl pacueta 3pQeKTHBHOCTH UCTIONB30BAHHS PAOYACTOTHOTO CIIEKTpa
oIepaTopaMy COTOBOM MOABMIKHOM 31eKTpocBs3H ctanaapra UMTS
Table 3. Results of calculating the efficiency of using the radio frequency spectrum
by cellular mobile telecommunication operators of the UMTS standard

Omneparop / Operator O¢pdexruBnocts / Efficiency
0,33
0,64
0,54

Pa3pbIB Mex Iy 3HAUCHUSIMHU TEXHHUUECKOH AP PekTnBHOCTH ncnonb3oBanus PUC sTanoHHOM ceThio
U CETSMU OTIEPaTOPOB COTOBOU MOBIIKHOM 31eKTpocBsi3u ctangapra UMTS npusencH B Tadm. 4.

Taoanma 4. Pa3psiB MekTy 3HAUCHHUSIMHU JIJIs1 PA3HBIX OIICPATOPOB
Table 4. The gap between the values for different operators

Omneparop / Operator 1 2 3
PaspriB / Gap 0,56 0,25 0,35

OnvH W3 BapuMaHTOB MPHUHATHS PEIIEHUS B CUTYaI[MH, COOTBETCTBYIOIIEH IPEICTAaBICHHBIM
B Ta0J. 3 JaHHBIM, — 3TO y4eT 3HaueHUs pasphiBa (Tabm. 4) mpu pacyeTe SKOHOMUYECKOH dPPEeKTHBHO-
CTH ITyTEM KOPPEKTHUPOBKH €€ 3TaJJOHHOTO 3HAYEHHUS, OCYIIECTBISEMOH 3a CUET MPOU3BEICHUS JAaHHOTO
koa¢p¢unmenta u KOO npu ocymiecTBieHn pacuera miathl 3a ucrnonszosanue PUC. [Ipencrasinennsie
B TabJ. 4 3HAYCHHUs pa3pbiBa B TEXHUUECKOH A dekTuBHOCTH Hcnonb3oBanust PUC mexay aTanoHHOR
CeThIO U CETSIMH OTEePaTOpOB COTOBOM MOJBMXKHOM DJIEKTPOCBA3N XapaKTEpU3YIOT CTENEHb Pa3BUTHA
JISUCTBYIOIIMX CETEH Kak MMEIoIIee NePCHEKTUBBI JIJIs JajbHeliero ocBoeHus. [Ipunaroe 3HaueHue
nfc = 4 MO3BOJISET CPaBHUBATH TOKa3aTend dPPeKTUBHOCTH UcTonb3oBaHuss PUC sTanoHHON U nei-
CTBYIOIINX ceTel B 1enioM. BeiBox 00 addexrnBHOCTH Mcionb3oBanus PUC 1 MHOTOKpUTEpUATEHEIE
peLIeHNs NPUHUMAIOTCS PaJodacTOTHON CITyKO00M TociIe IPOBEICHHUS PACUETOB.

[Tokazarens S5KOHOMHUYECKOW APPEKTUBHOCTH COOTBETCTBYET 0OpAaTHO MPOMOPIHOHATBEHOMY 3Ha-
YCHUIO TEXHUYECKOH 3(PPEKTUBHOCTH. DTO 00YCIOBICHO HEOOXOTUMOCTBIO YBEIHUYCHHUS €KErOTHON
IJIaTH 32 UCIOJIB3YEMBI CIIEKTpP OTeparopaMy B Ciydae 00pa3oBaHUs pa3pbhIBOB MEXKIY ATAIOHHBIM
" (haKTHYESCKUM 3HAYCHHUSIMH TeXHUUIEeCKOU dddhekTuBHOCTH. TakuM 0bpaszom, ueM Oojiee HedPPEKTHB-
HO HCITOJNIB3YETCs CIIEKTP, TeM 0oJIee JOPOTHM OH CTaHET ISl OTiepaTopa COTOBOM TOIBHIKHOW CBSI3H.

OmnpenenuMm 3Hau€HHE TMEPBHYHOTO 3TAJOHHOTO IOKA3aTelss dKOHOMUYECKOHW 3()(EeKTHBHOCTH.
B kauecTBe KpuUTEpHs UCHONB3YEM pa3Mep YCTaHOBJIEHHOM €XerofHoi iarel 1o BeiaesneHHoMy PUC
KOHKPETHOMY oreparopy. Tak, pazMep €XerojHoil pa3oBOW IUIaThl OAHUM KOHKPETHBIM OIEPATOPOM
paBern 1,00 (rmepBUYHBINA 3TaIOH) TOKa3aTellsl dKOHOMHUYECKOH s dexTuBHOCTH. M3 3TOTO Cliemyer,
YTO 3HAYCHUE TIOKa3aTels SKOHOMUYeckor apdextuBHOoCcTH E, > 1,00. To ecTh, ecii JaHHOE 3HAUCHUE
MEHBIIIEe €IMHUIIBI, 3TO O3HAYAET, YTO ONIEPATOP HE MPOU3BEI (JIMO0 YACTHYHO MPOM3BEIN) OTUIATY 32 BbI-
JeTICHHBIH CIIEKTp, a, CIEJOBaTelIbHO, OH MOMISKUT U3bATHIO. [lokazaTens sxoHOMHUYECKOH 3ddek-
TUBHOCTH OyIET paBeH CAMHUIIC B ClIydyae, €CJI ONeparop JOCTUTHET 3HAYCHUH KPUTEPHUEB ATaJIOHHON
cetn (TexHu4eckor 3(pHeKTHBHOCTH), B ATOM Ciydae Oreparop IMPOM3BEAET OIUIaTy B pazMepe ycra-
HOBJIEHHOW €)KETro/IHOM TUIaThl. B cirydae oOpazoBaHus pa3pbhiBa ONepaTopy MPUAETCS KOMIEHCHPOBATh
€ro TyTeM JOCTHKEHHUS IOoKa3aTeNell IKOHOMHUIECKOH 3(PPEeKTHBHOCTH BHINIE €IHHUIBI (BTOPUIHBIH
ATAJIOH), YTO 00ECIIEYNBACTCS YMHOKCHHEM YCTaHOBIIEHHOW PAa30BOii IJIATHI 32 HCITONB3yEeMBIH CIIEKTP
Ha TUHAMUYECKHN KO3 (UIUEHT OTKIOHEHHUS OT STaJIOHHON CETH.

45



Hokiansr BI'VYUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

[Ipomssenem pacder obmieii ¢ pexruBHOCTH PUC Kakmoro omneparopa MoBHKHON COTOBOM CBSI3U
10 3TAJIOHHOM MOJIENN UCXOAs U3 CIEIYIOUINX MapaMeTpoB. 3HaUCHHUS BECOBBIX KOA(P(PHUIUEHTOB TeX-
Huueckoit C; 1 skoHOMHYeCcKOH C) 3((PEKTHBHOCTEH MPSIMO MPOMOPLUOHANBHBL APYT ApyTy. JlaHHOoe
00CTOSITENECTBO 00OCHOBBIBACTCSI HEOOXOIUMOCTBIO MMOJTATHOTO YBEIMYCHHUSI pazMepa IUIaThl, OCy-
LIECTBIISIEMO OTIEpaTOpaMu 3a CIIEKTP B CIIydasix MOSBICHUS (YBEIUYCHHS) Pa3phiBa MEXY ITAIOHHON
" (pakTUIECKON CeTSMH COTOBOM MOIBIKHOM d1eKkTpocBsa3n cranmapra UMTS. B ¢Bs3u ¢ Tem, 9To co-
nuanpHast 3((GEKTUBHOCTD Ha 3Tare pa3BepPTHIBAHUS CETH MOXKET KaK NPHUCYTCTBOBATb, TaK M OTCYT-
CTBOBaTh, yCTAHOBHM B 3TOM ciryuae 3HaueHue napamerpa C; = 0. Takum oOpa3zom, ecnu odmas cymma
BecoBbIxX kKoad¢uimentoB C; + C;, + C3 = 1, a 3Ha4YEeHUS BECOBBIX KOAIPPUIIMEHTOB TexHUYeCKol C
u sxoHoMuueckort C, 3hhekTHBHOCTEN MPSMO MPOMOPLUUOHANBHEL ApyT npyry, To C; = 0,51 C, =0,5.
Paccumnraem 0011y1o 5 GeKTHBHOCTH ONIEpaTOpOB COTOBOM MOJIBHKHOMN CBSI3U 10 MPEATIOKEHHON MOJIe-
JIM C YIETOM BIUSIHUA KO3(PPULNEHTA OTKIOHEHUS OT STAJIOHHON CETH

E=C\E, + C,E,KOD + CsE,, )

e C;=0,5,C,=0,5,C3=0; E<1; E. <0,89; E, > 1; E, = 1; KOO — k03¢ punireHT OTKIOHSHUS 110~
Kazarenel 3pPEKTUBHOCTH COIVIacHO TaoI. 1.

JlJist onipe/iesieHus 3TajJoHa SKOHOMHUYECKOU 3(PPEKTUBHOCTH 10 KaXKJIOMY KOHKPETHOMY OIEpaTopy
BBITIOJTHAM aHAJIN3 €KETOMHON Pa30BO TUIATHI 3a ncmoib3oBanue cranmapra UMTS. Jlanapie pacuera
MIPUBEACHBI B TAOII. 5.

Tadauna 5. Pacyer nokazareneii 3h(heKTUBHOCTH ONEPaTOPOB COTOBO MOABMIKHON CBS3U
Table 5. Calculation of performance indicators of mobile operators

A ® A A a0 s = ® 4
Oneparop /| & £ PEEE 2 g SEEEEEE| 2E:%
neparop 2 2 c SELS c s = C Eausssg SEES
Operator =l R = £ SESZEAE| gEgE
=) £ 9 00 ) Cv 2ugbh| 285
o S e B E oE = o & E oS,
== = = = 2 s~ =
o) QNN o) 3! o6 QNN
1 0,33 0,5 1 0,5 1 0 0,665 1,67
2 0,64 0,5 1 0,5 0 0,82 1,36
3 0,54 0,5 1 0,5 1 0 0,77 1,46

Pacuer BapuaHTa NIPUHATHUS PEIICHHUS 110 PE3YJIbTaTaM OLEHKH d3(QEKTUBHOCTH UCTIONB30BaHNUS pa-
JMOYaCTOTHOTO CIIEKTpa IpUBEICH B Ta0I. 6.

Taoauna 6. Pacuer pazmepa eKerofHoi MiaTsl 3a HCIOIb30BAHUE PaINOYaCTOTHOTO CIIEKTpPa
Table 6. Calculation of the amount of the annual fee for the use of radio frequency spectrum

Omneparop Pasmep exxerongHoi miathl, €Bpo,

COTOBOM KO3, |3a ucnons3oBanue paanouactorHoro crekrpa | PasMep 10moaHATENbHOM €XErofHOM
MOJBUYKHOH |COIVIACHO IUTIaTHI, €BPO, B PECIyOIMKaHCKUN
cBsi3U / Tabm. 1 6a30BLIii axTHICCKHiT OromkeT 3a monp3oBanue PUC

Mobile operator
1 1,175 542069,60 636931,78 94862,18
2 1,075 1853722,00 1992751,15 139029,15
3 1,105 1286348,00 1421414,54 135066,54
BriBoaBI

1. Bemosnnaena oneHka 3¢ ()eKTUBHOCTH UCIIOIB30BAHUS PAIMOYACTOTHOTO CIIEKTpa Ha OCHOBE pas-
paboTaHHON WIKaJbI MHTEPBAJIOB TOKa3aTeliel OOIIel, TEXHUYeCKOH, SKOHOMHUUECKOW U COIMaTbHON
a¢dpexruBHoCTer. [Ipon3BeIcHBI pacueThl TEXHUYECKON, SKOHOMUYECKOH 1 00111eH 3P PEKTUBHOCTH UC-
MOJIb30BaHUS PAIMOYACTOTHOTO CIIEKTPA IO TPEM OIeparopaM COTOBOM cBs3HU. OmpeneneHbl pa3phIBbI
MEXIy (PaKTHIECKUMU 3HAYCHUSAMHU dPPEKTUBHOCTH U ITATOHHBIMH.

2. l[IpenoskeH BapuaHT MPUHATHS PEIICHUS 110 Pe3yJbTaTaM OLEHKH dPPEKTHBHOCTH MCIIOIb30Ba-
HUS PaII04aCTOTHOTO CIEKTpa.
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AnHoOTauus. B nociiegnue roapl akTUBHO IPOBOJSTCS UCCIIEAOBAHMUS, HAIIPABICHHbBIE Ha Pa3BUTHE KOHIIELIUU
IIOCTPOEHUS U IIyTeH TEXHUUECKOM peau3aluyu reopasapoB ¢ HENPEPbIBHBIM JIMHEHHO-4aCTOTHO-MOAYJINPOBAH-
HbIM (JIUM) m3mydenneM. KirrodeBBIMHU MPEAITOCHUTKAMHE CO3IAHUS TAKUX CUCTEM SIBIITIOTCS KOMIUICKCHBIN YUET yC-
JoBUit paboTHI pagroKaHaia B OMMKHEH 30He, BKIIOYasi 0COOCHHOCTH, CBSI3aHHBIE C MHOTOKAHAJIBHBIM TPOCAYHBa-
HUEM KOMITOHEHT 30HIMPYIOIIEr0 CUTHAIA B TPAKT NpUeMa, HATMYMEM MHOTOJIYYEBbIX OTPAXKEHUH OT YKpbIBAIOLIEH
MOBEPXHOCTH, IEPEMEHHON CKOPOCTHIO 3JIEKTPOMArHUTHOM BOJIHBI, M 00ECIeUeHne JIMHEHHOW 00paboTKU Herpe-
PBIBHOTO TPYIIIOBOTO HIMPOKOIIOIIOCHOTO PaJHOCUTHANA ¢ OOJBIIUM AHHAMHYCCKAM THana3oHoM. [IpemioxkeHa
U OTICaHa cXeMa JJabOpaTOPHOTO CTEH 1A, MPEAHA3HAYCHHOTO JUISI HCCIIEI0BAHMS M ONTHMHU3AIIUH SHEPTeTHIESCKIX
XapaKTEepUCTHUK reopasapoB ¢ HenpepblBHBIM JIYM-u3inydeHreM B pexxumax ¢ KpUTUYECKUMHU YPOBHIMU OTpaxe-
Hull. [IpencraBneHsl pe3ynbTaTbl S3KCIEPUMEHTOB 110 aHAJIU3y U ONTUMHU3ALMU [1apAMETPOB CKBO3HOM IIepeaToy-
HOHM XapaKTepUCTUKU pajroKaHaia. BbIoMHEHbl HCCIe10BaHUs OTKIMKOB JUJIsl ABYX THUIIOB aHTEHH Ha pa3HbIX
BbICOTax noaseca. [IpoBesieHa oLeHKa peakliuii CUCTEMbI Ha YBEJIMUYEHUE IIUTEIbHOCTH 30HAUPYHOIIETO UMITYJIb-
ca ¥ W3MCHCHHC THITA OKOHHOW (PYHKIMH. YCTaHOBIICHA YMITUPHUYCCKAs 3aBHCUMOCTH ITOTePh CUTHANA TIPU pac-
MIPOCTPAHEHUH B paJiiOKaHalaX reopaaapoB ¢ HenpepblBHbIM JIUM-u3inyueHueM. BolnoHeHHbIE HCClIeIOBAaHUS
MO3BOJIAT YCOBEPIIEHCTBOBATh SHEPIETUUECKHUE XapaKTEPUCTUKU TeopaaapoB ¢ HenpepbIBHbIM JIUM-u3nyuenuem,
HOBBICHB 3P PEKTUBHOCTH OOHAPYKEHHST MAJIO3ATITyOIICHHBIX M IIPUIIOBEPXHOCTHBIX OOBEKTOB.

KurodeBble ci10Ba: reopanap, HEIPEPLIBHBINA CUTHAI, TMHEHHO-4aCTOTHO-MOIYINPOBAHHOE U3ITy4EHHE.
Kongaukt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBUHU KOH(IMKTAa HHTEPECOB.

JnstuurupoBanusi. Manesuy, 1. FO. DxcniepuMeHTa IbHas ONTHMH3AINS SHEPIeTHYESCKUX XapaKTEePUCTHK reopaiapa
C HEeNpEepbIBHBIM JIMHEHHO-4aCTOTHO-MOIY/IMpOBaHHbIM M3iyuenuem / M. }O. Manesuu, A. C. Jlonaryenko //
Hoxmanst BI'YHWP. 2023. T. 21, Ne 3. C. 48-55. http://dx.doi.org/10.35596/1729-7648-2023-21-3-48-55.

EXPERIMENTAL OPTIMIZATION OF THE ENERGY CHARACTERISTICS
OF A GROUND PENETRATING RADAR
WITH CONTINUOUS LINEAR-FREQUENCY-MODULATED RADIATION

IGOR YU. MALEVICH, ALEKSANDR S. LOPATCHENKO
Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 09.12.2022

Abstract. In recent years, research has been actively carried out aimed at developing the concept of construction
and ways of technical implementation of ground penetrating radars with continuous wave linear-frequency-mo-
dulated (LFM) radiation. The key prerequisites for the creation of such systems are the complex consideration
of the operating conditions of the radio channel in the near field, including the features associated with multi-
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channel leakage of the probing signal components into the reception path, the presence of multipath reflections
from the covering surface, the variable speed of the electromagnetic wave, and the provision of linear proces-
sing of a continuous group broadband radio signal with large dynamic range. The paper proposes and describes
a scheme of a laboratory stand for LFM GPR research and optimization of the energy characteristics in modes
with critical levels of reflections. The results of experiments on the analysis and optimization of the parameters
of the end-to-end transfer characteristic of the radio channel are presented. Response studies were performed
for two types of antennas at different suspension heights. The responses of the system to an increase in the dura-
tion of the probing pulse and a change in the type of window function were evaluated. An empirical dependence
of signal losses during propagation in radio channels of LFM GPR has been established. The conducted studies
will improve the energy characteristics of ground penetrating radars with continuous LFM radiation by increasing
the detection efficiency of shallow and near-surface objects.

Keywords: ground penetrating radar, continuous signal, linear-frequency-modulated radiation.
Conflict of interests. The authors declare no conflict of interests.

For citation. Malevich 1. Yu., Lopatchenko A. S. (2023) Experimental Optimization of the Energy Characteristics
of'a Ground Penetrating Radar with Continuous Linear-Frequency-Modulated Radiation. Doklady BGUIR. 21 (3),
48-55. http://dx.doi.org/10.35596/1729-7648-2023-21-3-48-55 (in Russian).

BBenenue

B mocregame TR aKTHBHO MPOBOASTCS MCCIIEAOBAHUS, HAIPABICHHBIE HA Pa3BUTHE KOHIICTIITUU
IIOCTPOCHMUSI U MyTe TEXHWYECKOH peanm3aruu reopanapos (I'P) ¢ HempepbIBHBIM JIMHEHHO-4aCTOT-
HO-MonyupoBaHHbIM (JIUM) msnyuenuem [1—4]. KirroueBbIMEM TpeAnochIikaMu co3aanusi Takux [P
SIBIISIFOTCS. KOMIUICKCHBIH yUeT YCIIOBHU Pa0OThl pajHoKaHala B ONMKHEH 30He, BKIOYas 0COOCHHO-
CTH, CBSI3aHHBIC C MHOTOKaHAIILHBIM ITPOCAYNBaHUEM KOMITOHEHT 30Haupytomiero curaaia (3C) B TpakT
MpreMa, HaJM9ieM MHOTONYYEBBIX OTPAXEHHWH OT YKPBIBAIOIIEH MOBEPXHOCTH, MEPEMEHHOW CKO-
POCTBIO JIEKTPOMATHUTHOW BOJIHBI, M OOECIIeUeHNEe JINHEHHOW 00pabOTKH HENMPEPBHIBHOTO TPYIIIIOBO-
IO HIMPOKOTIOJIOCHOTO PaJIMOCUTHANA ¢ OONBIIMM JTUHAMHYECKAM JUAITa30HOM. DTH 00CTOSTEIIbCTBA
00yCIaBIMBAIOT aKTYaJIbHOCTh YKCIICPUMEHTAIBHOTO UCCISIOBAHMS U ONITUMHU3AINU SHEPreTUYCCKUX
xapakrepuctuk I'P ¢ JIYM 3C.

MeToz]mca NMpoBeICHUSA IKCIICPUMEHTA

[eopaanonokalmoHHOE 30HIUPOBAHUE C HCIIOJIB30BAHUEM HEMPEPHIBHOTO IIHUPOKOIIOIOCHOTO
JIYM-curnana ocHOBaHO Ha H3JIYUYCHHUHN, TOMOJUHHOM ITPUEME OTPAKECHHBIX CUT'HAJIOB U OLICHKE 4aCTOT
TTOJTYICHHBIX KOMITIOHCHT OHMEHUH (f3;), COOTBETCTBYIOITUX OTPAKAIOIINM 00BEKTaAM:

S5 = 20(r, + r,gV?)/cT, 1)

e Af = (finax —fmin) — IUAIIA30H MIEPECTPOUKH YaCTOT TeHEpaTopa, yrpasisiemoro HanpspkerneM (['YH);
7, — PacCTOSIHUE MEXK1y aHTEHHOH M TOBEPXHOCTHIO CPEBI; 7, — PACCTOSIHUE MEXK/1Y ITOBEPXHOCTBIO Cpe-
Ibl 1 3arTyOJICHHBIM OOBEKTOM; € — JUANIEKTPUYECKasi MPOHUIIAEMOCTh HCCIIEAYEMOM CPellbl; ¢ — CKO-
POCTb PACPOCTPAHEHHS SIEKTPOMArHUTHON BOJIHBI B BaKyyMe; 1}, — BPEMsI pa3BEPTKHU MO YaCTOTE.

Pazpematomas crmocobHOCTE 10 TITyOnHE, 0becTeunBaeMas KIIaCCHICCKUMH METOIaMHU CITCKTPaTh-
HOTO OLICHHMBAHUS, IS TakuX ['P onuceIBaeTcs BhIpakKeHNEM

AL = c/QAfE12). (2)

Paspemenne I'P o moBepxHoCcTH B OMMKHEW 30HE (DaKTHUECKH ONPEIEIICTCs pa3MepaMy aHTEHH,
a JUIs IOJTY4EHUsI TIOBEPXHOCTHON MPOEKLIMHU OOHAPYKUBAEMOTO OOBEKTa MPHU IUIOLIAaIHBIX UCCIIeI0Ba-
HUSX OOBIYHO BBIMIOJIHSACTCS MPOJOIBHOE U MOMEPEYHOE CKaHWPOBaHNE aHTeHHOro Onoka. [Ipu mouc-
K€ TIPUTIOBEPXHOCTHBIX U MaJI03arIyOJeHHBIX 00BEKTOB BaXKHO, HAPSAY C XOPOIIMM MPOCTPAHCTBEH-
HBIM pasperieHneM U oonpiuM (He Meree 60 nb) nurammueckum muanazonoM JIYM I'P, o6ecnieants
JHEPreTHYECKUH OaJaHC CUIHAJIOB B paJuOKaHale Ja’ke PU HaJMYUH BBICOKOTO YPOBHS OTPayKeHUI
OT YKPBIBAIOILEH TOBEPXHOCTH.

Ha puc. 1 mpencrasiena QyHKuMOHaJbHAs cxema Ja0OpaTOPHOTO CTEHAA, MPEJHA3HAYCHHOTO
JUTSL HCCIIEJOBAHUS M ONITUMU3ALUH 3HepreTuueckux xapakrepuctuk I'P ¢ JIUM 3C B pexxnmax ¢ kpu-
THYECKUMH YPOBHSMH OTPAKCHHH.
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Puc. 1. ®ynxnmoHagbHas cxeMa JJabopaTopHOTO CTEH/IA IS HCCIIEIOBAHMS TeopaaapoB
C JIMHEHHO-IaCTOTHO-MOTYTMPOBAHHBIM 30HIHUPYIOIIMM CHTHATIOM
Fig. 1. Function diagram of a laboratory stand
for linear-frequency-modulated ground penetrating radars research

B kayecTBe MOBepXHOCTH pasjiena cpej] NCTOIB30BaJICs JTUCT (HOTBTUPOBAHHOTO CTEKIOTEKCTOIH-
ta FR4 pazmepamu 125x110 cm, pacrionokeHHbIH Ha OeTOHHOW MOBEpXHOCTH. BricoTa moaseca 7, aH-
TEHHOTO OJIOKa, COCTOSIIETO U3 u3aydaronieit Al u mpuemMHol A2 aHTEHH, PETyIUpOBaIach B AMAIa3o-
ue 0,1-1,5 m.

I'P BbIMOIHEH 110 OUCTATUYECKOM CXEeME C TOMOJMHHON 00paOOTKOM MPUHIUMAEMbIX CUTHAJIOB B KBa/I-
parypHbix kKaHanax. Paguorpaxt I'P, paspaboraHHbIil ¢ y4eToM pe3yJabTaroB, MPUBEIACHHBIX B [1-4],
no3poisieT GopmupoBarh U obpadarbiBath JIUM-curHanst B auamazone 1000-2000 MI', quckpeTHO
(c momoreio muccunatuBHBIX SMA artentoaropoB (AT)) perynauposars oT mitoc 22 10 Munyc 4 nbm
BBIXOJIHYI0 MOITHOCTH 3C W anpoOupoBarhk paznuunbie THIBI anTeHH (Al u A2). Koadduument myma
TpakTa He npeBbIaeT 7 1b, a 3HaueHne TUHaAMHYEeCKoro auana3zona — He mexee 70 ab.

I'enepatop OWON AG4151 (puc. 1) popmupyet s ['YH mogynupyromuii THHEHHBIN THII000pa3-
HBIA UMITYJIbC C YIIPABISAEMBbIMU JUTUTEIHHOCTHIO, IEPUOIOM, aMIUIMTYA0N U cMerieHneM. CHHXPOBBI-
XOJ TeHeparopa B Hadalle KaXJI0ro Mepuoja MAIO00pa3HOro UMITYJIbca GOpPMUPYET CTPoO, CHHXPO-
HU3UpYytouwmii 1dpoBoi octmuiorpad B-422, uro mo3BosiseT noiaydars AecsATUpa3psIHble peann3aun
CUT'HAJIOB OMEHWH, mpuBsizaHHble BO BpeMeHH K (popmupoBanuio 3C. [lepconanbheiii kommbiotep [TK
BBITIOJIHSIET YIPaBICHUE MTPOrPaMMHBIM OOecrieueHreM ocumiorpada, Ipu MOMOIIA KOTOPOTo Mpou3-
BOJMTCS TIpeABapHUTENbHAs 00pabOTKa CUTHAJIOB, B YACTHOCTH, HAJIO)KEHHE BPEMEHHBIX OKOH, JIOTIOJTHE-
HHE CUTHAJIA HYJISIMH U BBIYMCIICHHE SHEPTeTHYECKOTO CIIEKTpa MPH IIOMOLIH OBICTPOTO MpeoOpa3oBaHus
®Dypbe ¢ BEIBOIOM PE3yNIbTaTOB HA MOHUTOP B pEaIbHOM BPEMEHH U YIOOHOM ISl BOCTIpUATHS (hopmare.

JKCIePUMEHTAJNIbHAS YACTh U 00CY:KIeHue pe3yibTaToB

Ha nepBoM 3tare ucciieoBaHuil sHepreTuieckux xapakrepuctuk JIUM I'P BbInosHsAIN KCnepu-
MEHTHI 110 aHAJIN3y U ONTHUMU3AINK apaMeTPOB CKBO3HOW IEPENAaTOYHON XapaKTEpPUCTUKU paHoKa-
HaJa IpH 1ojHoM oTpaskeHuH 3C oT nucta GoIbIupoBaHHOIO cTeKIoTeKcTonuTa. Ha puc. 2 npuBeneHbl
pe3ynbTaThl BBIXOAHBIX criekTporpamMM I'P ams pazmuusbix 3aryxanuii AT: 0, 10, 20 u 26 nb. IlepBsrit
BBICOKHH OTKJIMK Ha TpauKax COOTBETCTBYET OTPAKEHHIO OT PaCKphIBa aHTEHHBI A 1, BTOpOi (MapKupo-
BaHHBIN) C aMIUTUTYIHBIMHU 3HAYCHUSIMHA COOTBETCTBEHHO —1,5 nbwm; —5,2 nbm; —13,0 nbm u —18,9 nbm —
OT METaJUTM3UPOBAaHHON MoBepxHOCTH. Ha crekrporpammax puc. 2, a, b 3apuKCHpOBaHbI KOMIIPECCHS
IIPUHSTOTO CUTHAJIA U «IIEPETEKaHUE» SHEPTHH N3 OCHOBHOIO JIeTIecTKa B cocennue. Habmronarores taxoke
HCKAXEHHSI aMIUTUTYIHON CTPYKTYPBI OTKJIMKOB C BBICOKUMH YaCTOTaMH OMEHUH M yMEHbILIEHUE TUHAMH-
YECKOTO IMara3oHa BEIXOJHOTO CUTHAJIA.
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Puc. 2. DKcriepuMeHTAIbHAS ONTUMHU3ALMS CKBO3HOHN [IEPEIaTOYHON XapaKTePUCTHKH PaliOKaHaIa
C JINHEHHO-4aCTOTHO-MOLYIMPOBAHHBIM T'€0pajapoM
Fig. 2. Experimental optimization of the end-to-end transmission characteristics of radio channel
with linear-frequency-modulated ground penetrating radar

CriekTporpamMMmebl Ha pHc. 2, ¢, d TIOKa3bIBalOT CXOAHBIN XapaKTep MOTyUYeHHBIX peai3aliii U IpoIop-
LIMOHAJIBHOCTh Peakiuii Ha BHOCUMOe AT-3aTyxaHue, 4TO CBHIIETEILCTBYET 00 OTCYTCTBUH MEPErpy3Ku
panuokaHaa.

C y4eToM MosydeHHBIX XapakTepucTuk I'P 11t mpoBeneHus mocaenyommx 3KCIepUMEHTOB MOIII-
Hocth 3C ycTanaBnuBaiachk Ha ypoBHe —4 nbm. Ha puc. 3 mocnenoBarensHO (CBEpXy BHH3) TIPEICTAB-
JIeHBI pe3yNbTaThl JabopatopHoro TectupoBanus ['P ¢ paznuunsiMu BeicoTamu nozaseca (7, = 150; 100
u 50 ¢cM) HaJl METaJTU3UPOBAHHON TTOBEPXHOCTHIO aHTECHHOT'O OJI0Ka ¢ pyropamu (puc. 3, a) u Onoka u3
aHTeHH THMa «6abouka» (puc. 3, b) [5].

AHanu3 criekTporpamwm, rmoiyueHHsIX B I'P ¢ pynopubsiMu antenHamu (puc. 3, @) TOKa3bIBaeT BHICO-
KYIO CTEIEHb MPOCTPAHCTBEHHOW KOHIIEHTPAIH SHEPTHUN B PaJUOKaHAJIE, YTO TapaHTHPYET XOpoIee
paspernieHre Takoro mpudopa Mo MOBEPXHOCTH MPH TUIOMAIHBIX HCCIeoBaHuAX. OAHAKO B BBIXOTHOM
CHEKTpe HaOII0aeTCs MOIIHBIA OTKIIUK, OOYCIIOBICHHBIA OTpakeHNUEM OT pacKkpbiBa Al, KOTOPHIHA MpH
MPUOIKEHNH aHTEHHOTO OJI0Ka K YKpPBIBAIOIIEH MOBEPXHOCTH MOXKET MaCKUPOBaTh OOBEKTHI TIOMCKA,
pacmonoxxeHHble B OmmkHel 30He [P,

st anTeHH «0abo4yka» Hall METAUTM3UPOBAHHON MOBEPXHOCTHIO (pHC. 3, b) OYEBHIHO, UYTO ypO-
BEHb BBIXOJHOTO CHTHAJIa JJIsi BCEX BBICOT TO/IBECA B CPABHEHHH C PYNOPHBIMH aHTEHHAMHU MEHBIIE
Ha 7-8 nb, 4TO MPaKTUYEeCKH COOTBETCTBYET pasHHIE B KOID(DUIIMEHTAX YCHUIICHUS 3TUX aHTEHHBIX
0710KOB. 3aMETHO TaK)Ke BIMSHHUE PACIIONOKEHHS JJIEMEHTOB J1a00paTOPHOI YCTAaHOBKH Ha PE3YNIbTAThI
M3MEpPEeHN MPH YMEHBIIEHNH BBICOTHI MTOJIBECA aHTEHHOTO 010Ka. OIHAKO OTKIIMK OT METaJUINYEeCKOM
MTOBEPXHOCTH B TakoM [P sBiisteTCss MOMUHUPYIOIIMM M XOPOIIIO CIIEKTPAIbHO CTPYKTYPHUPOBAH, YTO IO~
3BOJISIET HAEKHO [2, 4] 00HapyMBaTh MPUITOBEPXHOCTHBIE M MaJI03arTyOJIeHHbIE OOBEKTHI.

Ha puc. 4 mpencraBieHsl pe3yabTaTsl JabopaTopHOTO TecTHUpoBaHus [P ¢ anTennamu tuma «6abou-
ka» [5] g Tpex BoicoT noaseca (. = 150; 100 u 50 cm) Hag OETOHHBIM OCHOBaHHEM.
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Puc. 3. DKciepuMEHTAIbHBIC HCCIICIOBAHUS OTKITHKOB JIHHEHHO-4aCTOTHO-MOTYTHPOBAHHBIX re0paapoB
C pPerylnupyeMoi BbICOTOH MO/IBECA AHTEHH HaJ METaJUIM3UPOBAaHHON IIOBEPXHOCTHIO
Fig. 3. Experimental studies of linear-frequency-modulated ground penetrating radars
with adjustable antenna suspension height on the metallized surfase

DKCIeprUMeHTaJIbHbIE 3aBUCUMOCTH Ha PUC. 4 TIOKa3bIBAIOT, YTO HApPSAIy C MOJO0MEM aMIUIUTYTHON
CTPYKTYPBI CIIEKTPOrpaMM, YPOBEHb OTPa’KEHHOTO OT MOBEPXHOCTH CUTrHasa Ha 7—8 nb MeHblie, yem
B cllyyae JucTa (oIbrHpOBaHHOTO CTEKIOTEKCTOINTA (pHC. 3, b). Takke UMEET MECTO HaJIMYUe yBEJIH-
YeHusi ITyOuHbl ipoHuKHOBeHUsI 3C B cpely 30HIUPOBaHUs, YTO (PUKCUPYETCsl OONBIINM JAWHAMHYC-
CKHMM Auaria3oHOM aMIUIUTY/ OTKJIMKA B }IaJIBHeﬁ 30HEC CIICKTPOTrpaMMBIL.

Ha puc. 5 npencraBieHbl pe3ysibTaThl BBIYUCICHUM TOTEPh CUTHANIA P, TPU paclpoCTPaHEHUH B pa-
muokanase JIUM I'P B 3aBECHMOCTH OT BBICOTHI TIOABECA OJIOKA aHTEHH 7, IS OTPAYKAIOIINX ITOBEPXHO-
cTel u3 (hONBrIPOBAHHOTO CTEKIOTEKCTOINTA B OETOHA.
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Puc. 4. DxcriepiMeHTaIbHBIE HCCIIE0BAHHS OTKINKOB JIMHEHHO-4aCTOTHO-MOY/INPOBAHHBIX T€OPaaapoB
C peryaupyeMoii BICOTOM MOABECa aHTCHH THIIA «0abouka» HaJ OCTOHHON MMOBEPXHOCTBIO 7, CM:
a—150; 5 —100; ¢ —50
Fig. 4. Experimental studies of linear-frequency-modulated ground penetrating radars
with adjustable height suspension of “butterfly” type antennas above the concrete surface r,, cm:
a—150; 6—100; ¢ —50

C noctatoyHOM JUIsl MPaKTUKKU TOYHOCTBIO MOTEpH CUrHana P, b, npu pacnpoCTpaHEHUH B pauo-

kanasie JIYM I'P MoryT OBITH anmpoKCUMUPOBAaHBI 3aBUCUMOCTBIO

rae

Pnzoalrz—'—Mpc_GaGa (3)

My, — SMIIEPUYECKUI NONPABOYHBIH KOI(QQUIIMENT, 3aBUCALINI OT TUIIA IOBEPXHOCTH PasJIea Cpe

(no1s 6eTona M, ~ 28 nb, 1y MeTamuecKkux nMoBepxHocTed M, = 20 1b); G,5 — ko3 Punmrent ycu-
JIEHUS aHTEHHOTO OJIoKa, 1b.

P

w, Ab < <<6a6%0t11<14»,

4 -7 TOH

- &
35 o - o «0abouxny,
P _- - omsra Puc. 5. 3aBucUMOCTb TIOTEPh CHI'HAJIA TIPH PACHIPOCTPAHEHUT
30 - e . DPymopeL, B panOKaHa aX JTMHEHHO-4aCTOTHO-MO/LYIHNPOBAHHBIX
25 _ - _< (omera reopazapoB OT BBICOTHI ITOBECA
s € Fig. 5. Dependence of losses propagation
20 o - in linear-frequency-modulated
154 ground penetrating radars radio channels
on the height of the suspension
10 T T T T T T T
50 100 150  rcem
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Puc. 6. Pe3ynbrarsl TeCTHpOBaHUS JTMHEIHO-4aCTOTHO-MO/YJIMPOBaHHBIX Fe0paIapoB:
@ — [JIst JUTTENBHOCTEH JTMHEHHOTO MUI000pasHoro umyibea (ceepxy Buu3) 7, = 10,24 mke u 7, = 102400,0 mkc;
b — ¢ TmaMu OKOHHBIX (PYHKIHH (CBepXy BHH3) — IPsAMOyToiIbHBIM 1 Kaiizepa, B =4
Fig. 6. Linear-frequency-modulated ground penetrating radars test results:
a — for durations of a linear sawtooth pulses (from top to botton) 7, = 10.24 us and 7, = 102400.0 ps;
b — with types of window funetions (from top to botton) — rectangular and Kaiser, p =4

YBenMUeHNE JUTUTEIFHOCTH MOIAYIHpytomero nMiyibea ¢ 10,24 mxe g0 102400,0 Mkc ipuBOIUT
K TIPOTIOPIHOHAIIEHOMY CMEIIEHUIO COCTABIIAIONINX KOMIIOHEHT OMEeHNH K Ha4ally KoopauHar. To ecTh
[IMPHHA CIIEKTPa OTPAKEHUH YMEHBIIAETCsI, HO 0€3 N3MEHEHUS! pa3pelaroniell ciocoOHOCTH CUCTEMBI.
Ha BepxHe#i cniekrporpamme puc. 6, a 4eTko GuKcupyercs o01acTh, BbaesieMas GUIbTpPaMH HUXK-
Hux yactor I'P, Ha HWKHEN BUIHO, YTO YBEIMYEHHE NIUTENbHOCTH T), moBbimaetT suepruto 3C. 91o
MO3BOJISICT YIIyUYIIATh OTHOIICHHE CUTHAI/IIYM U Pa3euTh BIMSHUE IIYMOB TPAKTa U ITYMOB aHAIO-
ro-uugpoBoro npeodpazoparens. M3MeHeHne OKOHHBIX QYHKIMH (pUc. 6, b) IPUBOAMT K aJIeKBATHBIM
peaxmusam JIUM I'P. [ToatroMy ux 11ox00p MOXKET OBbITh BBHITIOJIHEH HA CTaJMU HACTPOMKH PEKUMOB pa-
60161 ['P smmmpuyecku, coOtoas KOMIPOMHUCC MEXKILy YPOBHEM OOKOBBIX JIEIECTKOB CHEKTPAILHOTO
npeoOpa3oBaHus M PaCUIMPEHNUEM ITIABHOTO JICTIECTKA.

BoiBoaBI

1. PaccMoTpeHBI BOTIPOCH pa3pabOTKH U TEXHUIECKOW peaTu3aliiy JJabopaTopHOTO CTEHIA JJIS FC-
CJIEJIOBaHUS M ONTHMH3AINHA YHEPTeTUIECKUX XapaKTePUCTHK TeopajapoB C HENPEPHIBHBIM JIMHEH-
HO-4aCTOTHO-MOJIYJMPOBAHHBIM H3ITy4Y€HHUEM B PEKUMaX C KPUTUYECKUMHU YPOBHSAMHU OTPaKECHHI.

2. I[IpencraBieHbl pe3yabTaThl SKCIEPUMEHTOB 10 aHATN3y W ONTHMHU3AINAN [TapaMeTPOB CKBO3HOM
MepeaTOYHON XapaKTePUCTUKH paJioKaHa a. BITOIHEHB! NCCIENOBAHHUS OTKIUKOB JIIS IBYX THIIOB
AaHTCHH Ha pPa3HBIX BBICOTAxX mMojaBeca. [[poBeneHa oleHKa peakiuii CHCTEMbI Ha YBEITMYECHUE JTUTEIh-
HOCTH 30HIUPYIOIIETO UMITYJThCa i MI3MEHEHNE THUIIa OKOHHON (DYHKIMH. YCTaHOBJIEHA SMIUpPUYECKas
3aBUCHMOCTh TIOTEPh CHTHAJIA NP PACIPOCTPAHEHUH B pPaJlMOKaHallaX TreopaiiapoB C HEMPEepPHIBHBIM
JUHEHHO-YaCTOTHO-MOAYJIUPOBAHHBIM U3ITyUCHHUEM.
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3. HpOBGI[GHHI:Ie HCCJICAOBaHUs IMMO3BOJIAT YCOBCPIICHCTBOBATD SHEPICTUUCCKUEC XAPAKTCPUCTUKN
reopaapoB € HCIPCPbIBHBIM J'II/IHef/'IHO—"IaCTOTHO-MO,I[y.TII/IpOBaHHLIM HU3JIYyUYCHUECM, IIOBBICHB 3(1)(1)6KTHB-
HOCTb O6Hapy)KCHI/I$I MaJ'IO3aFJ'Iy6J'ICHHI:IX 1 IPpUITOBEPXHOCTHBIX 00BEKTOB.
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ABTOMATHYECKAS BAJJAHCHPOBKA ITYTEA
®U3NYECKHU HEKJIOHUPYEMOM ®YHKIIUA TUTIA «<APBUTP»

A. 0. ITAMBIHA, A. A. UBAHIOK

Benopycckuii cocyoapcmeennblii yHugepcumen uHGOPMAmuKu u paouod1eKmpoHuK
(2. Munck, Pecnybnuxa Benapycs)
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© benopycckuii TOCYIapCTBCHHBIH YHUBEPCUTET HHPOPMATHKH U PaIHOICKTPOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AHHoTanusi. PaccMoTpeHbl 0COOCHHOCTH MOCTPOEHUS Ha 0a3e MpOrpaMMHPYEMBIX JIOTHUECKHX MHTETPATIbHBIX
cxeM (PM3NUECKH HEKJIOHMPYEeMBIX QyHKIuMH Tnna «apoutpy» (AGH®). O6o3HayeHa npobiaeMa acHMMETPUH T1ap
nyteit AOH®, oTMeueHO HeraTuBHOE BIUSHHUE JAHHOTO SIBJICHUSA HA UX XapakTepucTuku. [IpuBeaeHo omucanue
BPEMSU3MEPHUTEILHON CHCTEMBI Ha 0a3e CXEMBI KOJIBLEBOTO OCIMIUISTOPA, UCIOJIB3YyEeMOH Il aHaJIn3a BPEMEH-
HBIX XapakTepucThk myreit AOH®. [Ipenoxkena MeToinKa aBTOMaTHYECKON OalaHCUPOBKH 3aJIepIKEK pacipocT-
panenus curxana udepe3 mythi AOH® Ha ocHOBe pacueTa KOPPEKTHPYIOIIEro 3HAYCHUSA. DKCIIEPUMEHTAIBHO
MIOATBEPKICHA COCTOATEILHOCTh METOANKN OATAHCHPOBKH NCXOJIs M3 yiydmieHus xapakreprucTik AOH®D mocne
ee npuMeHeHus. [IpeacraBieHo cxemMaTHueckoe pelieHne JaHHOH METOAUKH, KOTOPOE MOXKET JIedb B OCHOBY pa3-
pabOTKM CXeMBbI aBTOKOPPEKLINH 3a/eprkek uepe3 mytn AOH® ¢ pa3nnyHbIM ypOBHEM aBTOHOMHOCTH.

KaroueBbie cioBa: ¢usuyeckas kpunrtorpadusi, (puU3MYecKH HEKIOHHUpyeMble (QYHKIHMH THIA «apOUTpy,
KOJIBIIEBOH OCLIMJUISATOD, aBTOMAaTHYeCKast OaJlaHCHPOBKA, IIPOrPaMMHPYEMBbIC JIOTHYECKHE HHTETPAIbHBIC CXECMBI.

Kondaunkt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jasa nurupoBanus. Illameira, A. FO. ABromarndeckas OamaHCHpOBKa MyTell (QH3MUECKHM HEKIOHHPYEMOI
¢ynkmy tana «apoutp» / A. 0. Hlamena, A. A. MBantok // Joxmaast BI'VUP. 2023. T. 21, Ne 3. C. 56-62. http://
dx.doi.org/10.35596/1729-7648-2023-21-3-56-62.

AUTOMATIC BALANCING
OF “ARBITER” PHYSICAL UNCLONABLE FUNCTION PATHS

ARTSIOM YU. SHAMYNA, ALEXANDER A. IVANIUK

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 10.02.2023

Abstract. The features of building on the basis of programmable logic integrated circuits of “arbiter” physical
unclonable functions (APUF) are considered. The problem of asymmetry of pairs of APUF paths is indicated
and the negative impact of this phenomenon on their characteristics is noted. A time measuring system based
on a ring oscillator scheme, which is used to analyze the time characteristics of APUF paths, is described. A method
for automatic balancing of signal propagation delays through the APUF paths based on the calculation of the cor-
rective value is proposed. The consistency of the proposed balancing technique is experimentally confirmed based
on the improvement in the characteristics of the APUF after its implementation. A digital scheme of this technique
is presented, which can form the basis for the development of a delay auto-correction scheme through APUF paths
with different levels of autonomy.
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BBenenune

[Ipumenenune gusndeckn HekIoHUpYeMbIX PyHKIME (DH®D) [1, 2] apnseTcs omHUM U3 TEpCHeK-
TUBHBIX HalpaBlIeHUN pa3BUTUS (pu3nueckol kpunrorpaduu. PemeHns Ha UX OCHOBE 3aCHCTBOBAHbI
B 00JacTsX 3alIUTHl HU(PPOBBIX YCTPOHCTB OT HENErajJbHOTO KOMMPOBAHHS M MCIIOJIB30BAHUS, IPOTO-
KOJIaX ayTeHTU(HUKAINU, TIPOBEPKH TOUTMHHOCTH, a TAKXKE KaK MCTOYHUK CIIYYalHHOCTH B Pa3IMUHOTO
pona reseparopax CiydyaHbIX YUCEN.

Ocoboe mecto cpenu BugoB OHO zarammaror PHO® tuma «apoutpy (APH®) [3]. x npuHmImAT
paboTHl OCHOBBIBAETCS Ha PA3IMUHUAX B TPOXOXKICHUU CHTHAJIA Yepe3 CUMMETPUYHBIC ITyTH ITU(PPOBBIX
YCTPOKMCTB. 3a4acTyl0 YCIIOBHE CHMMETPHH Mapbl MyTEH SBIISETCS 00s13aTeIbHBIM 1151 QYHKIIMOHUPOBA-
Hust AOH®. OniHako Ha MpakTHKE JaHHOE YCIOBHE CIOXKHO coOnroctu npu peanuzannn AOHO na Ta-
KUX MOMYJISAPHBIX Tuardopmax, Kak MporpaMMUpyeMble Jiornueckue uHTerpaibabie cxembl ([TJIUC).
B crartpe mpennaraercst moaxon k cuHTe3y cxem ADH®, ocHOBaHHBIM Ha KOPPEKTUPOBKE 3aBEIOMO
HECUMMETPHUYHBIX TIap MyTeH, 4TO MO3BOJISIET YAYUIIUTh OCHOBHBIE XapakTepucTuku AOHO.

AHaJu3 3a/iep:KeK yepe3 NyTH GpU3NYeCKU HEKJIOHUPYEeMbIX (PYHKUMI THIIA «apOuTp»

Jliist OLleHKH HEOOXOAMMOCTH KOPPEKLHUH IPOBEAEHBI SKCIEPHUMEHTAIBHBIC UCCIEIOBAHMS ITyTeH
knaccnueckoit cxembl ADH®, mocTpoeHHBIX Ha TOCIIEA0BATEIEHO COSIMHEHHBIX /1 TApax MYJIBTHILICK-
copoB [3]. C uensto n3MepeHus 3HAYEHUH 3a/IepKEK paclpocTpaHEHHs CUTHANOB depe3 myTn ADHO
OblIa CIPOEKTUPOBAHA U PEeaIM30BaHa Ha T1aTe ObICTPOTro MPOTOTUIHNPOBAHHS SKCIIEPUMEHTAJIbHAS yCTa-
HOBKa (puc. 1), comeprkaliast BpeMsn3MepUTENIbHYI0 CUCTEMY Ha 0a3e CXeMbI KOJIBLEBOTO OCIIMILIATOPA.

BSP.________ 1
| Link, Link; Link, |
| Ao R A 4, A 1IN
Pulse ! | & Counter
Control _I_ |NAND | = >
unit By |80 B B B, 5. | |5
| | W
| 1 i 1 | SEL PATH

co='0" o=l Cp='0"

Puc. 1. Cxema BpeMsIU3MEpHUTEIILHOM CHCTEMBI Ha 0a3e KOJIBIIEBOTO OCIHILISITOpa
JUISL KIIACCHYECKOM CXeMbI HEKJIOHUPYEMBIX (DYHKIMH THIIA «apOuTp»
Fig. 1. Scheme of a time measuring system based on a ring oscillator
for a classical scheme of “arbiter” physical unclonable functions

CTpyKTypa dKCIIEpUMEHTa aHAJIOTUYHA cXeMe, onucaHHoi B [4]. Cxema comepuT OJIOK yrpasie-
Hust Control unit, anemenT NAND, o0OecrieunBaronuii yrpasjieHue padoToi CXeMbl B PEIKUME OCIIHII-
JATOpA, a Takxke uccieayemslii 0ok cumMerpuunsix myTei (BCIT) BSP, ucnons3yemslii B kitaccuye-
ckoit AOH®. BCII cocrouT M3 mociemoBaTeIbHO COSNMHEHHBIX 3BeHBbEB Link;, i€[0, n—1], kaxmoe
13 KOTOPBIX 00ECTIeunBaeT MPSIMYIO JTHOO0 MEePEeKPECTHYIO Tepeady CUTHANIA ¢ YHUKAJIbHON 3aepKKOH
C BXOJI0B A; 1 B; Ha BbIX0OIbl 4 ¥ B/ COOTBETCTBEHHO B 3aBHCHMOCTH OT 3Ha4eHus paspsiaa c;€ {0, 1}
3anpoca C. TakuM oOpa3om oOecrieunBaeTcs: pyHKIMOHUPOBAHUE Taphl myTeld 4 U B, KoTophie OyayT
0071a1aTh YHUKATBEHON KOHPUTYpAMEeH I KaKIOTO 3HAYCHHS 3arpoca. g mojcuera UMITYIIbCOB,
TeHEePUPYEMBIX CXEMOW B PEXKUME OCIFIUISIIINN, IPUMEHAETCS TBOMYHBIN CHHXPOHHBIH cueTdnk. O60-
3HAYUM 33JePKKY pactpocTpaHeHus depe3 nytd 4 u B kak A, 1 Az COOTBETCTBEHHO. /IByXBX0/0BOI
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mynbTHIIekcop MUX2x1 ucnione3yercst 47151 BbIOOpa aKTUBHOTO Iy TH Ha OCHOBE 3HAYCHUS CEIEKTUPY-
romero curnana SEL PATH. PazHuny Mexny 3aep KKaMH ITPOXOXKIEHUS TECTOBOTO CUTHAJA JIBYX ITy-
TeH 111 OTHOTO 3ampoca onpenenum kak A(A 4, Ag). IlepeBoa 3Hauenus cueranka Countp,,;, B BENTUINHY
3aJIepKKu Ap,y, The Pathe {A, B}, nist KaXJ10T0 U3MEPEHUs OCYIIECTBISCTCS 10 (hopmyrie

Mw

Apon = >
Countp,,

Pan = (1)
e MW — OKHO U3MEPEHHUS.

JU1st OLIeHKH BPEMEHHOTO PACIPEAETICHUS 3aA€PKeK ISl Iy TH MCIIOIb3YeTCsl OLIEHKa cpenHeapud-
METHYECKOTO 3HAYECHHUS 3a/IePKEK, KOTOpPOE onpenensercs no Gopmyrne

N-1
D Ap(C))
k=0

N

e N — KOM4ecTBo 3anpocos; C; — HEKOTOPhIH (UKCHPOBaHHBIH 3ampoc, j € [0, N-1] — nopsaakoBblii
HOMED 3a1poca.

OKcrepuMeHT TpoBoAWIHN Il mapsl yteit AOH® ¢ xonmnyecTBoM 3BeHBEB 1 = 64. Beero Obuio
nomano N = 4 - 10° 3ampocoB, CO3aHHBIX C HCIOJIB30BAHHEM TeHepartopa M-1ocien0BareIbHOCTH
Ha 6a3e LFSR. DkcnepumeHT ocynecTBIsUIN Ha miiate ObicTporo npoTotunuposanus Digilent Nexys 4
Juist uetbipex koruit AOH® na omnom kpucramie ¢ [TJIMC Artix-7 xc7al00t csg324-1. MuHnekcs! Ko-
it AOH® onpenensuu kak de[0, D—1]. Bpemennoe okHo u3mepenuit MW = kPgys o1k = 0,384 wmc,
e k — koaddumuent macmrabuposanus (npuruMany k = 38 400), Pgys ¢;x — PO CHCTEMHOTO
CHHXPOCHTHANA, Pgyg oy x = 10 HC. Pe3ynsraTsl n3MepeHHbIX 3aepikek A, 1 Ag onHo# n3 kormit AOH®
¢ unaekcoM d = 0 Ha OJIHOM KPHUCTaJLile NpeCTaBIeHbI Ha puc. 2 U B Tabm. 1.

: @)

[ Path —

0,0016 1 1001 — A (84, D)
! —— A
0,0014 1 : 751 ; (Ha pis) :
= 1 i
£ 0,00121 ! 504 B 0 Ala, Up)= 019 e
2 1 g
5 0.53
5 0,0010 i — g 25
£ ] A 2
g 0.0008 ! e <00
: 0,0006 : 325
1
’ES 0,0004 4 : 50
1
0,0002 : -7,5
1
0,0000 A, pig) = 0.19 e -10.0
21 2 23 24 25 26 27 28 0 50.000 100.000 150.000 200.000 250.000 300.000 350.000
Apath, He J
a b

Puc. 2. BpemeHHOe pacnpe/ieieHHe H3MEPEHHBIX 3a/IepiKeK ISt CXeMbl (PU3HYEeCKH HEKIIOHUPYEMbIX (QYHKLIUH
THIA «apOuTP» ¢ n = 64: @ — INIOTHOCTH PACIIPe/ICIICHUs 3HAUCHH 3a/IepKeK; b — pasHHIIA 3aePKeK
Fig. 2. Time distribution of the measured delays for the “arbiter” physical unclonable functions scheme
with n = 64: a — distribution density of delay values; b — delay difference

Ta0nnua 1. BpemeHnHble XapaKTepUCTUKU NyTel 4 u B
JUISL YETHIPEX KOMUH (PU3MUECKH HEKJIOHUPYEMbIX (PyHKIUH THIIA «apOonuTp»
Table 1. Time characteristics of “arbiter” physical unclonable functions paths 4 and B for four copies

d My K A(py, pp), HC
24,46229 2427132 0,19097

1 23,26062 23,26379 —-0,00317

2 24,99607 25,08964 —-0,09357

3 22,83252 22,90313 —-0,07061
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Kak BumHO m3 puc. 2, rpadMkd BPEeMEHHBIX pacIpeielieHHi 3aepikeK s ABYX MyTel KOmui
ADH® caBuHYTB OTHOCHTEIILHO JPYT JApyra BO BPEMEHHOW OONACTH, YTO MOXET OBbITh BBIpaXKe-
HO KaK pa3HULIa MEXAY CPEIHUMHU 3HAYCHUSIMU 3aJCPKEK IS ABYX MyTEH [y U Ll COOTBETCTBEHHO.
Oror (akT noATBepKIACTCS U JaHHBIME TabOn. 1. Hanuuue Takoro ciBura CBHJIETEILCTBYET 00 acuM-
METPHUHU TIOCTPOSHHBIX IMyTel. CBsI3aHO 9TO, MPEXKIIE BCETO, C peaau3alyeil paccMaTpuBaAEMON CXEMBbI
Ha [IJIMC u ee aBTOMaTH3UPOBAaHHBIM CHHTE30M. Takas 0COOCHHOCTh MOXET IIPUBECTH K YXYIIIICHHUIO
xapakrepuctuk AOHO.

BanancupoBka nyreil pu3ndeckn HeKJIOHUPYeMbIX QyHKIMI THIIA «apOUTP»

Mertonosnorust nocTpoeHus u ucronb3oBanus AOH®D croguTces k onpeaeneHnio U3 mapel MyTH, KO-
TOPBII IPX HEKOTOPOM 3arpoce obnagaer OombLiel (MM MEHBILEH) 3a1epKKOH IPOXOKACHHUS TECTO-
BOTO MMITYJIbCa ¥ BBIPAOOTKM Ha OCHOBE 3TOro O6uta otBeta R, e Re {0,1}. AHanuTHYECKH 3Ty Tpo-
LEypy MOXKHO CBECTH K onpenenennio snadenus A(A4(C)), Ag(C;)). Takum o6pasom, 3HadeHrEe OuTa
oTBeTa R Oy/1eT COOTBETCTBOBATH 3HAKY paccunTanHoi pasHuibl A(A4(C)), Ap(C))). Ilpu Takom noaxozne
BaXHBI HEe a0COJIOTHBIE 3HAYCHUS 3a/IepKeK, a pa3HuIa Mexy HuUMH. [losToMy mpu HemocpenacTBeH-
HOM WX W3MEPEHHH MOXHO TPOU3BECTH MPOLEAYPY KOPPEKIHH, BKIIOYAIONIYIO TPEABAPUTEIHLHOE
BBIYHCIIEHNE CPEAHMX 3HAYCHUH 3aJep>KKU U KaXkI0Tro MyTH [Ly U [z U ONpENeleHuEe KOPPEKTH-
pytomiero 3HaueHust A(LLy, [ig). 3aTeM MONyuyeHHasl BEIMYMHA MCIIONB3YETCs I KOPPEKIHUU Ka)10TO
usmepenus [4]. OqHUM U3 CrIoCOOOB OLICHKU CITy4aliHOCTH BbIpabarbiBaeMbiX 0TBeTOB @H®D siBisiercs
pacueT MeTpuKH ernHoo0paszus Uniformity, KOTOpas BRIpakaeT OTHOIIEHUE HYJIEBBIX U €MHUYHBIX OT-
BetoB @H®. B cTarhe nanHas MeTpuka NpuMEHAeTCsl B HOPMAJIU3UPOBAHHOM K € IMHUYHOMY 3HAYEHUIO
BHJIE corTacHo popmyre

R-1R)|

Uniformity =1—
iformity N

3)

e [Ro|, |R;| — MomHOCTh MHOKECTB 0TBeTOB @H®D R =0 u R = 1 COOTBETCTBEHHO.

Paccunrannas xapakrepuctika eqnHoo0pasust orBetoB AOH® cocraBuna mitst d =0 Uniformity=0,8.
Takoe 3HaUEHHE MOXKET SIBISTHCS HEYIOBJIETBOPUTEIBHBIM JJIsl OONBIINHCTBA MPUIOKEHUH, TAE HC-
nonb3ytoTest PHO. C uenbio npoBepkH JaHHOTO MPEION0KEHNs BEIYUCIISUIA CPeTHIE 3HAYCHUS IS
Ka)K0T0 ITyTH, IPUYEM IPHU pacyeTe CPEAHETO HCII0Ib30BAIOCh pa3IMuHOe YHCII0 U3MepeHuil F. 3atem
OHH OBUTH TIEPECUNTAHBI C YUETOM KOPPEKIIUH BETMUMHBI MeTpuku Uniformity IUist pa3HbIX BapUAHTOB
KOPPEKTUPYIOIIETo 3HaYeHUS (puc. 3).

1,000 -

0,975

0,950 1

0,925 -

0,900 -

s

Uniformity

0,875 1

0,850 -

0,825

0,300

20000 40000 60000 80000 100000
F

o 4

Puc. 3. 3aBHCHMOCTb METPUKH OT KOJMUECTBA U3MEPEHUIT
JUTSA pacdeTa CpeIHero 3HaueHHs (YU3NIeCKH HEKJIOHUPYEMBIX (PYHKIMN THITA «apOuTp» ¢ n = 64
Fig. 3. Dependence of the metric on the number of measurements
to calculate the average value for the “arbiter” physical unclonable functions scheme with n = 64
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Kax BugHO 13 puc. 3, IpH pacueTe KOPPEeKTHPYIOIIEeH BETMUMHBI OT OOJIBIIEro 3HAYeHUs F 1 1ajb-
HEeHIe KOppeKIHH BCEX H3MEPEHHH OSKCIEPUMEHTa YAydIlaeTcs XapaKTepHCcTHKa eanHooOpa-
3us Uniformity. I'paduk BpeMEHHOTO pacmpesesieHHs MOTyYeHHBIX 3a/IePKeK ¢ YUETOM KOPPEKLIUH
npejcTaBlieH Ha puc. 4.

0,0016 10,07 mmmm A (Ag, Ag)

00014 1 75{ =7 Altaks) :
= 1 3
Z 0,012 5,01 0 Allla, Hs)= (000001 e
] :
5 0.498
i 0,0010 —
5 — b
20,0008 4
g == Us
-}
50,0006 1 TTT Ha
=)
=
50,0004 4
=
=

0,0002 1

0,0000 1 Aia, Lg)=0.000001 e

21 22 23 24 25 26 27 28 0 50.000 100,000 150.000 200.000 250.000 300000 350000
Dpath, HE j
a b

Puc. 4. BpemeHHOE pacmpe/ieieHne H3MEPEHHBIX 3a1epPiKeK ¢ MPUMEHEHUEM KOPPEKIIHH
JUTSL CXeMBI (PU3HUECKU HEKIIOHHPYEMbIX (DYHKIMI THIIA «apOuTp» ¢ 1 = 64:
@ — IUIOTHOCTb pacIipe/ieNIeHust 3HaYCHUIT 3a/Iep)keK; b — pa3HUIIA 3aJIepPIKeK
Fig. 4. Time distribution of the measured delays with correction applied
for the “arbiter” physical unclonable functions scheme with n = 64:
a — distribution density of delay values; b — delay differences

C y4eToM MoJTy4YeHHBIX Pe3yIbTaTOB MOKHO MPEION0KUT, YTO JJOOUTHCS TPUEMIIEMOTO 3HAYCHHUST
KOPPEKTHPYIOIIEro Kod(duimenTa MOXKHO 32 CpaBHUTEIILHO HEOOIBIIIOE YUCIIO n3MepeHuid. JlomycTum,
YTO UCKOMBIM 3HaueHuem Oynet Uniformity = 0,99. Torma nist Bcex konuii AOH® skcnepumMenTa goc-
Taro4Ho 5 + 10* u3mMepeHuil 1 pacyera KOppeKTHpYyoIero koddduimenta. CTOUT TakKe OTMETHTb,
YTO 3HAYECHUS] KOPPEKIMU ISl KOKJIOr0 KOHKPETHOTO SK3EMIUISIpa SIBISIFOTCS Pa3MuuHbIMU (Tadm. 1).
[TosToMy cymiecTByeT HEOOXOJUMOCTD B pa3paboTKe pelIeH s, KOTOPOE MO3BOJIUT aBTOMAaTHYECKH TIPO-
U3BOJIUTH PacyueT 3HAYCHHS JIsI KOPPEKIMH 32 TPUEMIIEMOE BpeMs.

B pesynbrare BeIOpaii KOppeKTHPYIOIee 3HAUYCHHE, Jarollee Hawrydiyto Bennuuny Uniformity,
C KOTOpOH OBIIH I€PEeCUnTaHbI IPyTUe XapaKTepucTHKH. [ pacueTa OCHOBHBIX XapakrepucTik AOHO
JKCTIepUMEHT Bocnipou3Boauin £ = 20 pa3 Ha M = 4 uaeHTH4HBIX 1u1atax. Jlo 1 mocie KoppeKiuu 3Haqe-
HUS XapaKTEPUCTUKU MEKKPUCTaIbHOM U, yHuKanbHoctH [5] cocrasum U, = 0,01 u U, = 0,02 co-
OTBETCTBEHHO. 3HAYEHUs BHYTPUKPHUCTAILHON YHUKAIBHOCTH M CTAOUIIBHOCTH B Pe3yJbTaTe KOPPEKINH
Taroke OBUTM HEMHOTO YITy4IlleHbl. XapakTepUCTUKN eanHooOpasus Uniformity puBeneHbl B Ta0OM. 2.

Tabauna 2. XapakTepuCTHKH (PH3MUSCKH HEKIIOHUPYEMbIX (DYHKITUH THIIA «apOuTp»
Table 2. Characteristics of “arbiter” physical unclonable functions

d Uniformity
1o koppekiuu / before correction | nocine koppeknuu / after correction
0 0,80657 0,99589
1 0,99489 0,99599
2 0,90136 0,99957
3 0,92504 0,99837

[TomyueHHsble pe3ysbTaThl pacueTHbIX XapakTepucTuk AOH® neMoHCTpHpYIOT yiydllleHHe Tocie
NPUMEHEHUS KOPPEKIUH 110 TPEJJIOKEHHOW METOJMKE OaTaHCHPOBKH. DTO MOATBEPKAAET COCTOATEIb-
HOCTH OIMCAHHOTO MOJIXO/A.

Cxema 0antaHCHPOBKU NyTeil pU3MUeCKU HEKJIOHMPYeMbIX GyHKIUIH TUIIA «apOuTP»

[Ipu ucnonpzoBarnu AOHD ¢ mpeioskeHHONH METOINKON OaTaHCHPOBKH TyTEH MOXKHO BBIZCITUTH
JIBE€ CTAJUU: IOArOTOBKM M HOPMaJIbHOIO (hyHKIMOHMpOBaHU. Ha cTanuy mOArOTOBKH BBIOIHSIOTCS
CIIEYIOLIUE TEHCTBUS:
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— BBIYMCIIEHUE CPEITHETO 3HAYCHUS 3aJIEPIKEK Ly U g IS IyTeit 4 U B 3a mpueMieMoe BpeMs;

— (hopmupoBanue koppektupyromux 3HadeHnit A(W(Count,), W(County)) Kak 1eTOYUCISHHBIX pa3-
HOCTEH MEX]ly CPEIHUMHU [IEJTOYHCICHHBIMHU BEIMYMHAMHU COOTBETCTBYIOLIUX MyTEH.

Brruucnenne cpequux w(Countp,,;,) u xoppexkrupyrommx A(uW(County), (W(County)) 3HaUCHUH B 11ie-
JIOUMCIIEHHOM JIOMEHE HE BIIMSICT HAa KOHEYHBIM pe3ylbTaT, HO MEHee 3aTpaTHO ¢ TOYKH 3PECHUS I0-
TEHIMAIFHON ammapaTypHOU peaiu3anyy. DTall TMOATOTOBKH MOXET BBITONHATHCS Kak TPU 3aITycKe
YCTPOMCTBA, TaK M C OMPEAETICHHON MEePHOINYHOCTHIO B 3aBHCHMOCTH OT YCJIIOBHI HCIIOIH30BaHUS.
B cBoro ouepenp, 1 paboret AOH® B HOpManbHOM pexuMe HeOOXOJUMO BHEAPEHHE B CXEMY BbI-
pabdotku orBeta ADH®D Comparison (puc. 5) yduera KOPpeKTUPYIOLIETO 3HAUYCHHS B BUAE CIOKEHHUS
CO 3HAYCHUEM OJTHOTO M3 CUCTUYUKOB CXEMBI Ha Ka)JIOM U3MEPEHUH. Pa3psiTHOCTh cueTyrnKa BHIOHpaeT-
sl ucxoAs U3 (OPMYITBI BEIYMCIICHHS KOPPEKTHPYIOIIETO 3HAUCHHS.

MeTtonuky O6amancupoBku myteit AOH®, onrcaHHyIO BBIIIE, TIEIECO00pa3HO MPEACTaBUTE B BUIC
cXeMHoro ornuvcanus. Takod moaxoxa Omaromaps HAITISIIHOCTH ITO3BOJISET TIEPEHTH HE TONBKO K IIeINH-
KOM ariaparypHOMY PEIICHUI0, HO U K KOMOMHHPOBAHHOMY, IJI€ YacTh JEHCTBUN OalaHCHPOBKU MO-
JKET OBbITh IEPEHECEHA HA BBITIOHEHUE JIPYTUMH KOMIIOHEHTaMU CUCTEMBI, B KOTOPOM MPE/IIoaaraeTcs
ucnonszoBanue AOH®D. Cxema Beipabotkn Outa orBeta ®HD R ocHOBaHa Ha CpaBHEHHMH 3HAYCHUH
cuetunkoB Count, u County, NOIyYEHHBIX B PE3yJIbTaTe U3MEPEHHSI KOJIMYECTBA UMITYJIbCOB, PETHCTPHU-
PyeMBIX 3a GUKCHPOBAHHOE BpeMs PabOTHI CXEMBI B peKUME KOJBIIEBOTO OCIIIUIATOpa (pHC. 5).

Comparison
A
_,—» Count, >
Challenge .
.| Symmetrical
& Pulse | paths & RO B Substraction > R
FSM L County
&
Challenge l
generator v
Control .
| Correction |A(w(County), u(Countg))

scheme

Puc. 5. Cxema HEeKIIOHHPYEMBIX (QYHKIHI THIIA «apOUTP» ¢ KOPPEKIUeH
Fig. 5. Scheme of “arbiter” physical unclonable functions with correction

Koppeknmst cooTBEeCTByeT oOIepanuu BBIYUTAHUS Koppektupyromux 3HadeHuit A(u(Count,),
W(Countg)) ¢ BBIOpAHHOTO 3HAYCHHS CUYCTUMKA IS KKIOTO W3MEPEHUS, BBITOJHIEMON OJIOKOM
Substaction. Pacuer xoppextupyromux 3HadeHuit A(uW(Count,), W(Countg)) COOTBETCTBYET BBIYHUCIIE-
HUIO Pa3HUIIBI MEXKy CPETHUMHU 3HAYCHUSIMU JBYX CYeTYMKOB. KonmduecTBO nrepanuii 1 u3MepeHus
cpennero W(Countp,;,) MOKET OBITh 3HAYUTEIIHBHO YMEHBIIICHO 3@ CUET TeHEePAI[UH MTPOTHBOIOIOKHBIX
3aMpOCOB C TOUKH 3PEHUS pe3ynbTupyrome pazuuilsl [6]. Koneunsrit aBtomar FSM ucnonssyercs ams
yIpaBlieHHUsT peKUMOM (YHKIIMOHHpOBaHUs cxeMbl. [ eneparop 3amnpocos Challenge generator npume-
HSAETCs IS Tofadn 3ampocoB, 610k Correction scheme — s Beraucienust A(p(County), W(Countg))
Ha 3Tare TMOATOTOBKH.

BpiBOABI

1. TTonyueHHbIE pe3ybTaThl CBUCTEIBCTBYIOT O COCTOSATENLHOCTH MPEATIOKEHHOTO noaxoa. [1po-
neaypa 0amaHCHPOBKU IMyTeW (PU3NYECKH HEKJIOHUPYEMbIX (YHKIHN THTA «apOUTpP» MOXKET 3Hauu-
TEJBHO YIIYUIIUTh UX XapaKTepucTUuKu. [I[pumMeHeHne Takux QpyHKIUI ¢ aBTOKOPPEKIMEH OTEHITHAIb-
HO MOXKET PEIIUTh MPOOJIeMy MX MCIOIB30BaHMS MPU BPEMEHHOHW M IKCIUTyaTallMOHHOM Jerpajainuu
KPUCTAJIJIOB HIU(PPOBBIX YCTPONCTB. B COBOKYITHOCTH JTaHHOE PEIlIeHUE TO3BOJISIET M30exkarh mpodiemM
(hM3UIeCKN HEKITIOHUPYEMBIX (DYHKITHI THITa «apOUTpP», CBI3aHHBIX C IPUMEHEHHEM B KaueCTBE apOUT-
pa cxeMbl Ha 0a3e TPUTTEPOB PASTUUHBIX MOJM(DUKAIIHIA.

2. B nanpHelIeM miaHUpyeTCs MPOAOIIKHUTE UCCICAOBAHNS B IAHHOM HAIPaBIICHUH, ITPEXK/IC BCETO,
C YAYYILICHHEM pacyeTa KOPPEKTUPYOIIETro KOAP(UIIMEHTa ¥ CO CHIYKCHUEM alapaTypHbIX 3aTpar.
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Annoranust. [IpencraBieHsl TeOpeTHYECKHE PACUETHI, MOSCHSIIONINE MTPOUCXOXK/ICHUE OIMIMOOK pacueTa Kypca
caMoJieTa B aBTOMaTU3UPOBAHHOM CHCTEME YIPABJICHUS MPH HABEACHUH €T0 Ha MAHEBPHUPYIOIIYIO BO3IYLIHYIO
nenb. OcoOeHHOCTBIO HABEICHHS HA MAaHEBPUPYIOLIYIO IEIb SBIISICTCS BBIOJIHEHHE BUPAXEH, U KOTOPBIX Xa-
pakTepHB! neperpy3ku. KpuBu3Hy TpaekTOpHUH HA TaKUX ydacTKax NMPHHATO alIpPOKCHMHUPOBATH OKPYKHOCTHIO
OIIPEEIEHHOTO paJiyca, 3aBUCSIIETO OT BEJINYMHBI NEPETPY3KH M CKOPOCTH IOJeTa Ha mepexsar. B aBroma-
THU3UPOBAHHOW CHCTEME YIPaBIECHHs TEKYLIMH KypcC JIETATEIbHOTO arapara OIpeserseTcsl Kak HalpaBlIeHHE
JIBIDKEHHS 110 JIBYM OTMETKaM, COOTBETCTBYIOIUM TEKYyIIEMY U MPeblIylieMy MOMEHTaM BpeMEHH OOHOBICHUS
nHpopmanuu. [ menn, IBIKYIIEHCS MPsSMONMHEIHO, Takoi Mmoaxoxa crpaBeuinB. OnHAKO MPU COBEPIICHUH
BHpaXa, KOTJIa TPACKTOPHS HABEICHHS €CTh KpUBask JINHUSA, HCTHHHBIA Kypc Oy/leT COOTBETCTBOBAaTh KaCaTeIbHON
B TOYKE BHpaXka. PasHuIIa 9THX MOAXO0B ONpeessieT OmiOKy BRIUMCICHNUS Kypca. B craTbe npuBeieH popMyib-
HBII pacyeT pajnycoB BUpAXeH IUIsl CKOPOCTEH IOJeTa Ha MepeXBaT BO3AYIIHOM LIEJIM U NEPErpy30K, a TAKxKe
pacdeT HCTHHHOTO U TEKYIIero KypcoB. OCOOEHHOCTb METOIMKH COCTOUT B CTPOrOM (h)OPMaTM30BAHHOM MaTeMa-
THYeCKOM omnucaHuu. [IpuBeneHs! 3aBUCHMOCTH OMIMOOK MO KypCy OT CKOPOCTH IOJIeTa caMoJjeTa Ha IepexBaT
1 TIEpETPY30K Ha MpUMepe MHOTOPYHKITHOHAIBEHOTO HeTpeduTens Cy-27.

KuioueBble ciioBa: HaBeIeHHE CaAMOJIETa, KypC CaMoJIeTa, BUPAK.
KoHpaukT nHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(PIUKTA HHTEPECOB.

Jusi uurupoBanmus. Breiconkwmii, JI. B. Meromuka pacueta omuOOK Kypca TpU HAaBEICHHHM CamojeTa
Ha MaHEBPHPYIOIIYI0 Bo3aymHyo 1enb / . B. Beiconkwit, E. U. Xwmwxasx, A. B. Xwkusxk // // Joxmagsr BI'YUP.
2023. T. 21, Ne 3. C. 63-69. http://dx.doi.org/10.35596/1729-7648-2023-21-3-63-69.

METHODOLOGY FOR CALCULATING COURSE ERRORS
WHEN AIMING AN AIRCRAFT AT A MANEUVERING AIR TARGET

DMITRY V. VYSOTSKI, EKATERINA I. KHIZHNIAK, ALEXANDER V. KHIZHNIAK

Military Academy of the Republic of Belarus (Minsk, Republic of Belarus)
Submitted 24.02.2023

Abstract. The article presents theoretical calculations that explain the origin of errors in the course of an aircraft
in an automated control system when pointing at a maneuvering air target. The peculiarity of pointing at a maneu-
vering target is related to the execution of turns, which are characterized by overloads. The curvature of the trajec-
tory in such areas is usually approximated by a circle of a certain radius, depending on the value of the overload
and flight speed to intercept. In the automated control system, the current course of the aircraft is determined
as the direction of movement by two marks corresponding to the current and previous moments of information up-
date time. For a target moving in a straight line, this approach is valid. However, in a turn where the guidance path
is a curved line, the true heading will correspond to the tangent at the turn point. The difference in these approaches
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determines the error of the course calculation. This article provides a formulaic calculation of turn radii for flight
speeds to intercept an air target and overloads, as well as the calculation of true and current courses. The peculiarity
of the methodology is a strict formalized mathematical description. The article presents the dependences of heading
errors from the aircraft’s intercept flight speed and overloads using the example of the Su-27 multifunctional fighter.

Keywords: aircraft guidance, aircraft course, turn.
Conflict of interests. The authors declare no conflict of interests.

For citation. Vysotski D. V., Khizhniak E. I., Khizhniak A. V. (2023) Methodology for Calculating Course
Errors when Aiming an Aircraft at a Maneuvering Air Target. Doklady BGUIR. 21 (3), 63—69. http://dx.doi.
org/10.35596/1729-7648-2023-21-3-63-69 (in Russian).

BBenenue

YcnemHoe HaBeAeHUe uctpeduTens-nepexparynka (MII) Ha BO3AYIIHYIO IETbh HEBO3MOXKHO 03
3¢ (eKTUBHOTO B3aMMOAEHCTBUS MEXIY pacdyeToM aBTOMATH3MPOBAHHOTO NMYHKTAa HABEACHWS aBHa-
mmu (AITHA) u sxunaxem UII [1-4]. D10 cBA3aHO, TIpexk/ie BCETo, C TeM, YTO ITyHKT HaBeleHUs o0e-
CIICUYEH PaJANOJIOKAMOHHON HHpOpMaKel 0 BO3AYIIHOW 0OCTaHOBKE OT PaIUOJIOKAIMOHHBIX CTAaHLIUN
(PJIC) n B3anMOaeicTBYIOMIMX MyHKTOB YIpaBlIeHUS BO Bcel 30HE OTBETCTBEHHOCTH. [Ipu aTOoM, ¢ on-
Ho¥t croponsl, U1 He oOnanaeT TakMMH k€ BO3MOXHOCTSIMU BCEPAKYPCHOTO 0030pa, Kak M Ha3eMHBIC
PJIC. C npyroii — nns oGecnieueHusI CKPBITHOCTH HaBenaeHust OoptoBbie PJIC cnemyer mpuMeHATh Ha
KOHEYHOM 3Tare HaBeJeHHUs C 1eNbl0 npuMmeHeHust opyxkus. [Ipu nemwxenun UII no npsimonuHeitHoN
TPACKTOPUHN WM OJM3KOW K HEH OMMOKHM TI0 Kypcy OyIyT He3HAUYUTEINbHBIMU.

B crarbe npuBeieHb Kak TeOpeTHYecKoe 000CHOBAHUE, TaK M PACUEThl OIIEHOK OIMTUOOK TEKYIIETO
Kypca camorera, BeiaBaeMoro AITHA!, 1o OTHOIICHHIO K UCTUHHOMY KypcCy Ul MaHEBPHPYIOIICH
1esi. DTO CBSI3aHO C OIMOKaMH, 00yCIOBICHHBIMH IMCKPETHOCTHIO 00paOOTKH U BbIIauu HHQOpMauu
B DJIEMEHTaX aBTOMAaTH3WPOBAHHOW CHUCTEMBI YIPaBIEHHs, ¢ omnOKkamMu n3Mepenus koopaunar PJIC,
ommoOKamMH Tiepeadnd nHPOpMaIuu Ha OOPT 0 KOMAHIHOW PaJUOIMHUAN yIIpaBiIeHus U ap.2 Berauc-
JICHWSI BBITIONHSUTUCH JIJISl MHTEpBaJla BPEMEHH, COOTBETCTBYIONIETO TeMITy OOHOBIEHUS HH(OpMAITUU
B aBTOMAaTHU3MPOBAHHOW CHCTEME yIIpaBiieHus, paBHOro 10 ¢, 1 yCTaHOBUBIIETOCA BUPaKa JIETaTEIbHO-
IO anmnapara B TOpU30HTaJIbHOM IIOCKOCTH [5, 6]. JlaHHYI0 METOAMKY MOYKHO IPUMEHSATH U JUIsl IPYTOro
TeMIa OOHOBJICHUSI HHPOPMAIINH.

MaremaTuueckas ¢popMaau3anus pacyera ommdoK Kypca

B coBpemeHHON Hay4dHOW JMTeparype BUpaxH, BbinojHseMble WMII Ha i-M ydacTke TpaekTopuw,
MIPUHSATO OMUCHIBATH PAMYCOM HEKOTOPOU OKPYKHOCTH [7]

r=—r—, (1)

IJIe V; — CKOPOCTh JICTATENILHOTO arnapara Ha i-M y4acTKe TPaeKTOPHUH, M/C; 11; — TIeperpy3Ka JeTareib-
HOTO arrapara Ha BUpajke Ha i-M YJacTKe TPACKTOPHH; & — YCKOpEeHHe CBOOOAHOTO mazenus (~9,8 m/c?).

Ha puc. 1 nokaszan Bupa, BBIIOJHSIEMBII IO OKPYKHOCTH PAaINyCOM 7; B CUCTEME KOOpAUHAT X, ¥
¢ ueHtpoM B Touke O [8]. Toukam 4 U B COOTBETCTBYIOT MOMEHTBI BPEMEHU MPENBIIYILEr0 U TEKYIIETO
oOHoBiieHus nHpopmanun. Tpaekropus, 1o kotopoii nponeren UIT 3a 3to Bpems, o6o3Havena /. Koop-
JIUHATHI (X5, 1) U (X], ¥2) COOTBETCTBYIOT HaYally M KOHITY 3Tala BUpa)a 3a yYKa3aHHBIA IIPOMEKYTOK
BpEMEHH, T. €. TOukam 4 u B.

PaccmoTpum mpuMep, B KOTOPOM B KQ4ECTBE CaMOJIeTa UCITONIB3YETCS MHOTO(QYHKITHOHATBHEIN MTT
Cy-273. Mcxo/ist M3 TAKTHKO-TEXHUUYECKUX XapaKTePUCTHK, IHANA30H CKOPOCTEH MPHU IBIKCHUH Ha TIe-
pexsart 3amaaum ot 300 mo 700 m/c, meperpys3ku JieTareIbHOro arnmapara Ha BUpa)kaXx — B JIMaria3oHe
oT 2 10 9. 3amaBasich CKOPOCTSIMU U IIEperpy3KaMH caMoJieTa, pacCUMTaeM PaIuyChl BUpakel, UCIIOIb-
3ys BelpakeHue (1). [TomyueHHbIe 3HaYeHNsT paANyCOB CBEACHBI B Ta0. 1.

I TIporpammuoe obecnedenue uzaeus 7B800. Onucanne npumenenus: EMPB.10101-01 31 01. 2007. 91c.

2 Kamenckuii, B. H. MexcamoiieTHasi HaBuraiys 1 HaBejeHue camosetos (Beproneros) / B. H. Kamenckuit. MouuHo:
Boenno-Bo3nymnas akagemust, 2003. Y. 2. 403 c.

3 PykoBo/ICTBO 110 JieTHOH dKcruryararmu camonera Cy-2711. Kuura 1. 1987. 276 c.
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] B

Puc. 1. [Ipumep Bupaka monera camosera B TOPU30HTAIBHON IIIOCKOCTH C 3aaHHBIM PNy COM
Fig. 1. Example of a turn of an airplane flight in a horizontal plane with a given radius

Ta6auna 1. Pesynsrars! pacyera paguyca BUpaxka CaMoJIeTa B 3aBUCHMOCTH OT CKOPOCTH IOJIETa U Heperpy3Ku
Table 1. Aircraft turn radius calculation results depending on flight speed and overload

Pamuyc Bupaka caMosIeTa, M, IpU CKOPOCTHU TONeTa, M/C /
Ieperpyska n / Aircraft turn radius, m, at flight speed, m/s
Overload n
300 400 500 600 700
2 5302,20 9426,13 14728,32 21208,79 28867,51
3 3246,92 5772,30 9019,22 12987,68 17677,67
4 2371,21 4215,49 6586,71 9484,86 12909,94
5 1874,61 3332,64 5207,25 7498.,44 10206,21
6 1552,32 2759,69 4312,01 6209,30 8451,54
7 1325,55 2356,53 3682,08 5302,20 7216,88
8 1157,03 2056,95 3213,98 4628,14 6299,41
9 1026,77 1825,36 2852,13 4107,06 5590,17

Ha ocnoBanuu ta6m. 1 chopmynupyem MaTeMaTHYECKYIO IIOCTAHOBKY 3aaauu. V3BecTHbI Juana3ox
n3MeHeHus ckopocreil monera U1 Ha nepexBar BO3IYLIHOM LieNH, BOSMOXHBIE MIEPErPY3KH U COOTBET-
CTBYIOILIME UM paauychl BUpaxei. TpeOyercs onpeaennuts ommoOKy AQ mo kypey nonera MIT mexmy
TeKyIUM KypcoM (..., paccuutanHbiM B AIIHA, u uctunueiM KypcoM Q.. (puc. 1). 3Has paauyc
1 MCHOBEHHYIO CKOPOCTb CaMOJIeTa, MOYKHO OINPEEIUTh JUTMHY €T0 ITyTH 3a BpeMsi 00HOBJIEHUS HHPOP-
MaIli{ B aBTOMAaTU3UPOBaHHOM crucTteMe yrpasieHus (7= 10 c).

B AITHA tekymuii Kypc B MOMEHT BPEMEHH, COOTBETCTBYIOLIUM TOUKE B, onpenensiercs Kak Jyd,
MIPOBEICHHEBIN U3 A uepe3 B. [l ynpoIleHns BRIMUCISHUH PACTIONIOKIM TOUKY 4 Ha OCH abCIucc, ee KO-
OpIMHATEHI [X,, O). Jlimuust AO u BO paBHbl r. JIiiHa 1yrH OKpYKHOCTH* AB BBIMHCISETCS 110 (hopMyIIe

l=vT, )
TJC v; — MTHOBCHHAs CKOPOCTH JICTATCJILHOTO arlrapara Ha i-M Y4aCTKE TPACKTOPUH; T — Tem1n OGHOBHG-

HUs UH(GOPMaLMK B aBTOMaTU3UPOBAHHON CHCTEME yIIPABIICHUS.
VYromn o, Tpaj., paBeH OTHOIICHUIO JUTMHBI IYTH K JUTHHE OKpYKHOCTH? (pHC. 1)

360/
o= .
2nr

3)

4 Wibun, B. A. Ananutudeckas reometpust / B. A. Wibun, 3. T Tlos3usik. M., 1988. 223 c.
5 sl6nonckuii, A. A. Kypc teopernueckoii mexanuku / A. A. S6nonckwuii, B. M. Hukudoposa. M., 1977. 367 c.
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VYpaBHeHue npsimoid OB MOKHO 3anUcaTh B BUAE

y=(tga)x. 4
KOOpI[I/IHaTa TOUYKHN B OHpCI[CJ'IHeTCH HYTCM peIIIGHI/ISI CUCTEMBI ypaBHeHHﬁ:
y=(tga)x;
2 2 2 (5)
Yy o=r—-x,
pemeHHe KOTOpOfI 3aIlIMIIECTCSA B BUJC:
X, = —7” .
? N EGT ’
B 2 (©)

[2 2
Y =NV —Xp»
IJIE X, Vg — KOOPIMHATEI TOUYKH B.

Wcnonpe3ys kaHOHUYECKYIO (popMy NpsIMOI, IPOXOSILIEH Yepes Be TOUKU Ha MJIOCKOCTH, 3allUIIeM
ypaBHEHUE MPSAMOH, poxoasaiIei uepe3 Touku 4 u B [9]:

X=X, — Y=)V4 . (7)
Xp=Xy Vg~ Va

[Ipeobpasys (7) u B3sB IPOU3BOIHYIO dy/dx, BBIMMCINM TEKYIIUH Kypc caMmoseTa

dy
QTeIc = arCtg 5 (8)
dx

HOJ'Iy‘leHHLIC 3HA4YCHUS TCKYLICTO KypcCa CaMOJI€Ta Ui 3aJaHHbIX paAnyCOB BUpaXa, CKOPOCTH I10-
JeTa ¥ eperpy3Ku npecTaBlIeHb! B Ta0M. 2.

Taéauua 2. Pe3ynbraTsl pacyeTa TEKyIIEro Kypca caMoeTa JUlsl pa3HbIX PaJnyCcoB BUpaKa
B 3aBHCHMOCTH OT CKOPOCTH IOJIETa U TIEPErpy3KH
Table 2. Results of calculating the current heading of the aircraft for different turn radius
depending on speed and overload

Texymmit kypc camonera, rpaj., Py CKOPOCTH Tojera, m/c /
H%)\ferzfl}(::iann / Aircraft current heading, degrees, at flight speed, m/s
300 400 500 600 700
2 26,21° 22,16° 19,73° 18,10° 16,95°
3 36,47° 29,85° 25,88° 23,23° 21,34°
4 46,24° 37,18° 31,75° 28,12° 25,53°
5 54,15° 44,38° 37,51° 32,92° 29,65°
6 44.64° 51,52° 43,22° 37,68° 33,73°
7 35,16° 51,37° 48,90° 42,42° 37,79°
8 25,72° 44,29° 54,57° 47,14° 41,83°
9 16,30° 37,22° 49,78° 51,85° 45.87°

HcTunHOE 3HaUeHNE Kypca JTOKHO ONPeNeNaThCs KaK KacaTellbHas K TPaeKTOPUH B TOUKe B, T. €.
HEOOXOAMMO B3ATh TIPOU3BOIHYIO d)/dx B TOUke B 11 ypaBHEHUS OKPYKHOCTH

@=(\/Tx2)'=L. )

dx R

HOZ[CTaBJ'IHH B BBIPAXKCHUEC (9) X = Xg, MOXXHO BbIYHCJIUTh HCTUHHBIN KypcC caMoJi€Ta

0,., =arctg zx—B . (10)
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PaccuntanHble 3HaYeHNs] HCTHHHOTO Kypca caMmoJieTa JUIsl 3alaHHbIX PajlyCoB BHPaKa, CKOPOCTH
0JIeTa ¥ MePerpy30K MpHUBEIACHbI B Ta0II. 3.

Ta6auna 3. Pe3ynbrarsl pacuera HICTHHHOTO Kypca caMolleTa Jijlsi Pa3HbIX PaJMyCOB BUPaxa
B 3aBHCHMOCTH OT CKOPOCTH IOJIETa U TIePErpy3KH
Table 3. Results of calculating the true heading of aircraft for different turn radius
depending on speed and overload

VICTHHHBINM Kypc caMmoJieTa, Tpaj., IPH CKOPOCTH IoJieTa, M/C /
Heperpyska n / The true heading of the aircraft, degrees, at flight speed, m/s
Overload n
300 400 500 600 700
2 42,42° 34,31° 29,45° 26,21° 23,89°
3 62,94° 49,70° 41,76° 36,47° 32,69°
4 82,49° 64,37° 53,49° 46,24° 41,07°
5 98,31° 78,77° 65,02° 55,85° 49,30°
6 79,27° 93,05° 76,44° 65,36° 57,46°
7 60,33° 92,75° 87,80° 74,84° 65,57°
8 41,44° 78,58° 99,14° 84,28° 73,67°
9 22,59° 64,45° 89,56° 93,70° 81,75°

YpaBHEHUE NPSIMON HCTUHHOIO Kypca 3alUIlIeM KaK YpaBHEHUE IPSIMOM, TPOXOIALIEH yepes TOUKyY
B 3aJIaHHOM HaIIpaBIIEHUH (B pacCMaTpUBAEMOM Cllydae — 4epe3 TOUKyY B)

Y=yp =k(x—x,). (11)
Torna

y=hkx+yy,—ky,. (12)
Maremaruyeckuii pacyeT OIIMOOK Kypca 1ojiera caMmojiera

B Tabm. 4 mpencrasieH pacyeT OMMOOK MEXIY TEKYIITUM KypcoM, BeimaBaeMbiM AITHA, u nctun-
HBIM KYpPCOM I0JIETa CaMOJIETa B 3aBUCHMOCTHU OT €r0 CKOPOCTH U TIEperpy3KH.

Ta6muua 4. Pe3ynsTaTsl pacyera OIIMOOK Kypca II0JIeTa CaMoJIeTa B 3aBUCHMOCTH OT €r0 CKOPOCTH M NePerpy3Ku
Table 4. Results of calculating the errors of the aircraft flight course depending on its speed and overload

Ommbka Kypea camosieTa, rpaj., Py CKOPOCTH ToJieTa, M/C /
Teperpyska n / Aircraft heading error, degrees, at flight speed, m/s
Overload n
300 400 500 600 700
2 16,21° 12,16° 9,73° 8,10° 6,95°
3 26,47° 19,85° 15,88° 13,23° 11,34°
4 36,24° 27,18° 21,75° 18,12° 15,53°
5 44,15° 34,38° 27,51° 22,92° 19,65°
6 34,64° 41,52° 33,22° 27,68° 23,73°
7 25,16° 41,37° 38,90° 32,42° 27,79°
8 15,72° 34,29° 44,57° 37,14° 31,83°
9 6,30° 27,22° 39,78° 41,85° 35,87°

C mcrnonb30BaHNEM 3HAYEHHUH PaInyCOB BUpaka Ha Pa3HBIX CKOPOCTSX M MEperpys3Kax, MpUBeIeH-
HBIX B Ta0’. 1, a Takke pacueToB OMIMOOK MO Kypcy mojera camonera (Tadi. 4) mocTpoeHbI TpapuKu
HM3MEHEHHS OMINOOK 10 KypCy OT CKOPOCTH TIOJIeTa U Ieperpy3ku (puc. 2).
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Omnbka o kypey Q, rpaj.
BB

/o —4H————+t——+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+

300 350 400 450 500 550 600 650 700

CKOpOCTb IOJIeTa Ha MepexBar v, M/C

Puc. 2. 3menenne ommbOK 10 KypcCy I0JIeTa CaMOoJIeTa B 3aBUCHMOCTH OT €r0 CKOPOCTH U [IEPerpy3Ku
Fig. 2. Change of errors in the flight course of the aircraft depending on its speed and overload

BoiBoaABI

1. TeopeTnueckne pacyeTsl MOKa3bIBAIOT, YTO OMIMOKA 10 KypCy MEXy UCTHHHBIMH M TeKYITIMH
3HAYEHUSIMU MOXKET COCTaBUThL a0 45°. IIpu 3TOM B pacueTax He OBUTH YUTEHBI HEKOTOPBIC (DaKTOPHI
(marmpumep, OMMOKN M3MEPEeHHs KOOPAWHAT PATUOJIOKAIMOHHBIX CTAHIWH, 3aJepKKH Mepenadu HWH-
(hopmarim Ha 6OPT 110 KOMaHIHOM PaTUOIMHAN YIIPABICHHSI, TIOTOIHBIC YCIOBHS MOJIeTa U IpyTHe), KO-
TOpBIE MOTYT MTPUBECTH K N3MEHEHUIO CyMMapHOH OMMOKH. BO3HUKHOBEHHE TAKMX OMIMOOK HAPSAMYTO
BIIMSICT HA YBEJIMUYCHUE JOMYCTUMBIX 3HAYCHUI UX OTKIOHEHHH MO Kypcy®. DT0 0COOCHHO KPUTUYHO
Ha KOHEYHOM 3Tare HaBeICHHs, TOCKOIBKY MPHUBOIUT K YBEMYCHNIO BPEMEHH BBIX0/Ia Ha pyOek BBOIA
B 0O, a TaK)Ke K CMEIIECHHUIO pyOerka YHUITOKEHHS (BhITOIHEHUS 60eBoii 3amaun) [10].

2. boeBoii pacueT aBTOMaTH3UPOBAHHOTO MTyHKTA HaBe/IEHUS aBHAINY JODKEH 3HATh MPHUPOIY BO3-
HUKHOBEHHSI 3THX OIIMOOK, yMETh PACCUMTHIBATH W KOMIIEHCHUPOBATh UX B MPOIECCE HABEIECHUSA. YUeT
OIMOOK MPH MOCTOSTHHBIX TPEHUPOBKAX IMO3BOJIUT OTPa0OTATh HABBIKH 110 YCIIEITHOMY HAaBEICHHIO HC-
TpeOuTeN-nepexBaTynKa Ha peasbHyI0 MAaHEBPUPYIOIIYIO BO3AYIIHYIO IIEIh.
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Abstract. The aim of the study is to develop a mathematical model for the synthesis of technological opera-
tions in the structure of algorithms for a system of automated design of technological processes. When solving
the problem of synthesis of technological operations in the structure of algorithms of the automated design system
of technological processes for manufacturing prototypes of structurally complex products, the following algo-
rithms are used: solving the direct choice problem; formation of a set of possible alternatives; checking possible
alternatives for admissibility; formation of a set of acceptable alternatives; determining the set of desired typi-
cal technological solutions and optimizing the choice of solutions. A block diagram of the system of algorithms
for the process of synthesis of technological operations, based on a combination of individual and standard tech-
nological solutions in the design of technological processes for the experimental production of prototypes of struc-
turally complex products, has been obtained.
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AJITOPUTMBI CUHTE3A TEXHOJOTMYECKHNX OIEPAIIMI
MN3I'OTOBJIEHUA OIIBITHBIX OBPA3IIOB
CTPYKTYPHO-CJOXHBIX U3IEJTAN

A.B.IIETYXOB

Tomenvcruii eocyoapcmeennviil mexnuweckuti ynusepcumem umeru I1. O. Cyxozo
(2. Tomens, Pecnyonuxa benapycsy)

Tocmynuna 6 pedaxyuio 28.10.2022

AHnHoTanus. PazpaboTana maremaTrudeckas MOJICTb CHHTE3a TEXHOJIOTMYECKUX OIIEPaIlHil B CTPYKTYpE ajlrOpuT-
MOB CHUCTEMbI aBTOMAaTU3UPOBAHHOTO MPOEKTUPOBAHUS TEXHOJOTMUECKUX MPOoLeccoB. [Ipu BBINOAHEHUH JTaHHOU
3aJ]a4yu B CIIydae M3rOTOBJICHMUS OIBITHBIX 00Pa3lOB CTPYKTYPHO-CIIOKHBIX U3/IEJINI HCIONB3YIOTCS AJITOPUTMBI:
pelIeHHs 3aa91 IPSMOTO BBIOOPa, GOPMUPOBAHHS MHOKECTBA BO3MOKHBIX alIbTEPHATHB, IPOBEPKH BOSMOKHBIX
ANBTEPHATUB Ha JOMYCTHMOCTH, (POPMHUPOBAHHUS MHOXKECTBA OITyCTUMBIX allbTCPHATHB, ONMPEACICHNS MHOXE-
CTBa MCKOMBIX THIIOBBIX TEXHOJIOTHYECKHUX PELICHUI U ONTUMH3aluK BbIOOpa pemennit. [Tonyuena cTpykrypHas
CX€Ma CHCTEMbI AJITOPUTMOB IPOLECCa CUHTE3a TEXHOJIOIMUECKUX ONepaluil Ha OCHOBE COYETaHWsI HHIUBULY-
aJbHBIX M THUIIOBBIX TEXHOJOTMYECKUX PELICHUN MPU MPOEKTUPOBAHUHU TEXHOJIOTMUYECKUX MPOLIECCOB IKCIEPU-
MEHTAJILHOTO ITPOM3BOJICTBA OTBITHBIX 00PA3I0B CTPYKTYPHO-CIOKHBIX H3EITHH.
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KiioueBble ci10Ba: 331a4a CHHTE3a, TEXHOIOTHYECKAs OTIEPALIHS, CTPYKTYPHO-CIIOKHOE H3/IeTIHE, MOJICITMPOBaHNE
TIPUHSTHS pEILICHUH.

KonguaukTt unrepecoB. ABTOp 3asiBiIsieT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

Just uutupoBanus. [letyxos, A. B. AlIropuTmbl CHHTE3a TEXHOJIOTMYECKUX ONepalliii M3rOTOBIEHUS OMBITHBIX
00pa3IoB CTPYKTYPHO-CIMKHBIX n3aenuii / A. B. Tleryxos // lokmaast BI'YUP. 2023. T. 21, Ne 3. C. 70-77. http://
dx.doi.org/10.35596/1729-7648-2023-21-3-70-77.

Introduction

When creating a new product, a special place is occupied by the production of a prototype. This
process completes the design development of the product. After it, the technological preparation of se-
rial production begins [1]. Increased competition among developers and manufacturers of high-tech
modern equipment demonstrates examples of a significant reduction in the production time of a pro-
totype of a structurally complex product. The study of the functional structure of the system of tech-
nological preparation for the production of prototypes [2] shows that the most significant time is spent
on the design of technological processes. This circumstance served as motivation for studying the prob-
lem of synthesizing technological operations in the structure of algorithms for the automated design
of technological processes for manufacturing prototypes of structurally complex products.

The use of the theory of choice and decision making in the synthesis of rational options for techno-
logical operations in the production of prototypes of structurally complex products makes it possible
to determine the following system parameters:

— composition and structure of system algorithms;

— input and output data of algorithms;

—reference data of the system;

— interconnection of system algorithms.

In the theory of choice and decision making, a formal description of the decision problem is ex-
pressed by the formula

<QA7 PO)a (1)

where Q) is represented by many possible solutions (alternatives); PO is the principle of optimality,
allowing one to choose the best solutions [3].

The solution of problem (1) showed that the following algorithms are needed to automate the syn-
thesis of technological operations under the specified conditions:

— solution of the problem of direct choice;

— formation of a set of possible alternatives Qp;

— checking possible alternatives for admissibility;

— formation of a set of feasible alternatives Qp;

— determination of the set €, ~of required typical technological solutions;

— optimization of the solution choice [4].

The aim of the study was to develop a block diagram of a system of algorithms for the process
of synthesis of technological operations based on a combination of individual and standard technolo-
gical solutions in the design of technological processes for the experimental production of prototypes
of structurally complex products.

Algorithms for solving the problem of direct choice and the formation
of a set of possible alternatives

The mathematical expression of the PO optimality principle is the selection function Cp(, and the
solution to problem (1) is a subset 2p of the set of alternatives 4, i. . Qpo=C2,; While Cpp(£24) = Qpo.
To apply problem (1) and methods for its solution to the choice of typical technological solutions, de-
pending on the previously made individual decisions, first of all, it is necessary to determine the set
of alternatives Q.

In the general case, all possible complete technological solutions r with fixed, i. e. individual techno-

logical solutions specified by the technologist r} r= (’”1 , rT) are fed to the input of the process of making
technological decisions [5]. For the technological process being designed, from all solutions » submitted
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to the input of the technological decision-making process, only those are selected for which the condi-

tion is satisfied 7, = f (r,) Since the decisions 7, are fixed for each designed technological process,
then in fact these decisions are fed to the input of the technological decision-making process, and the set
of typical technological solutions Ry is a set of alternatives Q, = R;.

To ensure the solvability and reduce the complexity of solving problem (1), as well as to reduce the
time of searching for solutions, it is necessary to perform a phased narrowing of the search area. To do

this, on the set 4, a set of possible r,' alternatives (2p is allocated. Then, on the set 2p, the set of feasible
alternatives Q) is allocated, which constitutes the desired set of alternatives. At the same time, Q2pcQ 4
QpcQp, the sequential selection of sets Qp and Q) from the set of alternatives (2, becomes possible

after a specific solution #, is received at the input of the system. In this case, two selection problems
arise: which constitutes the desired set of alternatives:

(Qy, POy); (2)
(Qp, PO,). (3)

The solution to problem (2) is the set {2p, and the solution to problem (3) is the set Qp, of alternatives,
of which as a result of solving the problem

(Qp, PO3) 4

the desired typical technological solution 7, is determined that satisfies the condition ffor a given 7,.

In the general case, the solution to problem (4) may turn out to be not one, but a number of soluti-
ons r,, which will make up the set Q, :Cpy, (Qp)= €2, . Then, in order to identify one (optimal) solu-
tion 7, it is necessary to solve the problem

<QVT’PO4>' (5)

Since in this case it is possible to provide all sets €, (for example, sets of similar drills, gauges,
etc.) and formulate in advance the optimality principle PO, for all r, €Q), , task (5) will be an optimiza-
tion problem. Let us explain the above with a specific example. Suppose that it is necessary to develop
a technological process for manufacturing a part. The result of choosing the type of production of the
part from the existing alternatives (casting, forming, machining, welding, etc.) depends on the configu-
ration, material and production volume of the part. Suppose that the technologist has made a directive

decision to manufacture the part by machining. This is a prior individual decision 7,. It defines the set
of existing alternatives Q) as a complete set of existing machining operations. This set constitutes a set
of typical technological solutions Ry, which in this case is a set of alternatives Q, = Ry. The gradual
narrowing of the search area occurs when taking into account the specific composition of the factory
equipment. At the same time, on the set (2, a set of possible operations for manufacturing the part Qp
is distinguished. Definition of valid alternatives (2, i. e. the set of operations that make up the desired
set of operations (screw-cutting operation, CNC turning operation, etc.) is determined by comparing
the parameters of the part (overall dimensions, machining accuracy, annual output) with the technical
characteristics of the machines on which a particular operation is performed. If there are several fea-
sible alternatives (2, then it is necessary to use the previously formulated principle of optimality. In this
case, alternatives Qp can be evaluated at the minimum cost per hour of work to operate the machine
to perform the operation.

One of the features of the computer-aided design of technological processes, which implements the
method of combining solutions, is the ability of the technologist to directly set standard technological
solutions, which are conveniently called directive. The need to specify directive technological solutions
may, for example, arise in the development of technological processes that require the use of a special
tool in certain operations that is not in the regulatory and reference base of the system.

Let us designate the set of directive technological solutions as Rj,. Then problem (1) is a direct

choice problem if for the considered transition (operation) the typical solution r} is contained in Rp;,,
i.e. 7, € R, . Inthis case, the solution to problem (1) is the typical solution 7y : Cp, (Q ;) = {rT ‘Vrr' eR Dir}

given by the technologist. In this case, there is no need to solve problems (2)—(5).
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The input data of the algorithm for solving the direct choice problem are the elements of the set R,
of directive decisions. The output of the algorithm is the elements of the set Cp, (), i. e. typical tech-
nological solutions specified in this case by the technologist-user of the system. At the same time, it is
advisable to arrange the set R, in the form of the initial data of the system, adding to it all the individual
decisions of the technologist, adopted by him for this technological process. Then the functional purpose
of the algorithm under consideration will be the selection of explicitly specified standard technological
solutions from the entire flow of initial data of the system.

If absent in R, 1. €. in the initial data of the system, standard technological solutions or when they
are exhausted, i. e. when the condition —37, € R, for the next transition of the technological operation
is met, control is transferred to the algorithms for generating the desired set of alternatives. Following
formula allows us to present an algorithm for generating a set of possible alternative solutions:

CPO[ (QA) = Qrf',ﬂﬁ’ U qul U Q%ux U Qrﬂlws , (6)

where Q7 is the name and model of the equipment; Qj, Qs=, Q% is the cutting, tool; measuring
tools.

The input of the algorithm for determining possible solutions is the set Rp;,. containing the solution
7, (operation name) represented as an operation code. For the functioning of the algorithm, a directory
of operations is needed, in which each operation is associated with a certain type of equipment. The out-
put of the algorithm is the elements of the set Q<. Upon completion of the algorithm, control is trans-
ferred to the algorithm for determining transition texts.

The input data for determining codes of possible wordings of transition texts are descriptions of the
surfaces to be machined and the selected type of cutting tool. When functioning, the algorithm uses a di-
rectory of parts surfaces, where a correspondence is established between the surface type and a possible
transition code, and a cutting tool directory, in which a correspondence is established between the types
of cutting tool and possible transition text wording codes. Further control is transferred to the algorithm
for determining the admissible wordings of transition texts.

The input data for the algorithm for selecting possible types of cutting tools are the descriptions
of the surfaces to be machined (when creating systems with graphical support), the text of the transition
and the given model of the equipment on which this operation is performed. For the functioning of the
algorithm, a directory of parts surfaces is required, in which each type of surface is associated with
one or more specific types of cutting tools and an equipment directory, where each equipment code
corresponds to certain types of cutting tools. The output of the algorithm is the elements of the set Qs
of possible types of cutting tool. Upon completion of the algorithm, control is transferred to the algo-
rithm for determining the permissible types of cutting tool.

The input data for the algorithm for determining the possible types of auxiliary tool is the type of the
selected cutting tool and the given equipment model. The algorithm works using a cutting tool directory
containing the established correspondence between the types of cutting tool, auxiliary tool and equip-
ment directory, which reflects the correspondence between the equipment model specified by the code
and the types of auxiliary tools that can be installed on this equipment. The output of the algorithm
is the elements of the auxiliary tool set Q. Upon completion of the algorithm, it is advisable to trans-
fer control to the algorithm for determining the permissible types of auxiliary tool.

The input data for the algorithm for determining possible types of measuring tools (when creating
systems with graphical support) are descriptions of the surfaces to be machined, reflecting their shape,
controlled dimensions and location relative to other surfaces of the part. For the functioning of the al-
gorithm, a directory of parts surfaces is needed, in which certain types of measuring tools correspond
to each surface type. For systems without graphical support, the input data can be a processed element
and its characteristic. It is convenient to transfer further control to the algorithm for determining the per-
missible types of the measuring tool.
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Algorithms for generating a set of feasible alternatives and determining the desired solutions

The solution of problem (3) — the set of feasible alternatives can be represented as
CPOZ (QP) _ me U Q Cut U ng U Qrﬁm . (7)

Formula (7) shows that the set Qp of feasible alternatives can be formed using four algorithms,
each of which generates one of the following feasible technological solutions: Q¢ — equipment name;

Qe Qe Qe — cutting, auxiliary, measuring tools. Now let’s consider a number of statements that

are qulte 0bv1ous from a technological point of view for the formation of a set of alternatives.
Statement 1. The permissible type of equipment corresponds to the name of the machine tool ope-

ration, i. e. 7,,,,~r,,. If we denote the set of admissible types of equipment on which r,, operations are

performed by Q7°, then we can write

Qp ={vr, eQy

0 =60}, (8)

me

Statement 2. For processing in one transition a combination of surfaces of various shapes, such types
of cutting tools are acceptable that are designed to process each of the specified surfaces and can be in-

stalled on a given equipment, i. e. A ( Vo ~ Wf) ( Vo ~ rme). Denoting the set of solutions 7,,, admis-

sible for a given transition as Q5" taklng into account that every surface has a certain shape and involves
a certain processing method (pm) assigned to the equipment (turning, milling, planing, etc.), we obtain

A0 =07 ) (0 =072)|. ©)

Statement 3. In order to ensure that a cutting tool of a given type is mounted on a given equipment,
it is acceptable to have an auxiliary tool that can match the cutting tool (cuf) with a given equipment,
i €. (Fyw ~ T ) A (P ~ 7o )- A formal description of the set Q% of solutions 7, that are admissible
for the chosen r,,, and glven 7'me has the form

cut

Qly —{w e Qi

Qe —{w e Qe

aux

(0 =07 ) n (07 = va)} (10)

Statement 4. The permissible type of the measuring tool is determined by the type of the controlled

surface, i. €. 7yeqs~7- Denoting by Qe the set of solutions 7y, admissible for a given solution 7y,
we will have, proceeding from Statement 4

meas

Q meas — {vr meas

0 =07 . (11)

Formulas (8)—(11) give grounds to conclude the following:

— the input data of the algorithms for determining acceptable alternatives are the elements of the
corresponding sets of possible technological solutions;

— no additional reference information is required for the functioning of the algorithms;

— the output data of the algorithms are the elements of the corresponding sets of feasible technolo-
gical solutions.

Upon completion of the work of the next algorithm for determining a feasible solution, it is most ex-
pedient to transfer control to the corresponding algorithm for determining the desired solution. An ana-
lysis of formula (6) shows that the sets of possible and admissible solutions r,,, coincide, and the algo-
rithm that determines the sets Q7 =Q7%¢ is at the same time the algorithm for determining the desired
solution 7,,.. The dynamic formation of selection criteria makes it possible to put into practice the most
important principle of creating computer-aided design systems — the independence of software from
the regulatory and reference base and, as a result, ensure high adaptability of the system to changes
in the external environment.

Since the set d; of characteristics of solutions r,, contains one characteristic each — “name of ope-
rations”, it should be assumed that Q"" =QJ. For other typical technological solutions, taking into
account formulas (9)—(11), the relatlons "take place
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L
[iﬁ(’f’"’hff )} A [51(’2”"‘}1%"” )}} (13)

A (zgmshtf“*f )} (14)

i=1

Tewr — Teut
QrT - {vrcut € QD

T

ramr —_— raux
Qlow = {Vrm e Qs

meas

rmeus P rmea:
Qe = {Vr eQn

In general, the solution to problem (4) has the form
Cror(2p) =2, =023 U U U U, (15)

Formulas (12)—(14) show that the desired solutions 7., 74> F'meas ar€ determined based on the analy-
sis of the values of the characteristics of these solutions. Since each of the types of these tools has its
own set of characteristics, it is advisable to determine the required technological solutions 7.,;, 741> "meas
using separate algorithms, the number of which is equal to the number of types of each of the indicated
technological solutions.

The input data of the algorithms for determining the desired solutions 7,,,, 74 ¥'meqs are the values
of the dimensional and accuracy characteristics of the processed elements (surfaces) of the part, the
values of the dimensional characteristics of the seats for the equipment tool and the sets of character-
istics of the desired solutions that belong to the set of feasible solutions. At the same time, the values
of the characteristics of particular technological solutions should be stored in the relevant reference
books (technical characteristics of equipment, cutting auxiliary and measuring tools). The output data

of these algorithms »,_, 7, _, 7 are solutions represented by their designations in accordance with

cut? “aux?® " meas

regulatory documents.

Algorithms for optimizing the choice of technological solutions and generating data
for designing tools

The presence of a certain property o for a specific particular technological solution 7 can be ex-
pressed using the corresponding predicate £,. Then the statement “a particular technological solution 7,
has the property a” will be written as follows:

Eq(rs). (16)

The presence of property a for a given solution 7z, i. e. the “true” value of the predicate £,(r) is com-
pletely determined by the presence of the corresponding characteristic 7, in the set d; of the considered
solution ;. But since each characteristic 7, of the set d takes its values from dy, it makes sense to assume
that the property a has a number of values 0. For example, one of the characteristics of a particular tech-
nological solution ry,,,(processed surface) is the shape of the surface to be processed #: The characteristic
tr determines the property E; of the solution ry,,, to have one form or another. Denoting the value of the

property o of the solution r as 0 and using predicate (16), we can formalize the statement “a particular
technological solution 7 has the property o, and the value of this property is 0 as follows:

E,(r)A0:. (17)

Each value d, of the name of a particular technological solution (individual or standard) corresponds
to one set of characteristics d;, which determines the specific properties of a particular technological
solution. Each characteristic ¢; from the set d3 of characteristics of a particular technological solution 7z,
by virtue of axiom (17), corresponds to a particular property of the solution 7. The selection functi-

on CPO4 (Q:j ), i. e. solution of problem (5), for 7; can be represented as

Cro, (QrE ): C, (Q’i ) (18)

T i T

Optimization of the choice of the desired technological solutions by the ideal point method,
as shown by formula (18), is based on a comparison of the values of particular technological solutions
with the given values of the established optimality criteria. Practice shows that in the general case, each
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type of a typical technological solution corresponds to an individual set of optimality criteria. Therefore,
optimization should be carried out for each using separate algorithms for each type of typical technolo-
gical solutions. At the same time, the values of the characteristics of the found particular technological
solutions belonging to the sets €3, are fed to the input of the solution selection optimization algorithms.
For the functioning of optlmlzatlon algorithms, it is required to introduce directories containing the va-
lues of optimization criteria into the regulatory and reference base of the system. The output of the algo-
rithms is the final standard technological solutions. At any stage of choosing a particular technological
solution for a specific technological transition, one of the following situations may occur:

Q; =0, (19)
Qf =; (20)
Q- =0. 21

r

The fulfillment of conditions (19) and (20) means that the required type of technological solution
r¢ has not been found at all. The fulfillment of condition (21) means that it was possible to determine
the type of technological solution, but a specific value of ; was not found. With error-free initial data
of the system and a reliable reference base in these cases, it is necessary to generate data for the design
of a special tool [6]. Registration of data for the design of a tool is carried out in the form of an application
for design in the absence of a computer-aided design system for technological equipment at the enter-
prise. In the presense of such a system, it is advisable to arrange the design data in the form of a file
and use it as the input file of the specified system. To implement this function, it is necessary to develop
an appropriate algorithm that receives control when the marked situations occur. The block diagram
of the system of algorithms for the process of synthesis of technological operations based on a combination
of individual and standard technological solutions is shown in Fig. 1.

Algorithm for solving a simple selection problem

Tmeas Ty

’ to Q;guf

Algorithms for
determining
possible solutions

"o
‘ot
g

Q;l)a QEC)M qux Qrgeas Q;})t

Algorithms for
determining
feasible solutions

Q’c‘ut Qr“w‘

Algorithms for
determining the
desired solutions

Q cull Qrcufn Q aux] QT‘;L“" Qrmeasl Q measn
’i— T

T, raux rm eas

Algorithms

Solution Selection
Optimization

Fig. 1. Block diagram of the system of algorithms
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Conclusion

The system has a three-level structure, is characterized by a modular construction, a strict hierarchy
of modules. All modules of the system are independent from each other as well as from the reference
base of the system. The functionality of the system as a whole is increased by adding new modules
to the lower level of the system with a constant core.
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AnHotanusi. PaccmorpeHa 3aj1aua OIIEHKH KayecTBa KOMOMHHMPOBAHHUSI KOMIIOHEHTHBIX M300pakeHui, Gopmu-
PYEMBIX B IBYX CHHXPOHHBIX KaHaJax aTOMHOTO CHJIOBOTO MuKpockona (ACM-nzobpaxenwuii). [Ipemnoxena
BBIUMCIIUTENBHO TPOCTasi METPHKA KauecTBa KOMOMHUPOBAHHMS KOMIIOHEHTHBIX ACM-1300pa’keHUI Ha OCHOBE
KOO QUIIMEHTOB JIOKAJIbHOW KOPPEJSLMHY, YIUTHIBAIOIIAs BKJIAJI K&XKJIO0T0 U3 KOMIOHEHTHBIX ACM-n300paxeHnit
B pe3yisTupyoniee komonaupoBanHoe ACM-u300pakeHHe U KOPPENIALNI0 MeX Ty KOMIOHEHTHEIMU ACM-n30-
OpakenusiMu. [TokazaHo, 4To JIOKanbHast KOPPEISIHS 00ecrednBaeT Oosiee BEICOKYIO TOYHOCTh OIEHKH KadecTBa
koMOuHMpoBaHusT ACM-1300paXKeHUH IO CPaBHEHHIO C II00aIbHON KOppEIseH.

KroueBble ciioBa: aroMHasi CHIIOBAass MHKPOCKOIHMS, OIEHKa KauecTBa KOMOWHMPOBAHMS M300pa)KeHWH, IIo-
OasbHas! KOpPEIsIIHs N300paKESHUH, JIOKaJIbHAS KOPPEISIHS N300paKeHU.

KongumkTt nHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

BuaaronapHocts. PabGora BhmonHeHa B pamkax 3agaHus 3.03.3 moamporpammbl «MeXTUCIUIUTMHAPHEIE
HCCIIeIOBaHMA U HOBBIE 3apokaarontiecs Texnonorum» (I'TIHU «Koueprenmmsa-2025).

Jas uutupoBanus. JlokanpHas KOppeIAIIHOHHAS METPHKA IS OLIEHKH KadecTBa komOnHupoBanus ACM-m300pa-
xennii / M. FO. Jloeuknit [u np.] // Joxmamer BI'YUP. 2023. T. 21, Ne 3. C. 78-86. http://dx.doi.org/10.35596/1729-
7648-2023-21-3-78-86.
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Abstract. The problem of assessing the quality of combining component images formed in two synchronous
channels of an atomic force microscope (AFM images), is considered. A computationally simple quality metric
for combining component AFM images, based on local correlation coefficients is proposed, taking into account
the contribution of each of the component AFM images to the resulting combined AFM image and the correlation
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between component AFM images. It is shown that local correlation provides a higher accuracy of AFM images
combination quality estimation in comparison to the global correlation.

Keywords: atomic force microscopy, image combination quality assessment, global image correlation, local
image correlation.
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BBenenue

B aromuo-cunoBoit mukpockormu (ACM) npu CKaHWPOBaHWW (parMeHTa TOBEPXHOCTH Marepua-
Jla MOTYT MCTIOJIb30BaThCSI HECKOJIBKO MapayuIeTbHBIX CHHXPOHU3UPOBAHHBIX H3MEPHUTEIHHBIX KAaHAJIOB
JUTSL PA3TMYHBIX (PU3NIECKUX BemndrH. DopMupyeMble B THX H3MEPUTEIHFHBIX KaHaJIaX 3HAYCHHS KOM-
MIOHYIOTCSI B HECKOJIBKO JIBYMEPHBIX MaTpHIl yucell, 3(pPpeKTUBHO MpeIcTaBIsIeMbIX MHOTOKaHATHbHBIMU
ACM-u300pakeHUsIMU, B KOTOPBIX SIPKOCTH MUKCEINEH KayKI0ro KaHalla OTPakaloT 3HAYCHUST U3Mepsie-
MOH (U3MYECKOM BEIMUMHBI B COOTBETCTBYIOIIUX TOYKaX MOBepXHOCTH. Harbosee 4acTo CoNb3yoT-
Csl KaHAJIbI, OTMCHIBAIOIINE BBICOTY, BI3KOCTh U JKECTKOCTh TIOBEPXHOCTH, & TaKkxke Aedopmarnio 30H1a
Y paccenBaHME SYHEPTHH BO BPEMs CKAaHUPOBAHMS.

[Ipu BU3yanpbHOM aHaM3e MHOTOKaHAIBHBIX ACM-1300paKeHrii BOSHUKAET HEOOXOIUMOCTh 00b-
€IMHEHUS! UX KaHAJIOB IJISi COBMECTHOTO OTOOPa)KEHUS! Ha CTaHAAPTHBIX MOHHUTOpaX, UMEIOLINX OT-
HOCHTEJILHO Y3KUH AMHAMHYECKUH TUana3oH, ¢ MUHUMAIbHBIMU UCKaKCHUSIMH M TIOTEPSIMU JIeTaJICH.
KoMOuHnupoBanHoe u3obpaxkeHue, GopMupyeMoe B pe3ylibTare 00beIMHEHUS W300pakeHUN HU3Mepu-
TEJILHBIX KAHAJIOB, MOJKET OBITH IIBETHBIM (T. €. TPEXKaHaJbHBIM) WIJIM TIOJIYTOHOBBIM. B crarhe pac-
cMmarpuBaetcs (popMHUpOBaHUE KOMOMHUPOBAHHBIX MOIYTOHOBBIX ACM-H1300pakeHnii Ha OCHOBE JBYX
M3MEPHUTETHHBIX KaHAJIOB.

Jnst o6bequHeHus] n300paKeHUH IIMPOKO MCIIONB3YIOTCS MOAXObI, OCHOBAaHHBIE Ha B3BEIICHHOM
CIIOKCHUH, METOJIE IIaBHBIX KOMITOHEHT [1], JUCKpeTHOM BeiiBneT-nipeoOpazoBanuu [2] u ap. Cpenu
HHUX HET TOJIXOJIOB, CHEIMAIbHO OPUEHTHPOBAHHBIX Ha OObEAMHEHHE M300paKeHUH, (POPMUPYEMBIX
B M3MEPUTENbHBIX KaHaJlaX aTOMHOTO CHIJIOBOTO MHKpockoma. OTCYyTCTBYIOT TakKe pPEKOMEHIAIuU
1o BeIOOpY anroput™a Uit d3PQPeKTHBHOTO (HopMUpOBaHUS KOMOMHMPOBaHHBIX ACM-M300paxeHnH.
Pa3paboTka 3THX pexoMeHanui TpedyeT OIIeHKH KauecTBa TaKuX n300paskeHuil. J{71s OlleHKH KauecTBa
KOMOMHHUPOBAHHBIX TOJYTOHOBBIX M300paKEHHH IIUPOKO HMCIIONIB3YIOTCSl MOKa3aTelld, OCHOBAHHBIE
Ha aHaju3e kpaes [3, 4], B3auMHON nHbopMaIyu [5], OlleHKe KOJIMYeCTBa UHPOPMALIUU B U300paxe-
HUM [6], OIIEHKE TOYHOCTH BU3YyalbHOW MH(OPMALIUK B PA3IUYHBIX MaclITadax Mpe/ICTaBICHHS H300-
pakenus [7] u ap. Hu oguH U3 3THX moKas3areneil crieliiaibHO He OPHEHTHPOBAH Ha OIIEHKY KauecTBa
koMOMHUpOBaHHBIX ACM-n300pakernii. OTHOCUTEIBHOW MPOCTOTOW BBIYHMCICHUHN OTINYaeTCs Kod(-
¢unment koppessiuui. OH OCHOBaH Ha BBIYMCICHUU CPEIHUX 3HAYCHUH M300paXCHUH U HE YUUTHIBACT
JIOKaJIbHbIe 0COOCHHOCTH pactpeneneHus SpkocTi. ACM-U300paKeHusI OTIINYAIOTCS CYIECTBEHHBIMU
JIOKAJIbHBIMU HEOJHOPOIHOCTSMH PacIpe/ieNICHUs SIPKOCTH, YTO CHIKAET TOYHOCTh OIICHKU MX KauecTBa
¢ momoIneo koddduimenta koppernsinuu. L{enpo ucciaeaoBanuii aBTOPOB SIBISUIOCH MOBBIIICHHE TOY-
HOCTH OIICHKH KadecTBa KoMOMHUpoBaHus ACM-u300paskeHII Ha OCHOBE KOA(PPHUITMEHTA KOPPEIISIINH.

Bs100op MeTona ¢popmupoBanns KOMOUMHNPOBaHHBIX ACM-n300paxeHui

Ha pwuc. 1 mpusenens mpuMepsl ACM-u300pakeHHH, TTOTYYSHHBIX B HECKOJBKHX CHHXPOHHBIX
HM3MEPUTEIbHBIX KaHaJlaX aTOMHO-CHJIOBOrO MHKpockoma Dimension FastScan kommanum Bruker.
U300paxeHus: KaxJoro KaHaja UMEIOT pazMmep 256x256 nukceneil u pa3psaaHocTs 8 OuT. st oneHKH
TOYHOCTH TOKa3areseil kauecTBa KoMOMHIPOBaHHBIX ACM-n300paxenuiit He0OX0JMMO BEIOPaTh METO
ux popmupoBanus. Vcxons U3 npeanonoKeHus: 0 He3aBUCUMOCTH 3((EKTUBHOCTA METOJIOB 00bE/IH-
HEHHs M300pakeHNH 1 TOYHOCTH TTOKa3aTesieil KauecTBa KOMOMHUPOBAHHBIX N300pakeHUH 11s popMu-

poBaHUs KOMOMHUPOBaHHBIX ACM-n300pakeHui BEIOpaH MPOCTEHIINI METO/T B3BEIIIEHHOTO CIIOKEHHUS.
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Eoions
(DD

. O ( -

b

Puc. 1. ACM-n300pa)keHHs B IByX U3MEPHUTEIIBHBIX KaHAJIAX aTOMHOI'O CHJIOBOTO MHKPOCKOTIA:
@ — METaJNTM3UPOBaHHAsI HAHOCTPYKTYPUPOBaHHAsI HUKEIICBas TOBEPXHOCTH;
b—d — MeTaIN3NPOBaHHbIE HAHOCTPYKTYPUPOBAHHBIE HUKEIIEBbIE IOBEPXHOCTH C IOJMMEPHBIMY INICHKAMU
Fig. 1. AFM images in two measuring channels of an atomic force microscope:
a — metallized nanostructured nickel surface; b—d — metallized nanostructured nickel surfaces with polymer films

d

CornacHO TaHHOMY METOAY, 3HaUeHHs MUKcenei m(y, x) komOuHupoBanHoro ACM-n3o00paskeHuns
Mq= ||mc (y,x)”(y:

M, = ||m X || __ __
1 l(y ’ ) (y=0.r-1.x=0.X-1) y=0,7—1,x=0,X1
HAJIOB aTOMHOTO CHJIOBOTO MUKPOCKOIIA € TIOMOIIBIO BHIPAKEHHS

mc(y,x)z[kml(y,x)+(1—k)m1(y,x)}, mpu y=0,Y -1, x=0,X -1, (D)

7o) BPIYHCIAIOTCS HAa OCHOBE 3HaueHni nukceneit ACM-uzobpaxeHuit
s =1, x=0, 4 —

nepsoro u M, = ||m2 ( y,x)” ( ) BTOPOTO U3MEPUTENIbHBIX Ka-

e k — ko3 (hUIMEHT, ONPeICISIONINI BKJIa]] 3HAYCHHUI MUKCEIIeH KaXI0ro koMrnoHeHTHOro ACM-u300pa-
skenust M, u M, B 3Ha4eHUs MHUKceed komOunHupoBaHHOro ACM-u3o0paxenus Mq, 0 <k <1; Y, X —
pa3Mepsl (B MUKCEIISIX) KOMITOHEHTHBIX ¥ KOMOHHHPOBAaHHOTO ACM-1300paykeHu TI0 BEpTUKAIN U TO-
pU3oHTANN; [ | — omepanys OKpyTIICHHS 3HAYSHUH TTHUKCEICH 10 OMFKalIIero eroro.

Ha puc. 2 npuBenena cxema (popmupoBanusi komOunHUpOBaHHOTO ACM-H300pakeHUsT HA OCHOBE
BoipakeHus (1). s cormacoBanust AMHAMUYECKUX JUAa30HOB KOMIOHEHTHBIX ACM-n300pakeHnit
B CXEMe€ IIPelyCMOTPEHO JIMHEIHOE KOHTPACTHPOBAaHUE HAa OCHOBE MHHMMAKCHOTO PacTsKEeHHsI TUCTO-
rpaMMbl O3 HACKIIICHUS.

JnHenHas
—Mi—p
HopManm1sauma
OKkpyrnenue
P 00 6amkaiiwero M;—»
uenoro
NnHeiHan
My——
HopManm1sauma

Puc. 2. Cxema popmupoBanus koMOmHIpOBaHHOTO ACM-1300pa’keHUs Ha OCHOBE B3BEIICHHOTO CIIOKECHUS
Fig. 2. Scheme for forming a combined AFM image based on weighted summation
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Ha pwuc. 3 mokazansl pe3yibraTsl popMupoBaHus KOMOMHUPOBaHHBIX ACM-u300paskeHuil 11 mpu-
BEACHHBIX Ha pHUC. | MpUMepoB KOMIOHEHTHBIX ACM-n300paxeHuil Ipu Tpex 3Ha4eHUsIX ko3 hum-
enta k: 0,3, 0,5 u 0,7. MeHbIue 3Ha4eHUsT KOAPHUITMECHTA & COOTBETCTBYIOT MEHBIIICH OTHOCUTEIILHOM
Jore 3Ha4eHn KoMoHeHTHOT0 ACM-m300paskennst M| B komOnHIpoBaHHOM ACM-u300paxkeHnn Mo
10 CPaBHEHMIO C M,.

a b c

Puc. 3. KomounupoBauusie ACM-u300paxenust npu 3HaueHusix k& = 0,7 (Bepxuui psin), k = 0,5 (cpenuuii),
k= 0,3 (HmKHWA): @ — METaJUTM3UPOBAaHHASI HAHOCTPYKTYPHUPOBAaHHAS HUKENEBas IOBEPXHOCTD; b—d —
METaJUTM3UPOBAHHBIE HAHOCTPYKTYPHUPOBAHHBIC HUKEJIEBBIE TIOBEPXHOCTH C ITOJIMMEPHBIMH TUICHKAMHU
Fig. 3. Combined AFM images at k= 0.7 (top row), k= 0.5 (middle), k = 0.3 (bottom): a — metallized

nanostructured nickel surface; b—d — metallized nanostructured nickel surfaces with polymer films

Onenka kayecTBa koMOuHUpoBaHuss ACM-u3o0pakeHuii
Ha ocHOBe K03 duuneHTa r100aJbHOI KOppeasiiuu

KombOunupoanHoe ACM-u3o0paxenue hopMupyercs Uit odecrieueHrss BO3MOXKHOCTH HaOIo/ie-
HUS 3HAYUMBIX JeTane KoMImoHEeHTHBIX ACM-n300paskeHnit, GOpMUPYEMBIX B CHHXPOHHBIX KaHaIaxX
aTOMHOI'O CHJIOBOT'O MMKPOCKOIA OJHOBPEMEHHO B OIHOM IpOCTpaHcTBe nukcesnei. [lostomy kaue-
cTBO KoMOMHUpOoBaHUsI ACM-1300paskeHHsI MOKET OBITh OLIEHEHO €ro KOppessueil ¢ KOMIOHEHTHBIMHU
ACM-u3o0paxenusimu. Kospduument (A4, B) xoppensiuuy AByX KOMIOHEHTHBIX ACM-n300pakeHnit

A= ||a( y,x)” == u B= ||b( y,x)” (=37 o) BBIYHUCIISIETCS 110 (hopMyITe

~

gl

1 X—

|a(y,x)—5||b(y,x)—5|

r(4,8)= Y-l X—y1=0 = Y-1 X1 5 2)
> Y (ar.x)-a) > > (b(r.x)-b)

rae a, b — cpemnHee 3HaYeHHUE SIPKOCTH MTUKCeNel n300pakeHnit 4 u B.
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KoaddunmenTt xoppensaium, BeIUUCIIEMbIH 1m0 (2), sBusieTcs mio0anbHBIM. s OneHKH BKITaja
Ka)J10r0 KoMnoHeHTHOro ACM-u3o0paxkeHust B koMOnHupoBanHoe ACM-n300pakeHne NCTIONIb30BaHa
cxema, mpuBeieHHas Ha puc. 4. C ee MOMOIIBbIO OLIEHUBACTCS TI00ANbHAS KOPPEISAILHS MEKAY UCXO.I-
HBIMU KOMIIOHEHTHBIMI ACM-n3006pakenusimu M| u M,, komOuaupoBanHbIM ACM-u300pakernem M-

1 KOMIIOHEHTHBIM M|, koMOmHNpOoBaHHEIM ACM-n300paxennemM M- 1 KOMIIOHEHTHBIM M.

JInHelHan Koapdurumen
7M1" tbd) L J *F(Ml,Mz)‘b
HOpManmsaLma Koppenauun
M NnHerHas A KoapodurumeHt (Mo Ms)
HOopMmanmsaumna Koppenaynu
NnHelHaa KoapdurumeHt
— Mo . (Mg, M )
HOpManu3aLmsa Koppenauuu

Puc. 4. Cxema O1eHKH KOPPEISINI KOMOMHUPOBAHHOTO ¥ KOMITOHEHTHBIX ACM-1300paskeHIi
Fig. 4. Scheme for assessing the correlation of combined and component AFM images

B tabn. 1 npuBeneHsl 3Ha4eHUS KOAPPUIUEHTOB IMOO0ATBHON KOPPEISIHNH, BHIYUCICHHBIE C T10-
Moo cxemsl puc. 4 miusi ACM-n300pakeHni, MPUBEAEHHBIX Ha puc. 1, 3, U HECKOIBKHUX JIPYTHUX
ACM-n300pakeHUH TOBEPXHOCTEH pa3TNIHBIX MaTePHAIIOB.

Tadmuna 1. 3HaueHust K03(QPUINEHTOB TII00ATBHON KOPPEISILIUH
Table 1. Values of global correlation coefficients

TToxasarens / i Koadpunuent xoppensmn ACM-uzobpaxenntit / Correlation coefficient of AFM images
Index ACMI | ACM2 | ACM3 | ACM4 | ACM5 | ACM6 | ACM7 | ACM8 | ACM9 | ACM10
r(M,, M,) 0,510,5650 | 0,425 |0,3291 | 0,6020 | 0,2360 | 0,5379 | 0,5010 | 0,6555 | 0,6005 | 0,4500
0,710,9932 | 0,993 | 1,0000 | 0,9992 | 0,9748 | 0,9868 | 0,9843 | 0,9872 | 0,9955 | 0,9998
r(Mc, My) 0,510,9678 | 0,970 | 0,9999 | 0,9956 | 0,8868 | 0,9289 | 0,9273 | 0,9403 | 0,9775 | 0,9990
0,310,8775| 0,870 |0,9990 | 0,9785 | 0,6590 | 0,7791 | 0,7645 | 0,8217 | 0,9035 | 0,9944
0,710,6075| 0,446 |0,3232|0,6131 | 0,4251 | 0,5554 | 0,6050 | 0,6756 | 0,6158 | 0,4583
r(M¢, M) 0,510,6696 | 0,525 |0,3317|0,6297 | 0,6215|0,6173 | 0,7117 | 0,7218 | 0,6434 | 0,4728
0,310,7875| 0,703 | 0,3514 | 0,6706 | 0,8446 | 0,7903 | 0,8443 | 0,8156 | 0,7184 | 0,5064
0,7| 7,35 6,19 5,94 6,94 | 10,79 | 6,65 8,36 8,14 7,07 5,98
D(k) 05| 9,72 7,90 6,06 7,38 | 24,09 | 9,23 | 15,17 | 11,60 | 8,08 6,22
03| 32,74 | 22,16 | 6,34 8,90 | 34,33 | 260,50 | 40,24 | 409,47 | 14,59 6,83
Ar(ky, ky) -0,0643| 0,134 |-0,0272(-0,0368|-0,1037|-0,0272|-0,0195| 0,0255 |-0,0106| —0,0427

U3 tabn. 1 cnenyer, 4to komnoHeHTHbIe ACM-u300pakenust M u M, cnabo koppenuposassl. [1pu-
4yeM BKJIa]l kKoMoHeHTHOro ACM-u3o0paxenust M| B koMOMHUpOBaHHOE U300pakeHue M- Bcerna 00-
Jiee 3HAYUTETICH, YeM KOMIIOHEHTHOTO M,. [Ipu 3ToM 3HadeHus k03(h(HUIneHToB I00aTbHON KOppes-
uun r(Mc, M) u r(Mc, M,) HaXooaTcss B HEKOTOPOM TIPOTHBOPEUHH: MPH KOA(D(HHUIIHEHTE TII00TBHON
xoppensituu #(M, M), paBHOM WM OY€Hb OJIM3KOM K €AMHUIIE (YTO TOBOPUT O MPAKTUIECKH TIOJTHOM
COOTBETCTBHU MEKAY KOMIIOHEHTHBIM ACM-u300paxenneM M| 1 KOMOMHUPOBAaHHBIM M, T. €. (hakTu-
yecku M| = M), pa3Huua B 3HaUeHUSIX K03 PUIHMEHTOB 100anbHON koppesiuuu (M, M>) u (M, M,)
SIBJISIETCST OOJIee CyIIeCTBEHHOM /ISl BCEX BUIOB M300pakeHuit. B Tabm. 1 mpuBeaeHb! 3HAUCHUS pa3HOC-
teit Ar(k;, ky) mnHAMUYECKUX quamna3oHoB ko3 dunmentoB H(Me, My, k) u (M, M, k), BBIMUCIIEHHBIX
o popmyie:

Ar(kLakH):|r(MC7M1akH)_r(MCaMlakL)|_

— (Mo, My, k) —r(Me, M, k)| wust k, =0,3, k; =0,7. (3)
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[IpuBenennsie B Tabn. 1 3naueHus Ar(k;, kj) CBUIETENBCTBYIOT O HECOINIACOBAHHOCTH M3MEHEHHN
K03 PUIIEHTOB T100anbHOM Koppemsiuun (M, My, k) u r(Mc, M,, k) npu u3meHenuH k, onpenensronie-
0 BKJIa] KOMIIOHEHTHBIX ACM-n300paskeHuit B koMOnHHpoBaHHOE ACM-1300pakeHre: TMHAMHYECCKUT
nuanazon kodpunuenta (M, My, k) menbiue, uem #(Mc, M,, k). B 3Tl CBsI3u aKTyalIbHOM SIBIISIETCS 3a-
Jlaga TOBBIMICHIUS TOYHOCTH KOPPEISAIIMOHHON OIEHKH KadecTBa KoMOMHMpoBaHuss ACM-n300paskeHui.

Onenka kauectBa koMOuMHUpoBanust ACM-u3zo0paxeHuii
HA OCHOBe KO3()(pruMeHTa JIOKAJIBbHOI KOPpeJsilun

[loBBIIIIeHNE TOYHOCTH KOPPEISAIMOHHONW OIEHKH KadecTBa KoMmOmHupoBaHus ACM-n3zo0pa-
JKEHUH BO3MOXKHO 3a CYET ydYeTa JIOKAIBHBIX OCOOCHHOCTEH pacripeneicHU 3HAYCHHWH IHKCenel
B KOMIIOHEHTHBIX U KOMOmMHHMpoBaHHOM ACM-u3o00paxeHusx. [jis 3TOro MOXET HCHOIb30BaThCs

koapunuent 7;(4, B) nokaiapHOU Koppesiuun 1ByX ACM-uzo0paxeHuit A —||a V,X ||

(v=0,r-1,x=0,x~1)
uB= ||b (v,x || i) BBIUUCIISIEMBII C TIOMOIIBIO BBIPAKCHUS:
Y-1Xx-1
Z |a(y5x)_aL(y,xap)”b(yax)_bL(yaxap)|
_ =0 x=0
r.(4,8,p)= Y—I X-1 FEpE] S’ )
(a(yax)_aL(y’xap)) ZZ(b(y,x)_bL(an,p))
y=0 x= y=0 x=0
rae a,(y,x, p), b,(y,x, p) — cpenHee 3Ha4eHHE IPKOCTHU IUKCEIEH H3o6pa>i<eHm71 A u B B OKPECTHOC-
TU TIHKCENS C KOOp[[I/IHaTaMI/I (v, x) pazmepoMm pxp nukceneu, a,(y,x,p)= ZZa( v+ j,x+1i),
Jj=0 i=0
b,(y,x,p)= Zzb(yﬂ X+i).
j=0 i=0

B Tabm. 2, 3 nys HEeCKONBKUX 3HAUCHUN pa3Mepa p OKPECTHOCTH TPUBEACHBI 3HAYCHUS KOdPOu-
[IMEHTOB JIOKAJILHOW KOPPEJSIINY, BRIYUCICHHBIE C TOMOIIBIO cxeMbl puc. 4 s ACM-n3o00paxeHui,
MPUBEACHHBIX Ha puc. 1, 3, n HeckonbKuX Ipyrux ACM-u300pakeHuii MOBEPXHOCTEH pa3NuYHbIX Ma-
TepuanoB. Taxke B Tabn. 2, 3 mpeacTaBieHbl 3HaYCHUs pasHocTed Ary(k;, ky) AMHAMUUYECKUX Tua-
Ma30HOB KOA(PHUIMEHTOB JOKANbHOW Koppensiuuu 1 (Mc, My, p, k) w ri(Mc, M5, p, k), BBIMECIsIEMBIX

¢ momomipio (4) mis k; = 0,3, k= 0,7, v 3HAYCHUS OTHOIICHHMA |Ar(kL,kH )/ArL (kL,kH )|

Taoauna 2. 3Ha4eHusT KOAPPHUIUEHTOB JIOKAIBLHON KOPPEISIHK IIPU p = 3
Table 2. Values of local correlation coefficients at p = 3

Koaddunment xoppensumnu ACM-uzobpaxenuii / Correlation coefficient of AFM images

TTokasarens / Index | &
ACMI1 | ACM2 | ACM3 | ACM4 | ACM5 | ACM6 | ACM7 | ACM8 | ACM9 | ACM10

1My, M, p) | 0,5 10,5906 | 0,598 |0,2743 | 0,4935 | 0,5971 | 0,6254 | 0,6294 | 0,6318 | 0,5496 | 0,3217
0,7 10,7341 | 0,861 |0,9426 | 0,9374 | 0,8012 | 0,6290 | 0,6406 | 0,6426 | 0,7371 | 0,9611
ri(Mc, My, p) | 0,5 10,6030 | 0,736 |0,7847 | 0,8114 | 0,6716 | 0,6257 | 0,6328 | 0,6352 | 0,6108 | 0,8375
0,3 10,5855 | 0,651 |0,53390,6590 | 0,6152 | 0,6253 | 0,6306 | 0,6330 | 0,5649 | 0,6024
0,7 | 0,8240 | 0,866 | 0,5379 | 0,7021 | 0,7942 | 0,9931 [ 0,9917 | 0,9935 | 0,8537 | 0,5392
r(Mc, Mo, p) | 0,5 ]0,9483 | 0,955 |0,7557 | 0,8484 | 0,9338 | 0,9987 | 0,9984 | 0,9987 | 0,9603 | 0,7413
0,3 10,9893 | 0,989 | 0,9230 | 0,9519 | 0,9849 | 0,9998 | 0,9997 | 0,9998 | 0,9916 | 0,9111
0,7 | 29,35 [577,59| 13,34 | 14,12 |381,70| 7,12 | 7,39 | 7,38 | 24,82 | 11,05

D, (k) 05| 7,61 | 12,91 [193,65| 90,90 | 10,25 | 6,96 | 7,09 | 7,11 8,18 | 51,02
0,3 | 6,60 811 | 13,65 | 11,14 | 7,25 | 6,94 | 7,02 | 7,05 6,64 | 15,24
Ary(ky, k) -0,0167| 0,087 |0,0236 | 0,0286 |-0,0047| 0,003 | 0,002 | 0,0033 | 0,0343 |-0,0132

\Ar(hy, ki Arh k) | 385 | 1,54 | 115 | 129 | 22,06 | 907 | 9,75 | 7.73 | 031 | 3723
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Tadmmna 3. 3HaueHns K03(h(PUINEHTOB JIOKAIBHOW KOPPEISLIUK IpU p = 9
Table 3. Values of local correlation coefficients at p =9

Koaddunment xoppensunn ACM-uzobpaxenuii / Correlation coefficient of AFM images

Ilokasarens / Index | £
ACMI1 | ACM2 | ACM3 | ACM4 | ACM5 | ACM6 | ACM7 | ACMS8 | ACM9 | ACM10

r(My, My, p) | 0,5 |0,6080 | 0,532 |0,2744 | 0,6208 | 0,6450 | 0,6556 | 0,6703 | 0,6487 | 0,5902 | 0,4635

0,7 | 0,9056 | 0,872 | 0,9774 | 0,9605 | 0,7752 | 0,6509 | 0,6842 | 0,6491 | 0,9408 | 0,9973

ri(Mc, My, p) 0,5 | 0,7340 | 0,715 | 0,8906 | 0,8862 | 0,6818 | 0,6528 | 0,6754 | 0,6479 | 0,8096 | 0,9848

0,3 | 0,6192 | 0,603 | 0,6717 | 0,7824 | 0,6467 | 0,6542 | 0,6723 | 0,6482 | 0,6687 | 0,9300

0,7 | 0,6500 | 0,764 | 0,4364 | 0,7902 | 0,6760 | 0,9932 | 0,9926 | 0,9930 | 0,6512 | 0,5100

ri(Mc, My, p) 0,5 | 0,8123 | 0,908 | 0,6286 | 0,8933 | 0,9056 | 0,9987 | 0,9985 | 0,9987 | 0,7784 | 0,5844

0,3 | 0,9456 | 0,977 | 0,8516 | 0,9647 | 0,9813 | 0,9998 | 0,9997 | 0,9998 | 0,9241 | 0,7162

0,7 | 10,01 | 28,47 9,52 16,56 | 22,68 7,33 8,11 7,36 9,31 6,67

D, (k) 05 | 32,48 | 1581 | 21,13 | 403,73 | 11,00 | 7,28 | 7,73 | 724 | 86,24 | 8,46

0,3 7,89 7,94 30,86 | 15,44 7,54 7,30 7,62 7,23 10,57 16,61

Ary(ky, kyp) —-0,0092| 0,056 |-0,1095| 0,0036 |-0,1768 |-0,0033 | 0,0048 |—-0,0059 |-0,0008 | —0,1389

|Ar(hy, k) Arsh ki)l | 6,99 | 239 | 025 | 1022 | 0,59 | 824 | 406 | 432 | 1325 | 031

W3 tabm. 2, 3 cnenyer, uto pasauna Ar;(k;, ki) B IMHAMUYECKUX Arana3oHax K03 UIIMEeHTOB J10-
KaJbHOHM Koppensinuu B 4—6 pa3 MEeHbLIC N0 cpaBHEHUIO ¢ pasHuuei Ar(k;, ky) B TMHAMUYECKHUX M-
amazoHax kod3ddurenToB modanbHON Koppemsiuun it p = {3, 5, 7, 9} ¢ ycpeaHEeHHEM MO AeCATH
ACM-u300pakeHUsIM. ITO TOBOPUT O CYIIECTBEHHO JYYILIEH COITTACOBAHHOCTH M3MEHEHHH KOd(pQu-
ueHToB r(Mc, My, p, k) n ri(Mc, M,, p, k) o cpaBHEHUIO ¢ KOd(PPUITHEHTAMHU TTI00aTEHON KOPPEs-
unu (M, My, k) n (M, M,, k) npu n3menenuu k. 13 conocrapnenns BeipakeHuit (2) u (4) cuenyer,
YTO BpeMEHHasl CJI0KHOCTh BBIYHCIICHHH Kod(h(DUIMeHTa J0KaIpHON Koppensuuu 7;(A4, B, p) npuMepHO
B 2p? paza OoIbIIIe 110 CPAaBHEHHIO C BDEMEHHOM CII0KHOCTBIO BBIYHCIICHUH KoddduimenTa rmobdanbHoi
Koppemsiuun (A4, B).

Jiist onieHkn KayecTBa koMOuHUpoBaHusi ACM-1300pakeHHid C y4eTOM KOPPEJISIIUU MEXK Ty KOMOu-
HupoBaHHBIM ACM-m300pakeHHEeM U KKIbIM U3 ABYX KOMIOHEHTHBIX ACM-m300pakeHHid, a TakkKe
MeXIy KOMIOHEHTHBIMH ACM-H300paXeHHAMH TpeuIaraeTcs JOoKajdbHas KOPPENSIIMOHHAS METpH-
ka D;(k), Beraucsiemasi ¢ IIOMOIIbIO BBIpaKEHUS (deM OOJbIle ee 3HaAYCHHE, TeM JIyYIle):

D (k)z (M, M, k)+r, (M., M,,k) ‘
- |rL(MC’MIDk)_rL(McaMzak)|rL(M1:M27055)

)

JloxanbHasg koppensaiuonHas Metpuka D; (k) (tadin. 2, 3) mo3BosIeT onpeneanTh 3HaueHue k, odec-
TIeYMBAlOIIee JTydIlIee COOTHOIIEHHNE BKJIAJ0B KOMITOHEHTHBIX ACM-n300pakeHnii B KOMOMHIPOBAHHOE
ACM-m300paxenne. AHanornyHas MmeTprka D(k) Ha 0CHOBE KO3 (PHUIIMEHTOB TII00aTFHON KOPPEISIIUT
(Tabmn. 1) HEe MO3BOJISIET ATO CAEIATH, YTO CBSI3aHO C €€ HU3KOIM TOUHOCTHIO. JlaHHAs MEeTpHKa yKa3bIBaeT
Ha k= 0,3 nns mr00b1x ACM-u300paeHnid, X0Ts, Kak CJIeAyeT U3 puc. 1, 3To HeBepHO. M3 Tabn. 2, 3 Tak-
e CIIeJlyeT, YTO 3HaYCHUsI JIOKAJIbHON KOPPEJISIUOHHON MeTpuKH Dy (k) st OMHUX U TeX ke n300pa-
JKeHWI HE BCET/]a COBIAAIOT MPY PA3IMYHBIX 3HAYEHHUSAX pazMepa p OKHa KOPPENIAINOHHOTO aHaln3a.
Taxast 3aBUCHMOCTB TIO3BOJISIET OCYIIECTBIIATH OIICHKY kKadecTBa koMOnHUpoBaHmst ACM-u300pakeHmi
C YYETOM pa3Mepa 3HaYMMBIX 0OBEKTOB. DTO MOATBEPKIAET COMOCTaBIeHHe puc. 1 u Tabm. 2, u3 xo-
TOPOTO CIEIyeT, 4To pu p = 3 Beiouparorcs k = 0,7 u k = 0,5, cOOTBETCTBYIOIIHE KOMOMHUPOBAHHBIM
ACM-1300pakeHUSIM C XOPOILO PA3TUINMBIMI MEJIKUMH JIETAIISIMH.
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BriBoaBI

1. JInst ouenkn kauectBa komOnHUpoBaHust ACM-u300paskeHUI TpeasioKeHa JIOKAIbHAsT KOppeds-
LMoHHast MeTpuKa. [Ipu ee BEIUMCIICHHH HCTIONB3YIOTCA KO3 (QUIIMEHTHI TOKaIbHOM KOPPEIsIHH, OTIpe-
JelnsieMble B KBaApaTHONW OKPECTHOCTH KaXKAOTO MUKcens cpaBHuBaeMbix ACM-n3o0paxkenuii. Metpu-
Ka YYHUTBIBAET BKJIAJ KQKJIOT0 M3 KOMNOHEHTHBIX ACM-u300pakeHUi B pe3yabTHpyIoliee KOMOUHH-
poBanHOe ACM-n300pakeHue, a TAKKe KOPPEISAIHUIO MEKTy KOMIOHEHTHRIMU ACM-1300paskeHUSIMH.

2. YCTaHOBJICHO, YTO JUTSI B3BEIICHHOTO CIOKECHHS MCXOTHBIX ACM-u300pakeHuH Ipu H3MECHECHIH
BKJIa/Ia OMHOTO M3 KOMIOHEHTHBIX ACM-Hu300paskeHHi B pe3ynbTUpyloliee kKoMonHupoBanHoe ACM-
nzobpaxenue ot 0,7 no 0,3 pazHuLa B TMHAMUYECKUX JHana3oHax KO3(QQHUIUEHTOB JOKAIbHOW KOP-
pensinun koMnoHeHTHBIX ACM-n300paxeHnit B 4—6 pa3 MEHbIIE Pa3HUIBI B JUHAMUUECKUX TUAIa3o-
HaxX K03()HUIIMEHTOB MMOOATFHON KOPPEISIIUKI TIPU pa3Mepe OKPECTHOCTH JIOKAIBHOW OIEHKH OT 3%3
10 9x9 muKkceneit. 3To CBUAECTENHCTBYET O CYNIECTBEHHO JIYUIICH COTIIAaCOBAHHOCTH M3MEHEHHH KOA (-
(PUIMEHTOB JIOKAJIbHON KOPPEJSILIMY 10 CPABHEHHUIO ¢ KO3 ULIMeHTaMH IMI00aIbHON KOppesiiuy Ipu
HW3MEHEHUH BKJIAZOB KOMIOHEHTHBIX ACM-mu300pakenuii B komOuHupoBanHoe ACM-n3o0paxeHnue
1 TIOBBILICHUH TOYHOCTH KOPPEISIIMOHHOM OLIEHKM KauecTBa koMOuHMpoBaHusi ACM-n3o00paxeHuil.
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®OPMHUPOBAHUE OBYUYAIOIIIEN BIFGOPKH
JIJISI CBEPTOYHBIX HEMPOHHBIX CETEN
ITPU PEUJIEHTUO®UKAIIAU JIOAEMN IO BUJEOJAHHBIM
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© benopycckuii TOCYIapCTBEeHHBIH YHUBEPCUTET HHPOPMATHKH U PAAHOICKTPOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AHHoTanust. J{71s1 TOBBIIIEHNUST TOYHOCTH PAOOTHI CUCTEMBI PEUACHTU(UKALINY JIFONIEH TIpeuIaracTcsi KOMIIIeKC-
HBII TIOIXOA TIpH (POPMHUPOBAHUN 00yUarOIIeH BHIOOPKH AJIsI CBEPTOUHBIX HEHPOHHBIX CETEH, MPEeAIoNaraiomuni
HCIIONIb30BaHKHE HOBOTO Habopa M300paKeHUH, YBEIHMUCHNE KOJIIMYECTBa TPEHUPOBOYHBIX IPUMEPOB 3a CUET Cy-
IIECTBYIOMUX 0a3 JaHHBIX W IPUMEHEHHUE Psijia MPeoOpa3oBaHMi TSI MOBHIIEHHS UX pa3HooOpasns. Co3qaHHbIH
Habop maHHBIX PolRelD1077 comepkuT n300pakeHUs JItofieH, KOTOphIe OBIIM MOJTYYCHBI BO BCE BpEMEHA Tofa,
YTO TO3BOJIMT MOBBICUTH KOPPEKTHOCTH PAOOThI CHCTEM PEHICHTH(HKAIMN ITPU CMeHe ce30HOB. [IpenmMymiect-
BoM PolReID1077 siBisieTcst TakiKe UCIONb30BaHUE BH/ICOIAaHHBIX, TOJYYECHHBIX ITPY BHEIIHEM W BHYTPEHHEM Ha-
OiroIeHNHM B OOJTBIIIOM KOJTMYECTBE PA3INIHBIX MeCT CheMKH. [10aToMy M300pakeHust Jifofiei B co31aHHOM Habope
XapaKTepU3yIoTcsl BapuabesIbHOCThIO (OHA, SIPKOCTHBIX U LBETOBBIX XapakTeprcTHK. OObeTMHEHHE CO3IaHHOTO
Habopa ¢ cymectByrommumu CUHK02, CUHKO03, Market-1501, DukeMTMC-RelD u MSMT17 no3sonuio no-
nyautb 109 772 nzobpakeHus aus 00ydeHHs. YBEIMYCHUE PasHO0O0pa3us C(OPMHUPOBAHHBIX IPUMEPOB IOCTH-
raercs 3a C4eT NPUMEHEHHUS! K HUM LUKJINYECKOTrO CJBHIA, UCKIIIOUCHHUS! [[BETHOCTH M 3aMeEIeHUs] (parMeHra
YMEHBIIIEHHOW KOIHeH Apyroro m3odpaxenus. [IpencraBiueHsl pe3ynbTaThl HCCIEJOBAHUHI MO OLIEHKE TOYHOCTH
penneHTH(GUKAIINN 15 CBEPTOYHBIX HeHpoHHBIX ceTeld ResNet-50 u DenseNet-121 mpu ux TpeHHUPOBKE C UCTIONb-
30BaHUEM TPEUIOKEHHOTO MOIX0Aa JiIs (HOPMUPOBAHUSI 00yUarOIIEH BEIOOPKH.

KuroueBble ciioBa: noBTopHast HaeHTH(GUKALMS Joael, CBEpTOUHbIE HelpoHHbIe ceTH, PolReID 1077, mammuHoe
oOyueHue, ayrMeHTaIus.

Kondaunkt uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUHU KOH(INKTa HHTEPECOB.

Jos uutupoBanus. Mruareesa, C. A. @opmupopanue o0yyarorieil BBIOOPKH [Uisi CBEPTOUHBIX HEHPOHHBIX ceTel
TIpH peuICHTH(PHUKAINH JTrofeii o BuaeonandsM / C. A. UrnarteeBa, P. I1. Borym / Jokmagsr BI'YUP. 2023. T. 21,
Ne 3. C. 87-95. http://dx.doi.org/10.35596/1729-7648-2023-21-3-87-95.

TRAINING SAMPLE FORMATION
FOR CONVOLUTIONAL NEURAL NETWORKS
TO PERSON RE-IDENTIFICATION FROM VIDEO

SVIATLANA A. IHNATSYEVA, RYKHARD P. BOHUSH

Euphrosyne Polotskaya State University of Polotsk (Polotsk, Belarus Republic of Belarus)
Submitted 15.12.2022

Abstract. To improve the person re-identification system accuracy, an integrated approach is proposed in the
formation of a training sample for convolutional neural networks, which involves the use of a new image dataset,
an increase in the training examples number using existing datasets, and the use of a number of transformations
to increase their diversity. The created dataset PolReID1077 contains images of people that were obtained in all
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seasons, which will improve the correct operation of re-identification systems when the seasons change. Another
PolReID1077 advantage is the video data use obtained from external and internal surveillance in a large number
of different filming locations. Therefore, the people images in the created set are characterized by the variability
of the background, brightness and color characteristics. Joining the created dataset with the existing CUHKO02,
CUHKO03, Market-1501, DukeMTMC-ReID and MSMT17 sets made it possible to obtain 109 772 images
for training. An increase in the variety of generated examples is achieved by applying a cyclic shift to them, eli-
minating color and replacing a fragment with a reduced copy of another image. The research results on estimating
the accuracy of re-identification for the ResNet-50 and DenseNet-121 convolutional neural networks during their
training, using the proposed approach to form a training sample, are presented.

Keywords: personre-identification, convolutional neural networks, PolReID 1077, machine learning, augmentation.
Conflict of interests. The authors declare no conflict of interests.

For citation. Thnatsyeva S. A., Bohush R. P. (2023) Training Sample Formation for Convolution Neural Networks
to Person Re-Identification from Video. Doklady BGUIR. 21 (3), 87-95. http://dx.doi.org/10.35596/1729-7648-
2023-21-3-87-95 (in Russian).

BBenenune

[upokoe pacnpocTpaHEeHHE CHCTEM BHICOHAOMIOAECHUS BO MHOTUX c(epax >KU3HEAesITeIbHOCTH
Jrofiel TpeOyeT aBToMaTU3alMy Npoliecca aHain3a BUACOJAHHBIX, CPEH KOTOPBIX MOKHO BBIICIHUTH
AKTyaJIbHOCTh OIPEICTICHUs] IPUCYTCTBHS 32JIAHHOTO YeJIOBEKa Ha BUJICOJIAHHBIX B Pa3HOE BpeMsl MU
B IpyroM MecTe. Takas 3amada Ha3pIBaeTCs MMOBTOPHOU HACHTUGUKANEH (penaeHTH(OUKAIIEH ) Tronei
1 3aKJII0YAETCSI B TOM, YTO IIPH HOCTYIUICHHH 3allpOca HEOOXOANMO BBIJCIUTD XapaKTEPHbIE 0COOCHHO-
CTH MCKOMOT'O YEJIOBEKAa, CPABHUTD UX C IIPU3HAKAMU JIPYTUX JIOACH U ONpPeaeuTh, KOrIa U [Je HCKO-
MBI/ YeJIOBEK MOMa il B T0JIe 3peHHst MHOXKecTBa kamep. Hanbosee 3¢ (eKTUBHBIM TSI 3TOTO SIBISIETCS
npuMeHeHue cBEPToUHBIX HelpoHHbIX ceteld (CHC), pe3ynbraTHBHOCTH pabOThl KOTOPBIX BO MHOTOM
3aBHUCHUT OT KayecTBa 00yYarOIIUX JaHHbIX.

HaGope! naHHBIX U1 TPEHUPOBKU HEHPOHHON CETH JOJKHBI COOTBETCTBOBATh TAKUM TPEOOBAHU-
sIM, Kak OoJbLION 00beM, pazHOOOpa3ue W OTCYTCTBHE qucOanaHca KiaccoB B HuX. HemocrarouHoe
KOJIMYECTBO M300paXKEHUH B BEIOOPKE MOXKET MPUBECTH K MEpeoOydeHHIO, T. €. K 3anomuHannio CHC
TPEHUPOBOYHBIX MPUMEPOB M HEYCTOHYMBOCTH MOJENU K HOBBIM JaHHBIM. PazHooOpasue Habopa naH-
HBIX ISl CHCTEM PeUICHTH(OUKAIIIH OMPEAeIIsIeTCsl KOMTMUYECTBOM BUCOKaMep, Pa3IMuUeM UX XapaKTe-
pHUCTHK (pa3pellieHne, KOINIeCTBO KaJl[poB B CEKYH/y) U BapUAaHTAMHU UX PACIONOKEHHsI (MECTO, yroJ
0030pa), pa3HBIMU YCIIOBHSIMH BHUICOHAOIIONCHUS (BpeMs CyTOK, C€30H, ocBemeHue). [1pu atom mmoau
Ha U300pakKeHUSX JOJDKHBI OTIINYATHCS BHEIIHUM BHIOM (POCT, TETIOCIOKEHHE, TI0JI, OACKIA). YBEIH-
YeHHe pazHooOpa3us MOBBIIAET POOACTHOCTDH M3BJIEKAEMBIX NMPHU3HAKOB U YCTOWYMBOCTH OOY4YEHHOMH
CHC k HOBBIM H300paxeHusimM. J{ucOananc KiaccoB, MpU KOTOPOM OAHUX MPHUMEPOB OKa3bIBAETCS Cy-
LIECTBEHHO OOJIbIIE, YeM JPYTHX, IPUBOAMT K OONBIIEMY BIHUSHUIO MPU3HAKOB JIOMUHHUPYIOIIETO KIlac-
ca nipu o0yuennn CHC u, COOTBETCTBEHHO, K IMOTEPE TOUHOCTH IIPU e padoTe.

Hns ycrpaneHust neuuuTa JaHHBIX HMHOIZNA MPHOEraroT K OObEAMHEHMIO CYLIECTBYIOLIMX Ha-
0OpOB WJIM PACIINPEHUIO TPEHUPOBOYHON BBIOOPKH 3a CUET MMEIOIIMXCS M300paKEHUH IMyTeM Mpu-
MEHEHHUSI K HUM Kakux-1100 npeobOpasoBanuii [1, 2]. PaBHOMEpHOCTh pacnpeneieHus: KJIaccoB BO3-
MOXHO 00€CIeunTh TOJIBKO B mpouecce GpopmupoBanus HaOopa naHHbIX. COOp, aHANU3 M pa3MeTka
Jrofiel (MPUCBOCGHUE YHUKAILHOTO HOMepa — UIeHTH(UKATopa) — TPyAoeMKasl 3a/1a4a, 4YTo OOBSICHIET
OTpPaHWYEHHOE KOJIMYECTBO M pa3Mephl CyIIECTBYIOIINX HAOOpOB JaHHBIX. Hambonee cyriecTBeHHbIE
1 pacpoCTpaHeHHbIE U3 HUX (JOPMHUPOBAINCH HA OCHOBE BUAEO, IIOJIyYEHHOTO B TE€UEHHE HEOOIIBILIOTO
BPEMEHHOT0 HHTepBaia ¢ 2—15 kamep BUICOHAOMIOAEHUS IIPHU PA3HBIX YCIOBHAX BHICOHAOIIONCHMS,
U OTJIMYAIOTCSI KOJMUYECTBOM M300paskeHui [3—7]. B cBsi3u ¢ 3TUM OHM 00JIaAaloT pa3IMYHON CIIOXK-
HOCTBIO JUIsl PEUJCHTU(PHUKALUHN 1 HE MO3BOJIAIOT MOIYYUTh OOBEKTHBHYIO OLEHKY TOYHOCTH. Habopbl
JAHHBIX, UMEIOIUECS B CBOOOIHOM JIOCTYyIE, CPOPMHUPOBAHBI B YCIOBHSIX, HE CXOKUX C ITOTOJHBIMU
SIBJICHUSIMH B PETHOHAX, B KOTOPBIX SIPKO BBIpakeHa CMEHA CE30HOB. B cityuae mpuMeHEHUs CHCTEMbI
peuneHTUGUKAINN, TSI O0YICHHS KOTOPOH MCIOIB30BAINCH MOJ00HBIC H300pakeHHsI, TOYHOCTE pa-
00T1b1 Oynet HeBbICOKOH. IloaTOMY akTyanbHOH 3amadei siBiseTcs: pa3paboTka noaxona ass GopMHupo-
BaHMsI 00ydJaroliell BBIOOPKU Ha OCHOBE KOMILJICKCA PELICHUH, BKIIIOYas CO3/1aHie cOaaHCUPOBAHHOTO
[0 BpeMeHaM rojia Habopa JaHHBIX U300paKeHUH Jofiei, 00beANHEHHE CO3IaHHOTO C CYLIECTBYIOLIH-
MU H paclIipeHue pa3HooOpasust u300pakeHHi B 001ieM Habope JaHHBIX.
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AHaJIn3 HA00POB JAHHBIX A/ 00y4eHHsI CBEPTOYHBIX HEHPOHHBIX ceTeil
NPH NOBTOPHOI HIeHTU(GUKANNHA YeJT0BeKa

Juis vccnemoBaTelbcKUX CUCTEM TOBTOPHOM MICHTHU(UKAIIMK HCIIONB3YIOT HAOOpHI TaHHBIX, CO-
JeprKalne MpeaBapuTeNbHO pa3MeyeHHbIe n300pakenus roaeil. Hanbomee pacnpocTpaHeHHBIMU SB-
nsirorest CUHKO2 [3], CUHKO3 [4], Market-1501 [5], DukeMTMC-RelD [6], MSMT17 [7]. [Tpu dop-
mupoBaanu Habopa nanaeix CUHKO02 ncmonb30Banock mITh CIIEH B KaMITyce YHUBEpcUTeTa | OHKOH-
ra, BUJco(pUKcaIus KOTOPBIX OCYIECTBIIIACH C IBYX paKypcoB. Ha ka0l U3 MATH CIIEH MOTyYeHbBI
m3oopakenus miis 971, 306, 107, 193 u 239 ven., 3aduKCHPOBaHHBIX ABYMs kamepaMu. B 3aBucuMoct
OT MeCTa, B KOTOPOM OCYIIECTBIISUIOCH BHJICOHAOIIONEHUE, BCE N300pakeHUs pacIIpe/ieNieHbl 0 KaTa-
noram P1, P2, P3, P4 u P35, B kaxxaoM u3 KOTOpbIX ecTh pazaenenue Ha Caml u Cam?2, yka3biBarolee
Ha HOMep Kamepbl. Beero umeercst 7264 n3o0paskeHust, MpeABapUTEIbHO HEpa3MEUCHHBIX Ha TECTOBYIO
1 00y4arolyto BEIOOpKY. TecTupoBaHue MpejiokeHo MPOBOUTH it n300pakenuit 100 ciy4aitHO BbI-
OpaHHBIX JIIOJIEH, @ OCTAIBHBIE UCTIOIB30BATh IS O0Y4YeHUSI.

B xammyce Toro ke yauBepcuteta chopmuponan Habop manaeix CUHKO3. s 1360 gen. mmeetcs
JI0 TIATH W300pakKeHWH ¢ KaXJI0M M3 JIBYX Kamep, KOTOpble yCTaHABIMBAIUCH MapaMu JJIs BHEOHA-
OJrofeHUs B TpeX pa3inuiHbIX MecTax. COOp JaHHBIX OCYLIECTBISJICS B TEUYCHNE HECKOJIBKHX MECALEB,
YTO /12710 BO3MOKHOCTB MOJTYYUTH O0Jiee pa3HOOOpa3Hble MPUMEPHI C Pa3TUYHBIMHU OTOJHBIMH YCIIOBH-
SIMH ¥ CTENIEHBIO OCBEIIEHHOCTH. JleJleHre Ha TeCTOBYIO U TPEHUPOBOYHYIO BEIOOPKH OCYIIECTBIISIOCH
o anajorun ¢ CUHKO02.

K memocrarkam CUHKO02 u CUHKO3 cnemxyeT oTHeCTH HEOOIBIIOE KOJIMYECTBO CIIEH BHICOHA-
ONIONIEHUS W YMCIIO M300paKEHUH JUTSl KaXKIOTO YeNIOBEeKa, CIydailHBIA XapakTep BhIOOpA TECTOBBIX
n300paXeHU B KaKAOM dKcrepuMeHTe. [lokazarenn TOYHOCTH MOTYT OTIAMYATHCS B 3aBHCUMOCTH
OT BBIOPaHHBIX U300paKeHUH. DTH HEAOCTATKW YaCTUYHO OBUIM YYTeHBI pU (GopMupoBaHUN Habopa
Market-1501, 1151 KOTOPOTO MCIIOJIL30BAIMCH KAJPhI C IIECTH KaMep BHJICOHAOIIONCHUS, PACIIOI0KEH-
HBIX BO3JI€ CyTliepMapkeTa B yHuBepcurere L{nuabxya, Bimtoaromux 32 668 nzoopaxkenwii 1yt 1501 gern.
OO6yuaromias BeIOOpKa comepkut 12 936 o6pasmnos u 751 upentudukarop. OcTanbHbBIC H300paAKCHIS
OTHECEHBI K TECTOBOH BEIOOpKE, B TOM urcie 2793 nmuctpakropa. K nuctpakropam B Market-1501 otHo-
CSITCS IPUMEPBI, Ha KOTOPBIX AETEKTOP OMIMOOYHO MPHHSI KaKue-T100 0OBEKTHI 3a MPaBAONoI00HbIE
n3o0paxenus nonei. JonomHuTenbHO, 1Mo 3arpocy, MOKHO oxyduTsh S00 000 tucTpakTopoB, B3STHIX
IPHU TeX K€ YCIOBUSX, YTO U pa3MeueHHble n300pakeHus. OOHapyKeHHe JIIoIel Ha KaJpax BBITIOJIHS-
70Ch ¢ moMoIbio merekropa DPM [8], kak u mrst CUHK03. KagecTBo m300paskeHHiA OIIEHUBAJIOCH OTIe-
paTropoM ImyTeM CpaBHEHHS OTPAHUIUTEIHHOTO MPSIMOYTOIBHUKA, TPEIIOKEHHOTO IETEKTOPOM U OTPH-
coBaHHoro yenosekoM 1o Merpuke loU [5]. ITpu IoU > 50 % n3o0pakeHne cuuTasoch KayeCTBEHHBIM
1 BKJIIOYAJIOCh B COCTaB Habopa JTaHHBIX.

DukeMTMC-RelD sBnsiercst nonMHOKecTBOM Habopa ganHbix Duke Multi-Target Multi-Camera
(MTMC), chopmupoBaHHOTO Ha OCHOBE 85-MHHYTHBIX BUAEO ¢ yactotol 60 kaapoB B cekyHny. Mc-
IOJIF30BAJIOCH BOCEMb KaMep BHICOHAOIIONEHNS, PACIOI0KEHHBIX Ha TEPPUTOPHH KaMITyca yHHBEp-
cuteta Jprok. DukeMTMC pa3paboTan ais MyJIbTH-TPEKUHTA B HAa €r0 OCHOBE pa3MEUeH T 3amad
peunenTuduKayy. s o0ydeHus aaropuTMa NOBTOPHON HIIEHTH(UKAIIMA HUCIIONB3YIOTCS 16 522 n30-
Opaxenus 702 yen. u 17 661 s 702 npyrux Jonei s TeCTUPOBaHUSI.

Kak Market-1501, Tax u DukeMTMC-RelD ¢opmupoBanucs Ha OCHOBE KaJpOB, MOJyYSHHBIX C Ha-
PYKHBIX Kamep BHJCOHAOIIONEHHsI, YTO OTPAHUYMBACT Pa3HOOOpa3nue BAPHAHTOB OCBEUICHHUS TOJIBKO
€CTECTBEHHBIM CBETOM. DTO OBLIO yUTEHO IpU pa3paborke HaOopa maHHbix MSMT17. [list pa3merku
WCTIONB30BAIUCH KaJIPHI C JIBEHAANATH HAPYKHBIX KaMep BUICOHAOIIONEHNS U TPEX KaMmep, YCTaHOB-
JICHHBIX BHYTpH ToMelieHui. Buneodurkcarus ocymiecTBisiach B yTpeHHee, JHEBHOE U Iocieole-
JIEHHOE BpeMs B TEUEHUE YETHIPEX JAHEH C pa3IMYHBIMU MTOTOJHBIMHU yCIOBUSMU. B HacTosee Bpems
Ha0Op JAHHBIX MPEAOCTABISETCS C PA3MBITHEM JIUI] M COMPOBOXKIAETCSI TEKCTOBBIMH (haijiaMu, orpe-
JETISTIOIIMME COCTaB TECTOBOM M 00ydaroleil BEIOOPOK, 3apOCOB U BAJTUIAMOHHBIX JaHHBIX, HCIIOb-
3yeMbIX JUIsl TecThpoBaHus Bo BpeMs TpeHnpoBkd CHC. KonmaecTBo HaeHTH(GUIMPOBAHHBIX YETOBEK
coctasisaeT 4101, s kotopeix uMeercs 126 441 uzobpaxenue. K oOydaromieit BEBIOOpKE OTHOCHTCS
32 621 uzobpaxenue s 1041 gen. [Ipu cpaBHEHUU pa3IMYHBIX AITOPUTMOB ITOBTOPHOM MAEHTH(DU-
Kalliu Ha pa3HbIX HaOopax maHHbIX MSMT17 umeer ropa3io MeHbIUe mokas3arein TouHoctu [9, 10],
YTO YKa3bIBACT HA €TO CIOKHOCTh U HU3KYIO CIIOCOOHOCTH CUCTEM PEUACHTH(HUKAIIH TOBTOPHO BEPH-
(uupoBaTh YeI0BeKa B rajiepee n300pakeHuil (TeCTOBOM BEIOOPKE).
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Takum oOpaszom, pasHooOpasue M300pakeHUIl PacCMOTPEHHBIX HAOOpPOB JaHHBIX JIMMUTHPYET-
cs1 HeOOJIBIIUM KOJIMYECTBOM CIIEH, YCJIOBHI OCBEUIeHHs U Kamep BuaeoHaomoneHus. [loaromy CHC
3alIOMHHAET HE TOJILKO crelnu(uueckue 0COOCHHOCTH JIFO/ICH, HO TaK:Ke BO3MOXKHBIC BapUaHTHI (OHA
U TIEPEKPBITHS JIFOJICH IeMEHTaMU JIaH adta Wi uHTephepa nomenieHui. [IpeamnoururensHo, 4To-
OBl OTIHUWTEIbHBIC TTpU3HAKH, BeIeneHHbIe CHC, SBISITHCH XapaKTepUCTHKON YeTIOBEKa, a HE YCIO-
BUH BuneoHabmonenus. [losToMy akTyanpHO hopMHUpOoBaHHE HAOOpa MAaHHBIX U1 PEUACHTH(PUKAIINN
¢ OONBIIMM KOJMYECTBOM PA3JIMYHBIX CIIEH W BapUAHTOB PACCTAHOBKH KaMep C OTIMYAIOIIMMUCS Xa-
PaKTEepUCTUKAMHU.

MeTtoabl CO3TaHUA NOIMOJHUTECIbHBIX n306pameﬂnifl Ha OCHOBE CYIECTBYIOIIUX

[ToBbicuTh pa3HOOOpa3re TPEHUPOBOUYHOTO HaOOpa NAaHHBIX BO3MOXKHO 3a CUET CO3[aHMsSI JIOTOJI-
HUTEJBHBIX M300pakKeHUI Ha OCHOBE MMEIOLIUXCS, T. €. MyTeM ayrMeHTauuu. [Ipu stom oOyuaromas
BBIOOPKA JIOMOJTHSETCS N300paKCHUSIMHE, K KOTOPBIM IPUMCHSIIMCH Pa3IHYHbIC HCKKEHHSI, HATPUMeED,
Takue, Kak TeOMETPUYCCKIe WM I[BETOBBIE TpaHCHOpMAallMu: BpallleHHe, OTpaXKeHUe, Pa3MbITHE, HU3-
MEHEHHEe TepCIIeKTHUBEI, IIBETa, SIPKOCTH, KOHTpacTa u np. [1]. IIpeoOpa3oBanms MOTYT IPUMEHSATHCS
Ko Bcemy m3o0Opaxkenuro [11-13], pparmenty [9, 14], makery nzodpaxenuii [13—16]. B [14] npennara-
eTCsl yaalsiTh NPSIMOYTOJIbHYIO 00JIacTh M300payKeHUs MyTEM 3aIlOHEHUS €r0 HYJACBBIMH MJIH CIIydai-
HBIMH 3HaYCHUSIMH, a B [9] 111 yuacTka H300paskeHHs HcKiTtouaeTcs nHdopmanus o usere. Hekoropsie
METO/bl ayrMEHTAIMH MOAPa3yMeBalOT KOMOMHHPOBaHHE MPE0OPa3oBaHUI 1O OMpPEACICHHOMY ajro-
putmy [11, 12]. B [11] paccmarpuBaercst meton, RandAugment, pi KOTOPOM OJTHO M3 YETHIPHAILATH
npeoOpa3oBaHuit BEIOMpPACTCS CITydaliHBIM 00pazoM. B [12] mi1s ayrMeHTauu TaKyKe UCTIOMB3YETCS CITy-
YaiHBIH BEIOOP, HO HE IS OTHOTO NIPEe00pa30BaHus, a IS IIETIOYKH U3 HECKOJIIBKUX HCKAKEHHM, ITPH TOM
HX KOJIMYECTBO KaXKIIBII pa3 MOXKET OTan4aThesl. [IprumMenenne ayrMeHTalmu K MakeTy n300pakeHu 1mo-
3BOJISIET CMEILMBATh MACHTH(UKATOPHI PA3HBIX JIIOAEH ¢ TIOMOIIBIO JIMHEHHON nHTepnomsiuun [13], mo-
OapneHus pparmenta [15] win yMeHbleHHOM koruu [ 16] Ha 1pyroe u3o0pakeHue 13 makera.

HecmoTtpst Ha cymiecTBOBaHHE OOJIBIIOTO KOJHUYECTBA PAa3IMYHBIX METOAOB ayrMEHTAIMH, OTCYT-
CTBYeT JOCTOBEPHBIN crtocob ompenenenus Hanboee rddekruBHOrO M3 HUX [1]. Beibop MeToma ocHO-
BBIBAeTCS Ha OOJIBIIIOM KOJIMYECTBE IKCIIEPUMEHTOB C IPUMEHEHHEM Pa3IMYHBIX apXUTEKTYp HEHPOH-
HBIX CeTei U HaOOPOB JAHHBIX JUIsI KOHKPETHOU 3a/1a4u.

®opmupoBaHue odyuarouieil BLIOOPKHU

dopmuposanue Habopa gaHHBIX PolReID1077! ocymiecTBisiiock B HeCKOIBKO 3TarnoB. Ha nepBom
BBIMOJTHSUIOCH HAKOIJICHHE BU/IE0, 00I11asi MPOIOIDKUTENLHOCTh KOTOPBIX cocTasisuia 14 1 50 c. Buzgeo-
[IOCJIEZIOBAaTENIFHOCTH TIOTyYalid PU CONEHCTBUM CTY/IEHTOB M mpenoaasareneit [lonorkoro rocymap-
CTBEHHOTO yHHBepcuTeTa MMeHn EBppocunnn [lomomkoii ¢ X commacus TOJIBKO ISl HCCIIEA0BaTENb-
ckux 1enert. [Ipu hopMupoBaHUH KOMIUIEKTa H300paKCHUH I YesToBeKa 00padaThIBajIoCh 10 ACBITH
BUzeonocneaoBarenbHocTell. Kaxapiil n3 HUX ObLT 3a)KCHPOBaH KaMEpaMu € pa3HBIX PaKypCOB B He-
CKoJIbKUX MecTax. Mcrnonb3oBanoch 10 10 BapHaHTOB paccTaHOBKU Kamep JUisl MTOJTy4YeHUs] H300paxke-
HUH KaXkJ0r0 4esoBeka. Beero s cozaanus Habopa ganHbix PolRelD1077 npumensiics 1331 crioco6
pa3MerieHus Kamep ¢ OTIMYAIONIIMHCS XapaKTepUCTHKaMH (pa3pelieHneM, KOITNYeCTBOM KaJJpoB B ce-
KyHIy). BuneonaOmionenue ocyecTBIsIIOCh IPH PA3HbIX TOTOAHBIX YCIOBUSAX B TEUECHHUE YETHIPEX Ce-
30HOB (3uMa — st 30 % 3a7eCTBOBAHHBIX JTIOIeH, J1eTo — 11 29 %, oceHb u BecHa — 1 41 %). Kame-
PBI YCTaHaBJIMBAINCh B IOMELIEHHUAX C €CTECTBEHHBIM M MCKYCCTBEHHBIM OCBEILEHUEM, BHE ITOMEIIIE-
HUI — B pa3HOe BpeMsl CyTOK. Hanudue y pa3nuuHbIX T10AeH pa3HbIX aTpuOyTOB B BUAE CYMOK, TAKETOB,
pIOK3aKoB, mopTdenei, MPOAYKTOBBIX KOP3HH, apdoB, MAMoK, OYKOB, MAroK AJs Oymar, TeTpajei,
Tesie()OHOB, HAYITHUKOB, €/Ibl M HAIIUTKOB M3MEHSETCS C TEYEHHEM BPEMEHH, YTO JIaeT BO3MOKHOCTh
M3y4yaTh ¥ YUUTHIBAaTh HE3HAUUTEIIbHBIC M3MEHEHHS BHEIIHOCTH. TaKkoi Moaxox K cOOpy JaHHBIX OTIIH-
4aeTcsl OT UCTIONb3YeMbIX Ul (YOPMHUPOBAHUS IPYTUX HAOOPOB U MO3BOJISIET NOIYYUTH O0Jiee pa3HOO-
OpaszHble mpuMepsl Oarofapsi OOJIBIIOMY KOJIMYECTBY BAPHAHTOB (POHOBBIX MOMEX, YPOBHEH OcBelie-
HUS, OJCHK/BI IO ce30Hy U T. 1. Crtaructuyeckas nH(Gopmanus o pactupeneneHun naHubix PolRelD1077
npuBeeHa B Tabm. 1.

I GitHub. PolReID1077 [OnexrponHuslii pecypc]. Pexxnm nocryna: https://github.com/Svetlanalgn/PolReID1077. dara
nocryma: 09.12.2022.
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Taoauna 1. CraTucTudeckne JaHHBIE O cocTaBe Habopa qaHHBIX PolRelD1077
Table 1. Statistic data about the PolReID1077 dataset composition

Kommuectso wenosek / Persons number
Xapaxrepuctuka / Characteristic TecToBas u 00y4aromas BEIOOPKH / Huctpaxrop /
Test and training samples Distractor

MyKckor 705 39

ton Kenckuii 302 31
Bospact 18-30 ner 854 57
Bonee 30 ner 153 13

Jleto 283 24

Bpewmst rona Ocenb, BecHa 417 25
3uma 307 21

BuyTpu nomenienuit 436 31

Buneocremxa Hapyxnas 515 39
BuyTpennsis, HapyxkHas 156 -

Ja 224 7

Hanuune macku Her 783 63

Ha cneayromem stane ¢ nmomompbio CHC YOLOv4 BbINOAHSIOCH ACTEKTUPOBAHUE JIOACH
Ha KaJpax, MOJyYeHHbIX ¢ mHTepBasioM 1-3 c¢. Kaxmoe n3oOpakeHHe MapKUpOBajioch B (hopMare
CXXXXsYY 7277777 WW, rae XXXX — criocob pacnonoxenus kamepsl ot 0000 o 1331; YY —
HOMEp BHJIEOTIOCIIEA0BATEIHFHOCTH, MTOJYYEHHOHN MPY BEIOPAHHOM CITOC00€ YCTAHOBKHU KaMEPHI B TOM
K€ MECTe, HO B Apyroe Bpems; ZZZ7Z77 — noMmep kaapa ¢ nociegoarebHOCTH; WW — KOJIUYECTBO
YEeJIOBEK Ha TEKYIIEM KaJpe.

VYnaneHue HeKOPPEKTHBIX 00OHAPYKEHUI OCYIIECTBISIIOCH OIIepaTopoM Juis ciiydyaes: 6oinee 50 % pu-
TYpbI YeJIOBeKa ObLIO CKPBITO MIIM HAXOAWJIOCH BHE Kapa; IETCKTUPOBAHBI OT/JeNbHbIC ()parMEeHTHI TEJIA;
Ha N300paKeHUH MPUCYTCTBOBAIIM OJTHOBPEMEHHO J[Ba U 00JIee YeIOBEK, U OBLIIO HEBO3MOXKHO MPHHSATH
perienue, Kakol HAeHTH()UKATOP TPHUCBOUTD; H300paKEHNU 00BEKTOB, CXOKHX C CHITyITOM YEIIOBEKa;
MIPUCYTCTBOBAJIH JIIO/TU, HE AaBaBIIIHE cOIIache Ha CheMKy. DopMHUpOBaHUE KOMILIEKTOB N300pakeHU i
JUTSL K&KJIOTO YEJIOBEKa M Pa3MELICHUE UX B OTIEIbHBIX KaTallorax TAK)Ke BBIMOJIHSIOCH ONEPAaTOPOM.
Ecnu n300paskeHnst ObUTH OTyYeHBI HA OCHOBE KapOB ¢ 0oJiee YeM OAHOH KaMephbl, TO PHCBAUBAJICS
YHHUKaJIbHBINH naeHTHQHUKanuoHHBIH HoMep NNNNN, KOTOpbIi TOMOMHSUT IPEeABAPUTENbHOE UM (aii-
J1a, oIy4eHHoe Ha ytane aerekrupoanus, 10 NNNNN cXXXXsYY 777777 WW. Karanor ¢ u3o-
OpaXeHUSIMU MIMEET MMsI COOTBETCTBYIOMIETO HAeHTH(HKaropa. Ecnu yenoBek 3aKCHPOBaH TONBKO
OITHOM KaMepoi BUICOHAONIONEHHUS, €T0 H300payKeHHUST OTHOCITCS K AUCTpakTopaMm ¢ MeTkoit 00000.

s yBenmaeHus: oobema oOydarornield BBIOOPKH 0OBeIUHSAETCSI HECKOJIBKO HA0OPOB JTaHHBIX, CXO-
xux 1o crpykrype: CUHKO02, CUHKO03, Market-150, DukeMTMC-RelD, MSMT17 u PolRelD1077.
Pasnenenue Ha TecToByro U oOyuaroniyro BbeIOOpKY s Market-1501, MSMT17, DukeMTMC-RelD
u PolReID1077 ocyiecTBisieTcss B COOTBETCTBUM C PeKOMEHIaIuMsMu paspadborunkoB. CUHKO02
n CUHKO3 moiHOCTRIO OTHECEHBI K 00ydJaromei BHIOOPKE M HE MCTONB3YIOTCS TSI TECTHPOBAHUS.
Cymmapnuo g TpeanpoBku CHC ucmonp3oBanock 109 772 m3obpaxkennst s 6381 gerr.

Jis moBBIIIeHHsT pa3HooOpasust CO3MaHHOTO Habopa JaHHBIX IMpejiaraeTcs METOol ayTMEeHTallnH,
KOTOPBIN BKIIIOUAET MUKIMUECKUN CIIBUT MUKCENIEH 110 BEPTUKAIN U TOPU30HTAIH, HCKIIIOUEHUE 1IBET-
HOCTH U 3aMelieHue (parMeHTa yMeHbIICHHBIM H300pakeHreM 13 naketa. [lepBas rpymnma npeodpaszo-
BaHMH, K KOTOPOW OTHOCSTCS LIMKJIMYECKUIN CIBUT MUKCEJEH U UCKIIIOUEHUE LIBETHOCTH, BBITTOJIHIETCA
B mporiecce (popmupoBanus makera. /s n3o0paskeHus ¢ TOMOIIBIO TeHEPaTOpa MCEBAOCTYYaliHbIX Y-
cen (I'TICY) ompenensieTcss HEOOXOAUMOCTE MPUMEHEHHUS KaXXI0T0 U3 IIpeodpazoBanuid. [locire hopmu-
POBaHHUS NaKeTa Mepe;] ero MOCTYIUICHHEM Ha BXOJl HEMPOHHOU CEeTH aHAJIOTHYHBIM 00pa30M MPUHUMA-
eTCs PEeLICHUE O 3aMEelIeHUH (PParMEeHTOB YMEHBILICHHBIMHU KOTIMSMH H300paKeHUH U3 MaKeTa.

B pesynbrare npuMeHeHus: ayrMeHTaluu o0ydarolias BHIOOpKa Ha KaKAo# smoxe oOydeHus Gop-
MUPYETCsI C pa3IMuHBIMU NIpeoOpazoBanusiMu. Ha puc. 1, a mokazan npumep c(hopMHPOBAHHOTO ITaKeTa
C ayrMeHTaIlel, MpH KOTOPOH AJIs CIIy4aifHO BRIOPAHHBIX M300paKeHUH BBITTOIHSAIOTCS HUKINIECKHIH
C/BWT M MCKJIIOUEHHE IIBETHOCTHU. Prc. 1, b neMoHCTpHpyeT mpuMep MaKeTa, B KOTOPOM B H300paKeHHEe
BKJIFOUE€HA YMEHBIIIEHHAs KOIUS APYTOTO.
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Puc. 1. [Tpumeps! uzodpakeHwuii jirofel u3 Habopa nanubix PolReID1077: a — makeT nu3o0paskeHwMii
bopmupyeTcs ¢ IPIMEHSHHEM LUKJINYECKOTO CIIBUIa M MCKIIIOUCHUEM LIBETHOCTH;
b — ymeHbIIIeHHast KOonHs 100aBIseTcsl Ha Ipyroe n300pakeHne 13 rmakera
Fig. 1. Sample of persons images from PolReID1077 dataset: a — images batch is formed using a cyclic shift
and color exclusion; b — a reduced copy is added to another image from the batch

Takoii MeTon ayrMEHTallUU UCKITI0UAeT BO3MOKHOCTh 3alIOMHHAHMS TPEHUPOBOYHBIX TAHHBIX, IO-
BoeIaeT ycTonanBOoCTh CHC K OKKITFO3USM, OCBEIICHHOCTH, Pa3pEIICHUI0 H300paKECHUS, 3aBUCHMOCTH
OT MECTOIOJIOKECHUS TPU3HAKOB.

MeToanka npoBeeHHsi IKCIePUMeHTA

Jis mpoBeieHus SKCIIEPUMEHTOB B KaueCcTBE 0a30BOT0 MPUMEHSIICS aJTOPUTM ITOBTOPHOM WACHTH-
bukanun?, peann3oBaHHbli Ha (peliMBopke Pytorch. B kadecTBe 3KCTPaKTOPOB MPH3HAKOB paccMmar-
puBamiucs CHC ResNet-50 n DenseNet-121. TounocTs penaeHTH(PHUKALMH OLIEHUBAIACH 10 TPEM MET-
puxam Rank1, mAP u mINP. ccnenoBanus mpoBoauirch Ha NEPCOHAIBEHOM KOMITBIOTEPE € XapaKTepHc-
tukamu: Intel Core 15 3.11 GHz, 16 Gb RAM, Nvidia GeForce RTX-3060 6 Gb. C 11e/1610 MOBBIIICHHS
TOYHOCTH PEHJCHTU(PHUKAIINT UCTIONB30BAJICS TTOJIXO JIBYX3TAITHOTO 00yUYEeHHs, OCHOBHAS HJIEsI KOTOPO-
I'0 3aKJII0YaJIaCh B TOM, YTO Ha IIEPBOM 3Tarle I 00yueHHs IPUMEHSUINCh QyTMEHTUPOBAHHBIE JaHHBIE,
Ha BTOPOM BBINOJIHSUIACH TOYHASI HACTPOMKA BECOBBIX KO3((UIIMEHTOB Ha MCXOIHBIX N300PaKECHUSX.
Hnst npenoOydenust GopMHUPOBANIKCH HakeThl pasMepoM B = 16. YacTb makeToB coaepikana nzobpa-
xerus (X, V) ¢ 3aMemmeHHsIME QparMeHTaMu, OCTAIbHBIE COCTOSIIN U3 H300paxeHuil (X;, Y;), koro-
pble MOTYT OBITh C IMKIMYECKUM CIIBUTOM MJIM TOJyTOHOBBIMH. M300paskeHHs M TaKeThl, K KOTOPHIM
MIPUMEHSIIOCH TpeoOpa3oBaHme, onpeaensinch ¢ nomoursio [ TICY, renepupyroiero ncesrociydaifHoe
gucio r € 0...1. [ToporoBoe 3HaueHNE BEIYHUCIISIIOCH IO (DopMyITe

=L, )
100
TJie p — THIIEpIIapaMeTp, OMPEACIISIONIN, K KaKOH YacTH N300pakeHUH Oy/ieT MPUMEHSITHCSI IPpeodpa3o-
BaHME; eclu r < ¢, TO m300pakeHne (MMakeT) BUAOU3MCHSICTCS.
3HaueHusT QYHKITUHN TTOTEPb Ly, IS 00pabaThIBAEMBIX MTAKETOB HAKATUTHBAIOTCS B TCUCHHE DIIOXH,
ITOCJIC YEeTO BBIYUCIIACTCS CPEAHSISI BETUYMHA OITHOKH

_ Z LbatchB (2)

‘epoch — . H
Siz edatase!

rae size,,,, — pa3Mep o0ydarouiel BEIOOPKH.

2 Github. Pytorch RelD. Available: https:/github.com/layumi/Person_relD_baseline pytorch (Accessed 9 Desember 2022).
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Ecnu nakeT cogep)xuT yMEHbIICHHbBIE KOTIUHU IPYTUX U300pakeHHH, TO
Lpaien = ECX™, YL+ E(X™, Y)(1 =), 3)

vy
e A =1-—-xth
WH

— K0d(GUIMEHT, 3aBUCSIINIA OT COOTHOLICHHUSI pa3MepOB YMEHBIICHHON KOITUHU U WC-

XOJHOTO W300paxeHus; 7,,, 7, — IUPUHA U BBHICOTa yMEHBIICHHOW Konuu; W, H — mmpuHa U BBICOTA
n3o6paxenus; £() — Kpocc-aHTpoNUKHAS PyHKINS TOTEPb.
Ecnu npu ¢popmupoBanuy naxkera 100aBjIeHUE YMEHBLICHHBIX KOIIUI HE IPUMEHSUIOCH, TO

Lbatch = E(X’iout’ yi)' (4)

BecoBbie kK03 GUITHEHTHI W KOPPEKTHPYIOTCS CO CKOPOCThIO 00yueHws [r = 0,07

w:w—lrae—;‘wh. ©)

[Tocne 40-# 30XM MPOUCXOANT YMEHbIIIEHHE ckopocT oOydeHus B 0,1 pasa, a npenBapuTeIbHBIN
stan anurcs 45 snox. Ha Bropom sTarie BBIIONHSAETCS TOYHAsI HACTPOHKA B TeYEHUE 35 3MO0X, AJIsl KOTO-
poit hopmupoBanue MakeToB B nzobpaxenui (X;, ;) peanusyercs Oe3 ayrmentanuu. Hakorenue Ly,
¥ BBIYMCIIEHUE 3HAYEHUS PYHKIMH TTOTEPh [Tl BCEH TOXH Ly, BHINOTHSAIOTCS aHATIOTHYIHO TIEPBOMY
JTaIly, Kak U KOPPEKTUPOBKA BECOBBIX KO puuneHToB. Takoil noAX0 03BOJISAET YMEHBIIUTH 3HaUYeE-
HUe (PyHKLUH TOTEPb U MOBBICUTH TOUHOCTh TIOBTOPHON MACHTU(DHUKALINY.

Kaxnoit u3 1Byx CHC cOOTBETCTBYIOT TpH SKCIIEPUMEHTA.

1. lannble 1uist 00yueHHs U TECTUPOBAHUs IPUHAAJICKAT OAHOMY JOMEHY (HaOOpy AaHHBIX).

2. Jlnst oOy4eHus: UCTOIBb30BAJICS OOBEIUHEHHBIN HA0Op JMaHHBIX, JUIS TECTUPOBAHUS — COOTBET-
crByromue Beibopku Market-1501, DukeMTMC-RelD, MSMT17 u PolRelD1077.

3. O6y4eHne OCyIIECTBISIIOCh HA OObETMHEHHOM HAaO0Ope JaHHBIX ¢ MPUMCHCHHEM ayrMEHTAITHH.
TouHOCTE OIICHMBANACh Ha TECTOBBIX BBEIOOpKax HaOopoB mdaHHBIX Market-1501, DukeMTMC-RelD,
MSMT17 u PolReID1077.

Pe3yibTarhl 3KCIIEpUMEHTOB

B Tabm. 2 mpencrasiensl pe3ynbrarsl TecTupoBanus CHC ma mabopax mammeix Market-1501,
DukeMTMC-ReID, MSMT17 u PolRelD1077 ¢ mpumeHeHHEM pa3iHdHBIX IMOIXOJ0B K OOYyYEHHIO.
B kadecTBe 3TaJOHHBIX 3HaYeHWH MpUHUMaIU moka3arenu Rankl, mAP u mINP, momydenusie mis
CHC, o0yueHue u TeCTUpOBaHNE KOTOPHIX BBIMOIHSIN HA JaHHBIX, IPUHAJICKALINX OZHOMY JIOMEHY.
VYBenuueHne KoJIM4YecTBa M300paKeHUH MO3BOJISIET MOBBICHTH TOYHOCTH MOBTOPHOM MIACHTU(HUKALINU
M0 TPEM METPUKAM OIIEHKH TOYHOCTH JIJIsl KayKJJ0T0 M3 MCCIIeNyeMbIX HaOOPOB JTaHHBIX.

Tadmuna 2. CpaBHEHHE TOYHOCTH pabOTHI aJITOPUTMA TIOBTOPHOM MACHTU(DHUKALINH JIIO/ICH MTPU MCI0JIb30BaHUN
JUIsl TPEHUPOBKH CBEPTOYHOM HEWPOHHOW CETH Pa3iIMuHbIX CIOCO00B (hOpMUPOBaHUsI 00yUaroIeil BEIOOPKH
Table 2. Comparison of persons re-identification accuracy when using different methods
of forming a sample to train the convolutional neural network

[Monxon Tecrosas BeiOopka / Test sample
OO6yuaromiast
CHC/ n6onKa / K o0y4enuto / |[Metpuka /
CNN . p Training Metric | Market-1501 DukeMTMC-RelD MSMTI17 | PolReID1077
Train sample
approach
— Rankl 83,19 72,35 49,54 88,94
OpurunansHas* :O - mAP 61,08 52,53 24,83 65,58
- arop mINP 23.95 14,53 2,51 20,86
‘@ Basosii Rank1 91,75 82,72 69,49 95,56
Z N mAP 77,64 69,03 42,57 81,27
E OBbeIMHeHHAS P mINP 46,32 31,24 07,05 40,29
A C IPHMeHeHTEM Rank1 92,28 85,05 73,24 96,25
. ?MeHTa o mAP 81,34 72,21 47,79 84,00
Y H mINP 52,78 35,38 9,67 45,55
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Oxonuanue maon. 2
Ending of Tab. 2

[Monxon TecroBas Beibopka / Test sample
OO6yuaromiast
CHC/ nGonKa / K o0y4enuto / |[Mertpuka /
CNN . P Training Metric | Market-1501 DukeMTMC-RelD MSMTI17 | PolReID1077
Train sample
approach
— Rankl 83,76 72,80 54,98 90,33
OpuruHaibHas™ - mAP 62,48 53,16 26,67 68,39
)~ p mINP 26,83 15,88 2,61 23,43
;.') T Rankl 92,13 83,84 73,51 96,25
z S mAP 79,48 70,30 46,76 82,90
2 | Ossemmeniias P mINP 48,92 31,66 8,18 43,14
A A C IDMMEHEHMEM Rank1 92,75 85,50 75,10 96,94
. iMeHTa M map 82,03 72,75 50,13 85,25
Y t mINP 53,40 35,26 10,24 47,53

* ITox opuruHAIBHON 00y4aroIeil BRIOOPKOIT IIpe/irnoaraeTest HCIOIb30BaHUe I 00yYeHHs TOT0 )¢ Habopa JaHHBIX, YTO U JUIs TECTUPOBAHNSL.

[Mpumenenue nns TpenupoBku CHC oOydaromeit BBIOOPKH, pACIIMPSHHON 3a CYET OObeIUHEHUS
HECKOJIbKUX Ha60pOB JAaHHBIX U ayTMEHTAlUU, MO3BOJIWJIO 3HAYUTECIIbHO IMOBBICUTH TOYHOCTH MMOBTOP-
Hoit unentudurarmu 1151 CHC ResNet-50 B metpuke Rank1 Ha 8—48 %, B meTpuke mAP —Ha 27-91 %,
B mINP —na 118-285 %. [l DenseNet-121 mocturayTo yBenudenne TouHoctr Ha 7-37 % B MeTpuke
Rank1, ra 25-88 % — B mAP, Ha 99-290 % — B mINP npu TecTrpoBaHny Ha pa3HbIX HA0OpaxX JaHHBIX.

BriBoaBI

1. IlpennokeH KOMITIIEKCHBIN TIOAX0A (OPMHUPOBAaHUS 00yUaroMIel BRIOOPKH I YBEIWYCHHS TOU-
HOCTH TIOBTOPHOH WACHTU(UKAIINY JTFOJIEH B paclpeie]IeHHbIX CUCTeMax BUIeOHAOMoneHus. [l aToro
co3naH HOBbII HaOop naHHbIX PolReID1077, kOoTOpbIi OTiIMYaeTcsi OT CyIIECTBYIOIIUX TEM, YTO CO-
JEepKUT N300paKEeHUs! JIFO/ICH, MMOMYUYCHHBIE B Pa3IMUHbIe BpEeMEHa ToJla 1 BO MHOKECTBE MECT CheM-
ku. OObeIMHEHHUE C CO3aHHOM BHIOOPKOH HarOoJiee N3BECTHBIX HAOOPOB JIAHHBIX, IPUMEHIEMBIX IS
o0y4yeHHs CBEPTOUHON HEWPOHHOW CETH MPH PEUACHTHU(HUKAINH, ITO3BOJIMIO YBEITUYUTH KOJHMYECTBO
n3o00pakeHnit Ha 236,5 % oTHOcHTENbHO HamOobIIero U3 npuMenseMbix MSMT17. Hcnonp3oBanue
MPEATIOKEHHOTO aJrOpUTMa ayrMEHTALMK JAHHBIX MOBBIIIAET YCTOUYUBOCTh CBEPTOUYHON HEUPOHHOU
CETH K IIEPEKPBITUSIM, CTETIEHH OCBEIIEHHOCTH, pa3pelIeHUI0 H300paskeHUI 1 BapUaLMsIM 1103 JIIOACH.

2. KommnexcHblii Tonxo/] K hopMupoBaHHio 00ydaromield BBIOOPKH Jisi 00y4deHHs: CBEPTOUHOHN Hel-
POHHOH CETH TI03BOJIUII TIOBBICUTH TOYHOCTh peHJicHTUPHKAUU B MeTprukax Rankl, mAP u mINP s
Pa3HBIX APXUTEKTYP CBEPTOUHON HEHPOHHOW ceTH N HAOOPOB TaHHBIX.
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APXUTEKTYPA AIIITAPATHO-ITPOT'PAMMHOI'O CPEACTBA
OJHOHAITPABJIEHHOWM NMEPEJAYM JIAHHBIX B KOMIIBIOTEPHBIX CETSIX
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benopycckuii cocyoapemeennviii ynusepcumem (2. Munck, Pecnybnuxa bernapycn)

Tocmynuna 6 peoaxyuro 24.02.2023

© Benopycckuii rocy1apcTBEHHBI YHUBEPCUTET HH(POPMATUKH U PaIUOdIeKTPOHHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

Annoranust. [IpencrasieHsl pe3yibrarbl pa3padoTKy apXUTEKTYPBI alnaparHo-IPOrpaMMHOTO CPE/ICTBA OJJHOHA-
MIPaBJICHHOM Mepeaayn JaHHBIX B KOMITBIOTEPHBIX ceTsX. OCHOBHBIMH CTPYKTYPHBIMU 3JIEMEHTAMH apXUTECKTYPHI
SIBIIIIOTCS] ONTHYECKAs TaJdbBAHUYECKAs pa3Bs3Ka, MEJUAKOHBEPTEPHI U MPOKCU-CEPBEPHI, UCKIIOYasl Ha amrmapar-
HOM ypOBHE JIByHAlIpaBJIEHHYIO Nepejady AaHHbIX. PaboTa mo oJHOHANpaBlICHHOW Iepesiaye JaHHBIX OCYyIIeCT-
BisieTcsl Ha 0ase TpaHcnopTHoro nporokona UDP, obecnieunBaromero ee 6e3 ycTaHOBICHUS JBYHAIIPaBICHHOTO
B3anmozeiicTBust. OHOHANpaBIeHHAs TIepeada JAHHBIX IPOU3BOIANTCS C IMTPOKCH-CEPBEPa, Ha KOTOPOM padoTaeT
CIeLaIbHOE POrpaMMHOE 00eCIIeYeHNE OTIIPABUTEIIs], OCYIIECTBISIONIEE OTHOHAIIPABICHHYIO TIepeaady (aii-
JIOB JTaHHBIX, Tpeodpa3ys nx B ogHOHampaBieHHbIH motok UDP nefitarpamm. [l nmprema oqHOHANPaBICHHOTO
notoka UDP neiitarpamm Bcmonb3yeTcst IPOKCH-CEPBEp, OCYLIECTRISIOMNHN TpreM, 00paboTKy 1 popMHUpoBaHNE
ucxonHoro (aitya naHHbIX. Jl0CTOBEPHOCTH OJHOHANPABICHHON iepeaadn (aiaoB JaHHBIX 0OecreynBaeTcs my-
TeM M30BITOYHOCTH (MHOTOKPATHOM Mepeadn) M MPOBEPKH KOHTPOJIBEHON CYMMBI.

KuroueBble cjioBa: ojHOoHampaBieHHas nepenada gaHHblx, UDP, geilitarpamMma, ontudeckas rajbBaHUYECKas
Ppa3Bsi3Ka, IPOKCU-CEPBEP, MEAUAKOHBEPTEDP, APXUTEKTYPA.

Konankt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(IMKTAa HHTEPECOB.

Jas uurupoBanus. Boporaurkuii, FO. V. ApxurekTypa anmapaTHO-TIpOrpaMMHOTO CPEICTBA OJHOHAMPABICHHOM
repeayr JaHHBIX B KOMIBIOTEpHBIX ceTax / FO. . Boporuutkwuii, P. A. Pymac // Jokmager BI'YUP. 2023. T. 21,
Ne 3. C. 96-101. http://dx.doi.org/10.35596/1729-7648-2023-21-3-96-101.

ARCHITECTURE OF HARDWARE AND SOFTWARE
FOR UNIDIRECTIONAL DATA TRANSMISSION IN COMPUTER NETWORKS

YURY [. VARATNITSKI, RAMAN A. RUMAS

Belarusian State University (Minsk, Republic of Belarus)
Submitted 24.02.2023

Abstract. The results of a study of the architecture of hardware and software for unidirectional data transmission
in computer networks are presented. The architecture is presented in the form of optical galvanic isolation, media
converters and proxy servers, excluding bidirectional data transmission at the hardware level. Work on unidi-
rectional data transmission is carried out on the basis of the UDP transport protocol, which provides operation
without establishing bidirectional interaction. Unidirectional data transfer is carried out by a proxy server running
a special sender’s software that performs unidirectional data file transfer. This software converts the source data
file into a unidirectional stream of UDP datagrams. To receive a unidirectional stream of UDP datagrams, a proxy
server is used, on which the recipient’s special software is running. The receiving proxy server receives, processes
and generates the source data file. The reliability of the unidirectional transmission of data files is ensured by re-
dundancy (multiple transmission) and checksum verification.
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BBenenune

B HacTosiee Bpemsi cyiiecTByeT 00JIbIIOE YHCI0 KOH(PUACHIMAIBHBIX CEeTeH, B KOTOPBIX HE00X0-
JUMO 00ECIEUUTD 3alIUTy CEKPETHOH MM MHOW MH(OPMAIMH, MPEICTaBISIONIEH 0co0yI0 IEHHOCTh
it ee Bhangenbua. OauH U3 crioco0OB HAJEKHOW 3aIIMTHI OT BHEUIHUX YTPO3 — W30JUPOBATh TAKHE
CETH, C/IeNIaB UX HEAOCTYITHBIMH U3 IPYTUX BHEIIHUX ceTeld. TeM He MeHee BO3HHUKAIOT CITydaH, Korjaa
TpeOyercsi epeaBath HHYOPMAIIUIO MEXKTy TAKUMH CETSIMH HE3aBUCHMO OT UX KOH(HJICHIINATBHO-
ro xapakrepa, Ju00 o0ecredyuTh 0e30MacHyIo Iepenady JaHHBIX W3 HEJOBEPEHHBIX ceTel B KOH(U-
JeHUUAIBHYIO ceTb. [lo cyTu, peub HIeT 0 peanu3aluy MOJCIN KOHTPOJS U yNpPaBiICHUS AOCTYIOM
benna — Jlanagyinel, npeamonararoniell OMHOHANPABICHHYIO Tiepeady JaHHBIX OT CyObeKTa ¢ HU3KUM
YPOBHEM JIOCTYIa K OOBEKTY C BBICOKUM YPOBHEM KOH(UIACHIIMAIBHOCTH [ 1].

OnHoHanpaBieHHas epeaaya JaHHbIX MPE/IIoNIaraeT, YTo YCTPOUCTBO B KOMIIBIOTEPHBIX CETIX MO-
JKET TOJIBKO TIepelaBaTh JaHHBIC WIIH TOJIBKO MOIYy4YaTh UX. [Ipy 3TOM yCTPONWCTBO — UCTOYHHK JIAHHBIX —
MOXET OCYIIECTBIIATh UX Ilepesiady OHOMY HJIM HECKOJIBKUM yCTPOHCTBAaM — IPUEMHHKAM, HO TIOCIIEA-
HUE HE MOTYT IepeiaBaTh JaHHbIe MCTOUYHHMKY. OJHOHANpaBiIeHHas Mepenada JaHHBIX MPUMEHSETCS
Juis Oe30macHol nepeaadn nHpopMaLuy, Harpumep, Gaiios, KypHaIoOB COOBITHH, TTOUYTOBBIX CO0OOLIE-
HU, IPOMBIIIJICHHBIX TPOTOKOJIOB, OOHOBIICHUH MTporpaMMHOro obecriedenus. [Ipu Tom rapanTust oa-
HOHAIPaBJIEHHOTO MMOTOKAa WH(POPMAIMK 03HAYaEeT, 4TO KOH(DUACHIMAbHAS HHPOPMAIHSI MOKET OBITh
nepenana 6e3 ymiep6a JuTst IeJT0CTHOCTH MM KOH(DHUISCHIIMATbHOCTH HHPOPMAIINU B CETH.

W3BecTHBI pa3auyHble CPEICTBA OJHOHANPABICHHON IE€peAauyn AaHHBIX Ha OCHOBAHUH IPOrpaM-
MHOT'O PELLICHHUS, TAKHE KaK MEKCETEeBbIe SKpaHbl [2, 3] ¥ crenuanu3upOBaHHbIC allapaTHbIC PELICHUS
(mmonp!l nanubIX). [lepBble MMEIOT U30BITOUHBIN (QYHKIMOHAT, 3PEKTUBHO CHMKAIOT YPOBEHb yIpo3,
HO He 00s3aTebHO MPENOTBpAIIAOT UX. BO MHOTHMX CilyyasX OHHM JOCTAaTOYHBI, YTOOBI OCTaHOBUTH
HEe3HAYUTENbHBIC YIPO3bl MHPOPMAIIMOHHOM O0e30omacHoCcTH. OTHAKO COBpEMEHHbBIE KHOEPYTPO3HI SIBIIS-
FOTCSI CIIOKHBIMH M OTIIHYAFOTCSI CKOOPIMHUPOBAHHBIMH aTaKaMH cpa3y ¢ HECKOIbKUX BEKTOPOB. B aToM
Cllyyae BHEIIHHE yrpo3bl MOTYT OBITh IIPEIOTBPAILEHBI IIyTEM MX (PU3MUYECKOTO OTAEIEHUS OT 3alllu-
LIaeMBIX CETeH, HAIpUMep, C MOMOLIbIO ONTHYECKON raJIbBAHUYECKOM Pa3BsA3KH Mexay HumH. OnHa-
KO OTCYTCTBHE MapLIPyTH3HPYEMOIO U YIPABISIEMOTO MOAKIIOYCHHSI B HEKOTOPOH CTENECHU CHUXKAET
HX THOKOCTb U HE MO3BOJISIET aJaTHPOBATHCA K TPEOOBAHUSIM KOHKPETHBIX HH(POPMAIIMOHHBIX CUCTEM.
CHOoXHBIE YIPO3bl MOTYT HMCIOJIB30BaTh CKOOPIUHUPOBAHHYIO M HACTOMUYUBYIO TaKTUKY JUIS MPEOJI0-
JICHUS! SIIEIOHUPOBAHHOM 3aIUTEHI, MTapojiei, MHOTO(AaKTOPHON ayTEeHTH(HUKAINH U J1akKe OMOMETPHH,
HO NIPeo10IeTh (HU3NUECKUH pa3pbIB (ONTHYECKYIO I'aJbBAHUYECKYIO Pa3BsA3Ky) B IUO/E AAHHBIX C I10-
MOIIBIO CYLIECTBYIOIINX HHCTPYMEHTOB MO-IIPEKHEMY HEBO3MOXKHO.

B crarbe npoBenieH aHanu3 GyHKIHOHAIBHOCTH CYIIECTBYIOMIMX CHEHMAIN3UPOBAHHBIX allapar-
HO-IIPOTPaMMHBIX CPEJCTB OJHOHANPABICHHOHN Nepenadu AaHHBIX. [Ipeiaraercs penieHue, ycrpaHs-
IOII[ee UX OCHOBHBIE HEJIOCTATKH.

AHaJM3 CyleCcTBYIOLIUX pelleHuit

Ha ocHoBanuu uH(OpMAIUK, IPEAOCTABICHHON B OTKPBITOM JOCTYIIE, CYIIECTBYIOIIUE TPOrpaM-
MHO-almapaTHbIE PeIIeHus, TPEANOI0KATEIBHO, pab0Tar0T Ha 0OCHOBE (PM3NYECKON peaTn3anuy OqHO-
HaIlpaBJICHHOM NepeJayr MyTeM HCIIOJIb30BAHMS B OJHUX CIIy4asiX TaJIbBAHUYECKON pa3Bs3KH, B JIPY-
T'UX — C TIOMOIIBIO IPOTPAaMMHOTO obecriedeHus. ['aapBaHMYECKy 0 Pa3BsA3Ky MOXKHO PEan30BaTh, PH-
MEHSIsl ONTHYECKUIN KaHaJ, pa0OTaIOIINI Ha ITepejiady 110 OJJHOMY OITHYECKOMY BOJIOKHY. OCHOBBIBAsICh
Ha JaHHOM METOJIEe, IepeiaTh JaHHbIE MOKHO TI0 U3BECTHOMY TpaHcmopTHOMY mipoTokory UDP. Kpome
TOTO, HEOOXOAMMO HCIIONH30BATh MPOKCU-CEPBEPHI HA TMEPENaoNeld U MPUHUMAIONICH CTOpOHAX IS
OpPraHM3ALMN JIByHAIIPABIECHHOIO B3aUMOACUCTBUSL C KOHEUHBIMU I10JIb30BaTeIsIMU. [IpruMenenue npok-
CHU-CEPBEPOB MO3BOJIUT XPAHUTh JAHHBIE KaK HA MEPENaroLIeil CTOPOHE, TAK U HA MPUHUMAOLLIEH.
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AmmapatHo-niporpamMHubIi komruieke AMT InfoDiode (puc. 1) [4] obecnieunBaeT U3OMIAINIO KPH-
THYHBIX WH(POPMALMOHHBIX CHCTEM, COXpaHss NPH 3TOM HY)XKHBIH ypOBEHb MX (DYHKIIMOHAIBHOCTH
JUTSL B3aUMOJICHCTBHS CO CMEKHBIMH MH(OPMAIIMOHHBIME cucTeMaMu. [lepenada Tpaduka Bo3MOXKHA
TOJIKO B OJJTHOM HAIpaBJICHUH: T'aJbBAaHUYECKas pa3Bs3Ka TapaHTUPYET OTCYTCTBHE OOpaTHOM CBS3M.
[Tpokcu-cepBepsl 00€CNEYHBAIOT CBSI3b ¢ BHEITHUMH CHCTEMaMH U OPraHU3YIOT OJHOHAIPaBICHHBIH
TPAHCIIOPT JaHHBIX MEXIY co0OH. JIs BHEIIHMX CHCTEM IPOKCH-CEPBEP BBICTYINAET B POJIH CepBepa
nmanabix (FTP\FTPS, SMTP\StartTLS, CIFS), Ha nepenaroieii cucreMme — B poJId KIMEHTA.

AnnapatHas YacTb InfoDiode

Mpokcu-cepep : MpremHuk Mepepatymk Mpokcu-cepeep
oTnpaBuTenb i |onTuyeckoro curHana ONTUYECKOro CUrHana nonyvarens

MporpammMHo-annapaTtHbii OpHoHanpaeneHHas nepegaya : MporpammHo-annapaTHbIi
KOMMAeKc H [aHHbIX : KOMMekc

Puc. 1. Cxema pabots! cuctemsl InfoDiode
Fig. 1. Scheme of the InfoDiode system operation

TexHU4IeCcKoe CpeICTBO OTHOHANMPABICHHONW Tepenadn maHHbX «luom-2C» (puc. 2) [S] mpeana-
3HAUEHO JIJIsl OJTHOHANPABICHHOW MIepe/iauy IJAHHBIX 13 HH(POPMAITMOHHBIX CHCTEM C HU3KOH CTETIEHBIO
KOH(PHUIACHITHATBHOCTH (CEKPETHOCTH), B TOM YUCIIC U3 HHTEPHETA, B MHPOPMAITMOHHBIC CUCTEMBI C BBI-
COKOH CTENECHBIO KOHPUACHIINAIBHOCTH (CEKPETHOCTH).

KoHTponupyemas [non-2C < BHewwHAa ceTb

Puc. 2. Cxema pabOTBI TEXHHYESCKOTO CPEICTBAa OMHOHAIIPABICHHON Tiepeaadn JaHHBIX «{noma-2C»
Fig. 2. Scheme of the technical means of unidirectional data transmission “Diode-2C” operation

B ocnoge pemennst Fox DataDiode [6] nexut ammapaTHas 9acTh, 00€CIIEIUBAIONIAs OTHOCTOPOH-
Hee cereBoe coenuaeHne. biok Fox DataDiode yHUKanIeH TeM, 4TO TapaHTHPYET OMHOCTOPOHHHH Tpa-
(v Ha (pr3EUEecKOM ypOBHE: Y HETO HET MPOTPaMMHOTO 00€CTIeYeHNST FITH TPOIITUBKH, CIIEI0BATEIHHO,
VM HEITb35 MaHHITYJUPOBATh MM MPOU3BECTH HEMPABUIHHYIO HACTPOWKy. OIHAKO MOJTHAS WHCTAJIIS-
mus Fox DataDiode (puc. 3) BKiTto9aeT mporpaMMHOe 00ecTIedeHIE TTPOKCH-CEPBEPOB ¢ 00EUX CTOPOH
Fox DataDiode, xoTopbie mpeodpasyioT AByHAIIPaBICHHEIE IIPOTOKOJBI B OTHOCTOPOHHHUE, H HA00OPOT.

[Mpokcun-cepeep »|  Fox DataDiode «| [pokcu-cepsep

oTnpaBuTenb ” nonyvarerns

Puc. 3. Cxema pabots! cucremsl Fox DataDiode
Fig. 3. Scheme of Fox DataDiode system the operation

C yugerom criennrkn 00IacTH MPUMEHEHHS PACCMAaTPUBAEMBIX CPEJICTB MOYKHO BBIJICNIUTH UX ClIe-
IYIOTIIE HEJIOCTATKH:

— HEBO3MOXXHOCTH OTHO3HAYHO OMPEIENTNTh, KAKUM 00pa3oM TapaHTHPYETCs OJHOHAIpPABICHHAS
repeaaya JaHHbBIX, TaK Kak IPOM3BOIUTENH HE MTPETOCTABISAIOT TAKUX CBEJICHHU M HE PACKPHIBAIOT KOM-
MEpUYECKYTO TaifHy 110 TIPOU3BOICTBY 3THUX CPE/CTB;

— HEBO3MOXKHOCTD OTIPEICIHTD JOMOTHUTEIBHBIN CKPBITBHIN (PYHKIIMOHAT, KOTOPBI MOXET MIPHUCYT-
CTBOBAaTh B JIAHHBIX CPEJNICTBAX;

— 3aBUCUMOCTD OT TIPOM3BOIUTENS B paMKaxX CEPBUCHOTO M TApaHTHIHHOTO 00CTYKMBAHHS,

— HEBO3MO)KHOCTH 3aMEHBI COCTaBHBIX YaCTEW albTEPHATHBHBIMHU OTEUECTBEHHBIMH PEIICHUSMU;

— CIIOKHOCTH BHEAIPEHUS B CYIIECTBYIONTNE HH()OPMAITHOHHBIE CUCTEMEI.

Pa3pafoTka apXHTEKTYpbI alMapaTHO-MPOrPAMMHOIO CPeICTBA

APXHUTEKTypa anmnaparHo-IporpaMMHOTO CPEICTBa OJHOHANPABICHHON Iepeavr JaHHBIX pazpaba-
THIBAJIACH HA OCHOBAHUHY CIICAYIOIINX TPEOOBAHHIA:
o (hm3uIecKast N30SI HHPOPMAITHOHHBIX CHCTEM;
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® OJTHOHAIpaBJICHHAs Nepenada (ailyioB TaHHBIX;

® OJJHOHANpaBJIeHHas Nepenada nmoroka qanHex (UDP);

® OJIHOHAITPABJICHHAS TIepeIada )KypHaJIOB cOOBITHIA (syslog).

@OyHKIMOHATIBHOCTH MPEIaraeMoro Cpe/CTBa OAHOHANPABICHHON TIepe1adyl JaHHbIX o0ecreunBa-
eT apXUTEKTypHOE perieHne (puc. 4), BKIIIOYAOIIee JBa MEANAKOHBEPTEPa, 1Ba IIPOKCH-CEPBEPA, ONTH-
YECKUH pa3BETBUTEND (CILTUTTED).

Mpokcu-cepeep oTnpaBuTenb

Unix-nogo6Has OC
Crek npotokonos TCP/IP
no
FTP SMB ; OfIHOHaNpaBneHHoN <
: nepefain
TCP UDP : ¢
-(—) Coket
| -
ARP MamsATb (BHEWHSsS)
L — Ethernet  [--------n-m-mcommmmmmamamooe
L
MegauakoHeepTep
A
> /
LLnna npeobpasoBaHus curHana
RX_,(— CnnutTep
L | onTUYeckuin
Ethernet
MepwnakoHsepTep
!
>
LLnna npeobpasoBanus curHana
RX
I

Ethernet

Mpokcu-cepeep nonyyarens

Unix-nogo6Has OC

Crek npotokonos TCP/IP
no
: : O[IHOHaMNpaBreHHON (€
: FTP SMB ' nepeaaqu
TCP ubP :
<—> Coket

MamsATb (BHELWHsIS)

Ethernet

*
Puc. 4. ApxuTekTypa anmnapaTHO-IPOrpaMMHOTO CPEICTBa OJHOHATIPABICHHON Mepenavyd B KOMIBIOTEPHBIX CETSX
Fig. 4. Architecture of hardware and software for unidirectional transmission in computer networks

Menuakonseprepsl uMetoT onuH Ethernet-untepdetic n ontuyeckuii HHTEpdEic, mpecTaBIeHHbIN
IByMst ontrndeckuMu mMoayasimu: TX — doronepenarunk, RX — ¢poronpuemunk. Paznenenue onrudec-
Koro uHTepdelica MeakOHBEpTEPa Ha JIBa MOJYJISl TapaHTHPYeT (PU3NYEeCKH OJHOHANPABICHHYIO TIe-
penady Mmpu MCIOJIb30BAHUM CO CTOPOHBI-OTIpaBuTeNss TX-MOAyns, a Ha cTopoHe-noyry4aresne — RX.
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Hanwaue axtuBHOU (10 ymomuanuio) GyHkiuu LLR (Link Loss Return) roBoput o Tom, uTo nepenar-
yuk ontudeckoro nopra (TX) kouBeprepa BhIkItOUaercs, eciau npueMHuK (RX) He momydaer curnana.
Oco0eHHOCTBIO TIpeIaraeMoi apXUTEKTYPhl allapaTHON YacTH SBJSIETCS HAJIMYKE ONTHYECKOTO pas-
BETBUTENS (CIUTUTTEpA) JJIsl OpPraHn3alliy Tepeiayr CUTHAI0B Ha RX-MoysIb CTOpOHBI-OTIIpaBUTESI.

Jig peannzanny oJJHOHATIPABICHHOTO [IUTI03a HA KaHAITbHOM ypoBHe Mozesu OS] ncTouHNKY U Tpu-
€MHHUKY HHpOpMaMK1 HEOOXOAUMO aipecoBaTh MAKEThI COIIACHO YHUKAIbHBIM HICHTU(HUKATOPaM, Ha-
3piBaeMbIM MAC-anpecamu (Media Access Control). [IpenBapurensao no nporokory ARP (Address
Resolution Protocol) HyxHO 00MeHsAThCS MH(pOPMaLUel Ui ycTaHOBIEeHUs! cooTBeTcTBUsI MAC-az-
peca u [P-agpeca xommbioTepa, ¢ KOTOPbIM HEOOXOAUMO B3anMoaelcTBoBaTh. OIHAKO MpU OJHOHA-
MIPABJICHHOM KaHaJle Tiepeiavyn JJaHHBIX 00MeH uH(popmaiuei npousseicH He Oyaer. OHUM U3 CIoCo-
0OB pelleHus JaHHOW TIPOOJIEMBI SIBIISIETCSI YCTAaHOBJIEHHE CTaTHUecKoro coorBercTBus MAC-anpeca
u [P-anpeca Ha ycrpoiicTBe-otnpasutene. s paboTsl Ha ceTeBOM W TPAHCTIOPTHOM YPOBHSIX MOAEITH
B3aumozetictTeus OS] npu onHOHANpPaBICHHON Nepeaade AaHHBIX CIEAYeT HCIONb30BaTh MPOTOKOJIBI
0e3 yCcTaHOBJICHUS JIOI'MYECKOW CBSI3H, KOTOpas MOApa3yMeBaeT JBYHAIPABICHHOE B3aUMOJEHCTBUE.
[Ipotoxon IP Ha ceTeBOM ypoBHE SIBISIETCS] POTOKOJIOM 0€3 YCTaHOBJIEHUS JIOTHYECKOH CBSI3H.

Jpyroii BapuaHT peanu3aluy Nepenadu JaHHbIX Ha [P-aapec momywaresns — MyJnbTUKAacTOBas Ie-
pemada, KoTopasi He MpeamnojaraeT IpeABapuTeNbHO HacTpoeHHyro ARP-3zammcs. CriemoBarenbHO,
YCTPOHCTBO-OTIIPABUTENb JAHHBIX IIPU OJHOHAMPABICHHOM Nepeaade OyaeT OTHPaBIATh HH()OPMALIUIO
Ha MYIBTHKACTOBBIN anpec, Hanpumep, 224.0.0.1, a ycTpoicTBO-TIOTy9aTeNb, B CBOIO Oo4epenb, OyneT
MPOCIIYIINBATh M OXKHJATh AaHHBIC HAa yYKa3aHHBINA agpec. MylbTHKacTOBasl Iepeaada JAaHHBIX UMEET
PAA IPENMYILECTB 10 CPaBHEHMIO ¢ Nepeaadeil Ha KoHKpeTHbIH [P-anpec:

® TIPOKCH-CEpBEp Ha CTOPOHE-OTIIPABUTENE HE 3aBUCUT OT HacTpoeHHoro IP-anpeca mpokcu-cepse-
pa Ha CTOPOHE-TIOTyYaTee;

® OTCYTCTBYET HEOOXOTUMOCTE HACTPanBaTh cTaTmueckyro ARP-3ammch Ha MpokcHu-cepBepe OTIpa-
BUTEIIS;

® HeT HEOOXOAMMOCTH M3MEHSITh HACTPOUKU MPOKCHU-CEpBEPa OTHPABUTENSI IPH U3MeHeHun [P-ax-
peca Ha pOKCU-CepBepe MoTyyarers;

® J1JIsl IOBBIIIEHHUS [EJIOCTHOCTH TIPY OJJHOHAIPABJICHHO Mepenade JaHHBIX MOXET HCIOIb30BaTh-
Csl HECKOJIBKO TPOKCH-CEPBEPOB MOTyUaTesIeid, KoTopble OyayT MOIKIIOUEHBl Yepe3 KOMMYTAaTop U TOo-
Jy4aTh MYJIbTUKACTOBBIE 1aHHbIE.

[Ipu ucmonp30BaHNU TPAHCIIOPTHBIX MPOTOKOJIOB ciieayeT BeIOpats UDP, koTopsrii siBsieTcs nei-
TarpaMMHBIM IPOTOKOJIOM, PEaTU3YIOIMM TaK Ha3bIBAGMbI HEHAJECKHBIA CEPBUC 11O BO3ZMOXXHOCTH,
HE TapaHTUPYIOIIUH JOCTaBKy COOOLICHHI aapecary, Ho obecnieunBalonmii paboty 6e3 HeoOXoauMo-
CTH TIPEABAPUTEIHLHOTO COOOIIEHHS /151 yCTAaHOBKH CIIEIIMAIbHBIX KaHaJIoB nepeaaydu. [Ipokcu-cepsepsl
OTHPABUTEIIS U MOTyYaTelsi 00eCeYnBalOT OJJHOHAIIPABICHHYIO Iepe/iavdy JaHHBIX, HalpuMep Qaiiios,
paboras Ha TpancnopTHoM ypoBHe UDP monenmn OSI uepe3 MenrnakoHBEPTEPHI CIASAYIOMNUM 00pa3oMm:

® [IPOKCH-CEpPBEP OTIIPABUTEIIS MOTydaeT (ailyibl TaHHBIX U3 OTKPBITON CETH MOCPEACTBOM JBYyHa-
MIpaBJIEHHOT0 B3auMoJeiicTBusa u nporokosioB SMB, FTP, SFTPu . 1.;

® BBH/y OTCYTCTBHS JIByHAIPaBICHHOTO B3aUMOJEHCTBUSI MEXKIy POKCH-CEPBEPOM OTIIPABHUTEIIS
U TIPOKCH-CEPBEPOM TONTyuaress, HeoOXOAMMO OpraHM30BaTh crarnmdeckyto ARP-zammch Ha cropo-
He-OTIPaBUTEIE;

e mporpammHoe obOecmneuenne (I10) Ha cTOpOHe-TIOMydYaTeNe IMOCTOSTHHO IPOCIYIIHBACT TOPT
Ha ompeneneHHoM [P-anpece u oxunaet npuema UDP-neiirarpamMm, mpeodpasyst nX B HCXOIHOE COO00-
mieHne ((pailyibl JaHHBIX) U COXPAHSS UX B MTAMSITH;

e [10 Ha cTropoHe-OTIpaBHTeIIe MOCTOSHHO MPOBEPsIET HaMuuue (aiyioB TaHHBIX B TAMSTH U TIPH UX
HAJIMYUK HAYMHAET NPOLIECC OJIHOHAIIPABICHHOM Mepelaul Ha 3apaHee HacTpoeHHbI [P-agpec u mopt
rosry4arens uepe3 Socket, KOTOPBIHA, B CBOIO 04epeib, padoTaeT Mo TpaHCHOPTHOMY IipoTtokory UDP;

e [10CJIe NIEpEaYn Ha CTOPOHE-II0IyyaTesie IPOBEPETCsl KOHTPOJIbHAsI CyMMa IIepelaHHbIX (paiIioB
JAHHBIX T10 MIPEABAPUTENBHO NepeaHHON HH(POPMALIUY O KOHTPOJIBHON CyMME OT OTIIPABUTEIIS.

JlocToBepHOCTh Tepenayn 00ecrneyrBaeTcsl MyTeM H30bITOYHOCTH (MHOTOKPAaTHOW Mepenayun)
1 IPOBEPKH KOHTPOJIBHON CyMMBI KaxkAbli pa3. [Tocne nepenaun u ycnemnHoil npoBepkyu KOHTPOIbHOMN
CYMMBI Ha CTOpPOHE-TIOTydarese KJIMEeHThl U3 3aKpPBhITOM CeTH (CeTH OrpaHMYeHHOIO B3aMMOJEHCTBU)
MOJTYYaloT TIepejaHHbIe (ailiibl OT POKCH-cepBepa JIAHHBIX TTOCPEACTBOM JIByHATIPABICHHOTO B3aUMO-
nericteus u ipotokoioB SMB, FTP, SFTP [7] u T. 1.
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[IpeanoxeHHOE apXUTEKTYPHOE pelIeHHE OBbIJIO PEaTi30BaHO B BHJIE MAKETHOTO 00pasia Ha OCHOBE
menuakonseprepoB DMC-F15SC [8] u cruiutrepa. Menuakonseprep umeeT (GU3NYecKH pas3zieieHHbIe
Moaynu (oronepenaTunka u Gporonpuemuuka. [IporpamMmmuaoe odecrieueHre NpPOKCH-CEPBEPOB PYHKIIH-
OHHPYET Ha amnmnapaTHoi riar¢opMe B BUJIC OJHOIUIATHBIX KOMIbIOTepoB Raspberry Pl 4 u Hanmcano
Ha s13bIKe IporpaMmmMupoBanus Python.

BriBoABI

1. ITpennioxkeHHasi apXUTEKTypa annaparHol ¥ MporpaMMHON YacTel M03BOJIMIIA peain30BaTh OTe-
YeCTBEHHOE MMITOPTO3aMEIaroIIee CPEJICTBO OTHOHAIPABICHHON ITepeiadn JaHHBIX, 00ecIIeunBaroliee
TapaHTHPOBAHHOE OJJTHOCTOPOHHEE B3aMMOACHCTBHE, peain3yeMoe Ha pu3ndeckoMm ypoBHe. OcoOeHHO-
CTU JJAHHOM apXUTEKTYpbl — FAPAHTUPOBAHHAS OJHOHAIIPABJICHHAS NIEpeladya JaHHbIX, UCIOIb30BaHUE
[IPOKCH-CEPBEPOB JIJIsi 00ECIICUCHHUs JBYHAIIPABICHHOIO B3aMMOICHCTBUS YCTPONCTBA C KOHEYHBIMHU
TI0JIB30BATEIISIMHU, pad0Ta Ha CYMIECTBYIOIEM cTeke mpoTokoioB TCP/IP.

2. HpI/I aTaKe Ha KPUTHUYCCKH BAXKHBIC ITPOU3BOACTBECHHBIC U TPAHCIIOPTHBIEC CUCTEMBI CPEACTBA O~
HOHaHpaBHeHHOﬁ nepeaayn JaHHbIX ITOMOI'YT COXPaHUTb 3JIEMEHTBI KOHTPOJIA U YIIPAaBJICHUA BaYKHOU
nH(PACTPYKTYpOH B HEIPUKOCHOBEHHOCTH, HE HApyIIas Y 3TOM paboTy Bcell cuctembl. Puzndeckas
W30JIAMS, HEBO3MOXKHOCTh Tepe/iadll JaHHBIX B OJHOM W3 HAIpaBIEHUH (PaKTUUECKH JIUIIAIOT 3J10-
YMBITIICHHUKOB IIIAHCOB Ha Pean3aliio BPEIOHOCHBIX 3aMBICIIOB.
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Abstract. The results of studying the parameters of the spectra of speech signals by machine learning with the use
of neural networks are presented. This study was carried out in order to confirm experimentally the possibility
of performing an assessment of these parameters for the detection of Parkinson’s disease in the early stages (IT di-
agnostics). During the study, the public database was used, which systematized the spectra of vowel sounds uttered
by patients with Parkinson’s disease. The applied method is binary data classification. In the course of the study,
the speech data spectrum was first preprocessed, which consisted of filtering it in order to remove its noise com-
ponents and eliminate bursts and gaps in it. Then the parameters of the processed spectrum of speech data were
determined: average value, maximum and minimum, peak, wavelet coefficients, MFCC and TQWT. After that,
the object was selected using the PCA algorithm. The model was trained using the Knn and Random Forest algo-
rithms, as well as the Bayesian neural network. The Bayesian optimization algorithm and the GridSearch method
were used to find the best model hyperparameters. It has been established that when using Knn, Random Forest
and Bayesian neural network, it is possible to increase the accuracy of recognition of Parkinson’s disease by 94.7;
88.16 and 74.74 %, respectively. A similar study by other scientists showed that the recognition accuracy of data
sets was only 86 %.

Keywords: machine learning, neural networks, binary classification, hyperparameter optimization, decision tree,
sensitivity, precision.
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B. A. BUIIIHSIKOB, UBDI1 C

Benopycckuii cocyoapecmeennblii yHugepcumen uHGOPMAmuKu u paouod1eKmpoHuK
(2. Munck, Pecnybnuxa Benapycs)

Ilocmynuna 6 pedaxyuio 26.01.2023

AnHotrauus. [IpeacraBneHsl pe3yabTaTbl HCCIENOBAHNS APaMETPOB CIEKTPOB PEUEBBIX CUTHAJIOB € MOMOILBIO
MAIIMHHOTO OOydYeHHsI C TPUMCHEHHUEM HEHPOHHBIX CETeH, MPOBEICHHOIO B IENAX SKCICPUMEHTAIBHOTO
TIOITBEPIK/IEHUSI BOBMOXKHOCTH BBITIOTHEHHS OIEHKH JTHUX TMapaMeTpoB JUIs BhIsBIeHUs Oone3Hu [lapkuHcoHa
Ha panHuxX ctamusax (IT-mmarHoctuka). B Xome mccienoBaHUS WCIONB30BANIN OOIIENOCTYIHYIO 0a3y JaHHBIX,
B KOTOPOM CHCTEMAaTH3UPOBAHBI CIICKTPBI ITACHBIX 3BYKOB, IPOU3HECEHHBIX MallueHTaMH ¢ 00Je3Hb10 [lapkuHCOHa.
IIpuMeHeHHBII MeTOX — OMHapHas Kiaccuukaius qaHHbX. CHavYaa BHIIOIHSIIN IPEIBAPUTEIBHYI0 00pabOTKy
CIIEKTpa PEYEBHIX NAHHBIX, COCTOSBIIYIO B €ro (MIBTPAINH, U YOAJICHUS W3 HEro IIyMOB W YCTPaHCHUS

102



Joknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

MIPUCYTCTBYIOIINX B HEM BCIUIECKOB M MPOOENOB. 3aTreM OMNpeAessuii MapaMeTpbl 00pabOoTaHHOTO CIIEKTpa
pEUYEBBIX JAaHHBIX: CpelHEee 3HAYCHHWE, MAKCUMyM, MUHUMYM, NHK, BelBieT-kodgduuneratsr, MFCC nu TQWT.
ITocne atoro BeIOMpanu 00bEKT ¢ momotisio anroputma PCA. [[inst oOy4eHHss MOIeTH UCTIONB30BAIN aJTOPUTMBI
Knn u Random Forest u HeiiponHoii cetu baiieca. [l HaXOXKACHUS HAWITYYIIMX THIIEPIAPAMETPOB MOJCIH
MIPUMEHSUIN aIropuT™M ontumu3anuu baiieca u merox GridSearch. Yeranosneno, yro npu ucrnonb3oBanun Knn,
Random Forest u HefiponHoii cetn baiieca MO)KHO 00eCIIeUUTh YBEIMUCHUE TOYHOCTH PACIIO3HABAHMS OOJIE3HU
ITapkuncona Ha 94,7; 88,16 u 74,74 % cOOTBETCTBEHHO. AHAJIOIMYHOE HCCIEN0BAaHUE, IPOBEAECHHOE IPYTHUMHU
YUSHBIMH, [10Ka3aJ10, YTO TOYHOCTh PACIIO3HABAHMsI HAOOPOB JJAHHBIX COCTaBMIIA Bcero 86 %.

KuroueBble cjioBa: MammHHOE 00yUeHNE, HEHPOHHBIE CeTH, OMHApHAS KiIacCU(UKALHS, THIIEpIIapaMeTpuiecKas
OINITHUMU3AIINS, IEPEBO PELICHUH, UyBCTBUTEIBLHOCTD, TOUHOCTb.

KongumkT nHTepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jas nurupoBanus. Bumnskos, B. A. IT-muarHoctuka 6onesnu [lapkrHCOHA Ha OCHOBE aHAN3a TOJOCOBBIX
MapKepoB 1 MarHHOTO 00y4eHusi / B. A. Bumnsikos, MBait Cs // Joxnaast BI'YUP. 2023. T. 21, Ne 3. C. 102-110.
http://dx.doi.org/10.35596/1729-7648-2023-21-3-102-110.

Introduction

Parkinson’s disease (PD) is a common neurodegenerative disease of the elderly. Medical research [1]
suggests that the pathology of Parkinson’s disease has two main aspects: depigmentation of the substan-
tia nigra due to degeneration of neurons containing melanin and dopamine; and the formation of Lewy
bodies in the substantia nigra and other brain areas, such as the nucleus acumens and parts of the cortex.

Lewy bodies are considered as biological marker of Parkinson’s disease and thought to be respon-
sible for the loss of dopaminergic neurons. Studies have shown that Lewy bodies spread through nervous
system in a specific pattern of dissemination, H. Braak et al. [2] divided this pattern into six stages, with
olfactory and speech disturbances occurring in the first two stages. According to the study, 89 % of Par-
kinson’s disease patients have varying degrees of speech impairment. Studying the symptoms of speech
disorders in Parkinson’s disease patients is an excellent direction to achieve IT diagnosis disease in its
early stages.

Review

The investigation is done to classify Parkinson diseased and healthy people by extracting fourteen
phonological features and twelve cepstral features of speech using Upadhya methodology [3]. Four-
teen phonological features including five jitter variants, six shimmer variants, two harmonic features
and the mean autocorrelation of the fundamental frequency feature. The final classification can be based
on machine learning technology using a neural network approach. Parkinson disease detection using
pattern recognition method has been presented in literature by Putri [4]. It extracted 22 speech features
and 12 EMG features and used artificial neural networks as a classification method.

In this article we used machine learning and neural network to identify Parkinson’s disease with
K-nearest neighbor (Knn), Random Forest and Bayesian algorithms. Based on machine learning, neural
network algorithms can be divided into the following four categories: supervised, unsupervised, semi-su-
pervised and reinforcement. The general process of machine learning algorithms can be divided into 5
steps, as shown in Fig. 1.

Data Feature LS Preformance
Collect data preparation & ) Training&Vali- )
. extraction . ; evaluation
processing dating&Testing

Fig. 1. The general process of neural networks and machine learning

K-nearest neighbor algorithm

The K-nearest neighbor [5] algorithm is a simple machine learning algorithm. It has two basic pa-
rameters:

— distance calculation methods. Common methods for calculation of distance between two points are
Manbhattan distance, Euclidean distance and Minkowski distance;

— the & value. Find the & nearest neighbors.
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The implementation process of the Knn algorithm contains the following steps:

1) inputting training datasets and testing datasets;

2) determining the parameter of £;

3) calculating the distance of the current point against the given training data (distance between
all training data points and the current point, current point is from testing datasets). Euclidean distance
can be used here;

4) ranking the calculated distances in ascending order;

5) selecting & points with the smallest distance from the current point (k points are from the training
datasets);

6) The label with the highest frequency among the & points is returned as the predicted label for
the current point.

The advantage of the Knn algorithm is that it is computationally simple, but the disadvantage is that
it is computationally intensive and has a large memory overhead. A suitable value of k needs to be chosen.

Random Forest algorithm

Random Forest algorithm [6] is a decision tree model based on the bagging framework, it consists
of following steps:

1) if N is the number of samples in the training datasets and a constant n < N is specified, then n sam-
ples are randomly selected from the training set with a put-back, selected n samples are used as the
training datasets, samples not selected are used as the testing sets to evaluate the error;

2) if the number of features in the training set is M, then m features (m << M) are randomly selected
from the selected n samples to build the decision tree;

3) the above steps are repeated k& times, resulting in & decision trees;

4) after generating k decision trees, for each testing data, the category with the highest number
of classification results among the & decision trees is used as the classification result of the whole Ran-
dom Forest.

Fig. 2 shows the flow of the Random Forest classification algorithm.

Original training set

Y

Random sampling with

put-back of the original
training set

7

Training set 1 Training set2| =** |Training set K

——— =

Randomly select m features
for each training set

)

Classification Classification . Classification
model 1 model 2 model X

\

Vote for the best classification

Fig. 2. The flow of the Random Forest classification algorithm
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The hyperparameters of the Random Forest classification algorithm are as follows:

— the number of decision trees;

— the number of features in each decision tree;

— whether to adopt a random sampling with put-back;

— the maximum depth of the tree, beyond which branches will be pruned.

The advantage of Random Forest algorithm is that it can be trained in parallel and can handle
high-dimensional data and unbalanced data very well, but the disadvantage is that it is not good at hand-
ling small data or low-dimensional data.

Bayesian neural network algorithm

Bayesian neural networks (BNN) [7] have the same network structure as fully connected neural
networks. But BNN combined probabilistic modelling with neural networks. Bayesian neural networks
differ from normal neural networks in that the weight parameters are random variables rather than definite
values. The Fig. 3 shows the comparison of parameters between Deep neural networks (DNN) and BNN.

@ o

w, W, ws W, = (Wij)mxn
i > . > .
. . BNNs
Wi ~N(Z, )
. k
X E % Y

Fig. 3. The comparison of parameters between Deep neural networks and Bayesian neural networks

The hyperparameters of the BNN are as follows:

— the number of hidden layers;

— regularization parameters. Regularization coefficients affect the generalization ability of the model;

— the number of neurons per layer;

— the number of epoch. An epoch means that all the data is fed into the network, completing a for-
ward computation plus backward propagation process;

— learning rate. Learning rate schedule for weight updates;

— the activation function of the hidden layer. Activation functions such as logistic regression func-
tion, tanh function, relu function, etc.

The steps of BNN algorithm are as follows:

1) initializing the training model parameters;

2) inputting training datasets into the model and perform a forward propagation to obtain the pre-
diction results;

3) calculating the error between the prediction result and the real result;

4) the error is back-propagated once and the model parameters are optimised using an optimisation
algorithm;

5) repeating the training for k epochs;

6) outputing the model parameters.

Methodology

The public datasets [8] used in this article were gathered from 188 patients with PD (107 men
and 81 women) with ages ranging from 33 to 87 at the Department of Neurology in Cerrahpa Faculty
of Medicine, Istanbul University. The control group consisted of 64 healthy individuals (23 males and 41 fe-
males), aged between 41 and 82 years old. During data collection, the microphone was set to 44.1 KHz
and then repeated three times to collect sustained pronunciation of the vowel “a” from each participant.

After data cleaning and pretreatment of the datasets, for each speech record, we extracted 21 base-
line features (5 jitter variants features [9], 6 shimmer variants features [9], 5 fundamental frequency
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parameters features [10], 2 harmonic parameters [11], 1 recurrence period density entropy feature [11],
1 detrended fluctuation analysis feature [11] and 1 pitch period entropy feature [11]), 11 temporal
frequency features (3 intensity parameters features, 4 formant frequencies features and 4 bandwidth
features), 84 Mel frequency cepstral coefficients features, 182 Wavelet transform based features [12],
22 vocal fold features [13] (3 glottis quotient features, 6 glottal to noise excitation features, 7 vocal fold
excitation ratio and 6 empirical mode decomposition features), 432 tunable Q-factor wavelet transform
features [14]. The data features set was then normalized, divided into training datasets and testing data-
sets in the ratio of 9:1. The training datasets were trained and tested using 5-fold cross validation with
5 times’ repetition. Testing datasets were used to test the final results. Since the data were labeled data,
the problems were supervised learning of classification problems. In this article, we used the Knn al-
gorithm, Random Forest and the Bayesian neural network algorithm. The Fig. 4 shows the flow chart
of training datasets and testing datasets.

] Feature Feature Build
N extraction selection classifier

Training
sets
5 fold Cross Validation

Feature :
|=== S Model — Evaluation

Validation
sets

Datasets

Learning
datasets

Feature
» .
extraction

Testing

Fig. 4. The flow chart of training datasets and testing datasets

Experiments and results

Python is an interpreted, object-oriented, dynamically data-typed high-level programming language.
Because it is simple and has a large number of useful libraries. So, we used Python to implement ma-
chine learning algorithms and neural network algorithms. Here were the Python libraries used in our
experiments:

— Numpy library was used to load and store audio data;

— Matplotlib library was used to draw confusion matrices and ROC plots;

— Sklearn library was used to implement machine learning algorithms;

— Keras library was used to implement BNN models;

— Pandas library was used to read csv files.

In this experiment, we used the confusion matrix [15] to evaluate the model. Here were the expe-
riments we conducted. First of all, we applied the Bayesian optimizer to optimize the hyperparameters
of Knn. Its acquisition function was an expected improvement per second. Then the number of calcu-
lation iterations was 30 times. The minimal classification error plot on speech features using Knn algo-
rithm was shown in the Fig. 5.

From Fig. 5, we can see that error reached a minimum value at the 29t iteration, so we took
the KNN parameter value of the 29t iteration as the KNN parameter value for this experiment. We used
the PCA (Principal components analysis) method to select 10 features [16]. The number of neighbours &
was 2. The distance measurement was Cosine function, distance weighting was the inverse distance
weighting.

The recognition results of the Parkinson’s disease speech datasets based on the Knn algorithm were
as follows. The confusion matrix and Receiver Operating Characteristic (ROC) [17] plots of the expe-
rimental results for the training datasets were shown in Fig. 6. The confusion matrix and ROC curve
plots of the experiment results for the testing datasets were shown in Fig. 7. The experimental results
of Parkinson’s recognition based on Knn algorithm on the testing datasets were shown in Tab. 1.

106



Hokiansr BI'VYUP Dokrapy BGUIR

T 21, Ne 3 (2023) V.21, No 3 (2023)
0.25
0.20 -
5
3
g 015+
:
E ‘
=
0.10
0.05
I5 110 15 20 25 30
Iteration

Fig. 5. The minimal classification error plot on speech features using Knn algorithm
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Fig. 6. Results of training datasets:
a — confusion matrix of training datasets; » — Receiver Operating Characteristic plots of training datasets
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Fig. 7. Results of testing datasets:
a — confusion matrix of testing datasets; b — Receiver Operating Characteristic plots of testing datasets
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Table 1. Experimental results of Parkinson’s recognition based on Knn algorithm

Average value, %
Dataset Test accuracy, %
Precision Sensitivity F1 score
Pd_speech 92.95 92.95 92.95 94.7

In summary, the accuracy of the training datasets was 92.8 % and the accuracy of the testing datasets
was 94.7 %. The accuracy of the testing sets was 1.9 % higher than that of the training sets. This means
that the data sets were very small. When the datasets were divided into training and testing dataset,
the data from different categories are unevenly distributed, resulting in the accuracy of the testing data-
sets being greater than the accuracy of the training dataset.

In the Random Forest algorithm, the GridSearchCV method was used to select the appropriate hyper-
parameters. The number of decision trees in this experiment was searched between 1 and 100 and the best
result was 81; the number of features on each decision tree was searched between 1 and 100 and the best
result was 23. The Gini coefficient was chosen as a measure of impurity, the maximum depth of the tree
was not restricted. Random sampling with put-back was used. The experimental results of Parkinson’s
recognition based on Random Forest algorithm on the testing datasets were shown in Tab. 2.

Table 2. Experimental results of Parkinson’s recognition based on Random Forest algorithm

Average value, %
Dataset — — Test accuracy, %
Precision Sensitivity F1 score
Pd_speech 76.91 89.31 82.65 88.16

From this experiment it could be seen that, the test accuracy of the recognition results of the speech
datasets of Parkinson’s disease based on Random Forest algorithm was only 88.16 %. They were
lower than the model based on the Knn algorithm. Although the Random Forest algorithm outperformed
the Knn algorithm in most cases. However, when the amount of data was particularly small, the Knn
algorithm still outperformed the Random Forest algorithm in classification. We used a BNN model,
which utilized 2 hidden layers with first layer of size 10 and second layer of size 10, and a ReLU fun-
ction as the activation function. The experimental results of Parkinson’s recognition based on BNN al-
gorithm on the testing datasets were shown in Tab. 3.

Table 3. Experimental results of Parkinson’s recognition based on Bayesian neural network algorithm

A lue, %
Dataset — Verage'v'a 'ue > Test accuracy, %
Precision Sensitivity F1 score
Pd_speech 64.15 57.14 60.44 74.74

In summary, experiments indicated that the BNN reached 74.74 % recognition accuracy on the tes-
ting datasets. The other index parameters were very low and the recognition effect was not good, which
means that the BNN algorithm was not suitable for the model of small data. The neural network algo-
rithm required larger data for better recognition. We compared the results of IT diagnosis of Parkinson’s
disease with the known results of other researchers. The Tab. 4 compares the test accuracy of this study
and existing studies on the same dataset of Pd.

Table 4. Compare with others’ research

Dataset Researcher Research method Test accuracy, %
SVM (RBF) 86
C. O. Sakar [8] SVM (Linear) 83
Pd_speech Multilayer perceptron 84
Knn 94
Authors Random Forest 88
Bayesian neural network 74
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The Tab. 4 showed that the Knn algorithm has the highest test accuracy with 94 % on the same da-
taset. This indicates that Knn algorithm has better performance on small data sets.

Conclusion

1.The article presented speech recognition systems, which are most relevant in Parkinson’s disease,
discussed their results. Using public datasets, the authors extracted basic characteristics, time frequen-
cy characteristics, characteristics of low-frequency cepstral coefficients, characteristics based on the
wavelet transform, vocal fold characteristics and configurable characteristics of the Q-factor wavelet
transform. Datasets of patients were used in a machine learning model, the model was then trained using
the Knn algorithm, Random Forest algorithm, Bayesian neural network algorithm.

2. Based on the speech data of patients, IT diagnostics of Parkinson’s disease results were: the re-
cognition accuracy for the Knn algorithm reached 94.7 %, the Random Forest algorithm — 88.16 %,
the Bayesian neural network algorithm — 74.74 %. The authors results of IT diagnostics of Parkinson’s
disease were compared with the known results of other researchers, the best of which are 86 %.

3. The results of the experiment showed that the early detection of Parkinson’s disease based
on the speech data was effective. But it was also possible to see from the experiment that the data set had
a very important impact on the results of the experiment. A more balanced dataset with more data could
provide better recognition results. On small data sets, the Knn algorithm surpassed the Random Forest
and the Bayesian neural network algorithm.
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CIHEOUAJIU3UPOBAHHBIE PUMAHOBBI IIPOCTPAHCTBA
HNEPBBIX TPEX JIAKYHAPHOCTEM IO TPYIIIIAM M30METPAYECKHUX
U TOMOTETHYECKHUX IBUKEHUM

3. H. UETBIPKMHA
Hocmynuna 6 pedaxyuro 25.01.2023

© benopycckuii rocy1apcTBEHHBIN YHUBEPCUTET HHPOPMATHKH U PATUOIIEKTPOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AHHoTanusl. B crartee paccMaTpuBaroOTCs pUMaHOBBI IPOCTPAHCTBA, B KAcaTEIbHBIX MPOCTPAHCTBAX KOTOPBIX
paboTaroT cpasy YeThIpe anredpandeckue CTPYKTyphI: BEIECTBEHHBIX icen D, , KOMIUICKCHBIX dncen C,, , KBa-
TepHUOHOB H, 1 OKTHOHOB O, . PasMepHOCTb NpoCTpancTBa 1 = my +2m, + 4ms +8my. llpescrapiena kapTu-
Ha JIAKYHapHBIX IPOCTPAaHCTB Vn4”, a TaKKe JlaHa KJaccu(UKalys METPUK Vn4“ 110 rpynIam u3o0MeTpudeckux G,
U FOMOTETHYECKUX P, ABWKEHUH (7 — pasMEpHOCTb IPpyMNmbl). B mopsakax r 9TUX TPyII BCTPEYaroTCs NpoIyc-

KM — JIAKyHBI. PacCMOTpEHBI /IB€ JIaKyHbl 1 METPUKH NIPOCTPAHCTB V,,4” HEPBBIX TPEX JIAKYHAPHOCTEH B CMBICIIE
W. 1. EropoBa. YcTaHOBIEHO, YTO CPEIHU MTOPSIKOB F-TPYIIT H30METPHi G, 1 TOMOTETH P, B CIIEIHAIN3UPOBAH-

HBIX PUMaHOBBIX POCTPAHCTBAX Vn4“ TpeTbell TaKyHAPHOCTH TMOPSAIOK 73, — | HE OCYIIECTBUM, TO €CTh OOHA-
py’KeHa TOYe4Has JaKyHapHOCTb.

KirodeBble cjIoBa: M30METpHs, TOMOTETHsSI, TPYNIbl M30METPUA M TOMOTETHH, MOPSAMOK TPYI, JIAKYHBI,
MIPOCTPAHCTBA k-i JTaKyHAPHOCTH.

KongaukTt unrepecoB. ABTOp 3as1BiIsieT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

Jas nurupoBanus. Yersipkuna, 3. H. CnenuanusupoBaHHble pUMAHOBBI IIPOCTPAHCTBA MEPBBIX TPEX JIAKyHap-
HOCTeI#1 110 TpynnaM U30METPUUECKUX U ToMoTeTnueckux apmxenuit / 3. H. Uetsipkuna // JJoxinanst BI'YUP. 2023.
T.21,Ne 3. C. 111-118.

SPECIALIZED RIEMANNIAN SPACES OF THE FIRST THREE LACUNARIES
BY GROUPS OF ISOMETRIC AND HOMOTHETIC MOTIONS

ZINAIDA N. CHETYRKINA
Submitted 25.01.2023

Abstract. The article gives a classification of metrics of specialized Riemannian spaces, which carry four algebras
at once in metrics D,, — real numbers, C,, — complex numbers, H,, — quaternions, O,, — octions. Dimension

of spaces n=my +2m, +4my+8m,. The article presents a picture of lacunar spaces Vn4” also a classification
of metrics by groups of isometric G, and homothetic P, movements (» is the dimension of the group) is gi-
ven. There are gaps in the orders 7 of these groups, which are called lacunae. Here are two lacunae and metrics
of spaces V:” of the first three lacunarities in the image of I. P. Egorov. It is established that among the orders
of r-groups of isometries G, and homoteties P, in specialized Riemann spaces Vn4a of the third lacunarity, there
is one order r3,,,, — 1, which is not feasible e. g. a punctate lacunarity was found.
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Beenenue

[lenszenckas mkona W. I1. EropoBa n3yuana IBHKEHHS B Pa3IMYHBIX [€OMETPUUYECKUX MTPOCTPaH-
crBax [1-3]. O OBWKEHHSAX B METPUUECKUX MPOCTPAHCTBAX paccKasbiBaeTcs B myoOnukanusx [4, 5],
a B [6] ompesiesien TOPSIOK TIOMHBIX TPYTIT IBIKEHHiT B TICEBIOEBKIHIOBLIX E. M HEKOTOPHIX PH-

MAaHOBBIX IIPOCTPAHCTBAX Vn4“ BTOpO# nakyHapHoctu B cMmbiciie M. 11. Eroposa. B crarse paccmorpe-
HBl PUMaHOBBI NMPOCTPAHCTBA, B KacaTelbHBIX MMPOCTPAHCTBAX KOTOPBIX pabOTaIOT cpasy YeThIpe ai-
redpandecKkie CTPYKTYPEI: BEMIECTBCHHBIX dncen D, , KoMIuiekcHbIX qucen C, , KBaTepHHOHOB H
1 OKTHOHOB O,,  (/m; — Pa3MEPHOCTH JCHCTBHS COOTBETCTBYIOLIEH anreopsr). IIpencraieHa KapTiHa

JNaKyHapHBIX TPOCTPAHCTB V', mama knaccudukamys MeTpuk V' 1o rpymmam nzomerpudeckux G,
U TOMOTETUYECKUX P ABUxXKeHUH (¥ — pa3MEpPHOCTb IPYIIIIb).

MeToauka uccjief0BaHuK

B [6] nogpoOHO omnmcaHo, Kak B METPHUKY TICEBI0EBKINI0BA IIPOCTPAHCTBRA £,
ds® = e (dx') +e,(d*) +...+e(dx') +...+e, (d"), e, =+1, i=1,n, (1)

BBOJIUTCA JICHCTBUE Cpa3y YeThIpeX anreop: D,, — BEIIECTBEHHOH, sz — KOMIUICKCHOH, H, — KBa-
TepHHOHOB, O, — OKTHOHOB [7]. Pa3MepHOCTS IPOCTPAHCTBA 1 = m, + 2m, + 4my +8m,. Torna merpu-
ka (1) mpuHUMaeT Buj

ds* = e (dx') +...+ €,y (dx™ Y +e,de'd" + ..+ eZmzdz’"zdsz* +eydk'dk"” +...

...+e3m3dkm3dkm3* +e,do'do" +...+ e4m4do”"‘do’"“*, e, =tl,a=14,i=1m,, )

rae * — omepanus COMpsKEHNsI B COOTBETCTBYIOIIEH anredpe.
Jlnist cokpaleHus ocaelyonmx 3aniuceid (GopMya 1 ynoOCTBa BEIBOLOB BBEEM CIIEIyHOLIe 000-
3HAUCHMSL:

dsf = e, (dx') +...+ ¢, (dx™); (3)
dsi = e, dz'dz" +...+ €y, dz"™ dz=""; 4
dsy =eydk'dk" +...+ ey, dk"™ dk"™"; )
ds; =e,do'do" +...+ e4m4do’”“dom“*; (6)

ds* = ds; +ds; +ds;. (7)

Torma MeTpuka (2) MOXKET OBITh TIPECTaBICHA B BUJIC
ds* = ds] +ds”. (8)

[IpuMmeuarenbHO, YTO METPUUYECKOE POCTPAHCTBO (2)—(8) B KaKI0H TOUKE X UMEET 00pa3 LBETKA.
B nem u3 Touku x HUCXOTAT:

dx', d?, ..., dx™ — m; ONHOMEPHBIX THIYMHOK;
5 5 s 1 5
1 42
dz ,dz",...,dz"™ — m, IByMEpHBIX JIENIECTKOB;
dik',dik?,....dk™ — m; 4eTBIPEXMEPHBIX JIETIECTKOB;
5 5 s 3 5

do',do*, ..., do™ —m4BOCHMHMEPHBIX JICTIECTKOB.
B [6] mpencTaBiena nomHas rpynmna uzoMeTpuii G,, COXpaHsSIomas METpUKy (2), a 3HaYUT, U 3TOT
IIBETOK B Ka)KJIOW TOUKE X TIpocTpancTBa (2). PaaMepHOCTH rpyIITbl HaiieHa

’/i max

=%ml (ml +1)+m, (m2 +1)+%m3 (m3 Jrl)Jrllm4(m4 +1). ©)
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Omepartop romoretnu ans (1) Y=x'p, +...+x"p, , p,=0/0x", i =1,n, paboraetr u JyUisi METpH-
k4 (2). OH 3TOT IBETOK MIEPEBOAUT B MOAOOHBIH €My LIBETOK B JOOOH TOUKe X oAMHAKOBO. [ToaTomy
MeTpuKa (2) ZomycKaeT TPYIITy TOMOTETHI P, TopsIka

rlmax

=%ml(m1 +1)+1+m2 (m2 +1)+%m3 (m3 +1)+11m4(m4 +1). (10)

. T1. EropoB Bcerma MHTEPECOBANICS JIAKYHAPHOCTHIO (TIPOITyCKaMH) B TIOPSIKAX TOMHBIX TPYII
JBIDKCHUI B PUMaHOBBIX NMpocTpaHcTBax V, [1-3]. A 3amada aBTOpa JaHHOH CTaTbU — B CHELUAIIU3H-

POBaHHBIX PUMAHOBBIX TIPOCTPAHCTBAX V' HAWTH TlepBbIe [BE TAKyHBI TIONHBIX rpyri G, U P, i MeTpH-
4 . 4 )
ki V' mepBbIX Tpex akyHapHocTel B cMbicite M. IT. Eroposa. Tak kak B metpuke V. Bux ds” (7) Beer-

Jla HeM3MeHHBIiA, a ¢ TAKyHapHOCTHIO V™ MeHseTCs BHl METPHKH ds;, TO BOCTIONB3YeMCs pe3y/bTaTaMu
W. I1. Eroposa, onyonukoBanHbMH B [ 1-3]. J{i1st cokpamieHust TalbHEHIINX 3arceid BBeieM 0003HaueHNe

N*=m2(m2+1)+%m3(m3+1)+11m4(m4+1). (11)

Torma popmynsr (9) u (10) 3anmmryTes B BUzE:
Fimax =%ml(m1 +1)+N*; (9%)
rlmax=%m](ml+1)+1+N*. (10%)

9] 4a
IlepBast nakyHa — HepBbIi MHTEPBAJ 3alPEIEHHbIX MOPSAAKOB A HouHbIX Ipynn G, B V' [1]

WMeeT BHJ
<P <K (12)

r2 max

e

1
Fyma =Eml(m]—1)+1+N*. (13)
[lepBast maKyHa COMEPIKUAT M| — 2 3HAYCHUS TS OOIBIMX 3HAUeHHH m. C yueToM [2] BTOpas JaKy-
Ha — BTOPO#i HHTEPBAI 3aMPENIEHHBIX TIOPSIKOB JUTA TIOMHBIX Ty G, B V' 3amuureTcs B BujIe

<V <Py — L (14)

’/‘3 max
e

1
@maxzi(ml—l)(ml—2)+5+N*. (15)
OTO0 TpeTnii MaKCUMAJIbHO JTOIYCTHMBIH MOPSIIOK IS TPYIIBI n3omeTpuit G, B Vn4“ 1I0CJie BTOPOM

JaKyHBI. 3aMeTHM, 9TO JTaKyHapHAas KapTHHA JUTA TPy TOMOTeTHil P, B V' JIerko BOCCTaHABINBAETCS
I10 JJAKyHapHOW KapTUHE JJIs TPYII U30METPUM, TTOCKOJIBKY, €CIH PUMAHOBO ITPOCTPAHCTBO JIOMYCKaeT
IpyYIIY TOMOTETHI TIOPSJIKA 7, TO OHO 00sI3aTeNIbHO JIOIYCKaeT IPYIITy U30METpUi mopsiaka r — 1.

ITo Tepmunonoruu Y. I1. Eroposa npoctpanctso Vn4“ ¢ MeTpuKoii (2) OyJeM Ha3bIBaTh CIICIIHAIH-
3UpPOBAHHBIM PUMAaHOBBIM NPOCTPAHCTBOM INEPBOH JAKYHAPHOCTH B M30METPUYECKOM M FOMOTETHYE-
CKOM CMBICJIax, Tak Kak nopsaxu rpynn G, u P, B (2) npeniiecTBytoT nepBbIM JlakyHaMm. [Tocne nepBoi
JIAKYHBI TTOJTy4aeM OTPE30K KOHJIEHCAIMH BO3MOXHBIX 3HAYSHUH JIS ¥, COCTOSAIIMN U3 ABYX 3HAYEHUH:

re[r2max _1’r2max]' (16)

Bce mpoctpancTBa ¢ rpynmaMu H30METpUi U TOMOTETHI Topsiaka (16) Ha30BeM, COTIacHO TePMHU-
nonoruu U. I1. EropoBa, mpocTpancTBamMu BTOpO# JaKyHapHOCTH. Bropas makyna mis rpymnn G, u P,

B V™ comepsxut m; — 7 3anpemieHHbIX 3HAYeHUH 11 7. OTPe30K KOHIEHCAIHH MOCIe BTOPOii TaKyHBbI
COJIEPKHT IIECTh BO3ZMOXHBIX 3HAYCHUH /IS 7

re[r3max_57r3max]' (17)
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Bce npoctpancTBa ¢ rpynmnaMu M30MeTpuid M roMoTeTuil nopsaka (17) Oynem Ha3bIBaTh MPOCTPaH-

CTBaMM TpeThel JJaKyHapHOCTH. 3ajaya MPOBOAUMBIX HCCIEOBAHUN — HAWTH METPUKH V:“ BTOpOI
U TPEThEH JIaKyHApHOCTEH.

CrnennaJn3upoBaHHbIe PUMAHOBBI POCTPAHCTBA V:" BTOPOI1 JIAKYHAPHOCTH
3anuiiemM MEeTPUKHU MPOCTPAHCTB Vn4“ C TPYIIION N30METPHM MOPAIKA #ppay — 1t
ds® =b(x' e (') +ey(dx’) +...+ e, (d™ )]+ d5*, Vh(x') ™ Va#0; (x') % const-e;  (18)
ds® = b(x")] (')’ +ey(ax’) +...+ ¢, (™) + d§2], Vb(x')#e™ Va#0; (') 7; conste; (19)
ds® =™ [ (') +e,(d’) +...+ ¢, (™) |+d5>, Y = p+x""p, +.+x"p;  (20)

ds’ =™ [ (') +...+e, (™) +d5* |, Y = py; 1)
ds’ = 2dx'dc’ +a(x' ) e(de’) +...+ e, (™) |+ d57; (22)
ds® = 2d'dx” + a( ' )[e3 () +...+ ¢, (™) + d§2]. (23)

B nByx mnocienHux ciyyasx ‘v’a(xl);tconst—e U HUMEIOTCS 0cOo0ble omeparopel: X; = p,,

dx'! —
X, =eax°‘p2—fipa, o=3,m, Y=2x2p2+x3p3+...+x"pn.

a(x')
3anuieM METPUKY:
ds’ = a(x')2dx'dx’ +ey(dx’) +...+ e, (™) +d5; (24)

o o1

va(x')= e ()" LG @D ()™

Yo,be D,b#0; a(x’) # const-e. (25)

Jiist (24) npu ycnoBuu (25) ocobbie oneparopsl: X, = p,, X, =e,x*p, —Ja(x")dx' DPy> O =3,m.
B cnenyrommx MeTprukax ocoObIMHU OIepaTopaMu SIBISIIOTCS X, = p,, X, =e x"*p, — x! Do =3,m,:

ds’ =a(x') 2dx'dy” + ey(de’) + ...+ ¢, (™)’ |+ d57; (26)
ds® = a(x') 2ax'dy” + ey (d’) + ...+ ¢, (™) +d5” |, (27)
rae a(x') —npu ycnosuu (25).

Ipu Bcex 3maueHmsx QyHkuuu a(x') merpuku (24), (26), (27) UMEIOT ONEpaTop rOMOTETHH

Y =2x" §2 +x° p;+...+x"p,. B merpuxax (20)—(24), (26), (27) paboraeT rpymnmna roMOTeTHI MOpsI-
Ka 7ymax — 1. B crenyronmx Merpukax AeHCTBYIOT TOJIBKO TPYIIIBI H30METPUH MOPSAKA Fppay, @ TOMOTE-
TUI B HUX HET:

1\2
dsz=el%+e2(dx2)2+...+em2(dxml)2+d§2, X=x'p; (28)
X
ds® =ﬁ[el(dxl)2 e () .., (™) |+d5, X =x'pj+..+x"p,,; (29)
X
ds2:ﬁ[el(dxlf+...+eml(dxml)2+d§2], X=x'p+.+x"p,; (30)
X

ds® =b(x')e (dx') +ey(d’) +...+e, (™) +d5*, Vb(x') = e, a#0; (x')%; conste, (31)
-1
Nz . 1 ax',
e X:[b(x )J py; b(x')#e™; const-e.
pu b(x") = e‘”‘l, e a —Jro0o0e YHCIo, OTIUYHOE OT HYJISI, MeTpHKa (31) JoImycKaeT ere 1 oneparop

a N
roMoreTuu Y = p, +5(x2 pyt...+x" p”). PumanoBBEI IIpocTpancTBa V:“ C IpylnaMy U30METPUU
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Y TOMOTETHH MaKCHMAaJIbHOTO TOPSIAKA ppax UMEIOT METpUKH (24), (26), (27), eciu BBITOTHSIIOTCS
YCIIOBUS:

. «© 1 a-1
e—2aarctg,x exl ()C — 1)

1 2x! INb
a(x)=e"; (x), b#0; ; ; ;
(=€ () G W (g

Vb,a e D. (32)

Torma MOTOTHUTENBHO K CIydaro (25) MOSBISETCS eIie OIUH omeparop m3oMeTpuu [5, 8]. B utore
nMeeTcs 13 K1accoB MPOCTPAHCTB Vn4” BTOPOM JIAKYHAPHOCTH.
Crenua/iM3MpoBaHHbIe PUMAHOBBI IPOCTPancTBa V" Tperheii MakynapHocTH

OTH criennanu3upOBaHHbIE PUMAHOBBI IPOCTPAHCTBA JIOMTYCKAIOT TPYIIBI H30METPHUI M TOMOTETHH
4 v
nopsizka (17). Pacemorpum mMetpuku V' ¢ rpynnamu u3oMetpuit G, HOpsKA 3,y — S:

ds® = k(x',x )] (') + e, () [+ ey(a’) +...+ ¢, (dx™) +d57; (33)
ds® = k(xl,xz)[e1 (') +e,(dx®)? +e5(d’) +...+e,, (d™ )2] +ds%; (34)
ds’ :k(xl,xz)[el(dxl)z +e,(di®)? +ey(d’) +...+ e, (™) +d§2], (35)

rae Vk(xl,x2) #k, (x1 )k2 (x2 ); const-e.
1 2
CrielyeT OTMETUTb, 9TO eclu Kk xl,x2) =™, (a,B)#(0,0), To Merpukn (33)~(35) nomyckator
TPyl U30METPHUH G, U TOMOTETHH P, IOPSAIKA #'30x — 4. Camu MeTpukd (33)—(35) uMeroT oreparopsl
TOMOTETHH U H30METPHH COOTBETCTBEHHO BHJIA!

o+ non
Yl=p1+p2+—2[3(x3p3+...+x p ), X =Bp, —op,;

a+ m n_n .
Y,=p+p,+ 2B(x +1pm1+1+~--+x P ), X =PBp, —op,;

Y;=p +p,, X=Pp —ap,.

JInst manmbHEHIIero yIpoIIeHHs W3JI0KEHHs BOCIOJB3YyEeMCsl CHadajla METPHKaMH BCEX TMPOCT-
panctB V¥ BTOpOIf TaKyHAPHOCTH, 3aITHCAB HX KaK ds”2 (dx',...,dx™). B 1anHHOII cTaThe PacCMOTPEHbI
JIBa COPTa METPHUK: dst (dx',....dx™) = a’suzl) (dxl,. Ldx™ ) + ds‘fz) (dxl,. Ldx™ ) Merpuxa copra 1 (dop-
myisl (18), (20), (22), (24), (26), (28), (29), (31)) umeet BUA

dsiy (..., ™ )= ds} (de,...,dx"™ )+ 5>,

B metpuke epBoro copra dsuzl) (a’x1 yernydx™ ) HUMEFOTCS JIBa CIIaraeMbIX : [IEPBOE — METPHKA PUMaHOBA
IIPOCTPAHCTBA V),  BTOPOIi IaKyHAPHOCTH, BIOPOE — dS 2. B MeTpHKe BTOPOro CopTa dsHZZ) (dx1 yeenydx™ )
cnaraemoe ds’ He cTouT camocTosTebHO (hopmyisl (19), (21), (23), (27), (30)). Toraa 26 THIIOB moy-

4 o o
YEHHBIX IPOCTPAHCTB V' ¢ rpynIiaMu H30METPHIl U TOMOTETHH HMOPSIIKOB 73y — 5 U F3pax — 4 IMEIOT
METPHUKHU:

ds® = c(xml )[em (dx’”‘ )2 +ds; (dxl,...,dxmll)}+d§2; (36)
ds® = c(xm‘ )[em1 (dxm1 )2 + a’s,%mrl (dxl,. ™! ) + dfz}; (37)
ds* = c(x’"‘ )[em1 (dx’"‘ )2 + dsnzz)(dxl,. . .,dx’"l_l)}; Vc(x’"‘ ) # const. (38)

m
Ecmm ¢(x')=e™", o #0, TO y BBIIHCAHHBIX METPUK BO3HUKAIOT COOTBETCTBEHHO CIIEIYIONIHE OIle-

o
patopsl romoteTnn: ¥, = p,, +5(x'"]+1 Pttt X" p”), Ys=p,,, Yy =p,, - A MeTpuKu Buia
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2 m m \2 2, 1 m-1
ds =c(x ‘)eml(dx ‘) +dsj (dx',...,dx™") (39)
m, pm1 m Bx™
npu Vc(x ! ) # const-e UMEIOT ONeparop U30METpUn X = ———, a IpU c(x ! ) =e" , B#0, uorme-

1[c(xm‘)
parop romoTteTHu, HO JuiIb uHorna. @opmyna (39) gaer MeTpukH V:“ ¢ rpynnamu G, u P, nops-

KOB #3max — 45 "3max — 3 B T€X CIy4asx, €Cln a’sH2 (dx',....dx™™") Bunos (18)—(24), (26)—(31).
Crnenyromye METPUKH JOMYCKAIOT TPYIIITbI U30METPUH ¥ TOMOTETHH MOPSIKA #35,, — 4+

ds> =™ [el(a’xl)2 +ez(dx2)2J+e3(dx3)2 +...te, (™Y +ds*, X =p,, Y=p,+ X’ py+ ... +X"p,; (40)

ds* = e* [el(dxl)z +c(x2)(dx2)1 +e3(a'x3)2 +...t+e, (™) +ds*, X = [c(x2 )]_; Dy

Y=p1+x3p3+...+x”pn; (41)
ds® ="+ [e(dx') +ey(dx’) |+ ey(dx’) +...+ ¢, (™) +d5°, X = p, - p,,
Y=p1+p2+x3p3+...+x”pn. (42)
3anuiemM MeTpUKY
ds® = b(xl)el(dxl)z +c(x2)ez(dx2)2 tey(d’) +.. ke, (dx™) +d57, (43)

rue Vb(x1 ); c(xz) # const-e.
2! X, = Py

e [l

1 2
pbie IONYCKAOT IPYIIIsl G, X HHOTIA P, OPSIKA Fyax — 3 (P, Bo3HHKaeT, korma b(x') = e™, c(x?) # ™,

(o, B)# (0, 0)).

ComniacHo opmyiam (22), (23), MOXKHO 3amucarh TaKUE METPUKU:
ds® = 2dx'dx’ + ey(dx’)” +a(x' )| ey(dx') + ...+ ¢, (&™) |+ 57 (44)
ds® = 2dx'dx’ + ey(dx’)” +ax' )[e4 (') +...+ e, (dx™)? + dgz], (45)

B metpuke (43) 10noaHUTEIBHBIMY OIIEPATOPaMU SIBISIOTCS X | =

KOTO-

rae Va(x1 ) # const-e.
JlononHUTEIbHBIE OnepaTophl I (44), (45) — ¥ =2x §2 +x° pi+...+xX"p,, X,=p,, Xo=p;s,

dx!

X5 = e3x3 Dy — x! Py X, =e,x*p, - D> o=4,m,. Jlomyckatomue rpynnsl G, u P, 31ech nops-

KA "3max — 3-
YV MeTpuku

ds’ =afx )[2dx1dx2 e, (dx3)2]+ ey(dx*) +...+ e, (dx™)? +d5* (46)
JONOHHUTENIBHBIME 0COOBIME Omieparopamu Oynyt X, =e, x"p, — [a(x")dx" Do» O.=4,m, 1 114 ciryda-

eB (25), (32) momyunm 1y1st (46) TPYTIIBI H30METPHA U TOMOTETHH TTOPSIIKOB #3max — 35 F3max — 2-
®opmynet (26) u (27) AarOT TakKue METPUKH:

ds’ =ax )[2dx1dx2 +ey(d’) +...+e, (" )2] +d5? +e, (dx™)?; (47)

ds’ = a(x' )[2dx1dx2 tey(d) +...te, (dd")+ d§2] +e, (dx™)’ (48)

C JIOMONHHUTEIbHBIME Omeparopamu X, =p,, , X, =emlxml )2 —Ja(x")dx' Py, Y metpuxu (47), (48)
Jutst cirydaes (25) u (32) patot rpynnsl G, U P, OPSAKOB 73, — 3 U #3max — 2 COOTBETCTBEHHO.

116



Jloknager BI'YUP Dokrapy BGUIR
T. 21, Ne 3 (2023) V.21, No 3 (2023)

Jlasiee MOTyYnM HYKHBIE METPHKH, KOMOHHHUDYS METPUKY V' ds? = es(dx’)* +...+ €, (dx™)? + ds*
C METPHKOH V,, KOT/Ia B Hell HMEIOTCS [IBa CIaraeMbIX BUA0B 2dx'dx’, 2dx’ dx® wmmm momo6Hbie mM.
st meTpuku

ds® = a(x')2adx'dx® +b(x ) 2dcdx’ + eg(d*) +...+e,, (™) +d5’ (49)

JIOTIOJTHUTEIIBHBIE OnepaTopbl X, , = e, x" p, —fa(x])dxlpa, X =e,x"p, —fb(x3)dx3pu, a=5,m,
X, = [b(x*)dx® 2 [a(x")dx" P4, byHKIUH a(x1 ), b(x3 ) BuIOB (25), (32), a rpymmsl uzomerpuii G,
1 TOMOTETUH P, — MOPATIKOB 73 100x — 5, F3max — 4> F3max — 3-

VY merpuku

ds® = 2dx'dx® + 2dx’dx* + &> (dx?) +eg(dx’)? +...+ e, (dx™)* +ds* (50)

JOIOJHUTENBHBIME oOllepaTopamu  sApwores X, =p, X, =p,, X;=p;, X,=p, —x’ D, +x' )20
2 4 o 2 o 4 z 1 3
Xs=x"py—x"p, Xjn=€X D—xpy, Xpza=e€,X p3—X'p,, o=5m, ¥Y=p,+2x p +2x p;+

o
+x° Ds+....+x"p,, a TPYIIIBI N30METPUH M TOMOTETUH — MOPSIIIKA 73 max — 3.

PesyabTarhl ncciaen0BaHuin

ITo pe3ynbraram HCCIEMTOBAHUI MPOCICIKUBACTCS CICAYIONIAas TCHACHIUS. ECiau B3ATh METPUKY
Eropogoii [9]

ds® = 2dx'dx* + 2dx*dx’ + (x*)* (dx?)?,
JIOTTCKAOIIYIO TIOJTHBIE TPYIIBI U30MeTpUid Gg U TOMOTETHH Py, TO MOIYYUM METPUKY

ds? = 2dx'dx* +2dx’dx’ + (x*)}(dx®)’ + €5 (d*)’ +...+e,, (dx™)’ +d5°, (51)

KOTOpast TOTYCKAET TPYIIIBI U30METPHI 1 TOMOTETHI MaKCHMAIIBHOTO TIOPSIIIKA — '34x-
JlomoTHUTENTEHEIE OTIepaTophl st MeTpuku (51):

—uzomerpun: X, =e, x"p,—x'p,, X, =ex"p,—x’p,, 0=5m;

— ToMoTeTHH: Y = 3x1p1 + xzp2 + 3x3p3 + x4p4 + 2(xsp5 +..+x"p,).

Heo0xomnMo OTMETHTD, YTO TTOPSIIOK 735« — 1 JUTSI TPYIIIT M30METPHI ¥ TOMOTETHH B CTICITHATH3H-
POBaHHBIX PUMaHOBBIX IPOCTPAHCTBAX OKa3aycs He ocyuiecTBUM. CIe10BaTeNIbHO, CYIIECTBYET TOUECYU-
Has JIaKyHA 7' = F3p,¢ — 1 B TIOPSJKAX MOJHBIX TPyl u3oMeTpuil G, U TOMOTETUH P, B ClieUaIn3Uupo-
BAHHBIX PUMAHOBBIX IIPOCTPAHCTBAX Vn“j‘ TpeThel JTaKyHAPHOCTH.

BriBoxg

[Ipu paccMoTpeHNH KapTUHBI METPUK BCEX MTPOCTPAHCTB MEPBBIX TPEX JIAKYHAPHOCTEH TI0 TPYIIam
JBIDKCHUH YCTaHOBIICHO, YTO B CHIIy JEHCTBUSI KOMIUIEKCHOM aireOpbl Ui METPUKH ds B HUX OOHa-
py’KeHa TOUeYHas JIaKyHa B MOPsAKax PYINI ABWKCHUH B MIPOCTPAHCTBAX TPEThEH (M TOJIBKO) JIAKY-
HapHOCTH.
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